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Abstract: In the type Ill secretion system (T3SS) of Aeromonas hydrophila, AcrH acts as a
chaperone for translocators AopB and AopD. AcrH forms a stable 1:1 monomeric complex with
AopD, whereas the 1:1 AcrH-AopB complex exists mainly as a metastable oligomeric form and
only in minor amounts as a stable monomeric form. Limited protease digestion shows that these
complexes contain highly exposed regions, thus allowing mapping of intact functional chaperone
binding regions of AopB and AopD. AopD uses the transmembrane domain (DF1, residues 16-147)
and the C-terminal amphipathic helical domain (DF2, residues 242-296) whereas AopB uses a
discrete region containing the transmembrane domain and the putative N-terminal coiled coil
domain (BF1, residues 33-264). Oligomerization of the AcrH-AopB complex is mainly through the
C-terminal coiled coil domain of AopB, which is dispensable for chaperone binding. The three
proteins, AcrH, AopB, and AopD, can be coexpressed to form an oligomeric and metastable
complex. These three proteins are also oligomerized mainly through the C-terminal domain of
AopB. Formation of such an oligomeric and metastable complex may be important for the proper
formation of translocon of correct topology and stoichiometry on the host membrane.
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Introduction

Aeromonas hydrophila is an ubiquitous Gram-negative
bacterium which can cause motile aeromonad septice-
mia in both fish and humans.*® Main clinical symp-
toms associated with Aeromonas infection are gastro-
enteritis, wound infections, and systemic illnesses.?
Like many other Gram-negative bacteria, a type III
secretion system (T3SS) is essential for the pathogene-
sis of A. hydrophila.* Two kinds of proteins, “effectors”
and “translocators,” are delivered by the T3SS through
the needle-shaped secretion apparatus called “injecti-
some.” Effector proteins are delivered directly from
the bacterial cytoplasm into the eukaryotic cell cytosol
where they interfere with signaling cascades of host
cells, leading to various events, such as cytoskeleton
rearrangement and apoptosis of macrophage, that aid
survival of bacteria within host cells.® Three effectors
were found to be secreted by a AaopN mutant of A.
hydrophila AH-1.” One of these effectors shared 52%
identity with ExoT of Pseudomonas aeruginosa.
Recently, Vilches et al. and Sha et al. also identified
ExoT homologs, AexT and AexU in strains AH-3 and
SSU, respectively.®9 Translocator proteins form a pore
in the eukaryotic cell membrane, allowing passage of
effectors.’® Some translocators also carry regulatory
roles in the synthesis and secretion of T3SS compo-
nents.'”'* The most studied T3SS translocator proteins
are YopB and YopD from Yersinia sp. encoded by the
lerGVH-yopBD operon. These two proteins form a pore
channel through the eukaryotic cell membrane and are
essential for delivery of effectors into the cytosol of host
cells.’®'* In A. hydrophila, a similar acrGVH-aopBD
operon has been identified that encodes putative trans-
locators AopB and AopD, respective homologous to
YopB and YopD.* Inactivation of AopB and AopD in
A. hydrophila led to decreased cytotoxicity in carp epi-
thelial cells, increased phagocytosis, and reduced viru-
lence in blue gourami fish.*

As effectors and translocators are released only at
the moment of host contact or under other appropri-
ate environmental conditions, for example, low-cal-
cium concentrations, they have to be stored inside the
bacterial cytoplasm before their release.”® A class of
T3SS proteins called “chaperone” is needed to stabilize
these translocators within the cytoplasm and to pre-
vent their premature association.’® The chaperone for
effector proteins is called Class I chaperone and the
structure of some representative members, for exam-
ple, SycE from Yersinia sp., have been determined by
X-ray crystallography.”*® SycE comprises a mixture of
o-f structures and functions as a dimer with the sub-
strate YopE wrapped around this dimer in a partly
unfolded form.'?*° This allows the effector to pass
through the conduit of the injectisome which is too
narrow for the fully folded effector.>* Relatively little is
known about the molecular mechanism of the Class II
chaperone which is exclusive for translocator proteins.
LerH/SyceD is a well studied Yersinia sp. Class II chap-
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erone for translocators YopB and YopD.** It also regu-
lates the response of T3SS to low-calcium concentra-
tions.?® The crystal structure of Y. enterocolitica SycD
has recently been determined.** LerH is an entirely o-
helical protein comprises of three tetratricopeptide
repeat (TPR) like motif.?52® Two distinct regions on
LerH have been identified to interact separately with
YopB and YopD. YopB binds at the concave peptide-
binding groove, whereas YopD binds to outer convex
regions of LerH.*” In P. aeruginosa, PerH has also
been reported to bind to PopB or PopD2®2° but simul-
taneous binding of both PopB and PopD to PcrH has
not been observed.*®

The acrGVH-aopBD operon that has been identi-
fied in A. hydrophila also codes for a putative Class II
chaperone AcrH that is located adjacent to its sub-
strate translocators, AopB and AopD. In this study, by
coexpressing and copurifying these proteins, we have
shown that AcrH interacts with AopB or AopD. Using
limited protease digestion, we found that parts of
these two translocators were highly exposed even
when bound onto the chaperone. A similar approach
has been used to determine induced burial regions in
chaperones AscE and AscG on complex formation with
the needle-subunit AscF.3° Boundaries determined for
intact regions of AopB and AopD binding to AcrH gen-
erally agreed with the “chaperone binding region” as
determined by truncation studies with YopB and YopD
on LerH, but with clear distinctions. These findings
also prompted us to identify a region in AopB that is
dispensable for chaperone binding but essential for po-
lymerization of the AcrH-AopB and AcrH-AopB-AopD
complexes.

Results

The AcrH interacts with AopB or AopD to form
a 1:1 complex

To investigate stabilities and oligomeric states of
AcrH, AopB, and AopD, initially, we expressed these
proteins separately. Both AcrH and AopD could be
over-expressed but AopD could only be solubilized in
a buffer containing 2% Triton X-100. On gel filtration
chromatography, AcrH eluted at a volume correspond-
ing to a dimeric form [Fig. 1(A)], whereas AopD dis-
played nonspecific and heterogeneous aggregation and
was excluded from the column (data not shown).
AopB could not be expressed at all in bacterial cells
and this was likely because of its extensive hydropho-
bic regions. Here, we used the pETDuet-1 coexpression
system to coexpress each individual translocator with
the chaperone AcrH. AcrH was subcloned into the first
multiple-cloning site containing an N-terminal poly-
His tag. AopB or AopD were respectively subcloned
into the second multiple-cloning site of the same vec-
tor. Notably, AopB or AopD could be coexpressed with
AcrH to form stable AcrH-AopB or AcrH-AopD com-
plexes that could be copurified by Ni-NTA affinity
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Figure 1. Purification and crosslinking of complexes formed between AcrH and AopB or AopD. A: HiLoad 16/60 Superdex
200 elution profile of AcrH and SDS-PAGE showing crosslinking of AcrH. Lane (1) M,, marker and lane (2) crosslinked product
of AcrH. The major product is a dimeric form with a M,, of around 40 kDa. B: Elution profile of the AcrH-AopB complex.
Majority of the complex exists as an oligomeric form, only part of it is in a monomeric form. SDS-PAGE shows crosslinking of
the monomeric form of AcrH-AopB. Lane (1) M,, marker; lane (2) monomeric AcrH-AopB complex from gel filtration; and lane
(3) crosslinked AcrH-AopB complex. The major product is a 1:1 AcrH-AopB complex with a M,, of around 55 kDa. C: Elution
profile of the AcrH-AopD complex. The complex exists entirely as a monomeric form. SDS-PAGE shows crosslinking of
AcrH-AopD. Lane (1) M,, marker; (2) monomeric AcrH-AopD complex from gel filtration; and (3) crosslinked AcrH-AopD
complex. The major product is a 1:1 AcrH-AopD complex with a M,, of around 52 kDa. The down arrow above the elution

profile indicates the void volume of the column.
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Figure 2. Limited protease digestion of the AcrH-AopD complex. A: SDS-PAGE showing partial digestion of AcrH-AopD with
chymotrypsin. Lane (1) M,, marker; lane (2) monomeric AcrH-AopD from gel filtration before digestion; and lane (3) AopD is
being digested into two separate fragments, DF1 (residues 16-147) and DF2 (residues 242-296), whereas AcrH remains
intact. B: Sequence alignment of AopD from Aeromonas hydrophila (AAR26342) with YopD from Yersinia enterolitica
(AAD16812) and PopD from Pseudomonas aeruginosa (AAC45938). Predicted transmembrane domains (TMHMM Server v.
2.0, http://www.cbs.dtu.dk/services/TMHMM-2.0/) are highlighted in gray. Residues that are determined to be involved in
chaperone binding are boxed (this work and Francis et al.*?). Residues from the coiled coil regions predicted by the program

COILS®® are boldfaced.

chromatography [Fig. 1(B,C)]. Homogeneity and oligo-
meric states of complexes were determined via gel fil-
tration chromatography. The AcrH-AopD complex was
mostly monomeric and eluted slightly earlier than the
dimeric AcrH [Fig. 1(C)]. In contrast, most of the
AcrH-AopB complex was oligomeric and excluded
from the gel filtration column. Only small part of the
complex could be purified in the monomeric form
[Fig. 1(B)].

To further confirm the stoichiometry of AcrH and
the AcrH-AopD and AcrH-AopB complexes, we per-
formed chemical crosslinking experiments on these
proteins. Previously, using chemical crosslinking and
analytical gel filtration, it had been shown that SycD/
LerH, the AcrH homolog in Yersinia enterolitica, was
expressed as a homodimer.®" Similarly, based on
chemical crosslinking of the purified protein, here, we
demonstrated that AcrH was also expressed as a
homodimer. Figure 1(A) shows that the major species
after crosslinking of AcrH was a band of size ~40
kDa, which corresponded to the molecular weight of a
dimeric AcrH (monomeric M, = 18.4 kDa). Our result
agrees with the crystal structure of SycD which forms
a head-to-head dimer in the absence of its cognate
substrates.”* Crosslinking of the monomeric AcrH-
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AopB or AcrH-AopD complex [Fig. 1(B,C)] yielded a
prominent band of ~55 kDa corresponding to a 1:1
AcrH-AopB or AcrH-AopD complex. This suggested
that the AcrH dimer dissociated to a monomeric state
on binding to the translocator AopB (monomeric
M,, = 36.5 kDa) or AopD (monomeric M,, = 32.3 kDa).
The AcrH-AopD complex was shown to be monomeric,
while both monomeric and oligomeric forms of the
AcrH-AopB complex were observed, majority being the
oligomeric form [Fig. 1(B,C)].

The chaperone binding regions of AopD

Different proteases, namely trypsin, chymotrypsin, pa-
pain, thermolysin, elastase, subtilisin, endoproteinase
glu-C, and proteinase K, were tested for proteolytic
cleavages of the AcrH-AopD complex. Eventually, chy-
motrypsin was selected for carrying out limited diges-
tion of AcrH-AopD as it produced a stable digestion
pattern over 5 h. AopD (32.3 kDa) was cleaved yield-
ing two fragments, DF1 and DF2, that remained bound
to AcrH [Fig. 2(A)]. Edman sequencing of DF1 and
DF2 showed their N-terminal sequences to be VAPAD
and SQANA, respectively. Further analysis by mass
spectrometry identified DF1 as the fragment consisting
of residues Val16 to Leu147 (132 residues, M,, = 13.9
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Figure 3. Limited protease digestion of the AcrH-AopB complex. A: SDS-PAGE showing partial digestion of AcrH-AopB with

elastase. Lane (1) M,, marker; lane (2) monomeric AcrH-AopB from gel filtration before digestion; and lane (3) AopB is being
digested into a single fragment, BF1 (residues 33-264), whereas AcrH remains intact. B: Coexpression and purification of
AcrH-AopB'2%* complex. Lane (1) M,, marker; lane (2) AcrH-AopB complex; lane (3) AcrH-AopB'2%* complex. The gel

filtration elution profile shows that the AcrH-AopB'254

complex exists entirely as a monomeric form. The down arrow above

the elution profile indicates the void volume of the column. C: Sequence alignment of AopB from Aeromonoas hydrophila
(AAR26341) with YopB from Yersinia enterolitica (AAK69211) and PopB from Pseudomonas aeruginosa (AAG05097). Predicted
transmembrane domains (TMHMM Server v. 2.0, http://www.cbs.dtu.dk/services/TMHMM-2.0/) are highlighted in gray.
Residues that are determined to be involved in chaperone binding are boxed. Residues from the predicted coiled coil regions

by the program COILS® are boldfaced.

kDa) and DF2 as the fragment consisting of residues
Ser242 to Phe296 (55 residues, M,, = 6.4 kDa) [Fig.
2(B)]. AcrH in the AcrH-AopD complex was resistant
to digestion by the protease. The DF1 fragment
included the predicted transmembrane domain,
whereas the DF2 fragment contained a C-terminal am-
phipathic domain of AopD.

The chaperone binding region of AopB

To determine the chaperone binding region of AopB,
the protease elastase was used to partially cleave the
AcrH-AopB complex. AopB (M,, = 36.5 kDa) was
reduced to a band of around 24.1 kDa after 5 min of
elastase digestion [Fig. 3(A)]. This 24.1 kDa fragment,
BF1, was tightly bound to AcrH and eluted together
with AcrH through gel filtration chromatography and
this was further confirmed by SDS-PAGE. Mass spec-
trometry and N-terminal sequencing confirmed the
identity of this intact chaperone binding BF1 fragment
to consist of residues Ala33 to Leu264 of AopB (232
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residues, 24.1 kDa) indicating that 32 N-terminal resi-
dues and 83 C-terminal residues had been digested
away. This BF1 fragment contained the predicted
transmembrane domains and a putative N-terminal
coiled coil domain [Fig. 3(C)].

Subsequently, we coexpressed AcrH with this BF1
fragment. The BF1 fragment failed to express even in
the presence of AcrH (data not shown), suggesting
that either N-terminal or C-terminal residues were
essential for folding of AopB although they were dis-
pensable for formation of the AcrH-AopB complex.
Further, we tried to combine the BF1 and the N-ter-
minus residues and found that this fragment contain-
ing residues 1-264 of AopB could be coexpressed
with AcrH to form a soluble complex that could be
copurified on a Ni-NTA column [Fig. 3(B)]. However,
32 N-terminal residues of this AcrH-AopB'™2%4 com-
plex could be digested away with protease leaving the
BF1 fragment intact (data not shown) indicating that
they still remained exposed and the BF1 fragment
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represented a functional chaperone binding region of
AopB.

In addition to mapping the chaperone binding
region of AopB, surprisingly, we also found that this
AcrH-AopB* 2% complex existed entirely as a mono-
meric form as determined from the gel filtration pro-
file [Fig. 3(B)]. This result suggested that although the
83 C-terminal residues of AopB, which contained a pu-
tative coiled coil domain, were not involved in chaper-
one binding, they may have a role in the formation of
the oligomeric form of the AcrH-AopB complex.

AopB and AopD interact with AcrH to form an
oligomeric AcrH-AopB-AopD complex

LerH, the homolog of AcrH, contains three tandem
TPRs. A site-directed mutation study suggested sepa-
rate surfaces on the protein for binding YopB and
YopD.?” Based on the sequence alignment with LerH,
AcrH is also comprised of three tandem TPRs. To
determine whether AcrH can form a complex with
both AopB and AopD, we coexpressed three proteins
concomitantly from an acrHaopBaopD tricistronic sys-
tem with the His-tag on AopD. AcrH could be coex-
pressed with both AopB and AopD to form a soluble
complex that could be copurified on a Ni-NTA column
[Fig. 4(A)]. However, the AcrH-AopB-AopD complex
was excluded from the gel filtration column indicating
that it mostly existed as an oligomeric form [Fig.
4(A)]. So far, no monomeric species of the AcrH-
AopB-AopD complex can be obtained.

As the removal of the 83 C-terminal residues of
AopB was found to disrupt the oligomeric state of the
AcrH-AopB complex, we attempted to coexpress AcrH,
AopB'™2%4 and AopD together with His-tag on AcrH.
Majority of the complexes formed were found to elute
from the gel filtration column as a mixture of mono-
meric AcrH-AopB'2%4 and AcrH-AopD complexes
[Fig. 4(B)] suggesting that 83 C-terminal residues of
AopB were not only responsible for oligomerization of
the AcrH-AopB complex but also for oligomerization
of the AcrH-AopB-AopD complex.

The oligomeric AcrH-AopB-AopD complex is
metastable

The stability of a chaperone-substrate complex deter-
mines how easily a substrate can be dissociated from
its chaperone. The metastable state of a protein has
lower stability and less interaction between amino acid
residues. To compare relative stabilities of AcrH and
its various complexes, we performed thermal denatu-
ration studies on these complexes using Far-UV circu-
lar dichroism (CD) and the data was curve fitted using
a two-state equation that also accounts for the drift of
CD signal at the base line regions.?* The dimeric AcrH
was soluble and stable by itself with a T, of 51.92 +
0.02°C (Fig. 5), which was comparable with that
observed at 48°C for PcrH.*® The thermostability of
the AcrH-AopD complex (T, of 57.76 + 0.05°C) was
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higher than that of AcrH alone (Fig. 5). This stability
is comparable with that of the 1:1 PerH-PopD complex
at neutral pH (T, of 55°C), but is much higher than
that of the oligomeric and metastable PopD at acidic
pH (T, of 42°C).*°

The heterodimeric AcrH-AopB complex isolated
showed exceptionally high-thermal stability of T}, =
70.40 + 0.04°C (Fig. 5), which was 18.5 and 12.6°C
higher than that of AcrH and AcrH-AopD, respectively,
indicating that either a much larger portion of AopB
was structurally folded, or that it exhibited more
extensive interactions with AcrH in the complex. Both
explanations agreed with our observation that a large
and discrete fragment of AopB remained intact in the
AcrH-AopB complex after a limited proteolysis. The
thermal stability of the monomeric AcrH-AopB'2%4
complex, with a Ty, of 66.44 + 0.01°C, was compara-
ble with that of the monomeric AcrH-AopB complex.
Interestingly, the stability of the oligomeric form of
AcrH-AopB complex was very low and the accurate T,
could not be obtained due to poor curve fitting (Fig.
5). The low stability of the oligomeric AcrH-AopB
complex agreed with stability findings for the metasta-
ble and oligomeric PcrH-PopB at acidic (T, of 32°C)
or neutral pH (T, of 40°C).*® Although the accurate
Ty, for the oligomeric AcrH-AopB-AopD complex could
not be obtained also due to a very gentle slope of tran-
sition, we found that the oligomeric AcrH-AopB-AopD
complex was least stable, with its T, of around 5°C
lower than that of the oligomeric AcrH-AopB complex
(Fig. 5).

Discussion

The role of the AcrH chaperone is to keep transloca-
tors AopB and AopD in soluble and stable forms in
the cytoplasm, likely by burial of their hydrophobic
transmembrane helices. But at the same time, the
chaperone also should keep translocators in conforma-
tions that are suitable for secretion through the con-
duit of the needle complex and insertion into the host
membrane. Coexpression experiments showed that
AcrH formed a stable and soluble 1:1 complex with ei-
ther AopB or AopD. These findings correspond to
those previously observed in Yersinia sp. that YopB or
YopD alone could not be expressed as monomeric and
stable protein.’®** YopD and YopB, however, could be
stabilized on binding to the chaperone LerH/SyceD in
Yersinia pseudotuberculosis.”>*3 It has also been
reported that the translocator has a molten globule
conformation both in its free and chaperone bound
forms.?> To speculate that exposed regions may be
present in the complexes formed between AcrH and
AopB or AopD, we carried out limited protease diges-
tions on these complexes. Intact chaperone binding
regions mapped this way represent actual functional
binding domains and are different from arbitrary
boundaries determined by assessing loss of chaperone
binding by use of deletion mutants. The deletion
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mutation method cannot give proper information unfolding, thus preventing it from binding to the
about regions that are exposed and not involved in  chaperone properly.

chaperone binding."® It is also possible that deletion of Using limited proteolysis, we discovered that both
a large fragment of a protein could lead to protein  AcrH-AopB and AcrH-AopD complexes had extensive
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Figure 5. Thermal denaturation of AcrH and various
complexes as monitored by FarUV-CD at 222 nm. The
fraction of protein denatured is plotted against temperature
(°C). Legends for different proteins are: dimeric AcrH (open
circle); monomeric AcrH-AopB (open square); monomeric
AcrH-AopD (open rhombus); oligomeric AcrH-AopB-AopD
(open inverted triangle); monomeric AcrH-AopB'2%* (cross);
and oligomeric AcrH-AopB (open triangle).

exposed regions that were not involved in chaperone
binding. Functional and intact chaperone binding
regions of AopD were mapped to two separate regions,
DF1 (residues 16—147) and DF2 (residues 242-296).
These findings agree with mapped regions of YopD
binding to the chaperone LerH3%3¢ but with slight dif-
ferences. Residues 53-149 (transmembrane domain)
and 278-292 (amphipathic domain) of YopD were
found to be important for LerH attachment.3*37 In
PopD, the putative transmembrane fragment was bur-
ied within the PerH-PopD complex.3> However, unlike
in the cases of AopD and YopD, the C-terminal amphi-
pathic helix of PopD was not bound to PcrH and was
susceptible to trypsin digestion. The region (residues
20—49) at the N-terminus of DF1 is aligned to a region
in IpaC (residues 50—-80), a homolog of AopD from
Shigella flexnert, which had been reported to be criti-
cal for its invasion function and also essential for
chaperone binding.3® The region (residues 246—266)
at the N-terminus of DF2 corresponded to a putative
amphipathic coiled coil domain predicted in YopD
showing a similar pattern of hydrophobic residues
[Fig. 2(B)]. This coiled coil domain, however, has not
been located in AopD and PopD and the biological sig-
nificance remains to be determined.

The BF1 fragment of AopB that bound to the
chaperone was a single large fragment comprising a
putative N-terminal coiled coil domain®?® and two pre-
dicted transmembrane domains®® but not the putative
C-terminal coiled coil domain [Fig. 3(C)]. Transmem-
brane helices are highly hydrophobic and burial of this

Tan et al.

region through chaperone binding or protein folding
can highly increase its stability and avoid their non-
specific interactions. As the size of the chaperone
binding region of AopB is relatively large, it is reason-
able to expect that multiple regions within this single
fragment of BF1 may be involved directly in chaperone
binding. Our results agree with previous findings that
SyeD/LerH did not bind to a unique clearly defined
segment of YopB, but rather bind at different sites of
the protein.’® On the basis of our findings, we can con-
clude that these sites are located within the BF1 frag-
ment and not at the N- or C-terminal regions of the
protein. It should also be noted that the first 32 N-ter-
minal residues of AopB, was not identified as a chap-
erone binding region by proteolytic assay but found to
be essential for coexpression of the AcrH-AopB
complex.

It had been determined that PopB and PopD can
only be inserted into a host membrane in an oligo-
meric and metastable form.*® Studies on the T3SS of
P. aeruginosa had also shown that PcrH formed a het-
erodimeric complex with PopD and a hetero-oligo-
meric (and/or possibly heterodimeric) complex with
PopB on coexpression in the bacterial cytoplasm.*® In
our study, we found that the AcrH-AopD complex
existed as a monomer, whereas the AcrH-AopB com-
plex was found mainly as an oligomeric form with a
small portion as the monomeric form. The AcrH-
AopB-AopD complex exists entirely as an oligomeric
form when these three proteins are coexpressed. The
monomeric AcrH-AopB and AcrH-AopD complexes
are relatively stable and dissociation of such complexes
inside the cell is unlikely. Indeed, the oligomeric
AcrH-AopB and AcrH-AopB-AopD complexes have sig-
nificantly lower stabilities. This suggested that exten-
sive conformational changes or dissociation must have
taken place during oligomerization of these complexes.
It has been shown that InvC, the ATPase of the Salmo-
nella typhi T3SS, is responsible to recognize, disas-
semble, and unfold protein substrate of the SicP-SptP
chaperone-effector complex. The dissociation and
unfolding process require hydrolysis of ATP and are
essential for recycling of the chaperone and secretion
through the narrow conduit of the needle complex.*°
The importance of a metastable substrate for T3SS
secretion was shown by the experiment that only a
mutant of DHFR with a folding defect, but not the
wild type DHFR, could be secreted when fused to the
secretion signal of YopE.*' It is the least stable com-
plex that allows effective dissociation of translocators
from the chaperone and unfolding of the substrate
before secretion.

During the mapping of the chaperone binding
region of AopB, we found that oligomerization of the
AcrH-AopB complex was mainly mediated through the
exposed C-terminal domain (residues 265-347) of
AopB and that truncation of this domain led to the
formation of an entirely monomeric AcrH-AopB
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complex. The ability of AopB to oligomerize is also
essential for the formation of the AcrH-AopB-AopD
complex as coexpression of AopB*~2%4 with both AcrH
and AopD resulted in a mixture of monomeric AcrH-
AopB and AcrH-AopD instead of the oligomeric AcrH-
AopB-AopD complex. In addition, oligomerization of
the AcrH-AopB-AopD complex likely to occur only in
vivo, as in vitro mixing of monomeric or oligomeric
AcrH-AopB with AcrH-AopD did not form the AcrH-
AopB-AopD complex (data not shown). To investigate
the importance of oligomerization of the AcrH-AopB-
AopD complex on the secretion of translocators, an in-
frame deletion mutant AaopNB was constructed by
deleting aopB from a negative regulator mutant
(AaopN) of A. hydrophila which is competent for
T3SS secretion.” Our result showed that AopD could
be secreted from this AaopN mutant of A. hydrophila
even in the absence of AopB, suggesting that secretion
of AopD is independent of AopB and oligomerization
of the AcrH-AopB-AopD complex (Supporting Infor-
mation Figure 1). Rather than affecting secretion of
the translocators, we speculate that oligomerization of
the metastable AcrH-AopB-AopD complex may be im-
portant for proper translocation and formation of
translocon on the host cell with the correct topology
and stoichiometry. The exact role of oligomerization of
the AcrH-AopB-AopD complex remains to be
elucidated.

Materials and Methods

Cloning of AcrH, AcrH-AopB, AcrH-AopD,

and AcrH-AopB-AopD

AcrH, AopB, or AopD DNA constructs were subcloned
separately into a modified pET-32a vector (with thio-
redoxin and S-tag removed) using restriction enzymes
BamH I and EcoR I for expression of these three pro-
teins as their respective His-tag fusion proteins. For
coexpression of AcrH-AopB or AcrH-AopD complexes,
full length AcrH was subcloned into the first multiple-
cloning site of the pETDuet-1 coexpression vector
(Novagen) using restriction enzymes BamH I and
EcoR I. A full-length AopD was subsequently sub-
cloned at the second multiple-cloning site of the same
vector using Nde I and Xho III allowing coexpression
of both proteins. The (His)q tag was encoded upstream
of AcrH. A similar subcloning was done for the full-
length AopB and the C-terminal truncated mutant
AopB'™2%4 at the first multiple-cloning site of the same
vector by using restriction enzymes EcoR I and Hind
III. While AcrH was subcloned into the second multi-
ple-cloning site by using restriction enzymes Nde I
and Bgl II. The His-tag was attached at the N-termini
of AopB constructs, allowing the pull-down of AcrH
when an AcrH-AopB interaction occurred. Sequences
of constructs were verified by big dye DNA sequencing
using 3100 Genetic Analyzer automated DNA
sequencer (Applied Biosystems). For coexpression of
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the AcrH-AopB-AopD complex, genes encoding the
AcrHAopBD part of the acrGVHaopBD operon from
the genomic DNA of A. hydrophila were amplified by
standard PCR procedures and subcloned between the
Xba I and Hind III restriction sites of a modified pET-
32a vector (Novagen) which had its S-Tag and the thi-
oredoxin tag removed. The His-tag was attached at the
C-terminus of AopD. As for the expression of AcrH-
AopB2%4-AopD, the construct was generated by the
PCR-based overlap extension method to remove resi-
dues 264—-347 of AopB on the acrGVHaopBD operon
before acrHaopB! 24D was amplified for cloning. The
His-tag was attached at the N-terminus of AcrH.

Expression and purification of AcrH,

AcrH-AopB, AcrH-AopD, and AcrH-AopB-AopD
A single ampicillin-resistant colony of Escherichia coli
BL21 (DE3) cells transformed with the suitable plas-
mid was used to inoculate 50 mL of Luria broth sup-
plemented with 100 pg/mL of ampicillin. The culture
was grown overnight at 37°C with shaking at a speed
of 200 rpm. Ten milliliter of the overnight culture was
inoculated to 1 L of fresh Luria Broth and the cells
were grown to early log phase (ODgoo = 0.6). IPTG
was added to a final concentration of 0.3 mM to
induce expression and cells were grown at 25°C for
additional 6 h. Cells were harvested by centrifugation
at 6891g for 15 min. The cell pellet obtained from 1 L
of culture was resuspended in 30 mL of Ni-binding
buffer (20 mM Tris-HCl pH 7.5, 200 mM NaCl, 5%
glycerol, 10 mM B-mercaptoethanol, and 5 mM imid-
azole) along with one tablet of Complete EDTA-free
cocktail protease-inhibitor (Roche). Cells were lyzed by
sonication and cell debris were removed by centrifuga-
tion at 26,581¢g for 30 min. The supernatant was puri-
fied using Ni-NTA beads (Qiagen). Ni-binding buffer
with 0.4M of imidazole were used to elute proteins
from the beads. They were further purified on a pre-
packed HiLoad 16/60 Superdex 200 prep grade (GE
Healthcare) gel filtration chromatography column on
the AKTA fast protein liquid chromatography system
(GE Healthcare) using gel filtration buffer (20 mM
Tris-Cl, pH 7.5, 200 mM NaCl, 5% glycerol, and 10
mM B-mercaptoethanol). The eluted protein was then
stored at —80°C for subsequent analysis.

Limited protease digestion

All proteases used for limited digestion studies were
from Sigma. Small-scale digestions using different
amounts of proteases for different periods of time
were performed before scaling up the reaction. Limited
protease digestion was performed on the monomeric
AcrH-AopB and AcrH-AopD complexes in gel filtration
buffer (20 mM Tris-Cl, pH 7.5, 200 mM NaCl, 5%
glycerol, and 10 mM B-mercaptoethanol). The purified
AcrH-AopB complex was concentrated to 30 mg/mL
and subsequently incubated with elastase (E7885,
from porcine pancreas) at a molar ratio of 1:200 at
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25°C for 5 min before loading onto the HiLoad 16/60
Superdex 75 prep grade (GE Healthcare) gel filtration
chromatography column to remove the protease and
obtain the digested complex. The purified AcrH-AopD
complex was incubated with chymotrypsin (C4129,
Type II o-chymotrypsin from bovine pancreas) at a
molar ratio of 1:100 at 25°C for 5 h. The reaction was
terminated by passing digested proteins through a gel
filtration chromatography column as described for
AcrH-AopB.

Mass spectrometry and N-terminal sequencing
Protease digested AcrHB and AcrHD complexes con-
taining intact domains still bound to AcrH were col-
lected after gel filtration chromatography. These sam-
ples were spotted on a MALDI target plate, with
sinapinic acid as a matrix, and the molecular weight of
each component in the complex was determined using
Voyager-DE STR mass spectrometer (Applied Biosys-
tems) with a voltage of 2100 V and laser intensity of
2500. As for the N-terminal sequencing analysis, pro-
tease digested samples were separated on a 15% SDS-
PAGE gel and then blotted onto a PVDF membrane
using a Mini Trans-Blot Electrophoretic Transfer Cell
(Bio-Rad). Transblotting was performed at 4°C with a
voltage of 100 V for 1 h. Bands were visualized with
Coomassie staining and membrane-bound proteins
were excised and analyzed on an Applied Biosystems
494A Procise protein sequencer.

Chemical crosslinking

Crosslinking was performed using glutaraldehyde pur-
chased from Sigma. 0.1% glutaraldehyde was added to
100 pL of AcrH, AcrH-AopD, or monomeric AcrH-
AopB in PBS with a protein concentration of 1 mg/mL.
The reaction was performed at 4°C for a period of
30 min. Ten microliter of the reaction mixture was
sampled every 5 min to monitor progress of the cross-
linking process. Equal volume of SDS-PAGE sample
loading buffer containing 5% p-mercaptoethanol was
added to the 10 pL of reaction mixture and sample was
boiled for 5 min at 95°C before loading on a 15% SDS-
PAGE gel for electrophoresis.

Circular dichroism

All protein samples used for heat denaturation studies
were dialyzed in PBS buffer and concentrated to
20 uM each. Thermodynamic stability experiments
were conducted on a Jasco J-810 spectropolarimeter
using a wavelength of 222 nm in a 1 mm path-length
quartz cuvette (Hellma). The CD signal was recorded
for a range of temperature from 4 to 90°C with a scan
rate of 1°C/min and readings were recorded every
0.1°C. The measured ellipticity was converted to the
fraction of protein denatured before curve fitting to
obtain the T,.
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