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culture supernatants was determined by the method
of Wretlind et al. (27), using p-nitrophenyl caprylate
(Sigma) as the substrate. The production of alkaline
protease in TSBD culture supernatants was deter-
mined by an RIA, as described elsewhere (Cryz and
Iglewski, submitted for publication).

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. TSBD culture supernatants were
dialyzed and concentrated as described above. Extra-
cellular proteins were analyzed by electrophoresis on
sodium dodecyl sulfate-10% polyacrylamide slab gels
as described elsewhere (Ohman et al., submitted for
publication).

Genetic techniques. Mutagenesis with ethyl
methane sulfonate and enrichment of auxotrophs were
as previously described (7, 26). The marker argF (55
min) was identified by growth on both citrulline and
ornithine (6). The donor strain PAO505 met9011
ami200 FP2 was the kind gift of D. Haas, Eidgenos-
sische Technische Hochschule, Zurich, Switzerland.
Matings on the plates were performed as previously
described (24). Recombinants were purified on selec-
tive media, and coinheritance of the elastase-positive
phenotype was tested on elastin-NA plates incubated
at 37°C.

RESULTS

Mutant isolation. Elastase mutants were
identified by their failure to produce a zone of
clearing on elastin-NA plates when incubated at
37°C for 48 h. A total of approximately 43,000
clones were examined after 12 independent ni-
trosoguanidine mutagenesis treatments; 75 mu-
tants were identified by reduced elastase activ-
ity.

Toxin A production by elastase mutants.
Among the 75 elastase mutants identified, 31
produced toxin A, as determined by an agar well
assay in which specific antitoxin was used. The
loss of toxin A production by the other 44 mu-
tants may have been due to membrane altera-
tions. The relative amounts of toxin A produced
by the 31 toxin A* mutants were determined in
the ADP ribose transferase assay. Only 2 mu-
tants (PAO-E23 and PAO-E64) from the original
75 produced parental levels (3 ug/ml) of toxin A.
These two mutants were selected for further
study.

Biochemical characterization. Elastase
mutants PAO-E23 and PAO-E64 were tested for
the ability to utilize 24 organic compounds which
were found to serve as sole carbon sources for
the parental strain, PAO1 (Table 1). Mutant
PAO-E64 utilized all 24 compounds, but mutant
PAO-E23 was not able to utilize glutamate. Both
elastase mutants were able to grow on five selec-
tive media, and their generation times (36 min)
were the same as the generation time of the
parent. Five biochemical tests (arginine dihydro-
lase, gluconate, malonate, nitrate to gas, and
Simmons citrate) were positive for the parental
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TABLE 1. Biochemical characterization of P.
aeruginosa strain PAO1

Result with

Tests strain PAO1°

Carbon assimilation
Acetate
Acetamide
Adipate
Alanine
Arabinose
Arginine
Aspartate
Citrate
Fructose
Fumarate
Galactose
Glucose
Glutamate
Glycine
Lactate
Lysine
Malate
Mannitol
Mannose
Propionate
Pyruvate
Ribose
Succinate
Xylose

Growth
Cetrimide agar
Deoxycholate citrate agar
Endo agar
MacConkey agar
Salmonella-shigella agar

Other tests
Arginine dihydrolase
Gluconate
Malonate
Motility
Nitrate to gas
Simmons citrate

% Mutant PAO-E64 gave the same results as the
parent (PAO1) in all tests, whereas mutant PAO-E23
did not utilize glutamate and was nonmotile. Other
test results were as follows: generation time on TSBD,
36 min; serotype, 3, 7; pyocin pattern, 111, 424.
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strain and the two elastase mutants. The pyocin
patterns and serotypes of the two mutants were
identical to those of the parent (Table 1). The
lack of diffusion of growth through motility agar
indicated that the motility of mutant PAO-E23
was altered. These results indicated that mutant
PAO-E23 did not have a single mutation which
affected only the activity or production of elas-
tase.

Production of extracellular products. Re-
lease of extracellular products by strain PAO1
and mutant PAO-E64 was determined by using
agar plate and liquid culture assays (Table 2).
The production of the following extracellular
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TABLE 2. Extracellular products of P. aeruginosa PAOI and PAO-E64
Extracellular products®
Zone of activity (mm) Growth on agar Activity of:
Alka-
Strain He .. line Leci. k&
Elas- Casei- Gela- lrn 0 mo- Ester- Pyo- Fluo- pl}x‘os- L:%ase thi- pro- x‘oxm
tase nase tinase J°° lysis ase cyanin oo  Pha- / NAse  iease (ug/
(hu- e ) cein tase  ml) (u/ (ug/ ml)
man) P wy m)* B
ml)
PAO1 4.5 6.0 9.0 2.0 0.5 + + + 39 160 0.18 2.7 3.0

PAO-E64 0 6.0 9.0 2.0 0.5 +

+ + 3.8 160 0.18 3.4 3.0

¢ Neither strain produced detectable levels of exoenzyme S, RNase, DNase, staphylolytic enzyme, and
hyaluronidase. Zones of activity for protease and gelatinase were measured after 24 h, those for hemolysis were
measured after 48 h, and those for elastase were measured after 72 h of incubation at 37°C.

® One lecithinase unit of activity was defined as the liberation of 1 M water-soluble organic phosphorus from

phosphatidylcholine (from egg yolk; type IXE; Sigma).

products was not detectably altered as a result
of the mutation affecting elastase production in
mutant PAO-E64: gelatinase, caseinase, human
and sheep hemolysins, esterase, pyocyanin, flu-
orescein, and toxin A. In addition, strain PAO1
and mutant PAO-E64 produced the same levels
of alkaline phosphatase, lipase, lecithinase, and
alkaline protease. Thus, the elastase mutant
PAO-E64 was identical to the parental strain by
all of the above criteria, except for its lack of
elastase activity.

Extracellular protein profiles on sodium
dodecyl sulfate-polyacrylamide gel electro-
phoresis. The culture supernatants of strain
PAO1 and mutant PAO-E64 each contained 25
visible bands on sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (Fig. 1). These gel
profiles were indistinguishable. Despite the lack
of elastase activity in mutant PAO-E64, no band
corresponding to elastase (molecular weight,
23,000 [13, 28] or 39,000 [22]) was missing or
reduced in the gel profile of this mutant (Fig. 1).

Production of elastase in liquid medium
by PAO1. PTSB was found to be best for elas-
tase production by strain PAO1 compared with
the other media tested. The supernatants of
PTSB cultures contained at least fourfold-more
elastase activity than the supernatants of TSBD,
MTYG (27), nutrient broth, and NYB cultures
(data not shown). Therefore, PT'SB was used for
all studies on elastase production.

Elastase activity, as measured in the elastin-
Congo red assay at 37°C, was determined as a
function of both time of incubation and bacterial
cell density. When cells were grown at 37°C,
maximum elastase activity and maximum cell
density (optical density at 540 nm, approxi-
mately 10) was observed 15 h after inoculation.
When PTSB cultures were incubated at 21°C,
maximum growth and elastase activity were at

36 h after inoculation (data not shown).

Production of elastase antigen. To meas-
ure accurately the production of elastase protein
by strain PAO1 and mutant PAO-E64, a highly
sensitive liquid-phase RIA specific for P. aerugi-
nosa elastase was developed. The standard
curve for the elastase RIA was linear when the
concentration of elastase was between 5 and 400
ng/ml. Purified alkaline protease exhibited no
cross-reactivity with elastase (Fig. 2). The addi-
tion of PTSB growth medium produced no non-
specific displacement of labeled antigen from
precipitated immune complexes (data not
shown). The limit of detection with this assay
was approximately 5 ng of elastase per ml.

The RIA for elastase showed that strain PAO1
and mutant PAO-E64 produced the same
amount of elastase antigen when they were cul-
tured at 37°C (approximately 150 pg/ml) and
21°C (approximately 200 ug/ml) (Table 3). The
higher levels of elastase antigen obtained with
the 21°C culture supernatants may have been
due to increased production or increased stabil-
ity of this protein at the lower temperature. In
addition, the RIA for elastase could not detect
any loss of antigenic determinants on mutant
PAO-E64 elastase protein. These observations
were confirmed by the agar well assay, which
was adapted for elastase detection. A precipitin
band of complete identity and uniform intensity
formed between both parental and mutant col-
onies and wells containing elastase antiserum
(data not shown).

Effect of assay and growth temperature
on elastase activity. The observation that mu-
tant PAO-E64 had parental yields of elastase
antigen but did not produce a detectable zone of
clearing on elastin-NA plates (at 37°C) sug-
gested that this mutant may produce an altered
enzyme. This possibility was examined by com-
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FiG. 1. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis of extracellular proteins produced by
P. aeruginosa parental strain PAOI (P) and elastase
mutant PAO-E64 (E). Cells were grown in TSBD for
20 h, supernatants were concentrated 10-fold, and 10
wl of each supernatant was applied to the gel. Toxin
A (TOX) and the following protein standards (PS)
were used as molecular weight markers: phosphoryl-
ase B (molecular weight, 93,000 [93K]), bovine serum
albumin (68,000), pyruvate kinase (57,000), ovalbumin
(43,000), lactate dehydrogenase (36,000), carbonic an-
hydrase (30,000), soybean trypsin inhibitor (21,000),
and lysozyme (14,000).

paring the specific activities of the mutant PAO-
E64 and strain PAO1 elastases (Table 4). The
specific activity of the mutant enzyme was much
lower (66% less at 37°C) than that of the parental
enzyme. Furthermore, when the assay temper-
ature was increased from 21 to 37°C, the specific
activity of the parental elastase markedly in-
creased, whereas the specific activity of the mu-
tant elastase increased only slightly. Increasing
the growth temperature from 21 to 37°C had no
appreciable effect on the specific activity of the
mutant or parental enzyme (Table 4). The re-
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duced specific activity of the mutant elastase
was not due to the synthesis of an inhibitor by
the mutant since the activities of mixtures of
mutant and parental supernatants gave additive
results (data not shown).

The observation that the specific activity of
the mutant PAO-E64 elastase did not increase
when the temperature of the assay was increased
suggested that this mutant may have a temper-
ature-dependent conditional mutation affecting
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Fic. 2. RIA for P. aeruginosa elastase. B, Frac-
tion of total labeled antigen immunoprecipitated.
Symbols: @, purified elastase; O, purified alkaline
protease.

TaBLE 3. Effect of growth temperature on the
production of elastase antigen as determined by
RIA®

Elastase concn (ug/ml) at:

Strain
21°C 37°C
PAO1 218 147
PAO-E64 216 168

¢ Strains were cultured in PTSB at 21°C for 36 h or
at 37°C for 15 h.

TABLE 4. Effect of growth and assay temperatures
on elastase specific activity®

Sp act at the follow-

ngv:;h Strain ing assay temp:
cor 21°C  37°C
21 PAO1 0.43 1.00
PAO-E64 0.28 0.32

37 PAO1 0.66 0.98
PAO-E64 0.28 0.33

¢ Elastase specific activity was defined as the change
in absorbance at 495 nm per hour per nanogram of
elastase. This experiment was repeated twice with
comparable results.

® Strains were grown in PTSB at 21°C for 36 h or at
37°C for 15 h.
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elastase activity. This possibility was explored
by incubating cultures of strain PAO1 and mu-
tant PAO-E64 on elastin-NA plates at varying
temperatures (Fig. 3). After 72 h of incubation,
strain PAO1 produced zones of clearing at 21°C
(3.0 mm), 32°C (4.0 mm), and 37°C (4.5 mm),
but not at 42°C. No elastin clearing was observed
with mutant PAO-E64 at 37 and 42°C. However,
at 32°C, mutant PAO-E64 produced detectable
elastase activity. The zone of clearing surround-
ing mutant PAQ-E64 increased to 1.0 mm when
a plate was incubated for 72 h at 21°C (Fig. 3).
At 21°C in this assay, the mutant produced
approximately one-third the elastase activity of
the parent. In addition, an elastin-NA plate in-
oculated with mutant PAO-E64 and incubated
at 37°C for 48 h showed no elastin clearing, but
subsequent incubation of that plate at 10°C
overnight produced a zone of clearing around
mutant PAO-E64 (data not shown). This indi-
cates that the elastase produced by PAO-E64
was not irreversibly inactivated at 37°C.

The genotype of mutant PAO-E64 was desig-
nated lasAl. Preliminary mapping experiments
failed to locate the lasAI gene.

DISCUSSION

Morihara and Tsuzuki (20) observed that P.
aeruginosa produces two major extracellular
proteases, which are termed alkaline protease
and elastase (or protease II). These enzymes
have been implicated in the pathogenesis of a
variety of P. aeruginosa infections (9, 10, 12, 16,
23). Both of these enzymes hydrolyze casein, but
only elastase degrades elastin (17, 18). Protease-
deficient mutants of P. aeruginosa have been

F16. 3. Comparison of the zones of elastase activ-
ity produced by P. aeruginosa strain PAOI (P) and
elastase mutant PAO-E64 (E) after 3 days of incu-
bation on elastin-NA plates at 21°C (a), 32°C (b),
37°C (c), and 42°C (d).
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isolated previously on the basis of reduced casein
digestion, which is not specific for any one of the
three known P. aeruginosa proteases (27). As
one might expect, all of these mutants have been
pleiotropic (27). However, to evaluate the con-
tribution of each of these proteases to virulence,
mutants with specific elastase or alkaline pro-
tease deficiencies are needed. The use of elastin-
NA plates enabled us to isolate a mutant (PAO-
E64) with a specific elastase deficiency (Table
1). This mutant produces parental levels of al-
kaline protease and other extracellular proteins
(Table 2 and Fig. 1). This elastase-deficient,
apparently nonpleiotropic mutant was isolated
at a frequency of 2.3 X 10~°. We have designated
the genotype of the mutant PAO-E64 as lasAl.
Preliminary genetic mapping studies failed to
locate the lasA1I gene.

Despite the fact that mutant PAO-E64 was
isolated as deficient in elastase activity, it pro-
duced the same amount of elastase antigen as
the parental strain, PAO1. Furthermore, the mu-
tant enzyme was indistinguishable from native
elastase in an RIA and in an immunodiffusion
assay. However, the specific activity of the mu-
tant elastase was greatly reduced, and it did not
increase appreciably with increasing tempera-
ture, suggesting that the mutant enzyme may
have a temperature-sensitive alteration.

Our data (Tables 3 and 4 and Fig. 1 through
3) suggest that mutant PAO-E64 has a mutation
in the structural gene for elastase which results
in the formation of an altered enzyme. A single
base pair change in the structural gene, resulting
in one amino acid alteration, could be sufficient
to completely alter the kinetic properties of the
mutant elastase. However, we cannot discount
the possibility that a preenzyme elastase failed
to be converted to an active form due to a defect
in a post-translational processing system. Defin-
itive data on the nature of the alteration and
thermal stability of the mutant elastase await
the purification of the mutant enzyme.
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