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Abstract

Host cell defense against an invading pathogen depends upon vari-
ous multifactorial mechanisms, several of which remain undiscov-
ered. Here, we report a novel defense mechanism against
mycobacterial infection that utilizes the histone methyltrans-
ferase, SUV39H1. Normally, a part of the host chromatin, SUV39H1,
was also found to be associated with the mycobacterial bacilli
during infection. Its binding to bacilli was accompanied by
trimethylation of the mycobacterial histone-like protein, HupB,
which in turn reduced the cell adhesion capability of the bacilli.
Importantly, SUV39H1-mediated methylation of HupB reduced the
mycobacterial survival inside the host cell. This was also true in
mice infection experiments. In addition, the ability of mycobacteria
to form biofilms, a survival strategy of the bacteria dependent
upon cell-cell adhesion, was dramatically reduced in the presence
of SUV39H1. Thus, this novel defense mechanism against mycobac-
teria represents a surrogate function of the epigenetic modulator,
SUV39H1, and operates by interfering with their cell-cell adhesion
ability.
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Introduction

The interaction of a pathogen with its host exemplifies a tussle
wherein the pathogen, like Mycobacterium tuberculosis, tries to
hijack the host cellular machinery and dampen the immune
response for its survival, whereas the host tries to eliminate or

neutralize the pathogen (Sundaramurthy & Pieters, 2007). Several
proteins are released by the pathogen that interact either with the
cell surface and cytoplasmic proteins involved in cell signaling
(Pathak et al, 2007; Bach et al, 2008) or directly with host chro-
matin proteins (Pennini et al, 2010; Rolando et al, 2013; Sharma
et al, 2015; Yaseen et al, 2015). Most of these proteins ultimately
bring about changes in transcription of specific genes that makes
the host cell amenable for survival and proliferation of the pathogen
(Wang et al, 2005; Pennini et al, 2007). On the other hand, the host
utilizes several proteins and miRNAs as part of its immune response
to overcome the pathogen (Jayachandran et al, 2009; Holla & Balaji,
2015). A few proteins including parkin and ubiquilin1 directly bind
mycobacteria and are part of non-canonical strategies used by the
host to target pathogens. Parkin, a ubiquitin ligase, directly puts
ubiquitin chains on mycobacterium and helps in clearance through
autophagy (Manzanillo et al, 2013). Similarly, ubiquilinl directly
interacts with mycobacteria leading to clearance of bacteria through
xenophagy (Sakowski et al, 2015).

The regulation of the gene expression in the host cell is
dependent upon its epigenetic circuitry consisting of DNA methyla-
tion, histone modifications, and regulatory RNAs (Schneider &
Grosschedl, 2007; Holoch & Moazed, 2015). We have previously
shown that mycobacterial species have devised efficient epigenetic
mechanisms by which they try to directly control host cell gene
expression. Rv2966c and Rv1988 help mycobacteria hijack the
epigenetic circuitry by directly interacting with the host chromatin
and methylating cytosines in the host DNA and a novel non-tail argi-
nine in histone H3, respectively (Sharma et al, 2015; Yaseen et al,
2015). Moreover, genome-wide changes in the DNA methylation of
the host have been reported during mycobacterial infection (Sharma
et al, 2016). To (i) activate genes involved in immune response, (ii)
prevent the mycobacteria from making changes to its epigenetic pro-
file, or (iii) reverse the epigenetic modifications made by the
mycobacterial proteins, it is conceivable that the host cell brings
about changes in the expression of epigenetic effector proteins like
DNA and histone methyltransferases that are involved in establish-
ing epigenetic modifications. This study was initiated with the aim
of identifying epigenetic effector proteins that play a role in host
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response to mycobacterial infection and also characterize the down-
stream changes in epigenetic modifications that ensue.

Changes in histone modifications are more dynamic than DNA
methylation and hence more likely to change during an environ-
mental insult (Stewart et al, 2015). Therefore, as an initial step, we
decided to investigate whether any histone-modifying enzyme had a
role to play during mycobacterial infection. While analyzing the
expression profile of the various histone methyltransferases and
demethylases during mycobacterial infection, SUV39H1 (KMT1A),
the histone H3 lysine 9 methyltransferase was found to be overex-
pressed. However, to our surprise, the increase in expression was
correlated with the relocalization of SUV39H1. From being associ-
ated with the chromatin in the host nucleus, SUV39H1 was found to
be predominantly associated with the mycobacterial bacilli during
infection. We also show that the interaction of SUV39H1 with the
intracellular mycobacteria was associated with trimethylation of the
mycobacterial histone-like protein, HupB. Importantly, SUV39H1-
mediated methylation of HupB inhibited mycobacterial survival in
the host cell during infection. This inhibition was correlated with
the role of HupB, in addition to being a transcriptional regulator, in
mycobacterial adhesion as our results showed SUV39H1-mediated
inhibition of mycobacterial biofilm formation, a phenomenon
dependent upon cell—cell adhesion. Therefore, our study has uncov-
ered a novel mechanism, in which the host defense utilizes an
epigenetic effector molecule, SUV39H1, to act against mycobacterial
bacilli during infection, by interfering with their cell adhesion
ability.

Results

The histone H3K9 methyltransferase SUV39H1 is overexpressed
during mycobacterial infection

Expression of several host genes is altered during mycobacterial
infection (Ragno et al, 2001). As change in gene expression is
directly correlated with alteration in epigenetic modifications
including histone modifications, it is possible that the expression
levels of histone-modifying enzymes themselves are altered during
mycobacterial infection. In a preliminary experiment, where we
were examining the expression profile of several histone methyl-
transferases and demethylases in PMA-treated THP1 cells (THP1
macrophages) upon Mycobacterium bovis BCG infection, we found an
increase in the expression of SUV39H1 (KMT1A), the histone H3K9
methyltransferase. This preliminary observation was confirmed
by Western blotting using SUV39H1 antibody (Fig 1). SUV39H1
expression level, a protein that is normally expressed at very low
levels in THP1 macrophages, was markedly increased during
M. bovis BCG infection (Fig 1A). The increase in this expression was
gradual and specific to infection by mycobacterial species [M. bovis
BCG (Fig 1B); M. smegmatis and M. tuberculosis (Fig 1C)]. THP1
macrophages infected with Escherichia coli or Candida glabrata did
not show any increase in SUV39H1 expression level (Fig 1B). The
increase in expression of SUV39H1 was also true for infection of
human peritoneal macrophages with M. bovis BCG (Fig 1D).

KMT1B or SUV39H2 is another human homolog of the Droso-
phila Su(var)3-9 gene (O’Carroll et al, 2000). To investigate the
correlation of SUV39HI1 increased expression with mycobacterial
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infection, we examined the expression of SUV39H2 upon M. bovis
BCG infection of THP1 macrophages. No change in SUV39H2
expression was observed in infected THP1 macrophages (Fig 1E).

Mycobacterial infection leads to relocalization of SUV39H1 from
nucleus to cytoplasm

SUV39H1 overexpression upon M. bovis BCG infection was vali-
dated by immunostaining M. bovis BCG-infected THP1 macrophages
using SUV39H1 antibody, 48 h postinfection. To our surprise, in
addition to being overexpressed in infected cells, SUV39H1 was
found to be predominantly localized in the cytoplasm (Fig 2A,
upper two panels) as compared to uninfected or heat-killed M. bovis
BCG-infected THP1 macrophages where it was present in the
nucleus (Fig 2A, lower two panels and Fig 2B). We noticed two dif-
ferent localization profiles of SUV39H1 in the cytoplasm of infected
THP1 macrophages. As seen in the uppermost panel of Fig 2A, the
localization of SUV39H1 in the cytoplasm was found to be speckled
in most cells. However, we also observed in some fields that cells
not showing the SUV39H1 speckles were stained at the cell surface
for SUV39H1 (Fig 2A, second panel from top, Fig 2B, SUV39H1
staining corresponding to the cell surface is marked by red dots in
the overlay image).

Its cytoplasmic localization was confirmed by Western blotting
proteins corresponding to cytoplasmic and nuclear fractions of
M. bovis BCG-infected THP1 macrophages and probing for the pres-
ence of SUV39HI1. The purity of the subcellular fractions (Fig 2C)
was confirmed by localization of histone H3 (nucleus) and tubulin
(cytoplasmic). As compared to uninfected THP1 macrophages
where it was detected only in the nuclear fraction (Fig 2C, bottom
panel), SUV39H1 was detected in both nuclear and cytoplasmic frac-
tions of M. bovis BCG-infected THP1 macrophages (Fig 2C, upper
panel). While the level of SUV39H1 increased in both fractions,
there was a substantial increase in its level in the cytoplasmic frac-
tion with increasing time, postinfection. Interestingly, in the cyto-
plasmic fraction, a second band of higher molecular weight
corresponding to SUV39H1 was observed. This could indicate post-
translational modification of SUV39H1 upon mycobacterial infec-
tion, which could be a trigger for relocalization of SUV39H1 from
nucleus to cytoplasm.

To confirm the cell surface localization of SUV39HI1 in some
of the infected THP1 macrophages, total membrane fraction
isolated from the uninfected or M. bovis BCG-infected THP1
macrophages was examined for the presence of SUV39H1 by
Western blotting. SUV39H1 was found to be absent in the
membrane fraction of the uninfected cells (Fig EV1A). On the
other hand, SUV39H1 was present in the membrane fraction of
the M. bovis BCG-infected THP1 macrophages (Fig 2D, uppermost
panel). The purity of the membrane fraction was checked by
probing for TNFR1 (Figs 2D and EVI1A, lower panel), a known
plasma membrane protein (Sedger & McDermott, 2014). As a
control, the Western blot was also probed for the SUV39H2
protein. As can be seen in Fig 2D (middle panel), SUV39H2 was
not found to be enriched in the membrane fraction, indicating
that localization to the cell surface was specific to SUV39H1
during mycobacterial infection.

To confirm that the change in localization of a histone methyl-
transferase from nucleus to cytoplasm was specific to SUV39H1, we

© 2017 The Authors



Imtiyaz Yaseen et al ~ SUV39H1 participates in host defense The EMBO Journal

Ohrs 12hrs 24hrs 48 hrs ?\\:;’
Uil U1 U1 U | «

SUV39H1

TUBULIN

.Jsuvasl-n

0 hrs 12 hrs 24 hrs 48 hrs
'@b
D & o
o
kDa A
& sl -
P - suveon

S ACTIN
SUV39H1 35— -
d

TUBULIN >
<
&

Ohrs 12 hrs 24 hrs 48 hrs 48 hrs kDa o& 0(’

v - ACTIN

Figure 1. SUV39H1 is overexpressed during mycobacterial infection.

A Uninfected (U) and Mycobacterium bovis BCG-infected (I) THP1 macrophages were examined for the expression level of SUV39H1 (top panel) by Western blotting at
different time points postinfection (indicated above the panels).

B, C Overexpression of SUV39H1 is specific to mycobacterial species. THP1 macrophages were infected with M. bovis BCG, Escherichia coli, Candida glabrata (B),
M. smegmatis (C, left panel), or M. tuberculosis H37Rv (C, right panel), and the expression level of SUV39H1 was examined at the indicated time points.

D Overexpression of SUV39H1 in human peritoneal macrophages. Human peritoneal macrophages were examined for the expression level of SUV39H1 (top panel)
post-M. bovis BCG infection by Western blotting (indicated above the panels).

E SUV39H2 is not overexpressed during mycobacterial infection. THP1 macrophages infected with M. bovis BCG were examined for SUV39H2 expression level by
Western blotting using anti-SUV39H2 antibody.

Data information: Tubulin (A-C) and actin (D and E) were used as controls.
Source data are available online for this figure.

also performed immunostaining for SUV39H2 as well as for another in SUV39H2 and EZH2 expression observed nor were these proteins
histone methyltransferase, EZH2, in M. bovis BCG-infected THP1 relocalized to another subcellular region in the infected THP1
macrophages. As shown in Fig EV1B and C, neither was an increase macrophages.
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Figure 2. SUV39H1 is relocalized to the cytoplasm during mycobacterial infection.

A Uninfected (second panel from below), Mycobacterium bouvis BCG-infected (upper two panels), and heat-killed M. bovis BCG-infected (lowermost panel) THP1
macrophages were immunostained for SUV39H1 and visualized by confocal microscopy. Note the speckled loci of SUV39H1 in the cytoplasm and on the cell surface
(second panel from top) in infected THP1 macrophages in contrast to uninfected cells where the staining was predominantly in the nucleus.

B Cell surface localization of SUV39H1. Uninfected and M. bouvis BCG-infected THP1 macrophages were immunostained for SUV39H1 and visualized by confocal
microscopy. The position of the cell surface has been overlayed (white dotted line) over the SUV39H1 (green) + DAPI (blue) merge image for the infected and
uninfected cells (rightmost image).

C, D Western blot showing the presence of SUV39H1 in the cytoplasm (C) and plasma membrane (D) during mycobacterial infection. (C) Nuclear and cytoplasmic
fractions of uninfected (lower panel) and M. bovis BCG-infected (upper panel) THP1 macrophages at different time points after infection (indicated below the
panels) were examined for the presence of SUV39H1 by Western blotting. As a control, the blots were also probed with H3 (nuclear) and tubulin (cytoplasmic)
antibodies. (D) Western blot analysis for the presence of SUV39H1 in the total cell lysate and membrane fraction of THP1 macrophages infected with M. bouvis BCG.
As a control, the blot was also probed for the presence of SUV39H2 (SUV39H1 homolog) and TNFR1 (a known membrane protein).

Data information: (A, B) Scale bar: 10 um. Nuclei were counterstained with DAPI.
Source data are available online for this figure.

SUV39H1 associates with mycobacterial bacilli in the resemble bacilli. Since internalized mycobacterial bacilli are
phagolysosomes during infection normally present within the phagolysosomes, we decided to investi-

gate whether SUV39H1 was localized in the phagolysosomes in
As can be seen in the uppermost panel of Fig 2A, the SUV39H1 these infected macrophages. To test this, phagosomal fraction was
speckles in the cytoplasm appeared rod-shaped and seemed to isolated from uninfected and M. bovis BCG-infected THP1

186 The EMBO journal Vol 37 | No 2 | 2018 © 2017 The Authors
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macrophages by sucrose gradient (see Materials and Methods) and
the presence of SUV39H1 was examined by Western blotting. As
can be seen in Fig 3A, SUV39H1 was indeed present in the phago-
some fraction of the infected macrophages. The phagosomal fraction
was confirmed by examining the presence of the known phagoso-
mal protein LAMP1 (Fig 3A, middle panel). To rule out contamina-
tion of cytoplasmic proteins, the same blot was also probed with
GAPDH antibodies (Fig 3A, lower panel).

Since the staining for SUV39H1 in phagolysosomes resembled
the shape of bacilli, we next asked whether SUV39H1 was
directly associated with the M. bovis BCG bacilli rather than being
in their vicinity in the phagolysosomes. To test this, THP1
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macrophages infected with GFP::M. bovis BCG (expressing GFP)
or RFP::M. bovis BCG (expressing RFP) were immunostained for
SUV39H1, 48 h postinfection. SUV39H1 signal was found to colo-
calize with the GFP/RFP signal (Fig 3B). To confirm that this
colocalization indicated the association of SUV39H1 with M. bovis
BCG bacilli, phagosomal fraction isolated from M. bovis BCG-
infected THP1 macrophages was treated with 0.5% NP-40 to
remove the phagolysosomal membrane and the other soluble host
proteins from the phagolysosomal fraction (Healy & O’Connor,
2009). The bacilli residing in this host cell compartment were
pelleted and probed for SUV39H1. SUV39H1 was found to be
present in the isolated mycobacterial fraction (Fig 3C). As a
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Figure 3. SUV39H1 colocalizes with the mycobacterial bacilli in the phagolysosomes.

A SUV39HL1 is present in the phagolysosomal fraction of infected THP1 macrophages. The phagolysosomal fraction isolated from the cell lysates of uninfected and
Mycobacterium bovis BCG-infected THP1 macrophages was probed for SUV39H1. As a control, the blot was also probed for LAMP1 (phagosomal marker) and GAPDH
(cytosolic protein).

B SUV39H1 colocalizes with the intracellular mycobacterial bacilli. GFP::M. bovis BCG (GFP::BCG, upper panel)- or RFP::M. bovis BCG (RFP:BCG, lower panel)-infected
THP1 macrophages were immunostained with SUV39H1 antibody and examined by confocal microscopy. Nuclei were counterstained with DAPI. Scale bar: 2 pm
(upper panels) and 5 um (lower panels).

C, D M. bouis BCG bacilli were isolated from the phagolysosomal fraction of infected THP1 macrophages and examined for SUV39H1 by Western blotting (C) or confocal
microscopy (D). To rule out contamination by cytoplasmic and phagosomal host proteins, the Western blot (C) was also probed for LAMP1 (phagosomal marker)
and GAPDH (cytoplasmic marker). The blot was also probed for GroEL1, a mycobacterial protein. (D) To show colocalization of SUV39H1 and the mycobacterial
bacilli, a portion of the confocal image in the top panel (within the upper right hand quandrant). Scale bar: 5 um (upper panel) and 1 pm (lower zoomed panel).

Source data are available online for this figure.
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control, the same blot was probed with GAPDH antibody (to con-
firm the absence of cytoplasmic contamination), with LAMP1
antibody (to confirm the phagolysosomal fraction), and GROEL1
(to confirm mycobacterial fraction; Fig 3C). When these isolated
bacilli were immunostained in vitro for SUV39H1, the SUV39H1
antibody stained the M. bovis BCG bacilli confirming the associa-
tion of SUV39H1 with mycobacterial bacilli isolated from the
phagolysosomal fraction (Fig 3D).

THP1 macrophages without the speckled SUV39H1 staining in
the second panel from the top of Fig 2A would indicate that these
cells were devoid of internalized M. bovis BCG bacilli.
SUV39H]1 staining in these cells was on the cell surface, this could
indicate that THP1 macrophages had probably localized SUV39H1
on its cell surface for interaction with the bacilli and the staining of
bacilli in the phagosomes was the end result of this interaction
followed by phagocytosis.

Since

SUV39H1 can bind to mycobacteria in vitro

To examine whether the association of SUV39H1 with M. bovis
BCG during infection indicated its binding to M. bovis BCG, we

SUV39H1 participates in host defense  Imtiyaz Yaseen et al

performed bacterial binding assay (Materials and Methods;
Sakowski et al, 2015). In this assay, lysate of HEK293 cells
transfected with SFB-tagged SUV39H1 was incubated with
M. bovis BCG in vitro. After five washes with PBS containing
0.5% Triton X-100, to remove non-specific binding proteins,
proteins bound to M. bovis BCG were analyzed by Western anal-
ysis. The FLAG antibody detected SFB-SUV39H1 in the M. bovis
BCG-bound fraction (Fig 4A). The blot was also probed with
anti-MTB antibody [detects primarily lipoarabinomannan (LAM)
on mycobacterial cell surface] to confirm the presence of
mycobacteria. As a control, HEK293 cell lysate transfected with
SFB vector alone was also incubated with M. bovis BCG cells
(Fig 4A). The interaction of SUV39H1 with M. bovis BCG was
quite strong as even an increase in concentration of Triton X-100
in wash buffer to 1.5% did not disrupt the interaction (Fig 4B).
Direct interaction of SUV39H1 with M. bovis BCG was also con-
firmed by (i) in vitro incubation of recombinant MBP-SUV39H1
(expressed in E. coli) with M. bovis BCG followed by Western
analysis (Fig 4C), or (ii) SFB-SUV39H1 (expressed in HEK293
cells) with GFP::M. bovis BCG followed by immunostaining
(Fig 4D).

A ob 06 B C ‘\b
0y > &
© X . o
o X
S > @ & & o
O K o~ Input BCG-Bound 0) 3 <
kDa \(‘Q Q W@ kDa kDa @ « Q
90— . 90— 00— ~
Anti-FLAG L S e | ANt-FLAG . B | Anti-MBP
50 o 50—
50—
120 120— "
. ;. Anti-MTB Anti-MTB Anti-MTB

SFB SFB-SUV39H1

SFB-SUV39H1

0.5% 1.0% 1.5%
Triton X-100

Figure 4. SUV39H1 binds to mycobacterial bacilli in vitro.

A Bacterial binding assay. SFB-SUV39H1 pulled down from HEK293 cells was incubated with Mycobacterium bovis BCG bacilli. The bacilli were pelleted and non-specific
proteins were removed by giving washes with buffer containing 0.5% Triton X-100. As a control, bacilli were also incubated with SFB-tag alone pulled down from

HEK293 cells.

B SUV39H1 associates very strongly with mycobacterial cells. The bacterial binding assay (as in A) was repeated but with wash buffer containing increasing

concentration of Triton X-100 (indicated below the panel).

C Bacterial binding assay performed with recombinant MBP-SUV39H1 protein from Escherichia coli. FLAG antibody (A and B) and MBP antibody (C) detected SUV39H1,
while an antibody that detects LAM present on the surface of mycobacterial cells (MTB) detected M. bovis BCG.
D SFB-SUV39H1 was incubated with GFP:M. bouis BCG, immunostained for SUV39H1, and examined by confocal microscopy. Nuclei were counterstained with DAPI.

Scale bar: 5 pm.

Source data are available online for this figure.
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SUV39H1 methylates the mycobacterial protein, HupB

SUV39H1 is a histone methyltransferase that specifically methylates
histone H3 lysine 9 in the host nucleus. We were therefore intrigued
with its colocalization and binding with M. bovis BCG in the phago-
somes. A preliminary mass spectrometry experiment, wherein host
cytoplasmic proteins interacting with SUV39H1 in cytoplasm were
analyzed, we identified alpha-laminin 2 as one of the interacting
partners (Fig EV2A and B). In the literature, it is known that
mycobacterium binds to host cells through alpha-laminin (Lefrangois
et al, 2011). In this interaction, mycobacterial protein HupB binds to
alpha-laminin (HupB or Rv2986¢ is also known as laminin binding
protein, LBP). Interestingly, HupB is histone-like protein from
mycobacteria and has been shown to be present both in the
mycobacterial cytosol and on the cell wall (Yeruva et al, 2006). Since
SUV39H1 is a protein (histone) methyltransferase, we decided to
examine whether SUV39H1 could methylate HupB present on the cell
wall surface of the mycobacteria during infection.

Methyltransferase assay was set up with recombinant MBP-
SUV39H1 or BSA (as control) and M. bovis BCG lysate in the pres-
ence of SAM as a methyl group donor, and the reaction mix was
analyzed by Western blotting using either mono/dimethyl lysine
(middle panel)- or trimethyl lysine (upper panel)-specific antibodies.
Mono/dimethyl lysine antibody detected HupB in both BSA and
MBP-SUV39H1 lanes (Fig SA), indicating that HupB from M. bovis
was already mono- or dimethylated by an endogenous mycobacte-
rial methyltransferase. When the same blot was probed with
trimethyl lysine antibody (Fig 5A, upper panel), signal was signifi-
cantly more in M. bovis BCG lysate incubated with SUV39HI1 as
compared to BSA (additional data on replicate experiments for this
figure is provided as source data). Only one band, which corre-
sponded to HupB, was detected in the whole blot when the
trimethyl antibody was used as a probe (Fig EV2C). The level of
HupB in the lysate was same for both control and SUV39H1 lanes
antibody (Fig 5A, lower panel). This suggested that SUV39H1
trimethylates the mycobacterial protein, HupB. Interestingly, when
the same experiment was performed with recombinant MBP-
SUV39H1 and 6XHis-HupB (M. tuberculosis protein) purified from
E. coli, signal was detected with mono/dimethyl lysine antibody,
but not with trimethyl lysine antibody (Fig EV2D). This would indi-
cate that the HupB lysine residues acquiring mono/dimethylation
modifications in E. coli were different from the ones in mycobacte-
rial species. Therefore, to confirm SUV39H1-mediated trimethyla-
tion of HupB by in vitro methylation assay, recombinant
M. tuberculosis HupB (6XHis-Rv2986¢) was overexpressed and puri-
fied from M. smegmatis (Fig EV2E) and incubated with E. coli puri-
fied recombinant MBP-SUV39H1 (Fig EV2E) and SAM. As can be
seen in Fig 5B, trimethyl lysine antibody detected HupB that was
incubated with MBP-SUV39H1, but not with MBP-LacZ.

HupB is present both on the cell surface and in the cytosol of a
mycobacterial cell (Yeruva et al, 2006). To examine whether the
trimethylation by SUV39H1 was on the HupB protein present on the
cell surface or in the cytosol of the mycobacteria, the experiment in
Fig 5A was repeated on M. bovis BCG followed by fractionation into
cell wall and cytosolic fractions. As shown before (Yeruva et al,
2006), HupB was found to be present in both the fractions.
However, the trimethylated form of HupB was present only in the
cell wall fraction. The fractionation was confirmed by probing the

© 2017 The Authors
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Western blot for GroELI1, a protein known to be present only in the
cytosol (Fig 5C).

SUV39H1 was found associated with mycobacterial bacilli in the
phagosomes (Fig 3). To examine whether this association was
through interaction of SUV39H1 with HupB, THP1 macrophages
were infected with wild-type and HupB mutant (in which hupB gene
had been deleted, MtbAhupB) M. tuberculosis H37Rv strains. The
infected cells were immunostained for SUV39H1. As can be seen in
Fig 5D, SUV39H1 antibody stained mycobacterial bacilli (marked by
white outline) in the wild-type M. tuberculosis H37Rv strain, but not
in MtbAhupB strain.

SUV39H1 trimethylates HupB at lysine 138

SUV39H1 methylates lysine at position 9 in the histone H3 (Rathert
et al, 2008). This would indicate that the amino acid sequence
around H3K9 could be the target sequence for SUV39H1 action.
Using the amino acid sequence motif (TK-ARK—KAP) that encom-
passes H3K9, we tested whether similar motif was present in HupB
or any other mycobacterial protein using the pattern search program
on the Tuberculist server. While the central part of the motif “ARK”
was present in several proteins, the TK-ARK—KAP motif was
present only in the M. tuberculosis HupB protein (amino acids 132—
144, Figs SE and EV3A). In addition, a recent study has identified the
specificity profile of SUV39H1 and characterized non-histone protein
targets of SUV39H1 (Kudithipudi et al, 2017). The amino acid profile
of M. tuberculosis HupB around K138 was also found to be similar to
the SUV39H1 profile with an invariant arginine at —1 position and a
lysine at —4 position (from K138; Kudithipudi et al, 2017).

To test whether SUV39H1 methylates HupB protein at the lysine
present within the central ARK motif (K138), lysine at 138 position
in recombinant 6XHis-HupB was mutated to alanine (6XHis-
HupB¥'¥#4) by site-directed mutagenesis. The wild-type and mutant
HupB constructs (6XHis-HupB, 6XHis-HupB***®4) were transformed
into the MtbAhupB strain. Thus, the expression of hupB in this strain
transformed by the above constructs would correspond to the appro-
priate wild-type or mutant 6XHis-HupB fusion protein. The
mycobacterial cell lysate from this strain with or without the various
constructs was incubated with SUV39H1 and SAM and examined by
Western blotting for HupB trimethylation. A significant decrease in
the level of HupB methylation was observed for 6XHis-HupB*!354
mutant as compared to 6XHis-HupB (Fig 5F). No signal was detected
in MtbAhupB protein lysate lane with trimethyl lysine antibody.

Lysines present in the “RK” submotif at two other positions
(182-183 and 214) were also mutated to create 6XHis-HupB*!'&*#
and 6XHis-HupB**!** mutants of HupB and examined for methyla-
tion by SUV39H1. Cell lysate from MtbAhupB strain transformed
with the various constructs was incubated with SUV39H1 and SAM
and examined by Western blotting for HupB trimethylation. The
level of HupB trimethylation in 6XHis-HupB*'®*# mutant was simi-
lar to the wild type. Slight reduction in HupB methylation was
observed in 6XHis-HupB**** mutant but was not statistically signif-
icant in contrast to the significant decrease in the level of HupB
methylation observed for 6XHis-HupB*'*** mutant (Fig EV3B and
C). This indicated that SUV39H1 was methylating HupB at lysine
present at 138 position and within the motif similar to the one
present around H3K9 in histone H3 and the defined SUV39H1 speci-
ficity profile (Kudithipudi et al, 2017).
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Figure 5. SUV39H1 trimethylates HupB at lysine 138.

A B

F,G

SUV39H1 trimethylates HupB. Recombinant MBP-SUV39H1 or BSA (control) and Mycobacterium bovis BCG lysate were incubated in the presence of SAM followed
by Western blotting with mono/dimethyl lysine (middle panel)- or trimethyl lysine (upper panel)-specific antibodies. The blot was also reprobed with HupB
antibody. The ratio of the normalized signal for trimethyl lysine antibody and HupB antibody is given below the panels. (B) SUV39H1 trimethylates HupB in vitro.
Recombinant MBP-SUV39H1 purified from Escherichia coli was incubated with recombinant M. tuberculosis HupB (6XHis-HupB) expressed and purified from

M. smegmatis (lowermost panel shows Coomassie Blue-stained gel for the proteins present in the reaction mix) in the presence of cold SAM followed by Western
blotting and probing with trimethyl lysine antibody and control HupB antibody.

SUV39H1 trimethylates HupB on the mycobacterial cell surface. Recombinant M. bovis BCG was incubated with MBP-SUV39H1 in the presence of SAM followed by
fractionation of the M. bovis BCG into cell wall and cytosolic fractions, Western-blotted, and probed with trimethyl lysine (upper panel)-specific antibodies. As a
control, the blot was also probed with GroEL1 (for cytosolic fraction) and HupB antibodies.

In vivo interaction of SUV39H1 with HupB during infection. THP1 macrophages infected with wild-type M. tuberculosis H37Rv or MtbAhupB strains were examined
for the localization of SUV39H1 protein. The outline of some of the internalized mycobacterial bacilli as observed in DIC is marked in white. The cells were
counterstained with DAPI. Scale bar: 5 pm.

HupB contains the H3K9 motif. Comparison of H3 and M. tuberculosis H37Rv HupB protein sequence showing the presence of H3K9 motif in HupB centered around
K138. The rectangles indicate regions of similarity.

SUV39H1 trimethylates HupB at K138. (F) Recombinant MBP-SUV39H1 and lysate from either MtbAhupB strain (AHupB) or MtbAhupB transformed with 6XHis-
HupB (HupB-WT) or 6XHis-hupB**** ((HupB-K138A) constructs were incubated in the presence of SAM followed by Western blotting and probing with trimethy!
lysine (upper panel)-specific antibodies. As a control, the blot was also reprobed with HupB antibody and an antibody that detects LAM present on the surface of
mycobacterial cells (MTB). (G) Recombinant 6XHis-HupB (Hup-WT) or 6XHis-hupB **#* (HupB-K138A) proteins expressed and purified from M. smegmatis
(lowermost panel) were incubated with recombinant MBP-SUV39H1 (second panel from bottom) in the presence of SAM, Western-blotted, and probed with
trimethyl lysine and HupB (control) antibodies.

Source data are available online for this figure.

The methylation of HupB protein at K138 was also confirmed by
in vitro methylation assay. Recombinant 6XHis-HupB and 6XHis-
HupB®'*%4 proteins were overexpressed and purified from M. smeg-
matis and incubated with recombinant MBP-SUV39H1 and SAM.
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The trimethylation of 6XHis-HupB*'*** was found to be significantly
less than 6XHis-HupB (Fig 5G), indicating that SUV39H1 methylates
specifically at K138 (additional data on replicate experiments for
this figure is provided as source data). The residual HupB

© 2017 The Authors
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trimethylation observed in 6XHis-HupB*!*®* could be due to
another lysine in HupB being a minor secondary target of SUV39HI1.

SUV39H1 downregulation makes THP1 macrophages more
susceptible to mycobacterial infection

To investigate whether the association of SUV39H1 with mycobacte-
rial bacilli reflected its role during mycobacterial infection, stable
SUV39H1-knockdown THP1 cell lines were derived using SUV39H1
shRNA (see Materials and Methods). A THP1 cell line transfected
with scrambled shRNA was used as a control. The repression of
SUV39H1 expression was confirmed by Western blot analysis. As
THP1 cell lines with more than 90% decrease in SUV39HI1
(SUV39H1-KD3) expression showed very limited growth, we used
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the THP1-SUV39H1-KD1 cell line with ~60% decrease in SUV39H1
expression for further experimentation (Fig 6A). THP1 macrophages
stably transfected with scrambled (control) or SUV39H1 (SUV39H1-
KD) shRNA were infected with GFP::M. bovis BCG and the number
of intracellular bacteria inside the macrophages was determined
either visually by confocal microscope or by sorting GFP-positive
cells by FACS (Ranjbar et al, 2015). The number of intracellular
mycobacteria 24 and 48 h postinfection was found to be signifi-
cantly higher in SUV39H1-KD as compared to control in both the
assays (Fig 6B and C, confocal; Fig EV4A, FACS).

This was also confirmed by examining the number of viable
intracellular bacteria as quantified by Alamar assay (Ganji et al,
2016) counting. Significantly more numbers of GFP::M. bovis BCG
bacilli were found in infected SUV39H1-KD as compared to control
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Figure 6. Downregulation of SUV39H1 expression makes THP1 macrophages more susceptible to mycobacterial infection.
A shRNA-mediated knockdown of SUV39H1 expression. Western blot showing SUV39H1 expression in THP1 cells stably transfected with SUV39H1 (SUV39H1-KD1/2/3)

or scrambled shRNA. Tubulin was used as a control.
B-E

Increased number of intracellular bacilli are present in THP1 macrophages with decreased SUV39H1 expression levels. THP1 macrophages stably transfected with

scrambled or SUV39H1 (SUV39H1-KD) shRNA were infected with GFP:M. bouvis BCG and examined by confocal microscopy (B) at different time points, and the
number of bacilli present was quantified (i) visually in least eight randomly chosen fields from three independent experiments (C), and (ii) by Alamar blue assay (D).
(E) The same experiment was repeated with M. tuberculosis H37Rv and the number of intracellular bacilli was quantified by CFU assay. Values in (C-E) have been

obtained from at least three biological replicates.

Data information: Error bars represent standard deviation (SD). Asterisks indicate significant difference by Student’s t-test: *P < 0.05, **P < 0.005, ***P < 0.001.

Source data are available online for this figure.
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macrophages (Fig 6D). The observed increase in the number of
surviving bacilli was small although significant probably as the
expression of SUV39H1 was only partially reduced in the THP1-
SUV39H1-KD1 macrophages.

The same was also true for M. tuberculosis infection. The
number of viable bacteria was calculated by CFU quantification
for bacteria isolated from SUV39H1-KD and control macrophages
infected with H37Rv strain of M. tuberculosis. As can be seen in
Fig 6E, significantly more number of bacteria were present in
SUV39H1-KD THP1 macrophages as compared to control cells. All
these observations indicate that THP1 macrophages were more
susceptible to mycobacterial infections in the absence of
SUV39H1.

SUV39H1 prevents mycobacterial infection through
trimethylation of HupB

HupB, apart from being a transcriptional regulator, is also present
on the mycobacterial cell surface and involved in cell-cell adhesion
(Shimoji et al, 1999). As mentioned above, HupB is also a part of
the mechanism by which mycobacteria bind to host cells during
infection (Lefrancois et al, 2011). Since SUV39H1 gets localized to
the host cell surface during infection, it was possible that the role of
SUV39H1 in prevention of mycobacterial infection was dependent
upon trimethylation of HupB by SUV39H1. To examine whether the
role of SUV39H1 during mycobacterial infection was indeed through
HupB methylation, we performed infection of SUV39H1-KD or
control (stably transfected with scrambled shRNA) THP1 macro-
phages with M. smegmatis transformed with either wild type
(6XHis-HupB::M. smegmatis) or mutant forms (6XHis-HupB<!3%4::
M. smegmatis, 6XHis-HupBX'®%::M. smegmatis) of M. tuberculosis
hupB gene. The survival of the bacilli was checked 24 h after infec-
tion by CFU counting. As shown in Fig EV4B and C, increased
survival of bacteria was observed in case of SUV39H1-KD infected
with 6XHis-HupB::M. smegmatis 6XHis-HupB¥!%34::M. smegmatis.
However, in case of M. smegmatis transformed with G6XHis-
HupB*'*®* (mutant that cannot be methylated by SUV39H1), negli-
gible increase in CFU was observed for SUV39H1-KD as compared
to control knockdown cells.

The same was also true for M. tuberculosis H37Rv infection. To
investigate the effect of HupB methylation on infection, a M. tuber-
culosis H37Rv strain in which the hupB gene was deleted
(MtbAhupB) was used. SUV39H1-KD or control (stably transfected
with scrambled shRNA) THP1 macrophages were infected with
MtbAhupB strain complemented with either wild-type (6XHis-HupB)
or mutant HupB (6XHis-HupB*!*®* and 6XHis-HupBX'%4)
constructs. Since MtbAhupB strain transformed with G6XHis-
HupB**'** showed increased growth rate, this mutant strain was
excluded from any further assay to draw unbiased inference from
our results. The survival of MtbAhupB strain inside macrophages
during infection is known to be significantly reduced (Pandey et al,
2014). We also observed that the number of MtbAhupB bacilli
gaining entry (446,700 + 49,100 vs. 1,927,000 + 95,280) and
survival (13,400 + 1,217 vs. 51,570 + 1,484) within the macro-
phages was significantly less than the HupB-complemented
MtbAhupB strain (MtbAhupB + 6XHis-HupB, P < 0.001, Fig 7A and
B). But no difference was observed in the survivability of MtbAhupB
strain  in wild-type or SUV39H1-KD THP1 macrophages
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during infection. Importantly, while MtbAhupB + 6XHis-HupB and
MtbAhupB + 6XHis-HupB¥'%** strains showed a significant increase
in bacterial survivability in SUV39H1-KD as compared to control, no
survival advantage was observed for the MtbAhupB + 6XHis-
HupBX'3#4 strain in the SUV39H1-KD THP1 macrophages.

The role of SUV39HI1-mediated methylation of HupB during
mycobacterial infection was also confirmed by the use of a
SUV39H1 inhibitor, chaetocin (Greiner et al, 2005). THP1 macro-
phages were infected with M. tuberculosis H37Rv in the presence
and absence of the inhibitor and the survivability of the internalized
bacilli 48 h after infection was quantified by CFU counting. The
survival of the M. tuberculosis H37Rv was significantly better in the
presence of chaetocin (Fig EV4D). We also examined the effect of
HupB on the survivability of mycobacterial cells during infection in
mouse and human peritoneal macrophages. Mouse peritoneal
macrophages were infected with either wild type (HupB::M. smeg-
matis) or mutant forms (6XHis-HupB¥'*®*::M. smegmatis, 6XHis-
HupBX'834::M. smegmatis) of M. tuberculosis hupB gene in the pres-
ence or absence of chaetocin. Forty-eight hours after infection, the
survival of HupB::M. smegmatis and 6XHis-HupBK'®*#::M. smegma-
tis in mouse peritoneal macrophages was significantly better in the
presence of the inhibitor (Fig 7C and D). On the other hand, no dif-
ference was observed in the survival of 6XHis-HupB¥'**::M. smeg-
matis strain in the presence or absence of chaetocin. This was also
true for infection of human peritoneal macrophages with wild type
(HupB::M. smegmatis) or mutant form (6XHis-HupB*'*%2::M. smeg-
matis) of M. tuberculosis hupB gene in the presence or absence of
chaetocin. Twenty-four hours after infection, the survival of HupB::
M. smegmatis was significantly better in the presence of the inhi-
bitor but the survival of 6XHis-HupB¥'3¥4::M. smegmatis strain was
same in the presence and absence of chaetocin (Fig 7E and F). Inter-
estingly, the survival of the 6XHis-HupB*'***::M. smegmatis strain
in both mouse and human peritoneal macrophages was significantly
better than that of the HupB::M. smegmatis strain even in the absence
of SUV39HI1 inhibitor, chaetocin (CFU/ml: 1,490 + 215.0 vs.
810.0 + 110.2, P < 0.05 and 3,197,000 + 254,400 vs. 1,583,000 +
110,500, P < 0.01 in mouse and human peritoneal macrophages,
respectively).

To further confirm the role of SUV39H1-mediated methylation of
HupB on mycobacterial infection, BALB/c mice were injected intra-
venously with the wild type (6XHis-HupB::M. smegmatis) or
mutant form (6XHis-HupBX'3%4::M. smegmatis) of M. tuberculosis
hupB gene. As a control, infection was also carried out with
M. smegmatis transformed with the vector alone (pVV16::M. smeg-
matis). The bacterial load was analyzed in liver, lung, and spleen of
the infected mice 7 days after infection by CFU counting. The
bacterial load was found to be significantly more in all tissues for
6XHis-HupB*'*%4::M. smegmatis as compared to HupB::M. smegma-
tis and pVV16::M. smegmatis (Fig 7G). Infection with M. smegmatis
affected the health of the mice as they showed weight loss after
infection. While the weight loss during infection was observed for
all infected mice as compared to uninfected, the weight loss was
significantly more in 6XHis-HupB¥'***::M. smegmatis as compared
to infection with 6XHis-HupB::M. smegmatis and pVV16::M. smeg-
matis (Fig 7H).

The above experiments confirmed that the inhibitory effect of
SUV39H1 on mycobacterial infection was mediated through
SUV39H1 methylation of HupB at lysine 138.

© 2017 The Authors
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Figure 7. SUV39H1 prevents mycobacterial infection through HupB methylation.

A, B SUV39H1-KD1 or control THP1 macrophages were infected with HupB-deleted Mycobacterium tuberculosis H37Rv strain (MtbAhupB) complemented with either
wild-type (6XHis-HupB) or mutant (6XHis-HupB“**** or 6XHis-HupB"*#**) forms of M. tuberculosis hupB gene.
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Mouse (C and D) or human (E and F) peritoneal macrophages infected with M. smegmatis expressing either wild-type (6XHis-HupB) or mutant forms (6XHis-

HupB**3# or 6XHis-HupB**#*") were cultured in the presence of DMSO (control group) or chaetocin (SUV39H1 inhibitor). The number of intracellular bacilli was

quantified by CFU assay at the indicated time points postinfection. As CFU counts of HupB and Hup

HupB**®** mutant was not examined in human peritoneal macrophages.
G Survival advantage for 6XHis-HupB**®*:: M. smegmatis in infected mice. CFU counting was performed 7 days postinfection for the indicated organs in BALB/c mice
infected intravenously with M. smegmatis expressing either wild type (6XHis-HupB) or mutant forms (6XHis-HupB***®* or 6XHis-HupB #34).
H Body weights of infected mice were measured on 0 and 7" day postinfection. n = 5 for all the groups. % body weight for each animal was calculated with respect
to their weight on the day of infection.

B K183A

were similar in mouse peritoneal macrophages,

Data information: (A-G) CFU assay was performed on at least three biological replicates. Error bars represent standard deviation (SD). Asterisks indicate significant
difference by Student’s t-test: *P < 0.05, **P < 0.005, ***P < 0.001.

SUV39H1 inhibits mycobacterial biofilm formation

The mycobacterial protein, HupB, has similarity with histone
proteins, and it plays an important role in regulation of transcription
in mycobacteria (Pandey et al, 2014). As discussed above, HupB has
also been found to be tethered to the mycobacterial cell wall (Yeruva
et al, 2006). While the exact role of the HupB protein fraction that is
present on the cell wall has not been elucidated, a few reports have

© 2017 The Authors

suggested its role in adhesion (in M. leprae, Shimoji et al, 1999) and
biofilm formation (in uropathogenic E. coli, Devaraj et al, 2015).

Biofilm formation, an important part of the bacterial infection
process, is dependent upon cell-cell adhesion (Joo & Otto, 2012).
Therefore, to examine whether SUV39H1 could affect mycobacterial
adhesion properties, we decided to investigate the effect of SUV39H1
on biofilm formation and mycobacterial cell adhesion. To test the
effect of SUV39H1 on mycobacterial cell adhesion, we performed
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in vitro biofilm assay with M. bovis BCG cultured in 7H9 medium in
the presence of recombinant MBP-SUV39H1 or BSA (as control) and
SAM for about 25 days. While M. bovis BCG was able to form
biofilm in the presence of BSA, biofilm formation was severely inhib-
ited in the presence of SUV39H1 (Fig 8A). We quantified the biofilm
formation by crystal violet blue assay, which confirmed a significant
defect in biofilm formation in the presence of SUV39H1 (Fig 8B).

To examine whether the inhibition of biofilm formation was
related to methylation of HupB, the mycobacterial bacilli in the
above-mentioned in vitro assay (Fig 8A) were lysed and subjected
to Western blot analysis using trimethyl lysine antibody. HupB was
significantly trimethylated in M. bovis BCG bacilli incubated with
SUV39H1 as compared to BSA (Fig 8C, upper panel and 8D, see also
additional data on replicate experiments for this figure that is
provided as source data).
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This was also true for M. tuberculosis. The same in vitro experi-
ment was repeated with M. tuberculosis H37Rv. The effect of
SUV39H1 on HupB methylation and biofilm formation was exam-
ined in the wild-type M. tuberculosis H37Rv and MtbAhupB
(M. tuberculosis H37Rv strain in which hupB gene was deleted)
strains. HupB-complemented MtbAhupB strains were also used in
the experiment. SUV39H1 was able to inhibit biofilm formation by
the wild-type M. tuberculosis H37Rv strain (Fig 8E). A previous
report had indicated the role of HupB in biofilm formation in
uropathogenic E. coli (Devaraj et al, 2015). As MtbAhupB was
found to be deficient in biofilm formation (no biofilm formation
observed in BSA panel, Fig 8E), it indicated that HupB had a role in
biofilm formation even in M. tuberculosis H37Rv. In the hupB-
complemented MtbAhupB strain, the biofilm formation was
observed in BSA, but not in SUV39H1 panel. The biofilm formation
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Figure 8. SUV39H1 inhibits mycobacterial biofilm formation through methylation of HupB.

A-F SUV39H1 inhibits Mycobacterium bovis BCG (A-D) and M. tuberculosis H37Rv (E and F) from forming biofilms. MBP-SUV39H1 or BSA (control) and SAM were added
to M. bovis BCG (A and B) or M. tuberculosis H37Rv, MtbAhupB (HupB deleted) or MtbAhupB + pMS101 (hupB complemented) strains (E and F) culture medium and
the bacilli were allowed to form biofilm over a period of 25 days. The biofilm formation was either imaged (A and E) or quantified by crystal violet staining
performed for three independent experiments (B, F). (C) Western blot showing the presence of trimethylated HupB in the lysate of M. bouvis BCG bacilli cultured in
the presence of MBP-SUV39H1, but not with BSA. (D) Quantification of HupB trimethylation after the biofilm assay as shown in (C) and performed for three
independent experiments. (F) Quantification of HupB trimethylation after the biofilm assay as shown in (E) and performed for three independent experiments.

Data information: Error bars represent standard deviation (SD). Asterisks indicate significant difference by Student’s t-test: **P < 0.005, ***P < 0.001.

Source data are available online for this figure.
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was quantified by crystal violet blue assay (Fig 8E, lower panel and
Fig 8F). This not only confirmed involvement of HupB in biofilm
formation but also showed that SUV39H1-mediated HupB methyla-
tion was involved in preventing biofilm formation.

SUV39H1 methylation of M. tuberculosis HupB at K138 inhibits
biofilm formation

To investigate whether methylation of HupB K138 by SUV39H1
interfered in biofilm formation by mycobacterial bacilli, MtbAhupB
strain transformed with wild-type (6XHis-HupB) or mutant HupB
(6XHis-HupB*'*# and 6XHis-HupB¥'%*4) constructs was cultured in
the presence of BSA + SAM or SUV39H1 + SAM. While biofilm
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formation was inhibited in the 6XHis-hupB- and 6XHis-hupBX!83A-
transformed MtbAhupB strains, inhibition of biofilm formation was
significantly compromised in the MtbAhupB + 6XHis-HupB<'?%4
mutant strain (Fig 9A and B). Since K138 methylation was signifi-
cantly reduced in 6XHis-HupB¥!*®4, this not only indicated the
involvement of K138 in biofilm formation but once again confirmed
that SUV39H1 prevents mycobacterial biofilm formation by
trimethylating HupB.

The same was true for M. smegmatis strains transformed with
wild type (HupB::M. smegmatis) or mutant forms (6XHis-
HupB*'*%4::M. smegmatis, 6XHis-HupB*'®**::M. smegmatis)  of
M. tuberculosis hupB gene. As can be seen in Fig EVSA and B,
SUV39H1 was able to inhibit biofilm formation of wild-type (HupB::
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Figure 9. SUV39H1 inhibits mycobacterial biofilm formation through methylation of lysine 138 of HupB.

A, B MBP-SUV39H1 or BSA (control) and SAM were added to the culture medium of MtbAhupB + HupB, MtbAhupB + 6XHis-hupB***** and MtbAhupB + 6XHis-
hupB#3A strains and the bacilli were allowed to form biofilm over a period of around 25 days. The biofilm formation after crystal violet staining was either imaged

(A) or quantified for three independent experiments (B).

C Mycobacteria are present in groups in SUV39H1-KD THP1 macrophages. The number of loci where GFP::M. bouvis BCG bacilli were present in groups of three or
more was quantified in eight or more randomly selected fields from three independent experiments after infection into THP1 macrophages transfected with

scrambled or SUV39H1 (SUV39H1-KD) shRNAs.

D  SUV39H1-mediated HupB trimethylation inhibits mycobacterial infection. Upon localization to the cell surface, SUV39H1 interacts with the mycobacterial bacilli
and trimethylates the mycobacterial cell surface protein, HupB. The trimethylation of HupB inhibits the interaction of mycobacteria with the host cell and

consequently inhibits infection.

Data information: Error bars represent standard deviation (SD). Asterisks indicate significant difference by Student’s t-test: ***P < 0.001.
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M. smegmatis) and 6XHis-HupBX'%34::M. smegmatis strains, and it
was unable to inhibit biofilm formation in 6XHis-HupB<'3%*::
M. smegmatis strain.

That the inhibition of mycobacterial infection by SUV39H1 was
through its action on mycobacterial cell adhesion was further
supported by the observation that during infection of THP1 macro-
phages stably transfected with SUV39H1 (SUV39H1-KD) shRNA
with GFP::M. bovis BCG the mycobacteria bacilli were present in
groups (three or more per locus) at significantly higher number of
loci in SUV39H1-KD as compared to control THP1 macrophages
[Fig 9C, see also Fig 6B (48-h panel)], suggesting that the presence
of SUV39H1 in macrophages was probably inhibiting adherence
between mycobacterial cells.

Discussion

The present study has not only identified a novel host defense
mechanism against mycobacterial infection but also revealed the
capability of a mammalian cell in utilizing its protein repertoire to
perform surrogate functions when challenged by an environmental
insult.

SUV39H1 acts in a surrogate function during
mycobacterial infection

A homolog of the Drosophila protein, suppressor of variegation
3(9) (first identified as a gene whose product could suppress the
effect of position effect variegation), SUV39H1 is an evolutionary
conserved protein (Aagaard et al, 1999). In addition to its role
during mammalian development (Peters et al, 2001), several stud-
ies have shown correlation of altered SUV39H1 expression with
cancers (Watson et al, 2014; Chiba et al, 2015). In almost all the
previous studies that have examined suppressor of variegation
3(9) or its homologs, this protein has been shown to function by
modulating chromatin organization, through its role as a histone
H3K9 methyltransferase in the nucleus (Rea et al, 2000; Peters
et al, 2002). In this study, we show that during infection,
SUV39H1 methylates the mycobacterial cell surface protein HupB.
HupB is a histone-like protein from mycobacteria. Moreover,
K138, the lysine in HupB that was found to be methylated by
SUV39H1, is present within a sequence motif that is almost same
as the one that encompasses H3K9 and is present in a sequence
motif that is similar to specificity profile of SUV39H1 (Kudithipudi
et al, 2017). Interestingly, mycobacteria have two more histone-
like protein, HNS and HBHA. But both of them do not have this
motif and as our result showed only one mycobacterial protein is
trimethylated by SUV39H1 (Fig EV2C). Therefore, our finding that
SUV39H1 methylates the mycobacterial histone-like protein HupB,
at a motif that is almost same as one that encompasses H3K9, con-
firms the substrate specificity of this protein. Moreover, the region
containing the K138 lysine present in the C-terminal portion of the
mycobacterial HupB is absent from known histone-like proteins
(including homologs of mycobacterial HupB) present in other
bacterial species. This would suggest that the action of SUV39H1
could be specific to infection by mycobacterial species. Testing the
role of SUV39H1 during other bacterial infections would be able to
answer this hypothesis.
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Based on our observations, we hypothesize that during mycobac-
terial infection, the macrophage cell upregulates SUV39H1 gene
expression and the resultant protein is localized to the cell surface
where it interacts with the mycobacterial bacilli and trimethylates
the HupB protein present on their surface. Inhibition of biofilm
formation by SUV39H1-mediated HupB trimethylation indicates that
the adhesion capabilities of the mycobacterial bacilli including their
interaction with the host cell is hindered by SUV39H1 during infec-
tion, which in turn decreases the ability of mycobacteria to infect
and survive within the host cell (Fig 9D). It is possible that the
methylation of HupB at K138 prevents its interaction with host
proteins including laminin, thereby inhibiting the adhesion of
mycobacterial bacilli to the host cell. This, in turn, could result in
decreased mycobacterial infection efficiency. Further work is
required to delineate the HupB-host cell protein(s) interaction that is
affected by HupB methylation. Moreover, the mechanism and cues
that prompt the cellular machinery to relocalize SUV39H1 from the
nucleus to the cell surface remain unclear. Since post-translational
modifications of proteins are known to be involved in shuttling of
protein across various subcellular loci, further work needs to be
done to test the possibility that the mechanism of SUV39H1 relocal-
ization is dependent upon its post-translational modification and
relevant associated effector molecules. Furthermore, to understand
the role of SUV39H1 during mycobacterial infection, it would be
important to dissect out the cascade of events that eventually trig-
gers SUV39H1 relocalization.

Importantly, our finding that SUV39H1 acts to prevent mycobac-
terial infections, both in macrophages (THP1 as well as peritoneal)
cells in culture and in mice infection studies, through its surrogate
role as a methyltransferase of the mycobacterial protein HupB, adds
a novel epigenetic paradigm to the duel between the host cell and
the infecting pathogen. Our laboratory had previously shown that
mycobacteria utilize a subset of its repertoire of secretory proteins
to modulate the host cell by directly interacting with the epigenetic
circuitry (Sharma et al, 2015; Yaseen et al, 2015). Here, we show
that the host cells have also developed the ability to utilize compo-
nents of its epigenetic circuitry to directly interact with the
mycobacterial cells. The next step in our effort to unravel this novel
defense mechanism would be to understand whether these two sets
of proteins, one from the host and other from the pathogen, interact
with or counteract each other and which other proteins are involved
in this network.

SUV39H1 inhibits mycobacterial biofilm formation

Formation of biofilms by various species of bacteria is being recog-
nized as an important reason for antibiotic resistance (Costerton
et al, 1999; Cos et al, 2010). In several cases, infection by commen-
sal bacteria species has also been attributed as a reason for their abil-
ity to form biofilms (Reisner et al, 2006; Fey & Olson, 2010). Only a
limited number of studies have examined the response of a mamma-
lian host cell against bacteria biofilms (Hansch, 2012; Rabin et al,
2015). Some of these studies have focused on the role of antimicro-
bial peptides (AMPs) like LL-37 in combating biofilm formation
(Overhage et al, 2008). A few studies have investigated the correla-
tion between expression level of the protein, lactoferrin (part of host
innate immune response), and biofilm formation (Hadnsch, 2012).
Moreover, biopeptides from various plant and animal sources have
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been investigated for their ability in the treatment of biofilm forma-
tion by various bacterial species (Rabin et al, 2015). Our finding that
SUV39H1, which functions as a histone methyltransferase in normal
circumstances, inhibits mycobacterial adhesion not only adds a new
paradigm to the host response against bacterial infection but also
identifies a protein, which is a natural component of the host defense
against infection, could be a good candidate with likely lesser side
effects for therapeutic use in the treatment for mycobacterial infec-
tions. Furthermore, understanding how trimethylation of HupB by
SUV39H1 alters mycobacterial cell adhesion and virulence would
help in understanding this novel mechanism.

In summary, our study has unlocked not only novel facets of
SUV39H1 function but also new paradigms of host defense mecha-
nism. It appears highly unlikely that the use of an evolutionary
conserved protein like SUV39H1 by the cellular machinery in a non-
canonical surrogate function during an environmental insult was a
chance event. Further investigations that examine the validity of this
possibility would provide a novel perspective to research on evolu-
tion of host-pathogen interactions.

Materials and Methods
Subcellular fractionation

Subcellular fractionation was performed as per Healy and O’Connor
(2009). Briefly, cells were lysed in hypotonic buffer (20 mM Tris,
pH 8.0, 10 mM KCl, 1 mM MgCl,, 0.1% v/v TX-100, and 20% v/v
glycerol) for 15 min, with vortexing for 30 s after every 5 min and
subjected to centrifugation at 2,400 g for 2 min, supernatants were
collected as cytoplasmic fraction, and pellets were dissolved in
hypertonic buffer (20 mM Tris pH 8, 400 mM NaCl, 1 mM EDTA,
1% TX-100, and 20% glycerol) and sonicated for 5 min. After soni-
cation, samples were centrifuged at 10,000 g for 5 min and super-
natants were collected as the nuclear fraction.

Phagosome isolation

The phagosome isolation was performed as described elsewhere
(Dietrich et al, 2000) with slight modifications. M. bovis BCG-
infected THP1 macrophages were washed twice with PBS and resus-
pended in the lysis buffer (20 mM HEPES pH 6.5 and 8.55%
sucrose). The cells were passed 15-20 times through a 28-gauge
syringe, and after the 151 passage, lysis was monitored under a
microscope. The procedure was stopped when nine out of 10 cells
were found to have been lysed. The lysate was subjected to centrifu-
gation at 120 g for 8 min; the supernatants were collected and again
recentrifuged twice under same conditions. Final supernatant was
layered on top of a 12%/50% (2 ml each) sucrose gradient and
centrifuged for 45 min at 800 g. After centrifugation, 1 ml interface
was recovered using syringe. The recovered fraction was diluted 10
times with 20 mM HEPES buffer and subjected to centrifugation at
18,000 g for 10 min and the pellet collected as the phagosomal frac-
tion. For isolating intracellular mycobacteria, phagosomal fraction
was treated with the same lysis buffer that also contained 0.5% NP-
40 and subjected to centrifugation at 18,000 g for 5 min. The pellet
contained the bacteria, and supernatant contained the phagosomal
matrix.

© 2017 The Authors

The EMBO Journal

Immunofluorescence

Mycobacterium bovis BCG-infected or uninfected THP1 macrophages
were washed twice with PBS; cells were fixed with 3.7%
formaldehyde for 10 min followed by permeabilization with 0.1%
Triton X-100 for 5 min. Cells were incubated with SUV39H1 anti-
body at the dilution of 1:200 overnight at 4°C. After incubation, cells
were washed three times with PBS, followed by staining with Alexa
Flour-conjugated secondary antibody at the dilution of 1:2,000 for
1h at room temperature. Finally, cells were mounted using
DAPI-containing Vectashield and images were taken using confocal
microscope.

Bacterial binding assay

Bacterial binding assay was followed as described elsewhere
(Sakowski et al, 2015). Briefly, M. bovis BCG was incubated with
recombinant SUV39H1 or HEK lysate overexpressing SFB-SUV39H1
in PBS containing 0.5% Triton X-100 for 4 h. After incubation,
M. bovis BCG cells were washed five times with the same buffer
and resuspended in SDS-PAGE gel loading dye.

Biofilm assay

We followed the protocol described by Kulka et al (2012) for biofilm
assay with modifications. The biofilm assay was set up in 7H9-
OADC media supplemented with methyltransferase buffer (50 mM
Tris pH 8.8, 20 pM SAM, 4 mM DTT, 5 mM MgCl,, and 1 pg of
SUV39H1 or BSA). 2% inoculum of M. bovis BCG or different
strains of M. tuberculosis H37Rv having OD 0.7-1 was added to the
medium and cultured for 4 weeks to examine biofilm formation.
Biofilm was estimated by crystal violet staining followed by fluores-
cence reading at 570 nm.

Infection of THP1 and peritoneal macrophages

As described previously (Yaseen et al, 2015), THP cells treated with
10 ng of PMA for 12 h were cultured further for 24 h in PMA-free
RPMI media followed by infection with M. bovis BCG or different
strains of M. tuberculosis at an MOI of 10:1 for 6 h in antibiotic-free
media. The viability of infected THP1 macrophages is not signifi-
cantly different at MOI 1:1 vs. 10:1 (Sharma et al, 2016; the THP1
cell line used in the present study is the same as used in Sharma
et al, 2016). Thereafter, cells were washed twice with PBS and
recultured in antibiotic-containing media for 48 h. Before infection,
mycobacterial culture was passed 10 times through 27.5-G needle to
make a single cell suspension. Peritoneal exudate cells (PEC) were
collected from BALB/c mice as per approved IEAC guidelines (PCD/
CDFD/15). The infections were done as described above for THP1
macrophages.

MOI for E. coli was 1:10, and for C. glabrata, it was 1:5. The
remaining infection conditions were same as those for mycobacte-
rial species.

Mouse infection assay

Animal experimentation was done in accordance with the guidelines
of CPCSEA (Government of India) at VIMTA Labs Limited,
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Hyderabad. The protocol was approved by the Institutional Animal
Ethics Committee (IAEC) of the Vimta Labs Ltd. (IAEC Protocol
Approval Number: PCD/0S/17). 4- to 6-week-old male BALB/c mice
were injected intravenously (tail vein) with different strains of
M. smegmatis (using ~2 x 107 bacteria) as per approved IEAC guide-
lines (PCD/CDFD/17). Seven days postinfection, mice were sacri-
ficed. To examine the bacterial load in lung, liver, and spleen, the
organs were homogenized in 1 ml PBS. Body weight of the individ-
ual mice was also taken at different times after infection as indicated.

CFU and Alamar assay on intracellular bacteria

For CFU counting of intracellular bacteria, infected THP1 macro-
phages were washed twice with PBS followed by incubation in PBS
containing 0.2% Triton X-100 for 10 min for cell lysis. After cell
lysis, serial dilutions were made and 100 pl from each dilution was
plated on 7H10 agar plates.

For Alamar assay, we followed the protocol mentioned in Ganji
et al (2016). Briefly, cells in 24-well dish were washed twice with
PBS and lysed in 200 pl of sterile water for 15 min at 37°C. 50 pl of
1:1 mixture of Tween-80 and 10% Alamar blue solution was added
to the lysate and incubated at 37°C overnight. The fluorescence was
measured in a fluorescence plate reader with excitation and emis-
sion at 530 and 590 nm, respectively.

Methyltransferase assay

One to two microgram of MBP-SUV39H1 was incubated with 1 pg
of HupB or 50 pg of mycobacteria lysate in buffer containing
50 mM Tris pH 8.8, 5 mM MgCl,, 4 mM DTT, and 20 uM S-adeno-
sylmethionine (SAM). The reaction was incubated at 30°C for 2 h.
After incubation, reaction was stopped by adding the SDS elec-
trophoresis dye.

Generation of knockdown stable cell lines

For the generation of knockdown THP1 cell line, THP1 cells were
treated with polybrene (8 pg/ml) for 2 h, followed by the addition
of SUV39H1 or scrambled shRNA lentiviral transduction particles
(Sigma) and incubated for 48 h. After lentiviral infection, cells were
selected on puromycin for 1 week and the selected cells were exam-
ined for SUV39H1 expression by Western blotting.

Site-directed mutagenesis

Mycobacterium tuberculosis HupB was cloned in the pVV16 vector
having 6XHis tag at the C-terminus. PCR-mediated SDMs were
generated for the following lysines (138, 183, and 214) which were
converted to alanine.

Mycobacterial cell fractionation

The subcellular fractionation of mycobacteria was performed by the
protocol mentioned elsewhere (Ghosh et al, 2013). Briefly,
mycobacteria cells were sonicated in lysis buffer (10 mM Tris—HCI
pH 7.5, 100 mM NaCl, and 0.1 mM EDTA). The lysate was
subjected to centrifugation at 27,000 g for 1 h, and the supernatant
was collected as cytosolic fraction and pellet as cell wall fraction.
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Total membrane isolation

107 THP1 cells infected with BCG were sonicated in 200 pl of buffer
containing 100 mM Tris-HCl pH 10.7, 5 mM EDTA, and 2 mM
DTT. After sonication, the sample was diluted to 1 ml with buffer
containing 100 mM Tris—HCl pH 8, 0.33 M sucrose, 5 mM EDTA,
and 2 mM DTT. The sample was subjected to centrifugation for
3 min at 1,000 g. The supernatant was collected and again subjected
to centrifugation for 5 min at 3,000 g. Resulting supernatant was
subjected to centrifugation at 19,000 g for 45 min. The resulting
pellet corresponding to total membrane fraction was dissolved in
buffer containing 10 mM Tris-HCI pH 7.5, 0.1 mM DTT, and 20%
glycerol.

Collection of human PBMCs

Blood was collected from three healthy volunteers; 15 ml from each
was kept for 15 min at room temperature and diluted with equal
volume of PBS. 3 ml of Ficoll-paque was taken in 15-ml tubes and
7 ml of blood mixture was added slowly from the top to avoid
mixing. The samples were subjected to centrifugation at 800 g for
45 min. The whitish layer above the Ficoll layer containing the
PBMCs was collected and washed with PBS. The PBMCs were
seeded and infected for 2 h with various mycobacterium strains.
The samples were collected at various time points either for use in
CFU counting or for Western blotting.

Specificity of SUV39H1 antibodies

To confirm that the anti-SUV39H1 antibodies did not cross-react
with any mycobacterial proteins, protein lysate from M. bovis BCG-
infected and uninfected THP1 cells was electrophoresed, Western-
blotted, and probed with anti-SUV39H1 antibodies (Fig EV5C).
SUV39H1 antibodies did not recognize any mycobacterial proteins
and detected only the SUV39H1 protein in the THP1 cell lysate (the
upper band corresponds to post-translationally modified SUV39H1
protein). This was also true for immunofluorescence experiment as
no signal was detected for M. bovis BCG bacilli immunostained with
anti-SUV39H1 antibodies (Fig EV5D).

Source of antibodies

Antibodies against SUV39H1 were purchased from both Millipore
and Abcam (07-550 & ab155164). Antibodies against trimethylated
lysine (ab76118), di/monomethylated lysine (ab23366), SUV39H2
(ab5264), histone H3 (ab1791) and H4 (ab10158), mycobacterium
(ab20832), tubulin (ab125267), GAPDH (ab22555), p-actin
(ab8227), and LAMP1 (ab24170) were from Abcam. MBP antibody
(AB3596) was purchased from Millipore. TNFR1 (sc7895) antibody
was from Santa Cruz. HupB antibody was generated in Dr. Sritha-
ran’s laboratory (University of Hyderabad). GroEL1 antibody was a
kind gift from Dr. Shekhar Mande NCCS, Pune, India.

Expanded View for this article is available online.
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