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INTRODUCTION pilus, an extracellular filament expressed by the transfer region

Bacterial conjugation is the process by which DNA is
transferred from one bacterium to another, usually through a
mating bridge requiring close contact between the donor and
recipient cells. DNA transfer is initiated at a specific sequence
called the origin of transfer (oriT or nic) in response to an
unidentified signal generated by the genes involved in mating-
pair formation (fra) and transferred to the genes involved in
DNA transfer (tra) or mobilization (mob). As such, the events
resulting in DNA transfer represent a prototype for cellular
recognition and communication between cells.

The mechanism of F-mediated conjugation has also been the
subject of several reviews (118, 120, 266, 267). Briefly, the F
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of the plasmid-bearing donor cell, creates a specific contact
with one or more recipient cells, leading to the formation of a
mating pair or aggregate. Once the mating aggregate is stabi-
lized, a single strand of DNA is transferred in a 5'-to-3'
direction, beginning at the nick site of the origin of transfer
(oriT). The entire process of F plasmid transfer (100 kb), which
takes approximately 5 min, results in recircularization of the
transferred strand and synthesis of complementary DNA in
both the donor and recipient cells; both are then capable of
plasmid transfer. With the realization that intergeneric (101)
and interkingdom (110) transfer of the F plasmid is possible
(reviewed in reference 174), the nature of the mating bridges
involved in this unusual DNA transport process, as well as the
evolutionary significance of conjugation, have become ques-
tions of primary importance.

All the sequences required for the conjugative transmission
of the Escherichia coli K-12 fertility factor, F, are encoded
within the 33.3-kb transfer region of this 100-kb IncFI plasmid.



VoL. 58, 1994

F is considered the paradigm for plasmid-specified transfer
systems and has been the subject of study for almost 50 years.
Bacterial conjugation was first identified as a function of the F
plasmid, and a history of the genetic analysis of F transfer has
recently been written by Willetts (262). The F plasmid was
used to develop many of the genetic techniques commonly
used to dissect procaryotic systems, and F product analysis has
been central in elucidating the basic mechanisms of plasmid
replication and transmission. Although progress has also been
made toward understanding other plasmid transfer systems,
such as those specified by plasmids of incompatibility groups
Incl, IncP, IncN, and IncW, the focus of this review will be the
F plasmid and the related plasmids in the IncF complex.
Although F (IncFI) is the only plasmid in the IncF complex for
which the sequence of the entire transfer region has been
determined, sequences of portions of the transfer regions of
R386 (IncFI), R1, R100, R136, ColB2-K77, ColB4-K98, R6-5,
R538-1 (IncFII), pSU316 (IncFIII), R124 (IncFIV), pED208
(IncFV), and pSU233 (IncFVII) are available for comparison
as discussed in the appropriate sections below. In most cases
studied, the transfer regions of these plasmids exhibit a high
degree of homology with each other and with F. Some of their
transfer genes are allelic with the F transfer genes in that they
clearly are derived from a common ancestor but are unable to
complement mutations in the corresponding gene of the F
plasmid. This variation in sequence is the basis of the specific-
ity of the transfer systems of these plasmids.

This article is meant to serve as a reference for the complete
sequence of the F transfer region and a compilation of the
properties of the gene products that it is known to encode. The
information currently available for the size, cellular distribu-
tion, and function of F transfer region gene products is
summarized, and, when possible, comparative data for the
allelic sequences and analogous products of other F-like
transfer systems are presented. This information should be of
use in the purification and characterization of the various
components of the F transfer system and the elucidation of the
mechanism of mating-pair formation and DNA transfer.

Conjugative pilus morphology and pilus-specific phage sen-
sitivity classifications have suggested that pilus-dependent
transfer systems might belong to two evolutionary “families”
(see references 75, 118, and 206). One family includes the IncF
complex and other plasmids with some F-like characteristics
(e.g., IncD, IncC, and IncJ), whereas the second includes
plasmids with phenotypic resemblance to RP4 (IncP). Se-
quence analysis has shown that the Ti plasmid of Agrobacte-
rium tumefaciens also belongs to the RP4 family, and homol-
ogy, occasionally extensive, has been detected among the
transfer regions of broad-host-range plasmids from the IncP,
IncN, IncW, and Incl groups, the vir region of the Ti plasmid
of A. tumefaciens, and the mobilization regions of plasmids
pTF-FC2, RSF1010, pTF1, and pSC101 (33, 52, 86, 102, 143,
147, 203, 221, 226). Recently, fundamental functional relation-
ships have been revealed between these two families by using
multiple-alignment algorithms. Domains in two F tra proteins
involved in DNA transfer (TraD and Tral) were shown to
exhibit homology to domains in analogous products encoded
by the tra regions in RP4 (IncP) and R388 (IncW) and the vir
region of the Ti plasmid (42, 126, 144, 256). A further
demonstration of homology between F TraD and the staphy-
lococcal conjugative plasmid pSK41 TraK protein (69) now
suggests that the mechanism of DNA transfer is conserved
throughout the eubacteria. There also appears to be a distant
relationship between the products of F trad4 (F pilin) and F
traL and pairs of products encoded by the Ti plasmid virB
operon (VirB2 and VirB3) and the region of RP4 involved in
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pilus biosynthesis (TrbC and TrbD) (126, 143, 230). Similarity
between F TraC and proteins required for Ti plasmid viru-
lence, toxin biosynthesis in Bordetella pertussis, and transfer in
RP4 (IncP) and R388 (IncW) has been reported (126, 231). By
using similar techniques, F TraY has also been identified as a
member, of the family of proteins related to the P22 phage
repressors Arc and Mnt (23). One can expect that relationships
between F transfer proteins and products expressed by the
other systems will continue to emerge as additional sequence
and functional data accumulate.

ORGANIZATION OF THE F TRANSFER REGION
SEQUENCES

Figure 1 summarizes the coding sequences and functions of
gene products in the F transfer region compiled from the DNA
sequence published or made available by various laboratories
over the last 10 years. As drawn in Fig. 1, transcription of tra
(tall boxes, capital letters), trb (short boxes, lowercase letters),
and finO gene sequences proceeds from left to right: the
opposite strand contains the gene (finP) for a small regulatory
antisense RNA, FinP, and an open reading frame (ORF) for a
gene of unknown function, art4. Kilobase coordinates in Fig. 1
correspond to those of the sequence in Fig. 2, where nucleotide
(nt) 1 is the first nucleotide in the Bg/II site, located at position
66.6F on the 100-kb F plasmid map (266). The orientation of
the origin of transfer, oriT, located immediately downstream
from this site, determines the direction of conjugal DNA
transport. The first DNA sequences to be transported to the
recipient cell include the BgllI site and ORF169 in the leading
region (see Leading Region of Transfer, below); sequences
encoding the transfer region enter the recipient last.

The distribution of loci for the different functions within the
F tra region is also indicated in Fig. 1. The transfer systems of
most F-like plasmids express both of the regulatory genes finO
and.finP and are typically repressed; an IS3 insertion in the F
finO gene is responsible for the constitutive transfer system
characteristic of the F plasmid. FinOP repression normally
redyces expression of the TraJ regulatory protein, which is
required for efficient initiation of transcription at the major
transfer region promoter, Py, located between traJ and traY.
Studies on the structure and DNA-binding activity of TraY,
encoded by the first gene in the tra operon, suggest that it also
acts as a transcriptional regulator of tra protein expression.
The IncFV plasmid F, lac appears to have a different system
from that of F for controlling traJ expression since there is no
apparent homolog for the finP gene. Additional functional
groups include the genes involved in synthesis and assembly of
F pilus filaments, surface exclusion, mating-pair or aggregate
stabilization, and transfer of the single strand of DNA to the
recipient; the functions of the other loci remain unclear.
Maximal expression of these genes (with the exception of traM
and traJ) occurs when the Py, promoter is active and stimulated
by Tral.

The F tra region DNA sequence presented in Fig. 2 is a
compilation of segments of sequence starting from the BglII
site following coordinate O in Fig. 1 and includes oriT, traM,
tral, traY (72, 243, 244), traA, traL, traE (83), trak, traB, traP,
trbD (74), trbG, traV, traR (51), traC, trbl, traW (164, 224), traU,
trbC, traN, trbE (161, 163, 188), traF, trbA, artA, traQ, trbB, trbJ
(269-271), trbF, traH, traG (70, 105), traS, traT (104, 123), traD,
trbH, tral (25, 124, 274), traX, and finO (35). The entire
sequence can be accessed through the GenBank accession
number U01159.

Promoter regions, binding sites, and other features noted in
Fig. 2 are discussed in corresponding sections of the text. The
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FIG. 1. View of the transfer region. The details of the figure are explained in the text. The top line gives the length in kilobases of the F transfer
region. The second line indicates the position of restriction sites referred to in the text and other figures. Abbreviations: B, Bg/II; Sa, Sall; V,
EcoRV; Nd, Ndel; B, Bcll; H, Hincll; Hp, Hpal;.S, Smal; Sp, Sphl; C, Clal; R, EcoRI; Kp, Kpnl. The third line represents the genes and gene
products; capital letters refer to zra genes, lowercase letters refer to rb genes, art4 and finP are transcripts in the anti-orientation, oriT is the origin
of transfer, IS3 refers to the IS3 element within the finO gene, and I* refers to a gene product encoded within the tral gene. The last five lines
represent the functions of the tra genes identified to date.

L |

directly. An early enumeration of subclones in plasmids and

sequence alterations associated with various nonsense and
lambda lysogens was compiled by Willetts and Skurray (265);

missense mutations are marked above the sequence. Restric-

tion enzyme cleavage sites mapped in Fig. 1 are indicated in
boldface type in Fig. 2; positions of a few additional sites
mentioned in the text are noted in parentheses. Prominent
inverted and direct repeats are indicated, as well as known and
potential binding sites for DNA-binding proteins. An enor-
mous number and variety of subclones carrying portions of this
sequence have been generated, and readers desiring a partic-

however, the list has grown dramatically in recent years.

TRANSCRIPTION OF THE F TRANSFER REGION

The putative —35 and —10 binding sites and transcriptional
initiation sites that have been identified within the tra region
are also indicated in Fig. 2. These sites include those originally

ular construct are advised to contact the investigator involved described for P,,, the traM promoter (M mRNAI, nt 332 to

FIG. 2. Sequence of the F transfer region starting from the first base of the sequence defining the Bg/II site. The details of the genes and gene
products are given in the text. The sequence is available through GenBank as accession number U01159. The nucleotide sequence is marked at
every 10th nucleotide, when possible, and the number of nucleotides is given at the end of each line. The single-letter code for the sequence of
the most probable ORFs is indicated below the nucleotide sequence, and a running total of the number of amino acid residues is given as a
subscript at the end of each line except for the last line of sequence for any given protein. * indicates a stop codon. The sequences of both strands
of the DNA are given for intergenic regions as well as the anti-ra oriented gene artA. [> indicates the start of the translation; the name of the gene
product and the first and last nucleotide in the coding sequence are given in brackets. Mutations in the proteins are indicated by a vertical line,
with the base change, name of the mutation, and resultant amino acid substitution given above the line. ==>> indicates the start of transcription;
the —10 and —35 sequences for promoters are underlined, and the name of the transcript and the position of the end of the transcript are also
indicated. Direct and inverted repeats in the sequence are indicated by arrows, and binding sites for DNA-binding proteins are given as
double-dashed lines. The core stability region of the transfer nRNA (nt 2633 to 2798) is indicated by a dashed line, and the smaller inverted repeats
within this region are marked as a double-dashed line. Signal sequence cleavage sites are indicated by vertical arrows below the line. Features of
interest, including homology to signature sequences mentioned in the legends to Fig. 3 and 4, are underlined and described below the line. The
nick site (/\, nt 140 to 141 according to reference 173), the site of the IS3 insertion, and the positions of frameshift mutations (\/) are indicated
below and above the line, respectively. The restriction sites for common restriction endonucleases are given in boldface type above the line, and
the nucleotide on the 5’ side of the cut site is also in boldface type. Nucleotides in parentheses above the line in the raX-finO region (nt 32466
to end) represent the sequence of the F plasmid as reported by Yoshioka et al. (274).
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. 120
AGATCTCATTTATMACATCAGGCAGATGGCTMCAT CCATT'I’TT'l’catTITTCCACCTCTGGTGACTTTATCCGTAMTMTTTMCCCACT CCACMMAGGCTCMCAGGTTGGTGG
TCTAGAGTAAATATTTGTAGTCCGTCTACCGAT TGTAGGTAAAAAAG taAAAAGGT GGAGACCACTGAAATAGGCAT TTATTAAATTGGGTGAGGTGTTTTTCCGAGTTGTCCAACCACC

-35

I ENT FMLCI ALMUWIKIKNM -10
gene X <|
: traM
|=> mRNAIII
===]8 1 sbyC sbyA
T T IHF SITE A: ==
N\ L. [ S Wy A . L 20

TTCTCACCACCMMGCACCACACCOCACGCMMACMGTTTTl‘GCTGATTTTTCTTTATMATAGAGTGTTA‘l’GMAMYTAGTTTCTCTTACTCTCTTTATGATATTTMMMGCG
AAGAGTGGTGGTTITCGTGGTGTGGGGTGCGTTTTTGTTCAAAAACGACTAAAAAGAAATATTTATCTCACAATACT TTTTAATCAAAGAGAATGAGAGAAATACTATAAATTTTTTCGC
/ \ N
oril
|=> traM mRNAII
sbmB: =

A\ . L - -35 . \ 360
GTGTCGGCGCGGCTAUACMCGCGCCGACACCGTTTTGTAGGGGTGGTACTGAC"ATT'I'TTATAMAMCA’ITAT‘"TA'I’ATTAGGGGTGCTQQT GCGGCGCGGTGTGTT‘I"I’TTTATA
CACAGCCGCGCCGATGT TGTTGCGCGGCTGTGGCAAAACAT CCCCACCATGACTGATAAAAATAT TTTTTGTAATAAAATATAATCCCCACGACGAT CGCCGCGCCACACAAAAAATAT

SbmC T 1 L —

-10 |==> traM mRNAI
sba

Haell 2\ 480
GGATACCGCTAGGGGCGCTGCTAGCGGTGCGTCCCTGTT TGCATTMGAATTTTAGTGT 'I’TCGMATTMCTTTATTTTATGTTCMMMGGTMTCTCTMtgGCTMGGTGAACCTG
CCTA”GGCGATCCCCGCMCGATCGOCACGCAGGGACMM:GTMTACTTAMATCACAMGCT"MTTGMATMMTACAAGTTTTTTCCATTAMGAT M A KV N Ly

|> traM (463-843)

Nincll G (M102)

sall -\/ . 600
TATATCAGCMTGATGCCTATMMMATMAT GCGATTATTGAGMGCGT WCAGMGGGCMGGWAMQTGTCAGTTTTTCAGCAACAGCTTCMTGCUCTTMACTGGGG
YlSNDAYEKlNAllEKRRQEGAREKDVSFSATASNLLELG-“

. . . . . . . . . . . . 720
CTTCGTGTACATGAGGCTCAGATGGAGCGTAAAGAGTCTGCATTTAATCAGACTGAGT TTAATAAAT TGCTTCTTGAATGCGT TGTAAAAACACAATCATCAGTAGCGAAAATTTTGGGT
LRV HEAQMERKESAFNOQTETFNKLLLET CVVKTQ@SSVAKIL Ggg

. . . . . . EcokV . . . . . . 840
ATTGAGTCTCTCAGTCCTCATGTCTCCGGAAAT TCAAAGTTTGAATATGCCAATATGGT TGAAGATATCAGGGAGAAGGTATCATCTGAGATGGAACGATTTTTTCCAAAAAATGATGAT
1 ESLSPMHVSGNSKTFTEYANMVYVEDTIRETIKVSSEMERTFTFTPKND D

==> trad m-RNA

. traM m-RNA termination .| . -35. . -10 L 960
GMtaaACGMATTTGACTTCGTTCMATATCAGAGTTTTTATGATTTAMMGGTGACAGTACGMAGATMTTAGTATATTMTTACGTGGTTMTGCCACGTTAMATTTGAMTTG
CTTattTGCTTTAAACTGAAGCAAGTTTATAGT CTCAMMTACYMATTTTTCCACTGTCA‘I’GCTTTC'I’ATTMTCATATMTTMTGCACCMTTACGGTGCAAYTTTAMCTTTMC
E * 107aa

pED236 G
. \ L . S Y | . BglIl . 1080
AMATCGCCMTGCAGGGAGACGTGAACTCCC'I’GCATCGACTGTCCATAGAATCCTTTGTGA ﬁTTCCTathAYCCGATGGATCGTATTCAACMMACATGCTCGTCAMTMAT
TTTTAGCGGCTACGTCCCTCTGCACTTGAGGGACGTAGCTGACAGGTATCT TAGGAAACACTCCTCCAAGGAtacATAGGCTACCTAGCATAAGT TGTTTTTGTACGAGCAGTTTATCTA
M YPMDRIQQKHATRDZ QI Dyg
EDFL68 (fis0) T |> trad (1033-1719)
|-finP mRNA termination finP RNA  <===| -10 -35

T €I90)
. . [ . . ; ; . . . . . . 1200
CTGCTGGAAAATCTGACGGCAGT TATTCAGGATTATCCAAATCCAGCCTGTATCAGGGACGAAACTGGAAAATTTATTTTTTGCAATACGCTGTTTCATGAGTCATTTCTTACACAAGAT
LLENLTAVIQDYPNPACTIRDETE GKTFTITFCNTLFHESTFLTQ Dgg

. . . . . . . . . . . . 1320
CAAAGTGCTGAAAAATGGCTTCTGTCGCAGAGAGATTTTTGTGAATTGATCTCTGTCACAGAGATGGAAGCATATAGGAATGAGCATACGCATCTTAATCTTGTAGAGGATGTTTTTATT
Q S AEKWLLSQRDTFT CETLTISVTEMEAYRNEUHTHLNLVYVETDVF Ig

. . . . . . . . . . . . 1440
CAGAATAGATTCTGGACAATATCTGTCCAGTCATTTCTTAATGGACACAGAAATATTATTCTGTGGCAATTTTATGATGCTGCTCATGT TCGTCATAAAGACAGT TATAATCAAAAAACG
Q NR F WTISVQSFLNGHRNTITILWOQ@FYDAAHYVRUHEKDSYNQOQK T4z

.ECoRV Ndel 1560
ATTGTCAGT&TGA‘I’ATCAGAAATATMTCAGAAGAATGAGTGATGATTCTTCTGTATCATCATATGTAMTGATGTCTTTTACTTATA'I’AGCACCGGAATCAGTCATMTGCTATAGCA
I VSDODDIRNTIIRRMSDDSSVSSYVNDVFYLYSTGTISHNATILAp
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. . . . . . . . . . . . 1680
AGAATATTAAATATATCCATCTCCACATCAAAGAAACACGCATCTCTGATATGCGACTACT TCTCTGTTTCTAATAAAGATGAGT TAATTATCTTACTCTACAATAAAAAGTTTATTTAT
RILNTIGSTISTSKKUHBASLICDYTFSVSNKDETLTITILLYNKTI KTFI Y4

-35 -10 |==> tra m-RNA
traJ mRNA termination s=z====
. . . . . I N _. . . BetEIl. . 1800
TATTTATACGAGAAGGCTATGTGTATCATAAATACGCGT taaTAAGGTGTTAATAAAATATAGACTTTCCGTCTATTTACCTTTTCTGATTATTCTGCAAACATAAGTGGTAACCAGAAG
Y L YE KA MCTI I N T R *ATTCCACAATTATTTTATATCTGAAAGGCAGATAAATGGAAAAGACTAATAAGACGTTTGTATTCACCATTGGTCTTC
\229aa
--3M===a===:a===
1920
ATAMCAGCGQMGTTAtthMMTTTGGTACACGTYCTGCMCAGGTMGATGGTMMCTMMTTM:CTGTMATGYGGMAGTCTA"MTTGWTAACMGCG
TATTTGTCGCCCTCCACMTNKRFGTRSATGKHVKLKLPVDVESLLlEAS’lRSGy’
|> tray (1821-2213)

Pwul . . . . . . . . . . . 2040
GAAGAAGTCGATCGT TTGAGGCAGTAATAAGACT TAAAGATCATCTTCACCGCTATCCGAAGT TTAACAGGGCAGGGAATATCTATGGTAAGTCGCTGGT TAAGTATCTGACAATGCGTC
R SRSFEAVIRLKDUHLHWHRYPKTFNRAGNTIYGKS SLVKYLTHMRLy

.Pstl . Bell .Bcll . . 2160
TGGA'I’GATGMACTMCCAGCTACT TA'I"I’GCAGCCMMATCGTAGTGGATGGTGTAMACAGATGAGGCTWMTTAT TGATCA"'I'GATCAAGT‘ITCCT“TTTTTATAACT
DDETNQLLTIAAKNRSGMWCKTDEAADRYIDUHLIKTFPDTFTYVYN Sy

A (Ser; A44)
2280

CGGAGATAT;CABGGAGGCAGATMAGAG&AAGATATMCATTTMkaTCtnTTTTATTCATTTATCCGAAATT%QMACT TatgAATGCTGTTTTAAGTGTTCAGGGTGCTTC
EI1 FREADIKETEDTITTFNTL *13a NNAVLSVOGAS-"
|> traA (2249-2611)

U (Ser; A32)
. Pwill. . 2400
TGCGCCCGTCAMMGAAB‘I’CGTTTTTTTCCMATTCM:TCG'I'CT WTAYGCTTCGCCTGGCTCGCGCAGTGA‘I‘CCCGGCTGCTGTTCIGATGATGTTCTTCCCGCMGGCGATGGC
APVKKKSFFSKFTRLNI‘LRLARAVIPAAVLMHFFPQLANA-51

T (A1) G (Glu; A7) C (Asn;A46)  (A25) A A (Ile; A43)
Mael . | | | | 1. . 2520
CGCCGGCAGCAGTGGTCAGMCCTGA‘IGGCAAGCGGTMCACCACGGTTMGGCGACCT TCGG‘I’MGMCTCCAGTGTTGTTAM‘I‘GGG'I"I'GTTCTGGCTGMG"CTGGTCGGTGCTGT
AGS SGQDLMASGNTTVKATFGKDSSVVKWVVLAEVLVGA Vg
t(F-pilin-N terminus)
A (Asp; A45) < - - -
. . . . . . . . . . . . 2640
CATGTACATGATGACCAAAAACGTCAAGTTCCTGGCCGGTTTTGCCATCATCTCTGTATTTATTGCTGTGGGTATGGCCGTCGTTGGCCTC tgaCAGGAAATAAAACGatgTCGGGAGAC
M YMMTKNYKTFLAGETFAIISVFIAVGMAVVGL* 1212 M S GD -
|> tralL (2629-2901)

\ L= . \ ==z=== 2760
GAGMTAMCT TAMATATCGTTTCCCGGMACACTGACWCCAMGCCGCT GGTTTGGCCTGCCACTGGATWCTGAT CCCCGCAGCAATCTGTATTGGCTGGGGTA‘I’CACAACA
ENKLKKTYRTFPETLTN QSR RUWFGLPLDETLTIPAAICIGHWGI T Ty,

s=== [====s===== . 2880
TCGAAATATCTGT TCGGTATTGGTGCAGCGGTTCT GGTTTATT'I’CGGGA"MMMCT GAMMABGGCGGGGCAGTTCCTGG'ITACGTGACC‘I’MTTTACTGGTATATGCCMCAGCC
S KYLFGIGAAVLVYTFGIKTKLIKEKGRGSSWLRDLIYWYMPT Ag,

3000

CTGCTGCGCGGTATTTTTTCAtaaTGTTCCCGATTCGTGTTTCCGGCAGTGGATTAAATAGAACT GATACCAGGATGT TAT 8t gGAACACGGTGCCCGTTTAAGTACCAGTCGTGTAATG
LLRGTIF S *9las MEHWGARLSTSRDV Myg
|> traE (2962-3525)

.Wpal/Hincll . 3120
GCCATCGCCTTTATATTTATGTCAGTGCT TAT‘I'GTTCTCAGCCTCYC‘IG"MCGTCA‘I"I’CAGGGGG‘IGM‘I‘MCTACCGT CTTCMTGAGCAACGCACTGOCGTGACGCCMTGGCA
Al AFIFMSVLIVLSLSVNVYVIQGVNNYRLU QOQNEU GRTAVTPMAG

Haell . . 3240
TTTMTGCCCCCTTTGCOGTG‘ICACAGMCAGTGCCGACGCCTCTTATTTACAGCAGATGGCGCT GTCAT'I’TATTGCCCTCCGTCTGMTG"TCAYCAGAMCCGT CGM’GCCTCM‘A‘I’
FNAPFAVSQNSADASYLQQMALSFIALRLNVSSETVDAS Hgs

Noell . . Smal . 3360

CAGGCGCT TCTGCMTAYATCCGCCCGGGCGCACAGAACCAMTGMAGTTATTCTGGCTGMMCGMGCGTATTAMMCGATMCGTWCT CAGCCTTTTTCCMCAGTGT T
QALLQ@YTRPGAQNQ@MKVYTILAEEAKRIKNDNVNSAFFO QTS Vgyzz

FIG. 2—Continued.
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3361

3481

3721

3961

4201

4321

44461

4561

4921

5041

5161

5281

. . . . . . . EcoRV . . . BstEIl 3480
CGTGTCTGCCTCAGTATGGCCGTGTGGAAAT TTCGAGGTGTGCTTAAAACCTGGATTGGTGAT TCAAAACCTTTCACTGATATCAAACATTACATCCTTAT TCTGAAGCGGGAAAACGGG
RVCLSMAVWKEFRGVLKTWMWIGDSKPTFTDTIKHYTILTILKR RENGysm

. . . . . . . . Pstl . . . . 3600
GTGACCTGGCTGGATAATTTCGGGGAAACAGACGatgAGAAAAAA taaTACGGCAATAATATTCGGGAGCCTGTTTTTTTCCTGCAGCGTGATGGCCGCAAACGGTACGCTGGCCCCCAC
VTWLDNTFGETUDDE K K *18aa
M RKNNTAILITILIFGSILFTFSCSVMAANGTLAPITy»
|> traK (3515-4240)

. . . . . . . BStEIl . . - . . 3720
CGTGGTGCCAATGGTGAACGGTGGTCAGGCCAGTATTGCCATCAGCAATACCAGCCCGAATCTGT TTACCGTTCCCGGTGACCGGAT TATCGCCGTGAACAGTCTGGATGGTGCCCTGAC
VVPMKVNGGQASITAISNTSPNLFTVPGEGDRTITIAVNSLDGAL T,

T (Ké)

. . . MincIl . ; . . . . . . 380
CAATAATGAGCAGACCGCCTCCGGCGGTGTGGTGETTGCCACCGT CAACAAAAAGCCCT TTACGT TCATTCTGGAAACAGAACGT GGTCTGAATCTT TCCATTCAGGCCGT TCCCCGTGA
NNEQTASGGVVVATVNKKPFTFILETERGLNLS]QAVPRE-1°9

Pwull . 3960

AGGCGCGGGGCGTACCATTCAGCTGGTCAGT GACCTGCGCGRAACCGGAGAAGAAGCCOGTGCGTGGGAAACGTCCACGCC TTACGAATCCCTGCTTGTAACCAT CAGCCAGGCCGTCCG
GAGRTIQLVSDLRGTGETEALGAMWETSTPVYESLLVTISQADV Ry

rho-dependent termination C (K105)

. . . . . Pstl . \/ . . . . . . 4080
TGGCGGAAAAT TACCCGCAGGCTGGTATCAGGTCCCAGTGACAAAGGAAACCCTGCAGGCCCCGGCGGGGCTGTCTTCAGTGGCAGATGCCGTATGGACGGGGAATCACCTGAAGATGGT
GGKLPAGUYOVPVTKETLQAPAGLSSVADAVHTGNHLKHV'189

. . . . . . . . . . . . 4200
CCGCTTTGCCGTGGAAAATAAAACGCTGTCTGCCCTGAATATCCGGGAAAGTGACTTCTGGCAGCCGGGAACCCGTGCCGTGATGTTCAGCCAGCCTGCCAGCCAGT TACTGGCAGGTGC
RFAVEWNKTLSALNIRESDTFWQPGTRAVMFSQPASOQLLAGA

. . ; . . . . . . . . . 4320

GCGCATGGATGTGTATGTCATCCGTGACGGGGAGGGCAACtgatgGCCAGTATCAATACCATTGTGAAACGCAAGCAGTACCTGTGGCTGGGGATTGTGGT TGTCGGTACAGCCTCCGCG

R M D VY VI RDGEG N * 22a
MASINTIVEKRKQYLWLGIVVVGTAS Ay
|> traB (4243-5667)

. . . . . . . . . . . . 4440
ATTGGTGGGGCACTGTATCTGTCTGATGTGGACATGTCCGGTAACGG TGAAACCGTGGCTGAACAGGAGCCTGTGCCGGATATGACCGGTGTGGTGGATACGACCTTTGATGACAAGGTG
1 6GGALYLSDVDMSGNGETVAEQEPVPDMTGVVDTTFDDK Vg

sphi . . . . ; . . . . . . 4560
CGTCAGCATGCCACCACCGAGAT GCAGGT GACGGCAGCGCAGATGCAGAAGCAGTATGAGGAAAT CCGTCGTGAGCTGGAT GTTCTGAACAAACAGCGCGGTGATGACCAGCGTCGTATT
RQHATTEMGVTAAQGMOQKQYEETIRRELDVLNEKS GRGDDAQRR Iqg

GAAAAGT TGGGACAGGACAATGCCGCCCTGGCAGAGCAGGTAAAAGCCCTGGGTGCTAATCCCGTCACGGCGACCGGTGAGCCTGTACCGCAGATGCCTGCCTCACCGCCCGGCCCGGAA
EKLGOQDNAALAERQVKALGANPVTATGEPVPQMPASPPGP Eqy

. . . . . . . -Smal . . . . 4800
GGCGAACCACAGCCAGGAAACACCCCCGTATCCTTCCCGCCGCAGGGCAGCGT TGCTGT TCCACCGCCGACGGCGTTTTATCCCGGGAATGGTGTCACGCCACCACCACAGGTGACGTAC
GEPQPGNTPVSFPPQGSVAVPPPTAFYPGNGVTPPPQVT Yqyg

. - . . . . . . . . . . . 4920
CAGTCTGTGCCGGTGCCTAACCGGATACAGCGTAAGGTGTTTACCCGTAATGAGGGAAAACAGGGACCATCACTGCCGTACAT TCCGTCAGGAAGTTTTGCGAAAGCCATGCTGATTGAA
Q S VPVPNRIQRKVTFTRNEGK QGPSLPYTITUPSGSTFAKAMLI E

. . . . Pwull . . . . . . . 5040
GGGGCGGATGCCAATGCCTCTGTCACCGGTAATGAATCCACGGTGCCGATGCAGCTGCGTATCACCGGCCTGGTGGAAATGCCGAACAGCAAGACGTATGACGCAACGGGATGTTTTGTG
GADANASVYVYTGNETSTVPMQLRITGLVEMPNSIKTYDATGECF Vo

. . . . . . . . . . . . 5160
GGTCTGGAAGCCTGGGGGGATGTGTCCAGTGAGCGTGCCAT TGTACGCACCCGCAATATCAGT TGCCTGAAGGACGGCAAAACTATTGATATGCCGATTAAGGGGCATGTCAGCTTCCGG
GLEAWGDVSSERAIVRTRNTISTCLKDSGIKTTIDMPIKSGHV S F Rs3g

. . . . . . . Nincll . . . . MNael . 5280
GGTAAAAACGGTATCAAGGGCGAAGTGGTGATGCGTAACGGCAAAATCCTCGGCTGGGCATGGGGCGCGGGATTTGT TGACGGTATCGGTCAGGGAATGGAGCGCGCCTCCCAGCCGGCT
G K NGIKGEVV MRNGIKTITLGUWAWGAGTFVDGIGAQGMETRASD QP Agy

. 5400

GTCGGGCTG&GTGCCACAG&CGCTTACGG&GCTGGTGATGTCCTGMMTGGGTATCGGTGGCGGCGCATCGAMGCCGCACAGACGCTCAGTGACTACTA(‘ATCMACGTGCCGMCAG
VGLGATAAYGAGDVLIKMGIGGGASKAAQTLSDYYTIKRAE Q35

FIG. 2—Continued.
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. . . . . . Pwill . . Raell . . . 5520
TATCACCCGGTGATACCGATTGGTGCGGGCAACGAAGTGACCGTGGTGT TCCAGGACGGCT TCCAGCTGAAAACCGT GGAAGAGATGGCGCTGGAACGCACGCAGAGCAGAGCGGAAGAA
YHPVIPIGAGNEVTVVFQDGF Q@LKTVETEMALETRTA QSRAE Eyuy

. . . . . . . Pwull . . . . 5640
GACAATCCGGAAAGTCCGGTTCCTGTTCCGCCATCGGCTGAAAGTCATCTTAACGGCTTTAATACTGACCAGATGCTGAAGCAGCTGGGCAACCT GAATCCGCAGCAGT TTATGTCCGGC
DNPESPVPVPPSAESHLNGEFNTD Q@MLK EGLGNLNPOQQTFMS Guy

. . . . . . . Smal . . . . . 5760
AGCCAGGGAGGGGGCAACGatgGCAAAtaaTATGTCGTCCCGTCAGGCGTGCCATGCCGCCCGGTATGT TGTCGCCCGGGT TCTGCGAGGACTGTTCTGGTGTCTGAAGTACACCGTCAT

$ @ GGG ND G K * 475
M ANNMSSRQACHAARYVVARVLRGLFWCLKYTUV Ig

|> treP (5660-6247)

. . . . . . . . . . . . 5880
TCTGCCACTGGCCACAATGGCCCTGATGGCTCTGTTTGT TTTATGGAAGGACAACACCACGCCGGGGAAAT TACTGGTTAAGGAGAT TAACTTCGTAAGACAAACAGCACCTGCCGGACA
LPLATMALMALTFVLWKDNTTITPGKLLVKETINTFVROQTAPAGAQOQyz

. . . . . . . . .Pstl . . . 6000
GTTCCCGGTCAGTGAATGCTGGTTTTCTTCCTCTGATTCTTCAGGCAGATCAGAAATACAGGGTATCTGCCAT TACCGCGCGGCTGATGCTGCAGAT TATGTCAGGGAGACTGACCGGTC
FPVSECWEFSSSDSSGRSETIQGTICHYRAADAADYVRETDR Sqq

BstEII . . . . . . . . . BstEll . 6120
ACTGATGCAACTGGTCACCGCATTATGGGCAACACTGGCACTGATGTATGTCTCGCTGGCAGCGATCACCGGGAAATAT CCGGTGCGACCCGGAAAAATGAAATGTATCCGGGTGGTAAC
LMQLVTALWATLALMYVSLAAITGEKYPVRPGKMKTECTIRYVYV Ty,

. . . . . . . . . . . . 6240

CGCAGATGAACATCTGAAGGAAGTTTATACGGAAGACGCTTCCCTGCCGGGAAAAAT CAGGAAATGCCCTGTT TATCTTCCTGATGACAGAACAAACAGAAACAACGGAGATAAAAatGA

ADEMHLKEVYTEDASLPGKIRKTCPVYLPDDRTNRNINNGDKN Eqg
M N-

(6237-6431) |> trtd

ACATGCGtaaTATTAATGTTATTACAGTCCTCTCTGTGCCGGGTAAAACCGTGTCAGATGATTTTATGCATGCTGTTCTCAGTAACTGCGCCACAAGAATCGTACTTCCTGCACCGGAGA
H A * 196aa
MRNINVITVLSVPGKTVSDDFKHAVLSNCATRIVLPAPEK-I'Z

. . . . . EcoRI. . . . . . . 6480
AATTCGGTTCTGAGTCATTGCCGGACAATTTTAATATGACTGCTGTCGGTGTGATGAAGAATTCAGAAATAtaaGGAACCCTTCGatgAATAAGCTGGT TTCTGATGGCAGCGTCAAAAA
F GSESLPDNTFNMTAVGVMKNSE I *65a M NKLVSDGSVKK;g

|> trbG (6446-6694)

. . . . . . . . . | . . 6600
AATAAATTATCCGGTGCTGTATGAGTCCGGAATAACACCTCCGTTATGTGAAGTCAGTGCACCAGAACCTGATGCGGGT GGGAAACGCATTGTGGCATATGTTTATAAATCATCACGGAG
I NYPV LYESGITPPLCEVSAPEPDAGGIKRTIVAYVYKS SS SHR R $-52

. . . . . . . . . . . . 6720
TACGGTTTTTGAAAATCCTGACATTGTAAAAACCT GTACGGTCAGGGAT TTGAAGAAGGAT TTTGTGAACT GCGATGAGAAAGGT GAGGGACAatgaAACAGACT TCTTTCTTTATTCCT
T VFENPDTIVKTT CTVRDLIKTIKDTFVNTCDTETIKTGTETGA Q *8aa
M KQTSFF I P-9
|> trav (669%-7206)

. . . . . . . . . . . . 6840
CTGCTGGGGACCTTATTACTTTACGGCTGTGCCGGAACCAGTACGGAAT TTGAGTGTAACGCCACCACATCCGATACCTGTATGACGAT GGAGCAGGCCAATGAGAAGGCCAAAAAACTG
LLGTLLLYGCAGTSTEFECNATTSDTCHTNEOANEKAKKL-49

6960

GAGCGGTCCTCAGAAGCAAAGCCGGTTGCGGCATCACTGCCGCGECT GACT GAAGGGAACT TCCGGACAAT GCCGGTGCAGACCGTCACCGCOACCACTCCGTCCGGCAGCAGACETGEE
ERSSEAKPVAASLPRLAEGNTFRTMNPVQAQTVTATTPSGSRP Agg

. . . . . Smel . . . . . . . 7080
GTGACAGCACATCCGGAGCAGAAACTGCTGGCACCTCGCCCGCTGTT TACCGCTGCCCGGGAAGTGAAAACGGTTGT TCCGGTCAGT TCAGTTACGCCGGTAACACCTCCTCGTCCGCTA
VTAHRPEAQKTLLAPRPLTFTAAREVKTVVPVSSVTPVTITIPPRSYEP L-120

. . . Naell . . . . . . . . . 7200
AGAACGGGTGAGCAGACGGCAGCAT TATGGATAGCGCCTTATATTGATAACCAGGATGT TTATCATCAGCCATCCAGCGTGTTTTTTGT TATTAAACCGTCTGCGTGGGGAAAACCACGT
RTGEQTAALUWIAPY IDNOQ@DVYHQQPSSVFFVIKPSAMWEKSTEP R-169

. . .Mael Nael . . . . . . . . . 7320
ATTMTt:a?;GGCCC‘I’GMGT'I’GTATATCAGCIIEGCMYGCNGCGGGCT TTCTGTATTCAAAATCTGCCTGTAAAACGAGT GCCCTGTGCGTGAAAAGGGATGGGCGGTAGCGTGTCA
I N laa

. . . . . . . . . . . . 7440

GAACATGTCGGGAGGAATATTCCgtgAGTGATGAAGCCGATGAAGCATATTCAGTGACAGAACAACT GACCATGACAGGAATAAACCGGATACGCCAGAAAATAAATGCTCATGGTATTC
HSDEADEAYSVTE\QLTHTGINRIROKINAHGIP-33
|> traR (7344-7562)
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7441 . sphl ; . . ; . . . . . . 7560
CTGTTTATCTCTGTGAAGCATGCGGAAATCCTATTCCGGAAGCCCGGCGGAAAATAT TTCCCGGTGTGACGTTGTGCGT TGAATGTCAGGCGTATCAGGAAAGACAGAGAAAACATTATG
VYLCEACGNPTIPEARRIKTIFPGVTLCVET CI QAYU QERU QRIKIHY A-73

7561 . . . . . . . . . . . . 7680
CAt:aGTCAGTCGCAGMCATAGTGMTTMTTOCGGATGMCATGAgtgGATATTCAGMMCAGMATCTTTGTATATGCGCCGGGAMTGGCGCGTTMTTACAGGTATTCCCTTCA
7681 EcoRl . Hincl1/Wpal 7800

TGGCTACCGCATTTCTCGCTTTATTTTTCMCTMGGAATTCATQthTAACCCACTTGAGGCCGT(‘ACTCAGGCGGTYMCTCCCTCGTCACAGCACTGMACTGCCTGACGAATOCG
M NNPLEAVTQAVNSLVTALKTLPDES Ay
[> traC (7725-10349)

7801 . . . . . . . . . . . . 7920
CAAAGGCCAATGAAGTTCTGGGCGAAATGAGCT TCCCGCAGTTCAGCCGTCTGCTGCCGTACCGTGATTACAACCAGGAATCCGGTCTGTTCATGAATGACACCACGATGGGCTTTATGC
KANEVLGEMSTFPQFSRLLPYRDYNQESGLTFMNDTTMGEFMLg,

™21 . Ndel . . Pwill . 8040
TGGMGCCATTCCCATCMTGGGGCWTGAGTCCATTGTGGAGGCCCTCGATCATATGCT&GCACCAMCTGCCGCGCGGTATTCCG'I’TGTGYATCCATCTGATGTCCAGTCAG:TGG
EATPINGANES STIVEALDHMLRTIKLPRGIPLTC CTIHLMSSQQL Vyp

8041 . Smal . 8160
TTGGTGM:AGGATTGMTACGGGCTGCGT(MGTTCTCCTGGTCTGGCWCAGGCCGAACGGTTTMCGCGATTACCNGGCCTATTATATMMGCGGCAGCGACACAGTTTCCGCTGC
GDRIEYGLRETFSWSGEQAERTFNAITRAYYMKAAAT® QEFTPL Py

8161 . . . . . . . . . . . . 8280
CGGAGGGAATGAATCTGCCCCTGACCCTGCGCCAT TACCGGGTGTTTATCTCGTACTGT TCTCCCTCGAAGAAAAAAAGCCGGGCCGACAT TCTGGAAATGGAAAACCTGGTGAAAATCA
EGMNLPLTLRMHYRVFISYCSPSKKIKSRADTILEMENLUVKTI Iy

8281 . Clal 8400
TCCGGGCGTCGTTACAGGGGGCCAGTATCACCACACAMCGGTGGATGCACAGGCCT TTA’I’CGA‘I’ATTG‘I’CGGGGAGATMTTMCCATMCCCGGAYTCCC?GYACCCGAMAGACGTC
RASLQGASITTTQTVDAQATFIDTIVGEMTINHNPDSLYPKTRR QG

Pwull
8401 . . . . . . . . . . . . 8520
AGCTGGACCCGTATTCTGATCTGAATTATCAGTGTGTGGAGGACAGT TTTGATCTGAAAGT TCGGGCTGAT TACCTGACACTGGGCCTGCGTGAGAACGGCAGGAACAGCACGGCCCGCA
LDPY SDLNYQCVEDS ST FDLIKVRADYTLTLGLRENSGRNSTAR Iy

8521 . . . . . . . . . . . . 8640
TCCTGAATTTCCATCTGGCCCGTAACCCGGAAATCGCCTTCCTGTGGAACATGGCCGACAACTACAGCAACCTGCTGAACCCGGAACTGTCCATCTCCTGTCCGTTCATCCTGACGCTGA
LNFHKRLARNPETIAFLWNMADNYS SNLLNPETLS STISCPTFTILTL T3

8641 . . . . . . . . . . . . 8760
CTCTGGTGGTGGAAGACCAGGTGAAAACCCACAGCGAAGCCAACCTGAAGTACATGGACCTGGAGAAAAAGTCGAAGACCTCCTATGCCAAATGGTTTCCGTCCGTGGAGAAAGAGGCGA
LVVEDA QVKTHSEANLIKYMDLEIKIKS SIKTSYAKUWEFUPSVEKEA K3y

8761 . . . . . . . . . . . . 8880
AGGAGTGGGGGGAACTGCGTCAGCGGCTGGGCTCCGGTCAGTCCTCTGTCGTGTCCTACTTCCTCAACATCACAGCCTTCTGCAAGGACAATAAT GAAACGGCACTGGAAGTGGAGCAGG
EWGELR QRLGSG Q@S SV VSYTFLNITAFCKDNNETALTETVE QD3g

8881 . Pwill . 9000
ACATCCTMACABCTTCCGTAMMCGGTTTTGAGCTGTTTCACOGCGCTTTMCCM:ATGC&MTTTCCTGACCTGTCTGCCCTTTA‘I’GGCCGGGAMGGGTTGTTTAMCAETGA
I LNS FRKNGFETLTISPRTFNHMRNTFLTCLPFMAGNIKSEGLTFKQQL Ky

9001 . Pwll . 9120
MGMGCCGMGTGGTAUGCGCGCAGAGAGCT TTMTGTGGCCAACCT GATGCCGTTAGTGGCGMTMCCCOCTGACACCGGCABGTC‘I’ GCTGGCACOCACCTACCGTMCCAEIGG
EAGV VQRAESTFNVANLMPLVADNPLTPAGLLAPTYRNR QL Ay

9121 Clal . . 9240
CGTTTATCGATATTTTCTTOCGGGG(MTGMTMCACCAAC‘IATAACATGGOGGTCTGTGGCACCTCCGGGGCCGGTMMCCGGGCTGATACAGCCACTTATCCGCAGCGTGCTGGAC‘I’
F1DIFFRGMNNTNYNMAVCGTSGAGKTGLTIOGQ@PLTIRSVLD Sgo
ATP binding motif
9241 . . . . . . . . . . . . 9360
CCGGAGGCTTTGCCGTGGTGT TCGACATGGGGGATGGATACAAGTCCCTGTGTGAGAACATGGGCGGGGTGTATCTGGACGGTGAAACCCTGCGT TTTAACCCGT TTGCGAACATCACCG
G GFAVV FDMGDG GYIKS SLULCENMGGVYLDGETTLRTFNPFANTIT DGy

9361 . BstEll 9480
ATATTGACCAGTCAGCGGAGCGTGTCCGTGACCAGTTGTCAGTGATGGCCAGCCCCAACETMCCTGGATGAAGTGCATGMGGTCTGCTGTTGCAGGCGGTUGAGCCTCCTGGCTGG
1 DQSAERVRD QL SV MASPNGNLDEVHEG GLLLQAVRASUWL Aggy

9481 . . . . . . . . . . . . 9600
CCAAAGAGAACAGAGCACGTATTGATGACGTGGTGGATTTCCTGAAAAACGCCAGTGACAGCGAGCAGTATGCCGAGTCACCGACTATCCGCAGCCGTCTGGACGAAATGATTGTGCTGC
K ENRARTIDDVYVVDFLKNASDST STEA QYA AESPTTIRSRLDEWMTIVL Lgy

9601 . . . . . . . . . . . . 9720
TTGACCAGTACACTGCCMCGGCM:TTACGGCCAGTATTTTMCTCTGATGAGCCGTCCCTGCGGGATGACGCMMATGGTGGTGCTGGAGCTGGGCGGACYGGMGACCGTCCGTCAC
D QYT ANGTVYG QY FNSDTEPSLRDDAKMYVLELSGS®GIL E DRP S I.'é“

FIG. 2—Continued.
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9721 . . . . . T . . . . . . 9840
TGCTGGTTGCGETGATGTTCTCCCTGATTATCTACATCGAGAACAGGATGTACCGCACGCCGCGTAACCTCAAGAAACT GAACGT TATTGATGAAGGCTGGCGTCTGCTGGACTTCAAAA
LVAVMESLTITIYIENRMYRTPRNLEKCKLINVYTIDETGT®MRLLDEFK N

Hincll
9841 . SslI . 9960
ATCACMGGTCGGTGMTTTATTGAGAMGGCTACCGTACGGCOCGCCGTCATACCGGTGCCTATATCACCATCACACAWCATCGN:GACTTT&CTCTGATMGGCC‘I’CCAGTGCTG
HKVGETFTIETZKGYRTARRHKTGAYTITITQNTIVDFDSDIKASSAAzy

9961 . Pstl . . 10080

CCCGCGCGGGATGGGGTMCT ccTccT ACAAMTTATOCTCMACAGAGTGCGMGGAG"CGCGMATACMCCMCTGTATCCGGACCAGTTCCTGCCAC‘I’GCAGCGCGACATGATTG
R AAWGNSSYIKTITIULK®Q@SAKETFAKYNQLYPDO Q@FLPL QRDMI Gopgg

T (Cys;C1044)
10081 . Ppstl. | . 10200
GTMGTTTGGT GCGGCCMAGACCAGT GGTTCAGTTCCT TCCT GCTGCAGGTGGAAMCCATTCC‘I’CCT GGCACCGTCTGTTTGTGGACCCGTTAABOCGCGCCATGTACAGCTCTGACG
K F GAAKDU GOUWTFSSFLLQVENHSSWHRLTFVDPLSRAMYSSD Ggy

10201 . Pwill. . 10320
GCCCGGATTTTGAGTTTGTGCAGCAWGCGTAMGAGGGGCTMGTATTCATGAGGCAGTGTGGCAG:TGGCGTGGAAWGTCAGGGCCGGMATGGCTTCGCTGWGCCTGGCTGG
PDFEFVQQKRIKETGLSTIHEAVWQAQLAWKIKSGPEMASTLEAWUWL Egg

10321 . . . . ; . . . . . . . 10440
AAGAACATGAGAAATACAGGAGT GTGGCa tgaGTTCAACGCAGAAACCCGCCGACGT CACGGCAGAACGACGCAGCCACTGGT GGTGGACGGT GCCGGGATGCCTGGCAATGGTGTTACT
EHEKTYRSVA *85aa
MSSTQKPADVTAERRSIHMNWWTVPGCLAMYVLLyg
|> trbl (10349-10732)

10441 . Haell . . 10560
GMCGCAGCCGTCAGTTACGGCATT GTCAGACT GAACGCACCGGTGACTGTCGCCTTCAACATGAMPAGACCGTGGATGCGTTTTTTGACAGCGG:AGTCAGMACMCTGTCAWGC
NAAVSYGIVRLNAPVTITVAFNMKA QGQTVDAFTFDSASOQKA QLSE Ag

10561 .Pstl . . 10680
GCAGTCAMAGCCCTTTCAGCGCGTTTTAACACGGCACTGGMGCCAGCCT GCAGGCGT GGCAGCAGMACACCACGCGGT CATTCTGGTGTCGCCTGCTGTGGTACAGGGGGCACCGGA
Q S KALSARTFNTALEASLQAWQQKHHAVILVSPAVYVQGATPDy

EcoRvV
10681  Smal . Kpnl. 10800
TATCTCCCGGGAAATCCAGCAGGATAT TGCCCGGCGAAT GAGGGCGBAACCat gaGATGCCGGEGGCTGAT TGCCCTGCTGATATGGGGECAGAGTGTGGCCGCCGCCGATCTTGGTACE

1 SREI QQDTIARRMPRATEP *128aa
MRCRGLIALLTIMNG QSVAAADLG G T
|> trau (10732-11361)

10801 .Bell . Naell . . 10920
TGGGGCGATCTGTGGCCGGTAMGGAGCCGGACATGCTGACGGTGATQTGCAGCGCCTGACGGCACTGGAGCAGTCCGGTGAGATGGGOCGGAAMTGMTGCCTTTAAGGAGCGGGTG
WGDLWPVKEPDMLTVIMAQRLTALEA QSGEMGRIKMDATFKER Vg

10921 EcoRV. . . 11040
ATCCGCAACAGTCTGCGGCCCCCTGCCGTGCCCGGTATCGGACGCM:GGAGMATACGGCAGCCGGT'I'GTTTGACCCGTCCGTCAMCTGGCTGCGGATATCCGGMTAACWGGGCGG
I' RNSLRPPAVPGIGRTEKYGSRLFDPSVRLAADTIRDNEGRysg

T (W546)
11041 . Pstl . | . 11160
GTCTTTGCCCGTCAGGGTGMGTGATGMTCCGCTGCAGTATGTTCCTTTTMCCAGACGCTGTATTTCATCAATGGCGATGATCCGGCGCAGGTGGCCTG“TGMACGCCAMCGCCG
VFARQGEVMNPLQYVPFNQTLYTFTINGDDPAQVAUWMKE RO QT Pys

11161 . Heell . BcIl . 11280
COCACACTGGAGAGCMMTTATCCTCGTGCAGGGCAGTAT CCCGMGATGCAGAAGTCTCYGGACAGCCGTGTTTACY TTGAOCAGMOGGTG‘I’GCTCTGCCABCGCCTCGGCATIGAT
PTLESKTITILVQGSTIPEMOQKSTLDSRVYTFDUQNGVLCQRLGTI Dqgs

11281 . Naell . Pwil . . 11400
CAGGTCCCOGCACGGGTGAGCGECGTTCCCGGCGATCGL TTCCTGAAGGTGGAAT TTAT TCCGGCAGAGGAGGGCAGAAAS tgaAGCGAAGGCTGTGGCTGCTGATGTTATTCCTTTTCG
QVPARVSAVPGDRFLEKVETFTIPAETEGHRK *2108

M KRRLUWLLMLELEF Ay,
|> trau (11361-12350)

11401 EcoRV . . 11520
CCGGTCATGTCCCTGCGGCGT CTGCGGATTCTGCCTGTGAGGGGCG‘I’TTTGTAMCCCGATCACAGATATCTGCTGGMCT GTATTTTCCCGCTCTCGCTGGGCAGTATCAMGTCAGTC
G H VP AASA 1l) S ACEGRTFVNPITDICUWSCIFPLSLGSTIKVSAQg,
11521 Hincll . 11640
AGGGCMGGTCCCCGACACGGCGMCCCGTCMTGCCCATTCAGATTTGTCCGGCACCGCCGCCGCTGTTCAGGCGTATCGGGCTGGCCATTGGTTACTGGGAGCCGATGGCGT'I’GACGG
GKVPDTANPSMPIQICPAPPPLFRRIGLAIGYWETVPMALT Dy

FIG. 2—Continued.
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11641 BstEl Nael. . 11760
ACGTCACCCGTCACCGGGATGCATGGTGMCCTGGGCT 'ICAGCCTGCCGGCT 'I‘TTGGTMMCGGCACAGWACGGCMMMGGATGAMAGCAGGTAMTGGGGCGTTCTATCMG
VTRSPGCMVNLGFSLPAFGKTAQGTAKKDETIKU QVNGATFYH Vyzg

11761 EcoRV . 11880
TTCACTGGTACAMTACCCGCTGACGTACTGGCTGMCATCATCACATCGCTGGGCTGTCTGGAAGGTGG'I’GACATGGA‘IATCGCTTATCTTTCTMTCMCCCCACCTGGACGMCA
HWYKYPLTYWLNIITSLGCOCLEGGDMDTIAYLS SETIDPTUWTD Sz,

11881 ' ) Noell 1
GCAGCCTGACC&CCATTCT WTCCGGMGCTGTCATCTTTGCCAATCCGATAGCWCCTGCGWYGCMTTGCCA@B@TTTMTATGCCTCTC“TGTTCTG"TCT
S LT TI1LNPEAVI FANPIAQGACAADAILI ASATFNMPLDVLTF U'zt'('

12001 ' . 12120
GGTGTGCCGGTTcmGGAAGTATGTACCCGTTCMTGGCTGGGTGAGTMTGAGTCCAGTCCGTTGC‘ETCCTCCCTGCTGGTCAGTGA‘CGCATGGCGT‘WBCTGCACCGTCAGG
CAGS QG S M YPF NG GWV SNESSPLGQGS SLLV SERMATFIKLIUHR RDAEG 6'254

12121 . 12240
GCATGATTATGGMACCA‘I’CGGGMMATMCGCCGTCT GTMTGAATATCCGTCCCCAATCCTGCCMMGCTGGCGT TACCAGATGGTWTATGTATCCGGACAGCGGGCAGT
M I METTIGKNNAVCNETYPSPILPKERWUWRYQMNMVNMNWYPDSG Q Coyy

12241 . 12360
GCCACCCGT TCGGGCGCAGCGTGACCCGCTGGGMACCGGGAAMMCCGCCCMCACAMGAMMCT TCGGCTACCT GATGTGGCGTMACGTMC‘IGT GTCT TCC?Gtg@_‘I’WT
HPFGRSVTRWETGKNPPNTIKIKNINTFGYLMMUWRIKTRNTICYVEF.L *3300

12361 . 12480
GatWGCT(‘AGTATMTCTCTGGCABCACTGCTGATMTGCT GMCGGGGCGGT'I'ATGGCGTMMGTWTCCTMCGCCMTTCCTWWGGMMTTT
NKLSNKSLAALLNNLNGAVNASENVNTPENRQFLKOOENU‘O
|>trbC (12362-12997)

12481 Pwull . - 12600
AAGCAGACAACTGCGTGAAAAACCTGACCAT CAGCTGAAAGCC TGGGCGGAGAAACAGGTGCT GGAAAACCCCCT TCAGCGTTCAGATAACCATT TCCTGGATGAGCTGGTTCGTAAACA
SRQLREKPDIHA QLKAWAEKQVLENPLO OGRS SDNUHEFLDETLVREK Qg

12601 . (Bsml) . . 12720
GCAGGCTTCGCAGGACGGGMACCCCGGCAGGGTGCT C‘l’GTATTTTGTGTCGTTTTCCATTCCCGAAGAGGGGCT GAMCGMTGCTGGGCGAMCCCGGCACTTCGGTATTCCGGCCAC
QASQDGKPRQGALYTFVSFSIPEEG GLIEKRMLGETRHFGTIPATyy

12721 . (Bsml) . 12840
ACT! GCGGGGCATGGTMACMTGACCT GAAGACCACCGCTGMGCTGTGTTGTCCCY GGTGMAGACGGCGCGACTGATGGTGTYUGATCGACCCGACGCTGTTTTCACAGTACGGCAT
LRGMVNNDLKTTAEAVLSLVKDGATDG GV QIDPTLFSAOQYG Ig

12841 Pstl . . Naell . . Nael . 12960
TCGCACTGTACCGGCACTGGYGGTGTTCT GCAGTCAGGGATACGACATCATCCGGWCTGCGGG‘ICGGCCAGGCGCT GGAGAAAGTGGCCGCCACGGGTGACTGCCGGCAGGTGGC
RTVPALVVFCSQGYDTITIRGNLRYVGOQ@ALEKVAATGDT CRA AV Ay

12961 . Neel . .Mael . 13080
rwwmcmscmmmmwwcmwatgmswnnccrcmucmccrcrcmmcmswcecacmecmcmcucmrwmcmmscrct
HDLLAGKGDSGK *2128
M KRILPLTIULALVAGMAQGADSNSDYTRAG G S
|> traN (12997-14802) t

13081 . 13200
GA‘I"I'TTGCTCACCAGATCAMGGACAGGGAAGCAGCAGTATTCAGGGCTTTMGCCACAGGAGABTATCCCCGGCTATAACGCWTCCMMMCAAMYACTACGGTGGCGTWT
D FAHQI KGO Q@GS S SI QGFKP QETSTIPGYNANPDETIKTYYG GV Tyg

Nael
13201 . 13320
GCNGCGGGGATGGCGGCCTGMMAT“CGGCACCACGWTGGGCGACCGGTGMACCGGAMCCATCACAGAGTCCTTCATGMCAABCCMMGACATTC‘I’"CACCGGATGCA
A GGDGGLIKNDGTTEHW G E T G I TE S F M NKPKDTILSPD Ao
ATP binding motif
T (N548)
13321 . . . . . . |l . . . . . . 13440
CCGTTTATCCAGACCGGCAGGGATGTGGTGAACCGGGCTGACAGCAT TGTGGGAAACACCGGGCAGCAGTGCAGTGCGCAGGAGATTAGCCGGAGTGAATACACGAATTACACCTGTGAG
PFIQTGRDVVNRQDSIVGNTGQOCSAQEISRSEYTNYTCE°1‘8

13441 Pstl . . 13560
CGGMTTTACAGGTGGAGCAGTACTGCACACWCTGCCCGTATGMGCTGCMGGGAGTACCACATGGGAMCCCGGACGC‘I’GGAGTATGMATGAGTCAGCTACCTGCACGTGMGTG
RDLQVE QY CTRTARMETLG QGSTTUWETRTLEYEMSA QLZPAREVy 88

13561 Pwull . . Pstl . . 13680
M‘I’GGTCAGTATGTTGTCTCCATTACCTCTCCCGTTACCGGTGMATTGTCMYGCGCATTW GGAGTCGTACTTACCT GCMMGAGTGTABCTA‘I’GACAATTACAGTACTGGGA
NGQYVYSITSPVTGETIVDAHRYSWSRTYLQKSVPMNTITVL Gg

13681 . 13800

ACCCCACTGAGCTGGMTGCCAMTACTCAGCAMTGOCTCATTTABACCAGTACAGMMCACTGACGGCCGGTGTTGCTTTTACGTCATCTCACCCCGTCCGGGTCGGGM‘I’ACAMA
T PLSWNAKYSADASTFTPVA@KTLTAGVAFTSSHPVRVGEGENT Kog

FIG. 2—Continued.



172

13801

13921

14041

14161

14281

14401

14521

14641

14761

14881

15001

15121

15241

15361

15481

15601

15721

15841

FROST ET AL. MICROBIOL. REV.

. 13920
TTCMACGTCATACGGCMTGAAGCTGCGTCTGG'I’TGTCAGGGTAMAMAGCCT CGTACTGGGGCATACAACAGACCAGACTTTCGACGGGCMGTCGTTCCTCGACCOCTYTGACTGT
FKRHTANKLRLVVRVKKASYTPYVVUSESCPFSKELGKL'lm

. 14040
AMACAGMTGTACGGAGGCTGGCGGGMCAGGACGCTGGTMMGACGGTCAGTCAYACAGCATGTACCA&GCTGCT GGGCATACCGGGACACGYATGT CACACAGTCAGCAGACMG
KTECTEAGGNR'I’LVKDGOSYSNYOSCUAYRDTYVTOSADK-M

. 14160
GWCCTGTCAMCCTACACCMWTCCTGCCTGTACCCT GGTGTCACACCAGTRGCCTTT'I’ACTCCGMGMGGTGCCTGTCTGCATWTATGCCACGTACTCCT GTMGTCAMA
GTCOTYTDNPACTLVSHQCAFYSEEGACLHEYATYSCESK-m

. Pwll. . 14280
ACATCCGGGMAGTGATGGTCTGTGGGGGAGACGTCTTCTGTCTCGATGGCWTGCMTAMGCTCMCGGGAAMGTMTGATT"GCCGAMCCGTTTCT CAGCTGGCGGCACTG
TSGKVNVCGGDVFCLDGECDKAQSGKSNDFAEAVSOLAAL/.”

.« Naell . . Pstl . . 14400
GCCGCAGCAGGTAAGMTGTTGCGGCGCI’ GMCGGGGTWTGTCCGTGCT"CACCGGTCAGGCMMTTT'I’GTMGMGGCTGCAGCCG&TACAGCMCT GCTGTAABGAQ&GGC
AAAGKDVAALNGVDVRAFTGEQAKTFTCKIEKAAAGY SNCCKDS G-468

EcoRV . 14520
TGGGGACAG(M'I’ATCGGGCYGGCCAMTGCAGCAGTGATMMGCCCTGGCTAMGCMMTCMACMMTGACCGTCMCGTCGGGG‘GTTCTGY TCWGMAGTGCT GGGTGTC
WGQaDIGLAKTCSSDETIKALAKAKSNKLTVSVGETFTCSKIKVLSGE V-508

. 14640
TGTCTGGAGMMMCGCAGCTACTGTCAGYTTGATTOGMGCTGGCGCMATMTCUGCAGCAGGWGGTCAGTTBCGTATCAG'I’TTTGGT AGTGCGMGCATCCTGACTGT
CLEKKRSYCOFDSKLAOIVOOOGRNGOLRISFGSAKNPDCW

. Pstl . . 14760
CGGGGGATTACGGTT GATGAGCTGCAGMMTTCAGTTCMCAMCT GGATTTCACTMCT TCTACGMGACCTGATWTMCCMMTCCCGGACMTGGCGTTCYGACGCAGMA
R GITVDELO QKTI QFNRLDTFTNFYEDLMNNOQQKTIPD SGVLTHa K-588

Pwll . . 14880
GTGMAGAGCAMTIGCTGACCAG:TGMACAGGCAGGACAMaaGGtATGGGAMTMCCGGGGGMataATGAMGTCATATTCAOGTCGMCOGTTTTATTGATTTTCTTATOCGGC :
VKE QI ADOAQL K Q@AG Q * 602aa MMKVIFTSNRFIDTFTLTIRLy

|> trbE (14829-15086)

. 15000
TTTTGAT TACAGCGATTGTCATTTCTCCGGTMTTATCT GGTCGTGGMTACGGT MMGAMCCACGGUGACGGGATGCTTGCCGCT GCTTTCG‘I' TATCCT TTACTCCGGT GTGCTCC
LITAIVISPV[lHSHDYVKETTADGHLAAAFVILYSGVLL-SO

Pstl . . 15120
TGTTTATTCYGTATTTT'I’GTTTTTCTGCCCTMCTMCCIGCMAMCCTGATMMGAMMGTGATWAGGMTMtwtMAGCATTMTGCCACTGTTACTCTGCT GCTTT
FI1LYFCTFSALTDLOQKPDTETRTKTSTDTETRANTETDTE * 8ea
M NKALLPLLTLTECTCFq3
|>traF (15082-15822)

. Pstl . 15240
ATTTTTCCGGCGTCAGGAAM(MTGCAGGCTGGCAGYGGTATMCGAGAMATMATCCGAAGMMMGAMATMACCTGTACCTGCMOCCCCCGTCAGGMCCGGATATTATGCAG
IFPASGKDAGUOHYNEKINPKEKENKPVPAAPROEPDIN0-53

1
. Pstl . . Naell . . 15360
AAACTGGCCGCACTGCAGACGGCAACAAAGCGGGCGCT GTACGAAGCCATTCTGTATCCCGGCGT GGATMTY"GTGAMTATITCCGGCTGCAMATTACTGGGCTCAGCAGGCCGGG
KLAALQTATKRALYEA!LYPGVDNFVKYFRLONYUAOOAG-”

T (F13)
. Neell . . Pstl . Pwill . | . 15480
CTTTTCACCATGAGCGCCAGAMGGCCAT GCTGGCACATCCTGAACT GGACTATAACCTGCAGTACAGT CATTACAACGGCACGGTACGGAACCAGCTGGCAGCAGACCAGGCGCAGEAS
LFTMSARKAMLAHWPELDYNLQYSHYNGTVRNOLAADG GADQ @5

. 15600
CGACAGGCCATTGCGMACTGGCTGMCACT ACGG(‘ATCA‘I’GT TTTT TTMCGGGGGCAGGACCCCATWCGGGWCTGGCGCAGGTCATTMTGGCTTCCGGMTACGTATGGTCT G
ROAIAKLAEHYGIHFFYRGODPIDGQLAQVINGFRDTYGI-ws
RO . ' )
. Naell . . HincIl . 15720
AGTGTTATTCCCGTTTCCGTGGATGGCGTGATTMTCCGCTGTTGCCGGAT'I’CCCGGACTGACUGGGGCAGGCGCAGCG@TCGGCGTGAMTATTTCCCGGCCATGATGCTGGTTGAC
SVIPVSVDGVINPLLPDSRTDQGOAORLGVKYFPANHLV0213

. 15840
CCGMACAGGGCAGTGTTCGCCCGTTATCATACGGCTTTATTTCGCAGGACMOCTGGCMMCAGTTCCIWCGTTTCTGMGATTTTAMCCCMTTTTtuTCGCGGAtTTGATTT
PKQGSVRPLSYGFTISQDDLAK QFLNVSETDTFTKTPNTF *2%7a

Sstl . 15960
ath:TGMGATTATTTGAMATGTTTACAGGTGTTG"CTGTTMTATTTGTCATTA"GCCGGTTATTTCTTTTCTGAGCGTMT@CAGGMMTGTT‘IC‘ICCTGAGCTCAC'IGGTT
HSEDYLKHFTGVVLLIFVIlAGYFFSERNDRKHFLLVSSLV-/.O
|> trbA (15841-16185)
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15961 . . . . . . . . . . . . 16080
TTCCTTGTTGT TAATATCGCGTGTTTATATGTGCTTACCGCCAGTCTCT GGTTTCTGTGTGGTGCAATTATGAGT CAGGGCGCAGCACTGGTTGT TTCAATAGTTGCGGCCGCATTACCG

FLVVNIACLYVLTASLHFLCGAlNSQGAALVVSIVAAALP°4°

16081 . . . . . . . . . . . . 16200
GACGTIACGAGCTTCGACAGGTTCAGMGMIATTTATCTGTATTMGTTGTCATOGGTATGGTCOG(MGT(‘ATGTGG‘I’TTI’TTATMGGGGGCTTMGACAGGCtmtcatATMMC

CTGCAATGCTCGAAGCT! G‘l‘CCMGTCT'I'CTTATMATAGACATMTACAACAGTAGCCA'I’ACCAGGCCTCACTACACCAMMATATTCCCOCWTACTGTCCG&t tCagtATATTTTG
DVTSFDRFRRIFlCIN'LSSVHSGVNUFFIRGLNTG‘ * I F R

115aa / \104aa
16201 . . . . Ndel . . . . . . . . 16320
GG‘I'CATMAMCCATACMMTMTMGGT'I’GTTACTGMMCCATATMTAMCCATACCGCAATCCAGTGGCTTCY GAATAGCTCACAAAAATAAATATAGATAAT TGAAAATAACC
CCAGTATTTTTGGTATGTTTTATTACT CCAACTAATGACTTCTGGTATACTATTTGGTATGGCGT TAGGTCACCGAAGACT TATCGAGTGTTTTTATTTATATCTATTAACTTTTATTGG
101-DYFGYLIl'LNlVSSUllFUVAlH“SRFLECFYIY!ISFLH~

16321 . . . . . . . . . . . . 16440
ATAATACAACGATGCCTGCTGCGATACTTAATAAACT TATTACAAGATAGT CAGGGAAAGCAT TGACCGGTAATGAATGTGATGCTGCATATATCAGCGCAATAATTGCCGCATTTCCCA
TATTATGTTGCTACGGACGACGCTATGAATTATTTGAATAATGTTCTATCAGTCCCT TTCGTAACTGGCCATTACTTACACTACGACGTATATAGTCGCGT TATTAACGGCGTAAAGGGT

61-LVV]GAAISLLS]»VLYDPFAIVPLSNSAAYll.AlIAANGL-

16441 . . . . . . . . . . . . 16560
- GTAACGACTCTCTTATTATGTTTCTGATTATTTCCAGTTTTTCTTTAAAAGATCGCT TTTCCatTTGTACCTCTGAT TAATATCACACAAACGCGAATATTACAGACATGAATACTCTCA
CATTGCTGAGAGAATAATACAAAGACTAATAAAGGTCAAAAAGAAAT TT TCTAGCGAAAAGG BAACAT GGAGACTAAT TATAGTGTGT TTGCGCTTATAATGTCTGTACT TATGAGAGT
2L SER T I NRITITELKEKTFSRKEM -10

(16504-16193) artA <|

16561 . . . . . . . . . . . . 16680
TGTAAATAATAACCGGAGTTTAACA tgATAAGT AAACGCAGAT TCTCTTTACCCCGGCT TGATAT TACGGGAATGTGGGTATTTTCCCTGGGTGTCTGGTTTCATATCGTCGCCCGTCTT
ACATTTATTATTGGCCTCAAATTGacTATTCATT TGCGTCTAAGAGAAAT GGGGCCGAACTATAATGCCC TTACACCCATAAAAGGGACCCACAGACCAAAG TATAGCAGCGGGCAGAA
35 - MISKRRFSLPRLDITGMUYYFSLGVWEFHNTIVARLs,

|> traQ  (16585-16866) '

16681 . . . . . . . . . . . . 16800

GTTTACAGCAAACCCTGGATGGCTTTTTTTCTGGCGGAGCTGATTGCGGCCAT TCTCGTACTGTTCGGCGCATACCAGGTGCT GGAT GCATGGAT TGCCCGTGTCAGCCOGGAAGAGCGT
VYSKPUWMAFFLAELIAAILVLFGAYQVLDAWIARVYSREE R,

16801 . . . . . . . . . Raell. . . 16920

GAGGCACTGGAAGCCAGGCAACAGGCCAT GATGGAAGGGCAGCAGGAGGGCGGACatgTCTCTCACt 8aATCACTGCTGTTCACCCTGTTGCTGAGCGECGCTGCTGTGEAGGCETCCAC

EALEAROQOQAMMETGO QOQETGGTHTUVSH *9%sa

. MSLTKSLLFTLLLSAAAVQAS T
|> tebB (16856-17392)

Saal
16921 . . . . . . . . Nael . . . 17040
cmGGATMMTA&GCGACTC‘I’GGMTCCGCAGGGTMGGCTACGCAGCCTGCACMCUGGCAGCAGGCAOG?CABCCAGGACAGCMC&GCTOCCCGCTGGTTCOGYCTCAGTM
R'DElERLUNPOGNA‘IOPAOPAAGTSARYAKPAPRUFRLSN-&

17041  Wincl1/Wpel . . . . . . . Pwill . . . 17160
TGGCAGGCAGGT TAACCTGGCCGACTGGAAGGTGGTGCTGT TTATGCAGGGGCAT TGCCCT TACTGTCACCAGTTTGACCCGGTACT GAAACAGCTGGCACAGCAGTACGGCTTTTCCGT
GRQVNLADWKYVLFMNQGHCPYCHOQFDPVLKAQLAQQYGTFS V-102

17161 . . . . . . . . . . . . 17280
TTTTTCCTACACCCTGGATGGTCAGGGGGATACGGCCTT TCCTGAAGCAT TACCGGT GCCACCGGACGTGATGCAGACCTTCTTCCCGAATATCCCGGTGGCCACACCGACCACCTTCCT
F SYTLDGQGDTAFPEALPVPPDVMQTFFPNTIPVATPTTEF L 1%2

Nincll
17281 . . . . . . . . . . . . 17400
GGTCAACACGCTTGAGGCATTACCGCT TTTACAGGGGGCMOGG“QCCGCCGGTTTTATGGCGCGGG‘I’GGATACCGTTTTGCAGA‘I’GTACMQAMMMG“QCGMA“GGCAGG

VNTI.EALPLLOGATDAAGFNARVDTVLONYGGKKGAK'17:“6
M R N K V-

[> trby (17385-17663)

. . . . . . . . . . 17520
TGGTGTTACTCATTGCCGGAATATCCGGCATCGTGACGGGAATAATCGTCAGCCT GAATATCCCCTTTATGCGTCAGGGGCTTTT TTATCCCGCCAGCCCTGTAGAAATTGTCGTTTCGC
V9iLIAGISGI!I VT GITIVSLNIPFIRQGLFYPASPVETLIVVS L-46

17521 -35 . . -10 « |==> trbF mRNA . . . . . . . . 17640
JGAGTCTTACCTTTTCTGTTICIGTIGTGTTTTTTGTGGGGGCAATTGTGGGATGGATT TCGGTGTCTGAAATATAT TACAGCCGCATGACCGGTCTGAATGAATCATCGGAAATATCA

SLTFSVSVVFFVGAIVGHISVSEIYVSRHTGLNESSEISE-“

17401

17641 . ; . . . . . . . . . .1
AGGGAACTTATAatgAGAGAAAA taaAAGTAATCCTGAACT CAAAAT CAGAAGTACAGAACGAGATTATAAATACAT TTCCAGAATTACTGGCAGGTATGCTGGATTGTCTCTGGTATTC
G T Y N E R K *93aa
“REN-KSNPELKIRSTERDYKYISRITGRYAGLSLVF-“
|> trbE (17653-18030)
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. . . . . . . . . . . . 17880
CTGACTGCCGGAATTGTTTTATGGACAGT TATGGATATTATTTTTGATGCCTGTATTGATTCGTGGAAAGCGGACCCGGAATTAAATAATTCGAGTTATATGTGGAATATCCTGATATAT
LTAGIVLWTVMDII!I FDACTIDS SWKADPETLNNSSYMUNILTIYy2

18000

. . . . . . . —— N\ - o =
GCCATTCCGTATACGTTATATGCGCTTGCAGCCGGGT TTCTTGTTACATTTTTTTCTGTCCCCAATGTACGAATTAATATACGGAAATATCGAGATATTCCTGCTGAAATGTCGTATGCA
Al PYTLYALAAGTFLVTFFSVPNVRINIRKYRDTIPAEHMSY Aq,

. . . . . . . . Pstl . . . 18120
CCGGGAGAACACATTAAGGGAGGGCAAGAatgaTGCCACGCAT TAAACCTCTTCTGGTTCTTTGTGCCGCCTTACTGACGGTGACGCCTGCAGCGTCAGCGGATGTGAACAGCGACATGA

PGEWMNWTIKG GG QE * 126aa
NHPRlKPLI.VI.CAALLTVTPAASA10VNSDNN-31

|> tral (18030-19403)

. . . . . . Nael - . . . . 18240
ATCAGTTCTTTAATAAGCTGGGATTTGCT TCCAATACCACACAGCCGGGCGTCTGGCAGGGGCAGGCCGCOGGCTATGCTTACGGTGGCTCCCTGTATGCCCGTACTCAGGTCAAAAATG
QF FNKLGFASNTTQPGVWQGQAAGYAYGGSLYARTAQVKNDVpy

. . EcoRV. . . . . . . . . . 18360
TTCAGCTAATT TCCATGACGCTGCCGGATATCAATGCTGGATGTGGCGGCATCGACGCCTATCTCGGCTCGTTCAGT TTTATTAATGGTGAGCAGTTGCAGCGTTTTGTTAAGCAGATTA
QLI SMTLPDINAGCGGTIDAYLGSTFSTFINGEO QGLOGRTFVKO QI My

. . . Pstl . . . Pstl . . . . 18480
TGAGCAATGCTGCCGGT TACT TTTTTGACCT TGCCCTGCAGACAACGGT GCCGGAAATAAAAACCGCAAAAGACT TCCTGCAGAAAATGGCAAGCGACATTAACAGTATGAACCTCAGTT
S NAAGY FFDLALQTTVPETIKTAKDTFLOQKMASDTINSMNLS Sqys5

. . . . . . - . - . . . 18600
CCTGCCAGGCTGCACAGGGGATTATCGGCGGGCTTTTCCCCCGGACGCAGGTGTCCCAGCAAAAAGT CTGTCAGGACAT TGCCGGTGAGAGCAATAT TTTTGCTGACTGGGCGGCTTCCC
CQAAQGIIGGLFPRTQVSQQKVCAQDI AGESNTITFADUWAAS Ryp

. . . . . . BstEll . . . . . 18720

GGCAGGGATGTACCGTTGGCGGGAAATCTGACAGCGT CAGGGATAAAGCCAGCGACAAGGATAAGGAGCGGGT GACCAAAAACAT CAACAT CATGTGGAATGCGCTTTCCAAAAACAGAA

Q 6 CT VGGK SDSVRDIKASDIKDIKTERVYVTKNTINIMUENALSKNR M3
ATP binding motif

. . . . . . . . . . . . 18840
TGTTTGACGGCAACAAAGAGCTGAAAGAGTTTGTGATGACGCTGACCGGCTCACTGGTGTT TGGTCCCAACGGCGAAATCACACCGCTGTCAGCCAGAACCACTGACCGTTCAATTATCC
FDGNKETLKETFVMNTLTGSLVFGPNGETITPLSARTTDRSITI R

. . . B . . . BstEll . . . . 18960
GGGCCATGATGGAAGGCGGCACAGCAAAAAT TTCTCACTGCAACGAT TCTGATAAATGCCTGAAAGTGGTGGCAGACACACCGGTGACCATCAGCCGGGATAATGCACT GAAGTCTCAGA
A MMEGGTAKTISHCNDSDIKTCLKVYVADTPVTISRDNALTKSAQI-s3;4

. . . . . . . . . . Nincll . 19080
TTACTAAACTTCTGGCCAGCATTCAGAACAAGGCTGTCAGTGACACGCCTCTGGATGACAAGGAAAAAGGCTTTATTTCCAGTACCACCATCCCCGTCTTCAAATACCTGGTTGACCCGC
TKLLASIQNKAYVSDTPLDDIKEIKSGTFTISSTTIPVFKYLVDP Q35

. . Pwll . . . Pstl . . . . . 19200
AGATGCTCGGTGTTTCCAACAGTATGATTTACCAGCTGACGGACTATATCGGT TACGACATCCTGCTGCAGTACATTCAGGAGCTGATACAGCAGGCACGGGCGATGGTGGCCACGGGAA
M LGV SNSMHMIYQLTDYTIGYDTILLAQYT Q@ELTIQQARAMYATG N3¢

. . . . . . . . . . . Pwl . 19320
ATTATGACGAAGCGGTTATCGGGCATATTAACGACAACATGAATGATGCCACCCGGCAGAT TGCGGCGT TTCAGTCACAGGTGCAGGTACAGCAGGATGCGCTGCTGGTTGTCGATCGTC
YDEAVIGHTINDNMNDATROQGIAAFQSQVAaVaAaaEDdDALLYVDR Quy

. . . sphl . . . . . . . . . 19640
AGATGAGCTACATGCGTCAGCAGCT TTCCGCCCGCATGCTCAGTCGT TACCAGAACAACTATCACT TCGGAGGGAGCACGCTgtgaATGAAGT TTATGTGATTGCCGGTGGTGAGTGGTT
M S YMRQQL SARML SRYQNNYHTFU GG GST L *458a
M NEVYVIAGEGEHUW Ly
|> treG (19403-22216)

. . . . . . . . . . . . 19560
GCGGAATAACCTGAACGCCATTGCCGCCTTTATGGGAACCTGGACGTGGGAT TCCAT TGAAAAAATTGCGCTCACATTGTCTGTTCTCGCGGTGGCCGTAATGTGGGTACAGCGGCACAA
R NNLNAIAAFMGTUWT WD SIEKIALTLSVLAVAVHAHWYVQRH NG

. . . . . . . . . . . . 19680
CGTGATGGATTTGCTGGGCTGGGTGGCCGTGTTTGTGCTTATCAGCCTGCTGGT TAATGTCCGCACATCGGTGCAGATTAT TGATAACAGTGACCTGGTCAAAGT TCACCGGGTGGATAA
VMDLLGWYVAVFVLISLLVNVRTSVAQAQIIDNSDLVKVHRVD Ng

. . . . Sphl . . . . . . . 19800
TGTGCCGGTCGGTCTGGCGATGCCACT TTCACTGACGACCCGTATCGGGCATGCAATGGTGGCCAGT TACGAGAT GATCTTCACGCAACCGGACAGCGTCACCTACAGCAAAACGGGGAT
VPVGELAMPLSLTTRIGHAMNYVYASYENTITFTOQPDSVTYSKTG N33

. . . . . . . . . . . . 19920
GCTGTTCGGGGCGAATCTGAT TGTGAAAAGCACCGAT TTCCTGTCCCGGAATCCGGAAATCATCAATCTGT TCCAGGACTACGTCCAGAACTGCGTGCTGGGTGATATTTACCTGAATCA
LFGANLTIVKSTDTFLSRNPETITINLTFQDYVQ@NCVLGDTIYLNHw

FIG. 2—Continued.
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19921 . . . . . . . . . . . . 20040
TAAATACACGCTGGAAGACCTGATGGCCTCCGCTGACCCCTACACGCTGAT TTTT TCCCGCCCCAGCCCGCTACGGGGCGT TTATGACAACAATAATAATT TCATAACT TGTAAGGATGC

KYTLEDL"ASADPYTLIFSRPSPLRGVYDNNNNFlTCKDA-213

20041 . . . . . . . . . . . . 20160
GTCGGTCACGCTGAAAGACAGGCTGAATCTCGATACAAAGACGGGAGGCAAGACCTGGCAT TATTATGTGCAGCAGATAT T TGGCGGCAGACCGGACCCGGACCTGTTATTCAGACAACT
SVTLKDRLNLDTIKTGGKTWMWHYYVQOQITFGGRTPDTPDTLTLTFTR RSAa L-253
20161 . . . . . . . . . . . . 20280
GGTCAGTGACAGTTACAGT TATTTCTACGGCTCCAGTCAGTCTGCCAGCCAGAT TATGCGCCAGAACGT CACCAT GAATGCCCTGAAAGAGGGTATCACCAGTAATGCAGCCCGTAACGG
VSDSYSYFYGSSQSASQIMRQNVTMNALKEGTITSNAARN G-293
20281 . . . Clal . . . . . . . . . 20400
TGACACCGCCAGCCTGGTAAGTCTGGCCACCACGTCATCGATGGAGAAACAACGT CTGGCACATGTCTCCATTGGTCATGTAACTATGCGAAACCTGCCGATGGTCCAGACTATCCTGAC
D TASLVSLATTSSMETK QRLAHY SIGHVTMRNLPMNVAQTIL T-333
20401 . . . . . . . . . . Pstl . . 20520
GGGGATTGCCATTGGTATATTCCCGCTCCTGATACTGGCGGCTGTCTTTAACAAGCTGACATTGTCTGTAT TAAAGGGGTATGTGTTTGCCCTGATGTGGCTGCAGACCTGGCCGTTGTT
GIT AIGIFPLLILAAVFNKLTLSVLKGYVFALMWLQTUWEP.L L-373
20521 . . . . . . . Pwull . . . . 20640
GTATGCCATTCTGAACAGTGCCATGACAT TCTATGCGAAACAGAATGGT GCGCCGGTCGTGTTGTCTGAACTCTCTCAGATACAGCT GAAATACT CTAACCTGGCCTCCACTGCCGGGTA
YAT LNSAMTFYAKQNGAPVVLSELSOQTIOQLTEKYS SNLASTAGZG Y413

20641 ] ] . . . ) ] . . . . . 20760
TCTTTCAGCCATGATCCCCCCGT TGTCATGGATGATGGTAAAAGGCCTTGGCGCAGGTTTT TCCAGCGTGTACAGCCACTTCECCTCTTCATCTATCAGTCCAACGGCCAGTGCAGCAGE
LSAMIPPLSWUMMYKGLGAGEFSSVYSHFASSSTISPTASAHA Gz
1 Trac*
20761  Wincll . . . ) Pwll ] ) ] ] ] )
CAGTGTGGT YGACGGTAAT TACTCCTACGGCAACATGCAGACGGAAAACGTGAACGGCT TCAGCT GGAGCACCAACAGCACCACGTCGT TTGGTCAGATGATGTACCAGACCGGCAGTGE
SVVDGNYSYGNMNQTENVNGFSUSTNSTTSFGQMMYQTG S Gy
20881 . ; . . . BStEIT } ) ) . . . 21000
CGCAACCGCCACACAGACCCGTGACGGTAATATGGTGAT GGATGCAAGCGGAGCGAT GTCCCBGT TACCGGTCGGTATCAATGCAACGCGT CAGATTGCAGCGGCACAACAGGAAAT GGE
ATATQTRDGNMVMDASGAMSRLPVGINATRQOQIAAA O EHM Agss

Smal
21001 . . . . . . . . . . . . 21120
CCGGGAGGCGTCGAACAGAGCCGAAAGTGCCCTGCATGGTTTCAGCAGCAGTATTGCCAGTGCCTGGAACACACT CAGTCAGT TTGGCTCTAACCGGGGGAGCAGTGACTCTGTCACTGG
REASNRAESALUHGTFSSSIASAWNTLSAQFGSNRGSS SDS SVT G573
21121 . . . . . . . . . . . . 21240
TGGTGCTGACAGCACGATGAGTGCTCAGGACTCCATGATGGCCAGCCGTATGCGCAGTGCAGTGGAAAGCTATGCGAAGGCGCATAATATCAGTAAT GAGCAGGCGACGAGAGAACTGGC
GADSTMS AQDSMMASRMRSAVESYAKAHWNTISNEG GGATR RE.HL A-413
21241 . . . . . . . . . . . . 21360
CTCGAGAAGTACAAATGCGTCGCTTGGCCTTTACGGTGATGCT TATGCTAAAGGGCATTTAGGCATAAGTGTATTGGGTAACGGTGGAGGGGT TGGTCTCCAGGCCGGAGCTAAGGCAAG
S RSTNASLGLYGDAYAKGHTLGISVLGNSGGGVGLOGAGATKA S-¢53

Clal
21361 . . . . . . EcoRV . . . . . 21480
CATTGATGGCAGTGATCTTGACTCACATGAAGCCAGTAGTGGT TCACGGGCCAGCCATGATGCTCGTCATGATATCGATGCCAGAGCTACACAAGACT T TAAAGAAGCCAGCGATTACTT
IDGSDLDSNEASSGSRASHDARHDlDARATODFKEASDYF-mS
21481 . . . . . . . Pstl EcoRl . . . . 21600
TACCAGCCGCAAAGTCAGTGAATCCGGCAGCCATACTGACAATAATGCTGATTCCCGTGTGGATCAGTTGTCTGCAGCCCTGAAT TCAGCGAAACAGAGTTACGACCAGTACACGACGAA

TSRKVSESGSHTDNNADSRVDOLSAALNSAKQSYDQYTTN-733

. . . . . . Bglll . . . . . 21720
TATGACCCGCAGCCATGAATATGCTGAAATGGCATCCCGTACTGAGAGTATGAGT GGGCAGATGAGTGAAGATCTGTCGCAACAGT TTGCACAGTATGTGATGAAAAACGCACCGCAGGA
M TRSHEYAEMASRTET SMSG QMSEDTLSQ@QFAQYVMNKNATPA D-773

. . . . . . . . . . . . 21840
TGTTGAAGCTATTCTGACAAATACCAGT TCGCCGGAGAT TGCAGAACGCCGTCGGGCTATGGCGTGGTCTT TTGTGCAGGAACAGGTACAGCCTGGTGT TGATAACACCTGGCGTGAATC
VEATILTNTSSPEIAERRRAMAMNSFVQEQVQPGVDNTUWRE Sg3

. . . . . . Bell . . . . . . 21960
CCGTAGAGATATAGGTAAAGGAATGGAGAGCGTACCT TCGGGTGGTGGCAGCCAGGATATTAT TGCTGATCATCAGGGACATCAGGCCATTAT TGAGCAAAGAACGCAGGACAGTAATAT
RRDIGKGMESVPSGGGSQaQDTITI!IADHMWH Q@GH® Q@ATITEQ QRTO QD S N I-g3

. . . . . . . 22080
CCGTAATGATGTAAAACATCAGGTTGATAATATGGTCACAGAATATCGAGGTAATATCGGAGATACTCAGAACAGCATCCGAGGCGAGGAAAATATTGTAAAAGGGCAGTATTCTGAACT
R NDVKHQVDNMYVYTEYRGNIGDTA QNS STIRGETENTIVKS GO QYSE Lgg

21601

21721

21841

21961
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22081 . e . -35. . 10 .  |==> traS mRNA . . 22200
ACAAAATCATCATAAAACAGAAGCATTAACT CAGAATAATAAATATAAT GAAGAAAAGCTGGC TCAGGAAAGAATACCT GGTGCTGATAGT CCGAAAGAGC TT TTAGAGAAAGCAAAGAG
QNHHKTEALT QNNIKTYNETERKLAOGERTIPGADTSPE KETLTLTETKAK Sg3

22201 . . . . . . . . . . . .
TTACCAGCATAAAGAAtaaTCATAACATGTTGGGTAGGGTATGGAGAGACCatgATTACACAACAAAT TATCAGTAGTGAGTTGGAAGT TTTAAAGAAACATATTGACTCAGGAGATATT
Y @ H K E * 938aa M I TQQI 1SS ELEVLKKIHIDSGD I
|> tras (22252-22698)

EcoRI
22321 Smal . . 22440
AGAA‘TTCCGTCAC‘I’ATGGCAGGGATTAMACCNGGCTTATCATCATGGGGTGMTMTTTTTTGTCCCTTGCTMTGT CATTTCTMTMCACAMABACMGT GAMCACT CACTGCT
RI1IPSLWAQGLKPGLTITIMGWMIFCPLLMSTFLITOQKTSETILT Agg

22441 . . . . . . . EcoRl . . . . 22560
GTGTTAGCCGGAGGATGGCTTGGACTTATTATTCTGT TTAT TGTGGCAAGGAT TAGAATGT TATATT TCTCTCTGCCGGAAGAAT TCCTAAAGACATCATCCGTAATGAGGGT TATATCA
VLAGGWLGLIILFIVARIRMLYTFSLPEETFLKTSSVMHRVI Sys

22561 .-35 . 22680
TCAMACTTMAGTGTATTTCA'I'TGTGTATATGGGAGTTATATTTTTATGGTCTTTTTTAGGT GGABGGATTATATACGGTTTTGGCGCMTTTTAGTGACGGTTATTA JGGCGTTCCTT
S KLKVYFIVYMGVIFLWSFLGGGITIYGTFGAILVTVIMNAEFLys

EcoRV  EcoRV

22681 -0 . |==> tral mRNA___\ / . 22800
GATTCMTTAGA'I’ATCGGtaﬂA‘IATCAATTTGTTGGTGTTATTMTGCAATCAATABTTACGTCAMMCMBMGTTAYCMGAGTMMTAMAGATATTAGAMAMTAT““T
D S I R Y R * 149aa M-
(22796-23527) |> tral
22801 . 2920

GAAMCAMMMCT MTGATGGTTGCACTGGTCAG‘"CCACT C‘I'GGCCCT TTCAGSGIGTGGTGCGATMGCACAGWTCAMGCGTMCC"MGGTGMMCTCAGATGAGTGA
K TKKLMMYVYALVSSTLALSGCGAMSTAIKKRNLEVKTA QMNS Ey

22921 . Pstl . -Pstl . . 23040
GACCATCTGGCTTGAACCCGCCAGCGAACGCACGGTATTTCTGMTCMMACACGTCT GATAMGACA‘I’GAGTGGGCTGCBGGCAMATTGCT MTGCTGTMMGCMMGGGTA
T1WLEPASERTVFLQIKNTSDIKDMSGLQ@GKTIADAVKAKE G Yg

23041 . 23160
TCAGGTGGTGACT TCTCCGGATAM(ICTACTACT GGA'I’TCAGGCWTGTGCTGMNOCGATWTGGMCTGCGGGAGTCT CAGGGATGGCTGAAOCGT GG'I’TATGMGGCGCAGC
QVVTSPDIKAYYUWIQANVLKADIKMDLRET S QGUWLNRGYEGA Ay

23161 Pstl . . 23280
AGTTGGTGCAGCGTTAGGTGCCGGTATCACCGGATATMTTCCMTTCTGCCGGTGGUCACTCGGTGTGGGCCTTGCT GCOGGTCTGGTGGGTATGGC‘IGWTGCGATGGTM
VGAALGAGITGYNSNSAGGTLGVGLAAGLVGMAADAMYVE D9

23281 . Bell . . 23400
TGTWCTATACCATGATCACGGATGTGCAGAT TGCAGAGCGTACTAAGGCMCGGTMCAACWTMTGTT@CGCCCTGCGT CAGGGCACATCAGGTGCGMMTTCAMCCAGTAC
VNYTMITDVAQAIAERTKATVTITTDNVAALRQ@GTSGAKTIO QTS T3

23401  BstEIl . Nincli/upel . . Pwill . . 23520
AGAMCAETMCCAGCATMATACCAGACCCGTGTGG‘I’CT CAAATGCGAACAAGGT TAACCT GAMTTYGMGAGGCGMGCCT GTTCTCGAAGACCAGCTGGCCAAATCAATCGCAAA
ETGNOQHKYQ@TRVVSNANKYNLIKEFETEA AKPVLETDA® GLAKSTIA N2

23521 \ L . 233640
TAT TCTCtga‘lTATCTTCCGGAGCTGGTCIGACCGGCCTCCTGACTGACGCCTCGCT 'I"I'GCTCGTTGTCCAACCCCGGAMMMTAMATMA"TTATTYCTCCCCGGCG‘I’TTCCGAA
1 L * 244aa

Nael
23641 ---X tral mRNA termination -35 . . -10 |==> traD mRNA . . 83760
ATAMTAT CACTGAQGGTTGTGCMATTCTTYGTGOGACCGTGMGTG_QCQGCGMGCMTTTAAOGGTTATTMTC'l'TTTCATCATTMTMTCAGTCCGACTGACTTTT

23761 . . . . . . . . . . . . 23880
TTTCTTCGGAATATCATCatgAGTTTTAACGCAAAGGATATGACCCAGGGCGGTCAGAT TGCGTCCATGCGTATCCGCATGTTCAGCCAGATCGCCAATATCATGCTTTACTGCCTGTTT
NSFNAKDNTQGGQIASHRIRHFSQIANINLYCLF-“
- |> traD (23779-25929)

23881 . Sphl . . 24000
ATTT'I’TTTCTGGATACTCGTTGGTCTGGTTT TATGGATAMMTAAECTMGACGTTTGTGAACGGCTGTATTTACT GGTGGTGTACCAOGCTGGAAGGCATWTTTMTCMA
I FFWILVGEGLVLWIKISWAQTTFVNGC CTIYWWCTTLEGMRDILITI K'7‘

24001 . 24120
TCCCAGCCGGTCT ATGAGATCCAGTA‘I’TACGGTMMOCTTCCGCM’GAACGCTGCTCAGGTACTWTGACAMTATATGATCT GGTGCAGT‘MGCAGTTATGGTCCGCCTTCGTGCTG
'S QP VYEILIQYYGKTFRMNAAQVLHDIKYMI WCSER QLWSATFUV Lgqy

26121 ) . Pwll . 24240
GCTGCTGTTGTGGCAC‘I’GGTTATTTGCCTGAT‘I’ACCTTCTT TGTTGTCT! CCTGCATTCTGGGGCGTCAGGGTAMWCMCGMMTGMGTCACAGGTGGTCGTCM GACAGAC
A AV YV ALVICLTITTFTFUVVSUWILGROQGKOQOQSENTEVTGGRO QL TD- 154
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24261 . . . . EcoRV . . . . . . . 24360
AATCCGAAAGACGTTGCCCGGATGCTGAAAAAAGACGGCAAGGACTCCGATATCCGGAT TGGAGACCTGCCGATTATCCGGGATTCCGAAATCCAGAACTTCTGTCGTCACGGCACGGTC
NPKDVARMLIKKDG GKDSDTIRTIGDLPTITIRDSETIAQQNTETCTRIHGT Vg

serine proteinase motif
. . . . . . . . . . . Clal. 24480
GGGGCCGGTAAGTCGGAAGTTATCCGTCGTCTGGCCAACTACGCCCGTCAGCGCGGTGATATGGTGGTGAT TTATGACCGT TCGGGGGAAT TTGT TAAAAGTTACTATGATCCCTCCATC
GAGKSEVIRRLANYARORGDNVVIYDRSGEFVKSYYDPSI-Z“
ATP binding motif
24481

24361

. . . . . . . . . . . . 24600
GATAAAATCCTGAATCCGCTGGATGCCCGCTGTGCCGCCTGGGAT TTGTGGAAGGAGTGCCTGACACAGCCGGAT TTTGATAATACCGCAAATACTCTGAT TCGCGATGGTACAAAAGAG
DK I LNPLDARCAAWDLWKETCLTOAQPD FDNTANTLTIRDGTHK E-274
24601 . . . . . . . . . . . . 24720
GACCCGTTCTGGCAGGGTTCAGGACGTACCATTTTTGCGGAAGCGGCGTATCTGATGCGTAATGACCCCAACCGCAGCTACAGCAAACTGGTGGACACACTGCTTTCCATCAAAATTGAA
DPF WQGSGRTTIFAEAAYLMRNDTPNRSYSKLVDTLLSTIKI E-394
24721 . . . . . . . . . . . . 24840
AAACTGCGTACCTACCTCGTAAT TCACCGGCAGGCCAACCTGGTGGAAGAGAAAATTGAGAAAACGGCGAT TTCCATCCGTGCTGTGCTGACCAACTACGTGAAAGCCATCCGTTACCTG
K LRTYLVI HRQANLVETEIKTIETIKTAISIRAVLTITNYVKATILIRY L-354
Pstl
24841 . . . . . . . . . . . . 24960
CAGGGGATTGAGCATAACGGTGAGCCTTTTACCATCCGTGACTGGATGCGTGGTGTCCGGGAAGATCAGAAAAACGGCTGGCTGT TTATTTCGTCGAATGCCGACACCCATGCCTCCCTG
Q G I EH NGEUPTFTTIRDWMRGVREDA QKNGU MWLTFI SSNADTUHBHAS L-394
24961 . . . . . . . . . . . . 25080
AAGCCGGTGATCTCCATGTGGCTGTCCATTGCCATTCGTGGTCTGCTGGCAATGGGAGAAAACCGTAACCGTCGTGTGTGGTTTTTCTGTGATGAGT TACCCACGTTACACAAACTGCCG
KPVISMWLSIAIRGLLAMGENRNRRYVUEFEFCDTETLZPTLUHIKIL P-434
ATP binding motif

. . . . . . Pwull EcoRV . . . . 25200
GACCTGGTGGAGATCCTGCCGGAAGCCCGTAAGTTCGGTGGCTGTTATGTGTTTGGTATCCAGTCCTATGCCCAGCTGGAAGATATCTACGGTGAGAAAGCGGCTGCCTCGCTGTTTGAC
D LVETILPEARKTFGGCYVFGIa@SYAQLEDTIYGET KA AAASTLFDyzy

25081

25201 . . . . . . . . . . . . 25320
GTCATGAACACCCGTGCCTTTTTCCGTTCTCCCAGCCATAAGATTGCAGAGTTCGCTGCCGGTGAAATTGGTGAGAAAGAGCACCTGAAAGCCAGCGAGCAGTAT TCCTACGGTGCTGAT

VMNTRAFFRSPSHKTIAETFAAGETIGETKEUHLIKASEU QYSYGADsggy

25321 . . . Haell . . . . . . . . 25440
CCGGTACGTGACGGGGTATCGACCGGTAAGGATATGGAGCGCCAGACGCTGGTCAGTTATTCCGACATTCAGTCTCTGCCGGATCTGACCTGTTATGTCACCCTGCCCGGACCGTATCCG
PVRDGV STGKDMERQTLVSYSDIQSLPDLTCYVTITLPGEPY P'554
25441 . . . . . . . . . . . . 25560
GCAGTAAAACTCTCTCTGAAATATCAGACACGACCGAAGGTCGCTCCGGAGTTTATTCCGCGTGACATCAACCCGGAAATGGAGAACCGTCTGAGTGCCGTACTTGCCGCAAGGGAAGCA
AVKLSLKYQTRPKVAPETFTIPRDTINPEMENRLSAVLAARE A;g
25561 . . . . . . . . . . . . 25680
GAAGGTCGTCAGATGGCCAGCCTCTTCGAACCGGATGTCCCGGAGGT TGTTTCCGGAGAAGACGTGACTCAGGCTGAACAGCCGCAACAGCCGGTGTCTCCTGCCATCAACGATAAGAAG
E GROQMASLTFEPDVZPEVVSGEDVTQAEQPQQPV SPATILNDK K-
ATP synthase motif
. Smal . . . 25800

TCAGATTCAGGTGTGAATGTTCCGGCAGGGGGGATCGAGCAGGAGCT GAAAT GAAACCGGAAGAAGAGAT GGAACAGCAACT GCCACCCGGGATCAGT GAATCCGG TGAAGT GGTGGAT
SDSGVNVPAGGTIEGQELSEKMKPEETEMEGQQLPPGISESGEVV Dgp

25681

25801 . . . . . . . . . . . . 25920
ATGGCCGCTTATGAGGCATGGCAACAGGAAAATCATCCGGACATCCAGCAGCAGATGCAGCGTCGTGAAGAGGTGAACATTAATGTGCACCGGGAGCGCGGGGAGGATGTTGAGCCGGGA

M AAY EAWOQQENUHPDTIOQOQQMOQRRETEVNTINVHRETRGETDVEP Gypy

25921 . Nincli . . . . smal . . . . . . 26040
GATGATTTCtgatgAACAGGTCAACTCCAGTCTTCAATTCTCAGGCCGCCCACACGT TCAAAT TCCCGGGTGT TATTAGTCACAATAAT CAGTCCCCGACTGCGGGCATGACCTGCGATC
D D F * 71728
M NR STPVFNSQAAHTT FIKTFPGVISHNNQOGSPTAGMTCD H37
|> trbH (25932-26648)

26041 Bcll . . . . . . . . . . . . 26160
ATTTGATCAAATGGCCCGACAGGGCGTCCCTGAAGGGCAAGTTCTGCTCTTATCTGGCCGGTGTGTGTGGCAGCAGCAGCGTCGTAATCCAGAACGT CAATGCGGGAAACAAATCCCTCG

LI KWPDRASLIKGEKTFTCSYLAGVCGSSSVVIQNVNAGNEKSTSILDyz

26161 . . . . . . . . . . . . 26280
ATCACAGCGAGAT TACGTTCAGGCATCTGGCTTTTTTCTGCACCATATATCACCTCCATCAGAGT GACCGAACTGATGCACATTCTCCCCTGGT TCAGGTTAAAACGTTCCCTGACACTG
HSEITFRMNLAFFCTIYHLHQSDRTDAHWSPLVQVKTTFPDT Gy

26281 . . . . . . . . . . . MNaell . 26400
GCGGGTTTGTTCTTTATCGTAAAAATGCAGATGTTGGTATCGAGCATAAACTTCAGCATCAGAATGACTCCCT TTCCTGCATACCAGGCTGTTCCCTGTTATCCATAAAATCAGCGCTGA
G FVLYRKNADVGTIETHKLO QHQND SLSCTIPGCSLLSTIKSAL Tys

FIG. 2—Continued.
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26401
26521

26641

26761
26881
27001
27121
27241
27361
27481
27601
27721
27841
27961

28081
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. 26520
CACTGTTTCCGTCWCCATTCGTCCCATGTCTCT CCGGCAGGCGTMTMTTCGGGTTCGTCCGACABUATCACTTCMCGCGTTTTACGT TTTCCGGCMTGCMCCGCT TTTGGCA
LFPSNHSSHVSPAGVMIRVRPTAITSTRFTTFSGNATATFG Sq7

. . . . . . . . . . . . 26640
GTCTGACCGCCTGGCTGCGGTTGCTGAGAAATACGGTGGTTTCCATTATTTGCCTCCTTATGTGGATATGTCTTGTGTATATCCATTGTGGGATTGATGCCGGGATATGTCAAAGGGATA
LTAWLRLLRNTVVSIICLLMWICLVYTHCGIDAGITCA QRDI-p

. Nael. . 26760
TACGTTTatgaTGAGTATTGCGCAGGTCAGATCGGCCGGMGTGCCGGGMCTAT TATACCGACAMGATMTTACT ATGTGCTGGGCAGCATGGGAGMCGCTGGGCGEGCAGGGGGGC
R L * 239aa
MMSlAOVRSAGSAGNYYTDKDNYYVLGSNGERHAGRGA-u
|> tral (26648- 31915) similarity to other relaxase enzymes

’

Pwill . Pstl . .Sphl . 26880
TWCAETGGGGCTGCAGGGCAGTGTCGATMGGATGTTTTTACCCGTCTTCTGGAGGGCABGCTGCCGGACGGAGCGGATCTMGCCGCATmAGGATGGCAGTAACAGGCATCGTCC
EQLGLAQGSVDKDVFTRLLEGRLPDG GADLSRMOQDGSNRUHR R Pp

. Haell . 27000
CGGCTACGATCTGACCYTCTCCGCCCCCAMAGTGTC'I’CCATGATGGCCATGTTAGGTGGCMTAAGCG&TGATTGATGCACATMTCAGGCCGTGGATTTTGCTGTCCGTCAGGTGGA
GYDLTFSAPKSVSMMAMLGGDI KRLTIDAMHWN GAVDFAVRAQYV Eqg

Naell . . 27120
GGCGCT GGCCTCCACACGGGTMTGACGGACGGACAGTCAGMACGGTGCT GACCGG‘I’MTC‘I GGYGATGGCACT GT TTMCCACMMCCAGTCGCMTCAGGAACCACAGTTACACAC
ALASTRVHTDGQSETVLTGNLVNALFNNDTSRDQEPOLMT-158
relaxase motif
Sphl . . . . . . . . . . 27240
GCATG:GGTGGTGGCTMTGTCACGCAGCATMTGGCGMTGGMGACACT(MGCAGTGACMAGTGGGGAMACGGGGTTCATTGAGM‘I’G‘I’GTACGCTM‘I’CAGATTGCCT TTGGCAG
H AV V A NVTIT QHNGEUWIKTLS QKVGKTGFIENVYANOIAFGR-wa
ATP binding motif
. Haell . . 27360
GCT CTACCGGGMMACTGMABAGCAGGTTGAGGCGCT GGGCTATGMACTGMGTGGTTGG‘I’AAGCACGGTATGTGG(MMTGCCGGGTGTMCGG‘I’GGAGGCCT ‘I’TTCCGGACGCT C
LYREKLKEQVEALGYETEVVGKHGNHEMPGVPVEAFSGRS-m

. Smal . Haell . 27480
ACAGACTATCCGGGAGGCCGTCGGGMAGACGCCTCGCTGAMTCCmGM'I’GTGGCGGCGCTGGATACGCGTMATCCMACAGUTGTCGATCCGGAGATCMMTGGCCGAGTGMT
QTlREAVGEDASLKSRDVAALDTRKSKOMVDPEIKNAEHH-Z-’B

. Smal . . 27600
GCA&CGCTGAAGGAMCCGGGTTCGACATCCGGBCATATCGTGACGCGGCGGATCAGCGTGCGGATC'l'CCGCACGCTGACGCCGGGCCTGCTTCAUWCGGGCCGGATGTGCAGCA
@ TLKETGFDIRAYRDAADQRADLRTLTPGPASQDGPDV Qa3

. 27720
GGCGGTGACACAGGCMT7GCCGGATTMGTMACGAMAGTGCAGTTCACGTACACGGACGTAC'I'GGCCAGAACGGTCGGCATACTGCCGOCGGMMTGGTGTMTTMGGGCACG
AVTOAIAGLSEYIRKVQFTYTDVLARTVGILPPENGVIERAR°358

Clal. . 27840
CGCCGGTA‘I’CGATMGGCCATCAGCCGTGAGCAGCTTATCCOCCTCGACCGTGAGMGGGGCT GTTCACGTCCGGMTTCATGTGCTCGATCAGCTGTCAGTCCGGGCACTCAGTCGTGA
A GIDEAISREQLTIPLDREIKGLTFTSGIHVLDETLSV VR RALSHR R D-308

. BstEIlL. . 27960
CATCATGMACAGMCCGETGACCGTACAT CCGGAGMMGTGYYCOCCGGACGGCCGGTYACAGCMTGCCGTCAGCGTGCTGGCACAGGATCGCCCGTCGCT GGCCAT TGTGTCCGG
I MK QNRVTVHPEKSVPRTAGY SDAVSVLAQDRPS SLAILIVS G-438

. Smal . 28080
GCAGGGCGGTGCAGCCGGGCAGCGTGAGCGGGTGGCTGAACTGGTCATGATGGCCGGGAGCAGGGGCGGGAGGTGCAGATTA'I'CGCTGCTGAOCGTCGCTCGCAMTWCATGMGCA
OGGAAGORERVAELVHNAREQGREVQIIAADRRSOHNNKO-‘H

Pwill . . Nincll . . 28200
GGATGMCGGTTGTCCGGT(MGCTGATMCCGGACGTCGTCM GCTGWGGCATGGCCTTCAOGCCGGGCAGTACT GTTATCGT'I’GM:CAGGGCGAMMCT CT CCCT GAMMMC
DERI.SGELlTGRROLLEGMAFTPGS'IVIVDGGEKLSLKET-518

Nincl1/Hpal

28201

28321

28441

. 28320
GTTMCCCTGCTGC‘ACGGTGCCGCACGTCATMCGTACAGGTCCTGATMCCGACAGCGGGCAGCWCCGGYACAGGCAGTGCACTGATGGCCATGMGGAYGCCGGGGT GAACACATA
LTLLDGAARNNVOVL]'I'DSGORTGTGSALNAHKDAGVHTY-ssa

. 28440
TCGC'I’GGCAGGGGGGAGMCAGCGACCGGCCACCATCATCAGYWCCGGACCGTMTGTCCGCTATGCOCGGCTGGCAGGAGATTTTGCGGCCAGCGTGAMGCCGGAWT
R ¥WQG6GGEQRPATIISEPDRNVRYARLAGDTFA AASVIKAGETES V- 598

. BStEIl . . 28560

GGCACAGGTCAGCGGGGTACGGGMCAGGCCATACTGACACAGGCCATTCGCAGTGAGCTGMMCACAGGGCGT GCTCGGACTCCCGGAGGTGACCATGACT! GCCC'ITTCACCGGTCTG
AOVSGVREQAILTOAIRSELKTOGVLGLPEVT"TALSPVH‘m
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28561

28681

28801

28921

29041

29161

29281

29401

29521

29641

29761

29881

30001

30121

30241

30361

30481

30601

. . . . . . . . . . . . 28680
GCTGGACAGCCGGAGCCGTTATCTGCGGGATAT GTACCGTCCGGGGATGGTGATGGAGCAGTGGAACCCGGAGACACGCAGTCATGACCGCTATGTTATCGACCGGGTGACGGCGCAGAG
LDSRSRYLRDMYRPGMY MEOQWNPETRSHDRYVIDRVYVTA ASG G S-478

. . . . . . Pwill. . . . . . 28800
TCACAGCCTGACCCTGCGGGA TGCGCAGGGT GAAACGCAGGTGGT GCGTAT TTCCTCCCTGGACAGCAGCTGGTCGCTGTTCCGGCCGGAAAAAAT GCCGGTGGCAGACGGCGAGCGACT
HSLTLRDAQGET Q@VVRISSLDSSUWSLFRPETEKMPVADTESGTEHR L-718

. . . BstEll .Pstl . . . . . . . 28920
GAGGGTGACAGGGAAAATTCCCGGACTCCGCGTCTCCGGCEGTGACCGCCTGLAGGT GGCATCCGTCAGTGAAGATGCGAT GACGGT TGTTGTGCCGGGACGGGC TGAACCGGCCACCCT
RVTGKIPGLRVSGGDRLOQVASVSEDAMTVVVPGRAETPAT L-758

. . . . . Saal . . . . . . 29040
GCCTGTGAGCGAT TCACCGTTCACGGCACTGAAGCTGGAGAACGGCTGGGTGGAAACGCCCGGGCAT TCCGTCAGCGACAGTGCBACGGTTTT TGCCTCCGTCACACAGAT GGCAATGGA
PVSDSPFTALKLENGWVETPGHSVSDSATVEFASVYVTQMAN D-708

. . . . . . . . . . . . 29160
CAATGCCACCCTGAACGGTCTGGCCCGCAGTGGTCGTGATGTCCGGCTGTATTCCTCACTGGATGAAACCCGTACTGCGGAAAAACT TGCCCGCCATCCGTCCTTTACGGTGGTTTCTGA
NATLNGLARSGRDVRLYSSLDETRTAEKLARMHPSTFTVYVS E-a38

. . . . . . . Neel . . - . . 29280
GCAGATAAAGACGCGGGCCGGTGAGACATCGCTGGAAACGGCTATCAGTCATCAGAAGT CCGCACTTCACACGCCGGCACAGCAGGCCATTCATCTTGCCCTTCCGGTGGTGGAAAGTAA
Q@1 KTRAGETSLETAISHQKSALHWTPAQQATIHWLALPVVES K-g78

. . . . . Pstl . . . . . . . 29400
AAAACTGGCCTTCAGCATGGT GGACCTGCTGACAGAGGCAAAGTCGT TTGCTGCAGAAGGAACCGGT TT TACTGAACTGGGAGGGGAAATCAATGCGCAGATAAAACGGGGTGATTTACT
KLAFSMVDLLTEAKSTFAAEGTG GFTETLG GG GETINAQI KR RGSGTDIL L-918

. . . . . . . . . . . . 29520
GTATGTGGATGTGGCAAAAGGCTATGGCACAGGTCTGCTGGTTTCCCGTGCGTCGTATGAGGCAGAAAAGAGCAT TCTTCGCCATAT TCTCGAAGGTAAGGAGGCGGTCatgCCGCTGAT
YVDVAKGYGTGLLVSRASYEAEKSILRHILEGKEAVNPLH-”a
(29510-31915) |> tral*

B . . . . . . . . . . . 29640

GGAGAGAGTACCTGGCGAACTCATGGAGAAACT GACATCAGGACAGCGTGCCGCCACCCGCATGATACT GGAAACGTCCGACCGT TTCACGGTGGTACAGGGCTATGCCGGTGTGGGTAA

ERVPGELNEKLTSGQRAATRNILETSDRFTVVOQYLQ!QK-
ATP binding motif

Nael
. . . . . . . . . . Haell . 29760
GACCACACAG‘I’TCCGGGCGG‘I’GATGTCAGCCGTGMCA‘I’GCTGCCGGAMGTGMCGTCCCCGMTCGTGGGGCTMGTCCUCACACCGTGCGGTCGGMTGCGCAGCG@GCGT
,_TTOFRAVHSAVHILPESERPR’VVGLGPT”RAVGEHRSAGV-1°38

. . . Pwull Pstl . . . . . .Sstl . . 29880
GGATGCGCAGACACTGGCGTCCTTTCTGCATGACACGCAGCTGCAGCAGCGCAGCGGAGAAACGCCGGATTTCAGCAACACGCTGTTCCTGCTCGATGAGAGCTCAATGGTGGGCAATAC .
D AQTLASFLHWHDTQLQQRSGETPDTFSNTLTFLLUDETSSMVGN T-1078

. . . . . . Pwull Pstl . . . . . 30000
CGACATGGCACGGGCATACGCCCTGAT TGCGGCCGGTGGCGGTAGGGCGGTGGCCAGTGGTGACACGGACCAGLTGCAGGCCATCGCGCCCGGTCAGCCTTTCCGTCTCCAGCAGACGCG
DMARAYALTIAAGGGRAVASGDTDQLOQAIAPGAQPF FRLOGOAQT R-1118

. . . . . . . . . . . . 30120
CAGTGCTGCCGATGTGGCCATCATGAAGGAGAT TGTGCGTCAGACGCCGGAACTGCGGGAGGCGGTATACAGCCTGAT TAACCGGGATGTGGAAAGGGCACTGTCCGGGCT TGAGAGTGT
S AADVATI MKEIVRQTPELREAVY SLINRDVERALSSEG L E S: V-q¢58

. . . . . . . . . . . . 30240
GAAACCGTCTCAGGTGCCACGTCAGGAGGGCGCATGGGCACCGGAGCACTCCGTGACGGAGT TCAGTCACAGCCAGGAAGCGAAACTGGCAGAAGCGCAGCAGAAGGCGATGCTGAAAGG
KPS QVPR QEGAWAPEWMWSVTITETFS SHSQEAKLAEAQOQKAMLEK G-1198

. . . . . . . . . . . . 30360
CGAGGCTTTTCCGGATGTCCCCATGACACTGTATGAAGCCATTGTCCGCGACTATACCGGCAGAACACCGGAAGCACGGGAGCAGACGCTGAT TGTCACGCACCTGAATGAGGACCGGCG
EAFPDVPMTLYEAIVRDYTGRTPEAREU QTLTIVTHLNET DR R-9238

. . . . . . . . . . . . 30480
CGTACTGAACAGCATGATTCATGATGTACGGGAAAAGGCCGGTGAGCTGGGGAAAGAGCAGGTCATGGTGCCTGTCCTGAACACAGCGAATATACGTGACGGGGAGCTGCGTCGTCTCTC
VLNSMNIHDVREKAGETLGKE® QVMYVPVLNTANIRDGETLTRR RL Sqm

. . . . . . . . . Pstl . . . 30600
CACCTGGGAGACACATCGGGACGCACTTGTCCTGGTGGATAATGTGTATCACCGGAT TGCCGGTATCAGTAAGGATGACGGGC TGATAACCCTGCAGGATGCGGAAGGTAACACGCGGT T
TWETHRDALVLVDNVYHRIAGISKDDGLTITLODAEG GNTR Ly3g

Smal . . . . . BstElI . . . . . 30720
GATTTCTCCCCGGGAGGCGGTGGCTGAAGGTGTCACACTGTACACCCCGGACACCATCAGGGTGGGGACCEGTGACCGGATGCGCTTCACGAAGAGT GACCGGGAGCGCGGTTATGTGGC
1 SPREAVAEGVTLYTPDTTIRVYGTGDRMRTFTIKTSDRETRTGTYV Ay

FIG. 2—Continued.
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30721

30841

30961

31081

31201

31321

31441

31561

31681

31801

31921

32041

32161

32281

32401

32521

32641

32761
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. . . . . . Smal . . . . . . 30840
CAACAGCGTCTGGACGGTGACAGCAGT TTCCGGTGACAGTGTCACGCTGTCGGACGGACAGCAGACCCGGGAGAT TCGCCCCGGCCAGGAGCAGGCAGAGCAACATATTGACCTGGCCTA
NSVWTVTAVSGDSVTLSDGOG@QTRETILIRPGOQEAQAEU QHTIDLA Yqy3p

. . . . . . BstEIl . . Nael . . . .
TGCCATCACCGCTCACGGTGCGCAGGGGGCAAGTGAAACCT TTGCCATTGCGCTTGAAGGAACGGAAGGTAACCGGAAACTGATGGCOGGCTTTGAGTCAGCCTACGTGGCCCTGTCGCG
Al TAHGAQGASETTFAIALEGTEGNRIKLMAGTFESAYVALS Ry

. . . . . . . . . . . . 31080
TATGAAGCAGCATGTGCAGGTGTACACCGATAACCGTCAGGGC TGGACGGATGCCAT TAACAATGCCGTACAGAAAGGAACGGCCCACGATGTATTTGAGCCGAAACCGGACCGGGAGGT
MKQHVQ@VYTDNRQGWTDAINNAVQKGTAHDVTFETPKTPDRE Vqurm

. . . . . . . . . . . . 31200
CATGAATGCAGAGCGGCTGTTCAGTACGGCGCGGGAACT GCGGGACGTGGCGGCAGGGCGTGCTGTTCTCCGTCAGGCGGGGCTGGCCGGGGGAGACAGTCCGGCACGGTTTATTGCACC
M NAERLTFSTARELRDVAAGRAVLRQAGLAGGDSPARTFTIA Py

. . . Nael . . . . . . . . . 31320
GGGGCGCAAATATCCGCAGCCGTATGTGGCACTGCCGGCGT TTGACCGTAACGGCAAGT CAGCAGGTATCTGGCTGAACCCACTGACCACGGATGACGGAAACGGGCTGCGGGGATTCAG
GRKYPQPYVALPAFDRNGKSAGI! WLNPLTTDDGNGLTR RTGEGTF S 1558

. . . . Pstl . . . . . . . 31440
TGGTGAAGGACGGGTGAAAGGCAGCGGGGATGCGCAGTTCGTGGCCCTGCAGGGCAGCCGTAACGGAGAGAGCCTGCTGGCTGATAATATGCAGGATGGTGTCCGGATTGCCCGTGATAA
GEGRVKGSGDAQFVALOQGSRNGET SLLADNMQDG GVRTIARD N-4508

. . . . . . . . EcoRV . . . - 31560
TCCTGACAGCGGTGTGGTGGTGAGAATCGCCGGTGAAGGTCGTCCGTGGAATCCCGGTGCCATCACCGGTGGTCGCGTGTGGGGGGATATCCCGGACAACAGT GTCCAGCCGGGAGCCGG
PDSGVVVYVRIAGEGRPUWNPGAITGGRVWGDTIPDNSVAQPGA G-9438

. . . . . . . . . . . . 31680
AAATGGCGAACCGGTCACGGCAGAGGT GCTGGCACAGCGGCAGGCTGAAGAGGCCATCCGTCGTGAAACGGAACGCCGCGCAGATGAAATTGTCCGTAAAATGGCAGAGAACAAACCTGA
NGEPVTAEVLAQRO QAEEAIRRETERRADETIVRKMAENEKT®P D-1678

. . - . . . . . . . . . 31800
CCTGCCGGATGGCAAAACAGAGCAGGCTGTCAGGGAGAT TGCCGGGCAGGAGCGTGACCGGGCTGCCATAACT GAACGGGAAGCCGCGC TGCCGGAGGGTGTACTGCGTGAACCTCAACG
LPDGKTE® QAVRETIAG QERDRAAITEREAALPEGVLRETFPDaEQ R-1718

. . Smal. . Pstl . . . . Pstl . . . 31920
GGTGCGGGAAGCTGTCAGGGAAATTGCCCGGGAAAAT CTGCTGCAGGAGCGAC T TCAGCAGAT GGAGCGGGATATGGTCCGCGACCTGCAGAAAGAGAAAACCCTGGGTGGAGAC tgaTA
VREAVRETLIARENLILA QERLOQQMERDMVRDLO QKTETKTTLGG GTD *1756aa

. . . . . . . . . BetEll . EcoRV. 32040
CAGGAAGACAAACGC TGat gACAACGGATAACACGAACACGACACGTAACGAT TCACTGGT TGCCCGGACCGATACCTGGT TGCAGTCGTTGCTGGTCTGGTCACCCGGACAGCGGGATA
MTTDNTNTTRNDSLVARTDTUWLOASLLVWSPGE RD Izg
|> trax (31938-32681)

. . . . . . . . . . . . 32160
TCATCAAAACGGTGGCACTGGTGCTGATGGT TCTGGACCATGCAAACCGTATTCTGCATCTGGACCAGTCGTGGATGTTTCTAGCCGGGCGCGGGGCCT TTCCGCTGTTTGCCCTGGTGT
I XTVALVLMVYLDHANRTILIMHKLDAO GSWMFLAGRGATFPLTFALYVY W-5

. . . . . . . . . Neel . . . 32280
GGGGGCTGAATCTGTCCCGTCATGCGCATATCCGGCAACTGGCCATTAACCGGCTGTGGGGATGGGCAGTTTTTTCCCAGT TCTGGTATTACTTTGCOGGCTTTCCCTGGTATGAGGGGA
G LNLSRMWHAHNWIR QLAINRLOWMWGWAVFSQFWYYTFAGTFTPUMWYTESG G N-q15

. . . . . . .Pstl . . . . . 32400
ATATCCTGTTTGCCTTTGCAGTGGCGGCACAGGTGCTGACATGGT GTGAAACGCGCAGT GGGTGGCGTACT GCAGCGGCCATTCTCATGATGGCACT GTGGGGGCCT TTGTCCGGCACCA
I'LFAFAVAAQVLTUWCETRSGWRTAAAILMMALWGPLSGT $-155

. . . . . . G) . . . . Haell . 32520
GTTACGGCATTGCCGGGCTGCTGATGCTGGC TGTCAGCCACCGGCTGTACCGGGCGGAAGACAGAATGGAACGTCTGGTGCTTGTCGCT TGCCTGCTGGCCGTGATTCCGGCGCTTAACC
Y G 1 AGLLMLAVSHRLYRAEDRMERLVYVLVACLLAVIPALNAN L-q95

. . Nael. . . . . . . . . . 32640
TTGCCACCAGTGATGCGGCGGCTGTAGCCGGCCTTGTGATGACGGTGCTGACCGT TGGTCTGGTGTCGTGTGCAGGGAAAT TATTATCCCGTTTCTGGCCCGGAGACTTTTTCCCGACGT
AT SDAAAVAGLVMTVYVLTVGELVSCAGEKTLLS SRTFWPGDTFTFPT F-235

[ORF286/C insert] (A)

3 . . Meell. ] . Y, . . . . . 32760
TCTATGCCTGTCATCTGGCTGTGCTGGGCGT TCTGGCGCT GtgaCGGGTGTGGTATCTT TGGCCGCAAGAGGTGATTCGTCAGAGGCAGAACACAGCat gACAGAGCAGAAGCGACCGGT
YACHLAVLGV L AL *28a NTEQKRPV-a
|> fino (32738-33295)

m. . . - (G) . . . . . - (D) . . 32880
ACTGACACTGAAGCGGAAGACAGAAGGGGAGACGCTTGTCCGCAGCCGGAAAACCAT CATCAATGTCACCACGCCACCAAAGT GGAAGGTGAAAAAGCAGAAGCT GGCCGAGAAAGCCGC
LTLKRKTEGETLVRSRKTIINVTITTPPKTIMWMIEKVYIKTEK @K KTLA ATETKA A-48

FIG. 2—Continued.
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Smal
32881 . Neell . . 33000
CCGGGMGCMCTGGCGGCMMMAG Gcccmcmacscmrccn‘rTATCTGMTCTGCCCACGCTGGATMYGCCGTGMCACOCIWGCCCTGGTGGOCGGGATTAT1’

REAELAAKKAQARQ@ALSITYLNLPTLDDAVNTLKTPWMWUWPGL Fgg

33001 Naell . 33120
TGACGGTGACACGCCCCGGCYTCTGGCCTGCGGYATCCGGGACGTGT TAC'I’GGMGACGTGGCGCABCGGAATATCCCGCTCTCGUTAMMACTGCGCAGGGCGCI GMGGCCAT(‘AC
D 6GDTPRLLACGIRDVLLEDVAQRNTIPLSHKEKLRRALKATILT g
1S3-AGC
33121 \/ ) . 33240

CCGYTCAGAMGCTATCTGTGTGCCATGAMGCCGGTGCC‘I’GCCGGTATGACACGGAAGGG‘I’ATGTGACGGAGCATATTIC?CMGAGGAGMCGTATGCGGCAMCGTCTGMTM

R SESYLCAMKAGACRYDTEGYVTEH

33241 -(A)

MTCCGCCGCCAGMCCGGATMAGGCAGMCT'I'CAGGCCGTGC‘ITGATGAGAMtaMiAMAGCCTCCATCAGACGAGAGGAGGCABGGMATMGGCITAMAGGAM‘I’MCTTOCG
K AELQAVLDE K * 18aa

1 RR QNRII

1 S QE EEAY AAERILD K48
33360

FIG. 2—Continued.

370) (243), as well as the initiation sites recently described
which are closer to oriT (M mRNAII, nt 291 to 324; M
mRNAIII, =nt 200 to 235) (207); for P;, the traJ promoter (nt
895 to 928) (243); for Pg,p, the promoter for the antisense
RNA gene, finP (nt 1074 to 1039) (72 251); for Py, the major
transfer operon promoter (nt 1756 to 1792) (90, 234, 235), for
P...a the anti-tra oriented gene, art4 (nt 16566 to 16532) (269);
and for P,y r, Py..s, Prats and Py, promoters preceding trbF
(nt 17521 to 17553) (105), traS (nt 22093 to 22135) (104), traT
(nt 22670 to 22708) (104), and traD (nt 23695 to 23732) (104),
respectively. Interestingly, the promoters for #rbF and #raS are
located within the upstream coding sequences for #bJ and
traG, respectively. In the R1 plasmid, the #aY promoter has
been mapped within the C-terminal coding region of traJ,
suggesting an in cis element of control in the regulation of the
P, promoter (134).

Early studies indicated that genes #aM and traJ are ex-
pressed from individual transcripts and that expression of the
majority of fra genes is regulated at Py (the #tra operon
promoter) (111, 257). The polarity of phage insertion muta-
tions, together with the phenotype of fraJ mutants, suggested
that a single TraJ-dependent transcript for the entire fra
operon extends from traY to tral (120, 257). The recently
characterized genes traX (35) and finO (250) might also be
included in such a transcript. Thus, the maximum length of the
P, transcript is not completely defined. raM expression is
negatively autoregulated by TraM (207), and the finding that
there is a transcript for the traM gene originating from the
region bound by TraY in oriT (Fig. 2; sbyA, nt 195 to 238)
suggests that TraJ may also have an indirect effect on tran-
scription of traM (discussed in the section on the TraM protein,
below) (207).

Recent studies have identified promoters from which distal
tra genes can be expressed, and there is convincing evidence
for Py-independent, constitutive expression of the surface
exclusion genes #raS and traT (31, 104, 124, 212) and of genes
traD (104) and tral (25, 194). A promoter preceding trbF may
also contribute to distal-gene expression (105). Whether tran-
scription from Py extends through to enhance the expression
of these genes is now in question. The identification of a strong
transcriptional termination loop just distal to traT (nt 23569 to
23663) has led to the suggestion that the transcript from the Py
promoter may not extend past this site and that transcription of
traD, tral, and traX may be entirely dependent on distal
promoters (35, 104). However, recent evidence indicates that
deletion of the Py promoter region results in a significant
decrease in the amounts of TraD and Tral protein that can be
detected, even in the presence of traJ. This suggests that the

normal level of their expression depends either on transcrip-
tion from the Py promoter or on a product from the Py
transcript (157).

Tral-independent transcription from distal promoters could
be important in the expression of gene products required for
establishment of the plasmid immediately after entry into the
recipient cell. For instance, expression of the genes for surface
exclusion immediately after transfer could ensure against
possibly damaging “supertransfer” from neighboring donor
cells. Expression of TraD and Tral may facilitate establishment
of a new relaxosome complex in the recipient cell and may play
a role in termination of transfer and establishment of a
membrane-binding site for the newly transferred DNA strand.
Similarly, newly created donor cells, carrying F-like plasmids
which are normally repressed (F is continually derepressed),
become tcmporanly derepressed (high frequency of transfer)
for several generations because of the TraJ protein synthesized
before FinOP repression of traJ is complete (179, 261). This
would allow for maximal expression of genes for transfer and
surface exclusion and would promote conjugation at high levels
to suitable recipient cells but would protect the donor cell from
the lethal zygosis-like activity of other donor cells. The role of
transient derepression in matings on solid surfaces has recently
been discussed by Simonsen (237).

The P transcript is expected to be long and to undergo
posttranscriptional processing. In this case, gene products such
as F pilin, which are needed in large quantities, should be
expressed from the most stable segments of this transcript. The
transcript for the R1 frad (pilin) gene has been shown to
undergo both 5’ and 3’ processing to a stable core RNA (the
equivalent F region is nt 2632 to 2799), protected at the 3’ end
by a large hairpin structure in the tral sequence, which is
conserved in the F sequence (nt 2684 to 2799) (131). The
transcripts for the #raS and traT genes also appear to be stable,
with the raT gene bracketed by large inverted repeats between
nt 22708 to 22747 and nt 23569 to 23663 (104).

A highly polar mutation, traK4 (nt 3731) (11, 180, 263), has
been shown to occur immediately prior to a potential intra-
genic rho-dependent terminator or rut sequence (nt 3966 to
3971) (208, 219). This conforms to the observation that polar
mutations involving premature termination occur at sequences
where C is more abundant than G, which define transcription
termination elements (13). That such transcription termination
elements occur regularly throughout the F tra sequence (208)
fits with the suggestion that intragenic terminators may be
invoked during times of stress to halt unnecessary transcription
prematurely (219). Antitermination has also been implicated
in the transcription of the fra operon. Mutations in the rfaH
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gene (formerly sfrB) affect F transfer and can be suppressed in
rho mutants, lending support to this idea (22). Thus, rfaH may
encode a gene product which ensures the complete transcrip-
tion of long operons such as those for transfer and lipopoly-
saccharide biosynthesis, possibly by altering the host RNA
polymerase (22, 87, 210).

TRANSLATIONAL PRODUCTS OF THE
F TRANSFER REGION

Figure 2 also shows the translational products of the most
reasonable open reading frames in the F tra region (start and
stop codons are given in lowercase type), including one for the
finO sequence translated after deletion of the IS3 element that
interrupts it. The properties predicted are summarized in
Table 1. For consistency, predictions for all products were
made by using one set of computer programs. Table 1 provides
the coordinates for each open reading frame, together with the
number of amino acid residues, relative molecular weight (M,),
and isoelectric point of the polypeptide product predicted from
that sequence by using the Genetics Computer Group Se-
quence Analysis Software Package program PEPTIDESORT
(47). Except when noted in the table, a protein approximately
the same size as the predicted product has also been identified
experimentally. In cases when protein processing is known or
thought to occur, numbers in brackets provide the correspond-
ing data predicted for the mature product. The subcellular
location is given, both as predicted by using computer algo-
rithms based on DNA sequence information and as experi-
mentally determined when such information is available. The
experimental location is based on immunological (A) or radio-
logical (L) detection in F* cells or analyses of maxicells or
other hosts in which fra genes were expressed from multicopy
vectors (X). Only the most recent data are presented; older,
conflicting results are not cited, for the sake of clarity. Table 1
also contains comments for each protein, including a summary
of relevant experimental data, references, and predictions
about the protein structure generated by using the data base
PROSITE (19) and PCGENE programs PSIGNAL and SUR-
FACEPLOT (84, 249). The signal sequences of polypeptides
predicted to undergo processing and modification are shown in
Fig. 2 and compiled in Table 2. When possible, results con-
firming these predictions are noted. A summary of the pre-
dicted and experimentally determined locations of the entire
array of tra products is shown in Fig. 3. With the exception of
pilin, the frad gene product, which is discussed below, the
predicted locations of tra products have been consistent with
the experimentally determined locations.

Figure 4 aligns the start codons and compares putative
ribosome-binding sites and translational start sequences for all
of the tra region ORFs thought to be translated. Stop codons
within these sequences are marked with asterisks, and coordi-
nates and distances between stop and start codons are indi-
cated. An examination of the start codons (Fig. 4) reveals that
the AUG codon is preponderant; however, alternative codons
are also used. The F and R100 #raY coding sequences initiate
at a UUG codon (116, 136), whereas other F-like plasmids use
GUG to initiate traY (98, 134). Other F tra genes with a GUG
start codon are traC (224), trbJ (156), traG (70), and, most
probably, traR (51).

Although there are intervening sequences between a num-
ber of tra genes, nesting of sequences appears to be the rule.
Sets of genes that exhibit a stop/start codon (or greater)
overlap are traE-traK-traB-traP-trbD; trbG-traV’;, traC-trbI-traW-
traU; trbC-traN; trbE-traF; traQ-trbB-trb]-trbF-traH-traG; and
traD-trbH-tral. Besides the sizeable intergenic regions between
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traM and traJ, traJ and traY, art4 and traQ, traS and traT, and
traT and traD, which accommodate promoter sequences, in-
tergenic gaps are also present upstream from traA, traR, and
traC for unknown reasons. A second translational initiation is
thought to occur in the #ral gene and result in the production
of Tral* (25, 247), whereas TraG* is probably not produced by
a translational restart but by proteolytic cleavage in the
periplasm (see below) (70).

LEADING REGION OF TRANSFER

Although the F transfer region can be defined as the
sequence between the origin of transfer (oriT) and the end of
the fertility inhibition gene, finO (Fig. 1 and 2), genes border-
ing these sequences are highly conserved among all IncF
plasmids studied and probably also have a role in plasmid
transfer. However, this role is subtle, and mutations in most
genes examined to date do not affect transfer between E. coli
strains.

The portion of F defined as the leading region of transfer
(coordinates 53.3F to 66.7F on the F map) is a highly con-
served 13-kb segment of DNA immediately adjacent to oriT
and extending into the primary replication-incompatibility
region, RepFIA (36). The leading-region sequences are be-
lieved to be the first to enter the recipient cell during conju-
gation (for a model of the mechanism, see references 255 and
266). Transcriptional and translational studies have shown that
this region is expressed and encodes at least eight polypeptides
(36, 122, 214).

The functions of four gene products of the leading region
have now been identified: ssb encodes a single-stranded DNA-
binding protein with sequence homology to, and ability to
complement mutations in, the E. coli chromosomal ssb product
(29, 130); psiB encodes a product which is thought to inhibit
the RecA protein coprotease activity and thereby bring about
a demonstrated interference with the SOS response in the host
cell (18, 54); fim is a complex region composed of three genes,
fimA, fimB, and fimC, involved in the maintenance of unstable
plasmids in a population (150); and orf169 (formerly geneX) is
the first gene transferred into the recipient cell and has been
shown to be important for transfer (20) (see below).

Both ssb and psiB sequences are conserved among a range of
transmissible plasmids (94, 95, 112) and are considered likely
to play a role in establishing newly transferred plasmid DNA in
the recipient cell. Significantly, both ssb and psiB on the IncI1
plasmid ColIb-P9 and psiB on F have been shown to be
zygotically induced in the recipient cell after transfer (16, 125).
The flm sequence, also previously referred to as parL (150,
215) or strm (96), which is largely identical to the hok-sok-mok
(parB) region of plasmid R1 (92), is also conserved among a
number of IncF conjugative plasmids (151). This plasmid
maintenance system may also play a postconjugational role in
ensuring the predominance of plasmid-carrying cells in the
recipient population.

Sequences potentially involved in the synthesis of the com-
plement to the transferred single strand of DNA in the
recipient have been identified in the leading region. Analysis of
available leading-region nucleotide sequences has revealed
potential integration host factor (IHF) recognition sites and
primosome assembly sites (148). Three of the latter are located
within functional single-stranded initiation sequences, ssiD and
ssiE (196); primers for recipient conjugal DNA synthesis could
be initiated at these sites.

Among other highly conserved genes and ORFs in the
leading region are psi4, which appears to be coexpressed with
psiB but may not be involved in suppressing the SOS response
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TABLE 1. Properties of F transfer region products
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Coordinates ~ Amino acid
of reading

frame

Gene Function
[Mature]*

length encoded

Polypeptide M,
[Mature M,]?

Subcellular location

b
pl Pre-

dicted”

Experi-
mental®

Comment®
Basis?

artA 16504-16193 104

finO Regulation 32738-33295 186

rad F pilin subunit  2249-2611  121[70]

traB  F pilus assembly  4243-5667 475

traC F pilus assembly  7725-10349 875

traD DNA transport 23779-25929 717

trak  F pilus assembly  2962-3525 188

raF  F pilus assembly 15082-15822 247 [228]

traG F pilus assembly 19403-22216
and aggregate
stability

938 [487]

12,131

21,221

12,768 [7,186]

50,460

99,191

81,683

21,161

27,973 [25,939]

102,471 [52,719]

8.42 M

10.48 C

[10.13] OM

5.18 M

590 C(M)

5.27 M

10.06 M
P/OM

[9.49]

630[5.30] IM
P

IM

M

M

M

Encoded by anti-tra strand. Product
not yet detected, but artd::lacZ
fusion protein was expressed (269).
Predicted to be an integral mem-
brane protein with membrane-
spanning segments at nt 46-71, 79—
100, and possibly 21-40.

Not expressed from F owing to IS3
insertion between nt 33133 and
33134 (31, 35, 274, 275); original
protein of size indicated is pre-
dicted to have been hydrophilic.
No membrane-associated regions
predicted.

A, L, X Signal sequence cleaved between 51
and 52 (83). Maturation is traQ
dependent; acetylation of the pilin
N terminus (Ala-52) depends on
traX (137, 158, 186, 191). Unas-
sembled F pilin subunits are lo-
cated in the IM of F* strains (186,
190, 200), and membrane F pilin is
oriented such that both its N-termi-
nal and C-terminal regions face the
periplasm (200). Transmembrane
segments are predicted to be at
77-95 and 101-121.

Predicted to be a predominantly hy-
drophilic protein with a probable
N-terminal membrane anchor at
residues 13-33 (74, 192).

A A cytoplasmic protein but membrane
associated in F lac cells (224, 225).
There is an ATP-binding motif at
486-493; aa 664-680 and 293-309
are hydrophobic and may be in-
volved in peripheral membrane or
internal associations.

X Purified TraD binds to blue dextran,
indicating nonspecific DNA-binding
activity (202). Its sequence (124,
274) is predominantly hydrophilic.
There is a strong prediction for
N-terminal membrane segments at
27-47 and 113-133, and an addi-
tional hydrophobic segment is at
392-412. There are ATP-binding
motifs at 192-199 and 421-426 and
an ATP synthase-like sequence at
628-637. A subtilisn-like serine
proteinase motif (predicted to have
a histine-active site at residue 191)
is also present.

X Predicted to be predominantly hydro-
philic with an N-terminal mem-
brane anchor at residues 12-33 (6,
83, 119, 137).

X Precursor and product observed; ma-
ture protein released from maxi-
cells by osmotic shock and pre-
dicted to be hydrophilic (270).

Only the N-terminal sequences of
TraG are required for pilus assem-
bly, but TraG C-terminal sequences
are required for aggregate stabili-

> >

Continued on following page
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TABLE 1—Continued
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Coordinates ~ Amino acid
Gene Function of reading length encoded
frame [Mature}”

Polypeptide M,
[Mature M,}°

pr

Subcellular location

Pre-  Experi-
dicted® mental®

Comment®

traH  F pilus assembly 18030-19403 458 [434-435]

tral  onT nicking un- 26648-31915 1756
winding

tral* 29510-31915 802

traJ  Regulation 1033-1719 229

raK  F pilus assembly 35154240  242[221]

tral.  F pilus assembly  2629-2901 91

traM Mating signal 463-843 127

traN  Aggregate sta-  12997-14802 602 [584]
bility

traP 5660-6247 196

traQ F pilin synthesis 16585-16866 94

traR 7344-7562 73

traS Surface exclu- 22252-22698 149
sion

50,244 [47,781-47,851]

192,014

87,882

27,061

25,627 [23,307]

10,379

14,507

65,714 [63,823]

21,961

10,866

8,313

16,860

[7.22]

5.94

5.41

6.78

[5.38]

10.64

517

[7.57]

9.37

9.38

7.20

10.37

P/OM
C C
C C
C C
P/OM

cM)

C C
PIOM OM
M

M M
C

M M

zation (70, 167). Product localization
with antibodies indicates that TraG
may be cleaved (suggested site is
between residues 451 and 452);
both a 100-kDa IM product and a
C-terminal 50-kDa periplasmic
polypeptide (TraG*) have been
detected (70). Potential transmem-
brane segments occur at ca. 54-73,
327-348, 364-385, 407-426, and
428-447; protease accessibility
studies with maxicells suggest that
large segments of TraG are located
in the periplasm (70).

Mature protein predicted to be pre-
dominantly hydrophilic. ATP-bind-
ing motif at 193-200 (70, 105, 167).

Helicase I (1). Nicks oriT, becomes
attached to the 5’ end, and un-
winds in the 5'-to-3' direction (172,
173, 218, 247). No predicted mem-
brane-associated regions; ATP-
binding motifs are at residues 177-
184 and 992-998 (25, 40).

Same polypeptide sequence as Tral C
terminus (25, 246). ATP-binding
motif at residues 48-55.

Insoluble aggregates expressed from
multicopy vectors, but cytoplasmic
in F* cells (38, 39, 243). No mem-
brane-associated regions are pre-
dicted.

Mature protein predicted to be pre-
dominantly hydrophilic (74).

Considerable hydrophobic character
and weak prediction for membrane
association of residues 31-61. Pos-
sibly a peripheral membrane pro-
tein (6, 83).

Protein has been purified from cyto-
plasmic fractions. Binds to multiple
sites in the DNA sequence between
oriT and traM (2, 3, 49, 50, 227,
243). No predicted DNA-binding
domain or membrane-associated
regions.

After processing, mature protein ex-
pressed in maxicells is in OM frac-
tions and partly exposed to pro-
tease K digestion of intact cells
(161). Only short hydrophobic re-
gions are predicted; ATP-binding
motif at 84-91.

Transmembrane segments predicted
at 25-49 and 118-138 (74, 192).

Required for efficient trad product
utilization (154, 158, 269, 271).
Two probable transmembrane seg-
ments at 17-34 and 37-57 might be
stabilized by an interhelix ion pair
between Arg-31 and Glu-45.

Polypeptide encoded would be hydro-
philic; no membrane-associated
regions predicted (51, 156, 192).

IM location when expressed in mini-
cells (6). Transmembrane segments

Continued on following page
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TABLE 1—Continued

S . Cc}ordiggtes l Argino aci(;,d Polypeptide M, . Subcellular location . .
ene unction of readin ength encode: r : omme:
frame s [gMature]" [Mature M} P dil::ltt;]" Eg;f:l; Basis” "
predicted at 34-53, 61-79 and 108-
143. The latter long segment could
double back into a hairpin at the
Gly-Gly-Gly sequence at 124-126
(123).
traT Surface exclu-  22796-23527 244 [233] 26,018 [23,795] 9.04 OM OM AL A major OM protein in F* cells (5,
sion 183). Lipoprotein processing and
N-terminal sequence confirmed (181,
185, 209). Hydrophobic regions oc-
cur at 23-40 and 121-131 (123).
traU F pilus assembly 11361-12350 330 [308] 36,786 [34,275] [768] P/OM P X traU mutants do express some F pili.

traV

traW

traX

traY

trbA

trbB

trbC

trbD

Both precursor and mature prod-
ucts have been observed; the latter
was released from maxicells by os-
motic shock (188). In addition to
the signal sequence, regions 37-50,
99-116, 139-148, and 184-209 are
hydrophobic, so there may be pe-
ripheral membrane associations
(188).

F pilus assembly  6694-7206 171 [153] 18,588 [16,564] [9.38] OM Two products, approximately 17 and
21 kDa, have been observed (51,
192). Sequence suggests lipoprotein
processing and OM location.

F pilus assembly 10732-11361 210 [192-193] 23,630 [21,690-21,761] [839] POM P X Precursor and product observed; ma-
ture protein found in periplasmic
fractions (162, 164). Signal se-
quence cleavage predicted between
17/19 or 18/19.

F pilin acetyla-  31938-32681 248 27,535 8.93 M M X Predicted to be an integral membrane

tion protein with multiple transmem-
brane segments and a highly hydro-
phobic overall character (35, 155,
186).

oriT nicking 1821-2213 131 15,183 10.19 C Required in a lambda-F oriT nicking
assay (57) but not in an in vitro
reaction (172, 218). Protein has
been purified from cytoplasmic
fraction, and DNA-binding sites
have been analyzed (115, 116, 136,
195). No membrane-associated re-
gions predicted (72, 84).

15841-16185 115 12,944 8.36 M M X Protein found in inner membrane
fractions (127, 269, 271). Predicted
to be highly hydrophobic in charac-
ter; segments with membrane-span-
ning potential at 5-25, 39-59, 62—
80, and 90-109. Leucine zipper
motif at 35-56 of unknown signifi-
cance.

1685617392 179 [159] 19,505 [17,445] [8.100 P/OM P X Precursor and product observed; ma-
ture protein is released by osmotic
shock from maxicells (127, 269,
271) and predicted to be quite hy-
drophilic.

F pilus assembly 12362-12997 212[191] 23,433 [21,226] [8.12] P/OM P X Precursor and product observed; ma-
ture protein is released from maxi-
cells by osmotic shock (163), but
short hydrophobic regions could
indicate peripheral membrane asso-
ciations.

6237-6431 65 7,053 5.73 C Product not yet detected; sequence
suggests a hydrophilic protein; no
membrane-associated regions pre-
dicted (74).

Continued on following page
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TABLE 1—Continued

Amino acid
length encoded
[Mature}*

Coordinates
of reading
frame

Polypeptide M,

Gene Function [Mature M,]®

Subcellular location

pl’ Pre-  Experi- . Comment®
dicted® mental® Basis"”

trbE 14829-15086 86 9,910

trbF 17653-18030 126 14,480

rbG 64466694 83 9,126

trbH 25932-26648 239 26,259

trbl 10349-10732 128 14,132

trb] 17385-17663 93 10,160

Product analysis indicates an intrinsic
inner membrane protein (161).
Transmembrane segments pre-
dicted at 11-33 and 44-68.

Product not yet detected. Predicted
to be an integral membrane protein
with two transmembrane segments
at 29-51 and 69-97 (105, 146).

Product not yet detected; no mem-
brane-associated regions predicted
(51).

Product not yet detected; C-terminal
membrane anchor predicted at
209-228; several other short or
weakly hydrophobic segments are
present (25, 156).

Product analysis in maxicells indicates
an intrinsic IM protein (164); se-
quence predicts N-terminal anchor
at 18-40.

Predicted to be an inner membrane
protein with membrane-spanning
regions at 6-29 and 42-67 (156,
269).

439 IM M X

840 IM

648 C

895 IM

1012 IM M X

680 IM

“ Except as indicated, values given in brackets for amino acid length and other properties of processed proteins are based on predicted signal sequence cleavage sites.
> M, and pl values were obtained with the Genetics Computer Group program PEPTIDESORT (47). Values in brackets are derived from the predicted sequence

of the unmodified, processed polypeptide.

¢ C, cytoplasm; IM, inner membrane; P, periplasm; OM, outer membrane. (M) indicates peripheral membrane association.
4 A, location of product in F* cells detected with antibody; L, location of labeled protein in F* cells; X, location of labeled product expressed from multicopy

plasmids.

¢ Except as noted, protein products consistent in size with the predicted products have been identified. Predictions concerning protein character were based on results
obtained with PROSITE and the PCGENE program SURFACEPLOT (249). Numbers refer to amino acid residues in the product encoded.

in the recipient (17, 18, 149), and ORFs, ORF169 and ORF273
(59,97, 148, 151). orf169, also designated geneX, is immediately
adjacent to oriT and crosses the BglII site at position 1 in Fig.
2. It begins at nt 49 and is transcribed in the opposite direction
to the transfer region. The beginning of the orf169 transcript
near nt 74 and the first raM transcript (M mRNAIII, nt
235) could result from expression from divergent promoters
flanking oriT (207). Expression of ORF169 is affected by
IHF in the R100 plasmid system (46), and recent evidence
demonstrates that expression of the homolog in the R1 trans-
fer region, genel9, is affected by RNase III cleavage (133).
genel9 can be considered a transfer gene since mutations in
its coding sequence result in drastically reduced levels of
transfer and interfere in the release of the male-specific phage
R17 (20). ORF273 is transcribed in the opposite orientation
to ORF169 and in the same direction as the majority of
genes in the transfer region (148). The ubiquity of these ORFs
and other leading-region sequences among transmissible plas-
mids suggests an importance for the whole region in the
evolution of conjugative plasmids. This topic remains the
subject for another review once the entire nucleotide sequence
and results of further functional analysis are available for the
leading region.

NICKING AND INITIATION OF TRANSFER AT THE
ORIGIN OF TRANSFER

The biochemistry of the “nicking” reaction has indicated
that the Tral protein, which nicks the DNA, is a transferase
that catalyzes the covalent attachment of the 5’ end of the

DNA to the protein. Thus this reaction is not a true nick which
results in free 5' and 3’ ends; however, for the sake of
simplicity and for historical reasons, we have continued to use
this term. The initiation of DNA transfer is thought to involve
recognition of a signal, presumed to be generated when
mating-pair formation has been successfully completed, by the
DNA transfer machinery, which is known as a relaxosome or
“transferosome.” Subsequent steps include the completion of
the nicking reaction, unwinding of the DNA, and transport of
the nicked strand into the recipient cell. The timing of the
nicking reaction has not been established; an equilibrium
between nicking and religation may occur in vivo, or nicking
may occur in response to a signal generated during mating-pair
formation. The equilibrium model is currently favored since
inefficient nicking has been shown to occur in vitro in the
absence of the tra gene products required for mating-pair
formation (173, 218). The tra proteins involved in DNA
metabolism during transfer are TraM, TraY, Tral, and TraD
(57). It has been suggested that TraM may process the signal
that a mating-pair or aggregate has formed (266) and that
TraY may direct the nicking enzyme, Tral, to oriT (247). Tral,
which is DNA helicase I (1), apparently has two functions,
nicking and unwinding (218), whereas TraD is involved in
pumping the DNA into the recipient cell (201). A discussion of
the processing of DNA at oriT during plasmid transfer is
provided by Wilkins and Lanka (256) and includes a compar-
ison of the F system with those specified by other conjugative
plasmids in gram-negative bacteria.
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TABLE 2. Processing sites of F tra region products, including the processing sites for leader peptidases I and II

Gene 123:!- Signal sequence i‘gf;:;ig Comments
F pilin precursor
traA 51 MNAVLSVQGASAPVKKKSFFSKFTRLN- Mature protein is in inner membrane
MLRLARAVIPAAVLMMFFPQLAMA AGSSGQDLMA- if assembly proteins are absent
(186, 190). Acetylated N terminus
of mature F pilin confirmed (83).
Periplasmic proteins
traF 19 MNKALLPLLLCCFIFPASG KDAGWQWYNE-  Mature protein released by osmotic
shock from maxicells carrying
TraF* plasmids (270).
traG (451)° . MMVKGLGAGFSSVYSHFASSSISPTASA AGSVVDGNYS-  Protein TraG* has been detected in
periplasmic fractions; suggested
TraG* N terminus corresponds to
amino acid 452 in TraG (70).
traH 23 MMPRIKPLLVLCAALLTVTPAAS ADVNSDMNQF-  Subcellular location predicted (105).
24 or MMPRIKPLLVLCAALLTVTPAASA DVNSDMNQFF-
trak 21 MRKNNTAIIFGSLFFSCSVMA ANGTLAPTVV-  Subcellular location predicted (74).
tral 22 MKRRLWLLMLFLFAGHVPAASA DSACEGRFVN-  Mature protein released by osmotic
shock from maxicells carrying
TraU™ plasmids (188).
traW 17 MRCRGLIALLIWGQSVA AADLGTWGDL-  Mature protein released by osmotic
18 or MRCRGLIALLIWGQSVAA  ADLGTWGDLW- shock from maxicells carrying
TraW™* plasmids (164).
trbB 20 MSLTKSLLFTLLLSAAAVQA STRDEIERLW- Mature protein released by osmotic
shock from maxicells carrying
TrbB* plasmids (271).
trbC 21 MKLSMKSLAALLMMLNGAVMA  SENVNTPENR-  Mature protein released by osmotic
shock from maxicells carrying
TrbC™* plasmids (163).
Outer membrane proteins
traN 18 MKRILPLILALVAGMAQA DSNSDYRAGS-  Mature protein is found in outer
membrane fractions of maxicells
carrying TraN™* plasmids and
partially degraded by protease
treatment of whole cells (161).
traT 21 (LP)? MMKTKKLMMVALVSSTLALSG CGAMSTAIKK-  Location, lipoprotein peptidase
processing, and N terminus have
been confirmed (181, 185).
traV 18 (LP)* MKQTSFFIPLLGTLLLYG CAGTSTEFEC- Tentative location, suggested by

possible lipoprotein peptidase site
(51).

“ As suggested by the PCGENE program PSIGNAL (249). LP indicates a lipoprotein peptidase site not identified by this program.

b Except as noted, the N-terminal sequence is based on a PSIGNAL prediction.

¢ The amino-terminal segment of TraG includes inner membrane domains that are essential for expression of F pili; only the residues immediately preceding the

putative processing site are shown.

4 This signal sequence was used in deriving the PROSITE consensus sequence for lipoprotein peptidase sites.
¢ Processing was not predicted by PSIGNAL; PROSITE did not identify this lipoprotein-processing site unless a one-residue mismatch was allowed.

oriT Region

The oriT region is arbitrarily defined as the region between
the BgllI site at nt 1 (Fig. 2) and the beginning of the raM gene
(nt 463). This region was first sequenced by Thompson et al.
(244) and contains the site where nicking occurs and transfer of
single-stranded DNA is initiated, in a 5'-to-3’ manner, into the
recipient cell (113). The lower strand of the sequence pre-
sented in Fig. 2 is nicked, and the first sequence transferred is
that for ORF169, which is part of the leading region as
described above.

Deletion analysis of cloned F oriT sequences has revealed
that this region can be divided into two sections. One is
essential for nicking, and the second is essential for transfer,
provided that nicking has occurred (85). Clones that contained
the sequence between nt 118 and 215 were nicked in an in vivo
nicking assay; however, normal mobilization of these ornT
clones required that the sequence be extended to nt 253. This

suggests that the IHF-binding site (site A) and part of the
TraY-binding site (sbyA) are required for nicking, while sbyA
and half of the inverted repeat which defines the third, weakest
TraM-binding site, sbmC, are required for transfer (Fig. 2, nt
118 to 253). Deletion of sequences from the Bg/II site toward
onT resulted in the formation of plasmid multimers in the
recipient cell, suggesting a defect in the resolution of the
plasmid during transfer termination (85). Recently, evidence
has been presented that initiation and termination can be
separated into distinct functions on the basis of a deletion
analysis of the region immediately downstream from oriT (89).
Whereas initiation of transfer requires IHF site A and sbyA,
efficient termination requires the presence of IHF site A only.
Thus termination has fewer requirements than initiation and
involves the inverted repeats immediately upstream of oriT and
the sequences downstream of oriT up to and including IHF site
A. These results may be related to the finding that recombi-
nation between F lac and a Aplac5 is enhanced and depends on
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FIG. 3. Diagram summarizing the information on the tra gene products with respect to their location in the bacterial cell, taken from Table 1.
The tra gene products are separated according to function: pilus assembly, MPS (mating-pair stabilization), control (regulation of tra gene
expression), DNA transfer, Sfx (surface exclusion), and unknown. TraD may also have a role in pilus assembly (not shown; see the text). TraG,
which has two functions, is shown overlapping the boxes for MPS and pilus assembly. The deeply shaded tra products are positioned according to
computer predictions. The more lightly shaded products representing TraB, TraE, and TraV are oriented arbitrarily in the membrane with the bulk
of the protein exposed in the periplasm. Thin rectangles indicate single membrane-spanning regions, and L and N indicate lipoprotein and

N-terminal anchors, respectively.

the presence of oriT in the plasmid as well as functional TraY
and the N-terminal portion of Tral (28).

The site of nicking was determined by Thompson et al.
(245), using a strand interruption assay, to be after position 140
(Fig. 2 and 5) on the transferred (bottom) strand and has been
confirmed in vitro by Matson et al. (172, 173). Reygers et al.
(218) have reported the nick site to occur after nt 141, but their
data also showed prominent nicking between nt 140 and 141.
The nick site in R100 has also been shown to correspond to
position 140 (117). Examination of the sequences of the first
four alleles (I to IV) of onT (259) (Fig. 5) reveals almost
complete conservation of sequence between nt 1 and 173,
suggesting that the allelic specificity of oriT is conferred by the
interaction of transfer proteins with DNA sequences bordering
this region. Two mutations in oriT have been characterized and
sequenced (nt 144 and 149) and were found to be immediately
downstream of the nick site (244). This is the same region that
contains a 2-base difference in sequence between F and R100
(nt 146 and 148), which may define the allelic specificity of Tral
(Fig. 5). Recently, sequences of the oriT-traM-finP regions of
three other F-like plasmids were reported: P307 (98), pSU223
(222), and pSU316 (152), which is very closely related to F (see
Fig. 5 for a comparison of oriT). These new examples confirm
that the arrangement of sequences in oriT is importarit and is
strongly conserved.

The oriT region is subject to bending both as a consequence
of its sequence and through the action of proteins such as the
chromosomally encoded IHF and, perhaps, various tra proteins
such as TraY (see below). An intrinsic bend, which is usually
caused by runs of homopolymeric dA - dT bases repeated in
phase along the DNA sequence (37), is centered at position
245 and is a composite of two bends near positions 171 and 267
(248). IHF causes sharp bends (140°) in the DNA (273) and
binds strongly to a site (site A) in oniT extending from bp 160
to 195 and with less affinity to a second site (site B) extending
from nt 290 to 320 (248). IHF also affects the efficiency of F
plasmid transfer by affecting the transcription of F transfer
functions (88). It binds to equivalent sequences in R100 (114,

175) and affects the initiation and length of the orf169, traM,
and traJ transcripts (44, 46). pED208 oriT has four IHF-
binding sites, two of which correspond to those in F oriT (see
Fig. 5) (50). The remaining two sites in pED208 were identified
in the presence of potassium glutamate, which enhanced DNA
binding (50). The presence of binding sites for IHF at corre-
sponding positions in F has not been ruled out.

A comparison of the eight available oriT sequences from
plasmids of the IncF complex reveals precisely defined regions
which can be assigned different functions (Fig. 5). The first 109
bp contains the promoter and translational start for orf169
(also called geneX or genel9), which is transcribed in the
opposite orientation to most of the genes in the transfer
region. This sequence is highly conserved among the different
oniT sequences of the F-like plasmids (Fig. 5). The region
defined by nt 110 to 177 contains the nick site in F (between nt
141 and 142) within a G+T-rich sequence on the bottom
strand (Fig. 2 and 5). Again, this region is almost identical
among the first seven alleles of oriT and is highly conserved in
the eighth allele for pED208. The sequence between nt 114
and 145 contains the sequence G/TTG(G)TGGTG/T three
times, once on the top strand between nt 114 and 122 and twice
on the bottom strand (nt 133 to 125 and nt. 144 to 137), where
the second sequence contains the nick site (244). The two
overlapping inverted repeats containing this sequence (nt 114
to 132 and nt 112 to 145 [Fig. 2]) may be important for the
initiation and termination of transfer; interestingly, the in-
verted repeat at nt 114 to 132 is the first sequence transferred
into the recipient cell and has been implicated in transfer
termination (85). A third, small inverted repeat between nt 150
and 167 is conserved within the first seven alleles of oriT but is
not present in pED208 (Fig. 5).

The sequences corresponding to the F segment nt 161 to 237
(which include an intrinsic bend at position 168) are all A+T
rich. Since the group II and III alleles are almost identical in
this region and express the same fraY gene product, the oriT
binding site for TraY was suggested to be in this A+T-rich
segment (61). This prediction has been confirmed for the F
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TraY protein, which binds between nt 205 and 241 (sbyA),
containing half of an imperfect inverted repeat (nt 180 to 224
[Fig. 2 and 5]) (136, 195). Similarly, a binding site for the R100
TraY protein has been found within this region; the sequence
recognized is TAA(A/T)T, which resembles the ATAAA se-
quence found in F sbyA (nt 220 to 224, bottom strand) (115,
195). Recently, TraY has been shown to bend the DNA at an
angle of 50 to 55°, and this bend is centered at nt 218 (153) (see
the section on the TraY protein, below).

Immediately after position 239, the sequences for the differ-
ent plasmids diverge (Fig. 5), but they characteristically include
a complex series of direct and inverted repeats specific for each
allele. F contains an inverted repeat (nt 234 to 278) and two
imperfect direct repeats (nt 324 to 345 and nt 370 to 391), each
containing the sequence CGGC/TGCG (Fig. 2) (61, 244).
These repeats define the binding sites for the F TraM protein
and have been named sbmA, sbmB, and sbmC (Fig. 2 and 6)
(49).

Besides the promoter identified by runoff transcription in
vitro (243), two other promoters for zraM have been identified
by using primer extension (207). Two of these promoters (M
mRNAI and M mRNAII [Fig. 2]) initiate at identical positions
within the direct repeats that define the sbmA and sbmB
binding sites (compare the sequence surrounding nt 326 to 371
[Fig. 2]). Primer extension analysis and immunoblots of TraM
protein suggest that TraM regulates its own expression from
both these promoters. A third promoter for traM initiates
within the sbyA binding site for TraY near oriT (M mRNAIII;
nt 235) and has increased activity in traY and fraJ mutants (202)
(see the section on the TraM protein, below). Recently,
autoregulation has been reported for the raM gene of the R1
plasmid by using a single-copy lacZ reporter gene linked to the
traM promoter region and incorporated into the chromosome
by lysogenization (228). By using similar techniques, two
promoters have been mapped for the traM gene of R100, one
of which is constitutive while the other is autoregulated by
R100 TraM and is partially repressed by IHF (Fig. 5) (3). The
positions of these promoters differ somewhat from those
reported previously for R100, one of which is within the traM
coding region (45).

The TraM protein of pED208 binds to four sites in the oriT
region, which contain 15 of the 16 short 5-bp repeats
(GANTC) in phase along the DNA (Fig. 5) (48). Similarly, the
group III oniT segment of the R1 plasmid, which includes two
large binding sites for the R1 TraM protein, also contains
Hinfl-like sequences, although they are not as frequent or
equally spaced as in pED208 (Fig. 5) (227). The oriT region of
R100 contains four binding sites for the R100 TraM protein (2)
with a consensus binding sequence reminiscent of F (compare
TAGGGtCGctaCTa/gG [R100] with TAGGGGCGCTGCT
AG [F; nt 370 to 384]). Interestingly, the oriT region of ColE1
contains an F TraM-binding site (49), although TraM is not
required for ColE1 mobilization (258). This suggests that F
TraM may have a subtle role in ColE1 mobilization not
detected in the mobilization assay or that one of the ColE1
mob genes is an analog of F TraM, despite the absence of
apparent homology (24, 74).

A primosome (n')-binding site has been proposed for the
sequence at positions 236 to 241 (AAGCGG), which lies within
the inverted repeat that forms sbmC and coincides with the
initiation of transcription from the third #raM promoter (nt
235, M mRNAIII [Fig. 2 and 5]) (267). Unlike the Incl plasmid
Collb-P9 (30, 216) or the IncP plasmid RP4 (138, 217), the F
plasmid does not encode a plasmid-specific primase and relies
on the host primase to initiate DNA replication in the recipient
cell. Potential ssi (single-strand initiation) sites in the leading
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region have been mapped, as have a number of ssi sites
throughout the plasmid (171, 196). The presence of one site in
the F-f5 fragment (fifth largest EcoRI fragment of F) has been
shown to allow conversion of single-stranded DNA to a
replicative form in vitro by using a mechanism similar to that
for $X174. Thus the ssi sites may be used in DNA synthesis in
the recipient cell, whereas the primosome assembly site and
possibly the raM promoter under TraY control could be used
in the initiation of transfer. Recent evidence suggests that a
noncovalent association between the Tral protein and the
3'-OH generated by nicking at oriT may prevent rolling-circle
replication from this end; in an in vitro system, treatment with
sodium dodecyl sulfate (SDS) and proteinase K was required
to obtain extension with DNA polymerase I (173).

TraY Protein

The F traY gene (nt 1821 to 2213) (72) was initially thought
to encode a 13.8-kDa protein. However, the gene was later
shown to initiate with the rare codon TTG and encode a
protein of 15.2 kDa, which more closely resembled its apparent
molecular mass on SDS-polyacrylamide gels (116, 136). The F
traY gene appears to be an example of gene duplication in
which the N-terminal and C-terminal halves of the protein
show homology to each other and to the smaller products of
other traY alleles (116) (Fig. 6).

The F TraY protein was shown to bind to the upper strand
of the onT region between nt 205 and 241 by band retardation
assays and DNA footprinting techniques (Fig. 2 and 5) (195);
the R100 TraY protein binds to the corresponding region of
the group IV oriT allele (115). In both cases, binding of TraY
has also been demonstrated near the transfer operon promoter
preceding traY (Py) and has been named sbyB in F (nt 1794 to
1820) (115, 195). Recently, a third TraY-binding site, sbyC,
overlapping the IHF-binding site, site A (nt 180 to 199 [Fig.
2]), has been proposed (153). In the absence of IHF, binding of
two additional monomers of TraY to sbyC can be demon-
strated in vitro at high concentrations of TraY (153). Compar-
ison of the three TraY-binding sites, sbyA, sbyB, and sbyC, has
revealed that the most highly conserved sequence is CtCT
NTTTAT, which may be important in TraY recognition (153).
In vitro analyses further indicate that each arm of the imper-
fect inverted repeat (nt 180 to 224 [Fig. 2]) includes the most
critical sequence required for TraY recognition of the two
adjacent binding sites, sbyC and sbyA (153). The precise
boundaries of the sbyC binding site and the in vivo conditions
under which TraY rather than IHF might bind to sbyC remain
to be characterized.

TraY has been predicted to be related to the P22 phage
repressors Arc and Mnt (23). These repressors act as tetramers
with their N-terminal domains in an extended conformation,
establishing contact with their operator sequences. Since the
primary differences among the four TraY alleles occur within
the first 24 residues, this domain could be involved in TraY
binding to the DNA. Recently, the structure of the met
repressor, which is homologous to the Mnt and Arc repressors,
has been solved (239). This protein uses a “ribbon-helix-helix”
motif to form contacts with the DNA where the two dimers of
the met repressor bind short sequences 8 bp apart. The authors
suggested that F TraY probably shares this protein conforma-
tion and that one TraY protein could serve as a dimer (239).
This proposal has recently been confirmed since sbyA binds
two TraY monomers (153). Interestingly, there is a short
repeated sequence spaced 8 bp apart in sbyA (TCTCITA
CICTCTT; nt 208 to 221) which is similar to the spacing in the
recognition sequence for the met repressor (239). This se-
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F TRANSFER REGION TRANSLATION STARTS:

traM

trad

traYy

traA

tral

trak

trak

traB

traP

trbd

trbG

traVv

traR

traC

trbl

traW

trau

trbC

traN

GAAAUUAACUUUAUUUUAUGUUCAAAAAAGGUAAUCUCUAAUGGCUAAGGUGAACCUGUAU. . . . .UAA
M A KV NLY |
nt 846

UGCAUCGACUGUCCAUAGAAUCCUUUGUGAGGAGGUUCCUAUGUAUCCGAUGGAUCGUAUU. . . . .UAA
MY P MNDRI I
1722

ACAUAAGUGGUAACCAGAAGAUAAACAGCGGGAGGUGQMAUUGAAAAGAUUUGGUACACGU.....UAG
M K R F G TR |
2216

. £l 1] - . - - - .
CACUCUAGUUUUAUUCAUUUAUCCGAAAUUGAGGUAACUUAUGAAUGCUGUUUUAAGUGUU. . . . .UGA
M NAVLSV |
2614

. . . £l - . . .
UGGGUAUGGCCGUCGUUGGCCUCUGACAGGAAAUAAAACGAUGUCGGGAGACGAGAAUAAA. . .. .UAA
M S G D E N K
2904

GCCGGC‘GUGGAUUAAAUAGAACUGAUACCAGGAUQQDAUAUGGAACACGGUGCCCGUUUA.....UAA
M E H L

G A R
3528
. . . . . chRw C.
AACGGGGUGACCUGGCUGGAUAAUUUCGGGGAAACAGACGAUGAGAAAAAAUAAUACGGCA. . .. .UGA
M R K N N T A
4243

. . - . £l L] . .
GCAUGGAUGUGUAUGUCAUCCGUGACGGQGA§§GCAACUGAUGGCCAGUAUCAAUACCAUU.....UA?
M A S I N T I
5670

. . . . . [T .

CCGCAGCAGUUUAUGUCCGGCAGCCAGGGAGGGGGCAACGAUGGCAAAUAAUAUGUCGUCC. ... .UAA
M AN N M S S

6250

. . e . . il .

CUUCCUGAUGACAGAACAAACAGAAACAACGGAGAUAAAAAUGAACAUGCGUAAUAUUAAU. . . . .UAA
M N MR NTTN

6434

. - . 1 1 Y . . -
UCGGUGUGAUGAAGAAUUCAGAAAUAUAAGGAACCCUUCGAUGAAUAAGCUGGUUUCUGAU. . . . .UGA
M NKLVSOD |
6697

. . . - > XT3 . .
AGAAGGAUUUUGUGAACUGCGAUGAGAAAGGUGAGGGACAAUGAAACAGACUUCUUUCUUL. . . . .UAA
M KQTSFF |
7209

UGGGCGGUAGCGUGUCAGAACAUGUCGGGAGGAAUAUUCCEUGAGUGAUGAAGCCGAUGAA. . . . .UAA
M S DEATDE |
7565

UACCGCAUUUCUCGCUUUAUUUUUCAACUAAGGAAUUCAUGUGAAUAACCCACUUGAGGCC. . .. .UGA
M N N P L E A ;
1035

. - - - X 21 . .
AAGCCUGGCUGGAAGAACAUGAGAAAUACAGGAGUGUGGCAUGAGUUCAACGCAGAAACCC . . . . .UGA
M S ST QKF®P |
10735

- . - - 3 227 . -

AAAUCCAGCAGGAUAUUGCCCGGCGAAUGAGGGCGGAACCAUGAGAUGCCGGGGGCUGAUU. . . . .UGA
M RCRGL I |

11364

. . . - chan . .
UCCUGAAGGUGGAAUUUAUUCCGGCAGAGGAGGGCAGAAAAUGAAGCGAAGGCUGUGGCUG. . .. .UGA
M K R R L W L |

12353

- . . R . . .

UGUGGCGUAAACGUAACUGUGUCUUCCUGUGAGGUGAAUGAUGAAGCUGAGUAUGAAAUCU. . . . .UGA
M KLSMHKS |

13000

. . . . 1) . .
UGGCUCAUGAUUUACUGGCAGGGAAAGGAGAUUCCGGGAAAUGAAACGUAUUUUACCUCUG. . .. .UAA

M K R T L P L ;
1480
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nt to START
187 AUG-traJ
4033
99 UUG-traY
IBZ1
33 AUG-traA
4269
15 AUG-tralL
4629
58 AUG- traE
2962
-13 AUG-traK
%515
0 AUG-traB
1243
-10 AUG-traP
5660
-13 AUG-trbD
1237
12 AUG-trbG
6446
-3 AUG-traV
1694
135 GUG-traR
7344
160 GUG-traC
7725
-3 AUG-trbl
0349
-3 AUG-traW
40732
-3 AUG-trau
11361
9 AUG-trbC
42362
-3 AUG-traN
12997
24 AUG- trbE
46829
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trbE

trafF

trbA

traQ

trbs

trbJ

trbfF

traH

traG

tras

tral

traD

trbH

tral

tral*

traX

fino
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END

- - 2 1] . . . . - -
AACAGGCAGGACAGUAAGGUAUGGGAAAUAACCGGGGGAAAUGAUGAAAGUCAUAUUCACG. . . . . UAA
M KV I FT |
15089

. . . . E 223 . .

CAGAAACCUGAUGAAAGAAAAAGUGAUGAAAGGAAUGAAGAUGAAUAAAGCAUUACUGCCA. . . . .UAA
M N KALLSFP |

15825

. . . ke . . . .

UGAAGAUUUUAAACCCAAUUUUUAAUCGCGGAUUUGAUUUAUGAGUGAAGAUUAUUUGAAA. . . .. UAA
M §$ E D Y L K

16188

GACAUGAAUACUCUCAUGUAAAUAAUAACCGGAGUQDAACAUGAUAAGUAAACGCAGAUU&.....UAA
M I 8§ K R R F

16869

. . . . . 1] .

AGGCAACAGGCCAUGAUGGAAGGGCAGCAGGAGGGCGGACAUGUCUCUCACUAAAUCACUG. ... .UAA

M S L T K s L

|
17395

. . . . . (23] .
CGGGUGGAUACCGUUUUGCAGAUGUACGGAGGAAAAAAAGGUGCGAAAUAAGCAGGUGGUG. . . . .UAA
M R N K @ V V

|
17666

. . . . . chmn .

GGUCUGAAUGAAUCAUCGGAAAUAUCAGAGGGAACUUAUAAUGAGAGAAAAUAAAAGUAAU. . ... UGA
M R E N K S N

18033

. . . £y ekkh - .
UGUCGUAUGCACCGGGAGAACACAUUAAGGGAGGGCAAGAAUGAUGCCACGCAUUAAACCU. . . . .UGA
M M P R I XK P

|
19406

- . - . X 21 . .

GUCGUUACCAGAACAACUAUCACUUCGGAGGGAGCACGCUGUGAAUGAAGUUUAUGUGAUU ... .UAA
M N EV Y VI |

22219

. hhk . . - . - -
AAGAAUAAUCAUAACAUGUUGGGUAGGGUAUGGAGAGACCAUGAUUACACAACAAAUUAUC. . . . . UAG
M I T aail 1 |
22701

GUUAUCAAGAGUAAAAUAAAAGAUAUQAGAéAgUAAAUAURUGAUGAAAA&AAAAAAACUR.....UGA
M M K T K K L
23530

AUAAUCAGUCCGACUGACUUUUUUUCUUCGGAAUAUCAUCAUGAGUUUUAACGCAAAGGAU. . . . .UGA
M S F N AKD |
25932

. . . . [ L] . .
GGGAGCGCGGGGAGGAUGUUGAGCCGGGAGAUGAUUUCUGAUGAACAGGUCAACUCCAGUC. ... .UGA
M N R S T PV
26651

ckkw . .
GGGAUAUACGUUUAUGAUGAGUAUUGCGCAGGUC. . .. .UGA
M M S I A QV

GUGGGAUUGAUGCCGGGAUAGGUCAA

|
31918

GAGCAUUCUUCGCCAUAUUCUCGAAGGUAAGGAGGCGGUCAUGCCGCUGAUGGAGAGAGUA.. . . . . UGA
M P L MNERYV |
31918

- . *hk . . - .

AAAACCCUGGGUGGAGACUGAUACAGGAAGACAAACGCUGAUGACAACGGAUAACACGAAC. . . . .UGA
M T TDNTN |

32684

GCCGCAACGAACGGCUGAUUCGUCAGAGGCiGAACACAGC;UGACAGAGC;GAAGCGACC&.....UAA
M T E Q@ K R P |
33298

ANTI-TRA STRAND

artA

UGUAAUAUUCGCGUUUGUGUGAUAUUAAUCAGAGGUACAAAUGGAAAAGCGAUCUUUUAAA . . . . . UGA
M E K R S F K |
16504 16190

nt to START

-7 AUG-traF
45082

16 AUG-trbA
%5841

397 AUG-traQ

[+2 to

end artA] 16585

-13 AUG-trbB
46856

-10 GUG-trbJ
17385

-13 AUG- trbF
17653

-3 AUG-traH
48030

-3 GUG-traG
19403

33 AUG-tras
22252

95 AUG-traT
£2796

249 AUG-traD
%3779

0 AUG- trbH
25932

-3 AUG-tral
26648

20 AUG- traX
31938

20 AUG- traX
31938

54 AUG-finO
32738

191

FIG. 4. Summary of the F transfer region translational start sites. The sequence of the regions at the initiation of translation for each gene is
aligned with respect to the initiating codon for methionine. The possible ribosome-binding sites are underlined or overlined, and the stop codons
for the previous gene (if applicable) are shown as ***. The sequence of the stop codon for each gene, as well as the sequence of the succeeding
start codon, is given. The position for the stop codon for each gene is indicated below the line, as is the position of the start codon in the following
gene. The number of intervening base pairs is shown; a negative number indicates that the genes oveslap.
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101 nick INTRINSIC BEND 1 IHF SITE A
ORIT 1 AAGGCTCAACAGGTTGGTGG- T TCTCACCACCAAAAGCACCACACCCCACGCAAAAACAAGTTTTTGCIGATTYTTCTTTATAAATAGAGT-GTTATGAA 198
ORIT II AAGGCTCAACAGGTTGGTGG- TTCTCACCACCAAAAGCACCACACCCCACGCAAAAACAAGTTTTTGCTGATTTG-C-TTTTTGATCATTAG-CTTATGT 196
IHF SITE A

ORIT IV AAGGCTCAACAGGTTGGTGG- TTCTCACCACCAAAAGCACCACACACTACGCAAAAACAAGTTTTTGCTGATTTA-CGTTTTAAATCATGTAA-TTAACA 197

ORIT III AAGGCTCAACAGGTTGGTGG- TTCTCACCACCAMAGCACQCACCCCACGCMAMCMGTTTTTGCTGATTTG- CTATTTGAATCATT-AACTTATGT 197
ORIT V GACATATTTCTGTATGCCTGCTCCTTAACATC-AAAGTCCCACACCCGTCGCAAGATTTAATCTTGCATGAT TATCCTTTA;#;Tgi';iG?ATTACGTTA 114
ORIT SU233 AAGGCTCAACAGGTTGGTGG-TTCTCACCACCAAAAGCACCACACCCCACGCAAAAACAAGTTTTTGCTGATTTATCTTTAATATCATTGA-GTTGTATT 198
ORIT SU316 AAGGCTCAACAGGTTGGTGG-TTCTCACCACCAAAAGCACCACACCCCACGCAAAAACAAGTTTTTGCTGATTTTTCTTTATAAATAGAGA-GTTATGAA 198

ORIT P307  AAGGCTCAACAGGTTGGTGG-TTCTCACCACCAAAAGCACCACACCCTACGCAAAAACAAGTTTTTGCTGATTTGATTTTAATATCATGTG-CTTATATT 198

sbyA >M mRNA 111 sbmC INTRINSIC BEND 2
ORIT 1 AAATTAGTTTCTCTT---ACTCTCTTTATGATATTTAAAAAAGCGGTGTCGG--CGCGGCTACAACAACGCGC CGACACCGTTTTGTAGG- 283
n'SITE
ORIT I1 TTTAAATAATGTATTTTAATTTATTTTACATTATTAAATAGGGTCGTTGACGA-CCCTATGGCGACCCTATGG=-=~~~~~-~ CGACCCTTGTT---AGG 282
sbyA sbmA
ORIT IV AACGCTATTTATATTT-AATAATTCTGAATTATTAAATAGAGAGTCGTTGGCGA--TCCTGTTACGACCCTATAG-----~ CGACTCTTATT---AGG 283

S|

ORIT III TTTAAATAATGTATTTTAATTTATTTTACATTATAAAAAGGATTCATTGGTGAATCGCATATGATTCACCAATGAATTTAACGCAACTCATAGATGAA 294
S
ORIT V AT-ATTTTTATTGTTATTCTATGTCCGACATAGATACTAGATTCATATGCA-AATCTTTAGTGAATCGTAAAGGAGT - - - -CGAATCCAGATTCATCT 206

ORIT SU233 TGTGGATTTATATCGTTTAAATCTGATT--TATTTAAAGCAGCGTCGTTAACGCAGC- - -TACAGCAACGCGC-=-=-~~=-~~ CGACACCGCTTTGTAGG- 283

ORITSU316  AAATTAGTTTCTCTT---ACTCTCTTTATGATATTTAAAAAAGCGGTGTCGG--CGCGGCTACAACAACGCGC-=-=-~-~-~~ CGACACCGCTTTGTAGG- 283

ORIT P307 CATGAATTTATATTATTTAAATCAGTT---TATTTAAAACAGCGGTGCAGG- - -CGCGGCTATGGCACCGTGT--~-~-=~~~ CTGCACCGCTTTGTAGG- 283
IHF SITE B >M mRNA 11 sbmB >M mRNA 1

ORIT 1 GGTGGTACTGACTATTTTTATAAAAAACATTATTTTATATTAGGGGTGCTGCTAGCGG- -CGCGGTGTGTTTTTTTATAGGATACCGCTAGGGGCGCTG- 380

ORIT I1 GTCAGTACTGACAAATTTTATGAAAAACATTTGGATATATTAGGGCCGCCCCTAGCAG--CGCCGTGCGTTTTTTTATAGTATGACCCTAGGGGCGCTG- 379
IHF SITE B sbmC > >M mRNA 2

sbmB
ORIT IV ATCAGTACTGACMTTTTCACMCATTGATATATATTAGGGAEGCCCCTAGCGC--CGGATCGCATTTTTTTATAGGATGATCCTAGAGGCGCTG- 380
S| — >

ORIT IIl  s=eee----- TCAGTAATAATAAAACACCGAGT TAAAGCGAATTGACTCTAGATTCAATTCGTGATGTGATTTGCTGCATGA-ATCGTAATTTTCGTAA- 382

IHF SITE C
ORIT V A-CGAATCAGACCACTAAATTAAGATAAATTAAAGATTCGAAT----~ CTGGATTCGAATCCCTAATTTCGGTATAACAGATTCGCCTGTATGAAGTTGG 300

ORIT SU233 GGTGGTACTGACTATTTTTATAAAAAACATTATTTTATATTAGGGGTGCTGCTAGCGG--CGCGGTGTGTTTTTTTATAGGATACCGTCAGGGGCGCTG- 380
ORIT SU316 GGTGGTACTGACTATTTTTATAAAAAACATTATTTTATATTAGGGGTGCTGCTAGCGG--CGCGGTGTGTTTTTTTATAGGATACCGTCAGGGGCGCTG- 380

ORIT P307 GGTGGTGCTGACTATTTTTATAAAAAACATTGTTTTATATTAGGGGGGGCTGCTAGCGG-CGCGGTGTGTTTTTTTATAGGATACCGCCAGGGGCGCTG- 381

. - . . . . . . . .

sbmA traM
ORITI =---- CTAGCGGTGCGTCCC-TGTTTGCATTATGAATT-TTAGTGTTTCGAAATTAA- - -CTTTATTTT - -~-ATGTTCAAAAAAGGTAATCTCTAATG 465
ORIT Il ===-- CTAGGGGTGCTCTTC-TTTTTTCAGACCAAACT -ATGAGTAAATGAAATAAAACTCTT-ATTTC---AGAATA-TAAAAGGTACTGTCTTATG 465
sbmD >M mRNA 1
ORIT IV CTAGGAGTGTCTT----- TC-TTACTTGTAAACACTAT-ATGCATATTTATAGTGAAA-ACTTCGTTGC- - -TTAATAATGAAAGGTTTTATCTTATG 467
M mRNA 1 s >M mRNA 11
ORIT IIT  =---- CTTGCGTCACGATTCGATTCATCGATGAATTGTCATTTTTTTATATGTGAAATAAATTTGATGCGATAAGAAAATAAAGCGGTATA-CATATG 474
s N IHF SITE B' S| INF SITE B"
ORIT V TGAATCCAGACTGACTCTAATAAAATAAATGGCCGATTCACATGTGACTATTGATAATC-CGACAAATTT-AAATTTCTAATAAGGTTTTTG-AAATG 395
ORIT SU233 ----- CTAGCGGTGCGTCCC-TGTTTGCACTATGAATT-CCATTGTTTC-AAATTAAA--CTTTGTTTT--~-ATGTTTAAAAAAGGTAATATCTAATG 465
ORIT SU316 ----- CTAGCGGTGCGTCCC-TGTTTGCATTATGAATT-TTAGTGTTTCGAAATTAA---CTTTATTTT---ATGTTCAAAAAAGGTAATCTCTAATG 465
ORIT P307  ----- CTAGCGGTGCGTTCC-TGTTTTCATTGTGAATT-TTAGTGTTTCGAAATTAA---CTTTGTTTT---ATGTTTAAAAAAGGTAATCTCTAATG 466

FIG. 5. Alignment of the oriT sequences of F-like plasmids. The alignment was performed by using the CLUSTAL program of PCGENE. For
simplicity, the prototype plasmid for allele I is F, II is ColB4-K98, III is R1 or R1-19, IV is R100 or R100-1, and V is pED208 or F, lac unless
otherwise stated, as suggested by Willetts and Maule (259). The sequence alignments gave rise to gaps marked by dashes in the sequences, and
these gaps were taken into account when enumerating the nucleotides in the different sequences. Every 10th position is marked by a dot below
the sequence, and the number of residues in a sequence is noted as a running total in the right margin. The sequence in F(I) from nt 101 (Fig.
2) to the start of the traM gene (nt 465) (243, 244) is compared with equivalent sequences in ColB4-K98 (II) (61), R1-19 (IIT) (62), R100 (IV) (58,
61), and pED208 (V) (48). In addition, the sequences for the oriT regions of pSU233 (222), pSU316 (152), and P307 (98) are presented. The
proposed nick site for the bottom strand is marked as nick (/\) (173). The general location of the two intrinsic bends in the F oriT near positions
171 and 267 (248) are indicated, and details are given in the text. The proposed IHF-binding sites are underlined for F (248), R100 (46), and
pED208 (50), where IHF binds more strongly to SITE A than SITE B. The binding site for TraY has been determined for F (136, 153, 195) and
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quence is consistent with the proposed consensus sequence for
TraY recognition discussed above.

The finding that TraY binds near its own promoter suggests
that TraY may have a role in the control of tra gene expression.
Although no fraY amber mutant has been available, the
method of Kathir and Ippen-Ihler (127) for introducing kana-
mycin resistance gene insertions into F lac or the F deletion
derivative pOX38 (103) has recently been applied to traY.
Interestingly, an F traY mutant that contains a kanamycin
resistance gene cassette insertion between the B¢l sites in the
second half of traY (nt 2124 and 2126) is very deficient in pilus
expression (128), whereas in constructs in which a T7 promoter
has been substituted for P, traY insertion mutations do not
affect piliation (155). In both cases, the traY insertion muta-
tions decrease the level of transfer to low but measurable
frequencies (155). Thus, TraY appears to be essential for
transfer and pilus expression, and a truncated traY gene
product may have some residual activity within its first unin-
terrupted domain. This has also been postulated to be the case
for pED208, in which an IS2 element interrupts #raY and a
possible fusion peptide can substitute for intact TraY protein
(63).

TraM Protein

Since TraM was not required for nicking but was required
for replacement strand synthesis in the donor cell, it was
assigned the function of signaling that DNA transfer should
begin (267). Sequence analysis of the F traM gene (243)
predicted a protein of 14.5 kDa (nt 463 to 843). The F TraM
protein has been purified and shown to correspond to this
OREF, although its apparent molecular mass as determined by
SDS-polyacrylamide gel electrophoresis (PAGE), corresponds
to a protein of 10 kDa (49). The traM102 frameshift mutation
(12) has been sequenced (nt 541) (74), and a derivative of
pOX38 with an interrupted raM gene has been generated.
These traM mutations reduce transfer to a background level
but do not affect piliation or surface exclusion (12, 207). The
level of TraM expression is not greatly affected by Tral, since
immunoblots of cells carrying F plasmids with and without the
traJ90 amber mutation produce equivalent amounts of TraM
protein (236); however, traM is negatively regulated by TraM
and TraY. Mutations in fraM increase expression from the
traM promoters mRNAI and mRNALII, whereas mutations in
traY increase transcription from the mRNAIII promoter (Fig.
2) but result in a decrease in the amount of TraM protein
(207).

Interestingly, the traJ90 mutation, which prevents normal
traY expression, causes an increase in the production of traM
mRNA from promoter mRNAIII, as expected; however, the
level of TraM protein expression is unaffected (207). These
results suggest that a lack of TraY protein causes increased
transcription from the fraM promoter, which overlaps sbyA, a
potential primosome-binding site and the beginning of sbmC.
This increased transcription is coupled to decreased TraM pro-
tein production, although the other two promoters (nRNAI and
mRNAII) for traM expression are unaffected (207). These results
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suggest that TraY may affect traM expression at two levels; it acts
as a transcriptional regulator (207), and it affects TraM posttrans-
lationally, perhaps by promoting the incorporation of TraM into
the transferosome, hence protecting it from rapid degradation
(49).

The TraM proteins of R1 (IIT) (227), R100 (IV) (2), and
pED208 (V) (48) have been purified, and their oriT binding
sites have been determined (Fig. 2 and 5) (see above). The
eight known TraM sequences define five alleles of fraM which,
with the possible exception of the fifth allele for pED208, are
highly homologous if conservative substitutions are allowed
(Fig. 7). The sequences of the fraM genes from pSU233,
pSU316, and P307 are almost identical to that for F and
contain only minor alterations (98, 152, 222). However, it is not
known whether these genes can complement a fraM mutation
in F. The small number of differences at the N terminus of the
first four alleles suggests that this domain is involved in binding
to oriT. Mutational analysis of the R1 TraM protein has
confirmed this prediction and has shown that mutations that
affect TraM action reside in an a-helical segment of the
protein, which may contact the major groove of the DNA
(228).

The F and pED208 TraM proteins are highly structured
tetrameric proteins with an a-helical content of 79 and 66%,
respectively. The remainder of the protein is involved in
B-sheet and B-turns, as determined by circular dichroism.
TraM is a cytoplasmic protein, and a small amount is found in
the inner membrane fraction of F and pED208, suggesting that
it may be part of a membrane-associated relaxosome complex
(49). The TraM protein has no obvious homology to DNA-
binding proteins with a helix-bend-helix motif (242), suggesting
that its DNA-binding domain is unusual and may involve a
single a-helical segment (228). F TraM, unlike the other F-like
TraM proteins, binds the top strand of the DNA more than to
the other strand, as assayed by DNase I protection experiments
(49). This property is shared by the TraK protein of RP4,
which has also been demonstrated to generate nucleosome-
like structures in the oriT region of that plasmid (276). It is not
known whether F TraM also bends and wraps the DNA into a
higher-order structure; results with pED208 TraM suggest that
this allele of TraM binds both DNA strands equally and does
not bend or compact the DNA (50).

TraD Protein

The TraD protein is a large, 81.7-kDa protein (nt 23779 to
25929) found in the inner membrane of F* cells (202). The
traD genes of F and R100 were sequenced by Jalajakumari and
Manning (124) and by Yoshioka et al. (274), respectively. The
F TraD protein is predicted to be hydrophilic, with an acidic pI
(<6.0); however, it is soluble only in the presence of detergents
(202) and has three hydrophobic domains that may anchor it in
the membrane (Table 1). Analysis of TraD revealed a putative
ATP/GTP-binding motif (GTVGAGKS; nt 24352 to 24376)
(274) and a region resembling the signature sequence for the
ATP synthase alpha and beta subunits (PAINDKKSDS; nt
25645 to 25689) (249). An interesting difference between the F

R100 (115), and the nomenclature sbyA for the TraY-binding site has been adopted from Inamoto and Ohtsubo (115). The primosome assembly
site (n’ site), proposed by Willetts and Wilkins (267), is shown and corresponds to the sequence AAGCGG. The TraM-binding sites are
double-underlined and correspond to information provided for F TraM (49), R1 TraM (227), R100 TraM (2), and pED208 TraM (48, 50). The
nomenclature sbmA, sbmB, etc., denotes the order of the affinity of TraM for these sites in F and pED208. In pED208 (V), the IHF-binding site
SITE B has been divided into two binding sites SITE B’ and SITE B” which bracket sbmD. Three sites of initiation of transcription of traM have
been reported for F (207, 243); two for R1 (130) and two for R100 (3, 45) are indicated as >M mRNA I, II, or III. TraM indicates the start of

the traM coding sequence.
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TRAY IN MKR FGTRSATGKHVKLKLPVDVESLL 1 EASNRSGRSRSFEAVIRLKDNLHRYPKf NRAGN 1 VGKS --------- 65
TRAY IC  eeecce--- LVKYLTMRLDDETNQLL IAAKNRSGWCKTDEAADRVIDHL IKFPDFYNSE I FREADKEEDITFNTL 66
TRAY 11 MRRRNARGGISRTVSVYLDEDTNNRL IKAKDRSGRSKT IEVQIRLRDHLKRFPDFYNEEIFREVTEESESTFKEL 75
TRAY I11 MRRRNARGGISRTVSVYLDEDTNNRL IRAKDRSGRSKT IEVQIRLRDHLKRFPDFYNEEIFREVIEENESTFKEL 75
TRAY IV MSRNI IRPAPGNKVLLVLDDATNHKLLGARERSGRTKTNEVLVRLRDHLNRFPDFYNLDAIKEGAEETDSIIKDL 75
TRAY V MKEPKSNIRKLIDIGGL IGKKVNISCSLDEAIDELLMESALKSGWSKKREAELRLEDHLRRFSLVPAEEQY IEKKVD-=====~~ ”
TRAY P307 MSRGRTRAAPGNKVLLILDETTNQKLLAARDRSGRTKTNEVF IRLKDHLNRFPD FYNSSLVKEEAEGIODI ===

*e *

shke o ®e Ko KRR ...

FIG. 6. Comparison of the available sequences of TraY. The N-terminal (IN) and C-terminal (IC) halves of the F TraY protein (72, 116) have
been compared with each other and with the sequences of ColB4-K98 (61), R1-19 (62), R100 (61), and pED208 (48, 63). Note that the sequences
of TraY from ColB4-K98 and R1 are virtually identical. In addition, the sequences for the TraY protein of P307 (98) is also presented. Identical
residues are marked with an asterisk, positions with two possible residues are marked with a colon, and positions with three different possible amino
residues are marked with a period. Four or more different sequences are left as blanks. The sequence alignments gave rise to gaps (marked by
dashes) in the sequences, and these gaps were taken into account when enumerating the residues in the different sequences. Every 10th position
is marked by a dot below the sequence, and the number of residues in a sequence is noted as a running total in the right margin.

and R100 TraD proteins is the repeated sequence QQP, which
occurs eight times consecutively in R100 and only once in F (nt
25653; amino acids [aa] 622 to 624) (274). Homology between
F TraD and TrwB of R388 (IncW) (42), TraG of RP4 (IncP),
and VirD4 of the Ti plasmid (144) has been found. The
nucleoside triphosphate (NTP)-binding site mentioned above
was initially found to be conserved in F and R100 but not TraG
and VirD4. Instead, a type B NTP-binding site is conserved
throughout these sequences and is represented in F by the
sequence WFFDEL at nt 25039 to 25059 (aa 420 to 426) (144).
Recently, homology between TraD of F and TraK of the
staphylococcal conjugative plasmid pKS41 has been observed,
and realignment of the all the TraD homologs raises the
possibility that the type A and type B NTP-binding sites in F
are conserved among all of these proteins (69).

TraD has been assigned a role in actively transporting the
transferred strand into the recipient cell. This is based on the
observation that fraD mutants are very transfer deficient but
active in oriT nicking and DNA displacement assays (57, 129)
and are able to express pili and to form functional stable
mating aggregates (161, 167, 193, 201). Recently, the TraD
protein has been purified and shown to bind to a DNA-
cellulose column in a pH-sensitive manner, indicating nonspe-
cific binding to nucleic acids (202). TraD is also involved in the
transport of other nucleic acids; it is required for the penetra-
tion of RNA from the F-specific RNA phages R17, MS2, and
f2 but not QB or the filamentous phages (204). It is also
required for the mobilization of the ColE1 plasmid but not the
closely related plasmid CloDF13, although copy number mu-
tants of CloDF13 inhibit TraD function through the FinC
fertility inhibition system (258, 267). Cells carrying F traD
mutations are slightly multipiliated, suggesting that TraD may
also have a function in pilus assembly and retraction (14, 26).

Tral Protein

The Tral protein is a large soluble protein of 192 kDa (nt
26648 to 31915), also known as helicase I, whose functional
properties have been extensively characterized by Hoffmann-
Berling and colleagues. In 1983, helicase I was found to be the
product of the tral gene in the E. coli Hfr strains used in its
purification (1). F tral was sequenced by Bradshaw et al. (25);
the Tral protein is an ATP-dependent helicase which requires
a single-stranded region of DNA of about 200 nt as a substrate.
That it processively unwinds DNA in a 5'-to-3' direction is
consistent with its role in the transfer of the single-stranded
DNA (256). Recent studies have further characterized its
enzymatic activity as a helicase, including the number of Tral

molecules required for optimal activity and the kinetics of ATP
hydrolysis (21, 40, 172).

Tral is essential to transfer. An early finding, consistent with
arequirement for helicase I for DNA strand displacement, was
that replacement strand synthesis did not occur in mating
aggregates formed by F tral mutants (129). More recently, the
Tral protein has been demonstrated to be required for nicking
at oriT (247); it functions as a phosphodiester transferase
catalyzing a reaction in which the 5’ end of the nicked DNA
becomes covalently bound to Tral (195). The 3’-OH terminus
of nt 140 is free to act as a substrate for DNA synthesis by
DNA polymerase I in vitro, provided that the DNA has been
treated with SDS and proteinase K. Whether this is the result
of a noncovalent association of the 3'-OH with Tral or
represents physical blocking of the nick site remains to be
determined (173). The requirement for RNA primer synthesis
to initiate replacement strand synthesis in the donor in vivo
argues against simple rolling-circle replication from the free
3’-OH and suggests a more complex mechanism for initiating
replacement strand synthesis (129, 267).

In vitro, the nicking reaction requires a supercoiled DNA
substrate and Mg>* but not the addition of ATP or the
presence of TraY (172, 218). The effect of TraM or TraD has
not been tested. Sequence comparisons of other relaxase
enzymes that also attach covalently to the 5’ terminus suggest
that the two pairs of tyrosines at the N terminus of Tral (aa 16,
17 and 23, 24; see nt 26693 and 26714 [Fig. 2]) may be
important for nicking and for correct termination after one
round of transfer (42). This is reminiscent of the A protein in
$X174, in which two tyrosines spaced 4 residues apart are
essential for initiating and terminating the packaging of a DNA
strand from the replicative form of the viral DNA (253). A
model for nicking and religation involving a single tyrosine
residue in the Tral protein of the RP4 transfer system has been
presented by Wilkins and Lanka (256). The F Tral and R388
TrwC (IncW) proteins share 33% sequence identity, and the
TrwC sequence has been used to show weak homology be-
tween F Tral and RP4 Tral (42). Unlike RP4 Tral, F Tral and
TrwC also have helicase activity within their C-terminal do-
mains. In addition, a short sequence within Tral (aa 145 to 167;
nt 27080 to 27148 [Fig. 2]) and TrwC can be aligned with a
“relaxase motif” found in a number of other enzymes that
catalyze site-specific cleavage reactions (42, 203).

Deletion and insertion analysis of the #ral gene confirmed
that the nicking activity is in the N-terminal domain of the
protein (247). The product expressed by the traldel29 mutant,
which lacks the first (N-terminal) 14% of tral, had lost nicking
activity but retained strand separation activity (218). The Tral*
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TraM | MAKVNLYISNDAYEKINAI 1EKRRQEGAREKDVSFSATASMLLELGLRVHEAQMERKESAFNQTEFNKLLLECVVKTQSSVAKILGIESLSPHVSGNSKF 100
TraM P307 MAKVNLY I SNDAYEKINAI 1EKRRQEGAREKDVSFSATASMLLELGLRVYEAQMERKESAFNQTEFNKLLLECVVKTQSTVAKILGIESLSPHVSGNPKF 100
TraM SU233 MAKVNLY ISNDAYEKINAI IEKRRQEGAREKDVSFSATASMLLELGLRVYEAQMERKESAFNQAEFNKLLLECVVKTQSSVAKILGIESLSPHVSGNPKF 100
TraM SU316 MAKVNLYISNDAYEKINAI I EKRRQEGAREKDVSFSATASMLLELGLRVHEAQMERKE FAFNQAE FNKLLLECVVKTQSSVAKILGIESLSPHVSGNSKF 100
TraM IV MARVILYISNDVYDKVNAIVEQRRQEGARDKD I SVSGTASMLLELGLRVYEAQMERKESAFNQTE FNKLLLECVVKTQSSVAKILGIESLSPHVSGNPKF 100
TraM 111 MARVNLY I SNEVHEKINMIVEKRRQEGARDKD I SLSGTASMLLELGLRVYDAQMERKESAFNQTEFNKLLLECVVKTQSTVAKILGIESLSPHVSGNPKF 100
TraM 11 MAKVQAYVSDE I VYKINKIVERRRAEGAKSTDVSFSSISTMLLELGLRVYEAQMERKE SAFNQAE FNKVLLECAVKTQSTVAKILGIESLSPHVSGNPKF 100
TraM Vv MPKIQTYVNNNVYEQILDLVTIRKQEGE - - -EASLSNVSSMLLELGLRVYMIQQEKREGGFNQMEYNKLMLENVSRVRAMCTE I LKMSVLNQESIASGNF 97

®oos. Woo2..aa33 222 W REr, 3 W W _coWRRRARARA; oW Wk oRRR Rowhs ooz oo ®assss, i
TraM | EYANMVED IREKVSSEMERF FPKNDD - -E 127
TraM P307 EYSNMVED IREKVSVEMERFFPKNDD - -E 127
TraM SU233 EYANMVED IREKVSVEMERFFPKNDD - -E 127
TraM SU316 EYANMVED IREKVSSEMERFFPKNDD- -E 127
TraM IV EYANMVED IREKVSSEMERF FPKNDE - -E 127
TraM 111 EYASMVDD I REKVSVEMDRFFPKNDD - -E 127
TraM 11 EYANMVED IRDKVSSEMERFFPENDE - -E 127
TraM v DYAVIFPAIDKFAREQVSI FFPDDEDDOE 126

AT L T TR T O

eeccses sescsases

FIG. 7. Comparison of the available sequences of TraM. The sequences of TraM are from F (I) (243), pSU233 (222), pSU316 (152), P307 (98),
R100 (IV) (58), R1-19 (III) (62), ColB4-K98 (II) (61), and pED208 (V) (48). The sequences are arranged in order of their similarity to the F TraM

sequence, and the notation in the figure is the same as in Fig. 6.

protein, encoded by the same ORF as Tral, is predicted to
begin at nt 29510 (Fig. 2) (246). Tral* corresponds to the
polypeptide once called TraZ and originally identified as
protein 2b (166); although Tral* was suggested in early models
to be required for nicking, it is now clear that it has no role in
the nicking reaction. Its function is currently unknown (246,
247). Both Tral and Tral* contain a potential ATP/GTP-
binding motif (GYAGVGKT; nt 29621 to 29642; aa 992 to
999) (249) identified by sequence analysis; the correlation
between this site and ATP-dependent helicase activity has not
been tested, although ATPase activity for the C-terminal
domain of Tral has been demonstrated (247). Bradshaw et al.
(25) pointed out a second possible NTP-binding motif (nt
27176 to 27199; aa 177 to 184), and Dash et al. (40) have
detected two rates of ATP hydrolysis depending on the ATP
concentration used in the assay. These authors have speculated
that ATP hydrolysis may be required for both breakage of
hydrogen bonds between base pairs and translocation of the
helicase molecules along the DNA strand. In addition, the
level of aggregation of Tral may affect its ability to hydrolyze
ATP, with maximal hydrolysis occurring as Tral aggregates on
its DNA substrate (40).

Areas of Investigation

Currently the model for the initiation of F transfer involves
a series of unlinked processes. The oriT region appears to be
organized into a nucleosome through the action of TraM and
IHF, which are thought to alter the superhelical density (48,
49). The possibility that adjustments in DNA topology modu-
late initiation events should be investigated. TraY seems to
have a critical function both in controlling a redundant traM
promoter near oriT (M mRNAIII), which overlaps a possible
primosome assembly site, and in activating the major transfer
operon at Py. Interruption of TraY activity could lead to
decreased expression of pilus synthesis genes and increased
transcription from the M mRNAIII promoter, perhaps in
preparation for transfer. Tral is clearly involved in nicking and
unwinding of DNA during transfer; however, the role of Tral*
is unknown. Prior to conjugation, Tral is a nicking (-religating)
enzyme; its conversion (activation) to a helicase is of primary
importance to transfer initiation. Certainly, the A-+T-rich
character of the IHF site A and sbyA sequences coupled with

the promoter for traM in this region suggests a step which
opens the DNA in preparation for entry of the bulky Tral
helicase. If the Tral protein remains associated in some way
with both the 5’ and 3’ ends of the transferred strand, a
mechanism for feeding the DNA presumably along or past a
complex containing TraD into the recipient cell must be
uncovered. In addition, the establishment of a new transfero-
some in the recipient cell and the mechanism for terminating
transfer require further study. To understand the “signals” that
initiate transfer, more information is needed about the inter-
actions among the proteins forming the transferosome in the
envelope of the donor cell.

REGULATORY REGION OF THE F TRANSFER OPERON

The regulatory region includes the traJ and finP genes and
the Py promoter. TralJ is a regulatory protein required for the
initiation of high levels of transcription from the Py, promoter.
finP encodes an antisense RNA, FinP, that negatively regulates
Tfal expression in the presence of the finO gene product,
which is encoded at the distal end of the transfer region (68,
81). When FinO is present, FinP is stabilized and blocks traJ
expression by interacting with the leader region of the traJ
traitscript, possibly by preventing translation from the ribo-
some-binding site for traJ. In F, the finO gene is interrupted by
an IS3 element (31, 275), leading to constitutive expression of
tral, derepressed transfer operon expression, and pilus synthe-
sis. However, in the presence of active FinO protein in the
host, the FinOP repression system causes a three- to fivefold
decrease in the amount of #raJ transcript, and the F transfer
operon becomes repressed (141).

Dempsey has proposed a “latch relay” system for control of
transfer operon expression in R100 (45). If the amount of FinP
falls below a critical level, tra/ is transcribed and the transfer
operon is expressed transiently. In addition, Dempsey has
proposed two R100 finP transcripts, both of which terminate at
the same position but one originates further within the traJ
gene than the F transcript indicated in Fig. 2 (43). Two
TraM-associated transcripts which affect the levels of FinP
have been identified for R100 (45) and R1 (132, 135) (Fig. 2).
Analysis of the transcripts from the control region of F has
shown that there is only one finP transcript and that there are
no observable transcripts from traM that extend into the
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TRAJ 1 MYPMDRIQQKHARQIDLLENLTAVIQDY---PNPACIRDETGKFIFCNTLFHESFLTQDQSAEKWLLSQRDFCEL ISVTEMEAYRNERTHLNL-~<--~- v 91
TRAJ IV MYPTDPRQLNTERQIYLDKQF - - FVDVF---SIPACVRNTNGDF I GYNEKFSKEFIG---SLDIKEW-- - - FYSLPVQVATSFLREELDAMSLPSSMNKI 88
TRAJ 111 MCALDRRERPLNSQS-VNKYILNVQNIYRNSPVPVCVRNKNRKILYANGAFIELF=-~<-~~ SREDKPLSGESYIRLQVEIFLSSLELECQALGHGSAFCR- 93
TRAJ P307 MCAMDRRERALISQL-HFTHSLGEAISFLKYPV--CVRFEDGSFIKENNCFEKL IRSSFNSCD--EWFD-SLKLECKLQLSRA-EIESCSSIYGVN-C-- 90
TRAJ V MTVVDPAR-FMYERNHFP-=-~-~=~~=- SLTDK----==eeccecacaccnn EFETLVLYCQMMNV-- 36
*rp Woosz.l. %Ll . eeees 5 333¢ eeefes f F¥ .. Ll.* L. o PR I & B
. . . . . . . . DNA Binding
TRAJ 1 EDVF- [QNRFWT I SVQSF -LNGHRNT ILWQF - -Y-DAAHVRHKDSYNQKT IVSDD IRNI IRRMSDDSSVSSYVNDVFYLYSTGISHNAIARILNISISTS 186
TRAJ IV QSVA-YRYKLWLVQF IPL-VYGEVVNVLWLF - - FCKNSNVIVDYCRGLRTNITND- - - -~ RMLEFKNKSTE IQWKVF ILYSFGFCHESIASLLSITNGSS 179
TRAJ II1  -RFN-FHGEIYQIRMENVSFYNDESVVLWQ[------- NPFPDYPFFALNQSGSNT -NTSDKLTIWNDLSPGTLVVFSFYMLGVGHATIARELGITDRAS 183
TRAJ P307  NNDILLNNVLWSVIIESVITPCGYFFI-WRFIWVAND-NLSSFVVSKYSNELIVP---------=n==- SDEYVGIEPYLIGFSHHYSSAKMNITVSKSK 171
TRAJ V QMVADYQNRKPDVI IKHLKSCRQKIGVESDFELYF IVINKFVNFERVFPELTS- == ======semeecc-- EQINILAAFSFYPKRSTIARRFDIYRCDI 118
o o - e o » - N ok oo . - oo o = .
Domain . . . .
TRAJ 1 KKHASLI----CDYFSVSNKDELIILLYNKKFIYYL-YEKAMCIIN-TR 229
TRAJ 1V RNAISEV----YKFFGIHSKHOLLMIFHTSRMHSLF-FDELFFILKCAE 223
TRAJ 111 EDRIKPVKRKIKEFFEHFDKFRVSCI-YKGEIDSLLSIIREFYGVK--- 228
TRAJ P307  KKKTMKLFKRY-GFSS-RDLWLDEMIRTEKILPLYYAKVKEILGR---- 216
TRAJ V YDELIKIRNNL-GI-EDLESLRMLFFM-KITVFL--=-~~~c-ccccc== 149

FIG. 8. Comparison of the available sequences of Tral. The sequences of TraJ are from F (I) (72), P307 (98), R1-19 (III) (62), R100 (IV) (116),
and pED208 (V) (48). The region containing the proposed DNA-binding domain is indicated above the F sequence. The sequences are arranged
in order of their similarity to the F TraJ sequence, and the notation in the figure is the same as in Fig. 6.

finP-traJ genes that could contribute to the control of traJ
expression (43, 141, 207).

TraJ Protein

Expression of the F transfer region from the Py promoter is
controlled by the #raJ gene product, which is a positive
regulator of transcription (257). The sequence of the.F traJ
gene revealed a protein of 27 kDa (nt 1033 to 1719) (72, 243).
Initially assigned to the outer membrane, TraJ was later shown
to be a cytoplasmic protein in F* cells. This discrepancy was
due to the insolubility of the Tral protein expressed by
multicopy vectors, which led to its appearance in the outer
membrane fraction of detergent-solubilized cell extracts (38,
39). An amber mutant, traJ90, has been characterized, and the
mutation has been localized (Fig. 2, nt 1108) (243).

Four alleles of traJ have been characterized (Fig. 8); the first
three were described by Willetts and Maule (259), and the
fourth, from pED208, which is 35% shorter than F tral, was
described subsequently (48). The four variants of Tral] are
remarkably dissimilar from one another, unlike other #ra genes
which have multiple alleles (traM or traY, for instance). The
area that has the greatest homology is in a region that could be
a DNA-binding domain, since it resembles the consensus
sequence for DNA-binding proteins having a helix-bend-helix
motif (242) (Fig. 8). The TralJ proteins are characterized by a
fairly high aromatic amino acid content (12 to 15%). A fifth
variant of Tral, expressed by plasmid P307, has also been
described and is also presented in Fig. 8 (98).

The mode of action of TraJ has been puzzling. F TraJ has
been shown to be a positive regulator of transcription origi-
nating from the Py promoter with either lacZ (87) or galK
(194) as the reporter gene. However, TraJ has not yet been
shown to bind to an operator sequence in the Py promoter
region, although deletion analysis of this region has demon-
strated that this is its site of action (see the section on the P,
promoter, below).

traJ Promoter and Antisense RNA, FinP

The traJ promoter has been mapped for the F (243), R1
(134), and R100 (43) plasmids. The untranslated portion of the

F traJ transcript is 105 nt long, and the complementary
antisense RNA, FinP, is approximately 75 bases long (Fig. 2, nt
1038 to ca. 965) (43, 81, 132, 194). A small inverted repeat
within the leading region of the traJ transcript (ACGTGGT
TAATGCCACGT from nt 928 to 945 [Fig. 2]) resembles the
consensus sequence for the cyclic AMP receptor protein-cyclic
AMP complex (55). The transfer operon is known to be
sensitive to catabolite repression, as evidenced by the poor
expression of the transfer operon in strains of E. coli carrying
the cya mutation, which have increased pilus production on the
addition of exogenous cyclic AMP (108, 176). Perhaps the
discrepancy between the length of FinP and the untranslated
portion of the traJ transcript would accommodate control of
tral by cyclic AMP receptor protein-cyclic AMP complex (205).

The F finP transcript has been predicted to fold into two
stem-loop structures in which the first stem is complementary
to the ribosome-binding site for traJ (Fig. 2, nt 968 to 1035) (65,
132). Recently, the structure of the FinP RNA and the first 211
bp of the raJ mRNA has been demonstrated to correspond to
the predicted structure (252). Among the six alleles of FinP
originally identified by Willetts and Maule (259), only five
different sequences of the finP gene were obtained (Fig. 9)
(65). These differences reside principally in the loops of the
predicted stem-loop structures and define the specificity. of
each FinP for its cognate traJ mRNA (65, 132). The finP region
of the R100 plasmid (group IV; Fig. 9) has an extra predicted
stem-loop which is not present in the other alleles of finP.
Dempsey (43, 45) has proposed a more complex model for
R100 traJ repression based on three possible stem-loop struc-
tures. Two other variants of FinP have recently been isolated
from plasmids pSU233 and P307; they also show the charac-
teristic variation in sequence in the predicted loops (98, 222).

The specificity of FinP action may be loop specific, in a
manner similar to the interaction of RNAI with RNAII that
regulates replication of ColE1-like plasmids (56). Koraimann
et al. (132) demonstrated that mutations affecting the loops of
the R1 FinP RNA reduced the ability of cloned finP to repress
the transfer of R1 in #rans. Duplex formation between FinP
and fraJ RNA has been demonstrated in vitro, and the
association constant is similar to that reported for other



VoL. 58, 1994 TRANSFER REGION OF F SEX FACTOR 197
. LoOP 1 . . . LOOP 2 . .
FINP I GAUACAUAGGAACCUCCUCACAAAGGAUUCUAUGGACAGUCGAUGCAGGGAGUUCACGUCUCCCUGCAUCGGCGAUULY 79
FINP 11 AUACAUAGGAACCUCCUCACAAAGGAUUCUAUGGACAGUCGAUGCAGGGAGGAGAGAACUCCCUGCAUCGGCGAUULU 78
FINP 111 ACACAUAGGAACCUC- - CGUUAAGGAUUCUAUGGACAGUCGAUGCAGGGAGUUCAGACCUCCCUGCAUCGGCGAUVLIY 76
FINP IV AUACAUAGGAACCUCCUCUCAAAGGAUUCUAUGGACAGUCGAUGCGGGGAGGUCGC -UCUCCCUGCAUCGGCGAUULY 77
FINP V ACACAUAGGAACCUC - - CGUUAAGGAUUCUAUGGACAGUCGAUGCAGGGAGGUCUGAACUCCCUGCAUCGGCGAUUW 76
U233 ACACAUAGGAACCUC - - CUCAAAGGAUUCUAU - GACAGUCGAUGCAGGGAGGGACAAGCUCCCUGCAUCGGCGAUWL 76
SU316 ACACAUAGGAACCUCCUACCAAAGGAUUCUAUGGACAGUCGAUGCAGGGAGUUC - CGUCUCCCUGCAUCGGCGAULLU 76
RO ACACAUGOMERIC - CUUCHICA I aICeCeeoReCAGeEA- SIS 76
. . . <-|J mRNA . . . .
FINP 1 CAAUUUCAAAUUUUAACGUGGCAUUAACCACGUAAUUAAUAUACUAAUUAUCUUUCGUACUGUCACCUUUIUUAAAUC- 156
FINP 11 CAAAUUCAAAUUUUAACGUGGCAUUAACCACGUAAUUAAUAUACUAAUUAUCUUUCGUACUGUCACCUUUUUAAAUC - 155
FINP 111 CAGUUUCAAUUUUUAACGUGGCAUUAACCACGUAAUUAAUAUAACCUUUAUGCGGUUAAUUGUCAUCAAAUUGAACCA 154
FINP IV UAAUAUCUG-UUUUAACGUGGCAUUAACCACAUAAUUAAUAUAACCUUUAUGUGGUUAAUUGUCAUCAAAUUGAACCA 153
FINP V CAGUUUCAAUUUUUAACGUGG CGUAAUUAAUAUACUAADUAU GUCAUCUUUUUGAAUC- 152
su233 CAAGUUCACAUUUUAACGUGGCAUUAACCACGUAAUUAAUAUACUAAUUAUUCUGAUUAUUGUCAUCAGUUUGAACC- 151
su316 CAAAUUCAAAUUUUAACGUGGCAUUAACCACGUAAUUAAUAUACUAAUUAUCUUUCGUACUGUCACCUUUUUAAAUCA 154
P307 CAGUUUCAAUUUUUAACGUGGCAUUAACCACGUAAUCAAUAUACUAAUUAUUCUGAUUAUUGUCAUCAGUUUGAACCA 152

efte shRe  RRARRNRRNRRRRRERRRARR A AR RRRRNAR e o o cRHRRR oo ootk skRRRWodke ohN.Nkode
s ees cee el . esas eseces s e ees . el

FIG. 9. Comparison of the sequences of the finP RNAs and the region containing the fraJ promoter taken from Finlay et al. (65), where allele
I corresponds to F; II corresponds to ColB2Fdr, ColVBerp, and R124; III corresponds to R1-19; IV corresponds to R100-1 and R386; and V
corresponds to ColB4-K98. In addition, the sequences of the corresponding finP RNAs and traJ promoter region for pSU233 (222), pSU316 (152),
and P307 (98) are given. The 5’ terminus of FinP has been mapped for F (252), R1-19 (132), and R100 (43). The 5’ termini of the other FinP RNAs
are arbitrarily chosen. The inverted repeats forming stem-loops 1 and 2 are underlined in the top half of the figure, and Loop 1 and Loop 2 indicate
the positions of the loops. The double-underlined inverted repeat in the bottom half of the figure is unique to R100 (FinP IV) (43). The small,
single-underlined repeat at the beginning of the traJ transcript is the putative cycle AMP-cyclic AMP receptor protein-binding site mentioned by
Paranchych et al. (205). The position of the start of the traJ transcript in F is given as <—|J mRNA. The sequence presented represents the bottom
strand in a 5'-to-3' direction such that the orientation of the traJ mRNA is the reverse of that presented in Fig. 2. While the sequence to the right
of the traJ start of transcription represents the intergenic region between traM and traJ as well as the end of the traM transcript (in F), the sequence

is presented as RNA for the sake of simplicity.

antisense RNA systems (252). An F fisO (site of action of
FinOP) mutant, which is constitutive for transfer even in the
presence of FinO, was found to carry a point mutation in finP
that causes FinP RNA to be inactive and insensitive to FinO
(C-to-T at nt 1010) (67, 68, 81). Recent experiments have
shown that FinO stabilizes FinP RNA even in the absence of
the traJ gene, suggesting that FinO acts on FinP itself (141). In
vitro experiments have demonstrated that FinO binds perfectly
matched duplex RNA and consequently binds stem-loop II of
both TraJ and FinP RNA:s; it also accelerates duplex formation
between FinP and traJ mRNA fivefold in vitro (251). FinO
extends the half-life of FinP RNA from 2 to >40 min (141,
251); the FinP RNA carrying the fisO mutation is unaffected
and degrades quickly (141). When the fisO mutation is com-
bined with additional mutations that increase the free energy
for forming the first stem in FinP, the phenotype remains
derepressed, indicating that the fisO site either affects the
interaction of FinO with FinP RNA or increases the degrada-
tion of FinP by an as yet uncharacterized intracellular RNase
(81).

A mutant of F, SLF20 (141), carries the same mutation in
the finP promoter first described for the FinP~ mutant of
ColB2Fdr named pED236 (nt 1046) (65). This mutant pro-
duces no detectable FinP and maintains a traJ mRNA level
threefold higher than that in wild-type F; however, it does not
produce significantly greater numbers of pili (five per cell). The
traM-traJ intergenic region in pED208 is unrelated to the
corresponding sequence in F, and no inverted repeats which
would be the equivalent of those in FinP have been identified
(48).

FinO Protein

The FinO protein (21.2 kDa) is encoded by the last known
gene of the transfer regions of F-like plasmids (Fig. 1; nt 32738

to 33295) (175, 274, 275) and is essential for FinP activity (67).
The FinO protein is predicted to be a soluble, cytoplasmic
protein with a basic nature (pI = 10.5). Two alleles have been
reported for finO (259) on the basis of their levels of repression
of F and other F-like derepressed plasmids, although there is
little difference in sequence between group I (R100, R6-5) (35,
175, 274) and group II (ColB2) (250) alleles (Fig. 10). The
allelic difference in finrO is dependent on the presence of a
gene upstream from finO, found only on plasmids from group
I alleles and called orfC (R100) (274) or orf286 (R6-5) (35).
The F plasmid has no gene equivalent to orf286/orfC; however,
the position of insertion of this gene in other F-like plasmids is
shown in Fig. 2 (nt 33133). FinO is expressed very poorly from
the T7 ¢$10 promoter in an overexpression system because of
the short half-life of the mRNA. However, if the gene orf286 is
supplied in cis but not in trans, an accumulation of FinO
protein in the cells is observed and the half-life of inO mRNA
is increased. This increase in mRNA stability has been local-
ized to a region of complementarity between the orf286 and
finO sequences which may base pair with each other at the
mRNA level and protect the finO transcript from degradation
(250). Therefore, the level of repression of the transfer region
is highly dependent on the concentration of FinO as well as
that of FinP.

Downstream from finO are two genes, orfB and orf4, which
have been completely sequenced for R100 and partially se-
quenced for F; the orfB sequences are related, whereas the
orfA sequences diverge (274). The orfA gene product is related
to a family of nucleases including the Staphylococcus aureus
nuclease (34) and nucleases of the pSa plasmid (32) and parB
locus of RP4 (93). It is interesting that this region of F contains
finO and orfC/orf286 (in F-like plasmids), which stabilize RNA,
orfA, which encodes a potential nuclease, and srmB, a gene
involved in F plasmid maintenance, which may allow RNase I
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NTEQKRPVLTLKRKTEGETLVRSRKT I INVTTPPKWKVKKQKLAEKAAREAELAAKKAQARGALST YLNLPTLDDAVNTLKPWWPGLFDGOTPRLLACGI 100
MTEQKRPVLTLKRKTEGETPVRSRKT I INVTTPPKWKVKKQKLAEKAAREAELAAKKAARQAL ST YLNLPSLDEAVNTLKPWWPGLFDGDTPRLLACGI 100

FINO 1IR65 MTEQKRPVLTLKRKTEGETPTRSRKTIINVTTPPKWKVKKQKLAEKAAREAELTAKKAQARQALSTYLNLPTLDEAVNTLKPWWPGLFDGDTPRLLACGI 100
FINO IIR100 MTEQKRPVLTLKRKTEGETPTRSRKTIINVT TPPKHKVKKQKLAEKAAREAELTAKKAGARMLSI YLNLPSLDEAVNTLKPWWPGLFDGDTPRLLACGI 100

FINO I F
FINO I B2

-------- 1.

ROVLLEDVAQGRNIPLSHKKLRRALKAT TRSESYLCAMKAGACRYDTEGYVTEHI SQEEEAYAAERLDKIRRONRIKAELQAVLDEK 186
RDVLLEDVAHGNIPLSHKKLRRALKAT TRSESYLCAMKAGACRYDTEGYVTENI SQEEEAYAAERLDKIRRONRIKAELQAVLDEK 186

FINO 1IR65 RDVLLEDVAQRNIPLSHKKLRRALKAITRSESYLCAMKAGACRYDTEGYVTEHISQEEEVYAAERLDKIRRGNRIKAELQAVLDEQ 186
FINO 11R100 ROVLLEDVAQRNIPLSHKKLRRALKAITRSESYLCAMKAGACRYDTEGYVTEHI SQEEEWMERLDKIRRONRIKAELOAVLDEQ 186
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FIG. 10. Comparison of two sequences of finO, allele I, with two sequences of finO, allele II, illustrating the near 1dent1ty between the
sequences. The F FinO sequence is taken from Yoshioka et al. (275), ColB2 is taken from van Biesen and Frost (250), R6-5 is taken from Cram
et al. (35), and R100 is taken from Yoshioka et al. (274 275) and Mclntire and Dempsey (175). The sequences are arranged in order of their
similarity to the F FinO sequence, and the notation in the figure is the same as in Fig. 6.

access to the cytoplasm as a result of membrane damage (91,
198).

Py, Promoter

The Py promoter, formerly called the Py, promoter, was
originally thought to be the site of initiation of a 32-kb mRNA
transcript which encoded all the genes in the F transfer region
(traY to traZ) except traM and traJ (111, 257). However,
because the traZ gene no longer exists (the traZ gene product
is Tral*) (246) and because there is uncertainty about the
length of this transcript, the name for the promoter has been
shortened to Py.

An inverted repeat immediately following the traJ gene and
preceding the Py promoter could act as a rho-independent
terminator for the traJ transcript (nt 1738 to 1758). The Py
promoter has been mapped by Fowler et al. (72), Mullineaux
and Willetts (194), and Silverman et al. (234), and the initia-
tion of transcription has been shown to be located within the
BstEIl site at nt 1789 to 1795. Data obtained with deletion
mutants also led Fowler and Thompson (73) to propose that a
pair of overlapping shadow promoters are active in the absence
of the primary promoter. More recently, Silverman et al. (234)
positioned the 5’ terminus of the predominant mRNA species
expressed in F lac and reporter plasmid hosts at nt 1792, but
they also observed weak signals for transcripts as much as 20 nt
longer or 14 nt shorter and suggested that several promoters
may be active in this region. Alternatively, such variation may
reflect “transcriptional slippage,” since Xiong and Reznikoff
(272) have shown that transcripts initiated at a run three or
more T - A base pairs may carry variable oligo(U) sequences at
their 5’ ends. These authors also identified a pattern of highly
conserved bases that seems to compensate for the absence of a
typical —35 sequence in some E. coli sigma 70 promoters.
Interestingly, the same pattern is present in the F Py, promoter
region, including the TXTGX (nt 1873 to 1877) immediately
prior to the suggested —10 region (aAacAT). Although TralJ
binding to Py has not been demonstrated, the TraY protein
has been shown to bind to the Py region in F between the
BstEII site and the beginning of the #raY gene (sbyB; see the
section on the TraY protein, above) (195); the R100 TraY
protein binds to a similar site in the R100 Py, promoter region
(115). The Py promoter of the R1 plasmid and transcription
initiation site appear to lie within the 3’ end of the reading
frame for the R1 traJ gene, suggesting that, on this plasmid, traJ
expression could affect transcriptional activation of the Py
promoter in cis (134).

As well as requiring TraJ for initiation, transcription from

the Py, promoter depends on the product of the chromosoma-
lly encoded gene sfrA (also known as arcA, cpxC, dye, and fexA
[27, 121, 142, 233]), a member of the family of two-component
regulators (240). CpxA is probably the sensor that acts in
conjunction with SfrA (254); no function has been assigned to
a third gene affecting F expression, cpxB. Interestingly, muta-
tions in SfrA/ArcA that affect the control of aerobic respiration
do not affect F transfer. Consequently, the name SfrA contin-
ues to be used in the context of F transfer operon expression.
The decrease in Py, activity in an SfrA~ host was not attribut-
able to a change in TraJ expression; in addition, transcription
from P, was decreased in strains carrying mutations in IHF,
suggesting a role for IHF in transcription from this promoter
(88, 234). traJ-independent or sfrA-independent mutants have
been isolated, and the mutations were found to be clustered in
a region upstream from the site of transcription initiation
(235). Recently, Gaudin and Silverman (90) have suggested
that the P, promoter is sensitive to levels of supercoiling and
that a nucleoprotein complex of unspecified composition alters
the superhelical density at this promoter. TraJ and perhaps
other activators could disrupt this interaction, leading to
transcription of the transfer operon (90). Thus, the Py pro-
moter may prove to be very complex, with levels of control
imposed by the host through the SfrA and IHF proteins as well
as the fra gene products, TraJ and TraY, which may alter the
superhelical density of the promoter region.

GENES FOR PILUS SYNTHESIS AND ASSEMBLY

The F pilus, an extracellular filament that extends from the
surface of the bacterial cell, recognizes various receptors. Its
roles include recognition of and attachment to suitable recip-
ient cells (the first step toward conjugation), recognition of
surface exclusion proteins (leading to disengagement from
mating contacts with cells carrying a closely related plasmid),
and provision of attachment sites for pilus-specific bacterio-
phages. Current evidence indicates that once extended, F pili
can also depolymerize into the donor or recipient cell. Thus,
recipient cells or phages to which these filaments have attached
are carried to the donor cell surface as the F pilus depolymer-
izes.

F pilus filaments consist of a single subunit (pilin) arranged
in a helical array to give a fiber 8 nm in diameter with a 2-nm
hollow core. The helix contains five subunits per turn, with a
rise of 1.28 nm and a repeat distance of 32 nm (170, 206). The
length of the pilus can be very variable, ranging from 1-2 to 20
pm under unusual growth conditions. The pili of the F-like
plasmids can be distinguished from each other serologically
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Leader Sequence . . . .
TRAA | MNAVLSVQGASAPVKKKSF-FSKFT-R~-LNMLR-LARAVIPAAVLMMFFPQLAMA- 51
TRAA 11 MNAVLSVQGASAPVKKKSF-FSKFT-R-LNMLR-LARAVIPAAVLMMFFPQLAMA- 51
TRAA I11 MNTVLSVQGASAPVKKKSF - FSKFT-R-LNMLR-LARAVIPAAVLMMFFPQLAMA- 51
TRAA 1V MNTVLSVQGASAPVEKKSF-FSKFT-R-LNMLR-LVRAVIPVAVLMMLFPELAMA- 51
TRAA V MNLSFAKGGLPAPVKNRAWQYCQMAWRGVTSKKALSRLAALSPLLLLGVGQMASA- 55
L R e E R L S F O S S I S
Pilin . . . . . . .
TRAA I Ac-AGSSGQDLMASGNTTVKATFGKDSSVVKWVVLAEVLVGAVMYMMTKNVKFLAGFAI ISVFIAVGMAVVGL 121
TRAA 11 Ac-AQGQDLMASGNTTVKAT FGKDSSVVKWVVLAEVLVGAVMYMMTKNVKFLAGFAI ISVFIAVGMAVVGL 119
TRAA 111 AQGQDLMASGNTTVKAT FGKDSSVVKWVVLAEVLVGAVMYMMTKNVKFLAGFAI ISVFIAVGMAVVGLK 120
TRAA 1V AGKGDLMAKGNDTVKATFGKDSS I VKWVVLAEVLVGAVMYMMTKNVKFLAGFAI ISVFIAVGMAVVGL 119
TRAA V Ac-TDLLAGGKDDVKATFGADSFVMMCI I IAELIVGVAMY IRTKNLLILLGLVVVIVFTTVGLTFIK 121

IR AR E bbb b R R EE bt it Flabf Pl PR AL R bt E At F R E LT

FIG. 11. Comparison of the five types of pilin encoded by trad. The sequences are taken from Frost et al. (79, 83) and Finlay et al. (63). The
leader sequences and the mature pilin sequences are compared separately. The N termini of F (I), ColB2 (II), and pED208 (V) have been shown
to be acetylated (Ac-) (60, 77, 83), while the N termini of R1-19 (IIT) and R100-1 (IV) have been determined to be blocked, but the presence of
an acetyl group has not been demonstrated (79). The sequences are arranged in order of their similarity to the F pilin sequence, and the notation

in the figure is the same as in Fig. 6.

(139) and by their pattern of F-specific phage attachment (79).
Synthesis of the mature F-pilin subunit depends on the three
tra products expressed by the widely separated genes traA,
traQ, and traX (Fig. 1).

Product of the Pilin Gene, trad

The traA gene was originally shown by Minkley et al. (184)
to encode the pilus subunit, pilin. The gene sequence revealed
an OREF of 121 codons (nt 2249 to 2611) (83). The pilin subunit
purified from F pili was determined to be a 7.2-kDa protein with
an acetylated N terminus and a composition consistent with the
last 70 aa in the sequence (83). These results corresponded well to
other results demonstrating that the 13-kDa tra4 product (pro-
pilin) could be processed to a 7-kDa pilin polypeptide in cells
expressing traQ (119, 191). The 51-aa propilin signal sequence
(Table 2) is unusually long, although the sequence context for
its cleavage appears typical of E. coli signal peptidase target
sites. The sequence of the signal peptide is conserved among
the five alleles of F pilin studied (Fig. 11) (79), and mutations
that affect F pilus synthesis and function have been found to
occur in the signal sequence as well as in the coding region
(Fig. 2) (82). F pilin subunits appear to be assembled from an
inner membrane pool, and the mature subunits are found in
inner membrane fractions when pilus assembly is defective
(137, 189, 190).

Serological differences and variations in phage sensitivity
patterns exhibited by F-like pili were postulated to reflect
differences in the sequence of the pilin subunit (139, 140, 178,
259, 264). These were determined to occur primarily at the N
and C termini of pilin (79). The major antigenic determinant
was discovered to be the acetylated N terminus of the pilin
protein (64, 80). The N-terminal antigen is not exposed along
the length of normal pilus filaments, and no evidence that it is
exposed at the pilus tip has been provided (80, 268). Like
propilin, the 7-kDa pilin polypeptide produced from clones
expressing tra4 and traQ reacts poorly with polyclonal anti-
serum raised against purified pili (137). Since this 7-kDa
product [Ap7(Q)] also migrated slightly faster than mature F
pilin, it became clear that an additional F product was needed
for N-terminal acetylation of F pilin (137, 271). Recent results
demonstrate that the traX product is required for this reaction
(186).

Mutations that affected RNA phage sensitivity fell into two
classes. Those that affected R17 attachment were located near
the beginning of the mature pilin protein (aa 11 to 22 in mature
pilin, aa 62 to 73 in propilin) (Fig. 11), whereas those that
strongly affected QB attachment were at the C terminus and
involved a change in charge. The sequences with which fila-
mentous phages interact are less clear-cut but may be near the
N terminus (82).

Circular dichroism studies suggest that the mature pilin
protein has a highly a-helical character (14, 41), and second-
ary-structure predictions suggest that the protein has two
hydrophobic segments in addition to the first 26 residues at the
N terminus. Fiber diffraction confirmed the a-helicity of the
pilin protein but suggested that the helices were not necessarily
parallel to the axis of the filament (71). Therefore the protein
may form a hairpin with the residues near the C terminus
exposed on the sides of the pilus and the internal basic residues
(aa 97 and 100 [Fig. 11]), which interrupt the hydrophobic
character of the protein, exposed in the lumen of the pilus.
Immunological and TnphoA fusion analysis of the orientation
of pilin sequences in the cytoplasmic membrane have sug-
gested the same structure for membrane pilin subunits with
both N-terminal and C-terminal residues located on the
periplasmic side (200). The N-terminal domain may be ex-
posed on the distal surface of assembled pilins and, conse-
quently, may be exposed at the pilus tip. However, the
presence of another protein or substituent at the tip that acts
as an adhesin has not been disproven.

Efforts to demonstrate that the F pilin subunit is posttrans-
lationally modified with phosphate or glucose, as originally
reported (26), have shown that these moieties, if present at all,
are not covalently linked (15). Recently, electron spectroscopic
imaging has shown that F and F-like pili are devoid of
substantial amounts of phosphate (78). However, some addi-
tional modifications to pilin may occur, since a fraction of
the subunits in F pili have been found to migrate at a re-
tarded position on SDS-PAGE. Immunoblot analyses indi-
cated that both the 8-kDa and the more prevalent 7-kDa
subunits have the same acetylated N-terminal sequence, while
kinetic studies demonstrated that the modification is added to
the pilin polypeptide after signal sequence processing occurs
(158, 186).
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traQ Gene Product

The traQ sequence (nt 16585 to 16866) is predicted to
encode a 94-aa inner membrane protein. This polypeptide
includes two major hydrophobic regions (Ile-14 to Leu-32 and
Ala-40 to Leu-60) and has a hydrophilic C-terminal region of
the protein containing numerous charged amino acid residues
(Table 1) (269). The traQ locus was identified as necessary for
pilin maturation when various tra4™ Hfr deletion mutants
were found to lack F pilin subunits (191). Subsequent experi-
ments demonstrated that TraQ was required for efficient
processing of propilin (119, 137, 271); F derivatives defective
only in traQ expression are extremely transfer deficient and are
unable to synthesize detectable quantities of F pilin or to
elaborate F pili (127). The traQ product has been character-
ized, and current data are consistent with a model in which
TraQ chaperones and/or translocates propilin residues
through the cytoplasmic membrane; in the absence of traQ, the
majority of the tra4 product is degraded (137, 154, 158, 269).

traX Gene Product

Since the pilin synthesized by lambda tra4 — traH transduc-
ing phages reacted poorly with F pilus antiserum unless an F*
host was used, Laine et al. (137) suggested that N-terminal
acetylation of pilin required an additional gene product. The
isolation of two monoclonal antibodies provided a very specific
assay for this gene activity: JEL93 recognizes the acetylated F
pilin N-terminal sequence, whereas JEL92 reacts with internal
pilin residues centered around Met-9 (aa 60 [Fig. 11]) (80).
These were used to demonstrate that acetylation of F pilin is
dependent on traX (186). Expression of cloned trad, traQ, and
traX sequences suffices for synthesis of mature F pilin in vivo
(158). An F derivative carrying a traX mutation was also found
to elaborate filaments containing subunits with an unblocked
N-terminal sequence that is otherwise identical to that in F
pilin (159, 160). Despite previous speculation that fraX might
be essential for conjugation, this derivative is transfer profi-
cient and confers sensitivity to pilus-specific phages. The
structure of traX pili may differ somewhat from that of
wild-type pili, however, since JEL92 antibodies were found to
adsorb along the length of pilus filaments elaborated by a trad
— traG clone in which wild-type pili did not adsorb this
antibody laterally. Such pili were also defective in R17 phage
attachment, and this defect could be complemented by clones
containing the distal part of the transfer region (traD — traX)
(99, 100). This suggests that this region, although not essential
for transfer, may be important for correct pilus assembly.

The traX sequence appears to be highly conserved among
F-like plasmids examined (35, 274). F traX (nt 31938 to 32681)
is predicted to express a highly hydrophobic 248-aa, integral
inner membrane protein with four transmembrane domains
(35). However, the apparent molecular mass of the inner
membrane proteins found to be expressed from traX clones is
considerably smaller than the 27.5 kDa predicted for this
product (155, 157).

Genes Involved in Pilus Assembly

Mutations affecting the expression of genes traL, traE, traK,
traB, traV, traC, traW, traU, traF, traH, or trbC or the N-
terminal region of traG affect piliation and drastically decrease
mating efficiency (11, 12, 70, 105, 162-164, 167, 188, 192, 260,
270). Since mature F pilin subunits have been detected in inner
membrane preparations from the mutant strains (186, 189),
the products of these genes are assumed to be involved in F
pilus assembly. In most cases (traU and trbC are exceptions),
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mutations that block the synthesis of one of these gene
products also block expression of pilus filaments and result in
complete resistance to pilus-specific phages. The nonsense and
frameshift mutations in this class that have been sequenced are
traK4 (nt 3731), traK105 (an additional C in the run at nt 4020
to 4023), traV569, traW546 (nt 11152), and traF13 (nt 15475)
(Fig. 2) (164, 208, 270). The one missense mutation sequenced,
traC1044 (altering R to C at nt 10155), is of particular interest
because it differs from traC nonsense mutations in that it does
not totally block mating-pair formation or filamentous-phage
infection (223, 224). Because no pilus filaments could be
detected, Schandel et al. (223) suggested that traC1044 blocks
elongation of the pilus but allows the pilus tip to be assembled
at the cell surface. Recently, homology between TraC and
proteins apparently involved in protein secretion has been
detected. TraC shares sequence similarity with the VirB4
protein of the Ti plasmid (232), which, in turn, has sequence
similarity to TrbE (IncP), TrwK (IncW), and the PTorfD gene
product of the ptl operon involved in production of Bordetella
pertussis toxin (126, 230, 231, 255).

A complete lack of TrbC leads to a phenotype similar to that
found for the traC1044 mutant. Two pOX38 trbC::kan mutants,
containing insertions either at #6C Pvull (nt 12514) or be-
tween the rbC Bsml sites (replacing nt 12688 to 12837), both
retain some sensitivity to filamentous DNA phages, although
they do not express detectable numbers of pili (163). In
contrast, inactivation of traU reduces but does not severely
alter the number of pili that can be expressed; however, a traU
defect does significantly reduce sensitivity to both RNA and
DNA pilus phages (188). Mutants in which a kan cassette has
been introduced between the EcoRYV sites in traU (replacing nt
11469 to 11840) express about 16% of the number of pili
observed on a wild-type control.

Additional gene products that could be involved in pilus
expression include those of traP, trbl, and traD, although
mutations in these genes do not block pilus production.
Kanamycin insertions in traP have a discernible effect on the
efficiency of both transfer and phage infection (128). Those in
trbl permit normal levels of plasmid transfer but reduce the
efficiency of RNA and DNA phage infection. Interestingly,
expression of Trbl in excess has a similar effect, and some
trbl::kan mutants express extremely long pili, suggesting that
the kinetics of pilus extension and retraction could be altered
in these strains (164). As noted in a previous section, traD
mutations block the entry of RNA during infection by phages
in the 2, R17, and MS2 family and increase the number of pili
expressed.

Characteristics of Pilus Assembly Proteins

The predicted size, location, and structure of products
expressed by the pilus assembly genes are summarized in Table
1. Presumably, these products interact with one another to
remove F pilin subunits from the inner membrane, polymerize
them, and extend the F pilus from the cell surface. Sequence-
based predictions, as well as other data concerning the loca-
tions of the proteins expected to be involved, suggest that such
a complex would span the bacterial envelope.

TraC (99.2 kDa) (224, 225) is found in the cytoplasm in F~
cells but fractionates into the inner membrane in F* cells,
suggesting that it is peripherally associated with the inner
membrane through interactions with other tra proteins. TraB
(50.5 kDa) (74) is predicted to be predominantly hydrophilic,
with a short hydrophobic segment (residues 12 to 34) which
could target it to the inner membrane. Interestingly, TraB has
a proline-rich character similar to the Trbl protein of RP4
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(143), suggesting an extended conformation, possibly with
periplasmic domains. TraL has a region with hydrophobic
character (residues 31 to 61), which could also target it to the
inner membrane (83). It has sequence similarity Tra2D (TrbD)
and VirB3 (230, 232). TraE (21.2 kDa) (83), which may have
an N-terminal membrane anchor (residues 12 to 39), has weak
similarity to Tra2F (TrbF) of RP4 (74). TraG (102.5 kDa),
which has multiple membrane-spanning segments, has been
found in the inner membrane (70). TraL, TraE, TraB, TraC,
and TraG are all required for piliation, so that interactions
among these proteins seem likely. With the exception of TraG,
all seem to have analogs in the RP4 Tra2 region involved in
pilus synthesis. As mentioned above, a normal piliation phe-
notype requires that the inner membrane proteins Trbl (10
kDa) (164), TraD (82 kDa) (124, 274), and possibly TraP (22
kDa) (74), also predicted to be located in the inner membrane,
be included in this array.

The mature products TraK (23.3 kDa) (208), TraW (21.7
kDa) (164), TrbC (21.2 kDa) (163), TraU (34.3 kDa) (188),
TraF (25.9 kDa) (270), and TraH (47.8 kDa) (105) are
expected to be periplasmic proteins. These products, which are
also required for piliation, are all synthesized with signal
sequences (Table 2) and are predicted to be soluble after
processing. TraK is similar in this respect to the Tra2G (TrbG)
protein of RP4, which is of similar size (297 aa) and has weak
homology to F TraK (74). There are hydrophobic regions in
TraU and TrbC that might permit peripheral membrane
associations, and the possibility that some proteins in this
group are outer membrane proteins has not been excluded.
However, after synthesis in maxicells, the TraW, TrbC, TraU,
and TraF proteins have been shown to concentrate in periplas-
mic fractions (163, 164, 188, 270).

One gene product required for piliation, TraV, is predicted
to be synthesized as an 18.5-kDa product with a signal se-
quence (Table 2) that could undergo lipoprotein processing
(51). Thus, TraV is suggested to be attached to the outer
membrane. Although the size of the unmodified, processed
TraV polypeptide is predicted to be 16.6 kDa, lipid modifica-
tion should cause the observed polypeptide to be larger.
Whether it then corresponds to the 21-kDa product that has
been detected is unclear (192). RP4 also has a predicted
lipoprotein, Tra2H (TrbH), of similar size (160 aa), although
sequence comparisons have not detected any homology (74).

Since the elaboration of F pili is thought to be energy
dependent, it is interesting that, in addition to the motifs in
TraD mentioned previously, ATP/GTP-binding motifs were
also identified in the sequences of both TraC (GTSGAGKT; nt
9180 to 9203) and TraH (GCTVGGKS; nt 18606 to 18629)
(225, 249).

So far, all experimental data available concerning the loca-
tion and processing of pilus assembly proteins have agreed with
sequence-based predictions. The protein products assigned to
this group have been identified (see the references in Table 1),
and, with the exception of TraV, their observed sizes conform
closely with predictions for the M, of the polypeptide. As yet,
no data concerning the interactions of such products with pilin
subunits or with each other are available. Presumably, other
similarly located fra region products that are not known to
affect piliation could also be interacting with the assembly
proteins.

MATING-AGGREGATE STABILIZATION PROTEINS

There is continuing discussion over the exact mechanism of
conjugal DNA transfer from the donor to the recipient cell.
Although there is limited evidence that the single strand of
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DNA can pass to the recipient via an extended pilus (106, 199),
there is also considerable evidence that transfer ordinarily (or
more usually) occurs between cells in close and specific
contact. For discussions of these cellular interactions, the
reader is referred to the articles by Achtman and Skurray (10)
and Willetts and Skurray (265).

The specific contacts between mating pairs or mating aggre-
gates (since more than two cells are often seen to be involved)
(4) are thought to result from the interaction between the F
pilus tip on the donor cell and a receptor on the recipient cell
surface. The pilin subunits depolymerize into the membrane,
drawing the cells together to form a conjugation “bridge” for
the passage of DNA. Initial contacts between donor and
recipient cells are unstable, but with time they become resis-
tant to disruption by shearing or the addition of SDS (10). The
most recent evidence for this model comes from studies with
video microscopy and thin-section electron microscopy, which
showed the formation of “conjugal junctions” between cells in
close wall-to-wall contact (53).

Recent evidence (76) suggests that the pyrophosphoryletha-
nolamine residue on the first heptose of the inner core of the
lipopolysaccharide is involved in F mating-pair formation in
liquid medium (109). The OmpA outer membrane protein in
the recipient has also been implicated in mating-pair formation
with F donors in liquid media, with a suggested involvement in
either pilus attachment or mating-pair stabilization (9, 168,
169, 193). It is important to recall that neither the lipopolysac-
charide nor OmpaA is required for F mating on solid surfaces
and that OmpaA is not required for R100 mating either on solid
or in liquid media (238). Thus the roles of OmpA and
lipopolysaccharide in conjugation remain in question, and the
evidence suggests that mating-pair formation may occur dif-
ferently on solid and in liquid media.

The products of #aN and traG are essential for DNA
transfer and may stabilize mating contacts at an early stage of
the interaction between donor and recipient cell surfaces; the
Fl actraN548 amber mutant and some #raG mutants are able to
produce F pili but are defective in stable mating-pair formation
(167). It should be noted that the #aG product, TraG, is
bifunctional; it is involved both in the stabilization process and
in F pilus assembly (70).

traN Gene Product

DNA sequence analysis combined with polypeptide studies
of the traN product have suggested that it is a 65.7-kDa protein
that undergoes cleavage of a signal sequence (nt 12997 to
14802 [Tables 1 and 2]) and is inserted into the outer mem-
brane (161). The major portion of TraN remained intact after
cells were exposed to proteinase K, suggesting that the bulk of
the protein was involved in transmembrane segments and
periplasmic domains. Internally located segments of TraN
might interact with a periplasmic domain of TraG, the second
product needed for stabilization. TraN is predicted to have an
ATP-binding domain (ATGETGKT; nt 13246 to 13269) (161);
it is not known whether mating-pair stabilization is ATP
dependent. A traN amber mutation, first described by Miki et
al. (180), has been sequenced (rraN548; nt 13387) (161).

traG Gene Product

Predictions from nucleotide sequence analysis, along with
polypeptide and protease protection studies, indicate that
TraG is a 102.5-kDa protein which spans the inner membrane
several times (nt 19403 to 22216 [Tables 1 and 2]), two large
periplasmic domains are anchored to the inner membrane by
several hydrophobic segments (70). Deletion analysis has
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shown that only the N-terminal portion of TraG is essential for
F pilus assembly; the C-terminal region encodes sequences
essential for aggregate stabilization (8, 70). Moreover, internal
cleavage of TraG has been proposed to account for the
production of a 50-kDa periplasmic product, TraG*. This
product is derived, approximately, from the C-terminal half of
TraG and so includes the second large hydrophilic domain and
possibly most or all of the sequences necessary for stabilization
(70). Either the periplasmically exposed domains of the entire
traG product or TraG* could interact directly with a periplas-
mic domain of TraN to stabilize mating-cell interactions.

The failure of a #raG mutant plasmid to transfer DNA
during solid surface matings, conditions which would have
been expected to hold mating cells in close contact, and the
very limited transfer of a fraN mutant in these experiments
(167) have led to the suggestion that TraG and TraN have a
role in more than surface interaction (70, 161). It may well be
that TraN and TraG form (part of) the channel or conjugation
“bridge” for DNA transfer, since, together, their various
domains extend from the cytoplasmic side of the inner mem-
brane to the external surface.

SURFACE EXCLUSION

The surface exclusion mechanism reduces conjugation
among cells bearing closely related plasmids of the same
exclusion group. Five exclusion groups (Sfx, to Sfxy, F, ColB2-
K98, R1, R100, and pED208 are the prototypes) have been
identified (66, 259). Surface exclusion results from the pres-
ence of two tra proteins: TraT, an outer membrane protein that
blocks the initial steps in mating-pair formation, and Tra$S, an
inner membrane protein which is thought to block DNA
transfer after a mating pair has been established (129). Exper-
iments to determine the contribution of these two proteins,
which act by very different mechanisms, have shown that TraS
exhibits the stronger effect on surface exclusion (100- to
200-fold versus 10- to 20-fold for TraT) (5). TraT also confers
serum resistance on bacteria, contributing to the virulence of
the organism; the properties of TraT have been reviewed by
Sukupolvi and O’Connor (241). The sequence of the F surface
exclusion genes, traS (nt 22252 to 22698) and traT (nt 22796 to
23527), were determined by Jalajakumari et al. (123); the
sequence of the R100 traT gene was determined by Ogata et al.
(197); and the sequence of the ColB-K98 TraT protein was
reported by Sukupolvi and O’Connor (241). The sequences
of traT for F and pED208 were compared by Finlay and
Paranchych (66), and the known sequences of TraT were
compared by Finlay and Paranchych (66), Jalajakumari et al.
(123), and Sukupolvi and O’Connor (241).

TraT Protein

The F traT gene product is predicted to be 26 kDa; it
undergoes cleavage at the Cys residue at position 22 (Table 2)
to give a polypeptide of 23.8 kDa during lipoprotein process-
ing. The precursor protein is modified by the addition of a
thioether-linked diglyceride to Cys-22, followed by the addi-
tion of two fatty acids to the diglycerides via ester linkages,
signal peptidase II cleavage after residue Gly-21, and further
acylation at the Cys-22 residue (the first amino acid in the
mature protein) via an amide linkage (181, 209).

The difference between the F and R100 TraT sequences is a
Gly-to-Ala transition at position 141 in the unprocessed pro-
tein, whereas ColB2-K98 has an additional Asn-to-Ser transi-
tion at position 136 (107). Recently it has been demonstrated
that these small changes in protein sequence define the
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specificity of TraT in surface exclusion (107). The TraT protein
may form a multimeric structure in the membrane (185), which
has been visualized by electron microscopy as a five-membered
ring of 18.5 nm diameter (182). Thus, the side chains on the
amino acids that define TraT specificity may extend into the
core of the ring and be recognized by the pilus tip of the
homologous plasmid (107).

The TraT protein can be translated from a stable mRNA
(145), which is transcribed in a TraJ-independent manner from
a weak promoter within the traS gene (104, 123, 212, 213). The
hairpin structures predicted at the 3’ and 5’ ends of the traT
transcript (nt 22708 to 22747 and 23569 to 23663) presumably
stabilize this mRNA. The former hairpin was initially thought
to be a terminator for #aS transcription (123); traS is tran-
scribed from a strong promoter, and traT expression may
depend on transcription from that promoter with incomplete
termination at this hairpin between traS and traT (104). The F
traT protein is easily visualized in membranes from F* cells
which contain about 25,000 copies per cell (5, 165, 183).
Overexpression of TraT from a multicopy plasmid increases
the level of surface exclusion, suggesting that the effectiveness
of TraT is concentration dependent (5).

The TraT protein has two hydrophobic segments (Table 1)
which could span the outer membrane; the protein is extremely
stable and resists heat denaturation, proteolytic digestion, and
solubilization by detergents (165, 185). raT mutants with
altered permeability properties have been useful in dissecting
the permeability barrier in gram-negative bacteria as well as
the role of TraT in virulence (211, 241).

The precise role of TraT in surface exclusion is unclear. That
an interaction with pili might be involved in surface exclusion
was first suggested by Meynell and Ewins (177), who showed
that surface exclusion was affected by the production of mixed
pili in a cell. Similarly, plasmids in the same exclusion group
also usually have the same traA4 alleles, although exceptions do
occur (259). Riede and Eschbach (220) have proposed that
TraT blocks access to the outer membrane protein OmpA, one
of the proposed receptors for the pilus tip, by masking the
pilus-binding site. However, purified F pili have been found to
bind normally to recipient cells carrying an interrupted ompA
gene (76). Minkley and Willetts (185) have proposed that the
pilus tip binds TraT; thus, there would be competition between
TraT and the pilus receptor for the pilus tip, leading to
reduced levels of transfer. Purified TraT protein is also capable
of specifically blocking transfer; purified F TraT blocks mating
by F more efficiently than by R100 (185). Similarly, the R6-5
(Sfxyy) TraT protein blocks transfer by the repressed plasmid
R6-5 more efficiently than by the derepressed plasmid R100-1
(Sfx;v), suggesting that the level of piliation may contribute to
the efficacy of the surface exclusion system (107); the trad
sequences of R100-1 and R6-5 are identical (236, 241). Recent
evidence suggests that changes in sequence at the N terminus
of the pilin subunit do not alter the specificity of the surface
exclusion reaction, suggesting that another protein, possibly an
adhesin at the pilus tip, is involved in TraT recognition (76).

TraS Protein

The mechanism of action of TraS remains an enigma;
expression of TraS in the recipient cell does not prevent
mating-aggregate accumulation but does prevent donor DNA
synthesis and DNA transfer, suggesting that TraS blocks a
signal transduced from the recipient to the donor cell (5, 7,
129). Surface exclusion, mediated by TraS in the recipient cell,
also appears to require an intact peptidoglycan in the donor
cell, suggesting a role for the cell wall in signal transduction.
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FIG. 12. Comparison of the sequences for TraS from F (I) (123) and pED208 (V) (66). Identical residues are marked with an asterisk.

Tra$, which has three or four hydrophobic segments (Table 1),
is found in the inner membrane (123). TraS proteins (Fig. 12)
may differ in sequence among F-like plasmids, although the
only traS genes sequenced to date are from the distantly
related plasmids F and pED208 (66). Heteroduplex mapping
analysis of F-like plasmids (229) suggested a region of nonho-
mology which approximately coincided with the position of the
traS gene. Since the tra proteins TraM and TraY differ
significantly among the F-like plasmids (259), TraS may also
differ in sequence among the F-like plasmids and interact with
other plasmid-specific tra components to interfere with the
mating signal that initiates transfer (167). More sequence
information on the #raS gene from plasmids belonging to other
exclusion groups may prove informative, and information on
its mechanism of action may shed light on the elusive “signal”
that initiates transfer.

OTHER tra REGION PRODUCTS

The functions of a number of the ORFs identified in Fig. 1
and 2 remain unclear. In addition to #raP and trbl, which were
discussed together with pilus assembly products, this group
includes traR, rbABDEFGHJ, and the anti-tra OREF, art4. As
indicated in Table 1, computer analysis of these sequences
suggests that their products would include two cytoplasmic
proteins (TrbD and TrbG) (51, 74); six inner membrane
proteins (TrbA, TrbE, TrbF, TrbH, TrbJ, and ArtA) (104, 156,
161, 269, 271); and, after signal sequence processing, one
periplasmic protein, TrbB (Table 2) (271). It seems reasonable
to expect that such products would interact with other tra
proteins in the same subcellular location. However, character-
ization of this group is still at a preliminary stage. Products
have not yet been observed for #bD, trbF, trbG, trbH, or artA,
although an in-frame art4::lacZ fusion has been shown to be
expressed (269). Otherwise, products that correspond in size to
the loci have been identified. The small TrbA (12.9-kDa) and
TrbE (9.9-kDa) products are known to be inner membrane
proteins, and TrbB has been observed to undergo signal
peptide processing and to localize in the periplasm (161, 269,
271). The TraR and TrbJ proteins have been identified but not
localized (156, 192).

Analysis of kan cassette insertion mutations affecting this
group of gene products has not yet resolved the question of
their functions. Insertion mutations in fraR, trbA, trbB, trbE,
trbH, trbJ, and art4 did not significantly alter the efficiency of
transfer or pilus-specific phage infection in standard E. coli
experiments, although these genes could make a more impor-
tant contribution under other growth or mating conditions
(127, 156, 161). Insertions into the #bD and trbG sequences
result in a mutant phenotype, but this may not reflect their
individual functions; because the defects cannot be comple-
mented by expression of the genes in trans, it is possible that
disruption of these sequences affects expression of other tra
region proteins (187).

Conclusions

The F transfer region could be described as a collage of
signaling and export-import systems, designed to allow plasmid
transfer to suitable recipient cells under optimal environmen-
tal conditions. Pilus assembly and retraction represent two
opposing systems for pilin protein export and reabsorption; the
equilibrium between these two processes could be disturbed by
contact with recipient cells or phage particles or in response to
changes in physiological conditions (e.g., changing tempera-
ture, entry into stationary phase). This perturbation of the
system could trigger pilus retraction, DNA transfer, changes in
tra gene expression, or a combination of all three responses.
The transfer of the DNA is facilitated by a transport system
specific for nucleic acids, and similarities in protein sequence
and function of the tra proteins involved appear to be con-
served among the transfer regions studied to date. Overlying
these macromolecular transport systems is a network of inter-
cellular signaling mechanisms which do not have obvious
similarity to other procaryotic signal transduction systems.
Upon identification of a suitable recipient cell, a signal appears
to be generated; it is then passed through the pilus into the
donor and results in the transfer of the DNA. The Tra$ protein
of the F surface exclusion system either interferes with this
signal or generates a new signal that a nonproductive mating
pair has formed. A study of the mechanism of action of this
protein could be very informative about this remarkably pre-
cise and efficient signaling process.

The unique structure of the mating junctions as visualized by
electron microscopy (53) suggests ample possibilities for the
exchange of signals between the mating cells and could involve
many components of the cell envelope. Whether the F transfer
operon is solely responsible for construction of the mating
bridge or whether it coordinates interactions between compo-
nents of the envelopes of the partners in the mating pair is an
intriguing aspect of this process. Although OmpA and lipo-
polysaccharide in the recipient have been implicated in mating-
pair formation, no mutation in the recipient cell has resulted in
a completely conjugation-deficient recipient. This suggests that
such a mutation either would be lethal or could be circum-
vented by increased participation by other components of the
junction. It is possible to imagine the construction of a
transfer-specific pore spanning the envelope of the donor cell
to facilitate DNA transport, but the path the DNA takes once
it enters the recipient cell is less obvious. Does the uptake of
the DNA require a constitutively expressed import system in
the recipient cell, or does the transfer machinery expand into
the recipient and inject the DNA into the cytoplasm in a
manner reminiscent of the contractile-tailed bacteriophages?
The mechanism of mating-pair formation and DNA transfer in
intergeneric and interkingdom crosses is even more puzzling. It
will be of interest to know whether these unusual conjugative
events require the tra genes for pilus and mating-pair forma-
tion or whether the DNA transfer machinery takes advantage
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of cell-to-cell contacts that normally occur at low frequency
and have not been previously described.

As information accumulates on the function of the tra gene
products in the F-like plasmids and other transfer systems in
the gram-negative world, similarities in the process of conju-
gation can be ‘discerned and used to discover the nature of
mating-pair formation and precise DNA transfer. On the basis
of the two criteria of serological relatedness and shared
sensitivity to bacteriophages, the pili of the various transfer
systems, which are usually associated with a particular incom-
patibility group, can be divided into two families: those that are
expressed by the group of IncP, IncN, IncU, IncW, IncX,
IncM, and Incl plasmids and those that are members of the
IncF, IncC, IncD, IncJ, and IncS plasmids (75). Plasmids of the
IncH and IncT groups cannot be easily categorized within
these two families as yet, whereas Incl plasmids elaborate two
types of pili belonging to both families. These similarities are
holding true at the genotypic level, where DNA sequence
information for plasmids from the IncP family suggests that
they are more closely related to each other than to F. Cur-
rently, limited DNA sequence information is available for only
a few members of the IncF family that are closely related to F.
Eventually, it may be possible to distinguish whether there is a
continuum of genetic variation throughout the plasmids of
gram-negative bacteria whereby F (IncF) and RP4 (IncP)
represent distantly related transfer systems or whether F and
RP4 have evolved from different ancestors and share only a
few processes in common (for pilus assembly and DNA nicking
and transfer). This continuum may be extended to include
mating systems from gram-positive bacteria as homology with
these systems continues to be uncovered (69).

Mating-pair formation may occur by distinct mechanisms in
the IncF and IncP families; genes for stabilization have not
been detected in the IncP systems, as demonstrated by their
preference to mate on solid surfaces. Although a conjugative
pilus is expressed by both families, the absolute requirement
for a pilus during conjugation has been demonstrated only for
F and its relatives. It remains to be seen whether the RP4 pilus
is involved in recipient-cell recognition, mating-pair formation,
or DNA conduction, functions that have been ascribed to the
F pilus.

An examination of conjugative plasmids from gram-negative
bacteria reveals a greater degree of similarity in sequence and
gene function within the leading region of plasmids of different
incompatibility groups; this region may have an important role
in establishing the plasmid in the recipient cell. Very few tra (or
host) proteins appear to be transferred from the donor to the
recipient cell during conjugation; only the primase proteins of
the IncP and Incl plasmids RP4 and Collb-P9 (216, 217) have
been detected in the recipient, although definitive experiments
for other systems have not been done. Thus, the success of the
plasmid transfer event could well depend on the expression of
the arsenal of genes expressed immediately at the onset of
DNA transfer from the leading region as it enters the recipient
cell.

Although the number of gene products encoded by the F
transfer region, as well as their physical attributes and their
location in the cell, is, for the most part, known, the function of
the vast majority of these proteins and their role in DNA
transfer and/or pilus formation remain to be discovered. The F
transfer system shares many of the themes associated with
phage infection. The pilus resembles a filamentous phage coat;
the DNA transfer event shares mechanistic similarities with
$X174 replication and packaging. However, the act of bacte-
rial conjugation also represents a simple example of cellular
recognition and communication between cells in that a signal
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generated at the cell surface in the recipient cell is transmitted
to the transferosome in the membrane of another cell, initiat-
ing DNA transfer. Thus, the study of bacterial conjugation
should lead to insight on the complex subject of cell-cell
surface interactions and the coordination of events in the cell
envelope with the timing of replication initiation.
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