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The mechanisms by which chromosomes condense and segregate during developmentally regulated cell
division are of interest for Streptomyces coelicolor, a sporulating, filamentous bacterium with a large, linear
genome. These processes coordinately occur as many septa synchronously form in syncytial aerial hyphae such
that prespore compartments accurately receive chromosome copies. Our genetic approach analyzed mutants
for fisK, smc, and parB. DNA motor protein FtsK/SpolIIE coordinates chromosome segregation with septum
closure in rod-shaped bacteria. SMC (structural maintenance of chromosomes) participates in condensation
and organization of the nucleoid. ParB/Spo0J partitions the origin of replication using a nucleoprotein
complex, assembled at a centromere-like sequence. Consistent with previous work, we show that an fisK-null
mutant produces anucleate spores at the same frequency as the wild-type strain (0.8%). We report that the smc
and fisK deletion-insertion mutants (ftsK’ truncation allele) have developmental segregation defects (7% and
15% anucleate spores, respectively). By use of these latter mutants, viable double and triple mutants were
isolated in all combinations with a previously described parB-null mutant (12% anucleate spores). parB and
smc were in separate segregation pathways; the loss of both exacerbates the segregation defect (24% anucleate
spores). For a triple mutant, deletion of the region encoding the FtsK motor domain and one transmembrane
segment partially alleviates the segregation defect of the smc parB mutant (10% anucleate spores). Consider-
able redundancy must exist in this filamentous organism because segregation of some genomic material occurs
90% of the time during development in the absence of three functions with only a fourfold loss of spore viability.
Furthermore, we report that scp4 and scpAB mutants (encoding SMC-associated proteins) have spore nucleoid
organization defects. Finally, FtsK-enhanced green fluorescent protein (EGFP) localized as bands or foci
between incipient nucleoids, while SMC-EGFP foci were not uniformly positioned along aerial hyphae, nor
were they associated with every condensing nucleoid.

Streptomyces coelicolor is a filamentous sporulating soil sa-
prophyte and it is the best-characterized model organism for
an important group of bacteria known for their elaborate life
cycle and their production of biologically active compounds.
During the culmination of their life cycle, streptomycetes make
chains of unicellular, metabolically quiescent reproductive
cells that subsequently separate for dispersion and long-term
survival in the environment (13). The genome of S. coelicolor is
a large 8.7-Mb linear molecule with a centrally located oriC
region, ending with long terminal inverted repeats (TIRs) (3).
An aging surface-grown Streptomyces colony contains two basic
zones of filamentous cells with different cytological properties
(15). The vegetative mycelium contains branching syncytial
hyphae, where the genome copies are not segregated or con-
densed into nucleoids and septation is infrequent and unevenly
spaced. In contrast, the aerial mycelium contains mostly un-
branched syncytial aerial hyphae, and within a given hypha,
uniformly spaced septation synchronously occurs to form a
chain of spores, each with a highly condensed nucleoid. Coin-
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cident with the synchronous septation, dozens of dispersed
copies of the genome are accurately partitioned and condensed
in the forming unicellular spores. It is conceivable that these
synchronous processes coordinating the accurate separation of
multiple copies of a linear genome may require a special or
augmented system of segregation and condensation.
Condensation and segregation of the genome is a subject of
great interest in microbial cell biology. Most of the known
information has come from the study of bacterial cells that
undergo binary fission (14, 51). These bacterial models typi-
cally have a single circular chromosome that is compacted into
a nucleoid, and genome segregation occurs simultaneously
with DNA replication. In rod-shaped bacteria, three well-char-
acterized systems dovetail to ensure that chromosomes are
equally and faithfully partitioned to daughter cells. FtsK
(SpollIE), SMC (structural maintenance of chromosomes;
functional homologue, MukB in Escherichia coli), and ParAB
(S0j-Spo0J) have been identified as key players. First, FtsK/
SpollIIE homologues are well-studied sequence-directed DNA
motor proteins that localize at the invaginating septa and clear
each genome copy to the appropriate side of the septum during
vegetative growth and sporulation (references 2, 6, 23, and 42
and references therein). The homologues typically have an
N-terminal domain with membrane-spanning segments re-
sponsible for septal localization separated by a linker from a
more highly conserved C-terminal motor protein domain (34).
Second, SMC proteins are widely distributed from bacteria to
mammals and participate in higher levels of chromatin orga-
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nization, acting either as condensins or cohesins (references
18, 22, 38, and 50 and references therein). DNA may be pulled
into the cell by the action of these proteins from a single site or
a limited number of sites. The molecular details of how these
large hinged proteins function in association with non-SMC
modulators (ScpAB/MukEF) to compact the chromosome into
higher-order structures are being determined (8, 9, 21). Third,
chromosomes from a wide range of bacteria use a partition
system related to ones described for certain low-copy-number
plasmids. Two frans-acting factors, ParA (Soj) ATPase and
ParB (Spo0J), and cis-acting parS (“centromere”) sites in the
origin-proximal region are utilized (references 5, 12, and 51
and references therein). Spo0J (ParB) binds to the parS sites to
form a large nucleoprotein complex that can spread beyond
the origin region (7). ParA is required for the proper place-
ment of the ParB-parS nucleoprotein complex in the cell. For
unicellular bacteria, individual inactivation of any of these
three systems results in a severe segregation phenotype, and
combining them typically leads to synthetic lethal phenotypes.

How copies of the linear genome are synchronously parti-
tioned during sporulation in S. coelicolor is beginning to be
appreciated. If utilized, the physical landmarks in the apical
aerial hypha, the tip (pole) and the septum at the base of the
long apical cell, can be separated by 40 to 50 pm or more.
DNA segregation occurs after active rounds of DNA replica-
tion populate the predivisional apical cell with several dozen
dispersed copies of the genome (44). After DNA replication
ceases, septa synchronously form over these unsegregated cop-
ies of the genome (37, 46, 54). ParB binds to about 20 pars sites
densely packed around oriC in the chromosome, forming a
nucleoprotein complex that helps to accurately partition the
chromosome during division (24, 28). ParB-enhanced green
fluorescent protein (EGFP) localizes as regularly spaced foci
assembled along aerial hyphae before DNA segregation and
septation begin, suggesting that the origin region of the chro-
mosome is accurately positioned between where adjacent septa
form (25). ParA assembles into helical structures along aerial
hyphae to facilitate the organization of evenly spaced ParB-
oriC complexes (26). It was anticipated that the FtsK motor
protein would be instrumental in ensuring that the genomic
DNA trapped by invaginating septa would be properly parti-
tioned; however, strains containing a complete deletion of ftsK
resulted in a mild segregation phenotype (1, 53). SffA, another
FtsK/SpollIE-like protein, localizes to sporulation septa and
may function in chromosomal DNA organization during dif-
ferentiation (1). Septal localization of SffA requires a small
protein called SmeA, which itself appears to have a more
pleiotropic role in spore maturation. Thus, progress has been
made, but there are still substantial gaps in our understanding
of how the linear genome is segregated and condensed.

In this study, we evaluated the functions of ftsK and smc in
S. coelicolor by constructing ftsK and smc deletion-insertion
mutant strains. In contrast to what was found in two recent
studies, the fisK allele reported here results in a C-terminal
truncation, removing the DNA motor domain of FtsK and a
membrane-spanning segment. Each mutation studied here was
found to affect the accuracy of genome segregation into spores.
We then extended our analysis using a previously published
parB mutation. We report that all double and triple mutants
are viable. Surprisingly, the majority of the spores produced by
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a triple mutant still receive genomic material with a modest
fourfold decrease in viability, suggesting that there are addi-
tional genes responsible for proper developmental genome
segregation and condensation. In addition, we show that mu-
tations in the genes encoding SMC-associated proteins ScpA
and ScpB mainly affect the nucleoid morphology in prespore
compartments rather than impairing segregation. Finally, we
determined the subcellular localization of FtsK and SMC in
aerial hyphae undergoing differentiation using EGFP transla-
tional fusions.

MATERIALS AND METHODS

Bacterial strains and media. S. coelicolor A3(2) strains used in this study are
listed in Table 1. YEME (liquid), R2YE (agar), MS (agar), and minimal medium
(MM; agar with 0.5% glucose [wt/vol]) were used for growth of S. coelicolor at
30°C (27, 36). Standard procedures for protoplast preparation and transforma-
tion were used (27). Antibiotics used for S. coelicolor were as follows: apramycin
at 25 pg ml™!, neomycin at 10 wg ml~!, hygromycin at 200 pg ml~", kanamycin
at 160 pg ml~?, and thiostrepton at 50 ug ml~'. The viability of the wild type and
of certain mutant strains was determined using the average of at least two
independent spore preparations (growth on MS) analyzed from duplicate serial
dilutions by direct count using phase-contrast microscopy and viable count after
3 days of incubation on glucose MM.

E. coli strain TG1 was used for standard plasmid manipulation (45). E. coli
strain BW25113 containing A RED plasmid pIJ790 (19) was used for in vivo
construction of egfp fusions or deletion of scpAB. E. coli strain ET12567 (dam
dem hsdM) (31) was used to prepare unmodified plasmid and cosmid DNA to
circumvent the restriction system of S. coelicolor. Final concentrations of anti-
biotics in LB medium used for E. coli were as follows: for ampicillin, 100 ng
ml~!; for carbenicillin, 100 wg ml~'; for apramycin, 100 wg ml~'; for chloram-
phenicol, 25 pg ml~!; and for kanamycin, 50 ug ml™"'.

Plasmids and general DNA techniques. Plasmids used in this study are listed
in Table 2. S. coelicolor total DNA preparations were obtained using the Wizard
genomic DNA purification kit (Promega). DNA restriction and modifying en-
zymes were used according to the manufacturer’s recommendation (New En-
gland BioLabs). Tag (Promega) and Pfx (Invitrogen) DNA polymerases were
used according to the manufacturer’s instructions. Redirect technology (19) was
used for A RED-mediated recombination using mutagenic linear DNA cassettes
in E. coli.

Isolation of fisK insertion-deletion mutant strains. Insertion-deletion muta-
tions for ftsK of S. coelicolor were constructed in E. coli by use of traditional in
vitro recombinant DNA technology. In plasmids pJR148 and pJR152 (Table 2),
1.8 kb of the 3’ end of the ftsK gene, encoding the DNA motor domain and one
membrane-spanning segment, was replaced by a neomycin resistance marker
(aphI), inserted in either orientation. The insertion-deletion mutations in
pJR148 and pJR152 were introduced into the chromosome by transformation,
selecting for neomycin resistance and screening for apramycin sensitivity. Two
independent representative strains were named JM148 and JM152, respectively.
These strains could express a C-terminally truncated version of FtsK containing
the first 203 amino acids (out of 929). In plasmid pAEB232 (Table 2), a 2.5-kb
deletion, beginning 57 bases upstream of the translation start site and ending at
the same position as described above, results in the entire 5’ end of the ftsK gene
being replaced by an apramycin resistance marker [acc(3)IV]. The insertion-
deletion mutation in pAEB232 was introduced into the S. coelicolor chromosome
by transformation, selecting for apramycin resistance and screening for specti-
nomycin sensitivity. The resulting strain RMD24 should not express FtsK.

Isolation of smc deletion-insertion mutant strains. Insertion-deletion muta-
tions in smc of S. coelicolor were constructed in E. coli by use of traditional in
vitro recombinant DNA technology. Initially, we isolated a Asmc::acc(3)IV mu-
tant (strain HW1) to determine that the smc gene was dispensable (55). We
isolated another smc-null strain, containing Asmec::hyg, for compatibility with
other mutation markers used in this study. In plasmid pHJ2 (Table 2), the
majority of smc was replaced by a hygromycin resistance gene (hyg). By use of
pHIJ2, the Asmc::hyg mutation was introduced into the S. coelicolor chromosome
by transformation, selecting for hygromycin resistance and screening for apra-
mycin sensitivity. One representative strain was named HJ2.

Characterization of a parB mutant strain. Strain J2537 [AparB::acc(3)IV] strain
was a gift from Keith Chater (28). By Southern blot hybridization analysis, we
determined that the apramycin resistance gene was in the same orientation as parB.
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TABLE 1. S. coelicolor A3(2) strains used in this study

Strain Genotype* Isolation” 1::f:g§?§:
2709 proAl hisAl argAl cysDI18 uraAl strA1 SCP1~ SCP2~ 27

HIJ2 Asmc::hyg M145 X pHJ2 This study
J2537 AparB::acc(3)IV 28

J2540 AparB::acc(3)IViparB* J2537::p1J6539 28

JM148 AftsK::aphl (aphl inserted in same orientation as ftsK") M145 X pIM148 This study
IM152 AftsK::aphl (aphl inserted in opposite orientation from ftsK") M145 X pIM152 This study
M145 Prototroph SCP1~ SCP2~ 27

RMD1 ftsK-egfp acc(3)IV M145 X 7CTftsK-egfp This study
RMD2 smc-egfp acc(3)IV M145 X TAlsmc-egfp This study
RMD3 Asmc::hyg AftsK::aphl HIJ2 X JM148 This study
RMD4 Asmc::hyg AparB::acc(3)IV HJ2 X J2537 This study
RMD5 AparB::acc(3)IV AftsK::aphl J2537 X JM148 This study
RMD6 Asmc::hyg AparB::acc(3)IV AftsK::aphl RMD3 X J2537 This study
RMD7 Asme::hyg/sme™ HJ2/pHW35 This study
RMDS AftsK::aphl/fisK* JM148/pRMD6 This study
RMD9 Asme::hyg AftsK::aphllfisK* RMD3/pRMD6 This study
RMD10 Asmc::hyg AfisK::aphl/smc™ RMD3/pHW35 This study
RMD11 Asmc::hyg AparB::acc(3)1V/smc™ RMD4/pHW35 This study
RMD12 Asmc::hyg AparB::acc(3)IV/parB™* J2540 x HI2 This study
RMD13 AparB::acc(3)IV AftsK::aphl/ftisK* RMDS5/pRMD6 This study
RMD14 AparB::acc(3)IV AftsK::aphl/parB™ J2540 X RMD5 This study
RMD15 Asmc::hyg AparB::acc(3)IV AfisK::aphlfftsK* RMD6/pRMD6 This study
RMD16 Asmc::hyg AparB::acc(3)IV AfisK::aphl/smc™ RMD6/pHW35 This study
RMD17 ASCO1768::acc(3)IV M145 X pRMD7 This study
RMD18 AscpA:ace(3)IV M145 X pRMD8 This study
RMD19 AscpAB::acc(3)1V M145 X pRMD9 This study
RMD20 Asmc::hyg AscpA::acc(3)1V HJ2 X RMDI18 This study
RMD21 Asmc::hyg AscpAB:acc(3)IV HJ2 X RMDI19 This study
RMD22 AscpA:ace(3)IVIscpAB* RMD18/pRMD10 This study
RMD?23 AscpAB::acc(3)1V/scpAB™ RMD19/pRMD10 This study
RMD24 AftsK::acc(3)1V (null, deletion begins upstream of 5" end) M145 X pAEB232 This study

“ All mutants are derivatives of prototrophic strain M145.

b Strains were constructed by protoplast transformation: the recipient strain is listed first and the source of donor DNA second (e.g., HJ2 X JM148 indicates that
HIJ2 was transformed with DNA prepared from JM148), or the recipient strain is listed first and the mutagenic plasmid second (e.g., M145 X pHIJ2).

Isolation of scpA and scpAB mutants. Insertion-deletion mutations in
SCO1768, scpA, and scpB of S. coelicolor were constructed in vivo in E. coli by
use of A RED-mediated recombination and cosmid SCI51. In cosmid derivatives
pRMD7, pRMDS, and pRMDY, the majority of the SCO1768 (encoding a
putative pseudouridine synthase), scp4, and scpAB genes, respectively, were
replaced by a cassette obtained from pIJ773, containing an apramycin resistance
gene and oriT flanked by FRT sites (19). Oligonucleotides listed in Table 3 were
used as primers in PCRs to add homology to the ends of the apramycin resistance
gene cassette. Primers 60Scol768 and 59Scol768 were used for completely
deleting SCO1768, 0ScpA60 and 0ScpAS59 were used for deleting the middle 777
bases of the 792-base scpA4, and 0ScpA60 and oScpB59 were used for deleting
scpA and the first 426 bases of the 5" end of the 672-base scpB. The insertion-
deletion mutations in each of the cosmids were introduced into the chromosome
by conjugation, selecting for apramycin resistance and screening for kanamycin
sensitivity. Representative strains were named RMD17 [ASCO1768::acc(3)IV],
RMD18 [AscpA::acc(3)IV], and RMD19 [AscpAB::acc(3)IV].

Isolation of double and triple mutant strains. Double and triple mutant strains
were constructed using protoplasts prepared from one mutant strain and trans-
forming with chromosomal DNA prepared from a second mutant strain (Table
1). All double and triple mutant strains were readily isolated by selection using
the antibiotic resistance gene marking each insertion-deletion mutation.

Southern blot hybridization analysis. Each mutation in single, double, and
triple deletion-insertion mutant strains was confirmed by Southern blot hybrid-
ization analysis. Descriptions of probes used and data obtained are located in the
supplementary material. Hybridization reactions were performed at 65°C using
buffer that contained 5% sodium dodecyl sulfate (52). Nylon membranes (Hy-
bond-N; Amersham) were used as solid support, and probes were nonisotopically
labeled before immunological detection (digoxigenin DNA labeling and detec-
tion kit; Boehringer Mannheim).

Construction of plasmids for genetic complementation. Genetic complemen-
tation plasmids were derived from the self-transmissible, low-copy-number, bifunc-
tional plasmid pJRM10 (Table 2). fisK™ is the only complete reading frame on the

DNA insert of plasmid pRMD6. smc™ is the only complete reading frame on the
DNA insert of plasmid pHW35. The DNA insert of scpAB complementation plas-
mid pRMD11 contains five complete genes: SCO1772, SCO1771 (hypothetical
gene), scpAB™, and the downstream gene SCO1768 (putative pseudouridine syn-
thase). The insert in pRMD11 ends 1 base downstream of SCO1768. These plasmids
were introduced into the multiple auxotroph 2709 by transformation, selecting for
thiostrepton resistance. The plasmids were mated from the 2709 derivative into the
desired mutant strains, selecting for thiostrepton resistance and prototrophy.
Transconjugants were tested for the presence of the antibiotic resistance genes
marking the chromosomal mutations.

Strain J2540 (AparB/parB™) and derivatives isolated here had parB* inte-
grated by single homologous crossover recombination using plasmid plJ6539
(28).

Construction of strains expressing EGFP fusion proteins. Genes expressing
EGFP fusions were constructed in one step by in vivo recombination. Cosmid
H24parB-egfp (25) was used as the source of an egfp acc(3)IV oriT cassette to
make ftsK-egfp and smc-egfp fusions. PCR was performed using H24parB-egfp as
the template with specific oligonucleotides which anneal to the linker sequence
at the 5" end of egfp and downstream of the 3" end of acc(3)IV and introduce 40
bases of homology to the 3’ ends of smc or fisK, as well as removing the stop
codons (Table 3). PCR products were introduced into E. coli strains expressing
N RED recombination functions and containing the cognate cosmid with either
ftsK (SC7CT) or smc (SCTA1). Apramycin-resistant transformants were selected
creating 7C7ftsK-egfp and 7Alsmc-egfp. The gene fusion junction and egfp se-
quences were verified. The proline- and glycine-rich 5-amino-acid linker peptide
(LPGPE) was similar to that of H24parB-egfp (25). Fusion-containing cosmids
were conjugated from E. coli into strain M145, selecting for apramycin resistance
and kanamycin sensitivity. In these transconjugants (RMD1 and RMD2), the
fusion genes (ftsK-egfp and smc-egfp, respectively) are the only copies of fisK or
sme.

Microscopy. Strains were characterized by confocal laser scanning microscopy
using a Leica SP2 microscope equipped with a phase-contrast 100X oil objective



VoL. 191, 2009

DNA CONDENSATION AND SEGREGATION IN STREPTOMYCES 323

TABLE 2. Plasmids and cosmids used in this study

Plasmid Description Reference or source

SC7A1 Cosmid source of smc 43

SC7C7 Cosmid source of ftsK 43

SCISs1 Cosmid source of scpAB 43

H24parB-egfp egfp inserted in frame 3’ of parB in cosmid SCH24; acc(3)IV aphll 25

TAlsmc-egfp egfp inserted in frame 3’ of smc in cosmid SC7A1; acc(3)IV aphll This study

7CTftsK-egfp egfp inserted in frame 3’ of ftsK in cosmid SC7C7; acc(3)IV aphll This study

pAEB228 4.2-kb Pvull fragment from SC7C7 containing ftsK cloned into EcoRV-digested This study
pBluescript (ftsK; same orientation as lacZ'")

pAEB232 2.5-kb MlulI-SphI deletion of pJR143 [AftsK::acc(3)IV; same orientation as ftsK]; This study
aadA

pAH137 Source of neomycin resistance gene aphl A. Hausler, unpublished data

pBluescriptIl SK(+) Standard cloning vector Stratagene

plJ773 Source of acc(3)IV for in vivo recombination 19

plJ6539 5.3-kb EcoRI fragment containing parB; tsr (parB complementation plasmid) 28

pKC1053 Source of hygromycin resistance gene /yg 29

pHI2 3.2-kb Sall-PstI deletion of pHW25 (Asmc::hyg; same orientation as smc); This study
acc(3)IV

pHW24 5.4-kb Xhol fragment from SC7A1 cloned into pBluescript (smc; opposite This study
orientation from lacZ")

pHW25 5.4-kb Xhol fragment from SC7A1 cloned into pBluescript (smc; same This study
orientation as lacZ")

pHW35 24-kb BamHI-EcoRI fragment from pJRM10 cloned into pHW24 (smc This study
complementation plasmid)

pJR143 6.1-kb BamHI-PstI fragment of SC7C7 containing ftsK cloned into pOJ260 (ftsK; This study
same orientation as lacZ'"); acc(3)IV

pJR148 1.8-kb Sphl fragment deletion of pJR143 (AftsK::aphl; same orientation as ftsK'); This study
acc(3)IV

pJR152 1.8-kb Sphl fragment deletion of pJR143 (AftsK::aphl; opposite orientation from This study
ftsK"); acc(3)IV

pJRM10 Bifunctional cloning vector, low copy number in S. coelicolor; bla tsr 35

p0OJ260 pUC-like plasmid containing oriT and acc(3)IV in place of bla 4

pOJ427 Source of apramycin resistance gene acc(3)IV for in vitro recombination B. Schoner, unpublished data

pRMD6 24-kb EcoRI-HindIII fragment from pJRM10 cloned into pAEB228 (ftsK This study
complementation plasmid)

pRMD7 Cosmid SCI51 containing ASCO1768::acc(3)IV by in vivo recombination; aphll This study

pRMDS Cosmid SCI51 containing AscpA::acc(3)IV by in vivo recombination; aphil This study

pRMD9 Cosmid SCI51 containing AscpAB::acc(3)IV by in vivo recombination; aphll This study

pRMD10 4.8-kb Xbal fragment from SCI51 containing scpAB cloned into pBluescript This study
(scpAB; opposite orientation from lacZ")

pRMD11 24-kb HindIII-Spel fragment from pJRM10 cloned into pRMD10 (scpAB This study

complementation plasmid)

(numerical aperture, 1.40) and 488- and 543-nm lasers. Autofluorescence seen in
wide-field microscopy is not an issue with confocal microscopy with appropriately
adjusted excitation light. There was no background autofluorescence in the
wild-type strain under the conditions used. Standardized amounts of spores
(CFU) were inoculated on MS agar adjacent to sterile coverslips that were
embedded at a 45° angle in the agar medium and incubated for the indicated
lengths of time. Coverslips were removed and cell material was fixed at room
temperature for 10 min using a phosphate-buffered saline solution containing
4.375% glutaraldehyde and 0.028% paraformaldehyde. The coverslips were
washed twice with phosphate-buffered saline, allowed to air dry, and mounted in
50% glycerol containing 0.1% propidium iodide, a total nucleic acid stain. Im-
ages were processed to adjust the brightness and contrast using Adobe Photo-
shop and assembled in Adobe Illustrator.

Computer analysis. Predicted gene and protein products were obtained from
the S. coelicolor genome database StrepDB (http://streptomyces.org.uk/).

RESULTS

Identification of fisK and smc homologues in S. coelicolor.
FtsK (SpollIE) is a DNA motor protein that is involved in
the process of chromosome partitioning during cell division
or spore formation (30, 57, 59). The ftsK (SCO5750) gene is
2,790 bp and is predicted to encode a 929-amino-acid pro-
tein, FtsKg. (Fig. 1A). Complementing our study, recently

published articles also reported genetic analysis of SCO5750
(1, 53). Transmembrane prediction program analyses for
FtsKg, are consistent with the models containing four trans-
membrane domains proposed for SpollIE, (56) and FtsK,
(11). The N terminus is required for targeting FtsK to the
division plane (53).

SMC proteins are extremely well conserved throughout pro-
karyotes, archaea, and eukaryotes; they are involved in chro-
mosome maintenance and structure (21a, 28b, 50a). The smc
gene of S. coelicolor (SCO5577) is 3,561 bp in length and is
predicted to encode a 1,186-amino-acid protein (Fig. 1B).
SMC proteins consist of N- and C-terminal DNA-binding do-
mains connected by two coiled-coil regions joined by a hinge.
The highest similarities to homologues were in the N- and
C-terminal ATPase domains (54% and 46% identical to SMC
of Bacillus subtilis, respectively). The functional analogue of
SMC is MukB in E. coli.

ftsK and smc are dispensable for growth and viability of S.
coelicolor. Plasmids pJR148 and pJR152 were constructed in
vitro and contain a deletion-insertion mutation for ftsK marked
with a neomycin resistance gene (AftsK::aphl), with aphl
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TABLE 3. Oligonucleotides used in this study

Application

Oligonucleotide Sequence”

oSMCgfpF CGGTGTGTCGAAGGTCATCAGCCAGCGGTTGCGTCAGCCCCTGCCGG
GCCCGGAGCTG

oSMCgfpR GAAGTGGTTATGTGTTCAAGTCTTGAAGAACGAGGGTTCACATATGT
AGGCTGGAGCTGCTTC

oKgfpF GGACGGCGTGCTCGCGGTGATCCGTGGGGAGTCTGAAGGGCTGCCG
GGCCCGGAGCTG

oKgfpR CGGCGGATCGTCGGCGGAACCCTTCTCCTACCCGCCCCTACATATGT
AGGCTGGAGCTGCTTC

60Sco1768 CCGGGGACGCAGACGACAAGACGGAATTTTGATGCGAAGCATTCCG
GGGATCCGTCGACC

598c01768 TCGTCGGGGCAGGGGTTGCCCAGAGGCCGGTCTAGAGGTCTGTAGG
CTGGAGCTGCTTC

0ScpA60 CTCCGACGACCCGGACGACGGTGTCTTCAAGGTGCGGCTCATTCCGG
GGATCCGTCGACC

0ScpAS9 GTGGCCTCCTCGGCCTCCGTGATCCGCTCACTCACGCCTTTGTAGGCT
GGAGCTGCTTC

0ScpB59 TGCCCGCCTCCTCGACCAGACCCCGCTGCAGGAGGGTGCGTGTAGGC

TGGAGCTGCTTC

Construction of smc-egfp
Construction of smc-egfp
Construction of ftsK-egfp
Construction of ftsK-egfp
Construction of ASCO1768::acc(3)IV
Construction of ASCO1768::acc(3)IV
Construction of AscpA::acc(3)IV
Construction of AscpA::acc(3)IV

Construction of AscpAB::acc(3)IV

@ Start codons and reverse complements of stop codons are in boldface.

cloned in each orientation. The altered ftsK genes (ftsK') can
express a C-terminally truncated protein of 203 amino acids
(FtsK"). Mainly, the motor domain was lost as the truncation is
in a loop between the final two predicted transmembrane seg-
ments. Plasmid pHJ2 contains a deletion-insertion mutation
for smc marked with a hygromycin resistance gene (Asmc::hyg).
By use of these plasmids, the mutations were introduced into
the chromosome by transformation. Marker replacement
strains were readily isolated, indicating that these genes are not

essential for growth or viability. Macroscopically, these strains
looked very similar to the wild-type strain. They grew well and
formed a robust, gray, aerial mycelium (Fig. 1D). As noticed in
two recently published papers, strains containing AftsK muta-
tions showed increased colony heterogeneity upon plating (1,
53). The AftsK strains reported here also had increased colony
heterogeneity, as did the Asmc strain.

These new strains were further characterized using confocal
laser scanning microscopy. The DNA segregation phenotype
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FIG. 1. Physical maps of regions of chromosomal DNA containing smc, ftsK, or scpAB. In each case, the flanking genes are in the same
orientation as the genes of interest. Bar: 1 kb. (A) The smc region of the chromosome. SCO5576 is predicted to encode an acyl phosphatase and
glcP1 is involved in glucose uptake. For mutagenic plasmid pHJ2, the region deleted and replaced with a hygromycin resistance gene is shown
(dashed line). The insert in complementation plasmid pHW35 is shown (bracketed line). (B) The fisK region of the chromosome. osaB is part of
a two-component regulator involved in osmoadaptation and SCO5751 is predicted to encode a hypothetical membrane protein. For mutagenic
plasmid pJR148, the region of ftsK deleted and replaced with a neomycin resistance gene is shown (dashed line). The insert in complementation
plasmid pRMDG6 is shown (bracketed line). (C) The scpAB region of the chromosome. SCO1768, SCO1771, and SCO1767 are predicted to encode
a pseudouridine synthase, a hypothetical protein found in actinomycetes, and a possible DNA hydrolase, respectively. For mutagenic cosmids
pRMD?7, -8, and -9, respectively, the regions of SCO1768, scpA, and scpAB deleted and replaced with an apramycin resistance gene are shown
(dashed lines). The insert in complementation plasmid pRMD11 is shown (bracketed line); the DNA insert ends 1 base after SCO1768. (D) Single,
double, and triple mutant strains macroscopically resemble the wild type. Strains were grown on MS agar for 4 days at 30°C. Mutant strains formed
robust, gray-pigmented, aerial mycelia with no obvious growth or developmental delays. Strains M145 (wild type), J2537 (AparB), IM148 (AftsK),
HJ2 (Asmc), RMD3 (Asmc AftsK), RMD4 (Asmc AparB), RMDS (AparB AftsK), and RMD6 (Asmc AparB AftsK) are shown.
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FIG. 2. Confocal microscope images showing sporulation and DNA segregation phenotypes of the wild type and of single, double, and triple
mutant strains. Four-day-old cultures grown on MS agar were sampled on coverslips, fixed, and stained with propidium iodide (red). In each panel,
phenotypes of representative aerial hyphae are shown as phase-contrast and fluorescent image pairs, followed by a merged image. (A) M145 (wild
type). (B) IM148 (AftsK). (C) HI2 (Asmc). (D) J2537 (AparB). (E) RMD3 (Asmc AftsK). (F) RMD4 (Asmc AparB). (G) RMDS5 (AparB AftsK).

(H) RMDG6 (Asmc AparB AftsK). Bar: 7 pm.

associated with each mutant strain was determined by staining
the DNA with propidium iodide. DNA segregation did not
appear to be affected in vegetative hyphae of ftsK and smc
mutants (data not shown). Figure 2 illustrates that spores

formed in aerial hyphae in the single mutants (Fig. 2B to D)
were similar to the wild type in shape and size (Fig. 2A) and
had detectable defects in DNA partitioning (Table 4). The
wild-type strain produced aerial hyphae with 0.8% anucleate
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TABLE 4. Quantitative analysis of genome segregation defects
during spore formation

% Anucleate  Total no. of

Strain or mutation

spores® spores

Wild type 0.8 2,233
AftsK::ace(3)1V (null) 0.8 1,876
AftsK::aphl (aphl in same orientation as 15 3,469

fisK')’
AftsK::aphl (aphl in opposite orientation 17 1,463

from ftsK")
Asmc::hyg 7 4,122
AparB::acc(3)IV 12 1,783
Asmc::hyg AftsK::aphl 13 2,389
Asmc::hyg AparB::acc(3)IV 24 3,663
AparB:acc(3)1V AftsK::aphl 13 3,230
Asmc::hyg AparB::acc(3)IV AftsK::aphl 10 1,503
Asmc::hyg/sme™ 3 2,033
AftsK::aphl/fisK* 5 2,180
Asmce::hyg AfisK::aphllfisK™* 7 2,008
Asmc::hyg AfisK::aphl/smc™ 11 1,667
Asme::hyg AparB::acc(3)IV/sme™ 14 1,809
Asmc::hyg AparB::acc(3)IV/parB™* 6 1,807
AparB::acc(3)IV AftsK::aphl/fisK™ 16 2,009
AparB::acc(3)IV AftsK::aphl/parB™ 18 2,125
Asmc::hyg AparB::acc(3)IV 27 2,075

AftsK::aphl/fisK*
Asmc::hyg AparB::acc(3)IV 11 1,712

AftsK::aphl/smc™

“ One hundred random spore chains were quantified and the percentages of
anucleate spores were determined. All spores were considered regardless of the
compartment size.

® Double and triple mutants contained this allele of fisK’.

spores. Because of its similarity to eukaryotic condensins and
cohesins, we anticipated a chromosome condensation defect in
the Asmc mutant, but no obvious phenotype was observed and
nucleoids in mature spore compartments were no less con-
densed. The Asmc mutant produced aerial hyphae with 7%
anucleate spores, which indicated a defect in segregation. For
the Asmc mutant, we did not observe spores with trapped DNA
inside the septa (guillotine effect) as was observed for the E.
coli mukB mutant (39). Consistent with the gene product’s role
as a DNA motor protein, the AftsK truncation mutants, iso-
lated with different orientations of aphl, behaved similarly and
produced aerial hyphae with 15 to 17% anucleate spores (Ta-
ble 4). Here, for certain hyphae, we did observe DNA trapped
in septa and small spore compartments with less DNA than
normal (data not shown). The observed segregation defect was
surprising, because complete deletions of ftsK resulted in
strains that produced spores with reduced DNA staining but
no anucleate spores (1, 53). To rule out a difference in labo-
ratory copies of the same wild type, we isolated a strain con-
taining a complete deletion of fisK [RMD24; AftsK::acc(3)IV]
and observed that it produced anucleate spores at a level
similar to that seen for the wild-type parent (Table 4), in
agreement with the other recent studies. We concluded that
expressing the truncated version, FtsK’, was responsible for
anucleate spore production in the AftsK::aphl strains (JM148
and JM152). For comparison, we analyzed the previously pub-
lished AparB mutant (28). Analysis of the AparB strain under
our growth conditions indicated that it produced aerial hyphae
with 12% anucleate spores (Table 4), the same level as was
originally reported. Thus, loss of parB or the portion of fisK
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encoding the DNA motor domain and a membrane-spanning
segment had a similar effect on the fidelity of simultaneous
DNA segregation into each prespore compartment. The effect
of losing smc was more modest, i.e., about half that observed
for the loss of parB or the truncation of ftsK. Completely
removing ftsK had no effect on anucleate spore production.

Genetic complementation experiments were completed to
confirm that the segregation phenotypes observed were due to
the truncation of ftsK or the loss of smc and not to an unlinked
mutation. Wild-type copies of each gene were cloned into the
low-copy-number vector pJRM10 (SCP2* derivative; one or
two copies/chromosome). The DNA inserts contained only one
complete gene, ftsK or smc (Fig. 1A and B). The phenotypes of
the complemented AftsK and Asmc mutants were analyzed
(Table 4). The AftsK/ftsK™ strain produced aerial hyphae with
5% anucleate spores. Thus, about two-thirds of the segregation
phenotype associated with the ftsK truncation mutation was
complemented. The Asmc/smc™ strain produced aerial hyphae
that produced 3% anucleate spores, indicating that 50% of the
phenotype associated with the mutation was complemented.
Our complementation data suggest that the observed defects
in segregation resulted, at least in part, from the introduced
ftsK and smc insertion-deletion mutations (see additional
complementation results below). At least one promoter, active
in aerial hyphae, is present on the DNA inserts used for ge-
netic complementation. However, proper temporal and spatial
expression may require that the genes be located in their native
chromosomal locations.

Asmc AftsK, Asmc AparB, and AfisK AparB double mutants
have more-severe developmental defects. For the construction
of double mutants, we used AftsK mutant JM148 (aphl inserted
in the same orientation as ftsK') because the two mutants with
either orientation of the marker had the same phenotype (Ta-
ble 4). The Asmc AftsK, Asmc AparB, and AftsK AparB double
mutants were constructed by transformation using DNA pre-
pared from one mutant strain and using a second mutant as the
recipient (Table 1). The double mutant strains were readily
isolated, which indicated that the three double mutants were
not synthetic lethal combinations. Macroscopically, these dou-
ble mutants had a wild-type appearance without any obvious
growth delay and formed robust gray aerial mycelia (Fig. 1D),
although they all displayed colony heterogeneity relative to
what was seen for the wild-type strain. Thus, the double mu-
tants did not even have a synthetic sick phenotype.

DNA segregation did not appear to be affected in vegetative
hyphae of the double mutants (data not shown). Observations
by phase-contrast microscopy revealed aerial hyphae contain-
ing spores that were heterogeneous in size and shape com-
pared to those of the single mutants or the wild type. In
addition, Fig. 2E to G illustrates that spore chains in the
double mutants had defects in developmental DNA partition-
ing, and the segregation defect in each strain was quantified
(Table 4). The Asmc AftsK mutant produced aerial hyphae
containing 13% anucleate spores, similar to those of the AftsK
strain (Fig. 2E). Therefore, additive effects of the mutations
were not seen when combining the loss of a condensation gene
(7%) with the segregation gene (15%). Interestingly, the AftsK
AparB mutant also was only 13% anucleate, which again indi-
cated that this strain did not have segregation defects additive
to those observed for the AftsK (15%) and AparB (13%) single
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mutant strains (Fig. 2G and Table 4). It seems that without the
function of the two DNA-partitioning and segregation genes,
S. coelicolor still can disseminate its DNA just as well as the
most defective single mutant. In contrast, the Asmc AparB
mutant produced aerial hyphae containing 24% anucleate
spores (Fig. 2F), slightly more than the additive effect (19%) of
each individual gene loss (Table 4). Commensurate with the
rise in the segregation defect, the Asmc AparB mutant had a
more defective developmental phenotype than the other dou-
ble mutants. Aerial hyphae of the Asmc AparB mutant con-
tained more spore compartments with altered shapes and sizes.
This observation, along with the single mutant data, suggested
that there was a phenotypic effect when both a partitioning and
a condensation gene in S. coelicolor were deleted, indicating
genetic overlap or interaction.

In order to verify that the phenotypes in the double mutants
resulted from the introduced mutations, genetic complemen-
tation analyses were completed with the low-copy-number
plasmids bearing smc or ftsK or an integrated copy of parB
(Table 4). Complementation data for the double mutant
strains suggest that the phenotypes were linked to the muta-
tions introduced by transformation into the Asmc mutant. The
Asme AftsK/ftsK* strain produced aerial hyphae containing
spores that were 7% anucleate, which indicates the that fisK
truncation mutation was completely complemented. The Asmc
AparB/parB™ strain produced aerial hyphae that contained 6%
anucleate spores, also indicating complete complementation.
Finally, the AftsK AparB/ftsK* strain produced aerial hyphae
with 16% anucleate spores, which is similar to the 13% anucle-
ate spores in aerial hyphae of the AparB strain. Complemen-
tation data suggest that the introduced second mutation was
responsible for the observed phenotypes compared to the sin-
gle mutant strains.

A Asmc AparB AftsK triple mutant is viable and does not
have as severe of a developmental segregation defect as a Asmc
AparB double mutant. The Asmc AparB AftsK triple mutant
was easily isolated by transformation with DNA prepared from
a AparB strain and using the Asmc AftsK strain as the recipient.
Macroscopically, the triple mutant showed no obvious growth
delay and produced a robust gray aerial mycelium (Fig. 1D),
but an elevation in colony heterogeneity was evident. Muta-
tions in the three genes did not result in a synthetic lethal or
synthetic sick phenotype.

Using phase-contrast microscopy, the spores of the Asmc
AparB AftsK strain appeared heterogeneous in shape and size,
most like those of the Asmc AparB strain (Fig. 2H). Segrega-
tion did not appear to be affected in vegetative hyphae of the
triple mutant (data not shown). Surprisingly, determination of
the segregation phenotype for the triple mutant indicated that
only 10% of the spores were anucleate (Table 4). The number
of anucleate spores in aerial hyphae for the Asmc AparB AftsK
strain was not the total sum of each single mutant combined
(34%). It was not even as poor as the most severe phenotype
of the double mutant strains (Asmc AparB strain, 24%). With-
out all three of these genes, 90% of the spores still received
some genomic material. This observation suggests that there
must be considerable redundancy, and another unidentified
system for developmental DNA segregation must function in
this filamentous organism.

We performed genetic complementation analyses with the
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low-copy-number plasmids bearing smc or ftsK (Table 4). In
particular, the complementation strain with the genotype Asmic
AparB AftsK/ftsK™* produced aerial hyphae with an increase in
the number of anucleate spores to 27%, which was similar
to the Asmc AparB phenotype of 24% (Table 4). This verified
that the introduced AftsK truncation mutation was responsible
for partially alleviating the segregation defects in the Asmc
AparB strain. Therefore, introducing a functional copy of ftsK
back into the triple mutant made the genome segregation
phenotype worse, suggesting that these genes interact geneti-
cally.

The fact that only 10% of triple mutant spores were anucle-
ate prompted us to test if the viability of the spores was more
adversely affected and the percent anucleate values were mis-
leading. The viability of spores plated on MM supplemented
with glucose was compared for the most pertinent strains.
Wild-type strain produced spore compartments that were 49%
viable. Although the AftsK truncation and Asmc AparB mutants
have significant amounts of anucleate spores (15% and 24%),
respectively), surprisingly, the viabilities of those produced
were equal to or slightly higher than those of the wild type,
respectively. In contrast, spores of the triple mutant were
12.5% viable, a level one-forth of that of the wild type. Al-
though 90% of the spores in the triple mutant receive some
genetic material, they are fourfold less fit than the wild type.

FtsK-EGFP localizes between nucleoids of aerial hyphae.
ftsK was replaced by ftsK-egfp in the chromosome of the wild-
type strain. This strain (RMD1) produced aerial hyphae con-
taining spores with normal size and shape, as judged by phase-
contrast microscopy. DNA segregation defects were not
observed, as judged by fluorescence microscopy (data not
shown). We concluded that the FtsK-EGFP fusion protein was
functional.

Localization of FtsK-EGFP was analyzed at several time
points during the life cycle, and FtsK-EGFP foci were apparent
at both early vegetative and early aerial hyphae stages of
growth. FtsK-EGFP was localized as distinct foci at several
places within young germ tubes growing out of spores (Fig.
3A). Distinct gaps in the propidium iodide staining were re-
peatedly observed, and FtsK-EGFP foci coincided with those
gaps in staining. This result suggested that DNA segregation
could be occurring during the outgrowth of newly germinated
spores and that there was a role for FtsK in this process.
However, gaps in the propidium iodide staining were observed
for ftsK mutants as well, indicating that the gaps in staining
were not solely caused by the action of FtsK (data not shown).
Although we attempted to stain membranes and cross-walls
with unsatisfactory results, we assume that at least some gaps
in DNA result from vegetative cross-walls. In addition, FtsK-
EGFP localized as foci or bands in reproductive aerial hyphae
prior to the formation of sporulation septa (Fig. 3B). The
ladder-like pattern in the aerial hyphae was similar to what was
observed for FtsZ localization (17, 46). These data indicated
that FtsK localized to evenly spaced positions, as expected if it
were to have a role in correctly positioning the nucleoids into
prespore compartments before the DNA becomes trapped by
the invaginating septa. Similar FtsK localization during syn-
chronous septation in aerial hyphae has been reported inde-
pendently (1, 53). In addition, we also observed potentially
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FIG. 3. FtsK-EGFP and SMC-EGFP fusion protein localization
in vegetative and reproductive hyphae. Coverslips were inoculated
and hyphae grown for 1 to 3 days on MS agar, fixed, and stained
with propidium iodide. In each panel, representative hyphae are
shown as phase-contrast and fluorescent images as observed by
scanning laser confocal microscopy. From left to right, panels con-
tain phase-contrast, EGFP, and DNA images and a merge of the
two fluorescent images. (A) FtsK-EGFP localized in a vegetative
filament newly emerging from a spore (lower right; 1 day of
growth). (B) FtsK-EGFP localized in a regular pattern in a predi-
visional aerial filament just prior to prespore formation (long, cen-
tral filament oriented with long axis of panel; 2 days of growth).
(C) The SMC-EGFP fusion protein had an irregular punctuate
pattern of localization in a predivisional aerial filament (2 to 3 days
of growth). SMC-EGFP foci are not uniformly distributed, nor are
they associated with every nucleoid. Bar: 7 pm.

helical structures that preceded the appearance of the evenly
spaced ladder-like arrays, as reported by Wang et al. (53).
SMC-EGFP is localized in a punctuate pattern in aerial
hyphae. smc was replaced by smc-egfp in the chromosome of
the wild-type strain. This strain (RMD2) produced aerial hy-
phae containing spores with normal size and shape, as judged
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by phase-contrast microscopy. DNA segregation defects were
not observed, as judged by fluorescence microscopy (data not
shown). We concluded that the SMC-EGFP fusion protein was
functional.

We anticipated that SMC might bind to every chromosome,
helping to condense the DNA into nucleoids during genome
segregation into prespore compartments. However, SMC-
EGFP foci were not uniformly positioned and seemed to lo-
calize in a punctate pattern only in predivisional aerial hyphae.
The foci were not observed to be associated with every nucle-
oid, nor with any particular region of the aerial filament (Fig.
3C). SMC-EGFP signal was not observed at any other time in
the life cycle. Similar observations were made using immuno-
fluorescence microscopy and an SMC-specific antibody (28a),
indicating that the SMC-EGFP fusion did reflect the behavior
of native SMC.

scpA and scpB mutants cause DNA condensation defects.
SMC functions in association with non-SMC proteins called
ScpA and ScpB (segregation and condensation protein) (32,
47). These proteins (MukEF) may regulate the SMC (MukB)
association with DNA (33, 41). scp4 (SCO1770) is 795 bp and
is predicted to encode a 264-amino-acid protein and scpB
(SCO1769) is 672 bp and is predicted to encode a 223-amino-
acid protein (Fig. 1C). ScpA and ScpB are approximately 27%
and 32% identical, respectively, to the B. subtilis homologues.
The genes encoding ScpA and ScpB are adjacent and are likely
to be cotranscribed with SCO1768, predicted to encode a
pseudouridine synthase (Fig. 1C). Plasmids were constructed
containing deletion-insertion mutations for SCO1768, scpA,
and scpAB marked with an apramycin resistance cassette (Ta-
ble 2). These mutations were introduced individually into the
chromosome by conjugation, and marker replacement strains
were readily isolated (Table 1), indicating that these genes are
not essential for growth or viability. These strains produced
normal gray, aerial mycelia characteristic of the wild-type
strain (data not shown).

Deletion of rluD, coding for one of the many pseudouridine
synthases in E. coli, causes a growth rate defect (20). Because
scpB and SCO1768 overlap by 1 base and mutations in scpA or
scpB were likely to have polar effects on the expression of
SCO1768, we isolated a SCO1768 mutant to determine its phe-
notype in S. coelicolor. The introduced mutation for SCO1768 did
not have an obvious effect on the growth rate, nor did it have a
DNA segregation or condensation phenotype (data not shown).
We conclude that the phenotypic effects observed for the AscpA
or AscpAB mutants resulted from the deletion of those genes.

We anticipated that the scpA or scpAB mutants might have
a segregation phenotype similar to that observed for the smc
mutant. However, the observed frequency of anucleate spores
was 1% (Table 5), insignificantly higher than that of the wild
type (0.8%) and less than that of the smc deletion-insertion
mutant (7%) (Table 4). Instead, a substantial fraction of nucle-
oids of the AscpA and AscpAB strains had an altered morphol-
ogy in sporulating aerial hyphae (Fig. 4). Certain nucleoids did
not follow the contours of the spore compartment and contain
two lobes of DNA, a phenotype we have called “bilobed.” In
late aerial filaments, 15% of spores in the AscpA strain and
26% of spores in the AscpAB strain were bilobed (Table 5). In
contrast, bilobed spores were not observed in the wild-type
strain. Although the isolated deletion of scp4 might be polar
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FIG. 4. The scpA and scpAB mutants have a bilobed nucleoid phe-
notype. Phase-contrast and fluorescent images of the same fields were
taken by scanning laser confocal microscopy. Coverslips were inocu-
lated and grown for 1 to 3 days on MS agar, fixed, and stained with
propidium iodide. In each panel, phenotypes of representative aerial
hyphae are shown as phase-contrast and fluorescent image pairs, fol-
lowed by a merged image. For the merged images, the areas in the
white boxes are enlarged and a cartoon interpretation is provided.
(A) Images of AscpA (RMD18) showing spores with DNA appearing
bilobed, unlike wild-type spores. (B) Images of AscpAB spores
(RMD19) also appearing to have a bilobed DNA pattern. Bar: 7 pm.

on the expression of scpB, deleting both genes resulted in a
higher frequency of bilobed spores, indicating that some scpB
must be expressed in the scp4 mutant. Genetic complementa-
tion experiments indicated that the observed nucleoid mor-
phology defect was the result of the introduced deletion-insertion
mutation for scpA or scpAB. Introduction of pPRMD11, contain-
ing scpAB™ and SCO1768, substantially reduced the occurrence
of bilobed spores in the mutants (Table 5).

Because ScpA and ScpB are thought to regulate the inter-
action of SMC with DNA, we were interested in learning the
phenotypes obtained when combining scpA or scpAB muta-
tions with smc (Table 1). The data suggest that deleting smic in
the scpA or scpAB mutant backgrounds combines their effects.
While bilobed spores were not observed for the Asmc mutant,
aerial hyphae of the Asmc AscpA double mutant produced 4%
anucleate spores, and an additional 14% had a bilobed nucle-
oid morphology (Table 5). Aerial hyphae of the Asmc AscpAB
triple mutant produced 3% anucleate spores, and an additional
17% had a bilobed nucleoid morphology. An approximately
similar number of spore compartments were affected in the
triple mutant compared to the scpAB double mutant; however,
the percentage of bilobed spores decreased and the percentage
of anucleate spores increased. The data are consistent with an
interpretation that ScpA and/or ScpB has functions in addition
to regulating SMC activity.

DISCUSSION

smc and chromosome partitioning. In this study, we de-
scribed the isolation of an smc mutant. The main defect ob-
served was in segregation, not in DNA condensation. The
magnitude of the segregation defect in the smc mutant was
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modest, resulting in 7% anucleate prespore compartments, less
than 10-fold more than that of the wild-type parent. The as-
sembly of SMC condensation complexes presumably functions
to compact and help pull the linear genome into the space
available in prespore compartments. Consistent with the ex-
pected function and genetic defect, SMC-EGFP foci form in
irregular patterns along aerial hyphae at a stage prior to when
synchronous septation occurred and nucleoids were con-
densed. These results may suggest that nucleoid condensation
in adjacent compartments of aerial hyphae is nonsynchronous.
Alternatively, SMC-EGFP may not aggregate to discrete foci
that can be visualized easily. SMC-EGFP foci were not ob-
served in vegetative hyphae or in prespore compartments (i.e.,
postseptation). This could indicate that expression is develop-
mentally regulated and SMC is present in a low concentration
in vegetative hyphae, where DNA is not condensed, or early
aerial hyphae, before DNA segregation occurs. Further regu-
lation may be at the level of activity. SMC may only transiently
and dynamically localize at points in the life cycle, such as when
particular DNA sequences must be condensed in the maturing
spore compartments. Similar results for the segregation phe-
notype of an smc mutant and SMC localization have been
obtained independently (28a).

ftsK and chromosome partitioning. In this study, we also
described the isolation of mutants with different deletion-
insertion mutations for ftsK. Consistent with two recent studies
(1, 53), genome segregation during spore formation was not as
appreciably affected as anticipated with an ftsK null mutation
[AftsK::acc(3)1V]. Spores with reduced DNA content were
readily apparent, but anucleate spores were observed at the same
level as for the wild type. Other ftsK mutants described here
(AftsK::aphl mutants) harbor a mutant allele (ftsK') lacking the
region encoding the DNA motor domain but still have the po-
tential to produce a truncated protein of 203 native amino acids
containing several N-terminal membrane-spanning segments
(three out of four segments). In contrast, the truncation of fisK
resulted in a more deleterious segregation phenotype producing
15% anucleate spores, ~20-fold higher than that of the wild type.
Interestingly, despite the obvious increase in missegregation, the
spores produced did not suffer a dramatic loss of fitness and were
as viable as the wild type when germination and growth were
tested on MM with glucose (46% versus 49%, respectively).

Except for segregation in the mutant with a truncated fisK
gene, everything else in growth and development—aerial my-
celium formation, septation, septum spacing, spore maturation

TABLE 5. Quantitative analysis of scp mutant genome segregation
and nucleoid morphology phenotypes during spore formation

. . % Anucleate % Bilobed  Total no. of
Strain or mutation « a
spores spores spores
Wild type 0.8 0 2,233
AscpAzace(3)IV 1 15 1,797

AscpAB::acc(3)IV 1 26 1,787
AscpA::ace(3)IV]scpAB™ 1 2 1,790
AscpAB::acc(3)IV/scpAB™ 1 4 1,626
Asmc::hyg AscpA::acc(3)IV 4 14 3,589
Asmc::hyg AscpAB:acc(3)IV 3 17 3,148

“ One hundred random spore chains were quantified and the percentages of
anucleate and bilobed spores were determined. All spores were considered
regardless of the compartment size.
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(compartment rounding up), and spore pigment production—
appeared to be normal. In addition, FtsZ-EGFP localized cor-
rectly in the frsk mutant, indicating that the C-terminal motor
domain is not required for, and the N-terminal fragment did
not interfere with, Z ring formation (data not shown). Thus,
FtsK’ does not appear to be pleiotropically poisoning a central
process such as the general secretion/membrane insertion
pathway. A segregation phenotype is what would be predicted
based on previous work with other organisms, and that is in
fact the phenotype observed. Because the phenotype of ftsK' is
different from the loss of the entire gene, we think that the
results are consistent with the interpretation that the FtsK'
fragment (truncated cleanly between the third and fourth pre-
dicted transmembrane helices) associates with the components
with which FtsK may normally interact. We predict that FtsK’
is where it is supposed to be but that it is unable to transport
DNA. We conclude that the FtsK motor domain is important
for proper genome segregation during prespore formation and
that the N-terminal 203-amino-acid FtsK’ must interact with
some component during prespore formation. The expression
of FtsK’ did not result in a dominant-negative phenotype, as
the genome segregation defect could be complemented by
expression of fisK" from a low-copy-number plasmid (Table
4). In speculation, this may indicate that the first three trans-
membrane segments of the FtsK/SpollIE family are important
for the majority of normal function and that the final trans-
membrane segment is responsible for positioning the DNA
motor domain on the correct side of the membrane.

Consistent with the expected function of moving DNA
trapped by invaginating septa, FtsK-EGFP foci and bands were
observed to form in regular ladder-like patterns along aerial
hyphae at a stage when synchronous septation occurred and
the nucleoids would become condensed. Our data support
similar observations from two other recent studies (1, 53). In
addition, FtsK-EGFP foci were observed in germ tubes during
spore outgrowth, suggesting that FtsK might function in the
vegetative hyphae, presumably moving DNA trapped when
forming the widely spaced vegetative cross-walls.

Genetic interactions between segregation and condensation
genes. We combined our mutations for smc and truncated ftsK
(ftsK") with each other and that of parB. ParB is responsible for
organizing the origin proximal-region of the linear chromo-
somes into nucleoprotein complexes that are synchronously
positioned at regularly spaced distances to help ensure that
copies of the genome are captured within each prespore com-
partment (25, 26). A parB mutant produces 13% anucleate
spores, ~20-fold higher than the wild type (Table 4) (28).
Combining ftsK' with smc or parB mutations did not give an
additive effect, and the production of anucleate spores was
approximately 13% for both double mutants, similar to the
worst single mutant. In contrast, smc and parB are in two
pathways, as combining the two mutations led to 24% anucle-
ate spores, approximately the sum of the phenotypes for each
single mutant. Despite the obvious increase in missegregation,
the spores produced by an smc parB mutant did not suffer a
dramatic loss of fitness and were slightly more viable than the
wild type when germination and growth were tested on MM
with glucose.

The most interesting result was observed when we isolated
an smc parB ftsK' triple mutant. We anticipated that removing
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ftsK™ would exacerbate the segregation phenotype. Instead,
introducing the ftsK' mutation into the smc parB background
improved the ability to segregate genomic material into pres-
pore compartments (24% anucleate for the double mutant
versus 10% for the triple mutant). We confirmed the alteration
in the segregation phenotype resulted from the introduced
ftsK’ mutation. Genetic complementation of fisK' (smc parB
fisK'[ftsK™") resulted in a phenotype similar to that for the smc
parB double mutant (27% anucleate spores). Our data indicate
that there must be considerable redundancy and more genes
that can provide backup function in segregation when smc,
parB, and ftsK are inactive, or we are left to conclude that
unassisted postreplication diffusion of nucleoids accounts for
the even distribution of genomes during development. In the
absence of the three well-characterized genes involved in bac-
terial genome segregation, normally resulting in lethal or syn-
thetic lethal phenotypes when combined in rod-shaped bacte-
ria, an impressive 90% of the spore compartments receive at
least some genomic material. A portion of those genomes in
spore compartments must be complete or nearly complete
copies, as the triple mutant spores are approximately 25% as
viable as those produced by the wild-type parent when tested
on MM with glucose. Certainly, some genomes must be guil-
lotined by the septa and account for the loss of viability.

When normal genome segregation is disturbed by the loss of
ParB and SMC, the FtsK DNA motor domain may clear
trapped genomes to the “wrong” side of invaginating septa too
quickly, resulting in 24% anucleate compartments. When
FtsK’ is expressed, a less efficient backup system(s) may func-
tion in the smc parB mutant. The less efficient redundant sys-
tem is able to eventually segregate genomes into a larger pro-
portion of prespore compartments when the strong FtsK
motor is not rapidly clearing DNA from invaginating septa. A
better understanding of segregation will require additional
analysis. One obvious candidate might be the recently de-
scribed FtsK-like protein SffA, although the functions of SffA
and FtsK did not appear to overlap (1). Due to the consider-
able redundancy demonstrated here, the contributions of SffA
may not be apparent until they are tested in smc parB or smc
parB ftsK’ mutants. Related to the subtle phenotype of an sff4
mutant (1), infrequent spores with double the DNA intensity
were not observed adjacent to anucleate spores in any of the
mutants described here. Likewise, another ftsK-like gene
(SCO4508) could be a candidate and was tested for a role in
segregation (53), but its function may not be apparent until
combined with the other genes tested here. Due to the lack of
compatible markers, we have yet to test the effect of ftsK-null
allele when combined with smc parB. Finally, we anticipate
that additional components influencing segregation might be
cytoskeletal proteins MreB or Mbl (9a, 16, 49) or genes under
the regulation of SsgC (40).

Genetic instability of the linear genome. A recent study with
an ftsK-null mutant reported that portions of the right end of
the chromosome were frequently lost in some colonies during
routine propagation of the mutant strain (53). The interpreta-
tion of that study was that loss of FtsK resulted in an increase
in genome instability. We and Ausmees et al. (1) also observed
an increase of colony heterogeneity with ftsK mutants. How-
ever, we note that an increase in genome instability resulted in
most of our mutants. We believe that increased genome insta-
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bility is not specific for the loss of FtsK sweeping the arms of
the linear chromosome from being strangled and lost but
rather is a property of DNA segregation mutants in general. To
test if the segregation mutants in this study suffered unantici-
pated genetic loss, we subjected all of our strains to Southern
blot hybridization analyses using the inserts of two nonover-
lapping cosmids as probes to see if there were any observable
differences in the cm/R (SCO7526) region near the right end of
the chromosome. The strains from this study did not have
observable deletions or rearrangements (data not shown).

Nucleoid morphology defects in a scp4AB-null mutant. We
anticipated that mutants for genes encoding non-SMC segre-
gation and condensation proteins ScpA and ScpB would have
a phenotype similar to the smc mutant but perhaps more mod-
est (32). These proteins were thought to interact with SMC to
influence the interaction of SMC with DNA and are required
to form higher-order structures involved in genome condensa-
tion. However, the phenotype of the smc mutant is distinct
from those of the scp4 and scpAB mutants. The loss of scpA or
scpAB mainly affected the morphology of the condensed nu-
cleoid and did not give rise to a significant segregation defect.
Isolation of smc scpA and smc scpAB mutants indicated that
the phenotypes of the double and triple mutants were additive.
These mutants have both a segregation phenotype (smc) and a
nucleoid morphology phenotype (scpAB). We speculate that in
addition to the normal interaction with SMC, the nucleoid
morphology perturbation might be the result of ScpA and
ScpB interacting with additional proteins required for and
regulating processes associated with condensation and genome
organization. The SMC-ScpA-ScpB complex was shown to
have a role in DNA repair and gene regulation in B. subtilis
(10). Those authors proposed that these roles are evolution-
arily conserved and our data may agree.

Finally, the bilobed morphology of the nucleoids observed
for the scpA and scpAB mutants could offer insight into the way
the genome is stored in the quiescent spore. The genome in
streptomycetes is a linear DNA molecule with TIRs. For veg-
etative hyphae, evidence suggests that the TIRs are held in
association near each other (58), and perhaps the ends are also
normally in association in the spore. In the scp4AB mutants, the
TIRs may no longer be closely associated, revealing two inde-
pendently folding domains of the nucleoid. Alternatively, a
DNA replication checkpoint may have failed and the mutant
prespore compartments might undergo an additional round of
DNA replication. Other possibilities exist and we will be ex-
ploring the problem in future studies.
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