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Alp7R Regulates Expression of the Actin-Like Protein Alp7A in

Bacillus subtilis
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Alp7A is a bacterial actin from Bacillus subtilis plasmid pLS20 that functions in plasmid segregation. Alp7A’s function requires
that it assemble into filaments that treadmill and exhibit dynamic instability. These dynamic properties require the two other
components of the alp7A operon, the downstream alp7R gene and the upstream alp7C sequence, as does the ability of Alp7A to
form filaments at its physiological concentration in the cell. Here, we show that these two other components of the operon also
determine the amount of Alp7A that is produced in the cell. The deletion of alp7R leads to overproduction of Alp7A, which as-
sembles into large, amorphous, static filaments that disrupt chromosome segregation and cell division. The product of the alp7R
gene is a DNA-binding protein that represses transcription of the alp7A operon. Purified Alp7R protein binds specifically to
alp7C, which contains two o* promoters embedded within a series of near-repeats of a 10-mer. Alp7R also shows the typical
nonspecific binding activity of a DNA-binding protein: Alp7R-GFP (green fluorescent protein) associates with the chromosomes
of cells that lack alp7C. When Alp7A-GFP is produced in B. subtilis along with untagged Alp7R, Alp7A-GFP also colocalizes with
the chromosome, indicating that Alp7R associates with Alp7A. Hence Alp7R, determines both the activity and the cellular con-
centration of Alp7A, and it can associate with Alp7A even if it is not bound to alp7C.

Bacteria have very many actin-like proteins (Alps) whose
amino acid sequences indicate that they are only distantly re-
lated to the very highly conserved eukaryotic actin (4). The Alps
are themselves evolutionarily diverse and so, in order to lay the
groundwork for understanding this diversity, we have organized
them into families whose members show at least 30% amino acid
identity (4, 47). Although only a small number of Alp families
have been studied to date, it has become apparent that the Alps
share the basic properties of eukaryotic actin. Their crystal struc-
tures approximate that of actin and they polymerize into filaments
(35). The Alps participate in a variety of central processes relating
to cell architecture and growth or to the movement and position-
ing of large structures within the cell.

There are fundamental differences between the few families of
Alps that are encoded on bacterial chromosomes and the many
families that are encoded on mobile genetic elements. The chro-
mosomal Alps are highly conserved. Members of the MreB family,
for example, are required for the proper cell morphology of non-
spherical bacteria and are present in most rod-shaped bacteria (8,
9,22, 24,43, 49). FtsA, the other prominent chromosomal Alp, is
a critical component of the cell division machinery and is well
represented in eubacteria (7, 14, 21, 48). There are, in contrast, at
least 30 distinct families of Alps that are encoded on a variety of
mobile genetic elements, and many of these Alps perform the
same function. For example, Alp7A, AlfA, and ParM represent
three distantly related families of Alps; they are encoded on three
different plasmids, yet they all segregate plasmids (1, 4, 27, 32, 47).
Their identical function notwithstanding, these Alps have been
shown to differ in their cell biological and in their biophysical
properties (1, 4, 10, 11, 26, 32). Studying these proteins provides
an opportunity for us to comprehend the scope of actin-based
solutions to the challenge of plasmid segregation and at the same
time to gain insights into the plasticity of actin that the study of
eukaryotic actin or the few chromosomal Alps of bacteria cannot
provide.

We have focused on Alp7A, a plasmid segregation protein from
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the 55-kb Bacillus subtilis plasmid pLS20 (4, 25). Alp7A shares
only 13% primary sequence identity with eukaryotic actin but
contains its five signature nucleotide binding motifs. Alp7A-GFP
(green fluorescent protein), which retains the full function of
Alp7A in plasmid segregation, polymerizes into filaments in B.
subtilis that display the characteristic dynamic properties of both
eukaryotic actin and tubulin; Alp7A filaments treadmill and ex-
hibit dynamic stability. Mutations of amino acids that would be
expected, in the manner of eukaryotic actin, to be involved in the
binding or hydrolysis of nucleotide either eliminate these dynamic
properties or prevent Alp7A from assembling into filaments (4).
The alp7A gene is the first of two genes that comprise a small
operon adjacent to the pLS20 origin of replication (4, 25). A mini-
pLS20 plasmid built from the operon and adjacent origin is, like
pLS20 itself, completely stable over more than 30 generations of
exponential growth. Deletion of the operon or of the alp7A gene
from the operon leads to the rapid loss of mini-pLS20. Alp7A
must be able to assemble into dynamic actin-like filaments in or-
der to function in plasmid segregation; the mutations that prevent
Alp7A filament formation or deprive Alp7A filaments of their
dynamic properties also destabilize the plasmid. The dynamic
properties of Alp7A also require that the other components of the
operon be present in the cell either in cis or in trans. In the absence
of the promoter region and the smaller downstream gene alp7R,
only static filaments are formed, and these lack the uniform ap-
pearance of their dynamic counterparts. The other components of
the operon also determine the critical concentration for Alp7A
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filament formation in the cell. When these components are pres-
ent, dynamic filaments are observed if Alp7A is present at the level
ordinarily found in a cell containing pLS20. When they are absent,
filaments are observed only if Alp7A is present at more than 5-fold
higher levels, and these filaments are static (4).

In the case of alp7A then, the activity and therefore the function
of a bacterial actin is regulated by the other components of the
operon. There is regulation of actin function and activity in other
actin-based plasmid segregation systems, but it can be of a very
different sort. In the parMR operon of the Escherichia coli plasmid
R1, for example, the parM gene codes for another bacterial actin
that is distantly related to eukaryotic actin, to the alp7 family, and
to the other bacterial actin families (4, 12, 13, 45, 47). ParM, like
Alp7A, is a plasmid segregation determinant, and filaments of
both this prototypical ParM and the ParM of plasmid pB171 ex-
hibit dynamic instability (10, 11, 34, 37, 41). Biophysical experi-
ments with the ParM proteins have demonstrated, though, that
this dynamic instability requires no extrinsic factors and that the
critical concentration for filament formation is low enough that
filaments would be expected to form spontaneously within the cell
(10, 41). Experiments with an in vitro reconstitution of the entire
system indicate that the product of the downstream parR gene,
bound to the parCsite that is situated upstream of parM, squelches
the dynamic instability of ParM filaments and prevents their cat-
astrophic disassembly (11).

The parMR promoter is embedded in the parCsite such that by
binding at parC, the ParR protein also represses transcription of
the operon. Transcriptional repression has been demonstrated in
the parM operon from plasmid R1 and also in the parM operon of
plasmid pB171 (20, 26, 40). Complete repression of the R1 operon
requires all 10 of the short repeat elements that comprise parC (2).

Comparatively little is known about alp7R and alp7C, the cor-
responding components of the alp7A operon, although they are a
key to understanding the fundamental differences in behavior be-
tween the ParM and Alp7A systems. As more of these systems are
studied closely, it has become apparent that even though all are
actin-based plasmid segregation machineries, they do not func-
tion identically. Among the systems that have been studied—
ParM, AlfA, the ParM of plasmid pSK41 (actually distantly related
to the prototypical ParM and a member of another Alp family),
and Alp7A— differences have been observed in nucleotide bind-
ing and hydrolysis parameters, in the kinetics of filament forma-
tion, and in filament structure and filament behavior (4, 10, 11, 26,
32-37,41). These differences no doubt reflect the great evolution-
ary distances between these Alp families. As a necessary step to-
ward cataloging and explaining the differences between the Alp7A
system and these other actin-based plasmid segregations systems,
we turned our attention to the regulatory components of the
alp7A operon.

MATERIALS AND METHODS

Molecular biology. The standard techniques of molecular biology were
used. Genomic DNA was purified from Bacillus with a modification of a
protocol developed for Gram-negative bacteria (29). Plasmids and DNA
fragments, including products of PCR amplifications, were purified with
kits from Qiagen, Invitrogen, or Fermentas. DNA modification enzymes,
polymerases, and other molecular biology reagents were obtained from
New England BioLabs unless noted otherwise. Shrimp alkaline phospha-
tase was obtained from Roche Diagnostics, and RNase was obtained from
Qiagen. Deoxynucleoside triphosphates (ANTPs) were obtained from a
variety of sources, including Roche Diagnostics and Fermentas. Other
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biochemicals and chemicals were obtained from Fisher, VWR, or Sigma.
Agarose for routine electrophoresis was obtained from Denville Scientific.
Oligonucleotide primers (see Table S1 in the supplemental material) were
synthesized by Allele Biotechnology and Pharmaceuticals or by Integrated
DNA Technologies. DNA sequencing was performed by Eton Bioscience
or by Genewiz.

Plasmids were introduced into E. coli DH5a or BL21(DE3) by electro-
poration with a Gene Pulser Xcell (Bio-Rad) or by transformation of
chemically competent cells (18).

Plasmids and plasmid constructions. The plasmids used in this study
are listed in Table 1. The construction of plasmids pAID3129 (mini-pLS20),
pAID3195 [mini-pLS20 (alp7A-gfp), where gfp encodes green fluorescent
protein], pAID3169 [mini-pLS20 alp7A(D212A)], and pAID3171 (mini-
pLS20 Aalp7AR) was described in our previous study (4).

(i) Expression of alp7R and production of Alp7R. Plasmid pME7
(pP,,.alp7R) was constructed by PCR amplification with oligonucleotide
primers P7 and P8 of the section of plasmid pAID3147 (mini-pLS20
Aalp7A [4]) corresponding to 45 bp upstream of the alp7A initiation
codon, the alp7A in-frame deletion, the 10-bp intergenic region, the alp7R
gene, and the transcription terminator, followed by restriction of the am-
plicon with PstI and SphI and ligation of the product to plasmid pBAD33
(16) restricted with Pstl and Sphl. Plasmid pAID3204 (pP,,alp7R) was
constructed by PCR amplification with oligonucleotide primers P1 and
P2 of a section of plasmid pAID3147 corresponding to 45 bp upstream of
the alp7A initiation codon, the alp7A in-frame deletion, the 10-bp inter-
genic region, the alp7R gene, and the transcription terminator, followed
by restriction of the amplicon with BamHI and Sphl and ligation of the
product to plasmid pWH1520 (42) restricted with BamHI and Sphl.
Plasmid pAID3219 (pP, alp7R-gfp) was constructed from plasmid
pAID3211, which contains a fusion of gfp to alp7R. pAID3211 was con-
structed by PCR amplification with oligonucleotide primers P3 and P4 of
a section of plasmid pAID3147 corresponding to 45 bp upstream of the
alp7A initiation codon, the alp7A in-frame deletion, the 10-bp intergenic
region, and the alp7R gene lacking its termination codon, followed by
restriction of the amplicon with Eagl and ligation of the product to
pMUTIN-GFP* (23) restricted with Eagl. The alp7R-gfp gene codes for
the 4-amino-acid linker ASID. pAID3211 DNA was amplified with
oligonucleotide primers P5 and P6, and the amplicon was restricted
with Xmal and SphI and ligated to pWH1520 restricted with Xmal and
Sphl. pAID3219 includes the trpA transcription terminator that fol-
lows gfp in pMUTIN-GFP*. Plasmid pAID3277 (pP,His,-alp7R) was
constructed from a preliminary pCR2.1-TOPO clone (Invitrogen).
The alp7R gene lacking its initiation codon was amplified from
pAID3147 by PCR with oligonucleotide primers P11 and P12, the
amplicon was cloned into the pCR2.1-TOPO vector, and candidates
were screened by DNA sequencing. The TOPO clone was restricted
with Nhel, and the 411-bp fragment containing the alp7R gene was
ligated to pET28a (Novagen) restricted with Nhel. The insert’s orien-
tation was determined by DNA sequencing.

(i) Deletion of alp7R. Plasmid pAID3226 [mini-pLS20 alp7A(D212A)
Aalp7R] was constructed via a modification of the standard PCR-based
site-directed mutagenesis protocol with mutagenic oligonucleotide prim-
ers P9 and P10 (52). The template for this mutagenesis was a derivative of
plasmid pAID3169 that was generated by monomolecular ligation of its
largest (6,847 bp) AatlI restriction fragment (4). The 1,645-bp fragment
resulting from restriction of pAID3169 with BsrGI and Nhel was then
replaced with the corresponding fragment from the mutagenized plas-
mid. Plasmid pAID3244 (mini-pLS20 Aalp7R) was constructed by replac-
ing the 1,035-bp BsrGI-BbvClI fragment of pAID3226 with the corre-
sponding fragment from pAID3129. Plasmid pAID3232 [mini-pLS20
alp7A(D212A)-gfp Aalp7R] was constructed by replacing the 2,840-bp
AvrlII-Sphl fragment from pAID3195 (4) with a fragment that was
generated by amplification of pAID3226 with oligonucleotide primers
P11 and P12 and then restriction with AvrIl and Sphl. Plasmid
pAID3261 [mini-pLS20 (alp7A-gfp) Aalp7R] was constructed by re-
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TABLE 1 Plasmids and strains used in this study

Alp7R Regulates the alp7A Operon

Plasmid or strain Description or genotype

Reference and/or source

Plasmids
PAID3129 Mini-pLS20 4
PAID3169 Mini-pLS20 alp7A(D212A) 4
pAID3171 Mini-pL$20 Aalp7AR 4
pAID3195 Mini-pLS20 alp7A-gfp 4
pAID3204 pP,,malp7R This study
pAID3219 pP,,alp7R-gfp This study
PAID3226 Mini-pLS20 alp7A(D212A) Aalp7R This study
pAID3232 Mini-pLS20 alp7A(D212A)-gfp Aalp7R This study
pAID3244 Mini-pLS20 Aalp7R This study
pAID3261 Mini-pLS20 alp7A-gfp Aalp7R This study
pAID3277 pP . Hisg-alp7R This study
pME7 pP...alp7R This study
Strains
B. subtilis
PY79 Prototroph, 168 lineage 53
JP3133 pAID3129 [mini-pLS20]/PY79 4
JP3161 PY79 thrC::(xyIR" P, alp7A-gfp erm) 4
JP3169 pAID3169/PY79 4
JP3171 pAID3171/PY79 4
JP3196 pAID3195/PY79 4
JP3210 PY79 thrC:(xylR™ P,,alp7R erm) This study
JP3223 pAID3219/PY79 This study
JP3233 pAID3232/JP3210 This study
JP3245 pAID3261/JP3210 This study
JP3247 pAID3226/]JP3210 This study
JP3248 pAID3226/PY79 This study
JP3300 PY79 amyE::(alp7C cat) This study
JP3302 pAID3244/]JP3210 This study
JP3309 PY79 amyE::(alp7C cat) thrC:(xyIR" P,alp7A-gfp erm) This study
JP3311 pAID3204/JP3309 This study
JP3315 pAID3204/]P3161 This study
JP3322 pAID3219/JP3300 This study
E. coli
JP313 F~ AaraBAD-714 [araD139]y,,? A(argF-lac)169 N~ el4~ flhD5301 A(fruK-yeiR)725(fruA25) relAl 6
rpsL150(Str") rbsR22 A(fimB-fimE)632(::1S1) deoCl
JP3227 pME7/JP313 This study
JP3277 pAID3277/BL21(DE3) This study

placing the 695-bp Agel fragment of pAID3244 with the correspond-
ing fragment from pAID3195. All plasmids were recovered as trans-
formants of strain JP3227. Transformants were isolated in the presence
0f 0.2% L-arabinose and were maintained and stored in the presence of
0.2% arabinose.

Bacterial strains, strain construction, and growth of bacteria. The
strains used in this study are listed in Table 1. E. coli strain JP3227 was
constructed by transformation of strain JP313 (6) with plasmid pME?7. All
physiology and microscopy experiments were carried out at 30°C in B.
subtilis strain PY79 (53) or in derivatives of PY79. The construction of
strain JP3161 (PY79 thrCuxyIR™ P, alp7A-gfp erm) was described in our
previous study (4). Strain JP3210 [PY79 thrC::(xyIR " ny,alp7R erm)] was
constructed by integration into the PY79 chromosome of a segment of
plasmid pAID3204 containing the xyIR gene and P, ;alp7R. The derivative
of chromosomal integration vector pDG1664 (15) containing P, alp7A
that had been constructed for making strain JP3206 [PY79 thrC:(xyIR™*
Palp7A erm)] (4) was restricted with Spel and Nrul, and the 7,703-bp
fragment was ligated to the 823-bp fragment generated by restriction of
pAID3204 with Spel and Nrul. The segment containing xy/lR and
P,alp7R was then integrated into the PY79 chromosome at thrC by a
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double recombination event. Strain JP3300 (PY79 amyE::alp7C) was con-
structed by integration into the PY79 chromosome of a 531-bp segment
corresponding to the 477 bp directly upstream of alp7A, the first 15
codons of alp7A, and the sequence ACCTAATGA. The segment was gen-
erated by PCR amplification of pAID3129 with oligonucleotide primers
P15 and P16 and restriction of the amplicon with BamHI and HindIII.
The product was ligated to B. subtilis chromosomal integration vector
pDG1662 (15) restricted with BamHI and HindIII. The cloned segment
was then integrated into the PY79 chromosome at amyE by a double
recombination event. The chromosomal insert was verified by DNA se-
quencing. Strain JP3309 (PY79 amyE:alp7C thrC::xyIR™ P, alp7A-gfp)
was constructed by transformation of JP3300 with genomic DNA from
strain JP3161 (4). Strain JP3311 (pP, alp7R/PY79 amyE:alp7C thrC::
xyIR™ P, alp7A-gfp) was constructed by transformation of strain JP3309
with plasmid pAID3204. All other B. subtilis strains were constructed by
standard transformation of PY79 or of derivatives of PY79 with the plas-
mids described above (5).

Medium components were manufactured by Becton, Dickinson, and
Co. Our LB formulation is 1% Bacto-tryptone, 0.5% yeast extract, 0.5%
NaCl per liter, with no pH adjustment. Most antibiotics were obtained
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from Sigma. Media for strains containing derivatives of pWH1520,
including mini-pLS20 and its derivatives, were supplemented with 100
g ml~! ampicillin or carbenicillin for E. coli or with 10 g ml™!
tetracycline for Bacillus strains. Chloramphenicol was used at 5 g
ml~ " and erythromycin at 2 wg ml ™" for Bacillus strains, kanamycin at
50 wg ml~! for E. coli, and spectinomycin at 100 wg ml™" for either
Bacillus strains or E. coli.

Plasmid stability assays. Plasmid stability assays were carried out as
described previously (4), except that the starter cultures contained 10 pg
ml™! tetracycline and 0.5% p-xylose, the shake flask cultures requiring
xylose were supplemented hourly with xylose to 0.5%, and the nonselec-
tive medium for the plating of samples contained 0.5% xylose. For assays
of plasmid retention, colonies were patched onto LB agar plates contain-
ing 0.5% xylose and onto LB agar plates containing 10 pg ml™" tetracy-
cline and 0.5% xylose.

Microscopy. Agarose pads contained 1.2% agarose (Invitrogen Ultra-
Pure 15510-027), 25% LB medium, and 0.2 pg ml ™' FM4-64 [N-(3-triethyl-
ammoniumpropyl)-4-{6-[4-(diethylamino)phenyl]hexatrienyl} pyridinium
dibromide; Molecular Probes/Invitrogen]. DAPI (4',6-diamidino-2-phe-
nylindole, dihydrochloride; Invitrogen), when included, was present at 0.01
pgml ™' Xylose was present at the concentrations indicated below. Pads were
inoculated with colonies from an LB agar plate containing selective antibiotic
and, when required for viability, 0.5% xylose, that had been streaked the
previous day from frozen glycerol stocks and incubated overnight at 30°C.
The pads were incubated at 30°C prior to and during imaging in the Weather
Station temperature-controlled chamber outfitted to the microscope (Preci-
sion Control LLC.).

For slides prepared from liquid cultures, FM4-64 was added to 1 ml of
culture to a concentration of 2 g ml ™' and DAPI to a concentration of 2
pg ml ™!, the cells were pelleted for 0.5 min at 3,300 X g in a microcentri-
fuge and resuspended in approximately 5% of the supernatant, and 5.0 pl
of the resuspension was applied to a polylysine-coated coverslip for im-
aging.

Microscopy was carried out as described previously (4). Unless other-
wise noted, micrographs of GFP and DNA (DAPI) were prepared from
undeconvolved images, and micrographs of membranes (FM4-64) were
prepared from deconvolved images.

Immunoblotting. Cultures for immunoblotting were started with
colonies from an LB agar plate containing 10 wg ml~ ! tetracycline that
had been streaked the previous day from frozen glycerol stocks and incu-
bated overnight at 30°C. Several colonies were suspended in a small vol-
ume of LB medium, typically 0.5 ml, and equal volumes of the suspension
were used to inoculate a set of 6-ml LB cultures containing 10 pug ml™'
tetracycline and the appropriate amount of xylose. The cultures were
rolled at 30°C and supplemented hourly with xylose at the designated
concentration.

Lysates were prepared from cells in exponential phase, at an optical
density at 600 nm (ODy,) of approximately 0.5. Trichloroacetic acid
was added to a final concentration of 5% to a volume of cells corre-
sponding to 1 ODg,, and the cells were incubated on ice for 30 min,
pelleted, and washed as described previously (31). Cells were lysed
with 1 mgml ™! chicken egg white lysozyme for 30 min at 37°C in 60 pl
of a buffer consisting of 35% sucrose, 900 wuM EDTA, 30 mM Tris-HCl,
pH 8.0, that was supplemented with 160 wg ml~' phenylmethylsulfo-
nyl fluoride and 0.6 pl of a protease inhibitor cocktail (Sigma P2714).
Two microliters of Triton X-100 was added at the end of the 30-min
incubation. After the addition of 140 pl 2X SDS-PAGE sample prep-
aration buffer, the samples were boiled for 5 min, vortexed, boiled
once more for 3 min, and then pelleted at ambient temperature in a
microcentrifuge at maximum speed. Fifteen microliters (0.075 OD,)
of the supernatant was loaded onto a polyacrylamide gel for SDS-
PAGE. The preparation of the hexahistidine-tagged Alp7A, which
was used as a molecular-weight standard, has been described previ-
ously (4).

Proteins were transferred to polyvinylidene fluoride (PDVF) mem-
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branes in Towbin buffer containing 20% (vol/vol) methanol (51). Incu-
bation of the membrane with the primary antibody, a polyclonal antibody
raised against Alp7A (4), used at 1:10,000, and with the secondary anti-
body, a horseradish peroxidase-linked anti-rabbit IgG (GE Healthcare),
used at 1:3,000 or 1:5,000, was carried out in TBST, pH 8.0 (150 mM NaCl,
10 mM Tris-HCI, pH 8.0), to which was added 0.06% Tween 20 (vol/vol)
and 5% (wt/vol) instant nonfat dry milk (Safeway). Washes were per-
formed in TBST. The ECL Plus Western blotting detection system (GE
Healthcare) was used for detection. Relative band intensities were com-
puted from multiple exposures of a blot with the gel analysis feature of
ImageJ 1.45m (38).

Purification of Alp7R. Shake flask cultures of strain JP3277 were
grown at 30°C in LB medium supplemented with 50 wg ml™" kanamycin,
induced at an ODy, of 0.4 with 750 wM isopropyl-B-p-thiogalactopyra-
noside (IPTG), and harvested 6 h later. The cells were lysed in CelLytic B
cell lysis reagent (product no. B7435; Sigma) supplemented with 200 pg
ml ! chicken egg white lysozyme, 1 ug ml~' RNase A (Qiagen), a pro-
tease inhibitor cocktail (product no. P2714; Sigma), and 150 g ml ™’
PMSEF. The lysate was then treated with 40 units of DNase I (product code
MO0303; New England BioLabs) in the presence of 10 mM MgCl, and then
centrifuged after supplementation with NaCl to 300 mM, imidazole to
12.5 mM, and HEPES to 50 mM, pH 8.0. His,-Alp7R was purified from
the lysate by nickel affinity chromatography. The lysate was loaded onto a
column of His-Select nickel affinity gel (product no. P6611; Sigma), the
column was washed with 300 mM NaCl, 12.5 mM imidazole, 0.1% Triton
X-100, 50 mM HEPES, pH 8.0, and the protein was eluted in 300 mM
NaCl, 250 mM imidazole, 50 mM HEPES, pH 8.0.

Approximately 2 mg of His,-Alp7R from the most abundant fraction
were treated with thrombin agarose (product no. T7151; Sigma) in 10
mM CaCl,, 300 mM NaCl, 50 mM HEPES, pH 8.0, for 1 h or 2 h at
ambient temperature. SDS-PAGE indicated that this treatment resulted in
complete removal of the hexahistidine tag. The Alp7R protein was then
dialyzed against 300 mM NaCl, 1 mM EDTA, 20 mM HEPES, pH 8.0.
Protein concentration was determined on the basis of the calculated ex-
tinction coefficient of 7,450 M~ ' cm ™! (30).

Electrophoretic mobility shift assay (EMSA). DNA substrates were
generated by amplification of pAID3129 with oligonucleotide primers
P17 and P18 (alp7C), P19 and P20 (alp7R), and P21 and P22 (orirep). The
alp7C amplicon was restricted with Sspl. The sequences of the three am-
plicons are as follows: alp7C (182 bp), 5'-CGTAAAGCCCCGGGCCTGA
AATCACTTTTCTCTACTGATTTCACTGATTTCATTTTTATTATAT
AATCCTCAAATAGCCTGTATTCACTGATTTTAAATGTGATTTCAT
TTTATTGACTTTAGTGATATAAGATGCTAGTATTGAGGAAAGTG
AAATCAAAGGAGAGAATAAAAATATGAAT-3'; alp7R (189 bp), 5'-
GAGCAGATTAGTACATTCAGTAAAGGTAAGAGTAAGGGTACCTTT
AGAGAGTATGCCTTTCAGCTCATAGAAAGGGACATGCAACAACAG
AAAGAGGAACAGCAGAATAGAGAAAAAGATCGTCATGTTCATGAT
GAATTAATTGCCATGAGAGAAGAAATGAAGAAAGAATTTCGTGAT
TTGAGGAAG-3'; and ori rep (191 bp), 5'-GACAGACATAGGCAATCG
ATCAGGATTTGAAACTAGCGTCATAGAGACGTCTGAGGTTTCCA
GCTCTGCCTTGCTATCGCCAGGCTTTCGCCTGCCATGACCTTTT
TACATACAATGCTTGTCCTGTATGCAACTTCTATGGGGTTTGTC
TCGTGTTCTCTCACACGGTCACACTCAATTGTGTGCCGCTG-3".

The DNA substrate was mixed with Alp7R protein in a 20-pl reaction
mixture consisting of 300 mM NaCl, 5% polyethylene glycol (PEG) 8000,
1 mM EDTA, 25 pg ml~! poly(dI-dC) (Sigma), 500 pg ml™ ' bovine
serum albumin (BSA; New England BioLabs), 20 mM HEPES, pH 7.5, and
the mixture was incubated at ambient temperature for approximately 30
min. Typically, 100 ng of the alp7C DNA substrate and molar equivalents
of the other two substrates were used. Two microliters of a dye mixture
(2% xylene cyanol, 2% bromphenol blue, 300 mM NaCl, 1 mM EDTA, 20
mM HEPES, pH 7.5) was added to each reaction mixture, and the mix-
tures were fractionated on a 5% polyacrylamide gel (acrylamide/bis-acryl-
amide, 29:1 [Bio-Rad], 1 X Tris-borate-EDTA [TBE], 1% PEG 8000, 10%
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CTGAAATCAC
CTGATTTCAC
alp7A aIp7RT CTGATTTCAT
m—) CTGTATTCAC
alp7c  (391aa) (134 aa) CTGATTTTAA
GTGATTTCAT
TTGACTTTAG
GTGATATAAG
TAGTATTGAG
parM  parR T GTGAAATCAA
——>
N (3202a) (117 aa) SreazTTCAS
CGTAAAGCCC
CGGGCCTGAAATCAQI TTTCTCTACTGATt tcaAClEtGATTTCATII'TTTATT

AtataatCCTCAAATAGCCTGTATTCACIGATTTTANATGTGATTTCA'
TTAfEtgactTTAGIGATATAAGATGClEtagtatTGAGIGAANGTGAAATCAR|
AGGAGAGAATAAAAATATGAAT

FIG 1 The alp7AR and parMR operons have similar structures. The alp7AR and
parMR operons are diagrammed to scale, with the lengths of their gene products in
amino acids (aa) shown. The alp7C sequence through the second codon of alp7A
is presented below, with the alp7A initiation codon underlined. Two potential o
promoters are denoted in lowercase (17). The sequence contained in a set of near-
repeat elements is indicated as green text; the individual repeats are boxed. As
construed here, six of the repeats overlap an adjoining repeat by one base. An
inferred consensus is presented in the upper right. The presence of a base or a pair
of bases in the consensus requires at least six or more appearances at that position;
deviations are indicated in red. Some deviations, as in repeats 7 and 9, appear to
reflect promoter element constraints.

glycerol) in 1X TBE after a 30-min prerun. The gel was stained and
destained briefly with ethidium bromide and then either photographed or
visualized with a Typhoon 9400 variable mode imager (GE Healthcare).
Band intensities were quantified with ImageJ 1.45m (38).
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RESULTS

The alp7A operon of B. subtilis plasmid pLS20 is a plasmid stability
determinant. A mini-pLS20 plasmid containing the alp7A operon
and the adjacent pLS20 origin of replication is completely stable;
deletion of alp7A or of the entire operon leads to loss of the plas-
mid (4). The alp7A gene is followed by a smaller gene, which we
have designated alp7R (Fig. 1). We deleted alp7R from mini-
pLS20 and assessed the stability of the resulting plasmid. The in-
troduction of mini-pLS20 Aalp7R into B. subtilis required that
alp7R be present elsewhere in the genome (Fig. 2A), so the gene
was placed under the control of the inducible P, , promoter and
installed on the chromosome. This requirement for alp7R sug-
gested that mini-pLS20 Aalp7R would be unstable, and moreover,
that the plasmid most likely could not be tolerated by the cell.
Plasmid stability assays confirmed this. A culture was grown for
several generations in the presence of xylose and selective antibi-
otic and then assayed for antibiotic resistance at intervals follow-
ing subculture into unsupplemented medium. Plasmid retention
fell off precipitously starting at between 6 and 10 generations after
the withdrawal of xylose, such that by about 10 generations, the
plasmid was lost completely (Fig. 2B, red circles). During this
period, the growth rate slowed greatly. Under the microscope, we
observed aberrations in cell morphology, chromosome segrega-
tion, and cell division (Fig. 2C). Many cells appeared to be anucle-
ate (Fig. 2C, arrows). If the culture was instead maintained in the
presence of xylose (Fig. 2B, red squares), the plasmid was stable,
the cells grew normally, and they were indistinguishable from cells
of the strain containing intact mini-pLS20 (Fig. 2D and E).

We had seen similar disruptive effects on cell growth and via-
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FIG 2 Deletion of alp7R destabilizes mini-pLS20 and is lethal to cells carrying the plasmid. (A) LB agar plates containing 10 ug ml ™' tetracycline with or without
0.5% D-xylose were incubated at 30°C for 24 h. Lower left, JP3133 (PY79 carrying mini-pLS20 [pLS20 origin of replication and alp7AR operon]); lower right,
JP3171 (PY79 carrying mini-pLS20 Aalp7AR [pLS20 origin of replication only]); top, JP3302 (PY79 with an integrated xylose-inducible copy of alp7R, carrying
mini-pLS20 Aalp7R [pLS20 origin of replication and alp7AR operon lacking alp7R]). (B) Exponential cultures grown in the absence of selection were sampled
at regular intervals for plasmid retention as described in Materials and Methods. Black, JP3133; blue, JP3171; red, JP3302. Open squares, hourly supplementation
with xylose to 0.5%; filled circles, no xylose supplementation. (C to E) Fluorescence microscopy images of strains supplemented or not supplemented with xylose.
Exponential cultures grown in the absence of selection as in the plasmid stability assay were sampled for microscopy. Membranes were stained with FM4-64 (red),
and DNA was stained with DAPI (blue). Scale bar equals 1 um; all panels are at the same scale. (C) JP3302, with no xylose supplementation, at 4 h. Arrows indicate
anucleate cells. (D) JP3302, supplemented hourly with 0.5% xylose, at 4 h. (E) JP3133, supplemented hourly with xylose to 0.5%, at 3 h.
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bility in connection with the abnormal filament formation that
follows from overproduction of Alp7A. Observations from a xy-
lose titration were indeed consistent with a scenario in which lim-
iting the amount of Alp7R results in Alp7A-GFP overproduction.
When little or no xylose was provided to a culture, so that little or
no Alp7R was produced, many cells contained thick ribbon-like
filaments that seemed to fill them completely and in many cases
distorted them to the point of inhibiting their normal growth and
division (Fig. 3C and D). All of these filaments were static (see Fig.
S1 in the supplemental material). At a high xylose concentration,
many cells contained filaments that appeared normal and exhib-
ited dynamic instability (Fig. 3E and F), a property of the fully
functional protein (Fig. 3A and B; see also Fig. S2 and S3 in the
supplemental material).

It appeared then that Alp7R was functioning as a negative reg-
ulator of the alp7A gene. It was nevertheless possible that Alp7R
had no effect on the amount of Alp7A that was produced in the cell
and that its function was simply to enable the Alp7A that was
present to be assembled into normal dynamic filaments. In order
to distinguish these two possibilities, we measured the steady-state
levels of Alp7A in the presence and absence of Alp7R. When the
chromosomal alp7R gene was left uninduced in strains containing
Aalp7R plasmids, the cells contained five to 10 times the Alp7A of
a strain containing mini-pLS20 (Fig. 3G) and 50 times the Alp7A-
GFP of a strain containing mini-pLS20 alp7A-gfp (Fig. 3H). In-
duction of the alp7R gene depressed Alp7A and Alp7A-GFP levels
to that of mini-pLS20 or below (Fig. 3G and H).

We substituted alp7A(D212A) for the wild-type alp7A in mini-
pLS20 Aalp7R because this point mutation prevents filament for-
mation when present in mini-pLS20 (4). We hoped by doing this
to avoid the potential complications of studying regulation under
lethal conditions. The resulting Aalp7R strain did not require xy-
lose for viability (Fig. 4A), but the steady-state level of
Alp7A(D212A) was again elevated, to 20 times that found in the
cell when the alp7R gene was intact (Fig. 4B). Although we had not
seen Alp7A(D212A)-GFP polymerize into filaments before, this
level of overproduction was sufficient to drive much of the protein
into filaments, albeit filaments lacking dynamic properties (Fig.
4C and D; see also Fig. S4 in the supplemental material). As was
the case for wild-type Alp7A, induction of the chromosomal alp7R
gene led to a reduction in the steady-state level of Alp7A(D212A)
or of Alp7A(D212)-GFP: the greater the induction, the lower the
steady-state level (Fig. 4B to F). At the highest induction level, no
filaments were observed, and soluble Alp7A(D212A)-GFP was
distributed uniformly throughout the cell, as it was in a strain
containing mini-pLS20 alp7A(D212A) with an intact alp7R gene
(Fig. 4E and F).

Alp7R is therefore a negative regulator of alp7A gene expres-
sion and presumably of the alp7A operon. The structure of the
alp7A operon closely resembles that of the parM operon (Fig. 1).
The actin gene, alp7A or parM, is followed by a smaller gene, alp7R
or parR, that codes for a protein with a high percentage of charged
amino acid residues, many of which show up in short runs of two
or more (4). ParR is a DNA-binding protein that binds at parC, a
sequence directly upstream of the parM gene that contains 10
imperfect iterations of a 10-mer sequence which straddle the pro-
moter (2, 3). The sequence directly upstream of alp7A contains a
series of 10 imperfect iterations of a 10-mer sequence in which two
putative ” promoters are embedded (Fig. 1). When expressed in
B. subtilis PY79, an Alp7R-GFP fusion protein delineated the
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FIG 3 Depletion of Alp7R leads to overproduction of Alp7A. (A to F) Fluo-
rescence microscopy images of strains grown in the presence or absence of
D-xylose (agarose pads; scale bar equals 1 um; all panels are at the same scale).
(A and B) JP3196 (PY79 carrying mini-pLS20 alp7A-gfp) in the absence of
xylose. (C to F) JP3245 (PY79 with an integrated xylose-inducible copy of
alp7R, carrying mini-pLS20 alp7A-gfp Aalp7R) in the absence of xylose (C and
D) or in the presence of 0.5% xylose (E and F). Arrows denote filaments whose
dynamic behavior can be tracked in the lower left section of the corresponding
movie (see Fig. S2 in the supplemental material). (A, C, and E) Cell membranes
(FM4-64) and GFP. (B, D, and F) GFP only. See also Fig. S1, S2, and S3 in the
supplemental material. (G and H) Immunoblots prepared from lysates of
JP3302 (PY79 with an integrated xylose-inducible copy of alp7R, carrying
mini-pLS20 Aalp7R) (G) or JP3245 (PY79 with an integrated xylose-inducible
copy of alp7R, carrying mini-pLS20 alp7A-gfp Aalp7R) (H) grown in the pres-
ence of various concentrations of xylose. The filter was probed with a poly-
clonal anti-Alp7A serum. Lanes are labeled with the xylose concentrations
used. The lane labeled “alp7R™” shows the steady-state level of Alp7A that is
present in JP3133 (PY79 carrying mini-pLS20) (G) or of Alp7A-GFP that is
present in JP3196 (PY79 carrying mini-pLS20 alp7A-gfp) (H). The rightmost
lane contains purified His¢-Alp7A (G and H).

chromosome in the manner of DAPI staining, indicating that it
was bound to DNA nonspecifically (Fig. 5A, left). When the fusion
protein was expressed in a variant of PY79 in which the alp7C
sequence had been installed on the chromosome, discrete foci
could be observed (Fig. 5A, right). In cells that contained these
foci, the number ranged from one to four, as would be expected
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FIG 4 Deletion of alp7R causes Alp7A(D212A) to assemble into filaments. (A)
LB agar plates containing 10 pg ml ™' tetracycline with or without 0.5% D-xy-
lose were incubated overnight at 30°C. Lower left, JP3247 [PY79 with an inte-
grated xylose-inducible copy of alp7R, carrying mini-pLS20 alp7A(D212A)
Aalp7R]; lower right, JP3169 [PY79 carrying mini-pLS20 alp7A(D212A)]; top,
JP3248 [PY79 carrying mini-pLS20 alp7A(D212A) Aalp7R]. (B) Immunoblot
prepared from lysates of JP3247 grown in the presence of various concentra-
tions of xylose. The filter was probed with a polyclonal anti-Alp7A serum.
Lanes are labeled with the xylose concentrations used. The lane labeled
“alp7R™” shows the steady-state level of Alp7A(D212A) that is present in
JP3169. The rightmost lane contains purified Hisg-Alp7A. (C to F) Fluores-
cence microscopy images of strain overproducing Alp7A(D212A) (agarose
pads; scale bar equals 1 pum, all panels are at the same scale). JP3233 [PY79 with
an integrated xylose-inducible copy of alp7R, carrying mini-pLS20
alp7A(D212A)-gfp Aalp7R] in the absence of xylose (C and D) or in the pres-
ence of 0.5% xylose (E and F). (C and E) Cell membranes (FM4-64) and GFP.
(D and F) GFP only. See also Fig. $4 in the supplemental material.

under these growth conditions if a single focus were formed at
each alp7C site. These findings suggested that AIp7R was a DNA-
binding protein like ParR and that it bound specifically at alp7C.

EMSAs were therefore carried out to assess the nature and
specificity of the binding. As the molar ratio of purified Alp7R
protein to alp7C DNA was increased from 1 to 25, we observed a
shift of the DNA from its normal migration position, owing to its
incorporation into high-molecular-weight complexes (Fig. 5B
and D). There was also shifting, but considerably diminished, of
either of two alternative DNA fragments of similar size, one cor-
responding to part of the alp7R structural gene and the other to
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part of the pLS20 origin of replication. This difference was partic-
ularly pronounced when competitor was included in the binding
reaction mixtures (Fig. 5C). Even at a 25 molar excess of Alp7R,
where more than 80% of the alp7C DNA shifted, nearly 80% of the
other two DNA fragments failed to shift (Fig. 5C and D). These
data confirmed our in vivo findings that Alp7R, although capable
of binding to DNA nonspecifically, binds specifically to alp7C.

Having demonstrated binding of Alp7R at alp7C, we at-
tempted to determine how Alp7A interacts with these other com-
ponents. In order to do this, we took advantage of the observation
that in the absence of alp7C, Alp7R binds nonspecifically to DNA
(Fig. 5A, left). In place of alp7R-gfp, we expressed alp7R coordi-
nately with alp7A-gfp. Interaction of Alp7A-GFP and Alp7R
would be expected to give rise to a fluorescence pattern that re-
sembled that of Alp7R-GFP. This turned out to be the case; the
chromosome was again delineated in the manner of DAPI staining
(Fig. 6A). Hence, Alp7A interacts with Alp7R and it can do so even
if there is no alp7C present in the cell for Alp7R to bind to.

When we introduced alp7C, we reconstituted the complete sys-
tem, albeit with its components dispersed: alp7C was on the chro-
mosome, alp7A-gfp was in single copy elsewhere on the chromo-
some, and alp7R was on a multicopy plasmid. It was therefore not
surprising that coordinate induction of alp7A-gfp and alp7R even-
tually gave rise to dynamic filaments in these cells (Fig. 6B; see also
Fig. S5 in the supplemental material). Alp7R was required for this.
In its absence, in a strain that contained only the chromosomal
copies of alp7C and alp7A-gfp but no alp7R plasmid, only small
static filaments were observed (Fig. 6C; see also Fig. S6 in the
supplemental material), and this profile was indistinguishable
from that of a strain containing only the chromosomal copy of
alp7A-gfp (Fig. 6D; see also Fig. S7 in the supplemental material).
So alp7C in the absence of alp7R has no effect on Alp7A activity,
and Alp7R is therefore indispensable for the formation of dynamic
filaments. There was also no fluorescent delineation of the chro-
mosome in these cells (Fig. 6C and D), indicating that Alp7A-GFP
is unable to interact directly with DNA and confirming that the
fluorescence pattern in Fig. 6A could be generated only through an
interaction between Alp7A-GFP and Alp7R.

DISCUSSION

In our previous study, we found that alp7R and alp7C regulate the
activity of Alp7A, that alp7R and alp7C are required for Alp7A to
assemble into dynamic filaments at its physiological concentra-
tion (4). In the present study, we have found that Alp7R and alp7C
also regulate the production of Alp7A. When alp7R was deleted
from mini-pLS20, the steady-state levels of Alp7A were increased
up to 50-fold, and the cells were filled with large filaments of
irregular shape that lacked dynamic properties. These rigid fila-
ments that filled much of the cells’ interior space were likely to
interfere with chromosome segregation or with cell division and
presumably account for the lethality that we observed.

Although Alp7R may contribute in more than one way to set-
ting Alp7A levels in the cell, its principal contribution is at the level
of transcription. Alp7R is a negative regulator of alp7A gene ex-
pression. The region immediately upstream of alp7A, which we
call alp7C in analogy with parC, the corresponding region in the
parMR operon, contains two potential o* promoters. The EMSA
and cell biology data indicate that Alp7R binds preferentially at
alp7C. Although we cannot rule out more sophisticated mecha-
nisms, Alp7R seems to function as a simple transcriptional repres-
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FIG 5 Alp7R is a DNA-binding protein that binds specifically at alp7C. (A)
Fluorescence microscopy of strains expressing alp7R-gfp (agarose pads; scale
bar equals 1 pm, all panels are at the same scale). Left, JP3223 (PY79 carrying
pP,,alp7R-gfp) in the presence of 0.5% xylose. Right, JP3322 (PY79 with an
integrated copy of alp7C, carrying pP, ,alp7R-gfp) in the presence of 0.1%
xylose. Top, cell membranes (FM4-64) and DNA (DAPI). Bottom, cell mem-
branes and GFP. (B and C) Electrophoretic mobility shift assays (EMSA) of
alp7C DNA by the Alp7R protein. See Materials and Methods. The number
above each lane indicates the molar ratio of Alp7R protein to the DNA ampli-
con. (B) Competitor poly(dI-dC) was omitted from the binding reaction mix-
ture. The high-molecular-weight material consists entirely of complex. (C)
Competitor poly(dI-dC) was present in the binding reaction mixture at 25 g
ml~". At the higher Alp7R-to-alp7C ratios, the high-molecular-weight mate-
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FIG 6 Alp7R and Alp7A interact; Alp7R is indispensable for the formation of
dynamic Alp7A filaments. (A to D) Fluorescence microscopy images of strains
expressing Alp7A-GFP by itself or in the presence of other components of the
system (agarose pads containing 0.5% xylose; scale bar equals 1 pm, all panels
are at the same scale). (A) JP3315 (PY79 with an integrated xylose-inducible
copy of alp7A-gfp, carrying pP, alp7R). Top, cell membranes (FM4-64) and
GFP (Alp7A-GFP); middle, cell membranes (FM4-64) and DNA (DAPI); bot-
tom, GFP (Alp7A-GFP) and DNA (DAPI). GFP panels were prepared from
deconvolved images. (B) JP3311 (PY79 with an integrated xylose-inducible
copy of alp7A-gfp and an integrated copy of alp7C, carrying pP, alp7R). (C)
JP3309 (PY79 with an integrated xylose-inducible copy of alp7A-gfp and an
integrated copy of alp7C). (D) JP3161 (PY79 carrying an integrated xylose-
inducible copy of alp7A-gfp). (B to D) Cell membranes and GFP. See also Fig.
S5 to S7 in the supplemental material.

sor, impeding transcription by promoter occlusion. In this re-
spect, alp7AR would resemble every actin-based bacterial plasmid
segregation system whose regulation has been studied to date,
including the parMR systems from plasmids R1 and pB171 (3, 20,
40) and two distantly related systems, the parMR system from
plasmid pSK41 (46) and the alfAB system from plasmid pLS32 (1,
50). In each case, the product of the downstream gene is a DNA-
binding protein that binds upstream of the actin gene and re-
presses transcription. Alp7R presumably represses transcription
of the entire operon, including the alp7R gene. The negative feed-
back loop that is established necessarily ensures that the appropri-
ate amount of Alp7R is present in the cell to promote the forma-
tion of normal dynamic filaments. Disruption of this feedback
loop leads to aberrant filament formation, perturbation of plas-
mid segregation, and cell death.

The sequence of Alp7R resembles that of ParR in its length and
charge distribution (4). The crystal structures of ParR from pB171
and of the N-terminal portion of the DNA-binding protein from
pSK41 in complex with a 20-mer derived from its binding site
revealed that both proteins contain N-terminal ribbon-helix-helix

rial contains both competitor and complex. (D) The percentage of unshifted
DNA in each lane of panels B and C is plotted against the molar ratio of Alp7R
to DNA. Black filled symbols, alp7C amplicon with competitor, from the ex-
periment represented in panel C; black open symbols, alp7C amplicon without
competitor, from the experiment represented in panel B; blue, alp7R amplicon
with competitor, from the experiment represented in panel C; green, origin of
replication amplicon with competitor, from the experiment represented in
panel C.
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(RHH) domains, which places them in the MetJ/Arc family of
gene regulators (28, 39, 46). The RHH domain, or more properly
the surface that is formed from a pair of RHH domains upon
protein dimerization, constitutes the DNA-binding moiety. The
sequence diversity among Met]/Arc family members and the small
size of the DNA-binding domain make it difficult to determine, in
the absence of structural information, whether Alp7R is a member
of this family as well (44). That said, it is not hard to spot stretches
of similarity between Alp7R and some RHH family members. For
example, the sequence near the N terminus of Alp7R (PLENVR)
resembles that of the bacteriophage P22 repressor proteins Arc
(PQENLR) and Mnt (PHFNFR), two founding members of the
family; in the RHH dimer, this short sequence gives rise to the
B-sheet, or “ribbon,” that contacts the DNA (44).

RHH protein dimers tend to interact cooperatively and give
rise to higher-order structures (28, 44). This has turned out to be
true in the case of the DNA-binding proteins associated with ac-
tin-driven plasmid segregation systems. The structure of the
ParR-DNA complex was inferred from the pB171 ParR crystal
structure and electron micrographs of the ParR protein of plasmid
R1 with parC DNA. ParR dimers assembled into a ringlike helical
formation, with 12 dimers comprising a full 360° turn of the ring
(28). The cocrystal of the pSK41 RHH domain with its 20-mer
binding site yielded a similar structure, a finding which was sup-
ported by electron microscopy. Each 20-mer was bound by two
dimers, and as in the case of ParR, a total of 12 dimers were re-
quired for a full turn of the ring (46). In both structures, the bound
DNA was wrapped around the outer circumference of the ring and
the actin filament was proposed to interact with the interior of the
ring (28, 46).

It is likely that alp7C is also bound by many copies of Alp7R.
Alp7R-GFP forms bright foci on bacterial chromosomes that con-
tain alp7C, and a single protein or dimer could not be expected to
produce so bright a focus. The high-molecular-weight material
generated in the EMSA experiments migrates as a diffuse band and
may represent a collection of species, yet the apparent size of this
collection does not change above a certain Alp7R-to-alp7C ratio
(Fig. 5B). So the complexes are probably discrete species, with a
fixed number of Alp7R monomers or dimers bound at alp7C. If
one assumes that each complex contains a single copy of alp7C,
the median molecular weight of the collection is consistent with a
complex containing from 35 to 40 copies of Alp7R. It would fol-
low that each of the 10 repeats is bound by about four copies of
Alp7R, or two Alp7R dimers. This is a rough reckoning, but the
numbers are of the same order as those in the ParR and pSK41
complexes, so it would not be surprising if the Alp7R/alp7C com-
plex is of a similar configuration. And binding is likely to be co-
operative as well, because Hill plots of the EMSA data yield Hill
coefficients (ny; values) of 3.0 or greater (not shown).

Alp7R binds specifically at alp7C, but it also binds nonspecifi-
cally to unrelated DNA sequences, as is typical of DNA-binding
proteins. When expressed in strains that lack alp7C, Alp7R-GFP
delineated the chromosome. We found that replacement of
Alp7R-GFP with Alp7R and Alp7A-GFP gave rise to a similar
pattern of fluorescence, indicating that Alp7A interacts with
Alp7R under these circumstances. We had inferred an interaction
between Alp7A and Alp7R from our earlier observation that
Alp7R/alp7C is required for Alp7A to assemble into dynamic fil-
aments at its physiological concentration (4), but this is the first
demonstration of the interaction. The interaction is likely to be
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direct, although we cannot rule out the possibility that it is medi-
ated by other cellular proteins. It is noteworthy, though, that this
interaction requires neither the Alp7R-alp7C centrosome com-
plex nor that Alp7A be filamentous. We had expected the interac-
tion between Alp7A and Alp7R to require binding of Alp7R at
alp7C. Instead, Alp7R, bound nonspecifically to DNA in its search
for alp7C, may already be associated with Alp7A.

We undertook the present study to extend our understanding
of the Alp7A system and as part of an ongoing effort in the field to
sort out which features are conserved and which vary among the
great many actin-based plasmid segregation systems. Our findings
add to the evidence that the DNA-binding protein in these sys-
tems, in addition to its function in the mechanics of plasmid seg-
regation, invariably functions to regulate transcription of the
operon. Evolution has allowed for differences in polymer struc-
ture, in the kinetics of polymerization, in the role that the DNA-
binding protein has in regulating these parameters. But the DNA-
binding protein as regulator of transcription would seem to be a
constant.
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