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Received 22 February 2010/Accepted 16 April 2010

Type 1 secretion systems (T1SS) are present in a wide range of Gram-negative bacteria and are involved in
the secretion of diverse substrates such as proteases, lipases, and hemophores. T1SS consist of three proteins:
an inner membrane ABC (ATP binding cassette) protein, a periplasmic adaptor, and an outer membrane
channel of the TolC family. Assembly of the tripartite complex is transient and induced upon binding of the
substrate to the ABC protein. It is generally accepted that T1SS-secreted proteins have a C-terminal secretion
signal required for secretion and that this signal interacts with the ABC protein. However, we have previously
shown that for the Serratia marcescens hemophore HasA, interactions with the ABC protein and subsequent
T1SS assembly require additional regions. In this work, we characterize these regions and demonstrate that
they are numerous, distributed throughout the HasA polypeptide, and most likely linear. Together with the
C-terminal signal, these elements maximize the secretion of HasA. The data also show that the C-terminal
signal of HasA triggers HasD-driven ATP hydrolysis, leading to disassembly of the complex. These data
support a model of type 1 secretion involving a multistep interaction between the substrate and the ABC
protein that stabilizes the assembled secretion system until the C terminus is presented. This model also
supports tight coupling between synthesis and secretion.

The targeting of proteins to their proper ultimate compart-
ments is an essential task of all cell types, which have evolved
a variety of trafficking pathways. In particular, Gram-negative
bacteria possess several multicomponent secretion pathways to
transport proteins to the extracellular medium across the inner
membrane, the periplasm, and the outer membrane (15). To
date, six different secretion system types have been identified
(T1SS [type 1 secretion system] to T6SS). T2SS and T5SS
secrete proteins in a two-step process. Substrates are synthe-
sized with a consensus N-terminal signal peptide that first
allows targeting to the Sec or Tat translocon to cross the inner
membrane (9, 34, 41). The periplasmic intermediates are then
transported across the outer membrane. On the other hand,
T1SS and T3SS bypass the periplasm and are able to export
proteins that lack a cleavable N-terminal signal peptide in a
single-step manner (10, 14).

Type 1 secretion is widespread among Gram-negative bac-
teria and is notable for its apparent simplicity. The T1SS di-
rects the secretion of a wide range of proteins of different sizes
and activities (14). These include pore-forming hemolysins
(HlyA), adenylate cyclases, lipases, proteases, surface layers,
and hemophores (HasA). HasA hemophores are small extra-
cellular proteins produced by several species of Gram-negative
bacteria. They scavenge extracellular heme and deliver it to

specific outer membrane receptors (16, 42). HasA of Serratia
marcescens is secreted by an archetypal T1SS comprising an
inner membrane ABC (ATP binding cassette) protein (HasD),
a periplasmic adaptor (HasE), and an outer membrane chan-
nel-forming protein of the TolC family (HasF) (4, 26). When
expressed in Escherichia coli K-12, the hybrid secretion appa-
ratus formed by HasD, HasE, and endogenous TolC allows the
secretion of HasA (26).

T1SS components are not permanently associated. Their
assembly is initiated by binding of the substrate to the ABC
protein (27, 39). The majority of T1SS-secreted substrates
carry a secretion signal located at the extreme C terminus (16,
21, 31). In vitro studies have demonstrated that C-terminal
fragments of HlyA and Erwinia chrysanthemi metalloproteases
were able to interact with their cognate ABC protein indepen-
dently of the presence of other system components and mod-
ulate their ATPase activity (3, 12). No consensus sequence has
been identified within the C-terminal signals, except in protein
substrates of the same subfamily that can be secreted by the
same T1SS (28, 32). Although it is absolutely required for
secretion, the role of the C-terminal signal is still poorly un-
derstood.

Due to the C-terminal location of the secretion signal, the
common model implies that secretion of T1SS-secreted sub-
strates occurs posttranslationally rather than cotranslationally.
How the majority of the polypeptides remain in the cytoplasm
in a secretion-suitable conformation after complete synthesis is
unclear. Secretion of hemophores depends on the presence of
the general chaperone SecB (13). SecB holds premade HasA
molecules in an unfolded (or loosely folded) conformation
compatible with secretion but does not function to deliver
HasA to HasD (35, 45). However, we have previously shown
that delayed expression of HasDE causes HasA to fold in the
cytoplasm, accumulate, and inhibit the secretion of newly syn-
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thesized molecules, indicating that synthesis and secretion
must be coupled (11).

Our previous work on the hemophore HasA of S. marc-
escens showed that a nonsecreted mutant form of HasA lacking
its last 14 C-terminal amino acids was still able to interact with
the ABC protein HasD and induced stable assembly of the
HasDE-TolC secretion apparatus (7). E. coli cells producing
the secretion components HasD and HasE and the truncated
substrate—henceforth referred to as HasA(1-174)—are hyper-
sensitive to antimicrobials. This occurs because HasA(1-174)
locks TolC in the T1SS and prevents it from associating with
drug efflux proteins (AcrA and AcrB). Such frozen HasDE-
TolC complexes are dissociated only when the C-terminal sig-
nal of HasA is provided in trans as a distinct peptide. This work
demonstrated that the C-terminal signal of HasA was not the
unique sequence that bound to the ABC protein. In addition,
rather than promoting the association of T1SS components,
the C-terminal signal of HasA appeared to be involved in their
dissociation. In the present work, we expanded our data and
found that a mutant form of HasA(1-174) with folding defects
was sufficient to block the T1SS, demonstrating that the sites
responsible for binding to HasD are linear rather than confor-
mational. By analyzing the functions of HasA(1-174) insertion
mutant forms, we identified multiple regions distributed along
HasA(1-174) as additional HasD binding sites. Together with
the C-terminal signal, these elements act in concert to promote
the maximum secretion of full-length HasA. The HasA C ter-
minus is needed for disassembly of the secretion system, and
this step requires an intact Walker B box in HasD for ATP

hydrolysis. These findings provide new insights into the molec-
ular picture of the mechanism and assembly of T1SS.

MATERIALS AND METHODS

Bacterial strains and media. All strains used in this study are derivatives of E.
coli MC4100 (6) and are listed in Table 1. Unless otherwise noted, strains were
routinely grown at 37°C in Luria broth (LB) or on agar (LBA). M9 minimal
medium supplemented with vitamin B1 and glycerol as a carbon source was used
to grow the cells for spectroscopic analysis. Antibiotics were added to the growth
medium at the following final concentrations: ampicillin (Ap), 100 �g/ml; chlor-
amphenicol (Cm), 25 �g/ml; spectinomycin, 50 �g/ml. Isopropyl-�-D-thiogalac-
topyranoside (IPTG; 0.1 to 0.5 mM) and arabinose (0.002 to 0.2%) were used to
induce protein expression.

Plasmid constructions. All plasmids used in this study are listed in Table 1.
pAM238-HasA and derivative plasmids carrying HasAE148A, D167A or HasA
mutant forms with pentapeptide insertions were described elsewhere (29, 30, 45).
hasA(1-174) alleles were amplified by PCR from the appropriate plasmid tem-
plates with the forward primer 5�-TTCACCATGGCATTTTCAGTCAATTAT
GAC-3� and the reverse primer 5�-CGACTCTAGATCACGCCGTCGCCGCC
GCCA-3�. NcoI (introducing a start codon, underlined) and XbaI (introducing a
stop codon, underlined) restriction sites were used for cloning of the PCR
products under the control of an IPTG-inducible promoter into the plasmid
vector pTrc99A (Pharmacia). For construction of pTrc99A plasmids carrying
HasA(1-174) with two pentapeptide insertions, plasmids carrying HasA(1-174)
with single-pentapeptide insertions were first digested with BstEII. BstEII cuts
pTrc99A 855 bp upstream of the hasA start codon and downstream of codon 63
inside hasA. Digestion products containing the 5� and 3� portions from two
distinct hasA(1-174) alleles were gel purified and religated. pTrc99C is an Aps

Cmr derivative of pTrc99A. pTrc99C plasmids coding for HasA(1-174) derivative
mutant proteins were constructed as described previously (7).

The Walker B box substitution D474Q in HasD was created by site-directed
mutagenesis using plasmid pBAD24-HisHasDE as the template and a
QuikChange mutagenesis kit (Stratagene) according to the manufacturer’s pro-
cedure.

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Description Source or reference

Strains
MC4100 F� araD139 �(argF-lac)U139 rpsL150 flbB5301 ptsF25 deoC1

thi-1 rbsR relA
6

JP313 MC4100 �ara-174 Laboratory collection
LMD439 JP313 att �::hasDE 11
MC4100 �secB 35
DH5�

Plasmids
pAM238 Low-copy-number expression vector; Spcr Laboratory collection
pAM-HasA Wild-type HasA in pAM238 30
pAM-HasAE148A, D167A 45
pAM-HasAX pAM-HasA mutant derivatives with X representing the

positions of pentapeptide insertions
30

pAM-HasA(1-174) HasA shorn of its 14 C-terminal amino acids in pAM238 7
pAM-HasA(133-188) 56 C-terminal amino acids of HasA in pAM238 7
pTrc99A Expression vector; Apr Pharmacia
pTrc99A-HasA 11
pTrc99A-HasA(1-174) 7
pTrc99A-HasA(133-188) 7
pTrc99A-HasA(1-174)X This work
pTrc99A-HasA(1-174)E148A, D167A This work
pTrc99C Expression vector; Cmr 11
pTrc99C-HasA 11
pTrc99C-HasA(1-174) 7
pTrc99C-HasA(133-188) This work
pTrc99C-HasA(1-174)X This work
pTrc99C-HasA(1-174)E148A, D167A This work
pSyc150 hasDE in pACYC184; Cmr 26
pAM-HasISRADE hasISRADE in pAM238 17
pBAD24-HisHasDE 6His-HasD and HasE in pBAD24 P. Delepelaire, personal communication
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Secretion assays. Overnight cultures of E. coli strains harboring the appropri-
ate recombinant plasmids were diluted 1:100 into fresh LB supplemented with
antibiotics. Cells carrying the defined plasmid combinations were routinely
grown to an optical density at 600 nm (OD600) of �0.2 before IPTG or arabinose
was added to induce the expression of plasmid-borne proteins. When indicated,
cells with plasmid pAM-HasISRADE, which carries the complete has operon
under the control of its native iron-repressible promoter, were subcultured in
fresh medium containing 0.2 mM 2,2�-dipyridyl. After 3 h of induction, aliquots
of cultures were centrifuged. Proteins in the supernatants were precipitated with
20% trichloroacetic acid for 30 min at 4°C. The precipitated proteins were
collected by centrifugation and washed in 80% acetone. Cell pellets were washed
once in 20 mM Tris (pH 8.0)–1 mM EDTA. Cell pellets and precipitated
supernatants were resuspended in 1	 sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) loading buffer and amounts equivalent to 0.2 OD
unit were analyzed by SDS-PAGE and immunoblotting.

Purification of HasA(1-174) and derivatives. HasA(1-174) and derivative mu-
tant proteins were expressed from recombinant pTrc99A plasmids in E. coli
MC4100. The solubility of HasA(1-174) and derivative mutant proteins in the
cytoplasm was tested by using gentle solubilization conditions. Five-milliliter
cultures were grown in LB to an OD600 of �0.2 and induced with 0.4 mM IPTG
for 3 h at 37°C. Cells were collected by centrifugation and resuspended in 1 ml
BugBuster Protein Extraction Reagent (Novagen)–0.5 �l Benzonase nuclease
(Novagen) for 20 min at room temperature. The mixtures were centrifuged for
25 min at 20,000 	 g, and supernatants containing the solubilized proteins were
saved. Protein purification was performed as described previously (7). Protein
concentrations were calculated from the values of absorbance at 280 nm.

Purification of (His)HasD. One liter of LB supplemented with 0.02% arabi-
nose was inoculated with an overnight culture of E. coli JP313 containing
pBAD24-(His)HasD-HasE and incubated at 30°C to an OD600 of �1. Cells were
resuspended in lysis buffer containing 60 mM Tris-HCl (pH 7.5), 5 mM MgCl2,
and traces of DNase I. Bacterial cells were broken by one passage through a
French pressure cell at 750 lb/in2. Unlysed cells were removed by low-speed
centrifugation (8,000 	 g for 20 min), and supernatant containing the whole-cell
extract was centrifuged at 100,000 	 g for 1 h. Membranes were homogenized in
buffer A (60 mM Tris [pH 7.5], 150 mM NaCl, 20% glycerol, 0.7% lauryl
maltoside, 20 mM imidazole) and stirred for 1 h at 4°C. Insoluble material was
then removed by centrifugation at 10,000 	 g for 30 min. Solubilized membrane
extracts (10 ml) were incubated with 1 ml of Ni-nitrilotriacetic acid beads
(Qiagen) equilibrated with buffer B (60 mM Tris [pH 7.5], 150 mM NaCl, 20%
glycerol) containing 0.03% lauryl maltoside and 20 mM imidazole. The mixture
was incubated for 1 h at 4°C on a wheel and centrifuged for 5 min at 5,000 	 g.
The beads were washed three times with buffer B containing 0.03% lauryl
maltoside and 20 mM imidazole. 6His-HasD was eluted with buffer B containing
0.03% lauryl maltoside and 250 mM imidazole. Fractions were collected and
analyzed by SDS-PAGE.

Dot blot overlay. Dot blot overlay assays were carried out as previously de-
scribed (7). Briefly, aliquots of purified (His)HasD were adsorbed on nitrocel-
lulose membranes. Membranes were overlaid without or with purified HasA(1-
174) or a derivative mutant protein diluted in 10 ml Tris-buffered saline (TBS)
to a final concentration of 5 �M, washed in TBS-Tween, and probed with rabbit
polyclonal antibodies directed against HasA.

Proteinase K sensitivity assay. E. coli JP313 cells carrying pBAD24 with
(His)HasD-HasE or (His)HasDE474Q-HasE and pTrc99A with fragments of
HasA were grown to an OD600 of �0.2 and induced with 0.2% arabinose and 0.4
mM IPTG for 2 h. Proteinase K treatment of whole cells in vivo has been
described previously (44). Briefly, cells (5 ml) were gently permeabilized with a
buffer containing 20% sucrose, 20 mM Tris-HCl (pH 8.0), 10 mM EDTA, and
0.5% Triton X-100. Whole-cell samples were left untreated or mixed with pro-
teinase K (10 to 50 �g/ml, final concentration) and incubated at 30°C for 10 min.
The reaction was stopped with phenylmethylsulfonyl fluoride (PMSF; 1 mM).
Samples were immediately mixed with 2	 SDS-PAGE loading buffer, boiled,
and analyzed by SDS-PAGE and immunoblotting.

SDS sensitivity. The growth of strains expressing plasmid-borne hasA(1-174)
alleles in the LMD439 background was tested by incubating the strains at 37°C
for 18 h on LBA plates containing 1% SDS and 0.02% arabinose without or with
0.4 mM IPTG.

Spectroscopy. Spectroscopic analysis was performed using MC4100 with
HasA(1-174) or derivatives expressed from pTrc99A as described previously
(11).

Electrophoresis and Western blotting. Protein samples were analyzed on 11%
or 14% polyacrylamide minigels and transferred onto nitrocellulose membranes.
Membranes were probed with primary antibodies raised against HasA (1:5,000),
TolC (1:1,000), or HasD (1:5,000). Alkaline phosphatase-conjugated goat anti-

rabbit immunoglobulin G secondary antibodies and an nitroblue tetrazolium–5-
bromo-4-chloro-3-indolylphosphate (BCIP) mixture (Pierce) were used for de-
tection. For histidine tag detection, membranes were probed with a 1:5,000
dilution of HisProbe-HRP (Pierce) according to the manufacturer’s instructions.
Protein levels were quantified with ImageQuant software (Amersham).

RESULTS

HasA (1-174) folding is not required for T1SS blocking. To
localize the HasA(1-174) sequences involved in direct interac-
tions with HasD and to determine whether they involve linear
or folded regions, we used a mutant form of HasA that carries
the C-terminal substitutions E148A and D167A. These muta-
tions were shown to abolish hydrogen bonds with the N-termi-
nal residues Y7 and H17, which normally stabilize the folded
structure of HasA (45). Consequently, the double-mutant pro-
tein HasAE148A, D167A showed refolding kinetics that were
much slower than those of wild-type HasA (45). This double-
mutant protein was subsequently shorn of its last 14 amino
acids and cloned into pTrc99A under the control of the IPTG-
inducible promoter Ptrc. E. coli MC4100 was then trans-
formed with pTrc99A-HasA(1-174) or pTrc99A-HasA(1-
174)E148A, D167A, and intracellular folding of the truncated
proteins was monitored on the basis of their capacities to bind
heme in vivo. The absorption spectrum of cells expressing
HasA(1-174) showed a peak—the Soret band—centered at 407
nm (7). In contrast, the Soret band was not observed for cells
expressing HasA(1-174)E148A, D167A, indicating that cytoplas-
mic HasA(1-174), but not HasA(1-174)E148A, D167A, was folded
into a conformation compatible with heme loading (see Fig. S1
in the supplemental material). Next, we tested blocking sub-
strate-related phenotypes in different strain backgrounds. Ex-
pression of HasA(1-174) or HasA(1-174)E148A, D167A in
LMD439 (att �::hasDE) rendered the cells sensitive to growth
in the presence of SDS, suggesting that both truncated sub-
strates were able to enter the secretion pathway and induce the
assembly and blocking of HasDE-TolC (Fig. 1). The effect of

FIG. 1. Effects of HasA 1-174 mutations on SDS sensitivity. E.
coli strain LMD439 (MC4100 �ara att �::hasDE) was transformed
with the control plasmid vector pTrc99C or a derivative recombi-
nant plasmid containing hasA alleles under the control of an IPTG-
inducible promoter. Strains were streaked onto LB plates supple-
mented with SDS or arabinose (ara) with or without IPTG and
incubated overnight at 37°C.
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the blocking substrates on HasA secretion was tested in
MC4100 carrying plasmids pSyc150 (HasDE), pAM-HasA,
and either pTrc99A-HasA(1-174) or pTrc99A-HasA(1-
174)E148A, D167A. HasA(1-174) and HasA(1-174)E148A, D167A

strongly inhibited the secretion of wild-type HasA to similar
extents. This suggested that folding of HasA(1-174) was
compatible with although not essential for the inhibition of
type 1 secretion (Fig. 2).

Secretion of wild-type HasA is dependent on SecB, which
acts to maintain HasA in a mostly unfolded conformation
suitable for secretion (13, 45). Owing to its slow folding kinet-
ics, secretion of the double-mutant protein HasAE148A, D167A is
not affected in the absence of SecB (45). However, as both
wild-type HasA and HasAE148A, D167A interact with SecB in
vitro (45), the intracellular accumulation of HasA(1-
174)E148A, D167A could titrate SecB, resulting in a decrease in
HasA secretion. The inhibitory effects of both HasA(1-174)
and HasA(1-174)E148A, D167A were tested on a SecB-indepen-
dent substrate, HasAE148A, D167A. Although inhibition of
HasAE148A, D167A secretion was lower than that of wild-type
HasA, the truncated proteins HasA(1-174) and HasA(1-
174)E148A, D167A were able to inhibit HasAE148A, D167A secre-
tion to similar extents (Fig. 2). Thus, regions responsible for
T1SS blocking are present in unfolded HasA(1-174), suggest-
ing that they are linear rather than conformational.

Identification and in vivo analysis of secondary mutations in
HasA(1-174) that relieve T1SS blocking. To identify HasA(1-
174) sequences required for T1SS blocking, we used a labora-
tory collection of hasA mutant forms carrying pentapeptide
insertions covering the entire hasA sequence (30). To test
whether these mutations interrupt sequences that are required
for T1SS blocking, 17 hasA alleles were shorn of their 3� end
encoding the 14 C-terminal amino acids and cloned into
pTrc99A. The resulting plasmids were expressed in MC4100 to
quantify the expression of mutant proteins. Western blot anal-
ysis of the soluble fractions showed that 13 mutant proteins
(with insertions at positions 20, 23, 46, 53, 55, 58, 59, 76, 99,
107, 124, 129, and 162) have intracellular levels similar to that
of the nonmutated HasA(1-174) protein (Fig. 3B). This indi-
cated that these mutant proteins were not subjected to proteo-
lytic degradation or aggregation in the cytoplasm. The mutant
plasmids were used to transform MC4100(pAM-HasISRADE)
and tested for inhibition of wild-type HasA secretion as shown
in Fig. 2. Among these, seven pentapeptide mutant forms with
insertions at positions 46, 55, 58, 76, 99, 107, and 124 blocked
HasA secretion less efficiently than HasA(1-174), although
they were expressed to a similar extent. In such mutant pro-
teins, the HasA secretion level reached at least 50% of that
observed in the absence of HasA(1-174) (Fig. 3A).

The seven mutant forms of HasA(1-174) that enabled some
secretion of wild-type HasA were expressed in LMD439 and
tested for their effects on SDS sensitivity. None of them al-
lowed cell growth on SDS selective medium (data not shown).
Thus, single-pentapeptide insertions were still able to impose
some T1SS blockade, suggesting that HasA(1-174) interacts
with components of the T1SS via multiple discrete motifs. To
further test this hypothesis, we constructed a set of HasA(1-
174) mutant forms carrying two pentapeptide insertions, of
which two—carrying pentapeptide insertions at positions 46
and 99 and positions 46 and 107—were stable (Fig. 3B and
data not shown). Expression of the double-mutant protein
HasA(1-174)46, 107 in MC4100(pAM-HasISRADE) did not re-
duce HasA secretion (Fig. 3A). In addition, when expressed in
LMD439, HasA(1-174)46, 107 did not lead to SDS sensitivity
(Fig. 1). Similar results were obtained with HasA(1-174)46, 99

(data not shown). Thus, the combination of two mutations had
an additive effect and abolished the T1SS-blocking properties
of HasA(1-174).

HasA(1-174)-HasD interactions. The observation that
HasA(1-174)46, 107 was unable to block T1SS could result from
the loss of its capacity to interact with HasD. To test this
hypothesis, (His)HasD containing a six-histidine tag at its N
terminus was purified by affinity chromatography under native
conditions (see Materials and Methods and Fig. S2 in the
supplemental material) and aliquots of purified protein were
dotted onto nitrocellulose membranes. Membranes were then
incubated with equal amounts of purified HasA(1-174) or a
derivative mutant protein and probed with polyclonal anti-
HasA antibodies (Fig. 4). Both HasD-HasA(1-174) and HasD-
HasA(1-174)E148A, D167A complexes were detected, indicating
successful interaction of HasD with both the folded and un-
folded forms of HasA(1-174) (Fig. 4). Derivative mutant pro-
teins with single-pentapeptide insertions HasA(1-174)46 and
HasA(1-174)107 showed a binding capacity similar to that of
HasA(1-174) (Fig. 4). In contrast, binding was undetectable

FIG. 2. Effect of HasA(1-174)E148A, D167A on HasA secretion. Cul-
tures of E. coli MC4100 with plasmids pSyc150 (HasDE), pAM-HasA,
or pAM-HasAE148A, D167A and pTrc99A-HasA(1-174) or pTrc99A-
HasA(1-174)E148A, D167A were grown and induced with 0.5 mM IPTG.
After 3 h of induction, culture aliquots were centrifuged. Proteins in
the supernatants were precipitated with trichloroacetic acid, separated
by 14% SDS-PAGE, and visualized by Coomassie blue staining (top
panel). Proteins present in the cell pellets were electrotransferred to a
nitrocellulose membrane and immunoblotted with anti-HasA poly-
clonal antiserum (bottom panel). Loaded samples were normalized to
an OD600 of 0.2. The molecular masses of the markers (kilodaltons)
are indicated at the left.
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when HasA(1-174)46, 107 was used in the overlay (Fig. 4). Thus,
the HasA-HasD interaction involves multiple sites on HasA(1-
174). These sites are subsequently referred to as primary rec-
ognition sites.

Respective roles of the primary recognition sites and the
C-terminal signal of HasA in T1SS assembly dynamics.
HasA(1-174) was shown to induce the assembly of HasDE-
TolC in vivo. This was observed by copurification of HasE and
TolC via (His)HasD using nickel affinity chromatography (7).
In order to investigate the recruitment of TolC in the presence
of different HasA mutant forms, we monitored concomitant
conformational changes in TolC by assaying its susceptibility to
proteinase K. Previous studies have shown that the C-terminal
end of the 471-residue mature TolC protein is accessible from
the periplasm and that treatment of permeabilized cells with
proteinase K typically generates a stable membrane-bound N-
terminal fragment (residues 1 to 451 of the mature TolC pro-
tein) of 46 kDa (TolC* in Fig. 5) (24, 44). Figure 5 shows that
TolC displays a typical pattern of proteinase K susceptibility
upon the treatment of cells expressing all three T1SS compo-
nents in the absence of substrate (Fig. 5I). In contrast, TolC
was completely degraded in cells expressing HasD, HasE, and
HasA(1-174) (Fig. 5II). TolC is clearly more accessible to
proteolytic cleavage when it is recruited into the tripartite
complex. Thus, the susceptibility of TolC to proteinase K re-
flects the status of T1SS assembly. A control experiment con-
firmed that the substrate-induced hypersusceptibility of TolC
to protease was dependent on the presence of HasD and HasE
(Fig. 5III). TolC also displayed a typical pattern of proteolytic
degradation in cells expressing HasA(1-174)46, 107, showing
that a mutant substrate unable to interact with HasD cannot
promote system assembly (Fig. 5V).

Lastly, a 6-kDa C-terminal fragment of HasA containing the

FIG. 3. Effects of HasA(1-174) mutant forms carrying pentapeptide insertions on wild-type HasA secretion. (A) Wild-type HasA was expressed
from pAM-HasISRADE; HasA(1-174) and derivative mutant proteins carrying pentapeptide insertions at various positions were under the control
the IPTG-inducible promoter Ptrc in pTrc99A. Cultures of E. coli strain MC4100 were first induced for type 1 secretion with 0.2 mM 2,2�-dipyridyl
for 1 h. Cultures were then grown in the presence of 0.5 mM IPTG for 3 h to induce the expression of mutant HasA(1-174) proteins. Following
centrifugation of culture aliquots, proteins in the supernatants were precipitated with trichloroacetic acid, separated by SDS-PAGE, and visualized
by Coomassie blue staining. (B) Cultures of MC4100 with pTrc99A-HasA(1-174) were induced with IPTG. Cells were harvested by centrifugation,
followed by suspension in BugBuster reagent at room temperature and Benzonase treatment according to the manufacturer’s instructions.
Insoluble proteins and cell debris were removed by centrifugation. Proteins released in the soluble fractions were separated by SDS-PAGE,
transferred to a nitrocellulose membrane, and detected with anti-HasA polyclonal antiserum. Loaded samples were normalized to an OD600 of 0.2.
HasA(1-174) and HasA mutant proteins showed different migrations on SDS-PAGE due to the nature of the inserted amino acids, as previously
reported (31). The molecular masses of the markers (kilodaltons) are indicated at the left.

FIG. 4. Dot blot overlay analysis of the interactions between HasD
and HasA(1-174) mutant proteins. His-tagged HasD was overex-
pressed and purified by affinity chromatography as described in Mate-
rials and Methods. HasA(1-174) and derivative mutant proteins were
purified by anion-exchange chromatography, followed by gel filtration.
Dots of (His)HasD were incubated with HasA(1-174) or a derivative
mutant protein for 1 h. After extensive washing, the HasD-HasA(1-
174) complexes were detected with a rabbit anti-HasA polyclonal an-
tiserum used at a dilution of 1:5,000. Note that the data generated are
qualitative and not quantitative. Each assay was repeated three times.
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C-terminal signal—HasA(133-188)—also suppressed TolC hy-
persusceptibility to protease in cells expressing HasDE and
HasA(1-174) (Fig. 5IV). Expression of this peptide does not
entirely restore complete proteinase K resistance, most likely
because TolC alternates between two states of sensitivity to
proteinase K that correspond to its dynamic association with
and dissociation from HasDE.

Previous results showed that HasA(133-188) suppressed the
SDS sensitivity of strain LMD439 expressing HasA(1-174) (7).
Together, these data confirm that the C-terminal fragment of
HasA can promote the release of TolC from HasDE.

Role of ATP hydrolysis in HasDE-TolC association-dissoci-
ation. Previous studies have demonstrated that ATP hydrolysis
by the ABC protein is essential for type 1 secretion but not for
assembly of the secretion system (23, 39). To examine whether
ATP hydrolysis is required for disassembly of the secretion
system, we used the mutant protein HasDE474Q, in which the
catalytic glutamate that follows the Walker B motif was sub-
stituted. As monitored by protease susceptibility, TolC was still
recruited in strains expressing HasDE474Q and HasA(1-174)
(Fig. 5VI). Moreover, this occurred even in the presence of
HasA(133-188) (Fig. 5VII). Accordingly, the same strains ex-
hibited sensitivity to SDS, indicating stable interactions among
the three secretion proteins HasD, HasE, and TolC (Fig. 5).
Our data support the notion that the Walker B substitution in
HasD does not affect system assembly. Instead, it interferes
with the function of the HasA C terminus as an inducer of
TolC dissociation.

The results presented above indicate two types of interac-
tions between HasA and HasD. (i) Interaction with the pri-
mary recognition sites initiates T1SS assembly, and (ii) inter-
action with the C terminus signals complex dissociation. The
C-terminal signal is essential for secretion, yet previous studies
have shown that several N-terminally deleted mutant forms of
HasA were secreted with variable efficiency, raising the ques-
tion of the role of the primary recognition sites in secretion
(16).

Role of the primary recognition sites in HasA secretion. We
assumed that pentapeptide insertions in HasA(1-174) which
affected the blocking phenotype may also influence the recog-
nition of full-length HasA by the secretion apparatus and its
subsequent secretion. We compared the level of secretion of
HasA with that of derivative mutant proteins carrying single-
and double-pentapeptide insertions in strain LM439 (Fig. 6A).
An arbitrary threshold was set at �50% reduction of secretion
(Fig. 6B). Consistent with the above findings, six of the seven
previously identified single-pentapeptide insertions signifi-
cantly reduced the secretion level of HasA—namely, those
located at positions 46, 55, 58, 76, 99, and 107. The presence of
the two pentapeptide insertions at positions 46 and 107 re-
sulted in a strong reduction in secretion of only �15% relative
to the wild-type protein. Therefore, the behavior of HasA
mutant forms in this experiment indicated that primary recog-
nition sites responsible for the interaction with HasD and sub-
sequent T1SS assembly also improved secretion efficiency.

DISCUSSION

T1SS are widespread in Gram-negative bacteria and secrete
a range of proteins with various lengths and functions (14). To
date, one of the central questions is how these proteins are
recognized as substrates by their cognate machineries. A se-
cretion signal resides within the extreme C terminus of the
substrates. However, previous studies pointed out that addi-
tional domains must be involved in the interaction with the
secretion complex. First, efficient secretion of heterologous
proteins fused to E. coli HlyA or E. chrysanthemi PrtB requires
C-terminal fragments much larger than the minimal secretion
signals (20, 25, 33). Second, hemophore HasA(1-174) without
its C-terminal signal retains its capacity to interact with HasD
and induce the assembly of the tripartite complex (7). In an
effort to understand how proteins are recognized as substrates
for T1SS and how they regulate T1SS assembly dynamics, we
focused on HasADE-TolC as a working model. These ques-

FIG. 5. Accessibility of TolC to proteinase K reflects its recruitment to T1SS. The proteinase K (PK) accessibility of TolC was assessed on
permeabilized cells expressing combinations of T1SS components and substrates as indicated for each panel. Cultures (5 ml) were permeabilized
and treated with protease at 10 �g/ml for 10 min at 30°C. Protease treatment was terminated with 0.1 mM PMSF. Proteins were resolved by 11%
SDS-PAGE, electrotransferred onto a nitrocellulose membrane, and detected with an anti-TolC polyclonal antiserum. TolC and TolC*, which
corresponds to the 46-kDa degradation product generated by treatment with proteinase K, are indicated. The same strains were streak onto
SDS-supplemented plates and incubated overnight at 37°C. Growth was recorded as follows: R, SDS resistant; S, SDS sensitive.
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tions were addressed by analyzing the interactions of the block-
ing substrate HasA(1-174) and its variants with the secretion
machinery. Several combined approaches were used, and the
blocking activity of HasA(1-174) was defined along with four
criteria: (i) inhibition of wild-type HasA secretion, (ii) SDS
sensitivity associated with TolC trapping in the protein secre-
tion complex, (iii) TolC accessibility to proteinase K that cor-
relates with its recruitment into the secretion complex, and (iv)
in vitro interactions between HasD and HasA variants and
derived peptides.

Heme binding capacity was used to monitor the in vivo
folding of HasA(1-174) mutant forms. Accordingly, it was con-
cluded that cytoplasmic HasA(1-174) acquired its tertiary
structure whereas the amino acid substitutions E148A and
D167A affected the cytoplasmic folding of HasA(1-174), as was

also the case for the full-length HasAE148A, D167A mutant pro-
tein (45). HasA(1-174)E148A, D167A showed secretion machin-
ery-blocking activity similar to that of HasA(1-174). This
strongly suggested that the motifs responsible for the interac-
tion between HasA(1-174) and HasD are linear rather than
conformational. However, we cannot exclude the possibility
that cytoplasmic HasA(1-174)E148A, D167A acquires folded sec-
ondary structures that are sufficient to block the secretion
machinery.

Along with the four criteria established above, we identified
recognition sites responsible for the blocking activity of
HasA(1-174). The data obtained led us to the conclusion that
insertion of pentapeptides interrupted some sequences that
are required for direct interaction with HasD. Another expla-
nation could be that these insertions produced slight structural
changes in HasA(1-174) so that one or several key regions are
less well presented to HasD. These regions are scattered
throughout its primary sequence and do not correspond to
either specific conserved or repeated motifs (data not shown).
In addition, when reported in the three-dimensional structure
of HasA (2), none of the seven insertions were clustered to
form a conformational motif.

The finding that HasA contains multiple sites that recognize
HasD was quite unexpected and raises several questions. Do
these sites contribute to HasD binding concurrently or succes-
sively during secretion? What are their relative contributions?
Both in vivo and in vitro results showed that only mutant forms
of HasA(1-174) carrying two insertions had lost their interac-
tion with HasD. In vitro assays do not reflect the dynamics of
HasA-HasD interactions, as multiple motifs within HasA
might act synergistically to promote efficient interaction with
HasD. In vivo, these sites might rather interact sequentially
with HasD. Preliminary results from our laboratory indicate
that a mutant form of E. coli HlyA without its 60 C-terminal
amino acids that constitute the minimal C-terminal signal can-
not be secreted and induces SDS sensitivity. This indicates that
HlyA also contains regions located outside its C-terminal sig-
nal that are probably able to recognize HlyB and induce block-
ing of the HlyBD-TolC system (our unpublished data). Thus,
the presence of multiple binding sites might be a general char-
acteristic of T1SS. Together, our data are consistent with the
common view that HasA and other T1SS-secreted substrates
are transported in an unfolded or loosely folded state.

The notion that secreted proteins require multiple noncon-
tiguous secretion signals (or sequences required for secretion)
is not new and first emerged for type 3 secretion. Strikingly,
one feature of both T1SS and T3SS is the lack of a single
clearly conserved signal sequence to direct substrate proteins
for secretion. Although the model of type 3 secretion is still
making progress, the N terminus of the secreted proteins is
thought to contain a secretion signal (10, 36, 37). In addition,
while many of the T3SS-secreted substrates are also known to
possess specific chaperones that are required for their secre-
tion (8, 36, 43), some are not but possess two secretion signals
(1, 5). Similarly, T1SS-secreted substrates usually do not have
specific chaperones. In the particular case of HasA, SecB only
has an antifolding function (13, 45), excluding the possibility of
a chaperone-dependent secretion signal. Here, the primary
recognition sites ensure efficient interaction between HasA
and HasD, which then triggers the recruitment of TolC. Thus,

FIG. 6. Secretion of full-length mutant HasA proteins with pen-
tapeptide insertions. (A) Cells of LMD439 (att �::hasDE) expressing a
pAM-encoded wild-type (WT) or mutant form of HasA were induced
for type 1 secretion with 0.02% arabinose until the late exponential
phase. Following centrifugation of culture aliquots, proteins in the
supernatants were precipitated with trichloroacetic acid, separated by
SDS-PAGE, and visualized by Coomassie blue staining. The molecular
masses of the markers (kilodaltons) are indicated at the left. (B) The
levels of secretion were quantified by densitometry analysis. The re-
sults generated are based on three independent experiments and are
expressed in percentages of the wild-type HasA level of secretion
(100%). The dashed line indicates the arbitrary threshold of 50%
reduction of secretion. Note that in the absence of arabinose, the
expression levels of HasA and the mutant proteins retained in the
cytoplasm are comparable (data not shown).

VOL. 192, 2010 ASSEMBLY OF THE HasDE-TolC TYPE 1 SECRETION SYSTEM 3867



they play an important role in the efficiency of HasA secretion.
On the other hand, several lines of evidence indicate that the
C-terminal signal induces the dissociation of TolC. First, a
fragment of HasA corresponding to its 56 C-terminal amino
acids suppresses the SDS sensitivity of strains expressing
HasDE-TolC and HasA(1-174), suggesting that it induces the
dissociation of TolC (7). Second, as monitored in limited pro-
teolysis assays, TolC reverts to its unengaged resting state in
the presence of the HasA C terminus.

Genetic and biochemical data showed that type 1 secretion
requires ATP hydrolysis by the ABC protein (22, 23). As the
C-terminal signal binds to HasD (unpublished data), perhaps
directly to the nucleotide binding domain (NBD), it is tempt-
ing to speculate that it also regulates ATP hydrolysis. The
system containing HasDE474Q cannot release TolC, suggesting
that the energy of ATP hydrolysis could be used to facilitate
disassembly of the system and release of the translocating
substrate. Molecular events coupled to substrate transport
have been examined in detail for various other ABC proteins.
The LolCDE complex catalyzes the release of lipoproteins
from the inner membrane of E. coli in an ATP-dependent
manner, leading to the formation of a complex between a
lipoprotein substrate and the periplasmic chaperone LolA
(40). Recent results showed that ATP binding and hydrolysis
weaken the interaction between LolCDE and lipoproteins,
thereby causing dissociation of substrates from LolCDE in a
detergent solution (19, 38). For other ABC proteins, the ATP
switch model proposes that ATP binding and ATP hydrolysis
induce the formation and dissociation of the NBD dimer, re-
spectively (18).

Our work indicates two modes of interaction between HasA
and HasD: (i) primary interactions via discrete linear motifs
that promote anchoring to HasD and recruitment of TolC and
(ii) secondary interactions via the C-terminal signal that induce
ATP hydrolysis and dissociation of TolC. Together with pre-

vious studies in that field, we propose a model for the secretion
of HasA (Fig. 7). First, the nascent polypeptide interacts with
SecB, which is only needed for its antifolding activity (13, 35,
45). Then, HasA binds to HasD via primary recognition sites.
These interactions also complete the formation of the trans-
membrane machine with recruitment of TolC. As synthesis of
HasA without binding to HasD would prevent its subsequent
secretion, this step could be cotranslational (11). Such tight
coupling between synthesis and secretion would enable se-
quential interaction between unfolded HasA and HasD. Fi-
nally, substrate translocation ends with the presentation of the
C-terminal releasing signal. Its specific interaction with HasD
NBD induces ATP hydrolysis and dissociation of TolC for the
next cycle.
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17. Ghigo, J. M., S. Létoffé, and C. Wandersman. 1997. A new type of hemo-
phore-dependent heme acquisition system of Serratia marcescens reconsti-
tuted in Escherichia coli. J. Bacteriol. 179:3572–3579.

18. Higgins, C. F., and K. J. Linton. 2004. The ATP switch model for ABC
transporters. Nat. Struct. Mol. Biol. 11:918–926.

19. Ito, Y., K. Kanamaru, N. Taniguchi, S. Miyamoto, and H. Tokuda. 2006. A
novel ligand bound ABC transporter, LolCDE, provides insights into the
molecular mechanisms underlying membrane detachment of bacterial li-
poproteins. Mol. Microbiol. 62:1064–1075.

20. Kenny, B., R. Haigh, and I. B. Holland. 1991. Analysis of the haemolysin
transport process through the secretion from Escherichia coli of PCM, CAT
or beta-galactosidase fused to the Hly C-terminal signal domain. Mol. Mi-
crobiol. 5:2557–2568.

21. Koronakis, V., E. Koronakis, and C. Hughes. 1989. Isolation and analysis of
the C-terminal signal directing export of Escherichia coli hemolysin protein
across both bacterial membranes. EMBO J. 8:595–605.

22. Koronakis, V., C. Hughes, and E. Koronakis. 1991. Energetically distinct
early and late stages of HlyB/HlyD-dependent secretion across both Esche-
richia coli membranes. EMBO J. 10:3263–3272.

23. Koronakis, E., C. Hughes, I. Milisav, and V. Koronakis. 1995. Protein
exporter function and in vitro ATPase activity are correlated in ABC-domain
mutants of HlyB. Mol. Microbiol. 16:87–96.

24. Koronakis, V., J. Li, E. Koronakis, and K. Stauffer. 1997. Structure of TolC,
the outer membrane component of the bacterial type I efflux system, derived
from two-dimensional crystals. Mol. Microbiol. 23:617–626.
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