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Abstract

Autotransporters (ATs) represent a superfamily of proteins produced by a variety of pathogenic
bacteria, which include the pathogenic groups of Escherichia coli (E. coli) associated with
gastrointestinal and urinary tract infections. We present the first X-ray structure of the passenger
domain from the Plasmid-encoded toxin (Pet) a 100 kDa protein at 2.3 A resolution which is a
cause of acute diarrhea in both developing and industrialized countries. Pet is a cytoskeleton-
altering toxin that induces loss of actin stress fibers. While Pet (pdb code: 40M9) shows only a
sequence identity of 50 % compared to the closest related protein sequence, extracellular serine
protease plasmid (EspP) the structural features of both proteins are conserved. A closer structural
look reveals that Pet contains a p-pleaded sheet at the sequence region of residues 181-190, the
corresponding structural domain in EspP consists of a coiled loop. Secondary, the Pet passenger
domain features a more pronounced beta sheet between residues 135-143 compared to the
structure of EspP.
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Introduction

Autotransporters (ATs) represent a superfamily of proteins produced by a variety of
pathogenic bacteria, which include the pathogenic groups of Escherichia coli (E. coli)
associated with gastrointestinal and urinary tract infections. ATs compose of three
functional domains; The signal peptide, p-domain and passenger domain. The Sec
translocon recognizes the signal peptide and thus while being translocated, the protein is not
completely folded. During translocation, the signal peptidase cleaves off the signal peptide,
then, the AT devoid of the signal peptide, adopts a stable intermediate in the periplasm by
interaction with periplasmic chaperones, such as Skp and SurA, as well as the outer
membrane Omp85/Bam complex. The second domain is the B-domain that integrates the
mature protein into the outer membrane, forming a p-barrel with a hydrophilic pore. After
the beta-barrel has been inserted into the outer membrane the passenger domain is
transported through the center of the barrel to the to the cell surface [1]. The barrel and
passenger domain are corrected by a linker domain [1].

The passenger domain harbors a conserved serine protease motif (GDSGS) that contributes
to different functions as well as adhesins, toxins, or digestive enzymes in order to facilitate
invasion of the host cells during bacterial infection [2],[3],[4]. Serine protease
autotransporters of the family Enterobacteriaceae (SPATES) are a representative subfamily
of the AT proteins. More than 20 SPATE's have been identified exclusively in pathogenic
enteric bacterial species [5]. Members of SPATEs family include among others, EspP
(extracellular serine protease plasmid (pO157)-encoded) [6] or PssA (protease secreted by
STEC) [7] as initially designated, EpeA (EHEC plasmid-encoded autotransporter) from
enterohaemorrhagic E. coli (EHEC) [8], Pic (protease involved in intestinal colonization)
from enteroaggregative E. coli EAEC, uropathogenic E. coli (UPEC) and Shigella [9], Hbp
(hemoglobin protease or hemoglobin binding protein) from enteropathogenic E. coli (EPEC)
[10] and Sat (secreted autotransporter toxin) from UPEC and E. coli enteroaggregative
(EAEC) [11]. The Plasmid-encoded toxin (Pet) is the prototypical SPATE member with
different characteristic biological functions [12]. Pet was identified in the EAEC group as a
cause of acute diarrhea in both developing and industrialized countries [13],[14]. Pet is a
cytoskeleton-altering toxin that induces loss of actin stress fibers. The toxin cleaves
epithelial a-fodrin (between M1198 and VV1199) in vitro and in vivo, causing fodrin
redistribution within the cells, to form intracellular aggregates [15]. Before disruption of the
host-cell membrane Pet is associated with cytokeratin (CK8) and is internalized by the host
cell where it undergoes retrograde trafficking. It utilizes the ER-associated degradation
(ERAD) pathway to be released into the cytosol causing the cytotoxic cell damage [16],[17].

The crystallographic structures of the native passenger domains of the SPATEs Hbp from
EPEC [18], IgAP from Haemophilus influenzae [19] and EspP from EHEC[20] have been
described. The overall fold for passenger domains of most ATs is typical for both known
and predicted structures where the p-helical subdomain or B-spine is believed to be
conserved. [20],[21]. These folds allow the ATs to be assembled into the self-associating
autotransporters (SAATS) to mediate cell-cell adhesion and facilitate biofilm formation [19].
The fold could also be responsible for oligomerization into rope-like structures, but more
evidence is needed to support this hypothesis[22]. SPATE structures also include a globular
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subdomain or N-terminal serine protease domain with the canonical catalytic triad (His,
Asp, Ser), the region responsible for effector function. Considering that most SPATES are
proven or putative virulence factors, understanding the details of their biogenesis and
function would be particularly useful in designing new antimicrobial agents. In order to
understand the structure-function relationship and the biological roles of the Pet passenger
domain, it is essential to know the key structural features as described underneath.

MATERIALS AND METHODS

Protein Expression and Purification

Expression and purification of the protein under study were performed following the
procedure described by Villaseca et al. [23], with the following modifications. The Pet clone
from E. coli strain HB101 (pCEFN2) [24] was used to overexpress the Pet protein in Luria
broth (LB) medium. The supernatant of the cell culture was incubated with ammonium
sulfate (1.7 M) for protein precipitation (Overnight at 37 C) and the pellet thus obtained was
re-suspended in 50 mM Tris-HCL, 5 mM EDTA, pH 8.0, desalted and equilibrated using
30,000 Da molecular-weight-cutoff (MWCO) Amicon Ultra centrifugal filters (Millipore
Co.). Subsequently, 50 ml of this solution was loaded onto a preequilibrated Q-sepharose
anionic exchange column (Amersham Biosciences) equilibrated with 50 mM Tris-HCL, 5
mM EDTA, pH 8.0. A second ion exchange chromatography purification was performed by
fast-protein liquid chromatography (FPLC) using Mono S HR 5/5 columns (High
performance, Amersham Biosciences). The process of the purification was monitored by
SDS-PAGE (8 %) and protein concentration was determined by Bradford protein assay or
by O. D.pggnm Measurements [25].

N-terminal sequence determination

To confirm the identity of the purified protein the N-terminal sequence was determined
using the automated Edman degradation on a gas phase protein sequencer (LF 3000;
Beckman Instruments), which was equipped with an online Beckman System Gold high-
performance liquid chromatography (HPLC) system. The HPLC equipment included a
model 126 pump and a 168-diode array detector set at 268 and 293nm for detection of signal
and reference, respectively. A Beckman Spherogel Micro PTH (2 by 150) column was used
for the HPLC runs. The standard Beckman sequencing reagents were used for the analysis.
Protein samples for sequencing were prepared by SDS-PAGE and electro blotting on
polyvinylidene difluoride membranes (Millipore Co.), as described by Towbin et al. [26].

Crystallization

The Pet protein (13 mg/ml in 50 mM Tris-HCL, 5 mM EDTA, pH 6.5 and 0.3 M NaCl) was
crystallized by the sitting-drop vapor diffusion method [27]. Crystallization was performed
using 0.2 M proline, 0.1 M HEPES (pH 7.5), 10 % w/v PEG 3350 at 18 °C on intelli-plate
96-2 shallow well profile (Hampton Research Co), with a drop volume of 2 UL that
composed 1 pL of protein and 1 pL of reservoir solution with100 pl of reservoir solution in
the well.
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Structure Determination and Refinement

Results

The initial set of phases was determined by molecular replacement using EHEC EspP
protease (pdb code: 3SZE) or E. coli Hbp (pdb code: 2WXR) as base for low sequence
identity search models. The phase was assigned using the program phaser, version 2.5.1[28].

Purification of Pet passenger domain

The Pet passenger domain was purified with the goal to crystallize the protein and determine
the structure for analysis of the structure-function relationship of the Pet passenger domain.
We purified the S2601 mutant of the Pet passenger domain (969 residues, numbered 1-969)
from E. coli HB101 transformed with plasmid pCEFN2. The purification process (Fig 1),
was performed by ammonium sulphate precipitation, anion exchange chromatography (Q-
Sepharose), where the protein elutes in the void volume, followed by cation exchange
chromatography (Mono S HR). The identity of the isolated Pet protein was confirmed by N-
amino terminal sequencing. The ANMDISKAWARDYLDLAQN sequence was obtained
corresponding to the previously predicted pet gene product of the 042 EAEC strain [14].

Crystallization and Data Collection

Crystals grew within 18 days of incubation at 18 °C. Single crystals were harvested from the
sitting drop using a cryoloop, cryo protected by passing through a crystallization solution
with 25 % glycerol (added to the mother liquor) and flash cooled in liquid nitrogen. X-ray
diffraction data were collected at Advanced Photon Source (APS), Argonne (USA) at beam
line 21-1D-F. X-ray diffraction data were collected on a Mar 225 CCD detector, with the
exposure time of 1 sec per frame. The oscillation per frame was 1 degree; the beam line
wavelength was 0.9787 A (single wavelength beam line) and the complete data set consisted
of 250 frames. The data have been integrated by XDS [29] and scaled by Scala from the
ccp4i [30] package. The unit cell was assigned to the orthorhombic space group P2,2121 by
the program pointless (ccp4i). The initial molecular replacement solution was improved by
the rebuild program ARP/WARP [31] and the phenix suite [32] with complete rebuild. For
last improvements on the refinement of the structure the program DEN [33] in the version
from phenix and CNS 1.3 were used [34],[35]

X-ray model description

The structural model of the Pet passenger domain extends from the N-terminus residue 1 of
the mature protein to residue 963(with in total 931 assigned residues), the C-terminal residue
of the passenger domain as depicted in figure 2. One molecule of Pet passenger domain is in
the asymmetric unit (ASU), the cell constants were determeined to a= 77.76A p= 95.93A
and y=164.87 A in the orthorhombic space group P2;2,2;. The calculated solvent content is
58.4 % corresponding to a Matthews coefficient of 2.96 [36].

The Ramachandran plot has 87% of the residues in the most favorable regions and none in
disallowed regions. The model is refined to R/Rfree= 0.22/0.263 with a maximal resolution
of 2.3A. A summary of the data collection and refinement statistics is given in Table I. The
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final model and structure factors have been deposited to the Protein Data Bank (pdb code:
40M0).

Structure of the Pet passenger domain

The overall structure of Pet passenger domain is shown in Fig. 2A. The most striking feature
is the right-handed R-helical C-terminal domain (in green). Three large and two small
subdomains, interrupting the B-helical C-terminal domain were identified in the Pet
passenger protein. The three large domains consist of the N-terminal serine protease domain
(in blue), a connecting a-Helix (in yellow) and a characteristic B-helix domain that consists
an helical arrangement of alternating B-sheet-loop-beta-sheets segments (in green). At two
points the p-helix is interrupted, first by an alpha helical motif (in red) and a beta pleaded
sheet (in pink). While Pet (pdb code: 40M9) shows only a sequence identity 50 % compared
to the closest related protein sequence (the EspP protein) in the pdb (pdb code: 3SZE), the
structural features of both proteins are conserved. Most parts of the Pet passenger domain
are in ordered structural folds and this indicates that the protein is in a stable conformation.
The mutation of the protein, which eliminated the protease cleavage site, stabilized the
protein, which was essential for the success of crystallization and structure determination.
The relative high overall B-factor of 59 is due to the relatively flexible C-terminus of the Pet
passenger domain this is illustrated in the B-putty representation in Figure 2 C, a similar
observation was reported for the EspP protein [37].

The quality of the structure can be accessed from the representation of the connecting a.-
helix between the protease subdomain and the p-helical stalk (Figure 3 bottom).
Superimposing the known EspP structure (3SZE) to the new Pet passenger domain structure
results in a RMSD of 1.31 A. While the overall fold of both proteins is similar, the overlay
(Figure 3B) reveals a closer look (Figure 4) and identifies important differences between
EspP and the Pet passenger domain in two regions; in the protease domain. While Pet
contains a p-pleaded sheet at the sequence region of residues 181-190, the corresponding
structural domain in EspP consists of a coiled loop. (Fig 4 insert A). Secondary, the Pet
passenger domain features a more pronounced beta sheet between residues 135-143
compared to the structure of EspP (Fig 4 insert B).

Discussion

Despite great effort, the number of known 3D structures with atomic detail of Toxins from
E. coli is still very limited. Periodic outbreaks of deadly variations of EHEC demonstrate the
huge need to study toxins from the ubiquitous companions of human life[38]. Our newly
solved structure of Pet reported here enlightens our understanding for these medically
important toxins. Other than the low sequence identity (50%) between Pet passenger domain
and EspP, the currently closest “relative” in the pdb, the overall structural homology
between the two proteins is quite striking. We found significant differences, in the protease
domain which may be important for the development of detoxifying agents. In particular, the
pronounced beta sheets in the Pet passenger domain may be used to design drugs binding to
this region that target this toxin for degradation or inhibit its toxicity. The relatively flexible
B-helical part which forms the C-terminal domain of the Pet passenger domain is prominent
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and we may speculate that it could play a role in interaction of the pathogen with the host
cell or may facilitate biofilm formation. The high flexibility may be an intrinsic feature of
the B-helical domain, which could be discovered in the presented structure, because the
structural features of this domain are not influenced by crystal packing. The monomeric
packing of the 100kDa Pet passenger domain occurs without a reinforcing domain nearby
forming crystal contact which could stabilize or alter the fold of this domain. This first
crystal structure of Pet passenger domain opens the way for site directed mutagenesis in
combination with structure/function studies, which could unravel the function of the
individual Pet domains in pathogenesis and the development of new drugs against this
notorious pathogenic bacterial strain of E.coli in the future.
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Figure 1.

Results of anion exchange chromotography using Q-Sepharose are depicted in A. (B) SDS-PAGE of the fractions of the flow
through containing Pet is shown (Well 1, molecular mass of protein standards in kDa, wells 2-10, fractions collected from the
second peak in the chromatogram.) (C) the chromatographic profile for the pet purification of Pet by cation exchange
chromatography (Mono S). (D) Corresponding SDS-PAGE of the second peak in C, well 1, molecular mass of protein standards
(kDa), wells 2-10, fractions (second peak).
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Figure 2.
Model (A and B) of the Pet protein (pdb 40M9) with the five subdomains, the serine protease domain (blue), connecting a-

Helix (yellow), the p- Helix domain (green), intermitted by stabilizing a-Helix (red) and the spacer beta pleaded sheet (purple).
In A the green subdomain is shown in maximal length. B shows a 90 ° backwards turn where the smaller subunits are featured.
C: B-putty representation of the structure to illustrate the relative B-factor distribution in the Pet passenger domain. Lower B-

factors (blue) and higher B-factors (in red) are represented in different thickness and color of the c-alpha chain.
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Figure 3.
Comparison between the Pet structure, determined in this work (top left side A) with the closest related structure in the pdb

(3SZE) of the EspP protein in purple (on the top right side B). The electron density map depicted on the bottom shows the
connecting a-helix (yellow) between the serine protease (blue) and the p-Helical subdomain on the C-terminus (green). The
model is represented in cartoon style. On the bottom right the same electron density is shown with the protein represented as a
stick model. The contour level is at 1.5 o for the 2F,-Fc electron density maps.
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Figure 4. Differences between Pet passenger domain and EspP in the protease region
A coiled loop in EspP (insert A) and the more pronounced B-sheet between residues 135-143(insert B).

The Pet structure is represented in blue (serine protease) and yellow (helix) compared with the closest related protein in the pdb
EspP (3SZE) depicted in orange.
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Table 1

Statistics of the data sets collected at APS, beam line 21-1D-F. Numbers in parentheses refer to values for the
highest resolution shells.

Pet protein from E.coli
Wavelength (A) 0.9787
Resolution range (A) 41.46-2.3
Space group P2,2,2,
Unit Cell length (A) 77.76 95.93 164.87
Total Reflections 1,330,454(166,646)
Unique Reflections 55340(5472)
Multiplicity 25.0(22.0)
Completeness (%) 99.6(99.96)
Mean I/o(1) 69.28(4.52)
cCyp 0.901(0.83)
R-work 0.22(0.287)
R-free 0.263(0.325)
Number of atoms 7591
Water molecules 543
Protein Residues 931
RMS (bonds) A 0.008
RMS* (angles) deg 114
Ramachandran* favored (%) 87
Ramachandran* Outliers (%) 27
Clashscore (MolProbity) 13.1
Average B-factor” A2 59

*
CC1/2 is Pearson's coefficient calculated as described in Karplus & Diederichs[[39]]
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