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Abstract 

Mycobacteria are the major human pathogens with the capacity to become dormant persisters. Mycobacterial DNA-binding protein 1 (MDP1), an 
abundant histone-like protein in dormant m y cobacteria, induces dormancy phenotypes, e.g. chromosome compaction and growth suppression. 
For these functions, the polycationic intrinsically disordered region (IDR) is essential. Ho w e v er, the disordered property of IDR stands in the 
w a y of clarifying the molecular mechanism. Here we clarified the molecular and str uct ural mechanism of DNA compaction by MDP1. Using 
high-speed atomic f orce microscop y, w e observ ed that monomeric MDP1 bundles tw o adjacent DNA duple x es side-b y -side via IDR. Combined 
with coarse-grained molecular dynamics simulation, w e re v ealed the no v el dynamic DNA cross-linking model of MDP1 in which a stretched IDR 

cross-links tw o DNA duple x es lik e double-sided tape. IDR is able to hijack HU function, resulting in the induction of strong m y cobacterial gro wth 
arrest. This IDR-mediated reversible DNA cross-linking is a reasonable model for MDP1 suppression of the genomic function in the resuscitable 
non-replicating dormant m y cobacteria. 
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ells age and die after halting replication. However, parts of
ellular organisms can enter into a non-replicating dormant
hase resulting in a long life span. Dormancy is useful to sur-
ive in stringent conditions such as hypoxia, starvation or
ther environmental stresses. Therefore, dormant bacteria fre-
uently establish chronic infections and cause intractable dis-
ases ( 1 ). In such stationary, dormant or stress-exposed bacte-
ia, chromosome compaction has been frequently observed.
ucleoid-associated proteins are involved in such chromo-

ome compaction ( 2–7 ). 
Mycobacteria are the major human pathogens that are

rone to become dormant persisters. For example, dormant
ycobacterium tuberculosis var. tuberculosis [ Mtb , formerly

nown as M. tuberculosis ( 8 )] persistently infects a quar-
er of the human population. Approximately 5–10% of la-
ent infections eventually become active tuberculosis by re-
ctivation, resulting in 1.5 million deaths annually ( 9 ). My-
obacteria including Mtb express a unique histone-like pro-
ein, mycobacterial DNA-binding protein 1 (MDP1) (Figure
 A), whose expression is elevated at stationary and dormant
hases ( 2 , 10 , 11 ). We have reported that MDP1 induces dor-
ant phenotypes, e.g. chromosome compaction, growth sup-
ression and isoniazid tolerance ( 2 , 11 , 12 ). 
MDP1 is an ortholog of histone-like protein HU [initially

eported as a heat-stable DNA-binding protein in Esc heric hia
oli strain U93 ( 13 )], which is a conserved protein among
ubacteria ( 10 , 12 , 14 ). In general, HU is an ∼90 amino acid
olypeptide and revealed similar dimer structures (e.g. HU αα

nd HU αβ in E. coli ) ( 14–17 ). HU dimer embraces and bends
ouble-stranded DNA (dsDNA) by β-arms stretched from
ach protomer ( 15 ). The MDP1 N-terminal region (residues
–99) is highly conserved among mycobacterial species and
evealed similarities to HU proteins (Figure 1 A). X-ray crys-
allography of MDP1 showed a homodimer structure of the
-terminal region which is similar to that of an HU ho-
odimer ( 18 ). We thus call it the HU-like region (HUR;
igure 1 A). 
Interestingly, following the HUR, MDP1 has a long and

nique ( ≥100 residue) C-terminal tail which is absent in gen-
ral HUs (Figure 1 A) ( 2 ,14 ). The MDP1 C-terminal tail has
imilar characteristics to the C-terminal intrinsically disor-
dered region (IDR) of eukaryotic histone H1 (C-IDR H1 ) which
is rich in Lys and short sequence repeats (PAKK), lacks a typi-
cal secondary structure except for a few α-helices ( 2 , 14 , 19 ),
and is invisible in X-ray crystal structure ( 18 ) (Figure 1 A;
Supplementay Figure S1 A, B). We thus indicated that this C-
terminal tail is an IDR of MDP1 (mIDR) ( 2 ). Importantly, we
have shown that MDP1 activities, such as, chromosome com-
paction, growth suppression and isoniazid tolerance, are de-
pendent on mIDR ( 2 ). Thus, MDP1 functions are likely to be
mediated by mIDR. 

IDRs do not follow the traditional doctrine in which pro-
tein function is determined by its three-dimensional (3D)
structure. This is because IDRs alone do not exhibit a typical
secondary and higher structure due to low sequence complex-
ity and amino acid composition bias ( 20 ,21 ). IDRs are abun-
dant in eukaryotic proteins ( 21–24 ), especially in intranu-
clear proteins (47% of total residues) and transcription fac-
tors (63% of total residues) ( 25 ,26 ). Their functions have been
extensively studied in eukaryotic proteins. For instance, C-
IDR H1 of histone H1 regulates chromatin condensation and
epigenetic inheritance ( 27 ). 

On the other hand, the role of IDRs in bacterial proteins
is largely unknown. IDR-containing bacterial proteins are less
common than in eukaryotes. For instance, IDRs longer than
50 residues are found in only 1.6% of the bacterial proteins
( 21 ). Thus, long IDRs are rare among bacterial proteins in-
cluding bacterial histone-like proteins ( 26 ) and it can be said
that MDP1 is a unique intrinsically disordered protein with a
long histone tail-like IDR among bacteria. The detailed molec-
ular action of mIDR in MDP1 functions has so far not been
elucidated due to its distinctively disordered nature. 

High-speed atomic force microscopy (HS-AFM) is a tech-
nique that enables real-time observation of the dynamics of
intact macromolecules (e.g. DNA, RNA and proteins) in aque-
ous solution ( 28–31 ). HS-AFM time-lapse imaging has been
used to visualize molecular activities such as myosin V walk-
ing along the actin fiber ( 32 ), the dynamic DNA cleavage pro-
cesses by Cas9 ( 29 ) and the dynamics of nucleosome struc-
tures ( 30 ,31 ). Kodera et al . have also shown that HS-AFM
imaging and time resolution are sufficient to elucidate the
dynamic actions and disorder-to-order shift of a single IDR
using polyglutamine tract-binding protein-1 (PQBP-1) and
 aphical abstr act 
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autophagy proteins (Atg1 and Atg13) ( 33 ). Thus HS-AFM is 
useful to determine the dynamic action of IDRs. 

The combination of experimental structure data and molec- 
ular dynamic (MD) simulation has also been used to pre- 
dict structures and dynamics of molecules including IDRs. 
Coarse-grained molecular dynamics (CGMD) simulation is an 

MD simulation in which each substructure (e.g. amino acid 

residue; base and deoxyribose of a nucleotide) of a macro- 
molecule is represented as a single particle ( 34 ,35 ). It is a 
tool to predict the dynamic structural model of large macro- 
molecules such as proteins (including IDRs), nucleic acids and 

their complexes, compared with atomistic MD simulation in 

terms of saving calculation steps and time ( 36 ,37 ). 
In this study, we employed HS-AFM coupled with compu- 

tational CGMD simulation, and revealed details of the dy- 
namic molecular action of mIDR during DNA compaction by 
MDP1. Here, we show a novel dynamic model of DNA com- 
paction that is a reasonable mechanism to suppress genomic 
function in resuscitable dormant mycobacteria. 

Materials and methods 

Bacterial strains, culture media and general 
reagents: 

An mdp1 Msm 

-defficient strain of Mycolicibacterium smeg- 
matis ( Msm ) mc 2 _155 ( Msm �mdp1 ), which was formerly 
known as Mycobacterium smegmatis ( 8 ), was kindly provided 

by Dr John L. Dahl (University of Minnesota Duluth) ( 38 ). Es- 
c heric hia coli DH5 α strain was used for all gene manipulation 

in this study. Clear coli BL21(DE3) was purchased from Luci- 
gen (Madison, WI, USA). All Msm strains were grown in Mid- 
dlebrook 7H9 broth (BD, Franklin Lakes, NJ, USA) supple- 
mented with 0.2% (v / v) glycerol, 0.05% (v / v) Tween-80 (MP 

Biomedicals, Santa Ana, C A, US A) and 10% ADC enrichment 
[5% bovine serum albumin (FUJIFILM Wako Pure Chemical 
Corporation, Osaka, Japan), 0.81% NaCl and 2% d -glucose] 
(7H9-ADC broth) or on Middlebrook 7H10 agar (BD) sup- 
plemented with 0.5% (v / v) glycerol and 10% OADC enrich- 
ment [ADC enrichment supplemented with 0.06% (v / v) oleic 
acid] (7H10-OADC agar) for transformation and analysis, 
and in Mueller–Hinton II Broth, Cation-Adjusted, (MHB, BD) 
supplemented with 0.05% (v / v) T ween-80 (MHB / T w80) for 
protein purification. All E. coli strains were cultured in LB 

broth or on LB agar (both from Sigma-Aldrich, St. Louis, MO, 
USA). Appropriate antibiotics were also added to the media 
to maintain specific genotypes of each strain. Hygromycin B 

(Hyg), kanamycin (Km), ampicillin (Amp), acetamide (Ace) 
and isopropyl β- d -thiogalactopyranoside (IPTG) were pur- 
chased from FUJIFILM Wako Pure Chemical Corporation. 

Other methods 

Other experimental procedures are described in the Supple- 
mentary data. 

Results 

MDP1 compacts DNA duplexes via side-by-side 

DNA bundling 

We first examined if HS-AFM could track MDP1–DNA in- 
teraction. MDP1 binds to DNA with low sequence speci- 
ficity; thus, in this study, we used a 4.5 kb plasmid [pSO246, 
Supplementary Table S2 ( 39 ) and Supplementary Figure S1 C, 

supercoiled] as a binding target for MDP1. We used MDP1 

(MDP1 Msm 

) purified from Msm . By gel retardation assay, 
MDP1 Msm 

bound to the pSO246 plasmid both in PBS(–) 
and HS-AFM imaging buffer (10 mM Tris–HCl pH 7.5, 20 

mM NaCl, 60 mM KCl) with similar DNA affinity (Fig- 
ure 1 B; Supplementary Figure S1 D). We performed time- 
lapse imaging of the DNA / MDP1 Msm 

complex formation by 
HS-AFM. pSO246 plasmids (supercoiled) were attached to 

the mica stage in protein-free buffer (Figure 1 C, no protein, 
see the Supplementary data). After addition of MDP1 Msm 

, 
small globules appeared on dsDNAs and then two adjacent 
dsDNAs were cross-linked side-by-side, which consequently 
induced DNA compaction ( Supplementary Video S1 ; Fig- 
ure 1 C, +MDP1 Msm 

). We also observed similar DNA strand 

bundling when Mtb MDP1 (MDP1 Mtb ) was added (Figure 
1 C, +MDP1 Mtb ). We were able to quantify DNA compaction 

by monitoring changes in areas enclosed by each plasmid 

(Figure 1 D). Taken together, the revealed AFM structure of 
the DNA / MDP1 complex is different from the previously re- 
ported DNA complex with general HU that exhibits DNA 

bending, an uncompacted rigid DNA strand or more re- 
laxed loop structures ( 40–42 ). Rather, the filamentous DNA 

bundling structure by MDP1 was similar to an AFM im- 
age of a DNA complex with histone-like nucleoid structuring 
protein (H-NS), which does not possess a histone-like IDR 

( 40 ,43 ). 
On the other hand, compaction of a relatively large open 

region was less frequent (Figure 1 E, indicated by arrows), sug- 
gesting that the proximity of the DNA strands determines 
the efficacy of DNA compaction by MDP1. To test this hy- 
pothesis, we prepared two additional forms of plasmids [re- 
laxed (nicked open ring) and linear forms, Supplementary 
Figure S1 C]. As we reported previously using pBSKS plas- 
mid ( 10 ), MDP1 Msm 

affinity for the supercoiled pSO246 was 
slightly higher than those for other forms ( Supplementary 
Figure S1 E, F). Under HS-AFM using these plasmid prepa- 
rations, MDP1 Msm 

bundled part of the relaxed and linear 
plasmids where the strands were closely located (Figure 1 F; 
Supplementary Video S1e, f). However, the compaction of 
these plasmids was insignificant (Figure 1 G). Thus, the prox- 
imity of dsDNAs seems crucial for efficient DNA compaction 

by MDP1. 

mIDR plays a crucial role in MDP1-induced DNA 

compaction 

We previously revealed that mIDR is essential for MDP1 to 

induce dormant phenotypes in mycobacteria ( 2 ). Therefore, 
we next investigated the role of each MDP1 Msm 

N-terminal 
HUR (HUR Msm 

, 1–99 residue region) and C-terminal mIDR 

(mIDR Msm 

, 100–208 residue region) (Figure 2A, B) in DNA 

compaction in vitro . 
We first assessed the affinities of HUR Msm 

and mIDR Msm 

( 44 ,45 ) for the synthesized 70 bp dsDNA of the Msm furA- 
katG promoter region [ P furA-katG 

( Supplementary Table S1 )], 
a target of isoniazid tolerance by MDP1 ( 11 ), using a gel 
retardation assay ( Supplementary Figure S2 A, B) and bi- 
olayer interferometry quantification assay ( Supplementary 
Table S3 ), and with the supercoiled plasmid (employed 

in Figure 1 B), using a gel retardation assay (Figure 2 C; 
Supplementary Figure S2 C). mIDR Msm 

showed DNA affinity 
for both the 70 bp P furA-katG 

fragment ( Supplementary Figure 
S2 A, B; Supplementary Table S3 ) and the supercoiled plasmid 
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Figure 1. MDP1 induced DNA compaction via side-b y -side DNA bundling. ( A ) Amino acid sequences of MDP1 Msm 

, MDP1 Mtb , E. coli HU α and HU β. 
Secondary str uct ures of MDP1 Mtb HUR Mtb ( 18 ) are presented as α-helices (tubes) and β-strands (arro ws) at the top of the alignment. P urple and green 
bo x es indicate MDP1 HUR and mIDR, respectively ( 2 , 18 ). Aligned sequences are as follows: Mtb_MDP1, Mtb H37Rv MDP1 Mtb (AL123456, Rv2986c); 
Msm_MDP1, Msm mc 2 _155 MDP1 Msm 

(CP0 0 0480, MSMEG_2389); Eco_HUa, E. coli K-12 MG1655 HU α (U0 0 096, b40 0 0); and Eco_HUb, E. 
coli K-12 MG1655 HU β (b0440). ( B ) Affinity of MDP1 Msm 

for supercoiled pSO246 (gel retardation assay) in PBS(–) or HS-AFM imaging buffer (AFM). 
R epresentativ e gels are shown in Supplementary Figure S1 D. Band intensity of the plasmid migrated at the position indicated by arrows in 
Supplementary Figure S1 D was measured using Image J Fiji and plotted (mean ± SD, n = 3). The protein concentration which induced 50% DNA 

retardation (C 50 ) was calculated from fitted curves of triplicate gels and indicated in the panel. The difference was not significant. ( C ) HS-AFM time-lapse 
imaging of MDP1 Msm 

- and MDP1 Mtb -induced morphological changes of 4.5 kb plasmids. A plasmid-bound mica stage was set-up, followed by protein 
addition to the buffer chamber. Images were then taken [5 frames per second (fps)]. Bars, 60 nm. Corresponding movies are presented in 
Supplementary Video S1 a–c. ( D ) Plasmid compaction. Time-lapse images were captured by HS-AFM at 0.5 fps (1500 nm × 1500 nm). Plasmid 
compaction was followed by measuring the areas enclosed by individual plasmids (Image J Fiji). The area of protein-free plasmid was considered as 
100% and the % plasmid area at each time point was plotted ( n = 18). * P < 0.05 compared with the data at 2 s (Kruskal–Wallis test and Mann–Whitney 
test). ( E ) Ov ervie w of the plasmids before and after compaction by MDP1 Msm 

(0.5 fps). Arrows, circular regions not compacted by MDP1 Msm 

. Bar, 150 
nm. ( F ) Comparison of MDP1 Msm 

-induced morphological changes of the supercoiled, relaxed and linear plasmids by HS-AFM (5 fps). Left, protein-free; 
right, incubated with MDP1 Msm 

. Bars, 60 nm. Corresponding movies are presented in Supplementary Video S1 d–f. ( G ) Compaction of supercoiled, 
relaxed and linear plasmids was quantified as described in (C) ( n ≥ 13). * P < 0.05 compared with the data at 2 s; # P < 0.05 compared with the 
supercoiled plasmid (Kruskal–Wallis test and Mann–Whitney test). See also Supplementary Figure S1 and Supplementary Video S1 . 
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Figure 2. mIDR pla y s a crucial role in MDP1-induced DNA compaction. (A and B) Schematic representation ( A ) and sodium 

dodecylsulf ate–poly acrylamide gel electrophoresis (SDS–PAGE) ( B ) of MDP1 Msm 

, HUR Msm 

and mIDR Msm 

. ( C ) Affinity of MDP1 Msm 

, HUR Msm 

and 
mIDR Msm 

for the supercoiled plasmid (gel retardation assay). Representative gels are shown in Supplementary Figure S2 C. Band intensity (mean ± SD, 
n = 3) and C 50 (mean ± SD, n = 3) were calculated as described in Figure 1 B. * P < 0.05 compared with MDP1 Msm 

and # P < 0.05 compared with 
mIDR Msm 

[analysis of variance (ANO V A)]. ( D ) HS-AFM time-lapse imaging of plasmid morphological changes caused by MDP1 Msm 

, HUR Msm 

or mIDR Msm 

performed as described in Figure 1 C (5 fps). Bars, 100 nm. Corresponding movies are presented in Supplementary Video S2 . ( E ) Plasmid compaction 
was quantified as described in Figure 1 D ( n ≥ 18). * P < 0.05 compared with data at 2 s. # P < 0.05 compared with MDP1 Msm 

and † P < 0.05 compared 
with mIDR Msm 

(Kruskal–Wallis test and Mann–Whitney test). ( F ) Detailed images of DNA / protein complexes, captured by HS-AFM (5 fps). Bars, 30 nm. 
3D str uct ures of DNA / protein comple x es w ere generated using Gwy ddion (http: // www.gwy ddion.net). ( G ) T he area and height of the globules 
detected on DNA / MDP1 Msm 

and DNA / HUR Msm 

comple x es w ere measured using Image J Fiji and K odec, respectiv ely. MDP1 Msm 

, median area 7.50 
nm 

2 , median height 2.00 nm; HUR Msm 

, median area 6.55 nm 

2 , median height, 2.36 nm. * P < 0.05 (Student t -test for area and Mann–Whitney test for 
height). ( H ) Sporadic localization of MDP1 Msm 

globules on DNA / MDP1 Msm 

comple x es. *Cross-link ed DNA regions betw een MDP1 Msm 

globules. B ars, 
10 nm. See also Supplementary Figure S2 ; Supplementary Videos S2 and S3 ; and Supplementary Table S3 . 

(Figure 2 C; Supplementary Figure S2 C), comparable with 

that of intact MDP1 Msm 

. HUR Msm 

also bound to these tar- 
get DNAs. However, HUR Msm 

required ≥10-fold protein con- 
centrations to induce 50% DNA retardation (C 50 ), com- 
pared with MDP1 Msm 

and mIDR Msm 

in the gel retardation 

assay (Figure 2 C; Supplementary Figure S2 ), and exhibited a 
> 2000-fold higher dissociation constant ( K d), compared with 

MDP1 Msm 

and mIDR Msm 

in the biolayer interferometry quan- 
tification assay ( Supplementary Table S3 ). Thus, major DNA 

affinity of MDP1 is derived from mIDR. 
Using HS-AFM, we next monitored the plasmid morpho- 

logical changes induced by HUR Msm 

and mIDR Msm 

. Cor- 
responding to low DNA affinity, the DNA association of 
HUR Msm 

globules was less frequent and more transient 
than that of intact MDP1 Msm 

globules (Figure 2 D HUR Msm 

; 
Supplementary Video S2 b). In addition, HUR Msm 

hardly ex- 
hibited compact plasmids (Figure 2 E, HUR Msm 

). In con- 

trast, mIDR Msm 

alone compacted plasmids more than intact 
MDP1 Msm 

(Figure 2D, E, mIDR Msm 

; Supplementary Video 

S2 c). Thus, mIDR is responsible for DNA compaction by 
MDP1. 

In detail, similar globules were observed on DNA after 
MDP1 Msm 

or HUR Msm 

addition (Figure 2F, G, MDP1 Msm 

, me- 
dian area 7.50 nm 

2 , median height 2.00 nm; HUR Msm 

, median 

area 6.55 nm 

2 , median height, 2.36 nm). Such globules were 
not seen upon mIDR Msm 

addition. Thus, each single glob- 
ule on DNA / MDP1 Msm 

complexes is ascribed to HUR Msm 

of an MDP1 Msm 

molecule. The DNA / MDP1 Msm 

complex re- 
mained relatively flexible even after DNA compaction oc- 
curred. The globules were allowed to move on the compacted 

dsDNAs, although association of the globules with dsDNAs 
was relatively stable ( Supplementary Video S3 a–c). Such sin- 
gle MDP1 Msm 

globules were frequently found on either of the 
bundled dsDNAs, not paired (Figure 2 F, MDP1 Msm 

), suggest- 
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ing that a single MDP1 Msm 

molecule can cross-link two dsD- 
NAs. 

The dsDNAs were cross-linked not only at the binding 
sites of the globules but also between the globules (Figure 
2 H, *), suggesting that mIDR Msm 

extends from the HUR Msm 

globules to cross-link dsDNAs. In the absence of HUR Msm 

, 
mIDR Msm 

appeared to form amorphous broad bands that 
were randomly located between or across dsDNAs (Figure 2 F, 
mIDR Msm 

). mIDR Msm 

is indistinguishable from other struc- 
tures by HS-AFM analysis (Figure 2F, H). Hence, we could 

not deduce the molecular action of mIDR during DNA com- 
paction by MDP1 from these HS-AFM data. 

mIDR bands or tapes two dsDNAs together by the 

monomer form 

In order to investigate mIDR action in the process of DNA 

compaction, we fused thioredoxin (TRX), which is visible 
by HS-AFM ( 33 ), to the MDP1 Msm 

C-terminus and des- 
ignated it as MDP1-TRX (Figure 3 A). We confirmed that 
MDP1-TRX has comparable DNA affinity (Figure 3B, C; 
Supplementary Table S3 ). MDP1-TRX also compacted plas- 
mid DNA, although it took longer ( Supplementary Figure 
S3 A) and was relatively less efficient than MDP1 Msm 

( Supplementary Figure S3 B). This could in part be caused by 
steric hindrance of TRX since accumulation of TRX glob- 
ules between dsDNA strands was occasionally observed, as 
shown in Supplementary Figure S3 C. However, MDP1-TRX 

basically induced the same side-by-side DNA bundling as that 
observed during DNA compaction by MDP1 Msm 

(Figure 3 D). 
Compared with the HS-AFM images of the DNA / MDP1 Msm 

complex, the DNA / MDP1-TRX complex exhibited addi- 
tional globules (magenta) beside dsDNA (Figure 3 D–F), which 

are thought to be the TRX globules. Therefore, we decided to 

use MDP1-TRX in order to follow the mIDR action during 
DNA compaction. 

We carefully determined the number of HUR Msm 

and TRX 

globules, acting together like a single molecule on dsDNA. Al- 
though previous X-ray crystallography of MDP1 Mtb revealed 

an HU-like homodimer of HUR Mtb (residues 1–99, PDB ID: 
4PT4) ( 18 ), we frequently found sets of one HUR Msm 

and one 
TRX (1HUR–1TRX), which are likely to be monomers (Fig- 
ure 3 G). We also reported that recombinant MDP1 Mtb puri- 
fied from E. coli was detected as a monomer in the phosphate- 
buffered solution, using the sedimentation velocity analytical 
ultracentrifugation (SV-AUC) and glutaraldehyde (GA)-cross- 
linking assay ( 19 ). We thus assessed the oligomeric states of 
MDP1 and related proteins used in this study, which were pu- 
rified from M. smegmatis or E. coli by modified purification 

methods. 
As we reported previously ( 19 ), SV-AUC in HS-AFM 

imaging buffer revealed that the vast majority ( ∼98%) of 
MDP1 Mtb was detected as monomers [1.46 S (28.9 kDa); 
Supplementary Figure S4 A, MDP1 Mtb , m]. As for MDP1 Msm 

, 
the major peak occupying 71.1% of the total area under the 
curve (AUC) corresponded to a monomer [1.10 S (21.7 kDa); 
Supplementary Figure S4 A, MDP1 Msm 

, m]. The peak corre- 
sponding to a dimer [d, 1.84 S (47.4 kDa)] was also detected 

(occupying 19.8%). Furthermore, TRX fusion did not alter 
the oligomeric state of MDP1 in solution ( Supplementary 
Figure S4 A, MDP1–TRX). Similarly, the majority of all these 
proteins were also detected as monomers in GA-cross-linking 
assay in PBS(–) ( Supplementary Figure S4 B). 

We also examined the oligomeric state of MDP1 Msm 

by elec- 
tron microscopy (EM). Representative class-averaged images 
of negatively stained MDP1 Msm 

are shown in Supplementary 
Figure S4 C (EM). MDP1 Msm 

HUR Msm 

was mostly considered 

to have an identical structure to MDP1 Mtb HUR Mtb (PDB IDs: 
4PT4 and 4KDY) since they exhibited high sequence similar- 
ity (98% positive, 93% identical, Figure 1 A). In contrast, se- 
quence similarity between mIDRs of these proteins is lower. 
Two different protein secondary structure predictions (Jpred4 

and PSIPRED) showed both mIDRs as disordered regions ( 2 ). 
Accordingly, mIDR was invisible in the average images from 

the averaging process of single particle analysis. The 2D class 
averages of MDP1 Msm 

exhibited L, v, y shaped structures, and 

they were consistent with projections simulated from the co- 
ordinates of a HUR Mtb monomer ( Supplementary Figure S4 C, 
monomer), not a HUR Mtb dimer ( Supplementary Figure S4 C, 
dimer). These observations further support the fact that, at 
least up to 12.5 μM, MDP1 Msm 

is mostly a monomer in a 
physiological solution. 

In contrast, E. coli HU α (an example of a HU dimer) puri- 
fied using the same protocol was detected as a dimer by both 

SV-AUC [ Supplementary Figure S4 A, HU α, d, 1.61 S (20.6 

kDa)] and GA-cross-linking assay ( Supplementary Figure S4 B, 
HU α), thus confirming that a monomeric form of MDP1 is not 
an artifact caused by the protein purification processes. 

To deduce the mIDR action in the process of DNA com- 
paction, we tracked the movement of the 1HUR–1TRX 

(monomeric MDP1-TRX) during DNA cross-linking events 
(Figure 3 H; Supplementary Video S4 ). The 1HUR–1TRX sets 
moved along a dsDNA together, suggesting that DNA as- 
sociation of an MDP1 Msm 

monomer was achieved by both 

HUR Msm 

and stretched mIDR Msm 

. When another dsDNA 

came close, TRX moved across another dsDNA or was lo- 
cated between two dsDNAs, and, finally, a single monomer 
(1HUR–1TRX set) cross-linked two dsDNAs together (Figure 
3 H). Thus, we could track the direction of mIDR Msm 

by the 
array of HUR Msm 

and TRX globules. The location of the two 

globules (Figure 3 I; Supplementary Figure S5 A) gave us two 

possible DNA-bundling mechanisms: mIDR Msm 

either bands 
two dsDNAs together by lying across them or tapes two dsD- 
NAs together by lying between them (Figure 3 I). In addition, 
this DNA cross-linking is relatively stable, but also reversible 
( Supplementary Figure S5 B). 

CGMD model of the DNA cross-linking by MDP1 

mIDR 

Considering the highly positively charged mIDR, we subse- 
quently investigated whether the DNA bundling could be ex- 
plained by electrostatic attraction by means of CGMD sim- 
ulations. Actually, multivalent cations are proposed to bind 

to multiple DNA duplexes ( 46 ). A miniature system to re- 
produce the HS-AFM observations was prepared; a 2100 

bp supercoiled circular DNA was attached to a virtual HS- 
AFM substrate by Lennard–Jones potential, and 10 MDP1 Msm 

molecules were placed around the DNA. Electrostatic interac- 
tions and excluded volume effects were then defined between 

DNA and MDP1 Msm 

(for details, see the Materials and meth- 
ods; Supplementary Figure S6 ; Supplementary Table S4 ). 

In the simulations, early-stage DNA compaction was ob- 
served (Figure 4 A; Supplementary Videos S5 –S7 ; final snap- 
shots of all 10 trajectories are also shown in Supplementary 
Figure S7 ). Three major types of structures were observed, 
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Figure 3. Following the mIDR action during DNA cross-linking by HS-AFM time-lapse imaging using a globular t ag . ( A ) Cartoon image of MDP1-TRX 
[referring to HUR Mtb (PDB ID: 4DKY)]. In the f ollo wing HS-AFM images, HUR Msm 

and TRX globules are marked with blue and magenta, respectively. The 
deduced position of mIDR Msm 

is marked with green. (B and C) Affinity of MDP1 Msm 

and MDP1-TRX for the supercoiled plasmid (gel retardation assay). A 

representative of triplicate gels is shown ( B ). Band intensity (mean ± SD, n = 3) and C 50 (mean ± SD, n = 3) were calculated ( C ), as described in Figure 
1 B. * P < 0.05, compared with MDP1 Msm 

(ANO V A). (D–F) Comparison of DNA / MDP1 Msm 

and DNA / MDP1-TRX comple x es b y HS-AFM. R epresentativ e 
HS-AFM images are shown ( D , 5 fps). Bar, 10 nm. In the lo w er panels, HUR Msm 

and TRX are marked. Using the HS-AFM images (5 fps) of 
DNA / MDP1 Msm 

and DNA / MDP1-TRX comple x es, the number (N) of globules localiz ed on and beside DNA w ere counted ( E ). N = 161 for MDP1 Msm 

and 
155 for MDP1-TRX (* P < 0.05, χ2 test). The size distribution of the globules found on and beside dsDNA were also measured using Image J Fiji ( F ), as 
described in the Materials and methods (* P < 0.05; ns, not significant; Mann–Whitney test). ( G ) Examples of 1HUR-1TRX sets. Red boxes, original 
HS-AFM time-lapse images of DNA / MDP1-TRX comple x es (5 fps, formed in the presence of 1.4–12.5 nM MDP1-TRX); blue-dashed bo x es, e xamples of 
1HUR (blue)–1TRX (magenta) sets magnified from the red bo x es. B ars, 30 nm. ( H ) T he mo v ement of the single 1HUR–1TRX set during DNA 

cross-linking, captured by HS-AFM at 5 fps. Upper, original images; lower, marked images. The corresponding movie is presented in 
Supplementary Video S4 . Bar, 30 nm. (I) mIDR Msm 

positions deduced from the arra y s of HUR Msm 

and TRX on cross-link ed dsDNAs. L eft, original images; 
right, marked images. Deduced mIDR Msm 

positions are indicated as dashed green lines. Bar, 20 nm. Other examples are also shown in 
Supplementary Figure S5 A. See also Supplementary Figures S3 –S5 ; Supplementary Video S4 ; and Supplementary Table S3 . 

all of which were seen in HS-AFM observations. In the first 
structure, MDP1 Msm 

was simply bound to DNA, where its 
mIDR Msm 

extends along dsDNA (for instance, Figure 4 A left 
top area of MDP1 Msm 

). In the second structure, MDP1 Msm 

molecules were clustered at DNA intersects (shown by ar- 
rows in Figure 4 A). Similar clusters of MDP1 molecules at 
DNA intersects were also seen in HS-AFM analysis (Figure 
1 C). However, mIDR action at DNA intersects was not clar- 
ified by HS-AFM analysis. Lastly, dsDNAs were cross-linked 

by MDP1 Msm 

in the third structure (Figure 4 A, MDP1 Msm 

, 
and B). In DNA cross-linking by an MDP1 Msm 

monomer (Fig- 
ure 4 B; Supplementary Video S8 a), first MDP1 Msm 

tightly 
bound to a dsDNAs (Figure 4 B, top). mIDR Msm 

also bound 

to another dsDNA that came close to it (Figure 4 B, mid- 
dle). Finally, almost the full length of mIDR bound both ds- 
DNAs like a ‘double-sided tape’ (Figure 4 B, bottom). This 
final structure concurs with the HS-AFM data of Figure 3 I- 

b. In some of the cross-linking regions, multiple MDP1 Msm 

molecules were lined up in series and lengthened the DNA 

bundle, which successfully reproduced the DNA compaction 

observed in our HS-AFM imaging (Figure 4 C). DNA cross- 
linking by mIDR Msm 

further brings upstream and down- 
stream regions of two dsDNAs in proximity. This could pro- 
mote the next cross-linking by another MDP1 Msm 

molecule 
( Supplementary Video S8 b). Such a cascade of cross-linking is 
a possible mechanism for a long-range, side-by-side bundling 
of dsDNAs (like zipping; Figure 1 C). Therefore, CGMD sim- 
ulations proposed the mechanism of DNA compaction by 
MDP1, where MDP1 mIDR got between two DNA duplexes 
and cross-linked the DNAs in a ‘double-sided tape’ manner. 
In addition, electrostatic interactions were sufficient to drive 
the compaction. 

The same simulations were also performed with MDP1- 
TRX (Figure 4 A, MDP1-TRX; Supplementary Video S6 ). Af- 
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Figure 4. Double-sided tape-like DNA cross-linking model by MDP1 mIDR. ( A ) CGMD snapshots of the virtual HS-AFM system. Representative 
snapshot of plasmid and MDP1 Msm 

monomers (left), plasmid and MDP1-TRX monomers (middle) and plasmid and MDP1 Msm 

dimers (right). A simulation 
movie is also presented in Supplementary Videos S5 –S7 . These views are from above; the str uct ures are viewed from the direction perpendicular to the 
virtual AFM substrate. DNAs are drawn in silver. For visibility, each MDP1 Msm 

molecule was drawn in red, dark blue or green. TRX-tags are drawn in pink. 
Arrows indicate DNA intersections where MDP1 Msm 

and MDP1-TRX molecules are bound. ( B ) Magnified view of DNA compaction by a single MDP1 Msm 

monomer. A simulation movie is presented in Supplementary Video S8 a. Here, HUR Msm 

and mIDR Msm 

of MDP1 Msm 

are drawn in red and yellow, 
respectively. ( C ) Upper: a str uct ural model of DNA compaction b y multiple MDP1 Msm 

monomers observ ed in the CGMD simulations. A simulation movie 
is presented in Supplementary Video S8 b. One MDP1 monomer is drawn in red (HUR Msm 

) and yellow (mIDR Msm 

), and the other is drawn in dark blue 
(HUR Msm 

) and y ello wish green (mIDR Msm 

). L o w er: e xamples of HS-AFM images. B ars, 10 nm. ( D ) Dist ance distributions bet ween the HUR Msm 

and 
TRX-tag ( D HUR-TRX ). Upper: the distribution for MDP1-TRX which bundles multiple DNA regions. Lower: the distribution for MDP1-TRX bound to a DNA 

region without bundling the DNA. ( E ) R epresentativ e str uct ures of dimeric MDP1 Msm 

cross-linking DNA duple x es. T he tw o mIDRs are bound to the DNA 

in the opposite direction (left), or they are bound to the DNA in the same direction (right). The color code is the same as in (C). See also 
Supplementary Figures S6 and S7; and Supplementary Videos S5 –S8 . 

ter checking the reproducibility of the ‘double-sided tape’ 
cross-linking which was also observed by HS-AFM, the con- 
formation of the mIDR Msm 

was evaluated with the dis- 
tance between the HUR Msm 

and TRX-tag. In cases where 
MDP1 Msm 

bundled multiple DNA regions, two peaks ap- 
peared in the distribution of the distance between HUR Msm 

and TRX ( D HUR-TRX 

, Figure 4 D, top). The peak around 5 nm 

can be interpreted as the distance of the compact MDP1 Msm 

structure at the DNA intersects, and the one around 17 

nm corresponds to extended MDP1 Msm 

of the ‘double-sided 

tape’ cross-linking. Compared with the cross-linking cases, 
D HUR-TRX 

was likely to be larger when MDP1 Msm 

was bound 

to DNA without cross-linking (Figure 4 D, bottom). 
Although ∼20% of MDP1 proteins form dimers in solution 

( Supplementary Figure S4 A, MDP1 Msm 

, d), it was difficult to 

detect the dimer with HS-AFM. Therefore, DNA compaction 

by MDP1 Msm 

dimers was examined by CGMD simulation. 
As seen in the plasmid / MDP1 Msm 

monomer simulation, the 
‘double-sided tape’ cross-linking events were also observed 

(Figure 4 A, MDP1 Msm 

dimer; Supplementary Video S7 ). In 

this model, two types of mIDR Msm 

locations were observed: 
one extending in the opposite direction to each other and the 
other extending in the same direction (Figure 4 E). 

Taken together, ‘double-sided tape’ DNA cross-linking by 
mIDR is the mechanism responsible for DNA compaction by 
both monomeric and dimeric MDP1. Thus, our findings re- 
veal a totally different way of DNA compaction from those 
of previously reported HUs and other DNA-binding proteins. 

mIDR length-dependent DNA compaction and 

growth suppression 

We further investigated the structure–activity relationship of 
mIDR. mIDR is composed of 17–19 amino acid repeat-like se- 
quences (including one or two PAKK repeats, Supplementary 
Figure S1 A). We constructed MDP1 Msm 

mutants whose 
mIDR Msm 

was truncated at every repeat from the C-terminus 
(Figure 5 A, T191 Msm 

–T109 Msm 

). These mutants and full- 
length MDP1 Msm 

were inducibly expressed and purified from 
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Figure 5. mIDR length-dependent DNA binding and compaction by MDP1. (A and B) Schematic representation ( A ) and SDS–PAGE ( B ) of 
mIDR Msm 

-truncated mutants of MDP1 Msm 

. ( C ) Affinity of mIDR Msm 

-truncated mutants for supercoiled plasmid (gel retardation assay). Representative 
gels are shown in Supplementary Figure S8A . Band intensity (mean ± SD, n = 3) and C 50 (mean ± SD, n = 3) were calculated as described in Figure 1 B. 
* and #, P < 0.05 compared with MDP1 Msm 

and HUR Msm 

, respectively (ANO V A). ( D ) Plasmid compaction by each mutant, as described in Figure 1 D 

( n ≥ 22). * P < 0.05 compared with MDP1 Msm 

and # P < 0.05 compared with HUR Msm 

. † P < 0.05 (Kruskal–Wallis test and Mann–Whitney test). (E and F) 
Chromosome compaction after 24 h induction of mIDR Msm 

-truncated MDP1 Msm 

mutants in the Msm �mdp1 strain. R epresentativ e fluorescence 
microscopic images are presented ( E ). The area and major axis length of individual 4 ′ ,6-diamidino-2-phenylindole (DAPI)-stained spots were measured 
and plotted ( n ≥ 220 each, F ). VC, vector control. * P < 0.05 compared with VC. # P < 0.05 compared with MDP1 Msm 

. † and ‡, P < 0.05 (Kruskal–Wallis 
test and Wilco x on test). ( G ) Bacterial growth (OD 600 and CFU) after induction of each protein. Mean ± SD, n = 3. * P < 0.05 compared with MDP1 Msm 

(ANO V A). See also Supplementary Figure S8 and Supplementary Table S3 . 

Msm �mdp1 (Figure 5 B). We observed that only the first 10 

residues of mIDR (T109 Msm 

) were sufficient to increase DNA 

affinity, but the affinity was basically dependent on mIDR 

length, and full-length MDP1 Msm 

showed the highest affin- 
ity for DNA compared with any other mutants (Figure 5 C; 
Supplementary Figure S8 A–C; and Supplementary Table S3 ). 

We next investigated DNA compaction by these mu- 
tants using HS-AFM. When treating plasmids with shorter 
mIDR Msm 

mutants, the plasmids showed less bundled re- 
gions ( Supplementary Figure S8 D). Compaction of the plas- 
mids was basically mIDR length dependent (Figure 5 D). How- 

ever, T173 Msm 

and T191 Msm 

mutants showed similar DNA 

compaction activity as full-length MDP1 Msm 

. T137 Msm 

and 

T118 Msm 

mutants almost lost DNA compaction activity and 

their activities are comparable with that of HUR Msm 

. The 
T155 Msm 

mutant showed intermediate activity. In addition, a 
large difference was observed between T155 Msm 

(56 residues 
in mIDR) and T137 Msm 

(38 residues in mIDR). 
We further investigated bacterial phenotypes after induc- 

tion of the full-length MDP1 Msm 

and mutant proteins in 

Msm �mdp1 ( Supplementary Table S2 ) ( 2 ). As for chro- 
mosome compaction, similar compacted DAPI-stained DNA 
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spots were observed in bacteria expressing either intact MDP1 

or T137 Msm 

–T191 Msm 

mutants ( ≥38 residues of mIDR Msm 

; 
Figure 5E, F). mIDR length dependency was also seen in 

growth-suppressive activity (Figure 5 G). 
Taken together these results suggest that the DNA affinity 

of MDP1 is totally dependent on mIDR length, but a certain 

length of mIDR is sufficient for DNA compaction in vitro and 

in bacteria. 
The amino acid composition of mIDRs is similar among 

mycobacterial species, although the sequence similarity is 
relatively low (Figure 1 A; Supplementary Figure S1 B). The 
mIDR Mtb -truncated mutants of MDP1 Mtb ( Supplementary 
Figure S8 E, F, T188 Mtb –T118 Mtb ) showed similar mIDR Mtb 
length dependency in DNA affinity ( Supplementary Figure 
S8 G, H), whereas a shorter length mIDR Mtb ( ≥44 residues; 
T143 Mtb –T188 Mtb ) was enough to induce chromosome com- 
paction in bacteria ( Supplementary Fig. S8 I, J), suggesting that 
similar properties are conserved in MDP1s. 

mIDR hijacks the HU functions 

HUs are conserved in eubacteria but do not possess an MDP1- 
like IDR ( 14 ). Our data suggest the possibility that MDP1 

mIDR dominates HU function. To test this hypothesis, we con- 
structed fusion proteins of E. coli HUs with mIDR Msm 

(Figure 
6 A, HU α-mIDR and HU β-mIDR) and checked their property. 
GA-cross-linking assay showed that mIDR Msm 

fusion did not 
alter the dimerization of E. coli HU ( Supplementary Figure 
S4 B, HU α-mIDR). As expected, gel retardation assay demon- 
strated that fusion of E. coli HUs with mIDR Msm 

increased 

DNA affinity, which is comparable with that of MDP1 Msm 

(Figure 6B, C; Supplementary Table S3 ). Monitoring DNA 

compaction by HS-AFM showed that a significant change in 

plasmid conformation was not induced by HU α (Figure 6D, 
E; Supplementary Video S9 ). In clear contrast, DNA was com- 
pacted by the fusion protein of HU α and mIDR Msm 

(Figure 
6D, E; Supplementary Video S9 ), indicating that mIDR Msm 

can 

hijack HU function and make mIDR Msm 

function dominant in 

the fusion protein. 

mIDR induces mycobacterial dormancy 

Our data show that mIDR is critical for MDP1-mediated 

DNA compaction by the ‘double-sided tape’ model and 

growth arrest. Finally, we tested if MDP1 and mIDR in- 
duce bacterial dormancy. Using inducible protein expres- 
sion in Msm �mdp1 , we evaluated the effect of intact 
MDP1 Msm 

and mIDR Msm 

fusion of HU on bacterial growth 

and viability by measuring the optical density at 600 nm 

(OD 600 ), colony-forming units (CFU), and by SYTO9 and 

propidium iodide (PI) staining, followed by flow cytometry 
analysis. 

MDP1 Msm 

expression suppressed the bacterial OD 600 (Fig- 
ure 6 F). This growth suppression was not due to bacterial 
death because the reduction of the bacterial CFU (Figure 6 F) 
and increase of PI-positive cells (Figure 6G, H) were low. 
Despite heterogenous expression, either HU α or HU β in- 
duced moderate reduction of bacterial growth (Figure 6 F). 
In contrast, the mIDR Msm 

fusion proteins (HU α-mIDR and 

HU β-mIDR) induced much stronger CFU reduction than 

MDP1 Msm 

(Figure 6 F) without a considerable increase of 
PI-positive cells in flow cytometry (Figure 6G, H). This in- 
dicates that mIDR can induce the non-replicating dormant 
state. 

Discussion 

In this study, we observed the DNA compaction processes 
by MDP1 via real-time imaging by HS-AFM. We found that 
MDP1 cross-linked two adjacent dsDNAs by mIDR and bun- 
dled a long-range of dsDNAs side-by-side like zipping (Fig- 
ures 1 –3 ). MDP1 further formed raft-like multiple DNA bun- 
dles, and consequently compacted an entire plasmid. We re- 
vealed a ‘double-sided tape’ DNA cross-linking model by 
MDP1 mIDR via a combination of HS-AFM imaging of 
MDP1–TRX and modeling by CGMD simulation (Figures 
3 and 4 ). Our results indicate that mIDR-mediated ‘double- 
sided tape’ DNA cross-linking dominates MDP1 func- 
tions and can induce resuscitable non-replicating dormant 
bacteria. 

In this study, HS-AFM imaging revealed that MDP1 com- 
pacted DNA by cross-linking adjacent dsDNAs side-by- 
side like zipping (Figure 1 C). This MDP1 activity prefer- 
entially compacted supercoiled DNA (Figure 1F, G). It has 
been reported that negative supercoiling tension itself nat- 
urally causes the compaction of cosmid-size circular DNAs 
( > 10 kb) into hyperplectonemes of multiple DNA strands 
( 41 ). However, such negative supercoiling tension of DNA is 
not likely to be required for MDP1 to induce DNA cross- 
linking since MDP1 Msm 

bundled dsDNA strands located in 

close proximity, including the relaxed or linear DNAs which 

have no negative supercoiling tension (Figure 1F, G). Our 
structural model of DNA cross-linking by MDP1 also sup- 
ports this result. Our model indicates that electrostatic in- 
teraction is enough to induce DNA compaction (Figure 4 ). 
It also shows that the MDP1 Msm 

monomer did not com- 
pact the open DNA region by DNA bending (Figure 4 ). 
These findings indicate that MDP1 simply cross-links dsDNA 

strands located in close proximity via electrostatic interac- 
tion, and negative supercoiling tension facilitates DNA com- 
paction by MDP1 through locating DNA strands in close 
proximity. 

We previously reported that induction of MDP1 Msm 

expres- 
sion stimulates dormant phenotypes in mycobacteria, includ- 
ing mIDR-dependent chromosome compaction ( 2 ). In addi- 
tion to the results within bacteria, our study revealed mIDR- 
dependent DNA compaction in vitro (Figure 2D, E). mIDR 

alone not only bound to DNA (Figure 2 C; Supplementary 
Figure S2 ), but also compacted the plasmid (Figure 2D, E), 
unlike HUR which does not have such activity . Actually , rela- 
tively wide DNA regions between HUR globule-binding sites 
were intertwined (Figure 2 H). Thus, mIDR is responsible for 
MDP1-mediated DNA compaction. 

We further investigated the mIDR action experimentally by 
employing TRX-tag at the C-terminus of MDP1 Msm 

mIDR Msm 

using HS-AFM time-lapse imaging (Figure 3 ). TRX-His6-tag 
is a 12.6 kDa protein and therefore, due to steric hindrance, it 
partially interfered with the whole plasmid compaction com- 
pared with MDP1 Msm 

( Supplementary Figure S3 ). However, 
the size of TRX was required to distinguish it from other struc- 
tures under HS-AFM. TRX was also distinguishable from 

HUR because the TRX–DNA association pattern was clearly 
different from that of HUR. Importantly, TRX fusion did 

not affect DNA affinity and cross-linking of MDP1 Msm 

(Fig- 
ure 3 B–D; Supplementary Table S3 ). This approach thus al- 
lowed us to carry out single molecular analysis of mIDR ac- 
tion during DNA cross-linking by following the array of HUR 

and TRX globules (Figure 3 H). This single molecular analysis 
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Figure 6. mIDR-mediated DNA cross-linking induces bacterial dormancy phenotype by hijacking the HU functions. ( A ) Schematic representation of E. 
coli HUs and their fusion proteins with mIDR Msm 

. ( B and C ) Affinity of E. coli HUs and their fusion proteins for supercoiled plasmid (gel retardation 
assa y). R epresentativ es of triplicate gels are shown (B). Band intensity (mean ± SD, n = 3) and C 50 (mean ± SD, n = 3) were calculated (C), as described 
in Figure 1 B. * P < 0.05, compared with HUR Msm 

. # P < 0.05, compared with HU α. † P < 0.05, compared with HU β (ANO V A). ( D ) HS-AFM time-lapse 
imaging of plasmid morphological changes induced by HU α and HU α-mIDR (5 fps). Left, protein-free; right, incubated with the proteins. Bars, 60 nm. 
Time-lapse movies are presented in Supplementary Video S9 . ( E ) Plasmid compaction as described in Figure 1 D ( n = 23). * P < 0.05 (Mann–Whitney 
test). ( F ) Bacterial growth (OD 600 and CFU) after induction of the indicated protein. * P < 0.05, compared with VC; # P < 0.05, compared with MDP1 Msm 

; 
† P < 0.05, compared with HU α; ‡P < 0.05, compared with HU β (mean ± SD, n = 3, ANO V A). ( G and H ). Flow cytometric analysis of the viability of 
m y cobacterial cells expressing MDP1 Msm 

, HUR Msm 

and HU α-mIDR. After 24 h induction of the indicated protein, mycobacterial cells were stained with 
SYTO9 and PI. R epresentativ e flo w cytometry plots of triplicate cultures are sho wn (G). B acterial viability w as calculated from flo w cytometric data (H). 
Both PI + / SYTO9 − and PI + / SYTO9 + m y cobacterial cells were considered as dead cells, whereas PI −/ SYTO9 + were considered as live cells. Unidentified 
cells (PI −/ SYTO9 −) w ere e x cluded from the calculation. Mean ± SD ( n = 3). * P < 0.05, compared with V C (ANO V A). See also Supplementary Video S9 
and Supplementary Table S3 . 
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successfully revealed two possible DNA cross-linking mech- 
anisms (banding or taping two dsDNAs together by mIDR) 
(Figure 3 I). 

In this study, we also conducted CGMD simulation of a 
mini-plasmid / MDP1 Msm 

system (Figure 4 A). CGMD simu- 
lation successfully reproduced the plasmid / MDP1 Msm 

com- 
plex structures observed by HS-AFM imaging and clarified 

the detailed molecular mechanisms of the DNA cross-linking 
by MDP1 Msm 

mIDR Msm 

(Figure 4 B). Our simulation revealed 

that mIDR Msm 

cross-links dsDNAs together by electrostatic 
interaction in a ‘double-sided tape’ manner, which is one 
of the mechanisms proposed using MDP1-TRX (Figure 3 I). 
This is a reasonable model for MDP1 to cross-link DNA 

even in a monomeric form and to even hijack the function 

of HU (Figures 4 B and 6 ). Our model also explains well 
the mIDR length dependency and low DNA sequence speci- 
ficity of DNA binding and cross-linking by MDP1. In addi- 
tion, the CGMD simulation demonstrated more compacted 

conformations of mIDR Msm 

at DNA intersects, which could 

not be observed by HS-AFM (Figure 4 A, arrow). At the 
DNA intersects, multiple DNA strands are crossing in vari- 
ous directions. A single mIDR Msm 

could naturally fit into a 
compacted conformation by associating with multiple DNA 

strands partially in a double-sided tape manner or via sim- 
ple electrostatic interaction. Based on the similar amino acid 

compositions ( Supplementary Figure S1 B), MDP1 mIDR was 
thought to have similar functional properties to that of his- 
tone H1 C-IDR H1 ( 14 , 27 , 47 ). However, C-IDR H1 conforma- 
tion is more compacted by fitting in a steric space of the nu- 
cleosome in vivo ( 48 ). This is in sharp contrast to the environ- 
ment of DNA / MDP1 mIDR complex formation. Electrostatic 
interaction-mediated ‘double-sided tape’ DNA cross-linking is 
a newly observed mode of action in the compaction of bacte- 
rial chromosome without chromatin structure. 

Similar filamentous DNA bundling has been observed in the 
conventional AFM analysis of a DNA complex with H-NS, 
which is generally known as a homodimer protein ( 40 ,43 ). 
Arold et al . reported that, in a DNA / H-NS complex, H-NS 
homodimers are further assembled into a rigid superhelical 
scaffold which is parallelly sandwiched by two dsDNAs via 
a DNA-binding helix–turn–helix structure of each protomer 
( 49 ). Such a rigid and long-range DNA / H-NS / DNA super- 
helix represses expression of genes involved in the superhelix 

( 40 ). Therefore, H-NS overexpression causes a lethal pheno- 
type of E. coli ( 50 ). Meanwhile, in this study, our data pro- 
pose that the accumulation of ‘double-sided tape’ DNA cross- 
linking by MDP1 mIDR induces a long-range zipper-like DNA 

bundling. These bundled DNAs are further bundled into a 
raft-like bundle of multiple dsDNAs (Figure 1 C), which is 
theoretically impossible to be formed by a DNA / H-NS / DNA 

superhelix. However, MDP1 on the compacted DNA strands 
did not look like a rigid scaffold-like structure; rather indi- 
vidual monomers moved more flexibly on the DNA strands 
( Supplementary Video S3 ). Moreover, DNA cross-linking by 
MDP1 is likely to be reversible ( Supplementary Figure S5 B). In 

agreement with the DNA compaction model and our observa- 
tions, we found that MDP1 down-regulates a wide variety of 
genes that are widely distributed in the mycobacterial genome 
( 51 ,52 ). However, MDP1 overexpression is not lethal for my- 
cobacteria, rather it induces the viable but not culturable cell 
(VNC)-like non-replicating bacteria (Figure 6 F–H). The re- 
versible and flexible structure of the DNA / MDP1 complex 

is likely to facilitate the transcription machinery to access the 

minimal essential genes to maintain the bacterial persistence. 
‘Double-sided tape’ DNA cross-linking and zipper-like long- 
range DNA bundling mediated by MDP1 mIDR could be a 
novel and reasonable DNA compaction mechanism that leads 
to formation of resuscitable non-replicating dormant bacteria. 

It has also been reported that bacterial RNA-binding pro- 
tein Hfq binds to DNA and induces filamentous DNA com- 
paction via an unstructured C-terminal tail ( 53 ,54 ). Un- 
like MDP1 mIDR, Hfq C-terminal tail has the characteris- 
tic of amyloids ( 55 ). It has been reported that Hfq forms 
an amyloid-like complex with DNA ( 56 ). Therefore, the mech- 
anism of DNA / Hfq complex formation may differ from that 
of DNA / MDP1 complex although the details remain unclear. 
Further investigations of the structures and mechanisms of 
the DNA complexes of such DNA-binding proteins including 
MDP1 will further deepen our understanding of the regula- 
tion of chromosome structure in various species. 

This study and our previous study ( 19 ) consistently revealed 

that the majority of MDP1 is a monomer in the tested condi- 
tions (protein purification methods, buffer systems and pro- 
tein concentration ranges). It remains unclear why the major- 
ity of MDP1 molecules exist as monomers in solution. Com- 
parison of X-ray crystallographic data of HU dimer ( 17 ) and 

MDP1 Mtb HUR Mtb dimer ( 18 ) does not indicate any clear 
difference in the interaction between two protomers. In our 
previous report ( 19 ), SV-AUC revealed that MDP1 Mtb is a 
monomer in phosphate buffer containing 150–500 mM salt 
concentrations. MDP1 is also a monomer in HS-AFM imag- 
ing buffer whose salt concentration is 80 mM ( Supplementary 
Figure S4 A). In contrast, since ∼30% of HUR Mtb formed 

dimers at 500 mM salt ( 19 ), mIDR probably has the potential 
to inhibit HUR dimerization. However, this cannot also ex- 
plain the difference from HU since HUR is mostly a monomer 
in PBS(–) too ( Supplementary Figure S4 B) ( 19 ). Further struc- 
tural study is required to answer this question. 

In addition, the function of monomeric HUR remains un- 
known. Even in the monomeric form, HUR slightly con- 
tributed to DNA affinity, but not DNA compaction (Figure 
2 C–E; Supplementary Figure S2 ). However, HUR-deficient 
mIDR Msm 

exhibited more efficient and unusual bundling of 
multiple dsDNAs, compared with intact MDP1 Msm 

, and un- 
structured accumulation on bundled dsDNAs (Figure 2 D–
F). We cannot eliminate the possibility that mIDR Msm 

might 
spread more easily on mica in the absence of HUR Msm 

and 

therefore might be able to take action more efficiently than 

intact MDP1 Msm 

. However, it is also possible to think that 
HUR contributes to the restriction of mIDR actions along 
dsDNA. Although the details are still unknown, this might 
be a possible role for the monomeric HUR. On the other 
hand, we do not disregard the role of HUR dimerization in 

MDP1 functions. Our data indicate that the equilibrium be- 
tween monomer and dimer favors a monomer under condi- 
tions tested in this study (Figure 3 ; Supplementary Figure S4 ). 
On the other hand, X-ray crystallographic data of MDP1 Mtb 
HUR Mtb dimer ( 18 ) suggests that more crowded conditions 
induce HUR dimerization. Our MD simulation revealed that 
even in a dimeric form, MDP1 cross-links two dsDNAs via 
a ‘double-sided tape’ model (Figure 4 E). However, constitu- 
tively dimerized E. coli HU–mIDR fusion proteins exhibited 

enhanced VNC induction (Figure 6 F–H), suggesting that HUR 

dimerization could contribute to growth suppression syner- 
gistically with mIDR in the mycobacterial cells. Expression 

of HU α–mIDR caused significantly more mycobacterial death 
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than that by MDP1 Msm 

(Figure 6G, H), although mycobacte- 
rial death was not a major cause of large CFU reduction by 
fusion protein expression (Figure 6 F). MDP1 HUR may have 
evolved into a structure more suitable to regulate mycobacte- 
rial dormancy and resuscitation with minimal loss of viability. 

Here, we revealed a novel and dynamic double-sided tape 
DNA cross-linking by MDP1 mIDR, followed by zipper-like 
long-range DNA bundling, which may play a role in the 
formation of resuscitable VNC-like dormant mycobacteria. 
MDP1 is essential for Mtb growth ( 57 ) and contributes to, 
for example, long-term survival and isoniazid tolerance in 

mycobacteria ( 2 , 11 , 51 ), suggesting an attractive drug target 
for mycobacterial diseases. Our model provides an impor- 
tant insight into drug development against intractable my- 
cobacterial diseases including drug-tolerant latent states. In 

addition, according to the sequence database (NCBI, https: 
//www.ncbi.nlm.nih.gov ), HU orthologs of some other envi- 
ronmentally slow-growing or stress-resistant bacteria (such as 
Nocardia spp., Streptomyces spp. and Deinococcus spp.) also 

possess a similar polycationic tail at the C- or N-terminus of 
their HU-like region. Therefore, the modulation of genomic 
structure and functions via our DNA cross-linking model by 
these polycationic IDRs of HU could be a common mechanism 

for such bacteria to persist under environmental stresses. 
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