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ABSTRACT

The regulatory region of the  Mycobacterium fortuitum
plasmid pAL5000 was studied in vivo and in vitro by
mutational analysis. This region comprises the origin

of replication for the plasmid and the start point of
transcription for the  repA/B genes, which encode the
two replication proteins RepA and RepB. In this region
there are two binding sites for RepB: a low-affinity site
which is probably the origin of replication and a
high-affinity-site which overlaps the promoter and
implies an autoregulated expression of RepB. The
high-affinity site contains two 8 bp palindromes, as
well as an inverted repeat structure. By introducing
point mutations into each of these motifs and monitoring
changes to RepB binding in a gel-retardation assay, it
was shown that the central, GC-rich palindrome (the
GC-box) is the most important motif for protein
binding. Mutations in the second, AT-rich palindrome
(the AT-box) had no effect on protein binding and the
inverted repeat structure per se was not needed,
though some single-base changes affected binding to
one or other of the DNA strands. These mutations were
subsequently tested invivo for their effects on plasmid
replication in  Mycobacterium smegmatis . Any change
to the GC-box abolished replication, but changes to
the other motifs were dependent on the position of the
changed base, again indicating that the inverted
repeats are not essential and that the AT-box is part of
the promoter and not primarily recognised by RepB.
The mutated plasmids did not show any changes in
copy number to that of the wild-type. The expression

of RepB was bhoosted by introducing a stronger
promoter upstream of the  repA/B genes. The resulting
plasmid was capable of increasing to a degree in trans
the copy number of other plasmids carrying the ori
region, but was unstable when present on its own in
M.smegmatis .

INTRODUCTION

studied mycobacterial replicon and constructs based on the
pAL5000 origin are able to replicate in a wide range of
mycobacteria. Sever&scherichia coliMycobacteriunshuttle
vectors have been constructed based on this replie@h (

We have previously showig{9) that the minimal functional
replicon of pAL5000 comprisescis-acting site, presumably the
origin itself, and two genesepAandrepB, coding for replication
proteins (FiglA). TherepAandrepBgenes overlap by 1 bp and
are transcribed as a single RNA speci#s{lasmids carrying the
origin but lacking theepA/Bgenes are able to replicate if those
two genes are presenttians

Both the RepA (277 aa) and RepB (119 aa) proteins show
similarities to replication proteins from eubacterial plasmids; RepA
is similar to the Rep proteins from ColEll-type plasmid3 énd
RepB is similar to the product of an open reading frame (ORF2)
from the plasmid pMBL1 fromBifidobacterium longun{l1).

RepA has not been studied in detail and its role in pAL5000
replication remains unclear. RepB has DNA-binding properties,
binding specifically to two sites in thei region (Fig.1B). One
site (the L-site) is the probable origin of replication; here RepB
binds to one strand of the DNA helix on8),(possibly triggering
replication in the process. The second binding site (the H-site) is
immediately upstream of tirepA/Bpromoter, where RepB binds
in two copies, to autoregulate its expression. The affinity of RepB
for the H-site is some 10-fold higher than that for the L-site. This
dual role for a replication protein as autorepressor and initiator of
replication is common in plasmids, e.g. P1, pSC101 ahd-H ().

There is no structural similarity between the H-site and the
L-site. The H-site has two 8 bp palindromes as well as an inverted
repeat of 5 bp outside these motifs, while there are no such
structural motifs in the L-site (FigB). RepB binds to the H-site
on both sides of the DNA helix in a staggered fashion, whereas
the binding to the L-site is to one strand only, as indicated by
DNasel-footprinting 9).

The region comprising the RepB-binding sites and the promoter
region of therepA/B genes is clearly an important regulatory
region for the plasmid. This paper presents a more detailed
investigation of the structure of the H-site. We have introduced
mutations into the different motifs and have used gel-retardation
assays to monitor changes to the RepB binding pattern. In

The plasmid pAL50001 GenBank Accession Number M23557) addition, we have made plasmids carrying mutated H-sites and

was firstisolated frorvlycobacterium fortuitur(®). It is the most

tested their ability to replicate Mycobacterium smegmatishe
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4534 GGGGAGTGTGCAGTTGTGGGGTGGCCCCTCAGCGAAATATCTGACTTGGAGCTCGTGTCGGACCAT:
CCCCTCACACGTCAACACCCCACCGGGGAGTCGCTTTATAGACTGAACCTCGAGCACAGCCTGGTA

.......... - >
ACACCGETGATTAATCGTGGTCTACTACCAAGCGTG 4635
ACTTAATTA a AGATGATGGTTCGCAC

L-site H-site

Figure 1. (A) Schematic map of the minimal replicon of pAL5000. The binding sites for RepB are marked with dotted lingspidraoter region is indicated

with asterisks. The exact boundaries ofdheaegion have not been determined. The putative ORF5 gene product is not necessary for reg)cagonetice of

the RepB-binding region. The numbering refers to the sequence of pAL5000 in GenBank (Accession No. M23557). The baséoprddsd| cleavage by
RepB binding are boldfaced and underlined. The start point of transcription fep th&NA is shown as an arrowhead above an underlined bold base. The AT-box
is boxed with dotted lines; the GC-box is boxed with plain lines. The inverted repeat structure in the H-site is markedsvith ar

effect on plasmid copy number of increasingrép#\/Bexpression  Table 4. DNA constructs used in the investigations described in this work
was also investigated.

Plasmid  Characteristics

pUH11 pUH4 with Asd-deletion (152—-1687ArepA/B
pUH12 pYUB12 withAsd-deletion (152—-1687ArepA/B
Materials pUH36  pAL5000 region 3875-75220A) in pUC18

L . . pUH52 pAL5000 region 3875-1093 in pUC18
Escherichia colistrain DH® (17) was used throughout to , _
manipulate plasmid DNA. Constructs created in this study ar@UH61 ~ PAL5000 region 3875-1093 in pUC18; RifTn903
shown in Table4. Escherichia colicells were grown in TY  pUH77  pAL5000 region 3861-4837 in pUC18; RrfTn903)
mdedd'iym (1f6 El tryptone, 1(& ¢ y(]iaStl extract/lz[ V\/tiﬁh O%i/th%lﬂ theppQa1  pAL5000 bp3s7to 4589 (L-site) in pUCSEd-site
addition of kanamycin (Km; final concentration ml), . . .
ampicillin (Ap; 50ug);//ml), or chloramphenicol (Cm; 4@y/ml). ~ PPR51  Wild-type H-site tepA/Bin pDQ31+ Knf (Tn903
Mycobacterium smegmatistrain mél55 (18) was grown in  pDQ52  H-site with mutation (-5) repA/Bin pDQ31+ KnfR (Tn903)
Lemco medium (Difco) or on Lemco agar plates. pDQ55  pDQ11 withv.bovisBCG Hsp60 promoter from pMV261as

200 bp fragment iEcoRV site upstream of H-site

MATERIALS AND METHODS

DNA extraction pDQ57 H-site with mutation (-7) repA/Bin pDQ31+ Knik (Tn903
pDQ58 H-site with mutation (+2) repA/Bin pDQ31+ KnR (Tn903)

Plasmid DNA was isolated fronk.coli cells by standard I . .

; . : DQ59  H- h 11) fepA/Bin pDQ31+ KnR (Tn90
procedures 19). For large-scale plasmid preparations, Wizard” Q S't_e W't_ mUtat'O_n (+11) tep "_1p Q31+ KnT'(TrS03
midipreps (Promega) were used. Mycobacterial plasmid DNAPPQ60  H-site with mutation (+3) repA/Bin pDQ31+ Knft (Tn903)

was extracted through electroducti@g)(into E.coli cells followed pDQ61  H-site with mutation (H1) repA/Bin pDQ31+ Knik (Tn903)

by standard DNA preparations. pDQ62 H-site with mutation (+7) repA/Bin pDQ31+ Knik (Tn903)
pDQ63 H-site with mutation (H45) +epA/Bin pDQ31+ Knft (Tn903

Electroporation pDQ64  H-site with mutation (—4) repA/Bin pDQ31+ KnR (Tn903)

. . pDQ65 H-site with mutation (H8) repA/Bin pDQ31+ KnR (Tn903)
CompetentM.smegmaticells were prepared as described by _
Snapperet al (19). Transformation with 0.1-ig DNA was  PPQ66  Hsp60 promoter + H-site arepA/Bfrom pDQ55 axba

performed using 30Ql aliquots of cells. cassette in pDQ11
pDQ71  pDQ66 + KnR (Tn903)

Copy number determination The numbering refers to the pAL5000 sequence GenBank M23557 (1). The

. . . . plasmid pYUB12 was described previously (18). The constructs in the pUH
Rel'atlve plasmid copy numbers were deterr_nmEd as single cedies have been described previously (8). All pDQ constructs were made for the
resistance (SCR) to Kn2{) as described earlieB) present study.
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Mutation Relative Replication
KdDNA
H1 0.015
H18 0.010
-4 0.04 -
H27 0.06 -
H8 0.07 -
-5 0.08 -
H45 -7 0.09 +
H27 H36 iy i
GCl .~ o1 +
\ I .
A‘ HI8 +7 1 +
+11 1 +
7 -5 -4 G C +243 +7 +11
CGTGTCGGACCATALCACCGGTG TTAATCGTGGTCTA
c GG G C (AK) 7 (G) (O
H1 H8

Figure 2. Mutational analysis of the H-site. Theéeénd of the sequence shown corresponds to’taedsof the oligonucleotides used in the PCR reactions to make
templates for RepB binding and replicons with mutated H-sites. The GC- and AT-boxes are boxed by a plain and dottetiliglg.r€specrows mark the inverted
repeat structure. The different mutations introduced are shown above and below the sequence. The boxed bases are raupaiisnsf lvhees were changed in
order to preserve the palindromic structure of the GC-box. The numbering of the mutations are H1-H8 for bases inside tposE@edaxmbers for bases
downstream of the GC-box and negative numbers for bases upstream of the GC-box. The sizes of the mutated bases showprapertmurgtito the impact

of the base-change on DNA binding. Bases essential for DNA replication are underlined. The numeric value given in the Kt sfor the binding of RepB

to the mutated target relative to wild-type which is set to unity.

DNA-binding assays Construction of plasmids with mutated regulatory region

- . . The construct pDQ31, carrying the L-site but not the H-site, was
Templates for DNA-binding assays with mutated H-sites wer Eated by amplifying the region between bp 3871and 4589 of

&
prepared in PCR reactions using forward oligonucleotides bas : - y )
on the sequence 6GTGTCGGACCATACACCGGTGATTAA E A'éﬁ%%“;ﬂ;‘%%e Op&’Bgrs(soigéiggfccc(ﬂgg%i%g

3’ (oligonucleotide OKDH9) but with mutations corresponding 3": 9), which were treated with 5 U T4 polynucleotide kinase

to those shown in Figur@ The two exceptions were the (PNK: Promega) and ATP (1 mM) for 30 min prior to the PCR

oligonucleotides used to iotluce the mutations +7'(6GTGTC- reaction. The PCR ; ;
. product was ligated iBtod-digested pUC18.
GGACCATACACCGGTGATTAATGGTGG 3 and +11 (SCG- The wild-type control region of pAL5000 coding for the

TGTCGGACCATACACCGGTGATTAATCGTGCTCT 3. The repA/Bgenes and the H-site, but lacking the L-site, was amplified

5’ ends of the oligonucleotides were radioactively labelled using 5 pCR reaction using the oligonucleotidés @6’ CAGCGA-

[V_SZP]ATP (Amersham) anq T4 polynucleotide kinase (Promega);ATATCTGACTTGGAGCT 3) and ORF2B (CGACACCGG-

The oligonucleotide OFP1 (3SAGCAGATCGTCGCTTGCCA  ATCCCCAATTGCGTTA;9). These oligonucleotides introduce an

3", 9) was used as reverse primer, all templates are 118 bp in SiggRv and aBanH| site, respectively and the PCR product was

PfuDNA polymerase (Stratagene) was used in all PCR reactiongened in pBSKS— (Stratagene) in EesRV-BanHi sites, creating

The expression of recombinant RepB protein as an MBP-fusi 11.

protein and the demonstration of specific binding by the purified Tq introduce mutated binding-sites into the regulatory region,

RepB protein to the H-site have been reported previodslylfe  the oligonucleotides described for the gel-retardation assay were

binding assays were carried out as described earlier (a 15 mjged as forward primers in PCR reactions with ORF2B as reverse

incubation at 37C in a buffer consisting of 100 mM Tris—HCI pH primer to amplify the mutated H-sites together with rémA/B

8.0, 10 mM dithiothreitol, 20 mM Mg@l 1 g salmon-sperm DNA  genes. The forward primers were kinased with ATP and PNK and

per reaction; complexes separated by electrophoresis on a @ products cloned in tHecaRV-BanHl sites of pBSKS—.

non-denaturing polyacrylamide gel) and the calculation @fiN&d ~ DNA sequencing of the mutated constructs was done with the

was done as described. All binding experiments were carried awodified dideoxy-chain termination meth@®) using the Auto

in triplicate with a wild-type titration in parallel to each assay, irRead sequencing kit and the Automatic Laser Fluorescent DNA

order to minimise dilution errors. Templates for the L-site wergequencer (Pharmacia).

prepared as described previously. ( To add the L-site to these constructs, the cloned regions were
In the experiments with RepB binding to the H-site, thdigated to the vector pDQ31 as blBdhHI fragments (after

RepB-MBP fusion protein was used. The binding pattern for thisutting with HindlIl, filling in with the Klenow polymerase

protein has been shown to be identical to the pattern for RefjBromega] and cutting witBarrHl) in the BanH| site and the

with the MBP moiety cleaved off). filled-in Xbd site of pDQ31.
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The KnR gene from TA03(23,24) was added to all the final Protein concentration
constructs on BanmHI-Bglll fragment ligated to thBanH| site T———— e
in the replicons (downstream of thepA/B genes) in such an M [N I'ﬂw-—
orientation that transcription from the Krgene was away from L b
repA/Bas not to interfere with the replicon. The resulting series ~ Free | - m _unwige
of mutated replicons is listed in Talle DNA B2 :

The repA/Boverexpressing construct pDQ66 was made by Hsite Mutation 118 Mutation -7

introducing the Hsp60 promoter frolhbovisBCG 25) which
was cut out from the plasmid pMV264%) (on aPvul-EcarV B — _ ]
fragment and ligated to tHecaRV site of pDQ11. The cassette M—, e - Y

was then cut out from the vector wKba and placed in th¥bd LT m‘--" |
site of pDQ31 in the same orientation as in the wild-type plasmid.

Protein concentration

i i
Adding the Kn® gene on a blunt-end&hanHI-Bglll fragment S WY esvsusy  Vipssssid
in the bluntedHindlll site downstream ae&pA/Bcreated pDQ71. Hesite L-site Muration 118
Again, transcription from the Khgene was away from the
repA/Bgenes. Figure 3. (A) RepB-binding patterns to some mutated H-sites compared with

wild-type. Each lane represents a two-fold dilution from the previous one, with
the highest concentrations (2600 nM protein) in the leftmost lanes. Free

RESULTS template is marked by an arroB) (Similarities between RepB binding to the
. . . L-site and to the mutation H8. The template for the L-site was synthesised as
Mutational analysis of the H-site described (9).

The H-site overlaps the promoter region ofré@\/Bpromoter ;

Fig. 1B) and RepB binding here presumably serves to autoreguleﬁg,utaﬂonS +2, +3 and +7), had any significant effect. The
its expression. The regions protected from DNasel cleavage &liginging of bases even closer to the transcription start, though
staggered and DNA-binding assays indicate that two moleculggsiroying the inverted repeat structure (mutation +11), produced
of RepB bind to this site in a cooperative fashign There are  , yiig-type binding pattern. The upstream sequence of the inverted

three notable s_tructural features in the H_-site: two 8 bp palindromfeespeat was more important to binding than the downstream sequence
and one 5 bp inverted repeat. The palindrome GATTAATC (thgii, base-changes reducing the binding 10-25-fold &ig.

AT-box) was suspected on grounds of its high (A+T)-content, t0 The binding patterns for RepB to the mutated targets 7, -5, —4

be a feature of the promoter, while the GC-rich and overlapping,q Hg indicated that the protein bound in one copy only in
palindrome CACCGGTG (the GC-box) might be a recognitionqnirast to the wild-type (Fig3A and B). At high protein

sequence for RepB. , , , concentrations, there is a slowly migrating band in the wild-type
To test these assumptions, a set of oligonucleotides WaSsjte pinding pattern while at lower protein concentrations a

constructed, with specific mutations either in one or the othgfznq appears which migrates more rapidly, concomitant with a
palindrome or in the repeats. In the GC-box, pairs of bases W‘:'W%ake
exchanged, to keep the palindromic structure intact. Some sing_e4, —5, -7 and H8 produced DNA-binding patterns with only one
base changes were also made to this box. Base changes Wglfq or where the shift from slower to faster-migrating bands
always C- G and A~ T or the reverse. These oligonucleotides werg,.cyrred at far higher protein concentrations. Indeed some of
used in PCR reactions with the oligonucleotide OFP1 as revergg.se patterns, most pronouncedly that for the mutation H8, were
primer and the products were used in gel-retardation assays uslfiLially indistinguishable from that of RepB to the L-site (Bi)

purified RepB protein. o . where it is thought to bind in only one copy.
To score for the relative importance to binding affinity, we

titrated RepB onto the target and calculated thgnsdor the
respective templates as described previo@lylbese values were
compared with the binding-constant for RepB to the wild-typdo test for the influence of the different motifs on the replication
H-site in parallel reactions and the relative binding constanbilities of pAL5000, replicons were constructed with mutated
determined. regulatory sites by amplifying thepA/B region including the

The results of these assays are shown in FRjdree mutation H-site in PCR reactions. The PCR products were cloned in
with the most dramatic effect was the changing of the first C giBluescript vectors. None of these constructs, which all lacked
the GC-box to a G (mutation H1). This led to a virtual abolitiorthe L-site and thus the putativei, was able to replicate in
of binding, with the affinity reduced almost a 100-fold. Changind.smegmatisThe defective replicons were then excised and
both the C and the final G of the box, preserving the palindromitroduced into a pBluescript vector carrying the L-site but not the
practically abolished binding (mutation H18; F3@\). The final  H-site (pDQ31) and the resulting constructs were electroporated
G of the GC-box, when changed to a C (mutation H8), had a leisso M.smegmatisAs a control, we made similar constructs where
strong, but still pronounced effect. the amplification was performed using the oligonucleotidé O

Changing the other bases in the GC-box had far less impactwhich produces a wild-type regulatory region, still lacking the
the binding (Fig2). These bases were only changed in pairs, ih-site. This wild-type construct did not replicatéMrsmegmatis
order to preserve the palindrome. Mutations to the four centrbut when fused to the L-site in pDQ31, the resulting construct
bases of the GC-box had little effect (5-fold reduction) on Rep@pDQ51) was viable.
binding ability. The results of than vivoassay are summarised in Fig@réll

The AT-box was much less important for RepB binding than thitne changes to the GC-box which we tested abolished the
GC-box. None of the three single-base changes introduceeplicative ability of the plasmid. In contrast, the mutations +2

In vitro testing of H-site mutations
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and +7 to the AT-box produced viable plasmids. The —4 and -5
mutations, however, abolished replication. The mutation +11, 100 o—o

which destroys the inverted-repeat motif downstream of the AT-box, 1
yielded a viable plasmid. 801
The mutation -7 yielded a viable plasmid, although the Per cent 60
transformation efficiency of the construct (pDQ57) was consist- surviving
ently ten times lower than that of the other constructs. The other cells 407
viable mutants transformed with an efficiency comparable with 20
that of pDQ51. There was no difference in growth rate between
cells carrying pDQ57 and those carrying pDQ51. Copy-number Ot P

0 100 300 500 700 900

determinations using the method of Nordstr@1) 6howed no Conc. Km pg ml

significant differences between pDQ51 and the mutant plasmids,

including pDQS7 (not shown). Figure 4. Relative copy numbers measured by single-cell resistance (SCR) to
It took 4-5 days for cells transformed with any of theseKng”l. The values g?/e means from six )EpUI-?56+pUH77) and(seV()en

plasmids, including pDQ51, to form colonies on Km plates, in(pDQ66+pUH77) single colonies respectively), pUH56+pUH77; A,

contrast to cells transformed with the shuttle vector pYUB12pDQ66+pUH77. The concentration of Km where the curves deviate from the

which carries all of pAL50005). Such cells typically form 100% line are taken as the SCR value.

colonies after 3 days. This indicated that the initial expression of

repA/B immediately upon transformation, was less efficient in

the manipulated plasmids. This conclusion was further supported

by co-transformation experiments where the construct pUsj11 (

was electroporated intd.smegmatisogether with pYUB12 or

the pDQ series of constructs. The plasmid pUH11 carries tHJH56/pUH77 (Fig4), but the values were always higher than

hygromycin resistance gene fraBtreptomyces hygroscopicus for the wild-type. Thus, the increased amount of RepA and/or

(26) and lacks much aépAand all ofrepBand thus is unable to RepB in the cells carrying pDQ66 seems to have a positive effect

replicate on its own but can be activatedrans Cells were on the copy number of the activated pUH77. The increase in

readily co-transformed with the pair pUH11/pYUB12, but nonecopy-number estimated from SCR measurements was not more

of the pDQ series would support replication, not even pDQ51han 1.4—2-fold.

which carries the wild-type H-site. However, when cells were This low transformation frequency and the greater spread in

first transformed with pDQ51 or one of the viable mutantSCR values indicated that the high level of replication protein(s)

constructs, and then transformed with pUH11 in a second stdpym pDQ66 was deleterious to the cells. To be able to select for

this construct could be introduced with high efficiency. Thighe pDQ66 replicon iM.smegmatisells, we introduced the Km

supported the notion that the initis¢pA/B expression is resistance gene into this construct, creating pDQ71. The trans-

important for plasmid viability. formation effiency for pDQ71 alone was very low; lower than the
, , co-transformation efficiency for the pair pDQ66/pUH77, and the
Effect of repA/B expression on plasmid copy number transformants did not show higher resistance to Km. When the

Since the experiments above showed the importance Ofp‘lﬁsmid was recovered from these cells, restriction enzyme

sufficient level of RepA and/or RepB in the cells for establishinf'geStions revealed that deletions and rearrangements had occurrec
a plasmid population, it was thought that one possible way jpot shown), indicating that the replicon with a too high
raising the copy number of the plasmid would be to increase ti&Pression ofepA/Bis not stable iM.smegmatis _
expression of thespA/Bgenes. It was not clear from the above experiments whlqh gene

To boostepA/Bexpression we introduced the Hsp60 promoteProduct, RepA or RepB, was deleterious to the plasmid in too
from M.bovisBCG (25) into pDQ51 between the L-site and the high a concentration. To investigate this, we did double_ trans-
H-site in such an orientation that trepA/B genes would be formations of M.smegmatis with two pairs of plasmids,
transcribed. We expected this construct (pDQ66) to have highePQ66+pYUB285 and pDQ71+pUH36. The plasmid pYUB285
repA/Bexpression, since the Hsp60 promoter is very strong arfdTies the pAL5000 minimal replicon but has a deletigapé
not regulated by RepB. which makes it non-replicatin@{); however, it carriesepB.

This construct was tested for its ability to support replication iff his construct has a Kirgene and so pDQ66 was used as helper
trans, by co-transformingvl.smegmatisells with pDQ66 and Plasmid. The construct pUH36)(carries theori andrepA but
pUH77. The construct pUH77, which has been described earli@cksrepB Itlacks a Knft gene [there is a typing error in the paper
(8), carries a 1 kb region comprising thié, as well as the Kfh by Stolt and Stokesj] and thus pDQ71 was used as helper in this
gene from TA03 but lacksrepA/B There is only the Ap case. Neither pYUB285 nor pUH36 can replicate on its own and
resistance marker on pDQ66 and so selecting on Km for pUH e had shown above that pDQ71 (and thus also pDQ66) do not
would co-select for pDQ66, since this plasmid is necessary foeplicate inM.smegmatisThus, transformants with any of these
pUH77 to replicate. As a control, pUH77 was transformegairs able to grow on kanamycin would indicate that the pDQ
together with pUH56 §), which carries a wild-typ@ri and  plasmid had been stabilised by the second replicon.
repA/Band has wild-type pAL5000 replication characteristics, The pair pDQ66+pYUB285 did not transfolvhsmegmatis
but lacks a Km resistance marker. whereas pDQ71/pUH36 did. This indicates that the cells can

The co-transformation efficiency for the pair pDQ66/pUH77tolerate high levels of RepA but not of RepB. The frequency of
was 1-5% that of the wild-type pair pUH56/pUH77. The spreattansformation walslL0% of that for the pair pUH56+pUH77 and
in SCR values to Km for pDQ66/pUH77 was greater than that fabout twice as high as for pDQ66+pUH77.
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DISCUSSION 100 T—
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This paper presents a dissection of the regulatory region of the
M.fortuitum plasmid pAL5000. Central to this region is the

Mutation
H§

so-called H-site, where the replication protein RepB binds with Percent ]
high affinity. The structure of the H-site was probed by specific free 0]
mutations to bases in the three different structural motifs present. template 50
These motifs are: a GC-rich palindrome (GC-box), an AT-rich type

204

palindrome (AT-box) and a 5 bp inverted repeat. The mutations 10]

were tested for changes to RepB bindmgitro as well as for o
plasmid viabilityin vivo. 0 9 8 7 % 5
The integrity of the GC-box was shown to be crucial to
replication. All changes to this box produced non-replicating
p_Iasmids. Th-e initial C -Of the GC-box was the mO-St important igure 5.Binding curves for RepB to the wild-type H-site and the mutation H8.
single base in the H'.Slte. for RepB binding. If this base Waé, wild-type; O, mutation H8. The concentration of RepB at which 50% of the
changed to a G, the binding constant dropped by two orders @mplate is bound is an approximation of the>fs for the interaction.
magnitude. Changing the first and last nucleotides, keeping the
palindromic structure of the box intact, virtually abolished
binding. Other bases were less important for binding; pairwise
changes to the other bases in the box, keeping the palindrobiading pattern to the mutated target H8 was virtually indistin-
intact, reduced RepB binding between 5- and 25-fold. guishable from that to the L-site (FigB). From DNasel-foot-
Mutations to the AT-box sometimes abolished replication byprinting experiments we have shown that binding to the L-site is
in no case did they affect RepB bindingsitro, which indicates to one strand of the DNA helix onlyd)( If the mutations
that this box is indeed part of the promoter structure, rather thaestroyed one binding motif of the H-site, such a pattern of only
of a recognition motif for RepB. The exception was the first G obne protein molecule would be expected. The slope of the binding
the AT-box, but this base is also part of the GC-box and thus migtairve for the H8 mutation is less steep than that for the wild-type
have a dual role. Support for this role for the AT-box is given bii-site (Fig.5), which is also seen for binding to the L-si#. (
the observation9) that 11 bp of theepA/B promoter region, This is another indication that there is no cooperative binding to
including the AT-box, can be found in the promoter region for théhe mutated site. Different binding patterns for replication
Lactococcus lactis dnagene 29). proteins in dual roles as autorepressors and replication initiators
If the AT-box is a part of the promoter, single-base pair changémve been shown for other plasmids; e.g. binding as autorepressor
might preserve a functional promoter whilst leaving the RepB dimeric form and as initiator as monom2#{31) but whether
binding unaffected. The binding sites for RepB, as defined hiis is the case for RepB remains to be determined.
DNasel-footprinting experiments, are staggered (g 9) and This work shows that the initial expression ofg@A/Bgenes
the DNA region protected from DNasel cleavage is probablis important to the biology of pAL5000. In co-transformation
larger than the area actually in contact with RepB. Thus, evaxperiments, none of the plasmids created was able to support the
though the protein would occlude the AT-box, it would not haveeplication of a secondri in trans (construct pUH11), even
to be in actual contact with the DNA in this region. though the copy number of these mutated plasmids did not seem
Apart from the GC-box, where all mutations resulted in loss ab differ from wild-type. When cells already carrying pDQ51
replication ability, observations of changes to the DNA-bindingwild-type H-site) or one of the viable mutant constructs were
properties of a mutated maitif vitro could not be used to predict made competent, they could be transformed with pUH11 with
whether the change would lead to a replicating or a non-functiortalgh efficiency, in fact higher than for the pDQ vectors
plasmidin viva. Thus only two out of three mutations to thethemselves. Thus, the limiting factor for the transformation
upstream sequence of the inverted repeat abolished replicatiefficiency of these constructs is the initial expressiomoi/B
though the effects on RepB binding were of a similar magnitud€@nce there is a pool of the Rep proteins in the cells, the amounts
No changes downstream of the GC-box had any effect on RepiBe sufficient to support replication of a second plasmid lacking
binding. The mutation +11 produced a wild-type binding patterthese genes. In fact, the efficiency of transformation with pUH11
in vitro, while the corresponding mutation in the upstream motifof cells already carrying pDQ51, was if anything greater than that
mutation -5, showed reduced RepB binding and could néor wild-type cells with pDQ51, indicating that the initial
support replication. This suggests that the inverted repeexpression aepA/Bis a contributing factor to the transformation
structure is not important as such, but the upstream bases acefiigiency of any pAL5000-based construct.
part of a binding site. Indeed, the mutation —7, while reducing The construct pDQ51 is not strictly wild-type, since the cloning
Kdpna >10-fold and producing a binding pattern indicating thaprocedure has changed the number of bases between the H-site
RepB only binds to one strand of this construct, neverthelessid the L-site, but its copy number is similar to that of the
produced a replicating plasmid, albeit with reduced transfornmwild-type replicon pUH61§). Thus, the exact number of nucleo-
ation efficiency. It is not clear why the other two mutations in thisides between the H-site and the L-site seems not to be a deciding
motif, while showing similar binding patterms vitro, led to  factor for plasmid viability. Indeed, in pDQ66, introducing the
non-replicating plasmids. Hsp60 promoter means there &B90 bp between the two sites
The mutations H8, -7, -5 and —4 had an effect on the bindirand this construct still replicates M.smegmatisf there is
pattern of RepB which supports our argument that two copies ahotherori present intrans to reduce the level of RepB (see
RepB bind in a cooperative fashion to the H-site. In particular, tHeelow). The fine-tuning aepA/Bexpression in pAL5000 has not
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been elucidated and it is probable that the region between the Snapper.S.B., Lugosi.L., Jekkel,A., Melton,R.E., Kieser,T., Bloom,B.R.

H-site and the L-site together with toe is involved in this and Jacobs,W.R.Jr. (1988joc. Natl. Acad. Sci. US86, 6987-6991.
lati 9 4 Ranes,MG., Rauzier,J., Lagranderie,M., Gheorghiu,M. and Gicquel,B.
regulation. _ _ _ (1990)J. Bacteriol 172, 2793-2797.
Plasmids lacking the L-site altogether are unable to replicates stover,c.K., de la Cruz,V.F., Fuerst,T.R., Burlein,J.E., Benson,L.A.,
The smallest replicon constructed to date is pUIdp&Kich carries Bennett,L.T., Bansal,G.P., Young,J.F., Lee,M.H., Hatful,G.F,,

the H-site, L-siterepA/Band a further 210 bp upstream of the S”arfseé’iga Barletta,R.G., Jacobs,W.R.Jr and Bloom,B.R. (a8

L-site. Thls limits the origin area to that bet\.Neen the H-site an David,M., Lubinsky-Mink,S., Benzvi,A., Ulitzur,S., Kuhn,J. and Suissa,M.

the additional 210 bp present on pUH52, which strongly supports  1992)plasmid2g, 267-271.

the notion that the L-site is indeed the origin of replication. 7 De Smet,K.A.L., Jamil,S. and Stoker,N.G. (1968ne136 215-219.
Raising the number of Rep proteins in the cells might be oné Stolt,P. and Stoker,N.G. (199@crobiology 142, 2795-2802.

way of increasing the copy number of the plasmid. We had initially? Stolt.P. and Stoker,N.G. (1998)Bacteriol.178,6693-6700.

naively hoped that mutations abolishing or severely decreasi ggzgf‘,;ﬂs"érisg‘fgi'y;m&:{zz?gz't\‘/’;g Y (é{%%‘:%i‘gff"algghﬁggazzzfg

RepB binding could force the protein to bind instead to the L-sit€, (1996)Res. Microbiol147, 133-143. n "

prematurely triggering replication of the plasmid and raising copy2 Linder,P., Churchward,G., Xia,G.X., Yu,Y.Y. and Caro,L. (19B3ylol.

number. This turned out not to be the case; the strongly negative Biol. 181 383-393.

mutations were non-viable and the viable constructs all had copy f;g;f‘fg%“ Sogaard-Andersen,L. and Molin,S. (198Bpcteriol 164

numbers very similar to the, Wild-type pDQ51. . 14 Vocke,C. and Bastia,D. (198Bjoc. Natl. Acad. Sci. USB2, 2252-2256.
The construct pDQ71, with the Hsp60 promoter drivé\/B 15 Abeles, AL. (1986). Biol. Chem261, 3548-3555.

expression, was not stable Nhsmegmatisthe transformation 16 Wada,C., Imai,M., and Yura,T. (198)oc. Natl. Acad. Sci. US24,

efficiency was negligible and plasmids recovered from an)g{é 8849-8853.

transformants we obtained had suffered deletions and rearran g;_”lalzanp” Jessee,J. and Bloom,F.R. (19@t)ods Enzymob04

ments. Co-transformation experiments showed that plasmidg spapper,s.B., Melton R.E., Mustafa,S., Kieser,T. and Jacobs W.R.Jr.
carrying the replication region but lackirgpBcould stabilise the (1990)Mol. Microbiol. 4, 1911-1919.
rep-overexpressing constructs, wheregsB-carrying plasmids 19 Sambrook,J., Fritsch,E.F. and Maniatis,T. (198@)ecular Cloning, A

could not. Thus, excessive levels of RepB block the replication of ;akr’i‘r’]ratHO;yrb'\(")ra”,\‘l’\?'Z”d edn. Cold Spring Harbour Laboratory Press, Cold
PALS000. Similar deleterious effects of overexpressing replicatio, Bzmgrd A Jourdan.C.. Mercenier A. and Locht.C. (188@Jeic Acids

proteins are seen in P34). In the viable double transformants, Res 15, 4105.
the presence of extra binding sites on the second plasmid might Nordstrom,K. (1993) In K. G. Hardy, eBlasmids: A Practical
serve to titrate RepB and keep the protein concentration at an Approach 2nd edn. Oxford University Press, pp 2-38.
acceptable level 22 Zimmermann,J., Voss, H., Schwager, C., Stegemann, J., Erfle,H.,
P . . ’ . . Stucky,K., Kristensen,T. and Ansorge,W. (198idicleic Acids Red8,
An ori activated by pDQ66 has a slightly higher copy-number 167,
than one activated by a wild-type plasmid (Big.but the small 23 Berg,D.E., Jorgensen,R, and Davies,J. (1978) In D. Schlessidger,
difference and the instability of pDQ66 argue against any wide- Microbiology-1978. Washington DC: American Society for Microbiology,

spread use of this plasmid to boost copy numbers. The smal PP- 13-15. .
. P - P L Py 1 Nomura,N., Yamagishi, H. and Oka,A. (19%@ne3, 39-51.
increase in copy numbers observed indicates that there are fact'Sty,01c JER. Keulen W.J. Kolk A H.J.- Groothuis.D.G.. Berwald.L.G.

other than the RepA or RepB level that determine pAL5000 copy Tiesjema,R.H. and VanEmbden,J.D.A. (19Bct. Immunol55,
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