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quiescent in the presence of IPM or basic amino acids
We reported recently that protein D2 (OprD) porin (7, 8). (iii) OprD showed the weak protease activity (9).

of Pseudomonas aeruginosa bears protease activity The conclusion that OprD porin is protease, is based
(FEBS Letters 394, 179–182, 1996). To identify the cata- on the following findings (9). (i) Highly purified OprD
lytic residues of OprD, we introduced the site-directed protein hydrolyzed several synthetic peptides. (ii) Amutations replacing the putative catalytic triad serine protease-specific inhibitor, diisopropyl fluoro-His156, Asp208, and Ser296 with glutamine, aspara-

phosphate, inactivated the enzyme activity and boundgine, and alanine, respectively. The OprD proteins pu-
covalently to OprD. (iii) Monoclonal antibody raisedrified from the chromosomal oprD-deficient mutants
against OprD lowered the rate of the substrate hydroly-harboring the plasmids encoding the site-directed mu-
sis. In addition, comparison of the amino acid sequencetations showed protease activity less than 0.1% of that
of OprD with those of chymotrypsin and trypsin re-of the wild-type OprD. These site-directed mutagen-
vealed that His156, Asp208 and Ser296 may have aeses caused undetectable changes in the pore-forming
similarity with the sequence of the catalytic triad resi-activity of OprD as measured by single-channel con-
dues of His57, Asp102 and Ser195 of chymotrypsin andductance by the planar lipid bilayer. The minimum
His55, Asp99 and Ser192 of trypsin.inhibitory concentration of imipenem in mutants hav-

ing the replaced catalytic triads was identical with To identify the amino acid residues involved in the
that in the wild-type strain. On the other hand, intro- catalytic reaction and ascertain protease nature of
duction of the mutation at His367 replacing with gluta- OprD, we constructed the mutant OprD proteins sub-
mine, the site that is supposed to be unrelated to the stituting the predicted catalytic residues to other
catalytic sites, showed the unchanged protease activ- amino acids by means of site-directed mutagenesis. We
ity. These results unequivocally demonstrate that report here that the substitution of His156, Asp208
OprD is the protease bearing porin and catalyzes the and Ser296 with glutamine, asparagine and alanine,
reaction at His156, Asp208, and Ser296 residues. q 1998 respectively, knocked out the protease activity of OprD.
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MATERIALS AND METHODS

Chemicals. tert-butoxycarbony (Boc)-Gln-Ala-Arg-methylcouma-
rin (MCA) was purchased from Peptide Institute Inc. Osaka. N-laur-Porins of Gram-negative bacteria form the water-
oyl sarcosinate and n-octyl-polyoxyethylene (octyl-POE) were fromfilled diffusion channel for hydrophilic solutes across
Nacalai Tesque Inc. Kyoto and Alexis Corp., Switzerland, respec-the outer membrane (1, 2, 3). P. aeruginosa, an oppor-
tively. Imipenem and DX8739 were from Banyu Pharmaceuticals,

tunistic pathogen to the immunocompromised and cys- Tokyo and Daiichi Pharmaceuticals, Tokyo, respectively. Mutan-K
tic fibrosis patients, produces three species of porins, kit was from Takara Shuzo Co. Osaka. All other chemicals were of

the highest purity commercially available.namely protein C, D2 (OprD) and E1 in the outer mem-
brane. All these porins form channels with narrower Bacterial strains and plasmids. Bacterial strains, phage, and

plasmids used are listed in Table 1.diameter than the Escherichia coli OmpF porin proba-
bly preventing access of a broad range of structurally Site-directed mutagenesis of the cloned oprD gene. Site-specific
unrelated antibiotics (4). Among these porins, the oligonucleotide-directed mutagenesis of oprD was carried out ac-

cording to the procedure described by Kunkel (10). We subclonedOprD porin has been shown to have the following
the BamHI through KpnI fragment from pTN003 into the vector,unique properties. (i) OprD is a porin that allows spe-
pBluescript II SK(0) (STRATAGENE) to yield pOPRD001. Oligonu-cific diffusion of imipenem (IPM, a b-lactam antibiotic) cleotide primers employed in mutagenesis of the putative catalytic

(5, 6). (ii) OprD exhibited opening and closing of the amino acids were H156Q (AGGCAGGCCAGTTCACCGAG), D208N
(GAACTCGAAAACATCTATCG), and S296A (GTGGCGACGCGA-channel and this channel activity was constrained to
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TABLE I

Bacterial Strains, Phage, and Plasmids

Relevant properties Reference

Strains
E. coli CJ236 dut1, ung1, thi-1, relA1/pCJ105(F*camr) Takara
E. coli BMH71-18 mutS D(lac-proAB), supE, thi, mutS215::TN10 (tetr)/F*(traD36, proAB/, Takara

lacIq, lacZDM15)
E. coli MV1184 ara, D(lac-proAB), rpsL, thi(f80lacZDM15), D(srl-recA)306::Tn10(tetr)/ Takara

F*(traD36, proAB/, lacIq, lacZDM15)
P. aeruginosa TNP031 P. aeruginosa PAO2003 derivative with OprD deficiency FEBS Lett. (1991)

283, 177–179
P. aeruginosa TNP100 TNP031 (oprD0) derivative carrying pTN006 This study
P. aeruginosa TNP101 TNP031 (oprD0) derivative carrying pH156Q This study
P. aeruginosa TNP102 TNP-31 (oprD0) derivative carrying pD208N This study
P. aeruginosa TNP103 TNP031 (oprD0) derivative carrying pS296A This study

Plasmid
pTN006 pKT240 derivative which has oprD AAC (1993) 37,

2385–2390
pBluescript II SK(0) Multipurpose vector, ABPCr Toyobo
pKT240-1 pKT240 derivative deleting PstI fragment, KMr This study
pOPRD001 pBluescript II SK(0) derivative carrying oprD fragment This study
pH156Q Fusion plasmid between pKT240-1 and pOPRD001 derivative carrying This study

mutagenized oprD with change from His (156) to Gln
pD208N Fusion plasmid between pKT240-1 and pOPRD001 derivative carrying This study

mutagenized oprD with change from Asp (208) to Asn
pS296A Fusion plasmid between pKT240-1 and pOPRD001 derivative carrying This study

mutagenized oprD with change from Ser (296) to Ala

TTTTCCT). To examine the effect of the site-directed mutagenesis lier (4) and subjected to SDS-PAGE. The result showed
at unrelated site to the putative catalytic site, H367 was replaced that all the mutants produced the OprD proteins in
with glutamine using the primer, ATGGCAAGCAGCACGAAACC. the amounts comparable with the wild-type strain andThese primers were annealed with single-stranded DNA prepared

proteins were localized in the outer membrane. Electro-from E. coli CJ236 (TAKARA) harboring pOPRD001 and treated
with T4 DNA polymerase and with DNA ligase. E. coli BMH71-18 phoretic migration of the mutant OprD proteins was
mutS (TAKARA) cells were transformed with the extended DNA, indistinguishable from that of the wild-type protein
followed by recovery of single-stranded DNA from the transformed (Fig. 1).
cells with a helper phage, VMC-13 (STRATAGENE). Next, E. coli
MV1184 cells were infected with the phage and colonies were selected The protease activity of the mutant OprD proteins.
on L-agar (1.5%) plate containing 150 mg/ml ampicillin. The nucleo-

To compare the enzymatic activities of the mutanttide sequence of the mutagenized DNA fragments was determined
OprD proteins with that of the wild-type OprD, rateby the dideoxy chain-termination method (11). To express these oprD

genes in P. aeruginosa, the plasmid, pTN006, pH156Q, pD208N and of Boc-Gln-Ala-Arg-MCA hydrolysis was determined in
pS296A, were transferred by the conjugation into P. aeruginosa the solution containing octyl-POE and phosphate
TNP031, a OprD deficient strain. buffer, pH 8.2. Under these conditions, the rate of catal-

Determination of protease activity. OprD protein was purified as ysis of the wile-type OprD protein appeared to be 78.17
reported earlier (4) and the protease activity was measured according nM/min/mM protein and those of the mutant proteins
to the method described by Kawabata et al. (12).

with H156Q, D208N and S296A were 0.023, 0.031 and
Single channel conductance measurement. The channel activity 0.067 nM/min/mM protein, respectively. These values

was measured by the planar lipid bilayer technique as described in the H156Q, D208N and S296A were 0.03, 0.04, andbefore (7).
0.09%, respectively, of the activity of the wild-type

Minimum inhibitory concentration (MIC) measurement. Antibi- OprD (Table II). On the one hand, we modified a histi-otic susceptibility was determined by the 2-fold agar dilution method
dine residue probably unrelated to the catalytic siteusing the Mueller Hinton Medium (Difco). The MIC was defined as
replacing with glutamine. The activity in the mutantthe lowest drug concentration that inhibited the growth of the test

strain after 20 h of incubation at 377C. protein with H367Q was 93% of that in the wild-type
OprD (Table II). These results clearly indicate that the
site-specific replacement of the putative catalyticRESULTS
amino acid residues at His156, Asp208 and Ser296
caused total inactivation of the protease activity andTo ascertain the expression and correct localization
suggested that His156, Asp208 and Ser296 are mostof the modified oprD gene product, the outer membrane

fractions were prepared by the method described ear- likely the catalytic triad residues of the OprD protease.
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FIG. 2. Effect of DX8739 on the channel conductance of the mu-
tant OprD protein. The conductance of the mutant OprD (D208) was
measured in 0.1 M NaCl solution with or without 3 mM DX8739.

proteins showed the single channel conductance of
about 100 pSiemens in 0.1 M NaCl, which is indistin-
guishable from the conductance of the wild-type OprD,
suggesting that the substitution may not exert gross
structural alternation of the channel interior (Fig. 2).
To test whether the specific interaction of OprD with
carbapenem antibiotics such as DX8739 was altered by
the amino acid substitution, the channel conductance
of the mutant protein was measured in the presence of
3 mM DX8739. Under this condition the mutant OprD
showed the closure of the channel, which is unique to

FIG. 1. SDS-polyacrylamide gel electrophoretogram of the puri- OprD channel, indicating that the amino acid replace-
fied OprD proteins. Lane 1, whole outer membrane proteins of P. ment does not affect the carbapenem binding activity.
aeruginosa PAO1; lane 2, wild-type OprD; lane 3, OprD (H156Q).

The effect of the site-directed mutagenesis on the IPM
susceptibility. OprD protein has been reported to be
the porin, which facilitates the diffusion of the basicChannel activity of the mutant OprD proteins. To
amino acids and their structural analogue, IPM (5, 6).test whether the amino acid substitution in the cata-
To test whether the amino acid substitution affects thelytic sites affects porin activity, we measured the single
IPM permeability, we examined the minimum growthchannel conductance of the mutant OprD and com-
inhibitory concentration of IPM in the mutants andpared the results with that of the wild-type protein
found that MICs of IPM in TNP101, TNP102 andusing the planar lipid bilayer technique (7). All mutant
TNO103 were all 0.78 mg/ml that is indistinguishable
from the MIC of IPM in TNP100 harboring the plasmid

TABLE II carrying the wild-type oprD (Table III). These results
suggest that the catalytic residues for the protease andThe Protease Activity of the Mutant
IPM recognition site are separate.and Wild-Type OprD Proteins

Velocity Relative activity
Protein (nM/min/mM protein) (%)

TABLE III

Wild-type 78.17 { 5.0 100.0 Antibiotic Susceptibility of P. aeruginosa Strains Harboring
H156Q 0.023 { 0.005 0.03 the Mutant OprD Gene
D208N 0.031 { 0.004 0.04
S296A 0.067 { 0.004 0.09 MIC (mg/ml)
H367Q 72.80 { 11.0 93.1

Strains Imipenem Ceftazidime
Note. The OprD protein was mixed with 10 mM of Boc-Gln-Ala-

Arg-MCA in 150 ml fo 20 mM sodium phosphate buffer, pH 8.2 con- TNP100 (wild-type) 0.78 1.56
taining 0.5% of octyl-POE and incubated at 377C for various periods TNP101 (H156Q) 0.78 1.56
of time. The hydrolysis of the peptide was measured as described in TNP102 (D208N) 0.78 1.56
Materials and Methods. The relative activity (%) is the rate compared TNP103 (S296A) 0.78 1.56
with that of the wild-type protein.
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could be that this protease degrades the proteins lo-DISCUSSION
cated at the host cell membrane, to which the bacteria

We reported recently that the OprD porin of P. aeru- colonize. To this function, high catalytic activity may
ginosa bears the protease activity (9). However, the not be essential.
weakness of this conclusion was that the amino acid
residues involved in the catalytic reaction were not
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OprD porin is a member of the serine protease family
and His156, Asp208 and Ser296 residues constitute the
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