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Abstract

Haemophilus influenzae is a Gram-negative bacterium that is classified by the presence or absence of a polysaccharide capsule,
termed “typeable” and “non-typeable” H. influenzae (NTHi), respectively. Depending on the capsular polysaccharide composition
and antigenicity, typeable isolates are further subdivided into six serotypes designated a—f. H. influenzae type b (Hib) has been the
most common serotype causing invasive disease, for example, meningitis, epiglottitis, septicaemia, and osteomyelitis in former
decades. Since the introduction of a Hib vaccine, the incidence of invasive Hib disease has significantly decreased. In contrast, the
levels of invasive disease caused by other H. influenzae types, that is, NTHi and H. influenzae serotype f (Hif), is increasing,
suggesting that NTHi and Hif are emerging pathogens. The mechanisms behind this emergence are not fully understood. To
circumvent the bactericidal activities of the host antimicrobial peptides, complement system and nutritional immunity, many
bacterial species, including H. influenzae, have evolved with several outer membrane proteins (OMPs) that play a role in

subverting the host defense systems.

This study covers the structural and functional analysis of three H. influenzae OMPs; Protein E (PE) from NTHi, Haemophilus
Surface Fibril (Hsf) from Hib and, finally, Protein H (PH) from Hif, to understand the molecular pathogenicity of H. influenzae.
We successfully crystallized and solved the atomic structure of the ubiquitous multifunctional surface protein PE at 1.8 A
resolution. The detailed structure of PE highlights how this important virulence factor of H. influenzae has the capacity to
simultaneously interact with host Vitronectin (Vn), Laminin (Ln), or Plasminogen (PLG), promoting bacterial pathogenesis. We
also showed that H. influenzae acquired hemin on the surface via PE, and shared it with hemin-depleted co-cultured bacteria, that
is, PE worked as a hemin storage reservoir for H. influenzae. The trimeric autotransporter Hsf interacts with Vn, contributing to
Hib serum resistance, better adherence and internalization into host cells. /n silico analysis and experimental results demonstrated
that the architecture of the trimeric autotransporter Hsf is not straight but rather a twisted, doubled over “hairpin-like” structure.
We characterized PH as Vn-binding protein of Hif and discovered that it recognized the C-terminal part of Vn (aa 352-362). We
found that PH-dependent Vn binding resulted in better survival of Hif in human serum and increased bacterial adherence to
alveolar epithelial cells. Structural information of these OMPs will increase knowledge of H. influenzae virulence mechanisms.
In addition, to develop vaccines or drugs against H. influenzae, targeting of OMPs are a potential key to provide protection against
infectious Haemophilus spp. disease. Hence, functional studies on OMPs of H. influenzae in combination with the structural data

provide a deeper understanding of host-pathogen interactions.
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Popularvetenskaplig Sammanfattning

Bakterien Haemophilus influenzae ar en vanlig orsak till infektioner i 6vre
luftvdgarna och mellanérat hos smé& barn. Den 4r ocksd en vanlig orsak till
infektioner i nedre luftvidgarna samt orsakar stort lidande hos patienter med KOL
(kronisk obstruktiv Iungsjukdom). Dessa infektioner dr vanliga och totalt sett ett
omfattande kliniskt problem, vilket kompliceras av en 6kande antibiotikaresistens.
H. influenzae ar en stavformad bakterie och delas in i typningsbara och icke-
typningsbara H. influenzae (NTHi). De typningsbara H. influenzae stammarna ar
generellt farligare an NTHi. De typningsbara stammarna delas in i sex serotyper,
a-f, dir typ b (Hib) tidigare har varit den vanligaste serotypen vid invasiv sjukdom,
till exempel meningit, epiglottit, septikemi, och osteomyelit. Ett effektivt Hib
vaccin infordes 1 barnvaccinationsprogrammet 1992 och sedan dess har
forekomsten av invasiva infektioner med Hib minskat drastiskt. Daremot har
frekvensen av invasiva infektioner orsakade av andra H. influenzae typer okat. I de
flesta fall orsakas dessa nu av NTHi och H. influenzae serotyp f (Hif).

H. influenzae anvéander flera yttermembranproteiner (OMP) som hjélper dem att
overleva attacken fran det maénskliga immunforsvaret. For att forstd de
sjukdomsframkallande egenskaperna hos H. influenzae har vi studerat tre OMP:
Protein E (PE) fran NTHi, Haemophilus surface fibril (Hsf) frdn Hib och Protein
H (PH) fran Hif. Vi har studerat den tredimensionella strukturen av PE och fann
ocksa att H. influenzae binder in hemin pd ytan med hjilp av PE samt anvénder
detta som jarnreservoar. Genom bioinformatiska och experimentella analyser fann
vi att Hsf dr en mycket stor molekyl pad ytan av bakterien och har en vriden
"harnalsliknande" struktur. Vi har sett att Hsf binder till vitronektin (Vn) och att
denna interaktion bade hjilper Hib att avvirja attacken fran immunforsvaret och
dessutom gor sa att bakterien fastnar och gar in i luftvdgarnas epitelceller. Likasa
har vi sett att PH fran Hif binder Vn och att detta resulterade i battre 6verlevnad av
Hif 1 serum och 6kad bindning av bakterier till epitelceller.

Upptickten av nya OMP i kombination med strukturell och funktionell kunskap ar
viktig for en djupare forstaelse av samspelet mellan bakterier och den ménskliga
viarden. Bakteriell inbindning till epitelceller och dverlevnad i virden dr beroende
av bakteriens OMP. Inbindningen 4r en del av koloniseringen av luftvigen och en
viktig del av processen som leder fram till senare sjukdomutveckling. Saledes ar
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bakteriens virulens beroende av dess OMP. Ett vaccin eller antibiotika som riktas
mot dessa OMP ar en potentiell nyckel till skydd mot smittsamma H. influenzae.
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Introduction

Humans as a Bacterial Host

Bacteria are prokaryotic microorganisms that were the properly first life forms to
appear on earth (1-3). Its habitats are almost everywhere; soil, water, acidic hot
springs, radioactive waste and deep in the Earth's crust (4, 5). Around 40 million
of bacterial cells can be found in a gram of soil and a million bacterial cells in a
milliliter of fresh natural water (6). Globally, the total bacterial biomass which
exceeds that of all plants and animals, which is estimated to consist of
approximately 5x10° cells (5). Bacteria can also be found in plants and animals
with a symbiotic or parasitic relationships (7). The human body contains more
bacterial cells than human cells, with the largest number of bacteria found in the
gut, and the next largest number on the skin (8). Due to the protective effects of
the human immune system, amongst other things, the majority of the bacteria are
totally harmless, some are beneficial and some are only commensal. However,
several species of bacteria are pathogenic and cause infectious diseases. Among all
those types, commensal bacteria are the most interesting group of bacteria, usually
living without affecting the host. Some can cause disease if there are any
opportunities created by viral infection, inflammation or reduced immunity. That
is why these types of bacteria are called opportunistic pathogens (9). The
commensal bacteria colonize niches in the host and protect the host from invading
pathogens by making a colonization barrier (10). This commensal community of
bacteria is composed of 500—1000 species with a concentration of 10" bacteria per
gram of colon content (11).

The community of the commensal bacteria in the host may be influenced by
various factors, including genetics, age, sex, stress, nutrition and diet (12). Normal
flora first colonizes human at the moment of birth while passing through the birth
canal. The fetus is sterile in utero but when the mother's water breaks and the birth
process begins, bacterial colonization on the body surfaces start (13). Within
approximately 48 hours, normal flora establishes on the skin, oral cavity and the
intestine by handling and feeding of the infant after birth (14). The developmental
stages of weaning, the eruption of the teeth, the onset and cessation (14) of ovarian
functions, invariably affect the composition of the normal flora in the intestinal
tract, the oral cavity, and the vagina, respectively (15, 16). However, during these
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changes, the bacterial flora of humans is sufficiently constant and gives a general
description of the situation.

Nose

Staphylococcus aureus
Staphylococcus epidermidis
Corynebacterium species

Mouth

Streptococcus species
Fusobacterium species
Actinomyces species
Leptotrichia species

Veillonella species
Throat

Streptococcus species
Branhamella catarrhalis
Corynebacterium species | -
Haemophilus species | P
Neisseria species I |
Mycoplasma species 1

Skin

Staphylococcus epidermidis
Propionibacterium acnes
Pityrosporum ovale

Vagina

Lactobacillus species
Streptococcus species
Candida albicans
Gardnerella vaginalis

Large intestine
Bacteroides fragilis
Escherichia coli
Proteus mirabilis
Klebsiella species
Lactobacillus species
Streptococcus species
Candida albicans
Clostridium species
Pseudomonas species
Enterococcus species

Urethra

Streptococcus species
Mycobacterium species
Escherichia coli
Bacteroides species

Figure 1: Bacterial species living in the human body. The main commensal bacterial species
occupying different niches in the human body (McGraw-Hill education).

Commensal bacteria are present on all body surfaces and are exposed to the
external environment such as gastrointestinal and respiratory tract, vagina, skin,
etc. (Fig. 1) (17).

Human Bacterial Flora (Microbiome)

The normal bacterial flora influences the physiology, susceptibility to pathogens,
and morbidity of the host. Different areas of the human skin can be compared to
the geographic regions of Earth: the desert is the forearm, the cool woods region is
the scalp and the tropical forest is the armpit (18). Depending on the character of

18



the microenvironment, the composition of the dermal micro-flora varies from site
to site accordingly (18, 19). Skin colonizing bacteria mostly come from the four
phyla: Actinobacteria (51.8%), Firmicutes (24.4%), Proteobacteria (16.5%), and
Bacteroidetes (6.3%) (20). Bacterial flora in the digestive tract is essential for the
development and function of the mucosal immune system at an early stage of life
and is important for improvement of overall immunity in adults. The absence of
digestive tract bacteria is associated with digestive enzyme activity, reductions in
mucosal cell turnover, vascularity, muscle wall thickness, motility, baseline
cytokine production, and with defective cell-mediated immunity (21). In addition,
the intestinal bacterial flora makes important metabolic contributions to Vitamin
K, folate, short-chain fatty acids and mediates the breakdown of dietary
carcinogens (22, 23). In the urinary tract that is normally believe to be sterile and
bacteria have problems gaining access and becoming established there (24).
Studies suggest that the anterior urethra inhabited by a relatively consistent normal
flora consisting of Staphylococcus epidermidis, Enterococcus faecalis and some
alpha-hemolytic streptococci, however, their numbers are not plentiful (25). The
acidic pH in the vaginal epithelium prevents establishment of most other bacteria
as well as prevent from potentially pathogenic yeast, Candida albicans. This is a
very good example of the protective effect of the normal bacterial flora for the
human host (26-28).

Microbiome in the Respiratory Tract

The human respiratory tract is subdivided into two areas, the upper and lower
respiratory tract, and consists of the nose, mouth, sinuses, throat, trachea,
bronchial tubes, and lungs (Fig. 2).

Sinuses —_—
Upper
respiratory tract Nose ———
Mouth —¥
Throat ——————————

Trachea
Lower
respiratory tract

Bronchial tubes
Lungs

i

=

Figure 2: Human respiratory system. The depiction shows different parts of the upper and lower
human respiratory tract.

19



The nose, mouth, sinuses, and throat (pharynx and larynx) belong to the upper
respiratory tract, while the trachea, bronchial tubes, and lungs are included in the
lower respiratory tract. A significant proportion of the normal bacterial microbiota
in the upper and lower respiratory tract belongs to 9 major bacterial genera:
Prevotella, Sphingomonas, Pseudomonas, Acinetobacter, Fusobacterium,
Haemophilus, Veillonella, Staphylococcus, and Streptococcus (29). Most
importantly some bacteria, namely, Haemophilus influenzae, Streptococcus
pyvogenes, Streptococcus pneumoniae, Neisseria meningitidis, and Staphylococcus
aureus, are considered as normal bacterial flora in the respiratory tract but can
cause serious diseases, especially in immunocompromised individuals (30-32).
Bacterial flora of the respiratory system changes in relation to age, and unusual
flora can be detrimental, which has been seen in patients with cystic fibrosis (29,
33). A large number of bacterial species colonize the nasopharynx and nostrils,
predominantly  Staphylococcus  epidermidis,  Corynebacteria  spp., and
Staphylococcus aureus (20% of the population). This part of the body is also the
main carriage site of important pathogens. The healthy sinuses, in contrast, are
sterile (34). The throat is normally colonized by Streptococci and various Gram-
negative cocci. Sometimes pathogens such as S. pneumoniae, S. pyogenes, H.
influenzae and N. meningitidis colonize the throat (35). Parts of the lower
respiratory tract, such as the trachea, bronchi, and pulmonary tissues are nearly
free of microorganisms, mainly because of the efficient cleansing action of the
ciliated epithelium, which lines the tract. Any bacteria reaching the lower
respiratory tract trapped in the mucus layer and are swept upward by the action of
the mucociliary blanket that lines the bronchi and removed subsequently by
coughing, sneezing, swallowing, etc. If the respiratory tract epithelium becomes
damaged, as in bronchitis or viral pneumonia, the person may become susceptible
to infection by pathogens such as H. influenzae or S. pneumoniae descending from
the nasopharynx (36, 37).
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Haemophilus influenzae

The history of Gram-negative H. influenzae, that was previously identified and
known as Pfeiffer’s bacillus or Bacillus influenzae (B. influenzae), has several
interesting chapters. Before 1876, in the pre-microbiological era there was much
confusion about the causes of great epidemic diseases like cholera and plague and
also for the common communicable diseases like colds, smallpox, and measles.
The idea of carriers or intermediate vectors was not easily anticipated, which was
preventing many observers to accept an integrated concept of infectious diseases.
Some of the diseases were directly transmissible from person to person, for
example smallpox and others of which were acquired from intermediate vector
hosts such as animals, as in the case with the plague. Others were acquired from
contaminated environmental sources, i.e., cholera or were acquired by more than
one of the mechanisms just noted, for example, smallpox and cholera. Influenza
had been the more confusing of the pandemic diseases in the pre-microbial era;
one of the reasons was that the signs and symptoms of influenza were non-
specific, leading to confusion with other conditions (38).

A B

p"'-

Figure 3: Photographs of Haemophilus influenzae (A) grown over night on chocolate agar plate
and (B) after Gram-staining, visualized at 1000X magnification.

In 1892, the bacteriologist Richard Friedrich Johannes Pfeiffer (1858-1945)
reported the discovery of a new bacterium (39). Richard Pfeiffer claimed that
bacterium to be the cause of the pandemic influenza as he was frequently isolating
those Gram-negative coccobacilli from the sputum of the patients of influenza
pandemic in the late 1800°s. When his initial, brief report in 1892 was followed up
by more extensive data in 1893, Bacillus influenzae, as he called it was established
as the true etiological agent of influenza in the scientific world (40).

B. influenzae was usually referred to as ‘Pfeiffer’s bacillus’ in the literature of the
late 19th and early 20th centuries, and is now known as H. influenzae. It was
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clearly a pathogenic organism and was often cultured from fatal cases of influenza
but other investigators were unable to confirm Pfeiffer’s strong association (38,
41). The thought of H. influenzae as the true cause of influenza persisted up to the
time of the next pandemic in 1918-1920, on that time the bacterium got its current
name Haemophilus influenzae (42). Reflecting, “Blood” (from the Greek
haemophilus, meaning "blood-loving") as the fastidious growth requirement of the
organism, as well as its apparent association with influenza the organism was
named Haemophilus influenzae (Fig. 3). But that doctrine about B. influenzae/H.
influenzae described by Richard Pfeiffer was abandoned by Peter Kosciusko
Olitsky (1886-1964) and Frederick L Gates (1886-1933) providing strong
evidence against the causal association of H. influenzae, reporting that the
infective influenza agent survived while passage through filters that excluded H.
influenzae (43).

Despite the misleading initial ideas about H. influenzae, credit should be given to
Pfeiffer, because with the recorded deaths during 1918-1919 influenza pandemic
were associated with secondary bacterial invaders, among them H. influenzae (44).
Moreover, Pfeiffer, a 38-year-old promising researcher at his time went on to have
a long and distinguished career as an inventor of the typhoid vaccine, the
discoverer of bacteriolysis named as ‘Pfeiffer’s phenomenon’. He was the first to
discover the pathogenic organism Micrococcus now Moraxella catarrhalis and an
identifier of the first endotoxin from bacteria (45). The discovery of the influenza
virus as the etiology of the disease in 1933 eventually disproven the bacterial
association with the influenza as suggested by Pfeiffer (46). However, studies
revealed that H. influenzae was responsible for a wide spectrum of clinical
diseases.

In the 1930s, Margaret Pittman a 30-year old microbiologist defined two major
categories of H. influenzae: (i) S (smooth) strain and (ii) R (rough) strain on the
basis of there appearance on the agar plate (47). She separated the S strains that
causes invasive diseases and precipitated with the antisera from the normal R
strains that did not precipitated (47). Pittman’s S strains and R strains are now
known as encapsulated and non-encapculated H. influenzae. The encapsulated
strains are then furthered serotyped from a to f on the basis of capsular
polysaccharide composition and antigenicity.

H. influenzae Bacteriology
H. influenzae is a member of the Pasteurellaceae family. It is a non-motile, Gram-
negative, rod-shaped bacterium. Generally it is aerobic but can also grow as a

facultative anaerobe (48). H. influenzae is fastidious that requires X-factor (hemin)
and V-factor (nicotinamide adenine dinucleotide) for growth. H. influenzae strains
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are divided into two major groups, the encapsulated and the un-encapsulated
strains, depending upon the presence or absence of a polysaccharide capsule. In
humans, H. influenzae colonizes nasopharynx at the early stage of life and there is
significant turnover of different strains particularly in young children. Although
the role of this bacterium in the microbiome of upper respiratory tract are not fully
understood, different isolates and colonization density can be correlated with
middle ear infection (49). H. influenzae has several mechanisms to survive in the
human host and its presence as a commensal in the nasopharynx serves as an
ongoing source of potential infection for the respiratory tract.

There is an ambiguity in identifying clearly and separating H. influenzae from H.
haemolyticus, which is also a species of Gram-negative bacteria. It is related to H.
influenzae but is nonpathogenic. Recent observations suggest that the widely
utilized and accepted methods do not reliably distinguish H. influenzae from H.
haemolyticus (50). This obscurity has important implications for medical
microbiology laboratories and also in the interpretation of reported studies about
colonization of the human nasopharynx (51). H. haemolyticus’ ability to produce a
clear hemolytic zone on blood agar is the only characteristic used to differentiate it
from H. influenzae (52), but recent observations showed that a substantial
proportion of H. haemolyticus strains are non-hemolytic (53). Thus, many non-
hemolytic strains of H. haemolyticus could have been misidentified and studied as
H. influenzae. So, it is important to interpret the literature on respiratory tract
colonization and infection by H. influenzae with the limitation in mind that some
of strains recovered from respiratory tract and identified as H. influenzae may in
fact be commensal H. haemolyticus (50).

Typeable H. influenzae

Encapsulated H. influenzae produce a polysaccharide capsule and are further
subdivided into six serotypes designated as a, b, c, d, e, and f depending on the
capsular polysaccharide composition and antigenicity (54). Among all types of H.
influenzae, serotype type b (Hib) has been the most known to cause significant
invasive disease (55-57).

In the late 1980’s the effective Hib vaccines, polysaccharide vaccine in 1985 and
conjugate vaccines during 1987-1990 were produced (58). In countries where Hib
conjugate vaccines have been introduced, a dramatic reduction in Hib disease has
been observed (59). In contrast, the number of cases with invasive disease caused
by non-Hib, i.e., NTHi and type f (Hif) seems to increase, suggesting a
replacement phenomenon (60-62). In recent study it has been shown that even the
distribution of capsular Hib in invasive disease has shifted to non-Hib, but that it is
mainly towards non-typeable H. influenzae rather than non-serotype b strains of H.
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influenzae (50). In the time before the Hib vaccines, it was far less common to
recover the isolates of serotype a, ¢, d, e, and f from patients with invasive disease
(63). Currently, of these non-Hib serotypes, serotype f has most commonly been
associated with invasive diseases. It has been reported that in some vaccinated
populations, the incidence of serotype f disease may have increased (64).

Non-typeable H. influenzae

Un-encapsulated strains are termed non-typeable H. influenzae (NTHi) because
they lack a capsule. Genetically, and also through the expression of outer
membrane proteins, un-encapsulated strains are enormously diversified (65).
NTHi strains are found to be more diverse than encapsulated strains, one important
reason for that may be that their population structures are more influenced by
recombination (66, 67). NTHi are responsible for the majority of mucosal
infections (68). It is very common in healthy adults that they have upper airway
colonization of H. influenzae, in a process that very dynamic of which NTHi is the
predominant strain (69). In the post vaccination era, invasive non-Hib disease in
children is more common due to non-capsulated strains than to encapsulated
isolates of the non-Hib serotypes (70). There has been an increase in adult non-Hib
isolate invasive disease in some countries, where the Hib conjugate vaccines are
used, most of which is due to non-capsulated isolates (71).

Bio-typing

As mentioned before, in-vitro growth of H. influenzae requires two growth factors
found in blood. One is hemin, and the other one is nicotinamide adenine
dinucleotide (NAD). Possible identification of H. influenzae is based on the
following three criteria (i) growth requirement for both hemin and NAD (ii)
characteristic colony morphology on a chocolate blood agar plate and (iii) Gram-
stain morphology. Bio-typing of H. influenzae was done on the basis of their
reactions in biochemical tests and production of indole, urease, and ornithine
decarboxylase (72) with the Minitek Differentiation System (BBL Microbiology
Systems) (73, 74) and proposed to be divided into eight biotypes. Absolute
identification of H. influenzae, especially with non-typeable strains, needs 16S
rRNA sequencing or other genetical methods (75). Using a molecular biology
technique such as multilocus enzyme electrophoresis (MLEE), H. influenzae
serotype a (Hia) and Hib can be classified as two different genetic lineages,
whereas serotypes ¢, d, e, and f, form the monophyletic groups (76, 77). By
contrast, non-encapsulated H. influenzae is distinct from the encapsulated strains,
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appearing to be non-clonal in comparison with the serotypes and are genetically
diverse (63).

Host Defense System in the Airways

Humans are in continuous contact with bacteria, including the normal bacterial
flora that human live with (78). On relatively rare occasion, the bacteria from the
normal flora cause damage to their host (79, 80). In part, this is due to the
effectiveness of the host defense mechanisms, which restrict invasion by the
bacteria from normal flora, some of which are potential pathogens and some of
which defend against non-indigenous microorganisms that are overt pathogens
(81, 82). The resultant infections caused either by a component of the normal flora
or an exogenous pathogen depends on specific properties inherent to both the host
and the microbe (83, 84). In some instances, the human host tolerates bacterial
colonization by restricting it to regions of the body where it cannot do harm, e.g.,
S. aureus on the nasal membranes (85) or H. influenzae, S. pneumoniae in the
upper respiratory tract (86-89). Sometimes commensal bacteria breach an
anatomical barrier or reach beyond the point of colonization, causing infection
(90).

A healthy person defends against pathogens at different stages. For most of the
time, the host defenses are of such a degree that infection can be prevented or
infection does occur but the defenses stop the process before disease is apparent
(91). At the other times, the defenses may not be effective until infectious disease
becomes symptomatic (92, 93). The immune system is composed of two major
subdivisions; innate or nonspecific immunity, and adaptive or specific immunity.
Innate immunity works as a primary defense against pathogens (94, 95), while
adaptive immunity serves as a second line of defense (96). Although there is
interplay between these two immune systems and both have cellular and humoral
components by which they carry out their protective functions, these also differ in
several ways (97, 98).

To understand the pathogenesis of H. influenzae, it is important to know the
relevant host defense mechanism in our respiratory tract.
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Innate Immunity

Mechanical Barrier

The upper respiratory airway is lined by ciliated pseudostratified columnar
epithelium, multiple cell types comprising the respiratory epithelium. The three
major cell types of the columnar epithelium are ciliated cells, goblet cells, and
basal cells (99, 100). The respiratory system possesses mechanical measures to
remove bacteria using cilia (101) on the epithelial cell surface and mucus
produced by goblet cells (Fig. 4). Bacteria become trapped in the mucus produced
by the goblet cells and moved by the “mucociliary escalator” of the respiratory
system (102).

Mucus movement
towards pharynx

Mucus layer
Particulate

Cilia

Ciliated epithelial cell

Mucin secretion

Goblet cell

Trapped bacteria

Figure 4: Mechanical removal of bacteria. Ciliated epithelial cells move mucus and removed dirt
and trapped pathogens out of the airways, protecting the lungs from damage and disease.

Over 50% of all epithelial cells in the conducting airway are ciliated (103) with
approximately 200 to 300 cilia per cell (104). While inhaled pathogens and other
particulate matter are trapped in the mucus, the coordinated beating of cilia shifts
the trapped material upwards toward the pharynx (Fig. 4) (105, 106).

Airway Epithelial Permeability

The apico-lateral border of the airway epithelial cells forms tight and adherens
junctions that contribute to the paracellular permeability of airway epithelium, and
also as a barrier to pathogens (107). Tight junctions regulate the transport of
solutes and ions across epithelia and adherens junctions mediate cell-cell adhesion
and promote formation of tight networks (108-110).
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These intercellular junctions of the airway epithelium not only prevent inhaled
pathogens and other environmental particles from injuring the airways, but also
serve as signaling platforms to regulate cell proliferation and differentiation (111,
112). It is apparent that dissociation of the junction-complexes will disrupt the
barrier function, interfere with normal repair and differentiation of airway
epithelium. This epithelium is leaky, hyper-proliferative, and compared with
healthy smokers, airway epithelium abnormally differentiate in smokers with
asthma and COPD (113-115). Transient disruption of the tight or adherens
junctions can be caused by viruses or bacterial infection (116, 117). Adherens
junctions are located just below the tight junctions and mechanically connect
adjacent cells and initiate the formation and maturation of cell-cell contacts. It is
likely that excessive smoking decreases barrier function and facilitates invasion of
airway epithelium by environmental allergens, pollutants, and pathogens.

Biochemical Barrier

In addition to being a physical barrier, airway epithelium also contributes in killing
inhaled pathogens by producing enzymes, protease inhibitors, oxidants, and
antimicrobial peptides (AMPs). Lysozyme enzyme that is found in airway
epithelial secretions, has antimicrobial activities against a wide range of Gram-
positive bacteria by degrading their peptidoglycan layer (118). In concert with
lactoferrin, produced by airway epithelium lysozyme can disrupt the outer
membrane and gain access to the peptidoglycan layer of Gram-negative bacteria
(119). Lactoferrin levels increase in response to bacterial and viral infections in the
host (120). While occupying a role in killing Gram-negative bacteria combined
with lysozyme, lactoferrin itself is an iron-chelator and inhibits microbial growth
by sequestering iron, which is also essential for microbial respiration (121).
Lactoferrin stimulates an immune response against both RNA and DNA viruses by
either inhibiting binding of the virus to host cells or by binding to the virus itself
(122, 123).

Airway epithelial cells produce protease inhibitors, such as secretory
leukoprotease inhibitor (SLPI), elastase inhibitor, «l-antiprotease, and
antichymotrypsin. These protease inhibitors diminish the activities of the proteases
secreted by pathogens and recruited immune cells (124, 125). The balance
between anti-proteases and proteases in the airway lumen during infection is the
key to prevent lung inflammation and maintenance of tissue homeostasis (126).

The respiratory epithelial cells also contribute to the immune response by
producing antimicrobial peptides (AMPs). Human B-defensins (hBD) are the most
abundant antimicrobial peptides expressed on the surface of airway epithelium and
are effective against a wide range of bacteria (127). While hBD1 is constitutively
expressed, hBD2 to hBD4 expressions are induced by LPS via nuclear factor
kappa-beta (NF-kB) and by Interleukin-1 (IL-1) (128, 129). Cathelicidins are
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another class of antimicrobial peptides and LL-37 is the only human version
identified to date (130). Cathelicidin LL-37 binds to lipopolysaccharides,
permeabilizes the bacterial membrane and inactivates its biological function (131).
Extracellular hydrogen, produced by dual oxidase 1 and 2 peroxide belong to a
family of Nicotinamide Adenine Dinucleotide Phosphate (NADPH) oxidases and
are secreted to the extracellular milieu (132). The dual oxidase-generated
hydrogen peroxide in combination with thiocyanate and lactoperoxidase, generate
the microbicidal oxidant hypothiocyanite, which effectively kills both Gram
positive and Gram-negative bacteria (133).

Inflammation

Inflammation is the body's natural response to infections and injuries; it is either
the stimulation of epithelial cells or phagocytic cells (134). Inflammation can be
described as the protective response that involves immune cells, blood vessels, and
molecular mediators (135). The inflammatory response may be the most important
for dealing with microbial infections. Inflammation is necessary for the proper
functioning of all the host defenses, because it focuses all circulating antimicrobial
factors on the site of infection (134). Stimulated cells activated the immune
response through the cytokines and chemokines. Neutrophils are recruited from
the bloodstream to the site of infection by an interleukin-8 (IL-8) gradient (134).
When microbes are presented to a macrophage, it ingests the microbe through
specific macrophage receptors and traps in a phagosome (136). Then, the
phagosome fuses with a lysosome and within the phagolysosome created, enzymes
and toxic peroxides digest the pathogen (137). Reactive oxygen intermediate and
proteolytic enzyme released by stimulated macrophage and neutrophils, lead to
recruitment of more inflammatory factors; these include phagocytes, lymphocytes,
antibodies, complement and other antimicrobial components of plasma. Yet,
inflammation is also an important aspect of bacterial pathogenesis, because the
inflammatory response induced by a microbe can result in considerable damage to
the host tissue, therefore, is part of the pathology of microbial disease.

The Complement System

The complement system consists of a tightly regulated network of proteins that
play an important role in host defense. Complement activation results in
opsonization of bacterial pathogens and their removal by phagocytes and cell lysis
(138). The complement system is a part of serum. During airway inflammation,
complement factors reach to the site through plasma effusion (139). This part of
innate immunity works against foreign microbes in three steps: firstly, recognition
of the microbial non-self; secondly, opsonization of the microbe and thirdly, for
Gram-negative bacteria; lysis of the bacterial cell via the pore-forming membrane
attack complex (MAC), also designated terminal complement complex (TCC).
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Complement activation is triggered by one of three pathways— classical,
alternative and lectin, depending on the nature of the foreign cell and therefore the
activating surface (135). A central component of the complement system is
Complement factor 3 (C3) protein, in all three pathways; C3-convertase cleaves
and activates the C3 (140). A cascade of reactions starts by cleaving C3, yielding
C3a and C3b. This C3b then binds to the surface of pathogens, leading
opsonization by neutrophils and macrophages, and starts the terminal pathway
(141). All of the above mentioned pathways can be activated in ways that lead to
the terminal pathway (Fig. 5). The classical pathway is activated primarily by the
interaction of Clq with immune complexes of antibody bound to microbes, but
can also be achieved after interaction of Cl1q with non-immune molecules (138).
The alternative pathway does not depend upon the presence of immune
complexes; it starts with the spontancous hydrolysis of C3 and subsequent
deposition of C3b to the cell surface. The lectin pathway shares several factors
with the classical pathway and is activated by the binding of mannose binding
lectin (MBL) to the carbohydrates expressed on the bacterial surface (140). The
result of all three pathways is induction of the terminal pathway of the
complement system for destruction of the targeted bacteria forming the lytic
molecules C5b-9 (142, 143).

Classical Lectin Alternative
pathway pathway pathway

N7

C5 activation l

Vn —| Assembly of C5b-C7

complex

Figure 5: The common terminal pathway of the complement system. Vitronectin inhibits the
terminal pathway by interacting with the C5b-7 complex assembly and also inhibits C9
polymerization during formation of a lytic pore.
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Inappropriate activation of the complement system and complement deficiencies
are the underlying cause of pathophysiology in many diseases (144). Therefore,
the system is tightly regulated on almost every level. Complement down-
regulating proteins include Cl-inhibitor (C1-INH), C4b-binding protein (C4BP).
Clusterin, Factor H (FH), Factor H-like protein 1 (FHL-1), Factor I (FI), Properdin
and Vn (141).

Plasma exudation results in Vn exposure on the apical side of the airway epithelial
cells (145, 146). Vn is a well-known complement regulator that inhibits the
terminal complement pathway by interacting with the C5b-7 complex formation
and C9 polymerization to form the membrane attack complex (MAC) (Fig. 5)
(147). Vn is an effective regulator that inhibits the terminal lytic pathway
regardless of which complement pathway is activated. H. influenzae, along with
several other respiratory tract pathogens, M. catarrhalis, P. aeruginosa, S.
pneumoniae, S. pyogenes and S. aureus have been shown to interact with Vn
(147). Thus, Vn plays important role in the host and pathogen interaction.

Nutritional Immunity

Transition metals such as Iron (Fe), Manganese (Mn), Zink (Zn), Copper (Cu) and
others are required by all living organisms to survive, because these are involved
in many crucial biological processes including incorporation with metalloenzymes,
storage proteins and transcription factors (148). Their reactivity is necessary for
catalysis and their electrostatic properties stabilize substrates or reaction
intermediates in the active sites of enzymes (149). The human body is a rich
reservoir of essential nutrients for those bacteria that have evolved to exploit this
resource. The catalytic activity of these metals potentiates their toxicity, and the
levels of transition metals therefore must be controlled carefully. The mechanisms
used to withhold the availability of free transition metals serve as a
countermeasure against invading bacteria. The process that human cells and other
mammalian cells use to restrict the access of essential metals to pathogenic
bacteria is termed as “nutritional immunity” (150).

The functional roles of transition metals in biological systems can be divided
broadly into non-catalytic functions, redox catalysis and non-redox catalysis. Of
the redox-active metals, Fe is the most common, followed by Cu and Mo
(Molybdenum) (151). Virtually all bacterial pathogens require Fe for diverse
physiological processes such as DNA replication, transcription and central
metabolism; therefore, bacteria must elaborate Fe acquisition systems in order to
successfully colonize the host (152). H. influenzae has an absolute requirement for
heme, because it lacks 6 of 7 enzymes in the heme synthetic pathway that
consequently leads to an inability to produce Protoporphyrin IX (PPIX) (153). On
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the other hand, vertebrates limit access to Fe to exploit this requirement as a potent
defence mechanism against infection (154, 155).

To prevent bacterial access to Fe, the host uses a number of proteins to withhold
this valuable nutrient and make largely inaccessible to pathogens that lack
sophisticated Fe-capturing systems. In human, the majority of Fe is complexed to
heme, a tetrapyrrole ring encircling a singular Fe atom and the cofactor of the
oxygen transport protein hemoglobin (148). Furthermore, hemoglobin is contained
within circulating erythrocytes, representing an additional barrier to access by
pathogens. If free haemoglobin or heme is released from erythrocytes, these
molecules are rapidly bound by haptoglobin and hemopexin, respectively (156).
Intracellular Fe is stored in the Fe storage protein Ferritin in the host and is
therefore only reachable to intracellular pathogens following host cell lysis (157).
Moreover, Natural Resistance-Associated Macrophage Protein 1 (NRAMP1) that
localizes to the phagosomal membrane, pumps Fe and Mn out of the phagosomal
compartment, thereby reducing accessibility of these metals to the pathogens that
reside within a phagosome (158).

Extracellular Fe*" is oxidized to the insoluble Fe’" at physiological pH and
captured by the serum protein Transferrin with exceptionally high affinity (159).
Free Fe’" is also bound by Lactoferrin, a globular glycoprotein of the Transferrin
family that is present in secretions such as breast milk, tears, and saliva (160).
Even though, bacterial pathogens rely on additional nutrients such as carbon,
nitrogen and sulphur in the host, most of the work in nutritional immunity has
focused on transition metals (161, 162). Studies suggest that successful adaptation
to the host environment by pathogens depend on the ability to take the advantage
of the available carbon sources (163, 164). Therefore, with the nutrient metal
restriction by the host, it is remained to be determined whether specific
mechanisms are also involved in limiting the non-metal nutrient components as a
part of the nutritional immunity.

Adaptive Immunity

Sercretory IgA

The amount of IgA produced in mucosal linings is greater than all other types of
antibody combined in this location, and exists in two isotypes, IgAl and IgA2
(165). The respiratory epithelium is dominated by the IgA1 isotype. These IgAs
are poor activator of the complement system (166). IgAs are produced by the near
plasma cells, and bind to the polymeric Ig-Receptor (pIgR) on the epithelial cells,
through which they are passaged and secreted into the airway (167). IgAs
agglutinate bacteria and prevent effective epithelial adherence and colonization
(165). In H. influenzae, two genes of IgA1 protease have been identified and the
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isolates carrying both genes in the genome believe to be more pathogenic than
other isolates (168).

Specific Antibodies

Antigen specific antibodies, also known as an immunoglobulins (Ig), mainly
produced by plasma cells that are used by the immune system to identify and
neutralize pathogens such as bacteria. In short, the antigen is presented by antigen-
presenting cells (APCs), T-cells and B-cells that mature into plasma cells (169).
After primary challenge by the antigen, it takes weeks to produce antibodies with
high avidity (170). However, the T- and B-cells can be differentiated into memory
cells, which upon secondary stimulation with the same antigen, respond very
rapidly. Antibodies are found in five different varieties, known as IgA, IgD, IgE,
IgG, and IgM (171). Each immunoglobulin has two main parts; the highly variable
Fab region that binds to the antigen, and the Fc region that mediates effector
functions like phagocytosis or complement activation (172). IgA and IgG can be
further divided into two and four subclasses, respectively. IgG1l and IgG2 are
shown to be protective against infection causes by encapsulated H. influenzae type
b (173). Deficiency of IgG2 has been reported to be the reason of high incidence
and poor vaccination protection in the ethnic groups with unusual higher incidence
of invasive Hib diseases (174). Antibody protection against NTHi does not occur
equally depending on IgG2 and it has been reported that antibody produced by
stimulation with one NTHi isolate offers substantial cross-protection against other
NTHi isolates (175).

Haemophilus influenzae Pathogenicity

Several events take place before an infection is established by H. influenzae.
Bacteria first need to reach and breakout from the mucociliary elevator, adhere to
cells, evade host immunity, adapt to the host in a nutrient limited environment, and
finally cause infection.

H. influenzae: An Opportunistic Pathogen

Approximately 10% of the total bacterial flora in the human upper respiratory tract
is consisted of Haemophilus species (176). The rate of H. influenzae carriage
increases from infancy to early childhood, and is recoverable from the upper
airways of approximately 20 to 80% of healthy children (176). Colonization of the
respiratory surface is a dynamic process; bacteria are acquired, replaced, and
reacquired many times in a lifetime. Previous studies have demonstrated a 62%
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weekly turnover rate of H. influenzae isolated from healthy children (177). In
addition to colonizing as a commensal in the respiratory tract and occasionally in
the genital mucosa, H. influenzae also cause symptomatic infections specially in
children and immuno-compromised people (178). Haemophilus spp. usually live
in their host without causing disease, but cause problems only when other factors,
such as a viral infection, compromised immune function or chronically inflamed
tissues, e.g., from allergies, create an opportunity (9), further showing evidence
that H. influenzae is recognized as an opportunistic pathogen.

Genetic Heterogeneity of H. influenzae

H. influenzae is a genetically divergent species with the core-genome consisting of
1485 genes present in all strains, close to 75% of the genomic content of any given
isolate (179). The H. influenzae genome is predicted to contain approximately
4500 unique genes (180). However, since many strains of H. influenzae are
naturally occurring competent for DNA uptake, it is likely that a constant and
spontaneous genetic exchange occurs via uptake and recombination with in the
intra-species bacterial population (181). It has been reported that individual strains
find contemporary access to various parts of the genome of other strains during
concomitant colonization of the same host (182). This mechanism of acquiring a
wide variety of genes while still keeping their individual genome small, give them
a fitness advantage. Although, the theory of specific genetic elements associated
disease, antagonistic to asymptomatic colonization factors, have long remained
mysterious but some genes have been found to be more prevalent among virulent
strains (183). As a case example, when 210 geographically and clinically diverse
NTHi strains were compared for total gene content, 149 genes were identified to
be significantly associated with either virulence or commensalism. Interestingly,
28 genes of those were found in most of the virulent strains, none of the genes
were in the group of well-characterized virulence factors those involved in
adherence, lipooligosaccharide (LOS) biosynthesis or immune evasion (179). It
would be interesting to study the disease-associated genes in Haemophilus spp.
further more.

Host Colonization

Colonization and subsequent infection of the host is primarily dependent upon
successful adherence to the host tissue. H. influenzae can escape the mucociliary
escalator of the airway by decreasing the ciliary beating and detaching ciliated
epithelial cells activating host protein kinase C epsilon (184). The cilial damage is
reported to be mediated by LOS, injury to the ciliated cells and the detachment of
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cilia is the first step in the series of events, ending in extensive epithelial damage
(185). However, according to other reports, disintegration of the ciliated cells is
not always observed and bacteria appeared to take refuge in para-cellular foci to
evade the mucociliary elevator (68). Another obstacle for successful adherence is
secretory IgA1, which is the main element of adaptive immunity in the human
airway mucosa (166). Interestingly, Haemophilus species are found to be equipped
with IgAl protease to degrade secretory IgAl (168). Both these strategies for
escaping the mucociliary escalator and adaptive immunity in the airway can
plausibly be implemented during host colonization by H. influenzae.

Subsequently, an important step towards disease is the effective attachment to the
epithelium. H. influenzae is specialized in attaching to the airway epithelial cells,
preferably to damaged epithelium (186). Epithelial cells are connected to the
underlying extracellular matrix (ECM) proteins via a range of basal surface
structures including integrins (187). The epithelium can be damaged by viral
infections or chronic inflammation, whereby ECM proteins become exposed and
targets for adherence by pathogens (188). A range of different factors from H.
influenzae have been identified as adhesins and shown to involve in bacterial
attachment to different components of the airway epithelium. Pili are present in
nearly all Hib isolates and only in a subset of NTHi (189). Pili agglutinate
erythrocytes and are important in the early phase of infection establishing binding
to host epithelial cells and mucin (186, 190). The major non-pilus H. influenzae
adhesins are High Molecular Weight proteins (HMW-1 and HMW-2) and are
present in approximately 75% of NTHi (191). Despite significant homology, they
have different ligands, with the HMW-1 known ligand to bind sialylated
glycoproteins, while the ligand of HMW-2 is still unknown (192). Hsf are a non-
pilus H. influenzae OMP that binds to Chang epithelial cells, found in most
encapsulated H. influenzae (193). Two homologs of Hsf, H. influenzae Adhesin
(Hia) and Cryptic Haemophilus Adhesion (cha) are found in NTHi isolates (194).
Most NTHi isolates that do not express HMWs express hia. Hia can bind
respiratory epithelial cells, and isolates expressing the cha adhesin can bind to
genital cells as well as respiratory epithelial cells, but the exact ligands are not
defined (191, 195).

Another non-pilus protein, Haemophilus Adhesion and Penetration Protein (Hap)
helps H. influenzae to adhere to the ECM (196). Hap binding domain is normally
released from the cell surface but can remain cell-associated through the help of
host antimicrobial peptides, and this interaction increases bacterial adhesion
capacity (196). P2 and P5 are the outer membrane lipoproteins expressed on
almost all known isolates of H. influenzae, and both bind to respiratory mucin
(197). P2 (198) is a porin with adhesive properties while P5 (199) is mainly
adhesin that binds to multiple ligands. Protein D, another lipoprotein that promotes
adherence to and internalization into epithelial cells, is highly conserved and
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expressed on all tested isolates of H. influenzae (200). PE and Protein F (PF) are
two well-studied lipoproteins found to promote adherence to alveolar epithelial
cells, and interact with ECM proteins Vn and Laminin (Ln) (201).

Host Immune Evasion

In order to survive and successfully colonize the host, H. influenzae has developed
a number of strategies to evade the host defense. It has been reported that H.
influenzae avoids innate immune effectors such as AMPs, Transferrin and Nitric
Oxide (202, 203) very effectively. H. influenzae evolved to produce an IgA-
protease that hydrolyses the main effector of acquired immunity in the respiratory
tract and facilitates the colonization in the niche (204). IgA proteases of H.
influenzae are highly specific endopeptidases that cleave the hinge region of
human IgA1l and mediate invasion in human respiratory epithelial cells (205).
Typeable H. influenzae avoid phagocytosis by the use of capsular polysaccharide
(206). Remarkably, NTHi can produce a “pseudo-capsule” via extensive branching
of the LOS that blocks IgM from binding to bacterial surface epitopes (207).
Therefore, neutrophil-mediated phagocytotic killing of H. influenzae is
significantly impeded, providing one mechanistic explanation as to why the
recruited neutrophils at sites of inflammation cannot clear Haemophilus sp.
infections. In parallel with all Gram-negative bacteria, H. influenzae has the
capacity to release outer membrane vesicles (OMV) (208). The host humoral
response has been shown to be non-specifically activated via NTHi OMVs,
specifically, the proliferating lymphocytes would produce antibodies that may not
recognize NTHI, resulting in deviation of the human adaptive immunity (209).

Complement activity of human serum is crucial in controlling invasive infections.
Polysaccharide capsule of typeable H. influenzae have been shown to be resistant
to complement-mediated killing, which is regarded as one of its central virulence
determinants. In contrast, NTHi devoid of capsular polysaccharide employs
distinct strategies to block antibodies and complement components from reaching
the surface via LOS modification. NTHi incorporates host-derived sialic acid and
phosphorylcholine into its LOS as a mean of camouflage (210, 211), and alternates
the surface glycans to prevent bactericidal antibodies from opsonizing, thereby
preventing complement activation via the classical pathway (212). Furthermore,
LgtC-mediated LOS modification has been shown to delay C4b deposition on the
bacterial surface via an unclear mechanism (213). The complement system in
humans is tightly regulated by C4b-binding protein, Factor H and Vn, regulators
of the common final pathway (214) (Figure 5). Several species of bacteria
including H. influenzae use outer membrane proteins to acquire complement
regulatory factors and consequently increase their resistance to complement
mediated killing (215, 216). Different isolates of H. influenzae can bind to all of
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these regulators at varying degrees (217-220). Through these interactions, in vitro
bacterial survival in human serum is increased.

Persistence in the Host

Bacteria and humans have co-evolved over thousands of years. After entering in
the host, to survive and further colonize, adapting with host environment is
important. The human nasopharyngeal tract is a nutrient-poor milieu for bacteria
and H. influenzae DNA transformation machinery believe to be evolved with a
nutrient uptake system in this desolate niche rather than for genetic recombination
purposes (221). H. influenzae has an absolute growth requirement of heme and
NAD and it has lost the genes for de novo biosynthesis of these two elements
(222). Outer membrane lipoprotein P4 and the P2 porin reported as external NAD
uptaking proteins of H. influenzae (223, 224). Porin P2 is the most abundant
protein on the outer membrane, contributing to a steady uptake of exogenous NAD
(225). The transport systems involved in the uptake of heme and iron, are tightly
regulated. A recent study showed that the Ferric Uptake Regulator (Fur) in NTHi
contains 73 genes, in which many of these genes were involved in iron-utilization
(226). This study showed 55 core and 200 non-core ORFs are up- or down
regulated in the absence of iron/heme, demonstrating how bacteria can save
energy by tightly regulating the expression of iron/heme-utilization genes (227).
The mechanisms for heme acquisition have not yet been fully elucidated for this
bacterial species, but several heme-binding proteins of Haemophilus spp. have
been studied for their interaction with heme (228). Most of these proteins are
transporters or transport-associated proteins described as hemophores (227).
Recently, we reported that PE, which is conserved in all typeable and non-typeable
H. influenzae, is a heme-binding outer membrane protein. PE also serves as a
reservoir of hemin for H. influenzae to overcome the nutritional immunity and
assist the cells to survive in conditions related to heme paucity (229). Additionally,
investigators have reported on a urease operon in H. influenzae. The importance of
the enzyme wurease 1is, raising the pH in the human respiratory tract
microenvironment to facilitate bacterial growth (230).

One efficient way to avoid host immunity and adapt within the niche is to vary
surface exposed molecules, a “moving target” strategy. While surface-exposed
factors are necessary for adhesion and colonization, they are often immunogenic
and make the bacteria to be recognized and killed by the host adaptive immune
defense. When required, surface expression of such factors can be turned on and
off, this process is called phase variation, and it is generally reversible (231).
Exclusive human host species like H. influenzae can vary the surface expression of
the LOS (232), hemagglutinating pili (233) and the High-Molecular Weight
adhesins (234). Even though almost all Hib isolates carry the pili gene cluster, and
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use the pili to attach to the human airway, Hib strains isolated from blood have
lost their pili expression to avoid antibody detection in serum, and as a
consequence survive better in the bloodstream (179).

Bacterial biofilm formation is a feature suggested to promote bacterial population
survival. Biofilms are highly structured microbial communities consisting of
bacterial cells embedded in a matrix consisting of extracellular protein, DNA and
polysaccharide (235). The adhesin Hap in H. influenzae is known to promote
bacterial aggregation (236). Most studies suggest that NTHi can form biofilms,
biofilm-associated bacteria display increased resistance to biological, chemical and
physical environmental stresses (including antibiotics and the host immune
system) as compared to planktonic microbes, and are believed to be the cause of
persistent NTHi infections (237). The expression of a range of adhesins is
necessary for biofilm formation [100]. In NTHi, biofilm-formation includes
double-stranded DNA, type IV pili and LOS (238, 239). When the entire protein
content of the extracellular material of the NTHi biofilm was mapped, eighteen
proteins, including P2 and PS5, bacterial DNA as well as proteins from the
cytoplasm, periplasm and the outer membrane were all reported to be present in
the biofilm (240). NTHi in biofilms have demonstrated the ability to resist
neutrophil killing (241). These data collectively put a spotlight on H. influenzae
adaptation in various niches of the human body.

Diseases Caused by H. influenzae

Colonization with H. influenzae begins in infancy, mainly in the upper respiratory
tract. Approximately 20% of newborns are colonized in the first year of life and
the colonization increases over time (69). More than 50% of children by the age of
5—6 years old and at least 75% of the healthy adults will be colonized by this
bacterium (65). Typically, adults are colonized with only one strain, while children
carry multiple strains simultaneously and tend more so to become infected with
this pathogen (242).

Since Margaret Pittman’s original description of typeable H. influenzae isolates in
1931 (47), Hib had been the most clinically significant strain causing invasive
disease. Hib causes meningitis, epiglottitis, septicemia and osteomyelitis (55, 56,
243). However, the incidence of invasive Hib disease has greatly reduced
worldwide because of routine immunization with Hib conjugate vaccines (59). Hia
and Hif are also found to cause invasive disease such as meningitis, especially in
children (244, 245).

Non-typeable H. influenzae is the cause of otitis media in infants and children,
sinusitis in children and adults, pneumonia in adults, and exacerbation in patients
with chronic obstructive pulmonary disease (COPD) (246).
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Vaccines Against Haemophilus influenzae

A series of vaccines were developed in the USA during the Spanish flu pandemic
of 1918-1919 when H. influenzae was believed to be the etiological agent of
influenza (247). A polysaccharide vaccine directed against H. influenzae type b
was tested in the 1970’s (248). The limitation was that small children did not
develop protective antibodies using only polysaccharide antigens (249). In the
1980’s, peptide conjugates were added to the polysaccharide vaccine, and this
method was later emulated in vaccine development for other encapsulated bacteria
(250). Peptide conjugated polysaccharide vaccines led to protection even in small
children, and even better protection following booster doses, regardless of what
conjugate was used (251). Large-scale public heath measures adoption of the
protein-conjugated capsular-polysaccharide Hib vaccine starting in the late 1980’s
has been very successful (252). With the introduction of the efficient vaccine, Hib-
mediated infections were practically eliminated (253). However, Hib-disease is
still a major problem in areas that have not yet employed the vaccine on a large
scale (254). Since the success with Hib-vaccine, the focus of H. influenzae
vaccinology has moved to non-capsulated strains that provide a greater scientific
challenge than Hib due the absence of a singular main surface antigen, which in
the case of Hib was the capsule (9, 255).

Emerging Pathogenicity of Haemophilus influenzae

Since the introduction of a vaccine against Hib, the incidence of invasive Hib
disease has significantly been decreased. The reduced carriage of Hib strains also
led to herd immunity with a benefit added to non-vaccinated subjects (256). In the
early 2000’s there was a re-emergence of invasive Hib disease, primarily in
England (257). Apart from this slight divergence, vaccination campaigns have
been very successful and invasive Hib disease is now rare (59). A few reports in
the mid 1990°s have suggested increasing incidences of invasive disease by non-
Hib isolates of H. influenzae. Most of these reports suggest that increased
incidence occurs among individuals with underlying medical conditions (61, 70,
258-260). Recent studies suggesting an increased concern about Hif invasive
disease (64, 219) show antibiotic resistance, which resembles NTHi rather than
Hib in epidemiology (261). There are at least two reports of invasive disease by H.
influenzae type a (262, 263), suggesting a virulence capacity that mimics Hib. In
contrast to Hib, the number of cases with invasive diseases caused by NTHi and
type f (Hif) seems to increase suggesting the emerging pathogenicity of the non-
Hib members of the species Haemophilus (60-62).
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The Present Investigation

The overall aim of this thesis was to learn more about the virulence mechanisms of
H. influenzae. Hence we studied three OMPs; protein E, Haemophilus surface
fibril and protein H respectively from non-typeable H. influenzae, H. influenzae
type b and H. influenzae type f. Molecular and structural details of those OMPs are
essential to have depth knowledge about the mechanism of H. influenzae
pathogenicity. Targeting these OMPs for developing vaccines or antibacterial
drugs against H. influenzae is much rational and that was the reason we focused on
structural and functional studies of H. influenzae OMPs.

Aims of the Study

1. To solve the crystal structure, study biophysical properties and visualize the
pathogenic regions on the Protein E involved in NTHi virulence mechanism.

2.  To define the characteristic of Protein E as a hemin binding and storage
protein that assists H. influenzae in persistence in the host.

3. To determine the molecular mechanisms and study the structural attributes of
the trimetric autotransporter protein Haemophilus surface fibrils from Hib
that leads to serum resistance and adherence to respiratory epithelial cells.

4. To characterize the involvement of Protein H as a Vitronectin-binding protein
on the surface of Hif, that results in increased serum resistance and optimal
adherence to pulmonary epithelial cells.
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Results and Discussion

Papers I & II: Crystal Structure, Elucidation of the Multiple Binding
Sites for the Host Factors and Immunogenic Mapping of Protein E

Adhesins are the surface proteins of pathogens not only use for adherence to the
host cells but also to induce a pro-inflammatory response in the host (264).
Haemophilus spp. adhesins are multifunctional, in addition to their role in
adherence; some of them are transporters or trans-membrane proteins or are
secreted during infection of the host (265). Some of the H. influenzae surface
adhesins have been suggested as vaccine candidates in the recent years as they
exhibit significant protective roles in experimental models (266). In general,
structural information on the targeted protein has been useful in vaccine or drug
development providing deeper insights into the host—pathogen relationship. There
are several surface proteins that have been identified as adhesins (267), but the
structural information of those adhesins are very limited. A few H. influenzae
adhesins structures have partially been solved such as Hsf (268), its homologues
Hia (268), HMW-1 and HMW-2 (269). Previously, the detailed crystal structure of
the H. influenzae Adhesin Protein (Hap) was revealed and was shown to be
involved in bacterial aggregation (236).

Earlier, our lab identified and described the role of the H. influenzae Protein E
(PE) in interacting with host epithelial cells and its involvement in subverting the
host innate immune system (270-272). PE is a ubiquitous adhesin of Haemophilus
spp. and homologues of it are present in other bacterial pathogens of the
Pasteurellaceae family (201). PE is a highly conserved (96.9%—-100%) outer
membrane lipoprotein, 16 kDa in size. Primarily, PE was identified in NTHi and
described as an adhesin that bound to epithelial cells (270). Later, extensive
studies found that PE was expressed in both encapsulated and un-encapsulated H.
influenzae (219, 273). Moreover, PE simultaneously binds to extracellular matrix
protein Ln, Vn and plasminogen (PLG), interactions that all contribute to bacterial
virulence (217, 274-276).

In paper I, the expression, purification and optimization of protein crystallization
techniques to collect the x-ray diffraction data of PE are described. For
crystallization, PE was expressed in Escherichia coli BL21 and purified without
any Histidine tag. Initial optimization for crystallization of the PE yielded crystals
of good diffracting quality. To solve the phase problem using Multiple Isothermal
Replacement (MIR) or Multi-wavelength anomalous diffraction (MAD) methods
using heavy-atom derivative crystals of PE proved to be unsuccessful. Since the
natural protein does not contain methionine residues, to overcome the phasing
problem, two methionine residues were introduced into the Protein E by point
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mutation (277). The positions of the possible point mutations were carefully
analyzed to find two sites for methionine substitution without any constraint on the
PE molecule. Thus, a choice was made both on the mutational ability and the
position of the residues in possible secondary-structure elements. The idea was to
label the protein with selenomethionine (SeMet) during protein production. To
incorporate SeMet in PE, E. coli BL21 containing a modified construct of PE were
cultured and expressed in the presence of L-selenomethionine in the culture
medium. The purification of the SeMet labeled protein proceeded as described
previously for native protein (277). The phase problem was solved using SeMet-
labeled PE (SeMet-PE) crystals.

A

Figure 6: Photographs showing the native and SeMet-labeled PE crystals grown under
different conditions. (A) Native PE (5 mg ml™") produced rod-shaped crystals of approximately
10x20x50 mm in size. (B) An SeMet-labeled PE crystal of 100x150x10 mm in size.

High-quality native PE crystals were produced at two different conditions; small
rod-shaped crystals (Fig. 6A) and plate-like crystals, relatively larger in size
compare to the rod-shaped crystals. Despite being smaller in size, the rod-shaped
crystals that were approximately 10x20x50 mm in size (Fig. 6A) diffracted better
then the plate shaped crystals. SeMet-PE crystals were produced under different
conditions compared to the conditions when native PE crystals were produced. In
the initial screening, the SeMet-PE was produced as microcrystals. The size of the
crystals were improved reaching final dimensions of approximately 100x150x10
mm (Fig. 6B) using the microseeding technique. Finally, data were collected at
1.8A resolution from native PE crystals and at 2.6A resolution from SeMet-PE
crystals.

In Paper II, the X-ray diffraction data collected at 1.8 A resolution were used to
obtain the structural model of the PE molecule. We studied structure-based
selection of the exposed regions to verify their localizations and respective
immunogenicities by producing antibodies in mice. The PE monomer consisted of
a B-sheet formed by 6 antiparallel B-strands (Fig. 7A). In addition, a longer a-helix
was found to be packed on the concave face of the sheet (Fig. 7B).
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Figure 7: PE monomer and its secondary-structure elements. (A) PE 28 to 159 amino acids
showing the secondary structure. In total, 6 B-strands, 8 loops, and 1 C-terminal helix exist. (B) In
the monomer, 6 antiparallel B-strands form the B-sheet. A longer a-helix packs on the concave face
of the sheet, where strands B1, f2, and 3 are curved around it.

PE was present as a dimer in the asymmetric unit explaining its multifunctional
nature of interaction with several different host factors, including Vn, Ln, and PLG
(201, 274, 275). During size exclusion purification of PE, the gel filtration profile
showed that approximately 85% of recombinant PE molecules existed as dimers in
solution and within the crystal structure, therefore the protein is present as a dimer
(Fig. 8A).

Top pocket Bottom pocket

Figure 8: The PE dimer. (A) Cartoon representation of the PE dimer. (B) Surface of the PE dimer
shown from the top and bottom cavities, in addition to the charge distribution of the molecule. The
top surface of the molecule is neutral in charge, whereas the bottom side of the dimer is basic. The
positive and negative charges are shown in blue and red, respectively.

Protein E is a lipoprotein (270) and on the basis of lipoprotein transport and
lipidation mechanism (278, 279), the Cys16 residue on the N terminus of PE is
thus predicted to be involved in anchoring of PE on the outer membrane in
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bacteria. Thus, the N-terminus of the dimer faces toward the membrane side of the
bacteria, whereas the C-terminus faces the outside. Additionally, presence of a
well-formed pocket on the topside of the dimer (Fig. 8B), suggest the shape and
accessibility of the pocket is very evocative of binding pockets in smaller ligand
binding proteins. Consequently, a specific ligand-binding function for that pocket
was analysed by bioinformatics tools, studied experimentally and was reported in
the next paper.

Paper II1: Nutrient Sharing: Haemophilus influenzae Stores and
Distributes Hemin by Using Protein E

H. influenzae has an absolute requirement for hemin or heme. It is the source of
iron and Protoporphyrin IX (PPIX) (280), an important precursor to essential
prosthetic groups such as heme, cytochrome c, and chlorophylls (281, 282). H.
influenzae lacks the enzymes in the synthetic pathway of the porhyrin ring and is
therefore unable to synthesize PPIX, the immediate precursor of heme (153, 283,
284). Regardless, H. influenzae expresses fer-rochelatase, which mediates
insertion of iron into PPIX to produce heme (153, 284). Free iron is relatively
insoluble and toxic for living cells, so iron is present in complexes, bound to high-
affinity iron-binding host proteins such as Transferrin, Lactoferrin, Ferritin, or
incorporated into a protoporphyrin ring (285). Thus, H. influenzae utilizes hemin,
hemoglobin, hemoglobin-haptoglobin, heme-hemopexin, as a source of PPIX and
iron for growth (286). H. influenzae colonization and survival thus depends on the
availability of heme in the host (287).

In paper 111, we reported PE as an outer membrane hemin binding protein of NTHi
and we showed that H. influenzae contains a PE-dependent resevoir of hemin,
which resulted in a hemin supply to the H. influenzae population when there was a
limitation of hemin in the environment.

Figure 9: Putative docking of a hemin molecule in the binding pocket of the PE-dimer. Surface
representation of the PE crystal structure with a hypothetical model of the PE-hemin complex. Insert:
zoom in projection of a putative hemin-binding pocket in dimeric PE. Docking was performed
manually using COOT (288-290). The figures were prepared with Pymol and CCP4MG.
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When screening for specific ligands using the structural data of PE, it appeared as
a dimer with a well-defined top pocket (201). The in silico modeling showed that
the binding pocket can potentially accommodate a hemin molecule (Fig. 9).
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Figure 10: Haemophilus influenzae PE binds hemin at the bacterial surface. (A) Hemin binding
to NTHi 3655 and NTHi 3655Ahpe. Bacteria were grown overnight in BHI with hemin and NAD.
After washing three times in PBS, 5 ml culture (OD=1.0) of each strain was suspended in 1 ml PBS.
(B) Semi-quantitative measurement of PE-dependent hemin-binding on the surface of wild type
NTHi 3655 as compared to the PE mutant NTHi3655Ahpe. Bacteria shown in panel A were serially
diluted and spotted on a PVDF filter. Enhanced chemiluminescence (ECL) was used for detection of
hemin on blots. (C) E. coli expressing PE with the surface bound hemin. £. coli expressing PE and
control E. coli with an empty vector were incubated at room temperature with increasing
concentrations of hemin. After 1h of incubation, bacteria were washed, resuspended in PBS and
photographed.

To show that PE is a hemin binding outer membrane protein, we mutated the spe
gene encoding PE in NTHi 3655 strain and compared its hemin binding ability
with the wild type NTHi 3655. We observed a difference in hemin binding
between wild type NTHi 3655 and the PE mutant NTHi 3566Ahpe as visually
verified in test tubes (Fig. 10A). To compare hemin-binding difference in two
strains (NTHi 3655 and NTHi 3566Ahpe), bacteria from the cultures shown in Fig.
10A were also blotted on a nitrocellulose membrane and hemin was analyzed
using enhanced chemiluminescence (ECL) (Fig. 10B). These visual observations
indicated that NTHi3655 had acquired more hemin in comparison to the PE
mutant NTHi 3655Ahpe. Furthermore, to prove that PE binds hemin, recombinant
PE was expressed at the surface of E. coli and incubated with different
concentration of hemin. Similar to the results obtained with H. influenzae (Fig.
10A), addition of hemin to PE-expressing E. coli led to more hemin acquisition in
comparison to a control E. coli carrying an empty vector (Fig. 10C). Additionally,
growth analysis showed that PE plays a role as a reservoir for hemin that can be
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used by the bacteria, and also shared with co-cultured hemin-starved bacteria
(229).

Paper IV & V: Interactional Analysis with Human Vitronectin and
Structure of the Trimeric Autotransporter Haemophilus Surface
Fibrils (Hsf)

H. influenzae serotype b (Hib) has been the most virulent and well studied strain
among all H. influenzae sub types. Successful colonization and subsequent
infection by Haemophilus is dependent on bacterial adherence to host tissue
achieved by the adhesins. Sometimes bacteria especially Hib, damage the
epithelial barrier, by breaking and entering the basement membrane, penetrating
deeper into tissue layers (50, 291, 292). Hib can cross the blood-brain barrier and
cause meningitis (187). However, the invasive mechanisms of Hib are not yet fully
elicited. Autotransporters are a specific group of proteins in Gram-negative
pathogens, which are translocated to the cell surface by a type V secretion
mechanism. Autotransporters are composed of an N-terminal signal peptide for
secretion, followed by a passenger domain and a C-terminal translocator
(membrane-anchoring) domain  (293-296). These autotransporters are
multifunctional proteins ranging from monomeric to multimeric arrangements
(236). Recently, the biological role of few autotransporters of H. influenzae has
been studied (297).

Hsf is a trimeric autotransporter adhesin of Hib and is a highly conserved protein
among all typeable strains, with a monomeric size of approximately 243 kDa that
forms into a trimer of approximately 750 kDa (268, 298). An Hsf homologue, Hia
found in NTHi (299) and is present only in approximately 25% of clinical NTHi
isolates. Hsf is comprised of various repetitive domains, which are also relatively
similar in their secondary structures (297). Hsf acquires Vn on bacterial surface,
and this phenomenon is very important for Hib survival in the host against
formation of a lytic pore via the membrane attack complex (MAC) (216, 300).

In Paper IV, we defined the specific region of Vn involved in interaction with Hsf.
We demonstrated that the Hsf-Vn interaction inhibited the assembly of the MAC
on the bacterial surface, which protected H. influenzae from serum-mediated
killing and increased the adherence and internalization of bacteria into the host
cells. Most of the clinical Hib isolates had the capacity to acquire Vn. When the
hsf gene encoding Hsf was deleted in RM804Ahsf, Vn binding was significantly
reduced when compared with the wild type. Analyzing Hsf with different
recombinantly expressed Vn fragments (encompassing heparin-binding domain 3;
HBD3) (VnA**?% vnA*7™ and VnA**>™) proved that Hsf bound to the amino
acids 352 to 374 on C-terminal region of Vn. Serum resistance and adhesion to
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epithelial cells were compared in Hib RM804 WT, RM804A#Asf, E. coli WT and E.
coli expressing Hsf. In both cases, Vn acquisition through Hsf was shown to be
involved with increased serum resistance and better adherence to the epithelial

cells.
In Paper V, we described the architecture of Hsf. We found that the N-terminal of

Hsf is located near the C-terminal at the base of the fibril that resulted in a way
that Hsf is not a straight molecule but is folded and doubled over (265).
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Figure 11: In silico modelling of the full length Hsf molecule. (A) The domain annotation of
trimeric autotransporter adhesins (daTAA) server at Max Planck Institute for Developmental
Biology, Tiibingen, Germany (http://toolkit.tuebingen.mpg.de/dataa/search) was used to predict the
repetitive motifs in the Hsf molecule. Domains are indicated according to their amino acid numbers,
and the BD and PD are named according to the previously described nomenclature (268). (B)
Representation of the architecture of double folded Hfs molecule. The distance of the small and large
gold particles in several fibrils was measured and their relative frequency was plotted against the
length of the fibril. The positions of sequences detected by antibodies (Abs) were delineated by

illustration.
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Hsf is large protein with 2413 amino acids, and has a repetitive domain structure
(268) (Fig .11A).

Autotransporters are difficult to crystallize and being unsuccessful in crystalizing
the Hsf, we modeled this protein by using an in silico approach. A computer
model suggested that Hsf is a protein of approximate length 200 nm but the length
observed by electron microscopy was only 100 nm. Size discrepancy of the Hsf
found in our observations triggered us to analyze the structure of it. We directly
examined the organization of Hsf on the bacterial surface by denaturing it using
guanidinium chloride (GuHCI). Additionally, a set of specific anti-Hsf peptide
antibodies was included in the analyses to locate the precise regions of the protein.
In our analyses, we found that Hsf is not a straight fiber but rather consists of a
“hairpin-like” twisted molecule (Fig.11B).

Three binding domains on the Hsf molecules named BD2 (529-652 aa), BD3
(1206—1337 aa) and BD1 (1896—2022 aa) were characterized on the basis of
interactions with Chang conjunctival epithelial cells (268) (Fig. 11A). Each of the
binding domains consist of an N-terminal Neck domain and a C-terminal Trp-ring
domain “N-Neck: Trp ring-C” (Fig. 11A). The motifs’ arrangements showed that
within the N-terminus of the BDs, an additional Trp ring domain is present and
assembled in an “N-Trp ring: Neck: Trp ring-C” triplet arrangement (Fig. 11A).
Other structural Hsf motifs that are organized in a distinctive series without any
known biological function were named as putative domains (PD) (55). There are
three PDs on the Hsf, PD2 (272-375 aa), PD3 (938-1046 aa), and PDI1
(1637—1740 aa), having 54.1-74.5% identity and 65.8—-80.2% sequence similarity.
Following the previous nomenclature, we named the adjacent PDs with a similar
numbering (Fig. 11A), and the binding domain numbering of Hsf was assigned on
the basis of the homology with Hia (268). We designatd the adjacent PDs with a
similar numbering (Fig. 11A) and the PDs consist of a KG domain followed by a
Trp-ring domain (N-KG: Trp ring-C). A KG domain is also present between
amino acids 2063-2112 (Fig. 11A), which has a more variable sequence than the
other 3 KG domains. Taken together, we demonstrated that Hsf is not straight but
is folded and doubled over, and it is the first report providing the unique structural
features of the Hsf (301).

Paper VI: Haemophilus influenzae Type f Acquires Vitronectin
through Protein H to Evade Host Innate Immunity and Adhere to
Pulmonary Epithelial Cells

In addition to NTHi, Hif has also been reported as an emerging pathogen causing

invasive disease in humans (55, 60-62, 302). In Paper VI, we studied the outer
membrane protein H as a human Vn-binding protein for Hif, and the roles of PH-
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Vn interaction in Hif virulence. Previously, PH was identified and characterized as
a human FH-binding protein, found in H. influenzae serotype b and f (303). This
PH-Vn interaction has important role in Hif pathogenesis by increasing serum
resistance and adhesion to alveolar epithelial cells.
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Figure 12: All H. influenzae serotype f clinical isolates show significant Vn binding at its
surface. Vn-binding to clinical isolates of Hif was analyzed by flow cytometry. Equal numbers of
bacteria of each isolate were incubated with 250 nM of Vn, and bound ligand was detected with
sheep anti-Vn pAb and FITC-conjugated donkey anti-sheep pAb. Data are presented as the mean
fluorescence intensity (mfi) after subtracting the background. E. coli was used as a negative control.
Circled data indicates mfi of the strain Hif M10 used for the detailed study.

In light of the emergence of Hif invasive disease, we examined Hif blood and
cerebrospinal fluid isolates (n=21) (180) for Vn binding in flow cytometry (Fig.
12). All clinical strains significantly bound Vn as compared with the negative
control E. coli. Acquiring Vn is one of the many strategies in pathogenic bacteria
to evade anti-bacterial activity of the human complement system, facilitating
colonization and subsequent infection (147, 215, 276, 304, 305). Vn is an effective
complement regulator that inhibits the terminal lytic pathway (Fig. 5) regardless of
which complement pathway that is activated (147) (Fig. 5). Vn inhibits MAC
assembly by blocking the membrane-binding site of the C5b—C7 complex and
prevents polymerization of C9 (147, 217). In parallel to ELISA with recombinant
PH and Vn that showed Vn binding ability of PH, we also tested the interaction on
the bacterial surface. We deleted the PH encoding gene /ph in Hif M10 strain, the
resulting Hif M10Alph mutant bound significantly less Vn in comparison with the
wild type, as revealed by flow cytometry experiments. We further analysed Vn
binding-specificity of PH using recombinantly expressed PH at the surface of the
heterologous host E. coli. This experimental system made it possible to evaluate
the specificity of PH by excluding other surface proteins interfering with Vn. By
implementing three different truncated fragments of Vn molecules encompassing
deletions in Heparin Binding Domain-3 (HBD3) (VnA**7%, vnA**>" and
VnA*?*77), we further pinpointed the binding site for PH on the Vn molecule. Our
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analyses confirmed that PH bound Vn at the amino acid sequence 352—-362 within
HBD3 at the C-terminal domain of Vn. We compared the Vn-binding affinity of
PH with the well-defined Vn-binding NTHi outer membrane PE (201, 217). Our
1:1 protein-protein binding affinity (kD) calculation by Biolayer interferometry
showed that PH interacted with Vn as efficiently as PE. The kD of 2.2 uM for the
PH—Vn interaction was calculated and found to be similar to the kD for PE (0.4
uM) despite different methods being used (274). We also showed that the PH-Vn
interaction resulted in an increased Hif adherence to epithelial cells. Hif binds to
the C-terminal HBD3 domain via PH, leaving the N-terminal integrins bound to
the RGD motif available on Vn. The binding of integrins to the RGD motifs on Vn
is evolutionarily conserved (306, 307). Therefore bacterial binding to integrins,
especially to alpha-v beta-3 (avb3) integrin on the host cells, is facilitated. Hence,
a cross-link between bacteria and epithelial cells can occur using Vn as a bridging
molecule to epithelial integrins (147, 308, 309). This study explores how the Hif
utilizes the host protein Vn for evasion of the innate immunity, and invasion of the
host. Further studies are required to fully understand the virulence factors related
to Hif, to explain why there is an increased incidence of invasive Hif disease in the
human population.

Concluding Remarks

This thesis was focused on outer membrane proteins (OMPs) from Haemophilus
influenzae that represent important Gram-negative respiratory tract pathogens.
Results of this study shed light on the structures, and functional role of H.
influenzae OMPs protein E, Haemophilus surface fibril, and protein H.

We successfully determined the crystal structure of PE, which, together with other
studies, allowed us to dissect the involvement of PE in the virulence mechanism of
H. influenzae. Additionally, we elucidated that PE acquires hemin (an iron
containing porphyrin) on the bacterial surface, acting as a reservoir of hemin that
allows H. influenzae to survive in the scarcity of heme in the host.

Our data revealed the architecture of Hsf. Characterization of Vn and Hsf
interactions, and immunological analyses, demonstrated how Hsf recruits the host
factor Vn on bacterial surface, and thereby inhibiting the host innate immune
response.

Finally, this study demonstrated that PH recognized the C-terminal part of Vn.
PH-dependent Vn-acquisition increased bacterial survival during complement-
mediated killing and also adhesion to the airways.
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Collectively, this thesis on OMPs contributes to a deeper understanding of host-
pathogen interactions and their significance during host infections.

Future Perspectives

Bacterial outer membrane proteins (OMPs) are targets of research to understand
bacterial pathogenicity. These are the proteins use by the bacteria to adhere, settle,
colonize and later invade the host. Molecular and structural details of such OMPs
are essential to obtain an in depth understanding of the mechanism of host-
bacterium interactions and H. influenzae pathogenicity. This knowledge can also
be exploited for the development of novel vaccines or drugs against H. influenzae
targeting these OMPs.

We solved the three dimensional structure of PE and it would be very interesting
to crystallize PE in complex with any of the well-studied host factors Vn, Ln or
PLG, and solve the crystal structure of the complex. This would help us to
understand host pathogen interactions at an atomic level. The knowledge of a
visual observation of the interaction will be helpful to manipulate the behavior of
the pathogenic bacteria towards host. Moreover, PE has been found conserved in
all types of H. influenzae, so this property makes it an excellent vaccine candidate
against H. influenzae.

We reported that Hsf interaction with Vn inhibited assembly of the membrane
attack complex (MAC) protecting H. influenzae, and also increased the adherence
and internalization of bacteria into host cells. It would be interesting to search for
other ligands from the host factors and elicit the functions and importance of those
ligands binding properties of Hsf.

Using an in silico technique, we described the architecture of the protein Hsf, but
what would be really striking is to see the Hsf in real-time using innovative
methods such as crystallography, small-angle X-ray scattering (SAXS) or possibly
using cryo-electron microscopy (cryo-EM). It is always advantageous to have
structural data of the protein molecule, because structural detail of the molecule
may be used to design specific inhibitors.

We demonstrated that PH-Vn synergy is important for Hif pathogenesis by
increasing serum resistance and adhesion to the epithelial cells. At the present
time, along with NTHi, Hif is one of the H. influenzae types showing potentiality
to be a pathogen like Hib. Therefore, it is important to focus on Hif in order to
develop novel therapeutic measurements. PH has been found to be a
multifunctional protein, interacting with Vn, FH and recently we have found that,
PH also interacts with other host proteins (unpublished data). We have generated
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some data on the interactions of PH and other host factors. It would be intriguing
to do further studies on bacteria and host interaction exploring PH functional and
immunological importance in Hif virulence. It would also be a useful contribution
to solve the three-dimensional crystal structure of PH. Detailed 3D images of the
PH structure in complex with FH, Vn or any other host factors would also be
worthwhile to understand part of the overall host pathogen interaction.
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Crystallization and X-ray diffraction analysis of a

novel surface-adhesin protein: protein E from
Haemophilus influenzae

Protein E (PE) is a ubiquitous multifunctional surface protein of Haemophilus
spp. and other bacterial pathogens of the Pasteurellaceae tamily. H. influenzae
utilizes PE for attachment to respiratory epithelial cells. In addition, PE
interacts directly with plasminogen and the extracellular matrix (ECM)
components vitronectin and laminin. Vitronectin is a complement regulator
that inhibits the formation of the membrane-attack complex (MAC). PE-
mediated vitronectin recruitment at the H. influenzae surface thus inhibits MAC
and protects against serum bactericidal activity. Laminin is an abundant ECM
protein and is present in the basement membrane that helps in adherence
of H. influenzae during colonization. Here, the expression, purification and
crystallization of and the collection of high-resolution data for this important
H. influenzae adhesin are reported. To solve the phase problem for PE, Met
residues were introduced and an SeMet variant was expressed and crystallized.
Both native and SeMet-containing PE gave plate-like crystals in space group
P2,, with unit-cell parameters a = 44, b = 57, ¢ = 61 A, B =96°. Diffraction data
collected from native and SeMet-derivative crystals extended to resolutions of
1.8 and 2.6 A, respectively.

1. Introduction

Haemophilus influenzae is an important respiratory pathogen that
causes acute otitis media in children and exacerbates chronic,
obstructive pulmonary disease (COPD; Murphy et al., 2009). Adhe-
sins are surface proteins of pathogens that are used not only for
adherence to host cells but also to induce a pro-inflammatory response
and thus communication between the host and the pathogen in
question (Kline et al., 2009). In recent years, some surface adhesins
from H. influenzae have been suggested as vaccine candidates as they
exhibit protective roles in experimental models (Murphy, 2009).
These Haemophilus adhesins are multifunctional; in addition to their
role in adhesion, some of them are transporters or transmembrane
proteins or are secreted during infection of the host. There are 8-10
different surface proteins that have been identified to be adhesins
(Murphy, 2009), but only the structures of Haemophilus surface fibril
and its homologues Hia (Cotter ef al., 2005) and high-molecular-
weight protein (HMW; Yeo er al., 2007) have partially been deter-
mined. Recently, the structure of the H. influenzae adhesin protein
HAP was revealed (Meng et al., 2011). In general, structural infor-
mation on adhesins has been useful in providing insights into the
host—pathogen relationship.

We recently described the role of the hitherto unknown
H. influenzae protein E (PE) in interacting with host epithelial cells
and its involvement in subverting the host innate immune system.
Protein E is a 16 kDa surface lipoprotein from H. influenzae that
functions as an adhesin and induces a pro-inflammatory response
during infection, leading to IL-8 secretion and up-regulation of
ICAM-1 (CD54) in both cell lines and primary epithelial cells origi-
nating from patients with COPD. Interestingly, immunization of mice
with the PE peptide 84-108 showed a protective role in pulmonary
clearance (Ronander er al, 2009). By using a detailed peptide-
mapping approach, we have described several host protein-binding
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regions in PE (Hallstrom et al., 2009, 2011; Singh et al., 2011). PE was
found to be highly conserved among Haemophilus spp. and other
members of the Pasteurellaceae family, with a sequence identity of
34.1-98.8% and a similarity of 55.3-100% (Singh ez al., 2010), and
thus is likely to also function as an adhesin in other species of this
family.

In this paper, we describe the expression of PE in Escherichia coli
and its purification using various chromatographic steps. The condi-
tions for crystallization were found by using commercial kits and an
automated robotic system. A fine grid optimization yielded crystals of
good diffracting quality. Since the natural protein does not contain
methionine residues, a heavy-atom derivative search to solve the
phase problem using MIR or MAD methods was started. This proved
to be unsuccessful. To overcome the phasing problem, two methio-
nine residues were introduced into the protein and the phase problem
was solved using SeMet-labelled PE. Finally, data were collected to
1.8 A resolution from native PE crystals and to 2.6 A resolution from
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SeMet-labelled PE crystals. These data will be used to solve the
structure of PE and will be extremely useful in elucidating the mode
of interaction with host proteins.

2. Materials and methods
2.1. Selection of Met positions for phasing

Guidance for the selection of the amino acids to be substituted by
methionine residues was obtained from the Dayhoff matrix as well
as a putative protein fold based on prediction (Fig. 1). A secondary-
structure prediction based on JPred3 (Cole et al., 2008) and Predict-
Protein (Rost & Liu, 2003) was used to select low-penalty substitu-
tions placed within secondary-structure elements. The presence of
a Met residue in related sequences in a multi-sequence alignment by
ClustalW was also taken into account.
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Figure 1

Plan of the site-directed mutagenesis of the PE molecule. The PE amino-acid sequence was analysed for secondary-structure-based alignment using the JPred3 software. PE
homologues were compared to determine the availability of Met in their sequences. Possible mutations for the introduction of Met are highlighted in magenta at four
positions. Leu43 is present as Met in other homologues of PE and thus was selected for mutation. Additionally, the conserved Leu74 residue was mutated to Met. In the
alignment scheme, B-sheets are shown as yellow arrows and a-helices are shown as cylinders.
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2.2. Construction of vectors, site-directed mutagenesis and
expression of PE

The H. influenzae gene (HIO178) encoding PE has successfully
been cloned and His-tagged PE has been expressed in our laboratory
(Ronander et al., 2009; Singh et al., 2011). For crystallization, we
produced PE without any tag. The pe gene encoding amino acids 17—
158 (excluding the signal peptide) was amplified using PCR with the
forward primer PE_For, 5-GCCATGCATCCATATGTCTGCTCA-
AATCCAAAAGGCTGAACAAAATGA-3, and the reverse primer
PE_Rev, 5'-CCCGAATTCTCAATCAACTGAAAATGCTTTACC-
ATAATTTGCACA-3' (Ndel and EcoRI restriction sites are shown
in bold). The insert was ligated into pET26b that had been digested
with Ndel and EcoRI followed by dephosphorylation. Finally, the
sequenced and correct vector was transformed into E. coli BL21
(DE3). The purpose of this construct was to produce untagged PE in
the cytoplasm, which resulted in the formation of inclusion bodies
owing to protein misfolding. Purification of the inclusion bodies and
protein refolding was performed to obtain optimally purified PE.

Residues Leu43 and Leu74 were mutated to methionine using a
site-directed mutagenesis approach as described previously (Singh &
Roéhm, 2008; Singh et al., 2011). The forward primer L43M_For, 5'-
GCGGATATATACGTATGGTAAAGAATGTG-3', and the reverse
primer L43M_Rev, 5-CACATTCTTTACCATACGTATATATCC-
GC-3', were used to mutate Leud3 to Met; a subsequent second
mutation was made in this template using the primers L74M_For,
5-GCAGTGGTGAATATGGATAAGGGATTG-3', and L74M_Rev,
5'-CAATCCCTTATCCATATTCACCACTGC-3'. The bases that
were mutated are shown in bold. QuikChange site-directed muta-
genesis was performed using high-fidelity PfuTurbo DNA poly-
merase (Stratagene, La Jolla, California, USA). Finally, the sequenced
vector was transformed into E. coli 834 (DE3). For selenomethionine
labelling of the PE"*M17*M yarjant, a SelenoMet Medium Base and
SelenoMet Nutrient Mix expression-media kit (Molecular Dimen-
sions, Athena Enzyme Systems, Baltimore, Maryland, USA) was used
and solutions were prepared according to the manufacturer’s
instructions. For labelling, a single colony of E. coli 834 (DE3) con-
taining pET26PE™**M M was grown overnight in 100 ml SelenoMet
Medium supplemented with L-methionine containing 50 pig ml~"
kanamycin. Cells were spun down at 4000g, washed three times with
100 ml sterile water and resuspended in 5 ml sterile water. This
culture was subsequently inoculated into 11 pre-heated (310 K)
SelenoMet Medium containing L-selenomethionine and grown for 2 h
at 310 K with 200 rev min~" shaking. The expression of protein was
induced by the addition of 1 mM IPTG and further growth was
performed for 6 h at 310 K with 200 rev min~' shaking. Bacteria were
harvested and resuspended in 25 ml PBS. The expression of un-
labelled PE was performed using a routine laboratory protocol as
described in Singh et al. (2011). In brief, a single colony of E. coli
containing pET26bPE was inoculated into 5ml LB containing
100 pg ml~" kanamycin and incubated overnight at 310K at
200 rev min~". Thereafter, the bacterial culture was transferred to 11
fresh LB containing 50 pg ml~" kanamycin and incubated at 310 K at
200 rev min~" until the OD reached 1.0. Expression was induced by
the addition of 1 mM IPTG followed by 6 h further incubation using
the same conditions. Finally, the bacterial cells were harvested and
resuspended in 25 ml PBS.

2.3. Inclusion-body preparation and refolding of PE

The bacterial cells were lysed mechanically by sonication (1 min
cycle at 10x), keeping the samples in an ice bath. The DNA from the
cell lysate was digested by the addition of 1 mg DNase I (Sigma,

Missouri, USA) followed by incubation for 30 min at 310 K. The
lysate was then centrifuged at 10 000g at 277 K for 20 min. The pellet,
which consisted of inclusion bodies, was washed with 5 M urea and
dissolved in 10 ml 8 M urea with constant stirring for 6 h at 277 K.
The refolding of PE was performed by a dilution method, in which
10 ml PE (in 8 M urea) was added to 200 ml refolding buffer (50 mM
Tris—-HCI pH 7.8, 500 mM NaCl, 5 mM DTT, 0.005% Tween-20, 2 M
urea) at 1 ml h™" at room temperature. The refolded protein solution
was centrifuged at 10 000g for 30 min at 277 K. The supernatant was
dialysed against 50 mM Tris—-HCI pH 7.8 containing 135 mM NaCl
and 2 mM DTT. Finally, the dialysed PE solution was centrifuged at
10 000g for 30 min at 277 K to remove aggregated proteins. The
supernatant containing folded PE was used in further purification
steps.

2.4. lon-exchange and gel filtration

Q-Sepharose Fast Flow anion-exchange resin (GE Healthcare
Biosciences, Uppsala, Sweden) was packed into XK-16 glass columns
(GE Healthcare Biosciences) attached to an AKTAprime plus FPLC
system (GE Healthcare Biosciences). The column was washed with
several volumes of degassed double-distilled H,O and equilibrated
with 50 mM Tris-HCI pH 7.8 buffer containing 135 mM NaCl and
2 mM DTT. The refolded PE solution was loaded onto the column at
0.5 ml min~" using Superloop (GE Healthcare Biosciences). PE is a
basic protein and did not interact with the anion-exchange resin, but
other contaminant proteins bound to the resin. Therefore, the flow-
through collected from the column was concentrated and used in the
next purification step. The flowthrough was added to 500 mM NaCl
and concentrated to 2-3 ml in volume using a 5000 Da molecular-
weight cutoff Vivaspin concentrator (Sartorius Stedim Biotech,
Gottingen, Germany). A Superdex 200 gel-filtration column (GE
Healthcare Biosciences) was connected to the FPLC system and
equilibrated with 50 mM Tris-HCI pH 7.5 buffer containing 500 mM
NaCl and 2 mM DTT. Samples (250-300 pl) were injected and the
proteins were separated at 0.5 ml min~". Fractions were collected at
1ml and the purity of the proteins was assessed by SDS-PAGE
stained with Coomassie Blue R250. Concentrations were measured
using a Nanodrop spectrophotometer and the BCA method
according to the manufacturer’s recommendations (Pierce, Rockford,
Illinois, USA).

2.5. Crystallization of proteins

For the production of native crystals, PE was finally concentrated
to 10mgml~" in gelfiltration buffer (50 mM Tris-HCl pH 7.5,
500 mM NaCl,2 mM DTT). PACT Premier Screen, JCSG+, Structure
Screens 1 and 2 (Molecular Dimensions, Newmarket, England),
Crystal Screen and Crystal Screen 2 (Hampton Research, Aliso Viejo,
California, USA) were used for initial screening. Drops consisting of
200 nl reservoir solution and 200 nl protein solution at a concentra-
tion of 5-10 mg ml~" were produced using a Mosquito robot (TTP
LabTech, Melbourn, England) in 96-well MRC plates at the MAX IV
laboratory crystallization facility (Lund University, Sweden). The
plates were stored at 298 K and photographed using a CrystalPro
camera and the data were managed using CrystalLims software
(both from TriTek Corporation, Sumerduck, Virginia, USA). PACT
Premier kit condition A3, consisting of 100 mM SPG buffer pH 6.0,
25%(wlv) polyethylene glycol (PEG) 1500, produced small rod-
shaped crystals. From the same kit, condition F3 [100 mM bis-tris
propane pH 6.5, 200 mM Nal, 20%(w/v) PEG 3350] produced thin
plate-like crystals. Additionally, Crystal Screen 2 condition No. 26
[100 mM MES pH 6.5, 200 mM ammonium sulfate, 30% (w/v) poly-
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ethylene glycol monomethyl ether 5000] also produced thin plate-like
crystals. Usually, all of these crystals appeared in drops after 3-4 d
of setup. The conditions described above [100 mM SPG buffer and
25% (w/v) PEG 1500 or 100 mM bis-tris propane buffer, 200 mM Nal
and 20%(w/v) PEG 3350] were used to reproduce crystals manually
using the sitting-drop method. Single crystals were obtained that
could be used for data collection.

SeMet PEM*™™7*M did not produce crystals under the native PE
crystallization conditions, so the four kits mentioned above were
screened again to obtain initial conditions. PACT Premier condition
B7 [100 mM MES pH 6, 200 mM NaCl, 20%(w/v) PEG 6000] and
condition B8 [100 mM MES pH 6, 200 mM NH,CI, 20%(w/v) PEG
6000] produced microcrystals. The pH, salt and precipitant concen-
trations were optimized based on these conditions, but this did not
improve the sizes of the crystals. Hence, microseeding was used to
improve the crystal size. Microseeds were prepared using a Seed
Bead kit (Hampton Research). In brief, 400 nl of a microcrystal-
containing drop was mixed with 15 pl seed-crystal stabilizing solution
[100 mM MES pH 6.0, 300 mM NaCl, 20% (w/v) PEG 6000], vortexed
and dilutions were made according to the kit manual. Four different
reservoir solutions, (i) 100 mM MES pH 6, 100 mM NH,CI, 20% (w/v)
PEG 6000; (ii) 100 mM MES pH 6, 200 mM NH,CI, 20%(w/v) PEG
6000; (iii) 100 mM MES pH 6, 100 mM NaCl, 20%(w/v) PEG 6000
and (iv) 100 mM MES pH 6, 200 mM NaCl, 20%(w/v) PEG 6000,
were pipetted into MRC 96-well plates in duplicate rows using a
Freedom EVO 150 liquid-handling workstation (Tecan, Ménnedorf,
Switzerland). Serial dilutions of seeds were made in up to eight steps.
In each drop, 100 nl seed solution, 300 nl reservoir solution and 200 nl
protein solution were pipetted using a Mosquito robot. Conditions
(ii) and (iv) with seeds produced crystals of approximate dimensions
100 x 150 x 10 pm. These crystals were used to collect MAD data
sets at the MAX IV Laboratory, Lund University, Sweden.

2.6. Data collection

Crystals were quickly cooled with a cryoprotectant solution in a
mitotic loop using liquid nitrogen before exposing them to the X-ray
beam. Several cryoprotectants such as glycerol, m-phenylenediamine
(MPD) and PEG 400 were tried at different concentrations before
a suitable one was identified. For native PE crystals, a universal

Table 1
Data-processing and phasing statistics.

Values in parentheses are for the last shell.

Native 1 SeMet PK ~ SeMet IP SeMet RM

Space group P2, P2, P2, P2,
Unit-cell parameters

a(A) 442 44.1 44.1 44.1

b (/:\) 57.3 56.9 56.9 56.9

c(A) 61.4 61.4 61.4 61.4

B() . 96.1 96.1 96.1 96.1
Wavelength (A) 1.000 0.97918 0.97942 0.9700
Maximum resolution (;\) 1.8 2.6 27 23
Monomers in asymmetric unit 2 2 2 2
Vy (A’Da™) 228 226 226 226
Solvent content (%) 46.0 45.7 45.7 45.7
Total observations 115628 62016 60725 101090
Unique reflections 28219 17365 16137 26407
Ruerge (%) 62(457) 55(202) 47(157) 9.4 (50.4)
Completeness (%) 99.5 (98.6) 94.4 (682) 98.8 (94.3)  99.0 (95.1)

Average l/o(l) 1234 (2.64) 16,37 (4.19) 2045 (6.76) 1140 (2.85)

Phasing
FOM - 0.32
Phasing power (isomorphous) — - 0.713 (0.538) 0.331 (0.253)
Phasing power (anomalous) — — 1.079 1.050 0.416
Cullis R factor (isomorphous) — - 0.617 (0.642) 0.899 (0.976)
Cullis R factor (anomalous) — — 0.843 0.826 0.958

cryosolution consisting of 32%(w/v) glycerol, 32%(w/v) ethylene,
36% (w/v) sucrose and 2% (w/v) glucose was used to flash-cool the
crystals. This universal cryosolution was added in a 1:1 ratio to the
protein drop before picking up crystals using a mitotic loop and
placing them in a cryogenic N,-gas stream. 15% (w/v) PEG 400 in the
reservoir conditions acted as the best cryoprotectant for the SeMet
PE crystals.

All crystal testing and data collection was performed at station
1911-3 at the MAX IV Laboratory (Lund University, Sweden). The
data were collected on a MAR 225 CCD detector (MAR Research,
Germany) using an MD2 goniostat (Maatel, France). To obtain phase
information to solve the structure of PE, three data sets, peak (PK),
inflection point (IP) and remote (RM), were collected at the Se K
edge (~0.9795 A) from the same SeMet-containing crystal (see
Table 1 for data-collection details and statistics).

Data for PK and IP were collected first, with exposure times
such that the influence of radiation damage on the phasing could be

(@)

Figure 2

()

Native and SeMet PE crystals grown under different conditions. () Native PE (5 mg ml~") produced rod-shaped crystals of approximately 10 x 20 x 50 pum in size using
100 mM SPG buffer pH 6.0, 25%(w/v) PEG 1500. (b) An SeMet PE crystal (100 x 150 x 10 pm) obtained after microseeding in a solution consisting of 100 mM MES pH 6,

200 mM NH,CI with 20% (w/v) PEG 6000.
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minimized; however, the data for RM were collected with longer
exposure times in order to obtain reliable data out to the diffraction
limit of the crystals (see Table 1). All data were integrated and scaled
using XDS (Kabsch, 2010). A first impression of the phasing power
was obtained using HKL2MAP (Pape & Schneider, 2004), which
provides a graphical interface to a set of programs from the SHELX
suite (Sheldrick, 2008). Six of the eight possible Se positions could be
identified using Patterson methods in SHELXC. Subsequent refine-
ment and phasing of the structure was achieved with autoSHARP
(Vonrhein et al., 2007) using data from all three data sets.

3. Results and discussion

We expressed and purified native and SeMet PE 17-158 without any
tag with a high purity suitable for crystallization. Approximately 11
E. coli culture yielded 50-60 mg purified protein after ion-exchange
and gel-filtration chromatography. The majority of PE was obtained
in a dimeric form, while a minor fraction was oligomeric (data not
shown). The protein purity was >98% pure as judged by SDS-PAGE.
PE was stable at 253 K for more than a year and successfully
produced crystals. Different expression, purification and storage
batches did not alter the crystallization behaviour of the protein. The
results obtained here were thus reproducible. The homogeneity and
multimeric association of each protein-preparation batch was further
confirmed by dynamic light-scattering (DLS) experiments before
proceeding to crystallization experiments. The DLS data also
suggested that >85% of PE was present as a dimer, while ~15% was
oligomeric (data not shown).

In order to solve the phase problem, Met residues were introduced
(Fig. 1). For success, it was important that the point mutation in the
PE molecule did not produce any constraint on the PE molecule and
that the structures of the native and the SeMet variant were very
similar. The positions of possible mutations were carefully analyzed.
A Met residue favours a nonpolar environment in the core of the
protein and thus a choice was made both on the mutability and the
position of the residues in possible secondary-structure elements. The
resulting SeMet PE behaved almost identically to native PE and
existed with the majority in a dimeric form.

During screening, two different conditions produced high-quality
native PE crystals: (i) 100 mM SPG buffer pH 6.0, 25%(w/v) PEG
1500 and (i) 100 mM bis-tris propane pH 6.5, 200 mM Nal and
20% (w/v) PEG 3350. The first condition produced small rod-shaped
crystals with approximately dimensions 10 x 20 x 50 um (Fig. 2a)
and after fine-tuning of the conditions produced plate-like crystals
with approximate dimensions 100 x 150 x 10 um. Data sets were
collected from both crystal forms and despite their smaller size the
rod-shaped crystals (Fig. 2a) diffracted as well as the larger plate-
shaped crystals. The space groups and details of the data sets are
described in Table 1. Finding a suitable cryosolution for the native
PE crystals was critical and challenging, since the crystals were easily
damaged and the diffraction pattern compromised. After a search
for appropriate cryoconditions, the universal cryosolution 32% (w/v)
glycerol, 32% (w/v) ethylene, 36% (w/v) sucrose and 2% (w/v) glucose
gave the best results when applied in a 1:2 ratio to the protein drop in
which the crystals appeared.

SeMet PE crystals were produced under different conditions and
the size of the crystals was improved using the microseeding tech-
nique. Two conditions generated SeMet PE crystals: (i) 100 mM MES
pH 6, 200 mM NH,CI, 20% PEG 6000 and (ii) 100 mM MES pH 6,
200 mM NacCl, 20% PEG 6000. These crystals were small in size and
were not useful for diffraction. In order to proceed, these micro-
crystals were used for seed preparation; serially diluted seeds were

added to new fresh drops of conditions (i) and (ii). Of these two
conditions, 100 mM MES pH 6, 200 mM NH,Cl with 20% PEG 6000
produced large plate-like crystals with final dimensions of approxi-
mately 100 x 150 x 10 um (Fig. 2b). Before proceeding to X-ray
exposure, SeMet PE crystals were soaked in reservoir-condition
solution supplemented with 15% (w/v) PEG 400 as a cryoprotectant.
We collected full data sets from a single SeMet PE crystal at the peak
(PK), inflection-point (IP) and remote (RM) wavelengths of the Se K
edge, with the RM data set extending to the diffraction limit of 2.3 A,
while taking care that no major radiation damage occurred during the
collection of the first two data sets that could hinder the subsequent
phase determination. Therefore, the first two data sets (PK and IP)
extended to only 2.6-2.7 A resolution, while the RM data set, which
was collected last with longer exposure times, extended to 2.3 A
resolution. The three data sets collected for this MAD data set were
used to obtain the positions of the Se atoms in the structure in
Patterson functions and to subsequently solve the structure. During
data processing and subsequent calculations for phasing, the PK data
set was used as a reference set. Six out of eight positions were found
using Patterson searches in SHELXC. Using the data set from the
rod-shaped crystals (native 1), we managed to extend the PE atomic
structure to 1.8 A resolution, which allowed us to obtain a reliable
model of the structure of PE.
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The Unique Structure of Haemophilus influenzae Protein E Reveals
Multiple Binding Sites for Host Factors

Birendra Singh,® Tamim Al-Jubair,® Matthias Mérgelin,” Marjolein M. Thunnissen,© Kristian Riesbeck®

Medical Microbiology, Department of Laboratory Medicine Malmo, Lund University, Skane University Hospital, Malmo, Sweden?®; Section of Clinical and Experimental
Infectious Medicine, Department of Clinical Sciences, Lund University, Lund, Sweden®; Centre of Molecular Protein Science, Lund University, Lund, Sweden®

Haemophilus influenzae protein E (PE) is a multifunctional adhesin involved in direct interactions with lung epithelial cells and
host proteins, including plasminogen and the extracellular matrix proteins vitronectin and laminin. We recently crystallized PE
and successfully collected X-ray diffraction data at 1.8 A. Here, we solved the structure of a recombinant version of PE and ana-
lyzed different functional regions. It is a dimer in solution and in the asymmetric unit of the crystals. The dimer has a structure
that resembles a flattened B-barrel. It is, however, not a true B-barrel, as there are differences in both the hydrogen-bonding pat-
tern and the shape. Each monomer consisted of a 6-stranded antiparallel B-sheet with a rigid a-helix at the C terminus tethered
to the concave side of the sheet by a disulfide bridge. The laminin/plasminogen binding region (residues 41 to 68) is exposed,
while the vitronectin binding region (residues 84 to 108) is partially accessible in the dimer. The dimerized PE explains the si-
multaneous interaction with laminin and vitronectin. In addition, we found this unique adhesin to be present in many bacterial
genera of the family Pasteurellaceae and also orthologues in other, unrelated species (Enterobacter cloacae and Listeria monocy-
togenes). Peptides corresponding to the surface-exposed regions PE 24 to 37, PE 74 to 89, and PE 134 to 156 were immunogenic
in the mouse. Importantly, these peptide-based antibodies also recognized PE at the bacterial surface. Taken together, our de-
tailed structure of PE explains how this important virulence factor of H. influenzae simultaneously interacts with host vitronec-
tin, laminin, or plasminogen, promoting bacterial pathogenesis.

Haemophilus influenzae is an important Gram-negative respi-
ratory pathogen that causes, for example, acute otitis media
in children and exacerbations in patients with chronic obstructive
pulmonary disease (COPD), but also invasive diseases, such as
meningitis and sepsis (1). Encapsulated H. influenzae is catego-
rized into six different serotypes, a to f, whereas the remaining
noncapsulated H. influenzae is designated nontypeable H. influen-
zae (NTHI) (2). H. influenzae resides in the mucosa, and NTHI is
mainly associated with infections in the respiratory tract, whereas
encapsulated H. influenzae, including H. influenzae type b (Hib),
causes invasive disease. Until the 1990s, Hib was the most com-
mon serotype, but a dramatic reduction in Hib cases was observed
after the introduction of a conjugate vaccine against Hib. How-
ever, an increasing incidence of invasive disease caused by non-
type b H. influenzae has recently been reported from several coun-
tries (2—4).

In contrast to the very efficient vaccine against Hib, no suitable
vaccine has been implemented for NTHI Lipopolysaccharide
(LPS) and surface-exposed antigenic proteins of Gram-negative
pathogens are generally predicted to be putative starting points for
screening of suitable vaccine candidates (5). However, not all sur-
face proteins or LPS are suitable for eliciting protection in the host
against a particular pathogen. In recent years, several surface ad-
hesin proteins, including HMW-1 and -2 (6), PilA (7), P6 (8), and
protein D (9), have been analyzed for their vaccine potential.
Some of these NTHI surface proteins showed initial protection in
experimental models, and protein D is now included in the vac-
cine Synflorix, giving partial protection against H. influenzae in
humans (10, 11). Structural data are, however, available for only a
few of these vaccine candidates.

We have described the role of a hitherto unknown H. influen-
zae protein E (PE) in interactions with host epithelial cells and in
subversion of the host innate immune response (12). Protein E is
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a 16-kDa surface lipoprotein of H. influenzae that functions as an
adhesin and induces a proinflammatory response during infec-
tion, leading to interleukin 8 (IL-8) secretion and upregulation of
ICAM-1 (CD54) in both cell lines and primary epithelial cells
originating from patients with COPD. An isogenic pe mutant
showed defective adhesion and internalization of host epithelial
cells. Furthermore, by using a peptide-mapping approach, we sug-
gested that the amino acid region 84 to 108 is involved in binding
to epithelial cells. Importantly, immunization with the PE amino
acid (aa) 84 to 108 peptide showed significantly better pulmonary
clearance in a mouse model than immunization with an unrelated
control peptide (12). When the pe gene was sequenced in all Hae-
mophilus spp., including Hib and NTHI clinical isolates, we found
that PE is a ubiquitous Haemophilus outer membrane protein
(13). The active vitronectin-binding region PE aa 84 to 106 was
found to be 100% conserved. PE homologues were also present in
other members of the family Pasteurellaceae, including Aggregati-
bacter spp., Actinobacillus spp., Mannheimia succiniciproducens,
and Pasteurella multocida (13).

Vitronectin (Vn) and laminin (Ln) are among other proteins
found in the extracellular matrix (ECM) (14, 15). In addition, Vn
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plays a crucial role in maintaining homeostasis in the regulation of
the complement system, i.e., the innate immunity. We recently
observed that NTHI binds Vn via surface-exposed PE and that this
interaction leads to increased serum resistance. The peptide re-
gion covered by amino acids 84 to 108 is the Vn interaction do-
main (14-16), and further analysis revealed that in particular, the
residues K85 and R86 are involved in Vn binding (17). In addition
to the PE-dependent Vn binding, we observed that the region
comprising PE amino acids 41 to 68 interacts with Ln, an abun-
dant ECM protein in the basement membrane, and that this in-
teraction leads to better adhesion of NTHI to host tissues (18).
Interestingly, the Ln and Vn binding sites on the PE molecule are
completely separate and do not interfere with each other during
binding. The outer membrane PE thus both functions as an adhe-
sin and concurrently protects bacteria from complement-medi-
ated killing (18). More recently, we observed that PE also binds
plasminogen, which is ultimately converted into plasmin, and this
consequently leads to degradation of complement 3 (C3) and
dampening of the host innate response (19).

We recently published a technical report on crystallization data
for a recombinant variant PE and an Se-methionine-labeled PE
(SeMet PE) (20). In the present study, the X-ray diffraction data at
1.8-A resolution were analyzed in detail to obtain the structure of
PE. Based upon the crystal, we show that the PE molecule is a
dimer in the asymmetric unit. The structure of the monomer con-
tained six antiparallel 3-sheets connected with loops. At the C-ter-
minal end, a rigid a-helix was found that was fixed in its position
by a disulfide bond to the top of the B-sheet. The laminin and
plasminogen binding regions of PE were exposed at the surface of
the molecule, while the Vn binding region, previously defined by a
peptide-mapping approach, was partially exposed. Furthermore,
we used structure-based selection of the exposed regions to verify
their localizations and respective immunogenicities by raising an-
tibodies in mice. These structural findings provide insight into the
regions that are involved in interactions with host proteins and a
possible mode of PE-mediated host interaction by H. influenzae.

MATERIALS AND METHODS

Protein expression, purification, and crystallization. PE and SeMet PE
were recombinantly expressed in Escherichia coli as inclusion bodies, and
purification was performed as described previously (20). In brief, E. coli
BL21(DE3) harboring plasmids encoding PE and SeMet PE were grown in
1 liter LB with 50 pwg/ml kanamycin, and protein expression was induced
by addition of 1 mM IPTG (isopropyl-B-p-thiogalactopyranoside). The
cells were lysed by sonication, and inclusion bodies were collected by
centrifugation. The inclusion bodies were washed with 5 M urea and
dissolved in 10 ml of 8 M urea. Refolding of PE was performed by the
dilution method in refolding buffer containing 50 mM Tris-HCI, pH 7.8,
500 mM NaCl, 5 mM dithiothreitol (DTT), 0.005% Tween 20, and 2 M
urea. The refolded proteins were dialyzed against 50 mM Tris-HCI, pH
7.8, buffer containing 135 mM NaCl and loaded into a Q-Sepharose Fast
Flow anion-exchange column (GE Healthcare Biosciences, Uppsala, Swe-
den) equilibrated with 50 mM Tris-HCI, pH 7.8, buffer containing 135
mM NaCland 2 mM DTT. The flowthrough of the column that contained
PE was collected and further purified with a Superdex 200 gel filtration
column (GE Healthcare Biosciences) equilibrated with 50 mM Tris-HCl,
pH 7.5, buffer containing 500 mM NaCland 2 mM DTT (20). The protein
purity was estimated by SDS-PAGE, and concentrations were measured
with a Nano-Drop spectrophotometer.

The recombinant variant of PE and SeMet PE were concentrated up to
5 mg/ml. The crystallization conditions were screened by using commer-
cial kits as described elsewhere (20). Crystals of the recombinant variant
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PE were obtained in 100 mM sucrose-phosphate-glutamic acid (SPG)
buffer, pH 6.0, 25% (wt/vol) polyethylene glycol (PEG) 1500. The SeMet
PE produced crystals in 100 mM MES (morpholineethanesulfonic acid),
pH 6,200 mM NaCl, and 20% PEG 6000. The size of the SeMet PE crystals
was further improved by using the microseeding technique. Both PE pro-
teins produced crystals within 4 to 5 days of incubation at 25°C. Details of
the crystallization strategies were published previously (20).

Data collection and refinement. Crystals were quickly cooled in the
presence of a cryoprotectant solution in a MiTeGen loop (Ithaca, NY)
using a stream of nitrogen gas at 100 K before exposing them to the X-ray
beam. The universal cryosolution, containing 32% (wt/vol) glycerol, 32%
(wt/vol) ethylene, 36% (wt/vol) sucrose, and 2% glucose, was used for the
recombinant variant PE crystals. Suitable crystals were incubated in drops
of mother liquor to which an equal volume of the cryosolution was added.
After about 30 s of incubation, they were mounted in loops and placed in
a cryogenic N, gas stream at 100 K. In contrast to the cryoconditions for
the recombinant variant PE crystals, 15% (wt/vol) PEG 400 in reservoir
solution was used for SeMet PE crystals. All data collections were per-
formed at station 1911-3 at the MAX IV Laboratory (Lund University,
Sweden). The station was equipped with an MD2 goniostat (Maatel,
France) and a MAR225 charge-coupled-device (CCD) detector (Marre-
search, Norderstedt, Germany).

To obtain reliable phase information, three data sets, peak (PK), point
of inflection (PI), and remote (RM), were collected at the K edge of sele-
nium (around 0.9795 A) from the same SeMet-containing crystal (Table 1
shows data collection details and statistics). Data for PK and PI sets were
collected first, with reduced exposure times, so that the influence of radi-
ation damage on the phasing could be minimized. The data for RM, how-
ever, were collected with longer exposure times in order to obtain data to
the diffraction limit of the crystals (Table 1). All data were integrated and
scaled using the program XDS (21). The phasing power was monitored by
using HKL2MAP (22), a graphical interface to a set of programs from the
SHELX suite. Six of the 8 possible Se positions could be identified using
Patterson methods in SHELXC (23). Subsequent refinement and phasing
of the structure was achieved by using autoSHARP (24), using data from
all 3 data sets.

autoSHARP built 246 residues out of 282 possible using ARP/WARP
(25). The model was inspected using Coot (26), and subsequent rounds of
refinement and model building were performed by using the PHENIX
package (27) and Coot. In total, 130 residues for each chain could be
traced, with 10 residues missing at the N terminus and 1 residue at the
C-terminal end of each of the protein chains. During refinement, an ad-
ditional 127 water molecules were added to the model. The final model
had good stereochemistry (the root mean square deviation [RMSD] from
ideal geometry in bonds was 0.017 A and in angle was 1.65°), and 97.3% of
the residues were in the most favored part of the Ramachandran plot.

Data for the two different crystal forms of the recombinant variant PE
were also collected. XDS was used for data processing and scaling (Table
1). The solvent content of the 2nd type of crystals was relatively low
(around 30%), which probably was the reason for the diffracting power of
these crystals. Both crystal forms were monoclinic, and details of the dif-
ferent data sets are described in Table 1. The structure of the SeMet mu-
tant form of PE was used as a starting model in molecular replacement
using Phaser (28) for the first crystal form. For the 2nd crystal form of the
recombinant variant PE protein, the first form was used as a search model
and Phaser was used for the molecular replacement. Both structures were
refined using TLS refinement within the Phenix suite, and model inspec-
tion was performed using Coot. During refinement, difference density
indicated the presence of ethylene and glycerol molecules from the cryo-
solutions, and they were placed accordingly.

Immunization of mice. Based upon the crystal structure of the PE,
peptides were designed for immunization and conjugated with keyhole
limpet hemocyanin (KLH) (Innovagen AB, Lund, Sweden). Mice
(BALB/c; 6 in each group) were immunized with KLH-conjugated pep-
tides according to a standard immunization protocol (12). In brief, 50 pg
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TABLE 1 Data processing, phasing, and refinement statistics

Structure of the Adhesin Protein E

Value
Parameter” PE1 PE 2 SeMet peak SeMet inf SeMet rem
Space group P2, P2, P2, P2, P2,
a(R) 442 54.7 44.1 44.1 44.1
b (A) 57.3 425 56.9 56.9 56.9
c(A) 61.4 56.8 61.4 61.4 61.4
B () 96.05 116.3 97.1 97.1 97.1
Wavelength (&) 1.000 1.000 0.97918 0.97942 0.9700
Maximum resolution (A) 1.8 2.1 2.6 2.7 23
Vitatthews (Da/A%) dimer in 228 1.75 2.26 2.26 2.26
asymmetric unit
Solvent content (%) 46.0 29.7 45.7 45.7 45.7
Total no. of observations 115,628 32,032 62,016 60,725 101,090
No. of unique reflections 28,219 12,867 17,365 16,137 26,407
Rynerge (%) 6.2 (45.7) 5.6 (45.9) 5.5(20.2) 4.7 (15.7) 9.4 (50.4)
Completeness (%) 99.5 (98.6) 91.4 (79.8) 94.4 (68.2) 98.8 (94.3) 99.0 (95.1)
Avg (D)/(2I) 12.34 (2.64) 11.94 (2.03) 16.37 (4.19) 20.45 (6.76) 11.40 (2.85)
Multiplicity 4.09 2.49 3.57 3.76 3.83
Phasing
Figure of merit 0.32
Phasing power
Isomorphous 0 0.713 (0.538) 0.331 (0.253)
Anomalous 1.079 1.050 0.416
Cullis R factor
Isomorphous 0 0.617 (0.642) 0.899 (0.976)
Anomalous 0.843 0.826 0.958
Refinement
Refinement range (A) 29-1.8 28-2.1 29-2.3
Rerys (%) 20.07 18.17 18.68
Rpyee (%) 23.10 24.46 25.49
No. of water molecules 127 50 119
Other 3 GOL, 2 EDO 1GOL, 2 EDO
RMSD bond length (A) 0.013 0.07 0.009
RMSD angle (°) 1.498 1.055 1.208
Favorable region 99.2 98.4 98.1
Additional allowed region 0.8 1.6 1.9
Disallowed 0 0 0

“ RMSD, root mean square difference.

peptide with complete Freund’s adjuvant was subcutaneously admin-
istered. After 4 weeks, booster doses of 50 g peptide with aluminum
hydroxide were injected over the following 3 weeks. Blood was drawn
1 week after the last booster dose, and specific antibodies (Abs) were
immunopurified using the same peptide, followed by testing in sand-
wich enzyme-linked immunosorbent assays (ELISAs) against the var-
ious peptides or recombinant PE. The animal experiments were done
according to the general rules established by the Swedish Government
(Svensk forfattnings-samling 1988:534 and Andringsforfattning 2012:
256; Riksdagen, Stockholm, Sweden). An ethics permit (no. M193-11)
was obtained from Malmé/Lund District Court (Djurférsoksetiska
nimnden, Tingsritten, Lund, Sweden). This body approved the pro-
tocol used in the study.

ELISA. Ninety-six-well PolySorb microtiter plates (Nunc-Immuno,
Roskilde, Denmark) were coated with PE peptides or recombinant PE 22
to 160 (100 ng) in 100 pl of 100 mM Tris-HCI, pH 9.0, for 15 h at 4°C. The
coated plates were washed 3 times with phosphate-buffered saline (PBS)
and blocked with 2.5% bovine serum albumin (BSA) in PBS containing
0.05% Tween 20 (PBST). Serum or purified antibodies in 2.5% BSA plus
PBST were added to the wells and allowed to bind for 1 h at room tem-
perature. After washes with PBST, horseradish peroxidase (HRP)-conju-
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gated rabbit anti-mouse polyclonal Ab (PAb) (Dako, Denmark) were
added in 2.5% BSA plus PBST. Finally, the plates were washed 4 times with
PBST and developed with HRP substrate containing 20 mM tetramethyl-
benzidine and 0.1 M potassium citrate. After color development, the re-
actions were terminated with 1 M H,SO,, and finally, the plates were read
at 450 nm in a microplate reader.

Flow cytometry. NTHI 3655 (12) from overnight cultures was grown
in broth to an optical density at 600 nm (ODy,) of 0.8. Thereafter, the
bacteria were washed twice with PBS containing 1% BSA and incubated
with purified mouse anti-PE peptide antiserum according to a standard
protocol. After washing, the bacteria were incubated with fluorescein iso-
thiocyanate (FITC)-conjugated secondary rabbit-anti-mouse PAbs
(Dako Sweden, Stockholm, Sweden) followed by two washes and then
flow cytometry analysis (Epics XL-MCL; Coulter, Hialeah, FL).

Dynamic light scattering and electron microscopy. Dynamic-light-
scattering (DLS) experiments were performed by using a Zetasizer Nano
ZS (Malvern Instruments, Worcestershire, United Kingdom). Different
concentrations of PE (1 mg/ml, 3 mg/ml, and 5 mg/ml) were used to
collect data in triplicate, and mean values were plotted. We used negative
staining and transmission electron microscopy (TEM) to visualize the PE
molecules, as described elsewhere (29).
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FIG 1 Purification of recombinant PE. (A) The gel filtration profile of the recombinant variant PE (approximately 2 mg protein purified by anion exchange as
described in Materials and Methods) was injected into an equilibrated Superdex 200 column. The separation chromatogram of PE is shown, along with a standard
molecular weight filtration marker. mAu, milliabsorbance unit. (B) Fractions collected from panel A were separated using 12% SDS-PAGE, followed by staining
with Coomassie blue R250. A similar gel filtration profile and purity pattern were also observed with SeMet PE (data not shown). (C) DLS pattern of the
recombinant variant PE purified by gel filtration. (D) Transmission electron microscopy showing PE molecules (arrowheads). Bar, 100 nM.

Protein structure accession numbers. All coordinates and structure
factors for the different models were submitted to the Protein Data Bank
(PDB) with codes 3zh6 for the SeMet mutant, 3zh5 for the recombinant
PE variant PE 1, and 3zh7 for the recombinant PE variant PE 2.

RESULTS

Protein E is a dimer. The gel filtration profile showed that the
majority (>85%) of recombinant PE molecules existed as dimers
in solution, whereas only a minor fraction consisted of an oligo-
meric form under these conditions (Fig. 1A and B). The pooled
fractions 13 to 18 in Fig. 1A were also analyzed by dynamic light
scattering. These experiments confirmed that approximately 85%
of PE that eluted as a single peak represented dimers, whereas the
minor peak containing the remaining 10 to 15% represented te-
tramers (Fig. 1C). In addition, TEM (negative staining) of recom-
binant PE also verified that >85% of PE existed in dimers, with a
minor fraction as tetramers and a few monomers (Fig. 1D). Taken
together, these results clearly indicated that PE is a dimer.

When the crystal structure was determined, we found that PE is
also present as a dimer in the asymmetric unit. Each PE monomer
consists of a 3-sheet formed by 6 antiparallel B-strands (B1, resi-
dues 39 to 43; B2, 46 to 59; B3, 64 to 78; B4, 88 to 99; B5, 102 to
114; B6a, 118 to 122; and B6b, 130 to 134) (Fig. 2A). In addition,
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alonger a-helix (residues 138 to 151) packs on the concave face of
the sheet (Fig. 2B), and strands 81, 2, and 3 are curved around
it. Strand B6 consists of two shorter strands, B6a and B6b, inter-
rupted by a short loop from residues 123 to 129. After the loop,
32b lines up to strand B3, and proper hydrogen bond interactions
for asheet are formed. The edge of the sheet is formed by strand 31
and part of strand B2 at one side and strands B6a and B6b at the
other side. The a-helix is tethered to the B-sheet through a con-
served disulfide bond between cysteine residues 99 and 148. This
disulfide bond connects the top of the central strand of the B-sheet
and one end of the a-helix. The a-helix shields the upper half of
the concave B-sheet, and in particular, the part formed by strands
B1, B2, B3, and partly B4 is protected from solvent by the helix
while the remaining part of the face is exposed.

The convex side of the sheet is not protected by other structural
elements in the PE monomer. However, the two monomers in the
asymmetric unit pack together through the convex side of each of
their B-sheets to form a nearly continuous antiparallel B-sheet
that resembles a flattened barrel-like dimer structure. The dimer
formations are nearly identical in the different crystal forms pre-
sented. The resulting dimer is 55 A by 44 A by 25 A in size (Fig. 3A
and B). The barrel has a wedge-like shape, with the top narrower

Infection and Immunity
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FIG 2 Secondary-structure elements and the PE monomer. (A) PE 28 to 159 amino acids showing the secondary structure. In total, 6 B-strands, 8 loops, and one
C-terminal helix exist. (B) In the monomer, 6 antiparallel B-strands form the B-sheet. A longer a-helix packs on the concave face of the sheet, where strands B1,
{32, and B3 are curved around it. It is tethered to the B-sheet through a conserved disulfide bond between cysteines 99 and 148.

than the bottom. Loops connecting the 3-strands at the top of the
barrel (Fig. 2,1oops 3, 5, and 7) are smaller than the loops found at
the bottom of the barrel (loops 1, 2, 4, and 6). No electron density
for amino acids 17 to 27 (before loop 1) of PE could be observed in
the crystal structure, and hence, they are not modeled. At each side

of the barrel, strand B6b from one monomer and the end of strand
2 and loop 3 from another monomer lined up to close the barrel
(Fig. 4A), with similar interactions between the two monomers at
each side of the barrel. The interactions between these two seg-
ments are not through main-chain atom hydrogen bonding inter-

Top pocket

Bottom pocket

FIG 3 The PE dimer. (A) Cartoon representation of the PE dimer. (B) Surface of the PE dimer shown from the top and bottom cavities, in addition to the charge
distribution of the molecule. The top surface of the molecule is neutral in charge, whereas the bottom side of the dimer is basic. The positive and negative charges

are shown in blue and red, respectively.

March 2013 Volume 81 Number 3
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PEg

FIG 4 Dimer interface and PE internal cavities. (A) Stereoview showing side chains in the loop from residues 52 to 61 from one monomer (green A) to
main-chain atoms in the strand B6b in the other monomer (red B). Two central residues are AsnA60 and TrpA57. The N&2 of AsnA60 forms a hydrogen
bond with the backbone oxygen of ThrB131, and O31 makes a hydrogen bond with the backbone nitrogen from the same ThrB131. The side chain of
TrpA57 occupies a hydrophobic pocket formed by the aliphatic part of the side chain of Lys B129, the methyl moiety of Thr B105, and the side chain of
His A67. The Nel of TrpA57 makes a hydrogen bond with the backbone oxygen of LysB129. Other interactions are formed between AspA59 and ThrB131,
Gln A61, and Ser133. Tyr A94 from strand 34 completes the main interactions through a hydrogen bond to the Nz of Lys B129. (B) Top and bottom
pockets of the dimer (red and blue, respectively). The side chains of Arg108 and Argl21 in each monomer are shown. (C) Schematic drawing of the
residues lining the walls of the top pocket of the dimer. The colored halves represent the two monomers, and the colored residues inside the pocket are

located at the bottom wall of the pocket.

actions, as seen in true B-barrels, but rather through interactions
of atoms from side chains of residues in loop 52 to 61 from one
monomer (named PE,) with main-chain atoms in strand 36b in
the other monomer (named PEg). The central 2 residues are
Asn60 and TrpA57. The N32 of Asn60 forms a hydrogen bond
with the backbone oxygen of Thr131, whereas the O81 makes a
hydrogen bond with the backbone nitrogen from the same
Thr131. The side chain of Trp57 occupies a hydrophobic pocket
formed by the aliphatic part of the side chain of Lys129, the methyl
moiety of Thr105, and the side chain of His67. The Nel of Trp57
makes a hydrogen bond with the backbone oxygen of Lys129 (Fig.
4A). Other interactions are formed between Asp59 and Thr131,
GIn61, and Ser133. Tyr94 from strand B4 completes the main
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interactions through a hydrogen bond to the Nz of Lys129
(Fig. 4A). The dimer interactions are not extensive, and only 625
A% is buried in the interface, according to an analysis using Pisa
(30).

Both the top and bottom sides of the barrel-like feature are
hollow, and deep pockets are formed (Fig. 4B). The pocket at the
wider bottom is larger and not well defined or well protected from
solvent. The volume of the pocket is 857 A” as calculated by Pock-
etfinder (http://www.modelling.leeds.ac.uk/pocketfinder/). This
pocket is lined with a number of charged residues, most notably 4
arginines (Argl08 and Argl21 from each subunit), that come to-
gether in the center of the pocket to form a ring-like arrangement
(Fig. 4B). Two Asp residues (Asp110 from each monomer) are
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Structure of the Adhesin Protein E

FIG 5 Bindingsites of the various host factors on the PE dimer. (A) Ribbon diagram of a PE dimer that shows the Vn binding region. The two separate monomers
are shown in green and light blue, whereas the amino acid region 84 to 108 (based on peptide mapping) is shown in dark magenta and dark blue in the two
monomers. (B) Surface of the PE dimer with exposed K85 and R86 side chains, along with other residues. (C) The Ln/plasminogen binding region of PE. The
ribbon model shows the Ln/plasminogen binding region in red. The amino acids of the binding region are shown as stick models. For ease of following the chain,
several residues along this fragment are numbered. (D) Surface of PE with the Ln and plasminogen binding region indicated in red.

positioned between two of the Arg residues and provide some
charge compensation (see Fig. S1 in the supplemental material).
Further charged residues that line the inner pocket are Lys125 and
Lys126 (see Fig. S1).

The second pocket at the top of the barrel is much more con-
fined in space and better defined. It has a flattened shape, with
dimensions of 14 A by 8 A and is about 10 A deep, with a volume
of 363 A’ (Fig. 4B). The central part of the pocket is lined with four
Tle residues (Ile65 and I11e96 from each monomer), whereas at the
inside walls of the pocket, more polar residues (His67, Asp59, and
Thr105 from each monomer) are found (Fig. 4B and C). The rim
of the pocket is also polar in character, and residues His103,
Asn98, and Asn101 are located there. Since this pocket is very well
defined in shape and protected from the solvent, it seems likely
that it has a ligand binding feature. The residues that line the walls
of both pockets, however, are not particularly conserved within a
family of homologous proteins from different pathogens, as de-
scribed below.

Functional host factor-binding regions of PE are exposed at
the surface of the molecule. We previously used a peptide-map-
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ping approach to identify the PE amino acid regions that were
involved in binding to epithelial cells (12). A peptide consisting of
the PE 84 to 108 amino acid region directly interacted with lung
epithelial cells. More recently, a similar region was verified that
bound Vn (16, 17). In the present crystal structure, the 84 to 108
amino acid region is located partly in loops 4 and 5 and in beta
strands 4 and 5 (Fig. 5A). The structure shows that loop 4 plays a
role at the base of the protein, where amino acids Asn73-Arg89 are
well exposed (Fig. 5B). In contrast, the Ser90-Arg108 part is lo-
cated in beta strands 4 and 5, which are positioned in the core of
the PE dimer. Thus, the loop 4 region up to amino acid 84 seems
more likely to be the real epithelial-cell-interacting domain (Fig.
5B). Recently, we showed that amino acids Lys85 and Arg86 are
important for the PE-dependent interaction with vitronectin (17).
Importantly, inloop 4, the side chains for Lys85 and Arg86 are well
exposed (Fig. 5A and B). The linear sequence of loop 4 in all
Haemophilus spp. is highly conserved, which suggests similar li-
gand specificities, while in other pathogens this loop is only par-
tially conserved (Fig. 6A).

Since the multifunctional PE also interacts with laminin, we
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previously applied a peptide-mapping approach to determine the
specific laminin binding amino acid region in PE. Interestingly,
the region consisting of PE aa 41 to 68 was directly interacting with
Ln (18). The same peptide also has affinity for plasminogen (19).
This particular region is located in loop 1 between strands B1 and
2 and beta strand B2 and loop 2. The whole region is partly
exposed at the surface and presents diagonally, along with the
whole length of the dimer (Fig. 5C and D). In parallel with loop 4,
the laminin/plasminogen binding region (loop 3) is also con-
served among Haemophilus spp., but it is diverse in other patho-
gens. However, loop 3 has acidic amino acids that are highly con-
served in most of the PE homologues for which sequence
information is available (Fig. 6A).

PE is a unique adhesin of the family Pasteurellaceae. All
pathogenic bacterial species are equipped with specific ad-
hesins that very precisely recognize host tissues in particular
anatomical niches. This group of proteins has numerous struc-
turally diverse members. In general, adhesins may be fimbriae,
pili, or other, nonpilus adhesins (31). There are only a limited
number of adhesins for which structures have been deter-
mined, and that limits the categorization of this group of pro-
teins (http://supfam.cs.bris.ac.uk). The structural classifica-
tion of adhesins on the basis of domains involved in
recognition of host proteins was performed in the database
available at http://supfam.cs.bris.ac.uk/SUPERFAMILY/cgi
-bin/scop.cgi?sunid=49401. The database includes a limited
number of proteins, such as collagen-binding proteins, fibrin-
ogen-binding proteins, pilus subunits, PapG adhesion recep-
tor-binding proteins, F17-C type adhesin, and Dr family ad-
hesins. However, a large number of other known bacterial
adhesins are not yet categorized due to lack of structural infor-
mation on the domain recognition.

Pasteurellaceae is a large and diverse family of Gram-negative
proteobacteria (32). Recently, the family was classified into 17
different genera (http://www.pasteurellaceae.life.ku.dk/). The lat-
est BLAST update in the ExPASy (NCBI BLAST2) database
showed that there are 11 different bacterial pathogens that have a
pe gene homologue (Fig. 6A). The similarity matrix showed that
H. influenzae has 34.1 to 98.8% identity and 55.3 to 99.4% simi-
larity with other members of Pasteurellaceae (Fig. 6B), and a pri-
mary amino acid sequence-based phylogenetic tree showed 5 sep-
arate clusters (Fig. 6C). Haemophilus spp. grouped into a single
cluster with 65.3 to 98.8% identity and 77.0 to 99.4% similarity.
Actinobacillus actinomycetemcomitans showed 70.9 to 78.4% se-
quence identity and 80.8 to 88.6% similarity with Actinobacillus
segnis and Actinobacillus aphrophilus, respectively. In the third
cluster, Actinobacillus succinogenes showed 43.6% identity and
65.4% similarity to M. succiniciproducens (Fig. 6B). Pasteurella
spp. also have PE analogues that are approximately 34% similar to
H. influenzae PE, whereas PE derived from P. multocida is only
45.9% identical and 64.8% similar to Pasteurella dagmatis PE. In
addition to these Pasteurellaceae family members, Enterobacter

Structure of the Adhesin Protein E

FIG 7 PE has a monellin-like fold. Shown are the superimposed structures of
monellin (mon) (PDB code 209U) chain A (blue) and PE monomer (green).
The beta sheet arrangements in the protein backbone are very similar. How-
ever, helices are present at the C terminus in PE and at the N terminus in
monellin.

cloacae and Listeria monocytogenes have PE orthologues (E3G4R8
and E1UDL7, respectively), albeit with lower homology (Fig. 6B
and C). We suggest that PE belongs to a unique group of bacterial
outer membrane proteins in the family Pasteurellaceae.

PE belongs to the cystatin family of proteins. To verify the
folding pattern, the PE structure was matched with a fold database
(33). The arrangement of a 6-stranded antiparallel 3-sheet and
a-helix packing at one face, as seen within the monomer, was
observed in a number of different proteins. In these proteins,
however, the other side of the sheet is normally shielded by other
secondary-structure elements, and thus, the sheet and helix are
part of larger fold arrangements that are not related to each other.
The closest structures, which have the same minimal arrange-
ment, can be seen in the monellin/cystatin family fold (34), which
is also composed of a single antiparallel B-sheet with an a-helix
protecting the concave face of the sheet. Proteins in this family are
either cysteine protease inhibitors (cystatin-like) or sweet proteins
from plants (monellin-like). The basic folds of, e.g., monellin and
PE superimpose well (Fig. 7). However, the position of the helix
within the secondary-structure topology of the monellin/cystatin
family fold is different than it is within the PE structure. In the
monellin/cystatin family, it is placed after the first strand of the
sheet, whereas it is positioned at the C-terminal end of the PE
molecule. The helix for the monellin/cystatin family is positioned

FIG 6 PE homologues also exist in other pathogens. (A) BLAST results revealed that several other pathogens have PE homologues. Retrieved sequences were
aligned using the MultAlin online tool (42). Highly conserved amino acids are shown in red, and partially conserved amino acids are in blue. Secondary structures
are shown at the top, with beta strands as arrows and helices as cylinders. (B) Identity and similarity matrix of protein sequences analyzed by using the pairwise
alignment tool Needle (http://www.ebi.ac.uk). (C) Rooted phylogenetic tree showing 5 different clusters. Haemophilus spp. formed a single cluster, and distantly
related sequences of Pasteurella spp. and E. cloacae and L. monocytogenes formed two separate clusters. The sequences were analyzed for phylogenetic relations by

using MEGAS software (43).
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in the center of the beta-sheet face and protects the whole face of
the protein. The helix in PE, however, is tethered to the top of the
sheet by the disulfide bridge, and therefore, part of the sheet is
more exposed. Thus, it seems that PE and monellin/cystatin prob-
ably are analogues of each other and probably are products of
convergent evolution.

The most homologous regions for all the species are located in
the secondary-structure elements, especially within the central-
strand B3. Interestingly, one region with very high homology is
not associated with a secondary-structure element, but instead, it
is found in loop 6 and consists of the fingerprint (FY)111-(YH)-
X-(DE)-F-W-G-X-G119. This loop between 5 and 6 folds back
over the convex inner side of the sheet and forms a small hydro-
phobic core on the inside bottom of the B-barrel-like dimer. The
aromatic residues in the fingerprint interact with residues from
the different strands, as well as with the N-terminal loop 1. In
particular, the residues Tyr/His112 and Trp116 are involved in
multiple interactions with residues from different secondary-
structure elements (Fig. 6A). Using the Prosite Web server (35) to
scan the database for sequences with similar fingerprints, it seems
that this fingerprint is unique, and thus, it might be an indicator of
this particular fold family.

Structural approach for mapping immunogenic and surface-
exposed regions of PE by raising peptide antibodies. Previously,
we reported that immunization with PE 84 to 108 mediated
protection in a mouse pulmonary clearance model (12). The
ubiquitous presence of PE among NTHI clinical isolates fur-
ther signified the importance of the protein as a vaccine candi-
date (13). To verify our crystal model, as well as to analyze the
immunogenic capacities of various surface-exposed regions of
PE, we designed a series of peptides, as outlined in Fig. 8A and
B (PE 24 to 37, PE 74 to 89, PE 84 to 108, and PE 134 to 156). In
addition, a peptide based upon the cryptic region PE 104 to 128
was used as a negative control. KLH-conjugated peptides were
used for subcutaneous immunization of BALB/c mice. Sera
from immunized mice (# = 6 in each group) were pooled, and
peptide Abs were purified using affinity chromatography and
finally tested in ELISA. All peptides produced specific Abs di-
rected against their corresponding peptides (Fig. 8C). In con-
trast, the resulting antibodies showed different recognition
patterns against recombinant full-length PE 22 to 160 in
ELISA. Antibodies directed against PE 24 to 37, PE 74 to 89,
and PE 134 to 156 recognized the PE 22 to 160 molecule,
whereas the anti-PE 84 to 108 Ab recognized PE 22 to 160 with
less efficiency (Fig. 8D). However, purified peptide antibodies
directed against PE 24 to 37 and PE 84 to 108 displayed cross-
reactivity against both peptides in ELISA. As expected, the neg-
ative-control Ab against PE 104 to 128 did not detect full-
length PE.

We also wanted to test whether our peptide Abs recognized PE
when the molecule was surface exposed in its native PE form on
the clinical isolate NTHI 3655. Bacteria were incubated with Abs,
followed by flow cytometry analysis. In parallel with the results
obtained by ELISA, anti-PE 24 to 37, anti-PE 74 to 89, and anti-PE
134 to 156 Abs all detected PE at the bacterial surface, whereas the
anti-84 to 108 Ab showed a minor shift compared to the negative
control consisting of the secondary antibody only (Fig. 8E). Taken
together, Abs directed against surface-exposed epitopes of the PE
molecule that were defined by the designed peptides fit very well
with the crystal structure.
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DISCUSSION

Protein E is an outer membrane protein found in both encapsu-
lated H. influenzae and NTHI. We have shown that NTHI
equipped with the multifunctional adhesin PE binds to several
different host proteins, including Vn, Ln, and plasminogen (13,
16, 17, 19). The majority of NTHI infections are in general non-
invasive, although an increasing trend of invasive NTHI disease
has been observed the last 5 years (3). Active degradation of host
tissues and the ECM, however, is a property of typeable H. influ-
enzae, such as Hib. Adherence mediated by the PE-Ln interaction
thus could provide a firm anchorage for host basal lamina and
tissues (Fig. 9). In contrast to Hib, NTHI may also use Ln as a
ligand, particularly when the epithelial mucosa is destroyed by a
prior viral infection or mixed bacterial infections. In parallel, plas-
minogen bound to PE degrades C3b and inhibits the comple-
ment-mediated innate immunity. The protease activity of plasmin
also degrades the ECM (Fig. 9), which eventually increases the
host damage. Experimental evidence suggests that Ln and plas-
minogen share similar binding domains in PE (16, 19). This
might, of course, be conditional according to the abundance and
affinity of ligands. An interesting finding is that recombinant PE
simultaneously binds Ln and Vn (18). We have also observed that
laminin LG1 to -5 domains of the alpha chain interact with PE and
that this interaction can be inhibited by heparin (18). The PE loop
3 region has a few acidic residues (residues D59 and E62) that
might be involved in binding to the LG4 and -5 domains of
laminin. The present data on a dimerized PE molecule (Fig. 3A)
explain these in vitro observations. However, it is at present un-
clear whether the dual-ligand-binding mode of the PE molecule
also exists in vivo.

Protein E is a lipoprotein that has a signal peptide at the N
terminus, followed by Cys16 (12). According to the general de-
scribed mechanisms of lipoprotein transport and lipidation
mechanisms, the protein is transported to the outer membrane,
followed by addition of lipid chains and removal of the signal
peptide (36, 37). The Cys16 residue is thus predicted to be in-
volved in lipidation and functions as an anchor of PE on the outer
membrane in bacteria. The N terminus of the dimer is supposed to
face toward the membrane side of the bacteria, whereas the C
terminus faces the outside.

The presence of a well-formed pocket on the top side of the
dimer (Fig. 3B) is intriguing. The shape and accessibility of the
pocket is very reminiscent of binding pockets in smaller ligand
binding proteins. However, a clear function for this pocket
cannot be deduced, and due to the variability of the residues
lining the pocket, it does not seem to be associated with a
conserved function within the family of PE-like proteins. It has
been suggested, however, that a high level of diversity within
interacting surfaces of adhesins when in contact with their host
proteins stems from the need of the pathogen to change these
recognition sites in order to avoid an immune response while
retaining a common biological function (38). This possibility
needs to be further investigated. Identification of a putative
ligand to the smaller and well-defined pocket of PE would be an
asset in these investigations.

Protein E is known as one of the H. influenzae Vn binding
proteins with the highest affinity (dissociation constant [K,;] =
4.0 X 1077 M), and most importantly, Vn bound to PE protects
NTHI from the membrane attack complex (MAC). The vitronec-
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FIG 8 Mapping of surface-exposed immunogenic regions using mouse anti-PE peptide Abs. (A) Ribbon diagram showing PE amino acid regions (indicated with
different colors) that were selected for immunization of a series of mice. (B) Surface structure of selected regions as shown in panel A. (C) Results from ELISA that
demonstrate Ab recognition of peptides with which microtiter plates were coated. (D) Recognition of full-length recombinant PE 22 to 160 by peptide Abs shown
in ELISA. (E) Flow cytometry profiles of NTHI showing surface recognition of PE at the surfaces of bacteria using anti-PE peptide Abs.

tin-binding region PE 84 to 108 that is embedded in the structure
is mostly located in the dimer interface. Recently, we further sug-
gested that Lys85 and Arg86 of PE are involved in binding to Vn
(17). Lys85 and Arg86 are located in the end of the exposed loop 4.
Thus, a probable region for Vn interactions may be mostly located
between amino acids Leu78 and Ala88 of loop 4. Vn is also known
to function as a bridge molecule that interacts with bacterial sur-
face proteins and the host integrins via an RGD motif (14, 39).
Similarly, the PE-mediated recruitment of Vn by H. influenzae
might also be involved in adhesion to and internalization into
epithelial cells.

Protein E meets the criteria to be suitable as a vaccine candi-
date, i.e., its ubiquitous presence, highly conserved nature, fa-
vored immunogenicity, and protective role in model animals (12).

March 2013 Volume 81 Number 3

In our preliminary experiments, the structure-based approach for
designing antibodies against the surface-exposed part of the PE
molecule recognized recombinant PE, in addition to PE at the
surfaces of bacteria (Fig. 8E). This indicated that these peptides
may be appropriate for immunization against NTHI.

PE has a unique three-dimensional structure that is involved in
adhesion of H. influenzae to epithelial cells and binds and/or re-
cruits multiple host proteins. The PE structure is formed by
B-sheets, with an a-helix covering one side. Within the crystal
structure, the protein is present as a dimer, with the two mono-
mers forming a B-barrel-like structure. The dimer of PE resembles
a flattened B-barrel-like structure, as it seems to form a continu-
ous up and down antiparallel B-sheet, resulting in the formation
of large pockets inside the molecule. However, in a number of
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on and degradation of the ECM. (Right) PE inhibits the MAC at the surface of

H. influenzae, which is accomplished by the binding of Vn. Vitronectin is a well-known complement regulator that inhibits the terminal complement pathway
by interacting with the C5b-7 complex assembly and also inhibits C9 polymerization during formation of a lytic pore. PE is able to bind both Ln and Vn at the

same time, and the two ligands do not interfere with each other; thus, adhesion a

aspects, it differs from true B-barrel structure. The first is that at
the sides of the monomers interacting with each other, the contact
surfaces are not made through B-strands, but instead, loops are
used in an extended conformation. The hydrogen-bonding sys-
tem is not like that observed in a B-sheet; here, instead, hydrogen
bonds are built up through side chain interactions. Although the
interaction area is limited, the presence of dimers is also seen in gel
filtration, DLS, and TEM experiments, indicating that this is not
likely to be an artifact of crystallization. The other unusual aspect
of this “barrel-like” structure is the way the barrel fans out at the
bottom. This is mainly achieved by the high twist in the separate
sheets of each monomer. Only the top part of the barrel is intact
and continuous, while the bottom part is sheared and open at the
sides. This is an unusual arrangement and is not observed in other
proteins, as judged by fold recognition searches using Dali (33).
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nd MAC inhibition can be carried out simultaneously.

The protein-folding pattern has a partial match with that of the
monellin/cystatin family. However, cystatins are in general mono-
meric, whereas monellin is a heterodimer formed by an A chain of
42 aa and a B chain of 50 aa. A higher oligomeric variant of mo-
nellin has been observed in crystal structures (40). The dimer ar-
rangement of PE, however, is different from that of monellin, and
in PE, a more side-to-side barrel-like dimer is found. Proteins in
the monellin/cystatin family have been studied extensively for
their capacity to aggregate (41). However, the aggregation of PE
has not yet been fully investigated. Besides this similarity to mo-
nellin/cystatin, there are no other bacterial adhesins that have this
kind of structural appearance. However, orthologues belonging to
the PE adhesin subfamily are also present in E. cloacae and L.
monocytogenes. We conclude from sequence comparisons within
this set of proteins that the residues that are important for the
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specific features of the fold are very well conserved. These con-
served patches at the surface of PE that might be important for the
structure of the common fold are shown in Fig. S2 in the supple-
mental material. The specific roles of these proteins in the various
bacterial species are not yet elucidated. In fact, the best-character-
ized member of this family is PE, which is described in this paper.
We would therefore propose that PE and its homologues belong to
anew group of adhesins that in particular present in the family of
Pasteurellaceae.
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Figure S1, Singh et al

FIG. S1. Stereoview showing the side chains of the charged residues that line the bigger

pocket (pocket 2) at the bottom of the PE dimer.



Figure S2, Singh et al

FIG. S2. Conserved residues at the surface of PE. Identical residues in the whole family of PE
like proteins are shown in dark purple, homologous residues in pink, and finally non-conserved
residues in white. Most of the conserved patches seem to be associated with regions that are
important for the structure of the fold and are located in the core of the proteins. The two
pockets that are found within the dimer of the protein are not themselves lined with conserved
residues. However, in the wide funnel opening leading to the pocket at the bottom of the dimer
there is a very conserved highly polar patch with central residues Asp52, Asp96 and Arg92.
Some of these residues reside in the peptide 41 - 69 which has been implicated in Ln binding as

described above.
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The human pathogen Haemophilus influenzae causes mainly respiratory tract infections such as acute
otitis media in children and exacerbations in patients with chronic obstructive pulmonary disease. We
recently revealed the crystal structure of H. influenzeae protein E (PE), a multifunctional adhesin that is
involved in direct interactions with lung epithelial cells and host proteins. Based upon the PE structure
we here suggest a hypothetical binding pocket that is compatible in size with a hemin molecule. An H.

’:,?:r”y"‘gdhslfms influenzae influenzae mutant devoid of PE bound significantly less hemin in comparison to the PE-expressing wild
Heminp type counterpart. In addition, E. coli expressing PE at the surface resulted in a hemin-binding phenotype.
Protein E An interaction between hemin and recombinant soluble PE was also demonstrated by native-PAGE and
UV-visible spectrophotometry. Surface plasmon resonance revealed an affinity (Kq) of 1.6 x 10~ M for
the hemin-PE interaction. Importantly, hemin that was bound to PE at the H. influenzae surface, was
donated to co-cultured luciferase-expressing H. influenzae that were starved of hemin. When hemin is
bound to PE it thus may serve as a storage pool for H. influenzae. To our knowledge this is the first report

showing that H. influenzae can share hemin via a surface-located outer membrane protein.
© 2014 Elsevier GmbH. All rights reserved.
Introduction success of H. influenzae colonization thus depends on its ability to

The Gram-negative Haemophilus influenzae is a member of
the Pasteurellaceae family, and is classified as encapsulated (H.
influenzae type a to f) and non-typeable H. influenzae (NTHi). After
introduction of a vaccine against H. influenzae type b (Hib) in the
1990s, NTHi are now responsible for the majority of Haemophilus
infections (Murphy, 2003). NTHi colonizes the mucosa and causes
respiratory tract infections such as acute otitis media in children
and exacerbations in patients with chronic obstructive pulmonary
disease (COPD), but in rare cases also invasive disease, mainly
meningitis and sepsis (Murphy et al., 2009; Resman et al., 2011).

H. influenzae has an absolute requirement for heme since it lacks
6 of 7 enzymes in the heme synthetic pathway that consequently
leads to an inability to produce protoporphyrin IX (Loeb, 1995). The
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acquire protoporphyrin IX or heme from the host (Infante-Rivard
and Fernandez, 1993). Since heme is a major source of iron for most
bacteria, some species directly extract iron from heme while other
transport heme into the cytosol to retrieve iron (Wandersman and
Stojiljkovic, 2000). In the human host, iron is present in complex
forms bound to high-affinity iron-binding host proteins such as
transferrin, lactoferrin, the iron storage protein ferritin, or incorpo-
rated into a protoporphyrin ring (Ratledge and Dover, 2000). Free
iron is potentially toxic to living cells since it can convert hydrogen
peroxide into free radicals that may cause cellular damage. In fact,
the free iron concentration is only 2108 M within the human host
(Bullen and Ward, 1988). However, freely available iron may occa-
sionally arise during tissue injury, and hence free heme is released
from erythrocytes upon intravascular hemolysis and inflammation
caused by polymorphonuclear neutrophils (Aruoma et al., 1988;
Evans et al., 1994; Resman et al., 2011; Skaar, 2010).

Although it is well known that H. influenzae grows on
laboratory culture media containing heme as iron and protopor-
phyrin IX source, all key components necessary for utilization of
heme have not yet been identified. Recent studies of heme/iron
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acquisition systems in H. influenzae have, however, defined sev-
eral proteins including FbpA (ferric-ion-binding protein A), HbpA
(hemoglobin/hemoglobin-haptoglobin binding protein A), SapA
(sensitivity to antimicrobial peptides protein A), and finally HxuA
(heme-hemopexin binding protein A) (Fournier et al.,, 2011; Jin
etal., 1996, 1999; Khan et al., 2007; Mason et al., 2011). These pro-
teins are located in the periplasm, but HxuA can also be secreted.
Lipoprotein P4 has been described as the only outer membrane
protein of H. influenzae that binds hemin (Reidl and Mekalanos,
1996).

H. influenzae protein E (PE) is a 16kDa, highly conserved
(96.9%-100%), ubiquitous outer membrane lipoprotein that exists
in both encapsulated H. influenzae and NTHi (Singh et al., 2010). PE
was initially described as an adhesin that binds to epithelial cells
of different origins including those from COPD patients (Ronander
et al., 2009). In addition, PE simultaneously binds to extracellular
matrix proteins and plasminogen, interactions that all contribute
to bacterial virulence (Barthel et al., 2012; Hallstrom et al., 2009,
2011). We recently crystallized PE and showed that it is a dimer
with multiple binding sites for proteins derived from the host
(Hallstrom et al., 2011; Singh et al., 2012, 2013). In the present
paper, we suggest that H. influenzae contains a PE-dependent stor-
age pool of hemin, and this may result in a hemin supply to the
H. influenzae population when there, for example, is a paucity of
hemin in the environment.

Materials and methods
Bacterial strains and reagents

All NTHi strains (NTHi 3655 wild type, NTHi 3655Ahpe and
NTHi 3655lux) were routinely grown in brain heart infusion (BHI)
liquid broth, supplemented with 10 pg/ml nicotinamide adenine
dinucleotide (NAD) and 10 pg/ml hemin. NTHi were cultured with
shaking at 200 rpm or on chocolate agar plates incubated at 37°C
with 5% CO,. The NTHi 3655Ahpe was grown in the presence
of 4 ng/ml zeomycine and the NTHi 3655lux in the presence of
10 pg/ml kanamycin. All strains were grown without antibiotics
during co-culture. For hemin starvation, NTHi was grown in BHI
medium supplemented with NAD but without hemin. E. coli BL21
(DE3) and DH5a were cultured in Luria-Bertani (LB) broth or on LB
agar plates at 37 °Cin a humid atmosphere containing 5% CO,. E. coli
harboring pET26bhpe or pET16bhpe (Hallstrom et al., 2009; Singh
et al., 2013) were grown in LB broth in the presence of 50 pg/ml
kanamycin or 100 p.g/ml ampicillin, respectively.

Construction of the luminescent NTHi (NTHi 3655lux) strain

The lux operon (luxABCDE) from Photorhabdus luminescens
subsp. laumondii TTO1 was kindly provided by Dr. Nick Water-
field (University of Warwick, Coventry, UK) and stably inserted
into the genome of NTHi 3655 following a strategy described pre-
viously (Fig. S1A) (Unal et al., 2012). The promoter of protein P5
was amplified by PCR using the primers promP5_F and promP5_R
(Table S1) and cloned into pKR7.1 (Su et al,, 2013) that yielded
the plasmid pKR7.3 after digestion by restriction enzymes EcoRV
and Sall. The lux gene was amplified from the genomic DNA of P.
luminescens TTO1 by using specific primers luxop_F and luxop R
(Table S1). The purified PCR product was inserted into the pKR7.3
vector between restriction sites Nhel and Bglll to generate the
vector pKR7.3luxABCDE. At this stage the functionality of the lux
operon was assessed by monitoring the chemiluminescence emit-
ted by the E. coli clones with the Chemidoc XRS+ system (Biorad).
Full lux operon along with the P5 promoter was amplified from
pKR7.3luxABCDE by using the KS36 and KS37 primer set, and the

subsequent PCR product was used to transform the strain NTHi
3655 as described (Poje and Redfield, 2003). Transformants were
selected on chocolate agar containing 10 pwg/ml kanamycin. The
presence of the operon in the resulting clones was verified by PCR
(Fig. S1B and S1C).

Hemin-binding to the bacterial surface via PE

NTHi 3655 and NTHi 3655Ahpe were collected from freshly
prepared chocolate agar plates and inoculated in BHI medium
supplemented with 10 pg/ml NAD only and grown for 8 h. There-
after, bacteria were collected by centrifugation and resuspended
in PBS (ODgoonm =0.1). Subsequently, a fraction of this culture
(100 wl) was added to 25ml BHI medium supplemented with
hemin and NAD followed by overnight incubation. Bacteria were
collected, washed three times in PBS and photographed. For
semi-quantitative determination of hemin present in NTHi 3655
and NTHi 3655 Ahpe, bacteria were spotted on PVDF membranes
by using two-step serial dilutions. Hemin was detected by an
enhanced chemiluminescence (ECL) western blot detection kit
(Pierce). To define the hemin-binding capacity of PE, we expressed
PE on the surface of E. coli BL21 using pET16hpe as described pre-
viously (Singh et al., 2011). E. coli expressing PE and control E. coli
(transformed with the empty vector pET16b) were incubated in PBS
with hemin at increasing concentrations (0 uM to 150 wM). After
1h of incubation at room temperature, E. coli were washed twice
in PBS to remove the unbound hemin. Bacteria were finally resus-
pended into PBS and photographed. To assess the importance of
available surface bound hemin for bacterial growth, NTHi 3655 and
NTHi 3655 Ahpe were prepared exactly the same way as described
above. After washing three times in PBS, the pellet was finally resus-
pended in BHI medium (ODgoonm =0.1) containing 10 pg/ml NAD
in the presence or absence of hemin. Cultures were incubated at
37°Cand shaking at 200 rpm, and bacterial growth was monitored
at ODgoonm every 30 min during 6 h.

Protein purification and preparation of the PE-hemin complex

Protein E was recombinantly expressed in E. coli and purified
from the soluble fraction or inclusion bodies by using a HisTrap Ni**
NTA resin column (GE Healthcare Biosciences) as described previ-
ously (Singh et al., 2012, 2013). Hemin (Sigma) was prepared as a
5mM stock solution in 1M NaOH, and thereafter diluted 200-fold
in Tris-HCI, pH 7.8 containing 100 mM NaCl (TS buffer) and stored at
-20°C. To analyze the hemin bound to PE, purified PE (25 uM) was
incubated with hemin at increasing concentrations (0.1-2.5 mM)
in a total volume of 20 ul in TS buffer. Samples were incubated
for 1h at RT and analyzed on a 6% native PAGE (Singh and Rohm,
2008). Hemin only (2.5 mM) was also loaded as a control. Gels were
run at 80V using the gel electrophoresis Mini-PROTEAN Tetra Sys-
tem (Bio-Rad). PE and the PE-hemin complex were visualized by
Coomassie R250 staining. For PE-hemin complex purification, first
recombinant PE and hemin were mixed at a 1:2 molar ratio in TS
buffer and incubated overnight at 4 °C to form the complex. The PE-
hemin complex was loaded on a gel filtration column (Superdex
200) connected to an AKTAprime plus FPLC (GE Healthcare Bio-
sciences) equilibrated with TS buffer, and was separated at a flow
rate of 0.5 ml/min. Fractions were collected and analyzed by native
PAGE. The integrity of the PE-hemin complex in different frac-
tions was also verified by a UV-visible spectrophotometer Ultrospec
2100 pro (GE Healthcare Bioscience). Fractions containing pure PE-
hemin complex were pooled accordingly and concentrated by using
5kDa MWCO Vivaspin® concentrator (Sartorius). Protein concen-
tration in the PE-hemin complex solution was measured using the
BCA kit (Pierce). Hemin bound to PE was quantified at 385 nm by
using free hemin as a standard.
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UV-visible spectrophotometry and PE-hemin binding analysis

Free hemin generates a characteristic Soret band at 385 nm that
shifts towards 415 nm when hemin is bound to a protein. We used
this property of hemin to demonstrate the characteristics of hemin
binding to PE using a UV-visible spectrophotometer (Vergauwen
etal,, 2010). Purified PE (15 wM) was incubated with 30 uM hemin
in TS buffer for 1 h at room temperature and samples were scanned
between 300 nm to 600 nm by using a UV-visible spectrophotome-
ter. The background was corrected by 30 wuM hemin (in TS buffer) in
the reference cell. Figures were generated by using GraphPad Prism
6 software.

Surface plasmon resonance analysis

The affinity between PE and hemin was analyzed by surface
plasmon resonance using a Biacore 2000 (GE Healthcare). Hemin
was biotinylated prior to immobilization on a sensor chip. For
biotinylation, 1.3 mg hemin was dissolved in 770 I PBS, pH 7.5.
Subsequently, 40 !l Biotin-PEG3 (100 mg/ml) and 190 pl of 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (20 mg/ml)
were added to the hemin solution. Hereby hemin was linked to
biotin at its carboxy-side chains leaving the central iron atom intact.
The labeling reaction was performed for 3 h at room temperature
with gentle shaking. Thereafter, the labeled hemin was dialyzed
against PBS to remove unbound biotin and finally concentrated to
1 mg/ml by using 5 kDa MWCO Vivaspin® concentrator. The hemin
and hemin-biotin binding to PE was verified by using native PAGE.
Biotinylated hemin was immobilized on a SA (streptavidin) sensor
chip (GE Healthcare). Biotinylated hemin (2 mg/ml) diluted in run-
ning buffer (50 mM HEPES, pH 7.8 containing 150 mM NaCl, 2 mM
EDTA and 0.005% Tween-20) was injected to achieve 500 resonance
units (RU). Adjacent flow cell containing only streptavidin served
as a negative control. The binding kinetics was studied for various
concentrations of purified PE (0.19-6.0 wM). The signal from the
control surface was subtracted. In all experiments, two consecutive
injections of 2 M NaCl were used to remove bound ligands during
a regeneration step. The BiaEvaluation 3.0 software (Biacore) was
used to determine response at steady state for each sensorgram,
which was thereafter plotted against PE the concentration. Ky was
calculated using a steady state affinity equation.

Analysis of bacterial growth by using the PE-hemin complex as a
source of hemin

NTHi 3655 were grown without hemin for 8 h in BHI medium
supplemented with 10 ug/ml NAD only. Bacteria were washed
three times in PBS and inoculated into fresh BHI (ODggopm =0.1)

containing NAD (10 pg/ml). Free hemin or equimolar concentra-
tions of PE-hemin complex were used as an iron source. Growth
of bacteria was monitored every 30min for 6h by measuring
absorbance (ODggg nm ) using a cell density meter (Biowave CO8000,
Biochrom). These cultures were also grown overnight (18 h) to
ensure that most of the hemin was consumed in the culture
medium, and to exclude dissociation of the PE-hemin complex. In
addition, we incubated the PE-hemin complex in BHI and NAD for
18 hin the absence of NTHi. To purify PE, or the PE-hemin complex,
bacteria were spun down, and thereafter supernatants were loaded
on a HisTrap Ni**-resin column (GE Healthcare Biosciences). Puri-
fied samples were analyzed by a UV-visible spectrophotometer.

Co-culture of luminescent NTHi 3655lux with NTHi 3655 or NTHi
3655Ahpe

NTHi 3655 or NTHi 3655Ahpe were co-cultured with NTHi
3655lux to analyze transfer of hemin between the strains. NTHi
3655 and NTHi 3655Ahpe were prepared as described above. In
parallel, NTHi 3655/ux was starved for hemin. For starvation, NTHi
3655Iux was freshly grown on chocolate agar plates and inoculated
in BHI medium containing only NAD (10 pg/ml) for 8 h at 37°C.
The optical densities of all cultures were adjusted in BHI medium,
and bacteria at equal numbers were mixed. Each reaction was per-
formed in triplicates (final culture volume 1.3 ml) in a 96-well plate
(Uniplate®, Whatman) followed by incubation at 37 °C. One ster-
ile glass bead was added to each well for proper agitation during
shaking at 200 rpm. The luminescence was monitored every hour
in a 1450 MicroBeta TriLux counter (PerkinElmer).

Statistical analysis

Data were analyzed with the two-way analysis of variance
(ANOVA) using the GraphPad Prism 6.0. A P value <0.05 was con-
sidered as statistically significant.

Results

Protein E binds hemin at the surface of Haemophilus influenzae
and functions as a reservoir for hemin

It is a well-known fact that H. influenzae needs heme for growth
and survival in the host (Infante-Rivard and Fernandez, 1993).
Based upon the structural data of the PE molecule that appears
as a dimer with a pocket (Singh et al., 2013), we screened several
ligands including hemin that may possibly interact with PE. Molec-
ular modeling indicated that the binding pocket may accommodate
a hemin molecule (Fig. 1).

Hemin

Fig. 1. Putative docking of a hemin molecule in the binding pocket of the PE-dimer. Surface representation of the PE crystal structure (Singh et al., 2012, 2013) with a
hypothetical model of the PE-hemin complex. Insert: zoom in projection of a putative hemin-binding pocket in dimeric PE. Docking was performed manually using COOT
(Emsley et al., 2010; McNicholas et al,, 2011; Potterton et al., 2002). The figures were prepared with Pymol and CCP4MG.
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Fig. 2. Haemophilus influenzae PE binds hemin at the bacterial surface and utilizes it when needed. (A) Hemin binding to NTHi 3655 and NTHi 3655Ahpe. Bacteria were
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resuspended in 1 ml PBS. (B) Semi quantitative measurement of PE-dependent hemin-binding on the surface of wild type NTHi 3655 as compared to the PE mutant NTHi
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Since PE is a surface-exposed outer membrane protein
(Ronander et al., 2009), we questioned if an hpe gene mutation
would interfere with the hemin-binding capacity of H. influenzae.
Importantly, we observed a difference in hemin-binding between
wild type NTHi 3655 and the PE mutant NTHi 3566 Ahpe as visu-
ally verified in test tubes (Fig. 2A). Bacteria from cultures shown in
Fig. 2A were also blotted on a nitrocellulose membrane and hemin
was analyzed by using ECL (Fig. 2B). This semiquantitative deter-
mination indicated that more hemin had been acquired by NTHi
3655 in comparison to the PE mutant NTHi 3655 Ahpe. To further
prove that PE binds hemin, recombinant PE was expressed at the
surface of E. coli. In agreement with the results obtained with H.
influenzae (Fig. 2A), addition of hemin to PE-expressing E. coli, led
to more hemin acquisition in comparison to a control E. coli carrying
an empty vector (Fig. 2C).

We also analyzed whether hemin bound to PE at the sur-
face of NTHi would influence bacterial growth. The PE-expressing
wild type NTHi and the corresponding PE mutant NTHi 3655Ahpe
were grown in medium supplemented with hemin overnight.
After extensive washing steps to remove unbound hemin, the
two NTHi strains were separately incubated in culture medium
without hemin. Bacterial growth was thereafter analyzed at the
indicated time points (Fig. 2D). Interestingly, the NTHi 3655 Ahpe

grew slower than NTHi 3655 in the absence of hemin, whereas
growth of both strains was comparable in culture medium sup-
plemented with hemin (10 wg/ml) (Fig. 2D). Taken together, our
results suggest that PE plays a role as a hemin-binding outer mem-
brane protein of H. influenzae, and may work as a storage pool for
hemin.

Soluble recombinant H. influenzae PE binds hemin

To examine the direct hemin-binding capacity of PE, recom-
binant PE and hemin were mixed to form a complex followed
by native PAGE. PE without hemin migrated slowly, whereas
incubation of PE with increasing hemin concentrations resulted
in formation of a PE-heme complex that migrated much faster
through the native gel (Fig. 3A). UV-visible spectrophotometry also
confirmed a direct interaction between PE and hemin (Fig. 3B). The
absorption spectrum of hemin has a characteristic peak in the Soret
band region that comprises a wavelength with visible blue light at
~385 nm. A red shift of the Soret peak occurred with the PE-hemin
complex, which was clearly observed at 415 nm (Fig. 3C). This sug-
gested a PE-mediated perturbation of the electronic structure of
the hemin iron.
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values presented were adjusted with respect to this background measurement. This spectrum showed that the Soret band for unbound hemin was at 385 nm and shifted to
415nm upon interaction with PE. (D) Surface plasmon resonance analysis of PE and hemin. Biotinylated hemin was immobilized on a SA sensor chip and PE at increasing
concentrations was injected. Sensograms for all PE concentrations (PE at 0.19-6.0 uM) are shown in the inset. The measurements were performed using a Biacore 2000. The
response units at saturation were plotted against PE concentrations and fitted using a steady state affinity model and the Biaevaluation software.

The affinity of the hemin interaction with PE was analyzed
by surface plasmon resonance (Biacore). Biotinylated hemin was
immobilized on a sensor chip followed by injection of PE at increas-
ing concentrations. A steady state affinity model suggested that
hemin interacted with PE at K4 ~ 1.6+ 0.27 x 106 M (Fig. 3D). The
surface protein F (PF) (Su et al., 2013) was included as a negative
control and did not bind to hemin (data not shown). Taken together,
the H. influenzae PE has the capacity to attract hemin resulting in a
stable complex formation.

H. influenzae captures hemin from a complex consisting of
recombinant PE and hemin

To investigate whether hemin bound to recombinant PE can
be used by H. influenzae and thereby promote bacterial growth,
we incubated NTHi 3655 starved of hemin in the presence of
the PE-hemin complex or equimolar free hemin. Interestingly, no
difference in bacterial growth was observed between cultures sup-
plemented with either the PE-hemin complex or free hemin while
in their absence any growth was not observed (Fig. 4A).

To exclude that the PE-hemin complex dissociated during our
culture conditions, the PE-hemin complex was incubated for up
to 18h at the same culture conditions but without NTHi. This
time point was also chosen to ensure that NTHi had utilized all
hemin from the PE-hemin complex. Culture samples were sub-
jected to affinity chromatography using Ni**-NTA resin columns.
After elution and quantification, UV-visible spectrophotometry was
performed. The integrity of the PE-hemin complex in the absence
of NTHi was verified by a shift of the Soret peak toward the wave-
length 415nm (Fig. 4B). In contrast, no PE-hemin complex was

detected in cultures with NTHi suggesting that hemin most likely
had been consumed by the bacteria. The PE-hemin complex was
thus stable and could be used as a hemin source for NTHi.

Hemin loaded on PE at the bacterial surface is donated to H.
influenzae starved of hemin

Our experiments with NTHi 3655 and the PE mutant (Fig. 2D)
suggested that PE may play a crucial role for the supply of hemin.
To further demonstrate the usage of hemin derived from PE, we
set up a co-culture with a luminescent NTHi (NTHi 3655/ux) that
was starved of hemin, and NTHi 3655 or NTHi 3655 A hpe that both
were cultured in the presence of hemin (Fig. 2A). Interestingly, NTHi
3655lux grew better when incubated with NTHi 3655 that carried
more hemin at the surface as compared to the PE-deficient NTHi
3655Ahpe (Fig. 5A). Growth of NTHi 3655lux in the presence or
absence of supplemented hemin was included as a control in a
parallel experiment (Fig. 5B). To summarize, our results indicate
that hemin is shared between H. influenzae during shortage, that is,
hemin-carrying NTHi may donate hemin to the co-cultured NTHi
population.

Discussion

Iron is an essential element for almost all living organisms.
As a catalytic center for redox reactions in many enzymes, iron
facilitates numerous cellular processes such as electron transport,
peroxide reduction, and nucleotide biosynthesis (Tong and Guo,
2009). As free iron is relatively insoluble and toxic, specific uptake
pathways are present in almost all organisms. The iron uptake by
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This experiment was repeated three times, and one representative experiment is shown here.

Gram negative bacteria is energized by the TonB-ExbB-ExbD sys-
tem, and iron is imported by ABC transporters. The TonB system of
H. influenzae is involved in iron uptake mechanisms and is essen-
tial for virulence (Jarosik et al., 1995; Morton et al., 2012). Several
pathogens also secrete high affinity iron-binding siderophores for
iron retrieval from the surrounding tissue (Andrews et al., 2003). H.
influenzae lacks the enzymes required in the biosynthetic pathway
for the porphyrin ring, which is an immediate precursor of heme
(Panek and O’Brian, 2002). H. influenzae expresses, however, fer-
rochelatase, which mediates insertion of iron into protoporphyrin
IX to produce heme (Loeb, 1995; Panek and O’Brian, 2002). Thus,
H. influenzae utilizes hemin, hemoglobin, hemoglobin-haptoglobin,
heme-hemopexin, transferrin and lactoferrin as iron sources. Since
the species cannot grow in the absence of iron or porphyrin, both
are indispensable for H. influenzae colonization (Gilder and Granick,
1947).

It is now apparent that H. influenzae has numerous mecha-
nisms for binding and uptake of heme, irrespectively whether the
heme is free or bound to a heme host carrier protein (Cope et al.,
2000). However, in contrast to other bacterial species, H. influen-
zae does not produce any siderophores by itself, but can utilize
siderophores produced by other microorganisms for iron uptake
(Morton et al., 2010). The mechanisms for heme acquisition have
not yet been fully elucidated for this bacterial species, but several
heme-binding proteins of Haemophilus have been studied for their
interaction with heme. Most of those are transporters or transport-
associated proteins described as hemophores (Whitby et al., 2009).
High heme content can be toxic for some pathogens, whereas
several pathogens such as Yersinia pestis, Aeromonas salmonicida,
Shigella flexneri, Prevotella spp., and Porphyromonas spp. are known
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for storing heme at their surface and utilize it for virulence (Anzaldi
and Skaar, 2010). H. influenzae outer membrane lipoprotein P4 was
previously described to play role in hemin uptake and transport
(Reidl and Mekalanos, 1996). However, any hemin storage surface
protein of H. influenzae has until now not been reported. Here we
suggest that hemin is not only stored by PE at the bacterial surface
but can also be utilized by other NTHi in the population. The hemin
storage pool can thus also overcome the nutritional immunity and
assist bacteria to survive in conditions related to heme paucity.

The equilibrium dissociation constant (Kg) of the PE-hemin
binding affinity was 1.6 x 10-®M as estimated by surface plas-
mon resonance. This is one of the highest affinites reported
for any membrane protein of H. influenzae. Interestingly, the
hemin-binding affinity for PE is higher than that of periplasmic
heme-binding proteins such as HbpA (Kg ~ 655 x 10-6 M) and SapA
(Kq~56 x 106 M) (Jin et al., 1996, 1999). However, FbpA binds fer-
ric iron with an affinity that was estimated to K4=2.0 x 10~18 M,
and FbpA furthermore extracts iron from the human high affin-
ity iron-binding protein transferrin (Khan et al., 2007). Thus, based
upon the binding affinity and comparison with other iron acquir-
ing proteins of H. influenzae, that is, HbpA, SapA and FbpA, PE has
an optimal affinity for hemin to function as a hemin carrier for H.
influenzae. We hypothesize that PE may attract hemin from the
surroundings in the bacterial niche when there is excess hemin
available during, for example, tissue destruction linked to infection,
smoking-induced damage or inflammation in COPD patients.

In conclusion, this report reveals a unique function attributed
to the multifunctional H. influenzae PE. The involvement of PE in
hemin acquisition was proven by analysis of a NTHi mutant devoid
of PE in addition to surface expression of the heterologous host E.
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Fig. 5. Hemin bound to PE at the surface of H. influenzae is shared with co-cultured NTHi. (A) Growth of NTHi 3655lux was significantly promoted by NTHi 3655 as compared
to NTHi 3655Ahpe that was devoid of PE. To provide hemin, 108 cfu of NTHi 3655 or PE-mutant NTHi 3655 Ahpe were added to 10® luciferase-producing NTHi 3655lux. (B)
Growth of NTHi 3655lux with or without supplemented hemin. NTHi 3655lux was grown in BHI medium containing 10 p.g/ml each of hemin and NAD. In (A), NTHi 3655
and the PE-mutant NTHi 3655Ahpe were first grown in BHI supplemented with hemin and NAD (both at 10 pg/ml). After three washings in PBS, the NTHi 3655/lux was
co-cultured with either NTHi or NTHi 3655Ahpe at a ratio of 1:1. Results are shown as luminescence related to growth of NTHi 3655Iux. The data represent mean values of
three independent experiments in triplicates. Error bars indicate SD. Statistical significance of differences was calculated using a two-way ANOVA; “**P <0.001.
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coli. This is to our knowledge the first experimental evidence on
distribution of hemin between H. influenzae and sheds light upon
the mechanisms that are related to nutrient sharing.
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Fig. S1. Insertion of the P. luminescens lux operon in the genome of NTHi 3655. (A)
Diagram depicting the strategy employed to insert the lux operon (/luxABCDE) from
luminescens TTO1 into NTHi 3655 genome. Genomic insertion was done in the locus
CGSHi3655_ 06559 annotated as threonine dehydratase (¢dc) in the draft genome of NTHi
3655. (B) NTHi 3655 and NTHi 3655/ux luminescent clones grown overnight on GCG plates.
(C) Luminescence was observed on a chemidoc XRS+ system (Biorad).
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Table S1. Primers used for construction of the NTHi 3655/ux strain

Primer Sequence (5°-37) Restriction
enzyme

PromP5 F CGCGATATCTGAAGGTAAAACGGCAGG EcoRV

PromP5 R TAACGTCGACAGATCTGGCGCGCCTAGGCTAGCTTTAGTC Sall
ATCGAATAGTAATAAA

Luxop F  AATCTATCGCTAGCTAAATAAGGACATCTTATGACTAAA  Nhel
AAAATTTCATTCATT

Luxop R CTCTGTCGACAGATCTGGAATCAACTATTAAATGCTT Bglll

KS36 GGCGGATCCTGACCGCACTTAGGGGGATAAAACAAAGG

KS37 GGCCTCGAGAAGTGCGGTCAGGCAAGTCCCTGTTCAAA

The restriction enzyme sites used for cloning of the inserts are underlined. The ribosome
binding site (in Luxop_F) and uptake signal sequences (in KS36 and KS37) are highlighted in
bold.
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A Fine-Tuned Interaction between Trimeric Autotransporter
Haemophilus Surface Fibrils and Vitronectin Leads to Serum
Resistance and Adherence to Respiratory Epithelial Cells

Birendra Singh,? Yu-Ching Su,® Tamim Al-Jubair,? Oindrilla Mukherjee,® Teresia Hallstrém,? Matthias Mérgelin,® Anna M. Blom,¢
Kristian Riesbeck®

Medical Microbiology, Department of Laboratory Medicine Malmo, Lund University, Malmo, Sweden?; Department of Infection Biology, Leibniz Institute for Natural
Product Research and Infection Biology, Hans-Knoell-Institute, Jena, Germany®; Section of Clinical and Experimental Infectious Medicine, Department of Clinical Sciences,
Lund University, Lund, SwedenS; Division of Medical Protein Chemistry, Wallenberg Laboratory, Department of Laboratory Medicine Malmé, Lund University, Skéne
University Hospital, Malmo, Sweden®

Haemophilus influenzae type b (Hib) escapes the host immune system by recruitment of the complement regulator vitronec-
tin, which inhibits the formation of the membrane attack complex (MAC) by inhibiting C5b-C7 complex formation and C9
polymerization. We reported previously that Hib acquires vitronectin at the surface by using Haemophilus surface fibrils (Hsf).
Here we studied in detail the interaction between Hsf and vitronectin and its role in the inhibition of MAC formation and the
invasion of lung epithelial cells. The vitronectin-binding region of Hsf was defined at the N-terminal region comprising Hsf
amino acids 429 to 652. Moreover, the Hsf recognition site on vitronectin consisted of the C-terminal amino acids 352 to 374. H.
influenzae was killed more rapidly in vitronectin-depleted serum than in normal human serum (NHS), and increased MAC de-
position was observed at the surface of an Hsf-deficient H. influenzae mutant. In parallel, Hsf-expressing Escherichia coli selec-
tively acquired vitronectin from serum, resulting in significant inhibition of the MAC. Moreover, when vitronectin was bound to
Hsf, increased bacterial adherence and internalization into epithelial cells were observed. Taking our findings together, we have

defined a fine-tuned protein-protein interaction between Hsf and vitronectin that may contribute to increased Hib virulence.

Huemophilus influenzae is a Gram-negative respiratory patho-
gen. The species is divided into two groups depending on the
presence or absence of a polysaccharide capsule. Encapsulated
strains are further divided into six different serotypes, a, b, ¢, d, e,
and f, whereas unencapsulated strains are referred to as nontype-
able H. influenzae (NTHi). The most virulent strain is H. influen-
zae type b (Hib), which causes sepsis, pneumonia, osteomyelitis,
epiglottitis, joint infections, and acute meningitis (1, 2). Although
the incidence of Hib infections in developed countries has been
dramatically reduced since the introduction of the Hib conjugate
vaccine in the early 1990s, Hib remains a major infectious agent
related to lower respiratory tract infections and causes meningitis
in infants and children in many developing countries (3, 4).

The initial step of successful colonization and subsequent in-
fection by Haemophilus is bacterial adherence to host tissue, a
phenomenon mediated by adhesins. Upon overcoming the mu-
cociliary escalator, bacteria colonize and may damage the epithe-
lial cells and break down tight junctions. Subsequently, H. influ-
enzae reaches the basement membrane and the extracellular
matrix (ECM) and occasionally penetrates into deeper tissue lay-
ers (2, 5-7). In addition to these virulence properties, Hib often
breaches the blood-brain barrier and causes inflammation of the
meninges of the brain (8). The invasive mechanisms are, however,
not fully understood.

Hsf (Haemophilus surface fibrils) is a major trimeric autotrans-
porter adhesin initially reported in Hib. Hsf is a protein highly
conserved among all typeable strains, with a monomeric size of
approximately 243 kDa that builds up a trimer of approximately
750 kDa (9). In unencapsulated strains, a homologue to the Hsf
protein, H. influenzae adhesin (Hia), can be found. Hia is present
only in approximately 25% of clinical NTHi isolates (10) and can-
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not be found in encapsulated H. influenzae. In contrast, the Hia
homologue Hsf exists in all typeable strains (11-13). Although Hia
has a smaller size of ~114 kDa (=342 kDa as a trimer), these two
proteins are highly homologous at their N and C termini, with an
overall 81% similarity and 72% identity. Both Hia and Hsf are
constituted of various repetitive domains, which are also relatively
similar in their secondary structures (9, 14).

The survival of Hib in the host is controlled by the acquisition
of complement regulators at the surface of the pathogen for effec-
tive inhibition of opsonization, phagocytosis, and formation of
the membrane attack complex (MAC) (15, 16). A major regula-
tory component of the MAC is the multifunctional glycoprotein
vitronectin (Vn), which is found both in plasma and in the ECM.
Vn has an RGD domain in the N terminus that is known to inter-
act with integrins of the host epithelial cells, whereas the C-termi-
nal heparin binding domain (HBD3) has been shown to be used
by bacterial pathogens to bind Vn (17-20). Simultaneous interac-
tion of Vn with integrins and bacterial surface proteins has been
thought to result in the formation of a bridge between bacteria and
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host cells. This leads to internalization, as exemplified by Strepto-
coccus pneumoniae and Pseudomonas aeruginosa, resulting in
downstream signaling events (21-23). Protein E and protein F of
nontypeable H. influenzae have been shown to bind Vn and en-
hance the serum resistance capacity (18, 24). Thus, the Vn-medi-
ated serum resistance of Hib is multifactorial: more than one sur-
face protein is involved in binding to the same complement
regulator. In addition, H. influenzae also interacts with factor H
(FH) and C4b binding protein (C4BP) for protection against
complement-mediated killing (15).

We have demonstrated an interaction between Hsf and Vn
previously (25). However, this binding was not directly proven to
be involved in serum resistance. In the present study, we therefore
wanted to define the regions of Vn involved in the bacterial
Hsf-Vn interaction and to investigate the role of this interaction in
serum resistance and host cell adherence. Our results demonstrate
that Vn bound to Hsf at the bacterial surface inhibits the assembly
of the MAC, thereby protecting H. influenzae from serum-medi-
ated killing. Moreover, Vn bound to Hsf increases the adherence
and internalization of bacteria into host cells.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The H. influenzae type b strain
RM804 and its isogenic hsf mutant (25) were grown in liquid brain heart
infusion (BHI) medium containing 10 ug ml~' NAD and hemin, or on
chocolate agar plates, followed by incubation at 37°C under a humid
atmosphere with 5% CO,. The hsf mutant was grown in the presence of 18
wg ml~! kanamycin. Escherichia coli DH5a and E. coli BL21(DE3) were
cultured in Luria-Bertani (LB) broth or on LB agar plates at 37°C. E. coli
containing pET26b-hsf expression vectors was grown in 50 pg ml™'
kanamycin, and E. coli carrying pET16b-hsf ~>*!* was supplemented with
100 g ml ™! ampicillin, in LB medium. Vitronectin-expressing human
embryo kidney (HEK293T) cells were cultured in advanced Dulbecco’s
modified Eagle medium (DMEM) (Gibco, Invitrogen, Stockholm, Swe-
den) containing 2 mM L-glutamine, 100 pg ml ™' streptomycin, and 100 U
ml " penicillin.

Vector construction, protein expression, and purification. The hsf
genes were made according to the layout shown in Fig. 2A. Binding do-
mains BD2%2°7052 BD3110371338 '3nd BD1'79272922 were cloned. In addi-
tion to binding domains (BDs), other structural Hsf motifs, called
putative domains (PDs), were made: PD22727375 pp3?38-104e . and
PD1'%7174 (see Fig. 2A). Sequence-specific primers were designed for
PCR amplification, and forward and reverse primers contained BamHI
and HindIII restriction sites, respectively (Table 1). The amplified PCR
products were digested and were ligated into the pET26b vector. The
sequences of ligated inserts were verified from selected clones by sequenc-
ing. Finally the vectors were transformed into E. coli BL21(DE3). For
surface expression of Hsf, pET16b-hsf'>*'* and the empty vector pET16b,
used as a control, were transformed into fresh E. coli BL21(DE3). Single
colonies from the LB plates with ampicillin were inoculated into LB me-
dium containing 100 wg ml~ ' ampicillin and were incubated at 37°C with
shaking at 200 rpm. Expression was induced by the addition of 0.2 mM
isopropyl-B-p-thiogalactopyranoside (IPTG) at an optical density at 600
nm (ODgy,) 0f 0.4 to 0.5, and cultures were grown for the next 15hat 37°C
with shaking at 200 rpm. Expression levels were verified by flow cytometry
before any downstream experiment. For purification purposes, E. coli
BL21(DE3) containing pET26b-hsf expression vectors was grown in LB
medium with kanamycin at 37°C until the OD,, reached 0.8 to 1. Expres-
sion of the proteins was induced by the addition of 1 mM IPTG. After 3 h
of culture, cells were harvested and were resuspended in a His-tagged
protein binding buffer (50 mM Tris-HCl, pH 7.5, containing 50 mM
imidazole and 500 mM NaCl). Bacteria were lysed by sonication, and
Ni-nitrilotriacetic acid (NTA) affinity purification was performed accord-
ing to the manufacturer’s guidelines (GE Healthcare Biosciences, Upp-
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TABLE 1 List of primers used for cloning of recombinant protein

Primer name ~ Sequence®

Hsf_54_F 5'-CTGAGGATCCGGAAGATGAAGAGTTAGACCCCGTAGTA
CGC-3'

Hsf_2300_R TGACAAGCTTGGCAGAAATTTCGCCATTAGCCACAT
TGTCAATGA-3'

BD1_For429  5'-CTGAGGATCCGAGTTGGAAAGCAAAAGCTGAGGCTGA
TACT-3'

BDI_Rev652  5'-CTGACAAGCTTCACACTAACGGTAATCGTATGTTTACCG-3'

BD2_Forl103  5'-CTGAGGATCCGAGCTGGACGGCAAAAGCCGATAAATAT
GCAGAT-3'

BD2_Revi338  5'-CTGACAAGCTTTGCAACATCAATCGTTACAGTATGTTTTC

CGTTGTTATC-3'

BD3_For1792 5'-CTGAGGATCCGAGCTGGACGGCAACTGCTGGTAAAG

AAG-3'
BD3_Rev2022  5'-CTGACAAGCTTAGCCAATTCAAAGGTAATCACGC
GCGTACCG-3'
PD1_For265 5'-CTGAGGATCCGACCGAAGTGAAATTCACACCG-3'
PDI1_Rev376 5'-CTGACAAGCTTTTTCGCGTCGTACTTAACAGTGATGCC-3'
PD2_ For932

5'-CTGAGGATCCGGACGTTAAAATCGGTGCGAAAACT-3'

PD2_Rev1047  5'-CTGACAAGCTTATTTACATCGTATTTGACATTGATGTT

CCATTATC-3'

5'-CTGAGGATCCGGTTGAAAGTAAAGATAATGGCAAGAG
AACC-3'

PD3_Forl621

PD3_Rev1741 5'-CTGACAAGCTTTTTAACATTGTATTTAACAGTAATACTAC
CGTCGTTTGC-3'

Hsf608_For CTGAGGATCCGTCAACCAAAAACGGTACGAAAGAAG
AAAGC

Hsf1351_Rev CTGACAAGCTTATCTTTTTCAAGACCATCACCAACTTT
GGCTTC

Hsf1047_For
Hsf1751_Rev
Hsf1755_For

CTGAGGATCCGAATGTTGGTGACGGCTTGAAGATTGGC
CTGACAAGCTTATCGCCGTCTAGTTTTAAGCCATCAGCCAC
CTGAGGATCCGGCAGACACGACCGTACTTACTGTGGCA

Hsf2313_Rev CTGACAAGCTTGGCATACAACTGACTTCCGTTAATCGCATC
GGTGGA

Hsf2315_For CTGAGGATCCGGCAAAAGGGGTAACAAACCTTGCTGGACAA
GTG

Hsf2413_Rev CTGACAAGCTTCTGGTAACCAACACCTGCTGCAACGCC

¢ Underlining and italics indicate restriction sites.

sala, Sweden). Gel filtration was performed using an analytical gel filtra-
tion column (Superdex 200; GE Healthcare Biosciences), connected with
an AktaPrime Plus fast protein liquid chromatography (FPLC) system
(GE Healthcare Biosciences). The column was equilibrated with phos-
phate-buffered saline (PBS), and approximately 200 g of each protein
fragment was injected. Separation was achieved at 0.7 ml/min at room
temperature (RT). Standard molecular weight markers (Sigma, St. Louis,
MO) were used for comparison of molecular weights. Peaks separated by
the column were collected as fractions, concentrated by a Centricon con-
centrator (molecular weight cutoff [MWCO], 5,000), and loaded onto
SDS-PAGE gels (see Fig. S3 and S4 in the supplemental material). SDS-
PAGE gels were stained with Coomassie blue R-250 (see Fig. S1 and S2 in
the supplemental material). Vn constructs were expressed in HEK293T
cells, as described elsewhere (18). Protein concentrations were estimated
by aNanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE)
and were also verified by a bicinchoninic acid (BCA) assay (Pierce, Rock-
ford, IL).

Western blotting. H. influenzae RM804, the E. coli control, or E. coli
expressing Hsf at the surface (10° cells) was blocked with PBS containing
2.5% bovine serum albumin (BSA) for 1 h at RT. Bacteria were resus-
pended in PBS containing 2.5% BSA, and different serum dilutions or
purified Vn was added. Binding was performed for 1 h at RT. Thereafter,
bacteria were washed 3 times with PBS and were resuspended in PBS, and
finally SDS-PAGE loading dye was added. In the following step, samples
were treated at 95°C for 10 min and were centrifuged at 14,000 X g for 10
min. Supernatants were separated on 12% SDS-polyacrylamide gels and
were blotted onto polyvinylidene difluoride (PVDF) membranes. The
membranes were blocked with PBS containing 5% milk, and specific pri-
mary antibodies (AbD Serotec, Diisseldorf, Germany), anti-rabbit FH
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antibodies (Calbiochem, San Diego, CA), and anti-rabbit C4BP antibod-
ies (CompTech, Tyler, TX) were added to the membranes in PBS plus 5%
milk. After extensive washing, donkey secondary antibodies conjugated
with horseradish peroxidase (HRP) were added to the membranes, which
were developed with an ECL Western blotting kit (Pierce, Rockford, IL).

Flow cytometry. E. coli cells containing pET16b-hsf'*"* were pre-
pared according to the method described above. Bacteria (10°) were re-
suspended in 100 pl of PBS containing 2.5% BSA and were treated with
affinity-purified rabbit polyclonal anti-Hsf or anti-BD antibodies for 1 h
at room temperature. After washing, fluorescein isothiocyanate (FITC)-
conjugated anti-rabbit polyclonal antibodies (PAb) (Dakopatts) were
added, and the mixture was incubated for 1 h at room temperature. E. coli
harboring an empty vector was used as a control and was stained similarly.
Samples were analyzed in a flow cytometer (EPICS XL-MCL; Beckman
Coulter). MAC deposition on the surface of H. influenzae or Hsf-express-
ing E. coli was analyzed by flow cytometry. Wild-type (WT) RM804 and
the Hsf-deficient mutant (RM804 Ahsf) were grown in broth and were
washed once in PBS containing 2% BSA (PBS-BSA). Hsf-expressing E. coli
was grown to an ODy, of 0.5, and Hsf expression was induced by 0.2 mM
IPTG for 16 h. RM804 and RM804 Ahsf were incubated with 5% normal
human serum (NHS), and Hsf-expressing E. coli and an E. coli control
strain were incubated with 1% NHS in GVB+ + buffer (CompTech) at
37°C. All bacteria were used at 10°. Aliquots were removed after 5, 10, 20,
and 30 min, and thereafter the bacteria were stained for MAC deposition.
Bacteria were washed and were incubated for 30 min with a mouse mono-
clonal antibody (MADb) against human MAC/C5b-9 (1:100), followed by
an Alexa Fluor 647-conjugated anti-mouse PAb (1:200). After washing,
binding was analyzed by flow cytometry (with a FACScan LRII flow
cytometer; Becton, Dickinson, Mountain View, CA). All bacteria were
incubated in PBS-BSA, and primary and secondary antibodies were added
separately as negative controls.

TEM. Anti-C9 antibodies were labeled with colloidal gold as described
previously (26). Wild-type H. influenzae RM804 was grown in BHI for 3 h
at 37°C. E. coli cells were induced with IPTG to express Hsf, and the
expression of the protein at the surface was verified by flow cytometry
prior to transmission electron microscopy (TEM). Bacteria were incu-
bated with gold-conjugated antibodies, fixed in PBS containing 4% para-
formaldehyde and 0.1% glutaraldehyde, and prepared as described previ-
ously (27). TEM was performed as described elsewhere (28), and
specimens were examined in a JEOL JEM 1230 transmission electron mi-
croscope (JEOL, Peabody, MA) at 60 kV accelerating voltage. The images
were recorded with a Gatan MultiScan 791 charge-coupled device (CCD)
camera (Gatan, Pleasanton, CA).

Direct binding assay and enzyme-linked immunosorbent assay
(ELISA). A direct binding assay was used to detect the binding of '*°I-
labeled Vn at the surfaces of bacteria. Vn was labeled by the chloramine-T
method as described previously (18). Approximately 1 X 10® H. influen-
zae RM804 or E. coli bacteria were blocked with PBS-2.5% BSA and were
pipetted into microtiter plates. Increased concentrations of '**I-Vn were
added to bacteria and were incubated for 1 h at 37°C. For inhibition
experiments, cold ligands were added to the samples prior to the addition
of '?°I-Vn. In the next step, bacteria were washed 3 times with PBS to
remove unbound '?’I-Vn. Plates were harvested in a 96-well plate har-
vester (Tomtec, Hamden, CT) and were counted in a liquid scintillation
counter (1450 MicroBeta TriLux; PerkinElmer, Waltham, MA).

Purified Hsf fragments (50 nM) were immobilized on PolySorp mi-
crotiter plates (Nunc-Immuno; Nunc, Roskilde, Denmark) in Tris-HCl,
pH 9.0, for 15 h at 4°C. Plates were washed 3 times with PBS to remove
unbound protein and were blocked with PBS-2.5% BSA for 1 h at RT.
Vitronectin was added to wells in PBS-2.5% BSA and was incubated for 1
hatRT. For inhibition assays, the wells were supplemented with inhibitor
ligands at different concentrations prior to the addition of Vn. Unbound
Vn was removed by washing with PBS containing 0.05% Tween 20. There-
after, the bound Vn was detected by a sheep anti-human Vn PAb and an
HRP-conjugated donkey anti-sheep secondary PAb (both from AbD
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Serotec). The binding of factor H and C4BP to Hsf was also detected by
ELISA by using the same protocol and specific antibodies. Finally the
plates were developed and were read at 450 nm in a microplate reader
(Multiskan Plus; Labsystems, Helsinki, Finland).

Surface plasmon resonance. The interaction between Hsfand Vn was
analyzed using surface plasmon resonance (Biacore 2000 system; Biacore,
Uppsala, Sweden). Four flow cells of a CM5 sensor chip were activated,
each with 20 pl of a mixture of 0.2 M 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide and 0.05 M N-hydroxysulfosuccinimide at a flow rate of 10
wl/min, after which Hsf*~2** and BD2 (10 pl/ml in 10 mM sodium
acetate buffer, pH 4.0) were injected over separate flow cells. Unreacted
groups were blocked with 20 pl of 1 M ethanolamine (pH 8.5). The final
immobilization levels were 7,179 resonance units (RU) for Hsf>*-23%°
(244 kDa) and 884 RU for BD1 (25 kDa), and thus, these were immobi-
lized at equimolar ratios. A negative control was prepared by activating
and subsequently blocking the surface of flow cell 1. Thereafter, a series of
2-fold dilutions of Vn starting at 200 pg/ml were injected into the flow
buffer (50 mM HEPES, pH 7.5, containing 150 mM NaCl, 3 mM EDTA,
and 0.005% Tween 20). Vitronectin was injected for 100 s during the
association phase at a constant flow rate of 30 pl/min. The sample was
injected first over the negative-control surface and then over immobilized
ligands. The signal from the control surface was subtracted. The dissoci-
ation was followed for 360 s at the same flow rate. In all experiments, 10-jl
injections of 2 M NaCl and 100 mM HCI followed by 0.05% SDS were
used to remove bound Vn during a regeneration step. The BiaEvaluation
software (version 3.0; Biacore) was used for data analysis using a 1:1 Lang-
muir model of interaction.

Serum killing assay. Approximately 10° H. influenzaec RM804 or E.
coli bacteria expressing Hsf were resuspended in 100 .l of dextrose-GVB
(DGVB™™) buffer, pH 7.3, containing 140 mM glucose, 0.1% (wt/vol)
gelatin, 1 mM MgCl,, 0.15 mM CaCl,, and finally 10% NHS (18, 24).
Normal human serum was prepared from 5 different healthy volunteers
according to standard guidelines. In parallel, a heat-inactivated serum
(HIS) was prepared as a control by inactivation of complement compo-
nents by heating at 56°C for 30 min. Serum was depleted of Vn, and
depleted serum was replenished with new Vn, as described previously
(24). E. coli expressing Hsf was optimized for serum sensitivity by adding
1to 10% NHS or HIS at different time intervals. NHS or HIS was added to
bacteria resuspended in DGVB™ ™, which were then incubated at 37°C. At
a particular time, bacteria were plated on chocolate agar. The number of
viable bacterial cells was determined by counting CFU after overnight
incubation at 37°C.

Membrane attack complex deposition assay. Microtiter plates (F96
MediSorb, Nunc-Immuno module) were coated with Hsf or BSA, each at
5 pg/ml overnight at 4°C. The plates were washed four times with PBS-
Tween (PBST) and were blocked for 1 h at RT with PBS containing 2%
BSA. After washing, the plates were incubated for 1 h at RT with vitronec-
tin (10 to 50 pg/ml) or FH (10 to 50 pg/ml). Subsequently, the wells were
washed and incubated with C5b-6 (1.5 wg/ml) and C7 (1 wg/ml) for 10
min at RT, and thereafter C8 (0.2 pg/ml) and C9 (1 pg/ml) were added,
and the mixture was incubated for 30 min at 37°C. MAC deposition was
detected with a mouse anti-human C5b-9 MAb and an HRP-conjugated
swine anti-mouse PAb. The reaction was developed with 1,2-phenylene-
diamine dihydrochloride (OPD; DakoCytomation), and absorbance was
measured at 492 nm.

H. influenzae adherence and invasion assay. Lung alveolar epithelial
cells (A549) were grown in 12-well culture plates in F-12 medium supple-
mented with 10% fetal calf serum (FCS) and 5 pg/ml gentamicin. There-
after, 80 to 90% confluent cells were kept overnight in serum-free me-
dium (F-12 medium only), prior to the experiments. H. influenzae (10"
CFU) was added to cells and was incubated at 37°C with gentle shaking (50
rpm). At different time points (1 to 6 h), cells were washed thoroughly,
and cells were taken out by treatment with Accutase (Life Technologies,
Stockholm, Sweden). Cells were lysed with glass beads and by vortexing.
To analyze internalized bacteria, cells were treated with gentamicin (100
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pg/ml) for 1 h to kill extracellular bacteria. Finally, different dilutions
were made, and solutions were spread on chocolate agar plates. To ob-
serve an effect of Vn, cell monolayers were treated with Vn (2 to 4 pg/ml)
at 4°C for 2 h, followed by extensive washing (3 times) with PBS. The
additional steps were performed as described above.

Confocal microscopy. A549 cells were grown on glass coverslips in
F-12 medium supplemented with 10% FCS and 5 pg/ml gentamicin.
Confluent cells (90%) were kept in serum-free medium (F-12 medium
only) overnight. Bacteria were labeled with FITC (10 pg/ml) in PBS for 30
min at RT, followed by 3 washes to remove unbound FITC. The FITC-
conjugated bacteria (10®) were added to the cells and were incubated for 2
to 8 h at 37°C with gentle shaking. Cell monolayers were treated with 10
g Vn and were incubated for 2 h at 4°C, prior to the addition of bacteria.
Coverslips were washed 3 times in PBS and were fixed by using 4% para-
formaldehyde. Finally, coverslips were mounted with Vectashield (Vector
Laboratories, United Kingdom) containing 4',6-diamidino-2-phenylin-
dole (DAPI). Images were taken using a laser scanning microscope (LSM
710; Carl Zeiss, Géttingen, Germany) and were processed using Zen soft-
ware.

Statistics. One- or two-way analysis of variance (ANOVA) was used to
determine the difference between more than two experimental groups
when indicated. Differences were considered statistically significant ata P
value of =0.05. Statistical analyses were performed using GraphPad
Prism, version 5.0 (GraphPad Software, La Jolla, CA).

RESULTS

Haemophilus influenzae type b clinical isolates bind Vn. To
prove that the binding of Vn to Hib strains is a common phenom-
enon, we analyzed Hib clinical isolates (n, 26) for their Vn-bind-
ing capacities. Of 26 Hib isolates, 11 and 10 had high and medium
Vn-binding capacities, respectively. E. coli DH5a did not bind Vn
and was included as a negative control in our assay (Fig. 1A). In
parallel, the Vn-binding capacity of RM804 Ahsf (25) was tested
and compared to that of the clinical isolates, 19.2% of which had a
low Vn-binding capacity similar to that of the RM804 Ahsf mutant
(Fig. 1B). We thus defined this group of clinical isolates as low Vn
binders. Moreover, when Hsf was expressed at the surface of the
heterologous host E. coli, significant Vn binding was observed, in
contrast to E. coli containing an empty vector only (Fig. 1C).
Taken together, our data suggested that most of the clinical Hib
isolates had the capacity to acquire Vn.

Binding domain 2 of Hsf recognizes vitronectin. To define
the Vn-binding region in the Hsf molecule, we expressed full-
length Hsf>*~2** and the truncated fragments Hsf>* =%, Hsf*8~13%",
Hsf'04771721 Hsf' 3367291 "and Hsf'7>>*"* (Fig. 2A). On the basis
of previously identified epithelial cell binding domains, BD2
(Hsf*?°7%2), BD3 (Hsf''°*71%3%) and BD1 (Hsf'"**72%%?) were ex-
pressed in E. coli (9). In addition to these BDs, we also observed a
set of repeats present in putative domain 2 (PD2) (Hsf?**77¢),
PD3 (Hsf*?7'°%), and PD1 (Hsf'®*'~'7*!) that share 65.8 to 80.2%
sequence similarity. The function of those repeats is at present
unknown, and therefore we named them PDs. Hence, recombi-
nant PD1, PD2, and PD3 were also included in our study (Fig. 2A).
The purified proteins were verified for their oligomeric conditions
by using gel filtration and subsequent SDS-PAGE of separated
protein peaks. All purified proteins were mainly trimers, with mi-
nor fractions of higher-molecular-weight oligomers (see Fig. S1
and S2 in the supplemental material). ELISA showed that recom-
binant Vn®* % bound significantly to Hsf* >, Hsf*~%%, BD2,
and Hsf'***~2%! (Fig. 2B). Low-level interactions were also ob-
served with the PD2, BD1, and Hsf'**7'7>! fragments. The re-
maining fragments (PD3, PD1, BD3, Hsf®*~'**!, and Hsf'*"~'7")
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FIG 1 H. influenzae type b clinical isolates significantly bind Vn. (A) Direct
binding of **I-labeled Vn to clinical isolates. E. coli DH5a was used as a
negative control. (B) H. influenzae RM804 Ahsf showed a lower level of Vn
binding than the Hsf-expressing wild type. (C) E. coli expressing Hsf revealed
a Vn-binding phenotype.

did not interact with Vn. A truncated Moraxella catarrhalis 1IgD
binding protein (MID; amino acids [aa] 962 to 1200) was used as
a negative control (Fig. 2B). The non-Vn-binding Hsf fragments
were excluded from further experiments.

To confirm the interaction with the Vn-binding Hsf fragments,
we also carried out an inhibition assay. Vn®~?® in solution was
preincubated with increasing concentrations of truncated Hsf
fragments (Fig. 2C) prior to addition to the full-length Hsf>*>**.
The results with recombinant Hsf>*2**° BD2, and Hsf**~°%
showed significant dose-dependent inhibition of Vn®**= bind-
ing to Hsf*~2*%. The remaining proteins (PD2, BD1, Hsf'*7~'7,
and Hsf'>?*7%") all of which showed only minor binding to Vn
(Fig. 2B), did not inhibit the interaction of Hsf>*~*° with Vn (Fig.
2C). As expected, heparin inhibited Vn binding to Hsf and was
included as a positive control (Fig. 2C). Since PD2 and BD1 were
unable to block the interaction, these two domains were excluded
as possible binding partners. Furthermore, the C-terminal region
of Hsf'*?*72%! did not inhibit Vn binding to Hsf>*"***. Our re-
sults clearly suggested that BD2, which is also present in Hsf>*~%%,
was the major Vn-binding region of the Hsf molecule.

The binding affinities of the Hsf>*~>*** and BD2 interactions
were measured using surface plasmon resonance. A CM5 sensor
chip was coated with recombinant Hsf, and the binding of several
concentrations of Vn®"~® was measured in real time. Vn®*—%
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FIG 2 BD2 is the major Vn-binding region of Hsf. (A) Schematic of Hsf showing a plan of the different recombinantly expressed fragments. BD, binding domain;
PD, putative domain. (B) An ELISA plate was coated with Hsf fragments (50 nM); Vn®~?¢ (20 nM) was added to each well; the unbound fraction was removed
by PBST; and bound Vn was detected with an anti-Vn sheep PAb and an HRP-conjugated anti-sheep donkey PAb. (C) Results obtained by ELISA for inhibition
of the interaction of Vn® ~*° with Hsf**>**°, Increasing concentrations of recombinant Hsf fragments were incubated with Vn®~**® prior to the addition of Vn
to wells coated with Hsf>*2*%°. Heparin was used as a positive control. Statistical analyses for all data in panels B and C were performed by two-way ANOVA. All
data are means of results from three independent experiments, and error bars show standard deviations. *, P = 0.05; **, P =< 0.01; ***, P =< 0.001. (D) Surface
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a 1:1 Langmuir model to obtain kinetic parameters, and the resulting curves are shown in red.

bound Hsf*7>**° with an association rate affinity constant (K,
of 4.5 X 10* 1/Ms and a dissociation rate affinity constant (Ky;,) of
2.69 X 10~ * 1/s, and the calculated equilibrium dissociation con-
stant (Kp,) was 1.39 X 10~ M (Fig. 2D). Similarly, Vn®—%
bound BD2 with a K, of 5.3 X 10* 1/Ms and a Ky;; of 5.9 X 10~*
1/s, and K, was estimated at 1.58 X 10~® M (Fig. 2E). Other
fragments did not interact significantly with Vn**=% (data not
shown). Our results thus showed that BD2 and full-length Hsf
interacted with Vn®**=% with the same binding affinity.

Vn amino acids 352 to 374 serve as the Hsf interaction site.
We reported previously that H. influenzae proteins E (18) and F
(24) interact with the heparin binding domain at the C-terminal
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part of the Vn molecule (HBD3). Here we observed that heparin
also blocked the interaction between Hsf and Vn (Fig. 2C). Three
different constructs encompassing HBD3 (VnA3727362 ypA362-374
and Vn**277%) were therefore used to analyze binding to Hsf
(Fig. 3A). Recombinantly expressed Vn fragments were verified
for their purity and oligomeric forms by SDS-PAGE and Western
blotting (see Fig. S3 in the supplemental material). Since Vn in
serum exists in both monomeric and multimeric forms, we ana-
lyzed our purified Vn fragments. These consisted mainly of a mul-
timeric population, as demonstrated in Fig. S3. Some pathogens,
e.g., S. pneumoniae (22) and Neisseria meningitidis (29), preferen-
tially interact with the multimeric form of Vn. We thus tested both
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SMB, somatomedin B; HBD, heparin binding domain; RGD, Arg-Gly-Asp. (B

recombinant protein Vn?392-362 ynA362-374

) H. influenzae RM804 and Hsf-expressing E. coli were incubated with the

, or Vn®?*2-374 n bound to bacteria was detected by Western blotting with anti-Vn antibodies. E. coli containing an

empty pET16b vector was included as a negative control. (C) Direct binding assay demonstrating the interaction of '*’I-labeled Vn®**~*°® with Hsf-expressing E.
coliand the E. coli control. Statistical analyses were carried out by one-way ANOVA. (D) Curve fitting of the binding of '**I-labeled Vn®*—° to E. coli expressing

Hsfto calculate B,,,,, and K, values. (Inset) Scatchard plot prepared from the data.

‘max

. (E) Inhibition of binding of '**I-labeled Vn®*~**° to H. influenzae RM804 and

Hsf-expressing E. coli by cold Vn3327362 ynA362-374 anq V32774 (all at 0.5 wM). (F) Binding of Vn**7%2 yp®262-374 3nd Vn®352-374 recombinant proteins
to Hsf*~*° by ELISA. For panels C, E, and F, two-way ANOVA was used for statistical analyses. All data are means of results from three independent
experiments, and error bars indicate standard deviations. *, P =< 0.05; **, P =< 0.01; ***, P =< 0.001.

monomeric and multimeric Vn with Hsf*™**° and found that
multimeric Vn had a 15 to 20% higher Hsf-binding capacity (see
Fig. S3).

To determine the binding of Vn variants to H. influenzae
RM804 and Hsf-expressing E. coli (see Fig. S4 in the supplemental
material), bacteria were incubated with Vn®0—%¢, vp?332-362)
VnA302374 ) or V3527374 The unbound proteins were removed
by extensive washing, and fractions bound to Hsf were analyzed by
Western blotting., Vn®0—3%6, VnA352-362 and vn*3274 interacted
with H. influenzae RM804, whereas the deletion of 20 aa in
Vn*¥27374 completely abolished binding to bacteria (Fig. 3B). The
binding of Vn variants was also verified by using a direct binding
assay, where Vn®** =% was labeled with radioactive iodine. Inter-
estingly, '*’I-labeled Vn®**~ bound to Hsf-expressing E. coli in a
dose-dependent manner with a Kj, of 69.5 X 10~? M and a max-
imum binding (B,,,,) of 15.92 X 10~? M, whereas the E. coli
control did not interact with '**I-labeled Vn® =% (Fig. 3C and D).
The binding specificity of the Vn variants was verified by a com-
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petition assay in the next set of experiments. H. influenzae RM804
and Hsf-expressing E. coli were incubated with Vn®** =%, yn?352~
362, V2?9274 and Vn®?*277* before the addition of '*°I-labeled
Vn#®= The recombinant Vn® %, vn?3%2302 and ypa362-374
significantly blocked the interaction of '*’I-Vn®~**® with Hib and
Hsf-expressing E. coli (Fig. 3E). However, the deletion mutant
Vn**237 did not inhibit the binding of '*I-Vn®—° to bacteria.

Our binding studies of the Hsf-Vn interaction were further
confirmed by analyzing protein-protein interactions by ELISA.
Microtiter plates were coated with Hsf*~>*°, and increasing con-
centrations of Vn®* 96, VpA3s? (’2, vnt? [’2’374, or Vn®¥2374 ywere
added. Bound protein fractions were determined with an anti-Vn
PAb. Interestingly, Vn®~3%, vn323¢2 and vn***2=7* bound
Hsf*723% at levels significantly higher than that of Vn392-374
(Fig. 3F). In conclusion, our results indicated that the C-termi-
nal region of Vn consisting of amino acids 352 to 374 is neces-
sary for the interaction with H. influenzae RM804 and the Hsf
molecule.
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were detected by Western blotting. This experiment was repeated twice, and the results of one typical blot are shown. (D) Binding of 10 nM Vn, FH, and C4BP
to Hsf*"#**® as analyzed by ELISA. Statistical analysis was performed by two-way ANOVA. All data are means of results from three independent experiments, and

error bars indicate standard deviations. *, P =< 0.05; ***, P < 0.001.

Hsf acquires Vn from serum and contributes to resistance to
serum. We have reported previously that H. influenzae RM804
binds Vn and that the isogenic H. influenzae RM804 Ahsf mutant
binds significantly less Vn (25). Those analyses were performed
with purified human Vn from Sigma. In the current study, we
used a heterologous E. coli system in parallel with H. influenzae to
prove the fine-tuned Hsf-Vn interaction and furthermore ana-
lyzed the role of Vn in resistance to serum. Hsf-expressing E. coli
(see Fig. S4 in the supplemental material) bound recombinant
'3[-labeled Vn®— in a dose-dependent manner with a Kj, of
69.5 X 10~° M (Fig. 3C and D). Hsf-expressing E. coli had a sig-
nificantly higher level of serum resistance than the E. coli control,
which harbored an empty plasmid (Fig. 4A; see also Fig. S5A in the
supplemental material). In agreement with previously published
data (25), we also showed that H. influenzae Ahsf had a signifi-
cantly lower level of serum resistance than the Hsf-expressing wild
type (see Fig. S5B in the supplemental material).

To load bacteria with complement-regulatory serum factors,
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we preincubated Hsf-expressing E. coli and the E. coli control with
various concentrations of human heat-inactivated serum (HIS).
This step allowed bacteria to retain the serum proteins at their
surfaces without being killed. After washing to remove unbound
serum components, bacteria were resuspended in 1% NHS. After
5 min of incubation at 37°C, CFU were determined by plating the
bacteria. Hsf-expressing E. coli was significantly more serum re-
sistant when pretreated with 2.0 to 10% HIS than control E. coli
devoid of Hsf, which did not show any increased serum resistance
with or without HIS pretreatment (Fig. 4B). Hsf-expressing E. coli
that was preincubated with HIS (Fig. 4B) was further analyzed by
Western blotting for deposition of complement regulators at the
surface. Only Vn binding was detected; binding of the comple-
ment regulators C4BP and FH was not observed (Fig. 4C). In
parallel, purified serum proteins Vn, C4BP, and FH were also
tested for interaction with Hsf-expressing E. coli. In contrast to
wild type E. coli, only Hsf-expressing E. coli bound Vn (Fig. 4C,
lower panel). The Hsf-Vn interaction was also confirmed at the
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FIG 5 Vn is involved in Hsf-mediated serum resistance. (A) Wild-type H.
influenzae RM804 and the corresponding mutant H. influenzae Ahsf were in-
cubated with normal human serum (NHS) or Vn-depleted serum (VDS). The
strains were also incubated for 10 min in 5% Vn-depleted serum supple-
mented with increasing concentrations of Vn®*~*?°. (B) Hsf-expressing E. coli
and the negative control were incubated with 1% NHS or Vn-depleted serum
for 5 min. In addition, the strains were incubated for 5 min with 1% Vn-
depleted serum supplemented with increasing concentrations of Vn>*=°,
Time-dependent serum killing of the H. influenzae and E. coli strains is shown
in Fig. S5 in the supplemental material. Statistical analyses were performed by
two-way ANOVA. All data are means of results from three independent exper-
iments, and error bars show standard deviations. *, P = 0.05; **, P = 0.01; ***,
P = 0.001; n.s., not significant.

protein-protein interaction level. When a microtiter plate was
coated with Hsf*72**, and 10 nM purified Vn, FH, or C4BP was
added, we found that only Vn interacted with Hsf (Fig. 4D). Taken
together, our results indicated that a complement-regulatory fac-
tor acquired by Hsf-expressing E. coli protected bacteria from the
bactericidal activity of serum. Importantly, this serum factor was
proven to be Vn (Fig. 4C and D).

H. influenzae is protected from serum-mediated killing
when Vn is available in serum. To evaluate the role of the Hsf-
mediated Vn interaction in the inhibition of the terminal comple-
ment pathway, we prepared a Vn-depleted serum (VDS) as de-
scribed previously (24). When H. influenzae RM804 and the
corresponding Hsf mutant H. influenzae Ahsfwere incubated with
the VDS, H. influenzae RM804 revealed significantly lower (55 to
60%) serum survival than that in NHS (Fig. 5A; see also Fig. S5B in
the supplemental material). In contrast, H. influenzae Ahsf did not
show any significant difference in survival between NHS and VDS
(Fig. 5A). To further confirm the role of Vn, we supplemented
VDS with Vn?* (36 to 180 nM) and incubated H. influenzae
RM804 with this replenished serum. Supplementation of the VDS
with Vn (36 or 72 nM) caused a significant increase in the level of
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serum resistance, while this was not observed with mutant H.
influenzae Ahsf (Fig. 5A).

In parallel to the experiments with H. influenzae, E. coli ex-
pressing Hsf was also incubated with NHS and VDS. The results
obtained at 5 min of incubation showed a lower level of serum
resistance in VDS than in NHS (Fig. 5B), whereas no difference
was observed in VDS after 5 min (see Fig. S5C in the supplemental
material). To confirm the role of Vn, VDS was also supplemented
with Vn?7%. Incubation of Hsf-expressing E. coli with VDS plus
72 or 180 nM Vn?*~**° led to significantly higher survival than that
of the E. coli control or that of Hsf-expressing E. coli with VDS only
(Fig. 5B). Taken together, our results with Hsf-expressing Hib or
E. coli clearly indicated that bacteria recruit Vn from NHS and this
surface-bound Vn inhibits complement-mediated activity and
thus enhances bacterial survival.

Hsf-mediated vitronectin binding results in decreased MAC
deposition. To demonstrate that vitronectin bound to Hsf was
functionally active, we determined MAC deposition in the pres-
ence of vitronectin bound to recombinant Hsf by using purified
components of the terminal pathway. The human C3 convertase
regulator FH was used in parallel as a negative control. As can be
seen in Fig. 6A, the binding of Vn was confirmed by ELISA. Vn or
FH was added to wells coated with Hsf, followed by the addition of
C5b-6, C7, C8, and C9. MAC deposition was determined by using
specific mouse anti-C5b-9 MAbs. Vn (50 pg/ml) inhibited MAC
formation by 34% compared to samples without Vn added (Fig.
6C). Addition of 60 to 300 nM (10 to 50 pg/ml) FH showed a
minor interaction with Hsf (Fig. 6B). This interaction was not
observed when we added 10 nM FH to the Hsf-coated wells (Fig.
4D). In contrast, MAC deposition was not inhibited when FH was
added (Fig. 6C). These results clearly showed that Vn bound to
Hsf was functionally active and inhibited MAC formation and
deposition.

The levels of serum resistance of H. influenzae RM804 and the
corresponding Hsf-deficient mutant H. influenzae RM804 Ahsf
were confirmed by measurement of MAC deposition at the bac-
terial surface. Bacteria were incubated with NHS, followed by
analysis of MAC deposition at different time points using specific
anti-C5b-9 antibodies and flow cytometry. Significantly lower de-
position of MAC was seen on the surface of H. influenzae RM804
than on that of the Hsf-deficient mutant (Fig. 6D). In addition, H.
influenzae RM804 and the Hsf-deficient mutant were also ana-
lyzed by TEM after 10 min and 15 min of incubation with NHS.
Here, H. influenzae RM804 Ahsf showed markedly greater MAC
deposition than did the Hsf-expressing wild-type H. influenzae
strain RM804 (Fig. 6E). We also tested MAC deposition on our E.
coli strain expressing Hsf and found that Hsf expression at the
surface of E. coli inhibited MAC deposition (Fig. 6F). Moreover,
TEM revealed that a smaller amount of the MAC was deposited on
the surface of E. coli expressing Hsf than on that of E. coli trans-
formed with an empty vector (Fig. 6G). Taken together, our data
indicated that Vn bound at the surfaces of bacteria via Hsf was
functionally active in inhibiting the MAC and therefore contrib-
uted to serum resistance.

The Hsf-dependent interaction with vitronectin increases H.
influenzae adherence and internalization. Vitronectin contrib-
utes to the adherence and internalization of several bacterial spe-
cies (21). Since it has been shown that Hsf-binding domains (BDs)
expressed at the surface of E. coli recognize Chang and HeLa cells
(9, 30), we compared the adhesion of H. influenzae RM804 with
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FIG 6 Vn bound to Hsf at the bacterial surface inhibits the assembly of the membrane attack complex. (A and B) Microtiter plates were coated with Hsf, and
increasing amounts of Vn (A) or FH (B) were added to the wells. Binding was confirmed by anti-Vn and anti-FH antibodies. (C) The Vn- and FH-coated wells
were assayed for MAC deposition by using anti-C5b-9 MAbs. (D) MAC deposition at the surfaces of H. influenzae RM804 and the Hsf-deficient mutant at
different time points. (E) TEM showing deposition of the MAC at the surfaces of H. influenzae RM804 and the Hsf-deficient mutant at 10 and 15 min. (F)
Deposition of the MAC at the surfaces of E. coli expressing Hsf and the E. coli control with an empty pET16b vector. (G) TEM showing deposition of C9 at the
surfaces of H. influenzae RM804 and the Hsf-deficient mutant at 10 and 15 min. Bars, 100 nm. All experiments (except TEM) were repeated three times. Data in
graphs are means of results of three independent experiments, and error bars indicate standard deviations. *, P = 0.05; **, P = 0.01; ***, P = 0.001.

that of a Ahsf mutant. The Hsf-deficient mutant showed dramat-
ically reduced adherence to monolayers of the type II alveolar
epithelial cell line A549, as observed by confocal microscopy (Fig.
7A). Epithelial cells infected with WT H. influenzae RM804 har-
bored more intracellular bacteria than cells incubated with the
Hsf-deficient mutant. The adherence/internalization capacities of
H. influenzae RM804 and the corresponding Ahsf mutant were
also quantified by estimation of the CFU at different time points.
The total number of bacteria associated with A549 cells was sig-
nificantly higher for the WT strain RM804 than for the Ahsf mu-
tant (Fig. 7B). When the numbers of internalized bacteria were
estimated by a gentamicin protection assay, a clear difference in
bacterial numbers was observed between cells infected with WT
H. influenzae RM804 and those infected with the Ahsf mutant
(Fig. 7C).

To further investigate whether Vn plays a role in Hsf-mediated

2386 iai.asm.org

adherence to epithelial cells, A549 cells were pretreated with Vn,
followed by the addition of bacteria. A higher number of H. influ-
enzae RM804 bacteria than of the mutant bacteria devoid of Hsf
adhered to cells (Fig. 8A). In contrast to the Ahsf mutant, signifi-
cantly enhanced adherence/invasion of the WT strain RM804 was
observed at increasing concentrations of Vn (2 and 4 pg) (Fig.
8B). A gentamicin protection assay revealed that the number of
intracellular WT bacteria was 2-fold-higher than the number of
intracellular Ahsfmutant bacteria (Fig. 8C). Taking these findings
together, the Hsf-dependent Vn-binding capacity of Hib pro-
moted bacterial adherence to, and invasion of, epithelial cells.

DISCUSSION

Several respiratory pathogens recruit Vn in order to increase their
survival in serum and/or to increase adherence to host cells (21).
Hallstrom et al. (2006) reported that Hsf is a Vn-binding protein
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FIG 7 Hsf functions as an adhesin. (A) Confocal microscopy showing the adherence of the WT strain RM804 and a Ahsf mutant. Bacteria were incubated with
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of Hib and showed that hsf deletion mutants were sensitive to the
bactericidal effect of serum (25). In the same paper, Hsf®*® 33!
was also reported to bind Vn; that has now been corrected to
Hsf*~%%8 (25). Here we further characterized the Hsf-Vn interac-
tion and narrowed down the specific Vn-binding region identi-
fied. The results of our protein-protein interaction studies indi-
cate that the BD2 (Hsf***~%%?) serves as the major Vn-binding
domain.

We reported previously that M. catarrhalis recruits Vn at the
surface by using ubiquitous surface protein (Usp) A2 and that the
binding region on the Vn molecule is located at Vn®'>*® (17).
Similarly, we also published that S. pneumoniae PspC interacts
with amino acids 352 to 374 on the Vn molecule (19). Moreover,
we showed that nontypeable H. influenzae (NTHi) binds to Vn at
amino acids 353 to 396 by using its surface adhesin protein E (18).
In a very recent study, we identified protein F as another Vn-
binding NTHi protein that targets Vn>>*7>7* (24). Our earlier
studies thus clearly indicate the presence of several bacterial sur-
face proteins of H. influenzae that recognize Vn as the same target
molecule. Hsf is also known to bind Vn, but where on the Vn
molecule Hsf binds was hitherto unknown. In agreement with the
previous findings with other pathogens, such as Moraxella and
pneumococci, our present study shows that Hib Hsf also targets
Vn at the region from amino acid 352 to 374.
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The structure and function of Hsf are still not very well defined.
It has been reported that BD1 and BD2 function as adhesive do-
mains and bind to Chang conjunctival epithelial cells in vitro.
These binding domains of Hsf have been modeled previously by
using binding domains of Hia as a template. The same study
showed that mutating D1935 of BD1 to E resulted in the loss of
Hsf-dependent interactions with epithelial cells. Homology mod-
eling of BD2 suggested that E569 played a role in the binding
pocket. When E569 was mutated to D569, BD2 also showed a
markedly increased capacity to adhere to epithelial cells (30). We
confirmed that Hsf BD2 has adhesive and Vn-binding properties,
supporting previous findings.

Our data support the idea that Hsf functions as an adhesin. It s,
however, unclear whether Vn is a direct receptor for Hsf at the
surface of the epithelium. In this study, Hsf-deficient mutants
exhibited decreased adherence and internalization in the absence
of Vn (Fig. 8). In contrast, the presence of Vn revealed enhanced
adherence/internalization of H. influenzae RM804 (WT) relative
to that of the Hsf-deficient mutant (Fig. 8). It has been shown that
Hsf BD1 binds to epithelial cells more efficiently than BD2 (30).
We speculate that BD1 might be a privileged region that interacts
with presently unknown host epithelial surface receptors. In con-
trast to BD1, BD2 functions as a major Vn-binding region. Upon
binding to Hsf BD2, Vn would then function as a bridge molecule
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between bacteria and epithelial cell surface integrins. It is also
possible that BD1 may bind directly to receptors on the host epi-
thelium. This may lead to a stronger Hsf-mediated “dual” inter-
action of H. influenzae RM804 with the host cell surface.

Itis well known that the complement system is activated via the
classical, alternative, and lectin-mediated pathways (31) and is
governed, among other regulators, by C4b-binding protein, FH,
and Vn. While complement inhibitors such as FH and C4b-bind-
ing protein inhibit the alternative pathway and the classical/lectin-
mediated pathways, respectively, Vn inhibits the assembly of the
membrane binding site of the C5b-7 complex and the polymer-
ization of C9 during the formation of the lytic pore. Thus, Vn
would be an effective regulator that would inhibit the terminal
Iytic pathway regardless of which complement pathway had been
activated previously. Our current data indicate that Hsf preferen-
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tially bound to Vn and utilized it for the enhancement of resis-
tance against the MAC.

In conclusion, our present study shows that the previously re-
ported Hsf-Vn binding is directly involved in protecting Hib from
serum-mediated killing through inhibition of the MAC complex.
The results also demonstrate how Hsf might act as an adhesin by
binding to Vn, which, in turn, promotes the adherence and inter-
nalization of the pathogen. Taking the findings together, our study
sheds light on how Hib utilizes the multifunctional host protein
Vn for evasion of the immune system and efficient survival in the
host.
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Fig S3 Vn molecules expressed in HEK293T cells and purified with affinity chromatography.
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SDS-PAGE under denatured conditions and seminative (non-reducing) conditions. Gel was
stained with Coomassie blue R250. B. SDS-PAGE gel similar to (A), except all proteins 0.1 pg
were loaded. The gel was blotted on a nitrocellulose membrane and Vn(s) were detected by using
anti-Vn antibodies. C. Circular dichroism (CD) spectra showing the folding of Vn80-3%  VnA352-
362 YnA362-374 or Vn332374 proteins that were recombinantly expressed in HEK293T cells and
purified by affinity chromatography. D. Binding of monomeric and multimeric Vn with Hsf>4-2300,
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ARTICLE INFO ABSTRACT

Article history:

The Haemophilus surface fibril (Hsf) is an extraordinary large (2413 amino acids) trimeric autotransporter,
present in all encapsulated Haemophilus influenzae. It contributes to virulence by directly functioning
as an adhesin. Furthermore, Hsf recruits the host factor vitronectin thereby inhibiting the host innate
immune response resulting in enhanced survival in serum. Here we observed by electron microscopy
that Hsf appears as an 100 nm long fibril at the bacterial surface albeit the length is approximately 200 nm
according to a bioinformatics based model. To unveil this discrepancy, we denaturated Hsf at the surface
y ? of Hib by using guanidine hydrochloride (GuHCI). Partial denaturation induced in the presence of GuHCI
Haemophilus surface fibril . . . ) .
Hib unfolded the Hsf molecules, and resulted in an increased length of fibres in comparison to the native
Hsf trimeric form. Importantly, our findings were also verified by E. coli expressing Hsf at its surface. In
addition, a set of Hsf-specific peptide antibodies also indicated that the N-terminal of Hsf is located near
the C-terminal at the base of the fibril. Taken together, our results demonstrated that Hsf is not a straight
molecule butis folded and doubled over. This is the first report that provides the unique structural features
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of the trimeric autotransporter Hsf.
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Introduction

Haemophilus influenzae is a Gram-negative respiratory pathogen
that are categorised into encapsulated (serotype a to f) and unen-
capsulated strains, the later group is designated as non-typeable
H. influenzae (NTHi). H. influenzae type b (Hib) causes pneumo-
nia, osteomyelitis, epiglottitis, sepsis, joint infections, and acute
meningitis and is hence considered as the most virulent type
(Morris et al., 2008; Agrawal and Murphy, 2011). Even though the
incidence of Hib infections in developed countries has been sig-
nificantly reduced after introduction of the Hib conjugate vaccine
in the early 1990s (Danovaro-Holliday et al., 2008), Hib remains
a major infectious agent in infants and children in developing
countries (Fitzwater et al., 2010). Hib infection starts by attachment
of the bacteria to the nasopharyngeal and lung epithelial sur-
faces resulting in epithelial damage followed by penetration of the
underlying tissues mediated by various sophisticated mechanisms

* Corresponding author. Tel.: +46 40 338494; fax: +46 40 336234.
E-mail address: kristian.riesbeck@med.lu.se (K. Riesbeck).

http://dx.doi.org/10.1016/j.ijmm.2014.10.004
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(Geme and Cutter, 1995; Geme, 1996; Ulanova and Tsang, 2009;
Agrawal and Murphy, 2011). Hib is furthermore able to penetrate
the blood-brain barrier and thus causes meningitis (Singh et al.,
2012). Survival of Hib in the blood is controlled by acquiring com-
plement regulators to the surface of the pathogen for an effective
inhibition of the membrane attack complex (MAC) (Winkelstein
and Moxon, 1992; Hallstrom and Riesbeck, 2010; Singh et al., 2010).
However, penetration of this pathogen to deep tissues depends on
multiple virulence factors (Agrawal and Murphy, 2011).
Gram-negative pathogens possess a specific group of proteins
known as autotransporters, which are translocated to the cell
surface by a type V secretion mechanism. Unlike the type I-IV
secretory systems that involve multiple proteins, autotransporters
are composed of a single protein consisting of an N-terminal sig-
nal peptide for secretion, followed by a passenger domain, and
a C-terminal translocator (membrane anchoring) domain (Dautin
and Bernstein, 2007; Leo et al, 2012). These autotransporters
are multifunctional proteins ranging from monomeric to multi-
meric arrangements (Meng et al., 2011). Recently, the biological
role of few autotransporters has been studied in H. influen-
zae. The monomeric autotransporter Haemophilus adhesion and
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penetration protein (Hap) is involved in bacterial aggregation and
adherence to host cells (Meng et al., 2011; Hallstrom et al., 2011).
A trimeric autotransporter adhesin (TAA) known as Hia has also
been extensively studied for its functional and structural character-
istics (Dautin et al., 2007; Spahich and St Geme, 2011). Hia is only
present in approximately 25% of the clinical NTHi isolates (St Geme
et al., 1998), and cannot be found in encapsulated H. influenzae. In
contrast, Haemophilus surface fibril (Hsf) is present in all typeable
strains (St Geme et al., 1996; Rodriguez et al., 2003; Watson et al.,
2013). Notwithstanding homologous, Hia and Hsf are relatively dif-
ferent sizewise; Hia has a size of ~114 kDa (~342 kDa as a trimer),
whereas Hsf is almost twice in size with a monomer of approx-
imately 243 kDa that builds up a ~750kDa trimer (Cotter et al.,
2005b). These two TAAs are highly homologous at their N- and C-
termini with an overall 81% similarity and 72% identity. Moreover,
Hia and Hsf are constituted of various repetitive domains, which
in parts have been defined according to their biological functions.
For instance, Hia has two functional host epithelial cell binding
domains designated BD1 and BD2. Similar binding domains are
present in Hsf, but in addition, Hsf has a third binding domain
(BD3). The binding domains are similar in their secondary struc-
tures. However, a few key amino acids of the binding pocket of the
BD3 of Hsf are different as compared to BD1 and BD2, and there-
fore BD3 appears not to interact with host cells (Danovaro-Holliday
et al.,, 2008; Spahich and St Geme, 2011).

Previously we reported that Hsf recruits Vn and thus inhibits the
lytic pathway of the complement system (Hallstrom et al., 2006).
Recently, we studied the Hsf-Vn interaction in detail and found that
BD2 of Hsf selectively interacts with the C-terminal end of Vn and
thus inhibits MAC formation (Singh et al., 2014). Vn also mediates
an increased adherence of Hib to epithelial cells. We proposed that
when Vn is bound to BD2 it may function as a bridging molecule
between the bacteria and epithelial surface integrins. However,
BD1 may directly bind to host epithelium, leading to a stronger
Hsf-mediated interaction of Hib with the host cell surface (Singh
etal, 2014).

In the present study, we investigated the molecular architec-
ture of Hsf at the bacterial surface. Since the Hsf molecule is an
extraordinary large protein and has a repetitive domain structure
we modeled this protein by using an in silico approach. Our com-
puted model suggested a protein length of approximately 200 nm,
whereas the length of Hsf observed by electron microscopy was
only 100nm. Based upon these observations, we analyzed the
organisation of Hsf on the bacterial surface by denaturing Hsf using
GuHCl in order to unfold the Hsf molecule. In addition, a set of
specific anti-Hsf peptide antibodies was included in the analyses
to locate the precise regions of the molecule. Our results show
that Hsf is not a straight fibre, as reported with several other
known bacterial TAAs, but rather consists as a “hairpin-like” twisted
molecule.

Material and methods
Bacterial strains and culture conditions

The type b H. influenzae RM804 and mutants (Hallstrom et al.,
2006) were grown in brain heart infusion (BHI) liquid medium
containing 10 pgml~! nicotinamide adenine dinucleotide (NAD)
and hemin, or on chocolate agar plates. Cultures were incubated
at 37°Cin a humid atmosphere containing 5% CO,. The hsf mutant
was grown in BHI supplemented with 18 g ml~! kanamycin. Luria
Bertani (LB) broth or on LB agar plates were used to grow E. coli
DH5a and E. coli BL21 (DE3). E. coli harboring expression vec-
tors pET26b-hsf(s) and pET16b-hsf! 2413 were grown in 50 g ml-1
kanamycin and 100 pg ml~" ampicillin, respectively.

Bioinformatics and protein modeling

Anin silico model of Hsf was constructed by using a comparative
protein structure modeling on domains with a highly homologous
amino acid sequence to that of a known three-dimensional struc-
ture determined by X-Ray Diffraction Crystallography. Domains
with low homology to known three-dimensional structures was
built as a trimeric coiled-coil as described elsewhere (Griffiths et al.,
2011). The initial alignment from the BLAST/PSI-BLAST homol-
ogy search was refined using ClustalW alignment and prime STA
alignment combined with manual alignment. From the final align-
ment, an energy-based homo-multimer model was constructed.
The resulting model was evaluated to ensure that hydrophilic
amino acids were on the surface and hydrophobic amino acids were
buried in the protein interior. If these criteria were not sufficiently
met, a new model was constructed after sequence re-alignment.
The comparative protein structure modeling was performed using
Prime version 3.1, which is part of the Schrédinger Suite 2012
(Prime, version 3.1, Schrédinger, LLC, New York, NY, 2012). In addi-
tion, UCSF Chimera 1.6 was used for bookkeeping purposes such as
the renumbering of amino acid sequences (Pettersen et al., 2004).

Protein expression and purification

Recombinant DNA plasmids were obtained as described else-
where (Singh et al., 2014). For surface expression of the Hsf protein,
PET16-hsf54-2300 (Hallstrom et al., 2006) was freshly transformed
into E. coli BL21 (DE3) and plated on LB ampicillin plates. Sin-
gle colonies were inoculated in 10ml LB containing 100 p.g ml~!
ampicillin and incubated at 37°C at 200 rpm shaking. Expression
was induced by addition of 0.2 mM IPTG when ODggg n, reached
to 0.4-0.5. Induced cultures were further incubated at 37 °C with
shaking at 200 rpm for the next 15 h. Expression of Hsf at the sur-
face was verified by using anti-PD antibodies in flow cytometry. For
purification purposes, E. coli BL21(DE3) containing pET26b-hsf(s)
was grown in LB medium with kanamycin at 37 °C until ODggg nm
reached to 0.8-1. Protein expression was induced by addition of
1mM IPTG, and protein purification was performed as described
elsewhere (Singh and Rohm, 2008). Some Hsf fragments produced
inclusion bodies that were purified by using an inclusion body
purification protocol (Singh and Rohm, 2008). The purified proteins
were dialyzed in PBS and concentrated by using Centricon cartridge
(Millipore, Bedford, MA). Purity of the proteins was confirmed
by SDS-PAGE and concentrations were estimated by a NanoDrop
spectrophotometer (Thermo Scientific, Wilmington, DE) and also
verified by a bicinchoninic acid (BCA) assay (Pierce, Rockford, IL).

Production of antibodies

Specific peptides covering the sequence Hsf 153-164, 876-881
(KTRAAS), 1912-1942 were synthesized and conjugated with KLH
(Innovagen, Lund, Sweden). For immunization, 500 ul peptides
(200 p.g) were mixed with 500 I complete Freunds adjuvant fol-
lowed by immunization of rabbits. After 4 weeks, the same amount
of peptides were injected with aluminium hydroxide as adjuvant.
Two boosters were administered after 5 and 6 weeks. Finally, blood
was drawn from immunized rabbits and antibodies (Abs) from sera
were purified by standard affinity purification protocol (Singh et al.,
2013). BD and PD domains were aligned and modeled to identify
the conserved surface exposed regions (Fig. 1B-C and Fig. S1). Pep-
tide antibodies against the BD and PD domains were produced in
rabbits and purified by affinity purification (Genscript, NJ). Anti-
bodies solutions were concentrated to 1 mg/ml in PBS and stored
at —20°C.
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Fig. 1. Modelling of the full length Hsf molecule. (A) Prediction of repetitive motifs in the Hsf molecule by using the domain annotation of trimeric autotransporter adhesins
(daTAA) server at Max Planck Institute for Developmental Biology, Tubingen, Germany (http://toolkit.tuebingen.mpg.de/dataa/search). Domains are indicated according
to their amino acid numbers, and the BD and PD are named according to the previously described nomenclature (Cotter et al., 2005). (B) A superimposed cartoon model
that demonstrates putative domains (3x) present at the regions Hsf 263-376, 938-1050 and 1630-1741 modeled by using template 3emi. (C) Superimposed model that
shows binding domains (3x) present at the Hsf regions 500-652, 1173-1338 and 1863-2023 modeled by using template 1s7m. The amino acid regions encompassing PD
and BD domains were aligned (Fig. S1), and a conserved surface exposed region was selected for production of peptides that were used for immunization of rabbits. These
conserved sequences are shown at the bottom of panels (B and C). PDB templates, 1S7M, 3emi, and 3 emo; Hia of H. influenzae, 2qih; UspA1 of Moraxella catarrhalis, 3d9x;
BadA of Bartonella henselae, 3laa; Burkholderia pseudomallei. Homology modeling was performed by using different templates available in the PDB data base. The templates
are presented as Hsf amino acids (PDB code of template: identity/similarity, gap), 0136-0269 (1s7m: 23/35, 4), 0263-0376 (3emi: 63/73, 12), 377-0481(3emi: 16/31, 5),
0482-0499 (2qih: 22/38,0),0500-0652 (1s7m: 54/68, 2), 0653-0742 (2qih: 15/26, 0), 0743-0858 (3d9x: 26/43, 11),0859-0876 (2qih: 27/44, 0),0877-0937 (3emi: 22/31,7),
0938-1050 (3emi: 45/56, 11), 1051-1155 (3emi: 21/33, 4), 1156-1172 (2qih: 23/35, 0), 1173-1338 (1s7m: 47/58, 8), 1339-1433 (2qih: 15/30, 0), 1434-1558 (3d9x: 17/32,
12), 1559-1578 (2gih: 23/33, 0), 1579-1629 (3d9x: 15/33, 3), 1630-1741 (3emi: 71/77, 3), 1742-1862 (3emi: 21/34, 22), 1863-2023 (1s7m: 73/79, 3), 2024-2143 (2qih:
11/23,0), 2144-2315 (3laa: 15/22, 21), and 2308-2413 (3emo: 100/100, 0).

Western blotting

Purified Hsf fragments (50 ng) were mixed with SDS-PAGE load-
ingdye, incubated at 95 °C for 5 min and centrifuged (14,000 x g) for
5 min. Supernatants were loaded on 4-12% Bis-tris gels (NuPAGE;
Invitrogen, Carlsbad, CA) and resolved at 80V until the dye front
reached the bottom of gels. Proteins were transferred to a PVDF

membrane for 15h followed by blocking with 5% milk in PBS.
Blots were incubated with anti-PD, anti-BD, anti-Hsf'>3-164, anti-
Hsf876-881  anti-Hsf1912-1942 Abs or a combination of Abs as
indicated. After 1h of incubation at RT, blots were washed 4 times
in PBS containing 0.05% Tween-20 (PBS-T). Thereafter, secondary
anti-rabbit swine polyclonal Abs (Dako, Glostrup, Denmark) were
added to the blot in PBS containing 5% milk and incubated for 1h
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at RT. Finally, blots were washed 4 times in PBS-T and developed
using an ECL western blotting kit (Pierce, Rockford, IL).

Circular dichroism (CD)

Purified recombinant Hsf>4-2300 was dialysed against 25 mM
phosphate buffer, pH 7.5 containing 100 mM sodium fluoride. Two
samples of Hsf>#-2390 (0.2 mg/ml) were prepared, one in buffer and
one in buffer with 6 M GuHCl. Spectra (15 x ) were recorded for these
two samples between 210-250 nm in a Jasco ]-815CD spectropho-
tometer (Jasco, Easton, MD) in a 1 mm quartz cuvette thermostated
to 25°C, and the mean spectrum was plotted. Each spectrum was
subtracted from a control spectrum obtained in the absence of
protein. The two solutions were mixed in different proportions to
prepare a set of solutions containing 0.25-5.75M GuHCI in steps
of 0.25M. For each these solutions, and the two stock solutions,
the ellipticity at 222 nm was recorded during 2 min. The following
equation was fitted to the average signal versus GuHCI concentra-
tion:

Results

Hsf'is approximately a 200 nm long fibril according to a modelled
structure

Autotransporters are very difficult to crystallize, and there-
fore most structures have been solved in fragments and followed
by compilation into full models (Agnew et al., 2011; Hartmann
et al, 2012). In order to model the Hsf structure, we first pre-
dicted different structural motifs/domains by the daTAA server
at Max Planck Institute for developmental Biology, Tubingen,
Germany (http://toolkit.tuebingen.mpg.de/dataa/search). Our pre-
diction revealed the presence of an N-terminal signal sequence
(1-43 aa) required for protein translocation to the membrane, 14
distinguished Trp-ring domains, 3 GANG domains, 3 Neck/IS-Neck
domains, 4 KG motifs, 1Y head, 1 TTT, and finally a highly conserved
membrane anchoring domain (2342-2413 aa) at the C-terminus
of Hsf (Fig. 1A). We thereafter modeled various regions of the Hsf
molecule by using known templates and finally the full structure
was compiled (Fig. 1A).

y¢ +mg [GuHCI] + (¥8 + my [GuHCI]) exp (~1/RT (AG°(H,0) — m [GuHCl]) )
y=

1+exp (—1/RT (AG(Hz0) — m[GuHCl]))

The six fitted parameters are the free energy of unfolding in the
absence of denaturant, AG°(H,0), and its dependence on denatu-
rant concentration, m, the intercept, y?, and slope, my, of the naive
state baseline, and the intercept, y9, and slope, my, of the unfolded
state baseline. The GuHCl concentration at which 50% of the protein
molecules are denatured, Cy, is calculated from the fitted parame-
ters as

_ AG(H;0)

Cm p

(2)

For presentation, the data are normalized to the apparent frac-
tion folded, Fapp, according to

_ Y-V
Yf —Yu

(3)

Fapp

Transmission electron microscopy (TEM)

Different Abs were labelled with colloidal gold as described
(Roth, 1996). The wild type H. influenzae RM804 were grown in BHI
for3hat37°C.E. coliwere induced with IPTG to express Hsf, and the
expression of the protein at the surface was verified by flow cytom-
etry prior to TEM. Bacteria were treated with GuHCl and washed
twice in PBS. Thereafter, bacteria were fixed in 2.5% glutaraldehyde,
dehydrated and embedded in Epon as described earlier (Oehmcke
et al., 2009). For negative staining, bacteria were incubated with
5nm and 10 nm gold-conjugated antibodies as described, fixed in
PBS containing 4% paraformaldehyde and 0.1% glutaraldehyde, and
prepared as described (Carlemalm, 1990). TEM was performed as
described elsewhere (Bengtson et al., 2008), and specimens were
examined in a JEOL JEM 1230 transmission electron microscope
(JEOL, Peabody, MA) at 60 kV accelerating voltage. The Images were
recorded with a Gatan Multiscan 791 CCD camera (Gatan, Pleasan-
ton, CA). Only particles observed within a distance of 15 nm or less
adjacent to the cell surface were counted. This corresponds to the
established maximum distance between an IgG and its antigen, or
between a protein labeled with gold of this size, and its target.

)]

Previously, on the basis of interactions with Chang conjunctival
epithelial cells, three binding domains (BD2529-652 Bp31206-1337
and BD11896-2022) have been characterized in the Hsf molecule
(Cotter et al., 2005b). All binding domains consist of an N-terminal
Neck domain and a C-terminal Trp-ring domain “N-Neck: Trp
ring-C” (Fig. 1A). The motifs arrangement showed that within the
N-terminus of the BDs, an additional Trp ring domain is present
and assembled in an “N-Trp ring: Neck: Trp ring-C” triplet arrange-
ment (Fig. 1A). In parallel to Hsf, Hia has a similar N-terminal
Trp-ring domain within BD1, whereas it is absent in the BD2. We
included these N-terminal Trp-ring domains along with BDs (N-
Trp ring: Neck: Trp ring-C) in our study in order to analyze the
biological function, that was, Vn binding of these domain triplets.
Hence, the domains BD2429-652 pp31103-1338 apq Bp11792-2022
were expressed and purified (Singh et al.,, 2014). The alignment
of the BDs showed 48.7-54.7% identity and 60.8-61.9% similarity
(Fig. S1). The three BDs were modeled against the template 1s7 M
and superimposed (Fig. 1B). Importantly, the conserved region of
the Neck domains, the peptide sequence N-TKDGISAGNKAITNVAS-
C was identified and selected for Ab production (Fig. 1B and Fig.
S1).

In addition to BDs, other structural Hsf motifs are orga-
nised in a distinguished series that results in three putative
domains (PD) without any known biological function, that is,
PD2272-375, pp3938-1046 and pD1!637-1740 with 54.1-74.5% iden-
tity and 65.8-80.2% sequence similarity, respectively (Fig. S1). The
binding domain numbering of Hsf was assigned on the basis of the
homology with Hia (Cotter et al., 2005b). Following the previous
nomenclature, we named the adjacent PDs with a similar num-
bering (Fig. 1A). The PDs consist of a KG domain followed by a
Trp-ring domain (N-KG: Trp ring-C). A KG domain is also present
between amino acids 2063-2112 (Fig. 1A), which has a more vari-
able sequence than the other 3 KG domains.

PDs were aligned for identifying regions with unique amino
acids for design of peptides to produce specific Abs that could rec-
ognize all three PDs (Fig. S1). The PDs were also modeled against
the template (PDB: 3emi) and model structures were superimposed
(Fig. 1C). Importantly, the amino acid sequence of the KG domains,
N-GLVTAKAVIDAVNKAGWR-C, was conserved, exposed on the sur-
face, and was therefore selected for Ab production. In structural
models, highly surface-exposed regions were variable in sequences
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ofthe BD and PD, as compared by aligning the models (Fig. 1B-Cand
Fig.S1). Therefore, it was almost impossible to select highly surface
exposed regions for production of common antibodies that would
recognize all three sequences on the fibril at the same time. Hence,
we selected the conserved and maximally exposed sequences for
designing Abs that would recognize the PDs and BDs in the fibrils
(Fig. S1).

The amino acid sequence of the C-terminal membrane anchor-
ing domain and the trimeric coiled coil domain connected to it
(2308-2413 aa) completely matched the PDB: 3emo sequence. The
PD1, PD2 and PD3 have a high sequence identity with PDB:3emi,
whereas the BD1, BD2, and BD3 have high sequence identity
with PDB:1s7m. In our models 6 out of 14 Trp-rings predicted by
the daTAA server were thus modeled using those templates. The
remaining 8 Trp-ring domains present in the Hsf molecule were
modelled using templates PDB:1s7m, PDB: 3emi, or PDB: 3d9x,
with 15-26% sequence identity, and 30-43% sequence similarity.
A domain close to the C-terminal (2144-2315 aa) was constructed
from PDB:3laa with low identity, but having a high local similarity.
The remaining regions that were not matching with known three-
dimensional structures or had low identity/similarity to known
templates were constructed as trimeric coiled coils (Griffiths et al.,
2011). The trimeric models were first refined with Prime side chain
prediction, and strained loops were refined using Prime loop pre-
diction, followed by a constrained Prime energy refinement (imperf
minimization). Finally, the 23 domain models were joined to a con-
tinuous 0136-2413 aa Hsf-model (Fig. 1A), and the joints were
refined with Prime loop prediction and Prime energy refinement.
The length of the Hsf-model measured on the symmetry axis was
found to be 1675A (167.5nm) from the centroid of the C-alpha
of asp136 to the centroid of the C-alpha of gln2371. Nevertheless,
this measurement (167.5 nm) did not include the length of 54-135
amino acids of the N-terminal (not modeled) and 2372-2413 amino
acids of the C-terminal (membrane anchor). Therefore, we assume
that the approximate total length of Hsf (54-2413 amino acids)
might reach up to 200 nm.

Partial denaturation suggested a bended and twisted Hsf molecule

We performed TEM to visualise the Hsf molecule on the sur-
face of H. influenzae RM804 (Fig. 2A; upper left panel, untreated).
At least 50 individual fibrils were measured at the bacterial sur-
face. The mean length of the Hsf' 2413 molecule was found to be
approximately 100 nm. Theoretically, each Hsf monomer consisted
of 2413 amino acids and if monomers trimerize as a straight fibril,
the length would be more than 100 nm (Fig. 2A). In support of this,
the calculated length of Hsf in our modeled structure was 1675 A
(167.5nm), i.e., the length of the fibril from Asp136 to Gly2371
(Fig. 1A). The visualized length of the fibre in TEM was less in size
than the calculated length of the model. This finding prompted
us to in detail investigate this trimeric molecule on the surface
of H. influenzae. For this purpose, we treated H. influenzae RM804
with 0.5-2.5M guanidine hydrochloride (GuHCl) and visualized
the Hsf molecule by using negative staining and TEM. The exper-
iments revealed a stability of the Hsf fibril in up to 1.0M GuHCI
(Fig. 2A). However, bacteria treated with 1.5M GuHCl showed a
partial unwinding of the fibril, whereas the quarternary structure
was further open, and more than three fibrils appeared at >2.0 M
GuHCl (Fig. 2A). This result clearly indicated that the Hsf molecule
at the surface of H. influenzae does not consist of three single strands
only in the form of a straight fibril.

In parallel, we performed an equilibrium unfolding experiment
with recombinant Hsf>4-2390 in the presence of the denaturing
agent GuHCL. Circular dichroism (CD) spectra were recorded in
the absence (native protein) and presence of 6 M GuHCl. The large
change in signal at 222 nm reflected denaturation of the secondary

structure (Fig. 2B). The ellipticity at 222 nm was measured as a
function of GuHCI concentration. The data was fitted by equation
1, allowing us to estimate, and presented in Fig. 2C as normalised
data (equation 3). Cy, the GuHCl concentration at which 50% of
the protein is unfolded is estimated to 2.6 M (Eq. (2)), The dena-
turation data are in agreement with the TEM data (Fig. 2A). By
TEM only folded Hsf is detected up to 1M GuHCl, which corre-
sponds to the pre-transition baseline (Fig. 2C). To confirm the above
observations, we performed embedded sectioning of H, influenzae
RM804 WT, RM804Ahsf, E. coli expressing Hsf, and an E. coli con-
trol containing an empty vector. Each sample was incubated in
PBS or PBS containing 6 M GuHCI, washed twice in PBS and fixed.
Bacterial pellets were embedded, and sections were produced in
a microtome. Only H. influenzae RM804 WT and E. coli expressing
Hsf showed a layer of Hsf at their surface (Fig. 3A). Interestingly,
when RM804 WT and E. coli expressing Hsf were treated with
6M GuHCl for 30 min, the surface proteins appeared as a thick
fuzzy layer, approximately with a two-fold increase in thickness
in comparison to non-treated bacteria. In contrast, treatment of
RM804Ahsf and the E. coli control with 6 M GuHCl did not show
any Hsf at the surface (Fig. 3B). In the next step, those EM sections
were visualized at a higher magnification to observe the fibrils.
Hsf was clearly seen at the surface with an approximate length
of 100 nm in H. influenzae RM804 WT and Hsf-expressing E. coli
(Fig. 3C). Treatment with 6 M GuHCl revealed an increased fibre
length that was more than 100 nm (Fig. 3C, lower panel). Further
magnification of the bacterial surface fibrils (E. coli-Hsf) showed a
clear difference between the length of the fibril in untreated and
6 M GuHCl-treated samples (Fig. 3D). These results thus indicated
that Hsf is not a straight fibre. It is bended and two trimeric halves
may result in a hairpin-like shape with twisting of each half of the
molecule.

Anti-Hsf peptide antibodies are highly specific

Hsf has several repetitive sequence domains as demonstrated
by bioinformatics and modeling (Fig. 1A). Some of these sequence
motifs in a particular combination serve as functional binding
domains. The trimeric organisation of these various domains in
a large protein like Hsf (2413 amino acids) has not yet been
elucidated or predicted. It was thus interesting to observe how
these domains position in the fibril since we suggest that Hsf is
a bended and twisted molecule (Fig. 3). The distribution of PDs
and BDs were analyzed by using immunogold cryo TEM. Pep-
tide Abs directed against “GLVTAKAVIDAVNKAGWR” (anti-PD Ab),
and “TKDGISAGNKAITNVAS” (anti-BD Ab) (Fig. S1), peptide specific
anti-Hsf!3-164  anti-Hsf876-881(KTRAAS), and anti-Hsf!912-1942
Abs were produced in rabbits. Hsf fragments, BD1-3, PD1-3,
Hsf54-608, Hsf608-1351, Hsf1047-1751, Hsf1536-2031, and full
length (Hsf54-2300) were tested for Ab cross-reactivity. The
anti-Hsf!3-164 Ab recognized Hsf54-608 and the full length Hsf
molecule (Fig. 4A). Blots treated with anti-Hsf>3-164 + anti-PD Abs
recognized all three PDs, but did not react with BDs. Hsf1536-2031
was not recognized by the anti-PD Ab. However, PD1 encompass-
ing amino acids Hsf1637-1740 (i.e., part of the Hsf1536-2031) was
easily recognized by anti-PD Abs. This may be due to partial mask-
ing of the Ab recognition sequence of Hsf1536-2031 in the blots
tested and/or in combination with a low affinity of interaction
(Fig. 4A). The anti-Hsf876-881Ab crossreacted with Hsf608-1351
and the full-length molecule (Fig. 4B). Incubation of the same blot
with anti-Hsf876-881 + anti-BD Ab detected all BD domains, and in
addition to the other protein fragments. Anti-BD Ab did not cross-
react with any of the PD domains (Fig. 4B, Fig. S2). Yet another
antibody, anti-Hsf1912-1942 Ab detected BD1 (Hsf1536-2031) and
full length protein (Fig. 4C). These results suggested that the Abs
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are highly specific for recognizing the corresponding amino acid
sequences (Fig. 4D).

Antibody mapping also demonstrated a bending of the Hsf
molecule

We used TEM in order to visualize various regions of the Hsf
molecules. In the first set of experiments, anti-PD and anti-BD Abs
were labeled with 10 nm colloidal gold particles and the other
specific Abs were labeled with 5nm gold particles. Thereafter, H.
influenzae RM804 WT in parallel with Hsf-expressing E. coli were
probed with Abs in combination as shown to the left and at the top
of Fig. 5A and B. The anti-Hsf!33-164 Ab recognized the fibril within
10nm length at the base from the surface. In support of the pre-
vious results (Figs. 2A and 3), we here proved that the N-terminal
sequence was located close to the base of the fibril, suggesting that
the Hsf trimer was a bended molecule. Of notice, the N-terminus
in a straight fibril structure should be located at the tip of the fibril
(Fig. 1A). As can be seen in Fig. 5A, the anti-Hsf876-881 Ab bound

to the protein fibril almost near the tip, that is, 80-90 nm from the
base. However, probing Hsf with the anti-Hsf1912-1942 Ap revealed
an interaction at a 35nm distance from the base of the fibril, and
thus verified the C-terminal end near the base (Fig. 5A and B). The
relative Ab-binding as revealed by TEM was plotted against the
length of the Hsf, and a diagram representing the overall distribu-
tion of Abs recognizing the various sequences is shown in Fig. 5C.
To characterize the precise positions of PD and BD domains in
the fibril, we probed H. influenzae RM804 WT and Hsf-expressing
E. coli with both anti-PD and anti-BD Abs (10 and 5 nm gold parti-
cles, respectively) at a ratio 1:1. The results showed an interaction
of the 10 nm gold particles at three distinguished places on the fib-
ril. Similarly, 5nm gold particles also interacted at three different
locations on the fibril (Fig. 6A and B). Several individual fibrils were
measured, and the distribution of gold particles in relation to the
full length of the fibril was calculated. The results showed that PD2
and BD1 were present at 30-35nm, BD2 and PD1 at 60-70 nm, and,
finally, PD3 and BD2 were located at a 90-95 nm distance from the
base of the fibril (Fig. 6C). Taken together, the position of our Abs
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Fig. 3. Unwinding of the Hsf fibril at the bacterial surface by using GuHCL. (A) Hsf appears as a fuzzy layer after GuHCI treatment. H. influenzae RM804 WT and E. coli expressing
Hsf were chosen as untreated, and in another set treated with 6 M GuHCl for 30 min, washed twice in PBS and fixed. Bacterial pellets were embedded in epon and sections
were visualised in TEM. (B) Controls including H. influenzae RM804 Ahsf and E. coli containing an empty vector treated with 6 M GuHClI for 30 min. (C) The sections shown in
panel A were enlarged in order to observe Hsf at the bacterial surface. (D) E. coli expressing Hsf visualized at higher resolution.

suggested approximate parallel distribution of PD and BD on the
Hsf molecule, and clearly demonstrated that the fibril is bent back
from approximately middle portion of the protein (Fig. 6C).

Discussion

Hsf is an important virulence factor of H. influenzae and is
present in all encapsulated clinical isolates. Among several known
bacterial trimeric autotransporters, Hsf is unique for its struc-
tural appearance (Cotter et al., 2005b). It is not a trimeric straight
fiber like protein, rather a folded and twisted molecule at the
bacterial surface. A prototypical autotransporter such as Yersinia
adhesin (YadA) and ubiquitous surface proteins (Usp) A1/A2 of
M. catarrhalis appear as straight “lollipop” like structures consist-
ing of a membrane-anchoring domain, a stalk and finally a head
(Nummelin et al., 2004). On the other hand, some of the autotrans-
porters may appear like a fibril, and thus may not be similar to
a prototypical TAA (Cotter et al., 2005a). Previously, we noticed
a similar double-fold in a large TAA, i.e.,, Moraxella catarrhalis 1gD
binding protein (MID). In parallel to Hsf, MID is also an extraor-
dinary large protein (Hallstrém et al., 2008). Interestingly, the Hsf
homologue Hia having 70% similarity is present in NTHi, and is only
1000 amino acids in length and not bended and twisted like Hsf
(Spahich and St Geme, 2011). Most trimeric autotransporters are
straight fibrils regardless of their large sizes. For example, Ishikawa
and co-workers reported that the AtaA autotransporter of Acineto-
bacter sp. that is constituted of 3630 amino acids appears like a

straight fibril structure (Ishikawa et al., 2014). The BadA protein of
Bartonella henselae similarly appears as a straight fibril (250 nm)
that is composed of 3082 amino acids (Muller et al., 2011).

Interestingly, the straight structure of some of the TAAs is
dynamically modified once they bind to the host ligands. For exam-
ple, UspAl showed a bending after binding to CAECAM-1 and
fibronectin (Agnew et al., 2011). Similarly, the E. coli autotrans-
porter EibD also bends from a saddle-like structure after binding
to its ligand IgG (Leo et al., 2011). This kind of bending has only
been observed after interaction with host ligands. On the other
hand, the biological significance of bending and twisting of the
bacterial autotransporters such as MID and Hsf is currently not
understood. The folding might, however, have certain benefits.
Firstly, the large Hsf-like fibril (~200nM in length) may be very
fragile that might easily shear. The winding of two trimeric halves
of the fibrils make it stiffer and provide mechanical strength to
the fiber. It will be more stable during bacterial mobility and host
interaction. Secondly, the trimeric structure of the fibril consti-
tutes functional domains. The double intertwining of the trimeric
fibre might generate new intramolecular interactions that may
lead to the formation of several new functional domains around
the fibril. In Hsf, the core of the repetitive domains is conserved,
whereas the surface-exposed regions of these domains are variable
as explained in our model (Fig. 1B and C). Thus the conserved core
provides a structural stability to the Hsf molecule, while variable
surface exposed regions might contribute to different biological
functions.
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We modeled 136-2413 amino acids of Hsf by using different
suitable templates and then finally joined all models together to
build the whole fibril (Fig. 1A). The total length of the model was
measured from the centroid of the C-alpha of Asp136 to the centroid
of the C-alpha of GIn2371 that accounted for 1675A (167.5nm).
In this model some important issues have been considered dur-
ing the comparison of model length with the estimated length in
TEM. The Hsf 2372-2413 region is present inside the outer mem-
brane, hence it will not contribute to the visual length at the surface
of bacteria during analysis in TEM. Importantly, these membrane-
spanning amino acids are not included in the 1675A length. In
Hsf, the 55-135 aa do not have any suitable crystal structure to
be used as a template. Therefore, the 54-135 aa were not included
in the model, and these amino acids will definitely contribute to the
length of the fibril. In this model, however, only partial structures

that have very poor template similarity were modeled as a coiled-
coil as described elsewhere (Griffiths et al., 2011). The axial rise for
an alpha-helical coiled coil is 1.5 A per amino acid. The 3emi tem-
plate (similar to PDs) was found to have an axial rise per amino acid
0f0.55 A. This indicates that Hsf aa 136-2371 is longer than 123 nm
even ifit is modeled by 3emi template, and less than 335 nm, also if
those regions are put as a coiled coil shape. Thus, the approximate
visual length of Hsf under natural conditions as revealed by TEM
was ~100nm, and after complete denaturation this might have a
length of ~200 nm. The modeled Hsf (136-2371 aa) structure is
167 nm that is matching with the length of protein observed in
TEM.

Our TEM data showed that bending only does not take place
in the Hsf fibre. For instance, in some of the TAAs, interaction of
ligands causes a bend in the trimer (Agnew et al., 2011; Leo et al.,
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sequences detected by Abs.

2011). Unlike those proteins, the Hsf fibril is twisted after bending
and the bended region may have loose or tight interactions with
the first half part of the fibre. Twisting of two trimers is evident
from our experiments with bacteria incubated in the presence of
GuHCl, and here unwinding of two trimers was observed at high
concentrations of GuHCI (Figs. 2 and 3). This intertwining between
two halves of the same trimers may thus generate a much more
complicated structure.

In the present paper we used protein unfolding and TEM to
demonstrate that Hsf is a twisted “hairpin-like” trimeric auto-
transporter. Our study provides new knowledge on the structural
arrangement of the Hsf molecule at the bacterial surface. It will
be a challenge to prove the biological significance of this particu-
lar folding, and it also remains to study the ultrastructure of this
interesting protein to present a full crystal structure model.

Acknowledgements

Potential conflicts of interest: none reported. Financial sup-
port: This work was supported by grants from Foundations of
Alfred Osterlund, Anna and Edwin Berger, Greta and Johan Kock,
Ake Wiberg, Torsten Séderberg, Lars Hierta Foundation, O. E. och
Edla Johansson, Kungliga Fysiografiska Sdllskapet, as well as the
Swedish Medical Research Council (grant number 521-2010-4221
and K2012-66X-14928-09-5, www.vr.se), the Cancer Foundation
at the University Hospital in Malmo, the Physiographical Society
(Forssman’s Foundation), nanometer structure consortium at Lund
University, and Skane County Council’s Research and Development
Foundation.

Appendix A. Supplementary data

Supplementary material related to this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.ijmm.
2014.10.004.

References

Agnew, C., Borodina, E., Zaccai, N.R,, Conners, R., Burton, N.M., Vicary, ].A., Cole, D.K.,
Antognozzi, M., Virji, M., Brady, R.L., 2011. Correlation of in situ mechanosensi-
tive responses of the Moraxella catarrhalis adhesin UspA1 with fibronectin and
receptor CEACAM1 binding. Proc. Natl. Acad. Sci. U.S.A. 108, 15174-15178.

Agrawal, A, Murphy, T.F., 2011. Haemophilus influenzae infections in the H. influen-
zae type b conjugate vaccine era. J. Clin. Microbiol. 49, 3728-3732.

Bengtson, S.H., Eddleston, ]., Morgelin, M., Zuraw, B.L.,, Herwald, H., 2008. Regula-
tion of kinin B(2) receptors by bradykinin in human lung cells. Biol. Chem. 389,
1435-1440.

Carlemalm, E., 1990. Lowicryl resins in microbiology. J. Struct. Biol. 104, 189-191.
Cotter, S.E., Surana, N.K,, St Geme III, J.W., 2005a. Trimeric autotransporters: a dis-
tinct subfamily of autotransporter proteins. Trends Microbiol. 13, 199-205.
Cotter, S.E., Yeo, HJ., Juehne, T., St Geme I, J.W., 2005b. Architecture and adhesive

activity of the Haemophilus influenzae Hsf adhesin. ]. Bacteriol. 187, 4656-4664.

Danovaro-Holliday, M.C., Garcia, S., de Quadros, C., Tambini, G., Andrus, ].K., 2008.
Progress in vaccination against Haemophilus influenzae type b in the Americas.
PLoS Med. 5, e87.

Dautin, N., Barnard, TJ., Anderson, D.E., Bernstein, H.D., 2007. Cleavage of a bacte-
rial autotransporter by an evolutionarily convergent autocatalytic mechanism.
EMBO J. 26, 1942-1952.

Dautin, N., Bernstein, H.D., 2007. Protein secretion in gram-negative bacteria via the
autotransporter pathway. Annu. Rev. Microbiol. 61, 89-112.

Fitzwater, S.P., Watt, ].P., Levine, 0.S., Santosham, M., 2010. Haemophilus influen-
zae type b conjugate vaccines: considerations for vaccination schedules and
implications for developing countries. Hum. Vaccin 6, 810-818.

Geme III, W, 1996. Molecular determinants of the interaction between
Haemophilus influenzae and human cells. Am. J. Respir. Crit. Care Med. 154,
$192-5196.



B. Singh et al. / International Journal of Medical Microbiology 305 (2015) 27-37 37

Geme III, J.W. Cutter, D., 1995. Evidence that surface fibrils expressed by
Haemophilus influenzae type b promote attachment to human epithelial cells.
Mol. Microbiol. 15, 77-85.

Griffiths, N.J., Hill, D.J., Borodina, E., Sessions, R.B., Devos, N.I, Feron, C.M., Pool-
man, J.T., Virji, M., 2011. Meningococcal surface fibril (Msf) binds to activated
vitronectin and inhibits the terminal complement pathway to increase serum
resistance. Mol. Microbiol. 82, 1129-1149.

Hallstrom, T., Muller, S.A., Morgelin, M., Mollenkvist, A., Forsgren, A., Riesbeck, K.,
2008. The Moraxella IgD-binding protein MID/Hag is an oligomeric autotrans-
porter. Microb. Infect. 10, 374-381.

Hallstrom, T., Riesbeck, K., 2010. Haemophilus influenzae and the complement sys-
tem. Trends Microbiol. 18, 258-265.

Hallstrom, T., Trajkovska, E., Forsgren, A., Riesbeck, K., 2006. Haemophilus influenzae
surface fibrils contribute to serum resistance by interacting with vitronectin. J.
Immunol. 177, 430-436.

Hallstrom, T., Singh, B., Resman, F., Blom, A.M., Mérgelin, M., Riesbeck, K., 2011.
Haemophilus influenzae protein E binds to the extracellular matrix by con-
currently interacting with laminin and vitronectin. J. Infect. Dis. 204 (7),
1065-1074.

Hartmann, M.D., Grin, I, Dunin-Horkawicz, S., Deiss, S., Linke, D., Lupas, A.N.,
Hernandez Alvarez, B.,2012. Complete fiber structures of complex trimeric auto-
transporter adhesins conserved in enterobacteria. Proc. Natl. Acad. Sci. U.S.A.
109, 20907-20912.

Ishikawa, M., Shigemori, K., Hori, K., 2014. Application of the adhesive bacterio-
nanofiber AtaA to a novel microbial immobilization method for the production
of indigo as a model chemical. Biotechnol. Bioeng. 111, 16-24.

Leo, J.C., Grin, I, Linke, D., 2012. Type V secretion: mechanism(s) of autotransport
through the bacterial outer membrane. Philos. Trans. R. Soc. London, Ser. B: Biol.
Sci. 367, 1088-1101.

Leo, J.C., Lyskowski, A., Hattula, K., Hartmann, M.D., Schwarz, H., Butcher, S.J., Linke,
D., Lupas, A.N., Goldman, A., 2011. The structure of E. coli IgG-binding protein D
suggests a general model for bending and binding in trimeric autotransporter
adhesins. Structure 19, 1021-1030.

Meng, G., Spahich, N., Kenjale, R, Waksman, G., St Geme III, J.W., 2011. Crystal
structure of the Haemophilus influenzae Hap adhesin reveals an intercellular
oligomerization mechanism for bacterial aggregation. EMBO J. 30, 3864-3874.

Morris, S.K., Moss, W.J., Halsey, N., 2008. Haemophilus influenzae type b conjugate
vaccine use and effectiveness. Lancet Infect. Dis. 8, 435-443.

Muller, N.F,, Kaiser, P.O., Linke, D., Schwarz, H., Riess, T., Schafer, A., Eble, ].A., Kempf,
V.A.,2011. Trimeric autotransporter adhesin-dependent adherence of Bartonella
henselae. Bartonella quintana, and Yersinia enterocolitica to matrix components
and endothelial cells under static and dynamic flow conditions. Infect. Immun.
79, 2544-2553.

Nummelin, H., Merckel, M.C,, Leo, ].C., Lankinen, H., Skurnik, M., Goldman, A., 2004.
The Yersinia adhesin YadA collagen-binding domain structure is a novel left-
handed parallel beta-roll. EMBO J. 23, 701-711.

Oehmcke, S., Morgelin, M. Herwald, H. 2009. Activation of the human
contact system on neutrophil extracellular traps. J. Innate. Immun. 1,
225-230.

Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S., Greenblatt, D.M., Meng, E.C.,
Ferrin, T.E., 2004. UCSF Chimera—a visualization system for exploratory research
and analysis. ]. Comput. Chem. 25, 1605-1612.

Rodriguez, C.A., Avadhanula, V., Buscher, A., Smith, A.L, St Geme III, JW., Adder-
son, E.E., 2003. Prevalence and distribution of adhesins in invasive non-type b
enc. lated F hilus infl Infect. Immun. 71, 1635-1642.

Roth, J., 1996. The silver anniversary of gold: 25 years of the colloidal gold marker
system forimmunocytochemistry and histochemistry. Histochem. Cell Biol. 106,
1-8.

Singh, B., Al-Jubair, T., Morgelin, M., Thunnissen, M.M., Riesbeck, K.,2013. The unique
structure of Haemophilus influenzae protein E reveals multiple binding sites for
host factors. Infect. Immun. 81, 801-814.

Singh, B., Su, Y.C., Riesbeck, K., 2010. Vitronectin in bacterial pathogenesis: a host
protein used in complement escape and cellular invasion. Mol. Microbiol. 78,
545-560.

Singh, B., Fleury, C.,, Jalalvand, F., Riesbeck, K., 2012. Human pathogens utilize host
extracellular matrix proteins laminin and collagen for adhesion and invasion of
the host. FEMS Microbiol. Rev. 36, 1122-1180.

Singh, B., Rohm, K.H., 2008. Characterization of a Pseudomonas putida ABC
transporter (Aat)MQP) required for acidic amino acid uptake: biochemical prop-
erties and regulation by the Aau two-component system. Microbiology 154,
797-809.

Singh, B., Su, Y.C., Al-Jubair, T., Mukherjee, O., Hallstrom, T., Morgelin, M., Blom, A.M.,
Riesbeck, K., 2014. A fine-tuned interaction between the trimeric autotrans-
porter Haemophilus surface fibrils and vitronectin leads to serum resistance and
adherence to respiratory epithelial cells. Infect. Immun. 82, 2378-2389.

Spahich, N.A,, St Geme 111, J.W., 2011. Structure and function of the Haemophilus
influenzae autotransporters. Front. Cell Infect. Microbiol. 1, 5.

St Geme 111, J.W., Cutter, D., Barenkamp, S.J., 1996. Characterization of the genetic
locus encoding Haemophilus influenzae type b surface fibrils. J. Bacteriol. 178,
6281-6287.

St Geme III, J.W., Kumar, V.V., Cutter, D., Barenkamp, S.J., 1998. Prevalence and
distribution of the hmw and hia genes and the HMW and Hia adhesins
among genetically diverse strains of nontypeable Haemophilus influenzae. Infect.
Immun. 66, 364-368.

Ulanova, M., Tsang, R.S., 2009. Invasive F disease: changin:
epidemiology and host-parasite interactions in the 21st century. Infect. Genet.
Evol. 9, 594-605.

Watson]Jr., M.E., Nelson, K.L., Nguyen, V., Burnham, C.A., Clarridge, J.E., Qin, X., Smith,
A.L,2013. Adhesin genes and serum resistance in Haemophilus influenzae type f
isolates. ]. Med. Microbiol. 62, 514-524.

Winkelstein, J.A., Moxon, E.R., 1992. The role of complement in the host’s defense
against Haemophilus influenzae. ]. Infect. Dis. 165 (Suppl. 1), S62-S65.




Fig. S1, Singh et al.

Anti-PD (N-GLVTAKAVIDAVNKAGWR-C)

PD2 (272=315) KTSVIKEKDGKLFTGKENNDTN-KVTSNTATDNTDEGN[§
PD1(1637-1740) KTSVIKDHNGKLFTGKELKDANNNGVTVTETDGKDEGN|
PD3(938-1046) KTSVIKDHNGKLFTGKDLKDAN-NGATVSEDDGKDTGT(§

Kokkkkkoo okhhhkhhhks okeok o . . * * ok kokkkokk e kkkkhkkok o kkokx

PD2 [(272=318) TANGON======= GDFATVASGTNVTFESGDGTTASVTKDTNGNGITVKYDA
PD1(1637-1740) GANGQN--—-----— DDFATVASGTNVTFADGNGTTAEVTKANDGS-ITVKYNV
PD3(938-1046) GATAETGATAVNAGNAETVTSGTSVNFKNGNATTATVSKD-NGN-INVKYDV

* . . Kk ekkk K Kk Ko kkk k. ok . x * kokok .

Anti-BD (N-TKDGISAGNKAITNVAS-C)

BD2 (429-652) SWKAKAEADTDGALE~-GISKDQEVKAGETVTFKAGKNLKVKQDGANFTYSLQDALTGLTS
BDSI(1103~1337) SWTAKADKYADGESE-GET-DQEVKAGDKVTFKAGKNLKVKQSEKDFTYSLODTLTGLTS
BD1 (1792-2022) SWTATAGKEGTGEVDPANSAGQEVKAGDKVTFKAGDNLKIKQSGKDFTYSLKKELKDLTS

kok Kk * . . khkdhhkhke Khkhhhkk hkxokk sk Kk Ak K . * * KKk

BD2 (429-652)
BD3(1103-1337)
BD1 (1792-2022)

R koK kokkkkkk k| k. sk Rk kkkkkkk  kkkk kXK
BD2 (429-652) GLRAYDDANFDVLNNSATDLNRHVEDAYKGLLNLNEKNANKQ--—-- PLVTDSTAATV
BD3(1:1:03=1.337) KEALKTYKDT—QNTAGATQPAAN—TAEVAKQDLVDLTKPATGAAGNGADAKAPDTTAATV
BD1 (1792-2022) VEGLKKFGDG—HTLANGTVADFEKHYDNAYKDLTNLDEKGADNN ————— PTVADNTAATV

* ke - % - . sk ek ek . - * kR ok ok ok

Fig S1 Alignment of Hsf PD and BD protein sequences and identification of conserved sequences for
design of peptides (black background) that were used for immunization of rabbits.
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Fig S2 Specificity of anti-BD and anti-PD Abs. 4. Left panel shows purified recombinant BD and PD
proteins. Proteins (5 ng) were separated in a 12% SDS-PAGE and stained with Coomassie blue R250.
Middle and right panels indicate blots probed with anti-BD and anti-PD Abs, respectively. Fifty ng of
each protein was loaded on gels. B. ELISA that demonstrates the specificity of anti-BD and anti-PD
Abs. All recombinant proteins (50 nM) were coated on ELISA plates and different dilutions of Abs
were used.
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Haemophilus influenzae Type f Hijacks Vitronectin Using
Protein H To Resist Host Innate Immunity and Adhere to
Pulmonary Epithelial Cells

Tamim Al-Jubair,* Qindrilla Mukherjee,* Sharon Oosterhuis,* Birendra Singh,*
Yu-Ching Su,* Christophe Fleury,* Anna M. Blom,T Susanna Tiirnroth-Horseﬁeld,"t and
Kristian Riesbeck*

The incidence of invasive Haemophilus influenzae type b (Hib) disease has significantly decreased since the introduction of an
efficient vaccine against Hib. However, in contrast to Hib, infections caused by H. influenzae serotype f (Hif) are emerging. We
recently did a whole genome sequencing of an invasive Hif isolate, and reported that Hif interacts with factor H by expressing
protein H (PH). In this study, upon screening with various human complement regulators, we revealed that PH is also a receptor
for vitronectin (Vn), an abundant plasma protein that regulates the terminal pathway of the human complement system in
addition to being a component of the extracellular matrix. Bacterial Vn binding was significantly reduced when the Iph gene
encoding PH was deleted in an invasive Hif isolate. The dissociation constant (Kp) of the interaction between recombinant PH and
Vn was 2.2 pM, as revealed by Biolayer interferometry. We found that PH has different regions for simultaneous interaction with
both Vn and factor H, and that it recognized the C-terminal part of Vn (aa 352-362). Importantly, PH-dependent Vn binding
resulted in better survival of the wild-type Hif or PH-expressing Escherichia coli when exposed to human serum. Finally, we
observed that PH mediated an increased bacterial adherence to alveolar epithelial cells in the presence of Vn. In conclusion, our
study reveals that PH most likely plays an important role in Hif pathogenesis by increasing serum resistance and adhesion to the

airways. The Journal of Immunology, 2015, 195: 5688-5695.

aemophilus influenzae is a Gram-negative bacterial spe-
H cies classified as typeable (encapsulated) or nontypeable

H. influenzae (NTHi) based upon the presence or absence
of a polysaccharide capsule. Typeable isolates are further sub-
divided into six serotypes designated a—f, depending on the capsular
polysaccharide composition and antigenicity. H. influenzae type
b (Hib) has been the most significant serotype causing invasive
disease, for example, meningitis, epiglottitis, septicaemia, and os-
teomyelitis (1-3). Since the introduction of a vaccine against Hib,
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the incidence of invasive Hib disease has significantly decreased.
In contrast, the number of cases with invasive disease caused by
non-Hib, that is, NTHi and H. influenzae serotype f (Hif), seems to
increase, suggesting a serotype replacement phenomenon (4-6).
The successful colonization and subsequent infection of H. influenzae
depend on its ability to adhere to the host tissue promoted by
adhesins at the bacterial surface. After these initial steps, bacteria
occasionally disrupt the epithelium and penetrate into deeper tis-
sue layers after passing through the basement membrane and ex-
tracellular matrix (ECM) (7, 8). Encapsulated H. influenzae may
also breach the blood-brain barrier and cause meningitis (9, 10).
Upon contact with the host, bacteria encounter the complement
system, the first line of defense and an important component of
the innate immunity. Importantly, many bacterial species acquire
complement regulatory factors, including factor H (FH), C4b-
binding protein (C4BP), or vitronectin (Vn), on their surface for
effective inhibition of phagocytosis and formation of the membrane
attack complex (MAC) (11-13). The complement regulator Vn is
an abundant plasma protein at a concentration of 250-450 pg/ml,
which corresponds to 3-6 wM (14), but also builds up the ECM.
It efficiently inhibits the terminal pathway of the complement
system by preventing MAC formation at the bacterial surface
(12, 15). Recent studies indicate that the interaction between
H. influenzae surface proteins and Vn results in an inhibition of the
bactericidal effect of serum, thus increased survival. We reported
recently that protein E (PE) and protein F (PF) of NTHi (16, 17)
and Haemophilus surface fibrils of Hib (9) all have the capacity to
recruit Vn to the bacterial surface. PE and PF are ubiquitously
expressed multifunctional proteins found in both capsulated and
noncapsulated H. influenzae (18) (Y.-C. Su, personal communi-
cation). Importantly, the Vn-binding proteins also function as
adhesins for H. influenzae mediating bacterial adherence to several
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human pulmonary cell lines (17-20). In fact, Haemophilus surface
fibrils also contribute to an increased bacterial binding to integrins
by utilizing Vn as a bridging molecule (9).

We have recently defined a unique 35-kDa FH-binding protein
designated protein H (PH), which is expressed mainly in Hib and
Hif (21). The goal of this study was to further examine the role of
Hif PH in interactions with the human host. We found that PH has
a strong affinity for Vn that significantly contributes to an in-
creased survival of Hif against complement-mediated killing and
also increased adhesion to type II alveolar epithelial cells.

Materials and Methods

Bacteria, eukaryotic cells, and culture conditions

The H. influenzae type f strain Hif M10 and its isogenic /ph mutant Hif
MI10Alph (21) were grown in liquid brain heart infusion medium con-
taining 10 ug ml~" NAD and hemin, or on chocolate agar plates, followed
by incubation at 37°C in a humid atmosphere with 5% CO,. The Iph
mutant was grown in the presence of 10 g ml~' kanamycin. Escherichia
coli DH5a and BL21 (DE3) were cultured in Luria-Bertani (LB) broth or
on LB agar plates at 37°C. E. coli containing pET26b-Iiph or pET16b-Iph
expression vectors was grown in LB medium supplemented with 50 pg ml~"
kanamycin or 100 wg ml~' ampicillin, respectively. Vn-expressing human
embryo kidney (HEK293T) cells were cultured in advanced DMEM (Life
Technologies, Invitrogen, Stockholm, Sweden) containing 2 mM L-glutamine,
100 wg ml~ ! streptomycin, and 100 U ml~ " penicillin.

Expression and purification of recombinant proteins

Cloning procedures were as described in detail previously (21). Briefly, the
gene encoding the FH-binding protein (Iph) in Hif was amplified by PCR
excluding the 63 initial nucleotides encoding for the signal peptide. The
genes were cloned into pET26b and pET16b vectors for recombinant
protein purification and surface expression on E. coli BL21, respectively.
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Expression was induced by the addition of 0.2 mM isopropyl-B-D-1-
thiogalactopyranoside at an OD at 600 nm (ODgg) of 0.5, and cultures
were grown for the next 16 h at 37°C with shaking at 200 rpm. Expression
levels were verified by flow cytometry using specific anti-PH polyclonal
Ab (pAb) (21) before downstream experiments. For purification purposes,
E. coli BL21 (DE3) containing pET26b-Iph was grown in LB medium with
kanamycin at 37°C until ODgq reached 0.8 to 1. Expression of the proteins
was induced by the addition of 1 mM isopropyl-B-D-1-thiogalactopyranoside.
After 3 h of culture, cells were harvested and resuspended in a His-tag
protein-binding buffer (50 mM Tris-HCI [pH 7.5] containing 50 mM
imidazole and 500 mM NaCl). Bacteria were lysed by sonication, and
Ni-nitrilotriacetic acid affinity purification was performed, according to the
manufacturer’s guidelines (GE Healthcare Biosciences, Uppsala, Sweden).
After elution, proteins were dialyzed against PBS (pH 7.5). The protein
samples were concentrated by a Centricon concentrator (m.w. cutoff 5000)
and loaded onto SDS-PAGE gels that were stained with Coomassie blue
R-250. Vn constructs were expressed in HEK293T cells, as described
elsewhere (15). Protein concentrations were estimated by a NanoDrop
spectrophotometer (Thermo Scientific, Wilmington, DE) and were also
verified by a bicinchoninic acid assay (Pierce, Rockford, IL).

Flow cytometry

PH expression at the bacterial surface was detected by flow cytometry. Hif
from midlog phase cultures or PH-expressing E. coli BL21 (DE3) trans-
formants induced overnight were resuspended in PBS containing 1% BSA
(blocking buffer) and adjusted to 10° CFU ml ™', Aliquots containing 5 X
10° CFU were incubated with affinity-purified rabbit anti-PH pAb for 1 h at
room temperature, washed, and centrifuged. Thereafter, bacterial suspen-
sions were incubated with FITC-conjugated swine anti-rabbit pAb (Dako,
Copenhagen, Denmark) for 30 min. For ligand binding at the bacterial
surface, Hif and E. coli BL21 (DE3) expressing PH were incubated with 250
nM Vn for 1 h at room temperature. E. coli harboring empty vector was used
as a control and stained similarly. After washing, bound ligands were de-
tected using sheep anti-human Vn pAb (dilution 1:100), followed by FITC-
conjugated donkey anti-sheep pAb (dilution 1:100) (both from AbD Serotec,
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H. influenzae serotype f binds Vn via surface expression of PH. (A) PH interacts with Vn and FH in a dose-dependent manner. Microtiter plates

were coated with equal molar (50 nM) of Vn, FH, and C4BP and incubated with increasing concentrations (5-100 nM) of purified His-tag PH. Bound PH was
detected by HRP-conjugated anti-His pAb. PH only bound to FH and Vn, but not to C4BP. (B) Vn binding in clinical isolates of H. influenzae type f as analyzed by
flow cytometry. Equal numbers of bacteria (5 X 10° CFU) of each isolate were incubated with 250 nM plasma Vn, and bound ligand was detected with sheep anti-Vn
PAb and FITC-conjugated donkey anti-sheep pAb. Data are presented as the mean fluorescence intensity (mfi) after subtracting the background. E. coli was used as
a negative control. Circled data indicates mfi of the strain M10 used in current study. (C and D) Vn binding by Hif M10 (C) and E. coli expressing PH (D) as analyzed
by flow cytometry. Small insert in each panel shows a representative flow cytometry histogram of bacteria binding to 250 nM Vn. (C) Hif M10A/ph lacking the protein
H exhibited reduced Vn binding compared with the wild type. (D) E. coli expressing PH revealed a Vn-binding phenotype. In contrast, control E. coli transformed
with the empty vector pET-16b bound less Vn. Mean values of three separate experiments with triplicates are shown, and error bars indicate SDs. In (C) and
(D), differences in Vn binding between Hif wild type and mutant or E. coli-PH and control E. coli were calculated by Student ¢ test. **¥p = 0.001.
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Oxford, U.K.). All bacterial samples were incubated in PBS-BSA, and pri-
mary and secondary Abs were added separately as negative controls. Bac-
teria were washed with PBS-BSA before analysis on a FACS Canto (BD
Biosciences, Franklin Lakes, NJ) using the software Diva 6.1.1.

ELISA

Interactions between PH and Vn, FH, or C4BP were analyzed by ELISA.
Ligands, recombinant purified PH, or other bacterial proteins PE (20, 22)
and UHP_09011 (17) (50 nM) were immobilized overnight on Polysorb
microtitre plates (Nunc-Immuno; Nunc, Roskilde, Denmark) in Tris-HCl
(pH 9.0) for 15 h at 4°C. After washing, His-tagged PH or Vn fragments as
outlined in Fig. 3A were added to each well at the indicated concentrations,
followed by incubation for 1 h at room temperature. Thereafter, bound
recombinant Vn and PH were detected by HRP-conjugated anti-His tag
pAb (Abcam, Cambridge, UK). In a multiligand simultaneous binding
assay, PH-coated wells were incubated for 1 h with 15 nM ligand (Vn or
FH) in addition to different concentrations of FH or Vn (2.5-50 nM), re-
spectively. In the inhibition assay with heparin, an equal molar concen-
tration of Vn (20 nM) was preincubated with increasing concentrations of
heparin (0.05-0.2 pM) or type B bovine skin gelatin (Sigma-Aldrich, St.
Louis, MO), and then the mixtures were added to the PH-coated wells.
Unbound ligands (Vn or FH) were removed by washing with PBS con-
taining 0.05% Tween 20. Thereafter, bound Vn and FH were detected by
primary sheep anti-human Vn pAb or mouse anti-human FH mAb, fol-
lowed by HRP-conjugated donkey anti-sheep and rabbit anti-mouse sec-
ondary pAbs (all were obtained from AbD Serotec). ELISAs were
developed with 20 mM tetramethylbenzidine and 0.1 M potassium citrate.
Finally, the reactions were stopped with 1 M H,SO,. Signals were read at
ODys. All experiments were performed three times in triplicates.

Affinity measurements of the PH-Vn interaction

Kinetic analyses were performed by Biolayer interferometry using a forteBio
OctetRed96 platform (Pall, Menlo Park, CA). Recombinant Vn®03% was
immobilized on AR2G sensors (Pall) by amino coupling. The analyte

A

Haemophilus influenzae SEROTYPE f HIJACKS VITRONECTIN

(recombinant PH) was serially diluted in running buffer (PBS) ranging from
0 to 4 pM. The experiments were conducted at 30°C. Data analysis was
performed using the forteBio Data Analysis software 8.1 (Pall). Curves
were fitted with 1:1 binding kinetics, and affinity (Kp) was calculated.

Serum bactericidal assay

Normal human serum (NHS) and Vn-depleted serum (VDS) were prepared,
as previously described (16). The NHS used in the current study was re-
active against Hif, as revealed by Western blotting (data not shown). VDS
was replenished with new Vn, as described previously (17). In parallel,
heat-inactivated serum was prepared by inactivation at 56°C for 30 min.
Susceptibility of Hif and E. coli BL21(DE3) to complement-mediated
killing was tested, as described (21). The optimal concentrations of se-
rum and time points used were as previously described (16, 17, 21), and
were empirically determined for Hif (5% NHS and 15 min) and E. coli
BL21 (DE3) (1% NHS and 10 min). We optimized our experiments and
used 5% of NHS at 15 min, as this percentage of NHS caused killing of the
PH mutant (Hif M10Alph), and yet exerted the serum-resistant phenotype
of the wild-type Hif M10. Serum resistance was considered as =50%
bacterial survival in 5% NHS (23). Aliquots of 1.5 X 10° CFU in 100 ul
DGVB** (2.5 mM veronal buffer [pH 7.3], 2.5% glucose, 2 mM MgCl,,
0.15 mM CaCl,, and 0.1% gelatin) were added with appropriate dilutions
of serum and incubated at 37°C at the indicated time points with gentle
shaking. At 0 min (T, sample) and indicated times (T, sample), aliquots of
10 pl reaction mixtures were plated on chocolate agar for Hif or LB agar
containing ampicillin for PH-expressing E. coli and incubated at 37°C.
Percentage of bacterial killing was calculated as (CFU at T)/(CFU at Ty)
X 100. Three individual experiments, each performed in triplicates, were
done. Control experiments with heat-inactivated NHS were also per-
formed, as described above.

Bacterial binding to immobilized Vn on glass slides

Adherence of bacteria to immobilized Vn was studied by coating 5 ug Vn
on glass slides (Menzel-Gldser; Thermo Scientific, Wilmington, DE). Bacteria
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were grown in broth until midlog phase (ODgg = 0.5) and incubated on Results

Vn-coated glass slides for 1 h at 37°C. Unbound bacteria were washed H. influenzae serotype f acquires Vn by protein H

away with PBS, followed by Gram-staining and analysis in an Olympus

IX73 microscope at 100X amplification. To investigate whether Hif PH-dependent serum resistance also
involves other complement regulators than FH (21), we compared
binding of PH to Vn, C4BP, or FH in ELISA. Interestingly, PH
Type II lung alveolar epithelial cells (A549) were maintained in F12 medium bound both FH and Vn, but did not interact with C4BP (Fig. 1A).

containing 10% FCS supplemented with 5 wg/ml gentamicin. Cells were L Lo p
routinely subcultured every 2-3 d. A modified adherence assay from that one In addition, we found that PH binding to Vn was equal with and

H. influenzae adherence assay

described previously (9) was used. Briefly, cells were cultured in 24-well plates without a His tag attached to recombinant PH (Supplemental
till confluency. Prior to the experiment, cells were kept in serum-free medium Fig. 1). In the light of the emergence of Hif invasive disease
(F12 medium only) overnight. To observe an effect of Vn, cell monolayers (4, 6), we examined Hif blood and cerebrospinal fluid isolates

were treated with Vn (10 pg/ml) at 4°C for 1 h, followed by three washes with — P .
PBS. Cells were incubated with bacteria at MOI 100 for the indicated time (n‘ . 2l (24) for‘ Vl.i binding by flow cytometry (Fig. 11.3)' All
clinical strains significantly bound Vn as compared with the

points in F12 medium at 37°C. Cells were washed thoroughly postinfection,
harvested by treatment with Accutase (Life Technologies), and then lysed with negative control E. coli.

glass beads and vortexing. Serial dilutions were plated to calculate CFU. To in detail analyze the role of PH for Vn binding, we deleted
the Iph gene in Hif M10. The resulting Hif M10Alph mutant
bound significantly less Vn in comparison with the wild type,
Student 7 tests were used to compare two experimental groups, and one- or as revealed by flow cytometry (Fig. 1C). We also recombinantly

two- ANOVA test: included f i f diffe be- I
wo-way ; ests We'efflc_'.l e ,or comparison f) ! eren(?.es © expressed PH at the surface of the heterologous host E. coli.
tween more than two groups as indicated. Differences were considered

statistically significant at p = 0.05. Statistical analyses were performed This experimental system made it possible to evaluate the
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FIGURE 4. PH confers serum resistance to Hif and PH- A B
expressing E. coli via recruitment of plasma Vn. (A) Wild- 1207 m HiIfM10 T Hif M10Aph 120

Wl E. coli-PH [] E. coli
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In conclusion, a series of invasive Hif isolates bound soluble observed.
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herence of Hif (A) and E. coli-PH (B) to Vn-coated glass slides. Representative images of three independent experiments are shown. Bacterial adherence
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PH has a high affinity for Vn and simultaneously interacts with
both FH and Vn

To ascertain the Vn-binding property of PH, we analyzed the
protein—protein interaction by ELISA. H. influenzae PE and
UPH_09011 were included for comparison as positive and nega-
tive controls, respectively (16, 17, 22). Recombinant proteins were
coated in microtiter plates, followed by addition of Vn at in-
creasing concentrations. A dose-dependent binding of Vn to PH
was observed (Fig. 2A). PH had a similar binding profile as
H. influenzae PE and significantly bound Vn in comparison with
the negative control protein (UPH_09011). Further evaluation of
the binding kinetics was performed by Biolayer interferometry
with Vn immobilized on the sensors. The interaction with Vn was
analyzed with PH at increasing concentrations (0.25-4 uM). We
observed a dose-dependent binding, and the dissociation constant
(Kp) was calculated to 2.2 = 0.12 uM (Fig. 2B).

Because PH has been shown to interact with FH (21), one of the
regulators of the alternative pathway of complement activation,
we wanted to define whether FH and Vn could simultaneously
interact with PH. In a multiligand-binding assay, PH was immo-
bilized in microtiter plates and incubated with either 15 nM Vn
(Fig. 2C) or FH (Fig. 2D) in the presence of increasing concen-
trations of FH or Vn (2.5-50 nM), respectively. Coincubation of
FH and Vn did not affect the binding of each other to the immo-
bilized PH. Interestingly, although PH is a relatively small mole-
cule (35 kDa), FH and Vn concurrently bound to PH, as judged by
ELISA. We further confirmed the concurrent interaction by an
inhibition assay, which revealed that Vn and FH bound to separate
regions on the PH molecule (Supplemental Fig. 2). Thus, these
experiments proved that PH comprised regions that simultaneously
interacted with the two complement regulators Vn and FH.

PH recognizes the C-terminal region of Vn by interacting with
amino acids Vn™?73%?

Vn consists of three heparin-binding domains (HBDs) that are
located upstream of the RGD sequence, a motif that binds to
integrins (25) (Fig. 3A). To analyze whether HBDs were involved
in the PH-dependent Vn binding, we preincubated Vn with hep-
arin. As can be seen in Fig. 3B, heparin significantly blocked the
interaction between Vn and PH, whereas the control protein, type
B bovine gelatin, from skin did not block that interaction. Previous
studies with other bacterial species (26, 27) suggested that bacterial
proteins interact with the third HBD at the C-terminal part of the
Vn molecule. To further pinpoint the binding site for PH on the Vn
molecule, three different truncated fragments of Vn molecules
encompassing deletions in HBD3 (VnA3527362 ypA3e2-374 - ang
Vn*32-374) (Fig. 3A) were included in our analysis. Interestingly,
VnB0-3% op ypade2-374 readily bound to PH, whereas ypA3sz-3e2
and Vn**27* did not bind, suggesting that 10 aa within the
sequence Vn*2*2 comprised the minimal PH binding site on the
Vn molecule (Fig. 3C).

To further examine the importance of the deletion in Vn
a set of experiments was also done with whole bacteria. Hif M10
and PH-expressing E. coli were used for flow cytometry analysis
with the different Vn fragments. For comparison, we also included
the mutant Hif M10Alph that was devoid of PH in addition to
control E. coli. Hif M10 (Fig. 3D) and E. coli expressing PH at the
surface (Fig. 3E) significantly bound Vn as compared with the
controls Hif M10Alph and E. coli. In agreement with the results
obtained by ELISA, flow cytometry experiments with intact bac-
teria also showed similar binding pattern with the different Vn
fragments, and thus further confirmed that PH bound Vn at aa
352-362 within the HBD3 located at the C-terminal domain of Vn.

A352-362
B
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H. influenzae type f is protected from complement-mediated
killing by Vn bound to PH

To evaluate the importance of PH when bacteria were exposed to
NHS, we incubated the PH-expressing Hif M10 and the corre-
sponding mutant Hif M10Alph with pooled NHS obtained from
healthy donors. As shown in Fig. 4A, the Hif M10 wild-type
expressing PH survived significantly better (p = 0.001) in NHS
as compared with the mutant counterpart. When Vn was depleted
(VDS), Hif M10 was, however, significantly more susceptible
to killing as compared with incubation with NHS, indicating
the importance of Vn acquisition for Hif serum survival. In
contrast, mutant Hif M10Alph was sensitive to the bactericidal
effect of both NHS and VDS. In parallel, the PH-expressing
E. coli was more resistant to NHS as compared with control
E. coli (Fig. 4B), and E. coli-PH did not survive in the absence
of Vn (VDS).

To further define the role of the Vn—PH interaction in Hif serum
resistance, we supplemented the VDS with Vn?*~% at increasing
concentrations, followed by incubation with H. influenzae
or E. coli. Addition of Vn at 72 or 180 nM to VDS resulted in
a significantly increased survival of Hif M10 (Fig. 4C) and
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FIGURE 6. Cartoon summarizing the functional roles of PH during host
colonization. PH interacts with human FH (21) and inhibits the activation
of the alternative complement pathway. Vn interaction with PH suppresses
the common terminal pathway of MAC by selectively inhibiting C5b—C6—
C7 complex formation and C9 polymerization. We have demonstrated that
PH simultaneously interacts with Vn and FH. Thus, both of these factors
effectively function in favor of bacteria. Vn can be found and deposited at
the apical surface of the airway epithelial cells by plasma exudation.
Surface-bound Vn also mediates binding to integrins on host epithelial
cells, and thus Vn functions as a bridging molecule between Hif and ep-
ithelial cells that consequently leads to increased adherence to the airway
mucosa.
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PH-expressing E. coli (Fig. 4D). Taken together, our results sug-
gested that Hif recruits Vn from NHS by using PH to inhibit the
MAC formation at the terminal lytic step. The Vn acquisition
leads to a decreased complement-mediated bactericidal activity
and thus enhanced bacterial survival.

PH-dependent Vn acquisition promotes adherence of Hif to
epithelial cells

Vn is an abundant plasma protein, but is also an important com-
ponent of the ECM together with several other host proteins (28).
To evaluate the role of PH in adherence to immobilized Vn, we
incubated both Hif M10 and the isogenic /ph mutant with Vn
coated on glass slides. In contrast to the wild-type Hif M10, Hif
M10Alph that was devoid of PH adhered less efficiently to the Vn-
coated glass slides (Fig. 5A). This observation was further sup-
ported by a significantly increased adherence of PH-expressing
E. coli compared with the control E. coli (Fig. 5B).

Recent studies have shown that several bacteria, including Hib,
interact with Vn via surface proteins contributing to adherence to
respiratory epithelial cells (9, 26). To examine the role of PH on
Hif adherence to type II alveolar epithelial cells, Hif M10 was
incubated with Vn and added to the epithelial cells. We found that
Hif adhered more efficiently when exogenous Vn was provided
(Fig. 5C). To validate that the increased bacterial adherence was
indeed caused by PH interacting with Vn, and not by any other
Vn-binding protein or the Hif capsule, we also analyzed adherence
by PH-expressing E. coli with or without Vn. Consistent with the
results obtained with PH-expressing Hif, E. coli-PH also had an
increased adherence in the presence of Vn (Fig. 5D). In conclu-
sion, Hif PH interacts with both immobilized and soluble Vn,
facilitating bacterial adherence to the ECM as well as epithelial
cells (Fig. 6).

Discussion
Many pathogenic bacteria can recruit complement regulatory
factors such as C4BP, FH, and Vn, thus enabling them to survive
the bactericidal effect of serum (12). Hijacking Vn is one of many
powerful strategies to evade the host innate immune system in
addition to facilitating colonization and subsequent infection (25,
29). H. influenzae serotype f is an increasingly important cause of
invasive disease (4-6, 30). However, there is less information
regarding virulence mechanisms related to this serotype. In this
work, we explored the role of Hif PH (21) in serum resistance and
adhesion via the acquisition of abundant plasma and cellular Vn.
In conjunction to the clonal distribution of serotype f (31), we
showed that all invasive Hif isolates (n = 21) (24) exhibit a Vn-
binding capacity in comparison with the control E. coli (Fig. 1B).
Interestingly, despite the fact that all the clinical strains tested had
almost similar PH expression levels (Supplemental Fig. 3), we
observed different capacities among the isolates to attract Vn
(Fig. 1B). We previously reported that H. influenzae concurrently
expresses PE (15), PF (17, 24), and P4 (24, 32) to interact with
Vn. Despite the fact that we observed that PH was expressed in all
clinical isolates, it is plausible that other Vn-binding proteins may
play a role in expression level or surface exposure due to the
presence of a capsule in Hif. This might explain the absence of
correlation between PH expression and the Vn-binding pheno-
types. We compared the Vn binding of PH with the well-defined
NTHi outer membrane protein PE (15), and found that PH inter-
acted with Vn as efficiently as PE (Fig. 2A). The Kp, of the PH-Vn
interaction was 2.2 uM (Fig. 2B), and was similar to the Kp for
PE (0.4 uM) despite the fact that different methods were used
(16). It thus seems that PH derived from Hif might play an equally

Haemophilus influenzae SEROTYPE f HIJACKS VITRONECTIN

important role as PE does in NTHi, that is, as a high-affinity Vn-
binding receptor.

Vn inhibits MAC assembly by blocking the membrane binding
site of the C5b—C7 complex and prevents polymerization of C9 (15,
25). The multifunctional Vn molecule is an effective regulator that
inhibits the terminal lytic pathway regardless of which comple-
ment pathway that is activated. Deposition of Vn on the Hif sur-
face might thus prevent lytic pore formation. Our current report
clearly shows that Vn in NHS and supplementation of Vn to VDS
caused a significant increase in the level of Hif serum resistance
via the PH-Vn interaction (Fig. 4). We further demonstrated that
PH simultaneously binds FH and Vn (Fig. 2C, 2D). However,
most likely the interaction between PH and FH plays a minor role
as compared with binding of Vn because the later complement
regulator interferes with the terminal pathway and hence inhibits
MAC formation.

In parallel with previous findings on other bacterial pathogens,
including Moraxella catarrhalis, pneumococci, Hib, and NTHi (9,
15,17, 26, 27), PH also specifically bound to the C-terminal of Vn
(aa 352-362) (Fig. 3). As has been reported for other microbes
(25), Hif also targeted the C-terminal HBD3 via PH, leaving the
RGD-containing binding site available on the Vn molecule. We
found that the presence of Vn resulted in an increased Hif ad-
herence to glass slides as well as to epithelial cells (Fig. 5). Be-
cause the RGD motif is located at the N-terminal end, and
consequently in most cases is freely available, bacterial binding to
integrins, especially o,B3, on host cells is facilitated. Hence, a
cross-link between bacteria and epithelial cells can occur (25).
The binding of integrins to RGD motifs is evolutionarily con-
served, but, when host proteins are bound to the bacterial surface,
RGD sequences need to be available at the surface of the protein
to cross-link integrins (33). In accordance with what has been
shown with other pathogens, we also demonstrated that the PH-
dependent Vn interaction resulted in an increased bacterial ad-
herence to epithelial cells (Fig. 5C, 5D). However, when we
compared the adhesive capacity, with or without additional Vn
added to the epithelial cells for Hif M10Alph and E. coli with
empty vector, no difference in adherence was observed (data not
shown). Thus, PH is not an adhesin per se, because it cannot sup-
port Hif adherence to epithelial cells by itself, but merely facilitates
adhesion by interacting with Vn and using it as a bridging molecule
to epithelial integrins. Our recent report on Hib (9) and another
study on Pseudomonas aeruginosa (34) show that the interaction
between Vn and integrins considerably increases bacterial adher-
ence and invasion of epithelial cells. Intriguingly, several bacterial
species use this strategy for evasion of the host defense system. The
gastrointestinal pathogens Yersinia enterocolitica and Helicobacter
pylori as well as the urethral Neisseria gonorrheae all interact
indirectly with integrins by molecular bridges consisting of host
proteins included in the ECM or plasma (35).

In the host lung tissue, cellular Vn molecules derived from the
ECM are usually targeted and anchored by integrin receptors
(i.e., oy B3 and aesB) at the basolateral side of epithelial cells (25, 34).
In addition, plasma exudation also results in Vn exposure on the
apical side of the epithelial cells (36). Because Vn is present in both
serum and the ECM, opportunistic acquisition of Vn at the Hif sur-
face mediated by PH facilitates bacteria to inhibit MAC formation
and promote adhesion to epithelial cells, as outlined in Fig. 6.

In conclusion, our study sheds light upon how Hif utilizes the
multifunctional host protein Vn for evasion of the innate immu-
nity and invasion of the host. More studies are required to fully
delineate virulence factors related to Hif that might explain why
there is an increased incidence of invasive Hif disease in the human
population.
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FIGURE S1. ELISA of Vn binding by His-tagged PH in comparison with PH without a His-tag. Equal molar
concentrations (50 nM) of purified recombinant proteins were immobilized in microtiter plates, followed by incubation
with increasing concentrations (1.25-25 nM) of Vn. Bound Vn was detected with sheep anti-Vn pAb and a secondary
HRP-conjugated donkey anti-sheep pAb.
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FIGURE S2. Vn and FH bind to separate regions on PH as analysed by ELISA. A. Binding of Vn (15 nM) to
immobilized PH was not inhibited by FH. B. Binding of FH (25 nM) to immobilized PH was not inhibited by
Vn. PH (50 nM) was coated in microtiter plates and pre-incubated with increasing concentrations (2.5-50 nM)
of either FH (A) or Vn (B). Unbound ligands (Vn or FH) were removed by washing. Thereafter, bound Vn
and FH were detected by primary sheep anti-human Vn pAb or mouse anti-human FH mAb followed by HRP-
conjugated donkey anti-sheep and rabbit anti-mouse secondary pAbs (all were obtained from AbD Serotec,
Oxford, UK).
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FIGURE S3. All clinical strains showed similar levels of protein H (PH) expression as analysed by SDS-
PAGE and Western blot. A. SDS-PAGE of whole cell lysates. B. Detection of PH by Western blotting as a
~35 kDa single band (indicated by an arrow) in all Hif strains. Total cell lysates from equal number of
bacteria (1x10” CFU per lane) were denatured at 95°C for 5 min in loading buffer (50 mM Tris-HCI, 2% SDS,
10% glycerol, and 100 mM DTT, pH 6.8) and separated on an SDS-PAGE using a Mini Protean II system
(Bio-Rad, Hercules, CA) at 110 V. Thereafter, proteins were transferred to a polyvinylidene difluoride
membrane (Immobilon; Millipore, Billerica, MA) at 16 V for 16 h. For detection of PH, membranes were
incubated with the primary Ab (rabbit anti-Hif polyclonal Ab) followed by HRP-conjugated swine anti-rabbit
IgG pAb (DakoCytomation, Glostrup, Denmark) and enhanced luminescence detection substrate (ECL;
Pierce, Rockford, IL). Signals from antibody-antigen complex were visualized on a Chemidoc XRS+ system

(Bio-Rad).









