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The complete nucleotide sequence of the multicopy Streptomyces plasmid pLJ101 has been determined and
correlated with previously published genetic data. The circular DNA molecule is 8,830 nucleotides in length and
has a G+C composition of 72.98%. The use of a computer program, FRAME, enabled identification in the
sequence of seven open reading frames, four of which, tra (621 amino acids [aa]), spdA (146 aa), spdB (274 aa),
and kilB (177 aa), appear to be genes involved in plasmid transfer. At least two of the above genes are predicted
to be transcribed by known promoters that are regulated in trans by the products of the korA (241 aa) and korB
(80 aa) loci on the plasmid. The segment of the plasmid capable of autonomous replication contains one large
open reading frame (rep; 450 aa) and a noncoding region presumed to be the origin of replication. Four other
small (less than 90 aa) open reading frames are also present on the plasmid, although no function can be
attributed to them. The sequence of the pLJ101 replication segment present in several widely used cloning
vectors (e.g., pLJ350 and p1J702) has also been determined, so that the complete nucleotide sequences of these

vectors are now known.

Streptomyces spp. are gram-positive, mycelial soil bacte-
ria having a complex life cycle that involves differentiation
and sporulation. Plasmids are widespread in Streptomyces
species and potentially may have special features that allow
them to exist in these structurally and developmentally
complex organisms. In addition, Streptomyces DNA has an
unusually high G+C content, typically about 73% (14); thus,
the organization of DNA sequences required for autono-
mous replication and for the control of gene expression may
well be different from that found in procaryotic organisms
such as Escherichia coli, which has an average G+C com-
position of 50%.

plJ101 is a circular multicopy Streptomyces plasmid of 8.9
kilobases (kb). Originally found in S. lividans ISP 5434, it has
a broad host range, and a number of widely used cloning
vectors have been derived from it (16, 19, 21). More is
presently known about the basic biology of plJ101 than is
known for any other Streptomyces plasmid. Its essential
replication functions have been localized to a 2.1-kb DNA
segment (21), and other loci affecting plasmid maintenance
and plasmid transfer have been described (16, 20, 21).
Despite its relatively small size, pIJ101 is capable of trans-
ferring itself to plasmidless recipient cells at a frequency
approaching 100% and in doing so can mobilize the host
chromosome at a frequency of 107* (21). Previous studies
(20) have identified four loci involved in plasmid transfer and
two other loci that control the expression of transfer-related
functions.

We report here the complete nucleotide sequence of
plJ101 and correlate this with previously published reports
describing genetic loci on the plasmid (20, 21).

MATERIALS AND METHODS

Bacterial strains and plasmids. The Streptomyces plasmids
plJ101 (21) and pIJ350 (21) originally were obtained from the
John Innes Institute, Norwich, England. Both plasmids were
introduced individually into the S. lividans strain TK64 pro-2
str-6 SLP27SLP3™ (17) by transformation, and cells derived
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from single transformants were used for this study to ensure
that the DNA used for sequencing was of clonal origin. The
M13 sequencing vectors mpl8 and mpl9 (31) were used
throughout this study. Some plJ101-derived DNA fragments
were subcloned by using the plasmid vector pUC19 (31)
before further manipulation. The E. coli strain JM109 [recAl
endAl gyrA96 thi hsdR17 supE44 relAl A\~ A(lac-proAB) (F'
traD36 proAB lacl® ZAMI5)] (31) was used as host for the
M13 and pUC19 vectors.

DNA isolations and manipulations. Standard cloning tech-
niques and plasmid DNA isolation protocols were used for
both E. coli (22) and S. lividans (16). Occasionally, restric-
tion endonuclease-generated DNA fragments to be se-
quenced were isolated from low-melting-point agarose gels
as described previously (20). Single-stranded M13 DNA
sequencing templates were prepared essentially as described
by Messing (23) except that the polyethylene glycol-precip-
itated phage pellets were resuspended in TE containing 0.5%
sodium dodecyl sulfate to facilitate phage lysis.

DNA sequencing. M13 clones were sequenced by a modi-
fication of the method of Sanger et al. (26). A 1-ug amount of
single-stranded M13 template DNA was annealed with 2.5 ng
of the 17-mer universal sequencing primer (New England
BioLabs, catalog no. 1211) at 65°C for 30 min in a total
volume of 10 pl of 7 mM Tris hydrochloride (pH 7.5)-60 mM
NaCl-7 mM B-mercaptoethanol. Then 10 pnCi of [*’*P]dATP
(Amersham, catalog no. PB.10384) and 1 U of freshly diluted
DNA polymerase I Klenow fragment (Boehringer Mann-
heim) were added to this mixture, and 2.5 pl of the resulting
solution was placed on the lip of each of four tubes contain-
ing 2 ul of the appropriate dANTP® mixes. The dNTP? mixes
contained 10 mM Tris hydrochloride (pH 7.5), 20 mM
MgCl,, and deoxynucleoside triphosphate (INTP) and dide-
oxy-NTP (ddNTP) nucleotides as follows. dATP® was 100
nM dGTP, 100 nM dCTP, 100 nM dTTP, and 75 nM ddATP;
dGTP® was 2.5 nM dGTP, 100 nM dCTP, 100 nM dTTP, and
38 nM ddGTP; dCTP° was 100 nM dGTP, 2.5 nM dCTP, 100
nM dTTP, and 20 nM ddCTP; dTTP® was 100 nM dGTP, 100
nM dCTP, 1.25 nM dTTP, and 225 nM ddTTP. The solutions
were mixed to start the reaction by centrifugation, and
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incubation was allowed to proceed at 55°C for 15 min. After
this time, 2 ul of chase solution (2 mM each all four ANTPs)
was added, and the reaction mixes were incubated for a
further 15 min at 55°C. The reactions were terminated by the
addition of 4 pl of 95% formamide-25'mM EDTA containing
0.15 mg of bromophenol blue and 0.15 mg of xylene cyanol
per ml and boiled for 2 min prior to loading on a polyacryl-
amide sequencing gel.

Sequencing gels were 0.35 mm thick and were run with a
Bethesda Research Laboratories S2 sequencing apparatus.
The gels were prepared essentially as described by Bankier
et al. (1), except that freshly deionized 40% (wt/vol) form-
amide was routinely incorporated into the gels to alleviate
problems of compression caused by G+C-rich secondary
structures. Runs of 90 min and 4 h on a 6% gel at 45 mA
(2,300 to 3,000 V) were usually sufficient to resolve 200 to
400 nucleotides per sequence.

Computer-assisted sequence analysis. Data base searches
and some sequence analysis were performed with the Bionet
National Computing Resource (Intelligenetics, Mountain
View, Calif.). Other analyses and the FRAME program (5)
were implemented with standard algorithms on a Commo-
dore Amiga 1000 computer.

RESULTS

Sequencing strategy. The sequence of plJ101 was deter-
mined by using modifications of the dideoxy chain termina-
tion method (26) as described in Materials and Methods.
Plasmid DNA was partially digested with the restriction
endonucleases Sau3A, Hpall, Taql, and HinPl, the ran-
domly produced fragments were cloned by insertion into the
appropriate site of M13mpl8 or M13mp19, and 150 such
clones were subjected to sequencing. The nucleotide se-
quences of the clones were then assembled into a single long
sequence with the aid of a computer. Subsequently, any gaps
remaining in the sequence were filled by analysis of specific
DNA clones generated by suitable restriction enzymes that
cleaved near the sequence of interest. The complete se-
quence was determined for both strands of the plasmid, and
each base pair was sequenced an average of six times.

Because of the high G+C content of Streptomyces DNA
(14), several modifications were made to the original se-
quencing protocol to overcome the problems of polymerase
*‘stalling’’ and band compression on gels because of the high
stability of G+C-rich secondary structures. The most signif-
icant changes made were to incubate the sequencing reac-
tions at 50 to 55°C in a low-salt (12.5 mM NaCl) buffer and to
incorporate formamide (up to 40%) into the polyacrylamide
gels.

The complete nucleotide sequence of pIJ101 is presented
in Fig. 1. The plasmid is a circular DNA molecule of 8,830
base pairs (bp) having a G+C composition of 72.98%. In this
and all other figures, the sequence has been split at the
unique BamHI site that was previously considered base 1
(21). Also shown in the figure are the predicted amino acid
sequences of the most significant postulated open reading
frames (ORFs) (see Results), the most significant regions of
dyad symmetry (see Results), and the location of certain
restriction endonuclease cleavage sites.

Analysis of the nucleotide sequence of pIJ101 for ORFs.
Because of the high G+C composition of Streptomyces
DNA, protein-encoding ORFs tend to have a biased codon
usage such that coding sequences have about 70 mol% G+C
in the first position of the codon triplet, about 50 mol% G+C
in the second position, and over 90 mol% G+C in the third
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position (5). This observation has been exploited by the
computer program FRAME (5), which graphically displays
the G+C composition of the first, second, and third bases of
the triplet codons over a window of ¢ codons. The graphic
output of a program similar to FRAME for plJ101 is pre-
sented in Fig. 2. _

In this figure, the heavy line is the plot of the G+C
composition at every third base with a window of 50 codons
starting at base 1 of the plasmid. Similarly, the thin line is the
plot starting at base 2, and the dotted line is the plot starting
at base 3. Regions of the plasmid that do not encode proteins
would not be expected to have any bias in G+C composition
due to codon usage, and thus all three plots would be
expected to lie close together. Such regions can be seen
centered around bases 1500 and 7400. On the other hand, in
protein-coding regions the plots should diverge such that the
plot corresponding to the second base of the codon triplets
would have a much lower average G+C composition than
expected and the plot corresponding to the third base would
have an average G+C composition of 80 to 100%. In Fig. 2,
the clearest example of such a region is the DNA segment
believed to encode the korA gene product (20). The plots
within this region can be seen to diverge at about base 5900
and to converge at about 6750. The third plot (dotted line)
averages about 70% G+C and thus corresponds to the first
position of the codon triplets. Suitable start and stop codons
are present at positions 6031 and 6754, respectively (graph-
ically represented above the plot), suggesting that a protein
of 242 amino acids is translated from left to right on the
sequence. Combined with previous genetic evidence for the
existence and localization of korA (20), these data provide
powerful, but not conclusive, evidence that a protein prod-
uct is encoded by this region. Similar interpretations can be
made for other regions of the sequence, as discussed below.
Note that most of the predicted ORFs would be translated
from right to left on the sequence. Statistics concerning the
ORFs selected from Fig. 1 are summarized in Table 1.

(i) Possible ORFs in the essential replication region. It has
been shown previously that the 2.1-kb Sacll fragment of
plJ101 (bp 8491 to 1972) is capable of autonomous replica-
tion in several Streptomyces species (21). The frame plot
indicates that this region could encode two proteins. The
largest of these, here designated rep, can be seen starting at
about the Norl site at bp 1128, reading right to left, and
terminating just after the Apal site at bp 8592. (Note that this
456-codon frame crosses the BamHI site at which the
circular plasmid was linearized.) Inserts into or truncations
of this region abolish the replication ability of pIJ101-derived
plasmids (21; K. J. Kendall, unpublished observations). A
second possible ORF is contained within the Sacll fragment
that has been designated orf56, as it could encode a 56-
amino-acid protein. The FRAME plot for this reading frame
(centered at about base 1800) indicates that the second and
third codons deviate significantly from the average G+C
content of the region, and suitable start and stop codons are
positioned at the points of plot divergence and convergence.
However, no function can be assigned to this region from the
results of previous genetic studies, and thus it is unknown
whether this ORF actually encodes a functional protein
product.

(ii) ORFs involved in plasmid transfer. (a) Repressor pro-
teins. Previous studies demonstrated the existence of two
loci, korA and korB, that are required in trans to control the
lethal effects of two other loci, kilA and kilB (20). korA was
localized to a 1.1-kb Sall-Bcll fragment (coordinates 5634 to
6756). korB was localized to an 800-bp Bcll-FnuDII frag-
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Bam HI
BGMCCTCGTTGCCGTCCTTGCCTICGGCGGCCCGGGTCGCCTCGAGGTCGAGGGCGCGBCBGBTGACCGCGTGCGMCCGTCCICGGTCACBGCGACCCCGSCCCGCAGCICCCCGCCG

cc TAGGAGCAACGGCAGGMCGGAAGCCGCCGBGCCCABCGGAGCTCCAGCTCCCGCGCCBCCCACTSGCGCACGGTAGGCAGGABCCAEIGCCGCTGGGGCCGGGCGTCGAGGGGCGSC
AspBluAsnGlyAspLysGlyGluAlaAlaArgThrAl aGluLeuAspLeuAl aArgArgThrValAlaHisTrp6lyAspGluThrVal Al aVal 61yAl aAr gLleu6lubly6lyAsp

Sma [
TCGGCGTCG@CCGIJCAGGA@CABMCBAGQTCGTCGGCCT'CGGTﬁTCBC[.:GCCBTCGAGECCGAGCAICIECCGCAEGTAGCGGGTCCATTCGATGGCCCGGCGTCCCCGGGTTGCCCGQ

AGCCGCAGCCRGCGRTCCTCRTC TAGCICCAGCAGCCSGAGCCACAGCGGCGGCASCYCGGGCICGIAGACGGCGTCCAT'CGCCCAGGTA'AGCTACCGS(;CCGCASGGG(ECCMC66608
AlaAspAlaAlaleuleuleuAspLeuAspAspAl aGluThrAsp6ly6lyAspLeuGlyLeuMetGlnArgLeuTyrArgThr Trp6lulleAl aArgArgGlyArgThrAlaArg6lu

TCGTACTCGTGCCAGCGCGAGAGGTTCCACTCCAGCGABCCGACCLCGGCEGPGTCGTCC TCGGTCMGLCGCCGGTCABGTCCCCGATLChTCCGAGGAGTTCGMCEGGECGACI:TTl,

AGCATGABCACGBTCGCECTCTCEAAGGTGAGGICGCTCSGCTGGSGCCGCCGCAGCAGGABCCAGTACGGCGGCCAEICCABGGGCTAGGCAGGCTCCTCM&CTTGCCCCGCTGCAAB
TyrGluHisTrpArgSerLeuAsnTrpBluLeuSerGlyValG1yAlaAl aAspAspGluThrMet6ly6lyThrLeuAspGlylleArg6lyleuleuGluPheProAl aValAsn6ly

CCGCCGGTCGCCGTCTTGAGGTCGGCGCGGGCGAGTTCGAGBGCGGGCGCCTTCCCGTCCTBGGTPTTGBCGATGIACTCGGCGA&‘GICGTTGGCSTCGC&CTCGGTCTCCABECGCITG

GBCGGCCAGCGGCAGMC TCCAGCCGC&CCCGCTCMGCTCCCGCCCGCGGMGGGCAGGACCCAGMCLGC IACAIGAGCCBCTCCAGCMCCGCAGCGCGAGCCAGAGGTCGGCGMC
GlyThrAlaThrLysLeuAspAl aArgAl aLeuGluLeuAl aProAl aLys6lyAspGlnThrLysAlalleTyrGluAl aLeuAspAsnAl aAspArgGluThrGluLeuArglysPhe

MGTCGACBCCGTGCCGGICGTCGGGCBTGMGGCBGBGTTBACCTTGCgCAGBGCGGCGGTCCACACGGACCGCCAGTSCCCCTGCCACTCGTCEAGCGCBGCGCCGGTCGSCTCGMG

TTCAGCTBCGGCACGGCCAGCAGCCCGCACTTCCGLCCCAACTGGAACGCGTCCCGCCGCCAGGIBTGCCIGECGGTCACGGGGACGGTGABCAGCTCGCBCCBCE&CCAGCCGAGCTIC
AspValGlyHisArgAspAspProThrPheAl aProAsnValLysArgleuAlaAlaThr TrpValSerArgTrpHis6lyGlnTrpGluAspLeuAlaAlaGlyThrProGluPheThr

Pvu I
GTGGCGACGATCTGCITCBCGGACCGCTCCCCCTCSGTCCGGCCGCCGAC(AGGACGATCGCGTGGMGTGCEGGTECCAECCGT TGATCTGCCCCACGETGACTTCEGTCRCECRGATC

CACCGCTPCTAEACGAAECGCCTGGCGAGEGGGAGCCAGGCCGGCGGCTGGTCCTGCIAGCGCACCTACACGCLCACGGICGI;CAACTAGACGGGGISECACTﬁMhCCAGCECGCCThh
AlaVallleGinLysAlaSerArg6luGly6luThrArgGly6lyValLeuVal I1eAlaHisI1eHisProHisTrp6lyAsnlleGinGlyVal ThrValGluThrAlaArglleMet

Bel I
ATGCCGACGTACCCGATCCGETCTCGGATGCCCTCGCBGTCGGCGGCCCEBTGCCCI:TCCTTGGCCCGGCETCCGGCI CACGTBCCGCCCGTGATCAGTCGCTGGTASGCGCCCGGLCGL

TACGACTGCATGGC TAGGCCAGAGCC TACGBGAGCECCABCCRLCGEECCACERECAGRAACCGEGCCRCAGBLCEE6TRCACEELGEECACTABTCAGCGACCATCCRCRRECCRACE
GlyValTyr61ylleArgAspArglleGly6luArgAspAl aAl aArgHisG1yAspLysAl aArgArg6lyAlaTrpThrGlyGlyThr I1eLeuArgGlnTyrAlaBlyProArgarg

(666GGCTGTCCGGLGTCTTCCEAGTGOCCTGEAGEECATCCATEAGGTECBCEAGCCGGTCCRTRTGCCCATGECGEGCCETEAAGETGACCAGETAGECEGTCCCCCCGCGCTTGATC

ECCCCCGACAGGCCBCAGAAGGCCCACGGGACCTCCDGCABGTACICCAGGCGCTCGGCCAGGCACACEGGTACCECCCBGCACTTCCACTGGTCCATC&GECAGGGGG&CGCGMCTAli
ProSerAspProThrLysArgThr61y61nLeuAl aAspMetLeuAspAl aleuAr gAspThrHisG1yHisArgAlaThrPheThrValleuTyrAlaThrGly6lyArglysIleTrp

CACTCGACCACGGCGGCGBTGATCTCCTCIJGCECGCTTGTGCCGGATCGTGBCGG(GCAGACCGSGCAGA&CCAGA!CCGCCCGCACCGCATCABECCCAGGACCACGGACGTTCCGGCE

GTGAGCTGGTGCCGCCGCCACTAGAGGAGCCGGGCGMCACBGCCTAGCACCGCCGCGTCIGGCCCGTC TCGGTCTAGECEBBCATORCATAGTCCREGTCC TRGTGLCTECAAGBCCE
GluValValAlaAlaThrI1eG1u6luAl aArgLysHisArglleThrAl aAlaCysVal ProCysLeuTrplleArg6lyCysArgMetLeubl yLeuVal ValSer ThrGlyAlaAla

Not |
GCCBTCTREGCGACEATCACGCCEBAGECAGBETCCATCAGGECGCEECCBLABCCCTTRCACBCRRCETCCCCRLTEATCCECCACAGCETCCRECEBCGECTRTACCEBECRECTTTC
CGGCAGACCCGCTGCTAGTGCGGCCTCCGTCCCAGETAGTCCCGCBCCGGCGTCGGGMCGTGCGCCGCABGBBEGACTAGGCGGTGTCGCAGGCCGCCGCCGACMGGCCCGCCGAMG

CGCAGTCGGGCAGCCTCGGTCCBCGACGTBCTTCCTACTTCCCAGAGGCTGTCGCCTCTCGGGCTCTCCCCATCCACCCCSICCGGAGMACCGCAGGTCGGAGGGGTGCGGGAMCT[,T
BCGTCAGCCCGTCGGABCCAGGCGCTGCACGMGGATGMGGGTCYCCGACAGCEEAGAGCCCGAGAFEGGTAGGTGGGGCAGGCCTCTTTGGCGTCCAGCCTCCCCACGCCCTTTGABA

1081
ThrG1nAlaValI1eVal6lySerAlaProAspMet
rep
1201
1321

Pvu
GTTETTTCTTTCCCMGGTGITCECTTTTBCCTCGGGCGGCATCTCGCGTCACACGCGCGMCGCCCGCTTCGCTGCCATCCGGCAGCGGTCTGAGCAGTAGATACGCGGCCGTTTGCCC
CAACMABAMGGMTCCACAAGCGMMCGGAGCCCG[‘.CGTAGABCGCABTGTGCGCGCTAGCGGGCGMGCGACGBTAGGCCGTCGCCABADTCGTCATCTATGCGCCGGCMAGGBG

FIG. 1. Complete nucleotide sequence of plJ101. The sequence is numbered starting at the first base of the recognition sequence of the
unique BamHI site. The translated amino acid sequences of the predicted proteins encoded by the plasmid (see text) are shown. The arrows
indicate the positions of the most significant regions of dyad symmetry, as discussed in the text.

ment, which has since been further reduced to the 316-bp
Apal-Spel fragment (bp 6929 to 7245) (K. J. Kendall and
D. Stein, unpublished results). Subsequent work has shown
that korA and korB repress transcription from certain plJ101
promoters, including those responsible for transcription of
the kilA and kilB loci (D. Stein, K. J. Kendall, and S. N.
Cohen, unpublished results). As indicated above, the
FRAME plot of the korA region indicated a likely ORF

reading from left to right. The FRAME plot of the korB
region suggested the existence of an ORF starting at bp 7208,
terminating at bp 6968, and encoding an 80-amino-acid
protein.

(b) Other transfer-related ORFs. Previously we identified
four genetic loci at which frame-disrupting inserts affected
the ability of pIJ101 derivatives to transfer into recipient
strains lacking plJ101 (20). One of these loci, designated
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GSTGTSTSGGCAATTGCGGTCCCSCAﬁTGGCAGCGGGECCCGBCGGSCCGATCTGGCAATSCCTCGGCAICGCTCCGTACTCTBGGCAC&AGCAACGTTCCTSTCTCGCCC&SET&AGG&
CCACACACCCGTTAACGCCAGBSCGTCACCGTCGCCCCSGGtCBCCCEGCTAGACCGTTACGGAGCCGTAECEAGGCATGAGACCCGTGCTC&TTGCAAGGACABAGCGGGCCGATTCCC

GCGCSAGTCTGGGAGCGGACGSGTCGGAGGTGCGAAGICCGGCCCGTIGCTCTTIGGTCTGGTGGGAATCCIGGCACCAATCGGGCCAGASGTTCCCTCCGCCACTCCCGACGCCCCTTG
CGCGCTCAGACCCTCGCCTBCCCAGCCTCCACBCTTCAGGCCGGGCAACGAGAAACCAGACCACCCTTAGGACCGTBSTTAGCCCGETCTCCAAGGSAGSCGGTBAGGSCTSCGGGGAAC

GBGCTGGT6TGACTTGGAGGGCCGAAGAGAGCCCCECCBGGTATCCGGCGGGGCITTBACGTGCGGTCAGTBCBTGTSTCGGCGAGCGATBSCCACGAGGCCCTBGAAGCCGAGCBGTCC

L ]
CCCGACCACACTGAACCTCCCGSCTTCTCTCGGGGCGBCCCATAGGCCGCtCCGAAACTGCACGCCAGTCACGCACACASCCSCTCGCTACCGGTGCTCCGGGACCTICBBCTCGCCAGG
3%tHisThrHisArgArgAlall eAlaValLeu6l y61nPhe6lyLeuPro6ly

GBCGAAGTCGGCCCAGTCSCAACCGGGCTCAGCGCAGTEEGCGGACCASCCACCGCCSTTGGGGTCCTGGACCAGGTTCACGGTCCCCTCGGICAGGCGTCCSTCGAAGTCGGTCATSGT

CCGCTtCAGCCEGBTCAGCGTTGSCCCGAGTCBCGICACCCGCCTGSTCGGTGGCGGCAACCCCAGGACCTGGTCCAAGTGCCAGEGBABCCAGTCCGCAGGCAGCTICAGCCAGTACCA
AlaPheAspMaTrpAsprsGlyProGluAlaCystsAlaSerTrpBlyﬁlyBlyAsnProAspGlnValLeuAanalThrGlyGIuThrLeuArgGlyAspPheAspThrl:reg56
or

Sac 11
CGSTCTCCTSGTGGGTGGGGGCGGGGCGCCAGCACGAAGTGCCGGCGCCCCGCGGGGGTTSGTCGGGTCABGCGCCGAACCGGCGGGCGGCGSCGGCGACCAGGCCGTCGSCGGCGGCCA
a2 E ]

BCCAGAGGACCACCCACCCCCBCCCCGCG&TCGTﬁcTTCACGSCCGCGBBGCSCCCCCAACCAGCCCAGTCCECGSCTIGGCCGCCCGCCGCCGCCGCTGGTCCGBCAGCCGCCGCCGGT
122A1261yPheArgArgAl aAl aAl aAl aValLeuBlyAspAl aAl aAl aMet

TGGCGCGGTCGCGGTCGGTGGTGABGSCGGTSCBGTCGGCGGCGGCCCGCAG&TCSTAGGCCGCITGGGCGGCGGCGGTCGCTGCGGGGGCGAGGGCGGGGGCGAGCACCGACACGBIBG

ACCSCGCCAGCECCAGCCACCACTCCCGCCACGCCAGCCGCCGCCGGGCETCCAGCATCCSGCGAACcCGCCECCSCCAGCGACBCCCCCGCTCCCGCCCCCGCTCGTGGCTGTGCCACC
AlaArgAspArgAspThr ThrLeuAl aThrArgAspAl aAl aAl aArgLeuAspTyrAl aAl i61nAl aAl aAlaThrAl aAl aProAlal euAlaProAlaLeuVal SerVal Thr Thr

TGAGGGGCGCGGTGATCGCGGAGCGGGISGCSTGGGACTCG&TGCSGSCCGCCTCGTACGCCTCGGGGGAGGCGCCGGTCAGGCGCAGGTCCTCGCGCACCCACATGGCGCGGCGGTGGT

ACTCCCCGCGCCACTAGCGCCTCGCCCACCSCACCCTGAGCCACGCCCGGCSSAGCAIGCGGAGCCCCCICCGCBGCCAGTCCGCGTCCAGBAGCSCGTGGBTGIACCGCSCCGCCACCA
LeuProAlaThrI1eAlaSerArgThrAl aHisSerGluThrArgAlaAla6luTyrAl a6luProSer Al a6l yThrLeuArgleuAspBluArgVal TrpNet Al aArgArgHisAsp

CGGCGAGSGCGGCGGCGAGBSCGGCGACGGCCTGSACGGCCGCGTCGCGGCSGBAGICETCGCGGGTGGTGCBEECGGTGCGGTGCTGGAGGABTCCGGCGABSCCGGTCCCSGCGAECG

GCCGCTCCCGCCGCCGCTCCCSCCSCTECCGGACCTGCCBECGCAGCGCCGCCCTCAECAGCGCCCACCACBCCCGCCACSCCACGACCTCCTCABGCCGCTCCGSCCAGBGCCBCTCGC
AlaLeuAlaAIaAlaLeuAlaAlaValAlaﬁanalAlaAlaAspArgArgSerAspAspArgIhrThrArgAlaThrArngsGlnLeuLeuGlyAlaLeuGlyThrGlyAlaLethr

TGCCGATCALGGCAATGAGCETGGTCACCATGTBAGCCCCCTGSCGTCGTGTCCGTCTGCCTACGTGTATCAGTCTGACACGCACGTGTCAGGTTGCECAATGGGTAGGCCCCGCCGGTT

] ————
ACGGCTAGTBCCGTTACTCGCACCAGTGSIACACTCGGGGGACCGCAGCACAEGtAGACGGATGCACATAGTCAGACTGTGCSTGCACAGICCAACGCGTTACCCATCCGGGSCBGtCAA
GlylleValAlalleleuThrTh;?algft
1

Sal I
TCCGGCGGGGCCATFCGTCATBCG&CGGTGCTGABTCBGGCGGCGAECTS&TGGBTGGCGGCBAGSATGACBCSGATCTCCGPBCCGCCGTCSACCEPCGCGABBSCSGGGGCCSGGBCG

ASBCCGCCCCBSTABGCAGTACGCCGCCACBACTCAGCCCGCCGCTCGACCACCCACCGCCECTCCTACTGCGCCTAGAGGCSCGGCBSCAGCTGGCGGCBCTCCCGCCCCCGGCCCCGC
xtXAlaAlaThrSerLeuArgAlaAlaLeuGlansThrAlaAlaLeuIIeVaIArglleGluAla&lyGlyAspValAlahlaLeuAlaProAlaProAlaPro

EGTGCCGSCGGATTGGTCSGGGTCGG6CGGCBGCGGAGGGCGACGGCCAGGACCATGGCGGCGATCGCCACSETGGCGASETAGGCGAGGGCGATCACSCGGCCACCTCCCTCGTGACGC

CCACSGCCGCCTAACCAGCCCCAGCCCBCEGCCGCCchCGCTGCCGBTCCTGSTACCGCCGCTAGCGETGCCACCBCTECATCCGCTCCCGCTAGTGCBCCGGTSBAGGGAGCACTGCG
AlaProProAsnThrProThrProArgArgArgleuAlaVal AlaLeuValMetAlaAlalleAl aVal ThrAlaLeuTyrAl aLeuAlalleVal
tfxgghla\lal(il uArgThrValérg
or

Pst I Sal I
EGCGCCABSACGCCTGCAGCCGTGCCTCCCCGGCGGAGTAGCCCATGTCCCGGAAGCGTCCSB?GSCGACCCGGTACGACCCGEAGTCGACCASSCCGGACATGATCCCGTCGATCTCCT

CCGCSSTCCTGCGGACGTCGSCACEBAGBGGCCGCCTCATCGSGTACASGGCCTTCGCAGSCCGCCGCTGGGCCATGCTGSGCCTCAGCTGGTCCGGCCTBTACIAGSSCABCTRSASGA
ArgTrpSerAlaGlnLeuArgAl a6lu6lyAlaSer Tyr61yNetAspArgPheArg6lyAlaAl aVal ArgTyrSer6lySerAspValleu6lySerMet 11e6]1yAsplleBluGly
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CGTTGCTGAGCBGBACCACSTCGGCCGACCCCTCSATSGCGGCCGGGACGGGCTCCSTGGGTCCCCAGACGGGCAGGCGCCAGGAGGSCBSAGACGTGBGCGIGACACGAGAGBTGACGC

GCAACGACTCGCCCTE&TGCAGCCGGCTGGGGAGCTACCBCCBSCCCTGCCCGAGGCACCCAGGGGTCTGCCCGICCSCGGICCTCCCGCCTCTGCACCCGCACIGTGCTCTCCACIGCS
AsnSerLeuProValValAspAlaSerGlyGlulleAlaAl aProValPro6luThrProblyTrpValProLeuArgTrpSerProProSer ThrProThrValArgSer ThrValCys

Sna I

Sal | Sma
A8GTCAGAGCGCSTSCCGTGCCCTCGCCCTCGCSGGCCTCCTCCAGCGTCGACCAGGCCGACGCCAGCTCCCCGGCGSTCTCGGCCTGGACCCGSGCGACCCGBECCCCGGCGCCGGTCA

TCCAGICTCGCECACGGCAC666ASCGGSAGCSCCCGGAGGASGTCGCABCTGGTCCGGCTGCGhTCGAGSGSCCGCCABAGCCGGACCTGGGCCCGCTGGGCCCGGGGCCGCGGCCAGT
ThrLeuAl aArgAl aThr61y61u6ly61uArgAl a6luBluLeuThrSer TrpAlaSerAlaleu6luGlyAlaThr61uAl a61nValArgAl aVal ArgAl a6l yAl a6lyThrVal

CGSCCTCCAGCCGGGTGAGCTCCGTACCGGtCTCBECCCGGAGFTSAGCGCBSGCCACGBCCGEPCTETCGCGGGCGTCCTBPTEGATGTCGCSBATPTBGTCCAGGGCBETCEBGGTGA

GCCSGAGETCGGCCCACTGGAGGCATGSCCGGAGCCGGSCLiCGACTCGEECCCGGTGCCGGCSGGACAGCGCCCGCABSACGACCTACABCBCCTAGACCAGGTCCCSCCABCCCCACT
AlaGluLeuArgThrVal6luThrGlyAla6luAl aArgleuGlnAl aArgAl aValAl aAlaAr gAspArgAlaAsp6lnGlnIl eAspArglle6lnAspleuAlaThrProThrLeu

GCGCGGTCCSCTCCCAGAGCCCSTECACGAGCCAGAGCGCCTTGGCGSCGAGGBGGAGCCAGGCGACCGCGAGCCAGGCCCCGSCC&ACTCCTCACCCAGCGCGTGCGCGACCABGAGGC

CGCGCCAGGCGAGGGTCTCGGSCAChTBCTCGGTCTCGCGGAACCGCCGCTCCCCCTCBETCCGCTEGCGCTCGGTCCGGGGCCBGCTGAGGAGTGGGTCGEGCACSCGCTGBTCCTGCE
AlaThrArgGluTrpLeuGlnysValLeuTrpLeuAlaLysAlaAlaLeuProLeuTrpAlaValAlaLeuTrpAlaGlyhlaSerBluGluBlyLeuA!aHstlaValleuValSly

CBGTCGCCACGGCGCCGAATCCCCACCCGACGCCGGTGATCGLGCGGCTGTGBTCGCECCBCGCGGCGAESEGCCGCTCGTACSEGAGGGTGGCCAGCCATCCGCCGICGAGCCCGASGC

GCCAGCGGIGCCGCGGCITAGGGGTGGGCTGCGGCCACTAGCSCGCCGACACCAGCGGG&CGCGCCGCTCCGCGSCGAGCATGCSCTCCCACCSGTCGGTAGGCGGCAGCTCBGGCTCCG
ThrAlaValAl a6lyPhe6lyTrp6lyValGlyThr I1eAl aArgSerHi sAsp6lyArgAl aAl aleuArgArgGluTyrAlaLeuThrAlaLeuTrp6ly6lyAspLeuil yLeu6ly

CGACGACCAAG&CAACGGCCCACSGCATGGCCTCCCCGABCLALATCACGATCACGACCACGGTCAGSACCATSGACACLGCCGTCATGGCGACGGCCGhGGCGGCGGTCATCGAACECT

BCTBCTGEITCCGTTGCCGGETGCCGTACCGGAGGGGCTCEGIGTAGTGCTAGTGCTGBTGCCAGTCCTBGTACCIBTG&CBGCASTACCBCISCCEGCCCCGCCGCCAGIAGCTTGCGA
ValValLeuAlaValAlaTerroHetAlaGluGlyLeuTrpHetValIIeValValValThrLeuValHetSerValAlaThrHetAlaValAlaProAlaAlaThrNetSerArgLys

TCTTCTCCATGATCACTTCCCCTTCCGGBCCTTGAGCGAGATGGACAGGCCGA(CCCGGC8666GCGSCGGCGGCGAGCGCGGTCSGCGTSGTGGCGGCSBTCTGGAGCAGBAGGCASAG
AGAAGAGGTACTAGTEAAGGGGAAGGCCCGGAACTCGCTCTACCTGTCPGECTGGGGCCGCCCCCSCCBCCECCGCTChCGCFABCGGCACCACCGCCBCCAGACCTCGTCCTCCGTCTC

s61ulet
ol d t52Lys6lyLysArgAlaLysLeuSer I1eSerLeu6lyVal 61yAlaProAl aAlaAlaAl aLeuAlaThrAl aThr ThrAl aAl aThr6lnLeuleuleuCysLeu
sp

CGTCATGACSACGCCGACCSAGCCECCAGCGGCSACCASCGCCAGG&SBATCGGGCCGGTCCAGTCGCGGGCCTCGGCCTGGTGGIGGACGACGACGACCGTGCGGGGGTCGGTBCCGTC

ECAGTACTECTGCGGCTGGCTCGSCBGTCGCCBCTGETCGCSGTCETCLTAGCCCGBCCAGhTCABCBCCCbGAGCCEGACCACCACCTGCTECTGCTBGCACGECCCCAGCCACGGLAG
ThrNetValVal6lyValSer6ly6lyAlaAlaValleuAlaleuleullePro6lyThr TrpAspArgAl a6luAl ablnHisHisValValValVal ThrArgProAspThr6lyAsp

Fsp 1
CBGSATCAEQTGGSCCGBAQTGTGACCGGQCDTCATCTBQBCGTCGGSG?TGC%CATCA?GCCSACACC[CCCCGACCTgCGTCACGhCQSACAGGGAGQCGTCCTCGGACCGCAGGACC

ECCCTAGTCEACCCGGCCTIACACTGGCEBGGAGTAGACECGCAECC&CCADGCETAGTCCGGCTGTBGAGBEECTﬁ&hﬁﬁCAGTGCTGCCTBTCCETCGECAGGAGCCfGGCGTCCTSé
ProlleLeuHisAlaProlleHis6lyAlaArgMetGlnAl aAspProThrArgHet
dXthlaSerValGluGlyValBlnThrValValSerLeuSerBlyAspGluSerArgLeuValGlu
sp

Pvu
TCGCCCSCGTCGAGCAGCTGCTTGACCGCCTTCGACACEGAECCCTTGTTBATGCCGETCACGGTEGCGACETCGGCSACSGTCGTAECGCCCBTGCCGATCGCGECTGCGACCTTCTCC

AGCGBGCGCAGCTCGTCGACGAACTGGCGGAAGCTGTGCCTCGGGAALAACTACGGCCAETGCCACCGCTGFAGCCGCTGCCAGCATCBCBbGCACGECTAGCGCCGACGCTGGAABAGG
G1yAlaAspleuleu6lnLysValAlaLysSerValSerGlyLysAsnlleGlyThrValThrAlaValAspAlaVal ThrThrAl a6lyThr6lylleAl aAl aAl aValLysGluArg

Sac 11
CBGTTSGTCGGCGCCTTGGTCGGCTGGGCCGSGACCTCAGCCGCSGGGGCGGTCTCCTTCACCAGCCSGABCGBGGCCGGSGCGGASSCGCCGGCACTTCEIEE’GGCGACTCCTGGCGA

GCCAACCAGCCGCEEAACCAGCCBACCCARCCCTARAGTCEECACCCCCACCABAGGAAGTAATCEECCTCRCCCCRECCCCRCCTCCACABCCATRAAGCACRTCCACTRAGRACCACT
AsnThrProAlalysThrPro6lnAlaProVal 61uAl aAlaProAlaThr6luLysValleuArgleuProAlaProAlaSerAl a6l yAl aSerArgAlaProSerGluGlnArgArg

Sma I
CGCCAGACC@BCCBGICGGQGABCGCGATQACBTCBGCC@G&EAGAACGQECGBGTGTT@ATCESBTGAQGCTGCACCT[CBGGCCEGAECGGAGCATCGCAACCCCSGECATGGGCAGC

GCGSTCTBSCCBGCCAGCCCCTCGCSCIAETBCAGCCGGCCCCTCTIGCGCGCCCACAACTAGCCCACTCCGACSIGSAAGCCCGGCCTGGCCICGIAGEGTTGGGGCCEGTACCCGTC&
TrpValProArgAspProLeuAl alleVal AspAl aProSerPheAl aArgThrAsnlleProHisProBlnVallysPro6lySerArgLeuMetAl aVal G1yProMetProleuGlu
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TCGTGCGCGTGCCAECCCTTCTCCGICGCGTCCTCGCCGAACACCACGCGGGACTCCCCBGAGGTGCTGAGCBCGAGGGEG&CCCBGTR&GTEATCTGCECECTBATCTGCSGGTCGATG

AGCACGCGCACGGTCGSGAASAGGCAGCGLAGGAGCEGETTGTGGTGCGCCCTGAGGGBCCTCCACGACTCBCGCTCCCGCCESGCCATCCACTAGACGCSCGACTAGACGCCCAGCTAC
HisAlaHisTrp6lylys6luThrAl aAspGluGlyPheValValArgSer6lulySer ThrSerLeuAl aleuAl aAlaArgTyrThrI1e61nAlaSer 11e61nProAsplleSly

CCGCCCTTGGCGTCCATGGTCGGCTTCTGCGTGGCCCAGATCAGGATGATCTCGGCCGCCCGTGCCATCCGGGCCAGCGTGCTCABGTTCTCCATGATCCGBBACCAGTCCGGGTCACCC

EGCGGEAACCSCAGGTACCAGCCGAAGACGCACCGGGTCTAGTCCTACIAGAGCCGBCSSGCACGGTABGCCCGGTCGCACSABTCCAAEAGGTACTABGCCCTSBTCAGBCtCAETSGG
BlyLysAlaAspHetThrProLysElnThrAlaTrleeLeuIlelleGluAlahlaArgAIanetArgAIaLeuThrSerLeuAsnGluHetlleArgSerTrpAspProAspGlyPro

Sma Bal 1
GGCTCTTCCTTCGACCCCTTCGCCCSSGTCTTCTTGGCCATGSCGATGACCTCGSCGCCCTCGTCGATGAACACOGTSATCCGBGGCCBCTCCBGGCTSATCTGEATCACSTCCTGGCCG

CCGAGAAGGAAGCTGGGGAASCBGGCCCAGAAGAACCGGTACCGCTACTGGASCCGCBGGAGCAGCIACTTGIGGCACTAGGCCCCGBCGAGGCCCSACTAGACCTAGTECAGSACGGGE
6luBlulysSer6lyLysAlaArgThrLysLysAlaMetAl alleVal6luAl a6lyGluAspIlePheVal ThrI1eArgProArg6luProSer11e61nlleValAsp6lnGlyArg

Pvu |
CGCGGSATCAGTTCAABCCSCTCBTGCATCTCCTLGACCASCTCETCbGTCACETCCABGACGTCTTCGATCGAGATSGCCGTGCGAGCCCGGTGCTGCCAGTTGATCGCCTCGACCCSC

ECGCCCTAETCAAGTTCGGCGASCACBTA&AGGASCTEGTCGAGCAECCAGTGCAGSTCCTGCASAAhCTAGCTCTACCGGCACGCTCGGGCCACGAtGGTCAACTAGCGGAGCTGGGCG
ProIleLeuGluLeuArgGluHxsHetGluBanalLenGluAspThvValAspLeuValAspGlulleSerlleAlaThrArgAIaArgH:561nTrpAsnIleAlaGluValArgLys

TTGGGGTCGACGACGACCAGSCGGTGATCBGCGTACTCCSAGCCTTCCGCCAGCASBGCGCGBGTGGACCABSACTTGCCCGAGCCEGACGTACCBGCGAICASCATCCGGCGCCCGAGC

AACCCCAGCTGCTGCTGGTCCGCCACTAGCCGCATBABGCTCEGAAG&CGGTC&TCCCGCGCCCACCTGBTCCTGAACG&GCTCGGCCTGCATGGCCGCTAGICSTAGGCCSCGGGCTCG
ProAspValValValLeuArgHisAspAlaTyrGluSer6ly6luAl aleuleudl aArgThrSer TrpSerLys6lySerGlySer Thr61yAlalleLeuMetArgArgBlyLeuPro

Sal [ Bel 1
6GCACCTGCACCGGCTCGCCGGTCACCGTBTCGACTCCCCACSGGBCGCCSGSCGTCCAGCCSSTCAGGTCGATCCCGTCSGCCGCGCTGCGGGTCCGCAGCGTGATCACGSCSCGGTCG

CCBTGBACBTGBCCBAGCBGECAGTGGCAEAGCTEABESSTECCCCSCGGCCFGCAGETCBGCCAGTCCAGCTAEGﬁCAGCLGGCSCGACGCCCAGGCSTCGCACTASTSCCGCBCCAGC
ValGlnValPro6lu6lyThrVal ThrAspVal61yTrpProAla6lyProThr Trp6lyThrLeuAspll e6]yAspAlaAlaSerArgThrArgLeuThr11eValAl aArgAsp6ly

CCETGCGATCCGGCCTTGATCTCCATGCGGAGGTCSSICCGBGCTCCGAGCAESGCGCSGATCTCCTCSTGCTTGBCCTTGAA&GCGGACBGCTTCCACCSBCCGTCCABSCGCACCETG

GBCACGCTAGSCCGGAACTAGAGGTACECCTCCASCCASGCCCGAGSCICGICCCGCBCCTAGAGGASCACBAACCSGAACTICCGCCTGCCEAAG&TGGCCEGCAGGTCCEFBTGBCAC
HisSer6lyAlalyslle6luMetArgLeuAspThrArgAl a6l yLeuleuAl aArgl] e6luBluHisLysAlaLysPheAlaSerProLysTrpArg6lyAspLeuArgVal Thr Thr

ETGACCAGCCCGGCCEGGBTEACCTGAACCGGCGTCETCACCSTGCCTACGAGGCCECGCTCGTCEGCSTBCTGAGCCCAGTACGAC&GBTCGAGCCGCTCGACCAGGCGCCSCTCCTCC

CACTGGICGGGCCGGCCCCACTGGACTTGGCCGCASCAGTGSCACSGATGCTcCGGCBCSAGCASCCGCACEACTCGGGTCATGCTSCCCAGCTCGGCGAGCTGGICFGCGGDGABGAGG
Valleu6lyAlaProThrVal6GlnValProThr ThrVal ThrGlyValleuGl yArg6luAspAl aHisG1nAlaTrpTyrSerProAspLeudr g6luVal LeuArgArg6lu6luAla

BETGACABTTCGTCCSCGACCGCBACCSCBACCTTGCbGCGGFCGATCALCABCGCGECGACETTGGCCEEGATEAGTGCGAGCGAGCCCGCSACCGBCCAGGCCCCGGCCTGGTCCCAG

CBACTGTCAAGCAGECECTGECBCTEBCGCTGGAACSCCGCCGGCTAGTGGTCBCGCCGCTGCAACCGGCSCTACTCACGCTCGCTCGGBCGCTGGtCGGICCGGSGCCBGACCAGGETC
SerLeu6luAspAlaValAlaValAlaVallysArgArg6lylleValleuAlaAlaValAsnAlaAlallel euAl aLeuSer61yAlaValProTrpAl a6l yAl aGlnAspTrp6ly

CCGAGAGCGGAGATSCCGGCGCCCGGCACCGCETGCATGSCGTGCSCCTGAACGBCTCBCGCCCGBAG&GTCSCCGSGTAGTCCTTBCGCECGGCCTTBAGCTTGGTCTTCGCCTGGTCG

BBCTCTCGCCTCTACG&CC&CGGGCCGTGGCSFACGTACCGCACECEGACTTGCCBAGCGCEGGCCTCCCAGCGGCCCATCAGSAACGEGCBCCEGAACTCGAACCAGAAGCGGACCAGC
L+=AlaSer [1eS1yAla6lyProVal Al aHisHetAl aHisAl a61nVal Al aArgAl aArgLeuThrAl aProTyrAsplysArgAl aAl aLysLeulysThrLysAl aGlnAspArg

Sal I Sal
CGGTGCGTGCSGGCCSCCTTBTCCSCCGTSCGAGCCGCCCGA’SCACGGTCGACAGCGGGTTCITGSACGCCGCCCSCGCGGCCGTCCGCTSGCTCTYGGCCGTGGCCGCCGTCGACCGC

GCCACGCACGCCCGGCGGAACAGGCSGCACGCTCGSCGGGCTGCGTBCCAGCTGTCGCCCAAGAACCTGtGGCGGGCGCGCCEEcAGGCGACCSAGAACCGSCACCGGCGGCASCTEGCG
HisThrArgAlaAlalysAspAlaThrArgAl aAl aArgArgVal ThrSerLeuProAsnLysSerAlaAl aArgAl aAlaThrArg6lnSerLysAlaThrAlaAlaThrSerArgAla

GCEGAGTTGTAGCCCTTCTGGGCETCCATCAGCGCCTTCABBTGCTCPGEGETCCGSABCBCCATSCGGCGSTCBSCCTCEGCSTCCCAGCGGGCCGCGAACGGCGCGAGSGTCGGGGCC

CECCTCAACATCGSBAAEACCCGCABSTAGTCGCGEAAGTCCAC&AGGCCCCAGGCCTCGCGGTACGCCGCCAGCCGGAGCCGCA&GGTCGCCCGGCBCTTGCCGCGCICCCAGCCCCGG
SerAsnTyr6lylys6lnAlaAspNetLeuAl alysLeuHisGluProThr ArgLeuAl aMetAr gArgAspAl a6luAl aAspTrpArgAl aAl aPheProAl aLeuThrProAl aNet

ATBSCGTCGABCGCGTTCGTGATCGCTCCGGCGGCBTTCTTGGAGCCGGTTGCGATCTTCSTAGAGACTBCCTTCBGGTCCACGGTTTGTCCTTTCGCGAGGGACGTGGATCTAEGGCCG
TACCGCABETCECGEAABCACTAGCBAGBCCGCCBCAAGAACCTFGGPCAACECTAGAAGCATCTCTBACBGAAGECCAGETECCAAACAGGAAAGCSCTCCCTGCACCTAGATCCCGBC

tra
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5881 BAGACCGTTCACGCGGTCTCCGGTCCBCCCCGTTTCCGSGGCTGTGTGTGBCGTCGAACAASGTCCATACTGTGGTCGCACASTTGCTSTGTCAAGGCATACACTGTGCTAGACAGCTAC
CTCTBGCAAGTGCGCCASAGGCCAGGCSGGGCAAAGGCCCCGACACACACCGCAGCTTGTTCCAGGTAYGACAFLAGCGTGTCAACGACACAGTTCCBTATbTGACACGATCTGTCGATG

kor A
MetSerLeuGluArgThrProProTyrLeuGinValValAlaAl aleulysAlalysI]eValSer6ly6luleul ysHisGlyAspThr
6001 ACACCGEGCACCALACTCGAAGGAGTCGTCAYGICCCTGGA&CG ACGCCCCCGT CCTCCAAGTCGTCGCCGCGCTGA GSCAA GATCETCAGCGG AGCTGA GCACGS GA ACG

TbTGGCGCETBGTGTGAGCTTCCICAGCAETACABSGACCTCGCGTSCGGGBGCATGGA&GTTCAGCAGCGGCECGAGTTCCGTTTCTAGCAGTCGCCCCTCEACTTCGTGCCCCTGTGC

Bgl II
LeuProSerValArgAspLeuAlaAlaGlnT rGlu?leSerThrAlaThrAlaGlnL sValHisArgThrLeulysAl a6luGlylLeuAl a6luAl aLys6lnGlySerAlaThr Thr
6l2t CTBCCETCCETGCG GA CTCGCGGCGCAGT CGAGATCTCGACCGCCACGGCCCAGA TCCACC CGCYGA GSCGSAAGG TGSCGGAGBCGA AGGS ASCGCGACCACS

SACGSCAGBCACGCCITGEAGCBCCGCGTCATBCTCIABAGCTGGCGGTGCCGGGTCTTCCAGBTBGCCTGCGACTTCCGCCTTCCCGACCGCCTCCGCTTCSTCPCETCSCGCTEETSC

ValSer ThrArgArgThrLeuHisArgThrAl aAl aAspArgleu6luSerAlaLeuSer Thr6lyArglleTyrAl aAspGly6luTyrAlaValIleThrSerAl aAlal euAla6lu
6241 BTCAECACGEG C6l ACCCTGEACCE ACCGCAGCCGA CG CTBGAGTCEGCGETCAGCACGGG C6! ATCI CGCGGA G6LGAGT CGCGSTCATCACCAGCGCCGCCCTTGCCGAG

CAGTCETGCBCTBCCTGGGACBIGGCCTGGCGTCBGCTGGCCGACCTCAhCCGCGASTCGTGCCCBBCCTAGATGCGCCTSCCCCTCATGCGCCAGTAGTGGTCGCGSCGGGAACGGCTC

ProPro6luTrpValAlaAspLeul eu6lyThrGluSer61y6lnAlaValArgArg6luArgVal ThrHisSerAl aAspAsp6inProVal SerAl aSerValSer TrpPheSerAla
6361 CCBCCCGAGI TGGCCGA&I;UC ACCG&GCG CAGGCCGTGCG Cél BAGCE GTCACCCACTCAGCCSA GA CAGCCGGTGAGCGCCAECSTEAGCTE TTCTCCECA

GBCGGBCTCACCCACCGGCTAGAGGAGCCBTEECTCTCGCCGSTCCBSCACSCTGCBCTCGCGCASTGGGIGABTCGGCTGCTEhTCGGCCACTCﬁCGGTCGCACTCBACCAAGAGGCGT

Pvu I Not I
AspLeuAlaGluThrValProAlaLeuleuValArgAspArgllelleGlyGlyThrProSerAlall e6luAl aAlaThr6lyArgArgAlaValAl aThrGluGluAlaThr ThrAla

6481 GACCTCGCGGAGACCSTGCCCBCCCTCCTGGTCCG GA CEGATCATCBEUGG ACCCCGTCCGCGATCGABGCAGCCACCGG C6LCE GCCGTCGCCACCGAGGAASCCACCACBGCG
CTGGAGCGCCTFTGGCACGGGEGGSAGEACCAGGfGCTBGCCTAGIAGCCGCCGTGGGGCAGBCGCTAGCTCCGTCGGTGBCCBBCBGCCCGBCAGCGSTGGCTrCTTCFGTthBCFBE

P
AlaAlaAl aThraluAspGlnAlaAl aleuleusl ValAlaAlaGlelaProValLeuLeuSerArEAanalIeralAsgAlaGlnGl As| ThrlleﬁluValGl GluSerVal
6601 BCCECCGCGACCGAGBA CAGBCCGCGCTTCTGGG GTAGCCGCAGGLGCCCCAGTCCTGCTCTCACGLAACGTCTACETGEA BCTCABGG 6A ACGATCGAGGTCGS GAGTCCGTC

CGGCGGCGCTGSCTCCTGGTCCbGCGEGAAEAFCCGCATCGGCETCCECGGGGICAGGACGAGQPTGCBTIGPAEATECACCTGCGAGTCCLGLTGTGCTAGCTCCAGCCCCTCAEGCAG
Bcl 1

AlaProAlaGlyArqTrpArgValHisArgAspXss
6721 GCTCCGSCGBG C6LT6 CG GTCCACCE GA TGAICACTCSCCCATTGAGAAGCCCCSTCAGGCACCGCCCGACGGGSCTTCTTCACETCCAGACGACGTSGTTTCCSGGGBTTBCCC

L ]
CGAGGCCBCCCGGCGACCBCSCAEGTGGCCCTEACTABTGAGCGGGTAACTCTTCGGESCAGTCCGTGSCGGGCTECCCCGAAGAAGTGCAGGTCTGCTECACCAAAGGCCCCCAACEGE

6841 ACCCBGTTGAGCCGTTGCACCCCGGTTBACCCCDCGCAACFGEhTCTEACCTBLGAAGTTGCAAGBTTBC&ACGBTTTICAGEABBGGSCFCTALSCETGChLBLSCGAGEAABCCAITT
TGGGCCAACTCGGCAACBTBBGGCCAACTGBGGBGCGTTEhCCCAEACTGGACBCTTLAALGTTCCAACSCTSCCAAABGTCCTLCLFChBBATGCGCACGCBCbCSCTCCTTCGGTAAA

6961 TTSATCTAECTTCCGGAGCECTTCTCGGCCTCCGCCTTEGCCCACGCCCBSGCCGTGTTCGGAhLGAFCBCCGTCACCTCGTIGATGCGGCGGTAGGGGACCICCATCCGEACCBCCTCF

AACTAGAICGAASGCCTCG&GAAEAGCCGGAGGCGGAACCGEBTGCGGECCCGGCACAAGCCTCGCTGSCGECAGTBGAGtAACTACBCLECCATCCCCTEGAGGTAGGCCTGGLG&AGG
$135er61ySer6lyLysGluAl a6luAlalysAlaTrpAl aArgAl aThrAsnProAlaValAlaThrVal6luAsnIleArgArgTyrProValGluMetArgValAlaGluAla

7081 BCGATCABCE&GFGCABCTCFTICTCAATLTCBTCCABCTCCGCBAEGAGCTTBATCCEETGCThCCfCAACBGLTICAhChFChCLTCTGLCTCGSCCCGGATCTCGCCCBhTETCTTT

CGCTAGTCGCCCGCGTCEAGGAAGAGTTAGAGCAGBTCGAGGCECTCCTCGAACIAGGCGACGACGGGGITBCCSAAGTCGCGGCGGAGACSGAGCCGGGCCTAGAGCGGGCCACABAAA
I1eLeuProArgleubluLysGlullefluAspleutluAlaleuleulysI]eArg6inGlnGl yLeuProlysLeuAlaAlaBluAla6luAlaArglle6lublyProThrLys6ln

7201 TSCGTCATEAAGTCATCCTGACCGACTGTGTCAGTCTGC%CAAC?AGTTCAGGCTGCGTTTTTTGCGGTACAACTTTCCCTACGTCATCAASGC66CCCSCGAGCGGGCGSCGCSGCCCG

AC?EAETQCTTCABTABGACTGGCTGACACAGTCAEACGLGTTEATCAAGTCCGACSCAAAAAACSCFATGTTG&AAGGGATBCAGTAGTTCCGCCGGGCGCTCECFCEGCGCGCCSGGC
The
korB

7321 GCCCACGGCQCGGCCGACGQTCCTGTCTTQBCCCCGCTCEBGCCCSSCCQCCGACCGGC?CGCGCRCAC@ACSGGGGCG?CATCGGTGG?CGGTTTACSIEGCGCCTGC!CCGCCGACT@
CG66T6LCE66CCE6CTGCEAGEACAGAAGCEEEGC6AGECCE66CCE6L66CTRGCCEE6CECETRTACTECCCECACCATAGCCALCCECCAAATRCACCECG6ACGABRCEACTRAL
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CGBBCATCGCCBTTGTGCTCGCCGACAGBGCAGCGBGGAGGGGTGGBGGACTCGCGGCCCTACGCGGCCGTCTGAGCGCCTGTCAGCCTCCCBEAECGCCGTACCCCCBCCGTCECEGTE
BCCChTAGCGBCAACACGAGCGBCTETCCCGICGCCCCTCCCCACCCCCTGAECGCCGGGATGCGCCGGCAGACTCGCGGACAGTCGGAGGGCCICGCGGCATGhGEECPGCAGCGCCAC

orfBS

rqTrpArgProSerSer TrpSerAlaVal ArgLeuArgArgGl yArgSerSerGly
CTGAGCLGCBTGAGGCGADCCTGAGCCCCGTCGTGSGTTGCIGGGBAGCACCTGCTGCCGCGATGA TG C6 CCGTCGAGCTG TCAGCCGTECG CTCCG c6166 CG TCATCCG

BACTChGCGCACTCCGCIGGGACTCGGBGCAGCACCCAACGACCCCICGTGGACGACBGCGCTACICCACCGCCGGCABCTCGACCAGTCGGCACGCCGAGGCAGLACCBGCCAGIgﬁﬁgl
lyAla

Sac 11
sProlleValValGlE xsﬂetProAlaEluProAlaAs LeuAspArgAsp6lyTyrProAl a6l yArg6lyArgAlaSerVal6lu6ly6lu6lyGlyArgHisAl aAspArgHis
BCTECCCGATCGIGGTGGS AAGATGCCGGCEEAACCGECEGACCTCEA CG GACGG I TCCEGCEGG C5066LC6 GCCTCCGT&BAGBG GAGBG GLGCE CATGCCGA (W] C

CGACGBGCTABCACCACCCBTTCIACGGCCGCCTTGGCCBCCTGGAGCTGGCGCTGCtGATAGGCCGCCCGGCGDCCGCCCGGAGGCATCTCCLBCTCLCGCCCGCGGTACGGCIGGCGG
AlaArgAspHisHisAlaleuHisArgArgPheArgArgVal6luvalAlaVal AlalleArgArgAl aAlaProProGly6lyTyrLeuAl aleuAl aProAlaMetGlyVal AlaVal

Sac |
ProGlnAlaGlnGluLeuProH:sAnglnAr ProAlaAspGlnGluGlnCys6ly6lnHisCysArgits
ACGGEG CACAGGCCCAGGAECICCCGCACGA CAGCGTCCCACCHA CAGGABCAGT CG6 CAGCACT CCo TAACGCCTGGTCCTGGTCCCEGI(CIGETGETGEATCAGTCCT

TBCCGCCCGGTGTCFGGGTCCTCSAGGGCGTGCTAGTCGCAGGSCG&CTGGICCICBTCACGCCGGTCGTGACGGCGATTGCBGACCAGGACCAGGGCCABSACCACCACGTAGTCAGGA
AlaProTrpLeuGlyLeuLeuGluArgValIleLeuThrGlyBlyValleuLeuLeuAlaAlaLeuValAlaAlaLeuhlaGlnAspBlnAspArgAspGlnHlsﬂlsqggrsa
or

Bl |
CCCCGTGATCACTIEgﬁCACCCACEEIAGTGATCACCCCCBACAGCGGATCAAGSEGTTTGCGBGTCCCGGTCB6CGCCGGGCGGGSGAGGCABBAGCCGCCGACGCTGCCTCTGGGACG
G66GCACTAGTEAAGCCGTGEGTGGCATCACTAGTGGGGGCTGTCECCTAGTTCLCCAAACGCCCAGRGCCAGCCRCGECCCGCCCCCTCCRTCCTCGECGECTRCGACEGAGACCCTRE

Pst |
GGCCBGACGGCAGGGGGACCSGCGGCCGGBCBAGCTGCAGCDGGGGGTCCEGCAGGGCCGBAGCGGGCGGAACCGTGCTCTBACCTGCGGCCCGAGTTTCGTCACGTGACGGAATGGAAG
CLEGCCTGCCGTFLCCCTGGCLGLCGGCCCGCTCGAFhTCGFCCCCCAGGCCGTCCCfGCCTCGCCCGCCTTGGCACGAFACTGGACGCCGGGCTCAAAGCAGTGCACTGCCTTACCTTC

Pvu
GLTGCTGLATTTCGICACGTGACGTATCTCGGCGABCGACTGFCGACGCCACBECGGACACEATLGCCTCBCGCTGhCGCCﬁGﬁCCTCBTACGCCCSCTGGCBGCAGEAGCGGCGBCABT
CGACBACGIAAAGCAGTGCACTECATAhAGCCGCTCGCTGACGBCTGCGGTGCCGCCTGTGCTAGCGGAhCGCGACCBCGBCECGBAGCATGCBGGCGACCGICPTCCTCSCCGECGTCA

AGTCCCBGCTCCGGCCGACGCEGGATTGCTTGATCTCCGAECCGCACCAGBCGLAEAGCTTCECGCCGTCGSCGTCCCTBGGGGTGGTGGTGCTCATGGCCGACGACCGTACGCSBCACB
TCAGGGCCGAGGCCGGCTGCGGCCTAACGAACTAGAGGCTCGBCGTSGTCCGCGTCTCEAAGCBCGGLAGCCECAEEGACCCCCACCACCACGAGTACChGCTGCTGBLAIhFGCCETGC

Sma
TLTCGTAGCBAGGCBAGTCGGGCGCGAhﬁ?ACCGCCTGCACEAAGTGCCBGCGGGGCCGALCCCGG&CBABTAATCCCAGGATTACTCCCGCGGCTICBACCCCGGCCBCCGTCGCCGCh
AGAGCATCGCICCGCTCAGCCCBCGCTCCAYGGCGGACGYGCTTCACGGCCGCCCCGGCTGGGGCCCGCTCATIABGBTCCTAATGAGGGCGDCGAASCTGGGGCCGGCGSCABCBBCGL

TACGTCACCGACCCCCGCCGTACGTCACCGBBATGACGTACBGCGGGGGGGAGCGAGTTAGTECGAAET&GECCCACTTECGABCCGGGCGATBTGCCGGGCGGCCCBCTCCTGGCGBTL
O | A

ATGCAGTGGCTGGGGSCGGCATGCAGTEGCCCTACTGCATGCCECCCCCCCICGCTCAATCACBCTTCACCCGGGTEAACGCTCGGCCCGCIACACGGCCCGCCG&GCGAGGACCGCCAG
133HisSer ThrPro6lySerAl aLeuArgAlall eHisArgAl aAl aAr gGluGl nAr gAsp

GTCGGCGTCGTCBTCCTGGTCGTCGTCCTGCTCTCSCCGTCGGCGTGCAGTTGCTTCCTCGCEGCGCTGGGCSAGG&CBGCGAGCATGTCGGCGTACGCCTCGGCCACLTCCCCCGCCGT

CAGCCGCAECAGCAGGACCABCAGCABGACGAGAGCGGCABCCGCACGTCAACGAAGGAGCGCCGCBACCCGCTCCCGCCBCTCGTACAGCCECATBCGGAGCCGGTGEAGGEGGCGGCA
AspAlaAspAspAspGlnAspAspAspGInGluArgArgArgArgAl aThrAl a6lubluArgArg6lnAl aleuAlaAl al euMetAspAlaTyrAl aGluAl aVal 61uGlyAl aThr

GAGCACCACCACTGTGTCGGCEGCGTCGGCFAECBCCAGGACCTCCCBCACCCGTTCGCCCACGGCCGCC

CTCGTGGTGATGACACAGCCRRCRCAGCCRETCRCGETCC TEGAGRRCRTRRECANGCEE6TRCCRECEE
LeuValValVal ThrAspAlaAl aAspAlaleuAl aleuVal6luArgVal Arg6luGlyValAl aAlaPro
rep
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TABLE 1. Putative ORFs of plJ101

% G+C at codon

Name Predicted no. Predicted position:
of codons mol wt

1st 2nd 3rd
rep 456 57,752 75 52 93
korA 241 29,610 72 54 91
korB 80 10,223 69 45 91
tra 621 77,504 70 53 94
spdA 94 11,188 72 54 95
spdB 292 35,830 73 57 94
kilB 148 17,700 77 64 96
orf56 56 6,937 70 52 85
orf66 66 7,711 79 61 92
orf79 79 9,840 87 48 86
orf85 85 10,841 79 60 86

kilA, was defined in terms of a genetic function carried by a
1,126-bp Bcll-Bglll fragment (bp 5026 to 6157) that could not
be introduced into S. lividans unless a particular Kil override
locus (korA) was also present. Insertions into kilA or into an
adjacent locus (designated tra) that is devoid of any Kil
function (20) abolished the pocking phenotype characteristic
of plasmid transfer (6, 21). The FRAME plot indicated the
presence of a single long ORF within the DNA segment
spanning both the kilA and tra loci, starting at about bp 5751
and terminating at bp 3899. A number of possible start
codons for the ORF are present near the point of plot
divergence; the AUG start at bp 5762 was chosen as being
the most likely, yielding an ORF that could encode a protein
of 621 amino acids. This ORF extends well beyond the Bcll
site at bp 5026 which marks the genetic limit of the kilA
locus. Thus, if the KilA phenotype is due to a protein
product, the kilA locus cannot code for a complete protein
but must instead encode a product that is a truncation of the
tra protein. Recent evidence (K. J. Kendall, unpublished
observations) has demonstrated that the KilA phenotype
does not result from truncation of the putative tra protein
product. Thus, the entire ORF has been designated tra.

Two other transfer-related loci, spd and kilB, were genet-
ically defined as regions in which frame-disrupting insertions
resulted in very small pocks, suggesting that plasmid transfer
was occurring at a greatly reduced frequency (20, 21). The
spd (spread) locus was found to lie between the Sall site at
bp 2848 and the Pvull site at bp 3977. Two ORFs appeared
to be present in this region. The first, spdA, could use an
AUG start codon (bp 3897) that overlaps the UGA termina-
tion codon of the tra ORF. This ORF would be 94 codons in
length. A second ORF, spdB, followed spdA closely in the
same direction. While the AUG start codon at bp 3610 was
chosen as the most likely start, it should be noted that many
alternative in-frame start sites are present in this region,
including a GUG codon at bp 3616 that would overlap the
UGA termination codon of the spdA ORF. The frame
analysis indicated that the spdB ORF would contain 291
codons and terminate at bp 2737. Insertions into either of
these ORFs produce the Spd phenotype (20, 21).

kilB has been defined as a genetic function localized to an
880-bp Sacll-Sall fragment (bp 1972 to 2848) that could not
be introduced into Streptomyces in the absence of either of
the korA or korB repressors; insertions into this region give
the Spd phenotype (20), as indicated above. The FRAME
plot indicated the existence of a 148-codon ORF starting at
an AUG (bp 2431) and terminating at bp 1990.

(¢) Unidentified ORFs. In addition to the ORFs mentioned
above, the FRAME plot suggested that other ORFs may be

J. BACTERIOL.

present on the plasmid. The most prominent of these are
indicated in Fig. 2.

The very short ORF, orf56 (bp 1917 to 1749), on the 2.1-kb
Sacll fragment containing the minimal replicon has been
mentioned previously. This ORF follows kilB so closely (75
bp) that it is possible that both ORFs belong to the same
operon. If this is so, then it is unlikely that orf56 is required
for replication, as the putative kilB promoter (see below) is
not present on the Sacll-generated minimal replicon.

A short ORF, orf66, immediately follows spdB. A GUG
start codon preceded by a possible ribosome-binding site
overlaps the UGA termination codon of spdB. Frame-dis-
rupting insertions into the Sall site (bp 2612) do not have
detectable phenotypic effects on the plasmid (20). Thus, the
function, if any, of this ORF is unknown.

The FRAME analysis of the region between the Pvul site
at bp 7689 and the Apal site at bp 8592 is difficult to interpret.
Between bp 7700 and 7900, the third plot (dotted line)
indicated an extremely low G+C composition. However,
both of the other plots showed much higher than average
G+C content. Although overlapping bidirectional reading
frames have not been identified in S. lividans, this pattern is
what one might expect if reading frames are encoded on both
strands; both would have a common low G+C second base
in each triplet, with the first base somewhat higher in G+C
than expected for a coding region and the third base some-
what lower in G+C than expected. A suitable start and stop
codon is present on each strand for both possible ORFs;
thus, the ORFs have been tentatively designated orf85 and
orf79, respectively.

Between the Bcll site at bp 7952 and the Apal site at bp
8592, all three reading frames diverge significantly from 73%
G+C. In particular, the plot of the region between Pvul (bp
8223) and Apal (bp 8451) strongly suggested the presence of
an ORF starting at about bp 8150 and ending at about bp
8500. However, a number of stop codons are present in that
ORF, so that any proteins encoded would be extremely
short. Conversely, a long ORF could exist running in the
opposite direction, starting at bp 8600 and finishing at bp
8150. However, such an ORF would have a G+C composi-
tion of 87, 62, and 70% at the first, second, and third codons,
respectively, strongly contradicting the expected composi-
tions of protein-encoding ORFs of Streptomyces spp. Thus,
no ORF has been assigned to this region.

Analysis of ORFs in pIlJ101. Although the FRAME pro-
gram is an extremely powerful tool for identifying protein-
encoding reading frames when applied to Streptomyces
DNA, there are some limitations in its use. The reading
frame amino termini indicated by the program are approxi-
mate rather than exact, and identifying the protein start
codon can be difficult in the absence of substantiating protein
sequence data, particularly in view of the frequent use of
GUG protein start codons for Streptomyces proteins (9, 29,
32). The choice of initiation codons in the identified ORFs on
plJ101 was determined in our analysis in part by the prox-
imity of possible protein start codons to regions of comple-
mentarity with the 3’ end of the 16S rRNA of S. lividans (4).
Table 2 lists the DNA sequences immediately preceding the
most likely initiation codons for each of the ORFs identified.
Note that there are two entries for the tra ORF. We have
assumed that the AUG codon at bp 5762 is the most likely
initiation site based on the FRAME plot, although there is no
good ribosome-binding site sequence preceding this codon
and a reasonable ribosome-binding site exists 5’ to a GUG
start codon situated in frame 81 bp further upstream. Thus,
it is entirely possible that the GUG codon cited is used.
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TABLE 2. Ribosome-binding sites preceding the initiation codons
of putative ORFs of plJ101¢

ORF Sequence

CAAGGGCTGCGGCCGCGCCCTGATG
CACCACACTCGAAGGAGTCGTCATG
CACAGTCGGTCAGGATGACTTCATG
tra (AUG start) ........... GATCACGAACGCGCTCGACGCCATG
tra (GUG start) ........... GTCCCTCGCGAAAGGACAAACCGTG
AGGTCGGGGAGGTGTCGGCCTGATG
AGGCCCGGAAGGGGAAGTGATCATG
GACACGACGCCAGGGGGCTCACATG
CCCACCCACCAGGAGACCGACCATG
GCGTCACGAGGGAGGTGGCCGCGTG
GAAGTGATCACGGGGAGGACTGATG
CTGGGGAGCACCTGCTGCCGCGATG

“ Bases exhibiting complementarity to the 3’ end of 16S rRNA (5'-GAUC
ACCUCCUUUCU-3') are underlined (including G - U base pair). Putative
initiation codons are indicated by boldface type.

Although most of the ORFs show some regions of comple-
mentarity to the 3’ end of 16S rRNA immediately preceding
the proposed initiation codons, we note the lack of any
complementarity preceding the AUG of the rep ORF. How-
ever, none of the other possible GUG or AUG codons
around the beginning of the rep ORF display greater com-
plementarity.

A compilation of the predicted molecular weight, number
of codons, and G+C usage at the first, second, and third
codons of each of the ORFs is presented in Table 1. It can be
seen that, with the exception of the overlapping orf79 and
orf85, all of the proposed ORFs have a G+C composition
fully characteristic of Streptomyces reading frames. As a
further check for the validity of the selected reading frames,
each ORF was examined for the presence of codons known
to be used rarely in Streptomyces species (data not shown).
No unusual codon usage characteristics could be seen for
any of the presumptive ORFs.

Having determined the likely coding capacity of the vari-
ous ORFs present on plJ101, we analyzed each of the
predicted amino acid sequences to determine any structural
or sequence similarities to previously characterized proteins
of known function. Thus, all of the predicted amino acid
sequences were scanned for homologies with the Protein
Identification Resource and Swiss Protein data bases with
the Intelligenetics IFIND and XFASTP programs. No sig-
nificant homologies were found. The predicted proteins were
also subjected to searches for (i) homology to DNA-binding
domains of DNA-binding proteins (24), (ii) homology to
nucleotide-binding fold domains of proteins with ATPase
activity (30), (iii) Chou-Fasman and Robson-Garnier plots
for secondary structure (10, 15), and (iv) hydrophobic mo-
ment plots to determine the likelihood of association with
membranes (13).

The korA and korB loci both produced diffusible products
that decreased transcription from certain promoters present
on plJ101 (D. Stein, K. J. Kendall, and S. N. Cohen,
unpublished observations). Thus, by analogy with other
procaryotic systems, it is most likely that the loci code for
repressor proteins. Neither of the predicted amino acid
sequences for the kor proteins shows significant homology to
any other known proteins. However, each sequence was
scanned for regions of homology to the consensus DNA-
binding a-helix-turn-a-helix structural motif found in many
procaryotic repressor proteins (24). A reasonable match was
found starting at amino acid 194 in the korA sequence (Fig.
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3). The best match in the korB protein occurred within the
segment starting at amino acid 13 (Fig. 3). However, subse-
quent work (D. Stein, personal communication) has demon-
strated that alterations in the amino acid sequence of korB
around residues 66 to 70 severely affect the function of the
protein. An extremely weak match to the DNA-binding
domain consensus sequence spans this region starting at
amino acid 56 (Fig. 3).

Hydrophobic moment plots (13) were drawn for all of the
proteins. Three very strongly hydrophobic domains were
found in the amino-terminal half of the spdB protein, each
long enough to span a membrane; the first domain (45 amino
acids in length) is located starting at amino acid 9, the second
(20 amino acids) starts at amino acid 73, and the third (24
amino acids) starts at amino acid 96. Similar domains were
also found in the predicted amino acid sequences of spdA (28
amino acids starting at amino acid 41) and kilB (21 amino
acids starting at amino acid 1), the two other loci required for
the Spd™* phenotype. A very strongly hydrophobic domain is
also present in the predicted amino acid sequence of orf66
(21 amino acids starting at amino acid 1).

The predicted tra protein has no significant hydrophobic
domains or homology to DN A-binding domains. However, a
good match to the consensus nucleotide-binding fold domain
of ATP-requiring enzymes (30) is present in the sequence
(Fig. 4). This raises the possibility that ATP may be required
for tra function.

No significant structural features or homologies were
found in the predicted amino acid sequence of the rep ORF.

Location of promoters on pLJ101. Studies in this laboratory
(D. Stein, K. J. Kendall, and S. N. Cohen, unpublished
results) and previously published results from other labora-
tories (7, 8, 11) have demonstrated the existence of at least
five promoters on plJ101. The positions of these promoters
and their directions of transcription are indicated in Fig. 2.
Note that we have renamed the previously identified
plJ101A (7) and plJ101B (8) promoters the kilB and tra
promoters, respectively, in accordance with their location
on the genetic map. The FRAME analysis showed that all of
these promoters (except that of pIJ101C [11]) lie upstream of
major identified ORFs.

Location of regions of dyad symmetry on pLJ101. The
nucleotide sequence of plJ101 was searched for regions of
dyad symmetry. The locations of the most significant of
these (those having a match of at least 10 out of 12 nucleo-
tides) are indicated in Fig. 1 and tabulated in Table 3. Certain
inverted repeat structures have commonly been found to
have transcription termination activity (reviewed in refer-
ence 25); one of the regions of dyad symmetry, centering
around bp 6788, has already been shown to be able to
terminate transcription in both Streptomyces species and E.
coli (12). This segment lies between the convergently tran-
scribed korA and korB genes and may thus act as a transcrip-
tional terminator for either or both of these genes.

Significant inverted repeat structures were also found
downstream of the rep (bp 8551 and 8478), orf85 (bp 7941),
orf66 (bp 2520 and 2484), kilB (bp 1957), and orf56 (bp 1723)
ORFs. Of the remaining significant regions of dyad symme-
try, one lies in the divergent reading frame region between
the korA and tra genes, three lie within the tra ORF, and one
lies within the spdB-coding ORF.

Non-protein-coding sequences involved in replication. All
known procaryotic plasmids contain a DNA locus that is
required in cis for plasmid replication to occur. This region is
the site of initiation of DNA synthesis and thus is referred to
as the replication origin (ori). The only region of the repli-
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korA 194

Frequency (%)

korB 13

Frequency (%)

korB 56

Frequency (%)

Acro 16

Frequency (%)

lacl 6

Frequency (%)

CAP 170

Thr-Glu-Asp-GIn-ALA-Ala-Leu-Leu-6LY-Val-Ala-Ala-Gly-Ala-Pro-Val-Leu-Leu-Ser-Arg

11 13 16 0 83 2 16 47 75 a1 8 5 8 25 0 5 5 11 2 16

Ala-Glu-Ala-Ala-Leu-Lys-Pro-Leu-6LY-GIn-GIn-Arg-Ile-Lys-Leu-Leu-Ala-Glu-Leu-Asp
5 13 8 8 0 8 0 47 75 0 8 2 0 0 33 0 5 8 25 0
Asn-Glu-Val-Thr-ALA-Val-Ala-’ro-Asn-Thr-Ala-Arg-Ala-Trp-Ala-Lys-Ala-Glu-Ala-Glu
013 0o 88 0 8 5 2 2 82 8 0 2 0 5 8 0 2
GIn-Thr-Lys-Thr-ALA-Lys-Asp-Leu-GLY-Val-Tyr-GIn-Ser-Ala-I1le-Asn-Lys-Ala-1le-His
27 11 22 5 83 5 0 47 75 4 0 22 36 25 30 2 19 5 8 5§

Leu-Tyr-Asp-Val-ALA-Glu-Tyr-Ala-6LY-Val-Ser-Tyr-Gin-Thr-Val-Ser-Arg-Val-Val-Asn

11 8 16 27 83 22 2 5 75 41 33 2 2 44 27 36 33 8 8 22

Arg-G1n-Glu-11e-Gly-G1n-Ile-Val-6LY-Cys-Ser-Arg-Glu-Thr-Val-Gly-Arg-Ile-Leu-Lys
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Frequency (%) 19 11 19 16 8 8 8

8 75

0 33 22 8 4 27 2 33 13 25 8

FIG. 3. Putative DNA-binding domains in plJj101-encoded repressor proteins. Each predicted amino acid sequence was scanned for
homology to the DNA-binding domains of 37 DNA-binding proteins (compiled from Pabo and Sauer [24]; and K. J. Kendall, unpublished
results). The numbers underneath the amino acid sequences indicate the frequency with which that amino acid appears at the same relative
position in the 37 DNA-binding domains. The conserved alanine and glycine residues are highlighted when they appear in the sequences. The
best scores for korA and korB occurred starting at amino acids 194 and 13, respectively. However, the region of korB starting at amino acid
56 has also been included because preliminary evidence (D. Stein, unpublished results) suggests that this region may be involved in DNA
binding. Also included for comparison are the DNA-binding domains of the X cro, lacl, and CAP proteins (24).

cation-competent Sacll fragment that did not appear to
contain an ORF was the segment between coordinates 1200
and 1700 (Fig. 2). It thus seems likely that this region is the
origin of replication. Deng, Kieser, and Hopwood (Mol.
Gen. Genet., in press) and H. Schrempf (personal commu-
nication) recently found a second replication locus that
functions to initiate lagging-strand DNA synthesis and
mapped this locus to a site within the noncoding region that
we have identified between coordinates 7300 and 7600.
Neither putative ori locus contains significant stretches of
directly repeated nucleotide sequences, which are a com-
monly found feature of replication origins in procaryotic
plasmids (reviewed in reference 27).

Nucleotide sequences of cloning vectors derived from
pLJ101. A number of cloning vectors that employ the p1J101

Domain A.
tra 283

consensus Gly- - - - -

Domain B.
tra 308
Arg- -

consensus -Gly- -

replication origin have been constructed. Most of the com-
monly used vectors (e.g., plJ702 [19] and p1J364 [21]) use the
replication region of plJ350 (21). pIJ350 was derived from
two adjacent Bcll fragments of plJ102, a spontaneous in vivo
deletion derivative of plJ101 (21); the replication-competent
segment was ligated to a 1,030-bp Bcll fragment from S.
azureus, conferring resistance to thiostrepton (28). During
the course of our study, the two Bcll fragments in pl1J350
were sequenced to allow determination of the extent of the
plJ101 replication region present in the various vectors. It
was found that plJ350 consists of the Bcll (bp 7952)-Bcll (bp
6796) fragment of pIJ101 in which bases 2086 to 6650 have
been deleted. The only homologies between the endpoints of
the deletion are a run of three C residues (Fig. 5). Thus, the
replication region of plJ350 consists of 3,109 bp; these data

6LY-Arg-Arg-Met-Leu-I1e-Ala-6LY-Thr-Ser-GLY-SER-GLY-LYS-SER-Trp-SER

-Gly- - -Gly-Ser-Gly-Lys-Ser- -Thr

Thr Thr Ser

Ser-Glu-Tyr-Ala-Asp-His-Arg-LEU-VAL-VAL-VAL-ASP-Pro

- H-H-H-H -Asp-Asp
(hydrophobic) Glu

FIG. 4. Putative nucleotide-binding domain within the tra protein. The two-domain consensus nucleotide-binding fold sequence from
Walker et al. (30) is aligned underneath the segments of the tra amino acid sequence that show the best homology.
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TABLE 3. Inverted repeat sequences in plJ101¢

Start coordinate Sequence F(l::a;':;f)y
1710 AGCCCCGCCGG TGAT CCGGCGGGGCT =357
1941 GCGGGGCGCCAGCAC GAA GTGCCGGCGCCCCGC -34.0
2471 CAGTCTGACACG CA CGTGTCAGGTIG —-12.0
2504 GGTAGGCCCCGCCGG TTT CCGGCGGGGCCATCC —-38.2
3083 GCCTGGACCCGGG CGA CCCGGGCCCCGGC -24.1
4154 GGAGGCGCCGGCAC TTC GTGCAGGCGACTCC -16.3
4471 GTGGCCCAGATCA GGA TGATCTCGGCCGC —6.6
5244 CGACGGGTCGAGC C GCTCGACCAGGCG —-15.8
5875 GGGCCGGAGACCG TTCACG CGGTCTCCGGTCC -30.2
6771 AGAAGCCCCGTCAGGC ACC GCCCGACGGGGCTTCT -27.2
7925 GTGATCACTTCGG CACCCA CCGTAGTGATCAC -194
8452 CGGGGCCGACCCCGGGCGAGTAATCC CA GGATTACTCCCGCGGCTICGACCCCG —38.8
8532 CCCCCGCCGTACGTCA CCGGGA TGACGTACGGCGGGGG —44.1

“ The complete sequence of pIJ101 was scanned for inverted repeats with a minimum of 10 matches out of 12 and a maximum inter-stem-loop of 10 bases. To
simplify the search, only ‘‘perfect’’ matches were considered, i.e., no ‘‘loopouts’” were permitted in the putative stem structures. Matched bases on each arm
of the inverted repeats are indicated by underlining. The approximate free energy for each of the structures for RNA at 25°C is indicated.

allow the complete sequences of plasmids pIJ350 (21),
plJ702 (21), and pHYG1 (20) to be constructed from the
previously published sequences of the thiostrepton (6), ty-
rosinase (2), and hygromycin (31) resistance genes, respec-
tively. The collated sequences are available on request.

DISCUSSION

The complete nucleotide sequence of the S. lividans
plasmid plJ101 has been determined and analyzed for ORFs,
and the results were correlated with previously published
genetic data. The circular plasmid is 8,830 nucleotides in
length and has a 72.98 mol% G+C composition, which is
typical of Streptomyces DNA (14). Seven ORFs have been
identified and correlated with specific phenotypic properties.
At least four additional short ORFs for which no function
can be assigned may be present on the plasmid.

Of the identified ORFs, two, korA and korB, encode
repressors that control expression of several promoters
identified on the plasmid (D. Stein, K. J. Kendall, and S. N.
Cohen, unpublished results). Although the predicted amino
acid sequences of these ORFs show no regions of homology
to any other known repressor proteins, the derived amino
acid sequence for korA contains an a-helix-turn-a-helix
motif common to the DNA-binding domains of many DNA-
binding proteins (24). Preliminary studies have identified
electrophoretic protein bands corresponding in molecular
weight to those predicted for both the korA and korB
proteins (D. Stein, personal communication).

pli350

...GTGCGGTCGGCGGCGGCCCAGTCCTGCTCTCACGC...

...TCGGCGGCGGCCCGCAGGTC... ..CAGGCGCCCCAGTCCTGCTCT...

2086 p|j1 01 6650

FIG. 5. Sequence of the deletion endpoints of plJ101 present in
plJ350. The plJ350 replication region is derived from an in vivo
deletion of bases 2086 to 6650 of pIJ101. The sequence across the
junction region is shown for both plasmids. A run of three C residues
common to both ends of the deletion is highlighted.

Four presumptive ORFs involved in plasmid transfer have
been identified. tra could encode a large protein of M,
77,000. Insertions into this ORF completely prevent the
pocking phenotype indicative of plasmid transfer (20, 21).
No other frame-disrupting insertions into pIJ101 have such
dramatic effects, suggesting that this ORF encodes the major
protein required for plasmid transfer. No clues as to the
mechanism by which transfer occurs can be deduced from
the primary amino acid sequence. The predicted protein has
no significant hydrophobic domains, suggesting that it prob-
ably is not associated with membranes, and it has very little
similarity to other known proteins or to DNA-binding do-
mains; however, it does have a region bearing some resem-
blance to known nucleotide-binding fold domains such as
those found in ATPases (30).

Insertions into the other three ORFs (spdA, spdB, and
kilB) produce the Spd phenotype. It has been suggested that
the Spd phenotype results from the inability of plasmids to
undergo intramycelial transfer (18). The putative spdB pro-
tein contains three strongly hydrophobic domains in its
amino-terminal half, suggesting that it may be associated
with membranes. Single strongly hydrophobic domains are
also present in spdA and, to a lesser extent, in kilB.

A large ORF is present in the 2.1-kb Sacll fragment,
which has been shown to be sufficient for autonomous
replication of pIJ101 derivatives in Streptomyces species
(21). The presumptive rep ORF provides very little struc-
tural information about the protein, which has no discernible
similarities to known rep proteins of other plasmids. It is not
clear whether this protein alone (plus, presumably, a func-
tional ori DNA sequence) is sufficient for replication, as a
second small ORF (orf56) is also present on the Sacll
fragment. The approximate location of the presumed plJ101
ori sequence can be deduced from an examination of the
FRAME plot, which indicates only one noncoding region
within the Sacll fragment. A second origin used for lagging-
strand replication may be present in a noncoding region
upstream of the korB gene in a segment that is not essential
for autonomous replication (Deng et al., in press; H.
Schrempf, personal communication). An additional region
worthy of mention is centered around the Kpnl site at bp
8430; insertions into this site and deletions removing this site
appear to destabilize pIJ101 derivatives (16; S. Lee, personal
communication). The FRAME plot around this site is not
consistent with a protein product being encoded by the
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region, although the G+C composition is clearly not ran-
dom. There may be trivial reasons for this discrepancy (e.g.,
sequencing errors or clonally derived deletions in the plas-
mid preparations used for sequencing). Alternatively, an
OREF that does not conform to the usual Streptomyces ORF
characteristics could be present in this region.

Five promoters have been localized on the plJ101 se-
quence (Fig. 2). Of the three previously reported promoters,
pIJ101A (7) appears to be the promoter for the kilB gene and
plJ101B (8) appears to be the promoter for the tra gene.
Transcription from the latter promoter possibly extends
through the clustered spdA, spdB, and orf66 reading frames.
The reported pIJ101C promoter (11) lies in the middle of the
korB ORF; the function of this promoter is not immediately
obvious. Two other promoters located upstream of the korA
and korB ORFs, respectively, have been identified (D. Stein
and K. J. Kendall, unpublished observations). Thus, it
appears that the tra and korA genes are transcribed diver-
gently from their respective promoters, consistent with the
orientation of the ORFs assigned to these genetic functions.
Transcription from both promoters is controlled by the
product of the korA gene (D. Stein, K. J. Kendall, and S. N.
Cohen, unpublished results).

The only published pIJ101 segment known to have tran-
scription-terminating activity in Streptomyces spp. is located
between the convergently transcribed korA and korB genes
(12) (Fig. 2). This terminator functions in both orientations in
Streptomyces spp. and presumably acts to prevent read-
through interference of transcription for both genes. Its
sequence consists of a G+C-rich region of dyad symmetry
(AG for RNA of —27.2 kcal) but lacks the stretches of
poly(U) commonly seen with rho-independent terminators in
E. coli (25). Similar regions of strong dyad symmetry can be
found downstream of the rep, kilB, orf56, orf85, and tra/
spdA/spdB/orf66 ORFs, suggesting that these may be in-
volved in transcription termination.

Determination of the primary nucleotide sequence of
plJ101 is a further step in elucidating the biology of this
plasmid. In addition to facilitating the construction of
pIJ101-derived cloning vectors, the sequence should allow
progress in understanding the mechanisms of replication and
transfer of Streptomyces species plasmids and should enable
detailed studies of the genetic switches involved in the
regulation of pIJ101 gene expression.
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