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SUMMARY ] ;
~i/

A. Our long term goal is to determine the role to exotoxin S in
humans infected with Pseudomcnas aeruginosa and develop vaccines to reduce
the morbidity and mortality associated with these infections. ) During the
periods of the project covered in this annual report (August I, 1978-July 31,
1979) we have: e NN

c (1) - Completed our%égitial studies of S production in vitro and in
vivoL‘\Qgg\publication and a d?aiﬁ of a second manuscript in preparation are
: ’

appel.:led. T e S /464:“? ‘,/\44‘“1

(2) Initfated a study on¥the incidence of toxin § production,by
clinical isolateg of P. aeruginosa) The most intriguing observation has
been that bacteremic patient; infected with S producing strains have a much
higher mortality rate (71%) compared to those infected with strains of P.
aeruginosa that don't produce S (43% mortality rate).

,L3}ZE; We have tested the virulence of strain Ps 388 and a protease
deficient mutant Ps 388-6 in four different animal models. Both Ps 388 and
Ps 388~6 produce S but not toxin A. Both strains were virulent in the
burned mouse model and a rabbit model which mimics localized skin infections.
However both strains were avirulent in a mouse eye model and a neutropenic
rabbit model.

We have studied the assay condition used for measuring the
enzymatic activity of S. Parameters investigated were pH, ionic strength,
buffer composition, metal requirements and the effects of detergents,ﬁ;lhf
optimum conditions and ionic requirements were found to be different for
S than those reported for A.

&) We have continued our studies on the purification and characteris-
tics of S. We have investigated two purification schemes based on conventional
protein chemistry methods. We have further characterized S with respect to
interaction witn antisera, molecular weights and substrate specificity.

(6) We have purified several batches of toxin A and diphtheria toxin.
Approximately 80X of these purified toxin preparations have been sent to
Drs. J. Sadoff and C. Alving (Walter Reed Army Inst. of Research) and Dr. W.
Brodsky’ (Mt. Sinai Med. Center) for collaborative studies supported by the
army. One paper (#3 below) and one abstract (#4 below) have resulted from
these collaborations this year.

B. Publications resulting from this research (copied appended).
1. Bjorn, M.J., Pavlovskis, 0.R., Thompson, M.R., and Iglewski,

B.H. Production of Exoenzyme S during Pseudomonas seruginosa
infections of burned mice. Infect. Immun. 24:837,1979.

2. Bjorn, M.J. and Iglewski, B.H. Factors that influence the
production of Fseudomonas aeruginosa Exoenzyme S. To be sub-
mitted.
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3. Brodsky, W.A., Sadoff, J.C., Durham, J.H., Ebrenspeck, G.,
Schachner, M. and Iglewski, B.H. Effects of pseudomonos toxin A,
Diphtheria toxin and chnlera toxin on the electrical parameters
of the turtle bladder. Proc. Nat. Acad. of Sci. U,S.A. 76:3562,
1979.

- . 4, Alving, C.R., Iglewski, B.H., Urban, K.A., Moss, J. and Sadoff,
o J.C. Binding of diphtheria toxin to phospholipids in liposomes,
, F.A.S.E.B. Abstracts, 1979.

Accession For

NTIS GRAXI
DTIC TAB
Unannounced O
Justification ]

By
| Distribution/ |
Availability Codes
Avail and/or

Dist Special

A-l




FOREWORD

In conducting che research described in this report, the investigator(s)
adhered to the "Guide for the Care and Use of Laborazory Animals,"
prepared by the Committee on Care and Use of Laborazory Animals of

the Institute of Laboratory Animal Resources, National Research Council
(DHEW Publication No. (NIH) 78«23, Revised 1978).

During the course of this work the authors were greatly assisted by

Dr. Michael Bjorn, Mr. Dennis Ohman, Mr. Jack Lile, Mrs. Pamela Sokol end

Mrs. Joan Rittenberg. Their help is deeply appreciated. Portions of this
research were done in collaboration with Drs. J. D. Sadoff, Alan Cross, and

Carl Alving, WRAIR, Washington, D.C., 0.R. Pavlovskis, ONR, Washington, D.C., and
Dr. E. Ziegler, U. of California at San Diego.
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I. Production of toxin S and a comparison of the virulence of $§ producing
strains in various animal models.

A. Introduction

Qur initial studies on the production of S in vitro and in
vivo have been continued. We have compared the effects of various chelators
added to the growth medium on S production. We extended our characterization
of § produced in vivo, in burned mice infected with strain Fs 388. We have
begun a study on the incidence of S production by P. aeruginosa strains iso-
lated from patients with bacteremja. Finally, our observations that strain
Ps 388 was virulence in the burned mouse model were extended by examining the
virulence of this strain in three additional animal models.

B. Materials and Methods

1. Previously described methods. Most of the methods utilized
in these studies were described in detail in last years progress report. Th.se
include standard culture media, deferration and iron determinations, bacterial
strain characterization and maintenance, ADP-ribosyl transferase assay, protease
determinations and the burned mouse model.

2. Determination of the toxin phenotype of clinical isolates.
Strains isolated from patients with P. aeruginosa bacteremia were provided by
Drs. J. Sadoff and A. Cross (WRAIR). These isolates were grown in the trypti-
case soy broth dialysate (TSBp) with and without NTA (final concentration 10mM
at 32°C) for 22 hr. (1) culture supernatants were tested in the ADP-ribosyl
transferase assay (2) with and without prior incubation with 4M urea and 1%
dithicthreitol (DTT) (1). As described in last years report, toxin A is
produced in equal amounts on TSBp and in TSBp + NTA whereas S production in-
creases when the bacteria are grown in the presence of NTA. Furthermore, the
enzymatic activity of A increases with preincubation in 4M urea and 1% DIT
whereas § activity is reduced by such treatment (1). The toxin phenotype of
potential S producers was then verified by preincubating culture supernatants
in specific anti A or anti S serum. The production of these antisera were

described in last years progress report.

3. Animal Models. The virulence of strain Fs 388 and a protease
deficient mutant Ps 388-6 was tested in the mouse eye model; bacteremia in
agranulocytic rabbits; and wvasculitis in agramulocytic rabbits. Strains
Ps 388 and Ps 388-6 produce exoenzyme S but not toxin A.

The P. aeruginosa eye model was that described by Hazlett et. al.
(3). Groups of six mice each had their corneas slightly wounded (3) then 10ul
containing from 104-10% bacteria were dropped on the right wounded cornea.
Sterile culture medium (mOml) was dropped on the left wounded cornea which
served as a control. The animal's correas were observed microscopically every
other day to determine the e..ent of gross damage. Animals were scored using
a corneal damage index (4) oF Ownormal through +4 (4=perforated cornez). Ex=-
periments were terminated after 30 days. In past experiments we observed
that the eye damage did not change after 16 days post infection. Infections
caused by Ps 388 and Ps 388-6 were compared to those caused by the toxin A




positive S negative strain PA103 and the toxin A negative S negative strain
WR-5. These strains have been previously characterized (5).

The rabbit models were those developed by Ziegler and Douglas (6)
and these experiments were done in collaboration with Dr. E. Ziegler, U.
Calfornia at San Diego. Each group consisted of 7-8 rabbits. The rabbits
were injected intravenously with nitrogen mustard mechlcrethamine (Merck,
Sharp and Dohme West Point, PA) in a dose of 3.0 ng/kg, Seventy two hours
later 1-7 X 107 bacteria in 0.1 ml of TSBp broth were instiiled into the con-
junctival sac of the right eye. Animals were observed for one week for signs
of 1llness. After 7 days or immediately after animals died, blood was drawm
aseptically from the heart and 1.0ml mixed with 9.0ml melted TSA. Plates were
read after 24 hr. incubation at 37°C. Histological sections were prepared
from representative blood vessels, stained with hematoxylin-eosin and observed
microscopically. 1In addition to stain Ps 388, Ps 388-6, WR + 5 and PA1O03,
strain #3 previously described (6), was used as a positive control.

In order to determine if Ps 388 and Ps 388-6 could induce any
vasculitis, rabbits (% per group) were injected with nitrngen mustard as
described above and 72 hrs. later 1 X 107 bacteria ip 0.lml TSBp were injected
intradermally. Skin lesions were observed for 3 days and 2 animals from each
group sacrificed 24, 28, and 72 hours after bacterial injections. Histological
sections were made from tissue surrounding the site of injection, stained and
observed as described above.

C. Results.

1. The effects of various chelators on toxin S production by
strain Ps 388. Previously, w2 observed that S production by strain Ps 388

required the presence of NTA and that 10mM NTA gave maximum S yields. We

have extended these results by comparing the effects of various chelators on
bacterial growth and S yields. The chelating agents tested were tricine,
citrate and ethylenediaminetitroacetate (FDTA). As shown in Table 1, the
addition of (0.lmM-20mM) tricine or citrate to the medium in place of NTA
resulted in negligible S yields. The addition of EDTA (10-20mM) to the medium
resulted in S yields equal to the yields obtained when 10mM NTA was present
(Table 1 and fizure 1 of last years prugress report). However, EDTA at 10-
20mM, inhibited bacterial growth and pigment production by stra.ua 388, There-
fore, we rcutinely use 10mM NTA to supplement TSBp for S production. A
manuscript containing our inirial studies on factors that influence the
production of S 1s currently being prepared. A copy of a draft of that manu-
script is appended as paper #2 in the appendix.

2. Production of S in vivo by strain 388, Last year we reported
on the productisn of S in burned mice Infected with strain Ps 388 (see progress
report 1978). We have now extended our observations on the specificity of the
enzymatic activity detected in the sera and skin extracts of Ps 388 infected
burned mice. As described above (section IB2) the enzymatic activity of S is
decreased by incubation of the enzyme with 4M urea and 1% DTT. The treaiment
of skin extracts or sera from burned Ps 388 infected mice with urea and DIT
partially destroyed their enzymatic activity (Table 2). To determine if the
skin extracts or sera contained a factor which might alter these enzymes,
crude S or crude toxinA was preincubated in skin extracts or sera from burned
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Table 2. Effect of urea and dithiothreitol on the ADP-ribosyl

transferase activity of mouse skin extracts and sera

ADPR incorporated (pmole)a

+H20 +urea, DIT
A. Control skin extracts or sera
+ toxin A or exoenzyme Sb
Skin extract + toxin A 0.8 12.4
Skin extract + exoenzyme S 8.5 4.9
Serum + toxin A ‘ 1.7 13.4
Serum + exoenzyme § 11.9 5.5
B. Skin extracts from burned infected mice
Skin no.
3 28.0 15.4
23 48.1 32.1
37 60.0 45.9
39 50.9 29.0
56 25.9 19.6
C. Sera of burned infected mice
Serum no.
19 14.3 6.8
21 13.3 8.2
23 9.5 6.5
37 ' 26.7 17.0
41 12.1 4,5
2 per 10 ul of skin extract or serum.
b Crude tuxin A (10 ul) or crude exoenzyme S (10 ul of a 1:10 dilution)
were pre-incubated with 90 ul of skin extract or sera for 1 h at 37°C
before being tested for ADP-ribosyl transferase activity.




non-infected mice at 25 C for 15 min. before assaying their enzyrwatic
activities. The preincubation of these enzymes in uninfected mouse sera
or skin extracts did not alter the enzymatic properties of crude S or A (see
Table 2 cortrols). We have also measured the active EF-2 coatent of liver,
kidney and spleen cells from Ps 388 infected burned mice and compared these
to levels in tissues from uninfected or FA103 infected burned mice (Table 3).
In agreement with previous reports (5,7,8) the levels of active EF-2 in
tissue from burned mice infected with strain PA103 (toxin AtS™) were markedly
decreased at 24 hr. postinfection (Tahle 3). Ir contrast, active EF-2 levels
in burned mice infected with strain in 388 were normal in the livers, kidneys
and spleen at 24 hr post-infection (Table 3). Thus strain Ps 388 does not
produce detectable toxin A in vivo and the S that is produced while detec-
table ir serum and skin extracts, does not result in altered EF-2 levels.
These studies and those discribed in detail in last years progress report
have now been published (9). A copy of this paper is appended (paper #1).

3. Production of Toxin S by Clinical Isolutes of P. aeruginosa.

Utilizing the wuethods described above (section IB 2) we have initiated a
study to determine the incidence of toxin S production by strains of P.
aeruginosa isclated from patients having bacteremia. These methods permit us
to distinguish between strains that produce toxin A but not S (A+S-); those )
that produce both toxins A and S (A+S*);those that produce S but not A )y
(A~S*) and those that do not produce either A or S (A-S-). A total of 39 '
strains have thus far been examined (Table 4). Twenty five (64%) were A

4 (10%) were Ats+, 3 (82) were A~S+ and 7 (18%) produced no detectable enzy-
matic activity (A=S~). Of the 7 strains identified as producing S toxin, 5
vere from patients that died. Thus while the overall mortality rate of these
bacteremic patients was 432 the mortslity rate of those individuals infected
with toxin S producing strains was 71Z. This increased mortality rate was
not associated with the toxin A phenotype (Table 4). We plan to continue this
study since the numbers of strains tested are small.

- e

4. Virulence of A-S* strains in various animal models. Previous
studies (9) in last years progress report showed that Ps 388 that produces
toxin S but not A (A-S*) wag virulent in burmed mice. This year we tested
the virulence of Ps 388 and the protease deficient mutant Ps 388-6 in 3 addi-
tional animal models as desciibed above (IB 3).

Strains Ps 388 and Ps 388-6 were avirulent in the mouse eye model.
Thus even at the highest inocula tested, (108) these strains failed to produce
any lasting damage to the mouse eyes. In contrast the toxin A+S— gtrain
PA103 produces severe corneal damage (CPI>3) with an inocula as small as

106 (rig. 1).

Strains Ps 388 and Ps 388-6 were also avirulent when instilled
into the intact conjuncti. 2zl sac of agranulocytic rabbits (Table 5). Thus
neither Ps 388 or Ps 388-6 caused mortality or vasculitis in these rabbdits.
Strain WR-5 (toxin A™S™) was also avirulent in this model and strain PA103
(toxin A*S<) was of low virulence. By contrast imoculation of strain 3 (6)
resulted in 1002 mortality and 100% vasculitis (Table 5).

While these results may indicate that § fs not important in these
two animal models it seems equally possible that strains Ps 388 and Ps 3886
lack some other required virulence factor. Thus Ps 388 was highly virulaut o
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Tahle 3. Comparison of the active EF-2 levels in tissue
extracts from burned mice infected with P.

aeruginosa PA-103 or 1882

% Control active EF-2 levelsb

gggggé PA-103 infection 388 infection
Liver 35 102
Kidney 83 95
Spleen 82 101

8 Mice were sacrificed 24 h after being burned and infected.

b Control values were obtained using the appropriate tissue

from anesthetized and burned uninfected mice.

¢ Organs from six similarly treated mice were pooled.
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Table 4. Incidence of Toxin S Production by P. aeruginésa
isolated from patients with bacteremia,

Toxin Non-Fatal Fatal All
Phenotype Bacteremia Bacteremia Isolates
ats” 16(73%) 3(52%) 25(647)
atst 1(4.5%) 3(187) 4(10%)
ATst 1(4.5%) 2(12%) 3(8%)
A'S” 4(18%) 3(182) 7(18%)

22(100%) 17 (100%) 39(109%)
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Figure 1
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: Average corneal damage index in mouse eyes 22 days after infection with

strain PA103 (O---0), Ps 388 { g—e@) and WR-5 (&—d).
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Table 5. Virulence of various P. aeruginosa strains in

neutropenic rabbits following cbnjuncrival inoculation.

Strain Eye Inoculum (CFU) Mortality Vasculitis
Ps 388-0 3 %10 0/8 0/8

Ps 388-6 2 x 10 0/8 0/8

PA 103 1X 107 0/7 277
WR-5 7 X 107 0/8 c/8

# 3 x 10 8/8 8/8




in the burned mouse model (see 1978 preogress report) and both Ps 388 and

Ps 388-6 caused vasculitis when 2 X 107 bacteria were injected intradermally
into neutropenic rabbits (see method section I3 3). Microscopic sections
showed that all the blood vessels, both arterial and venous, in the area of
the injection, were surrounded by a thick sheath of hematoxylin-positive
material composed entirely of bacilli. This was observed with 100% of the
injected animals.

D. Discussion

We have completed our initial studies on the production of §

in vitro and in vivo. Conditions have been defined for production of large

amounts of § I; vitro. We have demonstrated that § is produced in vivo and
have established acsays for distinguishing between the enzymatic activity of

S and A. Preliminary results indicate that bacteremic patients infected with
S producing strains have a higher mortality rate than those infected with
AYS™ or A-S™ strains of P. aeruginosa. Additional strains need to be examined
to verify this conclusion.

While Ps 388 (toxin A-S+) strain is virulent in the burned mouse
model or when injected intradermally into neutropenic rabbits it is avirulent
in the mouse corneal model and when it is instilled into the intact conjunc-
tival sac of neutropenic rabbits. Thus it appears Ps 388 mav lack a factor
required for invasion. The additional toxin A-S* strains {sciated from patients
with fatal bacteremia will be compared to Ps 388 and tested to see if they are
virulent in these various animal models.

IT. Assay Conditions for Measuring the Enzymatic Activity of Toxin S.
A. Introduction

The optimum assay conditions for the enzymatic activity of
diphtheria toxin fragment A were determined a number of years ago and a very
similar assay was rfound to be ideal for P. aeruginosa toxin A (2). When toxin
S was discovered, the same assay was employed for it as for toxin A (1).
However, some exploratory work showed these conditions were not ideal for
quantitating S enzymatic activity. Thus we have examined a number of para-
meters to determine the optimum conditions for assaying the enzymatic
activity of toxin S.

B. Methods

1. Substrates. Wheat germ extract was prepared as previcusly
described in detail (2) using phenylmethylsulfonyl flouride (PMSF), reducing
agents and a hypotonic buffer. In spitz of the presence of PMSF these wheat
germ extracts have relatively high protease activity, therefore we also used
rat liver as a source of substrate protein(s) for toxin S. Rat liver was
extracted using 0.25M sucrose containing PMSF but no added reducing agents.
The 100,000 X z supernatant of the liyer extract was desalted on a Sephadex
G-25 column into 10uM Tris, pH 7.0 and frozen in small aliquots st 70°C,
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2. Assay Conditions. The optimum assay conditions for toxin §
were developed using the soluble rat liver extract. However, there was little
relative difference seen between the wheat germ aznd rat liver extracts under
many different assay conditions. The advantages to using rat liver are
that it is a well understood system and,when extracted with PMSF it is rela-
tively free of protease activity. The standard assay for toxin S was as
follows: 50 ul of buffer, 10 ul of desalted liver extract, a variable amount

P of diluted crude toxin S (2-10 pl), 5 ul of l4c-labeled NaD,

and incubatiou

at 25°C for a set period of time. Crude and desalted crude toxin gave the

same results whenever compared.

~ 3. Buffers tested. Below is a list of bufferc tested. For
comparison, all buffers were used at 50mM concentration and the pH was ad-

justed with NaOH, KOH, or HCl.

Buffer
N-2-acetamidoiminodiacetic acid (ADA)
acetic acid
2-(N-morpholino) ethanesulfonic acid (MES)
histamine
histidine
imidazole

sodium or potassium phosphate

pd _range
4.,0-7.5

4.0-6.5

6.0-8.5

6.0-8.0

N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) 6.5-8.5

tris
gsodium borate

sodium bicarbonate

c. Results

7.0-9.5
7.5-9.5

8.0-10.0

1. Effect of pH and innic strength on enzymatic activity of

toxin S. In all buffers tested, the maximum enzymatic activity with toxin §
occurred at pH 6.0. At pH 7.0 there was still about 60% of the activity

while at pH 5.0 the activity dropped to about 35% (fig. 2).

A pH optimum of

6 for toxin S is quite different than that for diphtheria toxin fragment A

or Pseudomonas toxin A which have an optimum pH of 8.0 (10).
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rigure 2

Effect of pH on the enzymatic activity of toxin S in rat liver extracts.

Buffers used include; 50mM ADA (#—e ), SOmM Histidine (e---¢), 50mM

acetate (o——0), 50mM NaHPO4 (&) and 50oM tris (X---)).

CPM X 10°
()
1

10.0

pH
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Using desalted liver extract and desalted crude toxin S, we in-
vestigated the effect of ionic strengh on enzymatic activity. The activity
in the region from pH 5-7 was insensitive to ionic strength but the activity
in the region above pH 7.0 was rather sensitive to salt concentrations. At
pH 8.0 with 50mM imidazole; increasing the concentration of NaCl or KCl from
0 to 100mM markedly increased the enzymatic activity. At concentrations above
100mM, NaCl or KCl, were slightly inhibitory (Table 6).

The buffers tested gave nearly the same activity when the pB and
ionic strength were accounted for except ADA, in which case, the activity was
about 20% higher. Sodium borate almost completely inhibited toxin S activity
probably due to the well known ability of alkaline borate to complex with
cis-hydroxyl groups such as those on ribosomes.

2. Effects of Metals and Detergents on the enzymatic activity of
toxin S. The following metals; Fet3, Cutl, cntZ, Mm+2 Mg+2 or Znt2, were
added to the enzyme assay at a final concentration of 0, 10 or 100mM. The
addition of these metals did not increase enzymatic activity,therefore there
is no apparent requirement for these metals. However, Fet3 and cu*? actually
had an inhibitory effect on the enzymatic activity of toxin S (Table 7). This
inhibition could be seen when as little as 1pM FeC13 or CuS04 was added to the
assay and was greatest at a concentration of 30uM FeCly or CuSQ;. When the
concentration of these metals was increased to 100mM this inhibition was
again minimal. We are continuing to investigate this effect to determine 1if
these two metals are affecting the substrate or the enzyme (s) and to deter-
mine why the inhibition is abolished at very high metal concentrations.

The enzymatic activity of crude toxin S was not inhibited by pre-
incubation with 1% SDS or 1% triton X-100. However, the enzymatic activity
was completely inhibited by the addition of as little as 0.03% SDS or 1% tritonm
X-100 to the assay reaction mixture. This suggests that these detergents are
either reversably affecting toxin S or adversely affecting the substrate.

D. Discussion

' The studies described above provides further evidence that the
ADP-ribosyl transferase activity asscciated with toxin S is different from
any previously described. Thus fthe pH optimum for S 1s 6 whereas all other
ADP-ribosyl transferases have alkaline pH optimum (11); there is no metal
requirement and very low concentrations of FeClj or CuSQ; markedly inhibit -
S activity whereas substantially higher concentrations of iron are required
to inhibit toxin A activity (12). As indicated above, some of these studies
will be continued this year. The results of these studies should elucidate
tne optimum conditions for assaying the enzymatic activity of S which will
facilitate monitoring the purification of S and its substrate.

III. Purification and Characterization of Toxin S.

A. Introduction: We have continued our studies on the purification
and characterization of toxin S produced by strain Ps 388-6. We have compared




Table 6. Effect of salt concentration cn the enzymatic activity

of toxin €.

NaCl conc

Relative Activityl

10mM

20mM

50mM

100mM

200mM

500mM

1 The enzyme assays were run for 15 min. at 25°C with 50mM imidazole

pH 8.0.

10

20

45

90

100

95

80

13




Table 7. Effect of Iron and Copper on the emzymatic
activity of toxin S.

Metal Conc. % Relative Enzymatic Activity
none -— 100
FeCl3 1uM 97
3uM 84
10ud 46
30uM 11
100uM 81
none —_— 100
Cuso, 1uM 95
3uM 79
10uM 50
30uM 15
100uM 93

14
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two purification schemes based on conventional protein chemistry methcds

and have initiated studies on the use of detergents to solubilize and stabi-
lize toxin S. We have further charactertzed S by comparing the two enzymati-
cally active peptides with approximate moiecular weights of 30X and 60K daltons
with respect to substrate specificity, reaction with antisera and molecular
weight.

B. Methods

The following list of methods do not include those presented in
the previous annual report; they reflect modifications of old or entirely
new procedures.

1. Production of toxin S in large batches. The procedure used
for 16L fermenter batches is presented in the progress report for 1977-1978
with modifications as follows: Chelex-100 (BioRad, Richmond, Ca) was added
to media as a 10X concentrate prior to dialysis. (10g Chelex/L final media
volume). Cultures were harvested at 15-16 hours. A 20L capacity microferm
fermenter (New Brunswick Scientific, New Brunswick, NJ) was used to prepare
16L batches of Ps 388-6.

2. ADP-ribosyl transferase acticity. The ADP-ribosyl transferase
assay has been modified so that when it is not nacessary to monitor enzyme
activities for specific activity (ie. in following toxin on gel electro-
phoresis, column chromatography or other purification steps) we use less
isotope and wheat germ extract and if necessary run the reaction for longer
than the conventional 5 min. In monitoring column elution we use 10yl wheat
ger extract, 10yl watei(or sample)and 2ul NAD* thereby siznificantly reducing
the cost per assay.

3. Protein Determination. Prctein concentrations were determined
by the method of Bradford (13) modified by using a commerical reagent (Bio-
rad Protein assay dye reagent concentrate) purchased from Bio Rad Lab, Richmond,
California. Bovine gamma globulin (Bio-Rad) was used as the standard.

4. Auturadiography. Autoradiography of 14¢ 1abeled proteins
separated in polyacrylamide gels was done using the method of Bonner and
Laskey (14). Following electrophoresis the gel wasg fixed in 12.5% TCA over-
night then washed two times with dimethyl sulphoxide (DMSO), 300ml/gel, for
30 min. This gel was then scaked in a solution of 2,5-diphenyloxazole (PPO)
in DMSO, dried and exposed to RP Royal "X-Omat™ film at ~70°C.

C. Results

Frozen post DE-52 partially purified toxin S obtained from the
second and third fermenter run (annual report, 1978) was used as a starting
point for the next steps in purificatisn. Since enzymatic activity as
fcllowed by the ADPR ribosyl-transferase assay elutes in the void volume of
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both G-100 sephadex and Biogel A.5M columns and does not penetrate a non
denaturing 62 polyacrylamide gel under electrophoresis (ie. demonstrating
aggregation) it was decided to investigate other procedures relying on
seperation by charge, rather than mclecular weight. Methods attempted
included preperative isoelectric focusiug, binding and gradient elution from
DEAE-sephadex and cellulose, and binding followed by gradient elution from
hydroxyapatite (HA). Binding followed by gradient elution from hydroxyapatite
gives better resolution and material of higher specific activity than either
of the other procedures. Binding and elution of § from hydroxyapatite was
found to be variable with respect to whether sodium or potassium phosphate
buffer was used. With sodium phosphate, virtually all the erzyme activity
bound was eluted between 20-100mM phosphate at pH 6.8. With the potassium
salt, elution occurs at 400-700mM KPO4. Since very little protein was found
to bind to hydroxyapatite at low phosphate concentration (25mM) but most of
the toxin activity did bind, it was decided to try using HA as a first step
in purification. It was reasoned that if binding was specific, then the
cumbersome DE-52 batch process (requiring up to 1.5 kg new DE-52 and the pro-
cessing of 64L of diluted culture supernatant) might be replaced with a
single batch binding of toxin to hydrcxyapatite, then batch or gradient
elution.

Initial binding studies with small volumes of culture supernatants
indicated that it is indeed possible to bind up to 95% of the ADP ribosyl
transferase activity in 1.5-4 hours. Binding is optimal with supernatant
diluted 1:1 with water, and a reducing agent present (2me or DIT at 5-10mM).
Binding was found to vary depending on the batch and quality of nydroxyapatite
used. Fractured hydroxyapatite (useless for columm chromatography) was found
useable in batch preparations since it not only may be removed from samples
with relatively low centrifugal force, but also was found very efficient at
binding toxin. Thus in the next two fermenter runs, F IV and F V, toxin was
bound directly to HA. Although purification in this one step procedure ap-
proaches 15 fold, binding efficiency was drastically reduced in fermenter
scale binding (only 50% of the enzyme recoverable from culture supernatant
bound to the HA (5 g/100ml supernatant) after 8 hours). It was determined
that half the recoverable bound activity was in the hydroxyapatite fines
wvhich must be removed by centrifugation and half was in the HA that settled
out in two hours time (approximately 90% of the total HA). Mixing of HA in
the 32 liter volume of dilute culture supernatant was by paddle in both
fermenter runs and fresh (low in fines) HA was also used. Therefore, as
performed, the total recovery of enzyme from the F IV and F V fermenter runs
wvas relatively low compared to the 80X recovered from F II (approximately
30% and 20% respectively). However, the material eluting from the HA is of
greater specific activity in enzyme assay compared with batch binding/elution
with DEAE cellulose (Table 8).

Since prior work with poat DEAE-cellulose toxin has shown the
feasability of using HA gradient elution for further purification, we decided
to divide the P IV fermenter post HA (stage I material in _Figure 3) into 5
aliquots for the purpose of trying a second step of binding to HA with phos-
phate gradient elution. An optimua separation was obtained by 1) G-25 gel
filtration into 25mM potassium phosphate pH 6.8 to remove excess phosphate from
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Table 8. Toxin S activity: comparison of 16L fermenter run II
(DE-52 batch preparation) and fermenter V (hydroxyapatite
batch purification).

-
Toxin Activityl
Protein recovered Purification
Material g A fold
FII Cultural supernatant 4.8 100 1
Stage I: post 0.15M NaCl wash 0.48 60 - 6.0
: post 0.25M NaCl wash 0.88 20 1.7
FV Culture supernatant 12.5 100 1
Stage I: post hydroxyapatite
post G-25 n.28 18 8

All enzyme activity was bound to DE-52 in the F II batch. 507 of the
measureable toxin activity in F V was bound to hydroxyapatite; 18X of
the activity beund was eluted. Hence recovery of Zoxin bound to hyroxy-
apatite was 35X. Electrophorctic analysis of post hydroxyapatite toxin
demonstrates that the preparation has fewer contaminating proteins that
the post DE-52 material (~25 fold vs 6 fold). However, the specific
activity of the toxin does not rise proportionally, indicating enzymatic
inactivation.
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Figure 3  Partial purification scheme for Toxin S from Pseudomonas aeruginosa 388-6.

16L culture 14-16 hr. (1:20 innoculum at ODs54(z0.4) cool in fermenter/ice bucket
to 10°C and add protease inhibitor 2 units/ml (Aprotinin, Sigma)

Centrifuge 10,000 X g 15 min

V'

cells
(discard)

(small scale

procedure) ¢

Supernatant ¢

(Fermenter scale
procedure)

Add 3 vols DW, pH to 8.0
Add 1.5kg DE-52

Add 1 vol distilled water (DW)
Add 5g hydroxyapatite/100ml supernatant

]
vigorous shaking/stir 2hr i stir 2 hr
¢ settle 2 hr
wash 2X 50mM NaCL
centrifuge ‘x/ 10mM tris pH 8.0
3,000 x g 5 min Discard
wash 2X elution buffer
400m PO, pH 6.8 0-60% |~ 200uM NaCl/10mM tris
Discar Ammonium 4 pH 8.
sulfate
wash 2X Y
étrlOOOmM POA pH 6.8 DE-52
Concentrat centrifuge
10,000 x g 20 min
supernatant (discard)
pellet
Ultrafiitration (resuspend in 25mM

P80 wembrane ] KH,PO, pH 6.8, 5mM 2-ME)

l Hydroxyapatite

Apply to G-25 sephadex (equilibrated in 25mM PO,
¢ elute pH 6.8 + 5mM 2-ME)

Stage I Toxin: Apply to Hydtoxyépatite

Column
Gradieq} Elution (500-900mM KH,PO,, pH 6.8 5mM 2-ME)
Stage II Toxin: Peak I Peak I1  Peak II1  Peak IV
Concentrate T

PM30 membrane

G-100 zel filtration

48~50K dalton peak (30K
dalton toxin on SDS gel
electrophoresis) predominates
when peak II or III applied to
G-100.

Void 6CK daltoﬁ‘iz::n

on SD5 gel electrophorens
predominate enzyme activity
wvhen peak I cr IV applied
to G-100.

Stare IIT Toxin:

BRI R T e
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batch preparation, 2) binding to a previously equilibrated HA column at 25mM
potassium phosphate pH 6.8, then 3) elutfon with a 500-1000mM linear gradient
of phosphate (fig. 4). All buffers were made 5mM with DTT or 2-ME. Four
regions of enzyme activity occur, at approximately (peak I)520, (peak II)600,
(peak III)630mM, and in a broad region between 700-800mM (peak 1IV). Approxi-
mately 60% of the protein bound to the column eluted in these peaks; however,
702 of the enzyme activity was found in peak III corresponding to approximately
one fourth the applied protein. Typical specific activities of these elutes
are listed in Table 9. The peak with the highest specific activity (peak III)
was further characterized on denaturing and non denaturing polyacrylamide

gel electrophoresis (fig. 5,6) and with G-100 sephadex chromatography (fig. 7).
Also, the reaction products of this toxin in wheat germ extracts were compared
with those obsesved with crude S by autoradiography of SDS-pclyacrylamide

gels run on toxin-wheat germ reactions products.

Toxin eluted from the batch hydroxyapatite treatment of culture
supernatant, like that observed with DE-52 batch treatment, is seperable on
SDS-polyacrylamide gel electrophoresis into enzymatically active material
with molecular weights of approximately 60K and 30K daltons. After seperation
of toxin activities on the hydroxyapatite gradient, a difference is observed
in the relative abundance of 30K dalton enzyme and 60K dalton enzyme. Upon
SDS gel electrophoresis, peaks II and III demonstrate most of their eluteable
enzyme activity at 30K (based on protein standard calibration of the SDS
gels). Under these conditions, the I and IV regions demonstrate most of their
activity at 60K daltons. Gel filtration of peak I under non denaturing condi-
tions however demonstrates that enzyme activity elutes primarily in the void
Volume, with some elution at 50K as well (Fig. 8).

Electrophoresis in nundenaturing 7%% polyacrylamide gels of
peak III toxin demunstrates seperation of toxin into three major peaks of
artivity corresponding to major protein band on a similar stained gel. G-100
sephadex chromatography of the same peak III toxin demonstrates a single
peak in enzymatic activity coincident with ODygy at about 50K daltons, with
no activity eluting in the void volume, based upon previous column calibra-
tion with protein standards. Hence under non denaturing conditions, some
post hydroxyapatite gradient material (peak I) behaves predominately as
crude S and aggrejates to a complex with a size of >100K daltons, and some
(e.g. peak III) elutes predominatly as a single peak at 50K. SDS gel elec-
trophoresis then demonstrates that most 60K dalton material will elute in
the void volume;enzyme activity from a G-100 column (corresponding to 60K
toxin in SDS electrophoresis) is neutralizable by anti S antibody, the 50K
(corresponding to 30K daltons In SDS electrophoresis) is not neutralized by
either anti A or anti S antisera (Table 10). Neutralization of toxin eluted
from analytical SDS polyacrylamide gels (60 or 30K dalton) has not been shown
with either antl A or anti S perhaps because SDS may interfere with complex
formation.

Autoradiography of reaction products of toxin S using wheat
germ extracts as substrate demonstrate that toxins that are electrophoretically
purified (ife. toxin eluted from SDS polyacrylamide gel slices with molecular
weights corresponding to 60K and 30K daltons) both ADP-ribosylate primarily
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Table 9. Specific activity of partially purified toxin S preparations,
Fermenter IV (Hydroxyapatite batch purification).
Material Inccor}r;cration1
pmoles/ng protein/5 min @ 25°C
388-6 culture supernatant 0.3
Stage I toxin 0.6

Stage II toxin

hydroxyapatite peak I 0.4
hydroxyapatite peak II 1.1
hydroxyapatite peak III 1.6-2.5
hydroxyapatite peak IV 0.45

Reaction conditions are standard, 44ng of toxin protein is
used in each assay (Bradford portein determination).
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25ul of hydroxyapatite gradient peak III was heated for 30 min. at 37°C
with sample solution consisting of SDS, 2-mercaptoethanol and tris buffer,
pE 6.8. This was eslectrophoresed in a 122 gel. Correcponding gels were
stained for prtetein or sliced for enzymatic activity and neutralization
studtds. Slices were eluted into 10mM tris pH 7.0 plus 10mM DTT.
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Figure 6 Non-SDS gel electrophoresis of Toxin S. 23

50ug »f hydroxyapatite gradient peak III was applied to 7.5 cylindrical gels.
Cels were stained for protein or sliced. Slices were eluted into 150yl 10mM
tris pH 7.0 plus 10mM DTT overnight @ 4°C. 1.5yl was assayed for enzymatic

activity under standard conditions. Toxin activity is associated with each
protein staining band.
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Figure 8

G-100 sephadex elution profile of enzymatic activity from HA gradient peak IV
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The gel filtration column was calibrated for molecular size with protein
standards (Linear Regression R2 = .98)

The 1.1 X 55cm column was equilibrated in 25uM potagsium phosphate pH 5.8

SmM 2-ME. Sample was applied in 200ul. 1.5m1 (approximate volume) fractious
were obtained and Sul of each fraction (or dilution thereof) was assayed

under standard conditions for ADP-ribosyl transferase activity. Peak fractions
were pooled and assayed for neutralizability by toxin A and toxin S anti serum.
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Table 10. The effect of anti toxin A and anti S immune

sera on ADP-ribosylation reaction.1

Counts per Minute

- Materialz , NR83 Anti A3 Anti S3
Toxin A 439 520 126
Toxin S culture supernatant 646 92 827
Toxin § G-100 void peak 480 445 140
Toxin 8 G-~100 50K dalton peak 1,763 1,958 1,640

1 Samples of diluted toxin in 10pl were preincubated with 10ul serum for
15 min. at 37°C then immediately assayed for ADP-ribosyl transferase activity.

Toxin A was obtained from our laboratory and is electrophoretically pure.
Toxin corresponding to hydroxyapatite gradient peak I was applied to a
G-100 sephadex column, yielding enzymatic activity in the void volume
(G~100 void peak). Toxin corresponding to HA gradient peak III, when
applied to G~100 sephadex yielded the G-100 50K dalton peak.

NRS, normal rabbit serum; anti A, rabbit toxin A antiserum; anti §,
rabbit S antisera.
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a wheat germ extract protein with a molecular weight of 90-100K daltons.
The 30K dalton enzyme is very selective, and only ADP-ribosylates to a minor
extent an additional protein at about 50K daltons (not itsclf). The 60K
enzyme, however, also ADP-ribosylates many other proteins, all smaller than
the major substrate at 90-100K daltons. When these reaction products are
compared with those observed with partially purified toxin (post DE-52 batch
elution or HA batch elution) or with crude toxin (culture supernatant) we
see that all preparations label the 90-100K material, but that some variation
is seen in the labeling profile of the smaller proteins. Variation in
labeling profiles of substrater observ. ! on autoradiograms of reaction
products are observed when SDS is present in the wheat germ extract in very
low concentrations, or when the pH of the reaction is varied. At pH 6.0, the
pH optimum for total enzymatic activity of crude toxin S, both 60K and 30K
dalton toxins obtained from analytical SDS gel slices primarily label one
species at 90-100K daltons, although many other proteins are labeled by
the 60K toxin. At pH 7.5 (the pH or our wheat germ extract) labeling is
specific only with the 30K toxin; material consisting primarily of 60K toxin
demonstrated much less specificity, that is, the 90-100K proteins becomes
no longer the major substrate. Post DE-52 and Post HA batch eluted toxins
demonstrate very similar reaction product profiles. Interestingly, another
strain of pseudomonas, WR 487, that produces toxin S also demonstrated ADP
ribosylation of a major band at 90-100K daltons. Also, strains 388 infected
burned mouse skin extracts demonstrate measureable S toxin activity whose
reaction products are nearly identical to those observed with crude toxin from
culture supernatant. A summary of S characteristics is presented in Table II.

During the course of these studies we have experienced losses in
S enzymatic activity either due to inactivation or actual loss of S protein.
Furthermore our results suggest that in culture supernatants. S aggregates or
associates with 1lipids so that it is stable but does not enter many chromato-
graphic resins. We have therefore investigated the possibility of using deter-
gents to solubilize and stabilize crude § in order to develop more efficient
methods of purification. Solubilization was monitored by chromatography of
S on a Bio Gel A-0.5m column which has an exclusion limit of 500K daltons.
Untreated crude S elutes as a peak at the voild volume in a pattern identical
to Dextran blue 2000. Furthermore, incubation (37°C for 30 min.) of S with
0.5% SDS or Triton X-100 with or without reducing agents failed to alter this
elution profile even when the test detergent was included in the chromato-
graphic buffer. However, when the detergent Brig-58 was incorporated in the
chromatographic buffer (final concentration 0.17%) toxin S eluted as a broad
peak between the void volume and hemaglobin. Thus Brig-58 appears to solubi-
lize toxin S. Furthermore Brig~58 also seems to stabilize the enzymatic
activity of S. Of the three detergents tested Brig-58 is the most hydrophobic
therefore we intend to test cther detergents such as Triton X-165, which are
still more hydrophobic than Brig-58. These experiments may lead to an
improved method of purifying toxin S.

In summary, 1) We have developed a procedure which greatly
purifies S, but with a significant loss in enzyme acitivity,

2) We have demonstrated that a 30K fragment or

subunit is also present, not neutralizable by anti S, which resembles fragment




28

.w:oauwvcoo 8uranjeuap uou 1apun uni suumnjod 001-9 wol13 poinia vlialey

[4

*9830118 138 aprueyLioelyod-gqs TeST34[vuw wWo1j pajInye [RIIIIER

1

A05-8Y A00T<< A00T<< A05-8% Suo3jTep ‘uoy3lval(ry 7198 Burinjwuap

uou £q 3y8yom xeyndefoy

A0¢ 109 209 A0¢-87 suolep ‘sysaioydoiydata sgs

£q 3y8y19m aeynoayoy

snonosyuoad 9T 3Foads &ydeaBoypriogne £q 23eI3ISQNS

Jo uiaijed Buypeqey

OoN oN oN oN Juawlwaxlaad 1yg-eaapn £q

pa3eTIuajod £37AT30% awkzug

oN oN oN oN unIasfijue y jue £q

pPozi1eIINau L37Af30® asulzug

oN 89% oN ON uniasyiue § yIue £q

PeziTe1Inau L31AT30® dulzuy

: quam P11 quom PIOA ﬁushnco uojyep ~uahucu uolTep 9¥38TI930RIBY)
001-2 001-9 309 A0¢E

*S urxol payjyand Ayyeyiaeg jo §0738T19398I8Y)

‘11 21981



29

A of exotoxin A. Moreover, it is not neutralized by anti A antibody.

3) The 30K fragment behaves as if it has a
molecular weight of “50K daltons on nondenaturing gel filtration, and
demonstrates microheterogeneity on non denaturing polyacrylamide gel
electrophoresis.

4) The 60K toxin material enzymatic activity re-
sembles crude S activity in culture supernatant; ie. it is neutralizable
by anti S, is excluded into the void volume in gel chromatography and has a
multitude of substrates.

5) Toxin S from culture supernatants shows
similar substrate specificity as toxin S produced in vivo.

D. Discussion

Purification of toxin by conventional ion exchange and chromato-
graphic techniques appears to yield two forms of toxin, one with a multiplicity
of substrates (and a molecular weight of 60K daltons) and another whose
molecular weight is slightly less than 30K daltons with only one major sub=-
strate. Our preliminary evidence of multiple substrate labeling by Toxin S
produced in vivo (S activity associated with burn mouse skin extracts) certainly
implies that the 60K dalton form is found in vivo. The similaricy in labeling
patterns of wheat germ extracts by toxin § produced in vivo, in vitro, or
after binding out of culture supernatant and elution from DEAE cellulose and
hydroxyapatite indicates that the toxin behaves similarly when isolated from
different sources and when partially purified. However, the variation in toxin
S behavior toward substrate labeling under different reaction conditions
(eg. variation in pH or the presence of a detergent) indicates that the 60K
enzyme form is more sensitive to environmental factors during assay with crude
wheat germ substrate preparations than the less promiscuous 30K dalton enzyme.

The yield of toxin in conventional purification schemes is based
on calculated maximal incorporation of NAD* into the crude wheat germ extract
for a given set of standard assay condivions. This is necessarily an extra-
polation which may not be an applicable procedure since we are dealing, at
least after removal from culture supernatant, with two enzyme entities demon-
strating completely different kinetics. Far more labeled NaDt may be incor-
porated using crude preparations of toxin (predominately 60K daltons) in
our wheat germ extracts (since substrate is not limiting with the assay
conditions used) than by 30K dalton toxin (where substrate is limiting). At
this time it is not known if seperation of 30K from 60K material (by SDS gel
electrophoresis, hydroxyapatite gradient chromatography, or non denaturing
gel filtration or electrophoresis) materially reduces the enzyme activity of
the 60K toxin. It is not yet known if "add-back" experiments will demonstrate
a synergistic effect.

We are currently investigating the possibilities that the 30K
enzyme is a fragment generated during purification, or that it is simply
selectively pulled out of cultures supernatant (fe. present at very low levels).
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Neutralization experiments demonstrate that the nondetergent treated 30K
material hag enzymatic activity that is not neutralized by antisera made
against partially purified S (post DEAE cellulose, then DEAE sephadex
gradient) or toxin A. We know that unlike post hydroxyapatite toxin (stage
II or III, fig. 1), the toxin used to raise antisera will not penetrate non
denaturing gels and is excluded by gel filtration columns, and behaves like

a large aggregate. However, SDS gel electrophoresis of this crude post DEAE
cellulose toxin used in preparation of antisera demonstrates both 30K and

60K toxin peaks (activity may be eluted from SDS fels). This implies that it
is possible that the 30K toxin ray very well be, like fragment A of exotoxin
A, a fragment of the toxin molecule. This fragment may be either normally
buried in the intact molecule or simply not particularly immunogenic. The
possibility should not be overlooked that pseudomonas proteases may have
nicked the native form of the toxin during purification or growth in culture,
and that the ion exchange process has allowed selective purification of an
enzymatically active fragment cf the toxin. We are pursuing the production
of specific 30K and 60K antibodies in rabbits for the purpose of elucidating
the relationship between these species. Furthermore, our preliminary results
on solubilization and stabilization of toxin S with Brig-58 will be extended.
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Antisera which distinguished between Pseudomonas aeruginosa exoenzyme S
and toxin A reutralized the adenosine diphosphate ribosyl transferase activity of
the homologous, but not the heterologous, enzyme. Skin extracts and sera from
burned mice infected with the exoenzyme S-producing strain P. geruginosa 388
contained adenosine diphosphate ribosyl tranaferase activity that was not found
in skin extracts or sera from uninfected mice. On the basis of immunological
reactivity and enzymatic properties, the adenosine diphosphate ribosyl transferase
*.ctivity present in skin extracts and sera from P. aeruginosa 388-infected mice
was identified as exoenzyme S. Active elongation factor 2 levels in tiesues from
strain 388-infected mice were normal at 24 h postinfection, indicating that strain
388 does not produce detectable amounts of toxin A in vivo. An unexpected
fnding in this investigation was the presence of exoenzyme S-inactivating activity

in the sera from some nonimmunized animal:.

Pseudomonas aeruginosa is an opportunistic
pathogen that produces s wide variety of extra-
cellular products that may contribute to its path-
ogenicity (17, 18). Toxin A has the potential to
be a major virulence factor (1, 3, 10, 11, 17, 19,
21-25). Toxin A exerts its lethal effect by in-
hibiting protein synthesis in the same manner as
diphtheria toxin, ie., by catalyzing the transfer
of the adenosine diphoephate (ADP) riboee moi-
ety of nicotinamide adenine dinucleotide onto
eucaryotic elongation factor 2 (EF-2) (6, 9-11).

- A second extracellular protein (exoenzyme S)
.- produced by some strains of P. aeruginosa has
recently been shown to have ADP-ribosyl trans-

ferase activity (13). Exoenzyme S differs from

toxin A in that it does not ADP-ribosylate EF-2

but, rather, modifies one or more different pro-

teins present in eucaryotic cell extracts (13).

Furthermore, exoenzyme S is not precipitated

or neutralized by A antitoxin (13). The enzy-

matic activity of S is partially destroyed by
pretreatment with urea and dithiothreitol
(DTT) (13), whereas such pretreatment poten-
tiates the enzymatic activity of toxin A (16, 28;.

No studies have been done to determine if
exoenzyme S plays a role in P. aeruginosa in-
fections. As a first step in evaluating this possi-
bility, the present study was undertaken to de-
termine if exoenzyme S is produced in vivo. A
second objective was to further examine the

immunological relationship between exoenzyme
S and toxin A.

MATERIALS AND METHODS

Bacterial strains. P. aeruginosa strain 388 was
kindly provided by B. Minshew, University of Wash-
ington School of Medicine, Seattle, Wash., and strain
PA-103 was provided by P. V. Liu, Uaiversity of Louis-
ville School of Medicine, Louisville, Ky. Strain 388 has
been shown to produce exoenzyme §, but not toxin A,
in vitro (13). Strain PA.103 produces toxin A, but not
exoenzyme S, in vitro. The strains were serotyped ss
deacribed by Fisher et al. (7). Relevant charactenistics
of these stzains are shown in Table 1.

Reagenta. Nicotinamide adenine dinucleotide
({"‘Cladenine) was purchased from Amersham Corp.
DTT, histamine, casein, elastin-congo red, and nitri-
lotriacetic acid were purchased from Sigma Chemical
Co. Norit A peutral-activated charcoal was obtained
from Fisher Scientific Co.

Growth and exoenzyme 8 production by P.
aeruginosa 388. The medium used for the growth of
strain 388 was as previously described (13). An over-
night culture (4 ml) inoculated into 100 ml of medium
in each 2-liter flask wes grown at 32°C with vigorous
shaking. At 22 h, the cells were removed by centyifu-
gation at 10,000 X g for 20 min et 4°C, and the
supernatants were pooled.

Toxin purification. Strain 388 supernatant was
diluted with 3 volumes of ice-cold water, 50 g of
equilibrated diethylaminoethyl (DE-52)-cellulose
{(Whatman, Inc., Clifton, NJ.) was added, and the
mixture was then stirred for ! h. The DE-52 was
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remnoved by filtrution onto Whatman na. 1 filter paper
and washed with 2 liters of 50 mM NaCl-10 mM
tristhydroxymethyl)aminomethans (Tris)-hydrochlo-
ride, pH 8.0, and then exoenzyme S was eluted with
300 mM NaCl-10 mM Tris-hydrochloride, pH 8.0. The
eluate was filter stetilized (Nalge Co., Rochester, N.Y.)
and concentrated by ultrafiltration, using a PM-10
membrane (Amicon Corp., Lexington, Mass.), and the
buffer was reequilibrated to 50 mM NaCl-10 mM Tris-
hydrochloride, pH 8.0. Approximately 15 mi (1.1 mg/
ml) of this material was applied to a diethylamino-
sthyl-Sephadex A-25 column (2.5 by 8.0 cm). A Linear
gradient trom 50 to 400 mM NaCl was applied in 10
mM Tris-hydrochloride, pH 8.0. The major active
peak at 200 mM NaCl was pooled and cncentrated
These procedures resuited in a 30-fold purification of
exoenzyme S which contained 0.48 mg of protein per
ml with a ratio of optical density at 280 nm to that at
260 nm 1.4. Aliquots were frozen at —70°C,

P, aeruginosa PA-103 was used as & source of toxin
A, which was produced and purified as previously

deacribed (28).
of specific antisera. A 1-ml mixture
consisting of equal parts of Freund complete adjuvant
(Difco) and 200 ug of partially purified exoenzyme S
per ml in phosphate-buffered ssline was injected into
each adult male New Zealand rabbit as follows: 0.1 ml
subcutaneously in each hind foot, 0.4 ml subcutane-
ously in the back, and 0.4 ml intramuscularly. The
animals were then injected three times every 2 weeks,
using the same sites and doses, in Freund incomplete
adjuvant (Difco). Ten days after the last injecticn, the
rabbits were bled, and the separated serum (rabbit S
antiserum) was stored in small aliquots at ~20°C.
Purified toxin A was used to immunice rabbits and s
sheep as previoualy described (12).
Madano!todn.&mtibody Toxin A wae

daescribed by March et al. (19). The toxin A

~'amn buffer consisted of 50 mM Tris-hydrochiovide,
2"+ 4.0, 200 mM NaCl, and 1 mM ethylenediaminetet-
ratostats, Immunogiobulin was precipitated from
si.eer antitoxin A with ammonium sulfate {12) and
the» . ialyzed against column buffer. Ten milliliters
wak ~vplied to the toxin A-Sepharose column at 4°C.
Materizl unbound after 20 min was washed out with
o! an buffer, and then bound matarial was eluted
‘..* 30 mM glycine.hydrochioride, pH 32 The
«. 'se (antitoxin A immunoglobulin) from three to
foc: columns were pooled, concantrated to 1 mg/mi
on an Amicon PM-30 membrane, and then reequili-
brated with column buffer by ultrafiltration and stored
at 4°C.

ADP-ribosyl transferass activity. Ten microli-
ters of sach samnple was incubated at 25°C with 25
of wheat germ extract (150 ug) (12), 25 ul of reaction
buffer (8§ mM Tris-hy trochloride, pH 82, 0.1 mM
sthylenediaminetetraacetate, 40 mM DTT), and 5 ul
of nicotinamide adenine dinucleotide (['‘Cladenine)
(280 mCi/mmol; 12.5 4Ci/ml). Reaction mixtures con-
taining mouse skin extract or serum were incubated
for 30 min, whereas those with toxin A or exoenryme
8 were incubated for 5 min. All reactions were stopped
by the addition of 0.1 ul of 10% trichloroacetic acid and

Ivrecr. oo,

processed, and radioactivity was measured as previ-
ously described (12). Where indicated, samples were
preincubatad with an equal volume of 8 M ures and
2% DTT for 15 min at 25°C (12) and then assayed for
ADP-ribosyl transferase activity.

Enxyme neutralization by sera. All sera were
beat inactivated (56°C for 15 min) before their ability
to peutralize ADP-ribosyl transferase activity was
tasted. Cuiture supermatants of P. aeruginosa strains
388 and PA-103 were used as a source of crude exoen-
syme S and toxin A, respectively. Rate-limiting con-
centrations of these enzymes were obtsined by diluting
crude exoenzyme S 1:30 and crude toxin A 1:3 before
use. Crude toxin A waa then activated with urea and
DTT (12). Skin extracts and serumn samples from mice
were used undiluted. Neutralization was exanmined by
preincubating squal volumes of the appropriate serum
and sampie for 15 min at 37°C and then assaying
ADP-ribosyl transferase activity as described above.

Experimental burn infection model. A burned
mouse model, previously described (22, 26), was used.
Female Swiss white mice (strain NTH-NMRI CV)
weighing 20 = 2 g were anesthetized with methoxy-
flurune (Penthrane; Abbott Laboratories, North Chi-
cago, IiL) and subjected to a 10-s alcohol flame burn
involving 15% of the total body surface. Mice \vers
injacted subcutaneously in the bum ares immediately
after burn trauma with two 50% lethsl doses of the
appropriste st=ain, which resulted in fatal infections in
sbout 9U% of the mice 50 + 10 h postinfection. Control
animals conaisted of anesthetized, nontrasumatized, or
burned mice injected subcutaneously with 0.5 ml of
sterile phosphate-buffered saline. At appropriate in-
tervals postinfection, mics were sacrificed by cervical
dislocation and blood was obtained by cardiac punc-
ture. Full-thickness specimens of burned skin (or un-
burned skin from appropriste control animals) were
removed, and skin extracts were prepared aa described
by Saelinger ot al. (24).

Extraction and quantitation of mouse organ
EF-2. Livers, kidneys, and spleens were removed from
mice immediately sfter they were sacrificed, and the
tiasues were frozen at ~70°C. EF-2 was extractad from
and quantitated in tissue homogenates by the mwchod
c(i()'}illandDinhn(a)nmodiﬁednyldmh'ctd
11).

Other methods. Protein concentrations were de-
termined by the method of Bradford (4), modified by
using a commercial reagent (Bio-Rad Protein Assay
Dye Resgent Concentrate) purchased from Bio-Rad
Laborstories, Richmond, Calif. Bovine gamma globu-
lin (Bio-Rad) was used as the standard. Proteolytic
activity in crude supernatants of P. geruginosa strains
PA-103 and 388 was determined by the method of
Kunitz (14) ss modified by Wretlind and Wadstrom
(29), unn( cnem as the substrate. Elastase activity

RESULTS

Speciﬂc neutralization of exoenzyme 8
activity. To determine if exoenzyme S was pro-
duced in vivo, we used an immunological method
to specifically identify this enzyme and distin-
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guish it from toxin A. Antisera obtained from
rabbits immunized with exoenzyme S peutral-
ized the enzymatic activity of exoenzyme S but
not that of toxin A. The enzymatic activity of
exoenzyme S was not neutralized by rabbit A
antitoxin, which completely neutralized the
toxin A enzymatic activity. Since these antisera
specifically neutralized the enzymatic activity of
the homologous, but not the heterologous, en-
zyme, they could be utilized to identify the en-
zymatic activity in an unknown sample.

We also tested the peutralizing ability of A
antitoxin which had been raised in sheep by
immunization with pure toxin A. Surprisingly,
this sheep antitoxin A neutralized the enzymatic
activity of both toxin A and S exoenzyme. How-
ever, when examined, it was found that the
preimmunization serum from this gheep neu-
tralized S enzymatic activity, but not toxin A
enzymatic activity. The anti-S titer of the pre-
#nd post-toxin A immune sheep sera were iden-
tical. Anti-S activity copurified with gamma
globulin dvwring ammonium sulfate precipitation
but did nct copurify with specific antitoxin A
immunoglobvlin when it was purified on a toxin
A-Sepharose 4B affinity column. Anti-S activity
was also found in other (four of six) normal
sheep sera, one of five normal rabbit sera, and
two of six normal mouse sera (data not shown),
It is interesting that none of the normal sera
tested neutralized the enzymatic activity of toxin
A

In vivo production of exoenzyme S. The
50% lethal dose of strain 388 was markedly re-
duced when mice were burned (Table 1). The
50% lethal dose of strain 388 in normal (un-
burned) mice was 2.0 X 10* organisms, in con-
trast to a 50% lethal dose of 1.1 X 10 arganisms
in a burned mouse,

Skin extracts from burnmed mice that were
infected with P. aeruginosa strain 388 contained
ADP-ribosyl transferase activity that was not
found in skin extracts from uninfected conirol
mice (Fig. 1). The enzyme activity was present
in the burped infected mouse skin extracts at
the earliest time postinfection (18 h) that we
tested and remained relatively constant from 18
to 48 h postinfection. Whereas there was s wide
range of ADP-ribosyl transferase levels in the
skin extracts of individual burned infected mice,

IN VIVO PRODUCTION OF PSEUDOMONAS EXOENZYME § 839

37 of 39 samples from infected mice had enzyme
levels higher than thoee from all 49 control
animals (Fig. 1).

The average level of ADP-ribosyl transferase
activity in the sera from burned infected mice at
18 h postinfection was equal to that in the sera
from control noninfected mice (Fig. 2). Levels of
ADP-ribosyl transferase activity in the sera from
infected mice increased markedly at 24 h post-
infection and continued to increase linearly
through 48 h. The average enzyme levels in sera
from noninfected control mice did not change
significantly over the 48-h period (Fig. 2). En-
vyme levels similar to those of noninfected con-
trol mice were found in sera and skin extracts
from mice infected with. the toxin A- and exoen-
zyme S-pegative strain WR-5 (data not shown).

Identification of the ADP.ribosyl trans-
ferase activity in samples from buined in-
fected mice. The ADP-ribosyl transferase ac-
tivity in skin extracts znd sera from burmed,
strain 388-infected mice was further character-
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Fic. 1. ADP-ridosyl transferase activity in skin
extracts of burned mice infected with P. aeruginosa
strain 388 and in skin extracts of control noninfected
mice that were anesthetized and burned or anesthe-
ADP-ribosyl transferase activity of skin extracts for
each group of mice.

TanLe 1. Characterization of P. aeruginoea strains 388 and PA-123

LDy (CPU)*
. Sero- . Exoen- Pro- Elae-

Strain Source type Toxin A fymeS  tears tase Norena] mice e
38 Burn wound 1 - + + + 20 x 10 11 x 10
PA.103 Sputum 2 + - + - 18 x 10* 12 x 10

* LDy, 50% lethal dose; CFU, colony-forming units.
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F1a. 2. ADP-ribosyl transferase activily in sera
from burned mice infected with P. aeruginosa strain
388 and in sera from control noninfected mice that
were anesthetized and durned or anesthetized only.
The horizontal lines represent .« mean ADP-rikosyl
transferase activity of sera for each group of mice.

ized. Most of this enzyme activity was neutral-
ized by exoenzyme S antiserum but not by A
antitoxin (Table 2). The ADP-ribosyl transfer-
ase activity in sera from control (noninfected)
mice was not neutralized by either A antitoxin
or S antiserum (Table 2). These data indicate
that most of the ADP-ribosyl transferase present
in skin extracts and sera of strain 388-infected
mice was due to exoenzyme S.

The treatment of skin extracts or sera from
burned infected mice with urea and DTT par-
tially destroyed the enzymatic activity (Table
3). To determine if the skin extracts or sera
contained & factor which might alter these en-
zymes, crude exoenzyme S or crude toxin A was
preincubated in skin extracts or sera from
burned noninfected mice at 25°C for 15 min
before assaying their enzymatic activities. The
preincubation of these enzymes in uninfected
mouse sera or skin extracts did not alter their
enzymatic properties (Table 3, controls).

Active EF-2 levels in organs from P.
aeruginoea 388-infected, burved mice. In
agreement with previous reports (., 22, 25), the
levels of active EF-2 in tissues from burned mice
infected with strain PA-103 were markedly de-
creased at 24 h postinfection (Table 4). In con-
trast, active EF-2 levels in burned mice infected
with strain 388 were normal in the livers, kid-
neys, and spleens at 24 h postinfection (Table 4).

Ivrxcr. hoqy,

At 48 h postinfection, only small decreases in
the active EF-2 levels in the livers were found in
strain 388-infected moribund animals (data not
shown).

DISCUSSION

While investigating possible immunological
cross-reactivity between exoenzyme S and toxin
A, we found that sera from some nonimmunized
animals insctivated S enzyme activity. The sera
from one of five rabbits, jve of seven sheep, and
two of six mice partially neutralized S enzymatic
activity (data not shown). Furthermore, a sheep
immunized with purified toxin A had equal titers
of anti-S sctivity in the pre-bleed and in the
immune (antitoxin A) serum. The exoenzyme S-
inactivating factor in this antitoxin A serum

Tamx 2 Neutralication of ADP-ribosyl
Wmoh%mwnmm
mice

Neutralizston*
Skin extracte/sers Aan ]
. .S antiserym
Skin extracts 388-infected
burned mice
Skin no. - + (87
3 - + (84)
2 - + (82)
2 - + (86)
3 - + (87)
54
Sera: 388-infected burned
mice
Serums no,
21
37 - + (53)
33 - + (80)
40 - + (78)
4 - + (58)
- + (713)
Sers: contral (burned nonin-
fected mice)
Serum no.
Ty - -
47 - -
Sera: control (anesthesized
oaly) mice
Serum no.
31 - -
50 - -

* Numbers in parentheses represent percentage of
skin extract or serum ADP-ribosy] transferase activity
that was neutralized by A antitoxin or S antiserum as
compared to the ADP-ribosy] transferase activity of a
sample trested with an equal voiume of 0.9% saline
containing 0.] mg of bovine serum albumin per ml for
15 min at 37°C. Samples showing <10% reduction over
controls were considered negative (~), and those with
>10% reduction were acored positive (+)..
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Tasre 3. Effect of urea and DTT on the ADP-
ribosyl transferase activity of mouse skin extracts

and sera
ADP ribose incor-
porated (piaol}*
Skin extracts/sera e ——————

+ Water *DI'JI'"I“.‘
Control skin extracts or sera +
toxin A or exoenzyme S*
Skin extract + toxin A 0.8 12.4
Skin extract 4+ exoenzyme S 85 49
Serum + toxin A L7 134
Serum + excenzyme S 118 5.5
Skin extracts from burmed in-
fected mice
Skin no.
3 280 154
23 48.1 321
37 60.0 459
39 50.9 2.0
56 259 19.6
Sera of burned infected mice
Serum no.
19 143 86
21 13.3 82
23 95 6.5
37 26.7 17.0
41 121 4.5

 Per 10 ul of skin extract or serum.

* Crude toxin A (10 gl) or crude exoenryme S (10
ul of a 1:10 dilution) were preincubated with 90 ul of
skin extract or eera for 1 h at 37°C before being tested
for ADP.ribosyl transferase activity.

TasrLe 4. Comparison of the active EF-2 levels in
tissue extructs from burned mice infected with P.
aeruginosa PA-103 or 388°

% Cootrol active EF-2 levels’
Organ’ .
PA-103 in- . .
focts 388 infectivn
Liver 35 102
Kidney 83 95
Spleen 82 101

“ Mice were sacrificed 24 h after being burned and
infected.

# Control values were obtained using the appropri-
ate tissue from anethestized und burned uninfected
mice.

‘Organs from six similarly treated mice were

copurified with gamma globulin during ammo-
nium sulfate precipitation but did not copurify
with specific antitoxin A immunoglobulin.
Whether this anti-S activity is due to antibody
remains to be determined.

By immunizing only rabbits whose preim-
une seva contained no detectable anti-S or
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anti-A activity, we were able to develop a suit-
able exoenzyme S antiserum. In a previous re-
port (13), the enzymatic activity of exoenzyme
S was not neutralized by A antitoxin. This ob-
servation is confirmed in this report, and it is
also demonstrated that the enzymatic activity of
toxin A is not neutralized by exoenzyme S anti-
body. Thus, these specific antisera (anti-S or
anti-A) can be used to identify the enzymatic
activity in an unknown sample providing the
preimmune sera are first examined to ascertain
that they do not have anti-S activity.

Most extracellular bacterial products known
to be virulence factors have been shown to be
produced in vive. We attempted to detect the in
vivo prcduction of exoenzyme S by P. aerugi-
nosa strain 388, a strain that produces the en-
zyme in vitro (13). Exoenzyme S was produced
in vivo in burned mice infected with P. aerugi-
nosa 388 (Fig. 1 and 2). ADP-ribosy! transferase
activity was detected in extracts of skin obtained
18, 24, 36, and 48 h postinfection (Fig. 1). This
enzymatic activity was also detected in sera from
burned mice infected with strain 388 at 24 h
postinfection, and the mean levels increased ap-
proximately linearly through 48 h (Fig. 2). That
the ADP-ribosyl transferase activity detected in
the skin extracts and sera of bumed infected
mice was indeed due to exoenzyme S was shown
by its specific neutralization by S antiserum but
not by A antitoxin (Table 2). In addition, this
enzymetic activity present in skin extracts and
sera from strain 388-infected animals was de-
creased by pretreatmment with urea and DTT
(Table 3), which is characteristic of exoenzyme
S but not of toxin A (13). Finally, in contrast to
the reduction of active EF-2 levels in tissues
from burned mice infected with toxin A-produc-
ing strains of P. aeruginosa (21, 25), leveis of
EF-2in the livers, kidneys, and spleens of burned
mice 24 h after infection with strain 388 were
not altered in comparison to the levels of EF-2
in noninfected control mice (Table 4). These
data (Tables 2—) indicate that strain 388 does
not produce detectable amounts of toxin A in
vivo. Small decreases in active EF-2 levels were
obeerved in tissues from animals infected 48 h
previously with strain 388. These salight de-
creases seen with strain 388 were similar to
decreases previously reported using the toxin A-
and exoenryme S-negative strain, WR-5, and
presumably reflect nonspecific tissue degenera-
tion in moribund animals (21).

Exoenzyme S levels in skin extracts and sera
of the burned infected mice varied over a wide
range (Fig. 1 and 2). When the sera of six normal
mice were tested for exoenzyme S-neutralizing
activity, two of six were capable of partially
neutralizing the ADP-ribosyl transferase activ-
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ity of exoenzyms S (data not shown). One expla-
nation for the wide range of responses of individ-
ual animais could be the presence of preexisting
antibodies.
In conclusion, we have shown that exoenzyme
S is produced in vivo in animals infected with P.
aeruginosa strain 388. It was further demon-
f strated that strain 388 was virulent for burned
. mice and that this was not due to production of
detectable levels of toxin A. Thus, exoenzyme S
mybcavuulenafactorof? aeruginosa.
However, information concerning its toxicity, its
production by clinical isolates, and the protec-
tive capabilities of specific S antibedies in P.
aeruginosa infections is required to evaluate the
relative importance of excenzyme S.
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ABSTRACT

A medium has been developed and culture conditions identified which
result in high yields of exoenzyme S in liquid cultures of Pseudomonas
aeruginosa strain 388. The optimum medium composition and culture condi-
tions for S were found to be similar but not identical to those previously
reported for toxin A production. The major difference between S and A
production was that S production required the presence of a chelating
agent, either nitrilotriacetic acid (NTA) or ethylenediamenetetraacetate
(EDTA). The optimum concentration of NTA or EDTA was found to be 10 mM.
Furthermore, bovine serum albumin (BSA), either partially purified 6:
crystalline, markedly inhibited S yields whereas crystalline BSA has pre-
viously been shown to enhance toxin A yields. The addition of various
amino acids resulted in increased S yields but moﬁosodium glutamate (MSG)
(100 mM) gave the highest S yields. Yields of S were increased by the
addition of glycerol to 1X. As the iron concentration of the growth
medium was increased to 2 uz/ml and above, S ylelds were markedly (80%)
decreased. A low iron medium composed of a dialysate of trypticase soy
broth supplemented with 10 mM NTA, 1Z glycerol and 100 mM MSG gave the
highest yields of S. Relatively high S yields were also obtained when
strain 388 was cultured in some other basal medium similarly supplemented.
The optimum culture conditions for high S yields were adequate aeration
and a temperature of 32° C. Under these culture conditions exoenzyme S

was first detectable at 10 h and maximum yields were found at 20-24 h.




INTRODUCTION

Exoenzyme S is a recently discovered adenosine diphosphate ribosyl
(ADP-ribosyl) transferase that is produced by some strains of Pseudomonas
aeruginoéa (11). This enzyme catalyzes the transfer of the adenosine
diphosphate ribose (ADPR) moiety of nicotinamide adenine dinucleotide
(NAD+) onto proteins present in extracts of eukaryotic cells (11). However,
exoenzyme S does not ADP-ribosylate elongation factor 2 (EF-2) as does
P. aeruginosa toxin A (4,9,11). The ADP-ribosyl transferase activity of
exoenzyme S is not neutralized, nor the enzyme precipitated, by toxin A
antibody (11). In addition, the enzymatic activity of exoenzyme S differs
from toxin A in that S cctivity is destroyed rather than potentiated (as
is toxin A's enzymatic activity) by pretreatment with urea and dithio-
threitol (11).

Toxin A 1s not formed constitutively by A toxinogenic strains of
P. aeruginosa. Aeration, a temperature of 32° C, glycerol and monosodium
glutamate (MSG) are required to obtain maximum yields of toxin A (15). Nucleic
acids and iron inhibit the production of toxin A but enhance the growth
of P. aeruginosa (2,15). While the factors that regulate yields of toxin A
have been studied, little is known about the regulation of exoenzyme S
yields. The aim of this study was to identify factors which regulate
the yields of exocenzyme S in cultures of P, aeruginosa and optimize the
culture conditions and medium constituents in order to obtain sufficient

material for purification and toxicity studies.



MATERIALS AND METHODS

Microorganisms. P. aeruginosa strain 388 was used throughout this

study. Strain 388, the kind gift of B. Minshew, University of Washington,
Seattle, Wa., was stored frozen in 10% skim milk at -710° c.

Reagents. NAD([14C] adenine) at 280 mCi/mmol was purchased from
Amersham/Searle Corp. Nitrilotriacetic acid (NTA), bovine serum
albumin ([BSA]; both fraction V and crystalline), casein, monosodium
glutamate (MSG), elustin-congo red and tricine (N—Tris[hydroxymethyl]
methylglycine) were purchased from Sigma Chemical Co., St. Louis, Mo.
Glycerol and citrate were purchased from Fisher Scientific Co., Fair
lawn, N.J. and ethylenediaminetetraacetate (EDTA) from Matheson, Coleman
and Bell, Los Angeles, Ca.

Media and culture conditions. Trypticase soy broth (TSB) medium

was prepared by dissolving 30 g trypticase soy broth (BBL, Cockeysville,
Md.) in 1 1 of distilled water. Dialyzed TSB (TSBD) was prepared as
described by Liu (15). For one set of experiments, TSBD medium was de-
ferrated and the residual iron concentration of the medium determined (20).
Syncase medium was prepared as described by Finkelstein et al. (7) with
the exception that no iron was added. A protease peptone (PP) medium

was prepared as described by Pope (21). To prepare dialysed proteocse
peptone (PPD) medium, 20 g of protease peptone powder (Difco Lab, Detroit,

Mich.) dissolved in 60 ml H,0 was dialysed against 1 1 HZO. The other

2
components of Pope's medium, Mgsoa, 0.2 mg; NaZHPOA, 1.0 g; KZHPOA’

1.0 g; glucose, 2.0 g; and sodium lactate (12 ml of a 50% solution) were




then added to each liter of dialysate. PGT (pantothenate, glutamic acid
and tryptophan) medium was prepared as described by Barksdale and Pappen-
heimer (1). Unless otherwise indicated, media were supplemented with

10 mM NTA, adjusted to pH 7.0, autoclaved, then sterile solutions of MSG
and glycerol were added to a final concentration of 100 mM and 1%, res-
pectively.

Bacterial growth was determined by removing a portion of the culture
and measuring the turbidity at 540 nm (ODSAO) in a Beckman spectropho-
tometer 20. Generally, the culturé conditions were as follows: 10 ml of
the appropriate medium in a 125 ml Erlenmeyer flask was inoculated with a

15 h culture of strain 388 to give 0.05 OD units. Incubation was for

540

20 h at 32°C in a reciprocating shaking water bath (Lab-line Instruments,

Melrose, Ind.).

ADP-ribosyl transferase assay. Cytoplasmic soluble extracts were

prepared from wheat germ as described by Chung and Collier (6). The
ADP-ribosyl transferase assay (11) was performed at 25° C for 5 min in a
mixture containing 25 ul of-wheat germ extract, 25 ul of reaction buffer
(5 mM Tris(hydroxymethyl)aminomethane-hydrochloride (Tris. HCl), pH 8.0),
5 ul of ([lAC] adenine) NAD at 280 mCi/mmol (12.5 uCi/ml) and 5 ul of a
1:10 dilution of crude culture supernatant in 0.9Z2 saline. The reaction
was stopped by the addition of 0.1 ml of 102 trichloroacetic acid. The

precipitates were collected, washed and radioactivity was measured (10).

Protease assay. Protease activity in culture supernatancs was de-

termined by a previously described (22) modification of the method of
Kunitz (13) using casein as the substrate. Ome unit of proteolytic
activity was defined as a change of one optical density (280 nm) unit

using the assay method of Wretlind and Wadstrom (22).
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RESULTS

-

Effect of NTA on exoenzyme 3 yields and protease activity. Calla-

han has previously shown that the presence of NTA in the culture medium
inhibits the enzymatic activity of P. aeruginosa proteases (5). For
this reason, NTA was added to TSBD medium in an attempt to detect toxin A
ir cultures of Elek negative (3) strains of P. aeruginosa. Some of the
strains, in the presence of NTA, produced an ADP-ribosyl transferase
(excenzyme S) that was distinct from toxin A (11).

The effect of varying the NTA roncentration of the medium (TSBD)
on bacterial growth and exoenzyme S yields was investigated (Fig. 1).
NTA (0-20mM) did not effect bacteriai growti. At NTA concentrations
greater than 40 mM there was a slight decrease in the final yields of
bacteria. In contrast to its minimal effect on growth, NTA had a dra-
matic effect on S ylelds. When NTA vas.omitted from the culture medium,
ADP-ribosyl transferase activity was barely detectable.(Fig. 1). Addi-
tion of from 1 mM to 10 mM NTA to TSBD medium increased S yields, while
NTA concentrations greater than 20 mM decreased S yields. However, S
activity was still detectable at concentrations of NTA as high as 100 mM
(Fig. 1). While there was a broad peak of NTA concentrations (5-20 mM)
at which high yields of S were produced, the optimum concertration of
NTA was 10 mM (Fig. 1).

In light of Callahan's previous report (5), it seemed possible
that NTA increased S yields by inhibiting the enzymatic activities of

P. aeruginosa proteases, which might otherwise degrade S. To test this
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possibility, the effect of varying concentrations of NTA in the medium on
S yields and protease activity was examined. As the councentration of NTA
in the medium was increased, the protease activity lecreased while §
yields increased (Fig. 2). Addition of NTA to 4 mM resulted in a complete
loss of detectable protease activity. However, S yields continued to
increased as the concentration of NTA increased from 4 through 10 mM

(Fig. 1 and 2).

Ammonium sulfate [(NH4)2504] has also been used to inhibit the activity
of proteases in cultures of P. aeruginosa (16). When ammonium sulfate
(1-400 mM) was added to TSBD medium in place of NTA, only barely detect-
able yields of exoenzyme S were found (data rot shown).

Since NTA is a potent chelating agent (5,17) the effect of othei
chelating agents on S yields were examined (Table 1). The chelating
agents tested were tricine, citrate and EDTA. The addition of (0.1 mM-
20 mM) tricine or citrate to the medium in place of NTA resulted in neg-
ligible S yields. The addition of EDTA to the medium resulted
in S yields equal to the yiélds obtained when 10 mM NTA was present
(Table 1 and Fig. 1). However, EDTS inhibited bacterial growth and pig-
ment production by strain 388. The concentration of NTA or EDTA which
gave maximum S yields was 10 mM and in subsequent experiments the media
were supplemented with 10 =M NTA.

Effect of amino acids on S yields. A number of amino acids wersz

added to TSBD to determine their effect on S yields. Among those tested
were alanine, arginine, aspartic acid, glycine, iscleucine, and gluta-
mic acid. Of these amino acids, aspartic acid and glutamic acid re-
sulted in maximal S yields when added to TSBD medium, while the addition

of arginine gave 502 maximal yields and alanine, glycine or iscleucine
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resulted in S yields that were 10-20% maximal (data not shown). These
amino acids are expensive and some of them are difficult to dissolve.
A substitute, MSG, was found that was both inexpensive and water soluble
at high concentrations. Increasing the concentration of MSG in the
medium from O mM to 50 mM resulted in a substantial increase in bacterial
growth (Fig. 3). At concentrations above 50 mM, MSG had no obvious effect
on growth. The addition of MSG to TSBD medium increased 5 yields. As
the concentration of MSG in the medium increased from 10 to 100 mM, S
yields increased propertionally (Fig. 3). At concentrations greater
than 100 mM, MSG had an inhibitory effect on S yields although even at
200 oM the yields were still about 40% maximal (Fig. 3).

To determine if protein could substitute for MSG, the effect of
various concentrations of BSA (fraction V or crystalline) on S yields
and bacterial growth was determined. The addition of either partia ly
pure (fraction V) or crystalline BSA in place of MSG resulted in de-
creased yields of exocenzyme 35, while at the same time stimulating bac-
terial growth (Fig. 4). The data‘showing the inhibitory effects of
fraction V and crystaliine BSA were véry similar (Fig. 4). In light of
these results (Fig. 3 and 4), MSG at its optimum concentration of 100 mM
was added to media used in subsequent experiments.

Effect of glycerol and S yields. Because glycerol had

been found to enhance yields of toxin A (15), in previcus experiments
we added glycerol (1% final concentration) to the growth medium. To
determine if glycerol stimulated S yields and if soc to determine its
optimum concentration, the effect of various concentrations of glycerol

on S yields and bacterial growth was examined. The addition of glycerol
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to a final concentration of 0.25Z markedly increased bacterial growth
but had no effect on S yields (Table 2). Glyceroli at a final concentra-
tion of 0.5Z doubled the S yields and at 1.0%, S yields were maximal.

In the presence of 2.0% glycerol the S yields decreased (Table 2).
Glycerol (1Z) was added to media for all subsequent experiments.

Effect of iron on S vields. Since the yields of a number of bac-

terial products, including P. aeruginosa pigments and toxin A, are
decreased by increasing the iron concentration of the medium (2,4,12),
the effect of iron on S yields in cultures of strain 388 was examined.
Increasing the concentration of iron in the medium resulted in an in-
crease in bacterial grow:l: (Fig. 5). 1In contrast, as the iron concen-
tration of the medium increased from 0.05 pg/ml to 1.0 ug/ml the yields
of exoenzyme S decreased. No further decreases in 5 yields c~curred
when the concentration of iron was increased above 2.0 ug/ml. Exoenzyme
S yields in medium containing 2 or 5 ug iron/ml were decreased by about
802 as compared to medium containing 0.03 ug/ml (Fig. 5).

Culture conditions and S vields. Bacterial growth and S yields

were both increased in shaking cultures of strain 388 as compared to
stationary cultures (Table 3). Bacterial growth was increased 2-3 fold
in the shakiag cultures while exoenzyme S yields were increased about

50 fold as compared to yields in stationary cultures. The optimum
temperature of incubation for the production of S in stationary cultures
was 32-35° C. In shaking cultures the optimum was 32° C and 80% maxi-
mal S yields were found at 30° C. Yields of S in shaking cultures
incubated at 25°-37° C were higher than S yilelds in stationary cultures

even when the latter were incubated at their optimum temperatures

(32-35° C) (Table 3).



Rate of exoenzyme S release and bacterial growth. Strain 388 was

cultured in TSBD medium supplemented with 10 mM NTA, 100 mM MSG and 12
glycerol. At 2 h intervals, samples were removed from the culture and
examined for growth and exoenzyme S yields (Fig. 6). The generation
time of strain 388 during exponential growth was 25 min as calculated by
the method of Miller (18). Strain 388 reached stationary phase at 18 h.
Excenz:2 S was first detected at 10 h and the rate of release remained
approximately constant through 20 h. Maximal yields of S wsre found
late in the bacterial growth cycle at 20-24 h (Fig. 6).

Other media and S yields. Yields of exoenzyme S in other media

were compared to those in TSBD medium (Table 4). Some of these media,
such as syncase, PGT and PP have been used for the production of other
bacterial toxins (1,7,21). Of the media tested, S yields were maximal

in TSBD. However, relatively high S yields were obtainéd when strain 388
was cultured in some of the other media. The dialysate of TSBD resulted
in much higher yields of S than TSB medium. Conversely, PP ﬁedium
(non~dialysed) resulted in higher § yields than PPD (Table 4). When NTA
was omitted from any of the media, S activity was barely detectable (data
not shown). Exoenzyme S yields were not simply a function of bacterial
growth since there was no counsistent relationship between bacterial

yields and S yields in the media tested (Table 4).
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DISCUSSION

A medium has been developed which results in reproducible high
yields of'exoenzyme S in cultures of P. aeruginosa strain 388. This
medium (Table 5) is relatively inexpensive, easily prepared and has
the advantage that it contains no high molecular weight components
that could otherwise complicate the purification of exoenzyme S. Al-
though the medium was optimized for S yields using strain 388, other
exoenzyme S producing strains of P. aeruginosa produce high S yields
in this medium (data not shown). Routinely, a flask to volume ratio
of at least 10 to 1 was used to obtain adequate aeration. Further-
more, yields of exoenzyme S were approximately 50 times higher in
shaking cultures than in stationary cultures {Table 3). Exoenzyme §
yields consistént with the yields described in this paper have also
been obtained in fermentor scale cultures of strain 388 using the
fermentation conditions described by Leppla for toxin A production
(14). The optimum incubation tempe~ature was 32° C, although signi-
ficant amounts of S were obtained in shaken cultures incubated between
30-37° C (Table 3).

The medium and conditions that have been developed for optimiz-
ing yields of exoenzyme S (Table 5) are similar to those developed by
Liu for toxin A (15). Among the similarities are the use of TSBD as
the base medium, the requirement for MSG and glycerol, and culture
conditions such as the temperature of fncubation and aeration. Fur-
thermore, maximum yields of S are obtained in growth medium contain-

ing relatively low concentrations of iron and ylelds decrease in the

.......
......
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presence of high iron concentrations (Fig. 5). A similar relationship

has previously been shown for iron and toxin A yields (2). In addi-~

tion to having similar requirements for growth medium composition and

culture conditions, the initial appearance and rate of release of exo-

enzyme S (Fig. 5) are similar to that previously shown for toxin A (2).
Differences were observed in the regulation of exoenzyme S and

toxin A yields. The additior of NTA to the growth medium was found to

be required for S production (Fig. 1 and 2) but not toxin A production

(5,15; and M. Bjorn, unpublished observation). NTA was required for

S production regardless of the kind of growth medium used. NTA is a

metal chelating agent which has been nsed by Callahan (5) to inhibit

the activity of Pseudomonas proteases, which may be metalloenzymes

(19). NTA at a concentration as low as 4 mM completely inhibited the

protease activity of P. aeruginosa strain 388 (Fig. 2). Thus it would

be tempting to conclude that NTA maximizes S yields by inhibiting the

activity of proteases which in the absence of NTA dest;oy S. A com-

parison of the concentration of NTA required for maximum S yields

(10 mM) and that (4 mM) required to inhibit detectable protease activity

(Fig. 1 and 2) suggest that inhibition of protease activity is not

the only mcchanism by which NTA enhances § yields. This suggestion

is supported by our observation that another protease inhibitor,

(NH4)2804 (16) ,could not substitute for NTA in the growth medium. At

a variety of concentrations of (Nua)ZSOA’ in the absence of NTA, strain =

388 produced no detectable exoenzyme S. Further evidence for the

suggestion that inhibition of protease activity is not the only mechanism

by whick NTA enhances S yields was obtained by the use of an extra-

cellular protease deficient mutant of strain 388. Despite its extra-
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cellular protease deficient phenotype, this mutant still requires 10 mM
NTA in the medium in order for yields of exoenzyme S to be maximal (data
not showmn). Since NTA is a potent chelating agent it may be making one
or more ions, which inhibit § yields, unavailable to the bacteria. Of
those chélating agents examined only EDTA was able to substitute for
NTA in the growth medium (Table 1). The concentration of EDTA or NTA
which gave maximal S yields was 10 mM (Fig. 1 and Table 1). Although
not identical, the stability constants of NTA and EDTA for a variety of
metals are generally similar, whereas those of the other chelating
agents tested (Table 1) generally differ from NTA and EDTA (17). The
effect of NTA and EDTA is not only to reduce the iron concentration of
the medium. In extensively deferrated medium, where the iron concen-
tration was growth limiting, NTA or EDTA was still required for high

S yields (data not shown). This result suggests that another metallic
ion in addition to iron may regulate excenzyme S yields. The exact
mechanism by which NTA or EDTA enhance S yields is not yet known.

In addition to the requirement for NTA or EDTA in the growth me-
dium, production of exoenzyme S differs from toxin A production in its
response to the presence of crystalline BSA. Yields of S decreased
in the presence of crystalline BSA (Fig. 6) whereas yields of toxin A
have been shown to increase in the presence of crystalline BSA (15).
The mechanism whereby BSA inhibits S yields is not yet known. Whether
other proteases will have a similar effect on S ylelds remains to be

determined.
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Table 2. Effect of glycerol on bacterial growth and

exoenzyme S yields in cultures of F.

aeruginosa 3SBa

Conc. of glycerol Bacterial growth ADPR incorporated
¢3) (ODSQO) (pmoles)
0 5.7 353
0.25 9.4 363
0.50 11.1 665
1.0 12.0 781
2.0 11.7 543

3Media were supplemented with 10 mM NTA and 100 MSG. Culture conditions

were as stated in Table 1.
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Table 3. The effect of temperature and aeration on

bacterial growtn and exocenzyme S yields

in cultures of P. aeruginosa 3SSa

Shaking cultures Stationary cultures
Bacterial ADPR Bacterial ADPR
growth incorporated growth incorporated
Temperature (C) (00540) (pmuoles) (ODSAO) (pmoles)
25 6.6 60 1.2 1
30 11.7 399 4.8 7
32 11.7 505 3.6 10
35 7.8 182 3.0 1
37 7.8 148 3.3 5

3Media vere supplemented with 10 mM NTA, 100 mM MSG and 1% glycerol.

The cultures were incubated for 22 h.
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Table 4. Bacterial growrh and exoenzyme S yields
in various media®
Bacterial growth ADPR incorporated

Medium (ODSAO) (pmoles)

TSB 15.6 15

TSBD 9.6 691

PP 10.8 526

PPD 6.9 371

Syncase 8.1 274

PGT 7.2 127

8Each nedium was supplemented with 10 mM NTA, 100 mM MSG and 1%

glycerol. Culture conditions were as stated in Table 1.

L R B A O o R e P R e L I I I e U I I R i it T TR T T T PO

.........




P

T TR e

20

Table 5. Medium composition for the production

a
of P. aeruginosa exoenzyme S

Trypticase soy broth dialysate 30 g/liter H,0
Nitrilotriacetic acid 10 oM

PR to 7.0
Monosodium glutamate ‘ 100 mM
Glycerol 12

3The optimum culture conditions are: flask size to volume
ratio of at least 10:1, adequate zeration and an incuba-

tion temperatur= of 32° ¢ for 22 h.
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FIGURE LEGENDS

Fig. 1. Effect of various concentrations of NTA on the yields of
exoenzyme S in cultures of P. aeruginosa 388. Symbols: ( @ ) ADP-
ribosyl transferase activity (cpm x 10_2); (A ) bacterial growth as
measured at 540 nm. Media were supplemented 100 mM MSG and 1% gly-

cerol. Cultures were incubated for 22 h with shaking at 32° c.

Fig. 2. Effect of increasing concentrations of NTA on the yields of
exoenzyme S and protease activity in cultures of P. aeruginosa 388.
Symbols: ( @ ) ADP-ribosyl transferase activity (cpm x 10_2); ()
protease ictivity in proteolytic units/mi. Media supplementation and

cultural conditions were as stated in Fig. 1.

Fig. 3. Effect of various concentrations of MSG on the yields of exo-
enzyme S in cultures of P. aeruginosa 388. Symbols: ( @ ) ADP-ribosyl
transferase activity (cpm x 10-2); () bacterial growth as measured
at 540 nm. Media were supplemented with 10 mM NTA and 1% glycerol.

Cultural conditions were as stated in Fig. 1.

Fig. 4. Effect of iacreasing concentrations of BSA on the yields of
exoenzyme S in cultures of P. aeruginosa 388. § yields in the pres-
ence of (A) impure (fraction V) BSA and (B) crystalline BSA. Symbols:
(@ ) ADP-ribosyl transferase activity {(cpm x 10-2); () bacterial
growtl, as measured at 540 nm. Media supplementation was as stated in

Fig. 3 and cultured conditions as stated in Fig. 1.
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Fig. 5. Effect of various concentrations of iron on the yields of
excenzyme S in cultures of P. aeruginosa 388. Symbols: (@ ) ADP-
ribosyl transferase activity (cpm x 10‘2); () bacterial growth as
measured at 540 nm. Media were supplemented with 10 mM NTA, 100 mM

MSG and 1% glycerol. Cultural conditions were as stated in Fig. 1.

Fig. 6. Rate of release of exoenzyme $ in cultures of P. aeruginosa
388. Symbols: ( @ ) ADP-ribosyl trarsferase activity (cpm x 10_2);

(A ) bacterial growth as measured at 540 nm. Media were supplemented

as stated in Fig. 5.
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Effects of pseudomonas toxin A, diphtheria toxin, and cholera toxin
on electrical characteristics of turtle bladder
(sodium, bicarbonate, and chloride transport/transepithelisl electrical potential, conductance, and short-circuiting current)
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ABSTRACT  Rapidly developing changes in the short-cir-
cuiting current uctance (G), and potential (PD) of turtle
bladders in Na-rich or Na-free media are seen after the mucosal
addition, at 10 nM, of each of three toxins that contain ADP-
ribosylation activity: Pseudomonas aeruginosa toxin A, diph-
theria toxin, and cholera toxin. Toxin A i.reversibily decreased
the L, PD, and G of bladders in Na-rich media and the I,. and
PD of bladders in Na-free media. Diphtheria or cholera toxin
reversibly increased I, and PD (not G), but only in Na-free
media. The effects of toxin A in the turtle bladder, like those in
other host cell systems, were climinated by preexposure of this
toxin to heat, specific antitoxin, or dithiothreitol 2nd urea. Be-
cause exposure to this last condition increases the ADP-ribos-
ylau’on activity of toxin A, it is sug?ested that the proen

is the required !nnsport-inhibi:inlg orm of toxin A. The effects
of all three toxins occurred rapidly, possibly before any of the
possible intracellular ADP-ribosylation reactions are initiated.
Whereas a recognition binding of toxin to receptors on the ap-
ical membrane completely accounts for the reversible effects
of diphtheria or cholera toxin, this and additional toxin-mem-
brane interactions (e.g., translocation) are needed to account
for the irreversible effects of toxin A.

The lethality of Psev:domonas geruginosa toxin A in experi-
mental animals (1) and tissue cultures (3, 6) has been attrib-
uted to an inhibition of protein synthesis resulting from the
ADP-ribosylation of elongation factor 2 (7, 8). This mechanism
is similar to that demonstrated for diphtheria toxin (8, 10). The
pathogenetic sequence leading to cell destruction by toxin A
is thought to be initiated by an extracellularly located, proen-
Zymatic form of the whole toxin molecule and terminated by
an intracellularly located, enzymatically activated form of the
toxin or its @ fragment (8, 11, 12). The mechanism by which any
molecule of this size can penetrate a plasma membrane and
gain access to the cytoplasm is not yet fully established. One
recently proposed mechanism, “receptor-mediated pinocytosis™
(13), is consistent with Jata on toxin A, diphtheria toxin (13-16),
and other macromolecules (13).

Whatever its exact nature, the penetration of a membrane
by these toxins should be accompanied by concomitant changes
in certain measurable characteristics of that membrane—e.g.,
in the transmembrane permeability or electrical conductance
(G or 1/R), the potential ifference (PD), the flux of penetrant
jons, or the short-circuiting current (1..). Such characteristics
are not readily or directly measurable in the host cell systems
that have been studied in relation to these toxins. These elec-
trical values however can conveniently be measured in several
jon-transporting epithelia such as the turtle bladder (17-19).
This tissue was therefore chosen as a potential host cell system
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and L logy, University of Oregon, Health Science Center,

on which the membrane effects induced by toxin A or diph-
theria toxin were studied.

In what follows, we show that the mucosal addition of toxin
A induces rapid irreversible changes in I, PD, and G in blad-
ders bathed by Na-rich or Na-free media; that the proenzyme
form rather than the enzymatically active form of toxin A is
required for eliciting these changes; and the qualitatively dif-
ferent but nonetheless distinct and reproducible effects are
evoked by the mucosal addition of diphtheria or cholera tozin
to bladders in Na-free media.

METHODS

Ion Transport. Excised bladders of Pseudemnys scripta turtles
were mounted between two bathing fluids in a Rehm-Ussing
chamber and continuously short-circuited. The I, instanta-
neous open-circuit PD, and G were monitored as described
(7). .
For studies on Na transport, the mucosal surface of the
bladder was bathed in a Na-rich, Cl-free, HCO;-free solution
(Na SO, Ringer's solution) and the serosal surface, by a Na-rich,
Cl- and HCOg-containing solution (Na Ringer's solution). Under
such conditions, the L. has been shown to approximate the net
rate of Na reabsorption {(18). The composition of the serosal
fluid was the following (mM): NaCl, 25; NaHCOg, 20; Na,SO,,
27.5; MgSO,, 0.8; X;S0,, 2; K;HPO,, 0.61; KH;PO,, 0.14;
CaSO4, 2.0; glucose, 11; sucrose, sufficient to make the final
osmolality 220 mosM/kg. The composition of the mucosal fluid
was the same except that SO, was substituted for Cl and
HCOs

For studies on anion transport, bladders were bathed on both
surfaces by identical Na-free solutions containing Cl and HCO4
and having the same composition as the serosal Na Ringer's
solution except that choline was substituted for Na (choline
Ringer’s solution). Under these conditions, the I, has been
shown to approximate the sum of the net fluxes of Cl and HCO4
from mucosa to serosa (17, 19). Ouabain (0.1 mM) was added
to the serosal fluid of all bladders bathed in Na-free Ringer's
solution.

Pseudomoaas and Diphtheria Toxins, Antitoxin, and
Pseudomonas Endotoxin. Toxin A was isolted and purified
from culture supernatants of P. deruginesa, strain PA-103 (20)
as described (21). Antitoxin was prepared in rabbits as described
(22). Diphtheria toxin (Connaught, Toronto, ON, lot D-279)
was further purified as described (11). The purity of these ex-
otoxins was established by their migration as a single band in
sodium dodecy! sulfate/polyacrylamide gels (11). The amount
of toxin A existing as the proenzyme was estimated by deter-

Abbreviations: G, conductance; PD, potential difference; L, short-
circuiting current.
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F1G. 1. Effect and irreversibility of effect of tovin A on L. and PD
of a turtle bladder in Na-rich media. Mucosal fluid, Na;SO, Ringer's
solution (Cl-free, HCOy-free). Serosal fluid, Na Ringer's solution (with
Cl and HCO,). Toxin concentration was decreased by 10 consecutive
haif-replacements (5 ml) of mucosal fluid with equal volumes of
toxin-free mucosal fluid at 160~170 min. (A) Control period. (B) Toxin

- A at 46 sM. ( C) Toxin-free (<10 pM).

mining the ADP-ribosylation activity of the toxin before and
after treatment with 4 M urea and 1% dithiothreitol (11, 21).
Endotoxin was purified from P. aeruginosa strain PA-103 by
the phenol/water method of Westphal et al. (23). Cholera toxin
was obtained from Schwarz/Mann.

RESULTS

The addition of toxin A to the mucosal fluid (final concentra-
tion, 10 nM) of bladders in Na-rich media was followed by a
short period (3—4 min) in which no electrical es occurred
and then by a longer period (10-15 min) in which L. and G
increased by 10-15% and PD remained unchanged. In the next
80 min, PD as well as I, and G decreased to »60% of the pre-
toxin (control) levels, and these decreased levels were mauin-
tained for the final § hr in this and in 14 similar experiments
(Fig. 1). The mear. values of I, PD, and G during these post-
toxin periods (1-5 hr) were significantly less than those during
the control periods (Table 1).

The percentage decrease in L. was related to the final mu-
cosal concentration of toxin A in eight experiments. Minimal
decreases (I5%) were found at toxin conicentrations of 0.5 nM
{two biadders) and maximal decreases (40-50%), at toxin con-
centrations of 5 nM. Further increases in concentration pro-
duced no further effects.

The tuxin A-induced changes were found to be irreversible
in six of the bladders in Na-rich media. Once the decreased
levels of 1., PD, and G were reached, they could not be restored
or changed by dilution of the mucosal concentration of toxin
A (10 nM) to subthreshhold concentrations of 10-0.01 pM (Fig.
‘1C).

Whereas addition of toxin A to the serosal fluid failed to
change any of the electrical characteristics, its subsequent ad-

‘Table 1. Effoct of togin A on L., PD, and 1/G

{slectrical resistance)
Loes BA PD, mV 1/G, kohms
Belore 93.04 115 721453 0.91 £ 0.11
After 504 £ 6.2 518+%17 1.2020.20
MPD~ ~44.6 £ 2.9 ~29.54 2.5 +22.74 2.8

Data are shown as means (+SEM) before and 2-4 hr after mucosal
addition of toxin (10 aM) to 15 bladders in the Na-rich bathing
system. |
¢ Mean (£5EM) of the individual percentage changes. Al values of

MPD were significantly different from 0 (ie., £ < 0.001).
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F1G. 2. Preferential mucosal-sidedness of action of toxin A in a
biadder bathed by Na-rich medium (described in legend of Fig. 1).
{A) Control (B) Toxin A, 40 oM in serosal fluid. (C) Toxin A, 10 nM
in mucosal fluid.
dition to the mucosal fluid was followed by the usual changes
in I, PD, and G (Fig. 2) in five experiments. This preferred
mucosal sidedness suggests the presence of toxin A-reactive sites
on the apical (mucosal) membrane.

Whereas the mucosal addition of a preheated (100°C) aliquot
of toxin A failed to produce any change, the subsequenit mucosal
addition of a nonheated aliquot of the same toxin was followed
by the expected decrrases in L. and PD (Fig. 3). These findings
are in harmony with previously reported efects of heating toxin
A-namely, insctivation of its toxic effects in whole animals and
in cells in tissue culture (1, 6).

In the next experiments, a 2-fold molar excess of specific
antibody against toxin A (from the serum of immunized rabbits)
was mixed with toxin A and allowed to incubate at 37°C for 15
min. The sddition of this mixture (cooled to 25°C) to the mu-
cosal fluid bething one of 2 mated pair of half-bladders in Na-
rich media evoked no changes in any of the electrical values in
the following 1 hr, st which time the mucosal fluid was removed
and replaced with a fresh mucosal fluid free of toxin or.anti-
toxin. The sddition of toxin A to this fresh mucosal fluid {final
concentration, 10 M) was followed by decreases in the levels
of L. (Fig. 4). G, and PD (not shown). The addition of another
aliquot of the same toxin A preparation to the mucosal fluid of
the mated half-bisdder (ie., the one not previously exposed to
antitoxin alone or to the toxin/antitoxin mixture) also produced
decreases in L, PD, and G after 30 min (see Figs. 1-3 for
comparison). The premixture of toxin A with specific antitoxin
provided complete protection of the bladder from the effects
of this toxin in one experiment and partial protection in a sec-
ond. Premixture with norma; rabbit serum provided no pro-
tection from the effects of toxin A; and mucosal additions of
toxin A antibody alone were without effect on the electrical
values of six bladders.

Because toxin A exists in a proenzymatic state as well as in
an enzymatically activated state (8, 11), it was of particular
interest to find that the lower the intrinsic ADP-ribosylation
activity, the grester the toxin A-induced inhibition of I, and
G in turtle bladders bathed by Na-rich media (Table 2). It was
inferred that the proenzymatic form of toxin A (rather than the
enzymatically activated form) interacts with the apical mem-
brane. This inference was confirmed by dividing a single toxin
A preparation{which had inhibited transport in the bladder)
into separate aliquots, of which sorne were expased to di-
thiothreitol and ores and others were ~ot. The ADP-ribosylation
activity of the treated toxin was 7.5-fold grester than that of the
untrested toxin (Exp. 4, Table 2). The addition of the enzy-
matically activsted aliquot of this toxin to the mucosal tluid
produced only small and y reversible changes in
the transepithelial electrical values of the blsdder. However,
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F1G. 3. Lack of effect of boiled toxin A on the I, of a turtle
bladder in the Na-rich bathing system (described in legend of Fig. 1).
(A) Control. (B) Boiled toxin A, 30 nM in mucosal fluid. {C) B plus
native toxin A, 30 oM in mucosal fluid.

the subsequent addition of the untreated aliquot {the proen-
zymatic form) of the same toxin A preparation was followed
by clear-cut, sustained decreases (42%) in L, PD, and G across
the bladder.

On the basis of the preceding data, it can be inferred that
toxin A first accelerates and then irreversibly retards the flow
of Na across the apical membrane (from the mucosa to the cell
fluid). However, a specific preference of this toxin for Na path
sites was ruled out when it was found that the mucosal addition
of toxin A nullified the L and PD without changing G across
four bladders in Na-free media (Fig, 5). The serosal addition
of toxin A was without effect in these bladders. Under these
Na-free conditions, the magnitude of the L. has becn shown to
approximate the surr of the net Cl and HCO4 reabsorption (17,
19); and the toxin A-induced electrical changes correspond
precisely to those that would occur after a decrease in the net
driving force(s) of the pumps for Cl and HCO4 reabsorption
{or proton secretion) in an electrical model of the bladder under
Na-free conditions.

Because it appears that the mucosal surface of the bladder
contains toxin A-reactive sites near the anion-selective paths
(Fig. 5) as well as near the cation-selective paths (Figs. 1-3) of
the apical membrane, it was of interest to determine whether
such sites could react with other polypeptide toxins with
ADP-ribosylation activity such as diphtheria (9, 10) or cholera
toxin (24, 25) or even with lipopolysaccharidic toxins which lack
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¥1G. 4. Protective effect of specific antibodies against toxin A,
and the subsequent effect of toxin A alone on the [, of a bladder in
the Na-rich bath, °g system. Toxin was added at 100 min (5 aM) and
again at 150 min to a final concentration of 10 nM. (A) Control. (B)
Toxin plus antibody. (C) Washout period. (D) Tozin aione.
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Table 2. Relationship between enzymatic activation of toxin A
Jour separate preparations) and the eifect of esch toxip
_preparation on L, across intact bladders ia Na-rich medium

ADP-ribosylation Effect
activity, on lsc,
Toxin  Preincubation® cpm/tube decrease’
1 No 7,946 10
Yes 9,294 ND
2 No 8,766 0
Yes 1,786 ND
3 No 10,463 0
Yes 9,552 ND
4 No 2,192 42
Yes 16,323 0
* With dithiothreitol and urea.

1 ND, transport effect of preincubuted aliquot of toxin A was not tested:
the transport effect of the untreated toxin A aliquot was tested in all
four preparations.

this enzyme activity {e.g., the endotoxin of P. aeruginosa). In
fact, each of these toxins did induce an electrical response in
the turtle bladder; but the characteristics of each response
differed qualitatively and quantitatively from those of the re-
sponse to toxin A.

The mucosal addition of diphtheria toxin (final concentra-
tion, 10 aM) to bladders in Na-free media was followed within
1 min by a doubling of the PD and 1. with little or no change
in the transepithelial G (Fig. 6) in six experiments. These in-
creased levels returned promptly to control levels after re-
placement of the toxin-containing with toxin-free fluid. No
change was found after the serosal addition of diphtheria toxin
to bladders in the Na-free media.

The mucosal addition of diphtheria toxin to bladders in
Na-rich media was followed by rapidly developing {¢;/ = 3
min} incresses in L. and G but only in the first one of six con-
secutive experiments on bladders under these bathing condi-
tions. Serosal additions were without effect. We cannot yet
explain these results because each batch of diphtheria toxin that
failed to induce electrical changes in the five bladders bathed
by Na-rich medium did induce an increase in the I, and PD
in concomitant experiments on bladders in Na-free media.

Preliminary tests with cholera toxin were made in six ex-
periments on bladders in Na-free media. The mucosal addition
of this toxin (10 nM) was followed within 1-2 min by rapidly
developing, reversible increases (doubling) in the I and PD.
This pattern, which is that of increasing the net driving force
of all operative ion pumps in an electrical model of the bladder
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FIG. §. FEffect of toxin A on L. and PD of a turtle bladder bathed
on both surfaces by identical Na-free (choline) Ringer’s solution
containing Cl and HCO,. Negative values for PD and I, mean that
the serosa was electronegative 1o the mucosa. (A) Control. (B) Toxin
A, 10 nM in mucosal fluid.
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bathed by Na-free fluids, is indistinguishable from that induced
by diphtheria toxin (Fig. 6).

A pattern of rapidly developing incresses in I and PD,
which occurs after the mucosal addition of norepinephrine (26,
27) or cyclic AMP derivatives (28) to bladders in Na-free media,
is indistinguishable from that which occurs after cholera or
diphtheria toxin (Fig. 6). These increases are thought to be
mediated by the binding of toxin or norepinephrine to sites on
an adenylate cyclase-activating element distinct from but ad-
jacent to adenylate cyclase per se in the apical membrane of the
turtle bladder. In this connection, Lefkowitz et al. {29) have
invoked ‘he presence of catecholamine binding sites on
Donenzymatic, membrane-bou.nd elements to account for the
catecholamine-induced activation of adenylate cyclase in the
membranes of avian erythrocytes. The inference that this
toxin-binding, cyclase-activating element is a ganglioside is
consistent with the recent data of Tosteson and Toseson (30)
who showed that cholera toxin increases the conductance of
ganglioside (Gwm))-impregnated lipid bilayers interposed be-

“tween buffered NaCl solutions.

A purified preparation of the endotoxin of P. aeruginosa (23)
was added to the Na-rich solutions (final endotoxin concen-
tration, 5 ug/ml) bathing four pairs of bladders. The levels of
1 and G increased slowly and after 30 min were 35% higher
than control levels; these increased levels wers maintained
throughout the duration of the experiment (3 hr). No electrical
changes were found after serosal addition of endotoxin.

Thq response of the bladder to endotoxin was initially slower
than the response to toxin A, diphtheria toxin, or cholera toxin;
and there was no secondary phase of decreased G such as that
characteristic of the response to toxin A. It follows that neither
the early nor the later phase of the toxin A-induced response
(nor the resp: uses to diphtheria toxin or cholera toxin) can be
ascribed to the action of endotoxin contaminants.

DISCUSSION

The-absolute requirement for and the first step in any effective
interacticn sequence between an extracellularly located bac-
terial toxin and a susceptible host cell is the reversible or irre-
versible binding of that toxin to recognition sites on the external
surface of the plasma membrane of the host cell. This recog-
nition binding alone changes the electrical as well as other
properties of the target membrane from those characteristic
of its control state to those characteristic of its toxin-occupied
state. The steps following the initial recognition binding (which
comprise membrane penetration, cellular entry, and intracel-
lular reactions) depend cn the nature of the specific toxin as well
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F1G. 6. Reversibility of the effect of diphtheris toxin on the I
of a bladder bathed by Na-free (choline) Ringer's solution containing
Cl and HCO3. Negativity of I, means that the seros1 was electro-
negstive Lo the mucosa. (A) Control. (B) Diphtheria togin, 108M in
mucosal fluid. (C) Toxin-free (<10 pM) mucosal fluid.
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as that of the specific host cell type. Some of these steps also
change the electrical properties of the target membrane, but
only after the recognition binding of toxin has occurred.

In the present study, a tentative hypothesis of toxin binding
to recognition sites on the anion pump(s) or on the anion-se-
lective conductances in series with these pumps in the apical
membrane can account completely for the diphtheria toxin-
induced (or cholera toxin-induced) increases in the PD and 1,.
without requiring that either of these toxins enter the cytoplasm
or even pepetrate further into the matrix of the apical mem-
brane. Evidence for the gangliosidic nature of the recognition
sites for cholera toxin has been presented elsewhere (see Results
and ref. 30).

On the other band, the toxin A-induced changes in the
electrical characteristics of bladders in Na-rich or Na-free
inedia are only partially accounted for by invoking recognition
binding as the sole interaction of this toxin with the apical
membrane. Recognition binding alone can account for a mo-
nophasic change in conductance but cannot account for a bi-
phasic change such as that foand after the mucosal addition of
toxin A to bladders in Na-rich media (Figs. 1-3). Nor can rec-
ognition binding alone account for an irreversible decrease in.
the PD and I, with an invariant G, as is found after a similar
addition of toxin A to bladders in Na-free media (Fig. 5). In fact,
all of the toxin A-induced deci 2ases in G, PD, and I, are irre-
versible. Therefore, siu:ple recognition binding is the first step
but not the only step in the sequence of toxin A interaction(s)
with the turtle bladder.

The occurrence of other steps such as membrane transloca-
tion or cellular entry in the interaction between toxin A and its
target membrane is based on the following observed analogies.
(1) Extracellularly placed toxin A does enter and destroy cells
of whole animals and tissue culture lines (1, 5, 6), which suggests
that this toxin can also migrate across the apical membrane to
enter the turtle bladder cell. (it) The ability of toxin A to induce
electrical changes in the turtle bladder is eliminated by prior
treatment of the toxin with heat, urea and dithiothreitol, or
specific antibody, all of which have previously been shown to
eliminate its toxic effects in whole animals or cultured cells (1,
5, 6, 11). (#6) When toxin A is activated so that its ADP-ribos-
ylation activity is maximal, it produces little or no electrical
change in the turtle bladder (Table 2). Thus, the proenzyme
rather than the enzymatically activated form of toxin A is
necessary for the proper initial binding to a specific membrane
receptor and consequently for the subsequent events of trans-
membrane migration and possibly entry of toxin A into the
turtle bladder cell as well as into other cell systems. (iv) The
toxin A-induced changes in the electrical characteristics of the
turtle tladder presumably reflect membrane changes that occur
rapidly, possibly before any intracellular reaction can be ini-
tiated in this tisue. The latter claim is made with the reservation
that the active elongation factor 2 content of toxin A-treated
bladder cells remains to be determined. However, these an-
alogies indicate the occurrence but not the exact mode of
transmembrane migration or cellular entry of toxin A, which
remains speculstive at present.

In sumnmary, three different ADP-ribosylation activity-
containing toxins interact with and induce characteristic
changes in the electrical characteristics of the turtle bladder.
Additional experiments are needed to show how the distinctly
different changes induced by toxin A or diphtheria toxin in the
turtle bladder are related to the cellular destruction induced
by these toxins in experimental animals and tissue cultures (1,
5, 6) and how the changes induced by cholera toxin in the turtle
bladder are related to the cellular dysfunction induced by this
toxin in man or experimental animals (31).
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