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Regulation of gene expression by histone-like proteins in bacteria
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A prokaryotic cell has various histone-like proteins also known
as nucleoid-associated proteins (NAPs). These proteins bind AT-
rich sequence at DNA, which induce DNA wrapping, bending,
and bridging, and subsequently regulate the gene expression in
bacteria. Because NAPs function in transcriptional silencing of
virulence genes, it is important to study their roles in gene
silencing and specific mechanisms of these proteins. In this
review, we discussed two well-known NAPs, H-NS, and HU,
and summarized their roles for gene expression in Escherichia
coli and Salmonella Typhimurium. Through the oligomerization
and filamentation of H-NS, it represses the expression of
virulence genes in human pathogenic bacteria, such as Salmonella
Typhimurium, and it works with other NAPs positively or
negatively. Recently, H-NS also regulates typhoid toxin expression,
which causes typhoid fever and systemic disease in human.
Additionally, HU regulates the expression of genes related to both
virulence and physiology of Salmonella. Therefore, we suggest
that NAPs like H-NS and HU are crucial factors to reveal the
molecular mechanisms of virulence gene expression in bacteria.
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A2 5] A% histone)o] Y, 5|AE Bre) 7)o
QI - o] o] o] 4] ek, 5] AE-L thul 24}
515 1)1 9Jo] -S4 AaHE W DNAS} Zkslo] Zu}
(chromatin) ] 72 ¥i&lo]) 5-S 1) W o2, eyt &
= oJslo] HY 5 2] ME(post-translational modification)
| ojitet. o]2i gt 5| AL 0| W& Amutel ol f47

W& of e oJdkS = 4~ QltKBannister and Kouzarides,
2011). 1) A |2 5] A Ehl 3} Zo] DNAO] AFHsHe
chul o] ZAfahzs), 0|24 5]2E A} Tl histone-like
protein)o|2}aL ). SFANE, 3| AE SAF Tl A o] g} o] 0]
o] Thul 5] 71X 3L Qliz 31§ 7] ahe thErhs 7ol
Qloja], A o 2 Mk oAt Tl A (nucleoid-associated
protein, NAP)2}al E2] 11 Q1t(Drlica and Rouviére-Yainv,
1987; Dorman and Deighan, 2003; Dillon and Dorman, 2010).
8] A B 50) T NAPE 7H4 11 91X, o}
ol5o] PAIH 0.2 oG A §A A A =7lo] it
Q17 58514 gl 3R 0| NAPE DNAC] 23t 4 9)
o}, DNAE -52) 7] U(bending), 714 (wrapping), = <]
Z15HT1 91 DNASFDNA Afo] ] th ] & gkbridging) < a1o]
DNA 9] wgfu} F =2 of] & & = 1 tH(Dillon and Dorman,
2010). WA B = Fo 4= NAP7F S22 A S of A 2
Aet=A] 471 91stod], FA7HA] HALE NAPO| Fd 44
-] B3t A= Aty 58], L FRIF TSRt
NAP ZFof| A 717 2 e A Qli= H-NS&}HU ©THi 2 o] 41
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2 SARe| thEXQ| NAPQ! H-NSo| X9t £
714 2 &2 7 NAP 2 &= Histone-like Nucleoid Structuring
protein (H-NS)©] 1tk H-NS ©@&F4|(monomer)+= 15.5 kDa
O] 22 Tl A = 250l T d] DNA O] -2 7 Ko
ZF A 4 Aokl g F o, AR DNA o549
minor groove2} AT-richA] & o 2 Aglstth= 7l o] L Hth
(Navarre et al., 2006; Grainger, 2016; Singh et al., 2016).
H-NS= A-29|| Escherichia coliol| A WAE]S) 0, Salmonella
Bk o2} ole} /7ke ek SAI Sl ol AL 9l
th E. coli®] H-NS L 25 H 9k ), N-Ttto] 471 9] a-helix
(al, @2, 03, a4) 22 7HA| 1 91T, 0] 388 o] 45ho] T2
H-NS ¢} Agls}lo] 28] 313K oligomerization)E & 4= Q1 ch.
al, a2, 03 =] Q1S 0]-85}¢] head-to-head 23}, 32} ad =
0]-& 0|83} tail-to-tail AE-S Sk 4= UTHEsposito et al.,
2002; Bloch et al., 2003; Cerdan et al., 2003; Arold et al.,
2010). C-Iet F-9]=DNAof| 2ga = 3= =rjle= =
7112] B-Sheet (31, B2)2} 5HA] a-helix (a5) 712 11 310 helix &
7} 21 QJtk H-NSE= 29} a-helix & 3£ 35|31 ¢)+=side chain
Atolof] ZAstaL gl arel(loop) 25 ©]-§-5+e] DNA 2
minor groove 2] AT-rich A & o]l Ag$tcH Gordon et al., 2011).
Z12]31, H-NS 9] Z2] a3l 2 Qlsf 34 ¥l DNA S| efH E
e 1A% A= FAAEE S A = Qo] He
=4\, £3| Pseudomonas aeruginosa®] H-NS family <= 3}
el MvaTE AP Al 7S ), higher-order -22] D2HIE Y}
497 kS Wk ofLe}, 0|9} Ao DNAZ HetalE 7
25 sk & W, AAIE o E FAAEo] B s =
AL Q15+ tWinardhi ef al., 2012). 71237 H-NS+=DNA
2} DNAE ¢12351=DNA-bridging-2 & © 7|, DNA-H-NS-DNA
2 o] Foj%l the](bridge) 25 A5t HAARE S A
3} 4= QItHAmit ef al., 2003; Dame et al., 2005). E. coli®}
SalmonellaZ- ©]-8-3F Chromatin immunoprecipitation (ChIP)
A9 5l, DNAQF A9sal Q1= H-NS e E 25
oF 5= )], o] WM E 2= 229k Mg 51, pH 53}
e 879 ado] wiso] uhe} 234 thE 23S By
et al., 2010). EZ Q] & 591, Liu 5(2010)2 in
vitro 219 53510], H-NS7}5 mM o512 Mg* 4 Ieof| A=

o

=32l A Als4d AllE

ShLto] o] F 1419 DNAOYE AjlsHaL QL= linear H et E
£ el Qs A8 TSSO, S mM o] 41| Mg 5
of| A= o] 514 DNA S} bridged HetHI ES /4 S QL
25 s}olslgith(Fig. 1). 18] 12, H-NS= AT-rich A o] &
2 I Z W E| 4]0 4] DNA-bridging2 ¢ © #, RNA =38
AE 7ol UK Limet al., 2012). 0|2} Zo] H-NS Q] 2%
LA 2FH-NS ] 2] 31w 3}, 2123l G A o] A ekof 3
AlE Ho| e 5ol ZUshA X3 = Sl o] 27t A9
o2 H-NS 9| &2]110 519} DNA Aol 523k =r| el
U= B 7HA] ofu| AR 2 E ThE opv| 4o 2 2] glsto]
Tk point mutant S ©]-8-3H A3l So] Wol YUtk 15
of| Al %= H-NS 9] ofriit A H 2181~63 A Ato] 9] 2] &2
H-NS dimerization®]] 83t $]x] 2 L&A =g, 7L Z9
A& 308 A of] =4kl Leucine & T ofn] i Ako 2 X] 3}
X171 £ 41 R10)(L30D, L30PYE 47 & ol Alsh 7]'5
& o o)A 53 4 Q13T SR LI0K Slo] 28 7

of = wild type} H]S=28} A silencing©| THA] 3] & &= A&
oF 4= 1 Y th(Ueguchi et al., 1996,1997; Lim et al., 2012). o]
TS FolA, H-NS O] Eejarmsle] Fa 3t opn|icit %17
sho] k= Qlsl, H-NS O] 24211 QJA|7-20f w7}

mw ue o

( )

High Mg?*

H-NS

< Bridged filament >

< Linear filament >
\_ J

Fig. 1. The formation of filament structure by H-NS. Oligomerization of
H-NS makes two different filamentous structures with DNA, linear and
bridged filament, according to environmental conditions. For example,
Liu et al. (2010) observed that H-NS formed a bridged filament in high
Mg?" concentrated buffer and formed a linear filament in low Mg®*
concentrated buffer (Black line indicates double-stranded DNA).
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Fasiths A8 o] 0, WehlE 2o B
ukgl o7 FHANS o] 4 20l Aol ot AL o
A<

o
2
o

N
%

-

N
]
2

M do o gl ox
N
il

)

dimerizationd}7) E.t}i= DNA 2% &Alo] 9= x|Ho & oF
H A =d], 11507 of] =4kl prolineL- alanine ©. 2 2] $ks}
H, DNA 23 28/d A ofl= o/do] §lot, H-NS&| &2fiL
3o B4 7} 1B 3F THSpurio ef al., 1997). o] 23t A1
B2, H-NS O] A= ¥k Qlsf C-uth =w Q1= N-
O] h -l T Aol S A e UE E

Ak

i

¥ 1l
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H-NS2| DNA Zgint [ZX} e
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E. coli®} SalmonellaZ ©)-83}F ChIP-seq £-4-2- Z5}o] H-NS
7} A3st= DNA A3t 54 2 E| 7} Bh& F T Grainger
et al., 2006; Kahamanoglou ef al., 2011). ol A A3} %
o], H-NS= AT-rich 7] A gl & Age = ql=tl, 53] 4=
YA GFH A} o] E(horizontal gene transfer, HGT) 2.2 Ao 2]
AL F-9)= AT-richeh= 5745 7HA| 3L Q7] wize], o] =
A o7 EA(virulence) G AAFE-S H-NSo|| 28] drad o] oA
Ft}h H-NS+&= 5~6 nucleotide 2 ©]F0]% oligonucleotide©]]
Agletriar & A It (Lucchini ef al., 2006; Kahramanoglou
etal.,2011). H-NS7} At 26 thE2 H-NS & 28 Eo¢),
H-NS €] spreading©] o014 A, A= 0.5 kbol 4] AAI=
50 kb ] DNAQ} Aslslo] M E 125 g A3tk (Kotlajich
et al., 2015). Kahamanoglou 5(2011)-2 o]ujj 1 kb ©]5}2] H]
2] Z-2 H-NS 23} 2 )= “short H-NS”9} 1 kb o]A}9] 71
H2|E “long H-NS” & E-7530=1, HGTE dolxl {1}
=< 7= long H-NSof| £3Hth= ARalE & 4= Q181 o=
HGTE dojxl &
o} oo AT A7 ES 7HA AL 55 S giet A
A& hns A7} AAE Ahns ZAR )& 7FHA] 2L AA

AN A RO o, HNS7H ARSI Sl 5
of A7k 2AL Aol 4 7o) Itk A 2 4 913l
Ol HNS7F A A 0.2 ARl Qs AR5 W
732 71916, o]2} |2 H-NS ] o] gAIet Ahns
HHolof A o5 d(motility) 2} YA ¥ F(phenotype)
ojH 2] = A5 WA 4 ATE AR = o5 Aol
FAAEE H-NS O] Agto] glo] A Ao ks
AA7E o b A & 4= Sl o] A", H-NS+=
Tl ARt ofU e, nj g Eo] A 7)ol
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H-NS2| Salmonella = Xt el =&
Salmonella’=HGT = Q]2 Salmonella pathogenicity island
(SPDHE & 57l 7}A) a2 9131, @A} 7HA] SPI-1, SPI-2 8- A z}-9}
H-NSe}o] A of| thet A-5o0] EdsA| Ry %] AL ik 4]
SPI-1 -FHAE-2 Salmonella7} 7 AFT| A 3zof| =g ufjo]]
gt fARRE0] AL, SPI-2 AR Hj4) 4| 3E(macrophage)
Y 23 Z40] BRste] Aol HEH O systemic
disease & -3ttt A Q= FHAAE ot (Ellermeier
and Slauch, 2007; Fass and Groisman, 2009). SPI-1 §- A A=
9] A} 2 A }(transcriptional regulator) 2 221 HilD+= SPI-1
Woll &Ast= g FAxFe) A= ol o] A5 F3ll,
HilD7} SPI-2 AR AR ssrABO A& =8 4= k=
Zo] Y15 X1 A SPI-13} SPI-2 Ato]ofl+=transcriptional crosstalk
o] g1tk o] A A thFig. 2)(Bustamante et al., 2008). Martinez
5(2014)°]| ol &l ¥ra] %l vl b2, Salmonella7} =74 F4
A2 urg ol 3h= 5ol A HilD 7} ssrdB 5 A2bo] 235}
o, ssrABS] WS A5} Qli= H-NSo|| A2 0 =2 28
517] wfjiZoll ssrdBo] AARE FXIAA 4= QUthFig. 2). 3L

(" )

- )
HilD A
\ o g .
\ Antagomzmg'agamst l'-I—N.S
\ and transcriptional activation

‘N:,/» O O

SPI-2 |_’i i ; 2

Transcriptional crosstalk between SPI-1 and SPI-2

\_ J

Fig. 2. Transcriptional crosstalk between SPIs (Salmonella pathogenicity
islands). HilD plays a role in regulating transcription of SPI-1 genes and it
also located in SPI-1. According to Bustamante et al. (2008) HilD can
induce expression of ssr4B, which is a transcriptional regulator of SPI-2
genes and they suggested there is a transcriptional crosstalk between SPI-1
and SPI-2. Especially, when virulence genes are required for Salmonella’s
survival, HilD binds to ssr4B and acts antagonistically against to H-NS.
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SsrB AA| 7} H-NS ©] Z3hS thA|5}o] H-NSej 2Jsto] f-r= k|
L oAz} U A2 BIA A, HALS ST 4 olr,]_
(Walthers et al., 2007). 0|27 Salmonella B3t oy 2}, ¥

/P Gl R A2 AU ﬁ@ﬂ%oﬂ
-g-3iAl Aebd7] fisted, =4 RS EH A AL 517]
sl HNS o] 12k 04 9 oAl kel ik, o)
A4k, Z2z20] AJgte] QA o) A= o] WA AltSo] A

1_.

A LR A7t FA| = o of Fht. Ei“i H-NSof <jzt
B4 gl 0421]2} o] AAe] wrdo] oA fre sl
AR v 7] = U2 - S astthFig. 3).

ol s Lroﬂ 4'6} , Salmonella7} AFgo| Al 1A
942 ol 1] 5}= typhoid toxin ] 3 A A= H-NSe] )
| 4] 27tk Typhoid toxin o] & AT A ER o] Fo]7]
A 2, Salmonella©l 7+ A Ao Al ol EAet=
SalmonellaS- 335131 Q)= 9 3Z(Salmonella-containing vacuole,
SCV)2] lumen®] ¢+& o & Hu|=H ). Salmonella®) typhoid
toxin&SCV A o et &l =] 11, 71 @] 3H7 ofj A= i3 o] o

Al=]o] Qli=tl, o] wj o] ‘ﬂa‘ A& H-NS7} A8kt QlthFowler
and Galan, 2018). ©]& %3}, H-NS7} Salmonella®?} 2+ ¢
A A S A ] 507 Bl R, HNSS o] §

AT-rich AT-rich AT-rich AT-rich

< virulence gene >

@ virulence gene induction signals
Transcriptional activator or

antagonizing factor O

AT-rich AT-rich AT-rich AT-rich

< virulence gene >

O

Releasing of H-NS from its binding site promotes conformational changes
of DNA structure, RNA polymerase binding, and transcription

Fig. 3. The regulation of virulence gene expression by H-NS. Under normal
condition, expression of virulence genes is repressed in pathogenic bacteria.
However, when bacteria meet some signals (e.g. immune response of host)
that trigger the expression of virulence genes, H-NS proteins are released
from their binding site by some factors such as transcriptional activator or
antagonizing factor.

=32l A Als4d AllE

e

Sol Y RAAE AN I e BEE et
O
=

AAE = Ak

H-NS2}t CI2 Nucleoid—associated ProteinsS0i| 2[5t &
Fixt W X
H-NS& #A1E7]2] homodimerS o] £o] £2]1m3}at
4= Q1A 4L, T2 NAPE 1} heterodimerE 0| Fo] AAE 24
g 4= Qlth E. coli= 37}A] H-NS G-AF Tl 2(StpA, Hha,
YdgT)< 7FA AL §laL, o] A 7FA] NAP+= H-NS¢} Aot o
4= kA 2 e A Q) tiJohansson and Uhlin, 1999; Nieto et
al., 2002; Paytubi ef al., 2004). £3], Hha=8 kDa 2] 2}-2 1}
212 DNA 2pA| o= A7t 4= gIAIRE, o] Thall 2 o N-et %
o]l H-NS 9| &2 ste] H 3t = ¢l Hl=g =r|Ql
< 7HA1 AL §lo], H-NS @} A5at 4= Qlth Hhai=E. coli SKoj| A
haemolysin @ #|Z(hlyCABD)2] AAAZE LA 9L M
kol 2}, Salmonellao)| 4= Hha® H-NSQ] X4 -2 vt}
I gl =4 AR I E3F 24| S tHNieto
etal.,2000). 712] 12 Hha®} YdgT-S B3I 7| H, H-NS 2
target © & 2 ot A QI = HGTE Aol SAE S W
3} who] 8% %] 9t Ueda er al., 2013). 0]= Hha®} YdeT7} o
3] H-NSe} 23He 4= Qli= 5T 7FA] AL Ql= Alo] ofy 2,
FRAA A Ao = o] e 4= QS-S HojET o9 o]
HANS2} g 2Helo] 84 S8 S 2451 NAP7} 9lc}
H, BH 2 H-NSof| &Jgt {32 4 oA 5 Waliol=NAP=
ATk H-NSof| o3k ZA} oJA]lof] Lo A o3 —4‘?_] 292 H-NS
o] &e]armsto] o]5to DNAZL 8| o 3+
71 Qtofl RNA S3ta vt 26 A= ﬂﬁ AlZ1A] OPE A
o]t} ol & £, rrnBribosomal RNA §-AA} o] T2 g B2
o H-NS7} 22|11 3}= 3131 Q) ©H, RNA S3ha A= A A}
WA F-9) o Aglslo] oFo =2 AR 5HA] 55517 HeH(Schroder
and Wagner, 2000). 3}-A| 9+ o|uf], Fisgh= NAPZ} AA} 7HA] F
9] 230]l 2230 24, DNAZHDNA Afo]9] Hloj g2 4.5
Slo] H-NS eyl E FL20f] o3 f-742 A oA of] o}
A4l avkE Yol Fis= Le/datoll A5k 11
kDa®] NAPZ DNAE 72l = 59 84S 7HA L Qe
w2l o] tH(Schneider et al., 2003).

HU CHHEO| S1ze0f Chefot

HU %31 71 who] EA8kaL 9= NAPS sht=, 229
histone-like protein from E. coli U93 0.2 WA= 131, E. coli
of o] ZAsH=NAPY it ofu] 2}, of 2 thefRt Alatol] &
A5}kar lckRouviére-Yaniv and Gros, 1975). HU=9~10kDa .

TR o] =H
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2 H-NSH T} 2FS thal 2 2 g-subunit¥} B-subunit & & o]
o4 S0, 217k hupA®} hupB SRRl s skEe] QIck
(Kano er al., 1985, 1987). 0] % 4th9]#| = Nt} 7] olo] ¢
-helix F+Z& %3} homodimer (HU,, HUg,)Y} heterodimer
(HUwp)E FA3te] 7]53tcKClaret and Rouviere-Yaniv,
1997). o] Al Feje] HU dimer:= A% thA| ol wle} 2+ HU
dimer 2] oFo] G2t AN HU 7t & AR TGA o A T &2
< ZA| g} 12|41, HU= DNAo] H| w4 v]Eo|go = 2
AeFA| AL, Atk DNAO] ZAgHsl HUSEDNA Abo] o] 54
Q1 E3 A7 3 /g = o] DNA G227} 1 1= HA|, DNA S|
HeH-E G =SFoKSwinger et al., 2003). T, HU=DNA| 2
A = Q1S Rt ofu 2f, RNA || Ag}sto] Al $-of whal 2l
AL HHefEr 4= Qlttar o)A ¢ th(Balandina et al.,
2001). Oberto S(2009)-2-E. coli®] HU 447} A7 E1io]
7} 3% AshE Holn, theRtt RHF S Kol Eoh= A4S
2317 o, o] Heliiole] MAVIE BAlelo] et %
529] A 0] Q1014 HUe) gk o ek
#], HU= A<t 2 A1k supercoiling, ZL2] 37 acid-stress o]
ostal Q= AR WES 245k 9tk Mangan 5
(2011)& EZHHU || Y5 Wz F-2AE oty] -.—]o]—OI]
Salmonella®| A hupAL} hupBE 217 -2 %= ZAPA|Z]
GHOIZ HEo] HANE A2 s, 1 A, A
hupA ShupB 25 AR E EAHo oA B& A9 W
do| S7HEAY FAaE AL sk B3], ddo] A
H FAARE FolAl, H-NS o] 2o = JEH a %‘LO] xagass
T}t o7, SPI-17} SPI-2 34 zFS0] HU
Adgge] vt g2 darvt dojdti= A& éfv\— Ut ot
2hA], H]E HU 9| o] 7]-5-2 H-NS &} Hith &

HU E3t Salmonella ] =73 AA 2 7)2)
of glolH Fagh el s
2 I E F- A= ofY AJRE, o]
ol THE ARt ddof =
sFoLt o] EdWol & xE Y
of MFote 58 B3 dad
al., 2011). wahA], HU ©haiRl e =41 o
Salmonella®] physiology Z}A| ol T
= Q7] wfZoll, Mg Alate] Aol 9
Fhtargot SHj 2R A7He} 5 9k
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£t Halet HU gigio| 2
A ES FU Rl ThekRt @l A88 Ukl $isl o
2 S Ut ol & 5o B md=2 Ak |

HE-g-ofl th-g-5tof Aobd 7] flete] 472 WE A7
, L AR o] Ap4lo] Aobrh= g7 o] WS, o]
of| vk5-5to] 23t A= WA 7| 2L 52 23 FA =
A AAIRIE A S FEA AEA S OA E.
coliG A5} 37°Cof| A v stttz 15°C ofsfe] e 2
T2 ujQF 2= 5 BHLE= cold shock-& 55913 off thst ciAL
Aref 2] WS W i Giangrossi ef al., 2002). ol & 9], E.
coli=cold shock-2- BER}OER} ZA] CspAet=cold shock THH2
2 U351 L], NAPQI H-NS2} GyrA o] {210 & 3} 5
T3tk HoFA|(Nucleoid) 2] G-%= cold shock ©]3-o]| DNA
supercoilig®¥ 9tk o}y 2} thofst DNA A vl E(rearrangement)
T} -2-=(condensation)& Z+=CHLa Teana et al., 1991; Jones et
al., 1987; Bae et al., 1997; Mitta et al., 1997). w2}A] Giangrossi
5(2002)2 E. colittRt of 2}, thE n] =0l &= o] EA 5}
11 9= NAP<QI HUZ} cold shock ©]3-0]| o]E A Fratx]+=X]
gkol5} Tt 0] 52 cold shockS Z-2 E. coli®] HU, 2} HU 2]
TR hupA 2} hupB—J A S A H L) olu, hupA
BELTES
A7Ew - =%t @ EH% 7FA] AL
W2 uf] - oA o 2 dojital, EtstA |

A= Hl—‘:q hupB iX]—El]
oJo] o] 20

E. coli HUa HUB
37C
0 O
0Qo, ©%eg
O )
0° 0o®

Environmental changes
(e.g. cold shock)
E. coli
<15C

v
The expression of specific genes required for cold adaptation
will be regulated by three types of HU dimers

Fig. 4. The expression of HU subunits affected by temperature. In . coli,
the expression of HU subunits is altered while the temperature is shifted
from optimal temperature (37°C) to low temperature (< 15°C). A down-
shift in temperature, which is also called as cold shock, induces different
expression of two HU subunits, HU, and HUj, respectively. Subsequently,
three types of HU dimer (HUy, HUp,, and HUp) are assembled in different
quantities compared with those at optimal temperature. Therefore, three
different HU dimers promote or repress expression of genes for cold
adaptation.
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I QS & S ATk 19 AL, hupB A &R o]0l A
hupA©] mRNA ello] WTRoh thas S7He & & 4= 3l
=0, oli=HUp®| A& B H hupA O] ZAAL A7} oF o}

7] WO = AZEE 4= ATk AAIZ, hupA L}t hupB ] W3
= 737 DAl mebA] Eebd 4= QLA o] 5ol B/dst=HU
dimer @] F-571= Fepd 4= et 135 7] wiiol B/ % Al 714
O] HU dimer9] 75 %= A & t}2t}. HUyg heterodimer 2] 75 -$-
stationary phase-g-St cell viability %] ] u}-¢- 5 Q 3t 5hH
HUg homodimer+= DNA F-30f QlojA] ofj-$- £ @ 8lckar &
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