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The complete nucleotide sequence of the multicopy Streptomyces plasmid pUlOl 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 pUJlOl replication segment present in several widely used cloning
vectors (e.g., pIJ350 and pIJ702) 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%.

pIJlOl is a circular multicopy Streptomyces plasmid of 8.9
kilobases (kb). Originally found in S. lii'idans 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 pIJlOl 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, pIJlOl 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 10' (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

pIJlOl 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

pIJlOl (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 SLP2-SLP3- (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 pIJlOl-derived DNA fragments
were subcloned by using the plasmid vector pUC19 (31)
before further manipulation. The E. coli strain JM109 [recAl
endAl gyrA96 thi hsdRI7 supE44 relAl X- A(lac-proAB) (F'
traD36 proAB lacIq Z/M15)] (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. liv'idans (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 .l1 of 7 mM Tris hydrochloride (pH 7.5)-60 mM
NaCl-7 mM 3-mercaptoethanol. Then 10 p.Ci of [32P]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 p.l of the resulting
solution was placed on the lip of each of four tubes contain-
ing 2 [L1 of the appropriate dNTP° mixes. The dNTP° mixes
contained 10 mM Tris hydrochloride (pH 7.5), 20 mM
MgCl2, and deoxynucleoside triphosphate (dNTP) 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 [lI of chase solution (2 mM each all four dNTPs)
was added, and the reaction mixes were incubated for a
further 15 min at 55C. The reactions were terminated by the
addition of 4 ,ul of 95% formamide-25mM 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 sequencitng 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 pIJlOl 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, HpaII, TaqI, and HinPI, the ran-
domly produced fragments were cloned by insertion into the
appropriate site of M13mpl8 or M13mpl9, 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 pIJlOl 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 pUJlOl 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

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 t codons. The graphic
output of a program similar to FRAME for pIJlOl 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 SaclI fragment of
pIJ101 (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 NotI site at bp 1128, reading right to left, and
terminating just after the ApaI 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 pIJlOl-derived
plasmids (21; K. J. Kendall, unpublished observations). A
second possible ORF is contained within the SacII fragment
that has been designated orfS6, 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 BclI-FnuDII frag-
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Bar HI Sma I Xho I
G6ATCCTCGTTGCCGTCCTTGCCTTCGGCGGCCCGGGTCGCCTCGAGGTCGA66GCGCGGCGGGTGACC6CTGCCATCCGTCCTC6GTCACGGCGACC'CC66CCCGCAGCTCCCCGCCS
CCTAGGAGCAACGGCAGGAAC6GAA6CCGCCG6GCCCAGCG6A6CTCCAGCTCCCGCGCCGCCCACT6GC6CACGGTAGGCA66A6CCA6TGCC6CTG66BCCGGGCGTC6A666GC6GC

AspGluAsn6lyAspLys6lyG1uAlaAlaArgThrAla61 uleuAspLeuAIlaArgArgThrVal A1aHi sTrpGlyAsp61luThrVal A1aVal 61yAl aArgLeu61lu61y61lyAsp
Sla I

121 TCGGCGTCGGCC6CCA61iA6CA6ATCGAGGTC6TCGGCCTCG6TGTC6CCGCCGTCGAGCCCGAGiCATCT6CCGCAGGTA6CGG6TCCATTCGATGGCCCGGCGTCCCCGGGTTGCCCGC
A6CCGCAGCCGGCGGTCCTCGTCTAGCTCCA6CAGCC66A6CCACAGC66C66CA6iCTCGGGCTCGTAGACGGC6TCCATCGCCCAGGTAAGCTACC666CC6CAfi6iCCCAAC66c6

Al aAspAl aAl aLeuLeuLeuAspLeuAspAspAl aGl uThrAsp6l y61 yAspLeuG6 yLeuMetGlnArgLeuTyrArgThrTrp6l ull eAl aArgArg6l yArgThrAl aArg6lu

241 TCGTACTC6TGCCAGCC6CA6A66TTCCACTCCA6CGAGCCGACCCC66C66C6TCGTC.CTC6GTCAT6,CCGCCG6TCA66TCCCC6ATCCGTCCGAGGAGTTCGAAC6G66C6ACGTTrC
AGCATGA6CACGGTC6C6CTCTCCAAG6T6A6GTCGCTCGGCTG66GCC6CC6CAGCA66AGCCA6TACG6C66CCA6TCCA6G66C TA66CA66CTCC TCAA6CTT6CCCC6CT6CAAG

Tyr6luHisTrpArgSerLeuAsnTrp6l uLeuSerGl yVal6lyAl aAlaAspAsp6luThrflet6l y6l yThrLeuAsp6l yll eArg61 yLeuLeuGl uPheProAl aValAsn6ly

361 CCGCCGGTC6CCGTCTTA6A6TC66C6C666CGA6TTCAGA66C666C6CCTTCCCGTrCCTGGGTCrTTGC6ATGTACTC6CGCAGGTC6rTTGC6TCGC6CTC66TCTCCA6CC6CTT6
66C6GCCA6C66CA6AACTCCAGCC6C6C~CGCTCAA6CiCCC6CCC6C6GAAC66CA66ACCCAGAACC6CTACATGAGCCGCTCCAGCAACC6CA6CGCGA6CCAGAGGTC66C6AAC

61lyThrAl aThrLysLeuAspAl aArgAl aLeuGluLeuAl aProAl aLys61lyAsp61nThrLysAl aI 1eTyr61luAl aLeuAspAsnAl aAspArgGluThr6luLeuArgLysPhe
Sal I Fsp I

4B1 AAGTCGACGCCGTGCC66TCGTCGGGCGTGAAG6C6G66TTGACCTT6C CAGGGCGGCGGTCCACACGGACCGCC.AGTGCCCCTGCCACTC6TC6AGC6CGGCGCC66TC66CTC6AAG
TTCAGCTGCCGCACG'6CCA6CA6CCCGCACTTCCGCCCCAACTGGAACGCGTCCCGCCGCCAGGTGT6CC6TGC66TCACGG66ACG6TAGACAGCTC66CCCIGCG66CC6CCGA6CTTC

AspVal4G8yHisAgAspAspProThrPheAlaProAsnValLysArgLeuAlaAlaThrTrpValSerArgTrpHisly6lnTrp6luAspLeuAlaAla61yThrPro61uPheThr
Pvu I

601 GTGGCGACGATCTGCTTCGCGGACC6CTCCCCCTCGGTCCGGCC6CC6ACCAGGACGATCGCGTGGATGTGCGGGTGCCA6CCGTT6ATCTGCCCCACGGTGACTTC66TC66CGCGATC:
CACC6CTGCTAGAC6AA6CGCCTGGCGA66666GAGCCAGGCC66CGGCTGGTCCTGCTAGCGCACCTACACGCCCACGGTCGGCAACTA6ACCGGGGGCCACTGAA6CCAGC6CGCCTAG
AlaVaIleGlnLysAlaSerArg6luGly6luThrArgGlyGlyValLeuVal IleAlaHis5IeHisProHisTrp6lyAsnIleeIlnGlyValThrVal6luThrAlaArgIIeKet

Bcl I
72l ATGCCGACGTACCCGATCCGGTCTC6GATGCCCTCGC66TCG6CG6CC.CGGTGCCC6iTCCTT6GCC:C66CGTCC6GCC.CACGTGCCGCCCGTGATCA6TCGCTG6TAGGC6CCCGGCC6C

TAC66CTGCArTG66CTA66C6CAGAGCCTAC6G6AGCGCCA6CCGCCG66C6CACGGGCAG6AACC666CCGCA66CC666T6CAC66CGG6CACTAGTCACGCACCATCC6CGG6CC66,C6
lGlyV/alTyr6lyI leArgAs'pArglele6y61luArgAspAl aAl aArgHi s61lyAspLysAl aArgArg61lyAlaTrpThr6ly61yThr IIeLeuArgGlnTyrA a61lyProArgArg

841I CG6GG6CTGTCCGGCGTCTTCC6GGT6CCCTG6A6GC6CTCCATGA66TCCGCGAGCC66TCCGTGTGCCCATG6CGGGCCGTGAA66T6ACCA66TA66C66TCCCCCC6CGCTTGATC
GCCCCCGACAG6CC6CA6AA6GCCCAC666ACCTCCCGCAGGTACTCCA66C6CTCGC6CAGGCACAC666TACC6CCCI,6CACTTCCACTG6TCCATCC6CCAG6G666CGCGAACTA6

ProSerAspProThrLysArgThr61y61n'LeuAlaAspfetLeuAspAlaLeuArgAspThrHis61yHisArgAlaThrPheThrValLeuTyrAlaThr1y6lyyArgLysIleTrp

96 1 C.ACTCGACCACGGCGGCGGTGATCTCCTC6,GCCCG6CTTGTGCCGGATCGT6666CGGCCAGACCGGGCAGAGCCAGATCCGCCCGCACC6CATCA66CCCAGGACCAC66AC6TTCC66CC
GT6AGCTG6T6CCGCCGCCACTAGA66A6CC66GC6AACAC66CCTAGCACCGCC6CT6TGG6CCCGTCiCGGTCTAG66666C6TGGC6TAGTCC666iCCT66TGCCT6CAAG6CCG1,

96u1aIValAlaAlaThrI1e61uG1uAlaArgLysHisArglIeThrAlaAlaCysValProCysLeuTrpIleArg61yCysArgletLeu6lyLeuValValSerThr6lyAlaAla
Not I

1OBG8CCGTCT666CGACGATCACGCC66A66CAGGGTCCATCA666CGC66CCGCAGCCCTTGCAC6C66CGTCCCCGCTGATCC6CCACAGCGTCCGGCGGCGGCT6TACC666C66CTTTC
CGGCAGACCC6CTGCTAGTGC66CCTCCGTCCCAGGTAGTCCCCGCCCGGCGTrC66GAACGTGCGCC6CA6G6GCGACTAGGCGGTGTCGCAGGCCGC6CCGCCACATGGCCC6CCGAAAG

ThrGInAlaVal IIeVal6lySerAlaProAspHet
rep

1 201 C6CAGTCGGGCA6CCTCGGTCC6C6ACGTGCTTCCTACTTCCCA6AG6CTGTCGCCTCTe6CGGCTCCCCCATCCACCCCGTECCGAGAAACC6CAGGTCG6AG666TGC666AAACTCT
GCGTCAGCCCGTCGGAGCCA66C6CTGCACGAA66ATGAAGGGTCTCC6ACA6CG6A6AGCCC6GAGA68666TAG66GGC.AGGCCTCrTT66CGTCCA6CCTCCCCAC6cCCCTTG6A6A

Pvu I
1321 GTTGTTTCTTTCCCAA6GTGTTCGCTrTTTCCTCG66C66CATCTCGCGTCACACGCGCGATCGCCCGCTTCGCTGCCArTCCGGCAGCGGTCTliAGCAGTAGATAC6C6aCCGTTTGCCC

CAACAAAGAAAGGGTTCCACAAGCGAAAAC6GIAGeCC6CGCCGAGA6CGCAGTGTGCGCGCTAGCGGGCGAAGCGAC66TAGGCCGTCGCCAGACTCGTCATCTATGCC6CC6CAAACG6s
FIG. 1. Complete nucleotide sequence of pIJlOl. 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 reading from left to right. The FRAME plot of the korB
ApaI-SpeI fragment (bp 6929 to 7245) (K. J. Kendall and region suggested the existence of an ORF starting at bp 7208,
D. Stein, unpublished results). Subsequent work has shown terminating at bp 6968, and encoding an 80-amino-acid
that korA and korB repress transcription from certain pIJlOl protein.
promoters, including those responsible for transcription of (b) Other transfer-related ORFs. Previously we identified
the kilA and kilB loci (D. Stein, K. J. Kendall, and S. N. four genetic loci at which frame-disrupting inserts affected
Cohen, unpublished results). As indicated above, the the ability of pIJlOl derivatives to transfer into recipient
FRAME plot of the korA region indicated a likely ORF strains lacking pIJlOl (20). One of these loci, designated

J. BACTERIOL.
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Apa I
66T6TGTGG6CAATTGCGGTCCCGCA6 T66CAiCG666'CCC6GC666CCGATCTGGCAATGCCTCGGCATCGCTCCGTACTCTGGGCACGAGCAACGTTCCTGTCTC6CCC66CTAA66G
CCACACACCCGTTAACGCCAGGGCGTCAC66TCGCCCCG66CCGCCC66CTAGACCGTTACG6A6CCGTA6C6AGGCAT6A6ACC CG6TGTCGTT6CAA66ACAGAGC666CC6ATTCCC

6C6C6AGTCTG66AGC66ACGGGTCGGAGGTGC6AAGTCCGGCCC6TTGCTCrTTTGGCT66T666AATCCTGGCACCAATCGGGCCA6AGGTTCCCTCC6CCACTCCC6AC6CCCCTTG
CGC6CTCAGACCCTCGCCT6CCCA6CCTCCACGCTTCA66CCGGGCAAC6A6AAACCA6ACCACCCTTA6GACCGTGGTiABCCCGGrTCiCCAA666A66CGGT6A666CT6C6666AAC

Bal I
GGGCTGGTGTGACTT66A666CCGAA6A6A6CCCCGCC666TATCC66CG666CTTT6AC6T6C66TC.A6TGCGTT6T6C66C6A6C6ATGGCCAC6A66CCCTGGAAGCCGAGCGGTCC
CCCGACCACACTGAACCTCCC66CTTC7CTCGGGGCGGCCCATAGGCC6CCCCGAAACTGCACGCCAGTCAC6CACACAGCCGCTCGCTACC66T6CTCC6666ACCTTC66CTCCCCA66

UtHitsThrHisArgArgAlalleAl aValLeu6l y61nPhe6lyLeuPro6ly

GGCGAAGTCGGCCCAGTCGCAACC666CTCAGCGCAGTGGGCGGACCAGCCACCGCCGTTGGGGTCCT66ACCAGGTTCACGGTCCCCTC66TCAG6CGTCCGTCGAAGTCGGTCAT66T
CCGCTTCAGCCGGGTCAGCGTTGGCCCGAGTCGCGTCACCCGCCTGGTC66T6GC66CAACCCCAGGACCT66TCCAAGTGCCA6%6GAGCCAGTCCGCAGGCAGCTTCAGCCAGTACCA
Al aPheAspAI aTrpAspCys6lyPro6luAl aCysHi sAl aSerTrp6ly61ly61lyAsnProAsp61lnVal LeuAsnVal thr61ly8IuThrLeuArg6l yAspPheAspThrmet

or f 56

Sac I I
CGGTCTCCT66TG66T66666C6666C6CCAGCACGAAGTGCC66C6CCCCGC66666TTGATC666TCA66CPCCGAACCgAC666CaACAACaVCaACCA66CCyTCA6CpA CAaCCA
GCCAGAGGACCACCCACCCCC6CCCCGC66rTCGTGCTTCACGGCCGC6666C6CCCCCAACCAGCCCAGTCCGCGGCTT66CC6CCC6CC6CCGCCGCTGGTCCGGCA6CCGCCGCCGGT

tttA a61lyPheArgA'rgAl aAl aAl aAl aVal Leu61lyAs-pAIlaAl aAlatlet

T66&CC66TCGCGGTC66T66TGA666C66T6C66TCGC66C"C6CCCGCAGGTC6TAGGCCGCTT666C66C66CG6TCGCTGC66666C6A666C66666C6A6CACCGACACGGTGG
ACCGCGCCAGCGCCA6CCACCACTCCCGCCAC6CCA6CCGCCGCC666C6TCCAGCATCC66C6AACCCGCCGCCGCCA6CGACGCCCCC6CTCCC6CCCCC6CTCGT66CtTSTCCACC
AlaArgAspArgAspThrThrLeuAl aThrArgAspAl aAl aAl aArgL.uAspTyrAl aAl ainAl aAl aAl aThrAl aAl aProAlaLeuAlaProAlaLeuValSerValThrThr

2161 TGA8666C6CGCGGGATCGCGGA6C666T6GCGT666ACTC66T6C666CCGCCTCGTACGCoCTC6666GA6s6CGCC6TCAG66CCAGGTCCTC6C6CACCCACAT66C6C66C68TG6T
ACTCCCCGCGCCACTAGCGCCTCGCCCACC6CACCCTA6ACCAC6CCC66CGGA6CAT6C66A6CCCCeCTCCGC66CCAGTCCGCGTCCA686AC6C6TG66T6TACC6C6CC6CCACCA
LeuProAl aThr II eAl aSerArgThrAl aHisSer6luThrArgAl aAl a6luTyrAlaSluProSerAl a61 yThrLeuArgLeuAsp6luArgValTrpletAlaArgArgHisAsp

2281 C66CGA666C66C66CGA666C66CGAC66CCT66ACGGCC6C6TC6C66C666A6TCGTCGCG66TG6T6C666C66TGCGGTGCT66A66A6TCC66C6A66CC66TCCC66C6A6C6
GCCGCTCCCGCC6CC6CTCCC6CCGCTGCCGGACCTGCC66C6CA6C6CCGCCCTCAGCAGCGCCCACCACGCCCGCCACGCCACGACCTCCTCAGGCC6CTCC66CCA66GCCGCTC6C
AlaLeuAlaAlaAlaLeuAlaAlaValAl a61nValAlaAlaAspArgArgSerAspAspArgThrThrArgAl aThrArgHis61nLeuLeuGlyAlaLeuGlyThr6lyAl aLeuThr

Fsp

2401 T6CCGATCAC,66CAAT6A6C6TGGTCACCATGTGAGCCCCCTG6C6TCGTGTCC6TCTGCCTACBTTrATCA6TCTGACACGCACGT6TCA6;6TTGC CAAT666TA66CCCC6CC66TT
ACGGCTAGTGCCGTTACTCGCACCA6TG6TACACTC66666ACC6CAGCACA66CAGAC66ATGCACATA6TCA6ACT6T6C6T6CACSTCCAAC6C6TTACCCATCCG6G6C66CCAA
GlyIleValAlaIleLeuThrThrValMet

ki 1B

Sal I
2521

AGGCCGCCCCGGTA66CAGTACGCC6CCACGACTCAGCCCGCCGCTC6ACCACCCACCGCC6CTCCTACTGC6CCTAA6A6CGCGGCGGCAGCT66C66C6CTCCCGCCCCC66CCCC6C
tttAlaAlaThrSerLeuArgAlaAlaLeu6GnHisThrAlaAlaLeuIleValArgIleGluAlaGlyGlyAspValAlaAlaLeuAlaProAlaProAlaPro

Pvu I

2641 6GTGCCG6C6GATTGGTCGGGGTCGGGCGGCGGC.66A6G6CGACGGCCAGGACCAT66666C6ATCGCCACG6TGGCGAGGTAGGCGAGGGCGATCACGCGGCCACCTCCCTCGTGACGC
CCAC6GCCGCCTAACCAGCCCCA6CCCGCCGCCGCCTCCC6CTGCCGGTCCTG6TACCGCC6CTA6C6GTGCCACC6CTCCATCC6CTCCC6CTAGTGC6CCGGTGGAA%6AGCACTGC6

AlaProProAsnThrProThrProArgArgArgLeuAlaValAlaLeuValfetAlaAlalleAlaValThrAlaLeuTyrAlaLeuAlalleVal
t*Al aAlaVal 61uArgThrValArg

or f 66

Pst I Sal I
2761 GGCGCCAGGACGCCTGCAGCCGTGCCTCCCCGGCGGAGTAGCCCATGTCCCGGAAGCGTCCGGCGGCGACCCGGTACGACCCGGAGTCGACCAGGCCGGACATGATCCCTCGATCTCCT

CC6C66TCCTGCGGAC6TCGGCAC66A6666CC6CCTCATCGGGTACA66GCCTTCGCA6GCCGCC6CTG66CCAT6CT666CCTCA6CT66TCCG6CCTGTACTAG6GCA6CTAGA66A
ArgTrpSerAlaGInLeuArgAlaGluGlyAlaSerTyrGlyMetAspArgPheArgGlyAlaAlaValArgTyrSerGlySerAspValLeuGlySerMetIleGlyAs'lleGluGlu

1441

1561

1681

1801

1921

2041

TCCGGCGGGGCCATCCGTCATGCGGCGGTGCTGAGTCGGfiCGGCGA6CTGGT666TGGC66C6AGGAT6ACGCGGATCTCCGCGCCGCCGTC CCGCCGCGAGGGCGGGGGCCGGGGCG
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2881 CGTT6CTAGACGGGACCAC6TC66CCGACCCCTCGATG6C66CCGGGAC66GCTCCGTGGGTCCCCAGACGGGCA6S6CGCCA6GA6G6C6GA6AC6T666CGTGACAC6GA6A6GTGACGC
6CAAC6ACTC6CCCT66TGCAGCCGGCT6666GAGCTACC6CC66CCCT6CCC6A6GCACCCA6666TCT6CCCGTCCGC6CaTCCTCCCE~TCT6CA,CCC6CACT6T6CiCTCCACT6C6
AsnSerLeuProVal Val AspAl aSer61ly6luII eAl aAl aProValPro6luThrPro6lyTrpVal ProLeuArgTrpSerProProSerThrProThrValArgSerThrVal Cys

Sma I
Sal I Sea I Apa I

3001 A66TCAGAGCGCGTGCC6T6CCCTCGCCCTC6C866CCTCCTCCA6C6TCGACCA66CCGACGCCAGCTCCCC66C66TCTCGGCCT66ACCC666CGACCC661CCCC66C6CCGSTCA
TCCA6TCTCG6C6ACGGCACG66A6CG66i6CGCCCB6A6BA66TC6CAGCTGGTCCGGCTG66MTCA6666CCGCCAA6SCC66ACCT66BCCC%CT66%CCC6666CCGC66CCAGT
ThrLeuAl aArgAl aThr61ly6lu61y6luArgAl a6lu61uLeuThrSerTrpAl aSerAl aLeu61u61lyAl aThr61 uAl aGInVal ArgAl aVal ArgAla61lyAl a6lyThrVaI

3121 C66CCTCCA6CC66GTGACCTCCGTACC66CCTCB6CCCG6A6CT6A6CGC666CCAC66CC6CCCT6TC.6C666CGTCCT6rTG6AT6TC6C66ATCTGGTCCAB66C66TC6666T6A
GCCGGA66TC66CCCACT66A66CAT66Ce66A6CC6B6CCTCGACTC6C6CCCGGT6CC66GC666ACA6C6CCC6CA66ACGACCTACAGCGCCTAGACCA66TCCC6CCAGCCCCACi
Alal6uLeuArgThrVal 6luThr6l yAl aGi uAl aArgLeu6InAl aArgAl aVal Al aAl aArgAspArgAl aAsp6l n61 nI 1 eAspArgIl eGlnAspLeuAl aThrProThrLeu

Apa LI
3241 6C6CG6TCCGCTCCCAGAGCCC6TtCACGAGCCA6AGC.6CCTT66CG6C6AG6G66A6CCAGGCGACC6C6AGCCAGGCCCCC6GCCGACTCCTCACCCAGCGCGTGCGCGACCAGGACGC

CGC6CCA66C6A666TCTC66GCAC66TC6C6TCTC6C66AACCGCC6CTCCCCCTC6BTCCGCT66C6CTC6GTCCG666CC66CT6A66AGT66GTC6C6CACGC6CTGGTCCT6C6
A1laThrArg61luTrpLeu61lyHisVal LeuTrpLeuAl aLysAlaAl aLeuProLeuTrpAl aYal AlaLeuTrpAla61lyAIlaSer6lu61u6lyLeuAI aHi sAl aValleuVal61ly

Bal I
3361 C61iTC6CCACGGCGCCGAATCCCCACCCGAC6CCG6TGATC6C6C66CTGT6GTC6CCCC6CGCG6C6A66C6CCGCTCGTAC6CAC666T66CCAGCCATCC6CC6TC6A6CCCGA66C

GCCA6C66TBCC6C66CTTAG6G6T6GC6C6CG6CCACTA6CGCGCC6ACACCA6C66G6C6CGCCGCTCC6C66CGA6CATGC6CTCCCACCGGTC66TAGGC66CAGCTC666CTCC6
ThrAl aValAla61lyPhe61lyTrp61lyVal61lyThr Il1eAl aArgSerHi sAsp61lyArgAl aAIlaLeuArgArg61 uTyrAl aLeuThrAl aLeuTrp6ly61lyAspLeu61lyLeu61ly

3481 CGAC6ACCAA66CAACGGCCCAC66CAT66CCTCCCC6A6CCACATCACGATCACGACCAC66TCA66ACCAT66ACACC6CCGTCAT66C6AC66CC66666CGC66TCATC6AAC6CT

3601

3721

3841

GCTGCTG6TTCCGTTGCCG66TGCCGTACCGGAGGGGCTCGGTGTA6T6CTAGT6CT66T6CCA6TCCT66TACCT6TGGCG6CA6TACCGCTGCC66CsCCCGCCCCAGTAACTT6C6
ValValLeuAlaValAlaTrpProIetAla6luGlyLeuTrpHetVal I1eValValValThrLeuYalPetSerValAlaThrNetAlaValAlaProAlaAlaThrMetSerArgLys

Bcl I
TCTTCTCCATGATCACTTCCCCTTCC666CCTT6A6CGA6ATGGACA66CCGACCCC66C66666CG6C66CGGCGAGC6C66TCGCC6T66T66C66C66TCTG6A6CAGGAGGCA6AG
A6AA6A66TACTA6T6AA6666AAGGCCCGGAACTCGCTCTACCTGTCCGGCTGGGGCCGCCCCGCI'CGCCGCC6CTCGCC6C.AGC66CACCACCGCCGCCA6ACCTCT6CCTCC6TCTC
LysGluNet *$tLys6lyLysArgAlaLysLeuSer IleSerLeuGlyVal6lyAlaProAlaAlaAlaAlaLeuAlaThrAlaThrThrAlaAlaThr6lnLeuLeuLeuCysLeu
spdB

CGTCATGACGACG6CCACCGAGCCGCCAC6C6CGACC:A6CGCCAGGAGGATC666CCGGTCCAGTC6C666CCTC666CCTGGrTGGTGACGACGACGACCGTGCGGGGGTCGGTGCCGTC
GCA6TACTGCTGCGGCTGGCTCGGCGGTCGCCGCT6GTC6C6GTCCTCCTAGCCsCGCCA66TCAGCGCCCGGAGCC6GGcACCACCACTGCTGCT6CTG6CAC6C6CCCCA6CCAC6sCA6
ThrMletValValGl yValSerGly61 yAl aAl aVal LeuAl aLeuLeul ePro6lyThrTrpAspArgAl aS6 uAl a61 nHi sHi sVal Val Val Val ThrArgProAspThr6lyAsp

Fsp I
CGG6ATCA66T666CC66AAT6T6A,CCGGCCCTCATCTGCG6CGTC66666TGC6CATCA66CC6AC.ACCTCCCCGACCTGCGTCACGAC66ACAGGGAGC.C6TCCTC66ACC6CA6CACC
GCCCTAGTCC,ACCCGGCCTTACACT66CCGGGAGTAGAC6CGCA6CC.ICC6ACGC6TAGTCCGGCT6T66A6G66CT66AC6CAGTGCTGCCT6TCCrCTCGCAGGAGCCT6GCGTCCT66
ProlleLeuHisAlaProlleHis6lyAlaArgHet6lnAlaAspProThrArgflet

*t*A1aSerVal6luClyVal61nThrValValSerLeuSer8lyAsp61uSerArgLeuVal6lu
spdA

Pvu II Pvu I
3961 TCGCCC6,CGTCGAGCAGCTGCTTGACCGCCTTC6ACACGGAGCCCTTGTTGAT6CCGGTCAC6GT66C6ACGTC66CGACGGTCGTAGCGCsCGTC6CG6ATCGCGGCT6C6ACCTTCTCC

A6C666C6ACr66CTGCGAC6AACT66C66AA6CTGTG6CTCGGGAACAACTACGGCCA6TGCCACC6Ci6CA66CCG6CTCA6CATC66C66CACGGCiA6CGCC6AC6CT66AA6AM
61yAl aAspLeuLeu6inLysYal Al aLysSerVal Ser61lyLysAsn Ile6lyThrVal ThrAl aVal AspAIlaYal ThrThrAla61lyThrGl yI IeAlaAlaAl aValLys61luArg

Sac II
4081 CGGTTGGTCGGCGCCTTGGTC66CT666CC666ACCTCA6C.66C.66666C66TCTCCTTCACCA6C6C6A6C6666CC6666Ct66A66C6CC66CACTTC6T6CA66C6ACTCCT66C6A

6CCAACCA66CGCGGAACCA6CC6ACCC64CCCTGGAT6C66C6CCCCcC6CCAGAGGAATGGaTCGGCCT6C6CCCCGG6CCGCCTC~CrCC6C6CCGTGAAGCACGTCCGCT6AG6ACCGCC
AsnThrProAl aLysThrProGInAl aProVal61luAl aAl aProAl aThr6l uLysValILeuArgLeuProAlaProAl aSerAla61lyAIlaSerArgAl aProSer6lu61nArgArg

Sea I
4201 6CCAGACCG6CC66TC66GGAGCGCGATCACGTCGGCC666AGAAC6C6CGGGTGAT666T6AG6CT6CACCTTC666CC66ACCGGAGCATC6CAACCCCGGGCATGGGCAGC

6C66TCT6sCCGGCCAGCCCCTCGCGCTAsTGCA6CC66sCCCTrCSTTC66CGCCACAACTAGCCCACTCC6ACGT66AAGCCCoGGCCT6CCTCGTAGC6TTGGGGCCC66TACCCGTCi
trpValProArgAspProLeuAl aI 1eVal AspAl aProSerPheAl aArgThrAsn Il1eProHi sProGInVal LysPro61lySerArgLeuMetAl aVal 61yProMetProLeu6l u
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4321 T CGT6CGC6TGCCAGCCCTTCTCCGTCGCGTCCTCGCC6AACACCAC6C666ACTCCCC66A66T6CTGAGC6CGA66GC66CCCGGTAG6T6ATCTGC6C6CT6ATCT6CGGGTCGAT6

I ~~InaI BaII I I

A6CAC.6C6CACGGTC666AA6A66CAGC6CAGGAGCGGCTTGTG6T6C6CCCTGAGGG6CCTCCACGACTC6C6CTCCC.6CC6GGCCATrCCACTAGAC6C6CGACTAA6A6CCCAGCTAC
Hi sAl aHi sTrp6l yLys6l uThrAIlaAsp6l u61yPheYalYVal ArgSer6lu61lySerThrSerLeuAI aLeuAl aAIlaArgTyrThr I1e61nAI aSerlIeIe1nProAspI Iely

4441 CCGCCCTTGGCGTCCATGGTCGGCTTCTGC6T66CCCA6ATCAGGATGATCTC66CCGCCCGT6CCATCC666CCA6CGT6CTCA66TTCTCCATGATCCGGGACCA6TCC666TCACCC
66CG66AACCGCA66TACCA6CCGAA6ACGCACC666TCTAGTCCTACTAGAGCC66CG66CACGGTA'66CCCG6TCGCAC6A6TCCAAGAGGTACTA6GCCCT66TCA6GCCCAGT666

61lyLysAl aAspHetThrProLys61lnThrAl aTrpIIeLeuI IeI 1e61 uAlaAl aArgAl aNetArgAl aLtuThrSerLeuAsn6l uMetIIleArgSerTrpAspProAsp61lyPro
Sla I Bal I

4561 66CTCTTCCTTCGACCCCTTCGCCC666TC:TTCTTGGCCtATGGCGATGACCTC66CGCCCTCGTC6ATGAACACCGTGATCC6666CC6CTCCGGGCTGATCTGGATCACGTCCTGGCCG
CCGAGAAGGAAGCTGGGGAAGCGGGCCCAGAAGAACCGGTACC6CTACT66A6CC6C6G6AGCAGCTACrTTGTGCACTA66CCCC66C6A66CCCG6ACTA6ACCTA6T6CA66ACC66C

45u61 uLysSerGlyLysAlaArgThrLysLysAlaletAlal1eVal61uAla61y61uAspIlePheYalThrlleArgProArg6luProSer IeInIleYalAsp6ln61yArg
Pvu I

4681 C6C666ATCA6TTCAAGCC6CTCGTGCATCTCCTC6ACCAGCTC6TC66TCACGTCCAGGACGTCTTCGATCGAGATGGCC6T6CGA6CCCGGTGCTGCCA6TTGATC6CCTC6ACCC6C
6C6CCCTAGTCAAGTTC6GC6A6CACGTA6A66A6CTGGTCGAGCA6CCA6T6CA66TCCT6CAGAA6CTAGCTCTACCGGCACGCTC666CCACGAC66TCAACTA6C66A6CT666>G

Pro46eLeu81uLeuArg61uHisMet6luGluYalLeuG1uAspThrYalAspLeuYalAsp6luI1eSerIleAlaThrArgAlaArgHis61nTrpAsnIleAla61uYalArgLys
Sal I

4801 TT6666TCGAC6ACGACCAGGCGGTGATC66C6TACTCCGAGCCTTCCGCCAGCA666C6C666T66ACCAGGACTTGCCCGAGCC66AC6TACC66C6ATCA5CATCCGGCGCCCGAGC
AACCCCAGCTBC6CTGCTGGCCGCCACTA6CCGCATGA66CTC66AA66CG6TCGTCCC6C6CCCACCT64TCCT6AAC666CTCGGCCT6CAT66CCGCTA6TCGTA66~CCC666CTC6

ProAspVal YalValLeuArgHisAspAl aTyr61 uSerGly6luAl aLeuLeuAl aArgThrSerTrpSerLys6 ySer61 ySerThr6l yAl all eLeufetArgArg6lyLeuPro

Sal I Bcl I
4921 GGCACCT6CACC66CTCGCCGGTCACCGTGTCGACTCCCCACti666t6CCt66GC6TCCAGCCGGTCA66TCGATtCCt6TC66CCtiCGCTGCGGGTCCGCAGCGTGATCAC66C6C66TCG

CC6T66ACGT66CCGA6C66CCAGTGGCACA6CT6AG66GTGCCCCGCG6CCC6CA66TC66CCAGTCCA6CTAGGGCA6CC66C6CA6A6CCCAGGCGTC6CACTA6T6CC6C6CCA6C
ValGInValProGluGl yThrYalThrAspVal6lyTrpProAl aGlyProThrTrp6l yThrLeuAspll eGi yAspAl aAl aSerArgThrArgLeuThr I1 eValAl aArgAsp6ly

5041l CCGTGCGATCCGGCCTT6ATCTCCAT6C66A66TC66TCC66GCTCC6A6CA666CGC66ATCTCCTCGTGCTTG6CCTTGAA66CGGAC6GCTTCCACCGGCCGTCCAG6C6CACCGTGs

II I I~~~~~~alISa

66CACGCTAGGCCGGAACTA6A66TACGCCTCCA6CCAGGCCCGA66CTC6TCCC6CC6CTA6A66AGCAC6AACCGGAACTTCCGCCT6CCGAA66T66CCGGCA66TCC6C6T66CAC
HisT;SerglyAl aLysIAle6luetArgLeuAspThrArgAl a6lyLeuLeuAlaArgIAIe6lu6uHisLysAl aLysPheAlaSerProLysTrpArg6lyAspLeuArgYalThrThr

5161 GT6ACCAGCCCG6CC6666T6ACCTGAACC66C6TCGTCACC6T6CCTAC6A66CCGCGCroTCGTC6C6T6CT6A6CCCAGTACGAC666TC6A6CCGCTCGACCA66CGCCGCTCCTCC
I I I I I I I I* -.. - a

CACT66TC666CCGGCCCCACT66ACTT66CCGCAGCAGT66CAC66AT6CTCCGGCGCGAGCA6CCGCACGACTCGGGTCATGCTGCCCAGCTCG6C6ACT66TCCGCGGCGA66AG6
YalLeuGl yAlaProThrYalInY1al ProThrThrYlalThr61lyYal Leu61lyArg61 uAspAl aHi s61nAl aTrpTyrSerProAspLeuArg61luYal LeuArgArg6lu61 uAI a

528 1 GCTGACAGTTCGTCCGCGACC6C6ACC.6C6ACCTT6C66C66CC6ATC,ACCA6C6C66CGAC6TT66CCGCGAT6A6TG6CA6C6A6CCCGCGACC66CCA66CCCC66CCT66TCCCA6
I I a

CGACTGTCAAGCAG6C6CT66C6CTGGCGCTGGAACGCC6CCGGCTAGT66TCGCGCC6C6TCAACC66C6CTACTCAC6CTCGCTC66%C6CT66CC66TCC6666CC66ACCA666TC
SerLeuAyuAspAl aValAl aalAlaYalLysArLArg6lryIleYalLeuAlaAlaYalAsn A spAlaI uAl aASerpArgAlaValProTrprAla6 la61nAspTrp6l y

5401 CC6A6A6C66A6AT6cCCGGCCCCGGCACC6C6T6CAT66C6TGC6CCTGAACGGCTCGCGCCC6GA666TCGCC666TAGTCCTTGCGCGCGG;CCTT6A6CTTGGTCTTC6CCT66TC6
GGCTCTCGCCTCTAC66CCC6C66CCGT66CGCACGTACC6CAC6C66A6TTGCCA6AC6C666CCTCCC6AGCGGCCCAiC.AGGAAC6C6CGCCGGAACiCGAACCA6AA6C66ACCA66

l; s.AlaSerlIleSl yAla61yProYalAl aHi sHetAI aHi sAlaIa6nYal AlaArgAl aArgLeuThrAI aProTyrAispLysArgAl aAIlaLysLeuLysThrLysAla61nAspArg
Sal I Sal I

5521 C6666T6C6TC66CCCCTTGTCCGCC6TGCGA6CGCCCG6AC6CAC66TCGACAGC666TTCTTG6ACGCC6cCCCGGGC66CGTC6CGCTGCTCTTGGCCGTGGCC6CCGTCGAC6CG

taI

GCCACGCACGCCCGGCGGAACA66C66CAC6CTC66CS66CTGCGTGCCA6CTGTCGCCCAAGAACCT6C6666CGGCC6CCGGCA66C6ACCGAGAAC666CACC6GC66CAGCTGGC6
Hi sThrArgAl aAl aLysAspAl aThr ArgAl aAl aArgArgYal ThrSerLeuProAsnLysSerAIlaAIlaArgAl aAI aThrArgq61nSerLysAl aThr Al aAl aThrSerArgAl a

564 1 GCG6A6TTGTA6CCCTTCTGGGCGTCCATCA6CGCCTTCA66T6CTCC'6666TCCGGAGCGCCATG6CGGrCGGCGCCTC66C6TCCCA6CG66CCGCGAAC6C6C6CA666TC6666CC
CGCCTCAACATCGGGAA6A6CCG6CA66TA6TCGC66AA6TCCACGA66CCCCA6GCCTC6CG6TACGCC6CCAGCC666A6CC6CA666TC6CCCGGC6CiTTCCGCGCTCCCAGCCCC66

SerAsnTyr6l yLys61nAl aAsplRetLeuAl aLysLeuHi sGluProThrArgLeuAlabletArgArgAspAI aGl uAl aAspTrpArgAlaAl aPheProAl aLeuThrProAl atet

5761 ATGGCGTC6A6C6C6TTCGTGATCGCTCC66C66C6TTCTT66AGCC6TTG6CGATCTTC6TA6A6ACTGCCTTC666TCCACGGTTT6TCCTTTC6C6A666ACGTGGATCTA666CC6
TACCGCAGCTC6CGCAA6CACTA6C6AG66CC6CCGCAA6AACCTCGGCCAACGCTA6AA6CATCTCTG6A66AA6CCCA66T6CCAAACAGGAAA6C6CTCCCTGCACCiAGATFCC 66C

t r a
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5881 6A6ACCCTTCACGC66TCTC6C6TCC6CCCC6TTTCC6666CT6T6T6T66C6TC6AACAA66TCCATACTGT66TC6CACAGTT6CT6T6TCAA66CATACACT6T6CTA6ACAGCTAC
CTCT66CAA6TGC6CCAGAGGCCA6CGGGC66AAAGGCCCCG6ACACACACCGCAGCTT6TTCCA66TAT6ACACCAGCGi6TCAAC6ACACA6TTCC6TATT68ACAC6ATCTGTC6AT6

korA
MetSerLeu61 uArgThrProProTyrLeuGInValYVal AlaAIlaLeuLysAI aLysI leVal Ser61ly6luLeuLysHi s6I AspThr

6001 ACACCAC6CACCACACTC6AAGGA6TCgTCAT6TCCCT66AACGCACGCCCCCGTACCTCCAAGTCGTCGCC6CGCT6AAGGCAAAGATCGTCAGC6666A6CTGAA6CAC6616ACACG
TGT6GCGCGi66T6T6AGCiTCCTCAGCA6TACAGGGACTCGC6CT6C646666CATG6A66TTCAGCAGC66C6CGACrTCCGTTTCTA6CA6TCGCCCTCGCACTTC6i6CCCC6T6TC

Bgl II
LeuProSerValArgAspLeuAlaAla6lnTyr6luI leSerThrAlaThrAla61nLysValHisArgThrLeuLysAla6luGIyLeuAla6luAlaLysBln6l ySerAlaThrThr

6121 CT6CCGTCCGTG6C6G6ACCTC CGCGCA6TACGAGATCTC6ACC6CCAC66CCCA6AAGGTCCA CCGACGCTGA GGCGGAA66DTG6C66A66C6AA6CA666CAGCGC6AUAC6

ValSerThrArgArqThrLeuHisArgThrAlaAl aAspArgLeu6luSerAlaLeuSerThr6lyArglI eTyrAl aAsp6ly6luTyrAlaVal IleThrSerAlaAlaLeuAlaSlu
6241 GACAGCACGCGACGGACCCTGCACCGGACCGCAGCCGACCGGCTGGAGTCGGCGCTCAGCACGGGCCGGATCTACGCGGAC A6C66T CATCACCA6C6ACC6CCCTT6CCGAG

CAGTCGTGCsCT6cGCfiCTGCGT66CCT6CT6c6CT64c6CC6ACCTCAeC6CC6AGTCTGCrsCCGGCCrAGATGCGCCGCeCCCTCATr6cCCAGTAGrGTCGCGGC466AAC66CTc

ProPro6luTrpYalAlaAspLeuLeu6lyThr6luSer6ly6InAlaYalArgArq6luArqValThrHisSerAlaAspAsp6lnProYalSerAlaSerYalSerTrpPheSerAla
6361 CCGCCCGA6T666TGGCCGATCTCCTrCGGCACC6A6A6CG6CCA66CCGTGCGACGCGAGCGCGTCACCCACTCAGCC6ACGACCA6CC66TGA6CGCCAGCGTGAGCTGGTTCTCCGCAu m : * . _ . . . . .

GGCGGGCTCACCCAC6CGG~CTAGA66A6CCGTGGCTCTCGCCGGTCCGGCAC6CTGC6CTCGCGCA6T666TGAGTCGGCTGCTGGTCGGCCACTC6C66TC6CACTC6ACCAAGA66C6i
Pvu I Not I

AspLeuAlaGluThrValProAlaLeuLeuValArgAspArg IleIIely6l yThrProSerAlaIleGluAlaAlaThr6 yArgArgAlaValAlaThrGluGluAlaThrThrAla
64B1 GACCTC6C66A6ACCGT6CCCGCCCTCCTGGTCCGCGACC6 ATCATC66 66 ACCCCGTCCGCGATC6AGGCAGCCA 666C6 GC6Co6TCGCCACCGAGGAAGCCACCACGGCG

CT66A6C6CCTCTGGCAC666CGG6A66ACCAGGCG6CT66CCTA6TAGC6CC6CTGG666AGCA6CCTA6CTCCGTC.66T66CCGG,CGGC~CGG6C.AGC6TG6CTCCTTrC6TG6T6CC6f,'
Pvu I

AlaAlaAlaThr6luAspGInAlaAlaLeuLeuGlyValAlaAlaGlyAlaProValLeuLeuSerArgAsnValTyrValAspAla6ln6lyAspThrIle6luValGlyGluSerVal
6601 GCC6CCGCGACCGAGGA CA66CC6CGCTTCT6G666TAGCCGCAGGCGCCCCAGTCCTGCTCTCACGCAACGTCT CGT66ACGCTC.A666C6ACACGATC6AGGTC66G6A6TCC6TC

CGGCGGCGCTGGCTCCT66TCCGGC6CGAGA6'CCCGCATC66C6TCC6CGG6TCA66AC6A6A6T6C6rTGCA6AT6CACCTGCGA6T6CCCCT6T6CiA6CTCCAC6CCCTCAGGC.A6
Bcl I

AlaProAla6GyAr TrpArgValHisArgAs ttt
6721 GCTCCG6CGG66CCCT6sC6CGTCCACC66GACT6ATCACTCGCCCATT6A6AA6iCCCCGTCAGGCACC6CCCGACGG66CTTCTTCACGTCCAGACGAC6T66TTTCCG6666TTGCCC

CGAGGCCC6CGCGAsC6C66C6CA66TGC6CCTGACTAGT6AGC666TAATCTCTC6666CA6TCC6TGBC6666CTGCCCCG6AG6AAGTGCAGGTCTGCTGCACCAAAG6CCCCCAACG666
Apa I

6841 ACCCGGTT6AGCCGTTGCAlCECCCGTTGACCCCCc6CAACCGGGTCTGACCTGCGAAGTTGCAAGGTTGCGwAC66TrTTCCAGGAGGG ClCCTACGCG6sTCGl6CAGCGA6A6CCATTTr
TGGGCCAACTCGGCAACGT6GGGCCAACT466666GCGTT66CCCAGACT66ACGiCTTCAACGTTCCAAC6CTGCCAAA66TCCTCC,CCC666AT6C6CAC66CCGCC6CTTCGGC6TAA;

Sma I
6961 TTGATCTAGCTTCCGGAGCCCTTCTCG6CCTCC6CCTTGGCCCACGCCC666CCGTGTTCGGiA6C6ACCGCCGTCACCTC6TTGAT6CGGCGGTA6666ACCTCCATCCGGACCGCCTCC

AACTrAGATCGAAGGCCTC666AAGAGCC66A66C66AACC666T6C666CCC6GCACAAG6C CTCCTG6C66CAGTGGAGCAACTACGCCGCCATCCCCTG6A6GTAG6CCT66CG6AG1i
tttSer61lySer61lyLys6l uAI a61uAI aLysAI aTrpAl aArgAl aThrAsnProAl aYal A1aThrYal 61uAsnI 1eArgArgTyrProYal6l uMetArgVal A1 a61uAl a

708 1 GCGATCAGCGGGCGCAGCTCCTTCTCAATCTCGTClCAGCTCC6CG66As6ACTTGAToCCGCTGCTGCCCAACGGC'TTCAGeCG6CCGCTCTCCTCGGCCC61iATCTCGCCCGGTGTCTTT
I I a

C6CTAGTC6CCCGCGTCGAGGAAGAGTTAGAGCAGGTCGA66C6CTCCTC6AACTAGGC6AC6AC6666iTTCCGAAGTGC6C6sC66A6GAC66CC69CCTA6A6C666CCACAGAA;
lIleLeuProArgLeu6luLys6luIlle61uAspLeu61 uAlaLeuLeuLysIl1eArgGln6ln61yLeuProLysLeuAl aAl a61uAl a61luAl aArglIele1u61lyProThrLys61ln

Fsp I S e I
7201 TGCGTCATGAAGTCATCCTGACCGACTGTGTCAGTCT6C6CAAClAGTTCAGGCT6CGTTTTTrTGC66TACAACTTTCCCTAC6TCATCAAGGCGGC:CC6CG6AGC666CC6C6C66CCCG

ACGCAGTACiTCAGTA66AC6TGCTGACACA6TCAGACGC6GTG6ATCAA6TCCGACGCAiAAAAACGCCAiT6TGAAA666ATGCA6TA6TTCCGCC666C6CTCGCCC66C6C6CC6666C
ThrMet

k or B

7321 GCCCACG6CCCGGCCGACGCTCCTGTCTTC6CCCCGCTCCGGCCC66CCGCC6ACCGGCCC6CGCACACGACG6666CGGCATC66T666CG6TTTACGTGGCGCCTGCTCCGCCGACT6
CGGGTGCC666CC66CTGCGAGGACAGAA6C6666GCGAGGCC6G6CC66CGG6CTGGCCGGGCGCGrTGTCTGCCC'CC6CCGTA6CCACCCGCCAAATGCACCGiCGGAC6A66C66CTGAC

J. BACTERIOL.



VOL. 170, 1988 SEQUENCE OF S. LIVIDANS PLASMID pIJlOl 4641

7441 C666CATCGCCGTTGTGCTCGCCGACAGGGCA6C6666AG6666T66686ACTC6C6GCCCTAC6C66CC6TCTGAGCGC6TGTCAGCCTCCCGGAGCGCCGTACCCCCGCCGTCGC6GTG
GCCCGTAGCGGC.AACACGAGC66CTGTCCCGTCGCCCCTCCCCACCCCCTGAGCGCCGGGATGCGCCGGC.AGACTCGCC6ACAGTCGGAGGGCCTCGC66CATGGGGG6CGGCAGCGCCAC

or f 85
NetAr qTr pAr gProSerSerTrpSerAlaValAuA rAr 6l ArgSerSer6ly

7561 CT6AGCCGC6TAGA6C6ACCCTGAGCCCCGTCG6TGGTTCTGGGGAGCACCTGCTGCCGCGATGAG TGCGCCGTCGA6CTGGTCAGCCGTGCGCTCCG CGT66CC TCATCCG
GACTCG66CCACTCCGCTGGGACTCGGGGCAGCA6CCAAC6ACCCCTCGTGGACGACGG6CTCACTCCA6CGCCGGCAGC'TCGACCABTC6GCAC6CC6iCA6GCA6CC66CCAGTAGG6

ttt61yAla

Pvu I Sac II
CysProIleValVal161 yLysletProAla6IuProAlaAspLeuAsVAr As 61 TyrProAla61 yArg61 ArqAlaSerVal6luGI y61uI 61 Ar HisAlaAs ArqHis

7681 6CT6CCCAC6TGT66G666CAA6AT6CCG6CG6AACCG6C6GAC TCGA GA.6 GTA TCCG6C66GCCGCGGCG6CCA6AGGGCA66CGG6C6CCATGC6ACC6CC
CGACGGGCTAGCACCACCCGTTCTAC66CC6CCTTGGCCriCCTGGAGCTGGCGCTGCCGATAGGCCGCCC666CGCCCG6CGC6A6GCAT6TCC6CGCTCC6CCC6CGGT CG CT6GC

AlaArgAspHi sHi sAI aLeuHi sArgArgPheArgArgVal61 uVal A1aVal Al allIeArgArgAl aAIlaProPro6ly61yTyrLeuAl aleuAl aProAl amet6lyVal AlaVaI

Sac I
61 y61 yProGInAla6In61uLeuProHisAsp61nArqProAlaAspGln6lu6lnCys y61GnHi sCysArgttt

78d01 ACGG 66G6CCACAGGCCCAGGA6CTCCCGCACl;AMAnC CCCGCCGACCAGGAGCA TIC66~CACAACTGCCGCTAACGCCTGGTCCTGGTCCCGGTCCTGGTGGTGCATCAGTCCT
T6CCGCCC66T6TCCGGGTCCTC6A6GGCGTGCTAGTC6CAGGGCGGCTG6TCCTCGTCACGCCGGTCGTGACG6C.GATi6CG6ACCAG6ACCAGGGCCA66ACCACCAC6TA6TCAGG;

AlaProTrpLeu6lyLeuLeu6luArgVal IIeLeuThr6ly6lyValleuLeuLeuAlaAlaLeuValAlaAlaLeuAla61nAsp6lnAspArgAsp6lnHisHHiset
or f 79

BCl I BCl I
CCCC6T6ATCACTTCGGCACCCACC6TA6TGATCACCCCC6ACAC6C6ATCAA6666TTTGCG66TCCC66TC66C.6CC666C66666A66CAGGA6CCGCCGACGCT6CCTCT666ACG

00 , 40 . ~I I I I I I

6666CACTA6T67AACCGTG66T66CATCACTAGTGGG66CTGTCGCCTAGTTCCCCAAACGCCCA666CCAGCC6C6GCC.CGCCCCCTCCGTCCTCGGC66CTGCGAC66A6ACCCTGC
7921

Pst I
B041 GGCCGGACGGCAGGGGGACCGGCGGCCGGGCGAGCTGC:AGCCGGGGGTCCGGCAGGGCCGGAGCGGGCGGAACCGTGCTCTGACCTGCGGCCC6AGTTTC6TCACGT6ACG6AATGGAA6

CCGGCCTGCCGiTCCCCCTGGCCGCCG6CCCGCTCGAC6TCGGCCCCCA6GCCGTCCC,6GCCTCGCCCG6CTTGGCAC6AGACT66ACGCC6GG6CTCAAAGCAGTGCACTGCCTTAC'CrTT
Pvu I

8161 6CTGCTGCATTTCGTCACGTGACGTATC.TCGGC6AC6CACTGCCGAC6CCACGGCGGACACGATCGCCTCGCGCTGGC6CCGGGCCTCGTAC6CCCGCTGGCGGCAGGAGCGGC6GCAGT
I I I I I I IIIIII

CGAC6ACGTAAAGCAGTGCAC'TGCATAGiAGCCGCTCGCTGACG6CTGCGGTGC.CGCCTGTGCTAGCG6A6CGCGACCGCGGCCCGGAGCATGCGGGC6ACCGC.CGiTCCTCGCCG6C.CTCA

8281 AGTCCCGGCTCCGGCCGACGCCGGATTGCTTGATCTCCGAGCCGCACC.AGGCGCAGAGCTTCG6CGCCGTCGGCGTCCCTG6GGGTGGTGGTGCTCATGGCCGACGACCGTACGCGGCACG
TCA666CCGA66CCGGCTGCGGCCTAACGAACTAAGG6CTCG6CGT66TCCGCGTCTCGAAGCGCGGCAGCCGCAGGGACCCCCACCACCACGAGTACC,6GCT6CTG6CATGCGCCGTGC

Kpn I Sea I Sac II
8401 TCTCGTAGCGAGGCG6ATCGGGCGCGA6GTACCGCCTGCACGAAGTGCCGGC66GGCCGACCCCGGGCGAGiTAATCCCAG6ATTACTCCCGCGGCTTCGACCCCGGCCGCCGTCGCCGCG8401 ~ I I I I a4 ~ 0

A6AGCATCGCTCCGCTCAGCCCGCGCTCCATG6CGGACGTGCTTCAC66CCGCCCCGGCTG666CCCGCTCATTAG GTCCTAATGAGGGCGCCGAAGCTG66GCCGGCGGCAGCGGCGC

Apa I
8521l TACGTCACCGACCCCCGCCGTACGTCACCGGGATGACGTACGGCG6G666GGAGCGAGTTAGTGCGAAGTG6SCCCACrTTGC.GAGCCGGGCGATGTGCCGGGC66GCCC6CTCCTGGCGGTrc

ATGCAGTGGCT6GGGGCGGCATGCAGtGGCCCTACTGCATGCC6CCCCCCCTC6CTCAATCAC6CTTCACCCGGGTGAACGCTCGGCCCGCTACACGGCCC6CCG66C6AG6ACC6CCA6
*$tHi sSerThrPro6lySerAl aLeuArgAlall eHi sArgAlaAlaArg6luGl nArgAsp

864 1 GTCGGCGTCGTCGTCCTGGTCGTCGTCCTGCTCTCGCCGTCGGCGTGCAGTTGCTTCCTCGCGGCGCTGGGCGA6GGCGGCGA6CATGTCGGCGTAC6CCTCGGCCACCTCCCCCGC6CGT
CGACCGCAGCAGCAGGACCAGCAGCAGGACGAGAGCGGCAGCCGCACGTCAACGAAGGAGCGCCGCGACCCGCTCCCGCCGCTCGTACAGCCGCATGCGGAGCCG6GTGA66G6GC6GCA
AspAl aAspAspAspGlnAspAspAsp6ln6luArgArgArgArgAl aThrAl a6lu6l uArgArg6lnAlaLeuAl aAlaLeufletAspAl aTyrAla6luAl aVal6luGlyAlaThr

8761 GA6CACCACCACT6T6TCGGCC6CGTCG6CCAGCGCCA6GACCTCCC6CACCCGTTC6CCCAC66CC6CC
CTCGT6GT66T6ACACA6CC66C6CAGCC66TC6C66TCCT66A66GCGTG6GCAA6C666TGCC66C6G
LeuVal Val Val ThrAspAlaAlaAspAl aLeuAl aLeuVal 61 uArgVal Arg6l u6l yValAl aAl aPro

rep
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TABLE 1. Putative ORFs of pIJlOl

% 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 BclI-BglIll fragment (bp 5026 to 6157) that could not
be introduced into S. Iividans 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 BclI
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 kiiB, 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 PvuII 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 SacII-Sail 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.

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

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 PvuI site

at bp 7689 and the ApaI 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 BclI site at bp 7952 and the ApaI site at bp

8592, all three reading frames diverge significantly from 73%
G+C. In particular, the plot of the region between PvuI (bp
8223) and ApaI (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 pIj101. 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
pIJlOl 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.

J. BACTERIOL.
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TABLE 2. Ribosome-binding sites preceding the initiation codons
of putative ORFs of pIJlOla

ORF Sequence

rep ......... CAAGGGCTGCGGCCGCGCCCTGATG
korA ......... CACCACACTCGAAGGAGTCGTCATG
korB ......... CACAGTCGGTCALGGATGACTTCATG
tra (AUG start) ......... GATCACGAACGCGCTCGACGCCATG
tra (GUG start) ......... GTCCCTCGCGAAAGGACAAACCGTG
spdA......... AGGTCGGGGAGGTGTCGGCCTGATG
spdB .... .....AGGCCCGGAAGGGGAAGTGATCATG
kilB ......... GACACGACGCCAGGGGGCTCACATG
of56......... CCCACCCACCAGGAGACCGACCATG
orf66......... GCGTCACGAGGGAGGTGGCCGCGTG
or79......... GAAGTGATCACGGGGAGGACTGATG
of85......... CTGGGGAGCACCTGCTGCCGCGATG

a 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 pIJlOl, 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 pIJlOl (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.

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 DNA-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 pUL101. 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 pIJlOl. The positions of these promoters
and their directions of transcription are indicated in Fig. 2.
Note that we have renamed the previously identified
pIJlOlA (7) and pIJ1O1B (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 pIJlOlC [11]) lie upstream of
major identified ORFs.

Location of regions of dyad symmetry on pUL101. The
nucleotide sequence of pIJlOl 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-

VOL. 170, 1988
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korA 194 Thr-Glu-Asp-Gin-ALA-Al a-Leu-Leu-GLY-Val -Al a-Al a-Gly-Al a-Pro-Val -Leu-Leu-Ser-Arg

Frequency (%) 11 13 16 0 83 2 16 47 75 41 8 5 8 25 0 5 5 11 2 16

korB 13 Ala-Glu-Ala-Ala-Leu-Lys-Pro-Leu-GLY-Glfn-Glfn-Arg-Ile-Lys-Leu-Leu-Ala-Glu-Leu-Asp

Frequency (%) 5 13 8 8 0 8 0 47 75 0 8 22 0 0 33 0 5 8 25 0

korB 56 Asn-Glu-Val-Thr-ALA-Val-Ala-,'ro-Asn-Thr-Ala-Arg-Ala-Trp-Ala-Lys-Ala-Glu-Ala-Glu

Frequency (%) 0 13 0 8 83 0 8 5 2 2 8 22 8 0 2 0 5 8 0 2

Acro 16 Gln-Thr-Lys-Thr-ALA-Lys-Asp-Leu-GLY-Val-Tyr-Gln-Ser-Ala-Ile-Asn-Lys-Ala-Ile-H1s

Frequency(X) 27 11 22 5 83 5 0 47 75 41 0 22 36 25 30 2 19 5 8 5

1 ac I 6 Leu-Tyr-Asp-Val -ALA-Gl u-Tyr-Al a-GLY-Val -Ser-Tyr-Gl n-Thr-Val -Ser-Arg-Val -Val -Asn

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

CAP 170 Arg-Gln-Glu-Ile-Gly-Gln-Ile-Val-GLY-Cys-Ser-Arg-Glu-Thr-Val-Gly-Arg-Ile-Leu-Lys

Frequency (X) 19 11 19 16 8 8 8 8 75 0 33 22 8 44 27 2 33 13 25 8

FIG. 3. Putative DNA-binding domains in pIJlOl-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, lacI, and CAP proteins (24).

cation-competent SacII 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
pUJ101. A number of cloning vectors that employ the pIJlOl

Domain A.

tra

consensus

Domain B.

tra

consensus

replication origin have been constructed. Most of the com-
monly used vectors (e.g., pIJ702 [19] and pIJ364 [21]) use the
replication region of pIJ350 (21). pIJ350 was derived from
two adjacent BclI fragments of pIJ102, a spontaneous in vivo
deletion derivative of pIJlOl (21); the replication-competent
segment was ligated to a 1,030-bp BclI fragment from S.
azureus, conferring resistance to thiostrepton (28). During
the course of our study, the two BclI fragments in pIJ350
were sequenced to allow determination of the extent of the
pIJlOl replication region present in the various vectors. It
was found that pIJ350 consists of the BclI (bp 7952)-BclI (bp
6796) fragment of pIJlOl 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 pIJ350 consists of 3,109 bp; these data

283 GLY-Arg-Arg-M4et-Leu-I le-Ala-GLY-Thr-Ser-GLY-SER-GLY-LYS-SER-Trp-SER

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

Thr Thr Ser

308 Ser-Glu-Tyr-Ala-Asp-Hi s-Arg-LEU-VAL-VAL-VAL-ASP-Pro

Arg- - -Gly- - - - 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 pIJlOla

Start coordinate Sequence Free energy(kcallmol)

1710 AGCCCCGCCGTGAT CCGGCGGGGC -35.7
1941 GCGGGGCGCCAGCA GAAGTCCGGCGCCCCGC -34.0
2471 CAGTCTIAACAC CACGTGTCAGGTI -12.0
2504 QTAGGCCCCGG TTT CCGGCGGGGCCATCC -38.2
3083 GCCTGGACCCGG CGACCCGGCCCCGGC -24.1
4154 GGAGGCGCCGGCACTTCGCIAGGCGACTCC -16.3
4471 GTGGCCCAGATCA GGATGATCICGGCCGGC -6.6
5244 CACGGGTCGAGCCGCTCGACCAGGCG -15.8
5875 GGGCCGGAGACCG TTCACG CGGTCTCCGGTCC -30.2
6771 AGAAGCCCCGTCAQGGCACC GCCCGACGGGGCTTCT -27.2
7925 GIGATCACTCGGCACCCA CCGTAGTGATCAC -19.4
8452 CGGGGCCGACCCCGGCGAGTAATCC CAGGATTACCCCGG7CTICf(ACCCCG -38.8
8532 CCCCCGCCGTACGTCA CCGGGA TGACGTACGGCGGGGG -44.1

a The complete sequence of pIJlOl 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),
pIJ702 (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 pIJlOl 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).

plJ350
...GTGCGGTCGGCGGCGGCCCAGTCCTGCTCTCACGC...

...TCGGCGGCG CCCGGTC. CAC CCAGTCCTGCTCT...

2086 plJOl0 6650
FIG. 5. Sequence of the deletion endpoints of plJlOl present in

pIJ350. The pIJ350 replication region is derived from an in vivo
deletion of bases 2086 to 6650 of pIJlOl. 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 Mr
77,000. Insertions into this ORF completely prevent the
pocking phenotype indicative of plasmid transfer (20, 21).
No other frame-disrupting insertions into pIJlOl 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 SacII fragment,

which has been shown to be sufficient for autonomous
replication of pIJlOl 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 SacII
fragment. The approximate location of the presumed pIJlOl
ori sequence can be deduced from an examination of the
FRAME plot, which indicates only one noncoding region
within the SacII 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 KpnI site at bp
8430; insertions into this site and deletions removing this site
appear to destabilize pIJlOl 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
ORF that does not conform to the usual Streptomyces ORF
characteristics could be present in this region.

Five promoters have been localized on the pIJlOl se-
quence (Fig. 2). Of the three previously reported promoters,
pIJlOlA (7) appears to be the promoter for the kilB gene and
pIJlOlB (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 pIJlO1C 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 pIJlOl 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 tral
spdAlspdB/orf66 ORFs, suggesting that these may be in-
volved in transcription termination.

Determination of the primary nucleotide sequence of
pIJlOl is a further step in elucidating the biology of this
plasmid. In addition to facilitating the construction of
pIJlOl-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 pIJlOl gene expression.

ACKNOWLEDGMENTS

These studies were supported by Public Health Service grant
A108619 to S.N.C. from the National Institutes of Health.
We thank David Stein, Stephen Lee, and Michael Brasch for

helpful discussions and Mark Buttner for communicating unpub-
lished information and for helpful comments.

LITERATURE CITED
1. Bankier, A. T., K. M. Weston, and B. G. Barrell. 1987. Random

cloning and sequencing by the M13/dideoxynucleotide chain
termination method. Methods Enzymol. 155:51-93.

2. Bernan, V., D. Fipula, W. Herber, M. J. Bibb, and E. Katz.
1985. The nucleotide sequence of the tyrosinase gene from
Streptomyces antibioticus and characterization of the gene
product. Gene 37:101-110.

3. Bibb, M. J., M. J. Bibb, J. M. Ward, and S. N. Cohen. 1985.
Nucleotide sequences encoding and promoting expression of
three antibiotic resistance genes indigenous to Streptomyces.
Mol. Gen. Genet. 199:26-36.

4. Bibb, M. J., and S. N. Cohen. 1982. Gene expression in
Streptomyces: construction and application of promoter-probe
vectors in Streptomyces lividans. Mol. Gen. Genet. 187:265-

277.
5. Bibb, M. J., P. R. Findlay, and M. W. Johnson. 1984. The

relationship between base composition and codon usage in
bacterial genes and its use for the simple and reliable identifi-
cation of protein-coding sequences. Gene 30:157-166.

6. Bibb, M. J., and D. A. Hopwood. 1981. Genetic studies of the
fertility plasmid SCP2 and its SCP2* variants in Streptomvces
coelicolor A3(2). J. Gen. Microbiol. 126:427-442.

7. Buttner, M. J., and N. L. Brown. 1985. RNA polymerase-DNA
interactions in Streptomyces: in vitro studies of a Streptomvces
lividans plasmid promoter with Streptomyces coelicolor RNA
polymerase. J. Mol. Biol. 185:177-188.

8. Buttner, M. J., and N. L. Brown. 1987. Two promoters from the
Streptomyces plasmid pIJlOl and their expression in Esche-
richia coli. Gene 51:179-186.

9. Buttner, M. J., I. M. Fearnley, and M. J. Bibb. 1987. The
agarase gene (dagA) of Streptomyces coelicolor A3(2): nucleo-
tide sequence and transcriptional analysis. Mol. Gen. Genet.
209:101-109.

10. Chou, P. Y., and G. D. Fasman. 1978. Prediction of the
secondary structure of proteins from their amino acid sequence.
Adv. Enzymol. 47:45-147.

11. Deng, Z., T. Kieser, and D. A. Hopwood. 1986. Expression of a
Streptomyces plasmid promoter in Escherichia coli. Gene 43:
295-300.

12. Deng, Z., T. Kieser, and D. A. Hopwood. 1987. Activity of a
Streptomyces transcriptional terminator in Escherichia coli.
Nucleic Acids Res. 15:2665-2675.

13. Eisenberg, D., R. M. Weiss, and T. C. Terwilliger. 1982. The
helical hydrophobic moment: a measure of the amphiphilicity of
a helix. Nature (London) 299:371-374.

14. Enquist, L. W., and S. G. Bradley. 1971. Characterization of
deoxyribonucleic acid from Streptomyces venezuelae species.
Dev. Ind. Microbiol. 12:225-236.

15. Garnier, J., D. J. Osguthorpe, and B. Robson. 1978. Analysis of
the accuracy and implications of simple methods for predicting
the secondary structure of globular proteins. J. Mol. Biol. 120:
97-120.

16. Hopwood, D. A., M. J. Bibb, K. F. Chater, T. Kieser, C. J.
Bruton, H. M. Kieser, D. J. Lydiate, C. P. Smith, J. M. Ward,
and H. Schrempf. 1985. Genetic manipulation of Streptomyces:
a laboratory manual. The John Innes Foundation, Norwich,
England.

17. Hopwood, D. A., T. Kieser, H. M. Wright, and M. J. Bibb. 1983.
Plasmids, recombination and chromosome mapping in Strepto-
myces lividans 66. J. Gen. Microbiol. 129:2257-2269.

18. Hopwood, D. A., D. J. Lydiate, F. Malpartida, and H. M.
Wright. 1985. Conjugative sex plasmids of Streptomyces, p.
615-634. In D. R. Helinski, S. N. Cohen, D. B. Clewell, D. A.
Jackson, and A. Hollaender (ed.), Plasmids in bacteria. Plenum
Press, New York.

19. Katz, E., C. J. Thompson, and D. A. Hopwood. 1983. Cloning
and expression of the tyrosinase gene from Streptomyces anti-
bioticus in Streptomvces lividans. J. Gen. Microbiol. 129:2703-
2714.

20. Kendall, K. J., and S. N. Cohen. 1987. Plasmid transfer in
Streptomyces lividans: identification of a kil-kor system associ-
ated with the transfer region of pIJlOl. J. Bacteriol. 169:4177-
4183.

21. Kieser, T., D. A. Hopwood, H. M. Wright, and C. J. Thompson.
1982. pIJlOl, a multicopy broad host range Streptomyces plas-
mid: functional analysis and development of DNA cloning
vectors. Mol. Gen. Genet. 185:223-238.

22. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

23. Messing, J. M. 1983. New M13 vectors for cloning. Methods
Enzymol. 101:20-78.

24. Pabo, C. O., and R. T. Sauer. 1984. Protein-DNA recognition.
Annu. Rev. Biochem. 53:293-322.

25. Platt, T. 1986. Transcription termination and the regulation of
gene expression. Annu. Rev. Biochem. 55:339-372.

26. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-

J. BACTERIOL.



SEQUENCE OF S. LIVIDANS PLASMID pIJlOl

ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

27. Scott, J. R. 1984. Regulation of plasmid replication. Microbiol.
Rev. 48:1-23.

28. Thompson, C. J., J. M. Ward, and D. A. Hopwood. 1982.
Cloning of antibiotic resistance and nutritional genes in Strep-
tomyces. J. Bacteriol. 151:668-677.

29. Uchiyama, H., and B. Weisbium. 1985. N-Methyl transferase of
Streptomyces erythraeus that confers resistance to the macro-
lide-lincosamide-streptogramin B antibiotics: amino acid se-
quence and its homology to cognate R-factor enzymes from
pathogenic bacilli and cocci. Gene 38:103-110.

30. Walker, J. E., M. Saraste, M. J. Runswick, and N. J. Gay. 1982.
Distantly related sequences in the a- and ,B-subunits of ATP
synthase, myosin, kinases and other ATP-requiring enzymes
and a common nucleotide binding fold. EMBO J. 1:945-951.

31. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved
M13 phage cloning vectors and host strains: nucleotide se-
quences of the M13mpl8 and pUC19 vectors. Gene 33:103-
119.

32. Zalacain, M., A. Gonzalez, M. C. Guerrero, R. J. Mattaliano, F.
Malpartida, and A. Jimenez. 1986. Nucleotide sequence of the
hygromycin B phosphotransferase gene from Streptomyces hy-
groscopicus. Nucleic Acids Res. 14:1565-1581.

VOL. 170, 1988 4651


