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Summary 

Nucleoid-associated protein HU, a conserved protein across eubacteria is necessary for maintaining 

the nucleoid organization and global regulation of gene expression. Mycobacterium tuberculosis 

HU (MtHU) is distinct from the other orthologues having 114 amino acid long carboxyl terminal 

extensions with a high degree of sequence similarity to eukaryotic histones. In this study, we 

demonstrate that the DNA binding property of MtHU is regulated by posttranslational 

modifications akin to eukaryotic histones. MtHU purified from M. tuberculosis cells is found to be 

acetylated on multiple lysine residues unlike the E. coli expressed recombinant protein. Using co-

immuno precipitation assay, we identified Eis as one of the acetyl transferases that interacts with 

MtHU and modifies it. Although Eis is known to acetylate aminoglycosides, the kinetics of 

acetylation showed that its protein acetylation activity on MtHU is robust. In vitro Eis modified 

MtHU at various lysine residues, primarily those located at the carboxyl terminal domain. 

Acetylation of MtHU caused reduced DNA interaction and alteration in DNA compaction ability of 

the NAP. Over-expression of the Eis leads to hyper-acetylation of HU and decompaction of 

genome. These results provide first insights into the modulation of the nucleoid structure by lysine 

acetylation in bacteria.  
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Introduction  

Mycobacterium tuberculosis (Mtb) is an ancient pathogen of the human race and a modern 

nightmare, killing millions annually (Chan et al., 2013, Smith et al., 2009, Zumla et al., 2015). The 

success of the organism resides in its extraordinary stealth and adaptation to survive within the 

hostile conditions of the host macrophages (Hingley-Wilson et al., 2003, Meena and Rajni, 2010). 

To adapt to the changing environmental conditions, Mtb enters into a state of non-replicating 

persistence by reconfiguring its cellular metabolism and transcription (Keren et al., 2011). The 

large scale transcriptional reorientation requires the combined function of specific transcriptional 

regulators (sigma and transcription factors) and global regulators (Manganelli et al., 2004, Dorman, 

2009, Oberto et al., 2009). Nucleoid-associated proteins (NAPs) are a group of global regulators 

that are often thought of as the bacterial equivalent of histones (Drlica and Rouviere-Yaniv, 1987). 

The NAPs organize the chromosome by binding and changing the trajectory of the DNA molecules 

(Dorman, 2009, Dorman, 2013, Dame, 2005, Dillon and Dorman, 2010, Browning et al., 2010, 

Luijsterburg et al., 2006). Among the NAPs, HU is conserved in eubacteria and plays an important 

role in genome compaction and regulation of gene expression (Grove, 2011, Macvanin and Adhya, 

2012, Bannister and Kouzarides, 2011, Rouviere-Yaniv et al., 1979). Unlike E. coli, HU in Mtb 

(MtHU) is encoded by a single gene (hupB) and contains two distinct domains (Bhowmick et al., 

2014). The amino terminal domain (NTD) is similar to other eubacterial HUs in amino acid 

sequence and the quaternary structure consisting of a large DNA binding cleft consisting of beta 

arms (Bhowmick et al., 2014), while the lysine and arginine rich carboxyl terminal domain (CTD) 

is unique to actinobacteria (Bhowmick et al., 2014, Grove, 2011, Mukherjee et al., 2008). The CTD 

of MtHU shows high degree of similarity with the eukaryotic histones having characteristic basic 

amino acid rich repeat motifs (Bhowmick et al., 2014, Grove, 2011). The histone tails play a 
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regulatory role in the formation of the nucleosomes and chromatin remodelling (Bartova et al., 

2008, Campos and Reinberg, 2009). The tails undergo post translational modifications (PTMs) to 

modulate chromatin architecture and gene expression (Bartova et al., 2008, Campos and Reinberg, 

2009, Bannister and Kouzarides, 2011). A large number of PTMs have been identified and 

characterized in eukaryotes that alter the DNA binding property of histones (Karve and Cheema, 

2011). One of the important modification is acetylation that has emerged as a key reversible 

modification involved in regulating nucleosome positioning, chromatin structure and gene 

expression (Verdin and Ott, 2015).  

In recent years acetylation has been identified in several bacterial proteins (Cain et al., 2014, Hu et 

al., 2010, Schilling et al., 2015). Given that C-terminal domain of MtHU has high sequence 

similarity with eukaryotic histones with abundance of basic amino acids and likely to be 

contributing to the DNA compaction (Bhowmick et al., 2014), we investigated the possibility of 

acetylation of the protein. We report here modification of MtHU by lysine acetylation and 

identified one of the acetyltransferases that acetylates the protein in vitro and in vivo. Furthermore, 

acetylation of MtHU alters the DNA binding properties of the protein which may modulate 

chromosome organization.  

Results  

MtHU is post translationally modified by lysine acetylation 

The endogenous MtHU was purified from exponentially growing Mtb H37Ra using the protocol 

described in Experimental Procedures. The recombinant MtHU expressed and purified from E. coli 

was used as a control. The endogenous protein showed retarded migration on 12% SDS PAGE 

when compared with the recombinant (Fig. 1A). The western blot analysis with anti-acetyl lysine 
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antibody indicated the lysine acetylation of the endogenous MtHU (Fig. 1B, Table S1). To identify 

the sites of modification, MtHU was subjected to trypsin, chymotrypsin and elastase digestion 

individually followed by mass spectroscopic analysis. MS/MS analysis showed sequence coverage 

of 90-91% and acetylation of multiple lysine residues on MtHU (Fig. 1C, Table S1). These include 

acetylation at Lys3, Lys72, Lys86, Lys103, Lys116, Lys133, Lys146 and Lys167. The spectral 

details are provided in Figure S1. 

Identification of acetyl transferase that acetylates MtHU 

The lysine acetyl transferases belong to GCN5-related family of N-acetyltransferases (GNAT) 

(Vetting et al., 2005). Bioinformatic analysis of Mtb genome identified 21 ORFs that belong to 

GNAT family having the acetyl-CoA binding motif. A majority of these hits are yet to be 

characterized for their function and a few that have been studied were shown to be involved in lipid 

and small molecule acetylation. To identify the acetyltransferases that acetylate MtHU, co-

immunoprecipitation was carried out with anti-HU antibody followed by the identification of the 

proteins by peptide mass finger printing. The co-IP experiments followed by MS/MS analysis 

resulted in identification of a 44 kDa MtHU interacting protein Rv2416c (Fig. 2A and B). Other 

identified proteins include a putative methyl transferase, a few ribosomal proteins which were not 

subjected to further analysis. Rv2416c contains acetyl-CoA binding site and belongs to GNAT 

family of acetyltransferases (Samuel et al., 2007), known to acetylate kanamycin and other 

aminoglycosides (Houghton et al., 2013a). The over expression of the protein causes enhanced 

survival of Mtb inside macrophages and hence, it was named as Eis (enhanced intracellular 

survival) (Zaunbrecher et al., 2009, Wei et al., 2000). To verify whether Eis directly interacts with 

MtHU, the His-tagged Eis was incubated with purified MtHU in Co-IP buffer. The presence of 
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MtHU in Ni-NTA pull down fraction confirmed a direct interaction between the two proteins (Fig. 

2C). 

Eis acetylates MtHU 

To investigate whether Eis can acetylate MtHU, acetyl transfer reactions were carried out with 

purified Eis and recombinant MtHU in presence of acetyl-CoA. The reaction products were 

detected by western blot with anti-acetyl lysine antibody. The presence of a signal in Eis containing 

reaction indicated the acetylation of MtHU by Eis (Fig. 3A). With increasing time, there was a 

concomitant increase in acetylation of MtHU. No acetylation was observed in absence of Eis or 

acetyl-CoA, indicating that the acetylation was Eis catalysed and dependent on acetyl-CoA (Fig. 

3A). When the Eis mediated acetylation reactions were carried out with individual domains of 

MtHU, the CTD showed high degree of acetylation while the NTD had barely detectable 

modification (Fig. 3B). A majority of the lysine residues of the protein are located in the CTD 

which may account for these results. To investigate whether the residues in NTD get acetylated at 

all and to identify over all sites of acetylation, the Eis modified full length MtHU was subjected to 

protease digestion followed by mass spectroscopic analysis. The MS/MS analysis identified several 

acetylated peptides, predominantly mapping to the CTD (Fig. 3C). Over all 32 lysine residues of 

MtHU were acetylated out of which only 3 sites were at the NTD and 29 were at CTD (Fig. 3C, 

Table S1).  

While the above results showed MtHU is a substrate for in vitro acetylation by Eis, in vivo 

acetylation of MtHU had to be ascertained given that Eis was primarily considered to be an 

aminoglycoside acetyltransferase and the presence of a large number of putative acetyl transferases 

in the genome. To analyse the in vivo protein acetylation activity of Eis on MtHU, the Mtb Eis was 
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overexpressed in M. smegmatis cells from pMV261-eis plasmid. A 5-10 fold higher expression of 

Mtb Eis in M. smegmatis cells was seen using this multi copy plasmid compared to control cells 

(pMV261 vector alone) (Fig. 4A) . The MtHU has 95% sequence identity with HU protein of M. 

smegmatis (MsHU) (Bhowmick et al., 2014) and in vitro Mtb Eis was able to acetylate MsHU (data 

not shown). To check the extent of acetylation upon Eis over expression, the endogenous MsHU 

protein was purified from the wild type and Eis expressing M. smegmatis cells and probed with 

anti-acetyl lysine antibody. The HU purified from Eis over expressing cells had hyperacetylation 

compared to that of native MsHU (Fig. 4B). Taken together, these results indicate that Eis is one of 

the bona fide protein acetyltransferase that acetylates mycobacterial HU.       

Kinetics of acetylation 

GNAT family of acetyl transferases are known to acetylate diverse class of substrates (Vetting et 

al., 2005). Eis was shown to acetylate multiple amines of many aminoglycosides, including the 

second-line injectable anti-tuberculosis drugs kanamycin (Kan) and amikacin (Zaunbrecher et al., 

2009, Houghton et al., 2013a). However, in one of the earlier reports, Kan was not considered as a 

natural substrate of Eis because of its high Km value (Zaunbrecher et al., 2009). To compare the 

kinetic parameters of acetylation of MtHU and Kan by Eis, colorimetric assays were carried out. In 

this assay, the conversion of acetyl-CoA to CoA-SH is quantified. Based on the CoA-SH release 

extent of acetylation was determined (Experimental Procedures). Reactions that lacked either Eis 

protein, acetyl-CoA, or any of the two substrates did not show acetyltransferase activity. The Km 

values for Kan and MtHU acetylation by Eis were 155±28 µM and 2.4±4.2 µM respectively (Fig. 

S2 A-D). The kinetic parameters of MtHU acetylation determined by western blotting with anti-

acetyl lysine antibody also showed comparable kinetic values (Fig. S2 E and F).  
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Acetylation of MtHU by Eis alters MtHU–DNA interactions 

To investigate the effect of acetylation of MtHU on its DNA binding properties, the in vitro 

acetylated MtHU (MtHU
Ac

) and unmodified MtHU were incubated with 60 bp radiolabelled 

dsDNA. The acetylated MtHU showed reduction in DNA binding as compared to unmodified 

protein (Fig. 5A). The DNA binding ability was also analysed with plasmid DNA substrates. 

Similar to that of 60 bp linear DNA, the modified MtHU showed reduced DNA binding to plasmid 

DNA (Data not shown). The kinetic differences in DNA binding property of MtHU upon 

modification was analysed by surface plasmon resonance spectroscopy (SPR). The SPR analysis 

indicated 10 fold reduction in binding affinity of MtHU upon acetylation by Eis (Fig. 5B).  

Next, to investigate the effect of acetylation on DNA architectural organization property of MtHU 

microscopic analyses were carried out. DNA-protein complexes were visualized using TEM and 

AFM at different protein: DNA stoichiometries. A series of representative TEM images are shown 

in Figure 5C and D. The DNA-protein complexes were classified as ‘looped’, ‘bridged’, 

‘condensed’ or ‘coated’ based on visual inspection (Experimental Procedures) and counted for 

different forms. At 1:60 dimer/bp ratios, the unmodified MtHU binding resulted in the formation of 

intramolecular loops while the binding of  MtHU
Ac

 resulted in coating (Fig. 5C), while at 1: 10 

dimer/bp ratio MtHU formed large condensed DNA complexes compared to rigid long filaments 

that formed by  MtHU
Ac

  (Fig. 5D). To further analyse the type of the DNA-protein complexes 

formed with modified or unmodified MtHU, AFM analysis as carried out at different DNA protein 

ratios. The overall appearance of the complexes was similar to that of TEM images. However, the 

high resolution scan led to the identification of two distinct modes of DNA binding in case of 

acetylated and non-acetylated MtHU. At 1:60 dimer/bp, most of the unmodified MtHU–DNA 

complexes were looped and compacted (~60%) (Fig. 6A), and the remaining DNA molecules were 
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found to be completely condensed (~14% of all molecules). In contrast, the modified protein-DNA 

complexes appeared as long rigid DNA filaments coated with acetylated MtHU (Fig. 6A). The 3D 

projection analysis indicated the height of relaxed pUC18DNA filaments in absence of protein to be 

in the range of 300-400 pm while acetylated MtHU coated DNA filaments were of ~1.3 nm. In 

contrast, incubation of the non-acetylated MtHU formed compact globular condensate structures 

with an average height of 2-3 nm (Fig. 6B-D). At increased protein–DNA ratios (1:10 dimer/bp), 

multiple sites of bridging was commonly seen within the same DNA or multiple DNAs to form a 

large condensed structure in case of non-acetylated MtHU (Fig. 6E). With acetylated MtHU, the 

DNA molecules attained an open appearance with thick DNA protein filaments (Fig. 6E), 

suggesting stiffening of the DNA by coating along the DNA molecule. Both features suggest that 

acetylation resulted in reduced compaction ability of MtHU and induced DNA coating. The impact 

of HU acetylation on genome organization was analysed by over expressing Mtb Eis in M. 

smegmatis cells. The confocal microscopic analysis showed de-compaction of nucleoid 

(Fig. 7, Fig. S3) in cells where HU is hyper acetylated (Fig. 4B) compared to control cells.  

Discussion  

Nucleoid-associated protein HU plays a major role in genome organization and regulation of gene 

expression (Dillon and Dorman, 2010, Grove, 2011). HU is one of the important NAPs of Mtb 

(Bhowmick et al., 2014). Over expression of MtHU causes compaction of the nucleoid while 

inhibition either by reducing its levels or by small molecule inhibitors causes de-compaction of the 

genome (Bhowmick et al., 2014). MtHU is perhaps a true histone-like protein (Dillon and Dorman, 

2010) as it shows high degree of sequence similarity with eukaryotic histone (Fig. S4). The C-

terminal additional stretch is abundant with basic amino acids represented in many ‘AKKA’ and 
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‘PAKKA’ repeats (Bhowmick et al., 2014, Grove, 2011, Mukherjee et al., 2008). Similar repeat 

motifs (although not identical) in eukaryotic histones are sites of PTMs (Strahl and Allis, 2000). In 

eukaryotes, histones and other proteins involved in DNA binding, regulation of chromatin 

condensation and DNA repair are modulated by an interplay of a variety of post-

translational modifications (Lothrop et al., 2013, Cheung et al., 2000). Acetylation has been 

recognized as a crucial reversible modification of lysines that occurs both in histones and other non-

histone proteins leading to activation of gene expression (Choudhary et al., 2014). Recently lysine 

acetylation is reported in mycobacteria (Nambi et al., 2013, Singhal et al., 2015). Further, while this 

study was underway, MtHU acetylation was reported by proteomic analysis (Liu et al., 2014, Xie et 

al., 2015) and two acetylation sites were mapped. However, a detailed mapping of the sites of 

acetylation on HU or any of its acetylating enzymes has not been identified so far. The functional 

consequence of HU modification was also not studied. Here we show that MtHU is modified at 

several lysine residues by acetylation and Eis is one of the acetyltransferases that acetylates MtHU. 

Eis is a member of the GNAT family of acetyltransferases, capable of acetylating a variety of 

substrates (Chen et al., 2011, Jennings et al., 2013, Kim et al., 2012). The GNAT family of 

acetyltransferases are ubiquitously distributed in nature, many exhibiting broad substrate specificity 

(Vetting et al., 2005). They form one of the largest superfamily, found abundantly in all three 

domains of life.  Many members of the superfamily are versatile in that they can engage multiple 

unrelated substrates (Vetting et al., 2005). Several members are considered to be specific to a given 

class of molecules yet exhibit catalytic promiscuity by acetylating a number of similar substrates 

(Vetting et al., 2005). Eis was characterized as a member of the latter group as it acetylates 

kanamycin, gentamicin, amikacin, hygromycin, neomycin and possibly other aminoglycosides 

(Chen et al., 2011, Green et al., 2015, Pricer et al., 2012). Now it is apparent that in addition to 
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aminoglycosides, it acetylates two diverse proteins –DUSP16 (a host Rho GTPase) (Kim et al., 

2012) and MtHU. Thus, from the present studies it is clear that it belongs to the former group.  

Eis expression is associated with enhanced survival of mycobacteria inside macrophages (Wei et 

al., 2000). However, the actual mechanism of enhanced intracellular survival by Eis is yet 

unknown. One possible mechanism could be the enhanced acetylation of global regulators like HU 

after infection of the host cell which might influence the expression of genes needed for 

intercellular survival. The transcriptomic analysis of dormant mycobacterial cells indicates that the 

bacterium undergoes massive down regulation of the metabolic genes and up regulation of 

dormancy regulon genes (Keren et al., 2011). Acetylation of MtHU  may be involved in regulation 

of gene expression in a condition dependent manner. Further, the ability of Eis to acetylate proteins 

from host (Kim et al., 2012), mycobacteria (present work) and other small molecule substrates hints 

at the possibility of it having additional targets that may contribute in enhancing intracellular 

survival of the organism.  

Acetylation is known to modulate protein stability, protein-protein interaction and influence DNA 

binding activity of several DNA binding proteins resulting in changes in the genome organization 

and altered gene expression (Incani et al., 2014, Duan and Walther, 2015, Hancock, 1969, Verdin 

and Ott, 2015). Lysine acetylation of MtHU seems to be one of the important features that regulates 

its interaction with DNA and in turn influences nucleoid organization. Our experiments show 

that acetylated MtHU has distinct DNA-binding properties and differences in DNA binding mode 

(Fig. 6). Transition from highly condensed, thin, and flexible DNA–protein complexes to less 

condensed, thick, coated filaments was observed upon acetylation. Alteration in DNA binding 

mode has been reported for E. coli HU and H-NS as a function of protein concentration and Mg
2+
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respectively (van Noort et al., 2004, Liu et al., 2010). Further, substitution of two amino acids in E. 

coli HU
α
 led to altered oligomerization and DNA binding properties (Kar et al., 2006, Kar et al., 

2005). However, the changes seen in MtHU appear to be primarily determined by lysine 

modifications. 

Under in vitro conditions, acetylation of MtHU by Eis was more extensive. Given the ‘histone-like’ 

characteristics of MtHU (especially the C-terminal extra domain), it is likely to serve as a substrate 

for other acetyl transferases. Eis catalyzed acetylation of MtHU could be a small component of 

large scale PTMs of MtHU. Those residues acetylated by Eis may also serve as substrate for other 

enzymes. Thus, the difference in the number of acetylation of lysine residues seen in vivo could be 

due to the presence of other modifications on those residues. Further investigation is underway to 

determine these modifications.  In the case of eukaryotic histones, it has been shown that same set 

of lysine residues serve as substrates for several modifying enzymes to bring in differential 

modification pattern in a context dependent manner (Strahl and Allis, 2000). In an earlier study, we 

showed that MtHU is phosphoryated by PknB (Gupta et al., 2014). Phosphorylated MtHU showed 

reduced DNA binding ability. Thus a combination of different PTMs are likely to influence in vivo 

function of MtHU. Given its eukaryotic features, extensive CTD modifications maybe a key 

component of HU mediated DNA compaction and chromatin modelling. A comprehensive 

understanding of the post translational modifications of MtHU would be necessary to assess its role 

in chromatin organization in mycobacteria and the consequent regulation of gene expression. Given 

the essentiality of HU for Mtb survival and that it can be targeted by inhibitors (Bhowmick et al., 

2014), its modifications also appear to be of certain importance.  
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Experimental procedures 

Bacterial strains, media, and growth conditions  

M. smegmatis mc
2
155 cells were grown in Middlebrook 7H9 broth (Difco) containing 0.05% 

Tween 80. Mtb H37Ra cells were grown in Middlebrook 7H9 broth supplemented with albumin, 

dextrose, catalase (ADC) and 0.05% Tween 80.  Wayne’s model was followed to induce hypoxia in 

liquid culture (Wayne and Hayes, 1996). Kanamycin (25µg/ml) was added as and when needed. 

Cloning, expression and purification  

Mtb eis (rv2416c) was PCR amplified from Mtb H37Ra genomic DNA using forward primer 5'-

TCCGAATTCCATATGGTGACTGTGACCCTGTGTAG-3' and reverse primer 5'-GTCAAG 

CTTTCAGAACTCGAACGCGGTC-3' and was cloned between NdeI and HindIII sites of pET28a 

with amino terminal 6X Histidine tag and between EcoRI and HindIII sites of pMV261 to generate 

pET28a-eis and pMV26-eis respectively. pMV261-eis plasmid was electroporated in to M. 

smegmatis cells to overexpress Mtb Eis. The E. coli BL21 (DE3) cells transformed with pET28a-eis 

plasmid were grown in LB media until OD 600 0.6 and induced with 0.3 mM IPTG. Cells were 

harvested, re-suspended in buffer containing 10 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM 2-

mercaptoethanol, 10 mM imidazole and lysed by sonication. The lysate was centrifuged at 13,000 

rpm for 20 min at 4
°
C. The supernatant was mixed with Ni-nitrilotriacetic acid metal affinity 

chromatography matrix (Qiagen) and purified according to the manufacturer’s instructions. The 

protein containing fractions were pooled and dialyzed against buffer B (10 mM Tris-HCl, 100 mM 

NaCl, 1 mM 2- mercaptoethanol, 1mM EDTA and 10% glycerol) and the purity of the protein was 

ascertained using 12% SDS PAGE.  
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The recombinant MtHU (1-214 amino acids, without any tag) was overexpressed in E. coli BL21 

(DE3) cells and purified using the protocols described earlier (Bhowmick et al., 2014). The 

truncated variants of MtHU ; MtHU-NTD (1-100 amino acids) and  MtHU-CTD (101-214 amino 

acids) proteins were overexpressed in E. coli BL21(DE3) cells with carboxyl terminal 6X Histidine 

tag and purified using Ni-NTA column as described (Bhowmick et al., 2014, Ghosh et al., 2014).  

The endogenous HU from Mtb and M. smegmatis cells was purified using a protocol similar to that 

of recombinant MtHU purification (Bhowmick et al., 2014) with minor modifications. The cells 

were harvested, washed with PBS and re-suspended in lysis buffer (50 mM sodium phosphate pH 

7.4, 100 mM KCl, 5% glycerol, 0.1mM phenylmethanesulfonyl fluoride (PMSF), 1 mM sodium 

butyrate and 0.01% Triton X100). The cells were lysed by French press and centrifuged at 13,000 

rpm at 4 °C for 20 min to remove the cell debris. After raising salt concentration of the supernatant 

to 800 mM with KCl and 0.8% polyethylenimine (v/v) precipitation, the supernatant was subjected 

to ammonium sulfate fractionation. The pellet (0-65% saturation) was resuspended in buffer A 

(50mM sodium phosphate pH 7.4, 100 mM KCl and 5% glycerol) and loaded onto pre-equilibrated 

phosphocellulose column. The protein was eluted with 100-1000 mM linear KCl gradient. HU 

containing fractions were pooled and dialyzed against buffer B (10 mM Tris-HCl (pH 7.5), 250 mM 

KCl, 5% glycerol (v/v), 0.1 mM PMSF), passed through SP sepharose and eluted with a linear 

gradient of 250-1000 mM KCl. The proteins were purified to near homogeneity as ascertained by 

SDS PAGE analysis and immunobloting using anti-HU antibody (Bhowmick et al., 2014).  

Identification of MtHU interacting proteins  

To identify the proteins interacting with MtHU, in vivo co-immunoprecipitation (Co-IP) assays 

were carried out with anti-MtHU antibody following a published procedure (Free et al., 2009) with 
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minor modifications. The exponentially growing cells of Mtb H37Ra were resuspended and lysed in 

Co-IP buffer (10 mM sodium phosphate (pH 7.4), 100  mM NaCl, 1 mM EDTA  and 0.5% Nonidet 

P40). The cell debris were removed by centrifugation and the supernatant was subjected to 

extensive DNase I digestion. Co-IPs were carried out by incubating 500 µg of the Mtb lysate with 

affinity purified anti-MtHU antibody (Bhowmick et al., 2014) in 100 µl Co-IP buffer for 3 h at 4°C. 

A mock reaction was also carried out by incubating mice IgG (as control) with Mtb lysate. Protein 

A sepharose beads were added and the incubation was continued for another 1 h. The beads were 

washed with Co-IP buffer and resuspended in SDS-PAGE sample loading buffer (without reducing 

agent). The proteins were resolved on 10% SDS-PAGE and interacting protein bands were cut out 

from the gel and identified by peptide mass fingerprinting.  

Protein-protein interaction  

2 µg of recombinant MtHU and His-tagged Eis proteins were incubated in 200 µl of Co-IP buffer at 

4ºC for 2 h on a cyclomixer. 10 µl of Ni-NTA agarose beads were added to the protein mixture and 

incubated for another 2 h. After incubation, the beads were washed with the Co-IP buffer and re-

suspended in SDS loading buffer and boiled for 5 min. The extent of MtHU pull down with Eis was 

analysed on 12% SDS -PAGE and the proteins were visualized by silver staining. 

In vitro protein N-acetylation assay 

To assay the protein N-acetyltransferase activity, Eis protein (60 nM) and recombinant MtHU and 

its variants were incubated in the acetylation buffer [50 mM Tris-HCl (pH 8.0), 0.1 mM EDTA, 1 

mM dithiothreitol, 5 mM sodium butyrate, 10% (vol/vol) glycerol], and 3 mM acetyl-CoA was 

added in a total volume of 30 µl. After incubation at 28°C for different time points, the reaction 

products were resolved on 12% SDS-PAGE. The acetylated proteins were visualized by western 
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blot with anti-acetyl lysine (Anti-AcK) antibody (Abcam, USA; ab21623). For determining the 

kinetics of acetylation of recombinant MtHU by Eis, fixed concentration of Eis (60 nM) and acetyl-

CoA (3 mM) were incubated with increasing concentrations of MtHU for 2 h. At the end of the 

reaction the extent of acetylation was determined by western blotting.  

For identification of acetylation sites by mass spectroscopy, the MtHU protein was incubated with 

Eis and acetyl-CoA overnight in acetylation buffer at 28°C as described above. As a negative 

control, MtHU was incubated with acetyl-CoA alone.  

Identification of acetylation sites by mass spectrometry 

The proteins were resolved on 12% SDS-PAGE and the MtHU band was excised out, digested 

independently with trypsin, chymotrypsin and elastase and analyzed by nano LC/MS/MS 

ThermoFisher Q Exactive. The mass spectrometer was operated in data-dependent mode, with MS 

and MS/MS performed in the Orbitrap at resolution 70,000 FWHM and resolution 17,500 FWHM 

respectively. Data were analysed using Mascot software keeping a minimum protein value of 95%, 

a minimum peptide value of 50% (Prophet Scores) and at least two unique peptides per protein. 

Scaffold results were exported as mzIdentML and imported into Scaffold PTM software 

(http://www.proteomesoftware.com) in order to assign site localization probabilities using Ascore 

(Beausoleil et al., 2006). 

Acetylation kinetics by spectrophotometric assay 

The kinetics of acetylation was determined using protocols as described (Houghton et al., 2013c). 

All chemicals were obtained from Sigma-Aldrich unless otherwise noted. A SpectraMax 

Plus microplate spectrophotometer (Molecular Devices) equipped with a temperature control was 

used for data acquisition and analysis. Assays were performed at 37°C in 100 µl volumes. Reaction 

mixtures contained acetylation buffer, Ellman's reagent (DTNB) (1 mM), acetyl-CoA (3 mM, and 
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substrates (Kan or MtHU). Reactions were initiated by the addition of Eis at 28°C. The thiol group 

of the released CoA reacts with DTNB and the increase in absorbance (ε412 = 14,150 M
−1

cm
−1

) 

was monitored at 412 nm. A no-enzyme control was used as control. Data were acquired every 60s 

over a period of 60 min. For kinetic analysis, reaction conditions were the same except final 

concentrations of substrates were varied as indicated. The first 2–7 min of reactions was used to 

calculate the initial rates. Data from triplicate sets of reactions were used to determine the kinetic 

constants as described in (Houghton et al., 2013c).  

Electrophoretic mobility shift assays 

The EMSA experiments were carried out as described earlier (Bhowmick et al., 2014). Brief, 1 nM 

end labeled 60 bp double stranded DNA (5’ACTCTAGAGGATCCCCGGTTGGACTAA 

GTCCCCAGGCCCCTTAGCCACCACAACGTGGGT-3’) was incubated with varied 

concentrations of MtHU
Ac

 and non-acetylated MtHU proteins for 20 min in binding buffer (10 mM 

HEPES (pH 7.4), 750 mM KCl,) in a 20 µl reaction volume. Protein-DNA complexes were 

electrophoresed on 7% (w/v) polyacrylamide gels in tris borate EDTA buffer and the DNA-protein 

complexes were visualized by phosphor imaging.   

Surface Plasmon Resonance Spectroscopy 

The 60 bp double stranded DNA was biotinylated and immobilized onto a SA sensor chip (BIA 

core 3000 system, GE Healthcare). Different concentrations of unmodified and Eis-modified MtHU 

proteins were injected in PBS (10 mM sodium phosphate pH 7.4, 350 mM NaCl, 3 mM EDTA and 

0.005% (v/v) polysorbate 20) at a flow rate of 20 µl min
−1

. Binding response was measured for 120 

s after the end of the injection. The sensorgrams were processed by BIA evaluation software (GE 

Healthcare). The kinetics of protein-DNA interaction were analyzed as described (Bhowmick et al., 

2014). The binding constants were determined by fitting the data to 1:1 Langmuir isotherm.   
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Transmission electron microscopy (TEM) and Atomic force microscopy (AFM) 

In vitro acetylated and non-acetylated MtHU proteins were incubated with relaxed pUC18 DNA as 

described (Hajibagheri, 2000). Samples were prepared by mixing relaxed circular pUC18 DNA and 

proteins at appropriate dimer/bp ratios in the TEM buffer (500 mM ammonium acetate and 0.002% 

BAC) and incubated at room temperature for 5 min. The final concentration of DNA was 5 ng/ml. 

The DNA-protein complexes were spread on the Cu grids and stained with 2% uranyl acetate. 

Imaging was carried out on a FEI transmission electron microscope equipped with a field emission 

gun electron source, operating at 100 kV.  

The DNA-protein complexes were allowed to form in AFM buffer (10 mM HEPES, pH 7.5, 4 mM 

MgCl2) at appropriate dimer/bp ratios, loaded on the freshly cleaved mica, washed and allowed to 

dry at room temperature. The samples were imaged at room temperature by atomic force 

microscopy using Park Systems NX10 AFM equipped with single silicon crystal cantilever having 

a length of 125 µm and spring constant of 40 N/m (ACTA, Park Systems, South Korea). The 

system was operating in noncontact mode. Images were flattened and plane-fitted using XEI 

software before analysis. The protein–DNA complexes were classified as described earlier (Laurens 

et al., 2012) based on visual inspection of the AFM images. Molecules with single DNA crossings 

or no crossings were classified as ‘open’. Molecules with bridged patches, of which the length is 

longer than a single crossover of two DNA duplexes, were classified as ‘bridged’; those containing 

patches of more than two duplexes bridged or highly compacted regions were classified as 

‘condensed’. 
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Fluorescence microscopy  

M. smegmatis cells harbouring pMV261-eis or pMV261 vector alone (control) were grown 

in Middlebrook 7H9 in the presence of 0.05% tween80. Cells were fixed overnight with 

phosphate-buffered saline (PBS) containing 1% toluene and 2% triton X-100 and stained 

with 0.1 mg/ml 4-6-diamidino-2-phenylindole (DAPI). The cells were visualized in a Zeiss 

LSM-710 microscope under a 100X objective. 
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FIGURE LEGENDS  

Figure1. Endogenous MtHU is modified by lysine acetylation. A) Migration pattern of purified 

recombinant and endogenous MtHU on 12% SDS PAGE. B) The two independent western blots 

with anti-acetyl lysine (top) and anti-HU antibody (bottom) depicts the presence of lysine 

acetylation on endogenous MtHU. C) Lysine acetylation sites of endogenous MtHU as determined 

by mass spectroscopic analysis. Sequence coverage was 91% . The residues comprising the NTD 

are marked in cyan and CTD is marked in yellow. Acetylation sites are indicated in pink “a”. 

Figure 2. Identification of acetyl transferase that acetylates MtHU. A) 10% SDS PAGE depicts 

the co-immunoprecipitation of MtHU interacting proteins. The MtHU pull-down reactions were 

carried out with affinity purified anti-HU antibody and mock pull-down reactions with purified 

mice IgG. The reactions are loaded in duplicate. The box indicates the position of protein band 

identified as Eis. B) The MALDI/MS spectra of protein band corresponding to Eis. C) In vitro 

interaction of purified MtHU and Eis. The Ni-NTA pull down experiment with purified His tagged 

Eis and recombinant MtHU.  Lane  1 , 3 and 5 are supernatant  fractions and lane 2 , 4 and 6 are the 

pellet fractions respectively. The presence of MtHU along with Eis in the pellet fractions (lane 6) 

indicates co-precipitation of the proteins. 

Figure 3. In vitro acetylation of MtHU by Eis. A) In vitro acetylation of MtHU by Eis in presence 

of acetyl CoA with increasing time of incubation. B) In vitro acetylation of recombinant MtHU and 

its variants MtHU–NTD and CTD. The lower panels indicate the Coomassie stained PVDF 

membranes for the respective blots. C) Schematic representation of acetylation sites on MtHU 

protein. Sequence coverage as 91%. The residues comprising the NTD are marked in cyan. 

Similarly CTD is marked in yellow. Acetylation sites are indicated in pink “a”. 
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Figure 4.  Hyperacetylation of HU in Eis over expressing M. smegmatis cells. A) 12% SDS page 

depicts the over expression of Mtb Eis in M. smegmatis cells. The arrow indicates the Eis protein 

band. The left panel shows the Coomassie stained gel and right panel shows the western blot with 

anti-Eis antibody. B)  Western blots with anti Ac-K antibody and anti-HU antibody show hyper 

acetylation of MsHU purified from Eis over expressing cells compared to control cells.   

Figure 5.  Effect of acetylation on DNA binding activity of MtHU. EMSA experiments in 

presence of in vitro acetylated MtHU (MtHU
Ac

) and non-acetylated MtHU with labelled 60 bp 

DNA substrate. (B) Representative SPR sensorgrams indicating DNA binding kinetic of MtHU and 

MtHU
Ac

. The binding constants were determined from three replicate experiments. Electron 

micrographs of protein-DNA complexes of acetylated and non-acetylated MtHU (C) 1:60 and  (D) 

1: 10 MtHU/bp ratio.  

Figure 6. AFM analysis of DNA-protein complexes. Representative images of MtHU–DNA 

complexes visualized by AFM. Relaxed plasmids were incubated with MtHU proteins at different 

stoichiometries (indicated as dimer:bp). A) MtHU forms bridges and condensed structures while 

MtHU
Ac

 at forms coated DNA filament at 1:60 ratio. (B-D) The 3D projection of different DNA–

protein complexes. Inset depicts the image of the DNA molecules. E) At higher protein-DNA ratio 

(1:10) MtHU forms large globular structures involving multiple DNA molecules compared to the 

rigid filaments formed by MtHU
Ac

. 

Figure 7. Alteration in nucleoid morphology upon Eis over-expression. Fluorescent micrographs 

of the DAPI-stained nucleoid of M. smegmatis cells show condensed nucleoid in control cells (top) 

and de-compaction of nucleoid in Eis-expressing cells (bottom). The cells shown are representative 

of 85% of the population. Bars, 2 µm. DIC, differential interference contrast.  

Page 30 of 39Molecular Microbiology

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rt
ic

le
  

 

 

Figure 1. Endogenous MtHU is modified by lysine acetylation. A) Migration pattern of purified recombinant 
and endogenous MtHU on 12% SDS PAGE. B) The two independent western blots with anti-acetyl lysine 
(top) and anti-HU antibody (bottom) depicts the presence of lysine acetylation on endogenous MtHU. C) 

Lysine acetylation sites of endogenous MtHU as determined by mass spectroscopic analysis. Sequence 
coverage was 91% . The residues comprising the NTD are marked in cyan and CTD is marked in yellow. 

Acetylation sites are indicated in pink “a”.  
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Figure 2. Identification of acetyl transferase that acetylates MtHU. A) 10% SDS PAGE depicts the co-
immunoprecipitation of MtHU interacting proteins. The MtHU pull-down reactions were carried out with 
affinity purified anti-HU antibody and mock pull-down reactions with purified mice IgG. The reactions are 

loaded in duplicate. The box indicates the position of protein band identified as Eis. B) The MALDI/MS 
spectra of protein band corresponding to Eis. C) In vitro interaction of purified MtHU and Eis. The Ni-NTA 

pull down experiment with purified His tagged Eis and recombinant MtHU.  Lane  1 , 3 and 5 are 
supernatant  fractions and lane 2 , 4 and 6 are the pellet fractions respectively. The presence of MtHU along 

with Eis in the pellet fractions (lane 6) indicates co-precipitation of the proteins.  
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Figure 3. In vitro acetylation of MtHU by Eis. A) In vitro acetylation of MtHU by Eis in presence of acetyl CoA 
with increasing time of incubation. B) In vitro acetylation of recombinant MtHU and its variants MtHU–NTD 
and CTD. The lower panels indicate the Coomassie stained PVDF membranes for the respective blots. C) 

Schematic representation of acetylation sites on MtHU protein. Sequence coverage as 91%. The residues 
comprising the NTD are marked in cyan. Similarly CTD is marked in yellow. Acetylation sites are indicated in 

pink “a”.  
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Figure 4.  Hyperacetylation of HU in Eis over expressing M. smegmatis cells. A) 12% SDS page depicts the 
over expression of Mtb Eis in M. smegmatis cells. The arrow indicates the Eis protein band. The left panel 

shows the Coomassie stained gel and right panel shows the western blot with anti-Eis antibody. B)  Western 

blots with anti Ac-K antibody and anti-HU antibody show hyper acetylation of MsHU purified from Eis over 
expressing cells compared to control cells.    
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Figure 5.  Effect of acetylation on DNA binding activity of MtHU. EMSA experiments in presence of in vitro 
acetylated MtHU (MtHUAc) and non-acetylated MtHU with labelled 60 bp DNA substrate. (B) Representative 

SPR sensorgrams indicating DNA binding kinetic of MtHU and MtHUAc. The binding constants were 
determined from three replicate experiments. Electron micrographs of protein-DNA complexes of acetylated 

and non-acetylated MtHU (C) 1:60 and  (D) 1: 10 MtHU/bp ratio.  
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Figure 6. AFM analysis of DNA-protein complexes. Representative images of MtHU–DNA complexes 
visualized by AFM. Relaxed plasmids were incubated with MtHU proteins at different stoichiometries 

(indicated as dimer:bp). A) MtHU forms bridges and condensed structures while MtHUAc at forms coated 
DNA filament at 1:60 ratio. (B-D) The 3D projection of different DNA–protein complexes. Inset depicts the 
image of the DNA molecules. E) At higher protein-DNA ratio (1:10) MtHU forms large globular structures 

involving multiple DNA molecules compared to the rigid filaments formed by MtHUAc.  
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Figure 7. Alteration in nucleoid morphology upon Eis over-expression. Fluorescent micrographs of the DAPI-
stained nucleoid of M. smegmatis cells show condensed nucleoid in control cells (top) and de-compaction of 
nucleoid in Eis-expressing cells (bottom). The cells shown are representative of 85% of the population. Bars, 

2 µm. DIC, differential interference contrast.  
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Abbreviated summary  

A number of small histone-like DNA binding proteins now known as nucleoid-associated 

proteins (NAP) organize the bacterial nucleoid. We have identified and characterized 

acetylation of MtHU, the major NAP in Mycobacterium tuberculosis. We show that MtHU is 

a substrate for Eis, an acetyltransferase previously known to acetylate aminoglycoside 

antibiotics. The acetylation of lysine residues of the protein alters its DNA binding and 

compaction ability to regulate nucleoid organization.  
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