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Enteropathogenic E. coli and enterohemorrhagic E. coli are food- and water-

borne pathogens that are important causes of morbidity and mortality worldwide.  

These enteric pathogens contain a type III secretion system (T3SS) encoded by the 

Locus of Enterocyte Effacement (LEE) pathogenicity island, which is responsible for 

the hallmark histopathology known as the attaching and effacing (A/E) lesion.  

Expression of the LEE is controlled by a number of global transcriptional regulators and 

two of the most prominent are H-NS, a negative regulator, and Ler, the LEE-encoded 

master positive regulator.  We investigated Ler and identified a second methionine as 

the native start residue.  A trypsin proteolytic protection assay of Ler suggests the C-

terminus is structured and NMR analysis of the Ler C-terminus revealed a structured 

protein not affected by magnesium cations.  Size exclusion chromatography confirmed 

that Ler and its N-terminus form soluble aggregates.  Another LEE-encoded regulator, 

the Multiple point controller (Mpc), has been reported to be important for LEE 

expression in EHEC.  Our analysis demonstrated that Mpc did not have an effect on 



 

  

Ler-DNA-binding nor does it bind DNA itself and so its role in regulation is unclear.  

 

A paralogue of H-NS, H-NST, has been shown to affect the expression of H-NS regulon 

in E. coli K-12.  We identified that H-NST positively affects the levels of LEE-encoded 

proteins independently of Ler and influences A/E lesion formation.  We demonstrate 

that H-NST binds to regulatory regions LEE1 and LEE3, which is the first report of 

DNA-binding by H-NST.  We identified that single and double amino acid substitutions 

(A16V, A16L, R60Q, and R60Q/R63Q) within H-NST negatively affect DNA binding 

and decrease LEE expression and A/E lesion formation.  H-NST positively affects Ler 

binding to LEE regulatory regions in the presence of H-NS. 

Together, these studies provide new insights into the complex regulatory network that 

control expression of the LEE. 
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Chapter 1 

General Introduction 

 

1.1 Enteropathogenic and Enterohemorrhagic E. coli  

1.1.1. E. coli pathotype overview  

Escherichia coli (E. coli) is the most numerous facultative anaerobic Gram-negative 

bacterium colonizing the intestinal tract and mainly resides in the mucosal layer of the 

colon [1,2].  Once thought to be harmless, E. coli are now credited with the ability to 

cause disease with remarkable versatility.  E. coli infections vary in clinical symptoms 

and body site ranging from urinary tract infections, sepsis, meningitis, and 

gastroenteritis [1].  E. coli have been classified into pathogenic categories (pathotypes): 

Enterohemorrhagic E. coli (EHEC),  Enteropathogenic E. coli (EPEC), Enterotoxigenic 

E. coli (ETEC), Enteroinvasive E. coli (EIEC), Enteroaggregative E. coli (EAEC), 

Diffusely Adherent E. coli (DAEC), Adherent Invasive E. coli (AIEC), Uropathogenic 

E. coli  (UPEC), and Meningitis- Neonatal Sepsis Associated E. coli (MNEC) [3].  The 

seven major diarrheagenic pathotypes are: EPEC, EHEC, ETEC, EIEC, EAEC, DAEC, 

and AIEC [1,3].  Outbreaks caused by these diarrheagenic pathogens are a global 

concern, affecting food supplies and causing fatalities [3].  EPEC is found mainly in 

developing nations and causes potentially fatal diarrhea in children under the age of two 

[3].  EHEC causes disease in adults as well as children and is more common in 

industrialized countries.  EHEC induces bloody diarrhea and hemorrhagic colitis which 

can lead to hemolytic uremic syndrome, the latter syndrome caused by the systemic 

effects of Shiga toxin produced in the intestine [4].  In severe cases, renal failure and 
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death can ensue.  These two intestinal pathotypes demonstrate the ability to form 

attaching and effacing (A/E) lesions on eukaryotic cell surfaces [4] and comprise a 

super-category called attaching and effacing E. coli (AEEC).   

 

1.1.2. Attaching and effacing E. coli  

The A/E lesions formed by AEEC are characterized by intimate bacterial attachment to 

epithelial cells and effacement of the microvilli brush border [5].  A type-III secretion 

system (T3SS) is responsible for the formation of these lesions and is encoded by the 

Locus of Enterocyte Effacement (LEE) pathogenicity island [6-8].  A/E lesion 

formation can be described in three stages: 1) formation of the filamentous injectisome, 

2) bacterial docking to the host cell and translocation of effectors proteins and 3) the hi-

jacking of a variety of eukaryotic cell processes triggering cytoskeletal rearrangements 

promoting the formation of actin pedestals.  In addition to A/E lesion formation these 

translocated effector proteins disrupt the intercellular tight junctions, increase chloride 

secretion, and decrease sodium absorption.  Diarrhea results from a combination of ion 

secretion, malabsorption, intestinal inflammation and increased intestinal permeability 

caused by microvillus effacement [1].  

 

1.1.3. Locus of Enterocyte Effacement Pathogenicity Island (LEE PAI) 

The LEE pathogenicity island (PAI) is composed of 41 open reading frames mainly 

organized within five major polycistronic operons (LEE1 through LEE5), monocistronic 

genes espG and map, and a bistronic operon, grlRA. [9]  The LEE 1-3 operons encode 

the membrane-spanning structural proteins of the Type III secretion system (T3SS).  
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Most proteins encoded in the LEE4 are secreted translocators and the LEE5 mostly 

encodes proteins pertaining to the intimate attachment of the bacteria to host cells 

[10,11].  The proteins that make up the apparatus are well conserved among different 

species, while the effector proteins translocated into the host are less conserved [11,12].  

Most xenogeneic DNA in bacteria acquired through horizontal transfer is AT-rich in 

comparison with the native genome [13]. The LEE PAI in both EPEC and EHEC have 

an AT-rich DNA composition of 60% compared to that of the host genome (50%) 

[4,6,14,15]. Both in EPEC E2348/69 and EHEC O157:H7 EDL933 the LEE is inserted 

at the selC tRNA gene [1,16].  

 

1.1.4. The LEE type III secretion system (T3SS) 

The T3SS itself is a multi-protein needle-like complex that comprises more than 20 

proteins spanning both the inner and outer membranes of the bacterial envelope [11].  

The inner membrane ring is composed of many proteins: EscR, EscS, EscT, EscU, and 

EscV [11].  The outer membrane ring is composed of EscC and is connected to the 

inner membrane ring by EscJ [11].  The needle apparatus is composed of the protein 

EscF forming the needle core and EspA forming a filamentous sheath covering the 

needle that aids in bacterial attachment to the host cell [11].  At the end of the 

filamentous sheath, EspB and EspD form the translocation pore in the host cell plasma 

membrane [11].  The EspA filament acts as a transient adhesin linking the bacteria to 

the host cells [11].  It is through this filamentous “injectisome” that LEE-encoded 

effector proteins Map, EspF, EspB, EspD, EspG, EspH, and EspZ are translocated into 

the host cell [2]. The LEE-encoded translocated intimin receptor (Tir) is also 
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translocated into the host cell plasma membrane where it servers as a receptor for the 

bacterial outer membrane adhesin, intimin [2].  Other effector proteins encoded 

elsewhere in the chromosome, Cif, TccP/EspFu, EspJ, and NleA-G are also translocated 

[2].  After effector translocation, the needle apparatus including the EspA filament is 

ejected from the bacterial cell surface allowing closer adherence by the Tir-intimin 

complex [11,12,17]. 

 

1.2. LEE regulation  

1.2.1. Overview  

The capacity of a bacterial pathogens to cause disease relies on its ability to adapt to a 

changing environment.  Coordinated gene expression is important for the survival and 

persistence of the organism.  Both EPEC and EHEC have developed a complex 

regulatory network involving regulators to translate signals to control the expression of 

the LEE operon encoding for a type III secretion system.  Some of these transcriptional 

factors are also encoded by the K-12 chromosomal backbone, such as bipA and hns, 

whereas some are plasmid encoded such as Per (plasmid-encoded regulator).  This 

section will focus on the LEE-encoded regulatory proteins, Ler (LEE-encoded 

regulator), GrlA (global regulator of LEE activator), GrlR (global regulator of LEE 

repressor) and Mpc (multiple point controller) along with a few non-LEE-encoded 

protein regulators that are known to modulate LEE expression through Ler [10].  Some 

of the regulatory proteins are specific to a pathotype such as the perABC operon located 

on the pEAF plasmid harbored by only EPEC strains[9] and other genes such as pch 

EHEC [9,18].  H-NS and Ler are included for completeness but will be addressed in 
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detail later in section 1.3. and Chapter 3.  There are other systems which also contribute 

to the regulation of the LEE PAI such as quorum sensing [19] and post-transcriptional 

processing [20-22] but these topics are outside the scope of this introduction and will 

not be discussed in detail.   

 

1.2.2. H-NS regulation  

H-NS is the major global repressor present in Gram-negative bacteria and is the 

dominant repressor of the LEE pathogenicity island. [23-25].  H-NS represses LEE 

expression either directly through DNA binding of LEE1, LEE2, and LEE3 operon 

sequences or indirectly by limiting the expression of positive regulators such as GrlA 

and Ler [10,24,26].  Several mechanisms have been suggested for H-NS regulation of 

the LEE including RNA polymerase-occlusion or supercoil trapping which will be 

discussed in detail in the following section 1.3.  As with many transcriptional 

regulators, H-NS is influenced by environmental factors and H-NS repression of the 

LEE has been shown to be temperature sensitive, with repression at 25 °C and de-

repression at 37 °C [26,27].  A more recent publication by Barba et al. [24] 

demonstrated that H-NS-mediated repression in EPEC/EHEC occurs at 37° C in the 

absence of Ler-specific activators.  Anti-silencing of H-NS is the principal mechanism 

for activation of LEE transcription. 

 

1.2.3 Ler regulation  

Ler is the master positive transcriptional regulator of the LEE pathogenicity island and 

is essential for the A/E phenotype [9].  Ler is the first protein encoded within the LEE1 
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and is produced as early as 10 minutes post-infection shown by real-time PCR, inducing 

LEE gene expression of the filamentous injectisome, the secreted effector proteins, and 

the regulatory proteins [28].  Ler is known to negatively auto-regulate itself by binding 

to an upstream region of its own promoter [29,30].  In this feedback mechanism, Ler is 

maintained in steady-state concentrations, which are sufficient to modulate expression 

of the Ler regulon including the five LEE operons, the bistronic operon grlRA and 

single genes espG, escD and map. [7,9,23,25,26,28,31,32]   

Ler is an H-NS-like protein that tightly regulates gene expression by binding the AT-

rich minor groove of its DNA target, thereby relieving H-NS repression [9,23,26,32-

35].  Although Ler is not a general antagonist of H-NS, there are examples of Ler 

alleviating H-NS-mediated gene repression outside of the LEE such as the lpf, the long 

polar fimbriae [36-38], and genes encoding the secreted proteins EspC and StcE [7].  

Thus, Ler is considered a global regulator of gene expression in E. coli.  The structure 

of Ler and putative mechanisms of function will be addressed in detail in Chapter 3. 

 

1.2.4. GrlA/GrlR Regulation 

The LEE-encoded regulators GrlR and GrlA are encoded on a bistronic operon and 

work in concert to regulate LEE expression.  GrlA is a positive regulator [24,39] and 

alleviates H-NS-mediated repression by binding the promoter region of the LEE1/ler. 

Growth in 5% CO2 represses the GrlA pathway [24,40,41].  GrlR represses LEE 

transcription by inhibiting GrlA from binding to the LEE1 promoter [29]. It does this 

through a protein-protein interaction where GrlR binds to the N-terminal helix-turn-

helix DNA-binding region of GrlA forming a GlrA/GlrR heteromer [42,43].  In 
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addition, GrlA and GrlR positively affect transcription of LEE2 and LEE4 

independently of Ler [44].  GrlR is also known to bind lipids and homo-dimerize 

[24,42,43,45].  GrlA/R are considered global regulators having been shown to also 

modulate expression of the ehxCABD and flhDC operons which code for a hemolysin 

and flagella, respectively [42].  GrlA controls expression directly by binding to the ehx 

and flh operon promoters and indirectly [42] by increasing expression of the ClpXP 

protease which in turn down-regulates flagella expression [46].   

 

1.2.5.  PerABC in EPEC and Per-like proteins PchABC in EHEC 

A defining characteristic of EPEC is the presence of a 70-100 Kb virulence plasmid 

(pEAF) [1,47], which encodes the plasmid-encoded regulator, Per [48], and the bundle-

forming pilus (Bfp), the latter being an adhesin necessary for localized adherence of 

EPEC to host epithelial cells [49,50].  Per has been shown to regulate LEE expression 

by directly activating operon LEE1 as well as eae, a gene encoding the adhesin intimin 

located in the LEE5 operon [9,48].  The per operon consists of 4 genes, perA-D 

encoding proteins PerA-D.  Not much is known about PerB or PerD but PerA, an AraC-

like transcriptional regulator and the first gene in the operon, positively autoregulates 

the per operon by binding a region upstream of the perA gene to increase transcription 

[18,51].  Thus, PerA counteracts the silencing mediated by H-NS by binding DNA 

upstream of both bfp and per operons with a helix-turn-helix motif located in its C-

terminus [52-54].  PerC, with the aid of another protein regulator, integration host factor 

(IHF), directly increases LEE expression by relieving H-NS repression of Ler 

[9,48,51,55].  Regulation of Ler by PerC is sensitive to growth conditions and activation 
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of per is increased 6-fold in the presence of CO2 [56].  

 

There are proteins homologous to PerABC found in EHEC called PchABC [57] that are 

also referred to as PerC1-1, PerC1-2, and PerC1-3 [18].  Gene deletion experiments 

demonstrated that the pchA/B/C genes were required for full expression of the LEE and 

adherence to HEp-2 cells [57].  Similar to PerC, the PerC-like homologues do not bind 

DNA directly in vitro and were suggested to influence LEE expression with the aid of 

IHF [18].  

 

1.2.6. Nucleoid-associated proteins  

Nucleoid-associated proteins are a group of regulators that exhibit global mechanisms 

for gene regulation.  These proteins can have dual functions contributing to 

chromosome architecture and gene regulation [27,58].  H-NS is not the only nucleoid-

associated protein that regulates the LEE.  Hha in EHEC forms heteromeric complexes 

with H-NS aiding in H-NS-mediated repression [59,60].  Previous studies have shown 

H-NS and Hha co-operatively bind to the LEE1/ler promoter at positions -173 to +11 

and -176 to +218, respectively resulting in decreased ler transcription [59].  

Furthermore, EHEC O157:H7 hha mutants demonstrate increased transcription of the 

LEE1-5, as well as increased adherence to Hep-2 cells supporting the repressive role for 

Hha in LEE regulation [59,60]. 

 

Intergration host factor (IHF) is essential for LEE expression and binds the LEE1 

promoter between H-NS/Hha regulatory regions to alleviate H-NS/Hha-mediated 
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repression [61].  As mentioned above, IHF is also a necessary co-factor for PerC 

activation of LEE expression [56].   

 

The factor for inversion stimulation (Fis) influences DNA supercoiling and has been 

shown to act as a positive regulator when present in low concentrations and a repressor 

when in high concentrations [58].  Activation of ler and LEE4 transcription have been 

shown to be Fis-dependent [62].  Deletion of fis abolishes the ability of EPEC to form 

AE lesions but surprisingly, expression of intimin and its receptor, Tir, were not 

affected [54].  Similar to other nucleoid-associated proteins regulation by Fis is likely to 

involve the co-ordinate expression of other regulatory proteins that have yet to be 

identified.   

 

1.2.7  Multiple point controller (Mpc) 

The multiple point controller (Mpc) protein is contained in the LEE3 operon of EHEC 

and is the fourth identified regulatory protein encoded within the LEE pathogenicity 

island.  Translation of mpc has reported to be necessary for the translation of 

downstream LEE3 transcripts [63].  Over-expression of the Mpc protein down-

regulates the LEE PAI by an unknown mechanism.  Co-expression of Ler and Mpc 

decreased activation of the LEE5 promoter when compared to E. coli solely expressing 

Ler [63].  This is a unique gene/protein as it operates as an activator necessary for 

translation of the LEE3 operon, and a putative repressor where it negatively affects 

transcription of the LEE through a supposed protein-protein interaction with Ler. 

This second function will be further clarified in chapter 3. 
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1.2.8. EtrA/ EivF  

Some EHEC strains harbor a secondary but nonfunctional T3SS on the chromosome 

referred to as the E. coli type III secretion system 2 (ETT2).  Within this gene cluster 

are two regulatory genes, etrA and eivF, that code for proteins, EtrA and EivF, 

respectively, that have been shown to independently repress LEE expression [64].  

Deletion of etrA or eivF results in increased expression of EspA, EspB and Tir but how 

they exert their effect is unknown [64].   

 

1.2.9. BipA  

The BipA protein is a novel member of a ribosome-binding GTPase superfamily found 

in many E. coli serotypes [65].  BipA is upstream of Ler in the LEE regulatory cascade 

and has been shown to positively regulate Ler independently of H-NS, IHF and Per 

[65].  A deletion in bipA led to a decrease in expression of EspA, EspB, EspD, intimin, 

and Tir similar to the Δler EPEC mutation reported by Mellies et al, 1999 [9].  

 

1.2.10. KdpE/Cra and FusK/FusR  

Carbon source availability is vital to bacterial survival within a host, hence it is not 

surprising that sugar catabolism and anabolism pathways influence the expression 

virulence factors.  Njoroge et al., [66] found LEE expression is affected by carbon 

source availability, with 0.4% glucose inhibiting Ler and LEE expression and 0.1% 

glucose enhancing Ler and LEE expression.  This regulation is accomplished by a 

mechanism involving the catabolite repressor/activator Cra and the response regulator 
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KdpE.  These two proteins directly interact with each other in order to bind upstream of 

the ler promoter.  The binding of both proteins to the ler promoter region occurs 

exclusively under gluconeogenic conditions resulting in LEE expression.  The ability of 

KdpE to bind DNA is enhanced by Cra and although it does not have a very well 

defined consensus sequence, KdpE has a preference for binding AT-rich DNA [66].  

The ability of Cra to bind to the promoter region is carbon dependent since the Cra 

DNA-binding capacity is decreased in the presence of glycolytic metabolites (fructose 

1-phosphate and fructose 1,6-bisphosphate).  Cra can also act independently of KdpE. 

Fucose derived from glycoprotein is highly abundant in the intestine [67].  The fucose-

sensing system is composed of a sensor kinase (FusK) and a response regulator (FusR), 

which are activated by fucose.  In the presence of fucose, FusR binds to ler, thereby 

repressing transcription, which down-regulates the LEE.  Glycolytic conditions and the 

presence of fucose decrease ler and LEE expression.  Inversely, a gluconeogenic 

environment will initiate LEE PAI expression.  

 

1.2.11. Quorum sensing 

Bacterial regulation by quorum sensing is a rapidly expanding field of research.  

Quorum sensing is a term used to describe cell-to-cell communication by chemical 

signaling which is correlated to population density [68].  Three types of quorum sensing 

are present in Gram-negative bacteria but only the AI3/epinephrine/norepinephrine 

signaling pathway regulates the LEE pathogenicity island [69].  These environmental 

signals induce the LysR-like regulator quorum-sensing regulator, QseA, which has been 

shown to directly bind the proximal and distal LEE1/ler promoter regions, thereby 
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positively affecting Ler expression [70,71].  In addition to the LEE, QseA auto-

regulates itself and regulates genes involved in metabolism, regulation and virulence 

supporting its role as a global regulator [71].  There are many other quorum sensing 

regulators, not mentioned here, which are intrinsic for the controlled expression of 

bacterial virulence factors [72].  Bacteria have developed this system to adapt and 

colonize their mammalian host and to regulate the expression of virulence genes in 

order to establish infection.   

 

1.3. H-NS  

1.3.1. Background 

Originally named H1, H-NS was identified as a heat-stable protein with an ability to 

affect RNA polymerase transcription in vitro [73,74].  Further research on “histone-

like” proteins several years later led to the name heat-stable nucleoid structuring 

protein, as well as the name histone-like nucleoid structuring protein H-NS [75-78].  

Early literature had several aliases for this H-NS/hns including H1 [73], B1 [79], cur 

[80], bglY [81], H1a [82], 16K [83], pilG [84], osmZ [85], drdX [86], and virR [87].  But 

most commonly the protein is referred to in the literature as the histone-like nucleoid 

structuring protein.  The gene hns was first isolated from E. coli in 1988 by Pon et al, 

[88].  H-NS is well conserved in Gram-negative bacteria [89], and is positioned at 27.5 

min on the E coli K-12 chromosomal map [85,86].  Although H-NS is commonly 

encoded on the chromosome, plasmidic forms have been identified on conjugative 

plasmids such as the IncH1 group of Salmonella enterica with each having unique 

functional characteristics [90].  H-NS changes DNA topology by looping, bending, and 
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bridging DNA [91-93]; however there is no protein sequence homology with eukaryotic 

histone proteins, and it does not form nucleosomes.  H-NS is a member of the nucleoid-

associated proteins which are involved in the majority of DNA “transactions” [27] 

including but not exclusive to nucleoid structuring and DNA replication.  H-NS 

globally modulates and represses a vast regulon, including horizontally-acquired 

virulence genes [27,94-97].  The multifactorial function of the H-NS protein involves 

environmental factors as well as multiple protein co-factors that influence H-NS 

function.  In this section, we review H-NS functions and delve into the molecular 

mechanism of H-NS activities and protein characteristics.  

 

1.3.2. Molecular and structural characterization of H-NS domains 

1.3.2.1. N-terminal Oligomerization Domain 

H-NS is composed of 137 amino acids with an estimated molecular weight of 15.0 kDa, 

of pI 5.45, and a net charge of -2.1 at pH 7.  The N-terminus, particularly the first 50 to 

65 residues and part of the central region of H-NS, is responsible for forming multiple 

homo-oligomers with itself and hetero-oligomers with other proteins such as its 

paralogue StpA, which fine tunes H-NS modulation [27,95,98-106].  H-NS 

oligomerization is essential for function.  Detection of H-NS homo-oligomers that have 

been reported in vitro and in vivo include dimers, trimers, tetramers, dodecamers and 

other high order species [78,103,107-112].  Because H-NS oligomerization is 

concentration dependent and sensitive to divalent cations, the biologically relevant 

form(s) is still not yet fully defined [34,107,113,114].  H-NS is composed of four 

coiled-coil helices, which are formed by a discontinuous hepadic repeat where the first 



 

  14 

and the fourth residues are usually hydrophobic [102,103,108,113,114]. Helix 1 (amino 

acids 2 to 7) and helix 2 (amino acids 10 to 16) are both roughly two full turns each.  

The core of the coiled-coil region is a longer helix, helix 3 (amino acids 22 to 68), 

followed by helix 4 (amino acids 72-83) [101-103,113,115].  There are two sites 

involved in oligomerization dimer site 1 (amino acid 1-56) [102,103,113,114] and 

dimer site 2 (amino acids 57-83) [113].  There were conflicting reports about the three 

dimensional orientation and the quaternary structure of dimer site 1 (Figure 1.1 A and 

B).  Esposito et al. [103] reported a parallel dimer from S. typhimurium H-NS1-64 with 

all three helices aligning in parallel and helix 3 from each protomer interacting to form 

the hydrophobic core.  Bloch et al. [102] reported the now accepted model from E. coli 

H-NS1-46 called the “handshake motif”, where all 3 helices are oriented anti-parallel to 

each other to form the hydrophobic core.  The discrepancy in these reports could have 

been attributed to the presence of divalent cations [116], or potentially both 

conformations could play a role in oligomerization [111].  The second dimer site was 

discovered by Arold et al. [113], utilizing a larger truncated H-NS protein, H-NS1-83, 

from S. typhimurium (Figure 1.2A).  The tertiary structure of dimer site 2 is a helix-

turn-helix motif.  Dimer site 2 is involved in forming heterooligomers with closely 

related homologues such as StpA [113,114] that share amino acid identity with dimer 

site 2.  The H-NS superhelix reported by Arold consists of multiple H-NS protomers 

oriented in a head-to-head (dimer site 1) and tail-to-tail (dimer site 2) formation (Figure 

1.2A).  Dimer site 2 orients Helix 4 and hence the linker that would influence the 

position of the DNA-binding domain.   
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Figure 1.1 H-NS Stuctures.  Published structures of H-NS N- and C-terminal domains.  
Two conflicting conformations of the N-terminal domain (panels A and B) and one of 
the C-terminal (panel C) are shown. A. Anti-parallel (handshake) dimer from Bloch, et 
al. [102]. B. Parallel dimer from Esposito et al. [103]. C. DNA-binding domain from 
Shindo et al. [117,118]. 
  

H1#

H2# H3#

H2#

H1#

H3#

C 

Loop#2##
(DNA#binding#mo3f)#

Loop#3#

Loop#1#



 

  16 

 

 

 

Figure 1.2 H-NS oligomerization and DNA binding modes. Depiction of the H-NS 
oligomerization and DNA binding modes taken from Ali et al. [119].  A. Schematic 
diagram of H-NS protomers forming head-to-head (dimer site 1) and tail-to-tail (dimer 
site 2) orientations.  Dimer site 1 is shown in the handshake orientation and illustrated 
twice: in gray and blue and in gray and yellow.  Dimer site 2 is oriented tail-to-tail, 
yellow and blue.  B. Bridging (top) and stiffening (bottom) modes.  H-NS bridging 
mode is seen binding to the opposite faces of DNA causing DNA bending and leading 
to formation of loops.  H-NS stiffening mode is seen binding the same face of DNA 
which leads to elongation of DNA.  C. A three-dimensional representation of the H-NS 
superhelix from Arold et al. [113], depicting 32 H-NS protomers forming a protein 
scaffold.  
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1.3.2.2. C-terminal DNA-binding domain  

The C-terminus of H-NS contains the DNA-binding domain.  H-NS has an affinity for 

double-stranded curved AT-rich DNA [78].  Early investigations found that the AT 

composition of the nucleotide-binding targets was more relevant to binding than 

curvature [96,120]. This model is incorrect, as demonstrated in the report by Gordon et 

al. [121] where curvature is shown to be the determining factor for DNA-binding, an 

issue that will be discussed in more detail later in this section.  

 

Initial research showed H-NS binds AT-rich DNA specifically and non-specifically 

with little difference in binding affinity [27,95].  In fact, H-NS has been shown to bind 

DNA around high-affinity nucleating sites and then continue to spread to other AT-rich 

sites having lower binding affinities, which was demonstrated for the E. coli negative 

regulatory element proU [122].  A potential 10-bp H-NS consensus sequence was first 

proposed by Lang et al. [123] (TCGATAAATT) but it was Gordon et al. [121], who 

demonstrated that the width of the DNA minor groove determines the binding 

preference of H-NS.  DNA that is AT-rich produces a narrower minor groove than GC-

rich DNA, with poly A-tracts (4-6 consecutive adenines) providing the narrowest minor 

groove [121,124-126].  For example, poly A-tracts increase H-NS-binding to sequences 

that are less than 75% AT-rich.  However, DNA targets composed only of AT 

nucleotides were found to bind H-NS with a lower affinity when poly A-tracts were 

within the sequence.  Target DNA whose composition is 87.5% AT-rich, is not 

influenced by the presence of poly A-tracts (48).  Thus, it would appear that DNA 

curvature for optimal H-NS binding follows the Goldilocks principle where instead of 
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the temperature of porridge for H-NS it is the width of the minor groove, not too narrow 

but not too wide, needs to be just right. The composition of the DNA in and around the 

H-NS target DNA provides the optimal conformation [121].  Although earlier 

investigations reported H-NS binding to the major groove [127,128], it is now accepted 

that H-NS binds to the minor groove [33,121,129].  

 

The structure of the H-NS C-terminal region (amino acids 90-137) originally 

determined by Shino et al, [117,118] (Figure 1.1C) and confirmed more recently by 

Gorden et al. [121], depicts a structure composed of three loops that connect different 

secondary structures in the C-terminus.  Loop 1 (residues 100 – 104) connects two anti-

parallel beta sheets (residues 97 – 100 and 105 – 109).  Loop 2, which contains the 

conserved H-NS DNA-binding motif (residues 110 – 124), connects a beta sheet to an 

alpha helix (residues 117 -126). Loop 3 (residues 127 – 129) connects the alpha helix to 

the 310 helix (residues 130 – 133). HNS-DNA-binding occurs at a conserved DNA-

binding motif (loop 2), represented by TWTGX1GX2X3P [89,119], where X1 is often 

occupied by a glutamine or arginine, and X2 is usually occupied by either an arginine or 

lysine.  Both amino acid positions are essential for binding as they are inserted in the 

minor groove of AT-rich DNA acting as the hook, in the AT-hook-like motif [119,121] 

(Figure 1.3).  This motif is present in homologues such as Lsr2 from Mycobacterium 

tuberculosis and MvaT/MvaU from Pseudomonas, and paralogues such as Ler from E. 

coli [94,119,121]. The tertiary structure of the H-NS C-terminus is not critical for the 

AT-hook-like DNA-binding mechanism, as Lsr2 does not share the overall'tertiary 
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Figure 1.3 H-NS AT-hook-motif.  A schematic of the AT-hook-motif of H-NS binding 
the minor groove of a DNA target as published by Gordon et al. [121]. In red are 
components of H-NS involved in DNA-binding.  Glutamine 112 and arginine 114 are 
interacting with the minor groove of DNA and are being the hook. DNA labeled blue is 
involved in the H-NS hook and DNA seen in gray is not involved with H-NS. Residues 
in orange and purple are involved in the DNA protein interaction without directly 
interacting with DNA.  
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structure of the H-NS C-terminus but has an AT-hook-like motif [121]. However the 

AT-hook-like motif forms a well-defined loop structure that is conserved and critical for 

DNA-binding.  

 

1.3.2.3. H-NS linker  

As well characterized as both the DNA-binding domain and oligomerization domain 

are, the linker between the two has also been shown to be important in H-NS DNA-

binding [33,117].  Very recently, Fernàndez-de-Alba et al. [130] demonstrated that 

arginines 90 and 93, which are well-conserved residues in the linker region, directly 

interact or bind DNA to influence H-NS cooperative binding to DNA. This interaction 

with DNA, complemented with linker flexibility, aids in modulating the allosteric 

interplay between DNA-binding and H-NS oligomerization [130].  

 

The flexibility of the linker is dictated by residues 91 and 92 which have an impact on 

H-NS silencing.  H-NS encoded on the R27 plasmid of Salmonella has a glutamic acid 

residue at position 91 and a proline residue at position 92, which make for a less-

flexible linker than the chromosomal H-NS from Salmonella that has alanines at 

positions 91 and 92 [90,130]. Linker flexibility is a variable that dictates regulatory 

differences between H-NS homologues [130].  Although the plasmid-encoded H-NS 

was able to partially rescue a chromosomal H-NS mutant, it had a decreased ability to 

regulate core genes and in those situations where H-NS regulation was maintained, a 

co-regulator of the Hha/YmoA family was usually required [130]. 
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Most structural analysis of H-NS has been conducted with protein fragments because of 

the limitations of the techniques used for such analyses. Nevertheless, a recent 

investigation was able to structurally characterize full length H-NS by utilizing solid-

state NMR [131].  However, the structure was incomplete because they could only 

assign 33% of the residues. Their data suggested that the N-terminal dimerization 

domain may also be hinged, which would contribute to the ability of the molecule to 

recognize DNA.  

 

1.3.3. Binding modes  (DNA bridging vs DNA stiffening) 

H-NS has two binding modes by which it binds DNA. The first mode, proposed by 

Dame et al, [132-134], is DNA bridging, in which H-NS dimers bridge opposite faces 

of the DNA. A later report of Arold et al. [113] further refined this model by describing 

the formation of a higher order H-NS filament that engages in H-NS-DNA bridging 

(Figure 1.2A). This model explains H-NS plectonemic DNA condensation via a 

scaffold mechanism [113].  

 

The second mode of binding observed for H-NS is a stiffening mode where H-NS 

particles bind on the same face and increase the rigidity of the DNA [135] (Figure 

1.2B). Lui et al. [116] identified this second mode and described a molecular switch 

between the two modes triggered by divalent cations.  Specifically, concentrations >5 

mM of Mg2+ induce the bridging mode and concentrations < 5 mM induce the stiffening 

mode. The bridging and stiffening modes can interconvert while bound to DNA, but the 

mechanism of how Mg2+produces this change is unknown. In addition, stiffening 
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decreases with an increase of both temperature and pH where the bridging mode is not 

sensitive to changes in pH and temperature. Of the two H-NS binding modes, bridging 

is the dominant mode. However the importance of the stiffening mode cannot be 

diminished as it is not known how these two modes might synergistically function in 

vivo.  

 

1.3.4. H-NS functions 

Bacterial DNA is structurally organized by a variety of DNA-binding proteins and the 

nucleoid-associated proteins represent one family involed in this process. H-NS is one 

of 12 ‘distinct’ nucleoid-associated proteins in E. coli that maintain chromosomal 

structure as well as assist in other vital biological activities such as replication, 

recombination, and transcriptional regulation [27,91].  

 

An in vivo investigation of the bacterial chromatid distinguished H-NS from other 

nucleoid-associated proteins as H-NS forms two compact protein clusters per 

chromosome in E. coli, in addition to being spread throughout the chromosome. Other 

well-known nucleoid-associated proteins including the H-NS paralogue StpA, are only 

scattered throughout the chromosome [112]. These compact clusters can act as 

“anchors” to not only help mold the nucleoid, but also to alter DNA topology allowing 

genes in the H-NS regulon to be in closer proximity [112]. H-NS helps to maintain and 

stabilize chromosomal structure by compacting the DNA into loops known as 

plectonemic supercoiling [95]. There are two types of supercoiling, constrained and 

unconstrained.  Constrained supercoiling is supercoiled DNA bound by proteins 
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(domainins) that maintain DNA supercoiling during nick or double-strand breaks.  

Unconstrained supercoiling is DNA without domainins that becomes relaxed from nicks 

or double-strand breaks.  H-NS protects the chromosome from total DNA relaxation by 

segregating the relaxed DNA that is necessary for processes such as DNA replication 

(i.e. the replication fork).  For this reason H-NS is labeled as a “domainin”, a protein 

able to form a domain barrier for the 450 known independent topological regions per 

chromosome [136]. 

 

H-NS is the prototype of the H-NS-like family of regulatory proteins, which are 

responsible for regulating transcription of numerous genes in Gram-negative bacteria 

[27,137].  Overexpression of H-NS has been shown to nearly terminate all transcription, 

essentially producing a stationary phase of growth [138]. H-NS regulates ~5% of all 

genes in E. coli K-12 [139], but also plays a key role in regulating virulence factors of 

many bacterial pathogens, including Shigella, Salmonella, enteropathogenic E. coli and 

enterohemorrhagic E. coli [27]. Regulating xenogenic genes by H-NS provides an 

evolutionary advantage to bacteria [95,119,136] by acting as  “a defense system” that 

allows the organism to manage the stress caused by unregulated gene expression with 

the potential to increase virulence [95,96,100,140]. In addition, H-NS can interact with 

other regulatory proteins encoded by pathogenicity islands to modulate virulence gene 

expression that allows pathogens to adapt to the host environment [95].  

 

There are three mechanisms by which H-NS can repress transcription: RNA polymerase 

(RNAP) occlusion, RNAP trapping, and supercoil trapping. RNAP occlusion occurs by 
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H-NS binding its target and sterically prohibiting RNAP from binding [141,142]. 

Polymerase trapping entails RNA polymerase, along with its sigma factors, first binding 

to DNA and then H-NS binding around the RNAP/DNA complex to trap it in place. 

Supercoil trapping affects the DNA topology by constraining supercoiling which 

“locks” promoters regions, blocking RNAP from binding [143].  Key variables in all 

these mechanisms are: promoter strength, environmental factors, and co-factors. 

 

1.3.5. Proteins aiding H-NS repression 

There are proteins that form heteroligomers to aid, complement, and fine tune H-NS 

repression.  A closely related homologue to H-NS, StpA, binds DNA independently and 

complements back repression in the absence of H-NS [95,144,145].  Another family of 

nucleoid-associated proteins that bind DNA and heterooligomerize with H-NS is the 

YmoA/Hha family; these proteins can also compensate for the lack of H-NS [146-149].   

 

1.3.6. Anti-silencing  

It is clear that H-NS is a transcriptional silencer and so overcoming H-NS-mediated 

repression is referred to as anti-silencing [94]. The mechanisms by which H-NS silences 

genes can be divided into three groups: 1) protein-independent mechanisms, 2) DNA-

binding proteins and 3) protein-protein complexes [94]. Protein-independent anti-

silencing involves a wide range of changing environmental conditions such as pH, 

osmolality and temperature in this mechanism [27,95,99,116,150]. Most H-NS 

environmentally-regulated genes are affected by a single environmental factor [99,139]. 

An example of protein-independent anti-silencing is the icsA gene from Shigella in 
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which H-NS repression is temperature sensitive; transcription is silent at 30°C but not at 

37°C [151]. Another protein-independent mechanism involves small RNA interacting 

with hns mRNA which inhibits translation of H-NS thereby causing a decrease in H-NS 

concentration [152]. The concentration of H-NS protein itself is unaffected by 

environmental changes with the exception of cold shock (37 ˚C ! 10 ˚C) which can 

increase H-NS concentrations by three to four orders of magnitude [153,154].  Further, 

there is a two-fold decrease in H-NS concentration in stationary phase compared to 

exponential phase [155]. 

 

The DNA-binding proteins antagonize H-NS and disrupt the DNA-H-NS complex, 

allowing for transcriptional activation.  Examples of this group are VirB of Shigella 

flexneri and the H-NS-like protein Ler from E. coli, which both bind to and remodel 

DNA to displace H-NS [23,94].  There are some DNA-binding proteins that use a 

combination of these mechanisms such as the AraC family of proteins which bind DNA 

and are temperature-sensitive [94].  

 

Finally, protein-protein interactions form heteromic complexes with H-NS that alter the 

ability of H-NS to bind DNA.  This has been reported for both H-NST and T7 gene 5.5 

proteins, which form dominant-negative oligomers [156-158].  The T7 gene 5.5 protein 

has been shown to bind RNA, but H-NST binding to nucleic acids has yet to be shown 

[159]. This is further described in Chapter 2.  

 

This brief overview demonstrates that the H-NS network of silencing and anti-silencing 
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has a multitude of variables and mechanisms, working in unison in the overall H-NS 

network. For the enteric pathogens EPEC and EHEC, there is a complex regulatory 

network that controls the expression of the LEE PAI, a major contributor to virulence 

for A/E pathogens. This network utilizes H-NS and its family of proteins, such as the H-

NS paralogue Ler, to play a critical role in the regulation of these virulence factors. 
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Chapter 2 

H-NST Induces LEE Expression and the Formation of Attaching and Effacing  

Lesions in Enterohemorrhagic Escherichia coli 

 

2.1. Introduction 

The histone-like nucleoid structuring protein (H-NS) of Escherichia coli is the 

prototype of an important family of regulatory proteins that repress transcription of 

numerous genes in Gram-negative bacteria [27,137]. H-NS helps bacteria respond to a 

wide range of environmental conditions such as changes in pH, osmolality and 

temperature [150]. In E. coli K-12, H-NS is a small, 15.9 kDa protein composed of 137 

amino acids. H-NS-mediated modulation of gene expression can involve multiple 

mechanisms including binding of H-NS to regulatory regions of H-NS regulon genes to 

block association of RNA polymerase or by preventing open-complex formation after 

RNAP has already associated with the promoter [27,95,100,160]. These mechanisms 

can be augmented or countered by other nucleoid-associated proteins such as Hha, 

YmoA, HU, factor for inversion stimulation (Fis), and integration host factor (IHF) 

[27,95]. The N-terminal coiled-coil region of H-NS functions in oligomerization, either 

forming multiple homo-oligomeric states or heteromers with H-NS paralogues such as 

StpA, and Hha/YmoA family of proteins [27,95,100]. The C-terminal region of H-NS is 

the DNA-binding domain. The H-NS family of proteins contains a conserved DNA-

binding motif that shares preferences for curved AT-rich DNA targets [96,120,150].   

In addition to modulating expression of backbone chromosomal E. coli K-12 genes such 

as proU and bgl [150,161], H-NS plays a key role in regulating virulence factors of 
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many bacterial pathogens, including Shigella, Salmonella, enteropathogenic E. coli 

(EPEC) and enterohemorrhagic E. coli (EHEC) [27]. The majority of genes encoding 

virulence factors in these pathogens are contained in pathogenicity islands or other 

mobile genetic elements, which are AT-rich compared to chromosomal genes. These 

DNA sequences that are thought to be obtained via lateral gene transfer are termed 

xenogenic (i.e., derived from a foreign source) [95]. Repression of such genes would 

presumably provide an evolutionary advantage in allowing these genes to be less likely 

to have a deleterious effect than if they were unregulated. H-NS, while encoded in the 

chromosomal backbone of these pathogens, can interact with other regulatory proteins 

encoded by pathogenicity islands to modulate virulence gene expression that allows 

pathogens to adapt to the host environment.  

 

One group of gastrointestinal pathogens that illustrates this interaction of H-NS and 

pathogenicity island-encoded regulators is the attaching and effacing (A/E) pathogens 

[10], named for the pathognomonic intestinal histopathology characterized by intimate 

adherence of the bacteria to epithelial cells and effacement of microvilli. EPEC causes 

diarrhea, primarily in infants, while EHEC causes bloody diarrhea and the potentially 

fatal hemolytic uremic syndrome. In addition to these human pathogens, there are also 

A/E pathogens for rabbits (rabbit EPEC or REPEC) and for mice (Citrobacter 

rodentium) [4]. All of these pathogens contain the horizontally-acquired Locus of 

Enterocyte Effacement (LEE) pathogenicity island, which is primarily responsible for 

the A/E histopathology [23-26,31,38,162,163]. The LEE pathogenicity island contains 

41 genes with the majority located in the five operons LEE1-5 [6,8,14,164] (Figure 
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2.1A). The majority of LEE genes encode a type III secretion system (T3SS) that 

resembles a needle-like structure, with the EspA protein forming the filament and 

EspB/EspD forming the pore inserted into the host cell.  Effector proteins are secreted 

through the needle-like structure into the host cell where they manipulate host signaling 

pathways to subsequently induce disease [2,165]. Deletion of the hns gene encoding H-

NS greatly increases transcription of many LEE genes [25,162,166]. 

 

The first gene in the LEE1 operon encodes the LEE-encoded regulator (Ler), an H-NS-

like protein that shares 36% amino acid sequence identity to the DNA-binding C-

terminal domain of H-NS. Ler, composed of 123 amino acids (14.3 kDa), is the master 

positive regulator of EPEC and EHEC LEE virulence genes such as espA and espB, as 

well as non-LEE-encoded virulence factors such as the long polar fimbria (lpf1) and a 

serine protease (stcE) [7,9,32,36]. As a positive regulator of virulence gene expression, 

Ler counteracts H-NS-mediated repression, probably by binding to DNA and displacing 

H-NS from regulatory regions of the Ler regulon [35,36,167]. Oligomerization of Ler, 

like H-NS, occurs through the coiled-coil region located in the N-terminus [32,35]. 

DNA-binding activity of Ler involves the C-terminus, in particular the Arg90 residue 

lodged in the conserved DNA-binding motif of the H-NS family of proteins 

[27,30,32,34,95,165,168]. Ler preferentially binds to curved AT-rich DNA including a 

10 bp long DNA sequence of the LEE2/LEE3 regulatory region, which was identified as 

a binding target for the Ler C-terminal DNA-binding domain [32,33]. The specific 
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Figure 2.1 H-NST positively affects LEE-encoded protein levels.  
A. Regulation of the five major LEE operons, LEE1-5, by H-NS (red) and Ler (green). 
Positive regulation by Ler and repression by H-NS are indicated by open and blocked 
arrowheads, respectively. Boxes indicate the approximate locations of the regulatory 
regions of LEE1 and LEE2/3 investigated in this study. B. The effect of EPEC H-NST 
on the levels of LEE-encoded proteins in EHEC was determined by western analysis as 
described in Materials and Methods. EHEC O157:H7 EDL933 Δstx1Δstx2 strain 
TUV93-0 (lanes 1 and 2) and a ler-deleted derivative (lanes 3 and 4) containing the 
empty expression vector pQE80 (lanes 1 and 3) or pQE80H-NST (lanes 2 and 4) were 
grown in LB to a density of OD600 ~ 0.5 followed by induction with 0.5 mM IPTG for 
30 min. The LEE-encoded T3SS proteins EspA and EspB were detected by western 
analysis of total protein using polyclonal antisera against the respective proteins as 
indicated. His-tagged H-NST was detected using a tetra-His antisera. GroEL served as a 
loading control for total protein. Data shown are representative of four independent 
experiments. 
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binding to the LEE2/LEE3 target DNA involves the side chain of Arg90 being inserted 

into a narrow minor groove while Arg93 helps in stabilizing the DNA protein complex 

[33]. Both oligomerization and DNA binding are essential for Ler antagonism of the H-

NS repression. Antagonizing H-NS repression leading to increased gene expression is 

not exclusive to Ler, since other H-NS-modulating proteins have this effect by a 

different mechanism of forming dominant-negative oligomers [27,95,137,156-158].  

 

Inhibition of H-NS activity is also seen with the gene 5.5-encoded protein of T7 phage 

(gp 5.5) and the H-NS truncated protein (H-NST) of EPEC, both of which have been 

shown to interact with H-NS and hinder its repressive activity [156,158,159,169,170]. 

In E. coli K-12 the gp 5.5 protein has been shown to relieve H-NS-mediated repression 

of the proU promoter in vivo [157], and was shown to diminish H-NS binding to the 

bglG promoter region via interaction with the H-NS oligomerization domain, forming a 

dominant-negative oligomer [158]. Although DNA-binding activity has yet-to-be 

demonstrated for gp5.5, it was reported to form a complex with H-NS and tRNA to 

mask tRNA priming in T7 DNA replication [159]. The 80-residue (10.5 kDa) protein 

H-NST is not present in E. coli K-12 or the majority of EHEC isolates but is encoded in 

the chromosome of some isolates such as EPEC E2348/69, uropathogenic E. coli 

(UPEC) strain CFT073 and C. rodentium [156]. H-NST from EPEC is encoded by a 

pathogenicity island located at the asnW locus [156]. Though H-NST exhibits an overall 

low amino acid sequence similarity to H-NS of only 29%, the first 43 residues of H-

NST share 40% similarity to H-NS [156]. Williamson et al [156] demonstrated that 

EPEC H-NST negatively affects H-NS-mediated repression of the E. coli housekeeping 
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genes proU and bgl by forming dominant-negative hetero-oligomers with H-NS that 

render H-NS inactive when tested in a E. coli K-12 background. These authors further 

demonstrated that Ala16 of H-NST is important for oligomerization and thereby activity 

[156]. DNA-binding activity of H-NST has not been demonstrated nor has relief of H-

NS-mediated repression by H-NST yet been shown for virulence factor genes in 

pathogenic E. coli.  

 

In this study, we assess the effect of H-NST on H-NS-mediated regulation of LEE 

expression. We show that H-NST positively affects levels of LEE-encoded proteins and 

A/E lesion formation. We demonstrate that H-NST specifically binds to LEE regulatory 

DNA regions and further show that Ala16 is required for H-NST-mediated increase in 

the levels of LEE-encoded proteins and induction of A/E lesion formation. 

Additionally, we determine that H-NST Arg60 and Arg63 residues are important for the 

ability of H-NST to bind DNA, resulting in the induction of LEE expression and A/E 

lesion formation. Further, we demonstrate that H-NST is conserved among many 

human and plant bacterial pathogens, suggesting a global role of H-NST in regulating 

the expression of the H-NS regulon. 

 

2.2. Materials and Methods 

2.2.1.  Standard procedures 

Standard DNA techniques, liquid media and agar plates were used as described [171]. 

Restriction endonucleases, T4 DNA kinase- and ligase were used as recommended by 

the manufacturer (New England Biolabs). DNA used for cloning purposes was PCR 
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amplified using the high-fidelity DNA polymerases Phusion Flash (Fermentas) or Easy-

A (Agilent). DNA oligonucleotides were obtained from Intergrated DNA Technologies 

and DNA sequencing was performed by the University of Maryland Biopolymer-

Genomics Core Facility. Bacteria were grown at 37° C in LB or DMEM (Invitrogen 

#11885) media supplemented with ampicillin (100 µg/ml) (Sigma) as needed. HeLa 

cells (ATTC #CCL-2) were cultured in DMEM/F12 (Invitrogen #11330) supplemented 

with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 µg/ml streptomycin 

(Invitrogen) at 37°C in 7% CO2. 

 

2.2.2. Plasmid constructions 

Oligonucleotide sequences used for plasmid constructions are listed in Table 2.1.   

 

pQEH-NST: A 262 bp DNA fragment encoding hnsT was PCR amplified from EPEC 

E2348/69 gDNA using the primer set QEH-NST F/QEH-NSTF R, digested with BamHI 

and HindIII and cloned into the corresponding sites in pQE80 (QIAGEN). Plasmid 

pQEH-NST encodes a recombinant C-terminal His-tagged H-NST.  

       

pQEH-NS: A 434 bp DNA fragment encoding hns was PCR amplified from EPEC 

E2348/69 gDNA using primer set QEH-NS F/QEH-NS R, digested with BamHI and 

HindIII and cloned into the corresponding sites in pQE80 (QIAGEN). Plasmid pQEH-

NS encodes a recombinant C-terminal His-tagged H-NS. 
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pQEH-NSTCr: A 243 bp DNA fragment encoding hnsT was PCR amplified from 

Citrobacter rodentium strain ICC168 [172] gDNA using primers QEH-NSTCr F/QEH-

NSTCr R, digested with BamHI and HindIII and cloned into the corresponding sites in 

pQE80 (QIAGEN). Plasmid pQEH-NSTCr encodes a recombinant C-terminal His-

tagged H-NST from C. rodentium. 

 

H-NST mutant derivatives were constructed by site-directed mutagenesis of pQEH-

NST using the QuickChange XL Site-directed Mutagenesis Kit (Agilent) according to 

manufacturer’s instructions. The plasmids pQEH-NST A16V, pQEH-NST A16L, 

pQEH-NST R60Q and pQEH-NST R60Q/R63Q encoding H-NST substitution mutants 

were generated using the primer sets H-NSTA16V F & H-NSTA16V R, H-NSTA16L F 

& H-NSTA16L R, H-NSTR60Q F & H-NSTR60Q R and H-NSTR60Q/R63Q F & H-

NSTR60Q/R63Q R, respectively. 

 

2.2.3. BLAST searches and multiple amino acid sequence alignment 

BLAST searches were used to identify H-NST present among non-redundant protein 

sequences in the NCBI database using the BLASTp program with an expected threshold 

of 10 and the scoring parameters: Blosum 62 matrix, gap cost was 11 for existence and 

1 for extension, and conditional compositional score matrix adjustment 

(www.ncbi.nlm.nih.gov). H-NST from EPEC strain E2348/69 (YP 002329609) was 

used as query sequence. Proteins identified at a threshold e-value of 2x10-26 or less with 

sequence coverage of at least 77% were considered. In addition, a BLASTn search of a 

database containing a collection of 114 A/E E. coli isolates and 24 reference strains 
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[173] was performed using a threshold e-value of 1x10-15 to identify genes encoding 

hnsT. The multiple amino acid sequence alignment of H-NST was prepared using 

ClustalW2 [174,175].  

 

H-NST proteins from the following 65 strains were used to generate the multiple 

sequence alignment: C. rodentium ICC168 (YP003365612), Dickeya zeae 

(WP019843943), Enterobacter sp. SST3 (EJO48231), E. coli 113303 (ESA61347), E. 

coli 2362-75 (EFR16544), E. coli 2848050 (EMW14361), E. coli 3003 (EII86141), E. 

coli 536 (YP669831), E. coli C262-10 (AIAP01000001.1), E. coli C639-08 

(AIBH01000001.1), E. coli C844-97 (AIBZ01000001.1), E. coli C93-11 

(AICD01000002.1), E. coli CFT073 (NP754305), E. coli CUMT8 (EIL77087), E. coli 

DEC1A (EHU10545), E. coli DEC1B (EHU13728), E. coli DEC1C (EHU11552), E. 

coli DEC1D (EHU23639), E. coli DEC1E (EHU27188), E. coli DEC2A (EHU30556), 

E. coli DEC2B (EHU39793), E. coli DEC2C (EHU44940), E. coli DEC2D 

(EHU46227), E. coli DEC12A (EHX20918), E. coli DEC12E (EHX46652), E. coli 

DEC15B (EHX98907), E. coli DEC15C (EHX01733), E. coli DEC15D (EHX09544), 

E. coli DEC15E (EHX13659), E. coli E2348/69 (YP002329609), E. coli E851/71 

(ALNX00000000), E. coli HVH 125 (4-2634716) (EQR42309), E. coli HVH HVH 225 

(4-1273116) (EQV31905), E. coli HVH 154 (4-5636698) (EQS65207), E. coli HVH 

158 (4-3224287) (EQS57084), E. coli KTE100 (EOW07218), E. coli KTE157 

(ELJ10809), E. coli KTE16 (ELC28364), E. coli KTE192 (ELH08668), E. coli KTE227 

(ELH91245), E. coli MS 21-1 (EFK17805), E. coli MS 57-2   (EGB75116), E. coli MS 

115-5  (EFJ95479), E. coli MS 200-1 (EFJ59489), E. coli 042 (CBG35676), E. coli 
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OK1357 (EFZ69143), E. coli TA124 (EHN89354), E. coli TW07793 (EII95637), E. 

coli UMEA 3022-1 (EQW12951), E. coli UMEA 3108-1 (EQW66083), E. coli UMEA 

4076-1 (ERA50029), Klebsiella oxytoca 10-5245 (EHT00587), K. pneumoniae 

UCICRE 7 (ESM00810), Pantoea ananatis PA13 (YP005993219), Pectobacterium 

atrosepticum SCRI1043 (CAG74542), Pectobacterium wasabiae CFBP 3304 

(WP005969703), Salmonella enterica subsp. arizonae serovar 62:z4,z23:- strain 

RSK2980 (YP001569976), S. enterica subsp. diarizonae serovar 60:r:e,n,x,z15 strain 

01-0170 (ESJ14503), S. enterica subsp. enterica serovar Anatum str. ATCC BAA-1592 

(ESJ09538), S. enterica enterica subsp. enterica serovar Hvittingfoss strain A4-620 

(EHC52821), S. enterica subsp. enterica serovar Indiana strain ATCC 51959 

(ESG993750, S. enterica subsp. enterica serovar Muenster str. 660 (ESB61545), S. 

enterica subsp. enterica serovar Nchanga strain CFSAN001091 (ESJ38946), S. enterica 

subsp. enterica serovar Sloterdijk str. ATCC 15791 (ESF40572), and Yersinia rohdei 

ATCC 43380 (WP004713599). 

 

2.2.4. Western blot analysis 

The effect of expressing H-NST from pQEH-NST on the production of T3SS-

associated proteins was determined in the EHEC O157:H7 EDL933 Δstx1Δstx2 strain 

TUV93-0 [176] and AMH101 [177], which is TUV93-0 containing an in-frame deletion 

of ler. Wild type H-NST and H-NST mutants were produced from pQEH-NST, pQEH-

NST A16V, pQEH-NSTA16L, pQEH-NSTR60Q and pQEH-NSTR60Q/R63Q in 

TUV93-0. Cultures were grown in LB containing ampicillin at 37°C to a density of 

OD600 ~0.5 followed by induction of H-NST expression with 0.5 mM IPTG for 1h. 
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Total cellular protein was precipitated with 5% (vol/vol) trichloric acid, washed with 

acetone, resuspended in 1X Next Gel sample loading buffer (Amresco). Proteins were 

resolved on a 4-20% Tris-HCl Criterion precast protein gels (BioRad) and transferred 

onto an Immobilon-FL polyvinylidene difluoride membrane (Millipore) using a Trans-

Blot SD Semi-Dry Transfer Cell (BioRad). The membrane was blocked in Odyssey 

blocking buffer (Li-Cor Biosciences), exposed to polyclonal antibodies specific to 

EspA, EspB and GroEL (Sigma), and subsequently to Alexa Fluor 680-conjugated goat 

anti-rabbit (Invitrogen). A monoclonal Tetra-His anti-mouse antisera (QIAGEN) and 

Alexa Fluor 680-conjugated goat anti-mouse (Invitrogen) were used to detect His-

tagged H-NST. Detection of GroEL served as a loading control for total protein. 

Proteins were visualized and quantified using an Odyssey Infrared Imaging System with 

application software version 3.0 (Li-Cor Biosciences) as recommended. The levels of 

LEE-encoded proteins were normalized to that of GroEL. The western analyses were 

carried out on four independent biological samples for each strain. 

 

2.2.5. Fluorescent actin staining assay  

The effects of wild type H-NST and H-NST mutants on the ability of EHEC O157:H7 

TUV93-0 to induce A/E lesion formation on HeLa cell monolayers was evaluated using 

the fluorescent actin staining assay (FAS) [178]. Wild type H-NST and the H-NST 

substitution mutants A16V, A16L, R60Q and R60Q/R63Q were produced from pQEH-

NST, pQEH-NSTA16V, pQEH-NSTA16L, pQEH-NSTR60Q and pQEH-

NSTR60Q/R63Q, respectively. Bacterial strains carrying the vector pQE80 or plasmids 

encoding hnsT and its mutant derivatives were inoculated from freezer stocks into LB 
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medium containing ampicillin and grown statically for about 18 h at 37˚C. Cultures 

were then diluted 1:3 in DMEM containing 0.2% mannose, ampicillin and 0.3 mM 

IPTG to induce expression of hnsT, and grown statically at 37 ºC in 7% CO2 for 1 h. 

Levels of wild type and mutant H-NST produced in the preinduced TUV93-0 strains 

were confirmed by western blot analysis. Semi-confluent HeLa cell monolayers grown 

on glass coverslips to ~80% confluence were co-cultured with an initial number of ~1 x 

106 bacteria in DMEM supplemented with 2% FBS. After 3 h of infection, cells were 

washed with Hanks buffer (Invitrogen), fresh media was added, and cells were 

incubated for an additional hour. At 4 h post infection cell monolayers were washed 

once with Hanks buffer, and fixed in 4% formamide in 1X PBS. Coverslips were 

washed three times with 1X PBS, cells were permeabilized with 0.1% Triton X-100 in 

1X PBS, and F-actin was stained using Alexa Fluor 488 phalloidin (Invitrogen) diluted 

1:50. Coverslips were mounted on slides using Prolong Gold Antifade Reagent 

(Invitrogen). FAS assays were independently conducted at least three times for each 

strain. Actin-stained cells were visualized using an AxioSkop microscope equipped 

with a 40X objective and images were captured with an AxioCam MR3 digital camera 

using AxioVision v. 4.8 software (Carl Zeiss MicroImaging Inc).  A/E lesion 

quantification was conducted by counting micro-colonies (>8 A/E lesions) of 50 healthy 

cells from each experiment. The A/E lesions from E. coli TUV93-0 expressing H-NST 

are considered 100% and E. coli TUV93-0 expressing H-NST mutants are calculated as 

a percentage of E. coli TUV93-0 expressing H-NST.   
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2.2.6. Protein production and purification  

Recombinant H-NS, H-NST, and H-NS mutant derivatives were produced from pQEH-

NS, pQEH-NST, pQEH-NSTA16V, pQEH-NSTA16L, pQEH-NSTR60Q and pQEH-

NSTR60Q/R63Q in BL21-DE3 (pLysS) (Novagen). Cells were grown in 1 L of LB 

medium at 37 ºC to an optical density of OD600 ~0.5 prior to induction with 0.5 mM 

IPTG. Proteins were produced for 1 h and cells were then harvested by centrifugation at 

7,000 g for 20 min at 4 ºC. Cell pellets were suspended in binding buffer (50 mM 

NaH2PO4, 300 mM NaCl, 10% glycerol, 40 mM imidazole, pH 8) to a final volume of 

40 ml. Cells were lysed by two passages through a Microfluidics LV1 micro-fluidizer, 

and then the lysed cell suspension was centrifuged at 26,000 g for 70 min at 4 ºC. The 

supernatant of the lysate was then filtered through a 0.2 µm pore size filter (Millipore) 

and applied to a HisTrap FF column (GE Healthcare) coupled to an ÄKTAprime plus 

system (GE Healthcare). After sample application, the column was first washed with 30 

ml of binding buffer at a flow rate of 2 ml/min and then washed with 50 ml of 6% 

elution buffer (50 mM NaH2PO4, 300 mM NaCl, 10% glycerol, 500 mM imidazole, pH 

8) in binding buffer. Protein was eluted with 100% elution buffer and eluates were 

buffer exchanged into storage buffer (50 mM NaH2PO4, 300 mM NaCl, 10% glycerol, 

pH 7.4) and concentrated using an Amicon Ultra Centrifugal Filter Device with a 3 kDa 

MW cut-off value (Millipore). Protein samples were analyzed by SDS-PAGE using a 4-

20% Tris-HCl Criterion precast gel (BioRad), and visualization with GelCode Blue 

Stain Reagent (Thermo Scientific), a technique that provides nanogram-level detection. 

The purity of the H-NST preparation was about 95% as estimated from the stained gel. 
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Recombinant Ler-Myc-His protein was produced from pVS45 in DH5α [32]. Cultures 

were grown in LB medium at 37 ºC to a density of O.D600 ~0.5 before the expression of 

ler was induced with 0.2% arabinose for 2 h. Cells were harvested by centrifugation at 

7,600 g at 4 ºC for 20 min. Purification of Ler-Myc-His was as described for H-NST 

with the exception that 10% glycerol was omitted from all buffers. Purified Ler was 

buffer exchanged and concentrated using Amicon Ultra Centrifugal Filter Device with a 

10 kDa MW cut-off value.   

 

2.2.7. Preparation of fluorescently labeled DNA fragments and Electrophoretic 

Mobility Shift Assays (EMSA) 

2.2.7.1. Preparation of fluorescently labeled DNA fragments 

Fluorescently-labeled oligonucleotides used for PCR amplification of DNA fragments 

containing LEE regulatory regions were prepared as described [179]. Briefly, 5’-amine-

modified oligonucleotides (Integrated DNA Technologies) were resuspended in 300 µl 

of dH2O, chloroform extracted three times, ethanol precipitated in 125 µM NaCl, and 

then resuspended in 300 µl dH2O. The oligonucleotides (5 µg) were fluorescently 

labeled in 100 µl reactions using a ten-fold molar excess of Alexa Fluor® 790 

Carboxylic Acid, Succinimidyl Ester, penta (triethylammonium) Salt (Life 

Technologies) in 100 mM Sodium Tetraborate (pH 8.5). Reactions were allowed to 

proceed overnight at room temperature in the dark. Labeled oligonucleotides were 

purified using G-25 spin columns (GE Healthcare) according to manufacturer’s 

directions. 
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DNA fragments encoding LEE1 P2, LEE1 P1P2 and LEE3 regulatory regions were 

PCR amplified from EHEC strain TUV93-0 gDNA using the fluorescently labeled 

primer sets LEE1P2 F & LEE1P2 R, LEE1P1P2 F & LEE1P2 R and LEE3 F & LEE3 

R, respectively. The LEE1 P2 and LEE1 P1P2 DNA fragments contain the LEE1 

regulatory region ranging from positions -112 to +33 and -301 to +33 relative to the 

transcription initiation site for the proximal LEE1 promoter, respectively. The LEE3 

DNA fragment contains the sequence from +83 to +210 relative to the transcription 

initiation site for LEE3. The primer set rssB F/rssB R was used to amplify a 99 bp long 

unlabeled DNA fragment containing part of rssB, which served as nonspecific DNA 

target. Amplified DNA products were purified using G-50 spin columns (GE 

Healthcare) according to manufacturer’s directions. 

 

2.2.7.2. Electrophoretic mobility shift assay 

Purified H-NS, Ler, H-NST and mutant H-NST derivatives (concentrations as indicated 

in the figure legends) were incubated for one minute prior to addition of 24 ng of 

fluorescently labeled DNA fragment containing the LEE1 P2, LEE1 P1P2 or LEE3 

regulatory regions and then incubated for 20 min at 30°C in binding buffer (10 mM 

Tris-HCL, 1 mM EDTA, 50 mM KCl, 10% glycerol, 50 µg/mL, 1 mM DTT, pH 7.4). 

Unlabeled LEE DNA fragments added in 6-fold excess and unlabeled rrsB DNA 

fragment added in 12-fold excess served as specific and nonspecific competitor DNA, 

respectively. Binding reactions containing both H-NST and H-NS were preincubated 

for 10 min at room temperature to allow interaction between proteins before the DNA 

fragment was added. Further, binding experiments where Ler was added to reactions 
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already containing H-NST and/or H-NS bound to DNA were first incubated for 10 min 

at room temperature, and then Ler was added followed by 20 min of incubation at 30°C. 

DNA fragments were separated by polyacrylamide gel electrophoresis (PAGE) using a 

4-20% TBE Criterion precast gel run in 1X TBE at 52 amps for 60 min (BioRad). 

Fluorescently-labeled DNA fragments were visualized using an Odyssey Imaging 

System at 800 nm with application software version 3.0 (Li-Cor Biosciences). The 

EMSA analyses were carried out at least three times using proteins from at least two 

different protein purification preparations.  

 

2.3. Results 

2.3.1. H-NST induces LEE-encoded protein levels independently of Ler. 

While H-NST encoded by EPEC is known to positively affect the expression of H-NS-

controlled housekeeping genes in E. coli K-12 [156], the effect of H-NST on the 

expression of the LEE and the virulence-associated A/E lesion phenotype remains to be 

elucidated. To evaluate the effect of H-NST on LEE-encoded protein levels, we cloned 

hnsT from EPEC under the control of an IPTG-inducible tac promoter in pQE80 and 

produced H-NST from this construct in EPEC strain E2348/69. Production of H-NST 

from pQEH-NST in EPEC grown to the exponential phase in DMEM did not affect 

levels of LEE-encoded proteins (unpublished data), which might be due to the 

possibility that an effect of H-NST is masked by a relatively high basal level of LEE-

encoded proteins present in EPEC. Since the abundance of LEE-encoded proteins in 

EHEC is minimal in the exponential phase [177], we assessed the regulatory effect of 

H-NST on the LEE using the EHEC O157:H7 strain TUV93-0, a stx-deleted derivative 



 

  43 

of EDL933 that exhibits Ler and H-NS-mediated regulation of the LEE similar to 

EPEC. Interestingly, production of H-NST from pQEH-NST in EHEC grown in LB to 

exponential phase (OD600~0.4) induced the expression of the LEE as reflected by 

increased levels of the T3SS-secreted proteins EspA and EspB by 5.4-fold and 3.1-fold, 

respectively, as opposed to the vector control (Figure 2.1B, lane 2). Moreover, 

production of C. rodentium H-NST, the amino acid sequence of which is 79% similar to 

that of EPEC H-NST, also increased levels of EspA and EspB in EHEC (Figure 2.3, 

lane 7), suggesting that the H-NST proteins from both of these A/E pathogens affect 

LEE expression. These results strongly suggest that production of H-NST has a 

dominant-negative effect on the H-NS-mediated repression of LEE expression in the 

exponential growth phase. Since our data indicated that H-NST positively affects levels 

of LEE-encoded proteins, we further investigated whether the LEE-encoded global 

virulence gene regulator Ler was required for regulation by H-NST. To assess this, we 

provided H-NST from pQEH-NST in a ler-deleted derivative of EHEC TUV93-0, and 

found that production of H-NST increased EspA and EspB levels by 1.9-fold and 1.2-

fold, respectively (Figure 2.1B, lane 4), indicating that H-NST positively affects levels 

of EspA independently of ler probably by hindering H-NS activity as previously 

suggested [156]. 

 

2.3.2. H-NST is conserved in various Enterobacteriaceae including A/E pathogens. 

Since H-NST from EPEC E2348/69 positively affects the LEE, we carried out BLAST 

searches to determine the presence of H-NST among A/E pathogens and other 

Enterobacteriaceae encoding H-NS as described in Materials and Methods. We 
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identified H-NST from 65 Enterobacteriaceae strains of which 32% contained the LEE 

(Figure 2.2A). Those strains included 14 EPEC strains, C. rodentium and six LEE-

positive, bfp- and stx- strains of unclassified phylogenetic lineage [173], which were 

serotypes O157:H45 (strains C844-97, C639-08 and 3003), O114:H49 (C262-10), 

O157:H39 (TW07793) and O157:H- (C93-11). H-NST homologues were not found in 

any Shiga toxin-producing strains such as EHEC O157:H7 and Shigella sp., which 

could be due to the fact that other pathogenicity islands occupy the asnW and serU loci 

of the H-NST-encoding P4-like phage in these strains, as is the case of the CP933U 

island in EDL933 and Shigella flexneri. H-NST is also present in other E. coli 

pathotypes including numerous UPEC strains, enteroaggregative E. coli 042 and 

adherent invasive E. coli (CUMT8), the latter has been associated with Crohn’s disease 

[180]. We further identified H-NST in commensal E. coli including some reference 

strains from the Human Microbiome Project [181].  Interestingly, H-NST also is 

conserved in other human pathogens such as Klebsiella pneumonia and K. oxytoca as 

well as in Salmonella enterica, where H-NST is present in three subspecies and eight 

serovars that are associated with food poisoning outbreaks worldwide [182]. Further, H-

NST is present in phytopathogenic bacteria targeting potato and rice plants including 

Dickeya zeae, P. atrosepticum, Pectobacterium wasabiae and Pantoea ananatis, the 

latter of which is an opportunistic human pathogen causing bacteremia [183]. H-NST is 

present in some A/E pathogens, in other human pathogens such as Salmonella and in 

plant pathogens that utilize H-NS-mediated regulation of virulence factors. This 

widespread distribution suggests a global regulatory effect of H-NST, prompting us to  
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Figure 2.2 H-NST is conserved in various enteropathogens.  
A. ClustalW2 sequence alignment of 65 H-NST homologues from 65 
Enterobacteriaceae. The following strain abbreviations were used: Cr (C. rodentium), 
Dz (Dickeya zeae), Eb (Enterobacter), Ec (E. coli), Ko (Klebsiella oxytoca), Kp (K. 
pneumonia), Pa’ (Pantoea ananatis), Pa (Pectobacterium atrosepticum), Pw (P. 
wasabiae), Se Ana (Salmonella enterica subsp. enterica serovar Anatum), Se Ari (S. 
enterica subsp. arizonae serovar 62:z4,z23:-), Se Dia (S. enterica subsp. diarizonae 
serovar 60:r:e,n,x,z15), Se Hvi (S. enterica enterica subsp. enterica serovar 
Hvittingfoss), Se Ind (S. enterica subsp. enterica serovar Indiana), Se Mue (S. enterica 
subsp. enterica serovar Muenster), Se Nch (S. enterica subsp. enterica serovar 
Nchanga), Se Slo (S. enterica subsp. enterica serovar Sloterdijk), and Yr (Yersinia 
rohdei). An asterix following the strain name indicates strains containing the LEE. 
Residues of potential importance for H-NST function are indicated in color or bold, 
where the Ala16 residue previously reported to be important for H-NST activity is 
shown in blue, the Arg60 and Arg63 residues that could be involved in DNA-binding 
by H-NST are shown in red and green, respectively. The conserved arginine residue 
shown in red is involved in DNA-binding of H-NS and Ler, while the arginine in green 
present in Ler and H-NST is involved in DNA-binding by Ler [33]. An asterisk 
represents identical amino acids, a colon represents a conserved amino acid substitution 
and a dot indicates a semi-conserved amino acid substitution. The heptadic repeat 
defined for H-NSTEPEC is indicated above the sequence alignment. The letters a and d 
represent hydrophobic residues, e and g represent charged residues, whereas positions b 
and c can be occupied by any residue in the repeat. B. Sequence alignment of the C-
terminal regions of Ler, H-NS and H-NST generated by ClustalW. The boxed region 
indicates the conserved DNA-binding motif for the H-NS family of proteins. The 
annotation used for the alignment is as described for panel A. 
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further investigate the molecular basis for H-NST function on the regulation of LEE 

expression. 

 

2.3.3. Identification of residues important for H-NST-mediated induction of LEE-

encoded proteins and A/E lesion formation. 

The current literature suggests that H-NST, like Ler, functions by negatively affecting 

H-NS-mediated repression of gene expression probably by displacing H-NS bound to 

regulatory DNA sites [156]. However, it remains to be determined whether H-NST, like 

Ler and H-NS, binds to DNA. To gain further insight into the molecular mechanism by 

which H-NST regulates gene expression, we identified residues of potential functional 

interest based on sequence alignment of H-NST, Ler and H-NS. We used ClustalW2 

[174,175] to align the C-terminal regions of Ler and H-NS that contain the predicted 

DNA-binding motif with the C-terminal half of H-NST, since only the first 40 residues 

of H-NST share a high similarity with the N-terminus of H-NS. The alignment revealed 

that the conserved DNA-binding motif of the H-NS family of proteins including H-NS 

and Ler is absent from H-NST (Figure 2.2B). Interestingly, despite the absence of the 

DNA-binding motif present in the H-NS family of proteins, H-NST contains an arginine 

residue at position 60 that aligned with the Ler Arg90 and H-NS Arg114, which are 

essential for DNA-binding activity of those regulators [33,121,184]. Also, the Ler 

Arg93 residue that is associated with stabilization of the Ler-LEE DNA complex, and 

was suggested to play a role in Ler regulation of LEE expression [33], is conserved in 

H-NST as Arg63 (Figure 2.2B). Indeed, H-NST residues Ala16 and Arg60 are 

conserved as indicated in the multiple sequence alignment (Figure 2.2A). To assess the 
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role of Arg60 and Arg63, which potentially could be part of a DNA-binding domain, we 

performed site-directed mutagenesis on pQEH-NST to substitute the arginine residues 

with glutamine resulting in plasmids encoding the H-NST mutants R60Q and 

R60Q/R63Q as described in Materials and Methods. 

 

The H-NST Ala16 residue was previously identified as essential for H-NST function 

based on the finding that a H-NST A16V mutant was incapable of regulating proU 

expression and that H-NST from UPEC containing valine at position 16 is 

nonfunctional [156]. The authors speculated that the loss of activity was caused by the 

inability of the H-NST A16V mutant to engage in higher order oligomeric protein-

protein interactions with H-NS. To determine whether H-NST Ala16 also is important 

for the H-NST-mediated regulation of LEE expression and the A/E lesion phenotype, 

we constructed the H-NST A16V mutant using site-directed mutagenesis of pQEH-

NST. Evaluation of the sequence around Ala16 revealed a potential heptadic repeat 

within the coiled-coil element of H-NST of which Ala16 is the first residue (Figure 

2.2A). A canonical heptadic repeat is a seven amino acid residue long sequence that 

forms coiled-coil secondary structures, which are involved in protein-protein 

interactions [185]. The proposed repeat in H-NST contains the characteristics of a 

classic heptadic repeat since positions a and d occupy hydrophobic residues, positions e 

and g commonly contain charged residues, whereas positions b and c are random 

residues in the repeat [185,186] (Figure 2.2A). Interestingly, the H-NST heptadic repeat 

is composed of alanines and leucines occupying the a and d positions, whose side 

chains are less bulky compared to that of isoleucine and valine. Therefore, to assess the 
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importance for oligomerization of having an alanine residue at position 16, we 

substituted Ala16 with Leu resulting in the mutant H-NST A16L, which potentially 

could restore H-NST function since the leucine does not harbor a β-branched chain, 

compared to that of valine and isoleucine.  

 

We tested the ability of H-NST mutants A16V, A16L, R60Q and R60Q/R63Q to affect 

levels of LEE-encoded proteins of EHEC in the exponential phase of growth. Results 

revealed a decreased ability of all H-NST mutants to induce the production of EspA and 

EspB compared to wild type H-NST (Figure 2.3, lanes 3-6). Specifically, the H-NST 

mutants A16V and A16L exhibited decreased ability to induce LEE expression as 

reflected by a 2- to 6-fold decrease in EspA and EspB levels relative to wild type H-

NST (Figure 2.3, lanes 3-4). H-NST mutants at residues Arg60 and Arg63 also showed 

a decreased ability to affect LEE-encoded protein levels compared to the wild type H-

NST with a 2- to 3-fold decrease in EspA and EspB levels (Figure 2.3, lanes 5-6).  To 

determine whether the decreased ability of the H-NST mutants to induce accumulation 

of LEE-encoded proteins compared to wild type H-NST affected T3SS function, we 

evaluated the A/E lesion phenotype of EHEC producing wild type and H-NST mutant 

derivatives using the fluorescent actin staining assay (FAS). Actin filaments are stained 

by FITC-phalloidin in this assay to visualize condensed actin indicative of A/E lesions. 

FAS assays for EHEC typically involve a 5-6 h incubation time [177,187]. We infected 

HeLa cells with EHEC producing wild type or mutant H-NST for 4 h, a point at which 

A/E lesion formation is minimal yet detectable [177]. Infection with EHEC containing  
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Figure 2.3 H-NST mutants exhibit decreased ability to induce the production of 
LEE-encoded proteins. The effect of wild type H-NST and mutant derivatives on 
LEE-encoded protein levels was determined by western analysis as described in 
Materials and Methods. EHEC strain TUV93-0 containing the empty vector pQE80 
(lane 1), TUV93-0 containing constructs producing wild type EPEC H-NST (lane 2) or 
the H-NST mutant derivatives H-NST A16V (lane 3), H-NST A16L (lane 4), H-NST 
R60Q (lane 5) and H-NST R60Q/R63Q (lane 6), and C. rodentium H-NSTCr (lane 7) 
were grown in LB to a density of OD600 ~ 0.5 and hnsT expression was induced by 0.5 
mM IPTG for 60 min. Levels of EspA, EspB and GroEL were detected in total protein 
by western analysis using polyclonal antisera against the respective proteins as 
indicated. GroEL served as a loading control for total protein. The relative levels of 
EspA and EspB normalized to that of GroEL are indicated by numbers below the 
protein bands.  Data shown are representative of four independent experiments. 
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the vector control demonstrated minimal actin pedestal formation as is expected with 

the co-infection time of 4 h (Figure 2.4A). In contrast, EHEC producing wild type H- 

NST showed a high degree of A/E lesion formation (Figure 2.4B), which correlates 

with increased EspA and EspB levels (Figure 2.1B). H-NST mutants A16V and A16L 

both showed an ~89% reduction in A/E lesion formation compared to wild type H-NST 

(Figure 2.4, panels C-D), indicating an important role of the Ala16 residue for H-NST 

to induce this virulence phenotype in EHEC. The H-NST R60Q and R60Q/R63Q 

mutants showed a reduction of ~ 71% and ~83%, respectively in A/E lesion formation 

compared to wild type H-NST with the double arginine mutant showing a larger 

reduction than the single arginine mutant (Figure 2.4, panels E-F). Neither of the 

arginine mutants exhibited impaired function to the extent seen with the H-NST A16V 

and A16L mutants, which correlates with the effect of these respective mutants on EspA 

and EspB levels (Figure 2.3). Altogether, the H-NST Ala16 mutant exhibited the most 

severe change on the ability of H-NST to affect the level of LEE-encoded proteins and 

induce pedestal formation, further supporting the functional importance of the Ala16 

residue. The decreased activity of H-NST mutant at the Arg60 and Arg63 residues 

suggest functional importance of these residues, which potentially could be involved in 

DNA-binding.  

 

2.3.4. H-NST binds to the regulatory regions of LEE1 and LEE3. 

H-NS and Ler both modulate LEE operon expression through binding to DNA. The 

LEE1-encoded ler is expressed from two promoters named the distal (P1)- and proximal 

(P2) promoters with the distal promoter being the major promoter for LEE1 expression  
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Figure 2.4 H-NST induces A/E formation. FAS assays were used to determine the 
effect of H-NST on A/E lesion formation of EHEC as described in Materials and 
Methods. HeLa cell monolayers were co-cultured for four hours with EHEC strain 
TUV93-0 containing the empty vector pQE80 A. constructs producing wild type EPEC 
H-NST B. or the H-NST mutant derivatives H-NST A16V C. H-NST A16L D. H-NST 
R60Q E. and HNST R60Q/R63Q F. The images of FITC phalloidin-stained actin of 
infected HeLa cells are representative of three independent experiments. Arrows 
indicate examples of A/E lesions. 
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[44]. The molecular mechanism of Ler and H-NS-mediated regulation of the LEE1 and  

LEE2/LEE3 operons has been well studied [10,32]. Specifically the curvature of DNA 

and the oligomeric state of the regulator is essential for the ability of these H-NS 

familyproteins to bind LEE DNA [33,107,167]. We analyzed the ability of H-NST to 

bind to the regulatory regions of LEE1 and LEE3 DNA targets contained in EHEC 

using electrophoretic mobility shift assays (EMSA) (Figure 2.5). We purified a C-

terminal hexahistidine-tagged H-NST protein to about 95% purity and determined the 

ability of H-NST to bind to fluorescently labeled LEE1 and LEE3 DNA fragments. We 

demonstrated that increasing concentrations of H-NST shifted the LEE1 P2 DNA 

fragment, which contains the proximal LEE1 P2 promoter and this 10 bp sequence, 

whereas the mobility of the DNA fragment in the absence of H-NST was unchanged 

(Figure 2.5A, lanes 2-4). The DNA-binding specificity of H-NST to LEE1 P2 DNA was 

tested by adding unlabeled specific LEE1 P2 DNA and nonspecific DNA encoding rssB 

in the respective ratios of 6:1 and 12:1 along with the labeled DNA target. The binding 

of H-NST to the labeled LEE1 P2 DNA fragment was outcompeted in the presence of 

the unlabeled specific probe as reflected by a partial downshift of the labeled LEE1 P2 

DNA fragment, whereas the DNA fragment shifted by H-NST remained unchanged in 

the presence of unlabeled rssB DNA (Figure 2.5A, lanes 5 and 6), indicating that 

binding of H-NST to LEE1 P2 DNA is specific. The DNA sequence amplified from 

EHEC contained in the LEE1 P2 DNA fragment shares 97% identity to that in the 

EPEC LEE1 P2 promoter [44]. We tested whether H-NST binds to the LEE1 P2 DNA 

fragment from EPEC, and as expected H-NST also bound to the LEE1 regulatory region 

from EPEC (unpublished data). To gain insight into the binding of H-NST to the  



 

  54 

 
 

 
 

Figure 2.5 H-NST binds to regulatory regions of LEE1 and LEE3.  The binding of 
H-NST to fluorescently labeled LEE DNA targets was determined using electrophoretic 
mobility shift assays as described in Materials and Methods. Fluorescently-labeled 
DNA fragments containing the proximal promoter region of LEE1 (LEE1 P2) A. the 
distal and proximal promoter regions of LEE1 (LEE1 P1P2) B. and a regulatory region 
of LEE3 (LEE3) C. were incubated in the absence of H-NST (lane 1) and with 
increasing concentrations of H-NST (lane 2: 25 nM; lane 3: 50 nM; and lane 4: 100 
nM). To determine the binding specificity of H-NST, fluorescently labeled LEE DNA 
targets were incubated with 100 nM H-NST in the presence of unlabeled competitor 
DNA fragments (Comp. DNA) containing specific (LEE1 P2, LEE1 P1P2 or LEE3) 
(lane 5) or non-specific (rssB) (lane 6) DNA targets in the ratios 1:6 and 1:12, 
respectively. Bound and unbound DNA fragments were separated by PAGE on a 4-20% 
TBE gel. Arrows labeled F indicate unbound DNA, while F’ arrows indicate an 
unbound DNA subpopulation. The arrows labeled B indicate DNA fragments with H-
NST bound. Data shown are representative of three independent experiments. 
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complete regulatory region of LEE1 containing both P1 and P2 promoters, we evaluated 

the binding of H-NST to the LEE1 P1P2 DNA target. H-NST bound specifically to 

LEE1 P1P2 DNA as demonstrated by a downshift of the bound labeled fragment in the 

presence of specific unlabeled LEE1P1P2 DNA as opposed to the presence of unlabeled 

nonspecific rrsB DNA (Figure 2.5B, lanes 5-6). The presence of increasing H-NST 

concentrations caused a greater degree of shift for the LEE1 P1P2 DNA fragment when 

compared to that of the LEE1 P1 DNA fragment, suggesting that the binding affinity of 

H-NST for the LEE1 P1P2 DNA fragment harboring the entire LEE1 regulatory region 

might be higher than that of the LEE1 P1 fragment that contains only parts of the LEE1 

regulatory region (Figure 2.5A-B, lanes 3-4). Since Ler regulation of the LEE2/LEE3 is 

well characterized and that the molecular mechanism of Ler binding to the LEE3 

regulatory region recently was elucidated [32,33], we wanted to determine whether H-

NST binds to this region. Indeed, H-NST bound at increasing concentrations to the 

LEE3 DNA fragment including the LEE3 regulatory region containing a 10 bp Ler 

target sequence identified by Codiero et al 2011 [33] (Figure 2.5C, lanes 2-4). As for 

the LEE1 regulatory region, H-NST exhibited specific binding to the LEE3 DNA 

fragment as reflected by a partial downshift of the labeled LEE3 DNA fragment with H-

NST bound in the presence of the specific unlabeled LEE3 DNA fragment, whereas 

non-specific unlabeled rrsB DNA had no effect on the LEE3 DNA fragment shifted by 

H-NST (Figure 2.5C, lanes 5-6). Altogether, we demonstrated that H-NST binds in a 

specific manner to the regulatory regions of LEE1 and LEE3, which to our knowledge 

represents the first demonstration that H-NST directly binds to DNA. 
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2.3.5. The H-NST Arg60 and Arg63 residues of the C-terminal region are important 

for DNA-binding.   

We demonstrated that the single mutant H-NST R60Q and the double mutant H-NST 

R60Q/R63Q exhibit a decreased ability to positively affect the levels of LEE-encoded 

proteins and induce A/E lesion formation (Figure 2.3 and 2.4E-F). This finding 

highlights the functional importance of these arginine residues located in the C-terminal 

region of H-NST. Since H-NST residues Arg60 and Arg63 aligned with arginine 

residues of Ler known to be important for DNA-binding (Figure 2.2B), we tested 

whether these residues played a role in DNA-binding by H-NST. To this end, we 

purified H-NST mutants R60Q and R60Q/R63Q to determine their ability to bind LEE 

DNA (Figure 2.6). The H-NST R60Q and R60Q/R63Q mutants both showed 

diminished ability to bind to the LEE1 P2, LEE1 P1P2 and LEE3 DNA targets 

compared to wild type H-NST (Figure 2.6A-C, lanes 3-6), indicating an importance of 

these arginines in DNA-binding by H-NST. Further, the H-NST R60Q/R63Q double 

mutant was less capable of binding the LEE1 P2 and LEE3 DNA fragments as reflected 

by decreased amounts of the complex designated as B2 when increasing concentrations 

of the H-NST double mutant rather than the R60Q single mutant were present (Figure 

2.6A and 2.6C, compare lanes 5-6 with lanes 3-4) This suggests that H-NST Arg63 

positively affects DNA-binding like the corresponding Ler Arg93 residue. Notably, the 

H-NST R60Q and R60Q/R63Q mutants did not exhibit a differential effect on binding 

to the LEE1 P1P2 fragment (Figure 2.6B, lanes 3-6), which could be due to the 

possibility that H-NST binds more strongly to the LEE1 P1P2 DNA fragment than to 

the shorter LEE1 P2 DNA fragment. The EMSA analyses involving H-NST mutated at  
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Figure 2.6 The H-NST C-terminal Arg60 and Arg63 residues positively affect 
DNA-binding.  Electrophoretic mobility shift assays were used to assess the binding of 
wild type H-NST and H-NST mutants containing the substitutions R60Q and 
R60Q/R63Q to the fluorescently labeled LEE DNA targets: LEE1 P2 A. LEE1 P1P2 B. 
and LEE3 C. The DNA fragments were incubated in the absence of H-NST (lane 1), 
with 100 nM wild type H-NST (lane 2), H-NST R60Q (lane 3: 50 nM and lane 4: 100 
nM), and with H-NST R60Q/R63Q (lane 5: 50 nM and lane 6: 100 nM). Arrows labeled 
F indicate unbound DNA, while F’ arrows indicate an unbound DNA subpopulation. 
The arrows labeled B1 indicate fully shifted DNA fragments, while B2 and B3 indicate 
partially shifted DNA fragments. Data shown are representative of two independent 
experiments. 
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the Arg60 and Arg63 residues correlated with the decreased ability of the mutants to 

induce levels of LEE-encoded proteins and A/E lesion formation, and revealed an 

important role of these arginine residues in DNA-binding by H-NST.   

 

2.3.6. H-NST Ala16 is important for DNA binding 

We demonstrated that the H-NST Ala16 residue that is required for H-NST 

oligomerization with H-NS [156] is also required for H-NST to cause an increase in 

levels of LEE-encoded proteins and induce pedestal formation on epithelial cell 

monolayers (Figure 2.3 and 2.4C-D). In addition to playing a role in oligomerization, 

we examined whether Ala16 is also involved in DNA-binding by H-NST. We purified 

the H-NST mutants A16V and A16L and tested their ability to bind LEE DNA targets 

(Figure 2.7). EMSA analyses revealed that neither of these H-NST mutants bound to 

LEE1 P2 and LEE3 DNA fragments as reflected by the lack of a change in mobility of 

these DNA fragments (Figure 2.7A and C, lanes 3-4). Nevertheless, the H-NST A16V 

and A16L mutants exhibited weak binding to the LEE1 P1P2 DNA as reflected by the 

appearance of a defined weak partially shifted band, which in particular appeared in the 

presence of the H-NST A16L mutant (indicated as B2 in Figure 2.7B, compare lanes 3-

4 and 4-5 with lane 1). The smeared appearance of the LEE1 P1P2 DNA fragment 

incubated with the H-NST A16V mutant could reflect a weak and/or indiscriminant 

binding to this DNA fragment containing the complete LEE1 regulatory region (Figure 

2.7B, lanes 3-4). In all, our results indicate that the H-NST Ala16 residue is important 

for DNA-binding activity of H-NST. The importance of having the conserved Ala16 

residue for H-NST function was demonstrated by the inability of the H-NST A16L  
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Figure 2.7 The H-NST Ala16 residue is important for DNA binding.  
The binding of wild type H-NST and mutant H-NST to LEE DNA targets was 
determined by electrophoretic mobility shift assays. Fluorescently-labeled DNA 
fragments containing LEE1 P2 A. LEE1 P1P2 B. and LEE3 C. regulatory regions were 
incubated in the absence of H-NST (lane 1), with 100 nM H-NST (lane 2); and with the 
H-NST mutants H-NST A16V (lane 3: 50 nM and lane 4: 100 nM H-NST) and H-NST 
A16L (lane 5: 50 nM and lane 6: 100 nM). Bound and unbound DNA fragments were 
resolved by PAGE on a 4-20% TBE gel. Arrows labeled F indicate unbound DNA, 
while F’ arrows indicate an unbound DNA subpopulation. The arrows labeled B1 
indicate fully shifted DNA fragments, while B2 indicates partially shifted DNA 
fragments. Data shown are representative of three independent experiments. 
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mutant to restore H-NST function. It remains to be demonstrated whether 

oligomerization of H-NST is a prerequisite for DNA-binding or if the Ala16 residue 

directly affects the binding of H-NST to DNA, an issue, which is beyond the scope of 

this study.  

 

2.3.7. H-NST positively affects the binding of Ler to LEE3 DNA pre-bound by H-NS.  

The present mechanism for H-NST function suggests that by forming dominant-

negative-acting oligomers with H-NS, H-NST prevents H-NS from modulating H-NS 

regulon expression [156]. We demonstrated that H-NST functions independently of ler 

(Figure 2.1B). To obtain additional insight into the role of H-NST-mediated regulation 

of the LEE, we used EMSA analyses to determine whether H-NST promotes the 

binding of Ler to LEE DNA that already has H-NS bound. To allow protein-protein 

interactions to occur we added H-NST and/or H-NS prior to incubation with the LEE3 

DNA target, and then added increasing amounts of Ler to determine whether the 

presence of H-NST helped binding of Ler to LEE3 DNA pre-bound by H-NS. Binding 

of H-NST and/or H-NS to LEE3 DNA was visualized as a shifted band (indicated as 

B1), which migrated at the same position regardless of whether one or both proteins 

were present (Figure 2.8, lanes 4 and 11). The presence of H-NST did not affect Ler 

binding to the LEE3 DNA fragment in the absence of H-NS as reflected by the similar 

shift observed (indicated as B2 in Figure 2.8, lanes 2-3). Ler bound at increasing 

concentrations to LEE3 DNA pre-bound with either H-NS (Figure 2.8, lanes 5-10) or 

both H-NS and H-NST (Figure 2.8, lanes 12-17) resulted in the shifted band indicated 

B2. Interestingly, Ler at a 100 nM concentration caused a complete shift of DNA pre-  
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Figure 2.8 H-NST promotes the binding of Ler to LEE3 DNA bound by H-NS.  
Fluorescently-labeled DNA fragments containing the LEE3 regulatory region were 
incubated alone (lanes 1 and 18), with 175 nM Ler (lane 2), with 175 nM Ler and 50 
nM H-NST (lane 3), with 50 nM H-NS (lane 4), with 50 nM HNS in the presence of 
increasing Ler concentrations (50, 100, 125, 150, 175 and 250 nM Ler; lanes 5-10, 
respectively), with 50 nM H-NST and 50 nM H-NS (lane 11), with 50 nM HNS and 50 
nM H-NST along with increasing Ler concentrations (50, 100, 125, 150, 175 and 250 
nM Ler; lanes 12-17). Bound and unbound DNA fragments were separated by PAGE on 
a 4-20% TBE gel. The arrow labeled F indicates unbound DNA. DNA fragments shifted 
by H-NS and/or H-NST are indicated as B1, while DNA fragments shifted by Ler are 
labeled B2. Data shown are representative of three independent experiments. 
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bound to H-NS (indicated as B1) only in the presence of H-NST (Figure 2.8, compare 

lanes 6 and 13). This result suggests that H-NST could help Ler outcompete H-NS 

bound to LEE DNA, which correlates with our finding that H-NST positively affects the 

LEE. 

 

2.4. Discussion 

The expression of virulence factors including those of A/E pathogens encoded in the 

LEE are subject to extensive regulation involving many environmental signals to ensure 

that virulence-associated factors are produced under conditions optimal for infection. 

Under such conditions, silencing of virulence gene expression by the global modulator 

H-NS is counteracted by the major activator of virulence gene expression in A/E 

pathogens, Ler. H-NST present in EPEC, which is defined as a truncated H-NS 

derivative lacking the DNA-binding domain, was previously shown to positively affect 

the relief of H-NS-mediated repression in E. coli K-12 by interacting with H-NS to 

prevent H-NS oligomerization [156]. Since H-NST could provide an additional 

mechanism that promotes the relief from H-NS-mediated repression of virulence gene 

expression in A/E pathogens and in other pathogens encoding H-NST (Figure 2.2A), we 

evaluated the role of H-NST on the production of the virulence-associated LEE-

encoded factors. To determine whether H-NST is required for the production of LEE-

encoded proteins in EPEC we deleted hnsT and tested the effect on EspA and EspB 

levels, which appeared unaffected in the absence of H-NST (unpublished data), 

suggesting that H-NST is dispensable for LEE expression under the growth in DMEM. 



 

  63 

However, H-NST when expressed from an inducible promoter positively affected LEE-

encoded protein levels and subsequently A/E lesion formation of EHEC (Figure 2.3 and 

2.4A-B), indicating that H-NST can positively impact the expression of virulence genes 

in response to a yet-to-be identified environmental signal(s). 

 

Arginine residues are commonly involved in DNA-binding by proteins [188] including 

those of the H-NS family such as Ler. Here, we demonstrated that the arginine residues 

important for DNA-binding by H-NS (Arg114) and Ler (Arg90 and Arg93) are present 

in H-NST as Arg60 and Arg63 (Figure 2.2B). This observation propelled us to explore 

the DNA-binding potential of H-NST by testing the ability of H-NST to bind to LEE 

target DNA in vitro. We demonstrated that H-NST binds to DNA fragments containing 

the regulatory regions of LEE1 and LEE3 (Figure 2.5), which is the first demonstration 

of DNA-binding by H-NST. Further, our data revealed that residues Arg60 and Arg63 

are important for H-NST DNA-binding activity, which correlates with a positive effect 

of these residues on the induction of LEE-encoded protein levels and A/E lesion 

formation (Figure 2.3 and 2.4E-F). Though DNA-binding by H-NST R60Q and 

R60Q/R63Q mutants was diminished compared to that of wild type H-NST, these 

mutants still exhibited residual DNA-binding (Figure 2.6), suggesting that the positively 

charged nature of the H-NST C-terminal region, due to the high prevalence of lysine 

and arginine residues, positively influences H-NST DNA-binding in addition to the 

functionally important Arg60 and Arg63 residues. Altogether, we demonstrate that H-

NST binds to DNA and that this DNA-binding activity is required for H-NST to affect 

the expression of the LEE contained in A/E pathogens.  
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We demonstrated that the Ala16 residue, which is known to be functionally important 

for H-NST to positively affect the expression of the H-NS-repressed genes proU and 

bgl in E. coli K-12 [156], is also required for H-NST to control the LEE and A/E lesion 

formation (Figure 2.3 and 2.4C-D), further indicating that H-NST affects the expression 

of horizontally-acquired virulence-associated genes. H-NST Ala16 was reported to be 

functionally important for H-NST to counteract H-NS-mediated repression based on the 

finding that a H-NST A16V mutant exhibited a diminished ability to derepress proU 

expression, which was suggested to be due to the inability of the A16V mutant to form 

functional oligomers [156]. The Ala16 residue located in the proposed second α-helix of 

the N-terminal coiled-coil region of the oligomerization domain occupies the first 

position in the predicted heptadic repeat (Figure 2.2A). In case of the inactive H-NST 

A16V mutant, having a valine at position 16 as the first residue in the heptadic repeat 

could be associated with steric constraints since valine harbors a β-branched side-chain 

absent from alanine, which could negatively affect coiled-coil packing [189-191], and 

thereby could prevent oligomerization of H-NST itself and with H-NS. We therefore 

expected that the introduction of leucine that contains an unbranched β chain at position 

16 in H-NST would result in a functional H-NST mutant. However, our data revealed 

that a H-NST A16L mutant like the A16V mutant was incapable of inducing LEE-

encoded protein levels and A/E lesion formation (Figure 2.3, 2.4C-D), suggesting that 

the presence of a residue containing a short β chain at position 16 is required for H-NST 

functionality. We tested the DNA-binding capacity of H-NST mutants A16V and A16L, 

and found that these mutants exhibited diminished DNA-binding activity (Figure 2.7), 
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suggesting that the ability to oligomerize could be important for H-NST to bind DNA. 

However, we cannot exclude the possibility that Ala16 also directly affects DNA-

binding by H-NST.  

 

Interestingly, our data indicated that H-NST positively affects the binding of Ler to the 

LEE3 regulatory region pre-bound by H-NS (Figure 2.8), suggesting that H-NST helps 

Ler-binding to DNA perhaps by promoting the dissociation of H-NS from the LEE3 

regulatory region. It is possible that H-NST when bound to DNA can change DNA 

topology to a conformation that is more suitable for DNA-binding by Ler than H-NS. 

The finding that H-NST affects LEE expression independently of ler further supports a 

model in which H-NST positively regulates expression through H-NS. Whether H-NST 

does so by modulating the DNA curvature by binding to DNA and/or prevents the 

binding of H-NS to DNA by forming H-NST/H-NS oligomers as previously suggested 

[156,169], is unresolved. Further investigation, beyond the scope of this current study, 

is required to elucidate the molecular basis for the H-NST function, in particular with 

regard to how H-NST promotes the binding of Ler to DNA pre-bound by H-NS.  
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TABLE 2.1  
 
Oligonucleotides used in Chapter 2 
Application/name Oligonucleotide sequence (5’ to 3’) 

Plasmid construction  

QEH-NST F AGCAGGATCCATGATTGATGAATTTCATGTGATGTATATGTA
T  

QEH-NST R CACCGAAGCTTCAGTCAATGAGATCTTCTGGCGAAAC 

QEH-NS F AGCAGGATCCATGAGCGAAGCACTTAAAATTCTGAACAAC 

QEH-NS R CACCGAAGCTTATTGCTTGATCAGGAAATCGTCGAG 

QEHNSTCr F AGCAGGATCCATGATTGATGAATTTGATGTGATGCATATG 

QEHNSTCr R CACCGAAGCTTCATCCCTGAAAATCTTCCGGTGAAAC 

Site-directed 

mutagenesis 

 

H-NSTA16V F TATATGTATAAAAAAATCCAAGTAGAAGCCGCAACCACTGA

CCTC 

H-NSTA16V R GAGGTCAGTGGTTGCGGCTTCTACTTGGATTTTTTTATACAT
ATA  

H-NSTA16L F TATATGTATAAAAAAATCCAAGCAGAAGCCGCAACCACTGA

CCTC 

H-NSTA16L R GAGGTCAGTGGTTGCGGCTTCTGCTTGGATTTTTTTATACAT

ATA 

H-NSTR60Q F CGTAAGTTGAAAATGAAACAAGCACAAAGATTACTTGAG 

H-NSTR60Q R CTCAAGTAATCTTTGTGCTTGTTTCATTTTCAACTTACG 

H-NSTR60Q/R63Q F TTGAAAATGAAACAAGCACAACAATTACTTGAGAAAATGGC
ATGTGACCGGG 

H-NSTR60Q/R63Q R CCCGGTCACATGCCATTTTCTCAAGTAATTGTTGTGCTTGTTT
CATTTTCAA 

EMSA DNA fragments  

LEE1P2 F TTAAGGTGGTTGTTTGATGA 

LEE1P2 R TTTGGATTCAGCAAA 

LEE1P1P2 F GCAATGAGATCTATCTTATAAAGAGAAACGC 

LEE3 F GTTGAAGAGTTTTTAAGATTGTTGG 

LEE3 R ATAAATAATCTCCGCATGCT 

rssB F TGCAAGTCGAACGGTAACAG 

rssB R AGTTATCCCCCTCCATCAGG 
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2.5. Potential H-NST model for H-NS anti-silencing  
 
The model for H-NS anti-silencing by H-NST proposed by Williamson et al. [156] is 

based on a dimeric bridging model and describes the formation of a hetero-oligomer 

between H-NS and H-NST which becomes a dominant-negative-acting oligomer. The 

more recent model proposed by Arold et al, depicts H-NS as head-to-head and tail-to-

tail helical filaments [116], a concept which will be applied in our model. The depiction 

of the H-NST model provides a possible mechanism(s) of H-NS anti-silencing.  

 

H-NST is functionally similar to the gp 5.5 protein because it decreases H-NS 

repression upon heteromerization, where other protein co-factors such as Hha aid in H-

NS regulation [94]. It is not known if H-NST interacts with either or both of the H-NS 

dimer sites.  H-NST does not contain the motif within helix 4 that allows H-NS 

homologues to heteromerize with H-NS; however, this motif is not present in Hha that 

does interact with dimer site 2 [184].  

 

Our model depicts H-NST interacting with H-NS through dimer site 1 owing to the 

alignment of the H-NS oligomerization domain with the potential oligomerization 

domain of H-NST (Figure 2.9A). A recent publication by Fernandez et al, [130] 

demonstrated amino acid residues Arg90 and Arg93, of the H-NS linker region, interact 

with DNA aiding in the stabilization of the H-NS/DNA complex. Alignment of this 

region is highly conserved with the putative DNA binding region of H-NST (Figure 

2.9B).  
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It is not known if H-NST first binds DNA then complexes with H-NS or if the two 

proteins oligomerize before they bind the DNA. Figure 2.10 demonstrates both bridging 

and stiffening modes of the two proposed models. In the bridging mode, the H-NS 

helical filament binds to opposite faces of the DNA acting as a “bridge” to compact and 

bend the DNA.  The H-NS stiffening mode binds DNA on the same face of DNA and 

elongates or “stiffens” the DNA. Divalent cations are the molecular switch between the 

bridging and stiffening binding modes.  H-NST forms a heteromeric dominant-

negative-acting oligomer with H-NS, which is thought to prevent H-NS from forming 

functional higher order oligomers necessary for it to repress transcription. The first 

model (Figure 2.10A and 2.2B) depicts H-NST as first oligomerizing with H-NS and 

then H-NST binds to DNA.  In the second model (Figure 2.10C and 2.2D) H-NST first 

binds to DNA then H-NS polymerizes onto H-NST forming the dominant-negative-

acting complex. 

 

 

 

 

 

 

 

 

 

 



 

  69 

 

 
A                           

 
 
B 

 
 
 
 
Figure 2.9 Clustal W alignment of H-NS and H-NST.  A. The oligomerization 
domain of H-NS [residues 1-86] and the potential oligomerization domain of H-NST 
[residues 1-50].  Helices 1-4 are illustrated by shaded areas. Dimer site 1 is composed 
of H1, H2, and part of H3. Dimer site 2 is composed part of H3 and H4.  B.  The DNA-
binding region of the H-NS linker aligned with the DNA-binding region of H-NST.  
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Figure 2.10   Potential models for H-NST regulation. A.  Bridging mode: H-NST 
oligomerizes with H-NS before binding DNA.  B. Stiffening mode: H-NST 
oligomerizes with H-NS before binding DNA.  C. Bridging mode: H-NST binds to 
DNA first then oligomerizes with H-NS to form the H-NS/H-NST complex.  D. 
Stiffening mode: H-NST binds to DNA first then oligomerizes with H-NS to form the 
H-NS/H-NST complex.  DNA double helix is shown in black.  H-NS protomers are 
distinguished by the colors orange and purple.  Each H-NS protomer has the 4 helices 
labeled: H1, H2, H3, and H4. The linker region of H-NS (blue) connects H4 with the 
DNA binding domain (pentagon, labeled D).  Protein DNA binding sites are indicated 
by a red wedge.  H-NST oligomer is depicted in aqua blue.   
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Chapter 3 
 

Molecular Characterization of the LEE-Encoded Regulator (Ler) 
 
 
3.1. Introduction 

The food- and water- borne enteric pathogens, enteropathogenic E. coli (EPEC) and 

enterohemorrhagic E. coli (EHEC), are characterized by intimate bacterial attachment to 

intestinal epithelial cells and effacement of the microvilli brush border resulting in 

pedestal-like projections called attaching and effacing (A/E) lesions [1,5].  This 

histopathology, characteristic for A/E pathogens, is due to a type III secretion system 

(T3SS) through which effector proteins are secreted and translocated into the host cell 

where they manipulate host signaling pathways subsequently causing disease [165]. The 

T3SS is encoded by the Locus of Enterocyte Effacement (LEE) pathogenicity island. 

The LEE encodes at least 41 genes with the majority located in five major polycistronic 

operons designated LEE1-5 [6,8,14,164]. 

The expression of the T3SS is subject to a complex regulatory network involving the 

chromosomally-encoded proteins Histone-like-Nucleoid Structuring protein (H-NS), 

LEE-encoded regulator (Ler) Global Regulator of LEE- Activator (GlrA) and Repressor 

(GrlR), as well as Plasmid-encoded regulators (PerA-C) and Pch [10]. 

Ler, an H-NS paralogue, is the positive master regulator of the LEE. Some virulence 

factors encoded outside of the LEE, such as the long polar fimbria (Lpf) and a serine 

protease (StcE) [36,99,192], are also regulated by Ler.  Composed of 123 amino acids 

(14.3 kDa), Ler is a member of the H-NS family, and has a similarity of 35.6% and an 

amino acid identity of 20.1% to E. coli H-NS with the highest identity occurring in the 
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C-terminal DNA-binding region. Ler acts by counteracting H-NS-mediated repression 

by binding DNA and displacing H-NS from regulatory regions [35,36,167].  

Ler, like H-NS, homo-oligomerizes via its N-terminal coiled-coil region; however no 

structure of a Ler dimer has been reported. Amino acids in the predicted coiled-coil 

region of Ler, as well as in the central region [30], have been empirically shown to be 

relevant for function [32]. Sequence analysis of Ler using coiled-coil predicative 

software reveals only one short helix and a long helix (amino acids 1-40) that differs 

from H-NS, which has three short helices, and a long helix [35]. Furthermore, the 

oligomerization and central domains of Ler are not functionally interchangeable with 

the same domains of H-NS [35]. Ler and H-NS share AT-rich targets, which are bound 

by the conserved H-NS DNA-binding motif [9,27,30,32]. However, DNA-binding by 

Ler is not indicative of regulation, as Ler can bind DNA sequences outside its regulon 

in vitro, such as the proU gene [34]. Ler is the only H-NS-like protein yet described to 

increase gene expression by direct association with DNA [9,193].  

Significant progress has been made over the last 15 years in understanding Ler 

regulation. However, the structural and molecular characterization of Ler has yet to be 

fully defined. In this study, we present evidence defining the primary structure of Ler by 

identifying the native start residue. The oligomeric state was investigated revealing 

large soluble aggregates.  Structural analysis of the C-terminal DNA-binding domain of 

the Ler reveals a structured protein.  Our work provides insight into the master regulator 

of virulence in attaching and effacing E. coli. 

As Ler represses H-NS function, the Multiple point controller protein (Mpc) has been 
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shown to repress Ler function [63]. The first gene encoded in the LEE3 operon is mpc, 

and its expression and translation is pivotal for type III secretion in EHEC [63]. The 

Mpc gene is of interest to us because the 90 bp DNA sequence within the LEE3 operon 

that is protected by Ler in DNA footprinting experiments [32] is within the mpc gene 

sequence.  In this project, we also explore the capacity of Mpc to bind DNA as well as 

its ability to interact with Ler.  

 

3.2. Materials & Methods 

3.2.1. Standard procedures 

Standard procedures are as listed previously in Chapter 2 Materials and Methods.   

Oligonucleotide sequences used in this study are listed in Table 2.1.  

 

3.2.2. Plasmid constructions 

pNtermMycHis: A 207-bp DNA fragment containing ler was PCR-amplified from 

TUV93-0 genomic DNA (gDNA) using primer set K6343/K6344, digested with NcoI 

and EcoRI and cloned into the corresponding sites in pBadMycHis [194]. Plasmid 

pNtermMycHis was transformed into E. coli DH5α and expresses N-terminal Ler3-72 

with a C-terminal Myc-His tag.  

 

pCtermMycHis: A 156-bp DNA fragment containing ler was PCR-amplified from 

TUV93-0 gDNA using primer set K6507/ lerCtermREVPbad(MH)-R, digested with 

NcoI and EcoRI and cloned into the corresponding sites in pBadMycHis [194]. Plasmid 

pCtermMycHis was transformed into E. coli DH5α and expresses C-terminal Ler71-123 
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with a C-terminal Myc-His tag. 

 

pCtermHis: A 156-bp DNA fragment containing ler was PCR-amplified from TUV93-0 

gDNA using primer set K6507/ Ler C-terminal (H)-R, digested with NcoI and EcoRI 

and cloned into the corresponding sites in pBadHis [194]. Plasmid pCtermHis was 

transformed into E. coli DH5α and encodes C-terminal Ler71-123 with a C-terminal His 

tag. 

 

pMBPLerHis: A 369-bp DNA fragment containing ler was PCR-amplified from 

TUV93-0 gDNA using primer set MBPLer-NotIfwd/MBPLerXhoIrev, digested with 

NotI and XhoI and cloned into the corresponding sites in pMALX(E) [195]. Plasmid 

pMBPLerHis was transformed into E. coli DH5 α and expresses full-length Ler with a 

N-terminal MBP and C-terminal His tag. 

 

pMBPMPCHis: A 351-bp DNA fragment containing mpc was PCR-amplified from 

TUV93-0 gDNA using primer set MBPmpcNotI-F/REVXho-R, digested with NotI and 

XhoI and cloned into the corresponding sites in pMALX(E) [195]. Plasmid 

pMBPMPCHis was transformed into E. coli DH5α and expresses Mpc with a N-

terminal MBP and C-terminal His tag. 

 

 

3.2.3. Protein expression and purification  

3.2.3.1. Recombinant Ler produced from pAMH103 

C-terminal His-tagged Ler protein was expressed from the ler promoter on pAMH103 
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[177]. Cells were grown in LB medium at 37 ºC to an optical density of OD600 3.0, then 

harvested by centrifugation at 8000 x g for 20 min at 4 ºC and frozen. The pellet from 

500 ml of cells was suspended in 15 ml of lysis buffer (50 mM NaH2PO4, 300 mM 

NaCl, 10 mM Imidazole, pH 8) and 2 mg of lysozyme was added followed by a 35 

minute incubation on ice.  Cell lysis was achieved with 25 minutes of sonication 

(Ultrasonic processor model W-220, Heat Systems Ultrasonic, N.Y.) and the lysed cell 

suspension was centrifuged at 26,000 x g for 70 min at 4 ºC. Ni-NTA resin (Qiagen) (3 

ml) was added to lysate and rocked at 4 ºC for 2 hours. The mixture was applied to an 

econo column (BioRad) and protein was eluted in 500 µL aliquots of elution buffer (50 

mM NaH2PO4, 300 mM NaCl, 10 mM Imidazole, pH 8). 

 

3.2.3.2. Recombinant Ler and truncated Ler 

Recombinant full length Ler and truncated N-terminal and C-terminal Ler proteins were 

expressed from pVS45 [32], pNtermMycHis, pCtermMycHis, and pCtermHis in DH5α  

(Life Technologies). Cells were grown in LB medium at 37 ºC to an optical density of 

OD600 ~0.5 prior to the induction using 0.2% arabinose (final concentration). Proteins 

were expressed for 2-3 hr and cells were then harvested by centrifugation at 8000 x g 

for 20 min at 4 ºC and frozen. Cell pellets from 1 L culture were suspended in binding 

buffer (50 mM NaH2PO4, 300 mM NaCl, pH 8.0) to a final volume of 10 ml. Cells were 

lysed by two passages through a French Press (Thermo Scientific, MA), and then the 

lysed cell suspension was centrifuged at 26,500 x g for 70 min at 4 ºC. The supernatant 

of the lysate was filtered through a 0.2 µm pore size filter (Millipore) and applied to a 

HisTrapFF column (GE Healthcare) coupled to an ÄKTA Prime Plus system (GE 
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Healthcare). After sample application the column was first washed with 30 ml of 

binding buffer at a flow rate of 3 ml/min then washed with 50 ml of buffer (50 mM 

NaH2PO4, 300 mM NaCl, 65 mM imidazole, pH 8.0) and eluted with elution buffer (50 

mM NaH2PO4, 300 mM NaCl, 500 mM imidazole, pH 8.0). Eluates were buffer 

exchanged into storage buffer (50 mM NaH2PO4, 150 mM NaCl, pH 8.0) and 

concentrated using an Amicon ultra centrifugal filter device with a 3 kDa MW cut-off 

value (Millipore), except for full length Ler where a 10 kDa MW cut-off value 

(Millipore) was used. To increase protein solubility of Ler and the N-terminus of Ler, 

L-glutamic acid and L-arginine were both added to the storage buffer at a final 

concentration of 50 mM [196]. Protein samples were analyzed by SDS-PAGE using a 

4-20% Tris-HCl Criterion precast gel (BioRad), and proteins were visualized with 

GelCode Blue Stain Reagent (Thermo Scientific). 

 

3.2.3.3. Preparation of 15N-labeled Proteins 

Using the pCtermMycHis and pCtermHis constructs, isotopically labeled Ler protein 

was produced by using 15NH4CL (>99%) (Cambridge Isotopes) in modified M9 media, 

with glycerol as the sole carbon source [197-199].  Expression and purification of these 

proteins was as described above. Proteins were buffer exchanged into NMR buffer (25 

mM NaH2PO4, 50 mM NaCl pH 8) and 10% (v/v) deuterium at concentration ~800 nM. 

 

3.2.3.4. Recombinant MBP proteins 

Recombinant MBP proteins of Ler, Mpc, and MBP were expressed in BL21-DE3 

(pLysS) (Novagen) from pMBPLerHis, pMBPMpcHis and pMALX(E), respectively. 

Cells were grown in LB medium at 37 ºC to an optical density of OD600 ~0.5 prior to 
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the induction of recombinant protein expression using 0.5 mM IPTG. MBP and MBP-

Ler-Proteins were expressed for 2-3 hrs and cells were then harvested by centrifugation 

at 8000 x g for 20 min at 4 ºC and frozen. MBP-Mpc cells were moved to 18 ºC and 

allowed to express overnight before being harvested. Cell pellets from 1 L of culture 

were suspended in binding buffer (50 mM NaH2PO4, 300 mM NaCl, pH 8) to a final 

volume of 15 ml. Cells were lysed by two passages through a LV1 micro-fluidizer 

(Microfluidics, MA), and pelleted at 26,500 x g for 70 min at 4 ºC. The supernatant of 

the lysate was filtered through a 0.2 µm pore size filter (Millipore) and applied to a 

HisTrapFF column (GE Healthcare) coupled to an ÄKTA Prime Plus system (GE 

Healthcare). After sample application the column was first washed with 30 ml of 

binding buffer at a flow rate of 2 ml/min, washed with 50 ml of buffer (50 mM 

NaH2PO4, 300 mM NaCl, 65 mM imidazole, at pH 8.0), and eluted with elution buffer 

(50 mM NaH2PO4, 300 mM NaCl, 500 mM imidazole, at pH 8.0). Eluates were buffer 

exchanged into storage buffer (25 mM NaH2PO4, 300 mM NaCl, pH 8.0) and 

concentrated using an Amicon Ultra Centrifugal Filter Device with a 50 kDa MW cut-

off value (Millipore). Protein samples were analyzed by SDS-PAGE using a 4-20% 

Tris-HCl Criterion precast gel (BioRad), and proteins were visualized with GelCode 

Blue Stain Reagent (Thermo Scientific). MBP-Mpc was buffer exchanged into binding 

buffer (20 mM Tris-HCl, 3 mM EDTA pH 8.0) and further purified by MBP-trap HP 

chromatography. The column was washed with binding buffer for 5-10 column volumes 

and the protein was eluted with elution buffer (20 mM Tris-HCl, 10 mM maltose pH 

8.0).  
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3.2.4. Western blot analysis 

Polyclonal Ler antibody was produced in rabbits (Lampire Biological products, Everett 

PA). Antibodies were used in a 1:1000 dilution.  Western blot analysis was conducted 

as previously described in Materials and Methods in Chapter 2.   

 

3.2.5. Trypsin Digestion 

Protease selection was guided by Peptide Cutter software (Swiss Institute of 

Bioinformatics), which revealed 20 possible trypsin digestion sites, disturbed 

throughout Ler.  Trypsin digestions were conducted using the in-solution Tryptic 

Digestion and Guanidination Kit (Thermo Scientific).  Each digest contained 6 µg of 

Ler-Myc-His protein and gel samples were taken every minute for 15 minutes and one 

at 20 minutes. After flash freezing to stop the reaction, samples were resolved on a 4-

20% SDS-PAGE gel and silver stained using Silverquest Silver staining kit (Life 

technologies) according to the manufacturer’s instructions. Protein bands were excised 

from the gel and verified by Mass Spectrometry (Core facility, University of Maryland, 

School of Medicine). 

 

3.2.6. Size Exclusion Chromatography 

All experiments were performed using an ÄKTA Prime Plus FPLC (GE Life Sciences) 

and analyzed with Unicorn Control Software (GE Life Sciences). Ler-Myc-His and N-

term-Myc-His purified proteins ranging from 0.02 to 2 mg/ml in volumes of 2 ml were 

loaded on a HiPrep 26/60 Sephacryl S-300 HR 1 × 320 ml column. Calibration curves 

were generated using Bio-Rad gel filtration standards. Protein standards -aprotinin, 
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ribonuclease A, ovalbumin, conalbumin, thyroglobulin, γ-globulin, ovalbumin, 

myoglobin and vitamin B12 - were suspended in the mobile phase and applied to the 

columns in buffer (50 mM NaH2PO4, 150 mM NaCl, and pH 7.2) according to 

manufacturer’s protocol. Blue dextran 2000 protein was used with both sets of protein 

standards to determine void volume of the column. Flow rates were 0.5 to 1 ml/min. 

Determination of the size of the oligomer was calculated by dividing the molecular 

weight of the possible oligomer by the formula weight of the protein.  The molecular 

weight of the oligomer is determined by plotting the log of molecular weight of the 

standard vs partition coefficient Kav of the standards as described in the manufacturer’s 

protocol. Kav = (Ve/Vo)/(Vc-Vo), where Vo is column void volume, Ve is elution 

volume, and Vc is geometric column volume (GE Healthcare manual). 

 

3.2.7. NMR Data Collection and Processing   

All NMR experiments were run on a Bruker AVANCE 800 NMR spectrometer (800.27 

MHz for protons), equipped with four frequency channels and a triple-resonance z-axis 

gradient 5 mM cryoprobe, running Topspin 2.0. Data were analyzed and processed 

using the NMRPipe software package, including visualization with NMRDraw and 

NMRViewJ [200].  All experiments were conducted and processed by NMR core 

facility, University of Maryland, School of Medicine. 

 

3.2.8. Preparation of fluorescently labeled DNA fragments and Electrophoretic 

Mobility Shift Assays (EMSA) 

3.2.8.1. Preparation of fluorescently labeled DNA fragments 
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Fluorescently labeled oligonucleotides used for PCR amplification of DNA fragments 

encoding LEE promoter regions were prepared as described (Life Technologies). 

Briefly, 5’-amine-modified oligonucleotides obtained from Integrated DNA 

Technologies were resuspended in 300 µl of dH2O, chloroform-extracted three times, 

ethanol-precipitated in 125 µM NaCl, and resuspended in 300 µl dH2O. The 

oligonucleotides (5 µg) were fluorescently labeled in 100 µl reactions using a ten-fold 

molar excess of Alexa Fluor® 790 carboxylic acid, succinimidyl ester, penta 

(triethylammonium) salt (Life Technologies) in 100 mM sodium tetraborate (pH 8.5). 

Reactions were allowed to proceed overnight at room temperature in the dark. Labeled 

oligonucleotides were purified using G-25 spin columns (GE Healthcare) according to 

manufacturer’s directions. 

 

DNA fragments containing LEE1 P2, LEE1 P1P2 and LEE3 regulatory regions were 

PCR-amplified as stated previously in Chapter 2 Materials and Methods. DNA 

fragments containing esvT and lysR-like targets were amplified using Easy-A DNA 

polymerase (Agilent) from EHEC strain TUV93-0 gDNA using the fluorescently 

labeled primer sets EscSTU-EMAS-Fwd/ EscSTU-EMAS Rev and LysR-like-EMSA-

Fwd/LysR-like-EMSA-Rev, respectively. Amplified DNA products were purified using 

G-50 spin columns (GE Healthcare) according to the manufacturer’s directions. 

 

3.2.8.2. Electrophoretic mobility shift assays 

Ler and target DNA were mixed and incubated at 30 ºC for 20 minutes, after which 

MgCl2 and CaCl2 were added to final concentrations of 5 mM and 2 mM, respectively.  
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EMSA was conducted as previously described in Chapter 2 Materials and Methods.   

 
3.2.9. Disulfide bond assay 

Purified MBP-Mpc-His (5 mg/ml) was added to reducing loading buffer (33 mM NaCl, 

70 mM Tris-HCl, 1 mM EDTA, 2% (w/v) SDS, 0.01 % (w/v) bromophenol blue, 10% 

glycerol, 40 mM DTT pH 6.8) or non-reducing loading buffer (same as reducing buffer 

excluding DTT) and resolved by SDS-PAGE using a 4-20% Tris-HCl Criterion precast 

gel (BioRad). Proteins were visualized with GelCode Blue Stain Reagent (Thermo 

Scientific).  

3.2.10. Co-precipitation  

MBP/Ler, MBP-Mpc/Ler, and MBP-Ler/Ler co-precipitations were conducted in 100 µl 

reaction containing 20 µg of each protein in buffer (20 mM Tris, 200 mM NaCl, 1mM 

EDTA, pH 8.0). Reactions were rocked overnight at 4°C followed by the addition of 20 

µl of amylose resin (New England Biolabs) and rocked for an additional 2 hours at 

25°C. Protein/resin complexes were centrifuged (1000 x g) for 1 minute, washed twice 

with 500 µl of buffer, and resuspended in 30 µl of buffer. Protein samples were resolved 

by SDS-PAGE using a 4-20% Tris-HCl Criterion precast gel (BioRad) and visualized 

with GelCode Blue Stain Reagent (Thermo Scientific) 

 

3.3. Results 

3.3.1. Defining the starting methionine of Ler 

When this study commenced, the exact starting methionine of Ler was not known, as 

there are three possible starting methiones within the coding region of ler. The ler gene 

containing all three possible starting methionines was cloned under its native promoter 
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and a C-terminal hexa His-tag added. The resulting clone was called pAMH103 [177]. 

E. coli TUV93-0 (ΔstxΔhfq) [177] was transformed with pAMH103 and grown in LB to 

O.D600 3.0. The hfq mutation in E. coli TUV93-0 allowed for higher Ler production 

compared to the wild type EHEC.  EHEC was used as ler is expressed from Pler, not 

present in K-12 E. coli. The Ler protein was purified via the C-terminal His-Tag as 

described in the Materials and Methods. 

Electrospray time of flight mass spectrometry detected a peak at 15180.0 m/z (Figure  

3.1), which identifies the second methionine as the native start. This result is in 

agreement with subsequent published data [30]. 

 

3.3.2. Characterizing oligomerizing regions and topology of Ler 

The oligomerization domain of Ler was first reported to be solely in the N-terminus of 

Ler. Site-directed mutagenesis of isoleucine 20 and leucine 26 (originally reported as 

I26 and L29) in the predicted coiled-coil region of the N-terminus demonstrated that 

these residues are essential for regulation [32]. Subsequently, amino acid leucine 56, in 

the central domain, was also shown to be important for Ler regulation [30]. Using 

chimeric proteins, Mellies et al. [35] further demonstrated the importance of the central 

region to Ler regulation.   

 

A fundamental method used to assess tertiary folding or quaternary protein 

conformation is the proteolytic protection assay. We employed this method to further 

elucidate the minimal sequence capable of oligomerization and to gain some insight into 

the structural organization of Ler. Our hypothesis was that folded regions or residues 
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directly involved in oligomerization would be protected and thus less accessible to 

digestion [201]. Briefly, plasmid construct pVS45 [32] encoding a C-terminal Myc-His 

tagged Ler was expressed in DH5α and purified by nickel ion chromatography.  There 

are 20 possible trypsin digestion sites (at Arg and Lys), intermittently located within the 

161 amino acid recombinant Ler protein. After partial tryptic digestion, proteins were  

resolved on a SDS-PAGE gel, silver stained, and selected bands were chosen for 

matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) analysis at 

the UMB MS core facility.  We used three criteria for selecting bands to identify tryptic 

peptide sequence: 1) molecular weight, 2) band intensity and 3) digestion time. In order 

to ascertain the minimal region for oligomerization, bands were selected at molecular 

weights below 13 kDa. SDS-PAGE gels were over-stained up to an additional 30 

minutes for maximal protein detection resulting in the appearance of some white bands. 

Three bands, of ~11, ~8 and ~5 kDa, were selected for MS analysis (Figure 3.2). The 

~11 kDa band appearing after 10 minutes of digestion contained six tryptic peptides: 

L30-K44, E32-K44, N79-R90, E97-K104, K105-K111 and D112-K121 (Figure 3.2 

panel A). Tryptic peptides L30-K44 and E32-K44 are from the N-terminus and central 

domain, which are the two domains implicated in oligomerization [30,35]. Tryptic 

peptides N79-R90, E97-K104, K105-K111, D112-K121, originate from the C-terminus, 

which is responsible for DNA-binding. The amino acids represented in the tryptic 

peptides are highlighted in Figure 3.2, panel A.  Analysis of the ~8 kDa band detected 

two tryptic peptides originating from the C-terminus, N79-R90 and D112-K121 (Figure 

3.2. panel B). Further digestion (25 minutes) produced a ~5 kDa band, analysis of 

which yielded only one tryptic peptide, N79-R90 (Figure 3.2. panel C). The survival of  
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Figure 3.1  Starting Methionine of Ler.  A. Amino acid sequence of Ler. Possible 
starting methionines and corresponding protein molecular weights are shown in color: 
Met1 (blue), Met2 (green), and Met3 (red).  B. Electrospray mass spectra for the 
purified protein Ler-His. The mass to charge ratio (m/z) of the sample was identified at 
15180.0 m/z, identifying the second methionine (green) as the native start.  
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Figure 3.2 Trypsin Digest Protection Assay.  Left, Ler was digested with trypsin 
(seen throughout the gel at ~23 kDa), over a time course of 30 minutes.  Samples were 
resolved on a SDS-PAGE gel and silver stained. Protein bands extracted and sent for 
mass spectrometry analysis are boxed in black with full length Ler boxed in red. Right, 
Panel A, amino acid sequences representing tryptic peptides [L30-K44, E32-K44, N79-
R90, E97-K104, K105-K111 and D112-K121] from the ~11 kDa protein band are 
highlighted.  Panel B, amino acid sequence representing tryptic peptides [N79-R90, 
E97-K104, K105-K111 and D112-K121] from the ~8 kDa protein band are highlighted. 
Panel C, amino acid sequence of tryptic peptide [N79-R90] from the ~5 kDa protein 
band is highlighted.  
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the tryptic peptides from the C-terminus suggests that this region is protected and thus 

structured. To ensure that the integrity of the trypsin digestions was not significantly 

influenced by either the solubility (Myc) or affinity (His) tags, western blot analysis was 

performed using polyclonal antibody directed against Ler [anti-Ler] and monoclonal 

antibody directed against the Hexa-His Tag [anti-His]. Protein bands of 18.8 kDa (full- 

length Ler) and a ~14 kDa truncated form were recognized by the anti-Ler antibody 

(Figure 3.3A).  Only the protein band of 18.8 kDa was recognized by the anti-His 

antibody (Figure 3.3B), indicating that the C-terminal His-tag is cleaved early by 

trypsin digestion.  Cleavage of the Myc-His tag was expected due to the presence of two 

trypsin cleavage sites within the tag. 

 

3.3.3. Elucidation of the Ler oligomeric state(s) by size exclusion chromatography 

H-NS has the capacity to form large oligomers through protein-protein interactions of 

the oligomerization domain(s) as well as the multiplicity of the protomers forming the 

oligomer. Previous work has shown that oligomers are essential for Ler to function as a 

regulator but the composition of those oligomers has yet-to-be defined [30,32,35].  We 

set out to characterize the oligomeric nature of Ler.  

In order to further characterize the Ler oligomers we used size exclusion 

chromatography, which measures the molecular weight of a gel-filtered protein based 

on its elution profile. The oligomerization state can be calculated based on the apparent 

molecular weight of the protein, which is used to calculate the number of monomers 

forming the oligomer. Ler was expressed and purified from pVS45 and the elution 

profile was compared to that of molecular weight standards (Bio Rad) (Figure 3.4A and  
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Figure 3.3. Western blot analysis of Ler-Myc-His partial trypsin digestion.  Ler was 
trypsin digested over a time course of 30 minutes, samples were resolved on a SDS-
PAGE gel and analyzed by Western blot. A. anti-Ler polyclonal antibody.  B. anti-His 
monoclonal antibody.  Note the anti-His monoclonal antibody does not recognize 
partially digested Ler-Myc-His after 10 minutes demonstrating that the C-terminal Myc-
His tag is cleaved early.  C. Merged image of panels A and B. 
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3.4B). The log of the molecular weight vs the partition coefficient (Kav) was plotted for 

standard proteins (Figure 3.4A inset). UV detection limited our analyses to protein 

concentrations greater than 0.02 mg/mL; below this threshold, peaks were 

indistinguishable from background. The elution profile of Ler is seen in Figure 3.4C.  

The elution profiles of gel-filtered Ler correspond to apparent oligomers ranging from 

27-85 monomers. Given the wide range and large sizes of the oligomers detected, along 

with the high protein concentrations necessary for detection, we created a truncated 

construct producing only the Ler N-terminus (pN-term-Ler(3-72)Myc-His) in an attempt 

to avoid a potential artifacts engendered by the C-terminus in the full length protein. 

The elution peak range is broad demonstrating an apparent oligomer size of 66-257 

monomers. We conclude from these experiments that both Ler and its N-terminus form 

large soluble aggregates. These results were corroborated by Mellies et al. [34], who 

reported over 90% of Ler exists as a soluble aggregate corresponding to an oligomer 

size of 100–250 monomers and less than 10% of the Ler population was detected in a 

single peak correlating to dimers to decamers. With the knowledge of this work being 

conducted by the Mellies lab we discontinued investigating the N-terminal 

oligomerization domain.  

 

3.3.4. Structural characterization of the C-terminal domain of Ler 

Ler, in contrast to other H-NS family members, has the ability to directly increase gene 

expression. The proposed model by which this is achieved is that Ler regulates 
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Figure 3.4.  Size exclusion chromatography analysis of Ler oligomers. A. 
Chromatogram from one representative experiment showing elution peaks from Bio 
Rad gel filtration standards: Thyroglobulin (bovine) 670 kDa, γ-globulin (bovine) 158 
kDa, Ovalbumin (chicken) 44 kDa, Myoglobin (horse) 17 kDa, Vitamin B12 1.35 kDa, 
along with Blue dextron 2000. The y-axis = UV unit, and x-axis = volume (ml).  A 
standard curve is shown in the inset, with y-axis = Kav and the x-axis= the log of 
molecular weight (Da). B. Expanded chromatogram shows peak assignment for Bio 
Rad standards.  The first and third peaks’ elution volumes (97.80 and 131.42) are 
excluded from analysis, as described by the Bio Rad protocol.  C. Concentrations of 
elution peaks of full-length Ler are 0.9 mg/ml, 0.02 mg/ml (peaks 1 and 2, 
respectively), and of Ler N-terminus, peaks 3-5, 0.9 mg/ml each and peak 6, 0.09 
mg/ml.    
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The proposed model by which this is achieved is that Ler regulates transcription by 

binding and bending DNA thereby displacing H-NS from its bound regulatory regions 

[27]. Comparing the known structure of the DNA-binding region of H-NS to that of Ler 

might provide insight into the variable activities of Ler. 

Our Ler trypsin digestion data are suggestive of a structured protein. With the low 

molecular weight of ~10 kDa, Ler is a suitable target for Nuclear Magnetic Resonance 

(NMR) structural analysis.  We performed a preliminary one dimensional (1D)  

experiment on unlabeled C-terminus(71-123)-Myc-His to test if the protein is structured.  

As can be seen in Figure 3.5, panel A, a chemical shift is observed between 6-10 

hydrogen ppm value on the x-axis of the 1D NMR analysis of the C-terminus(71-123)-

Myc-Hisprotein (Figure 3.5A, boxed region), indicative of a structured protein. We next 

performed Heteronuclear Single Quantum Coherence (HSQC) experiments on 15N- 

labeled Ler C-terminus(71-123) using two different protein tags [197,198,202].  Use of the 

His-tag in the Ler C-terminus recombinant protein more closely resembled the native 

sequence, whereas the use of the Myc-His tag produced better yields from protein 

preparations.  To purify Ler for structural studies, E.coli DH5α cells containing either 

pBADCtermHis or pBADCtermMycHis were grown and expressed in LB-broth or M9 

minimal media containing N15ammonium chloride as its sole nitrogen source. 

Conventionally, glucose is used as a carbon source in M9 media, but because glucose 

represses the arabinose promoter (pBAD) used to express these constructs, we used 

glycerol as the sole carbon source [199]. Purification of the recombinant C-terminus(71-

123) of Ler was performed by nickel chromatography. Observed in the HSQC spectrum  
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Figure 3.5 NMR analysis of the Ler C-terminus. A. 1D, 1H NMR spectra with  
chemical shifts between values 6-10 hydrogen ppm (boxed) indicative of the HN from 
the protein backbone. B.  Overlay of 15N HSQC analysis of the Ler C-terminus-His 
(black) and C-terminus-Myc-His (red) protein.  Resolved chemical shifts are spread 
over the spetra revealing a folded protein.  C.15N HSQC of Ler C-termins-His without 
Mg2+  D.15N HSQC of Ler C-terminus-His in the presence of Mg2+showing no 
differences in chemical shifts. 
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are defined peaks, which are spread out over the plotted area and not condensed in the 

hydrogen plane (Figure 3.5B). Comparisons of both15N-labeled Ler C-terminus(71-123)-

Myc-His (red) and Ler C-terminus(71-123)-His (black) proteins revealed no differences in 

the spectral pattern (Figure 3.5B), confirming that the Myc tag does not modify the 

structure. This verifies that the C-terminal DNA-binding region of Ler is structured and 

the structure is unaffected by the solubility/affinity tag, which is in agreement with our 

results from the Ler trypsin digestions.  

 

Two different structural conformations of the H-NS dimer, parallel and anti-parallel 

have been reported [102,103,113]. One study by Liu et al. [116], suggests these 

differences are primarily attributed to the presence of divalent cations, such as Mg2+ and 

Ca2+. The C-terminus of Ler is responsible for binding DNA, and DNA-binding is often 

stabilized by cations. We investigated the possible effects, if any, that the divalent 

cation Mg+2 would have on the C-terminal structure of Ler. An HSQC overlay of His-

tagged Ler C-terminus(71-123) in the presence and absence of 50 mM magnesium chloride 

revealed no structural difference (compare Figure 3.5C to 3.5D).  

 

3.3.5. Discontinuation of structural characterization studies of Ler 

Although the purification studies of the C-terminal domain of Ler and the initial HSQC 

experiments were proceeding well, further work in our laboratory on the structural 

characterization of Ler was discontinued due to the publication of a very comprehensive 

work by a consortium of 5 laboratories, which solved the full structure of Ler [33]. 
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3.3.6. Identifying Ler DNA targets  

Ler, like H-NS, shares a preference for binding curved AT-rich sequences of DNA. 

Sperandio et al. [32], identified a 120 bp sequence within the EPEC LEE2/3 regulatory 

region that was bound by Ler, of which 90 bp were highly protected in DNA 

footprinting experiments. In 2011, Cordeiro et al. [33], further demonstrated by 

fluorescence anisotropy that a 10 bp sequence within the LEE2/3 region bound Ler. 

Interestingly, this 10 bp sequence shared 80% homology to the H-NS consensus 

sequence proposed by Lang et al. [123]. One other DNA target for Ler binding was 

identified within the lpf promoter, which is outside the LEE [167]. In order to find other 

putative regulatory regions of Ler, we collaborated with Dr. Dave Rasko of the Institute 

of Genomic Sciences. Based on the sequence by Cordeiro [33], we used the 10 bp 

sequence (ATAATTGATA) to screen the EHEC EDL933 genome for other potential 

Ler-DNA-binding targets. The screen produced 19 possible targets (Table 3.2) from 

which we chose two to investigate DNA-binding by Ler. The escT target was chosen 

because it is located in the LEE1 and the putative lysR-like gene is of interest because it 

is located outside the LEE PAI and LysR is a known transcriptional regulator.  A third 

target, located between the proximal and distal LEE1 promoters and sharing 90% 

homology with the 10 bp sequence, was also analyzed. Using electrophoretic mobility 

shift assays (EMSA), we fluorescently labeled DNA probes to assess Ler-DNA-binding. 

The 100 to 150 bp DNA targets, centering on the 10 bp proposed consensus sequence, 

all bound Ler with similar affinity (Figure 3.6). 

Cordeiro [33] suggests that it is not the DNA sequence per se, but rather the structural 

feature of the DNA minor groove that is recognized by Ler. In order to gain some  
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Figure 3.6 In vitro binding of Ler to DNA targets. A gel mobility shift assay was 
performed using fluorescently labeled DNA of the LEE1, escT, lyrR-like, rssB and 
LEE3 gene sequences (30 ng/ml) and purified Ler at 2.5 or 5 ng/ml. Free and bound 
complexes were resolved on a 4-20% non-denaturing polyacrylamide gel in TBE buffer 
and visualized on a LiCor Odyssey at 800 nm. Free DNA and Ler/DNA major 
complexes are indicated by arrows. Free DNA only can be seen in lanes: 3 LEE1, 6 
escT, 9 lysR-like, 11 rssB, and 13 LEE3. 
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insight into the importance of the AT- rich sequence in relation to Ler binding, we 

mutated the TAATTT sequence by substituting a GC-rich BamHI site (GGATCC).  

Changing the AT-rich sequence might alter the minor groove and thus alter the ability 

of Ler to bind DNA. We did not observe a difference in the binding shifts between the 

AT-rich target sequence and that of the mutated sequence as both bound Ler equally 

well (Figure 3.7).  The integrity of the TAATTT sequence within the 10 bp target 

sequence is not essential for Ler binding, suggesting that either the conformation of the 

DNA minor groove was not altered enough to prevent Ler binding or that the 10 bp 

fragment used was too small to be structured.  Alternatively, this technique may not be 

sensitive enough to detect small changes in DNA–binding affinity 

 

3.3.7. Multiple point controller (Mpc); characterization and its repression of Ler 

function 

Another protein recently found to be involved in LEE regulation is the Multiple point 

controller (Mpc) [63]. The mpc gene is the first gene encoded in the LEE3 operon and 

expression and translation of Mpc is pivotal for type III secretion in EHEC [63]. 

Although much is known of how Ler regulates the (LEE2/LEE3) divergent promoter 

region [9,32,33], little is known of Mpc regulation in concert with Ler. 

 

We first examined the ability of Mpc to bind DNA. A recombinant Mpc protein was 

engineered in expression vector pET21 containing an N-terminal MBP 

solubility/affinity tag along with a C-terminal His tag and designated pMBP-MPC-HIS. 

We were only able to produce soluble Mpc by expressing pMBP-MPC-HIS at 18°C  
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Figure 3.7  In vitro binding of Ler to mutated LEE1 target DNA. A gel mobility 
shift assay was performed using fluorescently labeled mutated sequence (lanes 1, 2, and 
3) from the LEE1 region (30 ng/ml) and purified Ler at 2.5 or 5 ng/ml. Free and bound 
complexes were resolved on a 4-20% nondenaturing polyacrylamide gel in TBE buffer 
and visualized on a LiCor Odyssey at 800 nm. Free DNA and Ler/DNA major 
complexes are indicated by arrows. Lanes 4 and 5 are the rssB negative control. Lanes 3 
and 5 are DNA only. 
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overnight. Dual affinity purification utilizing amylose and nickel chromatography 

allowed for greater purity and eliminated degraded products from the preparation. To 

examine the possible DNA-binding capacity of recombinant Mpc to Ler target DNA, 

LEE1 and LEE3, we tested the previously described LEE fluorescently-labeled 

regulatory targets (above) via EMSA. Mpc was incapable of binding the LEE1 target 

DNA (Figure 3.8 lanes 2-5) and LEE3 target DNA (data not shown); similar results 

were observed for the negative control rssB (Figure 3.8, lanes 8 and 9). MBP was 

included as a control for nonspecific binding and was found not to bind LEE1 DNA 

(Figure 3.8, lanes 6 and 7). We next set out to examine the effect of Mpc on Ler DNA-

binding, since Mpc was shown to interact with Ler in a bacterial two-hybrid system 

[63].  Purified Mpc was titrated into a Ler-DNA complex and analyzed by EMSA.  

Surprisingly, Mpc had no effect on Ler binding to DNA (Figure 3.9).  

 

We next investigated the potential for Mpc to form a protein-protein interaction with 

Ler.  We employed an amylose resin (New England Biolabs), which binds maltose-

binding protein (MBP), in order to conduct co-precipitation pull-down experiments with 

purified proteins: MBP-Mpc-His, MPB-Ler-His, and Ler-Myc-His. As shown in Figure 

3.10, MBP-Mpc-His was able to pull down Ler-Myc-His no better than the negative 

control MBP-His (lane 2 and 5). As a positive control, MBP-Ler was purified by nickel 

chromatography and allowed to complex with Ler-Myc-His. MBP-Ler-His, was able to 

pull down Ler-Myc-His (Figure 3.10, lane 11). We conclude that recombinant Mpc 

protein is incapable of interacting with Ler. It is possible that the affinity tags could 

have provided steric hindrance but since the affinity tags had no effect in the positive  
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Figure 3.8 Recombinant Mpc protein does not bind LEE1 target DNA or rssB 
DNA.  Flourescently labeled LEE1 target DNA was incubated with two independent 
protein purifications of MBP-Mpc-His at 2.5 or 5 ng/ml (lanes 2-5). Flourescently 
labeled rssB target DNA was incubated with two independent protein purifications of 
MBP-Mpc-His at 5 ng/ml (lanes 8-10). Neither the LEE1 or rssB exhibit a mobility 
shift. Lanes 6, 7, and 10 are the negative MBP control. 
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Figure 3.9 Mpc titrations of Ler/LEE1 DNA complexes. EMSA analysis shows no 
effect of Mpc on Ler binding to LEE1. Lane 1 contains Free LEE1 DNA in the absence 
of proteins and lanes 2-6 represent Mpc to Ler titrations: 0.25:1, 0.5:1, 1:1, 1.5:1, and 
2:1, respectively. A mobility shift is detected in all DNA protein binding reactions.   
 
 

 

 

 

50-300 nM 

Ler/DNA 

MBP-Mpc 

Ler  (150 nM) 

1 2 3 4 5 6 

Free DNA 



 

  102 

 

 

 

 

 
 
 
 
 
 
Figure 3.10 Co-precipitation of purified Mpc and Ler using amylose resin. Ler was 
allowed to complex with MPB-Ler-His (positive control), MBP-Mpc-His or MBP 
(negative control) and complexed proteins were captured using amylose resin. Pellets, 
washes, and supernatants of protein complexes were resolved by SDS-PAGE and 
stained with Coomassie Brilliant Blue. Lane 7 shows MPB-Ler, was able to co-
precipitate purified Ler (lane 7, arrow). The negative control, MBP, and the MBP-Mpc 
exhibit faint bands of similar intensity (lanes 2 and 5, arrows). Supernatants and washes 
were included as controls for the presence of the proteins. M, molecular weight marker; 
P, pellet; W, wash; S, supernatant.  Lanes 1, 4 and 7, are molecular weight standards. 
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control, we think this is unlikely. Our data are contrary to the previously reported 

findings of Tsai et al. [63].   Lastly, we investigated the possibility of disulfide bond 

formation in Mpc owing to two cysteines located at amino acid positions 85 and 88. For 

this, Mpc was analyzed by polyacrylamide gel electrophoresis under reducing and non-

reducing conditions. The same molecular weight protein was detected under both 

conditions indicating no disulfide bond formation (Figure 3.11).  

 

In view of our inability to reproduce Mpc interacting with Ler reported in the only 

previous publication on Mpc as well as the difficulty in purifying Mpc for structural 

studies, we discontinued the work on this Mpc protein. 
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Figure 3.11. Mpc does not form disulfide bonds.  Coomassie-stained SDS-PAGE of 
MBP-Mpc-His with non-reducing loading buffer (lane 2) and reducing loading buffer 
(lane 3). No differences are observed between the two sample preparations. Molecular 
weight standards are shown in lane 1. 
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3.4. Discussion  

The coordinated expression of virulence factors is essential for the ability of bacteria to 

cause disease. Among the group of E. coli pathogens two pathotypes, EPEC and EHEC, 

mainly control expression of their virulence factors by two global regulatory proteins H-

NS and Ler. Although Ler and H-NS share similarities, including the ability to 

oligomerize, bind/bend AT-rich DNA sequences within the same region, and respond to 

environmental stimulus, H-NS is a repressor and Ler is the master positive regulator of 

the LEE PAI.  Knowledge of protein structure is integral to the understanding of how 

proteins interact with each other and with DNA in order to regulate gene expression. 

This work characterizes primary, secondary, tertiary and quaternary structural aspects of 

Ler in relation to what is known for H-NS.    

It is known that H-NS exists in several concentration-dependent oligomeric states, from 

dimers to dodecamers [95]. We attempted to determine the oligomeric size of Ler using 

size exclusion chromatography. Unexpectedly, we were only able to detect a large 

soluble aggregate for the N-terminus and full-length Ler.  However, our findings 

corroborate data later published by Mellies et al. [34], where 90% of Ler analyzed by 

size exclusion chromatography showed a large soluble aggregate, and less than 10% of 

the population was reported to be an oligomer in the size range of a dimer to decamer.  

Garcia et al. [168] reported a similar result when analyzing Ler oligomers with size 

exclusion chromatography, but using atomic force microscopy they were able to detect 

oligomer sizes of 4.7, 7.8, 15.4, 20.3, and 24.3 in both the presence and absence of 

DNA. Furthermore, they reported the oligomer population of Ler as favoring larger 

oligomers, with only 3.9% of Ler DNA complexes being considered “small Ler 
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oligomeric assemblies”. Given this knowledge, we then focused our research on the 

structural analysis of the C-terminus of Ler.   

The C-terminus of Ler is the DNA-binding domain of the protein.  The majority of the 

tryptic peptides detected in the proteolytic protection assay were within the C-terminus 

of Ler. The survival of these protein fragments is suggestive of the C-terminus being 

structured. In order to validate our data from the proteolytic protection assay we 

analyzed the C-terminus by 1D NMR, which revealed a structured protein. This result 

complements data from a meeting abstract presented by the Mellies lab [203] showing 

amino acid residues cross-linking within the C-terminus of Ler but not within the N-

terminus, demonstrating the compact structure of the C-terminus.  

Bacteria respond to environmental stimuli such as temperature, osmolarity, and divalent 

cations.  Divalent cations are known to affect tertiary protein topology, an effect that 

has been attributed to different dimeric H-NS structures [116].  We conducted HSQC 

experiments to test for structural changes occurring in the C-terminus of Ler in response 

to the addition of Mg2+ ions. Our data shows the presence of Mg2+ ions does not cause a 

structural change in the C-terminus of Ler. While these studies were in progress the full 

structure of the Ler C-terminus bound to a DNA target was solved by Corderio et al. 

[33]. Furthermore, these investigations found that the structure of the C-terminus 

remained the same whether bound to DNA or not.  This study also demonstrated a high 

similarity in the structure of H-NS and Ler DNA-binding domains, but revealed Ler 

does not form an AT-hook-like DNA-binding mechanism like H-NS. Only the Arg90 of 

Ler is inserted into the minor groove of its DNA target.  
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The aforementioned structural similarity between the DNA-binding domains of Ler and 

H-NS prompted us to search for potential DNA-binding sites recognized by Ler. Ler 

was found to bind DNA segments as small as 10 bp within the LEE2/3 promoter region, 

with one 10 bp sequence having the highest binding affinity.  This 10 bp sequence 

partially matches the putative H-NS consensus sequence proposed by Lang et al. [123], 

and so we used it as a putative consensus sequence to screen the EDL933 genome for 

potential DNA-binding targets. Twenty targets were identified. Three targets within or 

around the escT, putative lysR-like, and LEE1 genes, were chosen for further study. The 

escT and lysR-like sequence share 100% homology, and the LEE1 sequence shares 90% 

homology to the 10 bp sequence.  Ler was able to bind all three of our targets as 

demonstrated by EMSA. We next tested for sequence specificity by mutating the 90% 

AT-rich 10 bp sequence to 60% A/T-rich and found that Ler binding was unchanged. 

However, the structure of the DNA minor groove is probably more important than the 

primary sequence of the binding region [33]. We conclude that the 10 bp DNA 

sequence is not essential for Ler binding and it is not realistic to define a DNA-binding 

consensus sequence for Ler.  

We attempted to quantify the Ler DNA-binding affinity to our identified DNA target 

using fluorescence anisotropy. In contrast to Corderio et al. [33], who used only the 

DNA-binding region, we used two different recombinant Ler proteins, MBP-Ler-His 

and Ler-Myc-His.  DNA targets were fluorescently labeled using either fluorescein on 

the 5-prime end or Alexa Flour 680 on both the 5-prime and 3-prime ends. The 

indiscriminate binding of Ler to the negative DNA controls made the results difficult to 

interpret. There were further complications from higher-order oligomers possibly 
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quenching the fluorescent signal and so we were unable to form any conclusions from 

these experiments (data not shown).  

 

Ler DNA-binding is not conclusive evidence for regulation by Ler, as Ler has been 

shown to bind proU in vitro, yet it is not regulated by Ler.  Fine-tuning proteins such as 

H-NST, Hha, and StpA also play a role in H-NS regulation [94].  Because Mpc has 

been reported to interact with Ler, and is essential for the expression of the T3SS [63], 

we investigated the potential role Mpc might have in Ler-DNA-binding.  Purified MBP-

Mpc-His protein titrations into Ler/DNA complexes did not affect Ler-DNA-binding. 

This experiment is not a competition assay since we show that Mpc does not bind DNA 

(Figure 3.8). We therefore conclude that if Mpc regulates LEE expression in concert 

with Ler, it must involve other factors yet to be identified. These negative results 

prompted us to take a second look at the Mpc-Ler interaction reported by Tsai et al. 

[63]. We were unable to co-precipitate Mpc and Ler in a pull down experiment using 

purified proteins and an amylose resin.  We would argue our results are more accurate 

because we used purified protein preparations while Tsai et al. [63], used bacterial cell 

lysates in their pull down experiments. It is quite possible that other contaminating 

DNA or proteins present in a cell lysate act as chaperones or a net to assist in the 

capture of a protein complex. Our results do not support their findings. Finally, we did 

not detect the formation of the disulfide bonds in SDS-PAGE with non-reducing 

conditions.  

 

There are several prevailing questions in the community about H-NS and Ler regulation 
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are: What defines the differences between H-NS and Ler regulation since they are able 

to bind the same regulartory regions? What are the in vivo oligomeric sizes of these 

regulatory proteins and what is the role of the oligomeric state in determining how they 

regulate gene expression? Recent publications demonstrate that Ler and H-NS form 

different complexes when bound to DNA. Ler forms a toroidial complex, where as H-

NS forms a more linear complex [34,168]. Further study of DNA/protein complex 

topology, and oligomerization is necessary to fully understand the regulatory 

differences of H-NS and Ler.  
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TABLE 3.1 
 
Oligonucleotides used in Chapter 3 

Application/name Oligo sequence (5’ to 3’) 

Plasmid construction pBadMyc His 

K6343(Ntermfwd) CACACCATGGAAAATAATTCACATACAAC 
K6344 (Ntermrev) AAAGAATTCCGGCGAGCGACTCC 
K6507(Ctermfwd) AAACCATGGGGAAAGGTGTTTACTACCGCA

ATGAAG 

lerCtermREVPbad(MH) R AAAGAATTCCGAATATTTTTCAGCGGTATTA

TTTC 

Ler C-terminal (H) R ATATGAATTCTCAATGATGATGATGATGAT

GAATATTTTTCAGCGGTATTATTTC 

Plasmid construction pMALX(E) 

MBPLer-NotIfwd ATGCGGCCGCAATGAATATGGAAAATAATT

CAC 

MBPLer-xhoIrev AACTCGAGAATATTTTTCAGCGGTATTA 

MBPmpcNotI AAATGCGGCCGCAATGAATCTTTTAGTTAA
AAGAAA 

REVXhoI R AAACTCGAGTGATGTCATCCTGCGAACGCG 

DNA Fragments  

LEE1P2 F TTAAGGTGGTTGTTTGATGA 

LEE1P2 R TTTGGATTCAGCAAA 

LEE3 F GTTGAAGAGTTTTTAAGATTGTTGG 

LEE3 R ATAAATAATCTCCGCATGCT 

EscSTUEMAS-FWD TATATTGCTATTAGTTATTCATGT 

EscSTUEMAS REV CTTCTTTTTTAGATCCCTTAG 

LysR-likeEMSA-FWD TAACGTAATCATTAGGATGC 

LysR-likeEMSA-REV  CCAAAATAACCACCGTTAAC 

rssB F TGCAAGTCGAACGGTAACAG 

rssB R TAGTTATCCCCCTCCATCAG 

 
 
 



 

  111 

Table 3.2 
 
Potential Ler DNA binding targets 

 Position Protein with in or around 
(Possible nucleation site) 

1 3209586 Z3556: Hypothetical proteins 
2 415444 Z0434: cyn operon positive regulator 
3 4477516 Z4931: Putative cytochrome C peroxidase 
4 352088 Z0371: Putative LysR-like transcriptional regulator 
5 758462 Z0794: Orf hypothetical protein 
6 3776560 Z4164: Putative acyltransferase 

Z4165: Putative transporter protein 
7 4678262 Z5121: Mpc 
8 4685309 Z5133: escT 
9 5362811 Z5866: Ornithine carbamoyltransferase 1 

10 1669420 Z1824: Unknown protein encoded by prophage CP-933N 
11 2038774 Z2257: Unknown protein associated with Rhs element 
12 3772094 Z4162: 2-deoxy-D-gluconate 3-dehydrogenase 
13 3887435 Z4279: Transketolase 1 isozyme 
14 

3892211 Z4282: Orf Unknown function 
Z4283: Biosynthetic arginine decarboxylase 

15 
5159472 Z5660: Orf  hypothetical protein 

Z5661: Regulation of superoxide response regulon 
16 

1592435 
Z1729: Glycerolphosphate auxotrophy in plsB background 
Z1730: 3-oxoacyl-[acyl-carrier-protein] synthase III acetyl CoA ACP 
transacylase 

17 2464517 Z3804: Orf hypothetical protein 
18 3455754 Z3804: Orf hypothetical protein 
19 4400038 Z4850: Putative O-methyltransferase 
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Chapter 4 

Future Directions 

 

4.1. Current state of the field.  

In chapter 2 we demonstrate that H-NST regulates the LEE PAI and specifically binds 

to AT-rich DNA targets.  Our model depicts that H-NST regulation is conducted by the 

formation of H-NS/H-NST heteromeric complexes, which form dominant-negative-

acting oligomers. Furthermore, H-NST Ala16, is highly critical for H-NS derepression 

and residues Arg60 and Arg63 are involved in both regulation and DNA binding. There 

are, however, still questions yet to be answered to fully understand H-NST-mediated 

regulation.  

 

4.2. What are the environmental conditions that influence H-NST expression? 

To search for an environmental switch, one can investigate the effects of temperature. 

Specifically, how do levels of H-NST respond to cold shock. H-NS concentrations 

remain relatively constant except during or after cold shock when there is a three to four 

fold increase [99] as well as growth phase changes [155,166]. H-NST could be one of 

many factors to help alleviate repression after cold shock. Other environmental inducers 

could be CO2 levels, pH, and osmolarity.  In order to address this, bacteria would be 

subject to temperature or pH shifts, presence or absence of CO2, or different salt 

concentrations and transcript levels of H-NST would be measured by quantitative 

reverse transcription polymerase chain reaction. Western blot analyses of whole cell 

lysates using H-NST  
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specific antibodies, in concert with densitometry, will determine any differences in H-

NST production.  

 

4.3. What is the size of the H-NST oligomer and is it concentration dependent?  

H-NS has been shown to form oligomers from dimers to dodecamers in a concentration-

dependent manner as described in chapter 1.  H-NST shares homology with H-NS 

mainly within the first 40 to 50 residues [156], which corresponds to dimer site 1 in H-

NS.  Truncated H-NS fragments containing only dimer site 1 have been reported in 

dimeric conformations [102,103].  To determine H-NST oligomer size and if 

oligomerization is concentration dependent, size exclusion chromatography would be a 

reasonable approach.  Purified recombinant His-tagged H-NST will be analyzed at 

different concentrations by with the use of molecular weight standards. The potential 

molecular weight of an H-NST oligomer can be calculated which then can be used to 

extrapolate the number of protomers in each of the H-NST concentrations. By 

identifying oligomer size and concentration dependence we can better understand how 

H-NST interacts with H-NS under different growth conditions.  

 

4.4. Does H-NST interact with H-NS dimer site 1 or 2? 

We know that H-NST co-oligomerizes with H-NS to relieve repression. However, it is 

unknown which of the two dimer sites is involved. Co-precipitation experiments can be 

conducted using His-tagged recombinant H-NS fragments and purified GST-H-NST 

fusion protein. H-NS fragments containing dimer site 1 (His-H-NS2-47) and dimer site 2   
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(His-H-NS55-85 ) would be incubated with GST-H-NST and these complexes would be 

precipitated using glutathione sepharose and analyzed by SDS-PAGE.  

 

4.5. Why is residue A16 essential for H-NST function? 

Alanine at position 16 has been shown to be vital for H-NST function.  In UPEC, 

position 16 is occupied by a valine and H-NST is not functional.  It was our hypothesis 

that β-branching of the valine side chain at position 16 changed the oligomeric character 

by changing the packing of the coiled-coil domains. In our work, we demonstrate that 

by mutating residue 16 to a Leucine, an un-β-branched hydrophobic residue, H-NST 

function is not maintained.  From this result we hypothesize that the size of the side 

chain could be the determining factor in maintaining function.  In order to test this 

theory, residue 16 could be substituted with a glycine or serine.  Glycine only posses a 

hydrogen as a side chain and would answer the question of side chain length being the 

distinguishing factor in maintaining H-NST function. In the alignment of 65 H-NST 

sequences (Chapter 2 Figure 2.2), position 16 was occupied by valine or alanine with a 

single exception. The sequence from S. enterica subsp. enterica serovar Nchanga had a 

serine at position 16.  Although serine is a polar amino acid, the side chain is very 

similar to that of alanine with only an additional hydroxyl group.  These potential H-

NST mutants would be tested for LEE regulation by expression experiments and FAS 

assays to investigate A/E lesion formation.   
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4.6. What are the exact H-NST residues involved in DNA binding? 

In our work, we demonstrated H-NST has the ability to bind DNA targets with 

specificity.  We identified arginine 60 (R60) and 63 (R63) as playing a role in H-NST 

regulation and in DNA binding.  Surprisingly, the H-NST R60Q/R63Q double mutant 

did not abolish DNA binding. A possible explanation could be that glutamine has the 

ability to bind DNA, which is part of the AT-hook observed in the conserved H-NS 

DNA binding motif. This possibility could be examined by the double substitution 

R60A/R63A and test for DNA binding by EMSA.  Alanine is a good substitution 

because its side chain does not interact with DNA. If DNA binding is still observed then 

single substitutions of positively charged amino acids, known to bind DNA, such as 

lysines-51, 52, 55, 56, 57, and 59 as well as arginine 54 would be tested for DNA 

binding.  Identifying the exact DNA residues involved in DNA binding will give a 

better understanding of H-NST function.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  116 

Appendix 

 

 

 

 

H-NST Induces LEE Expression and the Formation of Attaching and Effacing Lesions 

in Enterohemorrhagic Escherichia coli 

 
 
 
 
 
 
 

by 
Levine J, Hansen A, Michalski J, Hazen T, Rasko D, and Kaper 

 
 
 
 
 
 
 
 
 
 
 
 

Reprint 
PloS One January 2014 | Volume 9 | Issue 1 | e86618 

 

 

 

 

 

 

 



H-NST Induces LEE Expression and the Formation of
Attaching and Effacing Lesions in Enterohemorrhagic
Escherichia coli
Jonathan A. Levine1,2, Anne-Marie Hansen1, Jane M. Michalski1, Tracy H. Hazen3, David A. Rasko1,3,

James B. Kaper1*

1 Department of Microbiology and Immunology, University of Maryland School of Medicine, Baltimore, Maryland, United States of America, 2 Graduate Program in

Biochemistry and Molecular Biology, University of Maryland, Baltimore, Maryland, United States of America, 3 Institute for Genome Sciences, University of Maryland School

of Medicine, Baltimore, Maryland, United States of America

Abstract

Background: Enteropathogenic E. coli (EPEC) and enterohemorrhagic E. coli are important causes of morbidity and mortality
worldwide. These enteric pathogens contain a type III secretion system (T3SS) responsible for the attaching and effacing (A/
E) lesion phenotype. The T3SS is encoded by the locus of enterocyte effacement (LEE) pathogenicity island. The H-NS-
mediated repression of LEE expression is counteracted by Ler, the major activator of virulence gene expression in A/E
pathogens. A regulator present in EPEC, H-NST, positively affects expression of H-NS regulon members in E. coli K-12,
although the effect of H-NST on LEE expression and virulence of A/E pathogens has yet-to-be determined.

Results: We examine the effect of H-NST on LEE expression and A/E lesion formation on intestinal epithelial cells. We find
that H-NST positively affects the levels of LEE-encoded proteins independently of ler and induces A/E lesion formation. We
demonstrate H-NST binding to regulatory regions of LEE1 and LEE3, the first report of DNA-binding by H-NST. We
characterize H-NST mutants substituted at conserved residues including Ala16 and residues Arg60 and Arg63, which are
part of a potential DNA-binding domain. The single mutants A16V, A16L, R60Q and the double mutant R60Q/R63Q exhibit a
decreased effect on LEE expression and A/E lesion formation. DNA mobility shift assays reveal that these residues are
important for H-NST to bind regulatory LEE DNA targets. H-NST positively affects Ler binding to LEE DNA in the presence of
H-NS, and thereby potentially helps Ler displace H-NS bound to DNA.

Conclusions: H-NST induces LEE expression and A/E lesion formation likely by counteracting H-NS-mediated repression. We
demonstrate that H-NST binds to DNA and identify arginine residues that are functionally important for DNA-binding. Our
study suggests that H-NST provides an additional means for A/E pathogens to alleviate repression of virulence gene
expression by H-NS to promote virulence capabilities.
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Introduction

The histone-like nucleoid structuring protein (H-NS) of
Escherichia coli is the prototype of an important family of regulatory
proteins that repress transcription of numerous genes in Gram-
negative bacteria [1,2]. H-NS helps bacteria respond to a wide
range of environmental conditions such as changes in pH,
osmolality and temperature [3]. In E. coli K-12, H-NS is a small,
15.9 kDa protein composed of 137 amino acids. H-NS-mediated
modulation of gene expression can involve multiple mechanisms
including binding of H-NS to regulatory regions of H-NS regulon
genes to block association of RNA polymerase or by preventing
open-complex formation after RNAP has already associated with

the promoter [1,4–6]. These mechanisms can be augmented or
countered by other nucleoid-associated proteins such as Hha,
YmoA, Fis, HU, and IHF [1,6]. The N-terminal coiled-coil region
of H-NS functions in oligomerization, either forming multiple
homo-oligomeric states or heteromers with H-NS paralogs such as
StpA, and Hha/YmoA family of proteins [1,4,6]. The C-terminal
region of H-NS is the DNA-binding domain. The H-NS family of
proteins contains a conserved DNA-binding motif that shares
preferences for curved AT-rich DNA targets [3,7,8].

In addition to modulating expression of backbone chromosomal
genes in E. coli K-12 such as proU and bgl [3,9], H-NS also plays a
key role in regulating virulence factors of many bacterial
pathogens, including Shigella, Salmonella, enteropathogenic E. coli
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(EPEC) and enterohemorrhagic E. coli (EHEC) [1]. The majority
of genes encoding virulence factors in these pathogens are
contained in pathogenicity islands or other mobile genetic
elements, which are AT-rich compared to chromosomal house-
keeping genes. These DNA sequences thought to be obtained via

lateral gene transfer are termed xenogenic (i.e., derived from a
foreign source) [6]. Repression of such genes would presumably
provide an evolutionary advantage in allowing these genes to be
less likely to have a deleterious effect than if they were unregulated.
H-NS, while encoded in the chromosomal backbone of these
pathogens, can interact with other regulatory proteins encoded by
pathogenicity islands to modulate virulence gene expression that
allows pathogens to adapt to the host environment.

One group of gastrointestinal pathogens that illustrates this
interaction of H-NS and pathogenicity island-encoded regulators
is the attaching and effacing (A/E) pathogens [10], named for the
pathognomonic intestinal histopathology characterized by inti-
mate adherence of the bacteria to epithelial cells and effacement of
microvilli. EPEC causes diarrhea, primarily in infants, while
EHEC causes bloody diarrhea and the potentially fatal hemolytic
uremic syndrome. In addition to these human pathogens, there are
also A/E pathogens for rabbits (rabbit EPEC or REPEC) and for
mice (Citrobacter rodentium) [11]. All of these pathogens contain the
horizontally-acquired Locus of Enterocyte Effacement (LEE)
pathogenicity island, which is primarily responsible for the A/E
histopathology [12–19]. The LEE pathogenicity island contains 41
genes with the majority located in the five operons LEE1-5 [20–
23] (figure 1A). The majority of LEE genes encode a type III
secretion system (T3SS) that resembles a needle-like structure, with
the EspA protein forming the filament and EspB/EspD forming
the pore inserted into the host cell. Effector proteins are secreted
through the needle-like structure into the host cell where they
manipulate host signaling pathways to subsequently induce disease
[24,25]. Deletion of the hns gene encoding H-NS greatly increases
transcription of many LEE genes [12,16,26].

The first gene in the LEE1 operon encodes the LEE-encoded
regulator (Ler), an H-NS-like protein that shares 36% amino acid
sequence identity to the DNA-binding C-terminal domain of H-
NS. Ler, composed of 123 amino acids (14.3 kDa), is the master
positive regulator of EPEC and EHEC LEE virulence genes such
as espA and espB, as well as non-LEE-encoded virulence factors such
as the long polar fimbria (lpf1) and a serine protease (stcE) [27–30].
As a positive regulator of virulence gene expression, Ler
counteracts H-NS-mediated repression, probably by binding to
DNA and displacing H-NS from regulatory regions of the Ler
regulon [27,31,32]. Oligomerization of Ler, like H-NS, occurs
through the coiled-coil region located in the N-terminus [30,31].
DNA-binding activity of Ler involves the C-terminus, in particular
the Arg90 residue lodged in the conserved DNA-binding motif of
the H-NS family of proteins [1,6,25,30,33–35]. Ler preferentially
binds to curved AT-rich DNA including a 10 bp long DNA
sequence of the LEE2/LEE3 regulatory region, which was
identified as a binding target for the Ler C-terminal DNA-binding
domain [30,36]. The specific binding to the LEE2/LEE3 target
DNA involves the side chain of Arg90 being inserted into a narrow
minor groove while Arg93 helps in stabilizing the DNA protein
complex [36]. Both oligomerization and DNA binding are
essential for Ler antagonism of the H-NS repression. Antagonizing
H-NS repression leading to increased gene expression is not
exclusive to Ler, since other H-NS-modulating proteins have this
effect by a different mechanism of forming dominant-negative
oligomers [1,2,6,37–39].

Inhibition of H-NS activity is also seen with the gene 5.5-
encoded protein of T7 phage (gp 5.5) and the H-NS truncated
protein (H-NST) of EPEC, both of which have been shown to
interact with H-NS and hinder its repressive activity [37,39–42].
In E. coli K-12 the gp 5.5 protein has been shown to relieve H-NS-
mediated repression of the proU promoter in vivo [38], and was
shown to diminish H-NS binding to the bglG promoter region via

Figure 1. H-NST positively affects LEE-encoded protein levels.
(A) Regulation of the five major LEE operons, LEE1-5, by H-NS (red) and
Ler (green). Positive regulation by Ler and repression by H-NS are
indicated by open and blocked arrow heads respectively. Boxes indicate
the approximate locations of the regulatory regions of LEE1 and LEE2/3
investigated in this study. (B) The effect of EPEC H-NST on the levels of
LEE-encoded proteins in EHEC was determined by western analysis as
described in Materials and Methods. Wild type EHEC TUV93-0 (lanes 1
and 2) and a ler-deleted derivative (lanes 3 and 4) containing the empty
expression vector pQE80 (lanes 1 and 3) or pQE80H-NST (lanes 2 and 4)
were grown in LB to a density of OD600,0.5 followed by induction with
0.5 mM IPTG for 30 min. The LEE-encoded T3SS proteins EspA and EspB
were detected by western analysis of total protein using polyclonal
antisera against the respective proteins as indicated. His-tagged H-NST
was detected using a tetra-His antisera. GroEL served as a loading
control for total protein. Data shown are representative of four
independent experiments.
doi:10.1371/journal.pone.0086618.g001
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interaction with the H-NS oligomerization domain, forming a
dominant-negative oligomer [39]. Although DNA-binding activity
has yet-to-be demonstrated for gp5.5, it was reported to form a
complex with H-NS and tRNA to mask tRNA priming in T7
DNA replication [40]. The 80-residue (10.5 kDa) protein H-NST
is not present in E. coli K-12 or EHEC but is encoded in the
chromosome of some isolates such as EPEC E2348/69, uropatho-
genic E. coli (UPEC) strain CFT073 and C. rodentium. H-NST from
EPEC is encoded by a pathogenicity island located at the asnW
locus. Though H-NST exhibits an overall low amino acid
sequence similarity to H-NS of only 29%, the first 43 residues of
H-NST share 40% similarity to H-NS [37]. Williamson et al
demonstrated that EPEC H-NST negatively affects H-NS-
mediated repression of the E. coli housekeeping genes proU and
bgl by forming dominant-negative hetero-oligomers with H-NS
that render H-NS inactive when tested in a E. coli K-12
background. These authors further demonstrated that Ala16 of
H-NST is important for oligomerization and thereby activity [37].
DNA-binding activity of H-NST has not been demonstrated nor
has relief of H-NS-mediated repression by H-NST yet been shown
for virulence factor genes in pathogenic E. coli.

In this study, we assess the effect of H-NST on H-NS-mediated
regulation of LEE expression. We show that H-NST positively
affects levels of LEE-encoded proteins and A/E lesion formation.
We demonstrate that H-NST specifically binds to LEE regulatory
DNA regions and further show that Ala16 is required for H-NST-
mediated increase in the levels of LEE-encoded proteins and
induction of A/E lesion formation. Additionally, we determine H-
NST Arg60 and Arg63 residues to be important for the ability of
H-NST to bind DNA, resulting in the induction of LEE expression

and A/E lesion formation. Further, we demonstrate that H-NST is
conserved among many human and plant bacterial pathogens,
suggesting a global role of H-NST in regulating the expression of
the H-NS regulon.

Materials and Methods

Standard procedures
Standard DNA techniques, liquid media and agar plates were

used as described [43]. Restriction endonucleases, T4 DNA
kinase- and ligase were used as recommended by the manufacturer
(New England Biolabs). DNA used for cloning purposes was PCR
amplified using the high-fidelity DNA polymerases Phusion Flash
(Fermentas) or Easy-A (Agilent). DNA oligonucleotides were
obtained from Intergrated DNA Technologies and DNA sequenc-
ing was performed by the University of Maryland Biopolymer-
Genomics Core Facility. Bacteria were grown at 37uC in LB or
DMEM (Invitrogen #11885) media supplemented with ampicillin
(100 mg/ml) (Sigma) as needed. HeLa cells (ATTC #CCL-2) were
cultured in DMEM/F12 (Invitrogen #11330) supplemented with
10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 mg/
ml streptomycin (Invitrogen) at 37uC in 7% CO2.

Plasmid constructions
Oligonucleotide sequences used for plasmid constructions are

listed in table 1.
pQEH-NST: A 262 bp DNA fragment encoding hnsT was PCR

amplified from EPEC E2348/69 gDNA using the primer set
QEH-NST F/QEH-NSTF R, digested with BamHI and HindIII
and cloned into the corresponding sites in pQE80 (QIAGEN).

Table 1. Oligonucleotides used in this study.

Application/name Oligonucleotide sequence (59 to 39)

Plasmid construction

QEH-NST F AGCAGGATCCATGATTGATGAATTTCATGTGATGTATATGTAT

QEH-NST R CACCGAAGCTTCAGTCAATGAGATCTTCTGGCGAAAC

QEH-NS F AGCAGGATCCATGAGCGAAGCACTTAAAATTCTGAACAAC

QEH-NS R CACCGAAGCTTATTGCTTGATCAGGAAATCGTCGAG

Site-directed mutagenesis

H-NSTA16V F TATATGTATAAAAAAATCCAAGTAGAAGCCGCAACCACTGACCTC

H-NSTA16V R GAGGTCAGTGGTTGCGGCTTCTACTTGGATTTTTTTATACATATA

H-NSTA16L F TATATGTATAAAAAAATCCAAGCAGAAGCCGCAACCACTGACCTC

H-NSTA16L R GAGGTCAGTGGTTGCGGCTTCTGCTTGGATTTTTTTATACATATA

H-NSTR60Q F CGTAAGTTGAAAATGAAACAAGCACAAAGATTACTTGAG

H-NSTR60Q R CTCAAGTAATCTTTGTGCTTGTTTCATTTTCAACTTACG

H-NSTR60Q/R63Q F TTGAAAATGAAACAAGCACAACAATTACTTGAGAAAATGGCATGTGACCGGG

H-NSTR60Q/R63Q R CCCGGTCACATGCCATTTTCTCAAGTAATTGTTGTGCTTGTTTCATTTTCAA

EMSA DNA fragments

LEE1P2 F TTAAGGTGGTTGTTTGATGA

LEE1P2 R TTTGGATTCAGCAAA

LEE1P1P2 F GCAATGAGATCTATCTTATAAAGAGAAACGC

LEE3 F GTTGAAGAGTTTTTAAGATTGTTGG

LEE3 R ATAAATAATCTCCGCATGCT

rssB F TGCAAGTCGAACGGTAACAG

rssB R AGTTATCCCCCTCCATCAGG

doi:10.1371/journal.pone.0086618.t001
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Plasmid pQEH-NST encodes a recombinant C-terminal His-
tagged H-NST.

pQEH-NS: A 434 bp DNA fragment encoding hns was PCR
amplified from EPEC E2348/69 gDNA using primer set QEH-NS
F/QEH-NS R, digested with BamHI and HindIII and cloned into
the corresponding sites in pQE80 (QIAGEN). Plasmid pQEH-NS
encodes a recombinant C-terminal His-tagged H-NS.

H-NST mutant derivatives were constructed by site-directed
mutagenesis of pQEH-NST using the QuickChange XL Site-
directed Mutagenesis Kit (Agilent) according to manufacturer’s
instructions. The plasmids pQEH-NST A16V, pQEH-NST
A16L, pQEH-NST R60Q and pQEH-NST R60Q/R63Q
encoding H-NST substitution mutants were generated using the
primer sets H-NSTA16V F/H-NSTA16V R, H-NSTA16L F/H-
NSTA16L R, H-NSTR60Q F/H-NSTR60Q R and H-
NSTR60Q/R63Q F/H-NSTR60Q/R63Q R respectively.

BLAST searches and multiple amino acid sequence
alignment

BLAST searches were used to identify H-NST present among
non-redundant protein sequences in the NCBI database using the
BLASTp program with an expect threshold of 10 and the scoring
parameters: Blosum 62 matrix, gap cost was 11 for existence and 1
for extension, and conditional compositional score matrix
adjustment (www.ncbi.nlm.nih.gov). H-NST from EPEC strain
E2348/69 (YP 002329609) was used as query sequence. Proteins
identified at a threshold e-value of 2610226 or less with sequence
coverage of at least 77% were considered. In addition, a BLASTn
search of a database containing a collection of 114 A/E E. coli
isolates and 24 reference strains [44] was performed using a
threshold e-value of 1610215 to identify genes encoding hnsT. The
multiple amino acid sequence alignment of H-NST was prepared
using ClustalW2 [45,46].

H-NST proteins from the following 65 strains were used to
generate the multiple sequence alignment: C. rodentium ICC168
(YP003365612), Dickeya zeae (WP019843943), Enterobacter sp. SST3
(EJO48231), E. coli 113303 (ESA61347), E. coli 2362-75
(EFR16544), E. coli 2848050 (EMW14361), E. coli 3003
(EII86141), E. coli 536 (YP669831), E. coli C262-10
(AIAP01000001.1), E. coli C639-08 (AIBH01000001.1), E. coli
C844-97 (AIBZ01000001.1), E. coli C93-11 (AICD01000002.1), E.
coli CFT073 (NP754305), E. coli CUMT8 (EIL77087), E. coli
DEC1A (EHU10545), E. coli DEC1B (EHU13728), E. coli DEC1C
(EHU11552), E. coli DEC1D (EHU23639), E. coli DEC1E
(EHU27188), E. coli DEC2A (EHU30556), E. coli DEC2B
(EHU39793), E. coli DEC2C (EHU44940), E. coli DEC2D
(EHU46227), E. coli DEC12A (EHX20918), E. coli DEC12E
(EHX46652), E. coli DEC15B (EHX98907), E. coli DEC15C
(EHX01733), E. coli DEC15D (EHX09544), E. coli DEC15E
(EHX13659), E. coli E2348/69 (YP002329609), E. coli E851/71
(ALNX00000000), E. coli HVH 125 (4-2634716) (EQR42309), E.
coli HVH HVH 225 (4-1273116) (EQV31905), E. coli HVH 154
(4-5636698) (EQS65207), E. coli HVH 158 (4-3224287)
(EQS57084), E. coli KTE100 (EOW07218), E. coli KTE157
(ELJ10809), E. coli KTE16 (ELC28364), E. coli KTE192
(ELH08668), E. coli KTE227 (ELH91245), E. coli MS 21-1
(EFK17805), E. coli MS 57-2 (EGB75116), E. coli MS 115-5
(EFJ95479), E. coli MS 200-1 (EFJ59489), E. coli 042 (CBG35676),
E. coli OK1357 (EFZ69143), E. coli TA124 (EHN89354), E. coli
TW07793 (EII95637), E. coli UMEA 3022-1 (EQW12951), E. coli
UMEA 3108-1 (EQW66083), E. coli UMEA 4076-1 (ERA50029),
Klebsiella oxytoca 10-5245 (EHT00587), K. pneumoniae UCICRE 7
(ESM00810), Pantoea ananatis PA13 (YP005993219), Pectobacterium
atrosepticum SCRI1043 (CAG74542), Pectobacterium wasabiae CFBP

3304 (WP005969703), Salmonella enterica subsp. arizonae serovar
62:z4,z23:- strain RSK2980 (YP001569976), S. enterica subsp.
diarizonae serovar 60:r:e,n,x,z15 strain 01-0170 (ESJ14503), S.
enterica subsp. enterica serovar Anatum str. ATCC BAA-1592
(ESJ09538), S. enterica enterica subsp. enterica serovar Hvittingfoss
strain A4-620 (EHC52821), S. enterica subsp. enterica serovar
Indiana strain ATCC 51959 (ESG993750, S. enterica subsp.
enterica serovar Muenster str. 660 (ESB61545), S. enterica subsp.
enterica serovar Nchanga strain CFSAN001091 (ESJ38946), S.
enterica subsp. enterica serovar Sloterdijk str. ATCC 15791
(ESF40572), and Yersinia rohdei ATCC 43380 (WP004713599).

Western blot analysis
The effect of expressing H-NST from pQEH-NST on the

production of T3SS-associated proteins was determined in the
EHEC O157:H7 EDL933 Dstx1Dstx2 strain TUV93-0 [47] and
AMH101 [48], which is TUV93-0 containing an in-frame deletion
of ler. Wild type H-NST and H-NST mutants were produced from
pQEH-NST, pQEH-NST A16V, pQEH-NSTA16L, pQEH-
NSTR60Q and pQEH-NSTR60Q/R63Q in TUV93-0. Cultures
were grown in LB containing ampicillin at 37uC to a density of
OD600,0.5 followed by induction of H-NST expression with
0.5 mM IPTG for 1h. Total cellular protein was precipitated with
5% (vol/vol) trichloric acid, washed with acetone, resuspended in
16 Next Gel sample loading buffer (Amresco). Proteins were
resolved on a 4–20% Tris-HCl Criterion precast protein gels
(BioRad) and transferred onto an Immobilon-FL polyvinylidene
difluoride membrane (Millipore) using a Trans-Blot SD Semi-Dry
Transfer Cell (BioRad). The membrane was blocked in Odyssey
blocking buffer (Li-Cor Biosciences), exposed to polyclonal
antibodies specific to EspA, EspB and GroEL (Sigma), and
subsequently to Alexa Fluor 680-conjugated goat anti-rabbit
(Invitrogen). A monoclonal Tetra-His anti-mouse antisera (QIA-
GEN) and Alexa Fluor 680-conjugated goat anti-mouse (Invitro-
gen) were used to detect His-tagged H-NST. Detection of GroEL
served as a loading control for total protein. Proteins were
visualized and quantified using an Odyssey Infrared Imaging
System with application software version 3.0 (Li-Cor Biosciences)
as recommended. The levels of LEE-encoded proteins were
normalized to that of GroEL. The western analyses were carried
out on four independent biological samples for each strain.

Fluorescent actin staining assay
The effects of wild type H-NST and H-NST mutants on the

ability of EHEC O157:H7 TUV93-0 to induce A/E lesion
formation on HeLa cell monolayers was evaluated using the
fluorescent actin staining assay (FAS) [49]. Wild type H-NST and
the H-NST substitution mutants A16V, A16L, R60Q and R60Q/
R63Q were produced from pQEH-NST, pQEH-NSTA16V,
pQEH-NSTA16L, pQEH-NSTR60Q and pQEH-NSTR60Q/
R63Q respectively. Bacterial strains carrying the vector pQE80 or
plasmids encoding hnsT and its mutant derivatives were inoculated
from freezer stocks into LB medium containing ampicillin and
grown statically for about 18 h at 37uC. Cultures were then
diluted 1:3 in DMEM containing 0.2% mannose, ampicillin and
0.3 mM IPTG to induce expression of hnsT, and grown statically
at 37uC in 7% CO2 for 1 h. Levels of wild type and mutant H-
NST produced in the preinduced TUV93-0 strains were
confirmed by western blot analysis. Semi-confluent HeLa cell
monolayers grown on glass coverslips to ,80% confluence were
co-cultured with an initial number of ,16106 bacteria in DMEM
supplemented with 2% FBS. After 3 h of infection cells were
washed with Hanks buffer (Invitrogen), fresh media was added,
and cells were incubated for an additional hour. At 4 h post
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infection cell monolayers were washed once with Hanks buffer,
and fixed in 4% formamide in 16 PBS. Coverslips were washed
three times with 16 PBS, cells were permeabilized with 0.1%
Triton X-100 in 16 PBS, and F-actin was stained using Alexa
Fluor 488 phalloidin (Invitrogen) diluted 1:50. Coverslips were
mounted on slides using Prolong Gold Antifade Reagent
(Invitrogen). FAS assays were independently conducted at least
three times for each strain. Actin-stained cells were visualized
using an AxioSkop microscope equipped with a 406objective and
images were captured with an AxioCam MR3 digital camera
using AxioVision v. 4.8 software (Carl Zeiss MicroImaging Inc).

Protein production and purification
Recombinant H-NS, H-NST, and H-NS mutant derivatives

were produced from pQEH-NS, pQEH-NST, pQEH-NSTA16V,
pQEH-NSTA16L, pQEH-NSTR60Q and pQEH-NSTR60Q/
R63Q in BL21-DE3 (pLysS) (Novagen). Cells were grown in 1 L
of LB medium at 37uC to an optical density of OD600 ,0.5 prior
to the induction with 0.5 mM IPTG. Proteins were produced for
1 h and cells were then harvested by centrifugation at 7,667 g for
20 min at 4uC. Cell pellets were suspended in binding buffer
(50 mM NaH2PO4, 300 mM NaCl, 10% glycerol, 40 mM
imidazole, pH 8) to a final volume of 40 ml. Cells were lysed by
two passages through a Microfluidics LV1 micro-fluidizer, and
then the lysed cell suspension was centrifuged at 26,536 g for
70 min at 4uC. The supernatant of the lysate was then filtered
through a 0.2 mm pore size filter (Millipore) and applied to a
HisTrap FF column (GE Healthcare) coupled to an ÄKTAprime
plus system (GE Healthcare). After sample application the column
was first washed with 30 ml of binding buffer at a flow rate of
2 ml/min and then washed with 50 ml of 6% elution buffer
(50 mM NaH2PO4, 300 mM NaCl, 10% glycerol, 500 mM
imidazole, pH 8) in binding buffer. Protein was eluted with
100% elution buffer and eluates were buffer exchanged into
storage buffer (50 mM NaH2PO4, 300 mM NaCl, 10% glycerol,
pH 7.4) and concentrated using an Amicon Ultra Centrifugal
Filter Device with a 3 kDa MW cut-off value (Millipore). Protein
samples were analyzed by SDS-PAGE using a 4–20% Tris-HCl
Criterion precast gel (BioRad), and visualization with GelCode
Blue Stain Reagent (Thermo Scientific), a technique that provides
nanogram-level detection. The purity of the H-NST preparation
was about 95% as estimated from the stained gel.

Recombinant Ler-Myc-His protein was produced from pVS45
in DH5a [30]. Cultures were grown in LB medium at 37uC to a
density of O.D600 ,0.5 before the expression of ler was induced
with 0.2% arabinose for 2 h. Cells were harvested by centrifuga-
tion at 7,667 g at 4uC for 20 min. Purification of Ler-Myc-His was
as described for H-NST with the exception that 10% glycerol was
omitted from all buffers. Purified Ler was buffer exchanged and
concentrated using Amicon Ultra Centrifugal Filter Device with a
10 kDa MW cut-off value.

Preparation of fluorescently-labeled DNA fragments and
Electrophoretic Mobility Shift Assays (EMSA)

Preparation of fluorescently-labeled DNA fragments. Fluo-
rescently-labeled oligonucleotides used for PCR amplification of
DNA fragments containing LEE regulatory regions were prepared
as described [50]. Briefly, 59-amine-modified oligonucleotides
(Integrated DNA Technologies) were resuspended in 300 ml of
dH2O, chloroform extracted three times, ethanol precipitated in
125 mM NaCl, and then resuspended in 300 ml dH2O. The
oligonucleotides (5 mg) were fluorescently labeled in 100 ml reac-
tions using a ten-fold molar excess of Alexa FluorH 790 Carboxylic
Acid, Succinimidyl Ester, penta (triethylammonium) Salt (Life

Technologies) in 100 mM Sodium Tetraborate (pH 8.5). Reactions
were allowed to proceed overnight at room temperature in the dark.
Labeled oligonucleotides were purified using G-25 spin columns
(GE Healthcare) according to manufacturer’s directions.

DNA fragments encoding LEE1 P2, LEE1 P1P2 and LEE3
regulatory regions were PCR amplified from EHEC strain
TUV93-0 gDNA using the fluorescently-labeled primer sets
LEE1P2 F/LEE1P2 R, LEE1P1P2 F/LEE1P2 R and LEE3 F/
LEE3 R respectively. The LEE1 P2 and LEE1 P1P2 DNA
fragments contain the LEE1 regulatory region ranging from
positions 2112 to +33 and 2301 to +33 relative to the
transcription initiation site for the proximal LEE1 promoter
respectively. The LEE3 DNA fragment contains the sequence
from +83 to +210 relative to the transcription initiation site for
LEE3. The primer set rssB F/rssB R was used to amplify a 99 bp
long unlabeled DNA fragment containing part of rssB, which
served as nonspecific DNA target. Amplified DNA products were
purified using G-50 spin columns (GE Healthcare) according to
manufacturer’s directions.

Electrophoretic mobility shift assay. Purified H-NS, Ler,
H-NST and mutant H-NST derivatives (concentrations as
indicated in the figure legends) were incubated for one minute
prior to addition of 24 ng of fluorescently-labeled DNA fragment
containing the LEE1 P2, LEE1 P1P2 or LEE3 regulatory regions
and then incubated for 20 min at 30uC in binding buffer (10 mM
Tris-HCL, 1 mM EDTA, 50 mM KCl, 10% glycerol, 50 mg/mL,
1 mM DTT, pH 7.4). Unlabeled LEE DNA fragments added in 6-
fold excess and unlabeled rrsB DNA fragment added in 12-fold
excess served as specific and nonspecific competitor DNA,
respectively. Binding reactions containing both H-NST and H-
NS were preincubated for 10 min at room temperature to allow
interaction between proteins before the DNA fragment was added.
Further, binding experiments where Ler was added to reactions
already containing H-NST and/or H-NS bound to DNA were
first incubated for 10 min at room temperature, and then Ler was
added followed by 20 min of incubation at 30uC. DNA fragments
were separated by polyacrylamide gel electrophoresis (PAGE)
using a 4–20% TBE Criterion precast gel run in 16 TBE at 52
amps for 60 min (BioRad). Fluorescently-labeled DNA fragments
were visualized using an Odyssey Imaging System at 800 nm with
application software version 3.0 (Li-Cor Biosciences). The EMSA
analyses were carried out at least three times using proteins from at
least two different protein purification preparations.

Results

H-NST induces LEE-encoded protein levels independently
of Ler

While H-NST encoded by EPEC is known to positively affect
the expression of H-NS-controlled housekeeping genes in E. coli K-
12 [37], the effect of H-NST on the expression of the LEE and the
virulence-associated A/E lesion phenotype remains to be eluci-
dated. To evaluate the effect of H-NST on LEE-encoded protein
levels, we cloned hnsT from EPEC under the control of an IPTG-
inducible tac promoter in pQE80 and produced H-NST from this
construct in EPEC strain E2348/69. Production of H-NST from
pQEH-NST in EPEC grown to the exponential phase in DMEM
did not affect levels of LEE-encoded proteins (unpublished data),
which might be due to the possibility that an effect of H-NST is
masked by a relatively high basal level of LEE-encoded proteins
present in EPEC. Since the abundance of LEE-encoded proteins
in EHEC is minimal in the exponential phase [48], we assessed the
regulatory effect of H-NST on the LEE using the EHEC O157:H7
strain TUV93-0, a stx-deleted derivative of EDL933 that exhibits
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Ler and H-NS-mediated regulation of the LEE similar to EPEC.
Interestingly, production of H-NST from pQEH-NST in EHEC
grown in LB to exponential phase (OD600,0.4) induced the
expression of the LEE as reflected by increased levels of the T3SS-
secreted proteins EspA and EspB by 5.4-fold and 3.1-fold,
respectively, as opposed to the vector control (figure 1B, lane 2).
Moreover, production of C. rodentium H-NST, the amino acid
sequence of which is 79% similar to that of EPEC H-NST, also
increased levels of EspA and EspB in EHEC (unpublished data),
suggesting that the H-NST proteins from both these A/E
pathogens affect LEE expression. These results strongly suggest
that production of H-NST has a dominant-negative effect on the
H-NS-mediated repression of LEE expression in the exponential
growth phase. Since our data indicated that H-NST positively
affects levels of LEE-encoded proteins, we further investigated
whether the LEE-encoded global virulence gene regulator Ler was
required for regulation by H-NST. To assess this we provided H-
NST from pQEH-NST in a ler-deleted derivative of EHEC
TUV93-0, and found that production of H-NST increased EspA
and EspB levels by 1.9-fold and 1.2-fold respectively (figure 1B,
lane 4), indicating that H-NST positively affects levels of EspA
independently of ler probably by hindering H-NS activity as
previously suggested [37].

H-NST is conserved in various Enterobacteriaceae
including A/E pathogens

Since H-NST from EPEC E2348/69 positively affects the LEE
we carried out BLAST searches to determine the presence of H-
NST among A/E pathogens and other Enterobacteriaceae encoding
H-NS as described in Material and Methods. We identified H-NST
from 65 Enterobacteriaceae strains of which 32% contained the LEE
(figure 2A). Those strains included 14 EPEC strains, C. rodentium
and six LEE-positive, bfp- and stx- strains of unclassified
phylogenetic lineage [44], which were serotypes O157:H45
(strains C844-97, C639-08 and 3003), O114:H49 (C262-10),
O157:H39 (TW07793) and O157:H- (C93-11). H-NST homologs
were not found in any Shiga toxin-producing strains such as
EHEC O157:H7 and Shigella sp., which could be due to the fact
that other pathogenicity islands occupy the asnW and serU loci of
the H-NST-encoding P4-like phage in these strains as is the case of
the CP933U island in EDL933 and Shigella flexneri. H-NST is also
present in other E. coli pathotypes including numerous UPEC
strains, enteroaggregative E. coli 042 and adherent invasive E. coli
(CUMT8), the latter which has been associated with Crohn’s
disease [51]. We further identified H-NST in commensal E. coli
including some reference strains from the Human Microbiome
Project (NIH). Interestingly, H-NST also is conserved in other
human pathogens such as Klebsiella pneumonia and K. oxytoca as well
as in Salmonella enterica, where H-NST is present in three subspecies
and eight serovars that are associated with food poisoning
outbreaks worldwide [52]. Further, H-NST is present in phyto-
pathogenic bacteria targeting potato and rice plants including
Dickeya zeae, P. atrosepticum, Pectobacterium wasabiae and Pantoea
ananatis, the latter of which is an opportunistic human pathogen
causing bacteremia [53]. H-NST is present in some A/E
pathogens, in other human pathogens such as Salmonella and in
plant pathogens that utilize H-NS-mediated regulation of
virulence factors. This widespread distribution suggests a global
regulatory effect of H-NST, prompting us to further investigate the
molecular basis for H-NST function on the regulation of LEE
expression.

Identification of residues important for H-NST-mediated
induction of LEE-encoded proteins and A/E lesion
formation

The current literature suggests that H-NST, like Ler, functions
by negatively affecting H-NS-mediated repression of gene
expression probably by displacing H-NS bound to regulatory
DNA sites [37]. However, it remains to be determined whether H-
NST, like Ler and H-NS, binds to DNA. To gain further insight
into the molecular mechanism by which H-NST regulates gene
expression, we identified residues of potential functional interest
based on sequence alignment of H-NST, Ler and H-NS. We used
ClustalW2 [45,46] to align the C-terminal regions of Ler and H-
NS that contain the DNA-binding motif with the C-terminal half
of H-NST, since only the first 40 residues of H-NST share a high
similarity with the N-terminus of H-NS. The alignment revealed
that the conserved DNA-binding motif of the H-NS family of
proteins including H-NS and Ler is absent from H-NST
(figure 2B). Interestingly, despite the absence of the DNA-binding
motif present in the H-NS family of proteins, H-NST contains an
arginine residue at position 60 that aligned with the Ler Arg90 and
H-NS Arg114, which are essential for DNA-binding activity of
those regulators [36,54,55]. Also, the Ler Arg93 residue that is
associated with stabilization of the Ler-LEE DNA complex, and
was suggested to play a role in Ler regulation of LEE expression
[36], is conserved in H-NST as Arg63 (figure 2B). Indeed, H-NST
residues Ala16 and Arg60 are conserved as indicated in the
multiple sequence alignment (figure 2A). To assess the role of
Arg60 and Arg63, which potentially could be part of a DNA-
binding domain, we performed site-directed mutagenesis on
pQEH-NST to substitute the arginine residues with glutamine
resulting in plasmids encoding the H-NST mutants R60Q and
R60Q/R63Q as described in Materials and Methods.

The H-NST Ala16 residue was previously identified as essential
for H-NST function based on the finding that a H-NST A16V
mutant was incapable of regulating proU expression and that H-
NST from UPEC containing valine at position 16 is nonfunctional
[37]. The authors speculated that the loss of activity was caused by
the inability of the H-NST A16V mutant to engage in higher
order oligomeric protein-protein interactions with H-NS. To
determine whether H-NST Ala16 also is important for the H-
NST-mediated regulation of LEE expression and the A/E lesion
phenotype, we constructed the H-NST A16V mutant using site-
directed mutagenesis of pQEH-NST. Evaluation of the sequence
around Ala16 revealed a potential heptadic repeat within the
coiled-coil element of H-NST of which Ala16 is the first residue
(figure 2A). A canonical heptadic repeat is a seven amino acid
residue long sequence that forms coiled-coil secondary structures,
which are involved in protein-protein interactions [56]. The
proposed repeat in H-NST contains the characteristics of a classic
heptadic repeat since positions a and d occupy hydrophobic
residues, positions e and g commonly contain charged residues,
whereas positions b and c are random residues in the repeat
[56,57] (figure 2A). Interestingly, the H-NST heptadic repeat is
composed of alanines and leucines occupying the a and d positions,
whose side chains are less bulky compared to that of isoleucine and
valine. Therefore, to assess the importance for oligomerization of
having an alanine residue at position 16, we substituted Ala16 with
Leu resulting in the mutant H-NST A16L, which potentially could
restore H-NST function since the leucine does not harbor a b-
branched chain, compared to that of valine and isoleucine.

We tested the ability of H-NST mutants A16V, A16L, R60Q
and R60Q/R63Q to affect levels of LEE-encoded proteins of
EHEC in the exponential phase of growth. Results revealed a
decreased ability of all H-NST mutants to induce the production
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of EspA and EspB compared to wild type H-NST (figure 3, lanes
3–6). Specifically, the H-NST mutants A16V and A16L exhibited
decreased ability to induce LEE expression as reflected by a 2- to
6-fold decrease in EspA and EspB levels relative to wild type H-
NST (figure 3, lanes 3–4). H-NST mutants at residues Arg60 and
Arg63 also showed a decreased ability to affect LEE-encoded
protein levels compared to the wild type H-NST with a 2- to 3-fold
decrease in EspA and EspB levels (figure 3, lanes 5–6).

To determine whether the decreased ability of the H-NST
mutants to induce accumulation of LEE-encoded proteins
compared to wild type H-NST affected T3SS function, we
evaluated the A/E lesion phenotype of EHEC producing wild type
and H-NST mutant derivatives using the fluorescent actin staining
assay (FAS). Actin filaments are stained by FITC-phalloidin in this
assay to visualize condensed actin indicative of A/E lesions. FAS
assays for EHEC typically involve a 5–6 h incubation time
[48,58]. We infected HeLa cells with EHEC producing wild type

or mutant H-NST for 4 h, a point at which A/E lesion formation
is minimal yet detectable [48]. Infection with EHEC containing
the vector control demonstrated minimal actin pedestal formation
as is expected with the co-infection time of 4 h (figure 4A). In
contrast, EHEC producing wild type H-NST showed a high
degree of A/E lesion formation (figure 4B), which correlates with

Figure 2. H-NST is conserved in various enteropathogens. (A) ClustalW2 sequence alignment of 65 H-NST homologs from 65
Enterobacteriaceae. The following strain abbreviations were used: Cr (C. rodentium), Dz (Dickeya zeae), Eb (Enterobacter), Ec (E. coli), Ko (Klebsiella
oxytoca), Kp (K. pneumonia), Pa’ (Pantoea ananatis), Pa (Pectobacterium atrosepticum), Pw (P. wasabiae), Se Ana (Salmonella enterica subsp. enterica
serovar Anatum), Se Ari (S. enterica subsp. arizonae serovar 62:z4,z23:-), Se Dia (S. enterica subsp. diarizonae serovar 60:r:e,n,x,z15), Se Hvi (S. enterica
enterica subsp. enterica serovar Hvittingfoss), Se Ind (S. enterica subsp. enterica serovar Indiana), Se Mue (S. enterica subsp. enterica serovar
Muenster), Se Nch (S. enterica subsp. enterica serovar Nchanga), Se Slo (S. enterica subsp. enterica serovar Sloterdijk), and Yr (Yersinia rohdei). An
asterix following the strain name indicates strains containing the LEE. Residues of potential importance for H-NST function are indicated in color or
bold, where the Ala16 residue previously reported to be important for H-NST activity is shown in blue, the Arg60 and Arg63 residues that could be
involved in DNA-binding by H-NST are shown in red and green respectively. The conserved arginine residue shown in red is involved in DNA-binding
of H-NS and Ler, while the arginine in green present in Ler and H-NST is involved in DNA-binding by Ler [36]. An asterisk represents identical amino
acids, a colon represents a conserved amino acid substitution and a dot indicates a semi-conserved amino acid substitution. The heptadic repeat
defined for H-NSTEPEC is indicated above the sequence alignment. The letters a and d represent hydrophobic residues, e and g represent charged
residues, whereas positions b and c can be occupied by any residue in the repeat. (B) Sequence alignment of the C-terminal regions of Ler, H-NS and
H-NST generated by ClustalW. The boxed region indicates the conserved DNA-binding motif for the H-NS family of proteins. The annotation used for
the alignment is as described for panel A.
doi:10.1371/journal.pone.0086618.g002

Figure 3. H-NST mutants exhibit decreased ability to induce
the production of LEE-encoded proteins. The effect of wild type H-
NST and mutant derivatives on LEE-encoded protein levels was
determined by western analysis as described in Materials and Methods.
EHEC strain TUV93-0 containing the empty vector pQE80 (lane 1),
TUV93-0 containing constructs producing wild type EPEC H-NST (lane 2)
or the H-NST mutant derivatives H-NST A16V (lane 3), H-NST A16L (lane
4), H-NST R60Q (lane 5) and HNST R60Q/R63Q (lane 6) were grown in LB
to a density of OD600,0.5 and hnsT expression was induced by 0.5 mM
IPTG for 60 min. Levels of EspA, EspB and GroEL were detected in total
protein by western analysis using polyclonal antisera against the
respective proteins as indicated. GroEL served a loading control for total
protein. The relative levels of EspA and EspB normalized to that of
GroEL are indicated by numbers below the protein bands. Data shown
are representative of four independent experiments.
doi:10.1371/journal.pone.0086618.g003

Figure 4. H-NST induces A/E formation. FAS assays were used to
determine the effect of H-NST on A/E lesion formation of EHEC as
described in Materials and Methods. HeLa cell monolayers were co-
cultured for four hours with EHEC strain TUV93-0 containing the empty
vector pQE80 (A), constructs producing wild type EPEC H-NST (B) or the
H-NST mutant derivatives H-NST A16V (C), H-NST A16L (D), H-NST R60Q
(E) and HNST R60Q/R63Q (F). The images of FITC phalloidin-stained
actin of infected HeLa cells are representative of three independent
experiments. Arrows indicate examples of A/E lesions.
doi:10.1371/journal.pone.0086618.g004
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increased EspA and EspB levels (figure 1B). H-NST mutants
A16V and A16L both showed reduced A/E lesion formation
compared to wild type H-NST (figure 4, panels C–D), indicating
an important role of the Ala16 residue for H-NST to induce this
virulence phenotype in EHEC. The H-NST R60Q and R60Q/
R63Q mutants showed a slightly reduced degree of A/E lesion
formation compared to wild type H-NST with the double arginine
mutant showing a larger reduction than the single arginine mutant
(figure 4, panels E–F). Neither of the arginine mutants exhibited
impaired function to the extent seen with the H-NST A16V and
A16L mutants, which correlates with the effect of these respective
mutants on EspA and EspB levels (figure 3). Altogether, the H-
NST Ala16 mutant exhibited the most severe effect on the ability
of H-NST to affect the level of LEE-encoded proteins and induce
pedestal formation, further supporting the functional importance
of the Ala16 residue. The decreased activity of H-NST mutant at
the Arg60 and Arg63 residues suggest functional importance of
these residues, which potentially could be involved in DNA-
binding.

H-NST binds to the regulatory regions of LEE1 and LEE3
H-NS and Ler both modulate LEE operon expression through

binding to DNA. The LEE1-encoded ler is expressed from two
promoters named the distal (P1)- and proximal (P2) promoters
with the distal promoter being the major promoter for LEE1
expression [59]. The molecular mechanism of Ler and H-NS-
mediated regulation of the LEE1 and LEE2/LEE3 operons has
been well studied [10,30]. Specifically the curvature of DNA and
the oligomeric state of the regulator is essential for the ability of
these H-NS family proteins to bind LEE DNA [32,36,60]. We
analyzed the ability of H-NST to bind to the regulatory regions of
LEE1 and LEE3 DNA targets contained in EHEC using
electrophoretic mobility shift assays (EMSA) (figure 5). We purified
a C-terminal hexahistidine-tagged H-NST protein to about 95%
purity and determined the ability of H-NST to bind to
fluorescently-labeled LEE1 and LEE3 DNA fragments. We
demonstrated that increasing concentrations of H-NST shifted
the LEE1 P2 DNA fragment, which contains the proximal LEE1
P2 promoter and this 10 bp sequence, whereas the mobility of the
DNA fragment in the absence of H-NST was unchanged
(figure 5A, lanes 2–4). The DNA-binding specificity of H-NST
to LEE1 P2 DNA was tested by adding unlabeled specific LEE1 P2
DNA and nonspecific DNA encoding rssB in the respective ratios
of 6:1 and 12:1 along with the labeled DNA target. The binding of
H-NST to the labeled LEE1 P2 DNA fragment was outcompeted
in the presence of the unlabeled specific probe as reflected by a
partial downshift of the labeled LEE1 P2 DNA fragment, whereas
the DNA fragment shifted by H-NST remained unchanged in the
presence of unlabeled rssB DNA (figure 5A, lanes 5 and 6),
indicating that binding of H-NST to LEE1 P2 DNA is specific.
The DNA sequence amplified from EHEC contained in the LEE1
P2 DNA fragment shares 97% identity to that in EPEC LEE1 P2
promoter [59]. We tested whether H-NST binds to the LEE1 P2
DNA fragment from EPEC, and as expected H-NST also bound
to the LEE1 regulatory region from EPEC (unpublished data).

To gain insight into the binding of H-NST to the complete
regulatory region of LEE1 containing both P1 and P2 promoters,
we evaluated the binding of H-NST to the LEE1 P1P2 DNA
target. H-NST bound specifically to LEE1 P1P2 DNA as
demonstrated by a downshift of the bound labeled fragment in
the presence of specific unlabeled LEE1 P1P2 DNA as opposed to
the presence of unlabeled nonspecific rrsB DNA (figure 5B, lanes
5–6). The presence of increasing H-NST concentrations caused a
greater degree of shift for the LEE1 P1P2 DNA fragment

Figure 5. H-NST binds to regulatory regions of LEE1 and LEE3.
The binding of H-NST to fluorescently-labeled LEE DNA targets was
determined using electrophoretic mobility shift assays as described in
Materials and Methods. Fluorescently-labeled DNA fragments containing
the proximal promoter region of LEE1 (LEE1 P2) (A), the distal and
proximal promoter regions of LEE1 (LEE1 P1P2) (B), and a regulatory
region of LEE3 (LEE3) (C) were incubated in the absence of H-NST (lane
1) and with increasing concentrations of H-NST (lane 2: 25 nM; lane 3:
50 nM; and lane 4: 100 nM). To determine the binding specificity of H-
NST, fluorescently-labeled LEE DNA targets were incubated with 100 nM
H-NST in the presence of unlabeled competitor DNA fragments (Comp.
DNA) containing specific (LEE1 P2, LEE1 P1P2 or LEE3) (lane 5) or non-
specific (rssB) (lane 6) DNA targets in the ratios 1:6 and 1:12 respectively.
Bound and unbound DNA fragments were separated by PAGE on a 4–
20% TBE gel. Arrows labeled F indicate unbound DNA, while F9 arrows
indicate an unbound DNA subpopulation. The arrows labeled B indicate
DNA fragments with H-NST bound. Data shown are representative of
three independent experiments.
doi:10.1371/journal.pone.0086618.g005
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compared to that of the LEE1 P1 DNA fragment, suggesting that
the binding affinity of H-NST for the LEE1 P1P2 DNA fragment
harboring the entire LEE1 regulatory region might be higher than
that of the LEE1 P1 fragment that contains only parts of the LEE1
regulatory region (figure 5A–B, lanes 3–4). Since Ler regulation of
the LEE2/LEE3 is well characterized and that the molecular
mechanism of Ler binding to the LEE3 regulatory region recently
was elucidated [30,36], we wanted to determine whether H-NST
binds to this region. Indeed, H-NST bound at increasing
concentrations to the LEE3 DNA fragment containing the LEE3
regulatory region containing a 10 bp Ler target sequence
identified by Codiero et al 2011 [36] (figure 5C, lanes 2–4). As
for the LEE1 regulatory region, H-NST exhibited specific binding
to the LEE3 DNA fragment as reflected by a partial downshift of
the labeled LEE3 DNA fragment with H-NST bound in the
presence of the specific unlabeled LEE3 DNA fragment, whereas
non-specific unlabeled rrsB DNA had no effect on the LEE3 DNA
fragment shifted by H-NST (figure 5C, lanes 5–6). Altogether, we
demonstrated that H-NST binds in a specific manner to the
regulatory regions of LEE1 and LEE3, which to our knowledge
represents the first demonstration that H-NST binds to DNA.

The H-NST Arg60 and Arg63 residues of the C-terminal
region are important for DNA-binding

We demonstrated that the single mutant H-NST R60Q and the
double mutant H-NST R60Q/R63Q exhibit a decreased ability
to positively affect the levels of LEE-encoded proteins and induce
A/E lesion formation (figures 3 and 4E–F). This finding highlights
the functional importance of these arginine residues located in the
C-terminal region of H-NST. Since H-NST residues Arg60 and
Arg63 aligned with arginine residues of Ler known to be important
for DNA-binding (figure 2B), we tested whether these residues
played a role in DNA-binding by H-NST. To this end, we purified
H-NST mutants R60Q and R60Q/R63Q to determine their
ability to bind LEE DNA (figure 6). The H-NST R60Q and
R60Q/R63Q mutants both showed diminished ability to bind to
the LEE1 P2, LEE1 P1P2 and LEE3 DNA targets compared to
wild type H-NST (figure 6A–C, lanes 3–6), indicating an
importance of these arginines in DNA-binding by H-NST.
Further, the H-NST R60Q/R63Q double mutant was less
capable of binding the LEE1 P2 and LEE3 DNA fragments as
reflected by decreased amounts of the complex designated as B2
when increasing concentrations of the H-NST double mutant
rather than the R60Q single mutant were present (figure 6A and
6C, compare lanes 5–6 with lanes 3–4), suggesting that H-NST
Arg63 like the corresponding Ler Arg93 residue positively affects
DNA-binding. Notably, the H-NST R60Q and R60Q/R63Q
mutants did not exhibit a differential effect on binding to the LEE1
P1P2 fragment (figure 6B, lanes 3–6), which could be due to the
possibility that H-NST binds more strongly to the LEE1 P1P2
DNA fragment than to the shorter LEE1 P2 DNA fragment. The
EMSA analyses involving H-NST mutated at the Arg60 and
Arg63 residues correlated with the decreased ability of the mutants
to induce levels of LEE-encoded proteins and A/E lesion
formation, and revealed an important role of these arginine
residues in DNA-binding by H-NST.

H-NST Ala16 is important for DNA-binding
We demonstrated that the H-NST Ala16 residue that is

required for H-NST oligomerization with H-NS [37] is also
required for H-NST to cause an increase in levels of LEE-encoded
proteins and induce pedestal formation on epithelial cell mono-
layers (figures 3 and 4C–D). In addition to playing a role in
oligomerization, we determined whether Ala16 is also involved in

Figure 6. The H-NST C-terminal Arg60 and Arg63 residues
positively affect DNA-binding. Electrophoretic mobility shift assays
were used to assess the binding of wild type H-NST and H-NST mutants
containing the substitutions R60Q and R60Q/R63Q to the fluorescently-
labeled LEE DNA targets: LEE1 P2 (A), LEE1 P1P2 (B) and LEE3 (C). The
DNA fragments were incubated in the absence of H-NST (lane 1), with
100 nM wild type H-NST (lane 2), H-NST R60Q (lane 3: 50 nM and lane 4:
100 nM), and with H-NST R60Q/R63Q (lane 5: 50 nM and lane 6:
100 nM). Arrows labeled F indicate unbound DNA, while F9 arrows
indicate an unbound DNA subpopulation. The arrows labeled B1
indicate fully shifted DNA fragments, while B2 and B3 indicate partially
shifted DNA fragments. Data shown are representative of two
independent experiments.
doi:10.1371/journal.pone.0086618.g006
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DNA-binding by H-NST. We purified the H-NST mutants A16V
and A16L and tested their ability to bind LEE DNA targets
(figure 7). EMSA analyses revealed that neither of these H-NST
mutants bound to LEE1 P2 and LEE3 DNA fragments as reflected

by the lack of a change in mobility of these DNA fragments
(figure 7A and C, lanes 3–4). Nevertheless, the H-NST A16V and
A16L mutants exhibited weak binding to the LEE1 P1P2 DNA as
reflected by the appearance of a defined weak partially shifted
band, which in particular appeared in the presence of the H-NST
A16L mutant (indicated as B2 in figure 7B, compare lanes 3–4 and
4–5 with lane 1). The smeared appearance of the LEE1 P1P2
DNA fragment incubated with the H-NST A16V mutant could
reflect a weak and/or indiscriminant binding to this DNA
fragment containing the complete LEE1 regulatory region
(figure 7B, lanes 3–4). In all, our results indicate that the H-
NST Ala16 residue is important for DNA-binding activity of H-
NST. The importance of having the conserved Ala16 residue for
H-NST function was demonstrated by the inability of the H-NST
A16L mutant to restore H-NST function. It remains to be
demonstrated whether oligomerization of H-NST is a prerequisite
for DNA-binding or if the Ala16 residue directly affects the
binding of H-NST to DNA, an issue which is beyond the scope of
this study.

H-NST positively affects the binding of Ler to LEE3 DNA
pre-bound by H-NS

The present mechanism for H-NST function suggests that by
forming dominant-negative-acting oligomers with H-NS, H-NST
prevents H-NS from modulating H-NS regulon expression [37].
We demonstrated that H-NST functions independently of ler
(figure 1B). To obtain additional insight into the role of H-NST-
mediated regulation of the LEE, we used EMSA analyses to
determine whether H-NST promotes the binding of Ler to LEE
DNA that already has H-NS bound. To allow protein-protein
interactions to occur we added H-NST and/or H-NS prior to
incubation with the LEE3 DNA target, and then added increasing
amounts of Ler to determine whether the presence of H-NST
helped binding of Ler to LEE3 DNA pre-bound by H-NS. Binding
of H-NST and/or H-NS to LEE3 DNA was visualized as a shifted
band (indicated as B1), which migrated at the same position
regardless of whether one or both proteins were present (figure 8,
lanes 4 and 11). The presence of H-NST did not affect Ler binding
to the LEE3 DNA fragment in the absence of H-NS as reflected by
the similar shift observed (indicated as B2 in figure 8, lanes 2–3).
Ler bound at increasing concentrations to LEE3 DNA pre-bound
with either H-NS (figure 8, lanes 5–10) or both H-NS and H-NST
(figure 8, lanes 12–17) resulted in the shifted band indicated B2.
Interestingly, Ler at a 100 nM concentration caused a complete
shift of DNA pre-bound to H-NS (indicated as B1) only in the
presence of H-NST (figure 8, compare lanes 6 and 13). This result
suggests that H-NST could help Ler outcompete H-NS bound to
LEE DNA, which correlates with our finding that H-NST
positively affects the LEE.

Discussion

The expression of virulence factors including those of A/E
pathogens encoded in the LEE are subject to extensive regulation
involving many environmental signals to ensure that virulence-
associated factors are produced under conditions optimal for
infection. Under such conditions, silencing of virulence gene
expression by the global modulator H-NS is counteracted by the
major activator of virulence gene expression in A/E pathogens,
Ler. H-NST present in EPEC, which is defined as a truncated H-
NS derivative lacking the DNA-binding domain, was previously
shown to positively affect the relief of H-NS-mediated repression
in E. coli K-12 by interacting with H-NS to prevent H-NS
oligomerization [37]. Since H-NST could provide an additional

Figure 7. The H-NST Ala16 residue is important for DNA-
binding. The binding of wild type H-NST and mutant H-NST to LEE
DNA targets was determined by electrophoretic mobility shift assays.
Fluorescently-labeled DNA fragments containing LEE1 P2 (A), LEE1 P1P2
(B) and LEE3 (C) regulatory regions were incubated in the absence of H-
NST (lane 1), with 100 nM H-NST (lane 2); and with the H-NST mutants
H-NST A16V (lane 3: 50 nM and lane 4: 100 nM H-NST) and H-NST A16L
(lane 5: 50 nM and lane 6: 100 nM). Bound and unbound DNA
fragments were resolved by PAGE on a 4–20% TBE gel. Arrows labeled F
indicate unbound DNA, while F9 arrows indicate an unbound DNA
subpopulation. The arrows labeled B1 indicate fully shifted DNA
fragments, while B2 indicates partially shifted DNA fragments. Data
shown are representative of three independent experiments.
doi:10.1371/journal.pone.0086618.g007
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mechanism that promotes the relief from H-NS-mediated
repression of virulence gene expression in A/E pathogens and in
other pathogens encoding H-NST (figure 2A), we evaluated the
role of H-NST on the production of the virulence-associated LEE-
encoded factors. To determine whether H-NST is required for the
production of LEE-encoded proteins in EPEC we deleted hnsT and
tested the effect on EspA and EspB levels, which appeared
unaffected in the absence of H-NST (unpublished data), suggesting
that H-NST is dispensable for LEE expression under the growth in
DMEM. However, H-NST when expressed from an inducible
promoter positively affected LEE-encoded protein levels and
subsequently A/E lesion formation of EHEC (figures 3 and 4A–
B), indicating that H-NST can positively impact the expression of
virulence genes in response to a yet-to-be identified environmental
signal(s).

Arginine residues are commonly involved in DNA-binding by
proteins [61] including those of the H-NS family such as Ler.
Here, we demonstrated that the arginine residues important for
DNA-binding by H-NS (Arg114) and Ler (Arg90 and Arg93) are
present in H-NST as Arg60 and Arg63 (figure 2B). This
observation propelled us to explore the DNA-binding potential
of H-NST by testing the ability of H-NST to bind to LEE target
DNA in vitro. We demonstrated that H-NST binds to DNA
fragments containing the regulatory regions of LEE1 and LEE3
(figure 5), which is the first demonstration of DNA-binding by H-
NST. Further, our data revealed that residues Arg60 and Arg63
are important for H-NST DNA-binding activity, which correlates
with a positive effect of these residues on the induction of LEE-
encoded protein levels and A/E lesion formation (figures 3 and
4E–F). Though DNA-binding by H-NST R60Q and R60Q/
R63Q mutants was diminished compared to that of wild type H-
NST, these mutants still exhibited residual DNA-binding (figure 6),
suggesting that the positively charged nature of the H-NST C-

terminal region, due to the high prevalence of lysine and arginine
residues, positively influences H-NST DNA-binding in addition to
the functionally important Arg60 and Arg63 residues. Altogether,
we demonstrate that H-NST binds to DNA and that this DNA-
binding activity is required for H-NST to affect the expression of
the LEE contained in A/E pathogens.

We demonstrated that the Ala16 residue, which is known to be
functionally important for H-NST to positively affect the
expression of the H-NS-repressed genes proU and bgl in E. coli
K-12 [37], is also required for H-NST to control the LEE and A/E
lesion formation (figures 3 and 4C-D), further indicating that H-
NST affects the expression of horizontally-acquired virulence-
associated genes. H-NST Ala16 was reported to be functionally
important for H-NST to counteract H-NS-mediated repression
based on the finding that a H-NST A16V mutant exhibited a
diminished ability to derepress proU expression, which was
suggested to be due to the inability of the A16V mutant to form
functional oligomers [37]. The Ala16 residue located in the
proposed second a-helix of the N-terminal coiled-coil region of the
oligomerization domain occupies the first position in the predicted
heptadic repeat (figure 2A). In case of the inactive H-NST A16V
mutant, having a valine at position 16 as the first residue in the
heptadic repeat could be associated with steric constraints since
valine harbors a b-branched side-chain absent from alanine, which
could negatively affect coiled-coil packing [62–64], and thereby
could prevent oligomerization of H-NST itself and with H-NS. We
therefore expected that the introduction of leucine that contains an
unbranched b chain at position 16 in H-NST would result in a
functional H-NST mutant. However, our data revealed that a H-
NST A16L mutant like the A16V mutant was incapable of
inducing LEE-encoded protein levels and A/E lesion formation
(figure 3, 4C–D), suggesting that the presence of a residue
containing a short b chain at position 16 is required for H-NST

Figure 8. H-NST promotes the binding of Ler to LEE3 DNA bound by H-NS. Fluorescently-labeled DNA fragments containing the LEE3
regulatory region were incubated alone (lanes 1 and 18), with 175 nM Ler (lane 2), with 175 nM Ler and 50 nM H-NST (lane 3), with 50 nM H-NS (lane
4), with 50 nM HNS in the presence of increasing Ler concentrations (50, 100, 125, 150, 175 and 250 nM Ler; lanes 5–10 respectively), with 50 nM H-
NST and 50 nM H-NS (lane 11), with 50 nM HNS and 50 nM H-NST along with increasing Ler concentrations (50, 100, 125, 150, 175 and 250 nM Ler;
lanes 12–17). Bound and unbound DNA fragments were separated by PAGE on a 4–20% TBE gel. The arrow labeled F indicates unbound DNA. DNA
fragments shifted by H-NS and/or H-NST are indicated as B1, while DNA fragments shifted by Ler are labeled B2. Data shown are representative of
three independent experiments.
doi:10.1371/journal.pone.0086618.g008

Regulation of LEE Expression by H-NST

PLOS ONE | www.plosone.org 12 January 2014 | Volume 9 | Issue 1 | e86618



functionality. We tested the DNA-binding capacity of H-NST
mutants A16V and A16L, and found that these mutants exhibited
diminished DNA-binding activity (figure 7), suggesting that the
ability to oligomerize could be important for H-NST to bind
DNA. However, we cannot exclude the possibility that Ala16 also
directly affects DNA-binding by H-NST.

Interestingly, our data indicated that H-NST positively affects
the binding of Ler to the LEE3 regulatory region pre-bound by H-
NS (figure 8), suggesting that H-NST helps Ler-binding to DNA
perhaps by promoting the dissociation of H-NS from the LEE3
regulatory region. It is possible that H-NST when bound to DNA
can change DNA topology to a conformation that is more suitable
for DNA-binding by Ler than H-NS. The finding that H-NST
affects LEE expression independently of ler further supports a
model in which H-NST positively regulates expression through H-

NS. Whether H-NST does so by modulating the DNA curvature
by binding to DNA and/or prevents the binding of H-NS to DNA
by forming H-NST/H-NS oligomers as previously suggested
[37,41], is unresolved. Further investigation, beyond the scope of
this current study, is required to elucidate the molecular basis for
the H-NST function, in particular with regard to how H-NST
promotes the binding of Ler to DNA pre-bound by H-NS.
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