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Bacterial biofilms are complex microbial communities
that are common in nature and are being recognized
increasingly as an important determinant of bacterial
virulence. However, the structural determinants of bacter-
ial aggregation and eventual biofilm formation have
been poorly defined. In Gram-negative bacteria, a major
subgroup of extracellular proteins called self-associating
autotransporters (SAATs) can mediate cell-cell adhesion
and facilitate biofilm formation. In this study, we used
the Haemophilus influenzae Hap autotransporter as a
prototype SAAT to understand how bacteria associate
with each other. The crystal structure of the H. influenzae
Haps passenger domain (harbouring the SAAT domain)
was determined to 2.2A by Xray crystallography,
revealing an unprecedented intercellular oligomerization
mechanism for cell-cell interaction. The C-terminal
SAAT domain folds into a triangular-prism-like structure
that can mediate Hap-Hap dimerization and higher
degrees of multimerization through its F1-F2 edge and
F2 face. The intercellular multimerization can give
rise to massive buried surfaces that are required for over-
coming the repulsive force between cells, leading to bac-
terial cell-cell interaction and formation of complex
microcolonies.
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Introduction

Intercellular interaction is important for the development,
function, and survival of all cell types. In bacteria, cells can
adhere to each other to form biofilms, complex communities
that enhance survival in harsh environments, including
infected hosts (Hall-Stoodley et al, 2004). Bacteria living in
biofilms exhibit up to a thousand-fold increase in resistance
to detergents and antibiotics (Stewart and Costerton, 2001).
In addition, biofilms have been shown to be a key factor
in the pathogenesis of a wide range of bacterial infections,
including the upper and lower respiratory tract infections,
urinary tract infections, endocarditis, and infections of per-
manently implanted prostheses and devices (Donlan and
Costerton, 2002; Hall-Stoodley et al, 2004; Moons et al, 2009).

The factors that mediate biofilm formation remain poorly
understood. In enteropathogenic Escherichia coli, enterohae-
morrhagic E. coli, Haemophilus influenzae, and a variety of
other pathogenic bacteria, a group of virulence factors known
as self-associating autotransporters (SAATs) promote bacte-
rial aggregation and microcolony formation, important steps
in the process of biofilm formation (Klemm et al, 2006).
Similar to other autotransporter proteins, SAATS contain three
basic domains, including an N-terminal signal peptide (SP),
an internal passenger domain, and a C-terminal outer mem-
brane PB-barrel domain (Henderson et al, 1998; Dautin and
Bernstein, 2007). In all autotransporters characterized to
date, the region responsible for effector function as protease,
adhesin, toxin, or invasin is found in the passenger domain
(Henderson and Nataro, 2001). In the H. influenzae Hap
SAAT, the SP corresponds to residues 1-25, the passenger
domain (referred to as Haps) corresponds to residues
26-1036, and the B-barrel domain (referred to as Happ)
corresponds to residues 1037-1394; Figure 1A). Hap has
been demonstrated to mediate bacterial adherence to respira-
tory epithelial cells and extracellular matrix proteins, bacte-
rial entry into epithelial cells, and bacterial aggregation
(Figure 1B; Rao et al, 1999). The C-terminal 511 amino
acids of Haps (residues 525-1036) are responsible for inter-
actions with fibronectin, laminin, and collagen IV, and the
C-terminal 311 amino acids of Haps (residues 725-1036) are
responsible for interactions with epithelial cells (Fink et al,
2002). The C-terminal 311 amino acids of Haps are also
capable of mediating Hap-Hap interaction, triggering bacter-
ial aggregation and microcolony formation (Hendrixson
and St Geme, 1998; Fink et al, 2003), (Figure 1B). Hap also
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Figure 1 Haemophilus influenzae Hap adhesin. (A) Domain

arrangement of Hap adhesin. Similar to other autotransporters,
Hap contains three general domains: a signal peptide (SP), a
passenger domain (Haps), and an outer membrane translocator
domain (Hapg). (B) Hap-mediated Haemophilus influenzae patho-
genesis. Red oval for bacterium and blue stick for Hap adhesin. The
SAAT domain in the passenger domain mediates adherence to
epithelial cells, invasion of epithelial cells, and bacterial aggrega-
tion. The ECM-binding domain mediates adherence to fibronectin,
laminin, and collagen IV. A host protein known as secretory
leukocyte protease inhibitor (SLPI) inhibits Hap intermolecular
autoproteolysis through its N-terminal serine protease domain and
results in accumulation of Haps on the bacterial surface, resulting in
enhanced bacterial adhesive activity and microcolony formation
(Hendrixson and St Geme, 1998).

contains an N-terminal serine protease domain (residues
26-290, with the canonical catalytic triad, including His98,
Asp140, and Ser243) (Fink et al, 2002). The serine protease
domain mediates intermolecular autoproteolysis at L1036-
N1037, L1046-T1047, F1077-A1078, and F1067-S1068 (termed
the primary, secondary, tertiary, and quaternary cleavage
sites, respectively), resulting in release of the Haps passenger
domain from the bacterial surface and modulating bacterial
adherence and aggregation (Hendrixson and St Geme, 1998;
Fink and St Geme, 2003). Autoproteolytic activity is inhibited
by secretory leukocyte protease inhibitor (SLPI) (Koizumi
et al, 2008), a serine protease inhibitor that is present in
varying amounts in the upper and lower respiratory tract and
that results in enhanced Hap adhesive activity (Figure 1B)
(Hendrixson and St Geme, 1998).

In order to understand the Hap adhesin as a prototype
SAAT that mediates bacterial aggregation and microcolony
formation, the crystal structure of the Haps passenger domain
was determined to 2.2 A by X-ray crystallography. The struc-
ture reveals a ‘Dane Axe’-like architecture with the serine
protease domain and the SAAT domain lying in the same
plane. Interestingly, crystal packing and structural simulation
of the Haps/SLPI complex suggest an unprecedented inter-
cellular oligomerization mechanism for bacterial aggregation.
The SAAT domains in this remarkable multimer are located in
a trans configuration that is flanked by the F1-F2 edge and
the F2 face, which act as nucleation sites for recruitment of
more Hap molecules. Through intercellular multimerization,
Hap seems to be able to generate enough mechanical force in
the form of buried surfaces to mediate stable cell-cell inter-
actions. On the basis of our structural data, we propose a
polymerization/depolymerization model that might allow
pathogenic bacteria to modulate interactions with the biofilm
community during various stages of colonization and spread.

©2011 European Molecular Biology Organization
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Sequence alignment and structural similarity between the
Haps structure and other SAAT domains suggest that our
results may have broad implications for other SAATs. Overall,
the Haps structure described in this report provides important
insights into the mechanism of bacterial cell-cell interaction
and eventual biofilm formation.

Results

Overall architecture of Haps

To determine the structure of H. influenzae Haps, the protein
was expressed and purified from H. influenzae strain DB117/
pJS106. Secreted Haps was harvested from the culture
medium and subjected to further purification using sepharose
caion-exchange, phenyl, and gel-filtration chromatography.
Initially Haps crystals tended to grow into small-stacked
plates. Increasing the protein concentration to >10mg/ml
allowed the growth of a singular protein crystal that diffracted
to 2.2A. The structure of Haps was solved by molecular
replacement, using the published E. coli Hbp (Otto et al,
2005) and H. influenzae IgAl protease coordinates (Johnson
et al, 2009) as initial search templates (Supplementary Figure
1A). The unit cell contains one Haps polypeptide chain per
asymmetric unit. Residues 1-25 represent the SP and hence
are not present in the structure of Haps. Residues 265-272,
851-873, and 977-1036 yielded no electron density, either
because they are disordered (265-272, 851-873) or were
cleaved during the process of Hap secretion or purification
(977-1036), making them unavailable for model building.

The crystal structure of Haps reveals a ‘Dane Axe’-like
architecture (Figure 2 and Supplementary Figure 1). The
overall structure can be partitioned into two parts, an
N-terminal serine protease domain and a C-terminal -spine
with a height of ~120A. On the basis of three-dimensional
arrangement of the fB-strands, the B-spine can be further
divided into two parts, a coiled PB-helix with 54 strands
(residues 294-885) and a C-terminal domain with an Ig-like
fold (this domain is also known as the autochaperone
domain, a conserved region necessary for folding of the
passenger domain in many monomeric autotransporters)
(Oliver et al, 2003; Otto et al, 2005). The interaction between
the coiled B-helix and the autochaperone domain is mediated
by B67, P68, B69, and P71 through B-strand augmentation
(Figure 2). The P67-B69 pair contributes three hydrogen
bonds and the P68-B71 pair contributes four hydrogen
bonds to this junction. As a result of these interactions, the
autochaperone domain appears to be a short extension of the
B-helix by adding two extra strands on each face.

Other factors influencing the Haps architecture are the
subdomains protruding from the B-spine. From N terminus
to C terminus, they are subdomain 1 (residues 271-364
between strands 18 and 19, termed SD1), subdomain 2
(residues 540-561 between B35 and 36, termed SD2), sub-
domain 3 (residues 616-649 between (40 and 41, termed
SD3), and subdomain 4 (residues 683-725 between 46 and
49, termed SD4). The biological functions of these subdo-
mains are not yet clear. The current structural data suggest
that these subdomains appear to have structural roles in
coordinating the relative orientation of the serine protease
domain and the pB-spine, shaping the overall structures
into different architectures (Figure 2 and Supplementary
Figure 2). The SD1 domain is a typical hairpin-like loop,
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Figure 2 Crystal structure of H. influenzae Haps. Ribbon diagram
of Haps is coloured using the rainbow colour scheme implemented
in Pymol (DeLano, 2002), with the N terminus in blue and the C
terminus in red. Serine protease domain, SD1-4 subdomains, the
ECM-binding domain, the SAAT domain, and the autochaperone
domain are bracketed and labelled. Residues 977-1036 linking Haps
to the membrane-embedded Hapg domain (green box) are repre-
sented with a dashed line. The outer membrane (OM) is depicted
schematically with a bilayer.

acting as a ‘molecular Velcro’ and clipping the serine protease
domain into the same plane that contains the B-spine. The
SD3 and SD4 domains are conserved in the Hbp and IgAl
protease structures (Otto et al, 2005; Johnson et al, 2009) and
form intensive hydrogen bonds with surface residues from
the serine protease domain (Supplementary Figure 3). From a
structural/architectural point of view, these two subdomains
together with the B-spine appear to act as a pedestal, on
which the serine protease domain can rest. Interestingly, this
mode of interaction appears to be conserved in Hap, Hbp,
and IgAl protease autotransporters (Supplementary Figure
2C and D). In comparison to the relative positions of sub-
domains SD1, SD3, and SD4, subdomain SD2 appears to be a
bit isolated, forming a loose hairpin-like structure protruding
away from the B-spine, perpendicular to a bended plane
containing most of the ‘Dane Axe’-like Haps molecule.
Interestingly, in the Hbp and IgAl protease structures, the
equivalent subdomain is much bigger, containing over 70
residues. As a result, the overall architectures of Hbp and
IgAl protease are more branched, with a ‘Y’-shape morphol-
ogy (Supplementary Figure 2A and B).

Serine protease domain

As the catalytic mechanism of serine proteases is well
characterized and Haps shares the same fold and the same
catalytic triad as canonical serine proteases, such as trypsin,
chymotrypsin, and Hbp (for example, the root mean square
deviations (RMSDs) in Ca positions between Hap and Hbp/
IgAl serine protease domains are 1.1A and 1.34, respec-
tively), we will focus our description of the Haps structure on
Haps substrate binding. The molecular surface of the Haps
serine protease domain together with structural superimposi-
tion of Haps, Hbp, and IgAl protease reveals a ‘V’-shaped
substrate-binding groove meandering half the circumference
of the globular domain (Figure 3A). The catalytic triad
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Figure 3 Serine protease domain. (A) Molecular surface of the Haps serine protease domain reveals a V-shaped binding groove (indicated by
dashed line). The active site loop,ss_»75 (coloured in grey) is modelled based on the equivalent loop in the Hbp structure through structural
superimposition. (B) Simulated complex of SLPI (cyan) bound to the Haps serine protease domain (red). The upper part of the helical spine and
the protruding subdomains that mediate the orientation of the Haps serine protease domain are shown in cartoon diagram and coloured in grey
and green, respectively. (C) Active site. Left panel: the serine protease domain is shown in electrostatic surface, and SLPI is shown in ribbon
diagram (cyan). Right panel: close-up view of the active site. Simulated SLPI and surrounding residue from Haps are shown in stick and

coloured in green and grey, respectively.
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(i.e., H98, D140 and S243) is located in the central turning
point of the binding groove, facing away from the B-spine
(Supplementary Figure 1C). In addition, as the Hap serine
protease domain and human neutrophil elastase are both
inhibited by SLPI and share the same fold with a RMSD
deviation in Ca positions of 2.5 A, the published SLPI/elastate
structure (PDB code: 2Z7F; Koizumi et al, 2008) was used to
predict the SLPI/Haps, structure and residues in the Haps
active site (Figure 3B and C). The substrate-binding pocket
surrounding the P1 position of the substrate/inhibitor
(termed the S1-subsite) is composed of the side chains of
S243 and L263 and the main chains of G238, S239, K240,
G241, D242, and R264, with a leucine side chain at the
bottom (Figure 3C). As observed in other serine proteases
(Evnin et al, 1990; Johnson et al, 2009), the bottom residue in
the S1-subsite is crucial to the overall depth of the binding
pocket and hence is important for substrate recognition. For
example, in trypsin, a much deeper Sl-subsite with an
aspartic acid residue at the bottom of the pocket is thought
to be essential for interaction with arginine and lysine on the
substrate peptide (Evnin et al, 1990). Interestingly, the perfect
match between the leucine side chain and the shallow S1-
subsite appears to explain why Haps preferentially cleaves
peptides with a leucine residue in the P1 position. Haps can
also tolerate a much larger side chain such as a phenylalanine
in the S1-subsite (Hendrixson et al, 1997; Kenjale et al, 2009).
On the basis of the Haps structure, this observation may be
due to the presence of a disordered/mobile loop connecting
strands B13 and P14, loop,ss_27s (Figure 3A). Although the
electron density for loop,es_,7s is not available for model
building, the covalent linkages to R264 and F276 suggest that
this loop is likely to participate in the formation of the
S1-subsite. Indeed, mutations of E265 and N274 to Ala, Trp,
and Arg in this loop disrupt autoproteolysis, leading to
accumulation of Hap precursor in the outer membrane
(Kenjale et al, 2009). On the basis of the mobile nature of
loop,es_275 and the position in the active site of 100p65_2375,
it is plausible to envision that this loop undergoes an
induced-fit mechanism to accommodate a Leu or Phe side
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chain in the S1-subsite upon the binding of substrates with
different signatures in the P1 position. Consistent with this
possibility, connecting loops are important for substrate
selectivity in other members of the serine protease family
(Perona and Craik, 1995, 1997).

SAAT domain

The uncleaved Hap precursor embedded in the outer mem-
brane can mediate cell-cell interaction in a self-associating
manner (Hendrixson and St Geme, 1998). In earlier work,
examination of a series of Hap deletion mutants allowed
identification of a SAAT domain corresponding to residues
725-1036 (Fink et al, 2003). The SAAT domain is a complete
[-structure, consisting of 48 strands and no helices (Figure 4).
These strands fold into two independent subdomains,
namely, an N-terminal 7-turn right-handed p-helix, with
~19 residues in each turn, and a C-terminal Ig-like auto-
chaperone domain. The transition between the B-helix and
the autochaperone domain is mediated by f-augmentation.
The exterior of the SAAT domain is decorated with hydro-
philic edges with stacked Asn/Asp ladders (Figure 4). This is
a common feature also observed in other autotransporters
(Otto et al, 2005; Johnson et al, 2009). Compared with other
autotransporter structures, the C-terminal region of Haps
corresponding to the SAAT domain is much straighter and
more regular, giving rise to a triangular prism morphology
with ~9 strands in each vertical face. These flat faces are
designated F1, F2, and F3, moving clockwise from the bottom
of the Haps molecule (Figure 4). The inner core of the SAAT
domain is packed with relatively conserved hydrophobic/
aromatic residues along the axis of the B-helix, including
the sequence motif (I/L)XLXXXXX(A/F)X(V/L), in which
X represents a random amino acid. As shown in Supple-
mentary Figure 4, Haps appears to adopt a strictly conserved
inner core to assemble/extend the B-helix region of the SAAT
domain. The orientations of the side chains of the Ile, Leu,
Ala, and Val residues in the B-helix turns of residues 732-742
and residues 772-782 are nearly identical. The same applies
to the Val, Leu, Phe, and Leu residues in the B-helix turns of

Primary interaction site

edge face

Secondary interaction site

7

Figure 4 Self-association of Haps dimer in trans configuration. The close-up views of the packing interfaces between SAAT domains are show
in the right panel. The F1/F2/F3 faces and the F1-F2 edge in the prism-like SAAT domain are labelled.
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Figure 5 The growing self-association surfaces in the Haps multimer. (A) For the purpose of illustration, only four Haps molecules are shown
in surface (coloured in yellow and by electrostatic surface potential) and cartoon (black and magenta) representations, respectively. (B) Slab
view of the packing interface of these Haps—Haps multimer at the cross-section of D776-N777. The F1/F2/F3 faces are labelled. The F2 face and

F1-F2 edge at the growing ends of the multimer are highlighted in red.

residues 752-762 and 791-801. Interestingly, this repetitive
structural feature is not seen in the inner core of the Hbp and
IgAl autotransporters, which lack SAAT activity, provoking
the thought that this feature may have an important structur-
al role shaping the prism-like morphology that appears to be
critical for the SAAT activity (see discussion below).

Consistent with the role of Haps in cell-cell adhesion, the
crystal packing reveals a remarkable oligomerization of
(Haps-Haps)n related by a crystallographic two-fold screw
axis, perpendicular to the axis of the B-helix and in parallel
with the bacterial membrane (Figure 4). The interaction
between Haps molecules is mediated primarily by the SAAT
domains. Two Haps molecules pack against each other in a
trans configuration (Figure 4), and the primary interaction
site lies between the F1-F2 edge (from molecule A) and the
F2 face (from molecule B), explaining our earlier observation
that perturbations of this region disrupt the self-associating
activity (Fink et al, 2003). The intermolecular distance
between the F1-F2 edge and the F2 face is 4-6 A (top-right
panel in Figure 4), and the only hydrogen bond between Haps
molecules involves GIn940 in the SAAT domain and Asn577
in the N-terminal f-spine above the SAAT domain (bottom-
right panel in Figure 4). The fact that deletion of residues
26-725 has no effect on Hap-mediated bacterial settling
(Fink et al, 2003) suggests that this hydrogen bond is not
essential to Haps-Haps interactions. Accordingly, the region
flanking the primary interaction site is termed the secondary
interaction site.

As suggested by crystal lattice formation and previous
characterization of Haps-Haps interaction in native gels
(Hendrixson and St Geme, 1998), Haps-Haps multimeri-
zation is not restricted to a dimeric assembly. A Haps dimer
can act as a nucleus to recruit more Haps molecules horizon-
tally (Figure 5), giving rise to a formidable mega-Dalton
complex with a massive buried intermolecular surface. On
the basis of the calculations using the program AREAIMOL
(CCP4, 1994), the buried surface of a Haps dimer in trans
configuration is estimated to be 1173 A%. As oligomerization
proceeds to a tetramer, the buried surface increases nearly
seven-fold to a staggering 7053 A? (Figure 5A). Interestingly,
the mulitmerization of Haps molecules appears to bring a
significant portion of N-terminal Hap into effect, contributing
1779 A? of buried surface (between two Haps molecules in cis
configuration) into the overall packing (Figure SA). Haps-
Haps multimers appear to have the capacity to ‘grow’ upon
demand via the F1-F2 edge and the F2 face in the SAAT

3868 The EMBO Journal VOL 30 | NO 18] 2011

domains (Figure 5B). The two Haps molecules at the edges of
the tetrameric complex become the new growing points for
the assembly of a Haps hexamer or an even higher order Haps
multimer required for overcoming the repulsive force be-
tween two adjacent cells.

Functional characterization of self-associating activity
To elucidate how the overall architecture of Haps influences
its ability as a cell linker and to define the minimum
structure required for SAAT activity, we used the Hapg
structure and we generated a series of truncated mutants
(Figure 6B).

The mutagenesis data are shown in Figure 6C and D. All of
the truncates were derived from a common HapS243A
mutant and contain a deletion beginning at residue 751.
In HapA751-758, a single B-strand is deleted, resulting in a
change in the relative orientation of the N- and C-terminal
regions of the Haps molecule. HapA751-770, HapA751-789,
HapA751-808, and HapA751-827 have progressively larger
deletions of B-helix turns, shortening the length of the SAAT
domain with little perturbation of the overall architecture.
These mutant proteins were stably expressed and were
successfully localized to the H. influenzae outer membrane
(Figure 6C), suggesting that the deletions have little effect on
the overall conformation or secretion of the protein. To assess
self-associating activity of these proteins and their ability
to mediate bacterial aggregation, we performed tube settling
assays, using H. influenzae strain DB11/pHapS243A as a
control. As shown in Figure 6D, elimination of one turn
in the B-helix in HapA751-770 had no effect on self-associat-
ing activity. In contrast, larger deletions that approached
the putative autochaperone domain (HapA751-789,
HapA751-808, and HapA751-827) were associated with a
significant loss in self-associating activity, approaching the
effect of a change in the relative orientation of the N-terminal
and C-terminal regions of Haps (HapA751-758). To further
assess the effect of mutation within the SAAT domain
on aggregation, we examined latex beads coated with either
purified Haps or HapsA751-827. Visualization by light
microscopy revealed that beads coated with Haps formed
clusters, while beads coated with HapsA751-827 remained
isolated, similar to beads coated with BSA or incu-
bated in buffer alone (Figure 7). Taken together, these data
highlight the importance of the SAAT region in bacterial
aggregation.

©2011 European Molecular Biology Organization
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Figure 6 Structure-based functional characterization of H. influenzae Haps self-associating activity. (A) Scanning electron micrographs of
Hap-mediated bacterial aggregation. Scanning electron microscopy demonstrated Hap-mediated bacterial aggregation and formation of
complex microcolonies, as assessed in a tube settling assay (D) after incubation for 1h, 2h. (B) Location of the deletions in the Haps mutants
in this study. Haps—-Haps dimer in trans configuration is coloured in grey. Progressive deletions starting from residue 751 are coloured by red,
yellow, blue, green, and magenta, respectively. Asp776 located in the heart of the primary interaction site is labelled and shown in stick
representation (cyan). (C) Outer membrane proteins corresponding to the Hap-deletion constructs detected by western blot analysis with a
polyclonal antiserum directed against Haps. DB117 represents the H. influenzae host strain with vector alone. (D) Tube setting assay of
H. influenzae strain DB117 harbouring empty vector (DB117), DB117/pLS88-HapS243A, and DB117 expressing HapS243A-deletion constructs
(HapA751-758, HapA751-770, HapA751-789, HapA751-808, and HapA751-827). Bacterial suspensions were incubated standing at room
temperature, and bacterial aggregation was quantified by measuring the absorbance of the suspension at 600 nm.
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Figure 7 Visualization of Haps-coated beads. Latex beads were coated
with either BSA (A), Haps (C), or HapsA751-827 (D) and were viewed
by light microscopy. Beads coated with Haps formed aggregates,
while beads coated with HapsA751-827 remained isolated, similar to
controls (BSA-coated beads and beads incubated in PBS alone (B)).
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Discussion

B-Helix is a versatile fold

This work demonstrates that the structure of the H. influen-
zae Haps molecule is very similar to the structures of E. coli
Hbp and H. influenzae 1gAl protease (Otto et al, 2005;
Johnson et al, 2009) (Supplementary Figure 2). The serine
protease domain, the B-helix, and the autochaperone domain
are conserved and arranged in the same order in these three
structures. More strikingly, the subdomains appear to leave
and return to the central B-spine at the same positions
(Supplementary Figure 2). The subtle changes in the Hbp/
IgAl protease architectures seem to bring unwanted structur-
al clashes into the observed oligomerization, accounting for
the lack of self-associating activity. Superimposition of Haps
and Hbp suggests that the bulky subdomain 2 and the
decorating structure in the C-terminal B-helix in Hbp would
create structural clashes if Hbps were assembled into a Haps-
like multimer (Figure 8A-C). Indeed the structure of an
Hbp mutant illustrates this structural clash (Nishimura
et al, 2010). As shown in Supplementary Figure 5, deletion
of subdomain 2 in Hbp enables assembly into a SAAT-like
packed structure. In IgAl protease, the bulky subdomain 2,
the relatively short B-helix, and variations in the C-terminal
domain provide explanations for the lack of self-associating
activity (Figure 8D-F). In comparison, the Haps archi-
tecture has a variety of features that potentiate intermolecular
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Figure 8 Structural comparison between H. influenzae Haps, H. influenzae 1gAl protease and E. coli Hbp in the context of Haps-Haps
multimer. (A, B, C) Superimposition between Haps (grey) and Hbp (blue). (D, E, F) Superimposition between Haps and IgA1l protease (green).
The structural variations between Haps and Hbp/IgA1l protease are boxed. Subdomain 2 (SD2) in Hbp and IgAl are labelled.

interaction, resulting in multimerization and interbacterial
association: (1) the hairpin-like subdomain 1 restricts
intramolecular movement and leads to steady engagement
of two serine protease domains when they are brought
into proximity via oligomerization of the SAAT domains;
(2) the subdomain 2 is relatively small, allowing space for
intermolecular interaction; (3) the C-terminal domain has a
triangular prism-like morphology that facilitates high-order
intercellular [Haps-Haps]n multimerization; (4) the insertion
in the C-terminal region (residues 851-873, disordered in the
present structure) is located away from the packing inter-
face and does not interfere with multimerization. All of these
structural characteristics appear to act in a concerted manner,
shaping a proteolytic autotransporter into a powerful cellular
crosslinker. Interestingly, according to the Conserved Domain
Database (http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.
cgi?uid = 29329; Marchler-Bauer et al, 2009), Haps and the
SPATE-like proteases are classified as type-1 monomeric auto-
transporters (Henderson and Nataro, 2001), and the SAATs such
as Agd3, TibA, and AIDA-I are classified as type-2 autotrans-
porters (Supplementary Figure 6A). Given the structure of
Haps, it is intriguing to consider the evolutionary relationship
between Hap and other autotransporters with SAAT activity
(Supplementary Figure 6A). The SAAT domain in the AIDA-I
adhesin (Sherlock et al, 2004; Girard et al, 2010) is predicted
to be very similar to the SAAT domain in Haps presented in
this manuscript, with an RMSD of 1.8 A in Ca. positions (Supple-
mentary Figure 6B). Furthermore, when compared to the SAAT
domain in the Haps-Haps multimer, the SAAT domain in AIDA-I
has no structural clashes, suggesting that other SAAT-type
autotransporters might adopt a similar intercellular oligomeri-
zation mechanism to mediate bacterial aggregation. Consi-
dering all of these observations, we conclude that (1) the
B-helix is a very versatile fold, and (2) the Haps structure may
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represent a missing evolutionary link between type-1 and type-2
monomeric autotransporters.

Crystal packing reveals an unprecedented Hap-Hap
oligomerization mechanism for bacterial aggregation
Several lines of evidence indicate that the Haps—Haps multi-
mer observed by crystallography is a genuine reflection of
Hap-Hap oligomerization between two adjacent -cells
(Figure 9 and Supplementary Figure 7). First, the crystal-
lographically related trans configuration involving the Haps
C terminus in (Haps-Haps)n multimers and the inter-
molecular distance of 112 A are both consistent with cell-
linkers observed elsewhere (Freigang et al, 2000; Aricescu
et al, 2007; Himanen et al, 2010). Second, the measured
distance of the overhang in the trans configuration is con-
sistent with the predicted length of the linker loop attached to
the cell membrane (Supplementary Figure 7). Assuming that
the average distance of Ca-Ca in a stretched conformation is
about 2.3 A, we can estimate that the theoretical length of
residues 977-1036, the bridge between the C-terminal end of
Haps and the cell anchor (Hapg), is ~135 A, much longer
than the overhang in the trans configuration, giving ample
space for Hap-Hap interactions. Third, intermolecular dis-
tance between the Hap dimer in cis configuration derived
from self-association is ~41 A. This is in perfect agreement
with the intermolecular distance (~34A) between the
published Hbpg (a Hapg homologue) dimer structure (Supple-
mentary Figure 8). Fourth, the fact that deletion of residues
25-725 in the N-terminal half of Haps has little effect on
Hap-Hap interactions (Fink et al, 2003) is consistent with the
structural observation that the SAAT domains residing in the
C-terminal region of Hap molecules are in immediate contact
with each other in the trans configuration (Figure 4 and Supple-
mentary Figure 7). Fifth, all the functional studies (Fink et al,
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Figure 9 Crystal packing of H. influenzae Haps structures reveals an unprecedented intercellular oligomerization (A-F) for complex
microcolony formation and eventual biofilm formation catalysed by the presence of SLPI (G). For the purpose of illustration, only two SLPI
molecules are shown (boxed, cyan) (G). The C terminus of Hap molecules in A are labelled to indicate the location of the bacterium.

2003) show that deletion of B-strands in the Haps SAAT domain
disrupts critical interacting faces and dramatically reduces
Hap-mediated bacterial aggregation and microcolony formation.
Of note, site-directed mutagenesis of the Asn/Asp ladders to Ala
in the primary interface had no significant effect on Hap SAAT
activity (data not shown). This observation appears to be in
agreement with the structural observation presented in this
manuscript. No direct hydrogen bonding is identified in the
primary interface and the closest distance between Asp/Asn
ladders in the primary interface is 4-6 A, suggesting that inter-
action of Hap molecules in Haps-Haps multimers is not
restricted to specific residues and instead is likely mediated by
van der Waal forces derived from self-complementary inter-
acting surfaces. Interestingly, the Hbp and IgAl structures also
have Asp/Asn-like hydrophilic edges. However, due to the lack
of self-complementary surfaces, Hbp and IgA1 protease cannot
interact with each other. Consistently, the Hap-Hap-like
assembly observed in Hbp mutant is much more loosely
packed than the interaction in Hap multimer. The intermole-
cular distances are >10A (in the trans configuration) and
>20A (in the cis configuration) (Supplementary Figure 5),
suggesting that the self-complementary surface is unique in
Haps structure. Sixth, Hap-mediated bacterial aggregation is
enhanced by SLPI, which inhibits Hap serine protease activity
and autoproteolysis, and results in accumulation of the Hap
SAAT domain on the bacterial surface (Hendrixson and St
Geme, 1998). If the Hap multimer revealed by crystal packing
is biologically relevant, the simulated SLPI molecules should
fit nicely into the Haps-Haps multimer, causing no structural
clashes. The simulated SLPI molecules are located in the
diagonal positions of the Haps-Haps multimer related by a

©2011 European Molecular Biology Organization

two-fold screw axis, with SLPI L72 occupying the Hap S1-
subsite and no structural clashes in [Haps/SLPI-Haps/SLPI]n
(Figure 9G and Supplementary Figure 7). Seventh, the homol-
ogy models of the SAAT domains of the Ag43 (Hasman et al,
1999), TibA (Sherlock et al, 2005), and AIDA-I type-2 auto-
transporters (Sherlock et al, 2004) superimpose well with the
observed Haps-Haps multimer (Supplementary Figure 6).
The structurally conserved SAAT domain and the trans
oligomerization of the SAAT domain in Haps appear to
explain why SAATs are able to participate in heterologous
interactions with other SAAT partners (Sherlock et al, 2004).
Therefore, all existing experimental data are in good agree-
ment with our structural observation to support the hypo-
thesis that the Haps—-Haps multimers revealed by crystal pack-
ing are biologically relevant. Furthermore, it has been shown
that the membrane-anchoring domain in autotransporter
proteins is mobile in lipid bilayers (Jose and Meyer, 2007).
Hence, it is reasonable to envisage that the mobile Haps
domain forms multiple arrays of oligomers at the cross-section
of cell junctions upon bacterial aggregation. These ‘lines’ of
Haps multimer can act like ‘stitches’ to seal cells together,
leading to biofilm formation.

The repetitive nature of the Haps crystal lattice and the
two-fold crystallographic axis observed in (Haps-Haps)n
multimers implies a possible polymerization/depolymeriza-
tion model for Hap-Hap interaction and interbacterial asso-
ciation. As illustrated in Figure 9, the recruitment of a Haps
molecule into an existing multimer might proceed in an
intermittent manner between two adjacent cells. The forma-
tion of a stable Haps-Haps dimer acting as a nucleus is
critical for further oligomerization. However, no hydrogen
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bond is formed in the primary interaction site in the Haps—
Haps dimer, suggesting that (Haps-Haps)2 might not be
stable in solution. Indeed, Haps seems to be a monomer at
low protein concentration, as assessed by gel filtration ana-
lysis (data not shown), and a multimer with molecular mass
>640kDa at high concentration, as assessed in Blue native
gels (Hendrixson and St Geme, 1998). This information
implies that formation of a Haps-Haps dimer and a mega-
Dalton multimer might be a thermodynamic process con-
stantly associated with a polymerization/depolymerization
mechanism, reminiscent of growth of an actin filament. We
further tested this hypothesis using dynamic light scattering
(DLS) assay. If the formation of Hap multimers is driven
mainly by apolar interaction, as suggested in Figure 9, the
polymerization should be temperature dependent and much
weaker at 4°C than at higher temperatures (Schellman,
1997). The DLS results presented in Supplementary Table 1
clearly show that this is the case. As the temperature rises,
the hydrodynamic radius (Rd) increases from 986 to 1902 nm,
suggesting that the protein has undergone a temperature-
dependent polymerization. In the context of H. influenzae
pathogenicity, cleaved and released Haps is a monomer and is
highly soluble, potentially an advantage in migrating through
the extracellular matrix to cleave host proteins. In contrast,
membrane-associated Haps can undergo multimerization,
and the resulting [Haps-Haps]n multimers may be critical
to generate sufficient mechanical force to pull two cells
together. Depolymerization of [Haps-Haps]n and autoproteo-
lytic cleavage, leading to the release of Haps may be im-
portant to allow individual organisms to separate from a
microcolony or a biofilm and spread to other sites.

Conclusion

Bacterial aggregation and biofilm formation are being recog-
nized increasingly as important virulence properties that con-
tribute to the pathogenesis of disease. Recent work has
identified a major subgroup of autotransporter proteins called
SAATs that mediate interbacterial interaction via protein multi-
merization. In this study, we have solved the crystal structure
of the H. influenzae Hap passenger domain and have discov-
ered a C-terminal triangular prism-like structure that appears
to be conserved among SAAT-type autotransporters, that med-
iates formation of Haps—-Haps dimers, and that enables higher-
order oligomerization through its F1-F2 edge and F2 face. The
unprecedented intercellular oligomerization is important to
generate massive buried surfaces and formidable interactions
among Hap molecules that are required for overcoming the
repulsive force between bacteria, leading to bacterial aggrega-
tion and formation of complex bacterial microcolonies.
Overall, our results provide important structural insights into
SAATs, H. influenzae pathogenesis, and the mechanistic prin-
ciples of bacterial aggregation and biofilm formation, poten-
tially facilitating the design of novel therapeutics that target
bacterial aggregation and biofilm formation.

Materials and methods

Bacterial strains, plasmids, and culture conditions used in this
study

The bacterial strains used in this study are derivatives of
H. influenzae strain DB117 (Setlow et al, 1968). Strains were grown
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in supplemented brain-heart infusions (BHIs) broth or on BHI-DB
or chocolate agar and were frozen at —80 °C in BHI broth containing
20% glycerol. The plasmid pJS106 contains the wild-type hap
gene from H. influenzae strain N187 and was used to overexpress
and purify Haps (Fink et al, 2003). The plasmid pLS88:HapS243A
encodes Hap with an alanine in place of the catalytic serine at
amino acid 243, resulting in a lack of autoproteolytic activity and
retention of the Haps passenger domain on the bacterial surface.
Deletions in HapS243A were generated using the pLS88:HapS243A
as template and the QuikChange® Site-Mutagenesis Kit (Strata-
gene) according to the manufacturer’s instructions. Deletions were
confirmed by nucleotide sequencing, and plasmids were then
introduced into strain DB117 using the MII/MIV transformation
method (Herriott et al, 1970).

Expression, purification, and crystallization

In order to purify Haps, H. influenzae strain DB117/pJS106 was grown
on BHI-DB agar containing 5 pg/ml of tetracycline at 37 °C with 5%
CO, overnight. A single colony was picked and inoculated into 1 litre
of BHIs broth. The 1 litre culture was incubated at 37 °C with shaking
at 250 r.p.m. until the OD(600) reached 0.9, and was then inoculated
into a fermentor containing 10-litre of BHIs broth with the aeration
parameter set at 8%. The fermentor culture was incubated at 37 °C
until the OD(600) reached 3.0. Bacteria were pelleted by centrifugation
at 4000g for 20min, and the supernatant was concentrated to
~500ml using a transverse flow cartridge with a 50kDa cut-off
(Millipore). The concentrated supernatant was dialfiltrated into 8 litre
of 20mM sodium phosphate, pH 6.4, buffer and then applied to a
sepharose cation-exchange column (GE healthcare) equilibrated with
20mM sodium phosphate, pH 6.4, buffer. Protein was eluted with a
linear sodium chloride gradient (pH 8.0, 0 to 1M NaCl), and peak
fractions containing Haps were pooled and confirmed by western blot
analysis. The protein sample was mixed with ammonium sulphate
with a final concentration of 1.3 M and was then loaded onto a phenyl
sepharose column (GE healthcare) equilibrated with buffer containing
20 mM MES, pH 6.4, 1.3 M ammonium sulphate. Fractions were eluted
with a reverse ammonium sulphate gradient (pH 6.4, 1 to OM
ammonium sulphate). Haps containing fractions were pooled and
dialysed into a buffer containing 20 mM Tris, pH 7.0, 50 mM NaCl.
Purified Haps was concentrated and then loaded onto an S200 gel-
filtration column (GE healthcare), which was equilibrated with 20 mM
Tris, pH 8.0, 100mM NaCl. The peak fraction was estimated to be
~95% pure, as indicated by Coomassie blue-stained SDS-PAGE.

For crystallization, purified Haps was concentrated to ~ 10 mg/ml
using an Amicon Ultra 10 concentrator with a 10kDa cut-off
(Millipore). Haps crystals with dimensions of 0.1 mm x 0.1 mm x
0.03 mm were obtained at room temperature using the hanging-drop
vapour diffusion method. The reservoir solution contained 100 mM
sodium citrate, pH 5.6, 14% (w/v) PEG4000, and 100 mM ammonium
sulphate. The hanging drop contained a 1:1 (v/v) ratio of reservoir and
protein solutions. Crystals were flash-cooled to 100 K by liquid nitrogen
using 20% PEG400 as cryoprotectant. Crystals of Haps diffracted to
2.2 A and were in space group P2;2;2; with cell dimensions a=41.4 A
b=137.2A c=209.6 A, and one molecule in the asymmetric unit.

Data collection and phasing
Diffraction data for Haps native crystals were recorded on BL17U at
the Shanghai Synchrotron Radiation Facility (Shanghai, China). Haps
data were integrated and scaled using MOSFLM/SCALA (CCP4,
1994). The statistics of the data collection are reported in Table I.
The initial set of phases was obtained by molecular replacement
using H. influenzae IgA1 protease (pdb code: 3H09) and E. coli Hbp
(pdb code: 2WXR) as search models. To prepare the search models,
Haps sequence was first aligned with H. influenzae IgAl protease
and E. coli Hbp sequences using ClustalW (http://www.ebi.ac.uk/
Tools/clustalw2/), respectively. The resulting sequence alignment
was supplied to program CHAINSAW (CCP4, 1994) to remove
the non-conserved residues, i.e., residues that differ in Haps and
IgAl protease/Hbp were changed to alanine. The pruned models
were then used as search templates in PHASER (CCP4, 1994). The
solutions with a Z-score above five and little crystal clashes were
selected for further refinement. Refmac5 (CCP4, 1994) and PHENIX.
REFINE (Adams et al, 2010), together with intermittent manual
building in COOT (CCP4, 1994) were used to correct and improve
the initial models produced by PHASER. The electron density map
of Haps residues 265-272, 851-873, and 977-1036 are not available
for model building.
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Table I Data collection and structure refinement statistics of
H. influenzae Hapsg

Data collection

Space group ) P2,2,2;
Unit cell dimension (A)

a 41.4

b 137.2

c 209.6
Molecule per ASU 1
Derivative Native
Source/station” BL17U
Wavelength (A) 0.9763
Resolution range (A) 68.6-2.2
Observations (I/c(I) >0) 825849
Unique reflections (I/c(I) >0) 60596
High-resolution shell (A) 2.32-2.20
Reym (%)°€ 13.5 (58.8)
/s 7.7 (1.5)
Completeness® (%) 97.6 (89.0)
Redundancy® 4.8 (2.8)

Structure refinement

Resolution range (A) 68.6-2.2
R-factor (%) 18.7
R-factor (high-resolution shell)? 31.3
Rfree (%)e 22.6
Riree (high-resolution shell) 314
Total number of non-hydrogen atoms

Protein atoms 7185

Water molecules 783
R.m.s. deviations'

Bond length (A) 0.005

Bond angle (deg) X 0.918

Main chain B-factors (A%) 1.793

Side chain B—fagtors (A?) 3.116
Wilson B-factor (A?) 31.8
Average B-factor protein atoms (A») 28.0
Ramachandran statistics (%)

Most favoured region 96

Allowed regions 4

“Beamline designations refer to the Shanghai Synchrotron Radiation
Facility, Shanghai, PR China.

PReym=Z(I—{I))*/ZP.

“Overall, high-resolution shell in parentheses.

9High-resolution shell: 2.225-2.200 A.

“Riree calculated using 5% of total reflections omitted from refine-
ment.

R.m.s. deviations report root mean square deviations from ideal
bond lengths/angles and of B-factors between bonded atoms
(Engh and Huber, 1991).

Structure refinement

The structure of Haps was refined by conjugate-gradient minimiza-
tion (REFMACS) (CCP4, 1994), with intermittent manual rebuild-
ing, refining individual B-factors applying a TLS correction (1 TLS
group, 20 parameters) (Winn et al, 2001). The final model of Haps
contains 920 residues and 783 water molecules. Ramachandran
statistics of Haps calculated by PROCHECK (Laskowski et al, 1993)
indicate that 96.0% of the atoms are in the most favoured region,
and 4.0% are in the allowed regions. The detailed structure
refinement statistics are reported in Table I. Coordinate of the Hapg
structure has been deposited into the Protein Database Bank (entry
code 3SYJ).

Modelling of SLPI-Haps complex and AIDA-I structures

The docking was carried out based on the following two
observations: (1) SLPI is known to be the common inhibitor of
Haps and human neutrophil elastase proteolytic activity; (2) the
Haps serine protease domain shares the same fold and a nearly
identical active site with human neutrophil elastase. The initial
model of SLPI-Haps was obtained via structural superimposition of
the serine protease domains of Haps and human neutrophil elastase.
The resulting complex was then subjected to energy minimization
using SYBYL (Tripos, St Louis, MO) to remove structural clashes
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derived from the manual docking. The (SLPI-Haps)n multimer was
generated using the same methodology as described above. The
AIDA-1 homology model was generated using the standard protocol
implemented in SwissModel (http://swissmodel.expasy.org).

Analysis of bacterial outer membrane fractions

Outer membrane proteins were isolated on the basis of sarkosyl
insolubility using the method of Carlone et al (1986), and were
resolved by SDS-PAGE as described earlier (Fink et al, 2003).

Bacterial aggregation assays

Bacterial aggregation was assessed using the tube settling assay
as described earlier (Fink et al, 2003). In brief, bacteria were
resuspended from plates into tubes containing 2 ml of BHIs broth
to an OD(600) of 0.2 and were grown at 37 °C to an OD(600) of
0.8-0.9. Subsequently, tubes were allowed to stand at room
temperature for 2h, and OD(600) was measured every 15min.
Using this assay, as bacterial aggregation develops, bacterial settling
occurs, resulting in a decrease in the OD(600).

Scanning electron microscopy

In order to examine bacterial aggregates by scanning electron
microscopy, samples containing bacterial aggregates were removed
from the bottoms of the culture tubes in tube settling assays
and were spotted onto glass coverslips. Samples on coverslips
were fixed with 0.5ml of 2.5% glutaraldehyde in 0.1 M sodium
phosphate buffer for 1h, then dehydrated in a critical-point dryer,
evaporated with gold, and visualized with a Hitachi S-450 scanning
electron microscope (Hendrixson and St Geme, 1998).

Latex beads assay

Purified protein was passively adsorbed onto 2 pm polystyrene latex
beads (Sigma). A 1% solution of beads in 25 mM MES, pH 6.5, was
incubated with 5pg protein for 2 days at room temperature with
gentle agitation. The coupling reaction was stopped by washing the
beads three times with the same buffer and resuspending in 100 pl
BHI broth. After a 6-h incubation at room temperature, beads were
viewed by light microscopy using a Nikon Labophot.

Dynamic light scattering

Purified Haps was concentrated to 3 mg/ml before it was subjected
to analysis by dynamic light scattering (DLS, Wyat Technology).
The instrument was calibrated and washed using the manufac-
turer’s protocol and was then set to 4°C. As the temperature
stabilized, 50 pl purified Haps was precooled to 4 °C and was then
loaded into the machine. Over a period of ~17min, 200
measurements were recorded at this temperature. The same protein
sample and the same measuring protocol were used for the DLS
assays at 10, 16, 22, and 37 °C. The values of hydrodynamic radius
(Rd) and polydispersity at different temperatures were obtained by
software DYNAMICS (Wyat Technology).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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