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Aeromonas hydrophila secretes a number of protein toxins across the outer membrane via the type II secretion
system (T2SS). Assembly of the secretion channel ExeD secretin into the outer membrane is dependent on the
peptidoglycan binding domain of ExeA. In this study, the peptidoglycan binding domain PF01471 family
members were divided into a prokaryotic group and a eukaryotic group. By comparison of their sequence
conservation profiles and their representative crystal structures, we found the prokaryotic members to have a
highly conserved pocket(s) that is not present in the eukaryotic members. Substitution mutations of nine amino
acids of the pocket were constructed in ExeA. Five of the substitution derivatives showed greatly decreased
lipase secretion, accompanied by defects in secretin assembly. In addition, using in vivo cross-linking and in
vitro cosedimentation assays, we showed that these mutations decreased ExeA-peptidoglycan interactions.
These results suggest that the highly conserved pocket in ExeA is the binding site for its peptidoglycan ligand

and identify residues critical for this binding.

Aeromonas hydrophila uses the type II secretion system
(T2SS) to transport aerolysin and other protein toxins across
the outer membrane (14). The T2SS, also known as the main
terminal branch of the general secretion pathway (GSP), is
conserved in numerous Gram-negative bacteria (for a recent
review, see reference 15). The frans-envelope apparatus is
comprised of more than 14 Gsp proteins, with a distal outer
membrane secretion channel composed of a 12- to 14-member
multimer of GspD, called the secretin (4, 9, 24). In A. hy-
drophila, the Gsp homologues are termed Exe proteins (14).
ExeA and ExeB, although their homologues are not conserved
in all T2SSs, are required for both the transport of ExeD into
the outer membrane and its multimerization into the func-
tional secretin of A. hydrophila (2). ExeA and ExeB form a
complex in the inner membrane, with the C-terminal domain
of the ATPase ExeA and the majority of ExeB exposed on the
periplasmic side (11, 26, 27). A peptidoglycan binding motif is
present in the periplasmic domain of ExeA, and it has been
proposed that interactions between ExeA and peptidoglycan
are involved in the function of the ExeAB complex in the
assembly of the ExeD secretin (12). In support of this hypoth-
esis, mutagenesis studies have indicated that the peptidoglycan
binding motif is required for ExeA-peptidoglycan interactions
in vivo and in vitro, which result in multimerization of ExeA as
well as ExeD secretin assembly and protein secretion (12, 18).

The putative peptidoglycan binding domain (Pfam number
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PF01471) is present in a variety of proteins related to bacterial
cell wall functions (7). Up to the present, 2,310 proteins have
been shown to contain this domain, including eight proteins
with crystal structures available (Pfam number PF01471). Al-
though two research groups have reported physical interac-
tions between the peptidoglycan binding domain and pepti-
doglycan, the specific peptidoglycan ligand is still unknown
(3, 18).

Seven of the eight crystal structures containing the PF01471
domain (gelatinase A, gelatinase B, Prommp-1, Prommp-2-
Timp-2 complex, human type IV collagenase precursor, human
collagenase 3, and fibroblast stromelysin-1) are eukaryotic, and
one (hydrolase metallo [Zn] DD-peptidase) is prokaryotic
(Pfam number PF01471). The domain features a three-a-helix
structure that does not resemble the peptidoglycan binding
sites in known crystal structures of transpeptidases (21), trans-
glycosylases (20), lytic transglycosylases (25), lysozymes (29),
or OmpA-like peptidoglycan binding proteins (16). All of the
seven eukaryotic proteins are matrix metalloproteinases
(MMP), which degrade the extracellular matrix (28). They
contain an N-terminal domain that structurally resembles the
peptidoglycan binding domain of hydrolase metallo (Zn) DD-
peptidase but do not likely have a specific peptidoglycan bind-
ing function, although they may bind to different carbohydrate
ligands. The prokaryotic PF01471 domains are usually present
as noncatalytic N- or C-terminal modules, as, for example, in
the hydrolase metallo (Zn) DD-peptidase of Streptomyces al-
bus G, N-acetylmuramidase (lysozyme) of Clostridium acetobu-
tylicum, and N-acetylmuramoyl-L-alanine amidase CwlA of Ba-
cillus subtilis (7). The PF01471 members are also present in
Gram-negative bacteria, including, for example, Escherichia
coli, Vibrio cholerae, Pseudomonas aeruginosa, and A. hy-
drophila (Pfam database). The ~80-amino-acid residue pepti-
doglycan binding domain features two repeats, each 16 resi-
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TABLE 1. Bacterial strains and plasmids used in this study

Strain/plasmid

Genotype/phenotype/description”

Reference or source

A. hydrophila strains

Ah65 Wild type 14
C5.84 Ah65 exeA::Tn5-751; Km" 13
Plasmids

pMMB207 tac promoter, wide-host-range vector; Cm" 22
pKRJ50.2 2.5-kb exeAB BstXI in Smal of pBluescript II KS(+); Amp" 13
pKRIJ50.2RE pKRIJ50.2 with silent mutations for RsrIl, Afilll and BspEI” This study
pRJI31.1 2.5-kb exeAB BstXI in Smal of pMMB207; Cm" 13
pRIJ31.1 F476A PRIJ31.1 encoding ExeA F476A This study
pRJ31.1 K481A pRIJ31.1 encoding ExeA F487A This study
pRIJ31.11 F487A pRIJ31.1 encoding ExeA F487A This study
pRJ31.1Q488A pRIJ31.1 encoding ExeA Q488A This study
pRI31.1D496A pRIJ31.1 encoding ExeA D496A This study
pRJI31.1G497A pRIJ31.1 encoding ExeA G497A This study
pRJ31.11498W pRIJ31.1 encoding ExeA I498W This study
pRI31.1ITS03A pRIJ31.1 encoding ExeA T503A This study
pRI31.1L507A pRIJ31.1 encoding ExeA L507A This study
pET30a Expression vector; T7/ac promoter; Km" Novagen
pP-ExcA N-His P-ExeA fragment in Ndel/Xhol of pET30a 18

pP-ExeAF476A
pP-ExeAK481A
pP-ExeAF487A
pP-ExeAD496A

pP-ExeA encoding P-ExeAF476A
pP-ExeA encoding P-ExeAK487A
pP-ExeA encoding P-ExeAF487A
pP-ExeA encoding P-ExeAD496A

This study
This study
This study
This study

“ See Table 2 for locations of the three restriction sites.

> Cm", chloramphenicol resistance; Amp®, ampicillin resistance; Km?, kanamycin resistance.

dues long, connected by a heptapeptide. In the crystal structure
of hydrolase metallo (Zn) DD-peptidase, the residues of the
two repeats superimpose remarkably well (7). It was proposed
that both of the repeats are required for binding a ligand of
repeated structure (7).

In this study, the sequences of the prokaryotic and eukary-
otic PF01471 members were compared and found to be quite
different in conservation profiles, indicating that they may bind
to different ligands. We reasoned that the residues conserved
in the prokaryotic group but not in the eukaryotic group may
be responsible for specific recognition of peptidoglycan. Nine
conserved residues, which cluster and form a pocket on the
surface, were chosen for substitution mutagenesis in ExeA.
Their effects on lipase secretion, secretin assembly, and inter-
actions between ExeA and peptidoglycan were examined. The
effects of the mutations have allowed us to identify critically
important residues of the peptidoglycan binding site in ExeA
and will facilitate our efforts to identify the specific peptidogly-
can ligand.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. A. hydrophila wild-type
strain Ah65 and exeA::Tn5-751 insertion mutant strain C5.84 were used in this
study. The strains containing the appropriate plasmids were grown in buffered
Luria-Bertani (LB) medium supplemented with 1.25 pwg/ml chloramphenicol and
50 pg/ml kanamycin at 30°C as previously described (12). A total of 0.04 mM
IPTG (isopropyl-B-p-thiogalactopyranoside) was added to induce plasmid-en-
coded ExeAB. See Table 1 for a complete list of strains and plasmids.

DNA preparation, manipulation, and analysis. Minipreparations of plasmid
DNA were obtained using the alkaline lysis method described previously
(23). DNA fragments were isolated from 0.8% agarose using the QIAquick gel
extraction kit (Qiagen). Plasmids were transformed into electrocompetent E. coli
cells using electroporation as described previously (23). Wide-host-range
pMMB207 plasmids were transferred into A. hydrophila strains by conjugation
via an E. coli S17-1 donor (12).

Site-directed mutagenesis. The D496A substitution mutant of exe4 was con-
structed by sequential PCR steps to amplify the exeAB fragments as described
previously (6), using pKRJS50.2 as a template. To facilitate introducing more
substitution mutations, an Sphl/XcmlI fragment of exe4 was synthesized (Inte-
grated DNA Technologies) with silent mutations to introduce RsrII, Afilll, and
BspEI restriction sites and transferred into Sphl/Xcml of pKRJ50.2 to produce
pKRIJ50.2RE. F476A, K481A, F487A, Q488A, G497A, 1498W, T503A and
L507A mutants were constructed by insertion of a hybridized complementary
pair or pairs of oligonucleotides containing desired mutations into the appropri-
ate introduced sites of pKRJ50.2RE. The AsiSI/HindIII or BsiWI/HindIII frag-
ments of exe4 containing the constructed mutations were exchanged for the same
fragment of pRJ31.1 for functional studies. DNA sequencing was used to rule out
the possibility of unwanted mutations. See Table 2 for a list of oligonucleotides
used and the locations of the three silent-mutation restriction sites.

Lipase assay. Lipase activity was measured by assaying the release of p-
nitrophenol from p-nitrophenol caprylate (1). Cells were grown to an optical
density at 600 nm (ODy) of 1.5. A total of 100 pl of culture supernatant was
added to 900 pl of substrate buffer containing 1 mM p-nitrophenol caprylate
(pNPC), 100 mM Tris (pH 8.0), and 0.2% Triton X-100, and the reaction mixture
was incubated for 30 min at room temperature, during which the OD,;, was
measured at 5-min intervals. One unit of lipase activity equals 1 nmol pNPC
hydrolyzed per minute.

ExeD immunoblot assays. Whole-cell samples expressing ExeA derivatives
were separated on 3 to 8% Criterion precast polyacrylamide Tris-acetate gradi-
ent gels (Bio-Rad) and transferred to polyvinylidene difluoride (PVDF) mem-
branes for anti-ExeD immunoblotting (12). A chemiluminescent ECL Advance
kit (GE Healthcare) was used for signal development.

Chemical cross-linking. In vivo cross-linking of ExeA to peptidoglycan was
performed as described previously (12). After incubation with 0.5 mM 3’-dithio-
bis[sulfosuccinimidylpropionate] (DTSSP) at room temperature for 5 min, the
peptidoglycan samples were extracted and treated with 5% B-mercaptoethanol
before sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
In vitro cross-linking of P-ExeA in the presence of peptidoglycan fragments was
performed as described previously (18), except that 0 to 2 mM DTSSP was used.

Construction and purification of P-ExeA variants. The soluble periplasmic
domain of ExeA (P-ExeA) of the wild type and constructed mutant variants were
prepared as follows. DNA fragments encoding N-His P-ExeA variants were
amplified from pRJ31.1 substitution mutation plasmids by PCR with 5'-CATA
TGCACCATCATCATCATCATCAGTTCTTCGGCTTCTTCCCC and 5'-CT
CGAGTCAGGAAGCCTCCTCCGACAATGTG as primers and inserted into
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TABLE 2. Oligonucleotides used for in vitro mutagenesis

Description Oligonucleotides®

DAOOA ... 5'-GGGCTGAACCCGCACGGCATCGCCGGCAG-3' F and complement
5'""TGTAAAACGACGGCCAGT-3" upstream
5'-CAGGAAACAGCTATGAC-3" downstream

FATOA ..o 5'-GACCGCAAGGTGCGTCGCGCCGACGCCGAGC-3' F
5'-TTAAGCTCGGCGTCGGCGCGACGCACCTTGCG-3' R

KABTA .o 5'-GACCGCAAGGTGCGTCGCTTCGACGCCGAGCTTGCGAACAAGTTG-3' F
5'-CAGCAGTTCCAGCGCGAGCAGGGGCTGAAT-3' F
5"-CCGGATTCAGCCCCTGCTCGCGCTGGAACTGCTGCAACTTGTTC-3" R
5'-GCAAGCTCGGCGTCGAAGCGACGCACCTTGCG-3'R

FASTA ..o 5'-TTAAGAACAAGTTGCAGCAGGCCCAGCGCGAGCAGGGGCTGAAT-3' F
5"-CCGGATTCAGCCCCTGCTCGCGCTGGGCCTGCTGCAACTTGTTC-3" R

QABBA ... 5'-TTAAGAACAAGTTGCAGCAGTTCGCCCGCGAGCAGGGGCTGAAT-3' F
5'-CCGGATTCAGCCCCTGCTCGCGGGCGAACTGCTGCAACTTGTTC-3' R

GAOTA e 5'-CCGGACGCGATCGCCGGCAGCAATACCCTG-3' F
5'-TTGCGCCTCAACGTGATGGCCGGTGAGCCCATGCCG-3" F
5'-GGCATGGGCTCACCGGCCATCACGTT-3' R
5'-GAGGCGCAACAGGGTATTGCTGCCGGCGATCGCGT-3" R

TAOBW ..o 5"-CCGGACGGCTGGGCCGGCAGCAATACCCTG-3' F
5'-TTGCGCCTCAACGTGATGGCCGGTGAGCCCATGCCG-3' F
5'-GGCATGGGCTCACCGGCCATCACGTT-3"' R
5'-GAGGCGCAACAGGGTATTGCTGCCGGCCCAGCCGT-3' R

TS03A e 5'-CCGGACGGCATCGCCGGCAGCAATGCCCTG-3" F
5'-TTGCGCCTCAACGTGATGGCCGGTGAGCCCATGCCG-3" F
5'-GGCATGGGCTCACCGGCCATCACGTT-3' R
5'-GAGGCGCAACAGGGCATTGCTGCCGGCGATGCCGT-3' R

LS0TA ottt 5'-CCGGACGGCATCGCCGGCAGCAATACC-3' F

5"-CTGTTGCGCGCCAACGTGATGGCCGGTGAGCCCATGCCG-3" F
5'-GGCATGGGCTCACCGGCCATCACGTT-3" R
5'-GGCGCGCAACAGGGTATTGCTGCCGGCGATGCCGT-3" R

“ The substituted nucleotides are in bold; the nucleotides that match the restriction sites RsrII, Afilll, BspEI, and Xcml in pKRJ50.2RE are underlined; F, forward;

R, reverse.

the Ndel/Xhol restriction sites of the pET30a vector to construct pP-ExeA
substitution mutation plasmids. All plasmids were sequenced to rule out the
possibility of unwanted mutations before being electroporated into E. coli
BL21(DE3) for protein expression. P-ExeAs were purified from the cell lysates
by His tag affinity chromatography and ion-exchange chromatography as de-
scribed previously (18). Protein concentrations were determined by measuring
UV absorbance at 280 nm (UV,g,) with theoretical extinction coefficients.

Cosedimentation. Peptidoglycan was prepared from A. hydrophila C.5.84 cells
by a method described previously (8). Purified P-ExeA proteins (1.25 to 5 nM)
were used in the cosedimentation assay as described previously (18). The pellet
samples were applied to SDS-PAGE gels and immunoblotted with ExeA anti-
serum.

Native PAGE. Native-gradient PAGE was performed as described previously
(18). Purified P-ExeA proteins (1 mg/ml) were incubated at 37°C for 1 h before
being applied to the gel. The proteins were visualized by Coomassie brilliant blue
(CBB) R-250 staining as for SDS-PAGE gels.

RESULTS

Separation of the prokaryotic and eukaryotic members of
the PF01471 family. The putative peptidoglycan binding do-
main family PF01471 contains 2,310 members, with 239 of
them designated seed sequences (Pfam database). The 239
seed sequences include 52 eukaryotic and 183 prokaryotic se-
quences (1 archaea, 6 phages, and 176 bacteria). The two
groups of sequences were aligned separately by ClustalW2 (17)

and viewed by Jalview (5). The consensus sequences of the two
groups were also aligned for comparison of conserved amino
acid residues (Fig. 1). We chose the crystal structures of gela-
tinase A (PDB entry 1CK7) and hydrolase metallo (Zn) DD-
peptidase (PDB entry 1LBU) as models for the eukaryotic
structure and prokaryotic structure, respectively. Both of the
groups show two conserved peptide regions linked by a non-
conserved region of variable length. They share apparent sim-
ilarity in amino acid conservation profiles, as well as the same
arrangement of three a-helical regions, which is the character-
istic fold of the PF01471 family (Fig. 1). However, the two
groups also show significant variation in many conserved
amino acids and different lengths of the two conserved peptide
regions. It is likely that the residues conserved between both
groups are important in the formation of the three-a-helix
fold, with the residue variations leading to their different bind-
ing functions, including, for example, recognition of pepti-
doglycan in the prokaryotic group and another ligand (possibly
carbohydrate) in the eukaryotic group.

Selection and mapping of prokaryote-specific residues. We
hypothesize that the residues conserved in the prokaryotic
group but not in the eukaryotic group (prokaryote-specific



200 LI ET AL.

Conservation

Consensus

Consensus

Consensus

J. BACTERIOL.

e s ol ==
0014205302224217721+2227100---01750451262339235+2130+:147+235126233910000000000000000-

GGTLRLGDRG+DVKELQQRLNALGYYVGPGPVDGYFGPKTEAAVKAFQRANGLPVDGIVGPATLAALRE+LAR+PQLG+ALDTLK
DG++G++T+++Pho DG++G++T+++Pho
Repeat 1 Repeat 2

— —— —
TLRLGDRG+DVKELQORLNALGYYVGPGPVDGYFGPKTEAAVKAFQRANGLPVDGIVGPATLAALR
[N I [ T I I B [

Euk Conservation

Consensus

- m
00003000000111173378147600000000000000352309227 234332

DVELAEEYLKRFGYLP++G+PRKKHSDSLAEALKEMQRFFGLPVTGKLD+ETLEVMKKPRCGVPDVGEYSTF
—_— —_— —

=
359237534913 846 310021200

PVPPADESS+EDVELAEEYLKRFGYLP++G+PRKKHSDSLAEALKEMQRFFGLPVTGKLD+ETLEVMKKPRCGVPDVGEYSTFPG

FIG. 1. Alignments of prokaryotic and eukaryotic members of the putative peptidoglycan binding domain family. The 183 seed sequences of
prokaryotic members (top) and 52 seed sequences of eukaryotic members (bottom) of the PF01471 family were aligned separately by ClustalW2
(15) and viewed by Jalview for conservation profiles (5). The respective consensus sequences were aligned (center). The residues with conservation
indexes of 5 and above that were conserved in both groups are indicated with vertical arrows. The three a-helical regions are indicated by green
arrows, using the crystal structures of hydrolase metallo (Zn) DD-peptidase (PDB entry 1LBU) and gelatinase A (PDB entry 1CK7) as models
for the prokaryotic group and eukaryotic group, respectively. The characteristic two-repeat sequences identified previously (7) are underlined. Pho,

hydrophobic residues.

residues) are required for peptidoglycan binding. However, we
found that many prokaryote-specific residues are not con-
served in ExeA. In particular, only one of the two conserved
repeats (DG++G+ +T+ + +Pho, where Pho indicates hydro-
phobic residues), which have been reported as a characteristic
feature of the peptidoglycan binding domain family (7), is
present in ExeA. Phylogenetic tree analysis indicated that the
prokaryotic PF01471 family members could be divided into
three major groups (see Fig. S1 in the supplemental material).
The two-repeat group, which includes hydrolase metallo (Zn)
DD-peptidase, has the characteristic two-repeat sequence. The
other two groups contain either only the first repeat (the first-
repeat group) or only the second-repeat sequence (the second-
repeat group). ExeA belongs to the second-repeat group. The
49 two-repeat members and 34 second-repeat members were
aligned separately in Fig. 2 (see Fig. S1 and Table S1 in the
supplemental material for a complete list of the sequences).
Comparison of the consensus profiles of the two-repeat and
second-repeat groups shows that only 7 of 11 prokaryote-spe-
cific residues in the two-repeat group are conserved in the
second-repeat group, and of these only five are conserved in
ExeA.

The five prokaryote-specific residues conserved in ExeA are
F476, F487, D496, 1498, and G500. These correspond to F42,
F53, D62, 164, and G66 in hydrolase metallo (Zn) DD-pepti-
dase (Fig. 2). When the five residues were mapped on the
crystal structure of hydrolase metallo (Zn) DD-peptidase, they
were found to cluster together (Fig. 3A). More interestingly,
these prokaryote-specific residues plus five commonly con-
served residues (Q54, LS9, G63, T69, and 173) form a pocket
on the surface, featuring a centered amine group of Q54 sur-
rounded by the oxygen atoms of D62, 164, T69, and A60. The
distances between the nitrogen and oxygen atoms suggest that
hydrogen bonds may be formed to maintain the local fold (Fig.
3B and C). As reported previously, hydrolase metallo (Zn)
DD-peptidase contains another almost identical pocket that is
comprised mainly of the first-repeat residues (7). We propose
that the pocket(s) is the peptidoglycan binding site and the

prokaryote-specific residues play critical roles in peptidoglycan
recognition. To further confine the binding site, we also chose
a non-highly conserved residue at the edge of the pocket in the
following mutagenesis studies. This residue corresponds to
K47 in hydrolase metallo (Zn) DD-peptidase and K481 in
ExeA.

Mutagenesis of the pocket-forming residues in ExeA. In
previous studies, we have constructed F487S, 1.393S, and
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[ [
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FIG. 2. Alignments of the two-repeat group members and the sec-
ond-repeat group members of the PF01471 family. (A) Alignment of
the 49 two-repeat group members. (B) Alignment of the 34 second-
repeat group members. The sequences of hydrolase metallo (Zn) DD-
peptidase of S. albus G (accession number P00733) and ExeA of A.
hydrophila (accession number P45754) are indicated. The common
residues that are also conserved in the eukaryotic group with conser-
vation indexes of 5 and above are indicated with arrows. The 11
prokaryote-specific residues with conservation indexes of 5 and above
in the two-repeat group are indicated with arrowheads. The five pro-
karyote-specific residues and five commonly conserved residues chosen
for mutagenesis in ExeA are indicated by one line or two lines of
underlining, respectively. The non-highly conserved residue K481 sub-
jected to mutagenesis is indicated with an unfilled arrowhead. *L493S
and *G500D have been studied previously and are not included in this
study. The 11 residues are mapped in the crystal structure of hydrolase
metallo (Zn) DD-peptidase in Fig. 3.
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FIG. 3. Mapping of a highly conserved pocket in the crystal structure of hydrolase metallo (Zn) DD-peptidase. The six prokaryote-specific
residues F42, K47, F53, D62, 164, and G66 (yellow) and five commonly conserved residues Q54, G63, L59, T69, and 173 (orange) are mapped on
the structure of hydrolase metallo (Zn) DD-peptidase (PDB entry 1LBU). The corresponding residues in ExeA are indicated in parentheses.
(A) Cartoon view of the structure with the above residues illustrated as sticks. (B) Surface view of the structure. (C) Composition of the putative
peptidoglycan binding pocket. Nitrogen atoms and oxygen atoms are marked in blue and red, respectively. The possible hydrogen bonds involved
in the composition of the pocket are illustrated with the distances indicated in A. F42, F53, G63, and 173 are buried beneath the pocket and are
not shown in panel C. The images were generated by PyMOL Molecular Graphics System, version 1.3 (Schrodinger, LLC).

G500D in ExeA (12). All of the mutations abrogated the nor-
mal function of ExeA in its interactions with peptidoglycan,
resulting in an inability to assemble the secretin and a defect in
aerolysin secretion. In this study, the rest of the residues iden-
tified above were subjected to in vitro mutagenesis to create
F476A, K481A, Q488A, D496A, G497A, 1498W, TS03A, and
L507A derivatives (their locations are shown in Fig. 3). Since
the previous F487S mutation displayed greatly reduced stabil-
ity (data not shown), we also constructed F487A. Plasmids
encoding the mutant derivatives were introduced into exeA
mutant A. hydrophila C5.84 cells. The function of the type II
secretion system was analyzed by assessing the amounts of
lipase released into the media by the cells. As shown in Fig. 4,
lipase secretion was reduced dramatically in strains expressing
the F487A, Q488A, D496A, T503A, and L507A mutants,
whereas strains expressing the other four substitution muta-
tions showed wild-type secretion levels. These strains were also
assayed for assembly of the ExeD secretin. Assembled ExeD is
resistant to SDS/heating and runs as a high-molecular-weight
(MW) band barely entering gradient SDS-PAGE gels (12).
Figure 4 shows that in strains expressing the F487A, Q488A,
D496A, T503A, and L507A ExeA mutants, ExeD migrated as
a monomer band near the bottom of the gel, indicating that
ExeD failed to assemble into the multimeric secretin and
therefore explaining the secretion defect of the five strains.
The 1498W strain, although it achieved wild-type secretion
levels, showed an approximately 2-fold decrease in secretin
assembly. This is consistent with our finding that full lipase
secretion does not require full secretin assembly (data not
shown).

We used in vivo cross-linking to examine interactions be-
tween the ExeA mutants and peptidoglycan as described in our
previous studies (12). The cells were incubated with cleavable
cross-linker DTSSP and subjected to peptidoglycan extraction.
Figure 5 shows that wild-type ExeA and three mutants, the
F476A, K481A, and G497A mutants, were present in the pep-
tidoglycan samples isolated after the cross-linking. However,
the F487A, Q488A, D496A, 1498W, T503A, and L507A mu-

tants were cross-linked to peptidoglycan at a much lower level,
consistent with their defect in ExeD secretin assembly.

To confirm the in vivo cross-linking results, we constructed
and purified the periplasmic domains of ExeAs (P-ExeAs) that
contain F476A and K481A (which did not disrupt the normal
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FIG. 4. Lipase secretion and ExeD secretin assembly by A. hy-
drophila strains expressing substitution mutation derivatives of ExeA.
Lipase activity in the culture supernatant of A. hydrophila wild-type
strain Ah65 and exe4A mutant strain C5.84 complemented with wild-
type ExeA (pRJ31.1) or substitution derivatives were assayed as de-
scribed in Materials and Methods (top). The values of lipase unit per
ml per ODy, culture supernatant represent the average obtained from
three independent experiments for each strain, with standard deviation
indicated. The whole-cell samples were analyzed for secretin assembly
on 3 to 8% gradient SDS-PAGE gels and immunoblotted with anti-
ExeD serum (bottom). The ExeD multimers and monomers are indi-
cated.
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FIG. 5. In vivo cross-linking of ExeA substitution mutation deriv-
atives to peptidoglycan. A. hydrophila Ah65 cells and exe4A mutant
C5.84 cells expressing wild-type ExeA (pRJ31.1) or substitution mu-
tants were incubated with cleavable cross-linker DTSSP, and pepti-
doglycan was extracted with an SDS boiling method as described pre-
viously (12). The peptidoglycan samples were treated with reducing
reagent to release cross-linked proteins before SDS-PAGE and anti-
ExeA immunoblotting. The un-cross-linked whole-cell samples were
also applied as controls for the ExeA expression level.

function of ExeA) and F487A and D496A (which disrupted its
normal function). In cosedimentation assays, the P-ExeAs
were incubated with peptidoglycan purified from A. hydrophila
and centrifuged to pellet the peptidoglycan sacculi and there-
fore the bound protein, which was detected by anti-ExeA im-
munoblotting (Fig. 6). Wild-type P-ExeA bound to peptidogly-
can, as seen previously (18), whereas the F487A and D496A
derivatives showed much-decreased binding, confirming the in
vivo cross-linking results.

We have previously shown that interaction with peptidogly-
can fragments induces P-ExeA to form large multimers, which
can be cross-linked by DTSSP into bands of apparent dimers
(18). The wild-type and four mutant P-ExeAs were incubated
with mutanolysin-hydrolyzed peptidoglycan fragments at 4°C,
followed by cross-linking with 0 to 2 mM DTSSP. The mixtures
were analyzed by anti-ExeA immunoblotting. Figure 7 shows
that the F476A and K481A proteins were cross-linked into the
distinctive closely spaced double bands in a manner similar to
that of the wild-type protein, whereas the F487A and D496A
derivatives were cross-linked only at the background level. This
indicates that these two residues are required for the pepti-
doglycan-induced multimerization. The observed result could
be due to either loss of peptidoglycan binding as suggested by
the in vivo cross-linking data or alternatively loss of specific
residues required for multimerization. We have previously
shown that the requirement of peptidoglycan for multimeriza-

F476A K481A F487A D496A Wild type
125 25 5 12525 5 12525 9 125 255 125 25 5 10 nM protein

+++++++++++++++-Pept1d0glycan

—-l et

FIG. 6. Cosedimentation of P-ExeA substitution mutation deriva-
tives with peptidoglycan. P-ExeA wild-type protein and substitution
mutation derivatives (1.25 to 5 nM) were incubated with A. hydrophila
peptidoglycan and centrifuged to pellet the peptidoglycan. The super-
natant and pellet samples were applied to SDS-PAGE gels and immu-
noblotted with ExeA antiserum. The wild-type protein (10 nM) was
also centrifuged in the absence of peptidoglycan as a control.

J. BACTERIOL.

F476A  KA481A F487A D496A  Wild type Wild type
012012012012 012012mM
kDa __—— ] __——1 DTSSP
80 -
< Dimer
< Monomer
‘With no PG

FIG. 7. Cross-linking analysis of interactions between P-ExeA sub-
stitution mutation derivatives and peptidoglycan fragments. P-ExeA
wild-type protein and substitution mutation derivatives were incubated
with mutanolysin-digested peptidoglycan fragments and cross-linked
with 0 to 2 mM DTSSP. The wild-type protein was also cross-linked in
the absence of peptidoglycan (PG) as a control. The cross-linked
samples were applied to SDS-PAGE gels and immunoblotted with
ExeA antiserum. The apparent dimers are indicated.

tion was abrogated when P-ExeA was incubated at an elevated
temperature (30°C and above) (18). The F487A and D496A
P-ExeA derivatives were examined for the temperature-in-
duced multimerization in a native PAGE gel (Fig. 8). The data
show that the two mutants are still able to multimerize, con-
firming that the two residues are required for peptidoglycan
binding rather than for multimerization and also that pepti-
doglycan binding precedes and promotes multimerization at
low temperature, as found previously (18).

DISCUSSION

In this study, we have conducted the first systematic mu-
tagenesis of the peptidoglycan binding pocket of a member of
the Pfam PF01471 family. In comparing the sequences of the
prokaryotic and eukaryotic members of the family, we found
dramatic differences in the residue conservation profiles, sug-
gesting that they may recognize different ligands (as is also
suggested by their different functions). It should be noted that
the differences between the two groups are not absolute. A few
atypical members of the prokaryotic group have the character-
istic conserved residues of the eukaryotic members (see Fig. S1
in the supplemental material), and they therefore may bind to
the eukaryotic ligand(s). None of the eukaryotic members has
the characteristic sequence conserved in the prokaryotic group.
When the five residues conserved in the prokaryotic group but
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FIG. 8. Native PAGE analysis of temperature-induced multimer-
ization of P-ExeA variants. Purified P-ExeA proteins were incubated at
37°C for 1 h and applied to native PAGE gels as previously described
(18). Samples without incubation were also applied as controls. The gel
was stained with Coomassie brilliant blue R-250. The multimers are
indicated.
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not in the eukaryotic group were mapped in the crystal struc-
ture of hydrolase metallo (Zn) DD-peptidase, they clustered at
one location and formed a pocket along with five commonly
conserved residues, centered by the amine of Q54, which ap-
pears to form hydrogen bonds with surrounding oxygen atoms
(Fig. 3). It is likely that the highly conserved pocket is the
peptidoglycan binding site. It is also interesting to find that
ExeA and many of the PF01471 members contain only one of
the two identical pockets seen in hydrolase metallo (Zn) DD-
peptidase, which have been proposed to bind to a repeated
peptidoglycan structure (7). The presence of only one binding
site in ExeA may have greatly facilitated our mutagenesis stud-
ies, since mutation of only one of two binding sites would
presumably have much less of an effect on binding.

To better understand the putative peptidoglycan binding site
within ExeA, we created substitution mutations for nine resi-
dues of the pocket. Mutants expressing F487A, Q488A,
D496A, T503A, and L507A alleles abrogated lipase secretion,
accompanied by defects in ExeD secretin assembly. These mu-
tants also showed much-decreased interactions with pepti-
doglycan in vivo and in vitro (Fig. 4 to 7). Although the 1498W
derivative was able to fully support lipase secretion, much less
secretin was assembled compared to the wild-type cells (Fig.
4). Consistently, this derivative showed much-decreased cross-
linking to peptidoglycan, suggesting that this residue is in-
volved in peptidoglycan binding but not absolutely required.
Indeed, a substitution of this residue to alanine did not have
any effects on the function of the protein (data not shown). In
addition, this residue is not conserved in the first DG+ +G++
T+++Pho repeat in the two-repeat members of the family
(Fig. 2). The two P-ExeA proteins containing the F487A and
D496A substitutions still formed multimers at elevated tem-
perature in vitro (Fig. 8), ruling out the possibility that these
mutations caused globular folding defects. These data confirm
our previous finding that the ExeA-peptidoglycan interactions
are involved in the role of ExeAB in the ExeD secretin assem-
bly (12) and also identify the highly conserved pocket as crit-
ically important for these interactions. The F476A, K481A,
and G497A mutants had a wild-type phenotype, although the
F476A mutant showed reduced peptidoglycan binding at a low
protein concentration in vitro (Fig. 6). F476 and G497 are
embedded in the protein structure, whereas non-highly con-
served K481 is located at the edge of the binding site (Fig. 3).

The identification of the six critical residues F487A, Q488A,
DA496A, 1498, TS03A, and L507A in this study, together with
previously identified 1.493 and G500, demonstrates the impor-
tance of the highly conserved pocket in peptidoglycan binding.
Importantly, both the prokaryote-specific residues and the
commonly conserved residues are required for the function
and/or the folding of the pocket. However, the specific pepti-
doglycan ligand is still unknown. Does the domain bind to a
universal peptidoglycan ligand, or do different members of the
PF01471 family bind to different peptidoglycan structures? In
an attempt to gain further insight into the relative importance
of the identified conserved residues and nonconserved residues
of the peptidoglycan binding pocket of the prokaryotic
PF01471 motif, we performed molecular docking analysis us-
ing AutoDock Vina, version 1.1.1 (30). We were unable to
successfully dock the structure of the muropeptide GlcNAc-
1,6-anhydroMurNAc-L-Ala-y-D-Glu-m-A2pm-b-Ala (19) onto
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either the modeled pocket of the PF0741 region of ExeA or the
predicted pocket of hydrolase metallo (Zn) DD-peptidase.
The most energetically favorable associations obtained yielded
predicted binding energies of —3.5 kcal/mol or less and were
all peripheral associations involving few polar contacts.

Biochemical and crystallographic studies aimed at identify-
ing the specific peptidoglycan structure bound by the site in
ExeA are in progress.
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