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Autotransporters are virulence-related proteins of Gram-
negative bacteria that are secreted via an outer-
membrane-based C-terminal extension, the translocator
domain. This domain supposedly is sufficient for the
transport of the N-terminal passenger domain across the
outer membrane. We present here the crystal structure of
the in vitro-folded translocator domain of the autotran-
sporter NalP from Neisseria meningitidis, which reveals a
12-stranded p-barrel with a hydrophilic pore of 10 x 12.5 A
that is filled by an N-terminal o-helix. The domain has
pore activity in vivo and in vitro. Our data are consistent
with the model of passenger-domain transport through the
hydrophilic channel within the g-barrel, and inconsistent
with a model for transport through a central channel
formed by an oligomer of translocator domains.
However, the dimensions of the pore imply translocation
of the secreted domain in an unfolded form. An alternative
model, possibly covering the transport of folded domains,
is that passenger-domain transport involves the Omp85
complex, the machinery required for membrane insertion
of outer-membrane proteins, on which autotransporters
are dependent.
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Introduction

The cell envelope of Gram-negative bacteria is composed of
two membranes, the inner and the outer membrane, which
are separated by the peptidoglycan-containing periplasm.
Many different pathways for the secretion of proteins into
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the extracellular medium have evolved in these bacteria (Lee
and Schneewind, 2001). Some of these pathways are one-step
mechanisms, whereby the proteins are transported in a single
step from the cytoplasm into the extracellular medium with-
out a periplasmic intermediate. The molecular machinery
involved in these secretion processes varies widely in com-
plexity. For example, the type I secretion system consists of
only three proteins, whereas the type III system consists of
over 20 proteins (Lee and Schneewind, 2001). In other path-
ways, the transport of proteins across the cell envelope is
conducted in two separate steps. Such proteins are first
transported across the inner membrane, usually via the Sec
system (Driessen et al, 1998), whereas the subsequent trans-
port of the periplasmic intermediate across the outer mem-
brane is mediated by a different molecular machinery. This
machinery can be very complex, as is the case in the type II
secretion system, which consists of at least 12 different
proteins (Filloux et al, 1998). Perhaps the simplest protein
secretion mechanism is the autotransporter pathway
(Henderson et al, 1998). Proteins secreted via this pathway
often contribute to the virulence of pathogenic bacteria, for
example by mediating adhesion to host cells or by mediating
actin-promoted bacterial mobility (Henderson and Nataro,
2001). Autotransporters are synthesised with an N-terminal
signal sequence for transport across the inner membrane,
presumably via the Sec system (Sijbrandi et al, 2003).
Furthermore, they consist of a secreted functional domain
and a C-terminal extension, the translocator domain, which
mediates the translocation of the functional domain (the
passenger) across the outer membrane (Pohlner et al,
1987). The translocator domain is a 25-30kDa protein frag-
ment, the B-core, with the general characteristics of an
integral B-barrel outer-membrane protein and may addition-
ally contain a ‘linker domain’, which is sensitive to extra-
cellular proteases and therefore cell-surface exposed (Klauser
et al, 1993; Konieczny et al, 2001). The autotransporter
mechanism is dependent on the Omp85-containing outer-
membrane-protein assembly machinery (Voulhoux et al,
2003). The passage of the passenger through the outer
membrane is presumably independent of ATP hydrolysis or
a proton gradient (Klauser et al, 1993). Two distinct models
have been proposed for the protein-translocation process.
Initially, it was proposed that the passenger domain is
transported in an unfolded state through a pore formed by
a single translocator domain (Pohlner et al, 1987; Jose et al,
1995). This mechanism was supported by the observation
that disulphide bond formation in artificial passengers pre-
vented translocation, suggesting that the translocation chan-
nel is narrow (Klauser et al, 1992; Jose et al, 1996). More
recently, however, another model for translocation has been
proposed. The observation of limited translocation of
disulphide-bond-containing Fv domains fused to the IgA
protease translocator domain from Neisseria gonorrhoeae
(Veiga et al, 1999) suggested that the channel should be
wider than the pore within the B-barrel of a translocator
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domain. Consistently, the solubilised translocator domain of
IgA protease showed multimeric ring-like structures with a
central cavity of ~2nm in electron micrographs (Veiga et al,
2002). Hence, it was suggested that the passenger domains
are translocated through the central channel of this multi-
meric structure.

Translocation of the passenger across the outer membrane
places the N-terminal passenger domain at the cell surface.
This domain may stay attached to the cell surface, anchored
by the translocator domain. However, many passengers con-
tain a protease subdomain, which may mediate release by
autocatalytic processing (Henderson et al, 1998). Alter-
natively, other outer-membrane proteins may be involved
in processing.

The membrane-embedded B-cores of the translocators are
predicted to form B-barrels, similar to known structures of
outer-membrane proteins (Loveless and Saier, 1997; Yen et al,
2002). However, these known structures contain an even
number of B-strands with both termini located at the peri-
plasmic side of the membrane (Schulz, 2002), a configuration
that would be inconsistent with the final destination of the
passenger domain at the cell surface. Therefore, several
alternative structures have been hypothesised, such as un-
even-stranded B-barrels (Klauser et al, 1993; Suhr et al, 1996;
Veiga et al, 2002), amphipathic transmembrane helices
(Klauser et al, 1993; Hendrixson et al, 1997) or a protein
domain located within the B-barrel similar to the plug do-
mains observed in TonB-dependent receptors (Koebnik et al,
2000; Konieczny et al, 2001). To gain insight into the mole-
cular mechanism of the autotransporter secretion, we are
studying the autotransporter NalP, a protease from Neisseria
meningitidis involved in the intermolecular processing of
other autotransporters at the bacterial cell surface (van
Ulsen et al, 2003). Here, we present the crystal structure of
its translocator domain.

Results

Expression, refolding and purification of the NalP
translocator domain

On the basis of sequence alignment of 120 autotransporters
(Yen et al, 2002), the translocator domain of NalP was
estimated to consist of residues D’ to F'%**, A DNA segment
encoding this protein fragment, designated NalPg, was cloned
after PCR amplification in pET1la and expressed in
Escherichia coli, where the polypeptide accumulated as non-
native protein in inclusion bodies. A protein of similar size
(32kDa) was detected on immunoblots in membrane pre-
parations of N. meningitidis expressing nalP, suggesting that
a similar domain is generated in vivo after cleavage of the
secreted passenger domain (Figure 1A). Like many other
outer-membrane proteins (Dekker et al, 1995; Konieczny
et al, 2001), this neisserial 32 kDa protein displayed heat
modifiability, that is, the heat-denatured form had a lower
electrophoretic mobility than the nondenatured form
(Figure 1A). This property was useful to monitor the
in vitro folding of recombinant NalPg Thus, NalPg was
refolded in vitro in the presence of detergent micelles
(Figure 1B) and subsequently purified by anion-exchange
chromatography.
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Figure 1 Biochemical characterisation of the NalP translocator
domain. (A) Western blot analysis with NalPg antiserum of mem-
brane preparations of a N. meningitidis nalP knockout mutant and
of the wild-type strain H44/76, incubated at room temperature (N)
or 100°C (D) before electrophoresis, and of recombinant NalPg
produced in inclusion bodies in E. coli. (B) Heat modifiability of
refolded NalPg was analysed on Coomassie-stained SDS-PAGE gels.
Samples were incubated at room temperature (native) or 100°C
(denatured) prior to electrophoresis. The positions of molecular size
markers (in kDa) are indicated at the right in both panels. These
figures demonstrate that recombinant NalPg is similar to the
processed translocator domain of NalP that remains in the menin-
gococcal outer membrane after secretion of the passenger domain.
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Figure 2 Recording of NalPg pores formed in planar lipid bilayers
at an applied potential of 100 mV. The recordings show conductance
steps of 1.3nS (open arrowhead) and 0.15nS (filled arrowhead).
The horizontal arrowhead shows the zero-conductance level.

-4 0nS
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Pore activity of in vitro-refolded NalPy

Since NalPy is predicted to form protein-conducting channels,
the refolded protein was reconstituted in planar lipid bilayers
to measure pore activity. The experiments revealed openings
and closings of pores of two sizes with single-channel con-
ductances of 0.15nS (frequent) and 1.3nS (infrequent),
respectively (Figure 2). Although smaller than the 3.0nS
single-channel conductance measured in the case of the
recombinant translocator domain of BrkA, an autotransporter
of Bordetella pertussis (Shannon and Fernandez, 1999), the
openings of 1.3nS indicate that the recombinant NalPg
protein forms pores in the membrane that could correspond
to the protein-translocation channels. Stepwise increase of
the applied potential up to 250 mV did not result in closure of
the observed channels, indicating that these channels are not
voltage gated. Assuming that the protein forms a perfect
cylinder, the pore dimensions calculated from the observed
conductance steps would be 8.4 A for the 1.3 nS channels and
2.4 A for the 0.15nS channels.
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Figure 3 Stereo picture of the final 2m|Fo|-D|Fc| electron density map of space group P6,22 at a c-level of 1.0 around the a-helix. The protein

model is depicted in ball-and-stick representation.

Crystallisation and structure determination

The purified refolded NalPg protein was crystallised in space
groups P6,22 and (C222;. The structure was solved using
multiple wavelength anomalous dispersion (MAD) of a sele-
nium-methionine derivative NalPg crystal of space group
P6,22. The structure was refined to 2.6 A resolution
(Figures 3 and 4) and used for molecular replacement in
space group C222; at 3.2 A resolution (Table I). The two
crystal forms yielded very similar structures (with r.m.s.d.
of 1.2 A for all backbone and Cp atoms; Figure 5) with the
distinct difference that loop L1 is pushed inwards in space
group P6,22 (over 6.6 A for V7 Ca) due to a crystal contact.
This difference in conformation may indicate that the extra-
cellular loops are flexible, which is a general feature of outer-
membrane proteins (Koebnik et al, 2000).

Overall structure of NalPy

The overall architecture of the NalPg structure is charac-
terised by a B-barrel, which forms a pore of 10 x12.5A (in
space group C222,) that is occupied by an N-terminal o-helix
(Figure 4). The B-barrel (residues 819-1084) is a regular
structure with 12 antiparallel B-strands, showing all features
common to outer-membrane proteins (Schulz, 2002).
Importantly, both termini of the barrel are located on the
same, presumably periplasmic, side of the molecule that is
characterised by short turns. The N-terminal f-strand is
connected via a short periplasmic turn, TO, to the preceding
o-helix (residues 786-814), which is positioned in the pore
with the N-terminus on the extracellular side of the mem-
brane. This results in a configuration that is compatible with
the protein state after translocation of the passenger domain
(Figure 6).

Position of the a-helix in the p-barrel channel

The interior of the B-barrel is highly hydrophilic with 20
charged residues pointing inwards. The charged residues
form patches axially along the barrel wall (Figure 4B), remi-
niscent of the axially aligned charged residues that can be
observed in the crystal structure of the outer-membrane
channel TolC of the type I secretion system (Koronakis et al,
2000). The a-helix, with charges predominantly clustered on
one side, interacts with the barrel wall through seven salt
bridges as well as through 16 hydrogen bonds and numerous
van der Waals contacts. Although the helix seems to obstruct
the pore in the crystal structure, there is a small water-filled
channel that runs from the periplasm to the medium. The
planar lipid bilayer experiments suggest that ions could leak
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alongside the a-helix resulting in the observed 0.15nS con-
ductance steps. Displacement of the a-helix from the pore,
perhaps facilitated by the detergent and the high salt con-
centration used in the planar lipid bilayer experiments, would
then result in an open channel that may correspond to the
observed 1.3 nS conductance steps (Figure 2).

NalPy pore activity in vivo

To test the pore activity of NalPg in vivo as well as the
influence of the a-helix on this activity, two variants of the
NalPg were constructed. Plasmids pPU361 and pPU363 en-
code hybrid proteins consisting of the signal sequence of the
E. coli outer-membrane porin PhoE fused to the NalP trans-
locator domain starting from either D777 (NalPg) or G818
(NalPgAhelix), respectively. As a negative control, a plasmid
was constructed that only encodes the signal sequence of
PhoE (pJP29_U). The hybrid genes were under the control of
the phoE promoter, which is constitutively expressed in the
phoR mutant E. coli strain CE1265. This strain does not
produce the major porins OmpF, OmpC and PhoE and
could therefore be used to assess the pore-forming activity
of the two NalPg variants. Both proteins were correctly
targeted to the outer membrane (results not shown), but
the expression level of NalPgAhelix was considerably lower
than that of NalPg with a-helix (Figure 6A).

The formation of pores in the outer membrane was deter-
mined in an antibiotic sensitivity assay, in which the zone of
growth inhibition around a disc containing the antibiotic
tested is a measure for the diffusion of the antibiotic through
the pores. Expression of NalPg resulted in an increased
sensitivity to several antibiotics (Table II), demonstrating
that NalPg forms pores in vivo. Moreover, despite its drasti-
cally lower expression level (Figure 6A), NalPgAhelix caused
an even higher antibiotic sensitivity, indicating that the
removal of the a-helix increases the pore activity.
Additionally, the rate of uptake of the B-lactam antibiotic
nitrocefin was measured (Figure 6B). This antibiotic was
taken up significantly faster in cells expressing NalPgAhelix,
despite the low expression level of this protein. The differ-
ence in nitrocefin uptake between cells expressing NalPg and
the negative control was not significant. Taken together, these
results clearly indicate that NalPg can function as a pore
in vivo and that deletion of the central a-helix enhances the
pore activity.

The EMBO Journal VOL 23 | NO 6 | 2004 1259



Structure of autotransporter translocator domain
CJ Oomen et al

A B
E967
R1083
Extracellular space RI14
R820
611 R804 ngqs
S$793 ATE6 H7g
E1052 Qe
Fno??‘"g_g‘.: 704812 Jors
D828
D10s0 2-6Ra03
o E873 3.4
g
=)
E
[
£
o
5 RB90
o K900
956
Periplasm
C
D

Extracellular space

Quter
membrane

Figure 4 Crystal structure of NalPg. (A) Side view of NalPg in space group P6;22 shows a 12-stranded B-barrel (blue ribbon representation)
with a shear number of 14. The hydrophobic membrane-embedded region is flanked by aromatic residues (yellow ball-and-stick). The
periplasmic side is characterised by short turns (TO-T5) and the extracellular side by longer loops (L1-L6) connecting the alternating p-strands.
An o-helical ‘plug’ (red ribbon representation) is connected to the barrel via TO and positions the N-terminus of the translocator domain (Ala
786) at the extracellular side. (B) Schematic representation of the mixed character of the o-helix and its interactions with the B-barrel wall with
the o-helical residues depicted on a helical wheel. Colour coding: positively charged residues in blue, negatively charged residues in red,
hydrophilic residues in green and nonpolar residues in orange. The distances between charged groups of the helix and the barrel wall are
indicated in A. (C) Stereo top view of the NalPy B-barrel in the same orientation as in (B). The barrel interior is highly hydrophilic due to the
presence of many charged amino acids (ball-and-stick representation). (D) Topology model of NalPg; residues pointing outwards from the
B-barrel are indicated in grey. Amino acids in B-strands are indicated as squares, in o-helix as hexagons and in loops as circles. Amino acids not
visible in the electron density of space group P6,22 are indicated in blue.

a-helix that runs through the hydrophilic pore formed by the
B-barrel. This helix, which in the primary sequence is located
N-terminally to the barrel domain, positions the N-terminus
of the translocator domain at the extracellular side of the
outer membrane, a configuration consistent with the final

Discussion

We present the crystal structure of the translocator, or
B-domain of the neisserial autotransporter NalP, which
inserts into the outer membrane to mediate translocation of

the N-terminal passenger domain. The structure reveals a
12-stranded P-barrel in a conformation that is classical for
outer-membrane proteins. A striking and novel feature is an

1260 The EMBO Journal VOL 23| NO 6 | 2004

stage of translocation, when the passenger domain has been
secreted into the extracellular medium. Moreover, NalPg
showed pore activity in vivo and in vitro, and removing the
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Data collection

Space group P6,22
Beam line ID14EH1
Derivative Native
Wavelength (A) 0.934

Cell dimensions (A)

a 58.0

b 58.0

c . 346.4
Resolution (A) 2.6
Observations 97916
Unique reflections 10715
Completeness (%) 98.5 (88.7)
Reym (%) 6.4 (19.1)
Mean I/c(I) 24.0 (9.2)
Refinement
Protein atoms 2060
Detergent atoms 26
Water atoms 29
Resolution range (A) 30-2.6
R (%) 22.8
Rfree (%) 28.5
Mean B-factor (A% 24.2
r.m.s.d. bonds (A) 0.020
r.m.s.d. angles (deg) 1.80
Residues in Ramachandran plot (%)

Most favoured 88.1

Additional allowed 11.9

Generously allowed 0

Disallowed 0

P6,22 C222,
BW7A X11
Se-Met Se-Met
0.9758 0.811
0.9762
0.93113
57.9 57.4
57.9 84.9
345.4 123.0
3.1 3.2
99 681 45309
74903
98377
7173 5100
7108
6898
98.2 (94.7) 98.6 (94.8)
97.8 (91.1)
98.6 (94.0)
12.1 (36.6) 15.0 (35.9)
10.6 (33.5)
9.8 (28.8)
17.3 (4.5) 9.4 (3.0)
16.3 (4.3)
18.8 (5.1)
1959
10
0
30-3.2
21.5
29.8
22.7
0.017
1.92
81.5
16.1
2.4
0

For the seleno-methionine protein, three data sets were measured at peak (first line), inflection (second line) and remote (third line)

wavelengths of the selenium.

“Numbers in parentheses correspond to values in the highest resolution shell.

a-helix enhanced this activity, suggesting that the helix func-
tions in blocking the barrel pore.

Sequence alignment of autotransporter-translocator do-
mains (Yen et al, 2002) suggests that their general structural
features are conserved. Furthermore, as in NalP, secondary
structure predictions suggest the presence of a long o-helix
directly preceding the B-core in many other autotransporters,
including Aidal of E. coli, BrkA of B. pertussis, Hap of
Hemophilus influenzae and IgA protease and App of
N. meningitidis, even though the sequence conservation in
this segment is low (data not shown). Consequently, the
NalPg crystal structure may be used to model autotran-
sporter secretion. The models for secretion that have been
discussed in the literature are the classical model, in which
the passenger domain is translocated through the pore
within the p-barrel (Pohlner et al, 1987; Klauser et al,
1992; Jose et al, 1996), and the more recently proposed
model, in which translocation occurs via a central pore
formed by a multimer of translocator domains (Veiga et al,
2002).

©2004 European Molecular Biology Organization

Multimer model

Translocation through a central multimeric pore was pro-
posed, based upon two observations (Veiga et al, 2002): (i)
translocation, albeit at a low efficiency, of a folded, disul-
phide-bond-containing artificial passenger, that is, a single-
chain antibody (scFv), by the translocator domain of IgA
protease of N. gonorrhoeae (Veiga et al, 1999); (ii) the ring-
like structures in electron micrographs of the IgA protease
translocator domain after its overproduction and purification
from E. coli outer membranes (Veiga et al, 2002). However,
the position of the a-helix in the in vitro-folded NalPg domain
is inconsistent with the translocation of the passenger
through a central pore of a multimer. Attempts to trap
NalPg oligomers by chemical crosslinking after overexpres-
sion in N. meningitidis failed, suggesting that NalPg does not
form oligomers in vivo either (unpublished results). In addi-
tion, we observed that the monomers of NalPg in the crystal
are arranged in nonphysiological layers of alternating upward
and downward oriented molecules. Finally, the membrane
interface of NalPg is hydrophobic, and thus a central pore in a

The EMBO Journal VOL 23 | NO 6 | 2004 1261



Structure of autotransporter translocator domain
CJ Oomen et al

Figure 5 Stereo view of the differences in backbone conformation
for space groups P6,22 (black coil representation) and C222; (white
coil representation). In space group C222;, no interpretable electron
density was observed for residues 816-817, 834-836, 915-917, 943-
945, 972-973 and 1024-1036. The channel size in space group P6,22
is reduced to 6.5x12.5A (10.5x12.5A in space group C222,),
because loop L1 is pushed inwards due to a crystal packing contact.
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Figure 6 Uptake of the B-lactam antibiotic nitrocefin by E. coli
CE1265 cells expressing NalPg variants. CE1265 (pPU361) and
CE1265 (pPU363) express NalPg and NalPgAhelix, respectively,
both fused to the signal sequence of PhoE, and CE1265 (pJP29_U)
expresses just the signal sequence of PhoE. (A) Western blot
analysis with NalPg antiserum of CE1265 cells expressing the
NalPg variants. Plasmids used are indicated above the lanes, and
molecular weight markers on the left of the panel. Only the relevant
part of the gel, showing that expression of NalPgAhelix is much
lower than that of NalPg, is shown. (B) The rate of nitrocefin uptake
mediated by the NalPg variants in CE1265 is given in nmol/min/ 10°
cells. Experiments were performed three times in triplicate, and the
values given are the means and the standard deviation. Differences
between CE1265 (pPU363) on the one hand and CE1265 (pPU361)
and CE1265 (pJP29_U) on the other hand were statistically sig-
nificant (P<0.005).
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multimer would also be hydrophobic and probably filled with
lipids from the outer membrane.

Multimerisation, possibly mediated through interactions in
the passenger domains, may play, however, an important role
at a different stage in the autotransporter secretion process.
For example, it has been shown that folding of passenger
domains lacking an intramolecular folding domain is restored
by coexpression of an autotransporter with this folding
domain as a passenger (Ohnishi et al, 1994; Oliver et al,
2003). Furthermore, the autoproteolytic cleavage of the pas-
senger of Hap from H. influenzae was shown to occur
intermolecularly (Fink et al, 2001). Similarly, NalP of
N. meningitidis has been demonstrated to process other
neisserial autotransporters, including IgA protease and App
(van Ulsen et al, 2003). Thus, the observed multimers of the
translocator domain of IgA protease may be functional in
processing rather than outer-membrane translocation.

Translocation through the p-barrel pore

The monomeric nature of the NalP translocator domain
suggests that a single translocator domain is sufficient for
translocation. After reconstitution in planar lipid bilayers,
in vitro-folded NalPg showed two sorts of pore activities.
Although calculations of the pore dimensions based on
single-channel conductance should be interpreted with cau-
tion (Van Gelder et al, 2000), they were consistent with the
size of the pores observed in the crystal structure.
Furthermore, the in vivo data showed that NalPy facilitated
the diffusion of large antibiotics, such as vancomycin and
bacitracine. Therefore, at least a proportion of the recombi-
nant NalPg channels was in an open conformation. However,
deletion of the a-helix enhanced the diffusion rate, indicating
that the helix can plug the channel formed by NalPg Thus,
the structural and biochemical data obtained for NalPg show
the presence of a pore within the B-barrel that can be
obstructed by the a-helix and argue in favour of a transloca-
tion mechanism involving only one translocator domain.
Secretion through the pore of a single B-barrel may take
place in two distinct ways, that is, with the N-terminus first
(the ‘threading’ model) or with the C-terminus of the pas-
senger first, which then should be facilitated by the presence
of a hairpin loop (the ‘hairpin’ model). In both models, the
passenger domain folds extracellularly and must remain
unfolded at the periplasmic side of the membrane, possibly
with the help of chaperones (Henderson et al, 1998; Purdy
et al, 2002).

Hairpin model

In the classical hairpin model (Pohlner et al, 1987; Jose et al,
1995; Henderson et al, 1998), the hairpin is a temporary fold,
located at the translocator domain/passenger interface and
formed in the pore of the translocator domain, possibly during
the assembly of the B-barrel. This hairpin could possibly
comprise the conserved sequence stretch called the folding
domain that is found in many autotransporters (Oliver et al,
2003). The extracellular loop of the hairpin may initiate
folding. The only solved structure of a secreted autotranspor-
ter passenger domain is that of pertactin P.69 from B. pertussis
(Emsley et al, 1996), which shows a parallel B-helical struc-
ture. The ongoing folding of this B-roll structure might pull the
passenger domain through the pore and provide the energy
for translocation (Klauser et al, 1993). Interestingly, the

©2004 European Molecular Biology Organization
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Table II Antibiotic sensitivity of E. coli CE1265 expressing the signal sequence of PhoE (pJP29_U), NalPg (pPU361) or NalPgAhelix (pPU363)

Antibiotic Concentration MW pJP29_U? pPU361 pPU363
Cycloserin 1mg/ml 102 0 0 0
Nalidixin 1mg/ml 254 3 6 8
Ampicillin 1.5mg/ml 371 0 3 7
Tetracycline 2mg/ml 444 7 8 9
Rifampicin 0.3 mg/ml 823 1 6 12
Bacitracine 690 IE/ml 1421 0 5 8
Vancomycin 5Smg/ml 1485 1 8 1
SDS 1mg/ml 288 0 0 0

“The growth inhibition zone, caused by the sensitivity to the antibiotic, was measured in mm from the rim of the disc. Values are the mean

of three measurements of independent transformants.

program BetaWrap (Bradley et al, 2001) predicted a high
propensity for a parallel B-helical structure in the majority
of passenger domains tested (i.e., 72% P<0.01, 91 % P<0.05,
of 119 autotransporters aligned Yen et al (2002)).

The pore within the p-barrel is relatively narrow
(10 x 12.5A) and would only just allow for the presence of
two extended polypeptide chains simultaneously, while the
o-helix can only be formed after the translocation of the
passenger is completed. It is to be expected that the side
chains of barrel-wall residues that form hydrogen bonds with
the a-helix in the structure do not point inwards when the
helix is not yet formed: they are either flexible or fold back-
wards and form hydrogen bonds with other residues from the
barrel wall. This would result in a slightly larger pore that
could accommodate the two extended strands passing
through the narrow channel, although still with a narrow
fit. Nevertheless, the translocation channel seems to be too
narrow to allow for the passage of domains that contain
periplasmically formed disulphide bridges, which appear to
be present not only in some artificial passengers (Veiga et al,
1999), but even in natural passengers (Brandon and
Goldberg, 2001). Furthermore, this model implies that folding
and translocation of the passenger domains are coupled
processes. However, it has been shown that the deletion of
a folding domain in the passenger of BrkA of B. pertussis did
not abrogate translocation and resulted in the exposure of a
protease-sensitive unfolded passenger at the cell surface
(Oliver et al, 2003).

Threading model

In the threading model, translocation starts with the
N-terminus, and the fB-barrel pore needs to accommodate
only one extended strand at the time, for which the pore
observed in the crystal structure is wide enough. However, in
this model, the N-terminus of the passenger has to be targeted
to the pore. Since artificial passengers fused to translocator
domains can be secreted (Jose et al, 1996; Maurer et al, 1997),
a specific targeting signal seems lacking. Furthermore, the
folding domain identified in many autotransporters (Oliver
et al, 2003) would be the last segment of the passenger to
appear at the cell surface, and hence would not act as a
folding initiator in the translocation process. Thus, although
the threading model does solve the steric exclusion problem
associated with the classical hairpin model, it raises its own
questions with respect to targeting and energy source.

An alternative translocation model
Because of the intrinsic problems associated with each of the

translocation models described above, there is a strong need
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for alternative views. An alternative model, we would like to
propose here for consideration, implicates an important role
for the Omp85 complex, the machinery required for the
assembly of integral outer-membrane proteins. Recently, it
was demonstrated that also autotransporter secretion de-
pends on the Omp85 complex (Voulhoux et al, 2003).
Integral outer-membrane proteins contain relatively large
hydrophilic extracellular loops, which together may encom-
pass over 50% of the total protein. The Omp85 machinery
might assist in the membrane insertion of their barrel domain
by forming a pore that allows for the passage of the hydro-
philic loops across the membrane. Since the translocator
domain of autotransporters is an integral outer-membrane
protein, this domain could function primarily as a recognition
signal for the Omp85 complex, and the passenger domain
could be transported across the outer membrane through the
Omp85S pore, rather than through a pore formed by the
translocator domain. It is worthwhile to point out the simi-
larity of this model to the two-partner secretion systems
(Jacob-Dubuisson et al, 2001). In the two-partner secretion
systems, the secreted proteins, such as the filamentous
haemagglutinin of B. pertussis, are transported across the
outer membrane via an outer-membrane protein with the
general designation TpsB. Importantly, at least some of the
proteins secreted via this system possess a similar B-helix
structure as the passenger domains of the autotransporters
(Kajava et al, 2001), whereas the TpsB proteins show simi-
larity to Omp85 (Yen et al, 2002). Thus, when the TpsB
proteins can transport proteins that can form B-helical struc-
ture to the cell surface, one can expect Omp85 to have the
same capacity. Obviously, if this model is correct, the desig-
nation ‘autotransporter’ is not appropriate anymore.

In conclusion, we present the first structure of a translo-
cator domain of an autotransporter involved in the secretion
of its attached passenger domain. Although this structure did
not provide the definitive answer to the translocation me-
chanism involved, it clearly revealed problems with existing
models and urged the necessity of new hypotheses. Thus, the
structure serves as a starting point for further research on the
outer-membrane translocation mechanism of this secretion
system, which forms the largest group of secreted proteins of
Gram-negative bacteria.

Materials and methods

Protein expression and purification

The DNA fragment encoding the translocator domain of NalP
(residues D’7’ to F'°*%) was obtained from the nalP gene
of N. meningitidis strain H44/76 (GenBank AY150284) by PCR
using primers 5'-gcaattccatatggacggtgtacgcatcttcaacaatct-3’  and
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S’-caagatctcagaaccggtagectacgecga-3’. The Ndel and Bgll sites
included in the primers (underlined) facilitated cloning of the
fragment into expression vector pET1la (Invitrogen), yielding
plasmid pPU320, placing the coding sequence under the control
of the T7 promoter. The domain, which does not contain an affinity
tag, was overproduced in inclusion bodies in E. coli BL21(DE3)
(Invitrogen). The cells were lysed by sonication, and the inclusion
bodies were purified as described (Dekker et al, 1995), dissolved to
a concentration of 10mg/ml in 8 M urea, 0.1 M glycine and 20 mM
Tris-HCI (pH 7.6) followed by 1 h ultracentrifugation at 200 000 g to
remove membrane fragments. Purified solubilised inclusion bodies
of the cloned translocator domain were used to obtain polyclonal
antiserum (Eurogentec).

SDS-PAGE and Western blotting

Membranes were isolated as described (van Ulsen et al, 2001) and
proteins were separated on SDS-PAGE with reduced amounts of
SDS to detect heat modifiability (Dekker et al, 1995). Samples were
dissolved in SDS-PAGE loading buffer (0.062M Tris-HCl, pH 6.8,
10% (v/v) glycerol, 0.01% (w/v) bromophenol blue, 2.5% (v/v) B-
mercaptoethanol and 2% (w/v) SDS) and incubated for 10 min at
room temperature or at 100°C. Western blotting and immunodetec-
tion were performed as described (van Ulsen et al, 2001).

Refolding of NalPg

Refolding of the recombinant translocator domain of NalP was
initiated by rapid 10-fold dilution of the protein from the stock
solution in urea into a buffer containing 0.5% (w/v) N-dodecyl-
N,N-dimethyl-1-ammonio-3-propanesulphonate (SB-12), 20mM
Tris-HCl (pH 8.0) and 1M NaCl. Refolding was carried out for
72h at 37°C and monitored by SDS-PAGE. Se-Met NalPp was
produced in E. coli strain B834(DE3) (methionine-auxotroph,
Novagen), which was grown in minimal medium (17nM
(NH,),Fe(S04);, 0.2mM MgSO0,4, 30mM KH,PO,, 30 mM K,HPO,,
0.5% glucose) supplemented with 0.3 mM seleno-L-methionine
(Acros). Refolded native and Se-Met NalPg were dialysed against
buffer A (20 mM Tris-HCI (pH 9.0), 0.2% (w/v) SB-12) and purified
by anion-exchange chromatography on a MonoQ column (Amer-
sham Pharmacia). The column was washed successively with
buffer A and buffer B (20mM Tris-HCI (pH 9.0), 0.06% (w/v)
n-decylpentaoxyethylene (CyoEs)) and eluted with buffer B
supplemented with 0.5M NaCl. The protein was subsequently
dialysed against buffer B and concentrated on a centricon
concentrator with 10kDa cutoff (Amicon) and finally dialysed
against 10mM Tris-HCl (pH 7.5) and 0.06% (w/v) CyoEs.

Planar lipid bilayer experiments

Planar black lipid bilayers were formed from 1% (v/v) L-o-
phosphatidylcholine (Sigma: P-5638) in hexane/chloroform (9:1 v/
v) across a pierced (¢ 150 um) Teflon membrane pretreated with a
solution of hexadecane/hexane (1:50 v/v). Bilayer formation and
conductance measurements were performed as described (Van
Gelder et al, 2000), with the exception that the analogous output
voltage signal was converted by a Powerlab/4SP (ADInstruments)
and recorded on a computer using the Chart4 program (ADInstru-
ments). Purified refolded NalPg dialysed to 1% (v/v) octyl-
polyoxyethylene (Alexis), was added to a buffer of 1M KCI, 1 mM
CaCl, and 10mM Tris-HCl (pH 7.4), and insertion into the
membrane was monitored by measuring the current at an applied
voltage of 100 mV. Both negative and positive potentials were tested
and, to test for possible voltage gating, the potential was increased
in steps of SmV up to 200-250mV or to the breaking of the
membrane. Conductance was calculated from measurements at a
transmembrane potential of 100 mV. The pore size was calculated

by applying

G = [na®/(d + na/2)]
where G is the conductance, x the bulk conductance (11.3S/m),

a the pore radius and d the membrane thickness (Van Gelder et al,
2000).

Crystallisation and X-ray analysis .

Crystals of space group P6,22 (cell dimensions a=b=>58.0A,
c=346.4A) were grown by the hanging-drop vapour diffusion
method using equal parts of protein solution (17 mg/ml native
NalPg or 8.5 mg/ml Se-Met NalPg, 10 mM Tris-HCI (pH 7.5), 0.06%
(w/v) CyoEs and 0.5% (w/v) heptyl-B-glucopyranoside and, only in
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the case of Se-Met NalPg, 10 mM dithiothreitol (DTT)) and 9% (w/
v) polyethylene glycol 1000 (PEG1k), 200 mM lithium sulphate and
100 mM sodium citrate buffer (pH 4.0) at 28°C. P6,22 crystals were
stabilised in 200 mM lithium sulphate, 100 mM sodium citrate buffer
(pH 4.0), 20% (w/v) PEG1k, 20% (v/v) 2-methyl-2,4-pentanediol
(MPD) and 0.06% (w/v) C,oEs (and 10mM DTT for the Se-Met
NalPg crystals) and rapidly frozen at 100K for data collection.
Crystals of space group €222, (cell dimensions a=57.4, b=284.9,
c=123.0A) were grown using 8.5 mg/ml Se-Met NalPg (in 10 mM
Tris-HCl (pH 7.5), 0.06% (w/v) CyoEs and 0.5% (w/v) heptyl-B-
glucopyranoside) and 88mM Tris-HCl (pH 7.0), 9% (w/v)
polyethylene glycol 2000 monomethyl ether (PEG2k mme) and
18% (v/v) MPD at 28°C. C222, crystals were stabilised in 88 mM
Tris-HCI (pH 7.0), 20% (w/v) PEG2k mme, 25% (v/v) MPD, 0.06%
(w/v) CioEs and 10 mM DTT and flash-frozen at 100 K. Diffraction
data were collected at 100K at the ESRF and DESY synchrotrons and
processed using DENZO and SCALEPACK (Otwinowski and Minor,
1997). MAD data of P6,22 crystals were collected at the selenium
edge (0.9758 A), inflection (0.9762 A) and a remote wavelength
(0.9311 A). Data were collected to 2. 6 A (P6,22 native), 3.1 A (P6,22
Se-Met) and 3.2 A (C222; Se-Met) resolution with completeness in
all cases higher than 97.8% and Rperge from 6.1 to 15.0%. Data
collection statistics and refinement statistics are found in Table I.

Structure determination and refinement

The NalPy structure was solved using the MAD phases of the P6,22
selenium-derivative crystal. Five of the expected six selenium sites
were found, and initial phases were calculated with the program
SOLVE (Terwilliger, 2002). Solvent flattening and phase extension to
2.6 A was performed in CNS (Brunger et al, 1998). These data were
used for automatic model building by RESOLVE (Terwilliger, 2002),
which built 55% of the main chain. The model was manually
corrected and supplemented to yield a final model that contained
279 out of 309 amino acids, 29 water molecules, two sulphate ions
and one C,oEs detergent molecule and had good geometry (Table I).
Refinement in refmac (CCP4, 1994) using one TLS group yielded a
crystallographic R-factor of 22.8% (Rgee 28.5%). Extra electron
density was seen for additional detergent molecules, but the density
was not good enough to insert whole detergent molecules. The
structure of the NalPg in space group C222; was solved by
molecular replacement in CNS, using the model from the P6,22
space group and further refined in refmac using one TLS group,
with a final R-factor of 21.5% (Riree 29.8%).

In vivo pore measurements

Primers 5'-cgtacgtacaccagcgtctggcetgtcactca-3’ and 5'- actgcagttacgg
gatcecggectgtacagatgeagatgecaca-3’ were used in a PCR with
plasmid pJP29 (Bosch et al, 1986) as the template to obtain a
DNA fragment that encodes the PhoE signal sequence (ssPhoE)
under control of the phoE promoter. The second primer introduced
a BamHI site (underlined) followed by a stop codon (in italics) and
a Pstl site (underlined) in the DNA at the position of the signal
sequence cleavage site in the protein. This PCR fragment was cut
with PstI and SnaBI and used to replace the PstI-SnaBI fragment in
pJP29, yielding pJP29_U. Due to the introduced stop codon, only
the signal sequence of PhoE is expressed from this plasmid. DNA
fragments encodmg NalPy starting from D77 and NalPpAhelix
starting form G®'® were obtained by PCR, using chromosomal DNA
of N. meningitidis strain H44/76 as the template and primers 5’-
ggatceccgacggtgtacgeatcttcaacagtet-3’  and  5'-caagatctcagaaccegg
tagcetacgeega-3' and 5'-ggatcecgggtetgegegtcatcgegeaa-3’ and 5'-
caagatctcagaaccggtagectacgecga-3’, respectively. The BamHI and
Bglll sites (underlined) enabled cloning into pJP29_U, resulting in
plasmids pPU361 encoding a fusion protein of ssPhoE and NalPg,
and pPU363 encoding a fusion protein of ssPhoE and NalPgAhelix.
Plasmids were used to transform E. coli strain CE1265 (Korteland
et al, 1985) in which the major porins are not expressed due to phoE
and ompR mutations. In addition, the strain carries the phoR18
mutation, resulting in constitutive expression of the phoE promoter.
Sensitivity of bacteria to antibiotics was determined as described by
Van Gelder et al (1997). Briefly, a lawn of bacteria was plated on LB-
agar plates by pouring 3.5 ml of inoculated soft-agar. Filter discs (&
6 mm) were spotted with 5 ul of antibiotic solutions and placed on
the top-agar layer, after which the plates were incubated for 18 h at
37°C. Antibiotic sensitivity was assessed by measuring the ring of
growth inhibition around the discs, starting from their edge. The
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experiment was performed in triplicate using independent trans-
formants of CE1265 with the respective plasmids.

The rate of permeation of nitrocefin through the outer membrane
was assessed from the rate of its hydrolysis by periplasmic
B-lactamase in intact cells. CE1265 cells containing pBR322
encoding B-lactamase and either pPU361, pPU363 or pJP29_U were
grown in LB medium to mid-log phase, after which the cells were
diluted 1:1 with fresh LB and the ODgo9 was measured. Then, 100 pl
of 0.5 mg/ml nitrocefin in dimethyl sulphoxide was added to 1 ml of
cells, and the change in OD,g4 was followed for 10s. To correct for
leakage of B-lactamase into the medium, cell cultures were filtered
through 0.2pm filters (Schleicher and Schuell), after which
nitrocefin hydrolysis was measured in 1ml of the filtrate. The
uptake of nitrocefin is expressed as nmol nitrocefin hydrolysed/
min/10° cells, whereby a difference in ODygq 0f 1.0 corresponds to
the hydrolysis of 68.1 nmol nitrocefin. The values given are the
means of nine cultures for each plasmid, measured in groups of
three on different days, whereby the value for each culture is the
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mean of three measurements. The significance of the differences in
the values obtained was tested using a one-tailed Student’s t-test.
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