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Streptomyces coelicolor A3(2) does not have a canonical cell division cycle during most of its complex life
cycle, yet it contains a gene (ftsKy.) encoding a protein similar to FtsK, which couples the completion of
cell division and chromosome segregation in unicellular bacteria such as Escherichia coli. Here, we show
that various constructed ftsK - mutants all grew apparently normally and sporulated but upon restreaking
gave rise to many aberrant colonies and to high frequencies of chloramphenicol-sensitive mutants, a
phenotype previously associated with large terminal deletions from the linear chromosome. Indeed, most
of the aberrant colonies had lost large fragments near one or both chromosomal termini, as if chromosome
ends had failed to reach their prespore destination before the closure of sporulation septa. A constructed
FtsKg-enhanced green fluorescent protein fusion protein was particularly abundant in aerial hyphae,
forming distinctive complexes before localizing to each sporulation septum, suggesting a role for FtsKg.
in chromosome segregation during sporulation. Use of a fluorescent reporter showed that when fisK¢. was
deleted, several spore compartments in most spore chains failed to express the late-sporulation-specific
sigma factor gene sigF, even though they contained chromosomal DNA. This suggested that sigF expression
is autonomously activated in each spore compartment in response to completion of chromosome transfer,
which would be a previously unknown checkpoint for late-sporulation-specific gene expression. These
results provide new insight into the genetic instability prevalent among streptomycetes, including those

used in the industrial production of antibiotics.

Bacteria of the gram-positive genus Streptomyces are of great
interest for their mycelial growth and complex development, as
well as being major producers of antibiotics. On solid media,
Streptomyces spores germinate and grow into a vegetative my-
celium from which aerial hyphae emerge, eventually develop-
ing into chains of unigenomic spores. Vegetative hyphae have
only sparse septation without actual cell separation; each hy-
phal compartment contains several unsegregated copies of the
chromosome (16). In contrast, during sporulation of aerial
hyphae, regularly spaced septa form synchronously in long
multigenomic compartments, each receiving one chromosome,
and cell separation eventually takes place. Unlike the situation
in dividing bacteria such as Escherichia coli, initiation of sporu-
lation septation in Streptomyces often occurs over unsegregated
chromosomes, which do not separate until very late in septa-
tion (31, 39). This raises the question of how Streptomyces
clears chromosomal DNA from sites of septal closure to en-
sure faithful segregation of the replicated linear chromosomes
to progeny spores, avoiding guillotining by septal closure.
Completion of chromosome transfer to daughter cells in E. coli
is carried out by a septum-located multifunctional protein,
FtsK, which is deposited at the FtsZ ring and couples closure
of the septum (cytokinesis) with resolution of chromosome
dimers (1, 5, 52). In addition, FtsK interacts with the ParC
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subunit of topoisomerase IV to activate chromosome decat-
enation (15) and functions as a DNA translocase that pumps
DNA through the closing septum, thereby ensuring that the
sister chromosomes are fully partitioned into daughter cells
(34). The closest homologue of FtsK in Bacillus subtilis is
SpollIE; the two proteins have similar C termini but different
N termini (50). SpollIE is essential for sporulation (41), local-
izing to the asymmetric sporulation septum, where it translo-
cates trapped chromosomal DNA into the prespore compart-
ment (4, 7, 40). SpolllE-mediated chromosome transfer is
needed to activate the sigma-factor-mediated cascade of gene
regulation underpinning forespore development (14).

FtsK homologues are present in most, but not all, bacteria
(24). The Streptomyces coelicolor A3(2) ftsK-like gene SCO5750
(6), termed ftsK - here, encodes a 929-amino-acid (aa) protein
with 45% identity in a 552-aa overlap with FtsK of E. coli.
Streptomyces avermitilis also contains such a gene (84% amino
acid identity to FtsKqc) in a conserved genetic context (23). If
FtsKg were to be involved in the completion of chromosome
transfer during septation, one might predict that some spores
of an ftsK¢~ mutant would receive incomplete chromosomes.
This could be relevant to the long history of reports of genetic,
and associated phenotypic, instability as a major, universal, and
industrially inconvenient feature of Streptomyces, which is com-
monly associated with large deletions in the end regions of the
linear chromosomes (11, 44). Such deletions can result in lin-
ear chromosomes becoming circular, and displaying further
instability in the offspring, without major effects on viability.

In this study, we used mutations and gene fusions to obtain
evidence that FtsKgc plays an important role in the mainte-
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TABLE 1. Bacterial strains and oligonucleotides

Strain or oligonucleotide

Characteristics

Source or reference

Strains

supE44 lacU169(80lacZ M15) hsdR17 recAl endAI gyrA96 thi-1 relA1

K-12 derivative: AaraBAD, ArhaBAD/\-Red(gam bet exo) cat araC rep101(Ts)

E. coli
DH5«a
BW25113/p1J790
BT340 DHS5a/pCP20
ET12567/pUZ8002 dam, dcm, hsdS, cat, tet, tra, neo, RP4

Streptomyces coelicolor

21
20
20
18

M145 SCP1" SCP2 6

WL1 M145 AftsK:: acc(3)IV-oriT This work
WL11 M145 AftsK in-frame deletion mutant This work
WLI12 M145 ASCOS5751 in-frame deletion mutant This work

Oligonucleotide primers for
PCR amplification
ftsk1

ftsk2

5'GAGGGGCGACACGAACGGGTGAAGCGGTAGGCACACGTGATTC
CGGGGATCCGTCGACC

5'GGCGGATCGTCGGCGGAACCCTTCTCCTACCCGCCCCTATGTAG
GCTGGAGCTGCTTC

5'GCGTCGCTTGGTCGGTCATTTCGAACCCCAGAGTCCCGCATTCC

5'CGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGATGTAGG

5'CCAGCACAGGCGGCTAAACGCTCGAAAGGCGCCCCCGTGATTCC

5'CCGGCCGACCCCGCGTGAACGCGGTCCCCGCACCGCCTATGTAG

5'GGGCAGGGCGCCAAGAACCTCGACCCGGCCCACCGCAAGATTC
5'GCCGAGCCGCACCCCGAGCTGCCGCAGCCGCTGCGGGATTGTA
5'TGGCGCGAGGCGCTGCCCGCCCGCCCCCGCAAGCGCGCCATTCC
5'GGCGTCGTTGGCCGCGCTGCGCGCCTTGCCGGGTCCGCCTGTAG
5'GCCTTCGGCAAGGACGTCGAGGGCGGCTACGTCATGCACATTCC
5'CCCTTCAGACTCCCCACGGATCACCGCGAGCACGCCGTCTGTAG
5'GACGGCGTGCTCGCGGTGATCCGTGGGGAGTCTGAAGGGGCCA
5'GGTCGACGGATCCCCGGAATTTACTTGTACAGCTCGTCCAT

5’"ATGGACGAGCTGTACAAGTAAATTCCGGGGATCCGTCGACC
5'CGTCGGCGGATCGTCGGCGGAACCCTTCTCCTACCCGCCCTGTA

oriT-1

GGGGATCCGTCGACC
oriT-2

CTGGAGCTGCTTC
WLA4-3 5'CGTCAACTGACGTCGGGAGT
WLA4-5 5S'TCAGGGGATTTGCCGTTGGA
SC7C706-1

GGGGATCCGTCGACC
SC7C706-2

GCTGGAGCTGCTTC
SC7C706-3 5'GCACCAAGCAGAAGAAGGAG
SC7C706-4 S'TTCAGGCATGGGCTCAAGAC
ftsKn-1

CGGGGATCCGTCACC
ftsKn-2

GGCTGGAGCTGCTTC
ftsKL-1

GGGGATCCGTCACC
ftsKL-2

GCTGGAGCTGCTTC
ftsKe-1

GGGGATCCGTCACC
ftsKc-2

GCTGGAGCTGCTTC
egfpl

TGGTGAGCAAGGGCGA
egfp6
egfp2
egfp3

GGCTGGAGCTGCTTC
J11-40-1 5'GAGCAACGCATTTCACAACA
J11-40-2 5’AACCACCATCGACCTGGTAA
8E7-egfp-7 5’AGCCGTTCGCAACCTCAGTG
8E7-egfp-8 5S'TCAGGGTGGTCCGTGGTGTC
CmlR2-1 5'TTCCGCTGTACCTGCTCGCC
CmlR2-2 5’AGAGGACCCGCGTGATCAGC
9H11-4-3 5'GAACACGACGGAACGGCAC
9H11-4-4 5'GACGGGTGACTCCCACTCG
ArgG-1 5'CCACTCACGAGGCCAAGAC
ArgG-2 5'GTGCCGATGAGACCGAGAC
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nance of an intact genome through sporulation but is not
required for cell division. We also show that the late-sporula-
tion gene expression program is at least partially spore com-
partment specific and is impaired in some spore compartments
of ftsK null mutants.

MATERIALS AND METHODS

Bacterial strains and media. The strains used in this study are listed in Table
1. Streptomyces strains were grown on mannitol soy flour agar (MS) minimal
medium (MM), and R2YE agar and in yeast extract-malt extract liquid medium
at 30°C (27). E. coli DH5a was used to construct recombinant plasmids (21), and
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1 kb

o pHJIL401 21.7 + 1.1%
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FIG. 1. Complementation of the AftsK¢ in-frame deletion mutant WL11 by constructs with various inserts. The restriction sites at the top of
the diagram were used to clone these constructs. pHL52, pHL53, and pHL60 were from the SCP2*-derived moderate-copy-number vector
pHJLA401 (marked with an open circle). The open triangles represent the ®C31 integration function in pHL56 and pHL57, derived from pSET152.
The 6.1-kb BamHI/PstI fragment in pHL52/pHL56 and the 4.2-kb Pvull fragment in pHL53/pHL57 were excised directly from cosmid SC7C7. To
construct pHL60, the 2.3-kb Bcll/Pstl fragment from pHLS52 was inserted into pHJL401. +, colony heterogeneity restored to wild-type level; —,

colony heterogeneity not restored to wild-type level.

ET12567/pUZ8002 was used to drive conjugative transfer of nonmethylated
DNA from E. coli to S. coelicolor and to prepare plasmids for transformation of
S. coelicolor protoplasts (18). E. coli BW25113/plJ790 was used for PCR-targeted
disruptions, and BT340 was used for the construction of in-frame-deleted mu-
tants (20). Apramycin (50 pg ml~"), thiostrepton (10 wg ml~ "), chloramphenicol
(25 pg ml™"), ampicillin (100 pg ml~"), and kanamycin (50 g ml~') were used
for selection if required.

PCR amplification. Tag DNA polymerase (Biostar) and the high-fidelity DNA
polymerase Pyrobest (Takara) were used in PCR amplification. The oligonucle-
otides used for PCR amplification are listed in Table 1.

Construction of fisKs- null mutants. An ftsK¢- gene replacement mutant
(WL1) and an in-frame deletion mutant (WL11) were generated by homologous
recombination between modified cosmids carrying mutant alleles and the chro-
mosome carrying the wild-type ftsK allele. First, the supercos1-derived cosmid
SC7C7 carrying ftsKge and long flanking regions (36) was modified by A\RED
PCR targeting (20) using the oligonucleotide primers ftsk1 and ftsk2, resulting in
the modified cosmid pHLS51, in which the ftsKg- coding sequence was replaced
by the acc(3)IV-oriT cassette, leaving only the ftsK - translational start and stop
codons. Then, pHL51 was conjugated into M145, followed by screening for
apramycin-resistant (Apr") and kanamycin-sensitive (Kan®) exconjugants, re-
sulting in the gene replacement strain WL1. The gene replacement was
confirmed by PCR using primers WL4-3 and WL4-5 and by Southern blotting
(Roche Blot Kit).

To generate the ftsKgc in-frame deletion mutant, pHLS51 was further modified
by FLP-mediated recombination by passing it through BT340 (20) to remove the
acc(3)IV-oriT cassette, leaving an 81-bp scar sequence, to generate cosmid
pHL59. Because pHL59 did not have an RK2-derived oriT fragment to mediate
E. coli-Streptomyces conjugation, it was further modified using \RED PCR tar-
geting of an aac(3)IV-oriT cassette amplified by the primers oriT-1 and oriT-2,
resulting in pHL66. pHL66 was introduced into M145 (Apr" selection), and the
exconjugants were further cultured nonselectively. Spores were harvested and
plated out to give separate colonies. Apr® Kan® colonies were identified by
replication and screened for double-crossover events by PCR using WL4-3 and
WLA-5, resulting in the in-frame deletion mutant WL11. The deletion in WL11
was confirmed by Southern blotting.

A strain, WL12, carrying an in-frame deletion of SCO5751, a gene down-
stream of ftsKg-, was generated by the same method using the primers
SC7C706-1 and SC7C706-2. The deletion in WL12 was confirmed by PCR with
the primers SC7C706-3 and SC7C706-4.

Construction of pl ids to compl t the ftsKsc mutants. To construct
plasmids for complemention tests (Fig. 1), restriction fragments originating from
cosmid SC7C7 were subcloned into the appropriate sites of either of two vectors:
pHIJLA01, a shuttle vector with an intermediate copy number in Streptomyces
(27), and pHLSS8, a derivative of pSET151 (27) into which the 2.7-kb PstI
fragment containing the ®C31 integration system from pSET152 (27) had been
inserted at the PstI site. pHL52, pHLS53, pHL60, and the vector pHJL401 were
introduced into WL11 by protoplast transformation, and pHL56, pHL57, and
pHLS58 were introduced by conjugation from E. coli, as described previously (27).

Construction of truncated fisKs- genes. The plasmids pHLW20, pHLW21,
pHLW22, and pHLW29 carrying truncated ftsKs- genes were derived from
pHL52. The desired regions of ftsKg- in pHL52 were first replaced with an
acc(3)IV-oriT cassette by A\RED PCR targeting (20) to generate pHLW14,
pHLW15, pHLW16, and pHLW28 as follows. Three pairs of primers, ftsKn-1
and ftsKn-2, ftsKL-1 and ftsKL-2, and ftsKc-1 and ftsKc-2, were designed with
their 5’ ends homologous to desired regions of fisK- and their 3’ ends homol-
ogous to the acc(3)IV-oriT cassette from plJ773, which was used as a PCR
template. The PCR products were electroporated into BW25113/pI1J790/
pHLS52, with apramycin selection. Then, FLP-mediated recombination was
used to remove the cassette from the resulting plasmids, giving pHLW20,
pHLW21, and pHLW?22. Primers ftskL-1 and ftsKc-2 were used to construct
pHLW29 by the same method. All the four truncated constructions were
confirmed by sequencing.

Construction of an ftsK~egfp fusion gene. Primers egfpl and egfp6 were used
to amplify the enhanced green fluorescent protein gene (egfp) in plJ8655 (42).
Primers egfp2 and egfp3 were used to amplify the aac(3)IV-oriT cassette of
plJ773. The two PCR products shared 40-bp homology at one end and were
spliced by overlap extension PCR using egfpl and egfp3 to generate a 2.1-kb
egfp-aac(3)IV-oriT fragment. This fragment was used in PCR-targeted recombi-
nation with pHL52 in BW25113/p1J790, giving rise to pHL64, in which egfp was
fused in frame to the ftsK¢- coding sequence immediately before the stop codon
of ftsKc. Similarly, egfp was fused to the truncated ftsK- in pHLW20, in which
the coding sequence for the transmembrane domain had been removed, by PCR
targeting using the same egfp-aac(3)IV-oriT fragment, generating pHLW23.

Investigation of chromosomal deletions by PCR. Six PCR experiments were
performed. In PCR1, WL4-3 and WL4-5 were used to amplify a 710-bp fragment
covering the scar region resulting from the AftsK. in-frame deletion of WL11.
J11-40-1 and J11-40-2 were used to amplify a 737-bp fragment in SCO0111 in
PCR2. 8E7-egfp-7 and 8E7-egfp-8 were used to amplify a 759-bp intergenic
fragment between SCO7813 and SCO7814 in PCR3. CmIR2-1 and CmIR2-2
were used to amplify a 939-bp fragment, including most of cmlIR (SCO7662) in
PCR4. 9H11-4-3 and 9H11-4-4 were used to amplify a 658-bp fragment of
SCO7350 in PCRS5. ArgG-1 and ArgG-2 were used to amplify a 693-bp fragment
in argG (SCO7036) in PCR6.

Fluorescence microscopy. A previously described method (27) was used with
minor modification. Samples for fluorescence microscopy were incubated on MS
agar against inserted coverslips and grown for 1 to 3 days. The coverslips with
attached samples were covered with methanol, air dried, washed in distilled
water, air dried, and mounted in 50% glycerol on microscope slides. For DNA
staining, the 50% glycerol contained 1.25 wg ml~! DAPI. An Olympus BX51
microscope was used.

Computer analysis. The TMHMM program (http://www.cbs.dtu.dk/services
/TMHMM/) was used for the prediction of transmembrane domains in proteins,
Jpred (http://www.compbio.dundee.ac.uk/~www-jpred/submit.html) for consen-
sus secondary-structure prediction, and SMART (http://smart.embl-heidelberg
.de/) for signaling-domain searches.
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FIG. 2. Inactivation of ftsK ¢ leading to progeny colonies with heterogeneous morphology. MS agar cultures show colony heterogeneity of WL1
(B) and WL11 (C) compared with M145 (A).

N

RESULTS

Morphological heterogeneity of colonies arising from re-
streaking of fisK;. mutant. To investigate the role of ftsK,
two ftsK g~ null mutants were constructed [WL1, containing an
aac(3)IV gene replacement, and WLI11, an in-frame deletion
mutant]. Lawns of three WL1 and two WL11 isolates showed
apparently normal vegetative growth, but all produced more
blue pigment and fewer spores than the parent strain, M145,
on solid MS or minimal medium. When the mutants were
streaked out to give separate colonies, high heterogeneity was
observed: 21.5 = 2.0% (mean = standard error) of colonies
were small and strongly blue pigmented, and many of them
developed poorly, some sporulating 2 to 4 days late and others
producing no aerial mycelium (Fig. 2A to C). On restreaking,
spores from morphologically normal colonies again gave highly
heterogeneous colonies. Under the same conditions, M145
showed about 1.4% abnormal colonies. To verify that the un-
stable phenotype resulted from the deletion of ftsKg., we in-
troduced plasmids containing ftsK with various flanking re-
gions (Fig. 1) into WL11. Complementation was observed with
some of the ftsKg--containing plasmids but required the pres-
ence of more than 451 bp of upstream DNA, including osaB, a
gene involved in aerial-hyphal formation under conditions of
high osmolarity, and 167 bp of noncoding DNA between osaB
and ftsK ¢ (9). These results confirmed that deletion of ftsK
was indeed implicated in colony heterogeneity and implied
that sequences a considerable distance upstream of ftsK are
needed for its efficient expression (ftsKs and osaB may well
be cotranscribed). The involvement of the downstream gene
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SCO5751 in the high-heterogeneity phenotype was excluded
because a SCO5751-disrupted mutant, WL12, did not show the
phenotype.

Bioinformatic analysis indicated that, like other FtsK/
SpolIIE family members, FtsKg- consists of three main
parts. An N-terminal domain, predicted to contain four
transmembrane segments (from aa 109 to 250) and another
less strongly predicted one (aa 77 to 94), was separated from
a C-terminal conserved ATP-dependent DNA translocase
domain (aa 485 to 783) by a linker region (aa 250 to 485),
including 22 prolines and 29 alanines in the aa 300 to 450
region. To investigate the functions of these three regions,
four truncated FtsKg. versions were constructed and con-
jugated into WL11 to study their abilities to complement the
mutant. The segments deleted were aa 106 to 252, including
the four main transmembrane segments; aa 285 to 452,
removing the proline/alanine-rich linker segment; aa 578 to
916, removing the DNA translocase domain; and aa 285 to
916, leaving only the first 284-aa fragment. High frequencies
of abnormal colonies (12.2 to 16.9%) were observed in all
four strains (Fig. 3), suggesting that the three parts are all
important for genetic stability.

Another ftsK-related gene is present in S. coelicolor
(SCO4508; 33.1% identity in a 245-aa overlap with E. coli
FtsK) (6). We also disrupted this gene but observed no genetic
instability or any other distinct phenotype compared with the
parent wild-type strain. Informatics analysis of functional do-
mains suggests that the SCO4508 product has a coiled-coil
domain and three ATPase domains, so it may be a YukA-like

aa 1 200 400 600 800 929 Frequency of
. . S S .l abnormal colonies
106 252 285 452 578 917

pHLS2 LTTTTTTTTTIENNNNNNNNNN iz 2.1 + 0.4%
pHLW22 TN NN SLEET TP TLETY P RTEET S | 13.7 + 1.5%
pHLW20 === I A0, 16.0 = 1.6%
pHLW21 [ - - === === = 122 + 0.1%
pHLW29 [ =+ +=+===ssesesasasansnsnnanannnnnns il | 16.9 + 0.9%
Null mutant 21.5 £+ 2.0%

FIG. 3. Functional dissection of the FtsKgc protein. More information is provided in the text.
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FIG. 4. The positions of the amplified segments in PCR1 to -6 on
the S. coelicolor chromosome. The locations of the six amplified seg-
ments on the linear chromosome are indicated by arrows below. The
numbers of strains that gave no amplification product in the selected
93 abnormal colonies are presented in parentheses. oriC, replication
origin; TIR, terminal inverted repeats.

transporter protein, a crucial component of the gram-positive
type IV secretion system (33).

Most abnormal colonies of ftsK- mutants were associated
with large deletions from the chromosome. The high frequency
of abnormal colonies observed with the ftsK¢. mutants was
reminiscent of previous observations of genetic instability in
various streptomycetes, in which instability involving colony
morphology and other attributes, including antibiotic produc-
tion and resistance, was often associated with spontaneous
chromosomal deletions or amplifications (11, 44). In S. coeli-
color and its close relative Streptomyces lividans, poorly grow-
ing, highly pigmented colonies are often chloramphenicol sen-
sitive (Cml®) because of loss of a chloramphenicol resistance
gene (cmlR) as part of large chromosomal deletions (17). In
the ftsKg- null mutant WL11, we found that Cml® colonies
made up 10.6 = 0.5% of all colonies (among which 13% of the
colonies were also arginine auxotrophs [see below]) compared
with 0.4 = 0.1% in the parent strain, M145. Most of the Cml®
colonies were small, highly pigmented, and poorly sporulating.
Using PCR primers designed to amplify the cmlR coding se-
quence (SCO7662), 18 of 20 Cml°® colonies (90%) were found
to have lost this locus.

To investigate chromosomal deletions in the ftsKg- null mu-
tant, another two pairs of PCR primers (in PCR2 and -3) were
designed to amplify the fragments near the chromosome ends,
avoiding terminal inverted repeats and repeated sequences in
the subterminal region (Fig. 4). DNA preparations from 93
abnormal colonies, randomly selected from WL11, were used
as templates for more PCR experiments. Using the PCR2
primers to amplify a segment 92 kb from the left end, 41.9%
(39/93) strains gave no amplified products, suggesting loss of
the left terminal fragment, and using the PCR3 primers to
amplify a segment 32 kb from the right end, 54.8% (51/93) of
strains gave no amplification, suggesting loss of the right chro-
mosomal terminal fragment. Twenty-four of these strains had
apparently lost both ends. Overall, 71.0% (66/93) of abnormal
colonies appeared to have lost one or both of the terminal
fragments (some abnormal colonies [27/93] showed no evi-
dence of deletion in the PCR test). In these experiments, PCR
controls using the PCR1 primers to amplify the 710-bp seg-
ment covering the AftsKg- deletion position were always pos-
itive.

To find out the range of lengths of the deletions at the right
end of the chromosome, three more primer pairs (PCR4, -5,
and -6) were used with the 93 template preparations, to am-
plify segments in ¢m/R and argG that had previously been
extensively used in characterizing chromosomal deletions (17,

J. BACTERIOL.

47) and another segment located almost at their midpoint (Fig.
4). The previously mentioned segment in cmIR (SCO7662, 178
kb from the right end; PCR4) failed to be amplified from 48/93
templates; 38/93 appeared to lack the segment in SCO7350
(503 kb from the right end; PCRS), and 5/93 even lacked a
segment 841 kb from the right end, in argG (SCO7036; PCR6).
With very few exceptions, the absence of any one segment was
associated with the absence of all the segments closer to the
end. Thus, most abnormal colonies of the ftsK(~ mutant were
associated with large terminal-fragment deletions, often from
both ends.

An FtsK -enhanced green fluorescent protein (EGFP) fu-
sion protein was up-regulated during the development of aer-
ial hyphae and showed two distinct consecutive patterns of
distribution. In order to obtain clues about the reasons for the
frequent deletion of chromosome ends in ftsKg~ mutants, we
examined the location and abundance of FtsKq. at different
stages of mycelial growth and development. An ftsKg-egfp
fusion plasmid (pHL64) was introduced into the AftsKg.- mu-
tant WL11. The resulting strain gave rise to 2.4% = 0.4%
abnormal colonies, indicating near-complete complementation
and suggesting that the fusion protein was functional.

Cultures of WL11/pHL64 were analyzed by fluorescence
microscopy (Fig. 5). Early in vegetative growth (28 h), green
fluorescent foci were absent (Fig. SB). By 40 h, many hyphae
showed green fluorescence, either diffuse or as dispersed or
clumped foci (Fig. 5C). Fluorescence was often seen at tips and
near branch points. In aerial hyphae, distinguishable from veg-
etative hyphae by their larger diameter and absence or near
absence of branching, green fluorescence was brighter than in
substrate hyphae and appeared to be distinctly organized. Ini-
tially, angled bands of foci extended along the full length of
sporogenic aerial-hyphal tip compartments in an arrangement
that was possibly helical, while subapical compartments
showed a less organized fluorescence (Fig. 5D to F). In young
spore chains, where prespore compartments were already es-
tablished and constriction between compartments had begun,
FtsKs-EGFP was clearly located at sporulation septa (Fig.
5G). As prespores matured, the localized fluorescence disap-
peared. Overall, the cytological analysis indicated a special role
for FtsKq during sporulation, perhaps analogous to the role
played by SpollIE in completing chromosome translocation
into the Bacillus subtilis prespore (4, 7, 41). This suggests that
FtsKg- might interact with both chromosome arms during
sporulation to ensure that they are transferred efficiently into
prespore compartments and that, in the absence of FtsKg, the
chromosome ends are sometimes excluded from prespore
compartments, giving rise to the observed deletions. Other
mechanisms exist to ensure that the central region of the chro-
mosome is correctly partitioned (25). Presumably, guillotining
of chromosomes during septation could also occur during veg-
etative septation.

Organized patterns of fluorescence were not seen when the
fusion protein lacked the N-terminal transmembrane domain
(from aa 106 to 252 in WL11/pHLW?23) (Fig. 5I). WL11/
pHLW23, like WL11/pHLW?20 (Fig. 3), showed severe genetic
instability (14.5% = 2.1% abnormal colonies), consistent with
the correct location of FtsKg.- being important for genetic
stability.

The assembly and stability of FtsZ rings in both E. coli and
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FIG. 5. Spatial and temporal expression of FtsKq and its truncated forms visualized by FtsKg-EGFP fusion proteins. In vegetative mycelium
up to 28 h old, there was no sign of green fluorescent foci (B), but obvious foci appeared in 40-h mycelium (C). Long sporogenic aerial hyphae
often contained many fluorescent foci in angled bands (arrows) that appeared to form a long spiral (D to F). As septal constriction initiated, the
spiral-like bands disappeared, and fluorescence was clearly located at septa (G). For an EGFP fusion with a truncated FtsKg lacking the four main
transmembrane segments, diffuse and occasionally bright fluorescent foci were observed in prespore hyphae instead of regular spiral-like bands (I).
Panels A, D, and H are corresponding phase-contrast images. Scale bar, 5 pm.

Caulobacter crescentus is affected by loss of FtsK (48, 52). This
did not appear to be the case for S. coelicolor, since sporulation
septa formed apparently normally in the ftsK¢- mutants. To
further confirm this, we introduced pKF41 carrying an FtsZ-
EGFP translational fusion gene (19) into M145 and WL11.
Both strains showed diffuse green fluorescence in early aerial
hyphae; then, regularly spaced ringlike foci appeared and were
maintained until septal constriction (data not shown).

JfitsK deletion abolishes expression of sigF' in some pres-
pore compartments. The SpollIE-mediated transfer of a com-
plete chromosome into the B. subtilis prespore is necessary for
the proper activation of the prespore program of gene expres-
sion, which involves the sigma factor SigF (14). We wondered
whether a similar checkpoint operated in S. coelicolor sporu-
lation, even though the two kinds of sporulation are quite
different. It has been shown that a member of the same sigma
factor subfamily, coincidentally also called SigF, plays a role in
late spore development in streptomycetes, since sigF’ disruption
in S. coelicolor results in defective spore maturation (26, 32, 35,
37). Fusion of egfp to the sigF promoter sigFp in the construct
plJ8635 was previously used to show that the expression of sigF
is synchronous and confined to immature spore chains (42).
We therefore used plJ8635 to visualize sigF expression in the
AftsKg- mutant WL11. The mycelial samples were also stained
with 4',6’-diamidino-2-phenylindole (DAPI) to visualize DNA.
In WL11/plJ8635, spore compartments with obvious DAPI
foci but no EGFP foci were readily observed (EGFP~ DAPI™;

6.5% * 0.3%; 3,545 spores examined) (Fig. 6E). Such com-
partments were much rarer in the M145/p1J8635 control strain
(0.2%; 2/910 spores) (Fig. 6B).When the ftsK-complement-
ing plasmid pHL52 was introduced into WL11/plJ8635, the
frequency of EGFP~ DAPI" spores fell to 1.8% = 0.5%
(5,624 spores examined), showing that the compartment-spe-
cific effect on sigF' was associated with the loss of ftsKg.. The
fact that most separate EGFP~ DAPI" compartments were

FIG. 6. Inactivation of FtsKg. results in occasional compartment-
specific elimination of sigF’ expression. Expression of sigFp-egfp was
examined in M145 (B) and the AftsK. in-frame deletion mutant
WLI11 (E). The arrows show prespore compartments without green
fluorescence but staining strongly with DAPI. Panels A and C and
panels D and F are corresponding phase-contrast and DAPI fluores-
cent images. About 50-hour-old cultures on MS agar were sampled for
these images. Scale bar, 5 pm.
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flanked on both sides by normal ones provides rather direct
evidence that sigF’ expression is autonomously regulated within
individual prespore compartments. The finding that ftsK . de-
letion increases the frequency of sigF-nonexpressing compart-
ments, as well as of chromosomal deletions, suggests that the
mechanisms for these two phenotypic effects may be con-
nected. We did not try to evaluate the extent to which further
maturation of these SigF-deficient prespores was prevented.

DISCUSSION

Genomic instability of various Streptomyces species, involv-
ing large deletions, has been documented by an extensive cat-
alogue of papers over the last 3 decades (11, 44) and is a
significant problem for the maintenance of high-yielding
strains used for the commercial production of antibiotics. It is
often increased by classic mutagenic treatments and is even
elicited by circular and end-to-end linear fusion forms of the
chromosome (47, 49). Previous work identified several genes
responsible for genetic stability in Strepfomyces. For example,
in Streptomyces ambofaciens, antibiotics that interact with
DNA gyrase stimulated high levels of genomic rearrangment,
suggesting that DNA gyrase might play an important part in
maintaining genetic instability (45, 46). Mutation of rec4 in S.
lividans led to large deletions in the chromosome termini, often
including the ¢cmIR (chloramphenicol resistance) and argG loci
(43). The terminal binding proteins Tap and Tpg are also both
required to maintain chromosome linearity (2, 3). Neverthe-
less, despite decades of research, the molecular mechanism
underlying instability has remained unknown. Here, we have
discovered that a range of deletions closely resembling those
described in studies of instability are generated at high fre-
quency in S. coelicolor as a consequence of eliminating part or
all of a gene resembling ftsK of gram-negative bacteria and
spollIE of B. subtilis.

FtsK/SpollIE proteins from different bacteria function in
chromosome segregation and translocation (5, 10, 48, 50). For
example, in E. coli, FtsK is able to glide along DNA in opposite
directions for 30 to 50 kb on either side of the dif site involved
in decatenation of interwound circular daughter chromosomes
near the replication terminus (29). Short FtsK-orienting
skewed sequences in the chromosome direct such movement
(8, 28). Candidate equivalent sequences (architecture-impart-
ing sequences) have also been found by bioinformatic analysis
toward the ends of the S. coelicolor linear chromosome (22),
and it was speculated that these architecture-imparting se-
quences might direct FtsKq movement. Our observations sug-
gest that FtsKg- like other members of the FtsK/SpollIE
family, pumps any replication-terminal parts of the chromo-
some trapped by ingrowing septa through to the compartment
containing the origin-proximal part, with the consequence that
about 15 to 20% of the spores of ftsK g~ mutants have deletions
of one or both chromosome ends. Some of these deletions
remove more than 10% of the chromosome. We found no
evidence that elimination of ftsK- affected vegetative-mycelial
growth, during which the relatively infrequent septation results
in hyphal compartments having several copies of the chromo-
some. Taking this together with the cytological analysis of
FtsKgc, we speculate that many of the chromosomal deletion
events occur during sporulation septation, a view consistent
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with the spore compartment-specific effects of ftsK. deletion
on sigF expression (see below).

In summary, we propose the following model. The origin-
proximal regions of chromosomes in fully grown aerial-hyphal
tip compartments form complexes with the ParB protein,
which are located roughly midway between incipient sporula-
tion septa, ensuring correct partitioning of the origin region
(25). However, the fact that DNA is usually observably con-
tinuous between adjacent incipient prespore compartments at
a late stage in cytokinesis (31) implies that the chromosome
ends often move into their final prespore destinations very late
in septation. We suggest that FtsKq-, which is particularly
abundant in aerial hyphae and localizes at young sporulation
septa, provides part of the machinery for this and that the
occasional failure of FtsKg. to complete sporulation-associ-
ated DNA transfer results in the occurrence of deletions in
spores of wild-type strains. Since many spores of the ftsKg.
deletion mutant appear to retain intact chromosomes, we sus-
pect that some other less efficient mechanism contributes to
the completion of chromosome partitioning. Cytological stud-
ies also suggest that chromosomal condensation accompanies
sporulation septation (31), so this could pull the bulk of each
chromosome to its final destination, with FtsKq. serving to
complete the process. This model does not straightforwardly
account for the increased frequency of chromosome deletions
induced by DNA-damaging agents.

The role suggested for FtsKgc in ensuring that spores re-
ceive a complete copy of the chromosome raises further ques-
tions. Although the origin region appears to have a well-de-
fined location in its destination spore compartment (25), there
is no information on the positions of the corresponding chro-
mosome ends. They could be attached to each other (11, 51;
note that the latter paper did not incorporate any analysis of
aerial hyphae) or separate and could be far away from, or on
either side of, their destination compartment: the extended
length of each chromosome arm is about 1,000 times longer
than a spore, and aerial hyphae often form chains of 50 or so
spores. In the most complicated scenario, multiple copies of
the chromosome could be moving through FtsKg channels in
some near-complete septa, some copies in one direction, some
in the other. The likely difficulty of knowing which chromo-
some ends are attached to any particular origin may prove to
complicate the interpretation of data obtained by fluorescence
in situ hybridization during differentiation.

A striking finding in this work was the failure of some, but
not all, spore compartments to show any sigFF promoter activity
in the ftsKg deletion mutant. This is the first evidence of a
prespore compartment-autonomous pattern of gene expres-
sion in Streptomyces and implies that genes that depend di-
rectly or indirectly on SigF will remain unexpressed in such
compartments. One such gene set is an operon of whiE genes
involved in making the gray spore pigment (26, 32). What
causes this compartment-specific failure of sigFp expression?
Clearly there is not a direct dependence on FtsKq, since the
majority of ftsK¢. mutant spores do express sigF. As a working
hypothesis, we propose that a genetic element close to a chro-
mosome end must be transferred into its destination compart-
ment in order to activate sigFlp. Compartments failing to ex-
press sigFp would be those that have not received this element
because of chromosome guillotining. Since non-sigFp-express-
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ing compartments were somewhat less frequent than aberrant
progeny colonies in the ftsKg. deletion mutant, the proposed
element may be at an intermediate point along the deletable
part of one or the other chromosome arm.

In addition to chromosome translocation, the C terminus of
FtsK in E. coli participates in resolution and decatenation of
replicated circular chromosomes through a XerCD-mediated
site-specific resolution system (1) and topoisomerase IV (15).
Streptomycetes, however, have no xerCD-like genes (6, 23),
though they do have a topoisomerase IV biochemically able to
catalyze ATP-dependent decatenation (6, 23, 38). Whether
this enzyme plays a role in chromosome decatenation during
sporulation and/or interacts with FtsKq is yet to be revealed.
FtsK is essential for cell division in E. coli and C. crescentus (13,
48), and in E. coli, the recruitment of the essential division
protein FtsQ to FtsZ-rings relies on FtsK (12). In contrast, in
the S. coelicolor ftsK ¢ deletion mutant no defects in septation
or growth were observed, and FtsZ rings formed apparently
normally during sporulation, so neither the formation nor the
closure of septa depends on FtsKg.. Consistent with this, al-
though ftsQ - is essential for cell division of S. coelicolor (30),
the mutant with ftsK . deleted was unimpaired in sporulation
septation.

It was unexpected to find that FtsKq--EGFP foci were or-
ganized into angled bands, possibly a spiral, along the full
length of each sporulating aerial hypha before becoming
closely associated with sporulation septa. This initial organiza-
tion appeared to require the N-terminal domain, which is likely
to attach the protein to the membrane, since an FtsK¢-EGFP
N-terminal deletion protein accumulated in a delocalized man-
ner (although the deletion might also have interfered with the
conformation of the remainder of the protein). We are not
aware of previous descriptions of this kind of behavior of
FtsK-like proteins.
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