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Pseudomonas aeruginosa PAO-E64 is a mutant which produces parental levels of elastase antigen but has no

elastolytic activity at 37rC. The lesion (lasAl) in PAO-E64 is not a mutation in the structural gene for P.
aeruginosa elastase (P. A. Schad, R. A. Bever, T. I. Nicas, F. Leduce, L. F. Hanne, and B. H. Iglewski, J.
Bacteriol. 169:2691-2696, 1987). A 1.7-kilobase segment of DNA that complements the lasAl lesion was

sequenced. Computer analysis of the DNA sequence showed that it contained an open reading frame which
encoded a 41,111-dalton protein. The lasA gene was expressed under an inducible PT-7 promoter, and a
40,000-dalton protein was detected in Escherichia coli lysates. The lasA protein was localized in the outer
membrane fraction of E. coli. This lasA protein produced in E. coli activated the extracellular elastase
produced by the P. aeruginosa mutant, PAO-E64.

Pseudomonas aeruginosa produces two extracellular pro-
teases believed to be involved in virulence. Elastase, the
most active protease (22, 42), is produced by 75 to 95% of P.
aeruginosa strains tested (32). This protease inactivates a
variety of biologically active compounds including immuno-
globulin G, complement, elastin, collagen, and a1-proteinase
inhibitor (8, 31, 33, 39). In addition to the in vitro inactiva-
tion of these compounds, there is evidence that elastase
plays a role in the pathogenesis of P. aeruginosa infections
(18, 23, 27, 32, 34).
Although elastase is recognized as an important factor in

the pathogenesis of P. aeruginosa infections, little is known
about its regulation, processing, and secretion. The elastase
found in the periplasm of P. aeruginosa is elastolytically
inactive (9, 22). Presumably, elastase is activated upon
transport across the outer membrane (9, 22). The inactive
periplasmic elastase is slightly larger than the excreted
(active) form by approximately 500 to 1,000 daltons (Da)
(24). Previously, Ohman et al. (35) reported the isolation of
a P. aeruginosa PAO1 mutant (PAO-E64) that produced
parental levels of elastase antigen and was proteolytic but
devoid of elastolytic activity at 37°C (35). The mutation in
PAO-E64, lasAl, was mapped at 75 min on the P. aerugi-
nosa PAO1 chromosome (19). It was previously shown that
the lasA gene is not the elastase structural gene (38).
However, the lasA gene product may be involved in pro-
cessing or secretion of elastase (11, 12, 38). In this study, we
have analyzed the DNA sequence of the lasA gene, its
expression and location in Escherichia coli, and its possible
role in elastase processing and activation.

MATERIALS AND METHODS
Bacterial strains, plasmids, bacteriophage, and growth con-

ditions. Bacterial strains, plasmids, and phage are shown in
Table 1. E. coli and P. aeruginosa were grown in LB broth
containing 1% bacto-tryptone, 0.5% yeast extract (Difco
Laboratories, Detroit, Mich.), and 1% NaCl (pH 7.2) at 37°C
unless stated otherwise. M9 minimal salts are described
by Maniatis et al. (29). Antibiotics used for E. coli were
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ampicillin (100 ,ug/ml), kanamycin (50 ,ug/ml), chloramphen-
icol (100 ,ug/ml), and tetracycline (25 Vig/ml) (Sigma Chemi-
cal Co., St. Louis, Mo.).

Gel electrophoresis. Agarose gel electrophoresis was car-
ried out as described by Maniatis et al. (29), using Tris-
borate-EDTA buffer. Sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) was carried out by
the method of Laemmli (26). Stacking gels were 5% acryl-
amide with 10% separating gels (acrylamide-bis, 30:1). SDS-
PAGE reagents were purchased from Bio-Rad Laboratories
(Richmond, Calif.). The '4C-methylated protein standards
were from Amersham Corp. (Arlington Heights, Ill.).
DNA purification and subcloning. DNA was purified from

E. coli as described by Holmes and Quigley for small
volumes (17). Large-scale preparations of plasmid DNA
were described previously (38). DNA fragments used in
subcloning were purified by agarose gel electrophoresis and
eluted on an IBI Electroeluter as recommended by the
manufacturer (International Biotechnologies Inc. [IBI], New
Haven, Conn.). Deletion subclones were generated by diges-
tion with the appropriate restriction enzymes. Blunt-end
ligation of incompatible ends was done by using Klenow
fragment followed by ligation with T4 DNA ligase. Restric-
tion enzymes were purchased from Boehringer Mannheim
Biochemicals (Indianapolis, Ind.), Bethesda Research Lab-
oratories (Gaithersburg, Md.), IBI, New England BioLabs,
Inc., (Beverly, Mass.), and Promega Biotec (Madison,
Wis.). T4 DNA ligase and Klenow fragment were from
Bethesda Research Laboratories and Boehringer Mannheim
Biochemicals.
DNA sequencing. A modification of the Sanger dideoxy-

DNA sequencing method was used for clones prepared in
the M13 vectors (37, 43). This modification was the substi-
tution of dGTP with 7-deaza-dGTP (1, 30). Subclones for
sequencing were generated on the basis of the restriction
map shown in Fig. 1A. Additional overlapping clones were
generated by the method of Dale as described in the IBI
cycloning kit (6). Deoxynucleotides and dideoxynucleotides
were purchased from Pharmacia, Inc., (Piscataway, N.J.).
The nucleotide 7-deaza-dGTP was purchased from Boehr-
inger Mannheim Biochemicals. The 17-mer primer was from
New England BioLabs. The isotope [a-35S]dCTP (1,000

2784



lasA GENE OF P. AERUGINOSA 2785

TABLE 1. Bacterial strains, phages, and plasmids

Strain, phage, or Genotype or phenotype Source or reference
plasmid

Strains
E. coli
HB101 General cloning host 2
JM107 General host for M13 43
K38 Host for PT7 expression system HfrC (X) 36

P. aeruginosa
PAO1 Prototroph 16
PAO-E64 lasAl mutant of PAO1 35

Phage M13mpl8/19 Single-stranded DNA-sequencing vectors 43

Plasmids
pT7-7 T7 RNA promoter vector 41
pGM1-2 Inducible T7 RNA by polymerase 41
pLAFR IncPl, Tcr, X cos, 10
pHN3 25-kb EcoRI insert in pLAFR, lasAl 38
pRB1822 pPS1875 2.2-kb Sall-HindIll fragment ligated to pUC18, lasAl 38
pPS1816 SmaI deletion of pRB1822 This study
pPS1816-1 pPS1816 inserted into EcoRI site of pLAFR This study
pPS1916 SmaI-HindIII fragment of pPS1816 in pUC19 This study
pT7-17 SmaI-HindIll fragment of pPS1816 in pT7-7 This study

Ci/mM) was from Amersham Corp. Sequence data were
analyzed with IBI sequencing software and the University of
Wisconsin Genetics Computer Group software (version 5.0)
(7). The codon usage algorithm of Gribskov et al. (13) was
used with a codon usage table compiled from published P.
aeruginosa sequence data (S. West and B. Iglewski, manu-
script in preparation).
Promoter studies of lasA and expression in E. coli. The

promoterless chloramphenicol acetyltransferase gene block
cartridge (CAT) (Pharmacia, Inc.) was inserted into the XhoI
site of pRB1822, pPS1816, and pPS1916, and the orientation
of the gene cartridge was determined by restriction analysis
(4).

lac

A poll822

B PrPSIsI

C pll 1822::CAT

The T7 RNA polymerase-promoter expression system
(pT7-7) was used to express the lasA gene in E. coli K38 (41).
The 1.7-kilobase (kb) SmaI-HindIII fragment of pPS1816
was inserted into the Smal-HindIll sites of pT7-7 (pT7-17).
The proteins expressed were labeled by using a modification
of the method described by Tabor and Richardson (personal
communication). Briefly, cells containing both plasmids
(pGP1-2 and pT7-17) were grown in LB medium with appro-
priate antibiotics to an A595 of 0.5. The cells (0.2 ml) were
washed in M9 salts and suspended in M9 salts containing
0.01% of 19 of the 20 amino acids (minus leucine) supple-
mented with 20 ,ug of thiamine per ml. The cells were
incubated for 2 h at 30°C to deplete free leucine, followed by

CAT

ACTIVITY

+

D pPs lII ::CAT

E pP 1 ::CAT

CAT

II

FIG. 1. Restriction endonuclease map of two lasA-containing plasmids showing direction of lactose promoter (lac i) present in all
recombinant plasmids (vector sequences not shown). (A) pRB1822. (B) pPS1816 SmaI deletion of pRB1822. (C) Insertion of CAT cartridge
into pRl31822, showing direction of CAT insertion. (D) Insertion of CAT into pPS1816. (E) Insertion of CAT into pPS1916. Symbols: H,
HindIII; M, SmaI; P, PstI; S, SaII; X, XhoI.
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an additional incubation at 42°C for 15 min. Rifampin (200
,ug/ml, final concentration) was added, and the cells were
incubated an additional 10 min at 42°C. The temperature was
shifted to 30°C for 20 min, and after addition of 10 ,Ci of
[3H]leucine (50 Ci/mM) (Amersham), the cells were incu-
bated for an additional 15 min at 30°C. Cells were pelleted
and suspended in 75 pI of cracking buffer (60 mM Tris
hydrochloride [pH 6.8], 1% SDS, 1% 2-mercaptoethanol,
10% glycerol, and 0.01% bromophenol blue). The samples
were heated for 5 min at 100°C, and 25 pIl was loaded onto a
10% SDS-PAGE gel.
E. coli fractionation. E. coli K38 cells (15 ml) were grown

and the T7 RNA polyrnerase was induced as described
above. The labeling was done at 37°C with 200 ,uCi of
[3H]leucine (50 Ci/mM) for 45 min. Labeled cells were
fractionated by a modification of the method of Koshland
and Botstein (25). Cells were washed twice in M9 salts and
suspended in 0.5 ml of sucrose buffer (20% sucrose, 10 mM
Tris [pH 7.5]) to which 5 ,u1 of 0.5 M EDTA (pH 8.0) was
added. Following incubation on ice for 10 min, the cells were
centrifuged and the pellets were suspended in 0.5 ml of cold
distilled H20 and incubated on ice for 10 min. Cells were
centrifuged, and the supernatants (periplasmic fractions)
were kept. The pellets were suspended, and the cells were
lysed by two passages through a French pressure cell at
15,000 lb/in2. The cell lysates were centrifuged at 100,000 x
g for 1 h, and the supernatants (cytoplasmic fractions) were
removed. The total membrane pellets were suspended in
distilled, H20, and a sample was stored for further analysis.
The remaining membranes were further fractionated into
inner and outer membranes on sucrose gradients as de-
scribed by Hancock and Nikaido (14) as modified by Hindahl
and Iglewski (15). All fractions were stored at -20°C until
analysis. Protein determination was by the method of Lowry
et al. (28), with bovine serum albumin as a standard.
Trichloroacetic acid precipitation of labeled fractions was
done as described by Chung and Collier (3).

Elastase assay and elastase activation. Cultures were grown
overnight at 37°C in Peptone Trypticase Soy broth (35).
Elastase activity was measured by using Elastin Congo red
(Sigma) as previously described (38). Activation studies
were carried out by adding 100 pug of E. coli membrane
fractions to 250 p1 of culture supernatants from PAO1 and
PAO-E64. Following incubation for 15 min at 37°C, these
samples were assayed for elastolytic activity.

plasmids. Chloramphenicol resistance occurred only when
CAT was inserted in one direction such that transcription
was from SmaI towards Hindlll (Fig. 1B, D, and E). These
data indicate that a P. aeruginosa promoter was contained
within approximately a 360-base-pair (bp) region of DNA
between the SmaI and XhoI sites (Fig. 1A).

Sequencing of the lasA gene. The 1.7-kb SmaI-HindIll
fragment was put into the broad-host-range plasmid pLAFR
(pPS1816-1). The plasmid pPS1816-1 complemented the mu-
tation in PAO-E64, indicating that the 1.7-kb SmaI-HindIII
fragment contained the lasA gene (data not shown). The
1.7-kb fragment of pPS1816 was sequenced and was found to
contain 1,712 bp of Pseudomonas DNA. Computer analysis
of the sequence data showed several possible open reading

C AAACTATAGTGTCI-CCcGTGACGGtc;TTGCAcGrOTGGCGTCAAccCGcTGGCGAAATACCGGCGGAGCG

GACCAGGCTATCCCGTCGGAGGCGATGTCGCCGGGCTGCTGGCTTTCAAGGTTTCCCTTCGATGACC& CTACCCAT

He

GCAGCACAAAAGATCCCGCGCGATCGCGACCC CCTTCCTCT TTGC=CTCCC CCGTA

tClnHisLysArgserArgAlaMetAlaSerProArgSerProPheLeuPheValLeuLeuAliaLuAlaV1lGlyGlyT

CGGCCAATGCCCATGACGATTcGCCGGCGGAGTTACTCGGCCAGTrGCAACTGCCCAGCGTG

hrA1aAsnAlaHisAspAspGlyL.euProAlaPtieArgTyrSerAlaGluLeuLeuGlyGlnLCeuGlnLeuProSerVa1
OCCCTACCGCTOAATGACGACCTGI1CCTCTACGGTCGCGACGCMGAGGCGTTCGACC ACGGGACCTGGCCTTGAA

AlaL.uProLeuAsnAspAspL.uPhLuTyrCyrlyArgAspAlaGluAlaPheAspLeuGluAlaTyrLeuAlaLeuAs
_GGC cTC ACAAGAGocGAATAcCTGGAGcAcTcGAGCGocTACTAcAccATcAACCCGAAAGTGTTGCTGA

nAlaProAlaL.uArgAspLys3erGluTyrLeuGluHliTrpSerGlyTyrTyrSerIleAsnProLysValLeuLeuT

CCCTGATGGTCATGCAATCC- -TGrCACA
---------------------------+-------4---4-.------------+-+ -

hrL.uietValNetGlnSerGlyProL.uGlyAlProAspGluArgAlSLeuAlaAlaArgLeuGlyArgLouSerAla
AAAcOcGGCTTCGATGCCCAGGTACGCGACGTGTTGCAcCAGTrGTCGCGoG ACTACGGTTTCGAGGAATACCAGTT
---------------------------------------_4---------4.---------------- -4----------

LysArgGlyPheAspAlaClnValArgAspValLeuOlnGlnLuSerArgArgTyrTyrGlyPheGluGluTyrGlnLe
GCGCCcAGGCGCGCGCAAACTGCGCAGGOCcTAACGCGGCATocCc G
-------_-+- ____--_+_______-_---_------__+_________+_________+---------__+______

uArgG1nAlaAlaAlaArgLysAlaValGlyGluAspGlyL.uAunAlaA1aSerAlaAlaLeuLeuGlyLeuLeuArgG

AGGCGOCGAAGATCTCCCCGTCGCAAGGCGGCAA T ACGCGCAGACCTTCCAGCGCCTGTTCGGCACC
----------------------------------____+_________+_________+__---_-------------

luGlyAlaLysValSerAlaValAlaArgArgGlne.rAlaArgAlaTyrAlaGlnThrPheGlnArgLeuPheGlyThr
Pu?

CCGGCmCCGAACTCCTGCAGCCGAGCAACAACTCCAGGCGAAGGCCGCGCTGGCGCCGCCATCCAA
_________+_________+ __-4.-4.-----------------+________----

ProAlaAlaGluLeuLeuGlnProSerAsnArgValAlaArgGlnLeuGlnAlaLysAlaAlaLeuAlaProProSerAs

CCTGATGCAA-T---C---cCCTAGGGCTATTCCTGGCAGCCCAACGCAGCGCATTTCGAACACGGCTCGGGCTATCCGT
881 .----.----------4.-4.- 4.

nLeuNstGlnLeuProlrpArgGlnGlyTyrSerTrpGlnProAsnGlyAlaHlsPheGluHisGlySerGlyTyrProT

81

161

241

321

401

561

721

801

961

1041

RESULTS

Subcloning of pRB1822 and analysis of lasA gene orienta-
tion. The plasmid pRB1822 (Fig. 1A) contains a 2.2-kb insert
subcloned from the plasmid pHN3 (38). Both of these
plasmids contain P. aeruginosa PAO1 chromosomal DNA
which complements the lasAl lesion in the mutant PAO-E64
(35). Goldberg and Ohman (11) have reported that insertion
into the XhoI site inactivates the lasA gene. They noted that
the lasA gene promoter was expressed in E. coli and the
direction of lasA transcription was from XhoI toward the
HindlIl site (11). We confirmed and extended these obser-
vations by inserting the promoterless CAT gene block into
the XhoI site of pRB1822 which contains 2.2 kb of P.
aeruginosa DNA, compared with the 4 kb used by Goldberg
and Ohman (11). Chloramphenicol resistance was achieved
in only one direction (Fig. 1C). To further localize the lasA
promoter, the SmaI-HindIll fragment of pRB1822 was in-
serted into pUC18 (pPS1816) and pUC19 (pPS1916) and the
CAT gene block was inserted into the XhoI site of these

yrSerSerPheAspAlaSerTyrAspTrpProArgTrpGlySerAlaThrTyrSerValValAlaAlaHisAlaGlyThr

GTAcGcG CTCG AGGTACGGGTGACCCACCCCAGCGGCTGGGCGACCAACTACTACCATATCGACCAGAT

IalArgValLeuSerArgCysGlnValArgValThrHisProSerGlyTrpAlaThrAsnTyrTyrHislletAspGlnIl

1121-------------------.---
eGlnValSerAsnGlyGlnGlnWalSerAlaAspThrLysLeuGlyValTyrAlaGlyAsnlleAsnThrAlaLeuCysG

PUTI
AGGGTGGCAGCCACCGGACCGCACCTGCA-cTCCCcACAA=CGCTCGTTTCCCTGCAGGGCGCCAGC

1201 ----- --- -+---4 --

luGlyGlySerSerThrGlyProHisLeulisPheSerLeuLeuTyrAsnGlyAlaPheValSerLeuGlnGlyAlaSer

nTrCTCCGTGACCGGATCGAACGTCGGCACCAGCAACTACGACAACGACTGTCGCCGCTACTATTTCTACAACCAGAGC
1281 ---------------------------+---------- --

PheGlyProEnd

GCCGGCACcAcCATGCTtTccGGTAcAAC CGGCCTGGCGCTCTGAGTCGGCGCGGGCCCGGCTCcAG
1361 ---------+--------I-+_________+__----_+________.-- ------------+----

CCXGCTCCGCCGCGAGCGAAACGGCGCTGAACAGTC=CClGCAGGCTGACCGCGTGG
14641 ------ -------------------- 4-------------------------------------------

GCCGGCATGCTCAGCCGCGCCGGGGCAGCAGGGCGTAGGCGTCGCGAACCACATCCTTGCCGTAGTGCGTTCCAGGCGGC
1521--- --------- ---------------- --

GGACGACGAAGTGACCGCGCGCCATGGCCTGGAAATGGTTCATGAACACCGTGTTGATCGCCGCGCCGCCGAGGGCACCG
1601 - +------+- ---------+-------+-+-+----

hUBe III
ACGATCGGCACCATCTGCGCCGCAAGCTTGGC

1681 1712

FIG. 2. Nucleotide sequence of the 1,712-bp insert in pPS1816.
The deduced amino acid sequence of the lasA protein starting at bp
159 is shown below the DNA sequence. The Shine-Dalgarno box
(SD) is shown as a broad line. Relevant restriction sites are shown.
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FIG. 3. The lasA gene product in E. coli after induction of the T7 promoter. (A) Autoradiograph of expressed lasA protein. (B) Coomassie
blue-stained SDS-PAGE gel. Lanes in both panels: 1 and 9, '4C-methylated protein standards given in kilodaltons; 2, induction ofT7 promoter
and expression of lasA protein without rifampin inhibition of host RNA polymerase; 3, expression of lasA protein with rifampin (sample was
heated at 100°C for 10 min); 4, lasAl without heating; 5, induced pT7-7 vector; 6, lasA expression without induction of T7 RNA polymerase
and without inhibition of host RNA polymerase by rifampin; 7, pT7 vector alone (same conditions as 6); 8, BioRad PAGE standards.

frames (ORF) (data not shown). When the codon usage
algorithm of Gribskov et al. (13) was used, a large ORF with
significant codon usage was detected starting at bp 105 and
ending at bp 1290. Analysis of the ORF revealed that
although the first methionine is encountered at bp 105, codon
usage is not statistically significant until bp 160 (data not
shown). No ribosome-binding site (40) can be found up-
stream of bp 105; however, a ribosome-binding site is seen
starting at bp 148 with the sequence AGGAG. This binding
site is 6 bp upstream from methionine (bp 159). The DNA
sequence of the 1.7-kb fragment and the translated product
of the ORF starting at bp 159 and ending at bp 1289 is shown
in Fig. 2. This ORF encodes for a 41,111-Da protein con-

taining 377 amino acid residues.
Expression of the lasA gene product in an E. coli expression

system. The pT7-7 vector contains the bacteriophage T7
promoter along with an inducible T7 RNA polymerase on a
second plasmid (41). Rifampin is used to inhibit the host
RNA polymerase. Therefore, DNA inserted into the multi-
cloning sites of the T7 promoter is expressed without con-
current expression of host proteins, allowing one to radiola-
bel the protein of interest. The 1,712-bp fragment of pPS1816
was cloned into the pT7-7 expression vector (pT7-17), and
the expressed proteins were analyzed on SDS-PAGE (Fig.
3). A 40,000-Da protein (the lasA protein) was seen when the
T7 promoter was induced at 42°C with the addition of
rifampin (Fig. 3, lanes 3 and 4). The 40,000-Da lasA protein
was not heat modifiable (Fig. 3, lanes 3 and 4).
To determine the location of the 40,000-Da lasA protein,

E. coli containing the lasA protein was fractionated into
periplasmic, cytoplasmic, and membrane fractions. Of the
trichloroacetic acid-precipitable radioactivity, 93% was as-
sociated with the membrane fraction (Table 2). This total
membrane fraction was further fractionated on a sucrose
gradient to separate the inner and outer membranes. Of the
trichloroacetic acid-precipitable radioactivity, 77% was as-
sociated with the outer membrane fraction (Table 2). Anal-
ysis of these E. coli fractions on SDS-PAGE revealed that
the only labeled protein was the 40,000-Da lasA protein

found in the total membrane fraction and in the outer
membrane fraction of induced pT7-17 E. coli (Fig. 4).

Activation of PAO-E64 culture supernatants with lasA
protein. The elastolytic activity of culture supernatants of
the parent strain PAO1 and the lasAl mutant strain, PAO-
E64, were compared in the presence of outer membrane
preparations from E. coli containing the vector control or the
lasA protein. PAO-E64 supernatants showed a 36% increase
in activity when incubated with outer membranes containing
the lasA protein (Table 3). Supernatants from the parent
strain also showed an increase in elastolytic activity when
incubated with membranes containing the lasA protein.
Membranes from E. coli containing only the vector had no
significant effect on the elastolytic activity of the culture
supernatants. Treatment of either PAO1 or PAO-E64
elastase with lasA protein did not alter the apparent molec-
ular weight of these proteins on SDS-PAGE (data not
shown).

DISCUSSION
We have previously reported the cloning of two P. aeru-

ginosa genes involved in elastase expression (38). One of

TABLE 2. Localization of lasA protein in E. coli

Without sucrose With sucrose
E. coli fraction fractionation fractionationb
containing lasA" cpm % Total % Total

incorporation incorporation

Periplasm 307 1.8 307 1.6
Cytoplasm 823 4.8 823 4.3
Total membranes 16,023 93.4
Inner membrane 3,353 17.4
Outer membrane 14,772 76.7

a E. coli containing vector alone incorporated <500 cpm in any fraction.
b Membranes were fractionated on a sucrose gradient, and inner and outer

membranes were removed.
' cpm are based on 10 ,ug of total protein precipitated on trichloroacetic acid

filters after washing. See Materials and Methods for details.
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FIG. 4. Autoradiogram of cell fractions of E. coli containing the
lasA protein. Lanes: 1 and 12, '4C-methylated standards given in
kilodaltons; 2 to 6, E. coli containing the vector, pT7-7 (2, periplas-
mic; 3, cytoplasm; 4, total membranes; 5, inner membrane; 6, outer
membrane); 7 to 11, E. coli containing the lasA clone, pT7-17 (7,
periplasmic; 8, cytoplasm; 9, total membranes; 10, inner mem-
branes; 11, outer membranes).

these genes, lasA, complements the mutation in PAO-E64.
This mutant produces an extracellular elastase which is the
same size as the parent elastase and is proteolytic but is
deficient in elastolytic activity at 37°C. We have sequenced
and analyzed a 1,712-bp SmaI-HindIll fragment which com-
plements PAO-E64. Analysis showed that this DNA con-
tained a large open reading frame which encoded a 377-
amino-acid protein with a predicted molecular weight of
41,111 (Fig. 2). When the lasA gene was expressed in E. coli,
a protein, the lasA protein, with an estimated molecular
weight of 40,000 was found. Fractionation studies showed
that this protein was associated with the outer membrane of
E. coli (Table 2). Analysis of the deduced amino acid
sequence suggested that the amino-terminal region of the
lasA protein (Fig. 2) is similar to other procaryotic signal
sequences (20, 21). The location of the lasA protein in P.
aeruginosa and the ability of its amino-terminal region to

TABLE 3. Activation of P. aeruginosa extracellular elastase with
E. coli membranes containing the lasA protein

Elastolytic activity of culture supernatants"

E. coli membrane PAO1 PAO-E64
fraction

Sp actb So Increase Sp actb % Increase
in activity' in activityc

None 6.6 4.0
Vector membranes 7.2 9 % 4.0 0%
lasA membranes 8.4 22.6% 6.3 36%

a E. coli fractions demonstrated no elastolytic activity when 100 ,ug of total
protein was used and when the fractions were incubated overnight at 37°C
with Elastin Congo red as a substrate (see Materials and Methods). Superna-
tants were adjusted to 10 mg of total extracellular protein per ml.

b Elastase specific activity was determined from a standard curve with
purified P. aeruginosa elastase. These experiments were repeated three times
with equivalent results.

c Increase in elastolytic activity was determined as the increase in specific
activity following preincubation with various membrane fractions as com-
pared with culture supernatants preincubated with buffer alone.

function as a signal sequence are currently under investiga-
tion.
The 40,000-Da lasA protein predicted and observed in our

study was considerably larger than the 31,000-Da value
reported by Goldberg and Ohman (11). Goldberg and Ohman
used an expression vector where the host proteins continue
to be synthesized when the cloned gene is induced, making
it difficult to identify unambiguously the correct product
produced by the gene of interest. We used the pT7-7 system
(41) to alleviate this problem.

Extracellular elastase from PAO-E64 was activated with
E. coli membranes containing the lasA protein (Table 3).
This activation raised the elastolytic activity of PAO-E64
supernatants to parental levels. This lasA protein also am-
plified the elastolytic activity of the parent PA01. In both
cases, treatment with the lasA protein had no detectable
effect on the apparent size of extracellular elastase. A
possible function of the lasA protein may be to mediate the
optimal folding of the elastase protein into its elastolytically
active form. Alternatively, the lasA protein may activate
elastase by modifying it in some manner not detectable on
SDS-PAGE. However, the elastolytic activation of elastase
by the lasA protein is apparently not absolutely required for
excretion of elastase to the external medium because the
mutant PAO-E64 produces parental levels of extracellular
elastase protein (35).

Kessler and Safrin (24) have shown that elastase found in
the periplasm of P. aeruginosa is elastolytically inactive and
slightly larger (500 Da) than extracellular elastase. Using the
same nondenaturing gel system as Kessler and Safrin, we
were unable to show a size change of extracellular elastase
before or after treatment with lasA protein. However, com-
puter analysis of the deduced amino acid sequence of the
lasA protein revealed significant homology (score of 39%)
with beta-lytic protease of Myxobacter spp., a neutral me-
tallo-endopeptidase (5). Although we were unable to dem-
onstrate a proteolytic processing event associated with the
lasA protein produced in E. coli, we cannot exclude the
possibility that this protein may have this function in P.
aeruginosa.
A third possible function of the lasA protein has been

suggested by Goldberg and Ohman (11). They observed a
47,000-Da elastase precursor associated with the membrane
fraction of the lasA + parent and a lasA deletion mutant of P.
aeruginosa. The large elastase precursor was also found in
the cytoplasm of the lasA mutant but not in the cytoplasm of
the lasA+ parent strain. Goldberg and Ohman suggested that
the lasA protein is involved in the efficient secretion of
elastase. We are currently examining the potential function
of the lasA protein in elastase secretion and excretion.
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