608

Analysis of pFQ12, a 22.4-kb Frankia plasmid

Theodore R. John, Jeffrey M. Rice, and Jerry D. Johnson

Abstract: Frankia are gram-positive, filamentous bacteria capable of fixing atmospheric dinitrogen in symbiosis with a
wide variety of woody plants and shrubs. Some isolatefrahkia harbor plasmids of 8.5 (pFQ11) and 22.4 kb

(pFQ12) that have no known function but are transmitted through many generations in culture. We have sequenced the
22 437-bp pFQ12 plasmid that is present in isolates Cpll and Arl3. This sequence, with 76% G+C, is almost totally
unrelated to that of pFQ11 found in the same cells. However, four regions of identity, 40-90 bp each, are dispersed
around the plasmids. The 22.4-kb plasmid has >50 open reading frames (ORFs) that encode putative proteins of more
than 100 amino acids, with the largest being 2226 amino acids. Twenty of these ORFs are likely to encode proteins
based on their codon bias as determined by two different algorithms. Transcripts from nine of these regions have been
identified by reverse transcriptase—polymerase chain reaction (RT-PCR) or filter hybridization. TReatw@

plasmids each encode a protein similar to the korSA protein that regulates transmission of pSS&k&ptomyces

The origin of replication (ORI) region of pFQ12 was localized by intrastrand AT and GC equivalence switch. It in
cludes a 40-bp, intergenic, A+T-rich region that has a strong identity in pFQ11.

Key words ORI analysis, RT-PCR, Glimmer, DNA sequence.

Résumé: Frankia est une bactérie filamenteuse gram-positive capable de fixer le diazote atmosphérique lorsqu’en sym
biose avec une grande variété de plantes ligneuses et d’'arbustes. Certains isblatskiecontiennent des plasmides

de 8,5 (pFQ11) et 22,4 kb (pFQ12) qui n'ont aucune fonction connue mais qui sont transmises a travers plusieurs gé-
nérations en culture. Nous avons séquencé le plasmide pFQ12 de 22 437 pb qui est présent dans les isolats Cpll et
Arl3. Cette séquence, constituée a 76 % de G+C, est presque totalement non apparentée a celle de pFQ11 retrouvé
dans les mémes cellules. Cependant, quatre régions d’identité, de 40-90 pb chaquene, sont dispersées autour des plas-
mides. Le plasmide de 22,4 kb contient >50 cadres de lecture ouverts « CLO » dant des protéines putatives de plus de
100 acides aminés, la plus grosse étant composée de 2226 acides aminés. Vingt d’entre ceux-ci sont susceptibles de co-
der des protéines, en se basant sur leur préférence en codons tel que déterminé par deux algorithmes différents. Les
transcrits de neuf de ces régions ont été identifiés par RT-PCR ou par hybridation sur filtre. Les deux plasmides de
Frankia codent chacune une protéine semblable & la protéine korSA qui contrdle la transmission de pMS&&eatans
tomyces La région ORI (« origin of replication ») de pFQ12 a été localisée par la transition de I'’équivalence en AT et

GC dans 'ADN. Elle renferme une région intergénique AT-riche de 40 pb qui démontre une forte analogie avec

pFQ11.
Mots clés: analyse ORI, RT-PCR, Glimmer, séquence d’ADN.

[Traduit par la Rédaction]

Introduction nitrogen-poor sites. The annual nitrogen fixation rates for
. - o . actinorhizal plants range from 2 to 362 kg of nitrogen per
Frankiaare capable of fixing atmospheric dinitrogen iR €i pectare (Stowers 1987). They therefore contribute significant

ther the free-living state or in symbiosis with host plants-rep amounts of reduced nitrogen to the ecosystems that they oc
resenting over 200 species distributed among 24 genera ang,

8 families (Nazaret et al. 1991). Actinorhizal host plants are

trees and woody shrubs that are distributed worldwide bu Frankia can be quite promiscuous with respect to host-

lant selection. Single strains Bfankia can nodulate plants
rom different families. A coevolution of the host plants and
. X i X . Frankia is suggested by molecular phylogenetic analysis
erally pioneer species colonizing ecologically disturbed or(Jeong et al. 1999). Their broad host range suggests the bio
chemical demands on the symbiotic partner may be lower
than those oRhizobia.This hypothesis is supported by nu
Mmerous observations that indicate the nodulation process is
genetically and biochemically distinct from the more well

Received November 10, 2000. Revision received February 22
2001. Accepted February 28, 2001. Published on the NRC
Research Press Web site at http://cjm.nrc.ca on June 28,

2001. studiedRhizobia(Guan et al. 1998). Therefore, a better un
_ derstanding ofFrankia molecular biology may provide in
T.R. John, J.M. Rice, and J.D. Johnsor. Department of sights into alternative host recognition and (or) colonization
g/lzocl)siularstlogy, University of Wyoming, Laramie, WY mechanisms of nodulation. Biological nitrogen fixation is
P the most likely avenue to reduce our current demand for fos
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represent an untapped reserve of potential genetic resourc€glif.). The PCR fragment was cleaved witBanmH1+SpH,

in this area. BanH1+Taqgl, Tadgl, or Xmal, and the digestion products were
Compared withRhizobia little is known of Frankia mo- cloned into pBSIISK or pTZ18R anq were sequenced. All regions

lecular biology and genetics (Benson and Silvester 1993were sequenced from at least two independent clones and32ave

Mullin 1996). Only a fewFrankia genes have been cloned passes over each base. . : -

and no mutants have been identified. Further, no tools suck Tgioggg%fted sequence is available at GenBank accession

) . L o . 0. .

as transformation, transduction, or conjugation are available

for genetic manipulation of these organisms. The inability to ding identificati

do genetics is a major block to progress in understandinPE" reading frame identification

. . L o The locations of open reading frames (ORFs) encodi#i§0
Frankia at all levels of investigation. The availability of a amino acids were first determined using MacVector software- (Ox

mechanism to manipulaférankia genetics would enable the 44 Molecular, Oxford, U.K.). These ORFs were sorted based on
advancement of many studies of these interesting microbegnree criteria: i) effective codon use (Wright 1990)j X G+C abun

To facilitate development of a transformation system, wedance in the 3rd position of the codons (Sueoka 1988),and the
have cloned and sequenced a plasmid of 22.4 kb that is presifference in G+C abundance between the 3rd and 2nd positions.
ent in some but not all members of this genus (Simonet et alThe Glimmer algorithm for microbial gene identification (Delcher
1985). An 8.5-kb plasmid, typically found in the same-iso et al. 1999; Salzberg et al. 1998) was also used to search fer cod
lates, has already been sequenced (Kong et al. 199 g regions. The program was trained using kigcobacterium tu
thereby affording the opportunity to search for similarities PETCUlosis genomic _ sequence (prerelease  version from
that can provide information about replication functions.;Pttgf"c"ww't'tgr'?r%?5'szr”ary 8, 2000) because of the compara
Identification of sequences that function as origins of replica € content, ©9.570.

tion (ORI) for Frankia plasmids was one goal of the project. )

Vectorial analysis of intrastrand AT and GC equivalencesRNA extraction .

must be used to localize ORI regions because no functiong) '°otal RNA was prepared fronfrrankia Cpll cells grown for
test is currently available (Benson and Silvester 1993 weeks at 25°C in media lacking combined nitrogen. Cells from

. 1L cultures were collected by centrifugation for 10 min at 17 400 x
Mullin 1996). A second goal was to search for genes that arg at 4°C. The pellet was washed in 2.3 mL®! treated with di-

associated with plasmid stability and replication. Such funCehy| pyrocarbonate (DEPC) then pelleted at 69 00ay %n a
tions can provide important clues about how to manipulateseckman TLA-100.3 rotor for 15 min at 20°C. Cell yields ranged
these plasmids to create cloning vectors Foankia. from 150 to 300 mg/L of culture.
Washed cells were suspended at 0.75-1.Qumgi 3 mg/mL of
lysozyme, then 20QL of 50 pg/mL lysostaphin (Ambion, Austin,

Materials and methods Tex.) was added, and the mixture was incubated for 15 min at 37°C
to facilitate lysis. Total RNA was extracted using the supplier’s ba-
Cell growth and plasmid isolation sic protocol for RNA isolation with RNAWIZM(Ambion). Four

Frankia strain Cpl1, obtained from Dr. John Torrey (Harvard millilitres of RNAWIZ™ solution was added to lysed cells and the
University), was grown in a stationary culture in M6B+ media mixture was vortexed vigorously for 10 s. Particulates were broken
(Fontaine et al. 1986) for 2—4 weeks. Plasmid DNAs were isolatedip by forcing the mix through an 18-gauge needle, @0®f chlo-
by CsCI centrifugation (Normand et al. 1983). roform was added, and the sample was vortexed until homoge
neous. Following a 5-min incubation at room temperature, the
sample was centrifuged for 15 min at 11 300gxat 4°C, after
which the aqueous layer was transferred to a fresh tube, diluted
with an equal volume of DEPC-treated®l, and RNA was precip
étélted by adding an equal volume of isopropanol. The precipitate
ylyas recovered by centrifugation at 12 70Q>or 10 min at 4°C.

he pellet was washed by gently vortexing in 70% (v/v) ethanol,
mrecentrifuged for 2 min, then air dried, and dissolved inyEZOof

0.1 mM EDTA. Finally, the sample was treated with 4U DNasel
O(Ambion) and quantitated by measuring absorbance at 260 nm.

Cloning and DNA sequence analysis

The larger plasmid, isolated from Cpll, was cleavedBayrH1
into fragments of 5.2, 4.8(2), 2.9, 2.8, and 1.8 kb that were re
solved by agarose gel electrophoresis (Simonet et al. 1985). The
fragments, along with an additional 0.2-kb fragment not apparen
on agarose gels, were cloned in the vector pUC13 uBEstterichia
coli JM83 as the host. Plasmid DNAs for use as sequencing te
plates were purified with Wizard Mini-prep kits (Promega, Madi
son Wis.). Reactions were done as recommended for the
Rhodamine cycle-sequencing kits (Perkin Elmer, Foster City, Ca
lif.) and were analyzed on an ABI model 377 automated DNA se Reverse transcriptase—polymerase chain reaction
guencer. Restriction fragments were ordered using polymerase Transcription of sequences representing pFQ12 ORFs was deter
chain reaction (PCR) amplification across tBanH1 cleavage mined by reverse transcriptase—polymerase chain reactions (RT—
sites, followed by direct sequencing of the PCR products. Region®CR). Superscript Il reverse transcriptase was used to prepare
within the 5.7-, 5.3-, and 3.0-kb clones that were refractory to directcDNA from 1 pg of unfractionedFrankia RNA with 0.25-1.251g
sequence analysis were amplified by PCR using Vent DNA polymerof random decamers (Ambion) following the protocol supplied
ase (NEB, Beverly, Mass.), cloned in pBSIISKStratagene, La with the enzyme (Life Technologies). Vent DNA polymerase was
Jolla, Calif.), and sequenced. In the finished sequence, these resed for PCR amplification from either a 1/20 aliquot of the RT re
gions are positions 2681-3207, 7452-8149, and 15 682 — 16 15%@ction, 350 ng of totaFrankia RNA without a RT reaction (nega
One of the 4.8-kb fragments could not be recovered as a clone itive control), or 20 fmol of a corresponding pFQ12 DNA clone
E. coli. PCR amplification using primers in the adjacent fragments(positive control) as template and 20 pmol each of oligodeoxy
was not successful with either Tag or Vent polymerases without theucleotide primer pairs that hybridize within pFQ12 ORFs using
addition of PCREnhancer (Life Technologies, Grand Island, conditions recommended by the supplier (NEB) with the addition
N.Y.). Reactions including this product gave rise to a 5.0-kb productof 5% (v/v) dimethyl sulfoxide (DMSO). Products from RT-PCR
This fragment could not be cloned in pBSISKpTZ18R  reactions with the same electrophoretic mobility as those of the
(Pharmacia, Piscataway, N.J.), or pCR-TOPO (Invitrogen, Carlsbad;orresponding positive control reaction were excised from the
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Fig. 1. Cloning and sequencing of the 22.4-kbp plasnBantH1 Results

fragments from the plasmid were clonedHsherichia coliand

identified by their size and end sequences. The fragments were Cloning and DNA sequencing

ordered by PCR amplification across borders and confirmed by Plasmid DNAs fromFrankia strain Cpll were purified by
DNA sequence analysis of the amplification products. The equilibrium centrifugation in CsCl gradients and then di
BanH1 fragment representing positions 17 643 to 22 437 could gested withBanH1. This enzyme does not cleave pFQ11
not be cloned. A PCR copy of the region was cleaved with (Kong et al. 1997) but produces six fragments from pFQ12,
Xmal(A), Taql(®), or SpHL(O) and the resulting fragments were which are visible following agarose gel electrophoresis
cloned, sequenced, and assembled by overlap. (Simonet et al. 1985). ThBanH1 digestion fragments were
cloned and end sequenced to identify restriction fragments
representing all size classes derived from pFQ12: 5.2, 4.8(2),
2.9, 2.8, and 1.8 kb. Clones carryidpmH1 fragments of
0.2-0.5 kb were also recovered and sequenced. Six independ
ent clones of the 4.8-kb size class were screened and found to
be identical. No clone representing the second 4.8-kb- frag
ment was ever identified. A representative clone for each of
the other fragments was sequenced by primer walking. The
BanH1 fragments were ordered using PCR with intact
pFQ12 as a template and primers were directed toward each
of the BanH1 cleavage sites. Each PCR product was se
quenced to verify contiguity of the restriction fragments.
This assembled sequence represents positions 1 — 17 463
(Fig. 1).

A 0.2-kb BanH1 fragment not visible on agarose gels but
isolated from the clone bank was positioned by PCR and
represents nucleotides 17 464 — 17 643 in the finished se-
guence.

Sequence analysis of the remaining DNA was complicated
because the representatBanH1 fragment could not be re-
covered as aik. coli clone. Amplification of the region by
PCR using intact plasmid as template and primers comple-
mentary to flanking sequences gave rise to a 5.0-kb product.
Repeated attempts to clone this fragment failed. Aliquots of
%he 5.0-kb fragment were then digested widnl, Xmal, or
BanmH1 plus SpH. Locations of these cleavage sites are
identified in Fig. 1. The resulting fragments were cloned and
Southern blot used as templates for DNA sequence analysis to generate the

Plasmids carrying cloned fragments of pFQ12 were digestedinished sequence from positions 17 644 — 22 437. Continu
with restriction endonucleases and the fragments were separated ity between positions 1 and 22 437 was verified by PCR am
electrophoresis on 1.2% (w/v) agarose, denatured, neutralizeglification and DNA sequencing across the junction.
transferred to a nylon membrane by capillary, .rinsed. in 2x SSC  The plasmid has an unusually high G+C content, 76%,
(1x: 0.15 M sodium chloride plus 0.015M sodium citrate), and, nan compared with fiveStreptomycesplasmids whose
baked in vacuo fol h at80°C. . .

32 complete sequences are available in GenBank, 69%—-73%

A *P-labelled cDNA probe was prepared fromu§ of total c§+c’ or theFrankia plasmid pFQ11, 72% G+C. Many se

Frankia RNA by random-primed synthesis essentially as describe . . P
by (Richmond et al. 1999). uencing reactions were inhibited, apparently by encounter

. . . ing clusters of G and C that could give rise to very stable

Size markers were prepared fromindlll-digested phageA intrastrand b -paired - N direct d i
DNA via fill-in reactions using §=3?P]dCTP and unlabelled daTp, 'Nirastrand base-paired regions. Numerous direct and in
dGTP, and dTTP with Klenow DNA polymerase following the-en Verted repeats were also identified (Fig. 7).
zyme supplier’s protocol (NEB). Th&P-labelled DNA was sepa
rated from unincorporatec?4P]dCTP using a NENsorb column.  Gene identification

Filters were probed with a mixture contaigiré x 1¢ dpm The 14 ORFs that met the original criteria defined in-Ma
Frankia probe, 2.5 x 1®8dpm A DNA marker, and 2Qug of unla terials and methods are numbered largest to smallest and are
belled E. coli rRNA (a generous gift from Dr. S. Franklin) essen positioned on a circular map of the plasmid (Fig. 2). Addi

BamHi (17 643)

L BamHi (17 463)

BamHt (14 594)

BamHi (10 061)
_ BamHI (11 817)

acrylamide gel and analyzed by DNA sequencing as described pr
viously.

tially as described (Bock et al. 2001). tional coding regions, identified by the Glimmer algorithm,
are also positioned and labelled with the prefix GL. There
ORI identification was substantial, but not complete, agreement between the

The locations of replication origins in both pFQ12 and pFQlltWO methods of analysis. In addition to recognizing some

were determined using vectorial analysis of AT and GC equiva COMpletely new ORFs, the Glimmer program also extended
lences (Lobry 1996). The original algorithm was modified to-pro the start site of some ORFs identified by the MacVector-soft

vide sequence positions to identify inflection points (T. Phang,ware (Fig. 2). A potentially very large, virtually contiguous
University of Wyoming, personal communication). coding region exists from positions 1128 through to 6939,
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Fig. 2. ORF map of pFQ12. The DNA sequence was analyzed using MacVector and Glimmer software to identify potential protein
coding regions in the plasmid. The ORFs identified by computer analysis were further screened based on size, G+C distribution, and
codon use bias to determine which were most likely to be bona fide genes. Genes uniquely identified by the Glimmer system are iden
tified by the prefix GL. The location of four short regions of pFQ12 with DNA sequence identity to segments of pFQ11 are also

noted.

22 437/1

825

GL-31 GL-32

<flff—,
a
ORF 36 0RF 6

ORF 49
o34

ORF 43

ORF 14 ORF 1
GL-21

\‘GL—19 ORF 33’

6939

2117 pFQ11 Identity-2

7578

4 10233
pFQ11 Identity-3 11427 10714

including five different genes. The region from positions of the Frankia RNA in the presence obf*P]dCTP. A pho-
825 through to 17 452 or 15 207 appears to be transcribetbgraph of the agarose gel prior to blotting and a fluorogram
primarily in a counterclockwise direction, as presented. Thisof the filter after probing and washing are presented
suggests that the region 825-1128 harbors promoters that diFigs. 3B and 3C). DNA bands that uniquely represent a sin-
rect transcription in both directions around the circle. A-sec gle ORF are identified by numbers corresponding to Fig. 2.
ond such region appears to exist between positions 14 61& some lanes, other bands include mixtures of additional
and 15 207. ORF sequences. The hybridization results confirm the-tran
To determine whether any of the ORFs were bona fidescription of ORFs 1, 3, 15, 22, and GL-31 and further-pro
genes, RNA was isolated fronFrankia cells carrying Vide support for the expression of ORFs 5, 14, and 29
pFQ12. Attempts to do Northern blots with RNA prepared(Figs. 2 and 3C). The DNA fragments representing ORF 14
by a variety of methods all failed. Electrophoretic analysisin the Southern blot also include sequence from the overlap
of RNA preparations on denaturing, agarose gels suggestding ORFs GL-19 and GL-21 (Fig. 2). Hybridization to
they were partially degraded. these fragments may be due to transcription of any or all of
To circumvent this problem, two approaches were usedN€S€ three ORFs. A summary of the mRNA analyses is pre

Frankia RNA was used in reverse transcriptase reactionsented in Table 1. _

with random decamers as primers. The resulting cDNA was Searches of the GenBank database using the BLASTP al
then amplified by PCR using primer pairs specific for indi gorithm with putative translation products of the ORFs that
vidual ORFs (Fig. 3A). When PCR products of the expectedvere expressed as RNA, in some cases identified very simi
size were produced from these reactions, that DNA was usel@r sequences in other bacteria (Table 2). A membrane pro
as a template for DNA sequencing to determine whether thé&ein known to be involved il phage tail fiber assembly
PCR product represented the pFQ12 ORF. This approackirongly resembles the ORF 5 product. A protein encoded by
confirmed that six of the ORFs, 1, 3, 15, 22, GL-31, andORF 3 is very similar to the TrbL transfer factor from
GL-32, were transcribed into RNA and presumably encoddlasmid RK2. The product of ORF 15 is a membrane protein
proteins (Figs. 2 and 3A). To complement and extend théelated to a product of the herpes virus genome. ORF 22 en
RT—PCR results, clones representing 14 of the ORFs wereodes a protein similar to a gene found 8treptomyces
digested with restriction endonucleases to release interngPelicolor and the ORF 29 protein has some similarity to a
fragments of the coding regions. The fragments were -sepainorhizobiummobilization protein.

rated by agarose gel electrophoresis and blotted onto a A close resemblance, BLASTP P(N) = 7.4 x4} exists
charged nylon membrane. The membrane was probed withetween the gene products of GL-32 in pFQ12 (Fig. 2) and
32p-labelled cDNA prepared by reverse transcriptase copyin@RF 2 in pFQ11 (Kong et al. 1997). These t®ankia pro-

© 2001 NRC Canada
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Fig. 3. Detection of RNA transcribed from pFQ12. Total RNA ORF 1 ORF 3 ORF 15 ORF 22 @L-31 GL-32
was isolated fronFrankia Cpll cells as described in Materials M
and methods. To determine whether any of the ORFs identified
in Fig. 2 were expressed as RNA, two approaches were used:
(i) RT-PCR amplification using primers embedded within ORFs
or (i) probing of a Southern blot of pFQ12 fragments witl-
labelled cDNA. (A) Polyacrylamide gel electrophoresis of PCR
products. A reverse transcription of the RNA preparation was
done using random primers to create a cDNA library. PCR am
plifications using aliquots of the cDNA were then done using
primer pairs embedded within individual ORFs (+). Control reac
tions, using as template either the RNA preparation without re
verse transcription (=) or a plasmid DNA containing a fragment + =0 +-C +-C +=-0C 3+ =€ +=2¢C
representing the ORF (C), were also done. Reaction mixtures A

were analyzed by polyacrylamide gel electrophoresis. DNA
bands in RT-PCR reactions corresponding in size to the ex
pected fragment in a positive control reaction (*) were excised
and subjected to DNA sequence analysis. Numbers above each
group of three gel lanes correspond to the ORF numbers in

Fig. 2. (B) Agarose gel electrophoresis of recombinant plasmids
carrying pFQ12 segments. Recombinant plasmids carrying frag
ments of pFQ12 that correspond to ORFs were digested with re
striction endonucleases and the reaction mixtures were separated
by agarose gel electrophoresis. Bands corresponding to unique
ORFs are identified by the numbering system used in Fig. 2.
PhageA DNA fragments digested witldindlll are included as

size markers. (C) Autoradiogram from Southern blot of pFQ12
DNA fragments. DNA fragments from the gel in panel B were
blotted onto a nylon membrane then probed w#R-labelled

cDNA synthesized using reverse transcriptase withRtenkia

RNA as a template. Numbers represent ORFs as identified in

Fig. 2. Phage\ DNA digested withHindlll and probed with®?P-
labelledA DNA is included to provide size markers.

Table 1. Detection of transcripts from pFQ12.

ORF No. PCR BLOT

1 Yes Yes

3 Yes Yes

5 No Yes

6 No No

11 No No

14* No Yes

15 Yes Yes

22 Yes Yes

29 nd Yes

33 nd No

36 nd nd

41 nd No

43 nd No

49 No No

GL-3 No nd

GL-19 Not ? L -

GL-21 No ?

GL-31 Yes Yes

GL-32 Yes nd teins both have about the same degree of resemblance to the
Note: nd, not determined; ?, ambiguous. Streptomyce&orSA protein (Hagege et al. 1993) as they do

*May be GL-19 or GL-21. to each other. Proteins encoded by ORFs 1, 14, 36, 41, 43,

"Primers used did not include ORF 14 sequence. 49, GL-3, GL-8, GL-21, and GL-31 do not resemble any
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Table 2. GenBank identities with pFQ12 ORFs.

ORF No. Mol. W. pl Principal identities with known proteins Domains/Sites/Composition
1 78 013 5.04 None ATP/GTP binding site
HTH in AraC transcription regulator

3 52 208 12.6  3.00 x I TrbL transfer factor from plasmid RK2 Multiple membrane spanning domains
5 48 494 4.87 5.40 x 18° \ Tail fiber assembly protein 36% Ala

5.40 x 102° Escherichia coliputative membrane protein
6 46 788 5.07 1.10 x 18° Streptomyces coelicolguutative secreted protein ATP/GTP binding site

9.80 x 10'° Enterobacterplasmid R751 KfraA protein 27% Ala
11 390913 10.5  7.00 x 1 Mycobacterium tuberculihypothetical protein 8 AA identical to FBPase active site

3.70 x 1022 Bacillus subtilisSpoJ protein
2.30 x 102° chromosome partitioning protein

14 37718 12.4  None No remarkable features

15 36 647 12.9  4.00 x 1 herpes virus membrane glycoprotein 23% Ser + Thr; 21% Arg + His

22 24 874 5.7 3.60 x 1®° Streptomyces coelicoldrypothetical protein 7 potential transmembrane domains

29 18 939 10.7  7.40 x 18 Sinorhizobiummob protein No remarkable features

33 17 283 13.0 5.80 x 1B Pseudomonakypothetical gene 7 Cys and 37 Arg residues

36 14 944 8.8 None 20% Leu + Val

41 12 870 13.0 None 36% Ala + Ser

43 13185 13.2  None 32% Ala + Gly; 18% Arg

49 10 393 3.6 None 40% Ala + Gly + Val; 12% Glu + Asp

GL-3 7883 4.6 None 26% Ala

GL-8 24 544 11.5 None 47% Ala + Pro + Arg

GL-19 15526 7.3 3.6 x I8 Mycobacteriumhypothetical protein 7 potential transmembrane domains
48% Ala + Gly + Leu

GL-21 35390 11.3  None 35% Ala + Gly

GL-31 35352 12.5 None 26% Ser + Gly

GL-32 29 804 9.6 2 x 164 Frankia pFQ11 hypothetical protein 11% Pro; 28% acidics + basics

4 x 10°'? Streptomyce&orSA regulatory protein

thing currently found in the database. Proteins similar tol4 632 — 14 646 and 14 655 — 14 669, overlap this region of
those encoded by ORFs 6 and 33 are present in the GenBaidentity (Figs. 6 and 7). In pFQ11, the ORI region identified
database, even though neither RT-PCR nor Southern bloby the algorithm is G+C rich, 82%, and located within an
ting experiments provided evidence for transcription of thes€ORF identified by the Glimmer program. The region of
regions of pFQ12 (Table 2). pFQ11 that is quite similar to the A+T-rich segment of
pFQ12, likely to form at least a part of that ORI, is centered
around position 6470 (Fig. 4).

Identity 2 is also somewhat A+T rich (Fig. 4). In pFQ12,
it is located 120 bp from the' ®nd of ORF 33 (Fig. 2). In
r|E5FQ11, the sequence is embedded in ORF 3.

ORI identification

A primary goal of the investigation of pFQ12 was to iden
tify a sequence or region that is capable of functioning as a
origin of replication inFrankia. The availability of the base Identity 3 is G+C rich and located in intergenic regions in

sequence of anothéfrankia plasmid, prQ11 (Kong et al. footh plasmids. In both cases, the sequences lie at a position
1997), afforded an opportunity to do a matrix comparison o such that flanking ORFs are 'Eranscribed in convergent direc

two plasmids searching for identities. Restriction endo >
nuclease mapping of the two plasmids suggested they woultens- , ) ) )
be quite different (Simonet et al. 1985). This was confirmed !dentity 4 is modestly A+T rich given the background of
by the sequence comparison. Only four small (40-90 bp)p_oth pl_asm|ds. E_ach sequence is Iocate_zd in an intergenic re
dispersed islands of identity with pFQ11 were found. Thedion with no obvious relationship to adjacent ORFs.
locations of these are noted in Fig. 2. Alignments of the
pFQ12 and pFQ11 cognates are presented in Fig. 4. Repeated sequences

An algorithm has been developed to identify bacterial The abundance of large, repeated sequences in the
ORI sequences based on changes in intrastrand AT and G@asmid and their asymmetric distribution is striking
contents (Frank 2000; Lobry 1996). This program was usedFig. 7). There are two large groups of direct repeats. One is
to localize putative ORI sequences in both plasmids (Fig. 5)a cluster of repeats with lengths of 50, 31, 23, and 22 bp
The ORI regions are between positions 14 500 and 15 000 igrouped around positions 17 000 — 17 800 (Fig. 7). The
pFQ12 and positions 5800 and 5850 in pFQ11 (Fig. 5). Thither is a collection of tandem repeats of 22—23 bp, grouped
region of pFQ12 is intergenic and includes the most A+T-around position 20 600, which may be responsible for the
rich segment of the plasmid (14 630 — 14 670), which isdifficulty in cloning large fragments that contained the re
identity 1 in pFQ11 (Fig. 4). Two 15-bp inverted repeats,gion 17 643 — 22 437.
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Fig. 4. DNA sequence identities between pFQ11 and pFQ12. A Fig. 5. Vectorial representation of pFQ12 and pFQ11 sequences
matrix comparison of the twé&rankia plasmid DNA sequences for the detection of replication origins. The AT and GC

revealed only four small regions of similarity. The positions of intrastrand equivalence has been shown to switch polarity at the
these on the pFQ12 map are shown in Fig. 2. The aligned se origin of replication in prokaryotic genomes. A vectorial repre
guences and their locations in each plasmid are presented. sentation of this switch can be used to localize the ORI site.
This method was applied to pFQ12 and pFQ11, and clear rever

IDENTITY #1 . ) - N,
sals were apparent with both plasmids. The circled region in

6490 6480 6470 6460 6450 H H H H
PFOLL CC  ggTCecAAAACCAGATTTCCGGAAACAGAAAZC cGgTTTTg each sequence identifies the ORI region of the plasmids.
pFQ12 CCTACTCTAAAAACAGATTTCCGGAAACAGAAATCTGTTTTTA FQ 1 l

14 630 14 640 14 650 14 660 14 670 p

3 End
IDENTITY #2 \
7590 7600 7610 7620 !

pFQI11 ACGCAAG cC CGAcGACGCAAGGGATGACGCAAgCCACGA
pFQ12 ACGCAAGGCCGATGACGCAAGGGATGACGCAACCCACGA !

6940 6950 6960 6970 (7'

Y
7630 7640 7650 ’v)

pFQI11 CGCAAGGCATGACGCAAGG aGGATGCAAGg
pFQ12 CGCAAGGCATGACGCAAGGCGGATGCAAGC #\'}

6980 6990 7000 \
IDENTITY #3 ’.1;

5070 5080 5090 \ \
pFQ11 GGTCGGCGTACGCCTC cCTTATGTCGCGGAGTGC tTGGG gG
pFQI2 GGTCGGCGTACGCCTCTCTTATGTCGCGGAGTGCCTGGGAG 7
12910 12 920 12 930 12 940 )L.»(;

5100 5110 5120 hea ‘3
pFQI11 GTGCCCAGCGG tCCGC cGACCTGC gCCAGC Ny w"ﬁ \
PFQ12 GTGCCCAGCGGCCCGCTGACCTGCACCAGC (R z

12950 12960 12970 ") Begin
ORI position 5000 (%%)
IDENTITY #4 ~
3910 3900 3890 3880
pFQI11 GGTGTGCAGCGGGe TGTGCAACg CCGTGCACGACGGTGTGCAA
pFQ12 GGTGTGCAGCGGGGTGTGCAACCCCGTGCACGACGGTGTGCAA pFQ 1 2
18 960 18970 18 980 18 990 -

3870 3860 3850 3840
pFQ11 ACCGGTGTGCAAg at CcGTGCATGCACGGCCCCAACGCGC
pFQI2 ACCGGTGTGCAACGACIGTGCATGCACGGCCCCAACGCGC

19 000 19010 19 020 19 030

There are also 14 pairs of inverted repeats of 15-24 nu-
cleotides each, in pFQ12. These appear to be dispersed
throughout the sequence with a notable paucity in the region
from 16 to 24 000. A pair of 11-bp inverted repeats with
copies starting at positions 1579 and 15 403 are especially
interesting because they are each flanked by identical 4-bp
direct repeats.

Eight palindromes from 10 to 28 bp are also dispersed
around the plasmid. Again, the region between positions
16 400 and 24 000 is free of these structures.

Vectorial analysis identified regions in the pFQ12- se
guence that appear to be the result of internal inversions be
cause of the loops that are generated (Fig. 5). A segment
covering 8.8 kbp appears to have undergone at least three

such events.
ORI position 1500

Discussion (Figs. 2 and 4). There is also a strong similarity between the
The Frankia plasmids pFQ11 and pFQ12 were first-de amino acid sequences encoded by one ORF on each
scribed by Normand et al. (1983) as 7- and 19-kb class molplasmid. This identity is not recognizable at the DNA level.
ecules present in strain Cpll. Subsequent cloning and At the protein level, each plasmid has an identity with the
restriction endonuclease mapping of the related plasmidkorSA protein encoded by the conjugative, integrative
from strain Arl3 suggested that the two classes of plasmidplasmid pSAM2 inStreptomyces ambofacienshe korSA
were unrelated to each other (Normand et al. 1985) but werprotein down regulates the intermycelial transfer of the
quite similar between the two strains (Simonet et al. 1985)plasmid (Hagege et al. 1993). The GL-32 and ORF 2- pro
The DNA sequence of the two plasmids has now confirmedeins of pFQ12 and pFQ11 may well have a similar function,
the divergence but also identified four short regions of iden suggesting that both plasmids may be capable of conjugative
tity between the two plasmids at the level of DNA sequenceransfer. Further, a chromosomal integration site for pSAM2
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Fig. 6. Alignment of plasmids pFQ11 and pFQ12 with a fragmentuadnkia strain Arl3 DNA. Several fragments of DNA cloned

from Frankia strain Arl3 were shown to have promoter activity Escherichia coli(Cournoyer and Normand 1994). One of these {frag

ments has substantial sequence identity to a segment of pFQ12 DNA that has been noted as also being present in pFQ11 (Fig. 4). The
region of identity includes an imperfect inverted repeat spanning about 50 bp that is underlined in the Arl3 sequence. Positions identi
cal in all three sequences are noted with an asterisk.

SOURCE POSITION SEQUENCE
pFQ11 6 393 GA--GCCCGCGACGTC-GACGAGCACCAGGACGCCGGCGCCGAGCCCCTCCCCACCT
pFQ12RC 14 720 GC--GCACCGCCGGCC-CACGATCATCCTCAAACCTTCCCGGA---CCCTCCCACCC
ArI3 46 GACAGCGACCTCCGCCAGGAGATCATCCTCAAACCTTCCCGGA---CCCTCCCACCC
* * * * ok * Kk kk Kk * * * * ok kK * * * ok ok ok ok ok k
PFQ11 6 447 CTTCAAAACCGGTTTTCTGTTTCCGGAAATCTGGTTTTGGGACCGGACGATGCCC
pFQ12RC 14 670 CT--AAAAACAGATTTCTGTTTCCGGAAATCTGTTTTTAGAGTAGGGTGGGGATC
ArI3 100 CT--AAAAACAGATTTCTGTTTCCGGAAATCTGTTTTTAGAGTAGGGTGGGGATC

* * Kkhkhkk Kk Kk KkkAAKKKRKAA A Ak hkhkhkhkhk*x *kkxk*x * ** * * *

Fig. 7. Direct and inverted repeats plus palindromes in pFQ12. The type, locations, and size of direct and indirectigpbatsn
the plasmid are identified as indicated by the following examples: DIR-18 (10 569) indicates a direct repeat of 18 bp with the 2nd
copy starting 10 569 bp in the clockwise direction from the first. If there are more than two copies of the sequence, multiple positions
are indicated in parentheses; IR-15 (8838) indicates an inverted repeat of 15 bp with the 2nd copy starting 8838 bp in the clockwise
direction from the 1st; pallindromesl10 bp are identified and indicated by the following convention: PAL-14 indicates a palindrome
with a total length of 14 bp at that site.

22 437/1
DIR-18(10 569)

IR-15(8838)
IR-18(12 209)

dir-16(10 246)

DIR-22(0;0;0)
20 000 DIR-23(0)

————5000
DIR-31(628 ’

DIR-23(674)

DIR-22(287;567)A
DIR-50(539) R-17(7493)
IR-15(4
(4) IR-15(6042)
IR-24(72)

15000 IR-15(9) DIR-18(3097)

IR-17(244)
dir-17(3565)

IR-21(654) [IR-22(232)
IR-15(4436) 10 000

in Frankia DNA has been identified by cloning iBtrepte  The homologue of ORF 6, KfrA, is thought to function as an
myces lividangAlegre et al. 1994). These observations-sug autogenous repressor (Jagura-Burdzy 1992). The presence of
gest a very attractive possibility for the construction ofthese protein functions suggests that pFQ12 may be-trans
vectors capable of introducing and stabilizing exogenousnissible to other cells via conjugation, a very useful prop
DNA in Frankia cells. erty for a potential cloning vector.

Based on sequence identities with other organisms, it is Organization and expression of genes Rrankia is a
also likely that pFQ12 encodes at least three other proteindargely unexplored area. The genomes and plasmids in these
ORFs 3, 6, and 11, involved in plasmid stability and trans bacteria are very G+C rich, leading to strong codon bias
mission. A more modest similarity to a mobilization protein (Harriott et al. 1995) as well as an abundance of amino acids
from Sinorhizobiumis seen for the ORF 29 product. All of represented by G+C-rich codons (Table 2). The identifica
these ORFs, except number 6, are expressed in vivo (Fig. 3jion and characterization dfrankia genes involved in host
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recognition and nodulation will likely require thorough char These two observations shed light on the formation and evo
acterization of promoter sequences and development diition of the plasmid.
cloning vectors specifically adapted for this organism. The A collection of tandem repeats of 22-23 bp grouped
promoter regions associated with the genes identified byround position 20 600 may be responsible for the instability
transcriptional analysis of pFQ12 (Fig. 3) are good candi of clones containing the region 17 643 — 22 437. Subclones
dates for creating fusions to express reporter genes, such #st separated these regions were stablE.icoli.
green fluorescent protein.
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