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To investigate the physiological role of the essential histone-like protein of Bacillus subtilis (HBsu) in the
nucleoid structure, a fusion to the green fluorescent protein (GFP) of Aequorea victoria was constructed. This
purified fusion protein, HBsuGFP, showed a threefold-reduced affinity to DNA compared to unmodified HBsu;
however, in gel mobility shift experiments HBsuGFP DNA-binding was greatly enhanced in the presence of low
HBsu concentrations. Additional production of HBsu also had a positive effect on the retarded growth of a B.
subtilis strain, PK9C8, which expresses only hbs-gfp (encoding HBsuGFP). HBsu seemed to influence not only
growth but also nucleoid structure, as monitored by DNA staining and fluorescence microscopy. Without HBsu
production, strain PK9CS8 showed a relaxed nucleoid structure associated with HBsuGFP. However, a highly
compact nucleoid structure that coincides with the fluorescence of the fusion protein was visualized when HBsu
synthesis was induced. This provides the first evidence for in vivo association of HBsu in DNA packaging and

its consequence on cell growth.

HBsu of B. subtilis belongs to a widespread family of histone-
like proteins in microorganisms (8, 26, 33). This family repre-
sents a group of small, basic, and abundant proteins that bind
DNA. Because of these properties, it was suggested that his-
tone-like proteins play a role in DNA condensation in bacteria.

One of the best-studied nucleoid-associated proteins is HU
of Escherichia coli (for a review, see reference 28). It is pre-
dominantly a heterodimer consisting of two different subunits,
each with a molecular mass of about 10 kDa. The HU subunits
HU-2 and HU-1 are encoded by hupA and hupB, respectively
(18, 19). Nucleoids isolated at low ionic strength were found to
be associated with HU (29). However, by techniques that allow
in vivo localization of HU in E. coli, controversial results were
obtained. Immunocytochemically, HU was found to be local-
ized with the metabolically active DNA fraction but not in the
nucleoid (9). In contrast, fluorescein-labeled HU that was in-
troduced into E. coli cells was distributed throughout the nu-
cleoid (34). Likewise, no results on the role of the integration
host factor (IHF) of E. coli in DNA packaging were obtained.
IHF shows sequence homology with HU and also consists of
two subunits, IHF-a and IHF-B, encoded by himA and hip,
respectively (12, 25).

Another important nucleoid-associated protein of E. coli is
H-NS, encoded by the hns gene (11, 23). This homodimeric
protein does not show sequence homology to HU or IHF; it is
neutral and has a molecular mass of about 15 kDa. Its associ-
ation with the nucleoid was shown by immunoelectron micros-
copy (10). Furthermore, overproduction of H-NS in E. coli
resulted in loss of cell viability, indicating a strong condensa-
tion of the nucleoid associated with H-NS, and as a conse-
quence, inhibition of RNA and protein synthesis was observed

* Corresponding author. Mailing address: Philipps-Universitit Mar-
burg, Biochemie/Fachbereich Chemie, Hans-Meerweinstr., D-35032
Marburg, Germany. Phone: 49-6421-285722. Fax: 49-6421-282191. E-
mail: marahiel@ps1515.chemie.uni-marburg.de.

2060

(35). In contrast, overexpression of HU has little influence on
cell growth (24).

A model of nucleoid organization in E. coli suggested that
H-NS and HU are located in two different domains (24). An
internal domain is thought to contain rarely transcribed DNA
associated with H-NS, while the coralline-appearing outer
sphere seems to be composed of metabolically active DNA and
HU (4). Although histone-like proteins appear to play special
roles in cell physiology, E. coli strains lacking HU, IHF, or
H-NS are viable (13, 16, 17, 37). Even though retarded in
growth, cells can also tolerate the absence of two of these
proteins. On the other hand, the absence of all three proteins
is lethal (39).

In contrast, B. subtilis harbors only one histone-like protein,
HBsu, encoded by the essential sbs gene (26, 27). To our
knowledge genes encoding neither H-NS- nor IHF-like pro-
teins have been identified in B. subtilis (36). The HBsu protein
shows a high level of homology to HU from E. coli. It has 57
and 52% identical amino acid residues with HU-2 and HU-1,
respectively. Like HU, HBsu was found to bind DNA unspe-
cifically. In contrast to HU, which forms predominantly het-
erodimers, HBsu binds DNA as a homodimer. Furthermore
HBsu enables B recombinase-mediated recombination by sta-
bilizing a DNA secondary structure (1). In order to investigate
the fate of HBsu encoded by hbs in B. subtilis, we used a
technique that allowed us to look directly into the cell, avoiding
the use of exogenous markers, as described for HU of E. coli
(9, 34). The green fluorescent protein (GFP) of the jellyfish
Aequorea victoria was previously used as a reporter protein not
only to monitor gene expression (7) but also to study protein
localization during development in B. subtilis (3, 22, 38). In this
study, an HBsuGFP fusion protein was constructed and its
intracellular localization was studied. Additionally, the influ-
ence of HBsu on nucleoid condensation in B. subtilis was an-
alyzed.

Construction of an hbs-gfp fusion. In order to investigate a
possible involvement of the histone-like protein HBsu of B.
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FIG. 1. Gel retardation experiment showing the diminished DNA-binding
ability of (Hiss)HBsuGFP compared to (Hiss)HBsu and the complex formation
of the two proteins. In each lane, 200 ng of Haelll-digested pBluescript, showing
fragments of 767, 458, 434, 267, 243, 174, 142, 125, 102, 80, 79, 61, 18, and 11 bp,
were mixed with different protein amounts: lane 1, no protein; lane 2, 7 pmol of
(Hisg)HBsu; lane 3, 14 pmol of (Hiss)HBsuGFP; lane 4, 7 pmol of (Hiss)HBsu
and 14 pmol of (Hiss)HBsuGFP; lane 5, 10 pmol of (His,)HBsu; lane 6, 22 pmol
of (Hiss)HBsuGFP.

subtilis in DNA compaction, a fusion protein of HBsu and the
easily detectable GFP was constructed (7). The hbs gene en-
coding HBsu was amplified without its stop codon by PCR
using primers Bam5'hbs (5'CGCGGATCCATGAACAAAAC
AGAACTTATC) and Sma3'hbs (5'"TCCCCCGGGGTTTTCC
GGCAACTGCGT). After digestion with BamHI and Smal,
the fragment was ligated into BamHI- and Smal-digested
pCWS8 (38), which contains the gfp coding sequence. The re-
sulting plasmid, pPKC2, comprises an in-frame hbs-gfp fusion
with a spacer of 10 codons between the last codon of Abs and
the first codon of gfp. To ensure that the fusion with GFP does
not influence the DNA-binding properties of HBsu, the fusion
protein as well as HBsu was purified and used for DNA bind-
ing studies. A simple purification of HBsu and HBsuGFP,
employing affinity chromatography, was established by fusing
six histidine codons to the 5" ends of hbs and hbs-gfp, respec-
tively. For that purpose, PCR was used to amplify the ibs gene
by using primers Bam5'hbs and Ava3'hbs (5'CTGCATGCAT
TTATTTTCCGGCAACTG). After digestion with BamHI
and Avalll, the fragment was ligated into BamHI- and PstI-
digested pQEY (Qiagen), resulting in pPK952, a plasmid car-
rying (hiss)hbs. The 1,045-bp BamHI/HindIII fragment from
pPKC2, containing the hbs-gfp fusion, was also ligated into
BamHI/HindIlI-digested pQE?9 to create the (hiss)hbs-gfp fu-
sion in pPK9C2. Both gene fusions were placed under control
of the TS promoter, and their expression was induced by the
addition of IPTG (isopropyl-B-p-thiogalactopyranoside). For
overproduction of (Hiss)HBsu and (Hisq)HBsuGFP, E. coli
M15 [pREP4] containing pPK952 or pPK9C2 was grown in 2X
YT (31) containing ampicillin (100 wg/ml) and kanamycin (25
wg/ml) at 30°C. Expression was induced by IPTG (1 mM) at an
optical density at 600 nm (ODg,) of 0.7, and cells were grown
for another 2 h and centrifuged at 6,000 X g and 4°C for 15
min. The pellet was resuspended in 0.025 volume of buffer A
(300 mM NacCl, 50 mM Na,HPO,-NaH,PO,, [pH 8.0]), soni-
cated, and centrifuged at 18,000 X g and 4°C for 30 min. The
supernatant was mixed with 30 mM imidazole and applied to a
fast-performance liquid chromatography Ni** nitrilotriacetic
acid agarose column (Pharmacia/Qiagen). The proteins were
eluted with buffer A containing 50 mM imidazole at a flow rate
of 0.75 ml/min. Their purity was confirmed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (32) (see Fig. 4),
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FIG. 2. Campbell-like integration of plasmid pPK9C8 containing the hbs-gfp
fusion under the control of the IPTG-inducible spac promoter (Pspac) into the
chromosome of wild-type B. subtilis. In the resulting strain, PK9CS, the hbs-gfp
fusion is under the control of the native 4bs promoters P1 and P2 while (hiss)hbs
expression is controlled by the inducible spac promoter.

showing migration according to the predicted molecular
masses of 11.3 and 39.2 kDa for the 104 amino acids (aa)
constituting (Hiss)HBsu and the 352 aa containing (Hiss)HB-
suGFP, respectively. The protein concentration was deter-
mined as described previously (5). (Hisq)HBsu was used for
immunization of rabbits to obtain polyclonal antibodies (Eu-
rogentec, Seraing Belgium) against the (His,)HBsu protein.
Both proteins, (His,)HBsu and (His,)HBsuGFP, were used for
gel retardation experiments after dialysis against TE buffer (10
mM Tris-HCl, 1 mM EDTA [pH 8.0]).

DNA-binding properties of (Hiss)HBsu and (Hiss)HB-
suGFP. HBsu was reported to bind nonspecifically to DNA
(14). We used a Haelll-digested pBluescript (Stratagene) plas-
mid (14 fragments; 767, 458, 434, 267, 243, 174, 142, 125, 102,
80, 79, 61, 18, and 11 bp) to investigate the DNA binding of
recombinant (His,)HBsu and (His,)HBsuGFP. The fragments
were mixed with different amounts of proteins (Hisq)HBsu and
(Hisg)HBsuGFP in binding buffer B (50 mM NaCl, 20 mM
Tris-HCI [pH 8.6], 5 mM MgCl,, 6% glycerol). Samples with a
mixture of both proteins were preincubated for 2 h at 0°C
before mixing with DNA. The probes (total volume, 10 pl)
were mixed and incubated for 30 min at 25°C. Probe buffer
(10% glycerol, 0.1% bromophenol blue) (0.5 volume) was
added, and the samples were loaded on a 10% native poly-
acrylamide gel containing TBE (135 mM Tris, 48 mM boric
acid, 2.5 mM EDTA) and 6% glycerol. Polyacrylamide gel
electrophoresis was performed at 4°C and 20 mA in TBE
buffer. After electrophoresis, the gels were incubated for 5 min
in TBE containing 40 ppm of ethidium bromide to stain the
DNA. (Hiss)HBsu (7 pmol) and (Hisg)HBsuGFP (14 pmol)
were not sufficient for DNA binding (Fig. 1, lanes 2 and 3).
However, a preincubated mixture of 7 pmol of (His,)HBsu and
14 pmol of (Hiss)HBsuGFP exhibited the same ability to bind
to DNA as did 10 pmol of (Hiss)HBsu (Fig. 1, lanes 4 and 5).
This increased DNA-binding capacity was only developed after
preincubation of the two proteins, indicating a possible com-
plex formation between (Hisq)HBsu and (His,)HBsuGFP.
Nevertheless, (His,)HBsuGFP could also bind to DNA with-
out additional (Hiss)HBsu. For the first step of retardation, the
binding of the largest fragment of Haelll-digested pBluescript,
about 22 pmol of (His,)HBsuGFP was required (Fig. 1, lane
6). That is about three times more than the amount of
(Hisg)HBsu (8.2 pmol) needed for a comparable retardation
(data not shown). This reduced DNA-binding ability might be
due to the fusion of a 238-aa protein to the 92 aa of HBsu, even
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FIG. 3. Growth of B. subtilis dependent on HBsu production. Cells were
grown in 2X YT medium at 30°C. The expression of (hiss)hbs in strain PK9CS8
(Pspac(hiss)hbs) was induced by the addition of IPTG. O, wild-type B. subtilis
JH642; [, strain PK9CS; m, strain PK9C8 with IPTG.

though it was separated by a spacer of 10 aa. The observation
that (His,)HBsuGFP binds to DNA and that its DNA binding
is enhanced in the presence of (Hisq)HBsu, confirmed the
usefulness of the fusion protein to detect its cellular localiza-
tion in B. subtilis.

Integration of hbs-gfp fusion in the B. subtilis chromosome.
In order to investigate the HBsuGFP localization within the
cell as well as the influence of the histone-like protein HBsu on
nucleoid structure, a strain allowing inducible expression of
hbs was constructed. The hbs-gfp fusion was cloned down-
stream of the spac promoter in pDHS88 (15) (Fig. 2). The
plasmid pPK9C2 was digested with HindIII, the ends were
filled in with DNA polymerase, and the resulting product was
digested with Xhol, resulting in a 1,170-bp fragment carrying
the fusion. This fragment was ligated with pDHS88 digested
with Sphl, the ends were filled in with DNA polymerase, and
the resulting product was Sall digested, creating pPK9CS.
Competent B. subtilis JH642 cells were prepared and trans-
formed as described previously (20) with pPK9C8. The plasmid
was integrated Campbell-like into the Abs locus of the chro-
mosome, resulting in B. subtilis PK9CS8 (Fig. 2). This strain
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harbors the hbs-gfp fusion under control of the two original 4bs
promoters, P1 and P2 (27). Due to the recombination event,
hbs was fused to the six histidine codons originating from the
hbs-gfp gene fusion (Fig. 2). Expression of hbs was placed
under control of the IPTG-inducible spac promoter. Integra-
tion was confirmed by PCR using primers Eco5'P2 (5'CCGG
AATTCACTTTGTTGGACAAA) and Sal3'gfp (5'CGACGTC
GACTAAAATTTTGTATAGTTCATCCA). The amplified
single 1.2-kb fragment containing the 5’ end of the hbs P2
promoter and the 3’ end of gfp was analyzed in sequencing
reactions using AmpliTaq DNA Polymerase, FS (ABI). The
reactions were analyzed on a model 310 genetic analyzer
(ABI). In-frame fusion of (his,) to hbs was additionally con-
firmed by (His)HBsu purification with affinity chromatogra-
phy from B. subtilis PK9CS8 cells grown in the presence of
IPTG.

Growth of B. subtilis is dependent on hbs expression. The
influence of HBsu on growth of B. subtilis cells was studied by
using strain PK9C8 grown in the absence and in the presence
of IPTG, which induced the expression of (hiss)hbs in this
strain. As a control, wild-type B. subtilis was grown under the
same conditions. In rich medium, growth of strain PK9C8
producing (Hiss)HBsu was slightly retarded compared to that
of the wild type (Fig. 3). Both strains reach the stationary
phase of growth at the same time, at 7 h after the end of log
phase (7). In contrast, strain PK9C8 not expressing (his,)hbs
grew much more slowly than under (Hisy)HBsu-producing
conditions (Fig. 3). Only about one-eighth of the cell density
(ODggo 0.5) was achieved at T in the absence of (Hiss)HBsu
compared to that of the wild type (ODgq, 4.0). In contrast to
wild-type cells, which reached late stationary phase at T,
PKOCS cells not expressing (his;)hbs were still growing expo-
nentially, showing only a twofold reduction in growth com-
pared to wild-type cells (Fig. 3). Nevertheless, when cells were
grown in M9 minimal medium (31) no large differences in
growth rates were detected. Western blot analysis (6) of cell
extracts from strains grown in different media showed that the
amount of HBsuGFP was higher in cultures grown in minimal
medium (not shown). The Western blot in Fig. 4B and the
corresponding gel (Fig. 4A) show the levels of HBsu,
HBsuGFP, and (His,)HBsu production in B. subtilis wild-type,
PKO9C8 not expressing (his;)hbs, and PKIC8 expressing
(hiss)hbs, all grown in minimal medium. The antibodies raised
against (His,)HBsu reacted predominantly with HBsu and
HBsu derivatives (Fig. 4B). Nonspecific reactions were ob-
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FIG. 4. Production of (Hiss)HBsu and HBsuGFP in strain PK9CS. The expression of the /bs-gfp fusion is controlled by the native 4bs promoters P1 and P2, whereas
(hiss)hbs is under the control of the IPTG-inducible spac promoter. (A) Coomassie blue-stained 10% Tricine—polyacrylamide gel. (B) Western blot analysis of the gel
shown in panel A, using polyclonal antibodies raised against HBsu. Lane 1, 10-kDa protein mass ladder; lane 2, purified (Hisq)HBsu protein; lane 3, purified
(Hiss)HBsuGFP; lane 4, cell extracts of wild-type B. subtilis JH642; lane 5, cell extract of strain PK9C8 without induction of (hiss)hbs expression; lane 6, cell extract
of strain PK9C8 with induced (his4)hbs expression.
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FIG. 5. Localization of HBsuGFP fusion protein in B. subtilis PK9C8. Cells shown in the upper panels (a) were grown without additional production of (Hiss)HBsu.
In the lower panels (b), cells grown in the presence of IPTG, which induces (Hisq)HBsu production, are shown. (A) Phase-contrast image; (B) HBsuGFP green

fluorescence; (C) DAPI fluorescence. The bar in aA represents 5 pm.

served with a 30-kDa B. subtilis protein (Fig. 4B, lanes 4 to 6),
which appeared in all strains independently of (hiss)hbs ex-
pression and was therefore not further characterized.
Localization of HBsuGFP in B. subtilis cells. To visualize the
localization of the HBsuGFP fusion protein and possible cel-
lular changes depending on in trans expression of (His,)HBsu,
fluorescence microscopy and DNA staining were employed.
PK9CS cells carrying the hbs-gfp fusion grown in complete or
sporulation medium did not produce large amounts of
HBsuGFP, as determined by Western blot analysis and con-
firmed by fluorescence microscopy. In contrast, cells grown in
minimal medium developed a bright green fluorescence. These
cells were used to investigate the putative association of HB-
suGFP to the nucleoid. The vegetative growing cells were
centrifuged and resuspended in 0.05 volume of TE and a 3-pl
aliquot was applied to a slide precoated with 0.005% polylysine
(Sigma). The dried cells were treated with 10 wl of methanol,
resuspended in 5 pl of distilled water, and mixed with 1 pl of
DAPI (1 pg/ml; 4',6-diamidino-2-phenylindol), and a coverslip
was placed on the top. As observed for control experiments on
viable cells (not shown), neither cell drying nor methanol treat-
ment had an influence on the DNA structure but they were
necessary to fix the cells on the slide. Cells were viewed with a
Zeiss Axiovert epifluorescence microscope with a X100 Plan-
Neofluar oil immersion objective lens. GFP fluorescence was
observed with a filter set for green light (excitation wavelength,
450 to 490 nm; long pass wavelength, 520 nm; emission wave-
length, 510 nm), while DAPI fluorescence was visualized with
a UV filter set (excitation wavelength, 365 nm; long pass wave-
length, 397 nm; emission wavelength, 395 nm). Whole cells
were viewed as phase-contrast images. In both types of PK9CS8
cells grown with or without expression of (his,)hbs, HBsuGFP-
directed green fluorescence was always observed within the cell
at exactly the same location as DAPI fluorescence (Fig. 5).
This is, to our knowledge, the first in vivo evidence for the
association of the histone-like protein HBsu as a fusion to GFP
with the B. subtilis nucleoid. Furthermore, we observed that
the additional production of (Hisg)HBsu caused the formation
of a more dense nucleoid (Fig. 5bC). This may be due to DNA
compaction by (His,)HBsu and HBsuGFP, as indicated by the
compact green fluorescence associated with the highly con-
densed nucleoid. Wild-type cells showed the same DNA struc-

ture after DAPI staining as that observed in Fig. 5bC for strain
PK9C8 grown with additional IPTG. Due to the absence of
GFP, wild-type cells do not show any green fluorescence at all
(not shown).

Conclusion. We used HBsuGFP as a marker for HBsu to
investigate its interaction with the nucleoid of B. subtilis.
HBsuGFP was shown to bind DNA in vitro (Fig. 1) and to be
associated with the chromosome of B. subtilis (Fig. 5aC). Its in
vitro as well as its in vivo DNA binding could be improved by
addition of (Hisq)HBsu (Fig. 1 and Fig. 5b). That nucleoid
condensation depends on HBsu emphasizes its principal role
in DNA packaging. Consequently, we infer that HBsu is es-
sential for B. subtilis, as indicated by the failure to disrupt the
hbs gene (27), due to its structural role for the organization of
the chromosomal DNA.

Production of HBsuGFP alone in strain PK9CS8 leads to the
formation of the relaxed nucleoid (Fig. 5aC) and consequently
to a growth slower than that of those cells producing additional
(Hise)HBsu (Fig. 3). It is remarkable that B. subtilis cells are
able to grow while expressing a histone-like protein (HBsuGFP)
with reduced DNA-binding ability. However, one might as-
sume that some other nonspecific DNA-binding proteins may
complement this partial deficiency. Such proteins could be the
small heat-stable, acid-soluble proteins which were isolated
from the B. subtilis nucleoid and were shown to have DNA-
binding capacity (30). The major heat-stable, acid-soluble pro-
tein, called HPB9, was found to be identical to HBsu (21). A
second protein of this class, HPB12, with an estimated abun-
dance of 20,000 monomers per cell, was found to be identical
to the ribosomal protein L.24 (2). It was proposed to participate
in nucleoid formation by binding DNA as well as nucleoid-
associated RNA. In the presence of an HBsu derivative with
lowered DNA-binding ability, like HBsuGFP, HPB12 may sup-
port nucleoid formation but it seems not to be able to substi-
tute for HBsu. In the absence of HBsu, DNA might not be
packed adequately, causing inhibition of growth and develop-
ment. These changes, however, might also be due to an altered
gene expression, caused by low levels of HBsu. This system
with inducible (his;)hbs expression will allow us to study
changes in promoter activity dependent on DNA packaging
and to visualize DNA segregation during development.
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