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Abstract 

Nontypeable Haemophilus influenzae (NTHi) is a common commensal in the 

human nasopharynx that can cause localized respiratory tract diseases such as otitis 

media, bronchitis, and pneumonia.  NTHi adheres to respiratory epithelial cells, a 

critical step in the process of colonization enabled by bacterial surface adhesive 

structures called adhesins.  One group of NTHi adhesins are autotransporters, proteins 

that have an N-terminal signal sequence, a C-terminal β-barrel domain, and an internal 

passenger domain with effector function.  The goal of this work was to increase our 

understanding of two NTHi autotransporters, Hap and Hia.   

Hap is a monomeric autotransporter that mediates adherence to epithelial cells 

and extracellular matrix (ECM) proteins.    Hap also self-associates with protein on 

neighboring bacteria, resulting in bacterial aggregation and microcolony formation.  The 

Hap passenger domain contains the regions responsible for adhesive activity.  To define 

the molecular mechanism of Hap adhesive activity, we crystallized the Hap passenger 

domain.  Characterization of the crystal structure revealed an N-terminal globular 

domain and a more ordered, prism-like C-terminal domain.  Interestingly, Hap 

crystallized as a multimer, suggesting that Hap-Hap interactions occurred in the 

passenger domain.  Progressive deletions of the β-loops that comprise the C-terminal 

region disrupted Hap-Hap interactions and led to a defect in bacterial settling.  To 

further support that the C-terminal domain was responsible for Hap-Hap interactions, 
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we purified the wild type and truncated passenger domains and conjugated the proteins 

to latex beads.  By light microscopy we visualized bead aggregation when the wild type 

passenger domain was conjugated to the beads, but not when the truncated passenger 

domain was conjugated.  These results show that the C-terminal portion of the Hap 

passenger domain is responsible for Hap-Hap interactions leading to multimerization.  

Hap multimerization could be important in microcolony formation that leads to biofilm 

formation in vivo. 

The ECM binding domain in located in the final 511 amino acids of the Hap 

passenger domain.  To pin-point the region of the ECM protein fibronectin that is 

recognized by Hap, we spotted small fragments of fibronectin onto nitrocellulose 

membranes and incubated the membrane with purified Hap passenger domain.  Far 

Western analysis using Hap antibody revealed that the smallest fibronectin region 

necessary for binding was comprised of the first two type III repeats, FNIII(1-2).  To 

define the regions of Hap responsible for interaction with fibronectin, we mutated 

motifs in the Hap passenger domain that are important for fibronectin binding in other 

bacterial proteins.  Based on assessment by ELISA, many of the mutations located 

between amino acids 525-725 caused reduced bacterial binding to fibronectin.  However, 

no mutation totally ablated binding, suggesting that a larger Hap region is involved in 

fibronectin binding. 
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In an additional study, we identified a relationship between Hap levels in the 

outer membrane and the expression of lipopolysaccharide (LPS) biosynthesis enzymes.  

Through Western and qPCR analysis, we found that mutation of the rfaF, pgmB, lgtC, 

kfiC, orfE, rfbP, lsgB and lsgD genes involved in the synthesis of LPS oligosaccharide core 

in H. influenzae strain Rd/HapS243A resulted in loss of Hap in the bacterial outer 

membrane and a decrease in hap transcript.  In contrast, the same mutations had no 

effect on outer membrane localization of H. influenzae P5 and IgA1 protease or levels of 

the p5 or iga1 transcripts, suggesting a Hap-specific effect.  Elimination of the HtrA 

periplasmic protease resulted in a return of Hap to the outer membrane and restoration 

of wild type levels of hap transcript.  We speculate that the lack of certain LPS 

biosynthesis enzymes causes Hap to mislocalize and accumulate in the periplasm, where 

it is degraded by HtrA.  This degradation then leads to a decrease in hap transcript.    

lgtC is one of several phase variable LPS biosynthesis genes.  Using an antibody against 

the epitope formed in part by the lgtC gene product, we identified lgtC phase-off 

bacteria by Western analysis of colony blots.  Consistent with our previous observations, 

in lgtC phase off bacteria Hap was absent from the outer membrane and hap transcript 

was reduced.  By analyzing a lgtC/lic2A double mutant, we found that Hap localization 

in the outer membrane and hap transcript levels were not related to LPS size but instead 

to the functions of the LPS synthesis enzymes themselves.  This relationship could be 

beneficial to bacteria in vivo as a way to regulate Hap expression. 
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Early models suggested that autotransporters do not require accessory factors for 

folding and OM insertion.  However, mounting recent evidence has suggested that the 

Bam complex is required for OM localization of most β-barrel proteins, including 

autotransporters.  We studied the role of the Bam complex in OM localization of the 

trimeric autotransporter Hia.  We expressed Hia in E. coli strains with mutations in the 

Bam complex and found that BamA and BamD were needed for Hia localization, while 

BamB, BamC, and BamE were not necessary.  In further studies, we mutated the C-

terminus of Hia and found that the final and third-to-last amino acids were the most 

important for outer membrane localization. 

In summary, this work provides insights into the regulation and adhesive 

activity of Hap and the outer membrane localization of Hia.  We have learned important 

details about these factors that shed light on aspects of H. influenzae disease and could 

lead to new antimicrobial therapies. 
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1. Introduction  

1.1 Haemophilus influenzae classification and characteristics 

Haemophilus influenzae is a fastidious, gram-negative coccobacillus that is a 

human-specific commensal and pathogen.    Isolates of H. influenzae are divided into 

encapsulated and nonencapsulated forms.  The encapsulated forms are characterized by 

structurally and antigenically distinct capsular polysaccharides that are found on the 

bacterial cell surface.  These ‚typeable‛  strains are designated serotypes a-f depending 

on the form of capsule that they express (Pittman, 1931).  Nonencapsulated or 

‚nontypeable‛ strains do not react with antisera against H. influenzae polysaccharide 

capsule types.  While a small subset of nontypeable strains appear to have arisen from 

the loss of the capsule (cap) locus in typeable strains, the majority of nonencapsulated 

strains probably share a common nonencapsulated ancestor with encapsulated strains 

(Musser et al, 1986; St. Geme et al, 1994b).  From this common ancestor the two forms 

evolved separately, with encapsulated strains eventually acquiring the capsule genes.  

Nonencapsulated strains are further characterized by seven different classification 

systems:  biotyping, outer membrane protein differentiation by molecular weight or 

antigenic heterogeneity, classification by lipopolysaccharide antigenic heterogeneity, 

and determination of genetic differences by electrophoretic typing, restriction fragment 



 

2 

length polymorphism, and PCR amplification (Murphy & Sethi, 1992).  Subtyping is 

useful in developing an epidemiological picture of H. influenzae infection. 

1.2 Haemophilus influenzae pathogenesis 

Nontypeable H. influenzae (NTHi) is a common commensal organism in healthy 

children and adults.  Children typically harbor multiple strains at one time, while adults 

generally carry only one (Howard et al, 1988; Kuklinska & Kilian, 1984).  Initial 

colonization occurs in the nasopharynx, with the possibility of contiguous spread to 

adjacent areas if there are abnormalities in host defenses.  

 NTHi can cause a variety of acute and chronic respiratory tract diseases, such as 

otitis media, sinusitis, bronchitis, pneumonia, and conjunctivitis.  Notably, NTHi causes 

20-30% of acute otitis media and possibly a higher percentage of recurrent cases 

(Giebink, 1989).  Also, NTHi is emerging as a leading cause of community-acquired 

pneumonia since the introduction of the pneumococcal conjugate vaccine (Wiertsema et 

al, 2011).  While rare, systemic infections caused by NTHi can occur in patients with 

compromised immunity or anatomic abnormalities (Krasan et al, 1999).  Viral infections 

of the upper respiratory tract that disrupt mucociliary clearance, mucosal integrity, and 

neutrophil function can predispose individuals to NTHi otitis media.  Additionally, lung 

diseases such as cystic fibrosis and chronic obstructive pulmonary disorder (COPD) 

cause defects in mucociliary activity and, therefore, predispose individuals to NTHi 

bronchitis and pneumonia (Gilligan, 1991; Kilbourn et al, 1983).  Infection due to NTHi 
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can produce complications, even with successful treatment.  For example, middle ear 

effusion that is present during acute otitis media can persist for weeks or months, 

possibly impacting language acquisition, speech development, and cognitive function 

(Teele et al, 1990).   

1.3 NTHi Virulence factors 

Bacterial adherence to the host epithelium is an essential step in the pathogenesis 

of H. influenzae disease.  The virulence factors responsible for this adherence along with 

other factors necessary for survival in the host are described below.  

1.3.1 Non-adhesive virulence factors 

Nutrient acquisition 

  H. influenzae cannot synthesize protoporphyrin IX, a precursor for heme 

biosynthesis.   Therefore, the organism must acquire heme or heme derivatives from 

host storage proteins for aerobic growth.  The HxuABC complex mediates transfer of 

heme from heme:hemopexin  complexes to the bacterial cytoplasm.  Additionally, heme 

is extracted from heme:haptoglobin complexes by Hgp proteins (Cope et al, 1995; Jin et 

al, 1996).  Mutations disrupting either of these complexes result in avirulence in an infant 

rat model of invasive H. influenzae infection, highlighting their importance in disease (Jin 

et al, 1996).   

 H. influenzae requires iron for survival and growth at levels exceeding those 

found in the human host (Otto et al, 1992).  In the host, most iron is sequestered in 
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hemoproteins and ferric-binding proteins, such as transferrin, lactoferrin, and ferritin 

(Ratledge & Dover, 2000; Sebulsky et al, 2000).  To acquire iron, H. influenzae cell surface 

receptors bind host iron transport molecules, removing and transporting iron into the 

cell (Otto et al, 1992).  Outer membrane proteins Tbp1 and Tbp2 are responsible for 

binding transferrin.  These proteins interact together with transferrin, causing Tbp1-

mediated release of iron into the periplasm (Hasan et al, 1997; Jarosik et al, 1995; 

Schryvers, 1989).  Iron is then bound in the periplasm by HitA (also called FbpA) and is 

transported to the cytoplasm by HitB and HitC, a cytoplasmic permease and a 

nucleotide-binding protein, respectively (Adhikari et al, 1995; Sanders et al, 1994).  The 

energy transduced by HitC is responsible for the active transport of iron by HitB. 

Immune evasion 

 At the respiratory mucosal surface, H. influenzae must avoid clearance by 

overcoming the mechanical forces of the mucociliary escalator.  Factors such as exposure 

to cigarette smoke or viral infection can inhibit mucociliary function (St Geme, 1993).  H. 

influenzae can also secrete factors that affect the mucociliary escalator.  An example is 

LPS, which reduces ciliar beat frequency when added to rat trachael rings (Johnson & 

Inzana, 1986). 

 IgA is the major immunoglobulin at mucosal surfaces (Brandtzaeg, 1992).  The H. 

influenzae IgA1 protease protein is able to cleave IgA at the hinge region and inactivate 

the protein (Plaut et al, 1975; Plaut et al, 1977).  It is unknown whether this interaction is 
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important for evasion of the host immune response in vivo.  For a more in-depth look at 

IgA1 protease, please see the section on autotransporters.   

 Several H. influenzae surface factors undergo phase variation, which allows for 

evasion of the immune response (Henderson et al, 1999).  Notably, multiple genes 

encoding LPS biosynthesis enzymes phase vary, including lic1A, lic2A, lic3A, lex-2, and 

lgtC (Hardy et al, 2003; Schweda et al, 2003; Weiser & Pan, 1998).  Variation occurs due to 

spontaneous changes in the number of tetranucleotide repeats found in coding regions 

through  slipped-strand mispairing (Henderson et al, 1999).  LPS variation occurs among 

and within strains, and can alter the binding of complement factors leading to changes 

in serum resistance (Tong et al, 2000; Weiser & Pan, 1998).   Additionally, several H. 

influenzae LPS epitopes mimic human glycolipids, which protect the bacteria from 

antibody-mediated killing (Weiser & Pan, 1998). 

1.3.2 Adhesins   

H. influenzae elaborates a number of surface structures, such as Hia/Hsf, Hap, Hif 

pili, HMW1 and HMW2, P2, P5, and LPS, that promote adherence to epithelial cells and 

extracellular matrix (ECM) proteins.  The majority of these factors are discussed below, 

while information on Hia/Hsf and Hap can be found in the following section on 

autotransporters. 

Pili 
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 Pili are hairlike surface appendages that mediate adherence to human buccal 

epithelial cell and bacterial agglutination of erythrocytes (Guerina et al, 1982; Pichichero 

et al, 1982).  The Hif pili of H. influenzae are composite structures forming two-stranded 

helical rods displayed in a peritrichous distribution (Stull et al, 1984).  Unlike other well-

characterized pili, the two-stranded rods are similar to filamentous actin (St Geme et al, 

1996).   The pilus shaft is formed from repeating major subunits (HifA).  Minor subunits 

(HifD) and an adhesin protein (HifE) make up the tip fibrillum, similar to pili in other 

bacterial species (St Geme et al, 1996; van Ham et al, 1994).  The HifB chaperone is 

located in the periplasm, where it targets subunits to the outer membrane and stabilizes 

them from degradation (St Geme et al, 1996).  HifC shares homology with other outer 

membrane ushers and translocates the subunits across the outer membrane and into the 

growing pilus fiber (Watson et al, 1994).  Pili are common in encapsulated type b H. 

influenzae strains, but an analysis of nontypeable isolates suggests that only 15% of these 

strains contain the hif gene cluster and express pili (Geluk et al, 1998; Krasan et al, 1999).  

HMW1 and HMW2 

 HMW1 and HMW2 are nonpilus adhesins belonging to the two-partner secretion 

system and are found in about 80% of NTHi isolates (St. Geme et al, 1998).  These 

proteins share significant homology with each other and promote adherence to a variety 

of epithelial cell lines; however, they may recognize different host cell receptors 

(Hultgren et al, 1993).  The hmw1 and hmw2 loci consist of three open reading frames 
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designated hmwA, hmwB, and hmwC (Barenkamp & St Geme, 1994).  The ‚A‛ genes 

encode the HMW1 and HMW2 adhesin proteins, while the ‛B‛ and ‚C‛ genes encode 

accessory proteins needed for the processing and secretion of the adhesins (Barenkamp 

& St Geme, 1994; St Geme & Grass, 1998).  HMW1B and HMW2B are β-barrel proteins 

that insert into the outer membrane and facilitate presentation of HMW1 and HMW2 to 

the bacterial cell surface.  HMW1C and HMW2C are glycosyltransferases that act on 

HMW1 and HMW2 in the cytoplasm.  Without glycosylation, HMW1 and HMW2 are 

partially degraded and released from the bacterial cell surface, resulting in decreased 

adherence (Grass et al, 2003).   

Other adhesins  

 The H. influenzae P2 protein is a major outer membrane protein and mediates 

adherence to nasopharyngeal mucin via sialic acid-containing oligosaccharides (Reddy 

et al, 1996).  P2 is highly antigenically variable in clonal populations during the course of 

chronic infection (Forbes et al, 1992; Smith-Vaughan et al, 1997).  This variability can help 

bacteria evade clearance by protective antibodies.  Like P2, P5 is also a major protein in 

the outer membrane that is antigenically variable (Duim et al, 1997; Groeneveld et al, 

1988).  P5 forms pilus-like surface structures that mediate adherence to several cell lines 

via interactions with CEACAM1 and enhance attachment to oropharyngeal cells and 

mucin (Bookwalter et al, 2008; Hill et al, 2001; Reddy et al, 1996).  Finally, 

lipopolysaccharide (LPS) has been implicated in H. influenzae adherence and invasion.  
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LPS adherence is mediated by a phase variable phosphorylcholine (ChoP) moiety 

binding to the PAF receptor on host cells (Swords et al, 2000; Swords et al, 2001).  While 

ChoP can mediate adherence, its presence on the bacterial cell surface also enhances 

serum killing (Weiser et al, 1998).  Phase variation may be a mechanism allowing for the 

expression of ChoP during localized infection, mediating adherence to mucosal surfaces, 

and repression of ChoP during invasive disease, facilitating evasion of innate immunity.                  

1.4 Autotransporters 

1.4.1 Introduction 

Autotransporters are a large family of proteins that are inserted into the outer 

membrane in gram-negative bacteria and have a variety of effector functions mediated 

by an extracellular domain, including adherence, invasion, protease activity, and 

cytotoxicity, among others (Henderson & Nataro, 2001; Pallen et al, 2003).  All 

autotransporters share a common domain structure consisting of an N-terminal signal 

sequence, a C-terminal β-barrel (translocator) domain, and an internal passenger 

domain (Desvaux et al, 2004b).  In the first step of secretion, the cleavable signal 

sequence directs the nascent protein to the Sec machinery, which facilitates translocation 

across the inner membrane.  Subsequently, the β-barrel domain targets the protein to the 

outer membrane, where it inserts and facilitates presentation of the internal passenger 

domain on the bacterial surface.   
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There are two forms of autotransporter proteins, namely monomeric and 

trimeric.  Monomeric autotransporters consist of a single polypeptide that contains a C-

terminal β-barrel domain that is approximately 300 residues in length and folds into 12 

β-strands (Klauser et al, 1993; Maurer et al, 1999; Oomen et al, 2004).  In contrast, trimeric 

autotransporters have a short β-barrel domain that is about 70 residues in length and 

forms four β-strands.  Because of the shortened β-barrel domain in trimeric 

autotransporters, trimerization must occur to form a functional, full-size β-barrel with 12 

β-strands (Roggenkamp et al, 2003; Surana et al, 2004).   

Initially, it was believed that all the components necessary for successful folding 

and insertion of autotransporters into the outer membrane were contained in a single 

polypeptide and that translocation of the passenger domain across the outer membrane 

occurred without the aid of accessory proteins.  However, recent experimental evidence 

has established that the term ‚autotransporter‛ is a misnomer, as outer membrane 

localization and passenger domain surface presentation require the BamA integral outer 

membrane protein (Jain & Goldberg, 2007; Lehr et al, 2010; Voulhoux et al, 2003).  

Understanding the mechanism of outer membrane insertion and passenger domain 

surface presentation via the Bam complex is still limited, and a number of models exist 

to explain this process.   

Folding of the β-barrel domain occurs as a result of interactions with the Bam 

complex, with at least partial folding of some translocator domains occurring in the 
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periplasm (Ieva et al, 2008).  Regarding transport of the passenger domain across the 

outer membrane, multiple mechanisms have been proposed.  One possibility is that 

threading of the passenger domain occurs in an N- to C-terminal direction.  However, 

deletions in the N-terminal region of autotransporters do not inhibit translocation, 

making this scenario unlikely (Bernstein, 2007).  Another possibility is that the C-

terminal end of the passenger domain forms a hairpin within the translocator pore as an 

initial step.  According to this model, movement through the pore occurs in a C-terminal 

to N-terminal direction, with folding of the passenger domain providing the energy 

needed for secretion.  In support of this model, there is evidence that the C-terminal end 

passes through the β-barrel pore as an initial step in passenger domain secretion and 

that folding of this region facilitates translocation of the rest of the protein (Junker et al, 

2009; Peterson et al, 2010).  The passenger domain may be partially folded while in the 

periplasm, requiring addition space in the β-barrel pore during secretion (Skillman et al, 

2005).  To accommodate a monomeric passenger domain with some degree of tertiary 

structure, the β-barrel pore may be held in an open conformation by the Bam complex 

until the passenger domain is fully translocated.  In support of this model, several 

members of the Bam complex have been shown to interact with autotransporter β-barrel 

and passenger domains at multiple locations along the protein, presumably aiding in 

protein folding and translocation (Bernstein, 2007; Ieva et al, 2011a; Peterson et al, 2010).  

In the case of trimeric autotransporters, three passenger domains must be secreted and 
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trimerized.  It is difficult to envision how three passenger domains could fit through a 

single β-barrel pore.  Translocation of one monomer at a time through the pore would 

require folding and trimerization to occur as a last step, which would not supply energy 

for the translocation process.  Secretion of a trimeric passenger domain through the 

small β-barrel pore could be explained if the Bam complex holds the trimeric β-barrel 

pore in an open configuration, as in the proposed monomeric secretion model, creating 

enough space for the secretion of all three subunits. 

1.4.2 IgA1 protease 

Identification 

IgA1 protease was initially identified in several Neisseria and Streptococcus 

species as a secreted bacterial protein able to cleave human immunoglobulin A1 (IgA1), 

the IgA subclass that predominates in the nasopharyngeal cavity (Mehta et al, 1973; 

Plaut et al, 1975; Plaut et al, 1977).  IgA antibody protects mucus membranes by 

agglutinating invading bacteria, thus inhibiting bacterial interaction with the epithelial 

surface, and by binding to and neutralizing microbial enzymes and toxins (Kett et al, 

1986).  IgA cleavage eliminates these protective mechanisms, presumably enhancing 

bacterial colonization.  Based on the observation that only pathogenic bacteria produce 

IgA1 proteases, it seems likely that these proteins are virulence factors; however, 

because the IgA1 proteases are specific for human, chimpanzee, and gorilla IgA1, there 

is no animal model to directly test their pathogenic role (Kilian et al, 1979; Mulks & 
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Plaut, 1978).  H. influenzae IgA1 protease shares significant homology with the Neisseria 

IgA1 proteases and has the characteristic autotransporter extended N-terminal signal 

sequence, a C-terminal β-barrel domain called Igaβ, and an internal passenger domain 

called Igap (Figure 1) (Pohlner et al, 1987).  The iga gene from H. influenzae type b strain 

HK368 spans 4,646 bp and encodes a protein with a predicted molecular mass of 169 

kDa, while iga in the prototypic laboratory strain Rd is slightly larger, spanning 5,082 bp 

and encoding a protein with a predicted molecular mass greater than 180 kDa.  H. 

influenzae IgA1 protease undergoes autoproteolytic cleavage, resulting in release of the 

passenger domain from the membrane-embedded β-barrel domain (Grundy et al, 1987; 

Plaut et al, 2000; Poulsen et al, 1989).  Most H. influenzae strains are capable of cleaving 

serum IgA1 and, to a lesser extent, the dimeric secretory form of IgA1, including 

encapsulated meningitis isolates, nontypeable otitis media isolates, and nasopharyngeal 

isolates from healthy individuals (Kilian et al, 1979).  As a reflection of the clonal 

population structure of encapsulated isolates of H. influenzae, typeable strains have 

similar IgA1 proteases with similar cleavage capabilities.  In contrast, nontypeable H. 

influenzae (NTHi) IgA1 proteases are highly variable antigenically, presumably due to 

horizontal gene transfer and recombination between multiple colonizing strains to avoid 

immune detection (Lomholt et al, 1993; Musser et al, 1986).  This variability leads to 

strain to strain differences in protease activity, with disease isolates from NTHi having a 

higher level of activity than colonizing isolates of NTHi (Vitovski et al, 2002).      
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Figure 1:  Domain arrangement of Haemophilus influenzae autotransporters. 

Autotransporters contain three general domains:  a signal peptide (green), a passenger 

domain (blue), and an outer membrane b-barrel domain (red).  Within the passenger 

domains, binding domains are represented in pale blue and protease domains are 

represented with diagonal lines.  Asterisks (*) indicate regions of autoproteolysis, and 

SAAT refers to self-associating autotransporter. 

Structure 

The crystal structure of the IgA1 protease passenger domain reveals an N-

terminal trypsin/chymotrypsin-like protease domain and a β-helical spine as the major 

structural components (Figure 2A) (Johnson et al, 2009).  The spine has a core of 

hydrophobic residues and an exterior of stacked serine, threonine, and asparagine 

residues and serves to extend the N-terminal domain away from the bacterial 

membrane.  The N-terminal domain has a globular structure with unique loops in the 

chymotrypsin fold that are important for substrate selection and a catalytic triad that is 
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responsible for protease activity (Perona & Craik, 1995).  The active site of the protease 

domain is shallow, creating a perfect environment for proline residues typically found at 

IgA1 protease cleavage sites.   Of note, a small domain (Domain 2) protrudes from the 

stalk of the β-helix, giving the protein a Y-shaped structure.  Computational docking 

studies of the crystal structure of human IgA1 with IgA1 protease have shown that the 

IgA1 Fc domain binds in a valley formed by Domain 2 and the protease domain, 

implicating this small region in substrate recognition (Johnson et al, 2009).     

Protease activity 

The H. influenzae IgA1 protease is a serine protease that mediates autoproteolytic 

cleavage near the junction of the N-terminal passenger domain and the C-terminal β-

barrel domain and cleavage of the hinge region of human IgA1.  The N-terminal 

protease domain contains the sequence GDSGSPLF, where S is the active-site serine 

characteristic of serine proteases (Bachovchin et al, 1990).  Autoproteolytic cleavage 

occurs at a proline-rich sequence in the C-terminal region of the passenger domain, 

releasing the extracellular domain from the bacterial surface.  Within this sequence, 

there are four sites that have the potential for cleavage (Poulsen et al, 1989).  A similar 

proline-rich sequence exists in the IgA1 hinge region.  Cleavage of IgA1 at the hinge 

region separates the Fab regions from the Fc region.  The IgA1 Fab regions bind 

antigens, while the IgA1 Fc region interacts with receptors on mucins and various 

immune cells (Mestecky & McGhee, 1987; Phalipon et al, 2002).  When cleaved, Fab 
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fragments can still bind surface antigens, masking epitopes and preventing recognition 

of these epitopes by uncleaved antibodies.  In this way, cleavage by IgA1 protease may 

facilitate bacterial survival on mucosal surfaces (Kilian et al, 1988; Mansa & Kilian, 1986).   

IgA1 proteases are classified as type 1 or type 2 and are distinguished by the 

bond that they cleave in the IgA1 hinge region.  Type 1 proteases cleave at the proline-

serine bond between residues 231 and 232, and type 2 proteases cleave at the proline-

threonine bond between residues 235 and 236 (Kilian et al, 1983).  In encapsulated H. 

influenzae strains, the enzyme type is correlated with the polysaccharide capsule 

serotype.  Type 1 IgA1 proteases are produced by serotypes a, b, d, and f, while type 2 

IgA1 proteases are produced by serotype c and e strains.  Nontypeable strains can have 

either or both enzyme types (Mulks et al, 1982). 

1.4.3 Hap 

Identification 

Hap is a 155-kDa monomeric autotransporter that was identified when a 

genomic library of the clinical H. influenzae isolate N187 was screened for factors that 

promote interaction with respiratory epithelial cells (Figure 1) (St. Geme et al, 1994a).  A 

clone expressing a secreted high molecular mass protein demonstrated adherence and 

low-level invasion in assays with Chang epithelial cells.  This transformant contained a 

4182 bp gene that was named hap for Haemophilus adherence and penetration and 

encoded a predicted protein with homology to serine-type IgA1 proteases from H. 
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influenzae strains and N. gonorrhoeae strains.  The Hap passenger domain harbors an 

adhesive region that promotes adherence to human epithelial cells, extracellular matrix 

proteins, and neighboring Hap-expressing bacteria and a serine protease domain that 

mediates autoproteolytic cleavage. 

Structure 

Hap is a unique protein that has characteristics of both self-associating 

autotransporters (SAATs) that promote bacterial aggregation and serine protease 

autotransporters and may be an evolutionary link between the two autotransporter 

types (Hendrixson & St. Geme, 1998; Klemm et al, 2006).  In light of this observation, 

efforts were made to understand the structure of the Hap passenger domain (Haps) in 

detail.  Initially, electron microscopy of purified Haps revealed an arrowhead shape 

similar to the crystal structure of E. coli hemoglobin protease (Hbp), another serine 

protease autotransporter (Otto et al, 2005; Unzai et al, 2005).  Crystallization of Haps 

revealed a structure similar to the structures of Hbp and IgA1 protease, with an N-

terminal globular serine protease domain and a C-terminal β-spine (Figure 2B) (Meng et 

al, 2011).   Haps also has four smaller domains that may play structural roles.  Domain 2 

(D2) is similar to IgA1 protease D2 and forms a loose hairpin structure that protrudes 

away from the molecule.  Compared to Hap D2, IgA1 protease D2 is much larger and 

has a branched, Y-shaped morphology that could inhibit self-association of the C-

terminal β-spine by hindering close association of nearby IgA1 protease molecules.   
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Figure 2:  H. influenzae autotransporter structures.   

A) Crystal structure of IgA1 protease passenger domain (IgAp) with an N-terminal 

globular protease domain and a larger Domain 2 (D2) compared to Haps.  B) Crystal 

structure of Hap passenger domain (Haps) with an N-terminal globular protease 

domain and a C-terminal SAAT b-helical domain.  C) Hap dimer highlighting Hap-

Hap interactions via the SAAT domain. 

As in IgA1 protease, the Haps globular domain has a V-shaped substrate-binding 

pocket with a catalytic triad located in the center that mediates protease activity.  As 

predicted by mutational analysis, the shallow depth of the binding pocket suggests that 

a leucine at the P1 position of the cleavage site is the preferred amino acid for efficient 

substrate recognition; however, a nearby disordered loop could explain the ability of 
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Haps to cleave peptides with larger side chains such as the phenylalanine side chain at 

the P1 position (Kenjale et al, 2009b).   

The Haps crystal structure revealed a multimer, reflecting the activity of the 

SAAT domain, which lies C-terminal to the serine protease domain.  The SAAT domain 

consists of a 7-turn β-helix with a triangular prism morphology.  The core of this 

structure consists of hydrophobic and aromatic residues, while the exterior is made up 

of hydrophilic residues at the edges and stacked asparagine and aspartic acid ladders.  

The β-helix region is straighter and more ordered compared to other autotransporters 

(e.g., IgA1 protease), allowing for the close association of Hap proteins on neighboring 

bacteria that is necessary for oligomerization.  The shape of this region taken together 

with the Y-structure and the short β-spine of IgA1 protease explains the differences in 

self-association between Hap and IgA1 protease, which are structurally similar 

otherwise.  Haps molecules pack against each other along the SAAT domain in a tail-to-

tail configuration (Figure 2C).  Higher order Hap multimers could form via associations 

at this interface, overcoming repulsive forces between adjacent cells to form 

microcolonies.  Disruptions in this region truncate the edges of interaction and lead to a 

decrease in Hap-mediated bacterial aggregation, implicating this prism structure in 

microcolony formation (Meng et al, 2011). 

Protease activity 
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A region of the Hap passenger domain with homology to IgA1 protease was 

found to have a similar catalytic site comprising the sequence GDSGSPLF, where S is the 

active site serine (Brenner, 1988; St. Geme et al, 1994a).  In spite of the same active site, 

Hap is unable to cleave human IgA1 and instead mediates autoproteolytic cleavage at 

four C-terminal sites (Hendrixson et al, 1997b; St. Geme et al, 1994a).  This cleavage 

releases Haps from Hapβ and the bacterial cell surface.  The catalytic region responsible 

for proteolysis is consistent with that of typical SA (chymotrypsin) clan serine proteases 

and consists of amino acids H98, N140, and S243 (Fink et al, 2001).  Mutation of these 

amino acids individually to alanine abolishes protease activity and results in 

accumulation of full-length Hap in the bacterial outer membrane.  Mutations in the 

proposed substrate binding groove have identified amino acids N274, L263, R264, and 

E265 as important for mediating interactions between the catalytic site and its substrate 

(Kenjale et al, 2009b).  The catalytic site is responsible for cleavage of the passenger 

domain predominantly between residues L1036 and N1037 (P1 and P1’); however, when 

this bond is unavailable, other cleavage sites are recognized at positions L1046-T1047, 

F1077-A1078, and F1067-S1068, the secondary, tertiary, and quaternary sites, 

respectively (Hendrixson et al, 1997b; Kenjale et al, 2009b).  The consensus sequence for 

cleavage at these sites is (Q/R)(A/S)X(L/F) in the P4-P1 positions.  Further analysis of the 

cleavage sites revealed more efficient cleavage at the primary and secondary sites 
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compared to the tertiary and quaternary sites, due to a preference for leucine rather than 

phenylalanine at the P1 position.   

Adherence 

In general, H. influenzae preferentially binds to non-ciliated cells, areas of 

damaged epithelium, and mucus in the respiratory tract.  The C-terminal 311 amino 

acids of Haps mediate bacterial binding to cultured epithelial cells by interacting with an 

unknown receptor (Fink et al, 2003b).  Additionally, the C-terminal 511 amino acids of 

Haps facilitate H. influenzae binding to several extracellular matrix (ECM) proteins, 

including fibronectin, laminin, and collagen IV (Fink et al, 2002b).  Inhibition of Hap 

serine protease activity results in an increase in Hap-mediated adherence to epithelial 

cells and ECM proteins, reflecting retention of the Hap passenger domain on the 

bacterial surface (Fink et al, 2003b; Fink et al, 2002b).   

H. influenzae interactions with epithelial cells and the ECM are enhanced by 

bacterial autoaggregation and microcolony formation, which are mediated by a region 

within Haps.  Aggregation occurs due to intercellular multimerization of neighboring 

Hap molecules at the SAAT domain.  This interaction generates van der Waals forces 

that mediate stable cell-cell interactions (Meng et al, 2011).  Like the E. coli 

autotransporter Antigen 43, this aggregation can be appreciated in liquid culture and 

may have a role in biofilm formation, potentially facilitating H. influenzae persistence in 

middle ear effusions and in the lower respiratory tract in patients with cystic fibrosis or 
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chronic obstructive pulmonary disease (COPD) (Fink et al, 2003b; Kjaergaard et al, 2000a; 

Kjaergaard et al, 2000b).   

Hap autoproteolytic activity is inhibited by secretory leukocyte protease 

inhibitor (SLPI), a small protein found in human upper respiratory secretions that is 

upregulated by TNFα and IL-1β (Hendrixson & St. Geme, 1998).  SLPI is believed to 

protect the respiratory epithelium from injury due to neutrophil elastase and other 

proteases involved in acute inflammation (Gauthier et al, 1982).  Similar to mutations in 

the Hap catalytic triad, inhibition of Hap autoproteolysis by SLPI results in increased 

Hap-mediated bacterial adherence to respiratory epithelial cells and ECM proteins, 

bacterial autoaggregation, and bacterial microcolony formation because of the retention 

of Haps on the bacterial surface (Hendrixson & St. Geme, 1998).  During natural 

infection, inhibition of Hap autoproteolysis presumably facilitates H. influenzae 

colonization of the respiratory mucosa, while release of Haps may result in dispersal and 

migration from the site of infection. 

Invasion 

H. influenzae has been observed inside cells in adenoidal tissue obtained from 

patients with otitis media and in bronchial cells from individuals with COPD, 

potentially representing a mechanism to evade local immune mechanisms (Forsgren et 

al, 1994; Moller et al, 1998).  Invasion has also been shown in vitro and is mediated at 

least in part by Hap (St. Geme et al, 1994a).  H. influenzae invasion into epithelial cells is 
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dependent on actin and microtubules and begins with the formation of lamellipodia 

around the invading bacterium (Ketterer et al, 1999; St. Geme & Falkow, 1990).  While 

invasion occurs at low levels, it is possible that an intracellular population of organisms 

accounts for the recurrence of H. influenzae infection in patients with recurrent otitis 

media or COPD. 

1.4.4 Hia and Hsf 

Identification 

Hia and Hsf are homologous trimeric autotransporters found in nontypeable and 

encapsulated strains of H. influenzae, respectively (Figure 1) (Cotter et al, 2005; St. Geme 

& Cutter, 2000).  Hia was first identified in strain 11, a strain lacking HMW1/HMW2-like 

proteins but still able to adhere efficiently to epithelial cells (Barenkamp & St. Geme, 

1996).  A recombinant phage library of strain 11 was constructed and was screened for 

reactivity with convalescent serum from a child naturally infected with strain 11, 

resulting in recovery of a clone expressing a high-molecular mass protein important for 

adherence to epithelial cells.  The 3294 bp open reading frame encodes a protein that 

was named Hia for Haemophilus influenzae adhesin.  The predicted molecular mass of Hia 

from strain 11 is 114.1 kDa, but the protein trimerizes, causing it to migrate on SDS-

PAGE gels at a size greater than 300 kDa.  The hia gene is found in about 25% of 

nontypeable strains, corresponding to nearly all strains that lack HMW1/HMW2-like 

proteins (Barenkamp & St. Geme, 1996).  Shortly after the discovery of hia, a similar 
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locus ubiquitous in encapsulated H. influenzae strains was characterized and was 

designated hsf, for Haemophilus surface fibrils, reflecting the fact that this gene encodes 

short thin surface fibrils.  The hsf gene from a prototypic type b strain encodes a protein 

with a predicted molecular mass of greater than 230 kDa and promotes adherence to 

human respiratory epithelial cells (St. Geme & Cutter, 1995).   Hia and Hsf are 81% 

similar and 72% identical, with the regions of greatest homology at their N- and C-

terminal ends.   

Structure  

The Hia passenger domain consists of repeating domains that are structurally 

similar, including five Trp-ring domains connected by two IsNeck domains and two KG 

domains (Figure 3) (Meng et al, 2008).  Hsf has a similar architecture, but is extended 

with 14 Trp-ring domains, three IsNeck domains, and four KG domains, among others.  

This extension may be needed for Hsf to extend past the capsule in encapsulated strains.  

The crystal structures of three different fragments of the Hia passenger domain reveal a 

trimeric architecture in all cases.  The trimers are held together by a hydrophobic core 

that consists primarily of phenylalanine and tryptophan residues.  Both Hia and Hsf 

have two binding domains located at opposite ends of the passenger domain that 

mediate adherence to epithelial cells (Cotter et al, 2005; Laarmann et al, 2002).  These 

binding domains are always found in regions of the passenger domain where an IsNeck 

domain is immediately followed by a Trp-ring domain.  The binding domains contain an 
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acidic pocket that is necessary for adherence.  A single trimeric binding domain contains 

three identical binding pockets, possibly allowing the protein to interact with three 

separate receptor molecules or with related domains on one receptor molecule (Yeo et al, 

2004).   

The Hia passenger domain is connected to the C-terminal β-barrel domain by a 

Neck domain (Meng et al, 2008).  Like other trimeric autotransporters, Hia contains a 

relatively short β-barrel translocator domain (Surana et al, 2004).  Analysis of the Hia β-

barrel domain has shown that it is a trimer that consists of 12 transmembrane β-strands, 

including four strands from each monomer (Figure 3).  The outer surface of the barrel is 

hydrophobic, facilitating its insertion into the outer membrane.  The translocator domain 

has a central channel that is 1.8 nm and is filled with three N-terminal α-helices that are 

essential for stability of the trimer.  Interestingly, this region contains a ring of basic 

residues that may coordinate the trimerization of the N-terminal passenger domain 

(Meng et al, 2006).  The Hia β-barrel trimer has a structure that is similar to the C-

terminal domain of monomeric autotransporters, with the same number of β-strands, 

the same angle of the strands relative to the axis of the barrel, and similar pore sizes.  

These structural similarities suggest a common mechanism for translocation among all 

autotransporters.   
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Figure 3:  Domain arrangements of Hia and Hsf trimeric autotransporters.   

The Hia passenger domain is characterized by a repetitive architecture consisting of 

multiple domain types.  Hsf consists of a similar but extended domain arrangement 

compared to Hia.  Domain arrangements were obtained from the daTAA server 

(http://toolkit.tuebingen.mpg.de/dataa). 

Adherence 

The Hia and Hsf proteins contribute to H. influenzae adherence to epithelial cells.  

With both Hia and Hsf, the passenger domain contains highly homologous binding 

domains that mediate the adhesive activity (Figure 1) (Cotter et al, 2005; Laarmann et al, 

2002; St. Geme et al, 1996).  The Hia passenger domain harbors two binding domains that 

must trimerize for full adhesive activity, resulting in three identical binding pockets 

(Cotter et al, 2006; Yeo et al, 2004).  Both binding domains interact with the same host 

receptor, but with differing affinities.  The primary binding domain of Hia (HiaBD1) is 

located adjacent to the C-terminal translocator domain.  HiaBD1 lies closer to the 

bacterial surface than the secondary binding domain (HiaBD2) and has greater affinity 
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for the yet unknown host receptor (Laarmann et al, 2002).  The core of the HiaBD1 

binding pocket is comprised of an aspartic acid, an alanine, and a valine, while the 

HiaBD2 pocket is comprised of a glutamine, an alanine, and a valine.  Therefore, the 

different binding affinities of HiaBD1 and HiaBD2 appear to be due to differences in the 

aspartic acid and glutamine side chains (Yeo et al, 2004).  One model of Hia binding 

proposes that the distal HiaBD2 is responsible for the initial interaction with the 

receptor, bringing the host cell within reach of the bacteria.  The higher affinity HiaBD1 

may then competitively displace HiaBD2 from the cellular receptor, resulting in more 

intimate bacterial attachment to the epithelial cell layer.  Unlike Hap, the passenger 

domains of Hia and Hsf are not cleaved from the C-terminus and remain cell associated, 

enhancing adherence to host cells (St. Geme & Cutter, 2000).   

The Hsf passenger domain contains three regions homologous to the Hia binding 

domains; however, only two have acidic binding pockets that mediate adhesive activity. 

Similar to Hia, both binding domains recognize the same receptor, with the proximal 

Hsf binding domain (HsfBD1) having a higher affinity for the host cell receptor than 

does the distal Hsf binding domain (HsfBD2) (Cotter et al, 2005; Radin et al, 2009).  The 

key contact residues in the HsfBD1 and HsfBD2 binding pockets are identical except for 

an aspartic acid in HsfBD1 and a glutamic acid in HsfBD2, accounting for the different 

binding affinities (Radin et al, 2009).  The Hia binding model can be applied to Hsf, 

where HsfBD2 initiates binding to the cellular receptor and HsfBD1 later displaces 
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HsfBD2, bringing the bacteria into closer contact with the host cell.   For Hsf to interact 

with the host, the passenger domain must extend past the polysaccharide capsule.  The 

intervening region between HsfBD1 and HsfBD2 is three times longer than the sequence 

between HiaBD1 and HiaBD2 and may be necessary for this extension.  The third region 

of homology to the Hia binding domains is called HsfBD3 and is located in this 

intervening region.  While HsfBD3 is structurally similar to the other binding domains, 

it lacks an acidic binding pocket and does not mediate adherence to epithelial cells 

(Cotter et al, 2005).  Instead, HsfBD3 may play a role in stabilizing the passenger domain 

or may mediate adherence to yet untested cell types or other host molecules. 

1.4.5 Autotransporter concluding remarks 

The Haemophilus influenzae IgA1 protease, Hap, Hia, and Hsf autotransporters are 

virulence factors that promote colonization and persistence in the human host.  

Adherence to the respiratory epithelium, microcolony formation leading to biofilm 

formation, and protease activity facilitating bacterial spread and immune evasion are 

important pathogenic mechanisms that are mediated by these proteins.  The 

mechanisms by which these virulence factors may work together to establish a H. 

influenzae infection are outlined in Figure 4.  Hia-mediated adherence to epithelial cells 

and Hap-mediated adherence to both epithelial cells and the ECM may be responsible 

for initial contact with the host, while IgA1 protease cleaves IgA1, protecting the bacteria 

from the innate immune response.  As infection progresses, Hap-Hap interactions result 
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in microcolony formation and may eventually lead to biofilm formation, another 

mechanism of immune evasion.  Because of Hap autoproteolytic activity, some bacteria 

may be released from the biofilm to colonize elsewhere.  Finally, bacterial invasion 

mediated by Hap can lead to an intracellular bacterial reservoir that may be responsible 

for the recurrent infections seen in COPD and otitis media.  Further examination of these 

proteins will aid in understanding H. influenzae disease progression and may facilitate 

development of novel antimicrobials. 
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Figure 4:  H. influenzae autotransporter proteins.   

A) Summary of key features of H. influenzae autotransporter proteins.  B) Schematic 

of the role of H. influenzae autotransporter proteins in the pathogenesis of disease.  a) 

Hap and Hia facilitate H. influenzae attachment to epithelial cells.   Hap also promotes 

adherence to the ECM on the cell layer and at areas of damaged epithelium (*).  Hap 

autoproteolysis is inhibited by SLPI, resulting in the retention of Haps on the 

bacterial surface.  IgA1 protease is released from the bacterial surface and cleaves 

human IgA1.  b) Once bacteria have adhered, Hap-Hap interactions lead to  
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Figure 4 (continued) 

microcolony formation.  c) Microcolony formation leads to the establishment of a 

biofilm that is resistant to host immune factors.  d) In the absence of SLPI, Hap 

autoproteolytic activity allows some bacteria to disperse, presumably to new sites of 

infection.  e) Hap-mediated attachment promotes bacterial invasion into epithelial 

cells, potentially providing a protected niche and allowing bacterial evasion of local 

immune mechanisms. 

1.5 Thesis overview 

First, Chapter 2 describes the crystal structure of the H. influenzae Hap passenger 

domain (HapS) and mutagenesis experiments performed to analyze the C-terminal 

region responsible for Hap-Hap interactions.  Chapter 3 details experiments showing the 

relationship between Hap outer membrane localization and the expression of LPS 

biosynthesis genes.  In Chapter 4, the regions of Hap and fibronectin responsible for 

their interaction are characterized.  In Chapter 5, Hia insertion into the outer membrane 

via interactions with the Bam complex is explored.  Finally, Chapter 6 addresses future 

directions.    
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2. Crystal structure of the Haemophilus influenzae Hap 
adhesin reveals an intercellular oligomerization 
mechanism for bacterial aggregation 

2.1 Introduction 

Intercellular interaction is important to the development, function, and survival 

of all cell types.  In bacteria, cells can adhere to each other to form biofilms, complex 

communities that enhance survival in harsh environments, including infected hosts 

(Hall-Stoodley et al, 2004).  Bacteria living in biofilms exhibit up to a thousand-fold 

increase in resistance to detergents and antibiotics (Stewart & Costerton, 2001).  In 

addition, biofilms have been shown to be a key factor in the pathogenesis of a wide 

range of bacterial infections, including upper and lower respiratory tract infections, 

urinary tract infections, endocarditis, and infections of permanently implanted 

prostheses and devices (Donlan & Costerton, 2002; Hall-Stoodley et al, 2004; Moons et al, 

2009).  

The factors that mediate biofilm formation remain poorly understood. In 

enteropathogenic Escherichia coli, enterohemorrhagic E. coli, Haemophilus influenzae, and a 

variety of other pathogenic bacteria, a group of virulence factors known as self-

associating autotransporters (SAATs) promote bacterial aggregation and microcolony 

formation, important steps in the process of biofilm formation (Klemm et al, 2006).  Like 

other autotransporter proteins, SAATs contain three basic domains, including an N-

terminal signal peptide (SP), an internal passenger domain, and a C-terminal outer 
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-barrel domain (Dautin & Bernstein, 2007; Henderson et al, 1998).  In all 

autotransporters characterized to date, the region responsible for effector function as 

protease, adhesin, toxin, or invasin is found in the passenger domain (Henderson & 

Nataro, 2001).  In the H. influenzae Hap SAAT, the signal peptide corresponds to residues 

1-25, the passenger domain (referred to as HapS) corresponds to residues 26-1036, and 

the β-barrel domain (referred to as Hap) corresponds to residues 1037-1394) (Figure 

5A).  Hap has been demonstrated to mediate bacterial adherence to respiratory epithelial 

cells and extracellular matrix proteins, bacterial entry into epithelial cells, and bacterial 

aggregation (Figure 5B) (Rao et al, 1999).  The C-terminal 511 amino acids of HapS 

(residues 525-1036) are responsible for interactions with fibronectin, laminin, and 

collagen IV, and the C-terminal 311 amino acids of HapS (residues 725-1036) are 

responsible for interactions with epithelial cells (Fink et al, 2002a).  The C-terminal 311 

amino acids of HapS are also capable of mediating Hap-Hap interaction, triggering 

bacterial aggregation and microcolony formation (Fink et al, 2003a; Hendrixson & St 

Geme, 1998), (Figure 5B).  Hap also contains an N-terminal serine protease domain 

(residues 26-290, with the canonical catalytic triad including His98, Asp140, and Ser243) 

(Fink et al., 2002).  The serine protease domain mediates intermolecular autoproteolysis 

at L1036-N1037, L1046-T1047, F1077-A1078, and F1067-S1068 (termed the primary, 

secondary, tertiary, and quaternary cleavage sites, respectively), resulting in release of 

the HapS passenger domain from the bacterial surface and modulating bacterial 
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adherence and aggregation (Fink & St Geme, 2003; Hendrixson & St Geme, 1998).  

Autoproteolytic activity is inhibited by secretory leukocyte inhibitor (SLPI) (Koizumi et 

al, 2008), a serine protease inhibitor that is present in varying amounts in the upper and 

lower respiratory tract and that results in enhanced Hap adhesive activity (Figure 5B), 

(Hendrixson and St Geme, 1998).   

 

Figure 5:  Haemophilus influenzae Hap adhesin.   

A) Domain arrangement of Hap adhesin.  Similar to other autotransporters, Hap contains 

three general domains: a signal peptide (SP), a passenger domain (HapS), and an outer 

membrane translocator domain (Hap).  B) Hap-mediated Haemophilus influenzae 

pathogenesis.  Red ovals represent bacteria and blue sticks represent the Hap adhesin.  The 

SAAT domain in the passenger domain mediates adherence to epithelial cells, invasion of 

epithelial cells, and bacterial aggregation.  The ECM-binding domain mediates adherence 

to fibronectin, laminin, and collagen IV.  A host protein known as secretory leukocyte 

peptidase inhibitor (SLPI) inhibits Hap intermolecular autoproteolysis through its N-

terminal serine protease domain, and results in accumulation of HapS on the bacterial 

surface, resulting in enhanced bacterial adhesive activity and microcolony formation 

(Hendrixson & St Geme, 1998). 
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In order to understand the Hap adhesin as a prototype SAAT that mediates 

bacterial aggregation and microcolony formation, the crystal structure of the HapS 

passenger domain was determined to 2.2 Å by x-ray crystallography.  The structure 

reveals a ‚Dane Axe‛-like architecture with the serine protease domain and the SAAT 

domain lying in the same plane.  Interestingly, crystal packing and structural simulation 

of the HapS:SLPI complex suggest an unprecedented intercellular oligomerization 

mechanism for bacterial aggregation.  The SAAT domains in this remarkable multimer 

are located in a trans configuration that is flanked by the F1-F2 edge and the F2 face, 

which act as nucleation sites for recruitment of more Hap molecules.  Through 

intercellular multimerization, Hap seems to be able to generate enough mechanical force 

in the form of buried surfaces to mediate stable cell-cell interactions.  Based on our 

structural data, we propose a polymerization/depolymerzation model that might allow 

pathogenic bacteria to modulate interactions with the biofilm community during 

various stages of colonization and spread.   Sequence alignment and structural similarity 

between the HapS structure and other SAAT domains suggest that our results may have 

broad implications for other SAATs.  Overall, the HapS structure described in this report 

provides important insights into the mechanism of bacterial cell-cell interaction and 

eventual biofilm formation.  

2.2 Materials and Methods 

Bacterial strains, plasmids, and culture conditions used in this study 
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The bacterial strains used in this study are derivatives of H. influenzae strain 

DB117 (Setlow et al, 1968a).  Strains were grown in supplemented brain heart infusion 

(BHIs) broth or on BHI-DB or chocolate agar and were frozen at -80 °C in BHI broth 

containing 20% glycerol.  The plasmid pJS106 contains the wild type hap gene from H. 

influenzae strain N187 and was used to overexpress and purify HapS (Fink et al, 2003a). 

The plasmid pLS88:HapS243A encodes Hap with an alanine in place of the catalytic 

serine at amino acid 243, resulting in a lack of autoproteolytic activity and retention of 

the HapS passenger domain on the bacterial surface.  Deletions in HapS243A were 

generated using the pLS88:HapS243A as template and the QuikChange® Site-

Mutagenesis Kit (Stratagene) according to the manufacturer’s instructions.  Deletions 

were confirmed by nucleotide sequencing, and plasmids were then introduced into 

strain DB117 using the MII/MIV transformation method (Herriott et al, 1970).  

Expression, purification, and crystallization  

In order to purify HapS, H. influenzae strain DB117/pJS106 was grown on BHI-DB 

2 overnight.  A single colony 

was picked and inoculated into 1 liter of BHIs broth.  The 1 liter culture was incubated at 

37C with shaking at 250 rpm until the OD600 reached 0.9, and was then inoculated into a 

fermentor containing 10-liter of BHIs broth with the aeration parameter set at 8%.  The 

fermentor culture was incubated at 37 C until the OD600 reached 3.0. Bacteria were 

pelleted by centrifugation at 4,000 g for 20 min, and the supernatant was concentrated to 
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~500 ml using a transverse flow cartridge with a 50 kDa cut-off (Millipore).  The 

concentrated supernatant was diafiltrated into 8 liters of 20 mM sodium phosphate, pH 

6.4 buffer and then applied to a sepharose cation-exchanged column (GE healthcare) 

equilibrated with 20 mM sodium phosphate, pH 6.4 buffer.  Protein was eluted with a 

linear sodium chloride gradient (pH 8.0, 0->1 M NaCl), and peak fractions containing 

HapS were pooled and confirmed by Western blot analysis. The protein sample was 

mixed with ammonium sulfate with a final concentration of 1.3 M and was then loaded 

onto a phenyl sepharose column (GE healthcare) equilibrated with buffer containing 20 

mM MES, pH 6.4, 1.3 M ammonium sulfate.  Fractions were eluted with a reverse 

ammonium sulfate gradient (pH 6.4, 1->0 M ammonium sulfate).  HapS containing 

fractions were pooled and dialyzed into a buffer containing 20 mM Tris, pH 7.0, 50 mM 

NaCl.  Purified HapS was concentrated and then loaded onto an S200 gel-filtration 

column (GE healthcare), which was equilibrated with 20 mM Tris, pH 8.0, 100 mM NaCl.  

The peak fraction was estimated to be ~95% pure, as indicated by Coomassie blue-

stained SDS-PAGE.  

For crystallization, purified HapS was concentrated to ~10 mg/ml using an 

Amicon Ultra 10 concentrator with a 10 kDa cut-off (Millipore).  HapS crystals with 

dimensions of 0.1 mm x 0.1 mm x 0.03 mm were obtained at room temperature using the 

hanging-drop vapor diffusion method.  The reservoir solution contained 100 mM 

sodium citrate, pH 5.6, 14% (w/v) PEG4000, and 100 mM ammonium sulfate.  The 
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hanging drop contained a 1:1 (v/v) ratio of reservoir and protein solutions.  Crystals 

were flash-cooled to 100 K by liquid nitrogen using 20% PEG 400 as cryo-protectant.  

Crystals of HapS diffracted to 2.2 Å and were in space group P212121 with cell dimensions 

a = 41.4 Å b = 137.2 Å c = 209.6 Å, and one molecule in the asymmetric unit.  

Data collection and phasing 

Diffraction data for HapS native crystals were recorded on BL17U at the Shanghai 

Synchrotron Radiation Facility (SSRF, Shanghai, China).  HapS data were integrated and 

scaled using MOSFLM/SCALA (CCP4, 1994).  The statistics of the data collection are 

reported in Table 1.   

Table 1:  Dynamic light scattering assay of purified HapS 

Temperature (°C) Rd* (nM) Polydispersity (%) Baseline SOS 

4 986.1 33.2 0.097 1.029 

10 1447.7 33.6 1.000 0.981 

16 1509.7 42.2 0.999 1.708 

22 1717.3 48.8 0.999 3.253 

37 1902.6 56.1 1.003 8.722 

*Hydrodynamic radius (Rd) was calculated from 200 independent measurements. 

 

The initial set of phases was obtained by molecular replacement using 

Haemophilus influenzae IgA1 protease (pdb code: 3H09) and E. coli Hbp (pdb code: 

2WXR) as search models.  To prepare the search models, HapS sequence was first 
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aligned with H. influenzae IgA1 protease and E. coli Hbp sequences using ClustalW 

(http://www.ebi.ac.uk/Tools/ clustalw2/), respectively.  The resulting sequence 

alignment was supplied to program CHAINSAW (CCP4, 1994) to remove the non-

conserved residues, i.e. residues that differ in HapS and IgA1 protease/Hbp were 

changed to alanine. The pruned models were then used as search templates in PHASER 

(CCP4, 1994).  The solutions with a Z-score above five and little crystal clashes were 

selected for further refinement. Refmac5 (CCP4, 1994) and PHENIX.REFINE (Adams et 

al, 2010), together with intermittent manual building in COOT (CCP4, 1994) were used 

to correct and improve the initial models produced by PHASER.  The electron density 

map of HapS residues 265-272, 851-873 and 977-1036 are not available for model 

building.  

Structure refinement 

The structure of HapS was refined by conjugate gradient minimization 

(REFMAC5) (CCP4, 1994) with intermittent manual rebuilding, refining individual B-

factors applying a TLS correction (1 TLS group, 20 parameters) (Winn et al, 2001).  The 

final model of HapS contains 920 residues and 783 water molecules.  Ramachandran 

statistics of HapS calculated by PROCHECK (Laskowski et al, 1993) indicate that 96.0 

percent of the atoms are in the most favored region, and 4.0 percent are in the allowed 

regions.  The detailed structure refinement statistics are reported in Table 1.  Coordinate 

of the HapS structure will be deposited to the PDB. 

http://www.ebi.ac.uk/Tools/%20clustalw2/
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Modeling of SLPI:HapS complex and AIDA-I structures 

The docking is carried out based on the following two observations: 1) SLPI is 

known to be the common inhibitor of Hap and human neutrophil elastase proteolytic 

activity; 2) the Hap serine protease domain shares the same fold and a nearly identical 

active site with human neutrophil elastase.  The initial model of SLPI:HapS was obtained 

via structural superimposition of the serine protease domains of HapS and human 

neutrophil elastase.  The resulting complex was then subjected to energy minimization 

using SYBYL (Tripos, St. Louis, MO) to remove structural clashes derived from the 

manual docking.  The (SLPI:HapS)n multimer was generated using the same 

methodology described above.  The AIDA-I homology model was generated using the 

standard protocol implemented in SwissModel (http://swissmodel.expasy.org).      

Analysis of bacterial outer membrane fractions 

Outer membrane proteins were isolated on the basis of sarkosyl insolubility 

using the method of Carlone et al (Carlone et al, 1986), and were resolved by SDS-PAGE 

as described earlier (Fink et al, 2003a).   

Bacterial aggregation assays 

Bacterial aggregation was assessed using the tube settling assay as described 

earlier (Fink et al, 2003a).  In brief, bacteria were resuspended from plates into tubes 

containing 2 ml of BHIs broth to an OD600 of 0.2 and were grown at 37°C to an OD600 of 

0.8-0.9.  Subsequently, tubes were allowed to stand at room temperature for 2 hours, and 
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OD600 was measured every 15 minutes.  Using this assay, as bacterial aggregation 

develops, bacterial settling occurs, resulting in a decrease in the OD(600). 

Scanning electron microscopy 

In order to examine bacterial aggregates by scanning electron microscopy, 

samples containing bacterial aggregates were removed from the bottoms of the culture 

tubes in tube settling assays and were spotted onto glass coverslips.  Samples on 

coverslips were fixed with 0.5 ml of 2.5% glutaraldehyde in 0.1 M sodium phosphate 

buffer for 1 hour, then dehydrated in a critical-point dryer, evaporated with gold, and 

visualized with a Hitachi S-450 scanning electron microscope (Hendrixson & St Geme, 

1998). 

Latex beads assays 

Purified protein was passively adsorbed onto 2 m polystyrene latex beads 

(Sigma).  A 1% solution of beads in 25 mM MES, pH 6.5 was incubated with 5 g protein 

for 2 days at room temperature with gentle agitation.  The coupling reaction was 

stopped by washing the beads 3 times with the same buffer and resuspending in 100 l 

BHI broth.  After a 6-hour incubation at room temperature, beads were viewed by light 

microscopy using a Nikon Labophot. 

Dynamic light scattering 

Purified HapS was concentrated to 3 mg/ml before it is subjected to dynamic light 

scattering (DLS) assay (Wyat Technology).  The instrument was calibrated and washed 
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using manufacturer’s protocol. The machine was then set to 4 °C.  As the temperature 

became stable, 50 l purified HapS, which was pre-cooled to 4 °C, was loaded into the 

machine. 200 measurements over a period of ~17 min were recorded at this temperature. 

The same protein sample and same measuring protocol were used for the DLS assays at 

10, 16, 22 and 37 °C. The values of hydrodynamic radius (Rd) and polydispersity at 

different temperatures were obtained by software DYNAMICS (Wyat Technology). 

2.3 Results  

2.3.1 Overall architecture of HapS 

To determine the structure of H. influenzae HapS, the protein was expressed and 

purified from H. influenzae strain DB117/pJS106.  Secreted HapS was harvested from the 

culture medium and subjected to further purification using sepharose cation-exchanged, 

phenyl, and gel filtration chromatography.  Initially HapS crystals tended to grow into 

small stacked plates.  Increasing the protein concentration to >10 mg/ml allowed the 

growth of a singular protein crystal that diffracted to 2.2 Å. The structure of HapS was 

solved by molecular replacement, using the published E. coli Hbp (Otto et al, 2005) and 

H. influenzae IgA1 protease coordinates (Johnson et al, 2009) as initial search templates 

(Figure 6A).  The unit cell contains one HapS polypeptide chain per asymmetric unit.  

Residues 1-25 represent the signal peptide and hence are not present in the structure of 

HapS.  Residues 1-25 represent the signal peptide and hence are not present in the 

structure of HapS.  Residues 265-272, 851-873, and 977-1036 yielded no electron density, 
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either because they are disordered (265-272, 851-873) or were cleaved during the process 

of Hap secretion or purification (977-1036), making them unavailable for model 

building. 

 

Figure 6:  Details of the Hap structural domains. 

A) The A-weighted 2Fo-Fc electron densities of a cross-section of C-terminal -helix, 

i.e. residues 801-825, in the self-associating autotransporter (SAAT) domain countered 

at 1 .  B) Sequence of H. influenzae HapS and the secondary structure assignment.  

The strictly conserved catalytic triad, residues His98, Asp140 and Ser243, are 

highlighted with yellow boxes.  The residues that separate the functional domains of 

HapS are colored with red boxes and the residues in SD1-4 subdomains are colored 

with green boxes.  C) Relative location of the serine protease domain. The surface is 

colored according to the electrostatic surface potential (negative charges -63KBT in red 

and positive charges +63KBT in blue, with linear interpolation in between). The 

helical core is shown in a ribbon diagram and colored in grey.  The sub-domains 

protruding from the helical spine are labeled and colored in green. 
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The crystal structure of HapS reveals a ‚Dane Axe‛-like architecture (Figures 6C 

and 7). The overall structure can be partitioned into two parts, an N-terminal serine 

protease domain and a C-terminal -spine with a height of ~120 Å.  Based on the three-

dimensional arrangement of the -strands, the -spine can be further divided into two 

parts, a coiled -helix with 54 strands (residues 294-885) and a C-terminal domain with 

an Ig-like fold (this domain is also known as the autochaperone domain, a conserved 

region necessary for folding of the passenger domain in many monomeric 

autotransporters) (Oliver et al, 2003; Otto et al, 2005).  The interaction between the coiled 

-helix and the autochaperone domain is mediated by 67, 68, 69, and 71 through -

strand augmentation (Figure 7). The 67-69 pair contributes three hydrogen bonds and 

the 68-71 pair contributes four hydrogen bonds to this junction.  As a result of these 

interactions, the autochaperone domain appears to be a short extension of the -helix by 

adding two extra strands on each face. 
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Figure 7:  Crystal structure of H. influenzae HapS.   

The ribbon diagram of HapS is colored using the rainbow color scheme implemented 

in Pymol (DeLano, 2002) with the N-terminus in blue and the C-terminus in red. 

Serine protease domain, SD1-4 sub-domains, ECM binding domain, SAAT domain, 

and autochaperone domain are bracketed and labeled. Residues 977-1036 linking the  
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Figure 7 (continued)  

HapS to the membrane-embedded Hap (green box), is shown in dashed line. The 

outer membrane (OM) is depicted schematically with a bilayer. 

Other factors influencing the HapS architecture are the sub-domains protruding 

from the -spine.  From N terminus to C terminus, they are sub-domain 1 (residues 271-

364 between strands 18 and 19, termed SD1), sub-domain 2 (residues 540-561 between 

35 and 36, termed SD2), sub-domain 3 (residues 616-649 between 40 and 41, termed 

SD3), and sub-domain 4 (residues 683-725 between 46 and 49, termed SD4).  The 

biological functions of these sub-domains are not yet clear. The current structural data 

suggest that these sub-domains appear to play structural roles in coordinating the 

relative orientation of the serine protease domain and the -spine, shaping the overall 

structures into different architectures (Figures 7 and 8).  The SD1 domain is a typical 

hairpin like loop, acting as a ‚molecular Velcro‛ and clipping the serine protease 

domain into the same plane that contains the -spine.  The SD3 and SD4 domains are 

conserved in the Hbp and IgA1 protease structures (Johnson et al, 2009; Otto et al, 2005) 

and form intensive hydrogen bonds with surface residues from the serine protease 

domain (Figure 9).  From a structural/architectural point of view, these two sub-domains 

together with the -spine appear to act as a pedestal on which the serine protease 

domain can rest.  Interestingly, this mode of interaction appears to be conserved in Hap, 

Hbp, and IgA1 protease autotransporters (Figure 8C, D).  In comparison to the relative 

positions of sub-domains SD1, SD3 and SD4, sub-domain SD2 appears to be a bit 
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isolated, forming a loose hairpin-like structure protruding away from the -spine, 

perpendicular to a bended plane containing most of the ‚Dane Axe‛-like HapS molecule.  

Interestingly, in the Hbp and IgA1 protease structures, the equivalent sub-domain is 

much bigger, containing over 70 residues. As a result, the overall architectures of Hbp 

and IgA1 protease are more branched, with a ‚Y‛-shape morphology (Figure 8A).   

 

Figure 8:  Structural comparison between Hap, Hbp, and IgA1 protease.  

A, B) Structural superimposition of the -spine from H. influenzae HapS (red) and E. 

coli Hbp (blue) and H. influenzae IgA1 protease (green).  A major architectural  
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Figure 8 (continued) 

variation, SD2 sub-domain, is labelled.  C, D) Structural superimposition between the 

upper parts of HapS (red), Hbp (blue) and IgA1 protease (green).  The serine protease 

domain from HapS is colored in magenta. SD1-4 sub-domains are labelled. 

 

 

Figure 9:  Hap intra-molecular interactions. 

Intra-molecular interactions between serine protease domain and SD1 sub-domain 

(A), -spine (B), SD3 sub-domain (C), SD4 sub-domain (D).  Residues involved in  
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Figure 9 (continued) 

hydrogen bonding network are shown in stick and labelled with different colors, i.e. 

black for those residues in serine protease domain and red for the rest of the structure. 

The residues that are strictly conserved among Hap, Hbp and IgA1 are underlined in 

the figure.  Hydrogen bonds are shown in dashed lines. 

2.3.2 Serine protease domain 

Since the catalytic mechanism of serine proteases is well characterized and HapS 

shares the same fold and the same catalytic triad as canonical serine proteases such as 

trypsin, chymotrypsin, and Hbp (for example, the root mean square deviations (RMSDs) 

in C positions between Hap and Hbp/IgA1 serine protease domains are 1.1 Å and 1.3 

Å, respectively), we will focus our description of the HapS structure on HapS substrate 

binding.  The molecular surface of the HapS serine protease domain together with 

structural superimposition of HapS, Hbp, and IgA1 protease reveals a ‚V‛-shaped 

substrate-binding groove meandering half the circumference of the globular domain 

(Figure 10A).  The catalytic triad (i.e. H98, D140, and S243) is located in the central 

turning point of the binding groove, facing away from the -spine (Figure 5B, C).  In 

addition, since Hap serine protein domain and human neutrophil elastase share the 

same inhibitor SLPI and the same fold with a RMSD deviation in C positions of 2.5 Å,, 

the published SLPI:elastate structure (PDB code: 2Z7F) (Koizumi et al, 2008) was used to 

predict the SLPI-HapS, and residues in the active site (Figure 10B).  The substrate-binding 

pocket surrounding the P1 position of the substrate/inhibitor (termed the S1 subsite) is 

composed of the side chains of S243 and L263 and the main chains of G238, S239, K240, 
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G241, D242, and R264, with a leucine side-chain at the bottom (Figure 10C).  As 

observed in other serine proteases (Evnin et al, 1990; Johnson et al, 2009), the bottom 

residue in the S1 subsite is crucial to the overall depth of the binding pocket and hence is 

important for substrate recognition.  For example, in trypsin, a much deeper S1 subsite 

with an aspartic acid residue at the bottom of the pocket is thought to be essential for 

interaction with arginine and lysine on the substrate peptide (Evnin et al, 1990).  

Interestingly, the perfect match between the leucine side-chain and the shallow S1 

subsite appears to explain why HapS preferentially cleaves peptides with a leucine 

residue in the P1 position.  HapS can also tolerate a much larger side-chain such as a 

phenylalanine in the S1 subsite (Hendrixson et al, 1997a; Kenjale et al, 2009a).  Based on 

the HapS structure, this observation may be due to the presence of a disordered/mobile 

loop connecting strands 13 and 14, loop265-275 (Figure 10A).  Though the electron 

density for loop265-275 is not available for model building, the covalent linkages to R264 

and F276 suggest that this loop is likely to participate in the formation of the S1 subsite.  

Indeed, mutations of E265 and N274 to Ala, Trp, and Arg in this loop disrupt 

autoproteolysis, leading to accumulation of Hap precursor in the outer membrane 

(Kenjale et al, 2009a).  Based on the mobile nature of loop265-275 and the position in the 

active site of loop265-275, it is plausible to envision that this loop undergoes an induced-fit 

mechanism to accommodate a Leu or Phe side-chain in the S1 subsite upon the binding 

of substrates with different signatures in the P1 position.  Consistent with this 
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possibility, connecting loops are important for substrate selectivity in other members of 

the serine protease family (Perona & Craik, 1995; Perona & Craik, 1997).   

 

Figure 10:  The serine protease domain.  

A) Molecular surface of serine protease domain reveals a V-shaped binding groove 

(indicated by dashed line).  The active site Loop265-275 (colored in grey) is modelled 

based on the equivalent loop in the Hbp structure through structural 

superimposition. B) Simulated complex of SLPI (cyan) bound to the Hap serine 

protease domain (red).  The upper part of the helical spine and the protruding sub-

domains that mediate the orientation of the Hap serine protease domain are shown in 

cartoon diagram and colored in grey and green, respectively.  C) Active site. Left 

panel: the serine protease domain is shown in electrostatic surface and SLPI is shown 

in ribbon diagram (cyan).  Right panel: close-up view of the active site.  Simulated 

SLPI and surrounding residue from HapS is shown in stick and colored in green and 

grey, respectively. 
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2.3.3 SAAT domain  

The uncleaved Hap precursor embedded in the outer membrane can mediate 

cell-cell interaction in a self-associating manner (Hendrixson & St Geme, 1998).  In 

earlier work, examination of a series of Hap deletion mutants allowed identification of a 

self-associating autotransporter (SAAT) domain corresponding to residues 725-1036 

(Fink et al, 2003a).  The SAAT domain is a complete  structure, consisting of 48 strands 

and no helices (Figure 11).  These strands fold into two independent sub-domains, 

namely, an N-terminal 7-turn right-handed -helix, with ~19 residues in each turn, and a 

C-terminal Ig-like autochaperone domain.  The transition between the  helix and the 

autochaperone domain is mediated by -augmentation. The exterior of the SAAT 

domain is decorated with hydrophilic edges with stacked Asn/Asp ladders (Figure 11).  

This is a common feature also observed in other autotransporters (Otto et al, 2005; 

Johnson et al, 2009).  Compared to other autotransporter structures, the C-terminal 

region of HapS corresponding to the SAAT domain is much straighter and more regular, 

giving rise to a triangular prism morphology with ~9 strands in each vertical face.  These 

flat faces are designated F1, F2, and F3, moving clockwise from the bottom of the HapS 

molecule (Figure 11). The inner core of the SAAT domain is packed with relatively 

conserved hydrophobic/aromatic residues along the axis of the -helix, including the 

sequence motif (I/L)XLXXXXX(A/F)X(V/L), in which X represents a random amino acid.  

As shown in Figure 12, HapS appears to adopt a strictly conserved inner core to 
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assemble/extend the -helix region of the SAAT domain. The orientations of the side-

chains of the Ile, Leu, Ala, and Val residues in the -helix turns of residues 732-742 and 

residues 772-782 are nearly identical. The same applies to the Val, Leu, Phe, and Leu 

residues in the -helix turns of residues 752-762 and 791-801.  Interestingly, this 

structural feature is not seen in the inner core of the Hbp and IgA1 autotransporters, 

which lack SAAT activity, provoking the thought that this feature may play an 

important structural role shaping the prism-like morphology that appears to be critical 

for the SAAT activity (see discussion below). 

 

Figure 11:  Self-association of HapS dimer in a trans configuration.   
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Figure 11 (continues) 

The close-up view of the packing interfaces between SAAT domains are show in the 

right panel.  The F1/F2/F3 faces and the F1-F2 edge in the prism-like SAAT domain are 

labeled. 

 

Figure 12:  The conserved inner core of the SAAT domain.  

A, B) Side and top views of the conserved hydrophobic residues in the inner core of -

helix between residues 732-801.  The residues are shown in stick representation. Blue 

and red colors are used to highlight the repetitive nature in this region. C) Sequence 

alignment of different turns of -helix between residues 732-801, suggest a 

(I/V)XLXXXXX(A/F)X(V/L) sequence motif. These four positions are indicated above  
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Figure 12 (continues) 

the sequence alignment. The orientations of the side-chains of the Ile, Leu, Ala, and 

Val residues in the -helix turns of residues 732-742 and residues 772-782 are nearly 

identical. The same applies to the Val, Leu, Phe, and Leu residues in the -helix turns 

of residues 752-762 and 791-801. This repetitive nature is highlighted with green and 

black arrows on the side of sequence alignment. 

 

Consistent with the role of HapS in cell-cell adhesion, the crystal packing reveals 

a remarkable oligomerization of (HapS-HapS)n related by a crystallographic two-fold 

screw axis, perpendicular to the axis of the  helix and in parallel with the bacterial 

membrane (Figure 11).  The interaction between HapS molecules is mediated primarily 

by the SAAT domains. Two HapS molecules pack against each other in a trans 

configuration (Figure 11), and the primary interaction site lies between the F1-F2 edge 

(from molecule A) and the F2 face (from molecule B), explaining our earlier observation 

that perturbations of this region disrupt the self-associating activity (Fink et al, 2003a).  

The intermolecular distance between the F1-F2 edge and the F2 face is 4 - 6 Å (top-right 

panel in Figure 11), and the only hydrogen bond between HapS molecules involves 

Gln940 in the SAAT domain and Asn577 in the N-terminal -spine above the SAAT 

domain (bottom right panel in Figure 11).  The fact that deletion of residues 26-725 has 

no effect on Hap-mediated bacterial settling (Fink et al, 2003a) suggests that this 

hydrogen bond is not essential to HapS-HapS interactions. Accordingly, the region 

flanking the primary interaction site is termed the secondary interaction site.  
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As suggested by crystal lattice formation and previous characterization of HapS-

HapS interaction in native gels (Hendrixson & St Geme, 1998), HapS-HapS 

multimerization is not restricted to a dimeric assembly.  A HapS dimer can act as a 

nucleus to recruit more HapS molecules horizontally (Figure 13), giving rise to a 

formidable mega-Dalton complex with a massive buried inter-molecular surface.  Based 

on calculations using the program AREAIMOL (CCP4, 1994), the buried surface of a 

HapS dimer in trans configuration is estimated to be 1,173 Å2.  As oligomerization 

proceeds to a tetramer, the buried surface increases nearly 7-fold to a staggering 7,053 Å2 

(Figure 13A).  Interestingly, the multimerization of HapS molecules appears to bring a 

significant portion of N-terminal Hap into play, contributing 1,779 Å2 of buried surface 

(between two HapS molecules in cis configuration) into the overall packing (Figure 13A).  

HapS-HapS multimers appear to have the capacity to ‚grow‛ upon demand via the F1-F2 

edge and the F2 face in the SAAT domains (Figure 13B).  The two HapS molecules at the 

edges of the tetrameric complex become the new growing points for the assembly of a 

HapS hexamer or an even higher order HapS multimer required for overcoming the 

repulsive force between two adjacent cells. 



 

56 

 

Figure 13:  The growing self-association surfaces of the HapS multimer.   

A) For the purpose of illustration, only four HapS molecules are shown in surface 

(colored in yellow and by electrostatic surface potential) and cartoon (black and 

magenta) representations, respectively.  B) Slab view of the packing interface of these 

HapS-HapS multimer at the cross section of D776-N777.  The F1/F2/F3 faces are 

labeled.  The F2 face and F1-F2 edge at the growing ends of the multimer are 

highlighted in red. 

2.3.4 Functional characterization of self-associating activity 

As mentioned before, Hap can also mediate cell-cell interaction (Figure 14A).  

Based on the HapS structure (Figure 14B), we generated a series of truncated mutants to 

define the minimum structure required for SAAT activity and to elucidate how the 

overall architecture of HapS influences its ability as a cell linker. 
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Figure 14:  Structure-based functional characterization of H. influenzae HapS self-

associating activity.   

A) Scanning electron micrographs of Hap-mediated bacterial aggregation.  Scanning 

electron microscopy demonstrated Hap-mediated bacterial aggregation and formation 

of complex microcolonies, as assessed in a tube settling assay (panel C) after 

incubation for 1 hour, 2 hours.  B) Location of the deletions in the HapS mutants in 

this study.  HapS-HapS dimer in trans configuration is colored in grey.  Progressive 

deletions starting from residue 751 are colored by red, yellow, blue, green, and 

magenta, respectively.  Asp776 located in the heart of the primary interaction site is 

labeled and shown in stick representation (cyan).  C) Outer membrane proteins 

corresponding to the Hap deletion constructs detected by Western blot analysis with a 

polyclonal antiserum directed against HapS.  DB117 represents the H. influenzae host 

strain with vector alone.  D) Tube setting assay of H. influenzae strain DB117 

harboring empty vector (DB117), DB117/pLS88-HapS243A, and DB117 expressing 

HapS243A deletion constructs (Hap∆751-758, Hap∆751-770, Hap∆751-789, Hap∆751-

808, and Hap∆751-827).  Bacterial suspensions were incubated standing at room 

temperature, and bacterial aggregation was quantified by measuring the absorbance 

of the suspension at 600 nm. 
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The mutagenesis data are shown in Figure 14C and D.  All of the truncates, 

derived from a common HapS243A mutant, contain a deletion beginning at residue 751.  

In Hap∆751-758, a single  strand is deleted, resulting in a change in the relative 

orientation of the N- and C-terminal regions of the HapS molecule.  Hap∆751-770, 

Hap∆751-789, Hap∆751-808, and Hap∆751-827 have progressively larger deletions of -

helix turns, shortening the length of the SAAT domain with little perturbation of the 

overall architecture.  These mutant proteins were stably expressed and were successfully 

localized to the H. influenzae outer membrane (Figure 14C), suggesting that the deletions 

have little effect on the overall conformation or secretion of the protein.  To assess self-

associating activity of these proteins and their ability to mediate bacterial aggregation, 

we performed tube settling assays, using H. influenzae strain DB11/pHapS243A as a 

control.  As shown in Figure 14D, elimination of one turn in the -helix in Hap∆751-770 

had no effect on self-associating activity.  In contrast, larger deletions that approached 

the putative autochaperone domain (Hap∆751-789, Hap∆751-808, and Hap∆751-827) 

were associated with a significant loss in self-associating activity, approaching the effect 

of a change in the relative orientation of the N-terminal and C-terminal regions of HapS 

(Hap∆751-758). To further assess the effect of mutation within the SAAT domain on 

aggregation, a different strategy with latex beads coated with either purified HapS or 

HapS∆751-827 was used.  Visualization by light microscopy revealed that beads coated 

with HapS will form clusters. In marked contrast, the beads coated with mutant 
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Hap∆751-827 remained isolated, sharing the same behavior of the beads coated with 

BSA or beads without any coating (Figure 15).  Taken together, these data highlight the 

importance of the SAAT region in bacterial aggregation. 

 

Figure 15:  Visualization of HapS-coated beads.   

Latex beads were coated with either BSA (A), HapS (C), or HapS∆751-827 (D) and were 

viewed by light microscopy.  Beads coated with HapS formed aggregates, while beads 

coated with Hap∆751-827 remained isolated, similar to controls (BSA-coated beads 

and beads incubated in PBS alone (B)). 
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2.4 Discussion 

-helix is a versatile fold 

This work demonstrates that the structure of the H. influenzae HapS molecule is 

very similar to the structures of E. coli Hbp and Haemophilus influenzae IgA1 protease 

(Johnson et al, 2009; Otto et al, 2005) (Figure 8).  The serine protease domain, the-helix, 

and the autochaperone domain are conserved and arranged in the same order in these 

three structures.  More strikingly, the sub-domains appear to leave and return to the 

central -spine at the same positions (Figure 8).  The subtle changes in the Hbp/IgA1 

protease architectures seem to bring unwanted structural clashes into the observed 

oligomerization, accounting for the lack of self-associating activity.  Superimposition of 

HapS and Hbp suggests that the bulky sub-domain 2 and the decorating structure in the 

C-terminal -helix in Hbp would create structural clashes if Hbps were assembled into a 

HapS-like multimer (Figure 16).  Indeed the structure of an Hbp mutant illustrates this 

structural clash (Nishimura et al, 2010).  As shown in Figure 17, deletion of subdomain 2 

in Hbp enables assembly into a SAAT-like packed structure. In IgA1 protease, the bulky 

sub-domain 2, the relatively short -helix, and variations in the C-terminal domain 

provide explanations for the lack of self-associating activity (Figure 16D, E, F).  In 

comparison, the HapS architecture has a variety of features that potentiate 

intermolecular interaction, resulting in multimerization and interbacterial association: 1) 

the hairpin-like sub-domain 1 restricts intra-molecular movement and leads to steady 
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engagement of two serine protease domains when they are brought into proximity via 

oligomerization of the SAAT domains; 2) the sub-domain 2 is relatively small, allowing 

space for intermolecular interaction; 3) the C-terminal domain has a triangular prism-

like morphology that facilitates high order intercellular [HapS-HapS]n multimerization; 

4) the insertion in the C-terminal region (residues 851-873, disordered in the present 

structure) is located away from the packing interface and does not interfere with 

multimerization. All of these structural characteristics appear to act in a concerted 

manner, shaping a proteolytic autotransporter into a powerful cellular cross-linker.  

Interestingly, according to the Conserved Domain Database 

(http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=29329) (Marchler-Bauer et 

al, 2009), HapS and the SPATE-like proteases are classified as type-1 monomeric 

autotransporters (Henderson & Nataro, 2001), and the self-associating autotransporters 

such as Ag43, TibA, and AIDA-I are classified as type-2 autotransporters (Figure 18A).  

Given the structure of HapS, it is intriguing to consider the evolutionary relationship 

between Hap and other autotransporters with SAAT-activity (Figure 18A).  The SAAT 

domain in the AIDA-I adhesin (Girard et al, 2010; Sherlock et al, 2004) is predicted to be 

very similar to the SAAT domain in HapS presented in this manuscript, with an RMSD 

of 1.8 Å in C positions (Figure 18B).  Furthermore, when compared to the SAAT 

domain in the HapS-HapS multimer, the SAAT domain in AIDA-I has no structural 

clashes, suggesting that other SAAT-type autotransporters might adopt a similar 

http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=29329
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intercellular oligomerization mechanism to mediate bacterial aggregation.  Considering 

all of these observations, we conclude that 1) the -helix is a very versatile fold, and 2) 

the HapS structure may represent a missing evolutionary link between type-1 and type-2 

monomeric autotransporters. 

 

Figure 16:  Comparison of Hap, IgA1 protease, and Hbp multimers.  

Structural comparison between H. influenzae HapS, H. influenzae IgA1 protease, and E. 

coli Hbp in the context of HapS-HapS multimer (A, B, C).  Superimposition between 

HapS (grey) and Hbp (blue) (D, E, F).  Superimposition between HapS and IgA1 

protease (green).  The structural variations between HapS and Hbp/IgA1 protease are 

boxed.  Subdomain 2 (SD2) in Hbp and IgA1 protease are labelled. 
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Figure 17:  Overall protein architecture is important for SAAT-type assembly. 

Sub-domain 2 might play an important structural role in shaping autotransporters 

into different functional entities such as proteases and self-associating cell-linkers 

(Figure 17).  The recent structure of an Hbp mutant (Pdb code: 3AK5) (Nishimura et al, 

2010) shows that deletion of Hbp sub-domain 2 can promote a HapS-like packing, 

suggesting that the overall architecture of the protein is important for the function of 

the SAATs.  A) Hbp mutants packing in a trans configuration. B) Hbp mutants 

packing in a HapS-HapS-like assembly. The Hbp mutant can mimic SAAT-type 

binding, but due to the lack of a self-complementary surface, the Hbp-Hbp packing is 

looser with an inter-molecular distance >10Å. 
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Figure 18:  Sequence and structural comparison between H. influenzae HapS and other 

self-associating autotransporters.   

A) Sequence alignment of the SAAT domains from different self-associating 

autotransporters, including IcsA from Shigella flexneri  (gi 34101173), AIDA-I from 

Escherichia coli O157:H7 str. Sakai (gi 15830650), hypothetical protein CV_0837 from 

Chromobacterium violaceum ATCC 12472 (gi 34496292), YfaL from Escherichia coli (gi 

2506696), YapG from Yersinia pestis (gi 10945162), hypothetical protein SMc02406 

from Sinorhizobium meliloti 1021 (gi 15964814), AIDA from Burkholderia cepacia 

R1808 (gi 46323824), Antigen 43 from Escherichia coli (gi 2506898) and AIDA from 

Burkholderia cepacia R18194 (gi 46317444).  Red and blue represent strictly and Figure  
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18 (continued) 

relatively conserved residues, respectively (Marchler-Bauer et al, 2009).  B) Structural 

superimposition of the crystal structure of H. influenzae HapS (green) and the 

homology model of E. coli AIDA-I (black). AIDA-I homology model was generated 

using the standard protocol implemented in SwissModel 

(http://swissmodel.expasy.org). 

Crystal packing reveals an unprecedented Hap-Hap oligomerization mechanism for 

bacterial aggregation 

 

Several lines of evidence indicate that the HapS-HapS multimer observed by 

crystallography is a genuine reflection of Hap-Hap oligomerization between two 

adjacent cells (Figures 19 and 20).  First, the crystallographically related trans 

configuration involving the HapS C-terminus in (HapS-HapS)n multimers and the inter-

molecular distance of 112 Å are both consistent with cell-linkers observed elsewhere 

(Aricescu et al, 2007; Freigang et al, 2000; Himanen et al, 2010).  Second, the measured 

distance of the overhang in the trans configuration is consistent with the predicted 

length of the linker loop attached to the cell membrane (Figure 20).  Assuming that the 

average distance of C- C in a stretched conformation is about 2.3 Å, we can estimate 

that the theoretical length of residues 977-1036, the bridge between the C-terminal end of 

HapS and the cell anchor (Hap) is ~135 Å, much longer than the overhang in the trans 

configuration, giving ample space for Hap-Hap interactions.  Third, inter-molecular 

distance between the Hap dimer in cis configuration derived from self-association is ~41 

Å.  This is in perfect agreement with the inter-molecular distance (~34Å) between the 

published Hbp dimer structure (Figure 21).  Fourth, the fact that deletion of residues 25-



 

66 

725 in the N-terminal half of HapS has little effect on Hap-Hap interactions (Fink et al, 

2003a) is consistent with the structural observation that the SAAT domains residing in 

the C-terminal region of Hap molecules are in immediate contact with each other in the 

trans configuration (Figures 11 and 20).  Fifth, all the functional studies including those 

presented in (Fink et al, 2003a) show that deletion of -strands in the HapS SAAT domain 

disrupts critical interacting faces and dramatically reduces Hap-mediated bacterial 

aggregation and microcolony formation. Of note, site-directed mutagenesis of the 

Asn/Asp ladders to Ala in the primary interface had no significant effect on Hap SAAT 

activity (data not shown).  This observation appears to be in agreement with the 

structural observation presented in this manuscript.  No direct hydrogen bonding is 

identified in the primary interface and the closest distance between Asp/Asn ladders in 

the primary interface is 4-6 Å, suggesting that interaction of Hap molecules in HapS-

HapS multimers is not restricted to specific residues and instead is likely mediated by 

van der Waal forces derived from self-complementary interacting surfaces.  

Interestingly, Hbp and IgA1 structures also have Asp/Asn-like hydrophilic edges. But, 

due to the lack of self-complementary surfaces, they cannot interact with each other. 

Consistently, the Hap-Hap-like assembly observed in a Hbp mutant are much more 

loosely packed than the interaction in Hap multimer. The inter-molecular distances are 

>10 Å (in the trans configuration) and >20 Å (in the cis configuration) (Figure 17), 

suggesting that the self-complementary surface is unique in HapS structure.  Sixth, Hap-
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mediated bacterial aggregation is enhanced by SLPI, which inhibits Hap serine protease 

activity and autoproteolysis and results in accumulation of the Hap SAAT domain on 

the bacterial surface (Hendrixson & St Geme, 1998).  If the Hap multimer revealed by 

crystal packing is biologically relevant, the simulated SLPI molecules should fit nicely 

into the HapS-HapS multimer, causing no structural clashes.  The simulated SLPI 

molecules are located in the diagonal positions of the HapS-HapS multimer related by a 

2-fold screw axis, with SLPI L72 occupying the Hap S1 subsite and no structural clashes 

in [HapS:SLPI-HapS:SLPI]n (Figures 19 and 20).  Seventh, the homology models of the 

SAAT domains of the Ag43 (Hasman et al, 1999), TibA (Sherlock et al, 2005), and AIDA-I 

type-2 autotransporters (Sherlock et al, 2004) superimpose well with the observed HapS-

HapS multimer (Figure 18).  The structurally conserved SAAT domain and the trans 

oligomerization of the SAAT domain in HapS appear to explain why SAATs are able to 

participate in heterologous interactions with other SAAT partners (Sherlock et al, 2004).  

Therefore, all existing experimental data are in good agreement with our structural 

observation to support the hypothesis that the HapS-HapS multimers revealed by crystal 

packing are biologically relevant.  Furthermore, it has been shown that the membrane-

anchoring domain in autotransporter proteins is mobile in lipid bilayers (Jose & Meyer, 

2007).  Hence, it is reasonable to envisage that the mobile HapS domain forms multiple 

arrays of oligomers at the cross-section of cell junctions upon bacterial aggregation.  
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These ‘lines’ of HapS multimer can act like ‘stitches’ to seal cells together, leading to 

biofilm formation. 

 

Figure 19:  Schematic of HapS multimerization. 

Crystal packing of H. influenzae HapS structures reveals an unprecedented 

intercellular oligomerization (A to F) for complex microcolony formation and 

eventual biofilm formation catalysed by the presence of SLPI (G).  For the purpose of 

illustration, only two SLPI molecules are shown (boxed, cyan) (G).  The C-terminus of 

Hap molecules in (A) are labelled to indicate the location of the bacterium. 
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Figure 20:  Hap-mediated interbacterial interaction is enhanced by the presence of 

secretory leukocyte peptidase inhibitor (SLPI).   

For the purpose of illustration, only two HapS molecules are shown in different 

surfaces colored in magenta and by electrostatic potential.  The SLPIs are shown in 

space-filled representations and colored in cyan.  The dashed line is used to represent 

the linking polypeptide, i.e. residues 977-1036, between HapS and membrane 

embedded Hap.  OM stands for outer membrane. The distance of two adjacent C 

atoms in a -strand conformation is about 2.3 Å. Therefore, if loop 977-1036 is fully 

stretched, the predicted distance between HapS and Hap can be ~135Å, leaving 

plenty of space of membrane-bound Hap to interact with each other. 
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Figure 21:  HapS-HapS in a cis configuration derived from self-association is agreeable 

with published Hbp:Hbp packing.   

The SAAT domains are bracketed, and the inter-molecular distance between the self-

adhesive domains in this configuration is >14 Å, implying the cis packing is driven by 

oligomerization in trans.  The Hbp structures (PDB code: 3AEH) (Tajima et al, 2010), 

which are in scale with HapS structures, are used to judge whether the 

oligomerization of HapS presented in this manuscript will leave enough packing 

space for the membrane anchoring domain, Hap.  

The repetitive nature of the HapS crystal lattice and the two-fold crystallographic 

axis observed in (HapS-HapS)n multimers implies a possible polymerization/depolymeri-

zation model for Hap-Hap interaction and interbacterial association.  As illustrated in 

Figure 19, the recruitment of a HapS molecule into an existing multimer might proceed 

in an intermittent manner between two adjacent cells. The formation of a stable HapS-
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HapS dimer acting as a nucleus is critical for further oligomerization.  However, no 

hydrogen bond is formed in the primary interaction site in the HapS-HapS dimer, 

suggesting that (HapS-HapS)2 might not be stable in solution.  Indeed, HapS seems to be 

a monomer at low protein concentration as assessed by gel filtration analysis (data not 

shown) and a multimer with molecular mass >640 kDa at high concentration as assessed 

in Blue native gels (Hendrixson & St Geme, 1998).  This information implies that 

formation of a HapS-HapS dimer and a mega-Dalton multimer might be a 

thermodynamic process constantly associated with a polymerization/depolymerization 

mechanism, reminiscent of growth of an actin filament. We further tested this 

hypothesis using dynamic light scattering (DLS).  If the formation of Hap multimer is 

driven mainly by apolar interaction as suggested in Figure 19, the polymerization 

should be temperature dependent and much weaker at 4 ºC than higher temperatures. 

The DLS results presented in Table 1 clearly show this is the case.  As temperature levels 

up, the hydrodynamic radius (Rd) has increased from 986 to 1902 nm, suggesting the 

protein has undergone a temperature-dependent polymerization. This, in turn, provides 

more evidence to support the hypothesis of inter-molecular oligomerization mechanism 

for bacterial aggregation.  In the context of H. influenzae pathogenicity, cleaved and 

released HapS is a monomer and is highly soluble, potentially an advantage in migrating 

through the extracellular matrix to cleave host proteins.  In contrast, membrane 

associated HapS can undergo multimerization, and the resulting [HapS-HapS]n 
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multimers may be critical to generate sufficient mechanical force to pull two cells 

together.  Depolymerization of [HapS-HapS]n and autoproteolytic cleavage leading to 

the release of HapS may be important to allow individual organisms to separate from a 

microcolony or a biofilm and spread to other sites.  

2.5 Conclusion 

Bacterial aggregation and biofilm formation are being recognized increasingly as 

important virulence properties that contribute to the pathogenesis of disease.  Recent 

work has identified a major subgroup of autotransporter proteins called self-associating 

autotransporters that mediate interbacterial interaction via protein multimerization.  In 

this study we have solved the crystal structure of the H. influenzae Hap passenger 

domain and have discovered a C-terminal triangular prism-like structure that appears to 

be conserved among SAAT-type autotransporters, that mediates formation of HapS-

HapS dimers, and that enables higher order oligomerization through its F1-F2 edge and 

F2 face. The unprecedented intercellular oligomerization is important to generate 

massive buried surfaces and formidable interactions among Hap molecules that are 

required for overcoming the repulsive force between bacteria, leading to bacterial 

aggregation and formation of complex bacterial microcolonies.  Overall, our results 

provide important structural insights into self-associating autotransporters, H. influenzae 

pathogenesis, and the mechanistic principles of bacterial aggregation and biofilm 
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formation, potentially facilitating the design of novel therapeutics that target bacterial 

aggregation and biofilm formation. 
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3. Inactivation of Haemophilus influenzae LPS 
biosynthesis genes interferes with outer membrane 
localization of the Hap autotransporter 

3.1 Introduction 

Haemophilus influenzae is a gram-negative coccobacillus that is a common 

commensal in the nasopharnyx of both children and adults and is an important cause of 

localized respiratory tract infections such as acute otitis media, otitis media with 

effusion, community-acquired pneumonia, and exacerbations of chronic bronchitis 

(Giebink, 1989; Howard et al, 1988; Murphy & Sethi, 1992; Shann, 1986).  An early step in 

the pathogenesis of H. influenzae disease involves bacterial adherence to the 

nasopharyngeal epithelium, a process that is mediated by several proteinaceous 

adhesins, including the Hap autotransporter protein (Hardy et al, 2003).   

Like other autotransporters, Hap consists of three functional domains,  namely 

an N-terminal signal sequence that targets the protein to the inner membrane, an 

internal passenger domain that harbors adhesive activity (called Haps), and a C-terminal 

β-barrel domain that inserts into the outer membrane and facilitates presentation of the 

passenger domain on the bacterial surface (called Hapβ) (Henderson et al, 1998).  The 

passenger domain promotes adherence to human respiratory epithelial cells and 

selected extracellular matrix proteins and also mediates bacterial aggregation and 

microcolony formation (Fink et al, 2002b; Hendrixson & St. Geme, 1998; St. Geme et al, 

1994a).  The passenger domain also harbors serine protease activity and mediates 
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cleavage from the β-barrel domain, resulting in extracellular release (Hendrixson et al, 

1997b).  Mutation of the Haps active-site serine at amino acid 243 to an alanine 

(HapS243A) inhibits Hap autoproteolysis and results in retention of Haps on the 

bacterial surface and increased bacterial adherence.   

Lipopolysaccharide (LPS) is another important H. influenzae surface factor and 

has been shown to disrupt cell monolayers and ciliated epithelium in vitro via endotoxin 

activity (Flesher & Insel, 1978; Johnson & Inzana, 1986; Langford et al, 1991; Preston et al, 

1996).  The H. influenzae LPS inner core contains a triheptosyl oligosaccharide unit that 

serves as a point for addition of a variety of hexose residues (Hood et al, 1996; Phillips et 

al, 1992).  The oligosaccharide extensions vary greatly between strains, in part due to 

phase variation of up to nine LPS synthesis genes, with the best characterized examples 

including lic1A, lic2A, lic3A, lex-2, and lgtC (Hardy et al, 2003; Schweda et al, 2003; Weiser 

& Pan, 1998).  These extensions mimic host glycolipids, and previous studies have 

shown that variation in LPS has an impact on serum resistance in vitro and on virulence 

in mice (Tong et al, 2000; Weiser & Pan, 1998).  In other organisms, LPS chain length has 

been shown to have an impact on the expression and secretion of selected surface 

proteins (Bengoechea et al, 2004; Holzer et al, 2009).   

In this study, we report that elimination of selected LPS biosynthesis enzymes 

results in a block in Hap insertion into the outer membrane and a downregulation of hap 

transcript.  This phenotype can be reversed by mutation of the HtrA periplasmic 
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protease, suggesting that Hap may be accumulating in the periplasm. Our findings 

indicate a role for many LPS synthesis enzymes in the proper presentation of Hap on the 

bacterial surface and highlight an important relationship between LPS biosynthesis and 

outer membrane composition. 

3.2 Materials and Methods 

Bacterial strains and growth conditions  

 H. influenzae strains used in this study are listed in Table 2.  Strain Rd/HapS243A 

was created by replacing the nonfunctional hap gene in strain Rd with the functional hap 

gene from strain N187 via transformation and homologous recombination.  Prior to 

transformation, the N187 hap gene was mutated to convert the active site serine at amino 

acid 243 to an alanine (S243A), disrupting the serine protease activity of Hap and 

resulting in surface retention of the Hap passenger domain.  Bacterial strains were 

stored at -80oC in brain heart infusion broth with 25% glycerol.  Bacteria were grown 

overnight on chocolate agar and were cultivated in BHI broth supplemented with NAD 

and hemin as described previously (Anderson et al, 1972).   

Table 2: Strains used in this study 

Strains Description Reference 

Rd Nonadherent laboratory strain, 

capsule-deficient serotype d 

(Setlow et al, 1968b) 

Rd/HapS243A Rd with hap allele from N187 

containing S243A mutation, 

eliminating Hap autoproteolysis 

(Fink & St. Geme, 2003) 

2019 rfaF  Rd with kan insertion in rfaF (Nichols et al, 1997) 

2019 pgmB  Rd with erm insertion in pgmB (Swords et al, 2000) 
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Rd lic2A  Rd with kan insertion in lic2A (Hood et al, 2001b) 

Rd lgtC  Rd with kan insertion in lgtC (Hood et al, 1996) 

Rd kfiC  Rd with kan insertion in kfiC (Hood et al, 1996) 

Rd orfE Rd with kan insertion in orfE (Hood et al, 1996) 

Rd rfbB  Rd with kan insertion in rfbB (Hood et al, 1996) 

Rd rfbP  Rd with kan insertion in rfbP (Hood et al, 1996) 

Rd lsg1  Rd with kan insertion in lsg1 (Hood et al, 1996) 

Rd lsgB  Rd with kan insertion in lsgB (Abu Kwaik et al, 1991) 

Rd lsgC   Rd with kan insertion in lsgC (Abu Kwaik et al, 1991) 

Rd lsgD  Rd with kan insertion in lsgD (Abu Kwaik et al, 1991) 

Rd cap5j  Rd with kan insertion in cap5j (Hood et al, 2004) 

Rd lic3A  Rd with kan insertion in lic3A (Hood et al, 2001a) 

Rd wecA  Rd with kan insertion in wecA (Hood et al, 1996) 

Rd/HapS243A rfaF  Rd/HapS243A with kan insertion  

in rfaF 

This study 

Rd/HapS243A pgmB  Rd/HapS243A with erm insertion  

   in pgmB 

   This study 

Rd/HapS243A lic2A Rd/HapS243A with kan insertion  

   in lic2A 

   This study 

Rd/HapS243A lgtC Rd/HapS243A with kan insertion  

   in lgtC 

   This study 

Rd/HapS243A kfiC  Rd/HapS243A with kan insertion 

in kfiC 

This study 

Rd/HapS243A orfE Rd/HapS243A with kan insertion 

in orfE 

This study 

Rd/HapS243A rfbB  Rd/HapS243A with kan insertion 

in rfbB 

This study 

Rd/HapS243A rfbP  Rd/HapS243A with kan insertion 

in rfbP 

This study 

Rd/HapS243A lsg1 Rd/HapS243A with kan insertion 

in lsg1 

This study 

Rd/HapS243A lsgB  Rd/HapS243A with kan insertion 

in lsgB 

This study 

Rd/HapS243A lsgC  Rd/HapS243A with kan insertion 

in lsgC 

This study 

Rd/HapS243A lsgD  Rd/HapS243A with kan insertion 

in lsgD 

This study 

Rd/HapS243A cap5j  Rd/HapS243A with kan insertion 

in cap5j 

This study 

Rd/HapS243A lic3A  Rd/HapS243A with kan insertion 

in lic3A 

This study 

Rd/HapS243A wecA Rd/HapS243A with kan insertion 

in wecA 

This study 
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Rd/HapS243A rfaF/htrA   Rd/HapS243A with tet insertion 

in htrA and kan insertion in rfaF  

This study 

Rd/HapS243A pgmB/htrA   Rd/HapS243A with tet insertion 

in htrA and erm insertion in rfaF  

This study 

Rd/HapS243A lic2A/htrA Rd/HapS243A with tet insertion 

in htrA and kan insertion in 

lic2A 

This study 

Rd/HapS243A lgtC/htrA Rd/HapS243A with tet insertion 

in htrA and kan insertion in lgtC 

This study 

Rd/HapS243A kfiC/htrA Rd/HapS243A with tet insertion 

in htrA and kan insertion in kfiC 

This study 

Rd/HapS243A orfE/htrA Rd/HapS243A with tet insertion 

in htrA and kan insertion in orfE 

This study 

Rd/HapS243A rfbB/htrA Rd/HapS243A with tet insertion 

in htrA and kan insertion in rfbB 

This study 

Rd/HapS243A rfbP/htrA Rd/HapS243A with tet insertion 

in htrA and kan insertion in rfbP 

This study 

Rd/HapS243A lsg1/htrA Rd/HapS243A with tet insertion 

in htrA and kan insertion in lsg1 

This study 

Rd/HapS243A lsgB/htrA  Rd/HapS243A with tet insertion 

in htrA and kan insertion in lsgB 

This study 

Rd/HapS243A lsgC/htrA  Rd/HapS243A with tet insertion 

in htrA and kan insertion in lsgC 

This study 

Rd/HapS243A lsgD/htrA  Rd/HapS243A with tet insertion 

in htrA and kan insertion in 

lsgD 

This study 

Rd/HapS243A cap5j/htrA  Rd/HapS243A with tet insertion 

in htrA and kan insertion in 

cap5j 

This study 

Rd/HapS243A lic3A/htrA  Rd/HapS243A with tet insertion 

in htrA and kan insertion in 

lic3A 

This study 

Rd/HapS243A wecA/htrA Rd/HapS243A with tet insertion 

in htrA and kan insertion in 

wecA 

This study 

Rd/HapS243A lgtC/lic2A Rd/HapS243A with tet insertion 

in lgtC and kan insertion in 

lic2A 

This study 

Rd/HapS243A lgtC off lgtC phase off variant of 

Rd/HapS243A 

This study 

 

 



 

79 

Recombinant DNA methods   

DNA ligations, restriction endonuclease digestions, and gel electrophoresis were 

performed according to standard techniques (Sambrook, 1989).   DNA from LPS mutant 

derivatives of H. influenzae strain Rd and H. influenzae strain 2019 (Abu Kwaik et al, 

1991; Hood et al, 2001a; Hood et al, 2001b; Hood et al, 1996; Hood et al, 2004; Nichols et 

al, 1997) was isolated and used to transform Rd/HapS243A using the MIV method 

(Herriott et al, 1970).  Transformants were selected by plating on agar containing the 

appropriate antibiotic, and mutants were confirmed by PCR using primers that anneal 

to regions flanking the target gene. 

Analysis of outer membrane fractions   

Derivatives of H. influenzae strain Rd/HapS243A were grown to an optical 

density at 600 nm (OD600) of 0.8, and sarkosyl-insoluble outer membrane proteins were 

isolated as previously described (Carlone et al, 1986).  Outer membrane fractions were 

resuspended in 15 μl of 10mM HEPES pH 7.4 plus 5 μl of 4x Laemmli buffer.  Protein 

samples were resolved by SDS-PAGE on 10% polyacrylamide gels (Laemmli, 1970), and 

similar volumes from cultures of similar density were loaded into each well.  Resolved 

proteins were electrotransferred to a nitrocellulose membrane and examined by 

immunoblot analysis with antisera diluted 1:1000.  Rab289 antiserum was raised 

against a C-terminal Hap fragment corresponding to residues 996 to 1395 and reacts with 

both HapS and Hapβ.  Rab105 antiserum was raised against H. influenzae P5, and 
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IGAN8-1 monoclonal antibody was raised against H. influenzae IgA1 protease.  IgG 

secondary antibodies conjugated to horseradish peroxidase (Sigma) were used at a 

dilution of 1:5000.  Detection of antibody binding was accomplished by incubating 

membranes in a chemiluminescent substrate solution (Pierce) and then exposing the 

membranes to film.   

Purification and analysis of LPS   

Bacterial strains grown overnight on chocolate agar were resuspended in PBS to 

an optical density at 600 nm of 1.0 (~109 bacteria per milliliter).  Approximately 2.5x109 

bacteria were pelleted, solubilized, and treated with proteinase K as previously 

described (Hitchcock & Brown, 1983).  Purified LPS samples were resolved by tricine 

SDS-PAGE (Lesse et al, 1990).  Gels were stained with silver according to standard 

techniques.  

Quantitative real-time PCR   

Bacterial strains were grown to an optical density at 600 nm (OD600) of 0.8.  RNA 

isolation and cDNA synthesis reactions were performed as previously described (Kehl-

Fie et al, 2008).  Real-time PCR was performed using EvaGreen (Biotium) and the primer 

sets listed in Table 3. 

Table 3: Primers used in this study 

Primer name Sequence of primer 

Hap qPCR 6 Fwd caatgtcactttaacaaatcacagc 

Hap qPCR 6 Rv acattaccgttcaagtttgcattat 

FtsZ qPCR Fwd gcaactggtctcggtgaaat 

FtsZ qPCR Rv cttcacgctgtgcaggatta 
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IgA1 qPCR Fwd ttcagtcgtttgagtttcct 

IgA1 qPCR Rv aatggagaagttgcagaaga 

P5 qPCR Fwd aaactttcagcttaaactctgatgt 

P5 qPCR Rv tacttttgcacttttaacttgtgac 

lgtC repeat F atccgttggtgtaaaatgaaatct 

lgtC repeat R acatttgctgaattagaaacagct 

lgtC seq repeat acatttgctgaattagaaacagct 

 

Isolation of lgtC phase off bacteria    

Plates of H. influenzae strain Rd/HapS243A were screened for lgtC phase variants 

according to a modified protocol (Maskell et al, 1993).  As a first step, 102 bacteria were 

plated onto chocolate agar and incubated overnight.  Single colonies were lifted onto 

round nitrocellulose filters, which were allowed to dry.  Filters were blocked in 3% 

bovine serum albumin (BSA) (Sigma) for an hour at room temperature.  Antibody 

specific for the LPS epitope encoded by lgtC (mAb 4C4) was added to the filters in a 

solution containing 0.05% Tween 20 and 1% BSA.  After an hour incubation at room 

temperature, filters were washed three times with PBS-0.05% Tween 20.  HRP-

conjugated secondary antibody in a solution of 0.05% Tween 20 and 1% BSA was added 

for an additional hour, and filters were then washed again three times.  Antibody 

binding was detected by incubating the membrane in a chemiluminescent substrate 

solution (Pierce) and then exposing the membrane to film.  Colonies not reactive with 

mAb 4C4 were isolated and further assessed by sequencing of the lgtC phase variable 

region to determine repeat number using the primers listed in Table 3. 

Quantitative adherence assay  
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Chang epithelial cells were grown in minimal essential medium supplemented 

with 10% fetal calf serum and nonessential amino acids at 37oC.  Adherence assays were 

performed as previously described (St. Geme & Falkow, 1990; St. Geme, 1993).  

Adherence was calculated by dividing the number of adherent CFU per monolayer by 

the inoculated CFU per monolayer.  The percent adherence of wild type Rd/HapS243A 

was set to 100%, and the adherence percentages of the other strains were adjusted 

relative to wild type.     

3.3 Results 

3.3.1 Inactivation of LPS biosynthesis genes affects Hap localization 

Relatively little is known about the determinants of outer membrane localization 

of the H. influenzae Hap adhesin.  Studies in other bacterial pathogens have shown a 

relationship between LPS structure and the presence of outer membrane virulence 

proteins (Bengoechea et al, 2004), raising the possibility that a similar relationship exists 

between H. influenzae LPS and the Hap adhesin.  To address this question, we began by 

insertionally inactivating a series of LPS biosynthesis genes in H. influenzae strain 

Rd/HapS243A (Table 2, Figure 22A).  As shown in Figure 22B, examination of LPS from 

the mutant strains confirmed that the mutations resulted in the predicted LPS size 

changes.  Based on Western analysis of outer membrane fractions from these mutants, 

insertional inactivation of rfaF, pgmB, lgtC, kfiC, orfE, rfbP, lgsB, and lsgD eliminated Hap 

in the outer membrane, while inactivation of lic2A, rfbB, wecA, lic3A, cap5j, lsg1, and lsgC 
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had no effect on levels of Hap in the outer membrane (Figure 22C).  To address the 

specificity of the effect of inactivation of selected LPS biosynthesis genes on Hap, we 

examined the P5 outer membrane porin (homologous to E. coli OmpA) and the IgA1 

protease autotransporter protein.  As shown in Figure 23, Western analysis of outer 

membrane fractions and culture supernatants revealed wild type levels of P5 and IgA1 

protease, respectively, in the LPS biosynthesis mutant strains, supporting the conclusion 

that these mutations affect Hap specifically.  Further analysis of the LPS biosynthesis 

mutant strains demonstrated no effect on the overall outer membrane protein profile 

(data not shown).   

3.3.2 Mutation of a periplasmic protease restores Hap to the outer 
membrane in LPS biosynthesis mutants 

When proteins are not able to insert into the outer membrane due to misfolding, 

they typically accumulate in the periplasm and then undergo degradation or refolding 

by periplasmic proteases, a quality control mechanism to avoid cellular stress (Sklar et al, 

2007b).  With this information in mind, we examined whether the H. influenzae HtrA 

periplasmic protease plays a role in degrading Hap in the LPS biosynthesis mutants.  As 

shown in Figure 24, inactivation of the htrA gene (encoding HtrA) in the LPS 

biosynthesis mutants resulted in restoration of wild type levels of Hap in the outer 

membrane.  These results suggest that LPS mutations affecting Hap insertion into the 

outer membrane lead to Hap accumulation in the periplasm, where it is degraded by 

HtrA. 
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Figure 22:  LPS profiles and Western analysis of outer membrane proteins isolated 

from LPS mutant derivatives of H. influenzae strain Rd/HapS243A.   

 



 

85 

Figure 22 (continued) 

A) Diagram of H. influenzae strain Rd LPS shows the regions affected by mutation of 

LPS biosynthesis genes.  Adapted from Hood et al., 2004 (19).  B) LPS preparations 

were separated by tricine gel electrophoresis and stained with silver, showing the 

effect of mutation on LPS size.  Samples with more than one band consist of multiple 

LPS glycoforms.  C) Outer membrane samples of Rd/HapS243A and mutants were 

examined by Western analysis with Rab289 antiserum reactive with full-length Hap, 

showing the effect of mutations on Hap localization to the outer membrane. 

 

Figure 23:  Localization of IgA1 protease and P5 in LPS mutant derivatives of H. 

influenzae strain Rd/HapS243A.   
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Figure 23 (continued) 

A) Outer membrane samples were examined by Western analysis with Rab105 

antiserum against P5.  Localization of P5 is not affected by LPS mutations.  B) Proteins 

from culture supernatants were precipitated using 10% trichloroacetic acid and 

examined by Western analysis with monoclonal antibody IGAN8-1 against IgA1 

protease.  The amount of IgA1 protease in the culture supernatent is not affected by 

LPS mutations. 

 

Figure 24:  The effect of periplasmic protease mutation on Hap localization in LPS 

biosynthesis mutant strains.   

Outer membrane samples of LPS mutant derivatives of H. influenzae strain 

Rd/HapS243A/htrA- were examined by Western analysis with Rab289 antiserum 

reactive with full-length Hap.  Hap outer membrane localization is restored in 

LPS/htrA double mutants.   

3.3.3 Mutation of LPS biosynthesis genes results in downregulation 
of hap transcript 

Beyond possessing periplasmic proteases to degrade outer membrane proteins 

that accumulate in the periplasm, some organisms downregulate transcription of the 

genes encoding the relevant outer membrane proteins to relieve the stress of protein 

accumulation in the periplasm (Johansen et al, 2006).  To examine the effect of the LPS 

biosynthesis mutants on hap transcript, we performed qPCR.  As shown in Figure 25A, 
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qPCR analysis revealed reduced levels of hap transcript in the LPS mutant strains that 

had no Hap in the outer membrane and wild type levels of hap transcript in the LPS 

mutant strains that had Hap in the outer membrane.  Interestingly, disruption of htrA 

restored wild type levels of hap transcript in the mutant strains lacking Hap in the outer 

membrane (Figure 25B).  To address the specificity of the effect on hap transcription, we 

examined transcript levels of the genes encoding P5 and IgA1 protease.  As shown in 

Figure 26, p5 and iga transcript levels were comparable in the wild type strain and all the 

LPS mutant strains.   

3.3.4 Changes in hap expression are not related to the length of LPS 

To address whether the effect of mutation of LPS biosynthesis genes on Hap 

localization and hap expression is related to the structure of LPS, we examined whether 

there is a correlation between LPS length and Hap in the outer membrane.  In 

performing this experiment, we exploited the lgtC and lic2A mutants.  The lgtC mutant 

does not express hap and has one more galactose compared to the lic2A mutant, which 

does express hap.  To further explore this observation, we generated a lgtC/lic2A double 

mutation in Rd/HapS243A, reproducing the LPS structure in the lic2A mutant.  As 

shown in Figure 27A, the double mutant strain had LPS that was the same length as in 

the lic2A single mutant, yet Hap was not localized to the outer membrane (Figure 27B).  

This result suggests that the glycosyltransferase activity of the lgtC gene product 
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influences hap expression and Hap outer membrane localization and that LPS structure 

per se does not play a role. 

 

Figure 25:  qPCR analysis of hap in LPS mutant derivatives of H. influenzae strain 

Rd/HapS243A.   

A) Levels of hap transcript were measured by quantitative real-time PCR in 

Rd/HapS243A LPS synthesis mutants relative to wild type Rd/HapS243A.  (*, P ≤ 0.05 

using the unpaired t test compared to results for the parental strain).  Decreases in hap  
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Figure 25 (continued) 

transcript are observed in the LPS biosynthesis mutant strains that also lack Hap in 

the outer membrane.  B) Levels of hap transcript were measured in LPS synthesis/htrA 

double mutants relative to wild type Rd/HapS243A.  Mutations of the HtrA 

periplasmic protease restore hap transcript levels in LPS biosynthesis mutants. 

 

Figure 26:  qPCR analysis of p5 and iga1 in LPS mutant derivatives of H. influenzae 

strain Rd/HapS243A.     

A) Levels of p5 transcript were measured by quantitative real-time PCR in LPS 

mutant derivatives of H. influenzae strain Rd/HapS243A relative to wild type 

Rd/HapS243A.  Mutations in LPS biosynthesis genes have no effect on p5 transcript 

levels compared to wild type.  B) Levels of iga1 transcript were measured by 

quantitative real-time PCR in LPS mutant derivatives of H. influenzae strain 

Rd/HapS243A relative to wild type strain Rd/HapS243A.  Mutations in LPS 

biosynthesis genes have no effect on iga1 transcript levels compared to wild type. 
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Figure 27:  Influence of LPS size on Hap localization.   

A) LPS preparations of LPS biosynthesis mutants were separated by tricine gel 

electrophoresis and stained with silver.  LPS size is equivalent in Rd/HapS243A lgtC 

and Rd/HapS243A lgtC/lic2A mutants.  B) Outer membrane samples of Rd/HapS243A 

and mutants were examined by Western analysis with Rab289 antiserum reactive with 

full-length Hap.  Mutation of lgtC causes a loss of Hap from the OM in the lic2A 

mutant. 

3.3.5 Phase variation of lgtC results in a loss of Hap from the outer 
membrane 

Several H. influenzae LPS biosynthesis genes are phase variable, resulting in 

heterogeneity among H. influenzae LPS glycoforms, even within the same strain (Hardy 

et al, 2003; Schweda et al, 2003; Weiser & Pan, 1998).  Expression of lgtC varies due to 

changes in the number of 5’-terminal GACA repeats.  To assess the effect of natural 
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phase variation on Hap localization, we screened for H. influenzae colonies with phase 

off lgtC expression.  Dilutions of strain Rd/HapS243A were plated onto chocolate agar to 

yield single colonies.  After an overnight incubation, a colony immunoblot was 

performed with Mab 4C4 to assess the surface-associated expression of the LPS epitope 

encoded by lgtC.  Colonies that were nonreactive with Mab 4C4 were uniformly 

nonreactive with antiserum Rab289 against Hap, and several of these colonies were 

sequenced to determine the number of GACA repeats compared to wild type.  The 

nonreactive bacteria had 23 GACA repeats, while wild type Rd/HapS243A had 22 

repeats, confirming that the nonreactive colonies were phase off for lgtC expression.  As 

shown in Figure 28A, LPS analysis revealed that the glycoform size in the representative 

phase variant was the same as the size in the Rd/HapS243A lgtC mutant.  Western 

analysis of outer membrane fractions confirmed the absence of Hap in the phase variant, 

and qPCR analysis revealed a decrease in hap transcript similar to the decrease observed 

in the lgtC mutant strain (Figure 28B and C).  These data suggest a possible mechanism 

of virulence regulation where phase variation results in changes in LPS structure that 

alters the host immune response to the bacteria and additionally influences levels of Hap 

in the outer membrane.   



 

92 

 

Figure 28:  Characterization of Hap in a lgtC phase off variant.   

A) LPS preparations were separated by tricine gel electrophoresis and stained with 

silver.  The lgtC phase off variant has the same LPS size as the lgtC mutant.  B) Outer 

membrane samples of Rd/HapS243A and the lgtC phase variant were examined by 

Western analysis with antiserum Rab289 reactive with full-length Hap.  The phase off 

variant has no detectable Hap in the OM, similar to the lgtC mutant.  C) Levels of hap 

transcript were measured by quantitative real-time PCR in the Rd/HapS243A lgtC 

mutant and lgtC phase off variant relative to that of wild type Rd/HapS243A.  (*, P ≤ 

0.05 using the unpaired t test compared to results for the parental strain).  hap 

transcript is reduced to comparable levels in both strains. 

3.3.6 lgtC mutation results in reduced levels of Hap-mediated 
adherence 

Reduction of Hap in the outer membrane through lgtC phase variation could 

diminish H. influenzae binding to host epithelium, which would allow for the movement 
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of bacteria to new sites of infection.  To test the plausibility of this scenario, we 

performed adherence assays on Chang epithelial cells using the lgtC mutant and phase 

variant strains.  As shown in Figure 29, the lgtC mutant strain had reduced adherence to 

the cell monolayer while the lic2A mutant strain had an adherence level comparable to 

wild type Rd/HapS243A.  Additionally, adherence was decreased in the lgtC/lic2A 

double mutant strain and the lgtC phase off variant.  These results were consistent with 

the amount of Hap in the outer membrane and the levels of hap transcript observed in 

these strains. 

 

Figure 29:  Adherence to Chang epithelial cells of various lgtC mutant strains.   

Values are represented as percent relative to the adherence level of wild type 

Rd/HapS243A, which was set to 100%.  Bars represent the mean +/- standard error of 

the mean of measurements made in triplicate from representative experiments.  All 

strains with a mutation or phase off variation of lgtC have a reduction in bacterial 

adherence, consistent with the loss of Hap in the outer membrane. 
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3.4 Discussion 

In this study, we investigated the effects of LPS biosynthesis genes on the 

localization of the Hap autotransporter adhesin and the level of hap transcript.  Hap is an 

important virulence determinant for H. influenzae, mediating adhesion to epithelial cells 

and extracellular matrix proteins, autoaggregation that leads to microcolony formation, 

and autoproteolytic activity that may facilitate bacterial dispersal to new sites of 

infection.  Little is known about the regulation of hap expression and the factors 

important for Hap outer membrane localization.  Our results demonstrate that 

insertional inactivation of a number of H. influenzae LPS biosynthesis genes eliminates 

Hap in the outer membrane and results in a decrease in hap transcript levels.  The effect 

of these mutations appears to be due at least in part to loss of the specific 

glycosyltransferases. 

 Work on Yersinia enterocolitica has shown that O antigen mutations can affect the 

function of virulence factors such as Ail.  Ail is an adhesive protein that, like Hap, 

confers adherence and invasion in assays with epithelial cells and mediates attachment 

to fibronectin (Miller & Falkow, 1988; Tsang et al, 2010).  Bengoechea and coworkers 

found that O antigen mutations resulted in a downregulation of ail expression, 

apparently similar to our observation with hap (Bengoechea et al, 2004).  The authors 

concluded that proper distribution of O antigen chain length was required for the 

function Ail and that changes in chain length were responsible for the downregulation 
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of ail.  In contrast, based on our analysis of a lgtC/lic2A double mutant, we have shown 

that outer membrane localization of Hap is dependent on the enzyme encoded by lgtC 

and not necessarily on LPS chain length.  The H. influenzae lic2A mutant has one less 

galactose in the LPS core compared to the lgtC mutant, and thus the lic2A mutant and 

the lgtC/lic2A double mutant have the same LPS structure.   However, the lic2A mutant 

has wild type levels of Hap in the outer membrane, while the lgtC/lic2A mutant lacks 

Hap.  This observation demonstrates that the absence of the enzyme encoded by lgtC is 

responsible for Hap mislocalization.     

H. influenzae LPS varies greatly between and among strains because of different 

culture conditions and phase variable expression of certain glycoforms (Hardy et al, 

2003; Hood et al, 2004; Schweda et al, 2003; Weiser & Pan, 1998).  The epitope encoded by 

lgtC is an example of a phase variable LPS structure and has been shown to be important 

for H. influenzae virulence in an animal model (Tong et al, 2000).  Furthermore, the 

prevalence of lgtC is over fifty times greater in isolates of H. influenzae compared to 

isolates of H. haemolyticus, a strictly commensal bacterium, suggesting that lgtC is 

important for virulence (McCrea et al, 2008; Murphy et al, 2007). In our studies, we found 

that a lgtC phase off variant had no Hap in the outer membrane and had a decrease in 

hap transcript, similar to the mutant with insertional inactivation of lgtC.  Because Hap is 

an adhesin, reducing hap expression and Hap in the outer membrane by LPS phase 

variation could release bacteria from the epithelial cell layer and the extracellular matrix.  
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It is tempting to speculate that H. influenzae may use this natural variation as a 

mechanism for movement to new sites of infection, adding to the body of evidence that 

lgtC is important in the pathogenesis of H. influenzae disease.  

The mechanism by which mutations in LPS biosynthesis genes affect Hap 

localization is an intriguing question.  Because a number of the LPS biosynthesis 

enzymes affecting Hap are proposed glycosyltransferases and we have shown that the 

galactosyltransferase encoded by lgtC is important for Hap localization, it is possible 

that Hap requires glycosylation by LPS biosynthesis enzymes for proper folding and/or 

insertion into the outer membrane.  There is mounting evidence that glycosylation and 

LPS biosynthesis are evolutionarily connected and that LPS building blocks can be used 

for protein glycosylation (Faridmoayer et al, 2007; Hug et al, 2010).  However, we have 

been unable to detect glycosylation of the purified Hap passenger domain by several 

methods.  Alternatively, it is possible that a periplasmic chaperone responsible for Hap 

folding requires glycosylation by the LPS biosynthesis enzymes for its activity.  In the 

case of the other LPS biosynthesis gene mutations, we cannot rule out the impact of 

changes in the LPS glycoforms.  It is difficult to envision how all of the LPS biosynthesis 

enzymes would be involved in glycosylation events necessary for Hap outer membrane 

insertion, raising the possibility that alterations in LPS glycoforms change properties of 

the outer membrane in ways that additionally affect Hap localization. 



 

97 

Proteases are important for relieving the bacterial cell from stress caused by 

accumulation of misfolded or mislocalized proteins in the periplasm.  Mutation of the 

HtrA periplasmic protease in the relevant LPS mutants restored Hap localization to the 

outer membrane, suggesting that Hap is unable to insert in the outer membrane and 

accumulates in the periplasm in these mutants.  This accumulation could be because 

Hap is improperly folded in the LPS biosynthesis mutants due the lack of the specific 

glycosyltransferases. By analogy to observations with the Cpx stress response in E. coli, 

accumulation of Hap in the periplasm presumably causes a decrease in hap transcript 

level through signaling events activated by the HtrA-mediated degradation.  When 

HtrA is not present, an over-abundance of Hap in the periplasm may force the protein 

into the outer membrane, restoring Hap localization.  DegP, a periplasmic protease 

similar to HtrA, has been implicated in signaling events involved in the envelope stress 

response conferred by the Cpx system (Isaac et al, 2005).  It seems unlikely that hap is 

regulated by Cpx induced targets, because H. influenzae is missing key components of 

this response system.  It is possible that HtrA influences transcription of outer 

membrane proteins as part of a yet unknown stress response in H. influenzae.  Initially, 

we hypothesized that mislocalization and periplasmic accumulation of Hap would 

result in a reduction of many outer membrane proteins due to the induction of 

extracellular stress responses.  Mutations in the LPS biosynthesis genes did not cause an 

overall change in the outer membrane protein profile, and the localization and transcript 
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levels of H. influenzae outer membrane proteins IgA1 protease and P5 were unchanged 

in the presence of the LPS biosynthesis mutations.  These results suggest that the LPS 

mutations cause a Hap-specific effect in outer membrane insertion and transcript 

regulation.   

  In conclusion, we have shown that the H. influenzae Hap adhesin requires 

several LPS biosynthesis enzymes for localization to the outer membrane.  Based on 

comparison of lgtC, lic2A, and lgtC/lic2A mutants, Hap localization does not appear to 

depend on LPS structure, suggesting that the glycosyltransferase activity of the specific 

LPS biosynthesis enzymes is important for Hap insertion into the outer membrane.  

When Hap cannot be inserted into the outer membrane, it is degraded in the periplasm 

by HtrA and hap transcript levels decrease.  Mutation of HtrA in the presence of LPS 

biosynthesis gene mutations restores Hap in the outer membrane and hap transcript 

levels.  These results shed light on an intriguing regulation mechanism involving an 

autotransporter protein. 
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4. Determinants of interactions between the 
Haemophilus influenzae Hap Autotransporter and 
Fibronectin  

4.1 Introduction 

Adherence to host tissue is an early essential step in the pathogenesis of most 

bacterial diseases. Bacteria often encounter epithelial surfaces where they utilize surface 

adhesins to attach to specific epithelial cell receptors. Adherence to epithelial surfaces 

and entry into epithelial cells may lead to epithelial or basement membrane damage, 

resulting in exposure of subepithelial tissues. Binding to the extracellular matrix (ECM) 

promotes colonization of deeper, subepithelial tissues and may provide a different, 

protected niche for the infecting bacteria. The ECM is a complex structure composed of 

proteins, proteoglycans, and glycosaminoglycans and forms the scaffolding that 

supports and maintains mammalian cells and tissues. The major components of the 

ECM, such as collagens, laminin, and fibronectin, form complex interactions between 

themselves and also with epithelial cells. These interactions function to form a barrier 

against penetration by microorganisms. Many bacteria take advantage of this barrier 

and express adhesins specific for the different ECM components.  

Haemophilus influenzae is a gram-negative bacterium that is often present in the 

nasopharyngeal flora of children and adults and is a common cause of both localized 

respiratory infections and systemic disease (Turk, 1984). In previous studies, H. 

influenzae isolates were found to preferably associate with damaged epithelium and 
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ECM (Read et al, 1992; Read et al, 1991). H. influenzae elaborates a number of surface 

proteins that promote adherence to epithelial cells and ECM proteins, including the Hap 

autotransporter adhesin (Fink et al, 2003a; Fink et al, 2002b). Hap is a member of a 

diverse group of virulence proteins called autotransporters and is ubiquitous in H. 

influenzae strains (Henderson & Nataro, 2001; Spahich & St. Geme, 2011).  

Autotransporter proteins have three functional domains, including an N-terminal signal 

peptide, an internal passenger domain, and a C-terminal β domain (Henderson et al, 

2004). The extracellular HapS passenger domain is responsible for binding to epithelial 

cells and the ECM proteins fibronectin, laminin and collagen IV (Fink et al, 2003a; Fink et 

al, 2002b). The epithelial cell binding and the ECM binding functions of HapS map to two 

overlapping regions of the passenger domain. The cell-binding region is located in the 

C-terminal 311 amino acids of HapS (Hap726-1036), and the ECM-binding region maps to 

the C-terminal 511 amino acids (Hap526-1036) (Fink et al, 2002b).   

 Previously we determined that purified HapS binds to the gelatin binding 

domain but not the heparin-binding domain of fibronectin (Fink et al, 2002b). 

Fibronectin is a large glycoprotein and a major component of the ECM, where it forms a 

complex network with other ECM proteins, provides attachment sites for cell surface 

receptors, and helps in cell migration and tissue maintenance (Mosher & McKeown-

Longo, 1985; Potts & Campbell, 1994). Structurally, fibronectin is composed of three 

types of repeating domains or modules called FNI, FNII and FNIII (Petersen et al, 1983). 
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The modules form functional domains that bind different ligands, including various 

ECM molecules like collagens, heparin, fibrin, and integrins (Pankov & Yamada, 2002). 

A variety of pathogenic bacteria are capable of binding fibronectin, with examples 

including Mycobacterium spp., Escherichia coli, Staphylococcus spp., Streptococcus spp., and 

Salmonella enterica Typhimurium (Jonsson et al, 1991; Kingsley et al, 2002; Lindgren et al, 

1992; Signas et al, 1989).  

In this study, we used defined fragments of fibronectin to precisely map the 

domains that are recognized by HapS. Our findings indicate that HapS binds to the 

fibronectin FNIII(1-2) repeat fragment. To identify residues in the Hap ECM binding 

domain involved in this interaction, we compared the Hap sequence to other well-

known fibronectin binding proteins (FnBPs) and found several common motifs. When 

we mutated these motifs in the Hap passenger domain, bacterial binding to fibronectin 

was disrupted to an appreciable extent.  None of the mutations eliminated binding, 

suggesting that there may be multiple points of interaction for fibronectin in the Hap 

ECM binding domain. 

4.2 Materials and Methods 

Bacterial strains, plasmids and growth conditions 

The bacterial strains and plasmids used in this study are listed in Table 4. H. 

influenzae strains were stored at -80°C in brain heart infusion broth with 20% glycerol. 

Prior to their use, strains were grown overnight on brain-heart infusion agar 
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supplemented with heme and NAD (BHIs) with the appropriate antibiotics and were 

cultivated in BHIs broth as described previously (Anderson et al, 1972). E. coli DH5α 

strains were grown on Luria Bertani (LB) agar or in LB broth and were stored at -80°C in 

LB broth with 20% glycerol. Kanamycin was used at a concentration of 25 μg/ml for H. 

influenzae and 50 μg/ml for E. coli.  

Table 4: Bacterial strains and plasmids used in this study 

Strains and Plasmids Description Reference 

E. coli  

DH5α 

 

Φ80dlacZ_M15 _lacU169 deoR 

recA endA1 

Life Technologies 

H. influenzae 

DB117 

Laboratory strain, rec-1, 

capsule-deficient serotype d, 

with nonsense mutation in  hap 

(Setlow et al, 1968b) 

Plasmids 

pLS88 

 

E. coli-H. influenzae shuttle 

vector, Kanr, Spr, Sur 

 

(Willson et al, 1989) 

pGJB103 E. coli-H. influenzae shuttle 

vector, Tcr 
(Tomb et al, 1989) 

pLS88:HapS243A pLS88 expressing Hap with 

mutation in Ser243 to Ala 
(Fink et al, 2003b) 

pLS88:HapΔ1036-99/ 

pGJB103:HapS243A 

pLS88 expressing Hap with a 

deletion in residues 1036-99 and 

pGJB103 expressing Hap with 

mutation in Ser243 to Ala 

St. Geme lab 

pHapΔ26-525 pLS88 with hap having deletion 

in residues 26-525 

(Fink et al, 2003a) 

pHapΔ26-725 pLS88 with hap having deletion 

in residues 26-725 

(Fink et al, 2003a) 

pHapETD570AAA pHapΔ26-525 with residues 

570-572 changed to alanine 

This study 

pHapTED588AAA pHapΔ26-525 with residues 

588-590 changed to alanine 

This study 

pHapEIV640AAA pHapΔ26-525 with residues 

640-642 changed to alanine 

This study 

pHapEN655AA pHapΔ26-525 with residues 

655-656 changed to alanine 

This study 
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pHapETD570AAA+TED588AAA pHapΔ26-525 with residues 

570-572 ,588-590 changed to 

alanine 

This study 

pHapETD570AAA+EIV640AAA pHapΔ26-525 with residues 

570-572, 640-642 changed to 

alanine 

This study 

pHapETD570AAA+EN655AA pHapΔ26-525 with residues 

570-572, 655-656 changed to 

alanine 

This study 

pHapTED588AAA+EIV640AAA pHapΔ26-525 with residues 

588-590, 640-642 changed to 

alanine 

This study 

pHapTED588AAA+EN655AA pHapΔ26-525 with residues 

588-590, 655-656 changed to 

alanine 

This study 

pHapEIV640AAA+EN655AA pHapΔ26-525 with residues 

640-642, 655-656 changed to 

alanine 

This study 

pHapGG597TT pHapΔ26-525 with residues 

597-598 changed to threonine 

This study 

pHapGG661TT pHapΔ26-525 with residues 

661-662 changed to threonine 

This study 

 

pHapGG597TT+TED588AAA pHapΔ26-525 with residues 

597-598 changed to threonine 

and 588-590 to alanine 

This study 

pHapGG661TT+ EN655AA pHapΔ26-525 with residues 

661-662 changed to threonine 

and 655-656 to alanine 

This study 

pHapVVS665AAA pHapΔ26-525 with residues 

665-667 changed to alanine 

This study 

HapΔ751-789 pLS88:HapS243A with a 

deletion of residues 751-789, 

removing two β-loops 

(Meng et al, 2011) 

HapΔ751-827 pLS88:HapS243A with a 

deletion of residues 751-789, 

removing four β-loops 

(Meng et al, 2011) 

 

Purification of HapS protein 

The Hap passenger domain with the S243A mutation (Fink et al, 2003a) was 

purified from culture supernatants of H. influenzae strain DB117/pLS88:HapΔ1036-
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99/pGJB103:HapS243A. Overnight cultures were used to inoculate 6 liters of BHIs. 

Cultures were shaken at 37oC and grown to an OD600 of 0.8. Bacteria were pelleted, and 

the supernatant was concentrated to ~500 ml using a transverse flow cartridge with a 50 

kDa cut-off (Millipore) into 20 mM sodium phosphate, pH 6.4 buffer.  The concentrated 

supernatant was applied to a sepharose cation-exchanged column (GE healthcare) 

equilibrated with 20 mM sodium phosphate, pH 6.4 buffer.  Protein was eluted with a 

linear sodium chloride gradient (pH 8.0, 0->1 M NaCl), and peak fractions containing 

HapS were pooled and confirmed by Western blot analysis. The protein sample was 

mixed with ammonium sulfate with a final concentration of 1.3 M and was then loaded 

onto a phenyl sepharose column (GE healthcare) equilibrated with buffer containing 20 

mM MES, pH 6.4, 1.3 M ammonium sulfate.  Fractions were eluted with a reverse 

ammonium sulfate gradient (pH 6.4, 1->0 M ammonium sulfate).  HapSS243A containing 

fractions were pooled and dialyzed into a buffer containing 20 mM Tris, pH 7.0, 50 mM 

NaCl.  The peak fraction was estimated to be ~95% pure, as indicated by Coomassie 

blue-stained SDS-PAGE gels.      

Construction of mutant Hap derivatives 

The plasmid pHapΔ26-525 (Fink et al, 2003b), a pLS88 (Willson et al, 1989) 

derivative containing the hap gene with a deletion of the coding sequence for residues 

26-525 of HapS protein, was used as a template for PCR. Site-directed mutagenesis was 

performed using the Quick Change® XL II kit from Stratagene (La Jolla, CA) according 
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to the manufacturer’s instructions. Mutations were confirmed by sequencing. After 

mutagenesis, the resulting plasmid was introduced into H. influenzae strain DB117 using 

the MII/MIV transformation method (Steinhart & Herriott, 1968). To ascertain that the 

deletions did not affect the overall function of the expressed Hap protein, the resulting 

DB117 strains were examined by Western blot analysis of outer membrane proteins for 

equivalent quantities of Hap. 

Western blot analysis 

Bacteria were grown to an OD600 of 0.8, and sarkosyl-insoluble outer membrane 

proteins were isolated as previously described (Carlone et al, 1986).  Outer membrane 

fractions were resuspended in 15 μl of 10mM HEPES pH 7.4 plus 5 μl of 4x Laemmli 

buffer.  Protein samples were resolved by SDS-PAGE on 10% polyacrylamide gels 

(Laemmli, 1970), and similar volumes from cultures of similar density were loaded into 

each well.  Resolved proteins were electrotransferred to a nitrocellulose membrane and 

examined by immunoblot analysis with antisera diluted 1:1000.  Rab289 antiserum was 

raised against a C-terminal Hap fragment corresponding to residues 996 to 1395 and 

reacts with both HapS and Hapβ.  IgG rabbit secondary antibody conjugated to 

horseradish peroxidase (Sigma) was used at a dilution of 1:5000.  Detection of antibody 

binding was accomplished by incubating membranes in a chemiluminescent substrate 

solution (Pierce) and then exposing the membranes to film. 

Far-Western dot-blot assay 
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Fibronectin fragments were spotted onto nitrocellulose membranes using a 96-

well vacuum manifold and incubated for 30 minutes at room temperature. The 

membranes were then blocked with 5% milk in Tris-buffered saline, pH7.4 (TBS) for 1 

hour, incubated by shaking with 10 μg/ml of purified HapS diluted in blocking buffer for 

1 hour at 4°C, and then washed 5 times with TBS. HapS binding was detected using 

antiserum Rab289 raised against purified HapS (1:1000 dilution) followed by an HRP 

linked anti-rabbit secondary antiserum (Sigma Chemicals, St. Louis, MO). Membranes 

were incubated with chemiluminescent HRP substrate and then exposed to film. 

Generation of anti-DB117 antibody 

The rabbit antiserum Rab288 was raised against an acetone dried powder 

preparation of H. influenzae strain DB117 and is reactive with strain DB117 whole 

bacteria. 

ELISA for binding to ECM proteins 

96 well ELISA plates (Costar) were coated with fibronectin fragments at 1 μg per 

well diluted in phosphate buffered saline (PBS), pH 7.4 overnight at 4°C. In the case of 

full-length fibronectin, pre-coated plates were obtained from BD Biosciences. The plates 

were blocked with 2% BSA in PBS for 2 hours. Derivatives of H. influenzae strain DB117 

expressing either full-length Hap or mutant constructs were grown in 3 ml BHIs to an 

OD600 of 0.4-0.5. One ml of the bacterial suspension was centrifuged and then 

resuspended in 1 ml of fresh BHIs. 50 ul of this suspension was added to each well in 
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triplicate and incubated on a plate shaker at 37°C for 1 hour. The wells were washed five 

times with PBS and bacterial binding was detected using a 1:1000 dilution of Rab288 in 

PBS plus 0.1% BSA. Incubation with the primary antiserum was performed at room 

temperature for 1.5 hours. After washing 5 times with PBS, the wells were incubated 

with a 1:5000 dilution of anti-rabbit HRP conjugate in PBS plus 0.1% BSA for 1 hour at 

room temperature. The wells were washed 5 times with PBS before adding the HRP 

substrate and reading the absorbance at 405 nm. 

4.3 Results 

4.3.1 HapS binds fibronectin fragment FNIII(1-2) 

Fibronectin can be cleaved by enzymes such as thermolysin into defined 

fragments that retain adhesive function. The functional domains of fibronectin have 

been mapped using this technique (Figure 30A) (Pankov & Yamada, 2002). Previously, 

we found that HapS binds a region of fibronectin that includes the 45 kDa gelatin-

binding domain but not the 30 kDa heparin-binding domain (Fink et al, 2002b). To 

extend this result and precisely map the region of fibronectin recognized by Hap, we 

used Far-Western analysis to test the binding of purified HapS (containing a serine to 

alanine mutation at residue 243 in the protease active site) to a more defined set of 

purified fibronectin fragments encompassing the FNI, FNII, and FNIII domains:  FNI(1-

9)FnII(1-2), FNIII(1-5), FNIII(4-7), FNIII(7-10), FNIII(10-12), FNIII(12-14) and FNIII(13-15). As shown in 

Figure 30B, HapS bound to FNIII(1-5), a fragment that has not been shown previously to 
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react with bacteria. To further map the binding target in fibronectin, we tested fragments 

FNIII(2-5), FNIII(3-5), FNIII(1-3), FNIII(2-3), FNIII(1-2), FNIII(1), and FNIII(2) and found that HapS 

bound to FNIII(1-3) and FNIII(1-2) but not to FNIII(2-5), FNIII(2-3), or FNIII(2-3), suggesting that 

the fibronectin binding region lies in the FNIII(1-2) repeats (Figure 30C). HapS did not 

bind to FNIII(1) or FNIII(2) alone by this method, suggesting that FNIII repeats 1 and 2 

together are necessary for this interaction. 

4.3.2 Bacteria expressing HapΔ26-525 bind fragment FNIII(1-2) 

The C-terminal 511 amino acids of HapS (HapΔ26-525) have been determined 

previously to be necessary and sufficient for full level binding to fibronectin as well as 

laminin and collagen IV. With this information in mind, we examined H. influenzae 

DB117/HapΔ26-525 and DB117/HapΔ26-725 (lacking a portion of the region required for 

full ECM binding) in assays with full-length fibronectin and FNIII(1-2) immobilized on 96-

well plates. As shown in Figure 31, DB117/HapΔ26-525 adhered at high levels to FNIII(1-

2), while DB117/HapΔ26-725 adhered at background levels, similar to results with full-

length fibronectin. 
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Figure 30:  HapS binds FNIII(1-2).  

A) Schematic representation of the domain structure and interactions of fibronectin. 

Fibronectin is a dimer composed of two identical chains that are connected by 

disulphide bonds at the C-terminus. Structurally, fibronectin is entirely made up of 

three repeating “modules” FNI, FNII and FNIII. B) Far-Western dot blot assay 

showing binding of purified HapS to immobilized purified full-length fibronectin or 

fibronectin fragments. C) Far-Western dot blot assay showing binding of purified  
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Figure 30 (continued) 

HapS to immobilized purified full-length fibronectin or fibronectin fragments. 

Binding of HapS to subfragments within the FNIII(1-5) domain shows that FNIII(1-2) is 

necessary for Hap-fibronectin interactions. 

 

Figure 31:  The Hap ECM binding domain is responsible for bacterial binding to 

fibronectin.  

ELISA showing the binding of H. influenzae DB117 strain expressing either plasmid 

alone (pLS88), HapΔ26-525 or HapΔ26-725 to full-length fibronectin or the FNIII(1-2) 

fragment. Values shown represent an average of three independent experiments. 

4.3.3 Mutational analysis of putative fibronectin binding residues in 
HapS 

Because binding to fibronectin requires Hap residues between amino acids 525 

and 725, we focused on this region to identify motifs involved in fibronectin binding. 

Many gram positive bacterial fibronectin binding proteins require groups of acidic 



 

112 

residues in their fibronectin binding domains (Schwarz-Linek et al, 2003; Westerlund & 

Korhonen, 1993). We searched for similar motifs in Hap between residues 525-725 and 

identified 570-572/ETD, 588-590/TED, 640-642/EIV, and 655-656/EN (Figure 32A). To 

assess the role of these residues, we mutated them to alanines in the HapΔ26-525 

background (570-572/AAA, 588-590/AAA, 640-642/AAA, and 655-656/AA) and then 

expressed the mutant derivatives in strain DB117. Mutation of these resides did not 

affect the level of Hap protein in the outer membrane (Figure 32B).  As shown in Figure 

32B, assessment of adherence to full-length fibronectin immobilized on 96-well plates 

revealed decreased binding by strains expressing HapETD570AAA, HapTED588AAA, 

and HapEN655AA, but not HapEIV640AAA as compared to HapΔ26-525, although 

none of these mutations completely eliminated adherence.  

To ascertain whether combining the mutations would eliminate binding, we 

made double acidic motif mutations and tested the ability of these mutant derivatives to 

bind fibronectin. As shown in Figure 32C, combining the mutations did not further 

decrease adherence to fibronectin, indicating that there may be additional Hap residues 

involved in this interaction. Finally, a triple acidic motif mutation (ETD570AAA, 

TED588AAA, and EN655AA) also did not eliminate fibronectin binding, despite the fact 

that the amount of Hap in the outer membrane was decreased in this strain compared to 

the parental strain (Figure 32C). 
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Figure 32:  Gram-positive FnBP motifs contribute to Hap-mediated fibronectin 

binding.  

A) Amino acid sequence showing Hap residues 525-725. The putative acidic 

fibronectin binding residues highlighted in gray were mutated to alanines.  Glycine 

residues that follow the putative binding residues are underlined in black and were 

mutated to threonines. The ShdA VVS motif is underlined in gray and was mutated 

to alanines. B) ELISA showing the binding of DB117 strains expressing Hap with 

mutations in the putative acidic fibronectin binding pockets to full length 

fibronectin. Below, outer membrane samples of DB117 strains were examined by 

Western analysis with Rab289 antiserum reactive with full-length Hap. C) ELISA 

showing binding of the combined acidic motif mutations in putative fibronectin 

binding residues to full-length fibronectin. Below, outer membrane samples of DB117 

strains were examined by Western analysis with Rab289 antiserum reactive with full-

length Hap. D) ELISA showing binding of the Hap glycine mutants to full-length 

fibronectin. Below, outer membrane samples of DB117 strains were examined by 

Western analysis with Rab289 antiserum reactive with full-length Hap. All values 

shown represent an average of three independent experiments. 

The secondary structure of the acidic motifs in many gram-positive fibronectin 

binding proteins is thought to be influenced by double glycine residues that are 

commonly found downstream of the acidic motifs (Bingham et al, 2008). The 588-

590/TED and 655-656/EN motifs that we targeted were closely followed by double 

glycines at amino acids 597-598 and 661-662. Accordingly, we mutated these glycine 

resides to threonines in the HapΔ26-525 background (GG597TT and GG661TT) and 

tested the ability of these mutants to bind fibronectin. As shown in Figure 32D, these 

mutations were associated with equal amounts of protein in the outer membrane 

compared to the parental strain, and resulted in reduced Hap-mediated bacterial 

binding to fibronectin. The double glycine mutations were also made in concert with 

their corresponding acidic motifs. These additional mutations did not eliminate 
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fibronectin binding, again suggesting that multiple points on the Hap protein are 

involved in fibronectin binding. 

ShdA is a gram-negative autotransporter belonging to Salmonella enterica 

serotype Typhimurium that is required for persistent carriage in a murine model of 

salmonellosis (Kingsley et al, 2000). Like Hap, the ShdA passenger domain is capable of 

binding to fibronectin. An internal repeat region in the ShdA passenger domain has 

been shown to bind fibronectin at the FNIII(13) module (Kingsley et al, 2004a; Kingsley et 

al, 2004b). Comparison of the ShdA region that is essential for fibronectin binding with 

the Hap ECM binding domain revealed a common VVS amino acid motif (Figure 32A). 

We mutated this VVS motif to alanines in the HapΔ26-525 background (VVS665AAA), 

expressed the mutant protein in H. influenzae strain DB117, and assessed binding to full-

length fibronectin immobilized on 96-well plates (Figure 33). Mutation of the VVS motif 

resulted in a 50% reduction in bacterial binding to fibronectin.  

4.3.4 Disruption of Hap-Hap interactions does not affect fibronectin  

binding 

Amino acids 726-1036 of the Hap passenger domain are required for Hap-Hap 

interactions that lead to microcolony formation (Fink et al, 2003b). The HapS crystal 

structure reveals an ordered prism made of multiple β-loops that is essential for Hap 

multimerization (Meng et al, 2011). Because a large region of the Hap passenger domain 

seems to be involved in fibronectin binding, we wondered if Hap multimerization was 
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necessary to create a binding surface for fibronectin. We utilized HapS243A constructs 

with deletions in the prism of two and four β-loops (Δ751-789 and Δ751-827) in binding 

assays with full-length fibronectin immobilized on 96-well plates. As shown in Figure 

34, bacteria expressing the loop mutant constructs bound fibronectin at wild type levels, 

suggesting that Hap-Hap interactions do not have a role in fibronectin binding. 

 

 

Figure 33:  The ShdA VVS motif contributes to Hap-mediated fibronectin binding.  

ELISA showing binding of DB117 expressing Hap with a mutation in the VVS motif 

to full length fibronectin. Below, outer membrane samples of DB117 strains were 

examined by Western analysis with Rab289 antiserum reactive with full-length Hap. 
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Figure 34:  Disruption of Hap-Hap interactions does not decrease Hap-mediated 

fibronectin binding.  

ELISA showing binding of DB117 expressing Hap with deletions in the β-loops 

required for Hap-Hap interactions. Δ751-789 has a deletion of two β-loops and still 

mediates bacterial aggregation, while Δ751-827 has a deletion of four β-loops and 

does not mediate bacterial aggregation. 

4.4 Discussion 

H. influenzae is known to preferentially bind damaged epithelium where ECM 

proteins or basement membrane may be exposed, and the Hap passenger domain (HapS) 

is known to bind to the ECM proteins fibronectin, laminin, and collagen IV (Fink et al, 

2002b; Read et al, 1992; Read et al, 1991). In this study, we investigated the interaction 

between HapS and fibronectin and found that the fibronectin FNIII(1-2) repeats are 

necessary for Hap-mediated binding.  Additionally, multiple mutations in the Hap ECM 

binding domain decreased binding to fibronectin by Hap-expressing bacteria and 

purified HapS.  Binding was not abolished by these mutations, suggesting that multiple 

Hap regions interact with fibronectin.  
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Previously, we had determined that HapS binds a fibronectin region that contains 

the collagen/gelatin-binding domain but not the heparin-binding domain (Fink et al, 

2003a). In this report, Far-Western dot blot assays using purified HapS and a defined set 

of fibronectin fragments showed that HapS specifically binds the fibronectin fragment 

FNIII(1-2). HapS was not able to bind fibronectin fragments lacking the FNIII(1) repeat such 

as FNIII(2-3), FNIII(2-5), or FNIII(3-5), indicating either that HapS only binds FNIII(1) or that 

HapS binds both FNIII(1) and FNIII(2) together. To distinguish between these two 

possibilities, we studied purified HapS and Hap-expressing bacterial binding to the 

individual repeat units and found that binding did not occur unless FNIII(1) and FNIII(2) 

were together in a single fragment. Indeed, others have shown that FNIII(2) stabilizes 

FNIII(1) and may protect its C-terminal end from unfolding (Oberhauser et al, 2002; 

Vakonakis et al, 2007). It is possible that FNIII(2) is also required to keep FNIII(1) in the 

proper conformation for Hap binding.   

The fibronectin region spanning FNIII(1-2) is involved in many important cellular 

interactions. The β4 integrin subunit contains a FNIII(1-2) domain that is responsible for 

binding to the plectin intermediate filament linker protein (Litjens et al, 2005). This 

binding is an important step in hemidesmosome formation that links epidermal basal 

cells to the basement membrane. Additionally, matrix assembly of fibrillar fibronectin 

requires the self-association of fibronectin dimers at FNI(1-5) and FNIII(1-2) (Ohashi & 

Erickson, 2005; Peters & Mosher, 1987; Sottile & Wiley, 1994; Vakonakis et al, 2007). 
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Because antibodies that recognize FNIII(1) inhibit matrix assembly (Pankov & Yamada, 

2002), the interaction of HapS with the FNIII(1-2) repeats may indicate that Hap is 

involved in a destabilization of the fibronectin matrix. Destabilization of the matrix 

could aid in spread of H. influenzae through the ECM to the basement membrane, 

creating a protective niche for the organism and facilitating persistence. 

Fibronectin binding proteins have been characterized in a number of bacteria, 

including S. aureus (FnBPA, FnBPB), Streptococcus species (Sfb, FnBA, FnBB, FSE), and 

Salmonella enterica Typhimurium (ShdA) (Jonsson et al, 1991; Kingsley et al, 2002; 

Lindgren et al, 1994; Lindgren et al, 1992; Signas et al, 1989; Valentin-Weigand et al, 1993). 

A characteristic of the gram-positive bacterial fibronectin binding proteins is the 

presence of multiple repeat domains (FnBRs) with conserved sequences that are 

required for binding fibronectin (Westerlund & Korhonen, 1993). Alignment of the 

amino acid sequences from the repeat domains of these proteins reveals a requirement 

for highly conserved acidic-core sequences that appear to be involved in the interaction 

between fibronectin and the binding protein (Bingham et al, 2008). Two glycine residues 

adjacent to the acidic core are also conserved and are thought to serve a structural role 

for the acidic motifs (Westerlund & Korhonen, 1993). A search for similar motifs in the 

putative ECM binding domain of HapS revealed four similar acidic sequences, two of 

which are nearby double glycines. Mutational analysis of the acidic sequences revealed 

that binding to full-length fibronectin was reduced by 40-60% for three of the four sites 
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that were targeted. When the mutations were combined, however, binding to fibronectin 

was slightly decreased beyond the individual mutation, but not completely diminished. 

These results suggest that flanking residues beyond the acidic core residues may be 

involved in the interaction with fibronectin as well. Mutation of the double glycine 

residues also decreased Hap-mediated binding to fibronectin, but again binding was not 

totally abolished.  

Looking elsewhere for fibronectin binding motifs, we compared the fibronectin 

binding region of the S. enterica Typhimurium ShdA autotransporter with the Hap ECM 

binding domain. A large region of the ShdA passenger domain containing two distinct 

sets of repeat units is responsible for binding to fibronectin. While the entire region 

seems to play a role in binding, a monoclonal antibody to the A3 repeat inhibited ShdA 

binding to fibronectin (Kingsley et al, 2004a). Comparison of the A3 repeat with Hap 

amino acids 525-725 revealed only a VVS motif in common.  This lack of homology was 

relatively surprising given that ShdA binds a type III repeat, like Hap. Mutation of the 

Hap VVS motif decreased fibronectin binding by half compared to wild type, again 

suggesting that multiple Hap residues contribute to Hap-fibronectin interaction. This 

scenario is similar to ShdA, which requires the larger repeat region encompassing the 

VVS motif for fibronectin binding (Kingsley et al, 2004a). 

In conclusion, this study has provided insights into the pathogenesis of H. 

influenzae disease by characterizing the interaction of Hap with fibronectin. Hap-
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mediated adherence to ECM proteins like fibronectin may contribute to the colonization, 

persistence, and spread of the bacteria. Hap binding to fibronectin appears to be a 

complex process involving a larger region of the passenger domain than a simple 

binding pocket, similar to other fibronectin binding proteins.  Further explorations into 

this binding region and comparisons with other fibronectin binding proteins will 

increase our knowledge of this important process in bacterial disease.   

N. A. Spahich, R. Kenjale, T. Ohashi, H. Erickson and J. W. St. Geme III.  

Determinants of interactions between the Haemophilus influenzae Hap Autotransporter 

and Fibronectin.  Manuscript in preparation. 
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5. Molecular determinants of outer membrane insertion 
of the Haemophilus influenzae Hia autotransporter via 
the Bam complex 

5.1 Introduction 

Autotransporters are a class of outer membrane proteins found in gram-negative 

bacteria that are typically virulence factors.  These proteins are characterized by an N-

terminal signal sequence, an internal passenger domain, and a C-terminal β-barrel 

(translocator) domain (Desvaux et al, 2004a).  The signal sequence targets the unfolded 

protein to the Sec machinery responsible for translocation across the inner membrane.  

Subsequently, the β-barrel domain is inserted into the outer membrane (OM), facilitating 

surface presentation of the passenger domain.   Depending on the autotransporter 

protein, the passenger domain can be cleaved from the translocator domain and released 

extracellularly or can remain cell-associated.  Passenger domains have a variety of 

effector functions important for virulence, such as adherence, invasion, and protease 

activity (Henderson & Nataro, 2001; Pallen et al, 2003).  Autotransporters come in 

monomeric and trimeric forms.  Trimeric autotransporters are characterized by short β-

barrel domains.  For trimeric autotransporters to form a 12-stranded β-barrel typical of 

monomeric autotransporters, trimerization of three identical protein units is required.  

Once in the outer membrane, trimeric autotransporters are incredibly stable, forming 

heat- and sodium dodecyl sulfate (SDS)-resistant β-barrels (Roggenkamp et al, 2003; 

Surana et al, 2004).   
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The term ‚autotransporter‛ comes from the early belief that all the components 

necessary for folding and OM insertion of these proteins were located in a single 

polypeptide, with no requirement for accessory proteins.  However, there is a growing 

body of evidence that the Bam complex is needed for autotransporter insertion into the 

OM (Jain & Goldberg, 2007; Lehr et al, 2010; Voulhoux et al, 2003).  The Bam complex 

consists of an integral OM protein called BamA and four lipoproteins named BamB, 

BamC, BamD, and BamE (reviewed in (Knowles et al, 2009)).  Bam complex members 

along with the periplasmic chaperones Skp and SurA interact with nascent OMPs in the 

periplasm, leading to their insertion into the OM (Ieva et al, 2011b).  Bam A consists of a 

C-terminal β-barrel domain and a number periplasmic polypeptide-transport-associated 

(POTRA) domains (Sanchez-Pulido et al, 2003).  The POTRA domains appear to be 

involved in substrate recognition by interacting with the C-terminus of outer membrane 

proteins (OMPs) in the periplasm (Lehr et al, 2010; Robert et al, 2006).  The roles of the 

complex lipoproteins in OMP insertion are poorly understood; however they are needed 

for optimal protein folding in the OM, stability of the membrane, and stability of the 

Bam complex (Hagan et al, 2010; Kim et al, 2007; Malinverni et al, 2006; Sklar et al, 2007a; 

Vuong et al, 2008; Wu et al, 2005).      

Hia is a prototypical trimeric autotransporter and is found in 25% of nontypeable 

Haemophilus influenzae (NTHi) isolates (St. Geme et al, 1998).  Studies with cultured 

epithelial cells have demonstrated that Hia mediates high-affinity adherence via the 



 

124 

interaction of two binding pockets located in the passenger domain with a yet unknown 

cellular receptor (Laarmann et al, 2002).  Trimerization is required for the formation of 

the β-barrel and the binding pockets (Yeo et al, 2004).  The Hia passenger domain 

remains uncleaved at the C-terminus, enhancing its ability to act as an adhesin (St. Geme 

& Cutter, 2000).   

Several monomeric and trimeric autotransporters depend on the Bam complex 

for OM localization.  In this report, we characterize the interaction of Hia with the 

different Bam complex components.  Using Bam complex mutants in E. coli, we found 

that Hia requires BamA and BamD but not BamB, BamC, or BamE for OM insertion.  

Furthermore, we assess the importance of the Hia C-terminal sequence in OM insertion.  

By creating amino acid substitutions at the C-terminal end, we determined that the 

sequence of the final three residues is important for Hia OM localization.  

5.2 Materials and Methods 

Bacterial strains, plasmids, and growth conditions 

 Bacterial strains and plasmids used in this study are listed in Table 5.  E. coli 

strains were stored at -80oC in Luria-Bertani (LB) with 25% glycerol and were grown in 

LB broth with shaking at 37oC.  H. influenzae strains were stored at -80oC in brain heart 

infusion broth (BHI) with 25% glycerol.  In preparation for experiments, H. influenzae 

strains were grown overnight on chocolate agar and were then cultivated in BHI broth 

supplemented with NAD and hemin as described previously (Anderson et al, 1972).  
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Chloramphenicol was used at a concentration of 30 μg/ml for E. coli and 2 μg/ml for H. 

influenzae.  Ampicillin was used at a concentration of 100 μg/ml for E. coli.   

Table 5: Strains and plasmids used in this study 

Strain or plasmid Description Reference 

E. coli   

MC4100 F- araD139 Δ(argF-lac) U169 rpsL150 relA1 

fib5301 deoC1 ptsF25 thi 

(Boyd et al, 2000) 

DH5α Φ80dlacZΔM15 ΔlacI169 deoR recA endA1 Life technologies 

JCM158 MC4100 arar/-; spontaneous arabinose 

resistant 

(Wu et al, 2005) 

JCM166 JCM158 ΔbamA Δ(λatt-lom)::bla PBAD bamA 

araC 

(Wu et al, 2005) 

JCM175 JCM158 bamB::kan (Sklar et al, 2007a) 

JCM290 JCM158 ΔbamD Δ(λatt-lom)::bla PBAD bamD 

araC 

(Malinverni et al, 

2006) 

JCM304 JCM158 bamC::kan (Malinverni et al, 

2006) 

JCM376 JCM158 bamE::kan Silhavy lab 

   

H. influenzae   

DB117 Nonadherent laboratory strain, rec-1, cap 

deficient serotype d 

(Setlow et al, 1968a) 

Rd Nonadherent laboratory strain, cap-deficient 

serotype d 

(Setlow et al, 1968b) 

   

Plasmids 

pLS88 

 

E. coli-H. influenzae shuttle vector, Kanr, Spr, 

Sur 

 

(Willson et al, 1989) 

pT7-7  Cloning vector, Ampr (Tabor & 

Richardson, 1985) 

pACYC184 Cloning vector, Tetr Camr (Chang & Cohen, 

1978) 

pACYC184:Hia pACYC184 containing full-length hia (St. Geme & Cutter, 

2000) 

pHMW8-7 pT7-7 containing full-length hia (Barenkamp & St. 

Geme, 1996) 

pACYC:HiaW1098G pACYC184:Hia with residue 1098 changed to 

glycine 

This study 

pACYC:HiaW1098stop pACYC184:Hia with residue 1098 changed to 

a stop codon 

This study 
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pACYC:HiaQ1097G pACYC184:Hia with residue 1097 changed to 

glycine 

This study 

pACYC:HiaQ1097R pACYC184:Hia with residue 1097 changed to 

arginine 

This study 

pACYC:HiaY1096G pACYC184:Hia with residue 1096 changed to 

glycine 

This study 

pACYC:HiaV1094G pACYC184:Hia with residue 1094 changed to 

glycine 

This study 

pACYC:HiaQW1097GG pACYC184:Hia with residues 1097  and 1098 

changed to glycine 

This study 

pACYC:HiaYQW1096GGG pACYC184:Hia with residues 1096, 1097, and 

1098 changed to glycine 

This study 

 

Depletion assays 

BamA and BamD depletion assays were carried out as previously described with 

some modifications (Malinverni et al, 2006).  Overnight E. coli cultures were used to 

inoculate fresh LB media containing 0.25% arabinose.  Cultures were allowed to grow to 

an OD600 of 0.8 (time point 1) and were then diluted 1:10 into fresh LB media containing 

either 0.25% arabinose or 1% glucose and allowed to re-grow (time point 2).  Dilution of 

cultures and re-growth was repeated twice more (time points 3 and 4) until the cultures 

failed to grow after time point 4.  Samples were collected at each time point for Western 

blot analysis of outer membranes.    

Recombinant DNA methods 

Gel electrophoresis, and PCR were performed according to standard protocols 

(Sambrook, 1989).   Plasmids were introduced into E. coli strains by chemical 

transformation (Kushner, 1978) and into the H. influenzae strain DB117 by MII/MIV 

transformation (Steinhart & Herriott, 1968).  Site-directed mutagenesis was performed 
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using the Quick Change® XL II kit from Stratagene (La Jolla, CA) according to the 

manufacturer’s instructions. Plasmid pACYC184:Hia containing full-length Hia was 

used as a template for PCR. Mutations were confirmed by sequencing.  

Construction of a chromosomal Hia W1098G mutation 

A mutant chromosomal hia locus encoding the W1098G substitution was made 

using PCR-driven overlap extension as follows (Heckman & Pease, 2007).  The C-

terminal 1 kb of hia containing sequence encoding the W1098G mutation was amplified 

by PCR from plasmid pACYC:HiaW1098G (fragment 1). This fragment included a 3’ 

extension complementary to the beginning of the kanamycin cassette promoter region.  

The kanamycin cassette along with its promoter region was also amplified by PCR from 

plasmid pLS88 (fragment 2).  The two fragments were linked together using primers 

annealing to the 5’ end of fragment 1 and the 3’ end of fragment 2, creating fragment 3.  

A fragment containing 1 kb of DNA downstream hia with a 5’ extension complementary 

to the 3’ end of the kanamycin cassette (fragment 4) was linked to fragment 3 by the 

same PCR method using primers annealing to the 5’ hia fragment and the 3’ end of 

fragment.  The final PCR product contained the last 1 kb of hia with the W1098G 

mutation, a kanamycin cassette with its promoter, and 1 kb of sequence downstream of 

hia for homologous recombination.  This fragment was transformed into H. influenzae 

strain 11 by the MII/ MIV method (Herriott et al, 1970), and kanamycin resistant colonies 
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representing homologous recombination of the W1098G mutation into the chromosomal 

copy of hia were verified by PCR analysis.    

Western blot analysis of OM fractions 

From broth cultures, sarkosyl-insoluble outer membrane proteins were isolated 

as previously described (Carlone et al, 1986).  To dissociate Hia trimers to the monomeric 

form, samples were denatured with 95% formic acid (St. Geme et al, 1998).  Following 

lyophilization, outer membrane fractions were resuspended in 15 μl of 10mM HEPES 

pH 7.4 plus 5 μl of 3x Laemmli buffer.  Protein samples were resolved by SDS-PAGE on 

7.5% polyacrylamide gels (Laemmli, 1970), and similar volumes from cultures of similar 

density were loaded into each well.  Resolved proteins were electrotransferred to a 

nitrocellulose membrane and examined by immunoblot analysis.  Western blots were 

performed with guinea pig polyclonal antiserum raised against Hia binding domain 1 

(GP70) or with rabbit polyclonal antiserum raised against BamA and AcrA.  Primary 

antibodies were used at a dilution of 1:2000 and IgG anti-guinea pig or anti-rabbit 

secondary antibodies conjugated to horseradish peroxidase (Sigma) were used at a 

dilution of 1:5,000.  Detection of antibody binding was accomplished by incubating 

membranes in a chemiluminescent substrate solution (Pierce) and then exposing the 

membranes to film.    
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Quantitative adherence assay 

Chang epithelial cells were grown in minimal essential medium supplemented 

with 10% fetal calf serum and nonessential amino acids at 37oC with 5% CO2.  

Adherence assays were performed as previously described (St. Geme & Falkow, 1990; St. 

Geme, 1993).  Adherence was calculated by dividing the number of adherent CFU per 

monolayer by the inoculated CFU per monolayer. 

5.3 Results 

5.3.1 BamA and BamD are necessary for Hia outer membrane 
insertion 

BamA and BamD are essential for the insertion of OMPs into the OM and, 

therefore, for bacterial viability.  To assess the effect of these proteins on Hia OM 

localization, we utilized E. coli bamA and bamD depletion strains under the control of the 

arabinose promoter (Malinverni et al, 2006; Wu et al, 2005) and expressed Hia from a 

plasmid in these strains.  In the depletion strains, gene expression is turned on in the 

presence of arabinose and turned off in the presence of glucose, resulting in a slow 

depletion of either BamA or BamD from the OM as cultures are diluted and re-grown 

several times in glucose-containing medium.  At each point of dilution, portions of the 

cultures were taken for OM protein analysis (time points 1-4).  As shown in Figure 35, 

BamA was depleted over time in the presence of glucose.  As BamA was lost from the 

OM, the quantity of Hia visible in the high molecular mass trimeric form also decreased.  

Once trimeric autotransporters are successfully inserted into the OM, their trimeric form 
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should be SDS- and heat- resistant.  To determine the stability of the Hia trimer during 

BamA depletion, we assessed retention of the high molecular weight trimeric form in 

denaturing SDS-PAGE gels after boiling the OM preparations.  The monomeric form of 

Hia was not observed during BamA depletion, suggesting that even as Hia OM insertion 

was decreasing, the protein remained properly folded and stable (Figure 35).  

Additionally, the trimeric form was stable after heating in 6M urea (data not shown).  

The inner membrane protein AcrA served as a control and confirmed that only protein 

insertion into the OM was affected in this assay.  Similar to the BamA results, Hia 

expressed in the BamD depletion strain was found in decreasing amounts in the OM 

over time when cultures were grown in the presence of glucose (Figure 36).  Trimer 

formation was again unperturbed at all time points, suggesting that the protein in the 

OM was properly folded. 

 

Figure 35:  Outer membrane localization of Hia during BamA depletion. 
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Figure 35 (continued) 

Hia-expressing bamA depletion strains were grown in the presence of either 

arabinose (inducing expression of bamA) or glucose (repressing expression of bamA).  

Cultures were back-diluted and re-grown several times.  Prior to dilution, portions of 

each culture were sampled for Western analysis of OM preparations.  Preparations 

were incubated with antibodies against Hia, BamA, or AcrA.  As BamA was depleted 

from the OM (glu - time points 2-4), Hia was also lost from the OM.  Hia runs as a 

ladder when expressed from a plasmid.  The inner membrane protein AcrA served as 

a loading control.   

 

Figure 36:  Outer membrane localization of Hia during BamD depletion.  

 Hia-expressing bamD depletion strains were grown in the presence of either 

arabinose (inducing expression of bamD) or glucose (repressing expression of bamD).  

Cultures were back-diluted and re-grown several times.  Prior to dilution, portions of 

each culture were sampled for Western analysis of OM preparations.  Preparations 

were incubated with antibodies against Hia or AcrA.  As BamD was depleted from 

the OM (glu - time points 2-4), Hia was also lost from the OM.  Hia runs as a ladder 

when expressed from a plasmid.  The inner membrane protein AcrA served as a 

loading control. 
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5.3.2 Nonessential members of the Bam complex are not required for 
Hia OM insertion 

BamB, BamC, and BamE play an important role in OM stability, Bam complex 

stability, and protein folding but have an unclear role in OMP insertion into the OM 

(Hagan et al, 2010; Kim et al, 2007; Malinverni et al, 2006; Sklar et al, 2007a; Vuong et al, 

2008; Wu et al, 2005).  To assess whether BamB, BamC, and BamE influence insertion of 

Hia into the OM, we expressed Hia in E. coli bamB, bamC, and bamE null mutants and 

examined OM preparations.  Hia was found in the OM in every null mutant at levels 

comparable to the level of Hia in the parental strain (JCM158/pHMW8-7).  Similarly, the 

trimeric form of Hia appeared to be as stable in the null mutants as the parental strain 

(Figure 37A).  To better assess Hia trimerization and function in the Bam complex 

mutants, we conducted quantitative adherence assays with Chang epithelial cells.  As 

shown in Figure 37B, mutant Bam strains expressing Hia displayed adherence similar to 

adherence by the wild type strain, suggesting that BamB, BamC, and BamE have no 

significant effect on Hia OM insertion, trimerization, and function. 
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Figure 37:  Mutations in nonessential Bam complex members do not affect Hia 

localization or function.   

A) pACYC:Hia was expressed in E. coli bamB, bamC, and bamE null strains.  Outer 

membrane samples were examined by Western analysis with antiserum raised against 

Hia.  B) Adherence of E. coli bamB, bamC, and bamE null strains expressing Hia to 

Chang epithelial cells is similar to adherence of the parental strain JCM158 expressing 

Hia.  Adherence was measured after incubating bacteria with epithelial cell 

monolayers for 30 min and calculated by dividing the number of adherent CFU per 

epithelial cell monolayer by the number of inoculated CFU. Adherence values 

represent the mean of measurements from representative experiments performed in 

triplicate. Error bars represent standard errors.    

5.3.3 Analysis of mutations in the Hia C-terminus 

Several reports have demonstrated that amino acids at the C-terminus of OMP β-

barrel domains are important for insertion into the outer membrane.  Specifically, the 

final five amino acids have been implicated as a targeting sequence to the Bam complex 
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for a number of OMPs (Lehr et al, 2010; Robert et al, 2006; Walther et al, 2010).  The 

typical motif follows the anti-parallel β-strand pattern, with alternating hydrophobic 

and hydrophilic residues.  The ultimate position can have either a phenylalanine or a 

tryptophan residue. The final five amino acids of Hia fit this pattern, with the sequence 

of VGYQW, where V, Y, and W are hydrophobic and Q is hydrophilic.  To assess the 

importance of each individual residue, we made single amino acid substitutions using 

site-directed mutagenesis and then assessed Hia insertion into the OM in E. coli strain 

DH5α.  As shown in Table 6, we mutated four of the final five residues to glycine 

(W1098G, Q1097G, Y1096G, and V1094G).  We also changed the final tryptophan to a 

stop codon to truncate the Hia C-terminus by one amino acid (W1098stop).  Finally, we 

changed the penultimate glutamine to an arginine (Q1097R) to mimic the C-terminus of 

several Neisseria OMPs and the H. influenzae Hap autotransporter (Robert et al, 2006).  As 

shown in Figure 38A, the quantity of HiaQ1097G and HiaV1094G in the OM mimicked 

the quantity of wild type Hia in the parent strain.  In contrast, HiaW1098G and 

HiaQ1097R were present in the OM at much reduced levels, and HiaY1096G was almost 

undetectable.  Deletion of the tryptophan residue at the C-terminus of Hia resulted in 

undetectable levels of Hia in the E. coli OM.  Even though several of the substitutions 

resulted in lower levels of Hia in the OM, they did not appear to affect trimer formation, 

as the monomer size was not detected in the heat- and SDS-treated samples. 
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Table 6: Hia amino acid substitutions 

Distance from C-terminus 5 4 3 2 1 -C’ 

Original sequence V G Y Q W  

Amino acid substitution G - G G G  

   R stop  

 

 

Figure 38:  Hia C-terminal mutant expression.   

A) Derivatives of pACYC:Hia with various C-terminal substitutions were expressed 

in E. coli.  Outer membrane samples were examined by Western analysis with 

antiserum raised against Hia.  B) Derivatives of pACYC:Hia with various C-terminal 

substitutions were expressed in H. influenzae.  Outer membrane samples were 

examined by Western analysis with antiserum raised against Hia.  C) Adherence of H. 

influenzae derivatives expressing Hia C-terminal mutants to Chang epithelial cells.  

Adherence was measured after incubating bacteria with epithelial cell monolayers for 

30 min and calculated by dividing the number of adherent CFU per epithelial cell 

monolayer by the number of inoculated CFU. Adherence values represent the mean of  
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Figure 38 (continued) 

measurements from representative experiments performed in triplicate. Error bars 

represent standard errors.  D) Derivatives of pACYC:Hia with two or three C-terminal 

substitutions were expressed in H. influenzae.  Outer membrane samples were 

examined by Western analysis with antiserum raised against Hia.   

To extend our analysis of the Hia mutant constructs, we introduced these 

constructs into H. influenzae strain DB117.  In contrast to the results in E. coli, OM 

insertion of Hia trimers was unaffected in most mutants except for HiaW1098stop, 

which was present in the OM at a low level (Figure 38B).  The monomer form was 

observed after heat and SDS treatment in OM preparations of HiaW1098G, HiaY1096G, 

and HiaV1094G, suggesting that due to these mutations the trimer form may not be fully 

stable.  To assess the stability of the mutant proteins in strain DB117, we performed 

adherence assays with Chang epithelial cells.  As shown in Figure 38C, adherence by 

DB117 expressing the Hia mutants was comparable to adherence by DB117 expressing 

wild type Hia for all mutants except HiaW1098stop.  These results suggest that the E. coli 

Bam complex may have stricter requirements than the H. influenzae Bam complex for the 

C-terminal amino acid sequence.  Alternatively, it is possible that the differences in the 

quantity of Hia in the OM between E. coli and H. influenzae is due to a higher expression 

level of the pACYC plasmid in H. influenzae.  To assess OM localization of a Hia C-

terminal mutant expressed at a lower level, we created a chromosomal mutation in H. 

influenzae strain 11, generating an allele encoding HiaW1098G.  As shown in Figure 39, 

Western blot analysis of OM fractions revealed undetectable levels of HiaW1098G in 
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strain 11.  This result suggests that all of the C-terminal substitutions should be made in 

a chromosomal copy for accurate examination of their effects.  This effort is currently in 

progress.   

 

Figure 39:  H. influenzae strain 11 chromosomal expression of HiaW1098G.   

Outer membrane samples of strain 11 derivatives were examined by Western analysis 

with antiserum raised against Hia.  The W1098G mutation results in a lack of Hia in 

the OM. 

Even though plasmid expression of the single C-terminal substitution mutants 

may not accurately represent the effect they have on Hia OM localization, we were 

interested in analyzing compound mutations in this region.  Accordingly, we made 

double and triple glycine substitutions at the C-terminal end, creating HiaQW1097GG 

and HiaYQW1096GG.  Western analysis of these constructs in DB117 showed a 

progressive decrease in the amount of Hia in the OM with each additional mutation 

(Figure 38D).  Also, the mutations caused an increase in Hia-reactive protein at the 

monomer size, implying a defect in trimer formation.  These results suggest that the 

final three amino acids have an important role in Hia OM localization. 
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5.4 Discussion 

The Bam complex in E. coli consists of the BamA integral β-barrel protein and the 

BamB, BamC, BamD, and BamE lipoproteins.  Previous experiments have shown that 

BamC, BamD, and BamE bind BamA, forming a sub-complex, while BamB binds BamA 

separately (Hagan et al, 2010; Kim et al, 2007; Malinverni et al, 2006).  BamD is essential 

for bacterial viability, perhaps because it is involved in tethering BamC and BamE to 

BamA (Malinverni et al, 2006).  Recently, several groups have provided evidence that 

autotransporters depend on the Bam complex for OM insertion (Ieva & Bernstein, 2009; 

Jain & Goldberg, 2007; Lehr et al, 2010; Sauri et al, 2009; Voulhoux et al, 2003).  In this 

study, we have extended these findings by showing that the H. influenzae Hia trimeric 

autotransporter requires BamA and BamD for OM localization.  We have also begun to 

characterize the Hia C-terminal sequence that targets nascent β-barrel proteins to the 

Bam complex.    

Folding of the β-barrel domain occurs as a result of interactions with the Bam 

complex, with at least partial folding of some translocator domains occurring in the 

periplasm (Ieva et al, 2008).  Several models have been proposed to explain how the Bam 

complex facilitates insertion of OMPs into the outer membrane.  One model suggests 

that β-barrel proteins fold within the BamA pore before being laterally released to the 

outer membrane (Oomen et al, 2004).  Because β-strands are held together by a network 

of hydrogen bonds, it is difficult to envision how the BamA β-barrel would allow for the 
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lateral release of such a large protein.  An analysis of the Bam complex interacting with 

stalled translocation intermediates of the E. coli EspP autotransporter found evidence of 

direct contacts between BamA, BamB, and BamD with the passenger and β-barrel 

domains.  These interactions presumably aid in protein folding and translocation (Ieva et 

al, 2011b).  The authors have suggested a mechanism where BamA and the Bam 

lipoproteins form a heterooligomeric channel with the partially folded autotransporter 

β-barrel, facilitating its insertion into the outer membrane (Ieva et al, 2011b).  In this 

scenario, the channel holds the β-barrel in an open conformation, creating a larger pore 

that facilitates extrusion of a partially folded passenger domain.  

In this study, we made a series of amino acid substitutions in the C-terminus of 

Hia.  This region has been implicated in interactions with the BamA POTRA domains, 

targeting nascent OMPs to the Bam complex (Lehr et al, 2010; Robert et al, 2006).  We 

found that mutation of the final three amino acids resulted in decreased quantities of 

Hia in the OM in E. coli.  Interestingly, these mutations had no effect H. influenzae strain 

DB117 when the Hia mutants were expressed from a plasmid.  Because of this 

observation, we made a chromosomal Hia W1098G mutant in H. influenzae strain 11.  

This strain had less Hia in the OM than the plasmid-expressed W1098G mutant in E. coli, 

suggesting that the Hia C-terminus plays a role in OM insertion in both E. coli and H. 

influenzae.   



 

140 

Monomeric Hia did not accumulate in the E. coli depletion strains, suggesting 

that the trimeric form was stable even when insertion into the OM was compromised.  

Hia C-terminal mutant strains in H. influenzae had wild type levels of adherence to 

Chang epithelial cells.  These results suggest that the Bam complex inserts Hia into the 

OM, but may have no effect on folding.  Monomeric Hia did accumulate in the 

QW1097GG and YQW1096GGG strains.  This defect in trimer formation could be due to 

either a weaker interaction with BamA compared to Hia with single amino acid 

substitutions or a defect in β-barrel folding unrelated to the Bam complex.  Others have 

suggested that the Bam complex only plays a role in OMP insertion.  DegP and other 

periplasmic chaperones could encapsulate and fold nascent proteins prior to their 

interaction with the Bam complex  (Knowles et al, 2009).   Also, there is additional 

evidence that autotransporter β-domains fold in the periplasm (Ieva et al, 2008).  Perhaps 

in the case of Hia, trimerization occurs in the periplasm spontaneously or with the help 

of periplasmic chaperones.  OM insertion of the intact β-barrel would then be facilitated 

by the Bam complex.   

In conclusion, we have shown that Hia requires BamA and BamD for OM 

insertion.  The amino acids at positions 1, 2, and 3 from the Hia C-terminus are also 

important for OM localization.  Future studies characterizing the H. influenzae Bam 

complex and its interactions with Hia will help elucidate the mechanism of OMP 

insertion. 
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6. Future directions 

6.1 Perspectives 

Nontypeable H. influenzae is a common commensal that can cause localized 

respiratory tract diseases, notably otitis media, sinusitis, and pneumonia, and 

exacerbations of underlying lung disease.  To colonize its human host, H. influenzae 

employs a series of adhesive factors that mediate adherence to both epithelial cells and 

extracellular matrix (ECM) proteins.  Members of the autotransporter class of 

proteinaceous adhesins are anchored in the outer membrane by their C-terminal β-barrel 

domains and mediate adherence through interactions with their extracellular passenger 

domain.  The overall goal of this thesis research was to study the outer membrane 

localization and adherence capabilities of the Hap and Hia H. influenzae 

autotransporters.  Chapter 2 discussed the characterization of the self-associating 

autotransporter (SAAT) domain of the Hap passenger domain that mediates Hap-Hap 

interactions between neighboring bacteria.  In Chapter 3, the effect of mutations in LPS 

biosynthesis genes on Hap outer membrane localization and hap expression was 

explored.  Chapter 4 focused on characterizing the interaction of Hap and fibronectin.  

Finally, Chapter 5 explained the requirement of the Bam complex for Hia outer 

membrane insertion.   

In vitro experiments with clinical isolates and in vivo experiments in chinchillas 

have shown that nontypeable H. influenzae strains are able to form biofilms (Hong et al, 
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2007; Murphy & Kirkham, 2002).  While pili and LPS modifications have been shown to 

be important for biofilm formation, it has been suggested that Hap plays a key role by 

interacting with itself on neighboring bacteria, leading to the formation of bacterial 

aggregates (Fink et al, 2003; Hendrixson & St. Geme, 1998).  By solving the crystal 

structure of the Hap passenger domain, we visualized the structural features responsible 

for Hap-Hap interactions.  This information can be applied to other SAATs that mediate 

biofilm formation, such as the E. coli autotransporters Ag43 and AIDA-1 (Danese et al, 

2000; Sherlock et al, 2004).  Our Hap structure is the first of a SAAT and is similar to the 

predicted structures of AIDA-1 and Ag43 (Meng et al, 2011).  Application of our 

structural data to other SAATs could lead to the design of novel therapeutics that target 

bacterial aggregation and biofilm formation. 

Our work on LPS biosynthesis genes regulating hap expression and Hap OM 

localization suggests a potential novel mechanism for virulence factor regulation.  While 

we still do not fully understand the mechanism of this relationship, it is tempting to 

speculate that LPS variation could serve to regulate Hap expression either for situations 

where adherence and protease activity are not needed or for evasion of the immune 

response by downregulating an antigenic surface factor. 

Adherence to fibronectin is an important colonization step for many bacteria.  

We have discovered that while Hap binds to a specific region of FN, the region of Hap 

responsible for this interaction cannot be as simply defined.  This information indicates 
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that bacterial binding to FN is complex and that more sophisticated methods will be 

necessary to better visualize this interaction, such as co-crystallization of FN and Hap. 

Localization and insertion of OMPs in the outer membrane is currently under 

investigation by several research groups.  Our data showing that Hia is dependent on 

the Bam complex for outer membrane insertion adds to a growing set of results that 

suggest that the term autotransporter is a misnomer.  Our exploration of Hia C-terminal 

mutants and their impact on OM insertion in E. coli and H. influenzae can be compared to 

other OMPs to gain insights into the mechanism of their interactions with Bam complex. 

This thesis work has characterized several aspects of Hap and Hia, such as 

localization, adherence, and expression.  A better understanding of these H. influenzae 

adhesin proteins will be useful in revealing aspects of disease progression and may shed 

light on features that can be exploited for future antimicrobial therapies. 

6.2 The relationship between Hap and LPS biosynthesis 
enzymes 

Bacteria produce many forms of glycoconjugates, sugar moieties attached to 

proteins or lipids, including LPS and glycoproteins (Helenius & Aebi, 2001).  While the 

sugars, substrates, and enzymes used in the formation of glycoconjugates vary among 

bacterial species and strains, there are  similarities in LPS formation and protein 

glycosylation pathways (Hug & Feldman, 2011).  For example, RfbP homologs in both S. 

enterica and H. influenzae are involved in LPS biosynthesis (Jiang et al, 1991).  However, 

in Neisseria spp., the homologous PglB is used for pilin glycosylation and has no effect 
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on LPS formation (Power et al, 2000).  Another example of the intersection of 

glycoprotein and LPS biosynthesis pathways is the modification of AIDA, an E. coli self-

associating autotransporter.  AIDA is modified by heptose residues that are recruited 

from the LPS biosynthesis pathway.  These residues are attached to the autotransporter 

by AAH, a heptosyltransferase that is dedicated to AIDA modification, not by an LPS 

biosynthesis enzyme (Benz & Schmidt, 2001; Moormann et al, 2002).   

We have found that inactivation of many LPS biosynthesis genes causes a loss of 

Hap from the outer membrane and a decrease in hap transcript.  In this situation, Hap 

appears to be accumulating in the periplasm, where it is degraded by the HtrA 

periplasmic protease.  We further explored how the phase variable lgtC LPS biosynthesis 

gene affects Hap expression by identifying lgtC phase off variants.  Similar to the lgtC 

mutant, a phase off variant lacked Hap in the outer membrane and had a decrease in hap 

expression.  We also demonstrated that the loss of Hap in the outer membrane was due 

to the function of the lgtC enzyme, not the truncated size of the LPS.  

In most cases, the LPS biosynthesis genes that we have examined are 

glycosyltransferases.  Hap may require modification by these enzymes to fold correctly 

before inserting into the OM.  We have attempted to identify Hap modification by 

periodate oxidation followed by aldehyde detection and PGNase F digestion, but have 

found no evidence of glycosylation.  It is possible that Hap is glycosylated at a level 

below the detection limits of these methods.  As another approach, we could purify the 
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Hap passenger and β-barrel domains and perform mass spectrometry analysis to 

identify the presence of glycan moieties.     

If Hap is not glycosylated, an alternative possibility is that another factor 

involved in Hap expression and OM localization requires glycosylation by certain LPS 

biosynthesis enzymes for its expression or activity.  If this factor is not glycosylated, then 

Hap may become misfolded and degraded in the periplasm.  Because a likely candidate 

for this additional factor is a periplasmic chaperone, we compared periplasmic proteins 

in the wild type Rd/HapS243A strain with the lgtC mutant strain to identify other H. 

influenzae glycosylated proteins.  We separated proteins in both wild type and mutant 

periplasmic samples by isoelectric focusing, followed by SDS-PAGE electrophoresis.  

The resulting gels were stained with Coomassie blue, and the protein bands from the 

wild type and lgtC mutant samples were compared.  We had hoped to find proteins that 

ran at a larger size and/or different isoelectric point in the wild type periplasm when 

compared to the lgtC mutant.  Such a result would suggest that a protein in the 

periplasm requires modification by the lgtC-encoded enzyme.  However, we were 

unable to appreciate any obvious differences when using this method. 

We initially discovered the relationship between Hap expression and LPS 

biosynthesis enzymes when we screened a mariner transposon library of H. influenzae 

strain Rd/HapS243A.  The purpose of this screen was to identify factors important for 

Hap outer membrane localization by enriching for clones that did not mediate 
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adherence to Chang epithelial cells.  Future studies should re-examine this mutant 

library to find additional factors necessary for Hap expression that also depend on LPS 

biosynthesis enzymes.   

6.3 Mechanisms of Hap-mediated adherence 

Hap binds to the ECM proteins fibronectin, laminin, and collagen IV (Fink et al, 

2002a).  Normally, the ECM is not exposed; however, mechanical or chemical factors, 

such as bacterial proteases, can damage the epithelium and expose the ECM.  Pathogens 

can then migrate to deep tissues, where they can evade the immune response.   

To better understand how H. influenzae binds to the ECM, we have identified the 

region of fibronectin that interacts with Hap as FNIII(1-2).  Through interactions with β1 

integrins, fibronectin binds to the cell surface and links the ECM to cells through their 

intracellular cytoskeleton (Ali & Hynes, 1978; Hynes et al, 1987; Wu et al, 1995).  Studies 

with pathogenic bacteria, such as Campylobacter jejuni, Staphylococcus aureus, and Group 

A streptococcus, have found that fibronectin-binding proteins are required for cell 

invasion (Krause-Gruszczynska et al, 2007; Lammers et al, 1999; Ozeri et al, 2001; Sendi & 

Proctor, 2009).  In early studies, H. influenzae was found to invade cultured human 

epithelial cells.  Notably, this invasion was blocked by cytochalasin D, an actin 

polymerization inhibitor (St. Geme & Falkow, 1990).  In later experiments, Hap was 

found to mediate bacterial invasion (St. Geme et al, 1994a).  It is tempting to speculate 

that Hap-mediated invasion could occur through fibronectin binding.    
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Previously, we determined that the C-terminal 511 amino acids of the Hap 

passenger domain are required for fibronectin binding.  To narrow down this region and 

find a specific fibronectin binding sequence, we compared the Hap sequence to the 

fibronectin binding motifs in Staphylococcus aureus FnBPA, Streptococcus dysgalactiae 

FNBA and FNBB, and Salmonella typhimurium ShdA (Kingsley et al, 2002; McGavin et al, 

1993).  These comparisons led us to target different motifs that were conserved in the 

Hap ECM binding region.  Mutation of these motifs in Hap decreased but did not 

eliminate Hap-mediated binding to purified fibronectin.  This result is not surprising as 

some previously identified fibronectin binding regions span 20 or more amino acids.  

For example, FnBPA contains 11 repeat regions consisting of 40 amino acids that have 

fibronectin binding activity (Meenan et al, 2007; Schwarz-Linek et al, 2003).  In the case of 

BBK32, a Borrelia burgdorferi FN binding protein that binds to FNIII(1-3), a 31 amino acid 

active site has been characterized (Probert et al, 2001).  Binding of some fibronectin 

binding proteins to fibronectin occurs by a mechanism involving the interaction of β-

strands on both proteins (Schwarz-Linek et al, 2003), suggesting that larger stretches of 

amino acids are necessary for full fibronectin binding.  To identify a larger region of the 

Hap passenger domain required for fibronectin binding, we could employ the approach 

used by Probert and colleagues that found the FN binding domain of BBK32 using a 

BBK32 peptide library (Probert et al, 2001).  Instead of targeting specific Hap residues, 

we would generate a Hap passenger domain peptide library and identify short peptide 
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fragments that bind fibronectin by performing colony lifts with bacteria expressing the 

library.  Fibronectin would be added to the colony lifts, and bacterial binding would be 

detected by antibody reactivity to fibronectin.   

It is possible that multimerization of the Hap protein is important for creating a 

binding surface for fibronectin.  To explore this possibility, we are making a Hap 

construct consisting of residues 525-725 linked to the β-barrel domain.  This construct 

would allow extracellular presentation of a minimal region of Hap responsible for 

fibronectin binding without the region responsible for Hap-Hap interactions (amino 

acids 725-1036).  We may see a decrease in bacterial binding to fibronectin due to a loss 

of bacterial aggregation.  However, if multimerization is necessary for creating a 

fibronectin binding pocket, we expect to see elimination of bacterial binding to 

fibronectin. 

Hap also binds to the ECM proteins laminin and collagen IV (Fink et al, 2002b).  It 

would be interesting to determine the Hap binding region for these proteins and 

compare those sequences to the fibronectin binding region.  Perhaps we will find a 

consensus sequence for ECM protein binding.  The Hap peptide library would also be a 

useful tool in this exploration.   

Using fluorescence microscopy, we have observed Hap-mediated bacterial 

binding to Chang epithelial cells.  As shown in Figure 40, the cells secrete fibronectin 

(red); however, the bacteria (green) do not appear to co-localize.  Bacteria may require 
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that fibronectin is associated with the ECM to adopt the proper conformation for 

binding.  We did observe bacteria binding to the Chang cells, which provides evidence 

for a Hap cell-binding domain.  Previously, we have mapped the Hap cell-binding 

domain to the C-terminal 311 amino acids of the passenger domain (Fink et al, 2003b).  

The cellular binding domain overlaps with the domain responsible for Hap-Hap 

interactions, making it difficult to assess mutations in this region for cell binding.  

However, we have found that deletion of single β-loops in this region do not reduce 

bacterial aggregation through Hap-Hap interactions.  It may be possible to use the 

mutants that we constructed for experiments assessing Hap-Hap interactions and test 

their ability to bind to epithelial cells.  This approach would help us pin-point the cell-

binding region. 
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Figure 40:  Fluorescence microscopy of Hap-mediated bacterial binding to Chang 

cells.  

Hap- and gfp-expressing H. influenzae were incubated with Chang cell monolayers 

grown on cell chamber slides.  Slides were fixed and incubated with anti-fibronectin 

antibody followed by Alexa 594 secondary antibody.  Slides were mounted with 

Dapi-Fluoromount G.  Cell nuclei are blue, fibronectin is red, and bacteria are green.   

6.4 Additional characterization of the H. influenzae Bam complex 

The Bam complex in E. coli consists of the BamA integral β-barrel protein and 

four lipoproteins, BamB, C, D, and E.  Previous experiments have shown that BamC, 

BamD, and BamE bind BamA in a sub-complex, while BamB binds BamA separately 

(Hagan et al, 2010; Kim et al, 2007; Malinverni et al, 2006).  BamD is essential for bacterial 

viability, perhaps because it is involved in tethering BamC and BamE to BamA 
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(Malinverni et al, 2006).  In this work, we have found that BamA and BamD are required 

for Hia OM insertion in E. coli.  In both E. coli and H. influenzae, OM insertion depends 

on the sequence at the C-terminus of Hia , presumably because it targets Hia to the Bam 

complex.  Future studies should expand on these results and focus on characterizing the 

Bam complex in H. influenzae, comparing it to the E. coli and Neisseria meningitidis 

complexes.     

Except for BamA, the Bam complex is not well conserved in gram-negative 

bacteria.  In contrast to the E. coli Bam complex, the N. meningitidis complex lacks BamB 

and contains an additional protein called RmpM that stabilizes OMP complexes 

(Volokhina et al, 2009).  BLAST searches reveal that, like N. meningitidis, the H. influenzae 

strain Rd genome lacks a BamB homolog.  BamB has an eight-bladed propeller structure 

that binds BamA and may enhance folding and membrane insertion of OMPs (Heuck et 

al, 2011; Kim & Paetzel, 2011; Noinaj et al, 2011).  However, it is unknown if there are any 

consequences for lacking this complex component.  It would be informative to 

characterize the H. influenzae Bam complex and compare it to both E. coli and N. 

meningitidis, a closer relative.   The H. influenzae complex can be immunoprecipitated 

and identified using a tagged BamA construct, similar to the procedure used to identify 

the E. coli Bam complex (Wu et al, 2005).  It would also be intriguing to express E. coli 

BamB in H. influenzae and perform immunoprecipitation to determine if this component 

can interact with a homologous complex.   
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In unpublished experiments, we have shown that the H. influenzae BamA can 

substitute for E. coli BamA during depletion assays.  In future experiments, we should 

express Hia C-terminal mutants in E. coli substituted with H. influenzae BamA and 

compare the amount of Hia OM insertion to that of plasmid-expressed C-terminal 

mutants in H. influenzae.  Any differences in Hia OM insertion could suggest that OMP 

C-terminals have evolved to interact specifically with the BamA homolog from their 

own species.    
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