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ABSTRACT
The existence of multiple chromosomes in bacteria has been known for some time. Yet the extent of

functional solidarity between different chromosomes remains unknown. To examine this question, we
have surveyed the well-described genes of the tryptophan biosynthetic pathway in the multichromosomal
photosynthetic eubacterium Rhodobacter sphaeroides 2.4.1. The genome of this organism was mutagenized
using Tn5, and strains that were auxotrophic for tryptophan (Trp2) were isolated. Pulsed-field gel mapping
indicated that Tn5 insertions in both the large (3 Mb CI) and the small (0.9 Mb CII) chromosomes
created a Trp2 phenotype. Sequencing the DNA flanking the sites of the Tn5 insertions indicated that
the genes trpE-yibQ-trpGDC were at a locus on CI, while genes trpF-aroR-trpB were at locus on CII. Unexpect-
edly, trpA was not found downstream of trpB. Instead, it was placed on the CI physical map at a locus 1.23
Mb away from trpE-yibQ-trpGDC. To relate the context of the R. sphaeroides trp genes to those of other
bacteria, the DNA regions surrounding the trp genes on both chromosomes were sequenced. Of particular
significance was the finding that rpsA1, which encodes ribosomal protein S1, and cmkA, which encodes
cytidylate monophosphate kinase, were on CII. These genes are considered essential for translation and
chromosome replication, respectively. Southern blotting suggested that the trp genes and rpsA1 exist in
single copy within the genome. To date, this topological organization of the trp “operon” is unique within
a bacterial genome. When taken with the finding that CII encodes essential housekeeping functions, the
overall impression is one of close regulatory and functional integration between these chromosomes.

TEN years ago, the first description of a bacterium widespread. What remains unclear is the evolutionary
selection for this genomic architecture and its biologicalpossessing multiple chromosomes was published

(Suwanto and Kaplan 1989a,b). This organism, Rhodo- significance.
We have examined a number of genes of R. sphaeroidesbacter sphaeroides 2.4.1, was shown to possess two circular

chromosomes of 3.0 (CI) and 0.9 (CII) Mb in size. and have found that some genes occur in multiple cop-
ies that are distributed between the two chromosomes.Until that time, the dogma that bacteria always had one

circular chromosome went unquestioned. These include three rRNA operons (rrnA, rrnB, and
rrnC), each encoding in the following order: 16S rRNA,R. sphaeroides is a photosynthetic member of the a-3

group of Proteobacteria (Woese et al. 1990). Other tRNAIle, tRNAAla, 23S rRNA, 5S rRNA, and tRNAFmet. One
of these rRNA operons, rrnA, is found on CI, whereasmembers of this group, i.e., Agrobacterium tumefaciens

(Allardet-Servent et al. 1993), Brucella melitensis (Mi- rrnB and rrnC are found on CII (Dryden and Kaplan
1990). Other genes, including hemA/hemT (5-aminolev-chaux et al. 1993), Paracoccus denitrificans (Winterstein

and Ludwig 1998), and Ochrobactrum anthropi (Jumas- ulinic acid synthase, Neidle and Kaplan 1993), rdxA/
rdxB (redox sensors, Neidle and Kaplan 1992), rpoNI/Bilak et al. 1998) have also been shown to possess multi-

ple chromosomes. However, bacteria possessing multi- rpoNII (sigma factors), groELI/groELII (chaperones) and
many genes encoding the enzymes of the reductive Cal-ple chromosomes are not unique to the a-3 group. It

has also been shown that Leptospira interrogans (Baril vin cycle pathway cbbAI/cbbAII (Hallenbeck et al. 1990b;
Tabita et al. 1992), and cbbPI/cbbPII (Hallenbeck et al.et al. 1992), Burkholderia cepacia (Rodley et al. 1995),

and more recently Vibrio cholerae (Trucksis et al. 1998), 1990a; Tabita et al. 1992) have also been shown to
be duplicated between CI and CII, respectively. Themembers of the Spirochaetales b- and g-Proteobacteria,

respectively, also possess multiple chromosomes. There- isozymes encoded by these duplicate genes are often
structurally similar, but in most cases have been shownfore, a decade after the initial discovery, the existence

of multiple chromosomes in bacteria is known to be to be differentially regulated.
Sequence sampling of CII-specific cosmids has re-

vealed database matches to several hundred known
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cloning. E. coli S17-1 was used for transferring mobilizablepresent on CII do not return database matches. This
plasmids and cosmids to R. sphaeroides. Bacterial conjugationsuggests that many functions apparently unique to this
was carried out on LB plates (without antibiotics) at 308.

organism reside on CII. Therefore, CII is not a truncated Isolation of auxotrophs: Bacterial conjugation was carried
copy of its larger CI “sib.” This was verified when Tn5 out as described previously (Donohue and Kaplan 1992;

Choudhary et al. 1994). The mobilizable suicide plasmidinsertions into CII were shown to result in different
pSUPTn5TpMCS that carries the transposon Tn5TpMCSauxotrophic phenotypes (Choudhary et al. 1994). This
(Tn5) was introduced into R. sphaeroides 2.4.1DS by matingsuggests that essential, nonduplicated housekeeping
from E. coli S17-1. Matings were carried out, and exconjugants

functions are encoded on this chromosome. were plated on LB Te Tp plates. Colonies were replica plated
The synthesis of the aromatic amino acids phenylala- to minimal SMM Te Tp plates. Colonies that were auxotrophic

were purified and tested for their ability to grow without trypto-nine, tyrosine, and tryptophan, and a number of other
phan. This led to the isolation of Trp2 strains CM01, CM02,aromatic compounds, initially share a common biosyn-
CM03, CM05, and CM06.thetic pathway that has been studied extensively (Craw-

The transposon used has three features relevant to this
ford 1989; Nichols 1996; Pittard 1996). The trypto- report: it carries a Tp-resistance (Tpr) gene; it has a unique
phan branch of the pathway begins by the action of EcoRI site outside the Tpr gene; and it has sites for the restric-

tion enzymes AseI, DraI, SnaBI, and SpeI. These sites occuranthranilate synthetase (encoded by trpD and trpE) on
rarely in the R. sphaeroides genome (Suwanto and Kaplanthe substrates chorismate and l-glutamine. The subse-
1989a,b). Digestion of chromosomal DNA from Tn5 insertionquent and sequential actions of the products of the trpG,
strains (using these enzymes) followed by transverse alternat-

trpF, and trpC genes lead to the penultimate compound ing field electrophoresis (TAFE) permitted the site of Tn5
in the pathway, indole-3-glycerol phosphate (IGP). In insertion to be determined.

Cloning the R. sphaeroides regions flanking Tn5 insertions:the last step, IGP and l-serine are the substrates for
The DNA flanking the sites of transposon insertion was clonedtryptophan synthase. This enzyme is a heterotetramer
as described previously in detail (Mackenzie et al. 1995). This(a2b2) in which the a and b subunits are encoded by
method was used to generate plasmids pCM01, pCM02,

the genes trpA and trpB, respectively. With the exception pCM03, pCM04, pCM05, and pCM06. In the case of plasmid
of Acinetobacter calcoaceticus (Kishan and Hillen 1990), pCM02Sal, the enzyme SalI (there are no sites for this enzyme
the trpBA genes have been shown to be adjacent and in the Tn5) was used to subclone the intact transposon with

flanking R. sphaeroides DNA.usually cotranscribed in that order.
Mapping sites of Tn5 insertion by TAFE gel electrophoresis:In this article, we demonstrate that the R. sphaeroides

DNA plugs were prepared and then digested as describedgenes encoding the enzymes of the tryptophan pathway previously (Mackenzie et al. 1995). Fragments were resolved
are distributed between the two chromosomes. The on a 13 TBE and 1% SeaKem GTG gel (FMC, Rockland, ME)
genes trpA and trpE-yibQ-trpGDC are at two distant loci using a GeneLine II TAFE System. Electrophoresis was carried

out at 108 using the following pulse conditions: stage 1, 30-on CI, while trpF-aroR-trpB are at a single locus on CII.
sec pulse for 5 hr at 350 mA; stage 2, 45-sec pulse for 8 hr atThe genes trpF and trpB are separated by a hypothetical
370 mA; stage 3, 60-sec pulse for 8 hr at 370 mA; stage 4, 90-gene that we have designated aroR. In addition to the sec pulse for 5 hr at 390 mA.

genes of the tryptophan pathway, we also describe neigh- DNA sequencing of complete genes and chromosomal re-
boring genes, including cmkA and rpsA1. In Escherichia gions: Plasmids pCM01, pCM02, pCM03, pCM04, pCM05, and

pCM02Sal, as well as cosmids pUI8668 and pLX1P20, werecoli these genes are essential for chromosome replica-
used for further subcloning of the region surroundingtion and translation, respectively. Southern hybridiza-
trpEGDC for sequencing. Cosmid pUI8063 and pUI8536 weretion suggests that there is a single copy of rpsA1 and it
used in the same way for regions surrounding trpA and trpFB,

is located on CII, upstream of trpF-aroR-trpB. To date, respectively. Successive rounds of cloning and sequencing al-
this is a unique genomic arrangement for the trp “op- lowed the appropriate DNA fragments to be sequenced on
eron” and the first demonstration in bacteria of genes both strands.

Sequencing reactions: Plasmid DNA was prepared usingthat encode a single biosynthetic pathway that is distrib-
Wizard Plus SV minipreps (Promega, Madison, WI). Sequenc-uted between two chromosomes.
ing of Tn5-R.sphaeroides hybrid fragments used three primers,
GW25 (59-TTCAGGACGCTACTTGTGTA-39), which is com-
plementary to the IS50 of the transposon, and pBluescriptMATERIALS AND METHODS
T3 and T7 primers. GW25 was used to sequence from the
transposon into the flanking R. sphaeroides DNA. All otherBacterial strains, cosmids, and plasmids: Those used are
plasmid-sequencing reactions used the T3 and T7 primerslisted in Table 1. Unless otherwise stated, the bacterial strains
alone. PCR products were sequenced using specific PCR prim-were grown as follows: R. sphaeroides 2.4.1 and derivative strains
ers (Table 2). DNA sequencing was performed at the Microbi-were grown at 308 in either Luria-Bertani (LB) medium or
ology and Molecular Genetics Core Facility using Big-DyeSistrom’s minimal medium A (SMM) supplemented where
chemistry and an ABI 377A sequencer (Applied Biosystems,appropriate with antibiotics: streptomycin/spectinomycin
Foster City, CA).(Sm/Sp) 50 mg/ml, potassium tellurite K2TeO3 (Te) 10 mg/

PCR: Reactions had the following components: 200 mmml, tetracycline (Tc) 1 mg/ml, and trimethoprim (Tp) 50 mg/
dNTPs, 25 pmol of each primer (Table 2), 5% v/v DMSO, 10ml. Media for the growth of auxotrophs were supplemented
ng of template DNA, and 2.5 units of Pfu DNA polymerasewith 20 mg/ml l-tryptophan. E. coli strains were grown at 378 in
(Stratagene, La Jolla, CA). Cycling times were as follows: stepLB medium supplemented where appropriate with antibiotics:
1, 958, 1 min; step 2, 158 below lowest primer Tm, 1 min; stepampicillin (Ap) 100 mg/ml, Tc 15 mg/ml, and Sm/Sp 50 mg/

ml. E. coli strains DH5a and DH5aphe2 were used for routine 3, 728, 2 min; step 4, 24 times to step 1; step 5, 728 for 4 min
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527trp genes of Rhodobacter sphaeroides 2.4.1

TABLE 1

Strains

Strain, cosmid, or plasmid Relevant genotype (phenotype) Sourcea

R. sphaeroides strains
2.4.1 Wild type
2.4.1DS 2.4.1 lacking 42-kb plasmid Suwanto and

Kaplan (1992)
CM01 2.4.1DS CI trpE::Tn5TpMCS (Tpr Trp2) This work
CM02 2.4.1DS CI trpD::Tn5TpMCS (Tpr Trp2) This work
CM03 2.4.1DS CI ybaU::Tn5TpMCS (Tpr Trp2) This work
CM04b 2.4.1DS CI argDF::Tn5TpMCS (Tpr Arg2) This work
CM05 2.4.1DS CI ybaU::Tn5TpMCS (Tpr Trp2) This work
CM06 2.4.1DS CII trpB::Tn5TpMCS (Tpr Trp2) This work
CM07 CM06 complemented with cosmid pUI8536 (Tpr Tcr Trp1) This work
CM08 2.4.1 aroR::V Sm/Sp (Smr Spr Trp1) This work
CM09 2.4.1 CI trpA::V Sm/Sp (Smr Spr Trp2) This work
CM10 CM09 complemented with cosmid pUI8063 (Tcr Smr/Spr Trp1) This work
CM11 2.4.1 trpE::V Sm/Sp (Smr Spr Trp2) This work
CM12 2.4.1 trpG::V Sm/Sp (Smr Spr Trp2) This work

E. coli strains
S17-1 thi pro hsdR hsdM1 recA integrated plasmid RP4-Tc::Mu-Km::Tn7 Simon et al. (1983)
DH5a F2, φ80DlacZDM15 D(lacZYA-argF)U169 recA endA hsdR supE44

thi gyrA relA
DH5a-Phe2 F2, φ80DlacZDM15 D(lacZYA-argF)U169 recA endA hsdR supE44 thi J. Eraso (University

gyrA relA phe::Tn10dCm, Cmr of Texas Medical
School)

XL-Blue MRA D(mcrA)183 D(mcrCB-hsdSMR-mrr)173 endA1 supE44 thi-1 gyrA96
relA1 lac Stratagene

Cosmid and plasmid vectors
pLA2917 Tcr Allen and

Hanson (1985)
pLAFRx Derivative of pLAFR ori RK2 (Mob1 Tcr) Heath et al. (1992)
pSUPTn5TpMCS Tn5 derivative (Tpr, unique EcoRI site and sites for AseI, DraI, SnaBI, Choudhary et al.

and SpeI) (1994)
pBluescript SK (1) (pBS) T3 and T7 promoters (Apr) Stratagene
pBluescript II KS (1) (pBSII) T3 and T7 promoters (Apr) Stratagene
pUI1638 Source of 2082-bp V Sm/Sp, see GenBank accession number

M60473 (Apr Smr Spr)
pSUP203 pBR325 derivative (Mob1 Apr Cmr Tcr)

Constructs
pUI8063 pLA2917 derivative containing CI trpA region (Tcr) This work
pUI8536 pLA2917 derivative containing CII trpFB region (Tcr) This work
pUI8668 pLA2917 derivative containing CI region helO–trpEGD region (Tcr) This work
pLX1P20 pLAFRx derivative containing CI trpEGDC (Tcr) This work
pCM01c pBSII containing a 7.1-kb Rs-Tn5 EcoRI fragment from CM01 This work

(Tpr Apr)
pCM02c pBSII containing a 17.4-kb Rs-Tn5 EcoRI fragment from CM02 This work

(Tpr Apr)
pCM02Sal pBSII containing a 24-kb SalI fragment from CM02 (Tpr Apr) This work
pCM03c pBSII containing a 10-kb Rs-Tn5 EcoRI fragment from CM03 This work

(Tpr Apr)
pCM04c pBS containing an 11-kb Rs-Tn5 EcoRI fragment from CM04 This work

(Tpr Apr)

(Continued)

in a PTC-100 thermal cycler (M.J. Research, Watertown, MA). Cosmid libraries: A previously described and ordered CII-
specific pLA2917 cosmid library was available (ChoudharyPCR primer pairs were designed so that the PCR products

were from the internal regions of the genes described. The et al. 1994). A second library was constructed using the cosmid
vector pLAFRx, as described by Sambrook et al. (1989). Afterprimer pairs are listed in Table 2.
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TABLE 1

(Continued)

Strain, cosmid, or plasmid Relevant genotype (phenotype) Sourcea

pCM05c pBSII containing a 16.5-kb Rs-Tn5 EcoRI fragment from CM05 This work
(Tpr Apr)

pCM06c pBS containing a 7.0-kb Rs-Tn5 EcoRI fragment from CM06 This work
(Tpr Apr)

pCM07A pBS containing a 6.5-kb BamHI fragment containing trpA from This work
cosmid pUI8063 (Apr)

pCM08A Insertion of a 1.3-kb SmaI fragment from pCM07A containing trpA This work
at EcoRV site of pBS (Apr)

pCM09A pCM08A containing V Sm/Sp inserted into filled StyI site within This work
trpA (Apr Smr Spr)

pCM10A PvuII fragment trpA::V Sm/Sp from pCM09A inserted into This work
ScaI site of pSUP203 (Mob1 Tcr Smr Spr)

pCM11E pBSII KS containing a 2.9-kb PstI fragment containing trpE This work
from pCM03

pCM12E 1.4-kb HindIII/HincII fragment (containing trpE) from This work
pCM11E inserted into pBSII KS (Apr)

pCM13E pCM12E with V Sm/Sp inserted into BstEII site in trpE This work
(Apr Smr Spr)

pCM14E PvuII fragment containing trpE::V Sm/Sp from pCM13E inserted This work
into ScaI site of pSUP203 (Mob1 Tcr Smr Spr)

pCM15G 2.3-kb PstI fragment from pCM03 inserted into PstI site of pBSII This work
pCM16G pCM15G with V Sm/Sp inserted into NsiI site within trpG This work

(Apr Smr Spr)
pCM17G PvuII fragment trpG::V Sm/Sp from pCM16G inserted into ScaI site This work

of pSUP203 (Mob1 Tcr Smr Spr)
pCM18R 1.3-kb BglII fragment containing aroR from CII cosmid pUI8536 This work

inserted into BamHI site of pBS (Apr)
pCM19R pCM18R with V Sm/Sp inserted into SmaI site within aroR This work

(Apr Smr Spr)
pCM20R pCM19R PvuII fragment aroR::V Sm/Sp inserted into ScaI site of This work

pSUP203 (Mob1 Tcr Smr Spr)

a Unless otherwise stated, strains shown were generated in this study.
b Tn5TpMCS insertion is located between argD and argF.
c Rs-Tn5 indicates a R. sphaeroides-Tn5 hybrid fragment.

in vitro packaging with Gigapack Gold III (Stratagene, La Jolla, S17-1. They were then mated to an R. sphaeroides trpA mutation
(CM09 3 pUI8063; CM09 3 pLA2917) and trpB2 mutationCA), the cosmids were introduced into E. coli XL1-Blue MRA.

The cosmids were pronged onto plates, grown overnight, and (CM06 3 pUI8536; CM06 3 pLA2917) on LB plates as de-
scribed previously (Choudhary et al. 1994). The R. sphaeroidesthen screened for colony hybridization as described.

Complementation: Recombinant cosmids pUI8063 and strains were selected initially on LB Tc Te plates. Twenty Tcr

colonies (from four independent crosses) were then testedpUI8536 and the vector pLA2917 were introduced into E. coli

TABLE 2

Internal PCR primers

Gene Left primer Right primer

trpA 59-GTCGCCTATATCATGGCGGG-39 59-AGATGCCGAAGCCGACGAT-39
trpB 59-GAACATGCCAAGACCGACCC-39 59-GCGCGATCTTGATGACATGG-39
trpC 59-CTGCCGCATCAGGCTCTC-39 59-ATCCTGTCCGGTGCGTCC-39
trpD 59-ACAGGATGCTGTCGGTGG-39 59-GGCTGAAGCCCCTGATCG-39
trpE 59-TTGACCGTCTCCTGATATTCG-39 59-GGGCAGAACCAGATCGTCTA-39
trpF 59-GCAGGAGTCCGCGTCAAGAT-39 59-CATCCAGGGCCTGATCCAGT-39
trpG 59-GATGGGCAGGCTCTTGTG-39 59-TGCTGCTTCTCATCGACAAC-39
aroR 59-ACCTATCTCGCGGCCTTCG-39 59-TCAGTCCAGCGCCCGTTTAT-39
rpsA1 59-TCGACCTGAAGGAATTCGCC-39 59-TGCTCGAGACCCACGAACAG-39

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/153/2/525/6048049 by guest on 25 M

ay 2023



529trp genes of Rhodobacter sphaeroides 2.4.1

TABLE 3

Sites of Tn5 or V Sm/Sp insertion

Strain Genea Codonsb Site of insertion within genec

CM01 trpE 503 Tn5 insertion between codons 253 P and 254 S
CM02 trpD 338 Tn5 disruption of codon 321 S
CM03 ybaU 621 Tn5 disruption of codon 6 S
CM05 ybaU 621 Tn5 insertion between codons 238 T and 239 Y
CM06 trpB 409 Tn5 disruption of codon 91 L
CM08 aroR 148 V Sm/Sp disruption of codon 47 P
CM09 trpA 263 V Sm/Sp disruption of codon 164 P
CM11 trpE 503 V Sm/Sp insertion between codons 171 E and 172 V
CM12 trpG 195 V Sm/Sp disruption of codon 43 H

a The gene containing the insertion.
b The number of codons, excluding the termination codon, which comprise the gene.
c The position of the Tn5 or V Sm/Sp cartridge insertion within the gene by codon location. The letter

that follows the number indicates the amino acid residue(s) disrupted by the insertion (single-letter code).

for their ability to grow on SMM, SMM Tc, and SMM Tc Sm/Sp from E. coli S17-1, resulting in R. sphaeroides trpA mutation
strain CM09.(V::trpA2) or SMM Tc Tp (Tn5::trpB2) plates. Complemented

strains could grow on all three plates, i.e., CM10 and CM07. trpE: A 2.9-kb PstI fragment containing trpE from pCM03
was cloned into the PstI site of pBSII to give plasmid pCM11E.Southern blotting: Gels were depurinated and then trans-

ferred by alkali to Hybond N1 membranes (Amersham, Pisca- A 1.4-kb HindIII/HincII fragment containing trpE was excised
from this plasmid and subcloned into the HindIII/HincII sitestaway, NJ) using standard techniques (Sambrook et al. 1989).

Probes were radiolabeled using [a-32P]dCTP and a RadPrime of pBSII to give pCM12E. An V Sm/Sp cartridge was inserted
into the BstEII site in trpE (between codons 171 and 172) toDNA labeling system (GIBCO-BRL, Gaithersburg, MD).

Probes were purified using a Sephadex G50 spin column and give plasmid pCM13E. A PvuII fragment from pCM13E was
excised and inserted into the ScaI site of pSUP203, result-then denatured before use.

Hybridization: Southern blots and colony lifts were hybrid- ing in plasmid pCM14E. This plasmid was introduced into
R. sphaeroides from E. coli S17-1, resulting in R. sphaeroides strainized using standard techniques (Sambrook et al. 1989). Hy-

bridization and washing were carried out at 558 or 658 for CM11.
trpG: A 2.3-kb PstI fragment containing trpG from pCM03blots and lifts, respectively. Washing was carried out at the

hybridization temperature in the following solutions: 43 SSC was cloned into the PstI site of pBSII to give plasmid pCM15G.
An V Sm/Sp cartridge was inserted into the NsiI site withinand 0.1% SDS for 10 min done twice, 13 SSC and 0.1% SDS

for 10 min done twice. For lifts, an additional wash in 0.13 trpG (disruption of codon 43) to give plasmid pCM16G. A
PvuII fragment containing the disrupted trpG was then in-SSC and 0.1% SDS for 10 min was done twice.

Cloning trpA: Primers were made to the R. capsulatus trpA serted into the ScaI site of pSUP203 to give plasmid pCM17G.
This plasmid was introduced into R. sphaeroides from E. colisequence (Table 2), and PCR was performed as described

above. The PCR product was gel purified and then sequenced. S17-1, resulting in R. sphaeroides strain CM12.
aroR: Cosmid pUI8536 was digested with BglII. A 1.3-kbThe DNA sequence matched other trpA genes. The PCR prod-

uct was then used to probe the pLA2917 genomic library. fragment containing aroR was inserted into the BamHI site of
pBS to give pCM18R. This plasmid was partially digested withPositively hybridizing cosmids were isolated and probed by

Southern hybridization. A positively hybridizing 6.5-kb BamHI SmaI. The V Sm/Sp cartridge was then inserted. A plasmid
containing the V insertion at aroR codon 47 was selectedfragment was subcloned from cosmid pUI8063 into the BamHI

site of pBS to give plasmid pCM07A. A 1.3-kb SmaI fragment (pCM19R). This was digested with PvuII, and a 3.8-kb frag-
ment was taken and cloned into the ScaI site of pSUP203containing trpA from pCM07A was subcloned into the EcoRV

site of pBS to give pCM08A. to give plasmid pCM20R. This plasmid was introduced into
R. sphaeroides from E. coli S17-1, resulting in R. sphaeroides aroRGene disruptions: The following strategy was used to disrupt

the genes trpA, trpE, trpG, and aroR (Table 3). An omega (V) mutation strain CM08.
Sequence analysis: DNA editing was carried out using SeqedSm/Sp cartridge carrying transcriptional terminators was used

to make polar gene disruptions. The V cartridge, carried on (Applied Biosystems). Fragments were then assembled using
Gelassemble (version 9.1, Genetics Computer Group, Madi-a SmaI fragment, was cloned into the gene of interest. The

disrupted gene was then subcloned into the mobilizable sui- son, WI). PCR primers were designed using Primer3 (http://
www-genome.wi.mit.edu/cgi-bin/primer/primer3.cgi). BLASTXcide vector pSUP203. This construct was mated into R. sphero-

ides 2.4.1. Exconjugants were selected on LB Sm/Sp trypto- and BLASTP were used for database comparison through
the National Center for Biotechnology Information websitephan plates. They were then tested for their ability to grow

without tryptophan. (http://www.ncbi.nlm.nih.gov/).
Nucleotide accession numbers: The sequences describedtrpA: Plasmid pCM08A was linearized using StyI, which cuts

within trpA at codon 164. The ends of the linearized plasmid in results have the following GenBank accession numbers:
AF10704, trpA; AF107095, guaB, lctD, mosC; AF107096, hypo-were filled using Klenow fragment and then the V Sm/Sp

cartridge inserted, giving plasmid pCM09A. This plasmid was thetical GTP-binding protein; AF108766, asmA [partial coding
sequence (cds)], ybaU, trpE, yibQ, trpG, trpD, trpC, moaC, lexA,digested with PvuII, and a 3.8-kb fragment containing the

interrupted trpA was inserted into ScaI-digested pSUP203 to comE, gluS, cisY (partial cds); AF107093, cmkA, rpsA1, hipB, trpF,
aroR, trpB, Synechocystis orf.give pCM10A. This plasmid was introduced into R. sphaeroides
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Figure 1.—Mapping the
sites of Tn5 insertion. Tn5
insertion strains were made
in a 2.4.1DS background
(see materials and meth-
ods). Both panels show a
TAFE gel containing DNA
from R. sphaeroides 2.4.1DS
and Tn5 insertion strains
that are Trp2. The leftmost
lane in each gel contains a
50-kb marker ladder of con-
catenated l genomes. The
lowest rung of the ladder is
50 kb. Above each gel panel
is the physical map of CI
(left) and CII (right). Each
physical map is composed
of four concentric circles
marked with restriction sites
(moving from outer to in-
ner concentric) for en-
zymes AseI, DraI, SnaBI, and
SpeI. The zero position (0)
is shown at 12 o’clock within
each map. The distance
markers shown around the
inner circle are in incre-
ments of 500 kb (CI) and
100 kb (CII). The black arc
represents the restriction
fragment that is being ex-
amined in the gel below.
The full arc is what is found
in 2.4.1DS. The two smaller
arcs (resulting from cleav-

age of the full arc due to Tn5 insertion) represent the new DNA fragments found in the Trp2 strains. The site of Tn5 insertion
is shown as a lollipop. It has been placed in this position by using other enzymes for digestion (not shown). (A) R. sphaeroides
2.4.1DS and CI Tn5 insertion strains CM03 (ybaU2), CM05 (ybaU2), CM01 (trpE2), and CM02 (trpD2) are shown. The DNA has
been digested with SpeI. In 2.4.1DS, an SpeI band of 735 kb is visible. In the Trp2 strains, this band is absent (indicating its
disruption by Tn5); instead, there is a 365-kb “doublet” that is not visible in the 2.4.1DS strain. This indicates that the Tn5
insertion lies within the 735-kb CI SpeI fragment in these Trp2 strains. It can be seen that the doublet bands get closer together.
This indicates that the Tn5 insertions in YbaU are farther out from the center of the 735-kb SpeI fragment than those in trpE
and trpD. These differences in fragment size, though visible, were not sufficient to be estimated on this gel. (B) R. sphaeroides
2.4.1DS and CII Tn5 insertion strain CM06 (trpB2) is shown. The DNA has been digested with SnaBI. In 2.4.1DS, a SnaBI band
of 784 kb is visible. In the Trp2 strain, this band is absent (indicating its disruption by Tn5); instead, there are two bands of
750 and 34 kb that are not visible in the 2.4.1DS strain. This indicates that the Tn5 insertion lies within the 750-kb CII SnaBI
fragment in the Trp2 strain.

RESULTS yielded a CI fragment of 735 kb. Digestion of strains
CM01, CM02, CM03, and CM05 with SpeI resulted in

Screening for auxotrophs: Using Tn5 mutagenesis the loss of this fragment. In its place, two fragments,
of R. sphaeroides 2.4.1DS, we recovered 33 auxotrophic each z365 kb in size, were generated (Figure 1A). This
strains. Five of these strains, CM01, CM02, CM03, CM05, indicated that the site of Tn5 insertion in these strains
and CM06, were auxotrophic for tryptophan (Macken- was on CI, within the central region of the 735-kb SpeI
zie et al. 1995). Strains CM03 and CM05 were capable fragment. These strains showed resolvable restriction
of growth on minimal medium; however, they took 7–8 pattern differences, indicating that they were the result
days to form colonies compared to 3–4 days for the wild of independent transposition events. Further mapping
type. The addition of tryptophan to their media restored studies (not shown) have localized their position to that
their growth to wild-type rates. The other four strains shown on the physical map (Figure 1A). Because of
did not show any visible growth unless tryptophan was their proximity, we have marked their position as a
added to the minimal media. single chromosomal location in the figure.

Placing Tn5 insertions on the physical map: Digestion Digestion of the DNA of strain 2.4.1DS with the en-
zyme SnaBI yields a CII fragment of 784 kb (Figure 1B).of R. sphaeroides strain 2.4.1DS with the enzyme SpeI
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531trp genes of Rhodobacter sphaeroides 2.4.1

Figure 2.—Overview of
gene organization. The three
regions encoding the trp
genes and their flanking se-
quences have been placed
on the physical maps of CI
and CII. Genes are shown
as arrows indicating the di-
rection of transcription. The
trp genes are shown as black
arrows, fully sequenced genes
as gray arrows, and partially
sequenced genes as white
arrows. The sizes of the par-
tially sequenced genes have
been estimated from the
size of the genes in the data-
base that they matched. The
location of Tn5 insertions
and V Sm/Sp cartridge in-
sertions are indicated by in-
verted triangles and V sym-
bols, respectively. The exact
locations of these insertions
are provided in Table 3. Ad-
jacent to the insertion is the
name of the strain in Table
1 that carries that insertion.
Beneath the genes are hori-
zontal lines representing
the R. sphaeroides-Tn5 EcoRI
hybrid fragments with the
names of the plasmids that
carry them (Table 1). At the
end of these fragments are
the numbers 3, 7, or 25.
These indicate the primers

T3, T7, and GW25, which were used for sequencing the ends that gave database matches (Table 4). Inserts from plasmids pCM02
and pCM05 are split between the two levels of the CI “Christmas tree.” All distances are shown approximately to scale; a scale
bar is provided. Note that the Tn5 insertion strain CM04 (on the upper left branch of the tree) is an arginine auxotroph (Arg2).
We looked briefly at this strain, which contained a Tn5 insertion that mapped 6 kb upstream of trpE. The Tn5-R.sphaeroides
hybrid fragment from this strain was subcloned (pCM04) and sequenced using T3, T7, and GW25 primers (Table 4). Additional
mapping, subcloning, and sequencing were also carried out. We did not fully sequence this region, but we obtained BLASTX
matches (Table 5) and sufficient data to map the region as shown.

Digestion of the DNA of strain CM06 with this enzyme in CII insertion strain CM06, the transposon was located
within trpB (Figure 2 and Table 4), which encodes theresulted in the loss of this fragment, which was replaced

by two restriction fragments of 34 and 750 kb in size. b-subunit of tryptophan synthase. These results also sug-
gested that in R. sphaeroides, the genes for tryptophanThis indicated that the site of this insertion was on CII.

Further mapping studies (not shown) placed the Tn5 biosynthesis were distributed between chromosomes
CI and CII. The use of primer GW25 indicated thatinsertion at the position shown on the physical map

(Figure 1B). CI insertion strains CM03 and CM05 had Tn5 inser-
tions in the gene ybaU, and that their insertions lay inCloning and sequencing the DNA flanking the site of

Tn5 insertion: We obtained Tpr EcoRI subclones used opposite orientations within the gene (Figure 2 and
Table 4). In E. coli, this gene encodes a peptidyl-prolylfor cloning and sequencing of each of the auxotrophic

strains and used the strategy described in materials cis-trans-isomerase, which assists in protein folding. It
had been noted that both strains CM03 and CM05 grewand methods. The use of the sequencing primer GW25

revealed that in CI insertion strains CM01 and CM02, very slowly in the absence of tryptophan. This result
suggested that transposon insertions in the gene ybaUthe transposon was located in the genes trpE and trpD

(Table 4, Figure 2, and Table 5), which encode the may be polar on the nearby trp genes. The possibility
that YbaU is a regulator of trp gene expression or isenzymes anthranilate synthase (component I) and an-

thranilate phosphoribosyltransferase, respectively. The required for the folding of their gene products has not
been excluded.use of primer GW25 to sequence pCM06 revealed that
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532 C. Mackenzie, A. E. Simmons and S. Kaplan

Figure 4.—Overlapping start and stop codons. The overlap-
ping start and stop codons are shown centered on the second
base (T) of the ATG or GTG start codons. The A bases of the
TGA stop codons are marked with asterisks.

sphaeroides-Tn5 hybrid EcoRI fragments. A DNA region
Figure 3.—Mapping trpA on CI. A disruption in the trpA

of 14,548 bp was sequenced, and within it were foundgene was made using an V Sm/Sp cartridge in an R. sphaeroides
the trp genes, trpC and trpG, which encode the enzymes2.4.1 background. This gave TrpA2 strain CM09. Both gel

panels show a TAFE gel containing DNA from R. sphaeroides indole-3-glycerol phosphate synthase and anthranilate
2.4.1 in the left-hand lane. The right-hand lanes contain DNA synthase (component II), respectively. This region con-
from strain CM09. Between the gel panels is the physical map tained 13 genes, and 11 of these (including trpE, G,
of CI, which is composed of four concentric circles marked

D, and C) were sequenced to completion (Table 6).with restriction sites (moving from outer to inner concentric)
BLASTP searching of the database showed that the pre-for enzymes AseI, DraI, SnaBI, and SpeI. The zero position (0)

is shown at 12 o’clock within the map. The distance markers dicted translations of trpE, G, D, and C had high se-
shown around the inner circle are in increments of 500 kb. quence identity to their counterparts in other organ-
The black arcs represent the restriction fragments that are isms. The physical map positions of these genes are
being examined in the gel. The two full arcs are what is found

shown in Figure 2.in strain 2.4.1. The four smaller arcs (resulting from cleavage
The DNA region between trpE and trpG did not giveof the full arc caused by V Sm/Sp insertion) represent the

fragments found in the trpA2 strain. The site of V Sm/Sp is a clear match to any database sequence (Figure 2).
shown by an V symbol on the map. The sizes of the fragments Computer predictions suggested that a hypothetical
described below were determined on additional gels that are gene within this region would encode a protein of 266
not shown. (A) Digestion of 2.4.1 DNA with the restriction

amino acid residues. We have called this hypotheticalenzyme DraI gave a gel band of 800 kb. In the TrpA2 strain,
gene yibQ, as its predicted translation showed the closestthis band is absent and is replaced by two smaller bands of

175 and 625 kb. This indicates that the V Sm/Sp insertion relevant match to YibQ, a hypothetical protein from
lies within the 800-kb DraI fragment. (B) Digestion of 2.4.1 Haemophilus influenzae. This ORF is encoded on the op-
DNA with the restriction enzyme AseI gives a gel band of 910 posite DNA strand to the trp genes, raising the possibility
kb. In the trpA mutation strain, this band is absent and is

that trpE and trpG may have their own promoters.replaced by two smaller bands of 485 and 425 kb. This indicates
In addition to genes for tryptophan biosynthesis, se-that the V Sm/Sp insertion lies near the middle of the the

910-kb AseI fragment. The only position of insertion that will quencing of this region revealed a number of other
satisfy the results shown in A and B is that shown on the genes (Figure 2). Immediately downstream of trpC were
physical map. two putative genes, moaC and moeA. It has been sug-

gested that MoeA activates molybdenum by conversion
to thiomolybdenum (Hasona et al. 1998). Both moaC
and moeA are required for molybdopterin synthesis, anSequencing trp genes and surrounding regions on CI:

To complete the sequence of trpD and trpE on CI and essential component of Mo-cofactor-containing en-
zymes, such as nitrate reductase. In the nodulating bac-to determine if other trp genes lay nearby, we sequenced

further up- and downstream from the sites of transposon terium Bradyrhizobium japonicum, an operon having the
same gene order (trpD, trpC, and moaC-like gene) wasinsertion. DNA sequencing also located the precise site

of the transposon insertions within the genes (see Table found to be essential for plant symbiosis (Kuykendall
and Hunter 1997).3). Templates were obtained by subcloning from the R.
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533trp genes of Rhodobacter sphaeroides 2.4.1

key enzyme in the TCA cycle. The region between lexA
and gltX (and encoded by the opposite DNA strand)
gave matches to several ComE proteins. These proteins,
encoded by comE genes, are involved in competence
and DNA uptake in Gram-positive bacteria; however,
there is no evidence to suggest that R. sphaeroides is
naturally competent.

Introducing V Sm/Sp insertions into trpE and trpG:
To test the hypothesis that trpG was a functional gene,
trpG was disrupted using an V Sm/Sp cartridge (CM12).
As a control, we disrupted trpE in the same way (CM11).
Insertions in trpE and trpG, which were confirmed by
Southern blot analysis (not shown), conferred an auxo-
trophic phenotype (Trp2). However, the possibility ex-
ists that both trpG and trpE are nonfunctional, and that
insertions in these genes have a polar effect on the
downstream functional genes trpDC. Given their high
sequence homology to other genes in the data base, we
consider this possibility unlikely. Southern hybridiza-
tion data (discussed below) further quell this conclu-
sion.

Figure 5.—Localization of genes to the physical map by Sequencing trp genes and surrounding regions on CII:
hybridization. R. sphaeroides 2.4.1 DNA was digested with AseI. The DNA region on CII-neighboring trpB was se-Ten lanes of a TAFE gel were loaded with equivalent amounts

quenced using subclones generated from cosmid(one-eighth of a plug) of DNA. The gel was run and then
pUI8536. This cosmid formed part of an ordered set ofphotographed. The panel marked “Gel” is representative of

the other lanes. The sizes of the AseI fragments (in kilobases) clones defining CII, and had been mapped indepen-
are shown on the left-hand side of the Gel strip. The gel bands dently to the CII site of the Tn5 insertion. The Trp2

are marked with arrows; white and black arrows indicate CI CII insertion strain, CM06, was restored to prototrophyand CII bands, respectively. Bands without arrows are derived
by complementation when this cosmid was introducedfrom other endogenous replicons. The gel was blotted, and
by mating (CM07). When the cosmid vector (pLA2917)the filter was cut into strips. The strips were then probed with

radiolabeled PCR products generated from the genes named was introduced into CM06, it remained Trp2. This pro-
at the top of the strips. The autoradiograph strips have been vided additional evidence that the Trp2 phenotype was
realigned with the Gel strip. Probes to the genes, rpsA1, trpF, the result of the Tn5 insertion on CII and not the re-aroR, and trpB showed strong hybridization to the 360-kb CII

sult of a second mutation at a different chromosomalAseI band. The trpA probe showed strong hybridization to the
location.910-kb CI AseI band. Probes to the genes, trpC, trpD, trpE,

and trpG showed strong hybridization to the 1105-kb CI AseI A CII region of 6203 bp from cosmid pUI8536 was
fragment. These data are in agreement with the findings of sequenced, and the DNA was found to encode in the
Tn5 mapping. order cmkA, rpsA1, hip, trpF, aroR, and trpB (Figure 2

and Table 6). The predicted translation of trpB indi-
cated that it encoded 409 amino acid residues, and inDownstream of these genes lay a putative lexA/dinR
strain CM06, the transposon insertion was at codon 91.gene. In E. coli, lexA encodes a repressor of the SOS
This suggested that the Tn5 insertion in trpB on CIIgenes, such as recA and uvrABC (DNA damage repair
had resulted in a Trp2 phenotype. Downstream of trpBgenes). BLASTP analysis indicated that the R. sphaeroides
and in the opposite orientation, a region matching agene product showed greater homology to proteins
Synechocystis open reading frame (ORF) of unknownfrom Gram-positive (DinR) than Gram-negative (LexA)
function was found.bacteria. Previous work suggested that a RecA2 strain

The CII region upstream of trpF encoded three addi-of R. sphaeroides was less sensitive to ultraviolet light than
tional genes. The most distal of these, cmkA (formerlya RecA2 E. coli strain. The differences in sensitivity could
mssA), encodes cytidine monophosphate kinase. In E.not be explained in terms of G 1 C% composition or
coli, this gene is considered essential and is required totarget size (Calero et al. 1994; Mackenzie et al. 1995).
maintain the normal rate of chromosomal replication.This new result adds to the possibility that the DNA
Downstream of cmkA, we found the gene rpsA1. In E.repair mechanisms in R. sphaeroides could be regulated
coli, this gene is essential for translation and encodes themore like those in Gram-positive bacteria, such as Bacil-
largest protein component of the ribosome (Kitakawalus subtilis.
and Isono 1982). It has also been shown (in E. coli)DNA sequences downstream of lexA showed matches
that cmkA is cotranscribed with rpsA1 as part of the rpsAto glutamyl-tRNA synthetases (encoded by gltX) and

citrate synthases (cisY partial gene), the latter being a operon (Fricke et al. 1995). The gene hip (himD) lies
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TABLE 4

Database matches obtained with DNA sequences flanking the site of transposon insertion

BLASTX matches

Parent strain Subclone Insert size (kb)a GW25b T3b T7b

CM01 pCM01 3.8 (7.1) trpE trpD Tn5
CM02 pCM02 14.3 (17.4) trpD valS c Tn5
CM03 pCM03 6.7 (10.0) ybaU trpD Tn5
CM04 pCM04 7.7 (11.0) argF Tn5 No match
CM05 pCM05 13.2 (16.5) ybaU Tn5 No match
CM06 pCM06 3.7 (7.0) trpB Tn5 rpsA1

a Two numbers are given for each insert size. The first number is the estimated size of cloned R. sphaeroides
DNA. The numbers in parentheses are the total sizes of the cloned genomic EcoRI fragments. This size is the
sum of the R. sphaeroides DNA plus 3.3 kb of Tn5 (Tpr) DNA, which facilitated cloning.

b The primer used for sequencing.
c The gene valS encodes valyl-tRNA synthetase.

downstream of rpsA1. This gene encodes the b-subunit BLASTX search of the database. The result suggested
that this region encoded a regulator of the C-P lyaseof the integration host factor (IHF, Rice et al. 1996).

The a-subunit of this protein is encoded by the gene pathway. An V Sm/Sp insertion within this gene
(CM08) did not result in a Trp2 phenotype. This sug-himA and has been shown to map to the 1105-kb CI AseI

fragment (P. Sen and S. Kaplan, unpublished results). gested that trpB is not transcribed from the trpF pro-
moter. Rather, it has its own promoter and lies down-We have partially sequenced the region immediately

upstream of cmkA (data not shown). The result sug- stream of the V insertion, i.e., within the 323-bp region
preceding the trpB start codon. The function of thegested that the gene aroA, which encodes the enzyme

3-phosphoshikimate-1-carboxyvinyltransferase, is within gene lying between trpF and trpB is unknown. We have
named it aroR (aromatic amino acid regulator) to reflectthis region. A similar gene organization (aroA-ycaL-cmkA-

rpsA1-himD) has been found in the region 960217– its location and a plausible function.
The isolation, sequencing, mapping, and complemen-964217 of the E. coli genome. However, in E. coli, this

region is neither followed nor preceded by the genes tation of trpA on CI: It had been expected that trpA
would be downstream of trpB, as this is the gene organi-for tryptophan biosynthesis.

The region between trpF and trpB was used in a zation in every member of the a-3 group of Proteobact-

TABLE 5

BLASTX matches in the argDF region

Putative Gene product/ Polypeptide Amino acid Amino acid Expect
gene function Organism matcha sizeb identityc (%) positivesd (%) valuee (E)

argD N-Acetylornithine Methanococcus jannaschii 398 172/377 (45) 230/377 (60) 3e-85
aminotransferase

argF Ornithine Archaeoglobus fulgidus 307 140/307 (45) 192/307 (61) 4e-71
carbamoyltransferase

orf68 Unknown Methylobacterium 68 26/60 (43) 34/60 (56) 5e-04
extorquens

greA Transcription E. coli 153 31/92 (33) 50/92 (53) 4e-04
elongation factor

mutT Mismatch repair Methanobacterium 135 35/97 (36) 49/97 (50) 1e-04
thermoautotrophicum

helO RNA helicase Sinorhizobium meliloti 821 162/405 (40) 225/405 (55) 3e-67

See also Figure 2.
a Organism showing the best match to the R. sphaeroides sequence.
b The size of the matching polypeptide (amino acid residues) encoded by the gene from the organism showing the best match.
c The level of amino acid identity between the R. sphaeroides sequence and the best match in the database; i.e., for argD, the

R. sphaeroides sequence aligned with 377 amino acid residues of the best match. Of these residues, 172 were identical. This gives
an identity of 45%.

d Same as for the previous footnote, but including identical plus similar residues.
e The probability of getting a match with a similar score by chance.
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TABLE 6

BLASTP matches from the CI and CII trp regions

Protein name/
Gene predicted function Matching species Codonsa % Identicalb % Positivesc E valued

CI trpE-yibQ-trpDCG region

asmAe Protein assembly E. coli 150 23 47 8-04
ybaU Protease maturation protein E. coli 621 24 42 1e-30
trpE f Anthranilate synthase R. sphaeroides 503 99 99 0.0

(Component I)
yibQ Hypothetical HI0755 H. influenzae 266 22 39 0.094
trpG Anthranilate synthase Azospirillum brasilense 195 71 79 2e-71

(Component II)
trpD Anthranilate Bradyrhizobium 338 57 72 2e-106

phosphoribosyltransferase japonicum
trpC Indoleglycerolphospate A. brasilense 270 64 75 1e-87

synthase
moaC Molybdopterin biosynthesis Br. japonicum 159 62 75 8e-50
moeA Molybdopterin biosynthesis E. coli 394 34 50 8e-54
lexA/dinR SOS response regulator B. subtilis 228 34 56 9e-30
comE Competence protein B. subtilis 729 26 44 7e-27
gltX Glutamyl-tRNA synthetase Rickettsia prowazekii 471 43 64 e-116
cisYe Citrate synthase Br. japonicum 42 56 73 3e-05

CII trpF-aroR-trpB region

cmkA Cytidylate kinase 1 H. influenzae 206 41 60 5e-38
rpsA1 Ribosomal protein S1 Rhizobium meliloti 561 65 77 0.0
hip Integration host factor R. capsulatus 93 83 90 7e-38

b-subunit
trpF Phosphoribosylanthranilate Caulobacter crescentus 212 46 61 1e-45

isomerase
aroR Regulator Streptomyces griseus 48 64 8e-31
trpB Tryptophan synthase b chain Pseudomonas aeruginosa 409 73 83 e-173
orf Unknown Synechocystis sp. 124 57 69 7e-33

CI trpA region

gtpP GTP binding protein B. subtilis 369 55 72 e-115
trpA Tryptophan synthase a chain P. putida 263 58 73 8e-86
guaBe Inosine-59-monophosphate Methanobacterium 71 38 63 1e-06

dehydrogenase thermoautotrophicum
lctD Lactate dehydrogenase Neisseria meningitidis 387 65 82 e-143
mosC Transporter Rhizobium sp. NGR234 385 25 42 6e-28

a The number of codons (amino acid residues) that encode the R. sphaeroides gene (excluding the stop codon).
b,c Percentage of amino acid identity and similarity between the predicted translation of the R. sphaeroides protein and the

protein in the database that showed the best BLASTP match.
d Expect value given from an unfiltered BLASTP search.
e This gene has not been fully sequenced.
f The second best match was to P. putida TrpE (493 codons). Identity, 51%; Positive, 64%; Expect, e-125.

eria examined to date. As a result, we carried out PCR fragment. This fragment was subcloned from cosmid
pUI8063, and the region sequenced. Within this region,using R. sphaeroides genomic DNA as a template and

primers designed to trpA of R. capsulatus. A 600-bp DNA a putative trpA gene and four other putative genes were
found (see Figure 2 and Table 6).product was generated. After DNA sequencing, it gave

a BLASTX match to database TrpA proteins, which are An V Sm/Sp cartridge was inserted into the cloned
trpA gene (pCM10A). This gene interruption was intro-the a-subunits of tryptophan synthase. This PCR prod-

uct was used as a probe to screen an R. sphaeroides cosmid duced into the R. sphaeroides genome as described in
materials and methods. From five independent mat-library, to which five cosmid clones hybridized. Their

DNA was purified, and they were probed in a Southern ings, 34 Smr/Spr strains were isolated. Five of these were
found to be Tcs. These 5 strains were also tryptophanblot with the trpA PCR product (result not shown). The

result showed that trpA was located on a 6.5-kb BamHI auxotrophs (Trp2), suggesting that in these strains, a
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chromosomal interruption of trpA had occurred by a been generated, they were used to probe R. sphaeroides
AseI TAFE Southern blots (Figure 5). The results sug-double-crossover event. This hypothesis was validated

by genomic Southern blot (not shown). One of these gested that trpA was located on CI within the 910-kb
AseI fragment, and that trpC, trpD, trpE, and trpG wereTrpA2 strains was designated CM09.

To further confirm that the observed Trp2 phenotype located on CI within the 1105-kb AseI fragment. Genes
rpsA1, trpF, aroR, and trpB were found to be located onwas a result of the disruption of the trpA gene, cosmid

pUI8063 (trpA1 Tcr) or the cosmid vector pLA2917 (Tcr) CII. A shorter exposure (not shown) indicated that these
genes hybridized to the 360-kb CII AseI fragment ratherwas introduced by mating into each of the five R. sphaeroides

TrpA2 strains. Twenty colonies from each mating were than to the slightly smaller 340-kb CII AseI fragment.
It was noted that some of the probes hybridized lessrestreaked on SMM Tc and SMM Tc tryptophan plates.

Colonies that had received the vector alone grew only strongly, but visibly, to other AseI fragments. To deter-
mine if there were additional silent copies of these genes,on SMM Tc with tryptophan. Colonies that had received

cosmid pUI8063 grew on all three plates (e.g., CM10). we used them to probe regular (non-TAFE) BamHI and
EcoRI genomic Southern blots (not shown). The resultsThis suggested that the disruption of the trpA gene in the

five mutants was responsible for the Trp2 phenotype. firmly indicated that in the TAFE Southern blots we were
observing nonspecific hybridization to abundant, largeThe V Sm/Sp cartridge carries recognition sites for

the restriction enzymes AseI and DraI. Use of these sites TAFE fragments. In standard Southern blots, we could
detect only single copies of all the genes described.allowed us to locate trpA on the physical map. We

mapped the five Tcs TrpA2 strains to the same location
on the map by TAFE pulse-field gel electrophoresis. The

DISCUSSION
mapping of one of these strains, CM09, is shown as an
example in Figure 3. It can be seen that in the 2.4.1 Transposon mutagenesis was used to generate R.

sphaeroides auxotrophs with a Trp2 phenotype. The siteswild-type strain DraI (Figure 3A) and AseI (Figure 3B),
digestion generates CI fragments of 800 and 910 kb, of Tn5 insertion were determined by TAFE gel electro-

phoresis and were mapped to CI and CII. These resultsrespectively. In the TrpA2 mutant, these fragments are
absent. They are replaced by two CI DraI fragments of suggested that the genes encoding the tryptophan bio-

synthetic pathway were distributed between the two625 and 175 kb (Figure 3A) and two CI AseI fragments
of 485 and 425 kb (Figure 3B). These results suggested chromosomes of this multichromosomal bacterium. Se-

quencing of the regions around the sites of Tn5 inser-that trpA and trpB were on different chromosomes, and
that trpA was located on the physical map z1.23 Mb tion indicated that transposons had disrupted the CI

genes trpE, trpD, and ybaU, as well as the CII gene trpB.(1498 counterclockwise) from the other CI trp genes
(Figures 2 and 3). The insertions in ybaU are thought to have resulted

in a Trp2 phenotype because of polar effects on theGene fusions overlapping stop-start codons and ribo-
some-binding sites: It had been shown previously that downstream gene trpE. Additional sequencing revealed

the genes trpG and trpC on CI and trpF on CII. Additionala number of genes in the tryptophan pathway are fused.
For example, in Rhz. meliloti and its relatives, trpE and cloning indicated that trpA was located on the CI physi-

cal map 1.23 Mb (1498 counterclockwise) from the othertrpG are fused to give trp(EG), resulting in a fusion of
the a- and b-subunits of anthranilate synthase into a CI trp genes. This accounted for all the structural genes

of the classical tryptophan pathway.single polypeptide. Examination of the trp genes of R.
sphaeroides indicated that such gene fusions had not To further verify function, the genes trpA, trpE, and

trpG were disrupted with an V Sm/Sp cartridge. In eachevolved. Of note, however, were the numbers of neigh-
boring genes that shared overlapping stop and start case the disruption led to a Trp2 phenotype, confirming

the role predicted from sequence analysis. The disrup-codons (Figure 4); i.e., trpG stop overlaps with trpD start,
trpC stop overlaps with moaC start, moaC stop overlaps tion of trpE for a second time (the first being with Tn5)

acted as a control for Tn5 mutagenesis. This result sug-with moeA start, and trpF stop overlaps with aroR start.
The genes trpC, moeA, and aroR had putative ribosome- gested that the Trp2 phenotypes were the result of the

Tn5 insertions and had not arisen because of a mutationbinding sites upstream of their start codons; however,
ribosome-binding sites were not found upstream of the at a second chromosomal location. This was further

confirmed by complementation of the TrpA2 andgenes trpG, trpD, and moaC. All other tryptophan-related
genes, trpA, trpB, trpE, and ybaU, were found to have TrpB2 strains with cosmids carrying the wild-type genes.

A mutation at a second location was unlikely to haveputative ribosome-binding sites upstream of their initia-
tion codons. been complemented by these cosmids. In addition, the

finding that disruption of these genes resulted in auxot-TAFE Southern blot hybridization with trp, rpsA1, and
aroR probes: Internal primer pairs (Table 2) were made rophy suggested that these genes are found in single

copy within the genome. Southern hybridization con-to the following genes: rpsA1, trpF, aroR, trpB, trpA, trpC,
trpD, trpE, and trpG, and were used for PCR. After se- firmed this finding and corroborated the location of

the mapped insertions. This has led us to conclude thatquencing had verified that the expected fragments had
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the structural genes corresponding to the tryptophan different amounts of the two products does not decrease
the fitness of the cell sufficiently for there to have beenbiosynthetic pathway are indeed distributed between

the two chromosomes of R. sphaeroides 2.4.1. a strong selective drive toward operon formation. There-
fore, in R. sphaeroides, the trp genes may be organizedA number of the trp genes have overlapping stop

and start codons. Such an organization has been noted in a more ancient and perhaps less stringently regulated
topology than normally seen in bacteria. Reinforcingpreviously in other organisms; e.g., in E. coli, trpB and

trpA coding regions on the polycistronic trp mRNA are this hypothesis is the finding that in Aquifex aeolicus, a
member of the deepest branching family within the bacte-separated by overlapping stop and start codons. Effi-

cient translation of the trpA coding region is subject to rial domain, the trp genes are distributed as individual
genes throughout the genome (Deckert et al. 1998). In-translational coupling; i.e., maximal trpA expression is

dependent on prior translation of the trpB coding re- deed, A. aeolicus is extreme in that no two amino acid
biosynthetic genes are found in the same operon. If thegion. Therefore, it is both possible and understandable

that the gene pairs trpG-trpD and trpF-aroR are transla- “disbursed genes are ancient and operons are recent”
argument is accepted, then by analogy, having multipletionally coupled. However, it is less obvious why transla-

tional coupling (if it does indeed occur) would be pres- chromosomes may also represent a more ancient and
less “streamlined” genomic organization. Multiple chro-ent between trpC-moaC-moeA. These last two genes have

been implicated in molybdopterin biosynthesis. We mosomes may persist, not because such an organization
confers a biological advantage, but rather because ithave found a second copy of moeA on CII, downstream of

torA, a gene that encodes the molybdenum-containing does not confer a sufficient decrease in fitness to have
been selected against and lost from the genome pool.enzyme TMAO reductase (N. Mouncey and S. Kaplan,

unpublished results). Other members of the a-Proteobacteria, e.g., Agro-
bacteria and Brucella, also have genomes comprisingIn addition to trpF, aroR, and trpB, other genes, i.e.,

cmkA, rpsA1, and hip, were also mapped to CII. Southern multiple chromosomes (or, as in the case of Rhizobia,
megaplasmids), and it has been noted that many ofhybridization suggested that rpsA1 is located only on

this chromosome. Their low BLASTP scores, combined these have infectious associations with eukaryotes. Evi-
dence from 16S ribosomal RNA suggests that ancientwith the finding that they are in a similar genomic order

as in other bacteria, suggests that these are bona fide members of this group gave rise to eukaryotic plastids,
such as the chloroplast and mitochondrion (Graygenes. This further reinforces previous work that sug-

gested that CII encodes functions typical of any other 1993). Therefore, complex genomic organization with
“disbursed” as opposed to “operonic” or “condensed”bacterial chromosome.

However, bacteria that possess multiple chromosomes gene organization may have been a prerequisite for the
formation of early eukaryotic cells.are an enigma. What selects for the maintenance of a

divided genome once such an event has occurred? The In R. sphaeroides, it is known that extensive gene dupli-
cation occurs between the two chromosomes. If a Rho-possession of two chromosomes surely increases the

complexity of cell division, imparting an increased risk dobacter-like organism was the progenitor of such plas-
tids, then gene duplication could have provided thefor genetic lesions and decreased fitness of daughter

cells. This is particularly noticeable in R. sphaeroides, opportunity for the development of complex regulatory
mechanisms, such as those found in eukaryotes. Suchwhere partial loss of CII could lead to auxotrophy, or

inability to carry out translation or genome replication. duplications may have permitted the evolution of differ-
ential regulation of each copy of the duplicated gene,Multiple chromosomes would also be expected to

lead to an increase in the complexity of coordinated resulting in a wider spectrum of conditions under which
a gene or group of genes with similar function couldgene expression, as supported by current reasoning.

For example, if we examine the enzyme tryptophan be expressed.
The possession of multiple chromosomes also maysynthase, we see that in most bacteria it is encoded by

a trpBA operon. This “makes sense” because the cell have assisted in genetic export and exchange between
the early plastids and their host, perhaps explainingneeds to make equimolar amounts of the a- and

b-subunits to form the functional heterotetrameric why many plastid genes are encoded in the nucleus of
modern eukaryotes. This suggests that if we examined(a2b2) enzyme. In these bacteria, transcription of both

genes is coordinated, and translation products are syn- the plastids of primitive unicellular eukaryotes, we may
see remnants of their ancient bacterial origins. It isthesized near each other to form the complete enzyme.

This would appear to be an efficient and highly evolved therefore intriguing that in the “primitive” unicellular
red alga Cyanidium caldarium, the trpA gene is found onprocess. However, in R. sphaeroides, the genes that en-

code these subunits are on different chromosomes. How the plastid genome. In contrast, trpB is located in the
cell nucleus (Ohta et al. 1994). Thus, the very uniquedoes the cell ensure that the gene products are formed

in equimolar amounts and in relative proximity for sub- structure of the R. sphaeroides genome, the dispersal of
essential genetic loci between linkage groups, and theunit association? Perhaps it does not, at least not to the

same degree as in other bacteria. It may be that making organism’s unique position within the a-Proteobacteria
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zation in the alpha subgroup of the Proteobacteria. J. Bacteriol.suggest its centrality to the origins of primitive eubact-
180: 2749–2755.
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