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The architectural protein histone-like protein from Escherichia coli
strain U93 (HU) is the most abundant bacterial DNA binding pro-
tein and highly conserved among bacteria and Apicomplexan par-
asites. It not only binds to double-stranded DNA (dsDNA) to
maintain DNA stability but also, interacts with RNAs to regulate
transcription and translation. Importantly, HU is essential to cell
viability for many bacteria; hence, it is an important antibiotic
target. Here, we report that Gp46 from bacteriophage SPO1 of
Bacillus subtilis is an HU inhibitor whose expression prevents
nucleoid segregation and causes filamentous morphology and
growth defects in bacteria. We determined the solution structure
of Gp46 and revealed a striking negatively charged surface. An
NMR-derived structural model for the Gp46-HU complex shows
that Gp46 occupies the DNA binding motif of the HU and there-
fore, occludes DNA binding, revealing a distinct strategy for HU
inhibition. We identified the key residues responsible for the inter-
action that are conserved among HUs of bacteria and Apicomplex-
ans, including clinically significant Mycobacterium tuberculosis,
Acinetobacter baumannii, and Plasmodium falciparum, and con-
firm that Gp46 can also interact with these HUs. Our findings pro-
vide detailed insight into a mode of HU inhibition that provides a
useful foundation for the development of antibacteria and anti-
malaria drugs.
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he bacterial nucleoid is an “open” region of the cytoplasm

containing genetic material that is not confined within a
membrane envelop, in contrast to the eukaryotic nucleus (1).
Furthermore, prokaryotic nucleoid-associated proteins (NAPs),
which are responsible for organization of the nucleoid and the
control of gene expression, are also distinct from eukaryotic
histones (2). Bacterial NAPs are capable of not only binding to
DNA but also, altering the quaternary structure of the DNA
double helix by inducing wrapping or bending. Integration host
factor, histone-like nucleoid-structuring protein, and histone-
like protein from Escherichia coli strain U93 (HU) protein are
among the best-known members of the NAP family (3, 4). HU,
with ~50,000 molecules per bacterial cell, is the most abundant
and conserved NAP in bacteria (5, 6). It plays fundamental
roles in chromosomal structuring and transcription/replication
regulation as well as interacting with messenger RNA (mRNA)
and noncoding RNA (7-9). HU binds to double-stranded DNA
(dsDNA) with no sequence specificity, but it prefers specialized
DNA structures and provides key architectural roles in DNA
compaction (10).

HUs form homodimers in most bacteria but heterodimers
in Enterobacteriaceae (9). In Enterobacteriaceae, including
E. coli, HU dimers have two forms: a homodimer by HUa self-
association (HUao) or a heterodimer by HUa-HUp (HUap)
interactions. Deleting both HU genes in E. coli causes a delete-
rious filamentous morphology and poor proliferation rate but
is not lethal. Interestingly, the composition of HU dimers is

PNAS 2022 Vol. 119 No. 9 2116278119

interchangeable; the HUao homodimer is the dominant form
in the lag and exponential growth phases, whereas the HUaf
heterodimer is present mostly in early and late stationary
phases (11). In most other bacteria, including Mycobacterium
tuberculosis, HUs exist as homodimers and are essential for
bacterial survival (4, 12). Other than bacteria, orthologs of HU
in Apicomplexans, including Plasmodium berghei and Toxo-
plasma gondii, are also indispensable (13, 14). As HUs are
essential for the viability of many clinically significant patho-
gens and structurally distinctive from human histone proteins,
they represent an interesting target for antibacterial and anti-
malaria drug development (13, 15, 16).

Bacteriophages are dedicated viruses for bacteria that spe-
cialize in utilizing host machineries for their own reproduction.
To take over the host and counter bacterial resistance systems,
such as restriction-modification (RM) and toxin-antitoxins
(TA), phages produce multiple host inhibitors to hijack host
metabolism and evade host defense. For example, E. coli phage
T7 produces an RM inhibitor Ocr (17) and a TA inhibitor
Gp4.5 (18) as well as the host RNA polymerase (RNAP) inhib-
itor Gp2 (19). Although many phage proteins that are used in
hijacking their host have been described, a host HU inhibitor
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has not been reported to our knowledge (19-21). Lytic phage
SPO1 of Bacillus subtilis has a complex genome encoding over
200 proteins, including a gene cluster called the host takeover
module (HTM), which is transcribed during the initial host
takeover event (22). The 24 HTM members are mostly early
genes that are characteristically smaller than average size and
possess promoters and ribosome binding sites for very high
gene expression. Gene gp46 is one of the early genes locates in
operon 3 of the HTM, neighboring another early gene with
known function, gp44, which encodes a host RNAP inhibitor
(23). While it has been shown that expressing plasmid-borne
Gp46 attenuates the growth of B. subtilis, the underlying molec-
ular mechanism remains unclear (24). As the protein products
encoded by HTM are highly expressed during the early phage
infection stage and most of them have been shown to inhibit
host metabolism and redirect resources for phage production
(25-27), gp46 is likely to play a role in a similar event.

Here, we report that Gp46 is an HU protein inhibitor. Over-
expressing Gp46 prevents nucleoid segregation and causes cell
filamentation in B. subtilis, which resembles the phenotype of
HU-deleted E. coli. Using NMR spectroscopy (NMR), we have
solved the solution structure of Gp46 and derived a model for
the HU-Gp46 complex. Our model reveals that Gp46 occupies
the DNA binding motif of the histone-like protein from E. coli
strain U93 of B. subtilis (HBsu), utilizing the striking negatively
charged surface to interact with the dsDNA binding surface of
HU. This together with an important hydrophobic contact allows
Gp46 to displace dsDNA from HBsu—dsDNA complex and form
a highly stable HBsu—Gp46 complex. Moreover, key residues that
are crucial for Gp46-HBsu interaction are highly conserved
across many pathogenic bacteria and Apicomplexans, including
Enterococcus faecalis, M. tuberculosis, Staphylococcus aureus,
Acinetobacter baumannii, and Plasmodium falciparum. We also
demonstrate that Gp46 can interact with HUs of these important
pathogens; therefore, our work provides a potential platform for
the development of antibiotics and antimalaria drugs.

Results

Gp46 Causes Host Filamentation and Prevents Chromosome Segregation.
As Gp46 is reported as a host growth inhibitor, we verified the
growth attenuation effect by expressing plasmid-borne gp46 in
B. subtilis (strain 168) (SI Appendix, Fig. S14). In addition to
the expected growth defects, we observed an interesting morpholog-
ical change for Gp46 expression Bacilli. In Gram staining, we found
that the bacteria exhibited a filamentous morphology, and the aver-
age length of Gp46-expressing cells measured 24.5 + 11.2 pum,
which is over sixfold longer than that for control cells bearing
the empty pHTO1 plasmid (3.7 + 1.6 pm) (Fig. 14). These
effects on cell growth and morphology are similar to another
SPO1 protein Gp56, which is known to cause distinctive filamen-
tation appearance of the bacteria (27). Gp56 inhibits cell division
by interacting with FtsL but does not inhibit chromosome segre-
gation with distinctive and well-defined repetitive nucleoids evi-
dent under DNA staining. To further investigate the cause of
filamentation, we used the DAPI stain to examine the nucleoids
and compared the phenotypes caused by Gp56 and Gp46. Strik-
ingly, most nucleoids in Gp46-expressing cells display non-
discrete sizes, with the distribution of DNA expanded toward
elongated cell walls, while the nucleoids of Gp56-expressing cells
have a well-defined repetitive pattern throughout the bodies of
the filaments (Fig. 1B). These results suggest that Gp46 may
prevent normal chromosome segregation. To further explore
this, we examined the distribution of Spo0J, which is an impor-
tant indicator for normal chromosome segregation in B. subtilis,
as it is concentrated into discrete foci during vegetative growth
(28). However, Gp46 expression renders Spo0J-Green
fluorescent protein (GFP) distributed evenly all over the cells
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(81 Appendix, Fig. S1 B and C), indicating unsuccessful chromo-
some segregation. To confirm our staining results, we used trans-
mission electron microscopy (TEM) to examine the morphology
of bacterial cells expressing Gp46. Under the microscope, we
found that numerous Gp46-expressing bacteria display an elon-
gated cell body with continuous and unseparated chromosomes
(Fig. 1C). Taken together, these results indicate that Gp46
causes bacteria filamentation and prevents nucleoid separation.

Gp46 Interacts with HBsu. Interestingly, the distinctive phenotype
caused by the Gp46 resembles that of the Aup (coding HUax
and HUP proteins) null mutant of E. coli, which has an extreme
filamentous morphology with a high rate of nucleoid loss (29).
As the HU protein is one of the major NAPs that interacts with
DNA and Gp46 is highly negatively charged (isoelectric point
[pI] = 4.3), we speculated that Gp46 could displace DNA from
HU, causing an Aup knockout-like phenotype. To confirm the
potential interaction, we performed a pull-down assay using
column-immobilized Gp46 with cell lysate of B. subtilis and
analyzed it by sodium dodecyl sulphate—polyacrylamide gel
electrophoresis (SDS-PAGE) (Fig. 24). The electrophoresis
result revealed that an unknown protein with a molecular
weight (MW) of ~10 coeluted with Gp46 (Fig. 2 A4, lane 5), sug-
gesting that a complex is formed between Gp46 and the
unknown protein. The identity of the bound protein was then
confirmed by mass spectrometry to be HBsu (S Appendix, Fig.
S1D). The Gp46-HBsu complex is stable and could be sepa-
rated by size exclusion chromatography (SEC) (Fig. 2B). The
SEC profiles of Gp46, HBsu, and the HBsu-Gp46 complex
indicate that the complex elutes at the volume corresponding to
a molecule that is larger than Gp46. To determine the size of
the complex, we used multiangle light scattering coupled with
size exclusion chromatography (SEC-MALS) and determined
the MW at 27.0 (Fig. 2C). As the MWs of Gp46 and HBsu
(dimer) are 9.0 and 19.6, respectively, our results suggest that
Gp46 forms a 1:2 complex with HBsu.

Gp46 Replaces dsDNA from HBsu. HU-DNA interaction is well
characterized, and the affinity (Kp) of the interaction has been
determined to be 0.370 + 0.021 uM using S. aureus histone-like
protein from E. coli strain U93 (Sa_HU) in a buffer containing
20 mM trisaminomethane (Tris) and 150 mM NaCl (pH 7.5)
(30). We calculated the Kp for HBsu-DNA using isothermal
titration calorimetry (ITC) under the same condition and com-
pared it with that of the HBsu-Gp46 interaction. While the
determined affinity of HBsu-DNA (0.359 + 0.038 puM) (SI
Appendix, Fig. S24) is comparable with Sa_HU-DNA (0.370 +
0.021 pM), the affinity of HBsu—Gp46 (0.277 + 0.050 pM) is
slightly higher (Fig. 2D). With the slight preference over dsDNA
for HBsu and the abundance of Gp46 in a phage-infected cell, it
should be able to displace DNA from the HBsu-DNA complex.
To verify this, we performed electrophoretic mobility shift assays
(EMSAs) using agarose gel. The HBsu—-DNA complex is clearly
visible as the migration profile on the gel is very different from
that of dsDNA (Fig. 2E). With the increasing amount of added
Gp46 into the HBsu—-DNA mixture, the migration profile of the
mixture increasingly resembles that of dsDNA, suggesting the
gradual displacement of DNA from the HBsu—-DNA complex. At
one molar equivalent to the HBsu dimer, Gp46 almost completely
replaced dsDNA, and the migration profile of the mixture is
nearly identical to that of the dsDNA. This is further confirmed by
a complementary EMSA using native polyacrylamide gel, in which
the HBsu—-dsDNA-Gp46 migration profile resembles that of
HBsu-Gp46 rather than HBsu—dsDNA (SI Appendix, Fig. S2B).
Gp46 is very acidic, which raises the notion that DNA charge
mimicry could play a role in its interaction with HBsu. To test
this hypothesis, we explored the electrostatic nature of the
interaction by performing a pull-down assay in a buffer
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Fig. 1. Overexpressing Gp46 causes host filamentation and prevents nucleoid segregation. (A) Gram staining images of control (B. subtilis cells bearing empty
pHTO1 plasmid) and B. subtilis cells bearing pHT01-Gp46 plasmid before and after isopropyl B-D-1-thiogalactopyranoside (IPTG) induction. The quantitation of
the measured cell lengths of control and Gp46-expressing cells is displayed in the chart in Right; each point denotes the cell length from a single cell. (Scale bar:
5 um.) (B) DAPI staining images of control and Gp56- or Gp46-expressing B. subtilis nucleoid. Quantitation of cells with segregated nucleoid from control and
Gp46-expressing cells is displayed in the chart in Right. (Scale bar: 5 um.) (C) TEM images of control and Gp46-expressing B. subtilis cells. (Scale bar: 500 nm.)

containing 20 mM Tiis, 300 mM NaCl, and 0.2 mM TCEP (pH
7.5; high-salt buffer), which would weaken the interaction.
Under high-salt conditions, the pull-down assay failed to show
stable complex formation between HBsu and Gp46 (SI
Appendix, Fig. S2C). In addition, SEC shows no shift in the elu-
tion volume of the HBsu-Gp46 mixture, indicating no complex
formation under the high-salt condition (S Appendix, Fig. S2D).
While ITC failed to quantify the interaction, we determined the
Kp to be 5.87 + 0.11 pM by surface plasmon resonance (SPR),
indicating much weaker affinity in the high-salt buffer (S/
Appendix, Fig. S2E). Thus, our data suggest that an electrostatic
contribution plays an important role in the complex formation
and Gp46 displays negatively charged surface properties similar
to dsDNA. As the HBsu-Gp46 interaction is highly dependent
on salt concentration and ITC, SPR, and EMSA were performed
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at different salt concentrations, the results of these interaction
experiments suggest that Gp46 is preferentially bound over DNA
by HBsu under a variety of in vitro conditions, therefore provid-
ing support for the in vivo assays.

Gp46 Interacts with HU via Its DNA Binding Surface and a Key
Hydrophobic Contact. To map the HU interaction on Gp46, we
expressed recombinant Gp46 in E. coli and determined the solu-
tion structure of Gp46 (Protein Data Bank [PDB] ID code 7by7
and Biological Magnetic Resonance Bank [BMRB] ID code
27767) by using standard multidimensional NMR experiments in
a buffer containing 300 mM NaCl (31). The structure reveals that
Gp46 has a globular fold with exposed negatively charged resi-
dues (Asp and Glu) localized on one side of the protein, while
the rest of the surface is mainly uncharged (Fig. 3 4 and B).
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Fig. 2. Gp46 interacts with HBsu. (A) SDS-PAGE shows the pull-down experiment using column-immobilized Gp46 and cell lysate of B. subtilis. M: Marker.
(Lane 1) Flow through after applying cell lysate of B. subtilis. (Lane 2) Elute after applying 10 column volumes of binding buffer. (Lane 3) First elute after apply-
ing 20 column volumes of wash buffer. (Lane 4) Second elute after applying 20 column volumes of wash buffer. (Lane 5) Elute after applying 1 column volume
of elution buffer. (Lane 6) Recombinantly expressed His-Gp46. (Lane 7) Recombinantly expressed HBsu. (B) The overlay of gel filtration chromatography profiles
of HBsu (orange), Gp46 (green), and HBsu-Gp46 complex (blue). A,go: absorbance at 280 nm. Note that HBsu does not contain any Trp, Tyr, or Cys; thus, it is not
visible under ultraviolet spectrophotometry. (C) The absolute molar mass of the HBsu-Gp46 complex was determined at about 27.0 kDa by SEC-MALS. (D) ITC
result for the Gp46 and HBsu interaction in a buffer containing 20 mM Tris, 150 mM Nacl, and 0.2 mM tris(2-carboxyethyl)phosphine (TCEP) (pH 7.5). The Kp, val-
ues for the interaction were calculated to be 0.277 + 0.050 uM. DP: differential power. (E) Image of an agarose gel showing EMSA to demonstrate competition
between Gp46 and dsDNA for HBsu. (Lane 1) dsDNA (40 pM). (Lane 2) dsDNA (40 M) + Gp46 (40 pM). (Lane 3) dsDNA (40 pM) + HBsu (40 pM). (Lane 4) dsDNA
(40 pM) + HBsu (40 uM) + Gp46 (20 uM). (Lane 5) dsDNA (40 uM) + HBsu (40 pM) + Gp46 (40 uM). (Lane 6) dsDNA (40 pM) + HBsu (40 pM) + Gp46 (80 pM).

The structure of Gp46 consists of four simple helices; however,
structural homology searches using both the Dali server (32) and
PDBefold (33) reveal no statistically significant similarity to other
known proteins. A BlastP search shows that it shares sequence
similarity with proteins only from a handful of Bacillus phages,
including bacteriophage CampHawk, SIOphi, BSP9, phiNIT1,
and Grass (SI Appendix, Fig. S34). Among them, CampHawk is
another SPO1-like phage belonging to the subfamily Spounaviri-
nae; SIOphi belongs to subfamily Bastillevirinae, whereas BSP9,
phiNIT1, and Grass fall into subfamily Nitunavirus. Gp46 repre-
sents a class of proteins currently only found in phages.

It is conceivable that the negative surface of Gp46 mimics the
charge distribution of the phosphate backbone of dsDNA with
an overall size similar to approximately five base pairs in length
(Fig. 3C). Proteins that mimic DNA have already been described
(34), with some strictly imitating the electrostatic surface of
dsDNA, while others provide a more diffuse negatively charged
surface and complement this with other specific interactions. A
notable example includes DMP12 from Neisseria, which is a
small monomeric protein that has a molecular shape and charge
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distribution similar dsDNA and forms a 1:2 complex with the
HU dimer (35). Analogous to this, Gp46 could potentially be
described as a member of this family of DNA mimic proteins,
although its electrostatic surface is less of a strict DNA mimic.
Although distinct from Gp46, another DNA mimic protein of
note is the white spot syndrome virus ICP11, which is a dimeric
protein that binds histones via mimicking the electrostatic prop-
erties of DNA and disrupting nucleosomes (36).

While the attempts to crystallize the HBsu—-Gp46 complex
have thus far failed, we sought to derive an NMR model. To
assist in determining the interface of the interaction, we utilized
our fully assigned NMR spectrum of Gp46 and performed
NMR titrations using ’N-labeled Gp46 and unlabeled HBsu
under both high- and low-salt conditions. As mixing Gp46 with
HBsu in low-salt buffers induces precipitation during the NMR
experiments, we mixed an excess amount of Gp46 with HBsu in
the NMR buffer containing 300 mM NaCl and dialyzed into the
buffer containing 150 mM NaCl used in ITC (low-salt buffer).
Excess Gp46 precipitated out during the dialysis, leaving a
homogenous sample of the HBsu-Gp46 complex (as illustrated
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NMR studies of Gp46. (A) The structure of Gp46 with all negatively charged residues on the front labeled (PDB ID code 7by7). The residues include

E4, D5, E15, E16, E18, D24, D33, E43, E44, E47, E59, E60, E67, E70, and E71. (B) The topology of the fold acquired by Gp46. (C) Comparison of the surface
charge distribution of Gp46 (as illustrated in A) and dsDNA. The Gp46 electrostatic potential surface is colored from red to blue representing the electro-
static potential. The DNA surface is colored according to atomic charge in Pymol. The two images are displayed in 180° rotation along the z axis. (D) Over-
lay of two-dimensional 'H-'>N heteronuclear single quantum coherence (HSQC) spectra of Gp46 (black) and Gp46-HBsu complex (only Gp46 >N labeled;
red) recorded at 300 K in a buffer containing 20 mM Tris, 150 mM NacCl, and 0.2 mM TCEP (pH 7.5). Some untraceable peaks in the bound form are indi-

cated in the blue circle, and traceable peaks are labeled. PPM: parts per million.

in Fig. 2 B and C). In the spectra of the complex under lower-
salt conditions, many peaks in the HBsu-bound Gp46 spectrum
experience both chemical shift perturbation and significant peak
broadening compared with free Gp46 (Fig. 3D), notably the
negatively charged residues E18, ES9, E60, D63, and E67. There
are multiple peaks in the center of the spectrum, many of which
are also negatively charged residues that also experience signifi-
cant spectral perturbations but were not assignable due to peak
overlap. In general, the chemical shift perturbations are small,

Zhang et al.
Bacteriophage protein Gp46 is a cross-species inhibitor of nucleoid-associated
HU proteins

and the significant broadening of peaks is the major effect in the
complex. This is likely due to exchange within the complex, as
Gp46 binds HU in a 1:2 stoichiometry and could switch interac-
tional interfaces between monomers within the HU dimer. We,
therefore, chose to use the extent of peak broadening as a key
indicator of the interaction interface.

Under high-salt buffer, peak broadening is also the main
observation in the titration (SI Appendix, Fig. S3B). Impor-
tantly, the peaks that were affected in the low-salt buffer
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,  DNA mimic

Fig. 4. The Gp46-HBsu complex model. (A) Homology modeling of HBsu by SWISS-MODEL. (B) Homology modeling of HBsu-DNA complex using the
Sa_HU-DNA complex structure (PDB ID code 4qju), in which HBsu is colored in wheat and dsDNA is colored in pink. Residues colored in blue are R53, R55,
and R58 of a-subunit, and K41', K80', K83', and K86' of a'-subunit of HBsu are responsible for the HBsu-DNA interaction. (C, Left) HBsu complex built by
HADDOCK in which HBsu is colored in wheat and Gp46 is colored in cyan. (C, Center) The surface charge distribution of the complex. (C, Right) The sur-
face charge distribution in an open complex. Positively charged residues are colored in blue, and negatively charged residues are colored in red. (D) A
150° rotation display of the HBsu-Gp46 complex model interface: Residues involved in the electrostatic interaction include multiple positively charged Lys
and Arg (colored in blue) of HBsu and negatively charged Glu and Asp of Gp46 (colored in red). Hydrophobic residues involved in the interaction include

171 of HBsu and F22 of Gp46 (colored in magenta).

titration are also among the most broadened peaks in the high-
salt buffer, indicating that the underlying mechanism remains
same, albeit with a reduced affinity. We plotted the change in
peak intensity against residue number and mapped the residues
that had >60% intensity reduction on the structure of Gp46 (S
Appendix, Fig. S3C). As expected, most of these residues (E15,
E18, ES9, E60, E67, and E70) have negatively charged side chains
and locate on the one side of Gp46 (SI Appendix, Fig. S3D).

As the interface on Gp46 overlaps with negatively charged
residues that may reflect DNA surface charge, we built a struc-
tural model using Gp46 NMR data and the identified DNA
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binding residues of HBsu. We first built a model of HBsu using
the structure of the HU-dsDNA complex of S. aureus (Sa_HU;
PDB ID code 4qju) as template using SWISS-MODEL (37)
(Fig. 44). As the DNA binding motifs are highly conserved
among HU proteins, the residues involved are mostly identical
across the species (30) (Fig. 4B). HBsu forms a symmetrical
homodimer consisting of a- and «’-subunits, and its interaction
with dsDNA involves both subunits. R53, R55, and R58 of the
a-subunit and residues K41°, K80’, K83’, and K86” of the
o’-subunit are involved in DNA binding. Similarly, residues
K41, K80, K83, and K86 of the a-subunit and R53’, R55’, and
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R58’ of the o’-subunit can also bind dsDNA at the opposite
side.

Using the NMR data in low-salt buffer and DNA binding
residues of HBsu, we built a model of the Gp46—-HBsu complex
using High Ambiguity Driven protein—protein DOCKing
(HADDOCK) (38) (Fig. 4C). The surface charge distributions
and surface geometries of both interfaces complement well.
The model shows that Gp46 binds to the HBsu homodimer in
such an orientation that it could approach HBsu from either
the front or back side of the DNA binding motif to block DNA
binding. A notable hydrophobic contract (F22Gp46:1711psu) is
also formed at the interface, which complements the electro-
static interaction (Fig. 4D).

Critical Residues for the Gp46-HBsu Interaction. To validate the
conclusions from our structural model, we mutated interfacial
residues in the model and examined the effects with both
in vitro and in vivo assays. First, we made mutations to disrupt
the putative hydrophobic interaction between F226p46:1711psu-
Gp46"#A fails to show an interaction with wild-type (WT)
HBsu, and similarly, HBsu"'# interacts with WT Gp46 at
much weaker affinity (Kp = 6.41 + 3.54 uM) (Fig. 54 and SI
Appendix, Fig. S44).

In HBsu, the positive charged surface is localized in two clus-
ters. The R53, R55, and RS58 cluster is on the flexible “B-arms,”
and the K41, K80, K83, and K86 cluster resides in the “pit”
between the two arms. To evaluate if these charges are impor-
tant for interaction with Gp46, we constructed two triple-
charge neutralizing mutants, HBsyX80QK83QKEQ g
HBsuR>3NRISNRSEN = representing the charge neutralization on
the pit and arm, respectively. Interestingly, only HUXB0Q/K83Q/KS60
showed an abolished interaction, suggesting that only the electro-
static interaction in the pit residues is functionally important to
the Gp46-HBsu interaction (Fig. 5B). In the arm region, the
hydrophobic interaction between 171ypsu:F22Gp46 plays a more
dominant role. In the structural model of the complex, D63
resides in the center of the charged patch of Gp46, and this com-
plements the pit of HBsu. While charge-swapping mutant
Gp46P%R Joses its fully folded state, Gp46P®N shows a weaken
interaction with HBsu as ITC (SI Appendix, Fig. S4B). Further-
more, Gp46P®NF24 fajled to show interaction with HBsu (SI
Appendix, Fig. S4C). In conclusion, the mutagenesis data are con-
sistent with our model of the complex, in which both the hydro-
phobic interaction in the arm and the electrostatic interaction in
the pit contribute to complex formation.

We then applied key mutations to our in vivo assays. In the
bacterial growth assay, both Gp46P°* and Gp46¥*** expressions
had a smaller impact on growth attenuation compared with the
WT (SI Appendix, Fig. S4D). In Gram and DAPI staining experi-
ments, bacteria expressing Gp46°®N or Gp46">** exhibited less
severe cell filamentation and nucleoid deformation (Fig. 5C and
SI Appendix, Fig. S54). Under TEM, Gp46F22A expressing
B. subtilis showed some signs of chromosome segregation and
cell division. Notably, the double-mutant Gp46"2*4P%N express-
ing B. subtilis showed a near-normal growth rate (SI Appendix,
Fig. S4D). Furthermore, Gp46"***P%N expressing B. subtilis dis-
played near-WT morphology in Gram and DAPI staining and
further improved chromosome segregation and cell division
under TEM (Fig. 5 C and D and SI Appendix, Fig. S5). Finally,
to ensure that overexpression of Gp46 does not overpower HU
with large excess copies in the bacterial cell, we estimated that
there were ~90,000 molecules of Gp46 in one bacterial cell, which
is comparable with the number (50,000) for HU (SI Appendix,
Fig. S6). In summary, our in vivo mutagenesis experiments are in
full agreement with conclusions from the structural and biochemi-
cal studies.
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Gp46 Interacts with Several Homodimeric HUs of Clinically Significant
Pathogens In Vitro. As HU proteins are highly conserved among
bacteria and all HU structures deposited in PDB adopt the
same fold, we speculated that Gp46 should also interact with
other HUs. We selected HUs from some of the most clinically
significant pathogens, including A. baumannii, E. faecalis,
M. tuberculosis, S. aureus, P. falciparum, T. gondii, Streptococcus
pneumoniae, and Klebsiella pneumoniae, and performed
sequence alignment (Fig. 64). Strikingly, the key residues for
HBsu identified in our study are highly conserved among these
HUs, indicating a high possibility of interaction with Gp46. To
verify our hypothesis, we expressed and purified some of these
HUs and checked the complex formation between Gp46 with
various HUs. In gel filtration experiments, Gp46 forms stable
complexes with HUs of A. baumannii, E. faecalis, M. tuberculo-
sis, S. aureus, and P. falciparum (Fig. 6B). We also determined
the binding affinities of three of the Gp46-HU interactions at
~0.3 pM, which is comparable with the Gp46—HBsu interaction
(Fig. 6C). As the key residues are highly conserved among
these HUs, we anticipate that Gp46 is capable of binding most
if not all homodimeric HUs.

Thus, we show that Gp46 can interact with HUs from a
range of clinically significant pathogens. In our proposed
model, Gp46 deactivates HU by blocking the DNA binding
motifs and preventing HU-DNA complex formation (Fig. 6D).
As the HU-DNA interaction is important to cell viability for
many bacteria, Gp46 is a broad-range antimicrobial agent, and
its mode of action may inspire drug design against HU.

Discussion

HU proteins are highly conserved, and HU is an essential NAP
for many bacteria and Apicomplexa. The structure of HU
adopts B-saddle fold, in which its DNA binding motifs consist
of extended two fB-arms and a central pit that lies between. Res-
idues 54 to 76 form the mobile arms, which are poorly defined
in many HU structures, and residues at the bottom of the sad-
dle form the pit and contribute to HU dimerization. As HU is
indispensable for many pathogenic bacteria and Apicomplexans,
it represents an interesting target for therapeutic approaches. In a
recent study, small molecule HU inhibitors targeting the pit
region were shown to be effective against M. tuberculosis (16).
Furthermore, using structure-based drug design, inhibitors target-
ing the a-helical domain (the saddle) of HU have also shown
activity in Spiroplasma melliferum. However, sequence alignhment
shows that the overall sequence conservation within the pit region
and o-helical domain is low; therefore, these targeted inhibitors
may work on a limited range of bacteria.

Antibiotic resistance, regarded as one of the biggest medical
challenges along with cancer, is a growing threat to global
health (39, 40). Bacteriophages are the natural Killers of bacte-
ria, including many antibiotic resistance strains (41). The reju-
venation of bacteriophage therapy has been successfully applied
to many otherwise untreatable patients (42, 43). Other than the
direct application of phage for therapeutic purposes, the strate-
gies that phages employ to inhibit the host could also inspire
the discovery of new methods for treating microbial infection
(44). Inhibiting host DNA polymerase, RNAP, and o-factors
are among the reported hijacking strategies used by the phages
to take over host nucleic acid metabolism (45-47); however, a
phage-encoded HU inhibitor has until now not been reported.
Bacteriophage SPOL1 is the obligate phage of bacterium B. sub-
tilis and possesses a complex genome encoding over 200 pro-
teins, with 24 proteins in the HTM (25). Eight growth inhibitors
have been identified within the HTM, including Gp56, which
interacts with FtsL and the RNAP binding Gp44 (23, 48).
Gp46 is also one of the HTM-encoded host inhibitors and has
no sequence similarity to other proteins with known function.
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Fig. 5. Key residues in the HBsu—Gp46 interaction. (A and B) ITC results for interactions between Gp46 and HBsu mutants as indicated. (C, Left) Gram
staining images of Gp46- or Gp46 mutant-expressing B. subtilis cells. Values in the lower left corners represent the length of bacterial cells (average +
SD). (Scale bar: 5 pm.) (C, Right) DAPI staining images of Gp46- or Gp46 mutant—expressing B. subtilis nucleoid. Values in the lower left corners represent
the percentage of cells with segregated nucleoid. (Scale bar: 5 um.) (D) TEM images of Gp46- or Gp46 mutant—expressing B. subtilis cells. (Scale bar:
500 nm.)
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Fig. 6. Gp46 forms a complex with HUs of a range of pathogens. (A) Sequence alignment of different HU homologs: B. subtilis (Bs), A. baumannii (Ab),
E. faecalis (Ef), K. pneumoniae (Kp), M. tuberculosis (Mtb), P. falciparum (Pf), S. aureus (Sa), S. pneumoniae (Sp), and T. gondii (Tg). Positively charged key
residues Lys and Arg are colored in blue, and conserved lle are colored in magenta. Mtb_HU contains a conserved Val (colored in grey) at residue 71 and
a charge neutralizing Ala at residue 83 (colored in light blue). (B) The overlay of gel filtration chromatography profiles for different HU-Gp46 interac-
tions: HU (orange), Gp46 (green), and HU-Gp46 complex (blue). (C) The affinities of Sa_HU-Gp46, Ab_HU-Gp46, and Pf_HU-Gp46 interaction calculated
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Here, we report the function of Gp46 as an HU inhibitor that
causes host growth attenuation and cell filamentation and pre-
vents chromosome segregation. Our solution structure of Gp46
and model for its complex with HU reveal that it occupies the
DNA binding motif of the HU and prevents the critical
HU-DNA interaction. The “unprotected” dsDNA would provide
an opportunity for other phage factors to access the nucleoid,
such as organization of the early viral DNA replication machinery
as seen in another B. subtilis phage ©29 (49). We identify the key
residues for the Gp46-HU complex and demonstrate that their
mutagenesis abrogates the interaction and Gp46 function in vivo.
Complementary electrostatic surfaces in the pit of the HBsu
dimer and Gp46 and a key hydrophobic interaction between
I714Bsu:F22Gp46 Oon the B-arm are crucial for HBsu-Gp46 com-
plex formation. The nature of the Gp46-HU interaction is remi-
niscent of that for the Neisseria conserved hypothetical protein
DMP12, which is described as a DNA mimic that binds to
histone-like HU proteins. Unlike Gp46, the interaction is several
folds weaker that the dSDNA-HU interaction, which led to the
notion that DMP12 is a chaperone for HU dimers that stabilizes
flexible regions during HU reorganization within the nucleoid. It
was also suggested that DMP12 may play a role in manipulating
the expression of the bacterial genome to favor replication (50).
In contrast, Gp46 possesses a comparable and even slightly higher
affinity for HU than dsDNA. Thus, it is a strong HU competitor
that is able to displace DNA from the HU complex, disrupt nucle-
oid formation, and inhibit bacterial replication. This action is more
akin to ICP11 from the mammalian white spot syndrome virus,
which sequesters histones via mimicking the electrostatic proper-
ties of DNA, disrupting nucleosomes and causing cell death (36).

We also demonstrate that Gp46 can form complexes with a
wide range of homodimeric HUs due to the sequence conserva-
tion of these key residues. Thus, engineering of therapeutic
phages to carry a gp46 gene would benefit from its broad inhibi-
tory ability regardless of host specificity. Meanwhile, the molec-
ular interaction mechanism between Gp46 and HU serves as a
model for the development of small molecule— or peptide-
based inhibitors for a broad range of bacterial pathogens. Last
but not the least, the above strategies may also be applied in
developing treatments for malaria and potentially, other
apicomplexan-related diseases.

Materials and Methods

Bacterial Growth Curve and Calculation of Gp46 Expression. B. subtilis (strain
168) was used in this study for Gp46 expression and phenotyping. Details of
the B. subtilis growth curve and calculation of Gp46 expression in B. subtilis
are described in S/ Appendix.

Gram Staining and Nucleoid Staining. Gram staining was performed as previ-
ously reported (51). The length of each cell was measured using ImageJ soft-
ware from random fields. For nucleoid staining, bacterial cells were first fixed
with 4% (vol/vol) paraformaldehyde for 10 min followed by 0.05% (vol/vol)
Triton X-100 permeabilization for 1 h with occasional agitation. Cells were
then stained with 10 pg/mL DAPI for 10 min before being mounted on slides
for photography using a Zeiss Axio Scope A1. For SPO0J-GFP imaging, cells
transformed with the indicated constructs were induced with or without 1
mM IPTG for 4 h and mounted on slides before images were taken with the
Zeiss Axio Scope A1 microscope.

TEM. Sample preparation and electron microscopy are described in S/
Appendix, Transmission Electron Microscopy (TEM).
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Protein Expression and Purification. SPO1 genes 46 and 56 and bacterial HU
proteins are expressed in E.coli, and details about protein expression and puri-
fication are described in S/ Appendix, Protein Expression in E. coli and
Purification.

Pull-Down Assays. Pull-down assays were performed using Nikel nitrilotriace-
tic acid (Ni-NTA) beads (Qiagen) in tandem with binding buffer (50 mM
KH,PO4 50 mM Nacl, 0.2 mM TCEP, 10 mM imidazole [pH 7.5]), wash buffer,
and elution buffer as described previously (20). B. subtilis strain 168 (ATCC no.
23857) was used in the pull-down assay. Four liters of B. subtilis culture was
harvested at optical density at 600 nm (ODgqo) ~ 1.2 by centrifugation at 5,000
rpm at 4 °C for 10 min, resuspended in 100 mL of the binding buffer with one
tablet of ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor mix-
ture (cOmplete), and lysed by ultrasonication. The supernatant of cell lysate
was filtered with a 0.2-um filter before loading onto a benchtop His-trap col-
umn with His-Gp46 immobilized. The column was then subsequently washed
with 10 volumes of binding buffer, 2 x 10 volumes of wash buffer, and 2 vol-
umes of elution buffer.

Gp46-HBsu Interaction. SEC-MALS, ITC, and SPR were employed to character-
ize Gp46-HBsu interactions (S/ Appendix, Gp46-HBsu Interaction).

EMSA. The EMSA assays were performed with dsDNA (the sequence is listed in
SI Appendlix, Table S1), Gp46, and HU in a buffer consisting of 20 mM Tris, 150
mM NadCl, and 0.2 mM TCEP (pH 7.5). The reaction mixtures containing differ-
ent reagents as illustrated in Fig. 2E were topped up with the buffer to give a
final volume of 20 pL and incubated for 30 min at 4 °C. The total binding solu-
tions were loaded onto 1% agarose gels in 0.5x 45 mM Tris-borate and 1 mM
EDTA buffer.

For EMSA performed in a native polyacrylamide gel, 10 pL of HBsu (0.1
pM), dsDNA (0.1 uM), and Gp46 (0.1 pM) were premixed as indicated. The mix-
tures were incubated on ice for 20 min before being loaded on a 10% native
polyacrylamide polyacrylamide gel electrophoresis (PAGE). Electrophoresis
was run at 100 V for 100 min on ice with a running buffer containing 3.03%
(wt/vol) Tris-base and 14.4% glycine (wt/vol; pH 8.8). All EMSAs were per-
formed in duplicate, and results show representative gels.

NMR Structure Determination. NMR structure was carried out as previously
described in ref. 52. and further described in SI Appendix, NMR Structure
Determination. The structural statistics are shown in S/ Appendix, Table S2.

NMR Titration. NMR titrations were performed in either the high-salt buffer
(300 mM Nacl, 50 mM KH,PO,, 0.2 mM TCEP [pH 6.5]) or the low-salt buffer
(20 mM Tris, 150 mM Nacl, 0.2 mM TCEP [pH 7.5]). Unlabeled HBsu protein
was added to '>N-labeled Gp46 (0.5 mM) according to the stoichiometric ratio
indicated to perform NMR titration.

Mutagenesis. All mutants carrying amino acid substitutions were obtained
using the Q5 Site-Directed Mutagenesis Kit (NEB), and primers were designed
using the online NEBaseChanger (S/ Appendix, Table S1).

HADDOCK Calculation. The HBsu structure generated by homology modeling
using Sa_HU (PDB ID code 4qju) and the solution structure of Gp46 were used
to build a model of a 1:1 complex of Gp46 bound to the HBsu dimer using
HADDOCK (v2.2). Further description can be found in S/ Appendix, HADDOCK
Calculation.

Data Availability. All study data are included in the article and/or S/ Appendix.
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