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Histone proteins bind DNA and organize the genomes of eukaryotes and
most archaea, whereas bacteriarely on different nucleoid-associated
proteins. Homology searches have detected putative histone-fold domains
inafew bacteria, but whether these function like archaeal/eukaryotic
histones is unknown. Here we report that histones are major chromatin
componentsin the bacteria Bdellovibrio bacteriovorus and Leptospira
interrogans. Patterns of sequence evolution suggest important roles

for histones in additional bacterial clades. Crystal structures (<2.0 A)

ofthe B. bacteriovorus histone (Bd0055) dimer and the histone-DNA
complex confirm conserved histone-fold topology butindicate a distinct
DNA-binding mode. Unlike known histones in eukaryotes, archaea and
viruses, BA0O55 binds DNA end-on, forming a sheath of dimers encasing
straight DNA rather than wrapping DNA around their outer surface. Our
results demonstrate that histones are present across the tree of life and
highlight potential evolutionary innovation in how they associate with DNA.

Eukaryotic genomes are organized by nucleosomes which are com-
posed of four core histones that assemble into an octamer to wrap DNA
intwo tight superhelical turns’. This arrangement of histones severely
restricts access to the genome. As aresult, eukaryotes rely on a com-
plex system of access control to coordinate DNA-templated processes
suchas transcription, replication and DNA repair”. Histones are among
the most conserved and abundant proteins across eukaryotes®~. The
‘histone fold’ comprises three alpha helices (connected by two short

loops) that dimerize in a head-to-tail ‘handshake motif”. Additional
structural elements, including divergent N-terminal tails, distinguish
the four eukaryotic core histones from each other”. Deletion or deple-
tionofindividual histones leads to transcriptional dysregulation, cell
cycle arrest and, ultimately, cell death® ™.

Smaller histones, consisting only of the histone fold, are pervasive
in archaea, where they can play a major role in chromatin organiza-
tion together with other nucleoid-associated proteins (NAPs)” . In
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some archaea, histones are among the most abundant proteinsin the
cell®. Inthe model archaeon Thermococcus kodakarensis, histones are
essential”. Similar to their eukaryotic counterparts, archaeal histone
dimersbend DNA around their outer surface by contacting three con-
secutive minor grooves of DNA. Three independent DNA interaction
interfaces are formed by main and side chains of paired L1-L2 loops and
the central al-al interface”®. Whereas eukaryotic histones are obligate
heterodimers, archaeal histones such as HTkA/B from T. kodakarensis
and HMfA/B from Methanothermus fervidus (henceforth HMf/HTk
histones) can form homo- or heterodimers'?°. These dimers then oli-
gomerize into stacks of variable size that wrap DNA to form slinky-like
‘hypernucleosomes™®*%,

Bacteria use a variety of small, basic NAPs to organize their DNA.
Themostwidespread NAPis HU, but other abundant, lineage-restricted
proteins exist”**, Deleting individual NAPs is often not lethal to bac-
terial cells. This is even true for NAPs that, like HU in E. coli, are major
constituents of the nucleoid®. Histones are generally considered to
be absent from bacteria. However, homology searches have identi-
fied proteins with putative histone-fold domains in an eclectic set
of bacterial genomes®. The role(s) of these proteins in organizing
bacterial chromatin has not been investigated. In this Article, we show
that histone proteins are major nucleoid components in Bdellovibrio
bacteriovorusand Leptospirainterrogans and, using acombination of
structural and molecular techniques, provide evidence for how they
interact with DNA and might organize the B. bacteriovorus genome.

Results

Histone folds are commonin several bacterial clades

We carried out a systematic homology search for histone-fold pro-
teinsinbacteria. Using a phylogenetically balanced database 0f 18,343
bacterial genomes, we found 416 proteins that contain a predicted
histone-fold domain (Supplementary Table1). Of the genomes, 1.86%
encode at least one histone-fold domain, compared with 92.8% of
genomes that encode HU. In agreement with previous work, we iden-
tified two major histone size classes, containing either a singlet or
adoublet histone fold*®. Both classes are typically devoid of other
recognized domains (Fig. 1a and Supplementary Table 1). Like their
archaeal homologues, most bacterial singlets also lack the long, disor-
dered N-terminal tails that are characteristic of eukaryotic histones'*”.
Amino acid conservation across the three domains of life is particularly
highintheL2loop (especially the RKTV motif, Fig.1c).Inarchaeal and
eukaryotic histones, this region contacts DNA as part of the L1-L2 bind-
ing motif. The highly conserved ‘RD clamp’ stabilizes this arrangement.
Bacterial singlets are on average six residues shorter than HMf/HTk
histones. Thisis mostly due to ashorter a2 helix, whichis diagnostic of
bacterial singlet histones (Fig. 1b,c). Several residues that are normally
present in archaeal and eukaryotic histones, including the ‘sprocket
arginine’” R19 that is held in position by a hydrogen bond with T54,
are not conserved in bacterial histones (Fig. 1c). The N terminus as
awhole exhibits considerable divergence, is more hydrophobic in
nature and includes a conserved serine-lysine motif (S9-K10) that is
not foundin archaea.

B. bacteriovorushas anucleoid-localized histone
The phyletic distribution of histones across the bacterial domain
is patchy (Fig. 1d and Supplementary Table 1). In some instances,
this might indicate assembly contaminants or recent/transient
horizontal gene transfer. However, we identified clades where histone-
fold proteins are present in several closely related sister lineages.
Such phylogenetic persistence is particularly evident in the phylum
Bdellovibrionota (Fig. 2a and Supplementary Fig. 1) and the order
Leptospirales (Supplementary Fig. 2).

B. bacteriovorusHD100, the model organism of the Bdellovibrionota,
is a bacterial predator with a biphasic, bacterially invasive life
cycle”. Small, motile attack-phase cells breach, enter through and

subsequently re-seal the outer membrane of Gram-negative prey
bacteria (for example, E. coli). From the periplasm, B. bacteriovorus
then consumes its prey by secreting proteases and nucleases into the
prey cytoplasm, culminatingin cycles of replication and coordinated
non-binary divisionto yield new attack-phase cells, which are released
from the husk of the ravaged prey following induced rupture of its cell
wall and outer membrane®®”",

B. bacteriovorus encodes two predicted singlet histones (Sup-
plementary Table 1). BAOOS55 is a bacterial singlet with a detectable
homologue in 67% of Bdellovibrionota genomes (Figs. 1c and 2a, and
Supplementary Fig. 1). It is highly conserved at the amino acid level
(Supplementary Fig. 3).Bd3044 is alonger, less well-conserved protein
thatis presentinonly 37% of Bdellovibrionota genomes (Supplemen-
tary Figs.1and 3). Previous transcriptomic data from across different
stages of the B. bacteriovorus life cycle indicate high expression
of BAOOSS5, especially during active replication in the host (Supple-
mentary Fig. 4). We therefore focus on BA0055 as a candidate global
organizer of the nucleoid.

We used quantitative label-free proteomicsin attack-phase cells to
confirm high abundance of BA0055 at the protein level (Fig. 2b; ranked
12th out of 2,125 proteins quantified). Of note, protein abundance in
attack-phase cellsis better correlated with RNA abundance in growth
phase, consistent with atime lagin protein production where transcript
levels during growth phase foreshadow proteinlevelsin attack-phase
cells (Supplementary Fig. 4).

To investigate cellular localization of BA0055 and to monitor
expression throughout the B. bacteriovorus life cycle, we generated
B. bacteriovorus HD100 strains in which the native copy of bd0055
was replaced with a version that was C-terminally tagged with either
mCherry or mCitrine. Both tagged strains exhibit no gross morpho-
logical defects and carry out predation efficiently. We detect strong
fluorescence fromtagged Bd0055 throughout thelife cycle, including
infree-swimming attack-phase cells and following invasion of the £. coli
prey (Fig.2c). Compared to a previously characterized mCherry-tagged
control protein with known cytoplasmic localization®*, the fluores-
cent signal emanating from BA0O0O55-mCherry is absent from the cell
poles, consistent with localization to the nucleoid as captured by
Hoechst staining (Fig. 2d-f). In line with the absence of a signal pep-
tide, we find no evidence for secretioninto the £. coli prey, suggesting
that BA005Sis unlikely to be used for manipulation of prey chromatin.

The nucleoid-to-cell size ratio (also known as nucleocytoplas-
mic ratio) in B. bacteriovorus attack-phase cells is very large, making
nucleoid co-localization less apparent than it would be in bacteria
where the nucleoid occupies asmaller fraction of the cell. In addition,
extreme nucleoid compactionin attack-phase cells hasbeenshownto
compromise free diffusion of some fluorescent proteins through the
nucleoid*. As a consequence, much of the fluorescence signal might
come fromthe more accessible nucleoid periphery, complicating pre-
cise delineation of its origin (cytoplasm versus nucleoid). We therefore
pursued two complementary approaches to gather further evidence
that BA0OS55 co-localizes with the nucleoid in a cellular context.

First, we expressed a BA0055-GFP fusion protein in E. coli, where
the nucleoid is less compact and occupies a much smaller fraction
of the cell. We observe clear co-localization of BdOOS55-GFP with
the nucleoid and little GFP signal from the surrounding cytoplasm
(Supplementary Fig. 5).

Second, to obtain orthogonal in vivo confirmation that Bd0055
associates with the B. bacteriovorus nucleoid, we carried out sucrose
gradient-based nucleoid enrichment experiments coupled to quantita-
tive proteomics. We analysed two fractions from sucrose gradients of
lysed attack-phase cells: a lower-density fraction that is enriched for
soluble cytosolic proteins and a nucleoid fraction enriched for DNA
and DNA-binding proteins. Subunits of the RNA polymerase are, as
in other bacteria, very abundant (Fig. 2g). Bd0055, however, stands
out as the most abundant protein in the nucleoid fraction, where it is

Nature Microbiology | Volume 8 | November 2023 | 2006-2019

2007


http://www.nature.com/naturemicrobiology

Article

https://doi.org/10.1038/s41564-023-01492-x

a b
HF HF HF
~— — I
Singlet Doublet
X
°©
> <
2 | Halophilic HMf/HTk-type S5
% mini-histones Archacal E g
I Bacterial singlets doublets 50
o cg
> Bacterial =g
= Archaeal singlet with - 1S
% Archaea N-/C-terminal extensions / doublets s
o Bacteria %
v P
\ T T 1 a
50 100 150 200
Protein length (amino acids)
¢ — o A o2 ——[ a3 }— HMfB secondary structure
RD clam
RT pair P
[ \
R19 154
RIO  GI6 | £33 Ha9 R52| D59
M--------- ELPIAPIGRIIKDAGAERVSDDARITLAKILEEMGRDIASEAIKLARHAG-RKTIKAEDIELAVRRFKK HMfB
4
m 2 V Archaea
P D B Acidic
1 R i
G - | M Basic
. ] B Hydrophobic
B Neutral
3
£ 2M E V G Ts DA S A G K Bacteria I Polar
1 S
G S|
0 B A Kzlx
MA EVLVVTSKVKKLIKEKGQMNTSAETIDVLSKAIEQ----LCLKGVESAKADG DIQKTVMAR[?IVIDHL Bd0055
sg‘ Kis  s24  L31 R51|  DS8
K10 T53
d Aquificales
Spirochaeota (incl. Leptospirales)
2 (CPR) Elusimicrobia
sd\\oac‘e Planctomycetota
G
QA \ ‘ m 1
) Wl it
| W, ﬁ/}
I
Bdellovibrionota
|= doublet
|=singlet

Cladogram of Bacteria
(abridged, GTDB)

Fig.1|Histone-fold proteinsin bacteria. a, Length distribution of proteins
(<200 amino acids) encoding predicted histone-fold domainsinbacteriaand
archaea. Relative frequencies are shown. b, Length of the a2 helix in bacterial
versus HMf/HTk archaeal singlet histones (*, P = 3.24 x 107, two-sided Mood
test, N=1,278 archaeal histones, N =180 bacterial histones; box plots show
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alignment to allow comparison across kingdoms. Alignment gaps were coded as
aseparate character toretain their information value and are visualized as empty
boxes. Residues that are notably conserved across kingdoms are highlighted by
shaded boxes. d, Abridged (see Methods) bacterial species treeillustrating the
phyletic distribution of histone-fold-containing proteins across the kingdom.
Histones are represented as bars, the length of which s scaled to capture relative
protein length in amino acids. Shorter bars indicate singlets and longer bars

represent doublets or, on occasion, proteins with additional domains (see
Supplementary Table 1for details).

Nature Microbiology | Volume 8 | November 2023 | 2006-2019

2008


http://www.nature.com/naturemicrobiology

Article https://doi.org/10.1038/s41564-023-01492-x

a B. bacteriovorus HD100 b
Bdellovibrionia
ceseeeoass . S
v M . . = a§ =
I 5 883 Is
c b5} o3 8
o 301 = g £S5 /o
L~y o @ ZuwT c
° 20 & s 3 S
Bacteriovoracia 2 4 S 2 I_ A ki
o d S~ o 0/ T
. o= 2
. E‘) o 25 /
i ° Ho
Qutgroups = c —
£
. o o
A ::N_g 20 A
. o ©
. kel
.
« Singlet histone (incl. BdO055) ° 15 4
Singlet histone with extended . : : : : :
N terminus (incl. Bd3044) : 0 500 1,000 1,500 2,000
ram of the Bdellovibrionota and neighbouring clades, GTDB
Cladogra Less abundant More abundant
c e f
Phase BAOOS55- ’:‘ Bd0055-mCherry ’:‘ Bd0064-mCherry
contrast DAPI mCitrine S mCherry & 600 mCherry
L = ® 1,000 0]
325 o . . [$) }
8 c 0 c 'S
Attack phase/ 2z g 75 @ 4007 /1|
attachment = ¢ 500 | ‘ ' ’ | . 8 | {
LIS Bod (RN PO
2 2504 DAPI M = DAPI
o 0 ! o 0 - 1
Filamentous growth z z .
in bdelloplast Rel. position along Rel. position along
P long cell axis long cell axis
— = ' oan i 1,200 £ ' oan I 1,200
o o™ 3 900 =
Q= = - = 900 m
Septation | © = = c 0 c
: 22 3 ° 600 § 8 600 S
oe he] o el o
S IS 300 & € 300 o
o £ 1 g £ 1 3
n 3 i
o 1 mCherry 1,800 8 o 1 mCherry 900 8
o= —
Prey lysis and exit o, © 1,300 & e o
2o c g0 600 £
IS F8oo -~ g
(2} —
e, I 300 e,y 300
0] 400 800 1,200 6] 400 800 1,200
Cell # (ranked by size) Cell # (ranked by size)
d mCherry 9
mCherry  Hoechst +Hoechst Composite ° DNA-binding domain (Pfam)
o> . Membrane/periplasmic
10 £ ’ = * « Other
o= S .
o2 2 .
3Q ) S 10 «
) E Tum E .
- &= [3
Q < .
gz 2 o
Qs - 3 . .
o2 2 P
S0 b | 2 ’
RE e : .. . .
= o 57 4 . * Histone (Bd0055)
S ] rpo Bd1238
% rpoC s rpoA \_ o
3 .
Z . .
- * . .
c .
$ .
€ 0 - .
<
0 *
I~
c b
o 3
~
)
o
]
_5 — o
T T T T T
0 5.0x10" 1.0x10° 1.5x10° 2.0x10°

Fig. 2| Histones in Bdellovibrio. a, Phyletic distribution of singlet histones

across the Bdellovibrionota. b, Ranked protein abundance in B. bacteriovorus
attack-phase cells, based on quantitative label-free proteomics. All quantified

proteins are plotted. ¢, Representative images of different phases of the

B. bacteriovoruslife cycle from strains expressing a Bd0055-mCitrine fusion

protein. d-f, Representative images and quantification describing the

localization of BdA0O055-mCherry and Bd0064-mCherry, a protein with previously

Normalized protein abundance (IBAQ, nucleoid fraction)

established cytosolic localization, in B. bacteriovorus. Imaging experiments in c-f

were carried outin triplicate.

Number of cells used for quantification: N=1,377

(BdO0O55-mCherry); N = 574 (Bd0064-mCherry). Mean + s.d. g, High abundance
and prominent nucleoid enrichment of Bd0055 in B. bacteriovorus attack-phase
cells (also see Supplementary Fig. 5). Note that the nucleoid fraction is also
enriched for membrane components that have previously been reported to co-
sediment with the nucleoid (see ref. 15 for previous work).
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10-fold enriched compared with the top fraction. Homologues of clas-
sicbacterial NAPs encoded in the B. bacteriovorus genome, including
HU and Dps, are present but less abundant and less enriched in the
nucleoid fraction (Supplementary Fig. 5). The only other predicted
DNA-binding protein that is notably abundant is Bd1238 (Fig. 2g), a
yet uncharacterized HTH domain-containing protein with similarity
to 0**-dependent transcriptional regulator proteinsin other bacteria.

Bd0055 folds into a histone-fold dimer

We solved the crystal structure of Bd0055 to 1.8 A resolution (Sup-
plementary Table 2). BA0055 forms a crystallographic dimer where
one monomer is related to its partner through two-fold symmetry
(Fig. 3a). It has the overall topology of a histone-fold dimer, as well
as a positively charged ridge along its ‘top’ surface that is also found
in archaeal and eukaryotic histones, where it is used for DNA binding
(Fig. 3b)"'. Of note, the Bd0055 a2 helix is 7 A shorter than its archaeal
and eukaryotic histone counterparts (1 helical turn shorter compared
with archaeal HMfB, Fig. 1c), which decreases the overall size of the
histone dimer (Fig. 3a). In addition, the a3 helixin BA0055 forms only
one helical turn and the remaining amino acids pack against a2 of the
dimerization partnerinanextended configuration. This organization
differs from the three-turn a3 helix in archaeal/eukaryotic histones,
which takes part in tetramerization by contributing to the four-helix
bundleinterface’. A conserved histidine in a2 (H49) is conspicuously
absent from bacterial histones (Fig. 1c). Finally, the surface opposite
the basic ridge of the BAOO55 dimer is more acidic than that of HMf/
HTk histones (Fig. 3b).

Bd0055 DNA-binding differs from that of archaeal histones

Bd0O055interacts with DNAin vitro, as evident from fluorescence polari-
zation (FP) assays (Fig. 4a). Using gel electromobility shift assays, we
previously demonstrated that the archaeal histone HTkA shifts 147 bp
DNA to a single discrete band*. HTKA saturates this DNA fragment
ataratio of ~10:1 and is unable to produce higher shifts with added

protein. In contrast, BAOO55 shifts DNA to several regularly spaced
bands indicative of multiple binding events (Fig. 4b). Increasing the
protein/DNA ratio of BAOO55 continues to decrease electrophoretic
mobility, suggesting a different binding mode (Fig. 4b).

To test whether Bd0055 bends DNA into a nucleosome-like geom-
etry, we assembled histones on 147 bp DNA fragments end-labelled
withaForster resonance energy transfer (FRET) donor-acceptor pair.
Titration of archaeal HTKA onto this DNA brings the ends into FRET
proximity by forming nucleosome-like structures, as observed previ-
ously'®. In contrast, no signal was observed upon titrating evenalarge
excess of BA0055 (Fig. 4¢). By monitoring fluorescence polarization
of the same samples, we verified that both proteins bind DNA under
these conditions (Fig. 4a; see Supplementary Fig. 6 for the effects of
pH and salt on binding affinity).

To further investigate this different behaviour of BA0055, we
superimposed the BA0055 histone structure onto anarchaeal hypernu-
cleosome consisting of four HMfB dimers and 118 bp of DNA (based on
PDB 5T5K) and carried out all-atom molecular dynamics simulations.
While archaeal histone dimers remain stably stacked throughout the
simulation, the modelled BAOOS5 hypernucleosome unfolds within
a few nanoseconds (Fig. 4d and Supplementary Movie 1). Although
Bd0055 dimers remain bound to DNA during the simulation, they no
longer contact other dimers through protein-protein interactions,
suggesting a failure to form stable tetramers on DNA.

This conclusion is further supported by comparative micrococ-
calnuclease digests of chromatin from £. coli strains that express high
levels of either HMfA or BA00S5. Whereas digestion of chromatin from
the HMfA-expressing strainresultsinaladder of bands consistent with
hypernucleosome formation, fragments of a defined size that would
be indicative of hypernucleosome footprints are not observed in the
Bd0055-expressing strain (Supplementary Fig. 7).

These differences were further explored in vitro by analytical
ultracentrifugation (AUC), a first-principle approach to assess mole-
cular weight and shape of a macromolecular assembly. A147 bp DNA
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the DNA and produce a high FRET signal. Bd00O55 does not cause FRET between
DNA ends, even with a large excess of protein (V= 3). Mean + s.d. d, Plot of RMSDs
from simulating a hypothetical Bd0055 hypernucleosome modelled onto PDB
5T5K using four histone dimers and 118 bp of DNA (see Supplementary Movie 1).
After 500 ns of simulation, hypernucleosomes with HMfB remain stable, whereas
hypothetical BdO0OS55 hypernucleosomes fall apart after as little as 10 ns.

fragment was saturated with 15 dimers of HTKA (S-value of 8 with no
furtherincrease), while over 60 dimers of BA0055 can be added to the
same DNA, resultinginamuchlarger complex that sedimentsat>12 S
(Supplementary Fig. 8). This result provides orthogonal evidence for
the very different binding mode and stoichiometry employed by HTKA
and Bd0O55.

Tounderstand how Bd0055binds DNA, we solved the crystal struc-
ture of BAOO55in complex witha35 bp DNA fragment (Supplementary
Table 2). This structure shows that Bd0055 contacts the DNA with only
one L1-L2 binding interface across the minor groove (Fig. 5a). The
molecular details of this edge-on interaction are very similar to those
observed for other known histones. It employs the L1-L2 motif that is
conserved across the domains of life, although the sprocket arginine
that reaches into the minor groove in nearly all other histone-DNA
complexesis missing (Fig. 1c). Surprisingly, rather than the DNA bend-
ingaround the positively charged histone surface, the DNA maintains
a straight trajectory. Additional histone dimers bind the next two
phosphatesthrough L1-L2 interfaces engaged inidentical interactions
but flipped by 180 degrees (Fig. 5b). The filament is stabilized through
protein-proteininteractions between histone dimers thatinvolve the
basic DNA-binding ridge and the acidic underside of histone dimers 1
and 5, and through exchanging N-terminal tailsbetween dimers1and 4

(Fig. 5¢). This nucleohistone filament, which is characterized by a
histone to DNA ratio of 1 histone dimer per 2.5 bp, reverses known
histone convention by completely protecting straight DNA from the
solvent. All other known histone-DNA complexes have histones on
the inside and wrap DNA around them in a stoichiometry of 1 histone
dimer per 30 bp, resulting in significant distortions of DNA double
helix geometry (Fig. 5b).

Proposed mechanisms for unusual BAO055-DNA interactions
Three mainstructural differences between BA0055 and other histones
could be responsible for this binding mode. First, the N terminus pro-
motesinteractions between dimers onthe same strand of DNA, poten-
tially stabilizing the fibre structure. Second, the shorter a2 helix of
Bd0055 might force the DNA to bend too severely to wrap around the
outside of the shortened dimer. Third, key residues responsible for
tetramerization in archaeal histones are absent, most notably a histi-
dine at the equivalent position of A48 (Figs. 1c and 5¢).

To test whether any of these differences are responsible for the
inability of BA0055 to wrap DNA, we made the compensating mutants
invitro and assayed their ability to wrap 147 bp DNA using FRET. Nei-
ther deletion of the four N-terminal amino acids nor insertion of four
aminoacidsinto a2 of Bd0OO55resultinaprotein that producesa FRET
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Fig.5|Bd0055binds DNA end-on and encases straight DNA. a, Crystal
structure of BA0055in complex with 35 bp DNA, showing interactions between
the L1-L2 loop across and the phosphate backbone across the minor groove of
DNA. Asymmetric unit is shown. b, Top: Bd0055 dimers encase dsDNA by binding
to five phosphates (2-3 on each strand) and interacting with neighbouring
dimers through electrostatic interactions. Consecutive dimers as they filament
onthe DNA are shown in decreasing shades of blue. Bottom: illustration of

how archaeal HMfB wraps DNA around a core of histone dimers that are linked
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through afour-helix bundle structure (PDB 5T5K). ¢, Details of histone-histone
interactions in the BA0055 nucleohistone filament. Sites of mutagenesis

to switch the binding mode are indicated. d, Mutation of A48H, S45F, 161L
(Bd00S55-tetra) in BAOOSS enables it to bring DNA ends into FRET proximity, while
extending a2 by inserting YAIE (Bd0055-a2) or deleting the N terminus (Bd0055-
AAEVL) has no effect, even though all mutants still bind DNA (see Supplementary
Fig.9). Mean + s.d. of experiments carried outin triplicate.

signal between DNA ends (Fig. 5d). In contrast, mutations that mimic
the archaeal tetramerization domain from HTKA (A48H, S45F, I161L;
Fig. 5Se) enable BA0OO55 to bring the ends of the DNA within FRET dis-
tance. These amino acids are not implicated in DNA interactions in
either binding mode nor does mutating them impair the ability of
Bd0055 to bind DNA (Supplementary Fig. 9a). The magnitude of the
FP signal observed for the tetramerization mutant binding 147 bp
DNA closely matches that of HTKA and the shift to the left indicates
the higher affinity of Bd0055 for DNA compared with HTKA (Fig. 5d).
This particular mutant, when added to DNA, is more similar to HTKA
than to wild type BdOO55 when analysed by AUC (Supplementary
Fig.8d), and structural prediction of the unsolved tetramer interface
suggests that it may be capable of forming a similar interface to thatin
the crystal structure of HMfB (PDB 5T5K) and the predicted structure of

HTKA (Supplementary Fig. 9b-e). These datasuggest that the inability
of wild type Bd00S55 to form tetramers is responsible for its inability
towrap DNA around its outer perimeter asis observedinarchaeal and
eukaryotic histones. This is consistent with previous findings from
HMfB mutagenesis and analysis of a small set of archaeal histones
thatdonothaveahistidine residue at position 49. In either case, these
histones were unable to form stable tetramer interfaces?®.

Predatory and prey-independent growth probably require
Bd0055

Wesoughttodelete bd0055to investigate its physiological role. Unlike
for E. coliand other model bacteria, advanced genetic tools to probe
essentiality, such as inducible promoter systems, are not available
for B. bacteriovorus. We therefore embarked on multiple attempts
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Fig. 6 | Histones in other bacteria. a, High expression of histone-fold
proteins at the RNA and/or protein level is evident in bacteria from distant
phylogenetic clades. Data sources: L. interrogans®®, Waddlia chondrophila®*,
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Leptospirales. ¢, High abundance and prominent nucleoid enrichment of the
L. interrogans histone-fold protein.

to delete bd00SS5 in the wild type HD100 background using an estab-
lished silent gene deletion approach®*, These attempts resulted in
no deletion strains and 133 reversions to wild type. Reversions here
are cases where growth occurred in selective conditions, suggestive
of successful integration of the resistance cassette into the target gene
but where subsequent examinationrevealed anintact copy of the target
gene. This canoccur, for example, asaresult of merodiploidy, whichis
commonin B. bacteriovorus. We also attempted to delete hbd00O55in a
host-independent strain, HID13 (ref. 37), to establish whether impaired
predation was the reason that no deletions were obtained in HD100.
These attemptsresulted in no successful deletions and 150 reversions
to wild type. While not an ironclad demonstration of essentiality, the
results above suggest that bd0055 is probably important for fitness
duringboth predatory and prey-independent growth. The results also
imply that the second, less-abundant histone-fold protein, Bd3044,
cannot readily compensate for the loss of Bd00S55.

Histones are abundant in bacteria outside Bdellovibrionota

Is B. bacteriovorus unique among bacteriain using histones as amajor
building block of chromatin? We examined publicly available gene
expression data and generated additional transcriptomic and pro-
teomic data. At both the transcript and protein levels, we find high
expression of histone-fold proteinsin several distantly related bacteria
(Fig. 6a). We also observe notable phylogenetic persistence of his-
tone genesin clades where gene expression profiles are not available,
includingin the Planctomycetota and Elusimicrobia (Supplementary
Figs.10-13).

We became particularly curious about L. interrogans, the causa-
tive agent of leptospirosis, whose histone (Uniprot ID: AOA2HIXGH2
gene ID: LA_2458) is exceptionally abundant. A previous study*® found
this histone to be the fourth most abundant protein in the cell (out
of 1,502 proteins quantified), something we recapitulate, finding

it ranked second out of 2,433 proteins (Fig. 6a and Supplementary
Fig.14)*. Echoing results for Bd00S55, this histone is highly conserved
attheaminoacid level, with homologues presentin allmembers of the
order Leptospirales, including saprophytic and pathogenic species
(Fig. 6b, and Supplementary Figs. 2 and 15). Although the molecular
details of its interaction with DNA remain to be elucidated, nucleoid
enrichment experiments followed by mass spectrometry confirmed
very highabundance and strong nucleoid enrichment (Fig. 6¢). Finally,
several attempts to delete the gene encoding this histone from the
L. interrogans genome failed, suggesting that histones are probably
also essential in this species.

Discussion

Our results demonstrate that eukaryotes and archaea are not alone
inusing histones as major building blocks for chromatin. At least two
bacteria, B. bacteriovorus and L. interrogans, also do so. The bacterial
histone BA0055 from B. bacteriovorus HD100 is structurally similar to
itsarchaeal and eukaryotic homologues but, rather than wrapping DNA
around its outer surface, binds DNA edge-on and oligomerizestoforma
dense nucleohistone fibre that completely encases DNAinvitro. Thisisa
different mechanism compared with that employed by known histones,
which bend and distort DNA to form nucleosomes (in eukaryotes) or
hypernucleosomes (inarchaea), leaving DNA partially accessible. This
inside-out arrangement presents afundamental divergence from the
accepted view of how histones structure DNA.

Whether, and under what conditions, such nucleohistone
filaments form in vivo remains to be established, a challenge that is
complicated by difficulties in generating deletion strains.

Thelife cycle of B. bacteriovorus may provide clues for how Bd0055
isused in vivo. Of particular relevance, attack-phase cells have highly
compacted nucleoids that cannot be penetrated even by small fluo-
rescent proteins®. The nucleoid decondenses shortly after entry into
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host cells and a less compact nucleoid state persists until the
B. bacteriovorus cellis ready to septate. At this time, the newly replicated
genomes of each daughter cell againbecome discretely packaged into
highly compacted nucleoids®. Bd0055 nucleohistone filaments might
contribute to nascent genome segregation and/or the management of
extreme compaction during attack phase. For example, at the nucleoid
periphery, nucleohistone filaments could interface with and perhaps
shield the remainder of the nucleoid from the cytoplasmic environ-
ment. Determining the genomic binding landscape of Bd0055, using
chromatinimmunoprecipitation followed by sequencing (ChIP-Seq) or
related approaches, would be alogical next step to answer this question.
The crystal lattice we observed suggests the possibility that bacte-
rial histones might generate higher-order fibre packing through the
interaction of histones on adjacent nucleohistone filaments (Supple-
mentary Movie 2). Although interactions between filaments do not
seem to be very strong, it is worth pointing out that one of the three
DNA-binding regions in the BAOO55 dimer is available for additional
interactions with DNA, which might enable interactionbetween nucleo-
histone filaments. Tomograms from B. bacteriovorus and L. interrogans
suggest occasional close packing of DNA fibres in vivo*®*, but whether
these are nucleohistone filaments remains to be established.
Histones probably also have afunctionin other bacteria. We pre-
sent evidence for histone sequences in diverse organisms across the
domain Bacteria. We find that the encoded proteins are often highly
abundantand arelikely to be essential inatleast one other bacterium,
L. interrogans. Leptospira histones share specific, important features
with Bd0O055, such as the shorter a2 helix, the conserved L2 loop and
the absence ofthe histidine contributing to tetramerizationin archaea.
Our findings pave the way to investigating whether other bacterial
histones bind DNA in the same way as BA0055, when and how histone
gene sequences were acquired and what function they serve. These
may include functions outside of a DNA-binding context, asis the case
for some eukaryotic histone folds that exist as part of macromolecular
complexes such as TFIID, SAGA and CENP-TSWX (a component of the
inner kinetochore complex), where they do not interact with DNA*,

Methods
Homology survey of histone-fold proteins
PFAM HMM models of known histone-fold domains (Histone (PF00125),
CBFD_NFYB_HMF (PFO0808) and DUF1931 (PF09123)) were searched
againstaphylogenetically diverse database 0f 18,343 bacterial genomes
(Supplementary Table 3) using hmmsearch from the HMMER package
(v.3.1b2) with the —cut_ga option to ensure reproducibility. Inaddition,
alist of eight prokaryotic histone-fold seed sequences were obtained
from ref. 26 and used to direct homology search with Jackhmmer
(HMMER v.3.1b2). Jackhmmer results with P <1 x107® were kept. Hits
were combined and proteins longer than 200 amino acids discarded.
All proteomes in the database were obtained from NCBI (accessed on
20 May 2020). When GenBank proteome files were not available, pro-
teomes were predicted using Prodigal (v.2.6.3) with default settings.
For the analysis of a2 length (Fig. 1b), we considered curated sets
of histone-fold proteins to facilitate the systematicidentification of a2.
Bacterial singlets were filtered from the bulk of histone-fold proteins
by removal of DUF1931 HMM hits and further removal of proteins that
were longer than 65 amino acids. HMf/HTk-type archaeal histones were
pruned from a phylogenetic tree based on an alignment of bacterial
and archaeal histone-fold proteins®. Secondary structures were then
predicted for each histones using Jpred4 (ref. 43) and the length of
a2 calculated on the basis of these predictions. The a2 was taken to
be the helix that overlapped the peptide region L28-1L32 (in HMfB
coordinates, see Fig. 1c) and was identified as the longest helix in the
proteinin1,439 out of 1,458 cases. Outliersin a2 length (see Fig. 1b) were
manually scrutinized and are owing to secondary structure mispredic-
tions, often splitting a2 up into two smaller helices. Removal of these
outliers did not affect conclusions.

Protein alignment and phylogenetic trees

Allspecies trees were obtained from GTDB (https://gtdb.ecogenomic.
org/). Trees were rendered by iTol (v.6.7) and finalized in Adobe
Illustrator.

Best reciprocal blasts

Best reciprocal blast hits used to compute amino acid conservation
(Supplementary Figs. 3 and 15) were obtained using the blast_best_
reciprocal_hit functionfromthe R library metablastr (v.0.3), requiring
aminimal E-value of 0.001.

Bacterial culture
B. bacteriovorus HD100 was cultured on double-layer YPSC plates to
initialize growth from frozen stocks and subsequently growninliquid
calcium/HEPES buffer containing E. coli S17-1as described previously*.
The kanamycin-resistant E. coli S17-1 (pZMR100) strain was used as
prey for the culture of kanamycin-resistant B. bacteriovorus strains.
Mediawere supplemented with kanamycin (50 pg ml™) whenrequired.

The host-independent B. bacteriovorus strain HID13 was grownin
YP medium at 30 °C as described previously®.

L.interroganswas cultured at 30 °C in EMJH medium to a density of
10’ bacteria per ml. Cells were collected via centrifugationat 4,000 x g
for20 minand the pellets were washed with phosphate buffered saline
(PBS). The resulting pellets were frozen at -80 °C until use.

Whole cell extract preparation

Total proteins were extracted from ~5 mg of -80 °C-frozen, unfraction-
ated pellet using the iST proteomic kit (see below). Experiments were
carriedinbiological duplicates at the protein extraction step and each bio-
logical replicate was itself technically duplicated at the proteomic step.

Nucleoid enrichment and protein purification

Nucleoid enrichment was carried out as described in ref. 45 with minor
modifications. Frozen pellets (-10 mg) were resuspended in 0.5 ml of
buffer A (10 mM Tris-HCIpH 8,5 mM EDTA, 100 mM NaCl, 20% sucrose)
and100 plofbuffer B (100 mM Tris-HCIpH8.2,50 mMEDTA, 0.6 mg ml™
lysozyme); after incubation onice, 0.5 mlof buffer C (10 mM Tris-HCIpH
8.2,10 MM EDTA, 10 mM spermidine, 1% Brij-58 and 0.4% deoxycholate)
was added to the mixture. Lysozyme concentrationin buffer Bwasdou-
bledfor L. interrogans (2x =1.2 mg ml™); lysozyme incubation was car-
ried outonice for10 minfor B. bacteriovorus and at room temperature
for10 minfor L. interrogans. Sucrose gradients (10-60%) were poured
manually by 2 mlof 10% incrementin ultra-clear (14 x 89 mm) Beckman-
Coulter tubes. Gradients were allowed to cool down to 4 °C before the
experiment. Lysed cells were deposited on gradients and centrifuged at
10,000 r.p.m.onaSW41-TiBeckman Coulter rotorinaBeckman Optima
centrifuge pre-cooled at 4 °C. Acceleration was set to the minimum
value for both the start and the end of the run. Soluble cytosolic pro-
teins settled at low density towards the top of the tube (‘top fraction’),
whereas the nucleoid, along with membrane proteins***, settled at
a higher density and could be identified as an opaque, viscous band
(‘nucleoid fraction’). Proteins from both fractions were concentrated
and purified following amethanol chloroform treatment as described
inref.15.Samples were then prepared for mass spectrometry using the
iST PreOmics kit, as described below. Experiments were carried out in
biologicaltriplicates at the protein extraction step and each biological
replicate was itself technically duplicated at the proteomic step.

Protein preparation for mass spectroscopy

Proteins from whole cell extracts and from different nucleoid enrich-
ment fractions were all processed using the iST 8x Preomics kit. The
sonication step was carried out asrecommended by the manufacturer
onaBioruptor Plus (high-intensity setting). Following heat denatura-
tion at 95 °C on an Eppendorf Thermomixer C and sonication, total
proteinamount was estimated at 205 nm absorbance using aNanoDrop
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spectrophotometer (method scope 31). A total of 100 pg of material
was subsequently used for whole cell extract and 37.5 (36.5) pg for
B. bacteriovorus (L. interrogans) sucrose fractions. Enzymatic diges-
tion (LysC/trypsin) was carried out on an Eppendorf Thermomixer C
for 90 minat 37 °Cat 500 r.p.m. Foreach experiment, all samples were
processed using the same kit on the same day until storage at -80 °C
inLC-load buffer.

Liquid chromatography-tandem mass spectrometry
(LC-MS/MS)

Chromatographic separation was performed using an Ultimate 3000
RSLC nano liquid chromatography system (Thermo Scientific) coupled
to a Thermo Scientific LTQ Orbitrap Velos (B. bacteriovorus nucleoid
enrichmentsamples) or an Orbitrap Q-Exactive mass spectrometer (all
other proteomics samples) via an EASY-Spray source.

For sample analysis on the Velos, peptide solutions were injected
and loaded onto a trapping column (Acclaim PepMap 100 C18,
100 pm x 2 cm) for desalting and concentrationat 8 pl min™in 2% ace-
tonitrileand 0.1% trifluoroacetic acid. Peptides were then eluted on-line
toananalytical column (EASY-Spray PepMap RSLC C18, 75 pm x 50 cm)
ataflow rate of 250 nl min™. Peptides were separated using a 120 min
stepped gradient, 1-22% of buffer B (i.e. 99-78% buffer A) for 90 min,
followed by 22-42% buffer B for another 30 min (composition of buffer
A:95/5% H,0/DMSO + 0.1% FA, buffer B: 75/20/5% acetonitril(MeCN)/
H,0/dimethyl sulfoxide (DMSO) + 0.1% formic acid (FA)) and subse-
quent column conditioning and equilibration. Eluted peptides were
analysed on amass spectrometer operatingin positive polarity usinga
data-dependentacquisition mode. lons for fragmentation were deter-
mined fromaninitial MS1survey scanat 30,000 resolution, followed by
collision-induced dissociation of the top 10 most abundant ions. MS1
and MS2 scan AGC targets were set to 1x 10°and 3 x 10* for maximum
injection times of 500 ms and 100 ms, respectively. Asurvey scan m/z
range of 350-1,500 was used, with normalized collision energy set
to 35%, charge state screening enabled with +1 charge states rejected
and a minimal fragmentation trigger signal threshold of 500 counts.

For sample analysis on the Q-Exactive mass spectrometer, chro-
matographic separation was performed using an Ultimate 3000 RSLC
nano liquid chromatography system (Thermo Scientific) coupled to
an Orbitrap Q-Exactive mass spectrometer (Thermo Scientific) via an
EASY-Spraysource. Peptide solutions wereinjected and loaded ontoatrap-
ping column (Acclaim PepMap 100 C18,100 um x 2 cm) for desalting and
concentrationat8 pl min™in2%acetonitrileand 0.1% TFA. Peptides were
theneluted on-linetoananalytical column (EASY-Spray PepMap RSLC C18,
75 um x 75 cm) at a flow rate of 200 nl min™, See below for further details.

Specific downstream settings for B. bacteriovorus whole cell
extract proteomics

Peptides were separated using a120 min gradient, 4-25% of buffer B for
90 min, followed by 25-45% buffer B for another 30 min (composition
of buffer B: 80% acetonitrile, 0.1% FA) and subsequent column condi-
tioning and equilibration. Eluted peptides were analysed by mass spec-
trometry in positive polarity using data-dependent acquisition mode.
lons for fragmentation were determined from aninitial MS1survey scan
at 70,000 resolution, followed by higher-energy collision-induced
dissociation (HCD) of the top 12 most abundant ions at 17,500 resolu-
tion. MS1 and MS2 scan AGC targets were set to 3 x10° and 5 x 10* for
maximum injection times of 50 ms and 50 ms, respectively. A survey
scan m/z range of 400-1,800 was used, normalized collision energy
set to 27 and charge exclusion enabled for unassigned and +1ions.
Dynamic exclusion was setto45s.

Specific downstream settings for L. interrogans proteomics

Peptides were separated using a 90 min gradient, 4-25% of buffer B
for 60 min, followed by 25-45% buffer B for another 30 min (compo-
sition of buffer B: 80% acetonitrile, 0.1% FA) and subsequent column

conditioning and equilibration. Eluted peptides were analysed by mass
spectrometry in positive polarity using data-dependent acquisition
mode. lons for fragmentation were determined from an initial MS1
survey scan at 70,000 resolution, followed by HCD of the top 10 most
abundant ions at 17,500 resolution. MS1 and MS2 scan AGC targets
weresetto3 x10°and 5 x 10* for maximum injection times of 50 ms and
100 ms, respectively. A survey scan m/zrange of 350-1,800 was used,
normalized collision energy set to 27 and charge exclusion enabled for
unassigned and +1ions. Dynamic exclusion was set to 45s.

Proteomics data processing
Data were processed using the MaxQuant software platform
(v.1.6.10.43)*%, with database searches carried out by the in-built
Andromeda search engine against the GenBank proteome of each
organism. A reverse decoy database approach was used at a 1% false
discovery rate (FDR) for peptide spectrum matches. Search parameters
were as follows: maximum missed cleavages set to 2, fixed modifica-
tion of cysteine carbamidomethylation and variable modifications
of methionine oxidation, protein N-terminal acetylation, aspara-
gine deamidation and cyclization of glutamine to pyro-glutamate.
Label-free quantification (LFQ) was enabled, with an LFQ minimum
ratio count of 1. The ‘match between runs’ function was used, with
match and alignment time limits of 0.7 and 20 min, respectively.
Data generated on the Orbitrap Q-Exactive were also processed
using analternative pipeline, pFind (v.3), which allows unbiased identifi-
cation of peptide modifications presentinagiven sample*’. The top five
modifications identified by this pipeline were added to the MaxQuant
search space and normalized abundance (IBAQ) computed as before.
Thisadded step did not affect normalized abundance estimates for our
proteins of interest, and abundance values across the entire sample with
or without this added step are very well correlated (rho > 0.99, P=0).

Nucleoid enrichment analysis

Relative nucleoid enrichment analysis was carried out® after quantifi-
cation of proteins by MaxQuant. We compared the protein intensities
(LFQ) from the soluble and the nucleoid-enriched fraction using the
R package DEP (v.1.8.0). Globally, we observed robust enrichment of
proteins with predicted membrane localization, providing validation
for the approach (Supplementary Fig.16).

RNA extraction and sequencing

Total RNA was extracted fromexponentially growing host-independent
B.bacteriovorusHID13 and from -80 °C-frozen Aquifex aeolicus pellets
(purchased from the Archaeenzentrum Regensburg, Germany) using
the RNEasy kit (Qiagen), including DNase I treatment. RNA quality was
assessed using an Agilent 2100 Bioanalyser.

For RNA extraction from B. bacteriovorus HID13, cells were diluted
in10 mlof fresh YP medium at an optical density (OD) of 0.1and grown
until reaching a density of 0.6 (20 h at 30 °C with shaking). For each
replicate, 2 ml of culture were spun at maximum speed, snap frozen
and kept at —80 °C until RNA extraction.

For the B. bacteriovorus samples (all RNA integrity number (RIN)
scores >9.5), ribosomal RNA was depleted using the NEBNext rRNA
depletion kit (Bacteria) and libraries made using the NEBNext Ultra Il
Directional RNA Library prep kit for lllumina according to manufac-
turerinstructions. Paired-end 55 bp reads were generated on a NextSeq
2000 sequencing system with dual 8 bp indexing. For the A. aeolicus
samples (all RIN scores >5), rRNA was depleted using an Illumina
Ribozero kit (Bacteria) and libraries made using the TruSeq Stranded
Total RNA LT kit according to manufacturer instructions. Single-end
50 bp reads were generated on a MiSeq with single 6 bp indexing.

RNA-seq analysis
Untrimmed reads were mapped using Bowtie2 (v.2.4.4)*° for A. aeolicus
(single-end reads) and using BWA (v.0.7.17) for B. bacteriovorus
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(paired-end). Read counts of all genes were estimated using the Python
package HTSeq (v.0.6.1)*.

Fluorescence microscopy in B. bacteriovorus

The fluorophore mCherry/mCitrine was fused to the C terminus of
Bd0055 by PCR amplification of the gene without its stop codon and
amplification of the fluorophore gene. This was followed by Gibson
cloning, using the Geneart assembly kit (Invitrogen) according to
manufacturer instructions, into the mobilizable broad host range
vector pK18mobsacB, and this was conjugated into B. bacteriovorus
HD100 as described previously*>. PCR amplification was carried out
with phusion polymerase (New England Biolabs) according to manu-
facturerinstructions (see Supplementary Table 3 for primers).

Cells were imaged on a Nikon Ti-E epifluorescence microscope
equipped withan Apo x100 Ph3 oil objective lens (NA:1.45) and images
were acquired on an Andor Neo sCMOS camera using Nikon NIS soft-
ware. The followingfilters were used for fluorescence images: mCherry
(excitation: 555 nm, emission: 620/60 nm), DAPI (Hoechst 33342): (exci-
tation: 395 nm, emission: 435-485 nm). DNA was stained by the addition
of Hoechst 33342 atafinal concentration of 5 pg ml™. Images were ana-
lysed with FJIsoftware with the Microbe) plugin®. mCitrine-expressing
cellswereimaged onaLeica DMRB microscope with phase contrastand
differential interference contrast for transmitted light illumination. To
image mCitrine during predation, cells were fixed (1% paraformalde-
hyde, 5 min, quenched using 150 mM glycine) and DNA stained with
DAPIin 1x PSB (5 min of stain removal by centrifugation).

Fluorescence microscopy in E. coli

A vector allowing the expression of a Bd00S55 C-terminal GFP fusion
(separated by a GGSGGGGSGG flexible linker) was ordered from
ATUM (backbone reference pD441-CC, T5 promoter). This vector was
transformed into E. coli K-12 MG1655. To monitor the localization of
Bd0055-GFP, freshlyinoculated cultures (1:100, stationary phase inocu-
lum) were grown for 1.5 hin LB medium, after which afinal concentra-
tion of 1 mM isopropyl-B-D-thiogalactopyranoside (IPTG) was added
to induce expression. Cells were collected 3 h after induction, fixed
using paraformaldehyde (1% for 10 min at 37 °C) and quenched using
glycine. The nucleoid was visualized using DAPI.

Protein purification from E. coli

The BAOOS55 (or mutant) open reading frame was codon optimized
for expression in E. coli and synthesized into a double-stranded DNA
(dsDNA) gBlock (IDT) with 35 bp and 22 bp overhangs on the 5’ and
3’ sides, respectively. The gBlock was cloned into a lac-inducible,
ampicillin-resistant pET expression vector through restriction-free
cloning. The protein was expressed in BD E. coli cells from overnight
cultures using 0.4 mMIPTGinduction after cellsreached an OD of -1.0.
Cellswere collected after 2 hand centrifuged at 6,000 r.p.m. for 20 min
at 4 °C. Media were decanted and the cells were flash frozen in liquid
nitrogen and stored at —-80 °C. Cells were thawed onice for 30 minand
resuspended inlysis buffer (50 mM TrispH 7.5,5 mMEDTA, 0.1% Triton
X-100,5 mMb-mercaptoethanol (BME),1 mM AEBSF protease inhibitor
and 1 Pierce Complete protease inhibitor tablet per 50 ml). The cells
were then lysed by sonication (3 rounds of 1s on/off for 1 min) and
centrifuged at 16,000 r.p.m. for 20 min at 4 °C. The lysate was filtered
througha0.45 pumfilter and runovera5 mISP HP column (Cytiva) onan
AKTA Pure FPLC using a linear gradient starting at buffer A (O M NaCl,
50 mM Tris-HCl pH 7.5,1 mM tris (2-carboxyethyl) phosphine (TCEP),
1mM AEBSF) to1 M NaCl (1M NacCl, 50 mM Tris-HCIpH 7.5,1 mM TCEP,
1 mM AEBSF) over 40 column volumes. Protein typically eluted around
300 mM NacCl. Fractions were sampled uniformly and analysed by
SDS-PAGE, as BA00S55 has very little absorption at 280 nm. Fractions
containing BdOO55 were pooled and diluted in buffer A to ~-100 mM
NaClbefore being applied to a5 mlHeparin HP column (Cytiva). Protein
was eluted with a linear gradient from buffer A to buffer B over

40 column volumes (CV), with the protein typically eluting at 450 mM
NacCl. Fractions were pooled and concentrated to a volume of 1 ml
beforebeingloaded ontoa120 mlS75 column (Cytiva) and runin buffer
B containing 10% glycerol, with the protein having a typical retention
volume of 74-82 ml. Fractions were pooled, concentrated, aliquoted,
flash frozenin liquid nitrogen and stored at =80 °C.

Apo protein crystallization

Recombinant BA0055 in storage buffer (1M NaCl,1 mMEDTA, 50 mM
HEPES pH 7.5, 10% glycerol) was crystallized through hanging drop
diffusion in mother liquor (3.2 M (NH,),SO,, 100 mM BICINE pH 9) by
gently mixing 1 pl of proteinto1 pl of mother liquor onacoverslip and
sealingitontoa pre-greased well of a24-well crystal tray containing 1 ml
of mother liquor. Crystals formed within 24 hand matured within3 d.
Crystals were looped and frozen in liquid nitrogen. X-ray diffraction
datawere collected on a Rigaku XtaLAB MMO0O3 X-ray diffractometer
andindexed in DIALS (v.3.14). Molecular replacement was done using
Phenix (v.1.20) and structures were refined in Coot (v.0.9.8.5). Short,
idealized alpha helices were used as search models, and most of the
remaining structure was built automatically using AutoBuild. Final
residues were placed by hand in Coot.

DNA binding (FP)

Protein (50 pM) was titrated using an Opentrons OT-2 liquid handling
robotinto 10 nM Alexa488 end-labelled 147 bp DNA by serial dilution
down to a protein concentration less than the DNA probe in reaction
buffer (10 mM NaCl,1 mMEDTA, 50 mM HEPES pH 6). Afterincubation
atr.t.for>15 min (overnightincubation did not change overall results),
fluorescence polarization data were collected using a BMG Labtech
CLARIOstar microplate reader. Data were analysed in GraphPad Prism
(v.9) andfittoan[Inhibitor] versus response, four-parameter nonlinear
regression curve.

DNA binding (FRET)
FRET experiments were conducted simultaneously with the FP experi-
ments, asthe 147 bp DNA used was labelled on the opposite end of the
Alexa488 with an Alexa647 fluorophore. Data were collected onaBMG
Labtech CLARIOstar by excitation of 488 nm light while recording the
emissionat 647 nm. Datawere analysed in Prismand fit to an [Inhibitor]
versus response, four-parameter nonlinear regression curve.
Binding at different buffer conditions was determined via FP
experiments using custom scripts for the OpenTrons OT-2 liquid
handling robot, using 10 nM of 40 bp dsDNA Alexa488-labelled DNA
(made by IDT) and screening four pHs (5, 6,7 and 8) at seven different
NaCl (0-250 mM) concentrations.

Electrophoretic mobility shift assay (EMSA)

DNA (1 uM, 147 bp) was mixed with varying concentrations of proteinin
reactionbuffer (10 mM NaCl,1 mM EDTA, 50 mM HEPES pH 7.5). Reac-
tions were mixed 1:1with 80% glycerol, incubated at r.t. for >15 min and
run on10% native PAGE (0.2x TBE running buffer, 150 V, 90 min). Gels
were stained with ethidium bromide and visualized on a Typhoon gel
imaging system, using the appropriate laser and filter.

MNase digestion

A codon-optimized, high-copy and rhamnose-inducible expression
vector for BA0055 was obtained from ATUM (pD861-SR). Inoculated
from an overnight culture at 1:50, E. coli (strain W3110) was grown for
2 hin LB medium and for 4 additional hours in LB + 5 mM rhamnose.
Mnase digestion was carried out as in ref. 54 with two modifications:
culture volume was increased from 10 to 15 ml and digestion time
was kept constant (15 min), while enzyme concentration was varied
(Supplementary Fig. 7) with 1x corresponding to 4 U ml™ of Mnase
(Thermo Fisher). Experiments were carried out in quadruplicate and
arepresentative gel is shown in Supplementary Fig. 7.
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Molecular dynamics simulations

The HMfB hypernucleosome structure was built in ChimeraX (v 1.6)
and Chimera (v 1.17.3)>°° by extending PDB 5T5K to include four HMfB
dimersand 118 bp of dsDNA. The Bd0OS5 hypernucleosome structure
was built by docking the BdOOS55 apo structure into the HMfB hyper-
nucleosome. All-atom molecular dynamics simulations using explicit
solvent were carried out using AMBER18 using the ff14SB, bscl and
tip3p forcefields (for protein, DNA and water, respectively). Structures
were protonated and hydrogen mass repartitioned (as implemented
through parmed in AMBER). Structures were placed in cubic boxes
surrounding the structures by at least 25 A, charge neutralized using
potassium ions and hydrated with water molecules. The structures
were energy minimized in two 5,000-step cycles, the first restraining
the protein and DNA molecules to allow the solvent to relax and the
second to allow the whole system to relax. Minimized structures were
thenheated to300 Kand slowly brought to1.01325 atm. These systems
were then simulated for 500 nsin 4 fs steps. Simulations were carried
out on NVIDIA GPUs (RTX6000s or A100s) using CU Boulder’s Blanca
Condo cluster. Root mean square deviations (RMSD) analysis was
carried out using cpptraj through AMBER18.

DNA/protein crystallization
DNA fragmentsranging between 35 bp and 45 bpinlength, with rando-
mized sequence and ~-50% GC content, were screened for their ability
to formdiscrete complexes with BA0055, using EMSA. The 35 bp DNA
(sequence: 5TCTTGCACTAAGAGCTACTGGAGTGCGTCAGATGT3)
was selected asit formed adiscrete DNA shift at roughly 4:1 protein
to DNA (it shifted to higher smears upon addition of more protein).
DNA (75 uM) and 1,200 pM protein (1:16) were mixed in crystallization
buffer (10 mM NaCl, 0.1 mM EDTA, 50 mM HEPES pH 7.5) and dialysed at
r.t.against crystallization buffer. Hanging drop crystals were set in 4 pl
drops at1:1complex tomother liquor (15% PEG 550 MME, 50 mM HEPES
pH8.0) andincubated at 20 °C. Crystals formed overnight and matured
withinaweek. Large cubic crystals werelooped, cryoprotected by wash-
ingin30%glycerol and flash frozenin liquid nitrogen. X-ray diffraction
datawerecollected atthe ALS synchrotron (12,397.9 eV, 225 mm detec-
tor, A® = 0.25) and indexed in DIALS”. Molecular replacement was done
using Phenix*® and structures were refined in Coot® (asimplemented
through SBGrid®°). The apo Bd0OS55 structure was used as a search
model along with 2 single-stranded DNA (ssDNA) fragments (2 and
3 bp). The dataindicated an asymmetric unit containing 2 ss nt + 3 ss
nt (that are not paired), bound to one BA0055 dimer. The high degree
of symmetry in the crystal lattice is dictated by the protein, which
overrules breaks in symmetry from DNA sequence.

AUC

AUC experiments were carried outin a Beckman Coulter Proteomelab
XL-A analytical ultracentrifuge using an An50TI rotor. Samples were
prepared in 50 mM MES, 10 mM NaCl and 1 mM EDTA pH 6.0 using
500 nM 147 bp 601-sequence DNA (roughly 0.6 OD) and spunin a
sapphire-windowed cell. Data were collected by monitoring absorb-
ance during 150 scans at 30,000 r.p.m., 20 °C. Data were processed
in UltraScan3, following standard processing protocols (2DSA, GA,
GA-MC)*". Concentrations that crashed out of solution before first
scans were acquired were not processed.

Prediction of tetramer interfaces

Sequences for HTkA, Bd0O55 or BA0055-tetrawere folded as tetramers
using AlphaFold (v.2.3.2) in multimer mode®’. Highest ranked models
were then aligned to the same dimer of HMfB in PDB 5T5K using
ChimeraX.

Genedeletion
Attempts to generate a markerless deletion mutant of the bd0055 open
reading framein B. bacteriovorus HD100 were by PCR amplification of

the flanking 1,000 bp upstream region with the first 2 codons of the
bd0055openreading frame and the final 3 codons with the downstream
1,000 bp flanking region and fusing these by Gibson assembly into
the mobilizable broad host range vector pK18mobsacB. The primers
used were: Bd0055_UP_F; Bd0055 UP_R; Bd0055_ DN _F;Bd0O055 DN R
(Supplementary Table 3).

This construct was conjugated into B. bacteriovorus HD100 as
described previously*” and resulting exconjugants screened for kana-
mycinsensitivity and screened by PCR to test for either gene deletion
or revertant to wild type. Screening primers were: BAOO55KO_S F 5
atctggagcttcacttcceg 3’ and BAOOS5KO_S_R 5’ ggtgatgatcegggetctaa 3.

For targeted mutagenesisin L. interrogans, akanamycin resistance
cassette replacing the coding sequence of LA_2458 and 0.8-0.9 kb
sequences homologousto the sequences flanking the target gene was
synthesized by GeneArt (Life Technologies) and cloned in an E. coli
vector whichis notabletoreplicatein L. interrogans.Plasmid DNA was
thenintroducedin L. interrogansserovar Manilae by electroporationas
previously described®® withaBiorad Gene Pulser Xcell. Electroporated
cells were plated on EMJH agar plates supplemented with 50 pg ml™
kanamycin. Plates were incubated for 4 weeks at 30 °Cin sealed plastic
bags or wrapped in foil to avoid desiccation.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

All datasets are publicly available. Proteomics data have been depos-
ited to PRIDE (PXD039405) and RNA-seq datato GEO under accession
GSE220534. All genomes used were publicly available with no usage
restriction (Supplementary Table 4). Structure data have been depos-
ited at the Protein DataBank (PDB 8FVX forapo Bd0O055and 8FW7 for
DNA-bound Bd0055). Primers and oligos used in this study are provided
inSupplementary Table 3. Raw microscopy images have been deposited
in Zenodo (https://zenodo.org/record/8255694). Correspondence
and requests for materials can be addressed to K.L. (karolin.luger@
colorado.edu) or TW. (tobias.warnecke@Ims.mrc.ac.uk). Source data
are provided with this paper.

Code availability
Analysis scripts wererun using Rv.3.6.2.Scripts required toreproduce
figures are available at https://github.com/hocherantoine/BHF/.
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Crystallography: XDS, HKL3000; Rigaku XtaLAB MMO0O03
Mass spectrometry : Ultimate 3000 RSLC nano liquid chromatography system (Thermo Scientific), LTQ Orbitrap Velos & Orbitrap Q-Exactive
(Thermo Scientific)
Sequencing : MiSeq (lllumina); NextSeq 2000 (lllumina)

Data analysis HMMER (v 3.1b2); Prodigal (v 2.6.3); Jpred4; iTol (v 6.7); R (libraries: metablastr (v 0.3), DEP (v 1.8.0)); MaxQuant (v 1.6.10.43); pFind (v 3);
Bowtie2 (v 2.4.4); BWA (v 0.7.17); HTSeq (v 0.6.1); PHENIX (v 1.20); DIALS (v 3.14); Coot (v 0.9.8.5); ChimeraX (v 1.6); Chimera (v 1.17.3);
Alphafold (v 2.3.2)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All datasets are publicly available. Proteomics data have been deposited to PRIDE (PXD039405) and RNA-seq data to GEO under accession GSE220534. All genomes
used were publicly available with no usage restriction (Table 53). Structure data have been deposited at the Protein Data Bank (PDB 8FVX and 8FW?7).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender NA

Reporting on race, ethnicity, or NA
other socially relevant

groupings

Population characteristics NA
Recruitment NA
Ethics oversight NA

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size for biochemical/simulation experiments was n=3. Variance across experiments was low so explicit power calculations were not
considered necessary.

Data exclusions  For FP and FRET experiments data was excluded at high protein concentration, where salt from the IM NaCl storage buffer had large effects
(above 12.SuM protein) and below ~1nM protein, as all curves had flattened out by this point.

Replication Experiments were replicated on different days (N=3 in every case). All replication attempts were successful.
Randomization  Random allocation with regard to covariates is not applicable to the experiments carried out.

Blinding Blinding was not relevant for any of the experiments carrier out in this study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems
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Involved in the study
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Animals and other organisms
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