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ABSTRACT'

Growth of P. aeruginosa in medium containing sub-MICs of tobramycin,
tetracycline,

or

chloramphenicol

repressed

surface

expression

of

ferripyochelin-binding protein (FBP), while in the presence of ciprofloxacin FBP
surface expression was increased. Sub-MlCs of tetracycline, tbbramycin or
chioramphenicol also reduced ferripyochelin uptake by whole cells, suggesting
that exposure of P. aeruginosa to sublethal doses of these antibiotics altered
the ability of these organisms to acquire iron.
In a pulmonary infection model in rats, FBP was surface exposed in
bacteria isolated from the lungs of control animals. No FBP was detectable,
however, on the surface of bacteria isolated from lungs of animals treated with
sub-MICs of tetracycline.

The degree of pathology in tetracycline treated

animals was significantly lower than in the untreated controls while the bacterial
numbers recovered from the lungs of infected animals did not differ.
Subinhibitory doses of tetracycline reduced proteolytic activity in vitro. These
studies suggested that exposure to sub-MICs of tetracycline can repress FBP
surface expression as well as proteolytic activity in P. aeruginosa, leading to
asignificant decrease in lung injury during infections due to this organism.
The precursor of FBP (proFBP) was detectable with monoclonal
antibody to FBP in outer membranes from cultures grown in the presence of
tetracycline or chioramphenicol but absent from the outer membranes from
control cultures.

These antibiotics were proposed to repress FBP surface

expression by interfering with processing of proFBP.
An endopeptidase activity was detectable in both the membrane and the
periplasmic/cytoplasmic (soluble) fractions isolated from P.
III

aeruginosa

cultures which cleaved proFBP to mature form.

The soluble proFBP

processing activity was further characterized as a Ca2 -activated serine
protease. [3H]-diisopropylfluorophosphate ([3H]-DFP) affinity-labelled two
peptides of apparent molecular weight of 6 kDa and/or 24 kDa which may
comprise part of the functional proFBP processing endopeptidases.

The

putative proFBP processing activity was partially purified from the soluble
proteins of P. aeruginosa strain PAl 03-11 by ammonium sulfate precipitation
followed by ion-exchange chromatography. The 24 kDa protein or aprecursor
from which it may have been derived was hypothesized to process proFBP in
the absence of antibiotics.
In the presence of sub-MICs of tetracycline or chloramphenicol, proFBP
processing activity

was inhibited, or increased in a strain-dependent and

antibiotic concentration-dependent fashion. The expression of two peptides
of molecular weights approximating 6kDa and 24 kDa increased when proFBP
processing activity increased and were undetectable or reduced in expression
when

proFBP

processing

activity

was

inhibited

chioramphenicol were added to the culture medium.

when

tetracycline

or

The soluble proFBP

processing activity, extracted from cultures grown in the presence of sub-MICs
of tetracycline, fractionated on DEAE-Sephacel yielded an additional proFBP
processing activity that was not eluted from control cultures and contained
only a6 kDa protein which bound [3H-DFP. It was hypothesized that in the
presence of tetracycline, P. aeruginosa synthesized an alternate serine
protease, of which the 6 kDa may be a functional part that was capable of
processing proFBP.

iv

ACKNOWLEDGEMENTS

Iwish to thank the Alberta Heritage Foundation for Medical Research
and the Canadian Cystic Fibrosis Foundation for scholarships and aresearch
allowance.
Ithank my supervisor, Dr. Pam Sokol for providing me with an
opportunity to pursue these studies and for giving encouragement and
guidance over the years.

Ialso thank the members of my Supervisory

Committee, Drs. Hart, Rabin, and McKay for useful suggestions, comments,
and advice and to Drs. Stevenson and Lory for serving on my examining
committee. Thank you to Dr. Lory for helpful communications that inspired me
to pursue the latter part of my studies.
For excellent organizational skills, patience and endurance, many thanks
to Shirley Eikerman for helping me draft my thesis.
To my brothers and sisters, Valerie, Pamela, Gayle, Andrew and Tim,
thanks for always being there when Ineeded you.
My deepest gratitude is given to my husband, Andrew Beaton, not only
for dOing all my artwork but for his constant love, encouragement, support and
friendship and for being my " Rock of Gibraltor".

v

DEDICATION

This work is dedicated in memory of two very special people in my life,
my mother Cecelia and my father William LeVatte.

Always loving and

encouraging, they inspired me to be my best and aim high.

vi

TABLE OF CONTENTS

PAGE
APPROVAL PAGE

ii

ABSTRACT

iii

ACKNOWLEDGEMENTS

v

DEDICATION

vi

TABLE OF CONTENTS

vii

LIST OF TABLES

iii

LIST OF FIGURES

XIV

LIST OF ABBREVIATIONS

xvii

CHAPTER 1 INTRODUCTION
1.1

1.2

1.3

PSEUDOMONAS AERUGINOSA AND CYSTIC FIBROSIS:
AN OVERVIEW
Iron Acquisition in Pseudomonas aeruginosa
1.2.1 Siderophores of P. aeruginosa
1.2.2 Iron-Siderophore Transport
1.2.3 Dependence on pH for Siderophore Activity
1.2.4 Iron Mobilization from Transferrin or Lactoferrin
1.2.5 Growth Factors
1.2.6 Pyochelin Outer Membrane Receptor Protein(s)
1.2.7 Pyoverdin Outer Membrane Receptor Proteins
1.2.8 Other Siderophore Outer Membrane Receptor
Proteins
1.2.9 Intracellular Components of P. aeruginosa High Affinity
Iron Transport System
1.2.10
Release of Iron from Iron-Siderophore Complex
Iron Acquisition: A Requirement for Virulence
of P. aeruginosa

vii,

2
3
4
5
5
6
7
8
10
12
13
15

15

PAGE
1.4

1.5.

1.6

Influence of Antibiotics upon Surface Structures and
Secreted Exoproducts of Bacteria
1.4.1 Modulation of Bacterial Adhesion by Antibiotics
1.4.2 Modulation of Bacterial Phagocytosis and
Immunogenicity by Antibiotics
1.4.3 Modulation of Bacterial Secreted Proteins by
Antibiotics
Protein Secretion Mechanisms: Signal Peptide
Dependent and Independent Processes
1.5.1. Signal Peptide- Dependent Secretion
1.5.1.1
Inner Membrane Translocase
1.5.1.2
Signal Peptidases
1.5.1.3
Self-secreting Proteins
1.5.1.4
Extragenic Factors: Multimeric
Protein Secretion
1.5.1.5
Extragenic Factors: Single
Polypeptide Chains
1.5.2. Signal Peptide-Independent Secretion
the Research Project

18
19
26
27

33
33
33
37
39
41
42
44
46

CHAPTER 2 EFFECTS OF SUBINHIBITORY CONCENTRATIONS OF
ANTIBIOTICS ON SURFACE EXPRESSION OF THE
FERRIPYOCHELIN-BlNDING PROTEIN IN PSEUDOMONAS AERUGINOSA
2.1

Introduction

50

2.2

Materials and Methods
2.2.1 Bacterial Strains and Culture Conditions
2.2.2 Sources of Antibiotics and Reagents
2.2.3 Determination of Minimal Inhibitory Concentrations
(MICs) of Antibiotics
2.2.4 Whole Cell Immunoblotting Assays
2.2.5 Ferripyochelin Uptake Assays
2.2.6 Outer Membrane Preparations
2.2.7 SDS Polyacrylamide Gel Electrophoresis
2.2.8 Electrophorétic Blotting Procedure
2.2.9 Cell Surface lodination
2.2.10
Preparation of Lipopolysaccharide

51
51
52
52
52
54
55
55
56
56
57

PAGE
2.3

2.4

Results
2.3.1 Effects of Sublethal Concentrations of Antibiotics
on Surface Expression of FBP
2.3.2 Effects of Subinhibitory Concentrations of Antibiotics
on Iron Transport
2.3.3 Effect of Antibiotics on Outer Membrane Expression
of FBP
2.3.4 Effect of Antibiotics on the Ability of FBP in Cell
Envelopes to Bind [59 Fe]pyochelin
2.3.5 Effect of Antibiotics on Expression of Other Outer
Membrane Proteins and Lipopolysaccharide (LPS)
Discussion

57
57
63
66
71
72
72

CHAPTER 3 SUBINHIBITORY CONCENTRATIONS OF TETRACYCLINE
INHIBIT SURFACE EXPRESSION OF THE PSEUDOMONAS AERUGINOSA
FERRIPYOCH ELI N-BINDING PROTEIN IN VIVO
3.1

Introduction

79

3.2

Materials 'and Methods
3.2.1 Bacterial Strains and Culture Conditions
3.2.2 Preparation of Agar Beads
3.2.3 Animal Studies
3.2.4 Tetracycline Bioassay
3.2.5 Exoenzyme Assays
3.2.6 Indirect Immunofluorescence
3.2.7 Immunoelectron Microscopy

80
80
81
81
82
83
84
84

3.3

Results
3.3.1 Effects of Sub-MICs of Tetracycline upon FBP
Surface Expression by P. aeruginosa in vivo
3.3.2 Effects of Sub-MICs of Tetracycline on Bacteriology
of Infected Lungs
3.3.3 Effects of Sub-MICs of Tetracycline on Pathology
of Infected Lungs
3.3.4 Effects of Sub-MlCs of Tetracycline on Production
of Other Virulence Factors in vitro

85

Discussion

94

3.4

ix

85
88
89
89

PAGE
CHAPTER 4 CHARACTERIZATION OF THE PSEUDOMONAS AERUGINOSA
FERRIPYOCH ELI N-BINDING PROTEIN PROCESSING ACTIVITY
4.1

Introduction

4.2

Materials and Methods
100
4.2.1 Materials
100
4.2.2 Bacterial Strains and Culture Conditions
100
4.2.3 Preparation of proFBP for in vitro Assay
102
4.2.4 Preparation of the Membrane or Periplasm/Cytoplasm
Source for ProFBP Processing Activity
103
4.2.5 Partial Purification of the Periplasmic/Cytoplasmic
Source of the ProFBP Processing Activity Using
Ammonium Sulfate Precipitation
104
4.2.6 Conditions for Assaying Processing of ProFBP
in vitro
105
4.2.7 Active Site Labelling of Cell-Associated Soluble
Serine Proteases
105
4.2.8 Electrophoretic Blotting Procedure
106
4.2.9 Protein Determination
106

4.3

Results
4.3.1 Identification of the ProFBP Processing Activity
4.3.2 Effect of Iron on ProFBP Processing
4.3.3 Fractionation of ProFBP Processing Activity Using
Ammonium Sulfate Precipitation
4.3.4 Effect of Cell Density on Yields of ProFBP
Processing Activity
4.3.5 Characterization of the ProFBP Processing
Activity
4.3.6 Serine Protease Analysis of Periplasmic/Cytoplasmic
Proteins of P. aeruginosa

107
107
111

Discussion

129

4.4

98

111
114
117
121

CHAPTER 5 PARTIAL PURIFICATION OF THE PSEUDOMONAS
AERUGINOSA FERRIPYOCHELIN-BINDING PROTEIN PROCESSING ACTIVITY
5.1

Introduction

136

x

PAGE
5.2

5.3

5.4

Materials and Methods
5.2.1 Materials
5.2.2 Bacterial Strains and Culture Conditions
5.2.3 Preparation of ProFBP for in vitro Assay
5.2.4 Conditions for Assaying Processing of ProFBP
in vitro
5.2.5 Preparation of the Periplasm/Cytoplasm Source
for ProFBP Processing Activity
5.2.6 Partial Purification of the Peri plasm ic/Cyto plasm ic
Processing Activity using Ammonium Sulfate
Precipitation
5.2.7 Fractionation of ProFBP Processing Activity on
DEAE-Sephacel
5.2.8 Active Site Labelling of ProFBP Processing
Endopeptidase
5.2.9 Electrophoresis
5.2.10
Protein Determination

137
137
138
138

Results
5.3.1 Partial Purification of the ProFBP Processing
Activity using Ammonium Sulfate Precipitation
5.3.2 Partial Purification of the ProFBP Endopeptidase
an Anion-exchange Chromatography
5.3.3 Identification of the ProFBP Endopeptidase using the
Serine Protease Active Site Labelling Agent [3H]-DFP

140

149

Discussion

156

138
138

139
139
140
140
140

140
144

CHAPTER 6 EFFECTS OF SUBINHIBITORY CONCENTRATIONS OF
ANTIBIOTICS ON THE EXPRESSION OF PSEUDOMONAS AERUGINOSA
FERRIPYOCHELIN-BINDING PROTEIN PROCESSING ACTIVITY
6.1

Introduction

161

6.2

Material and Methods
6.2.1 Materials
6.2.2 Bacterial Strains and Culture Conditions
6.2.3 Determination of MICs of Antibiotics
6.2.4 Preparation of ProFBP for in vitro Assay
6.2.5 Conditions for Assaying Processing of ProFBP
in vitro

163
163
163
164
164

A

164

PAGE
6.2.6

6.2.7

6.2.8
6.2.9
6.2.10
6.2.11
6.2.12
6.2.13
6.3

6.4

Preparation of Periplasmic/Cytoplasmic and
Membrane Extracts for Immunoblotting, Serine
Protease Active Site Labelling, Total Protease
Analysis and ProFBP Processing Activity
Partial Purification of the Periplasmic/Cytoplasmic
ProFBP Processing Activity using Ammonium
Sulfate Precipitation
Fractionation of ProFBP Processing Activity on
DEAE-Sephacel
Active Site Labelling of Cell-Associated Soluble
Serine Proteases
Electrophoretic Blotting Procedure
Protease Assay
Electrophoresis
Protein Determination

164

166
166'
167
168
168
169
169

Results
6.3.1 Effects of Sub-MICs of Antibiotics on Yields of
ProFBP Processing Activity
6.3.2 , Effects of Sub-MICs of Antibiotics on Whole
Membrane Expression of FBP
6.3.3 Effects of Sub-MICs of Antibiotics on Detection of
Intracellular Soluble Serine Proteases
6.3.4 Effects of Subinhibitory Concentrations of Antibiotics
on Yields of Periplasmic/Cytoplasmic Proteases
6.3.5 Fractionation of the ProFBP Endopeptidase Extracted
from Tetracycline Grown Cultures on
DEAE-Sephacel

169

Discussion

198

169
174
178
186

188

CHAPTER 7 SUMMARY AND FUTURE PROSPECTS
7.1

Summary

211

7.2

Future Prospects

221

REFERENCES

226

APPENDIX

255"
xii

LIST OF TABLES
TABLE
1.

2.

PAGE
Minimal Inhibitory Concentrations (MICs) of Antibiotics
in M9 Medium

53

Effect, of Subinhibitory Concentrations of Tetracycline on
Exoenzyme Expression and FBP Surface Expression

93

3.

Bacterial Strains

101

4.

Minimal Inhibitory CQncentratibns (MICs) of Antibiotics
in M9 Medium

165

Effects of Subinhibitory Concentrations of Antibiotics on
Soluble Intracellular Protease Activity

187

5.

xl"

LIST OF FIGURES
FIGURE
1.

2.

3.

PAGE

Quantitative Whole Cell Immunoblot Assay of P. aeruginosa
strain DG1 Grown in the Presence of Sub-MICs of
Antibiotics

60

Quantitative Whole Cell Immunoblot Assay of P. aeruginosa
strain 3492 Grown in the Presence of Sub-MICs of
Antibiotics

62

Surface lodination of P. aeruginbsa strain DG1

65

4. [59 Fepyochelin Uptake by P. aeruginosa strains 3492 (4A)
and DG1 (413) Grown in the Presence or Absence of 0.25
MIC Tetracycline, Tobramycin, Ciprofloxacin and
Chloramphenicol
5.

68

Immunoblot of P. aeruginosa strain DG1 Outer Membranes
Grown in the Presence or Absence of 0.125 or 0.25 MICs of
70
Tetracycline or Chloramphenicol

6. (A) Electron micrograph of Indirect Colloidal Gold Staining of
Bacteria in Representative Thin Sections of Lung Tissue from
Animals not Receiving Antibiotic
(B) Electronmicrograph of Indirect Colloidal Gold Staining of
Bacteria in Representative Thin Sections of Lung Tissue from
Animals Receiving Daily Injections of Tetracycline
87
7.

8.

9.

10.

Examples of Hematoxylin and Eosin-stained Whole Lung
Sections from Rats Infected Intratracheally with Strain
-DG1 Embedded in Agar Beads

91

Post-translational Conversion of ProFBP to FBP by
Periplasmic/Cytoplasmic Extracts Isolated from P.
aeruginosa Mutant Strains

109

Partial Purification of the ProFBP Processing Activity
using Ammonium Sulfate Precipitation

113

Processing of ProFBP by Periplasmic/Cytoplasmic Extracts
of P. aeruginosa Isolated from Cultures at Different
Stages of Growth

116

xiv

PAGE
11. (A) Analysis of ProFBP Processing in the Presence of
Protease Inhibitors and Dithiolthreitol
(B) Analysis of ProFBP Processing at Various pHs.
(C,D) Analysis of ProFBP Processing in the Presence
of Metals
12.

13.

Active Site Labelling of Periplasmic/Cytoplasmic Serine
Protease Peptides using [3H]-diisopropylfluorophosphate
(DFP)

16.

17.

18.

19.

20.

123

Active Site Labelling of Periplasmic/Cytoplasmic Serine
Protease Peptides Precipitated with Ammonium Sulfate using
[
3H]-diisopropylfluorophosphate (DFP)
126

14. (A) Partial Purification of the ProFBP Processing Activity
using Ammonium Sulfate Precipitation
(B) Silver Staining of Priplasmic/Cytoplasmic Proteins
Sequentially Precipitated with Ammonium Sulfate
15.

120

Bar graph Representing the Percentages of Total
Periplasmic/Cytoplasmic Proteins Sequentially Precipitated
with Ammonium Sulfate

142

146

Elution Profile of "80% Supernatant" Isolated from P.

aeruginosa strain PAl 03-11 from DEAE-Sephacel using a
NaCl Gradient

148

Silver Staining of "80% Supernatant" Proteins Isolated
from P. aeruginosa strain PAl 03-11 Eluted from DEAESephacel using a NaCl Gradient

151

Active Site Labelling and Coomassie Blue Staining of
"DEAE-Pools" Demonstrating the Greatest Processing of
ProFBP

154

The Effects of SubMiCs of Antibiotics on ProFBP
Processing Activity

172

lmmunoblot of P. aeruginosa strains PA1O3, PA1O3-1 1or
DG1 Whole Membranes or Periplasmic Extracts Grown in
the Presence or Absence of Antibiotics

176

xv

PAGE
21.

22.

23.

24.

25.

Active Site Labelling of Periplasmic/Cytoplasmic Serine
Protease Peptides Isolated from Cultures Grown in the
Presence or Absence of Antibiotics using
[
3H]-diisopropylfluorophosphate (DFP)

181

Active Site Labelling of Periplasmic/Cytoplasmic Serine
Protease Peptides Isolated from Cultures Grown in the
Presence or Absence of Antibiotics using
[
3H]-diisopropylfluorophosphate (DFP)

185

Elution Profile of "80% Supernatant" Isolated from P.
aeruginosa strain PAl 03-11 Grown in the Presence of
Tetracycline from DEAE-Sephacel using a NaCl Gradient

190

Silver Staining of ' 8O% Supernatant" Proteins isolated
from P. aeruginosa strain PA1O3-11 Grown in the Presence
of Tetracycline Eluted from DEAE-Sephacel using a NaCl
Gradient

194

Active Site Labelling of " DEAE-Pools" Fractionated from
Cultures of PA1O3-11 Grown with Tetracycline Demonstrating
the Greatest Processing of ProFBP
197

xvi

LIST OF ABBREVIATIONS
ABBREVIATION

EXPLANATION

%

percentage

ATP

adenosine 5'-triphosphate

BSA

bovine serum albumin

BRL

Bethesda Research Laboratories

0

degrees Centrigade

0

cDNA

complimentary deoxyribonucleic acid

CFU.

colony forming units

Ci

Curie

CHAPS

[3-(cholamidopropyl)dimethylammonio]
propanesulfonate

cpm

counts per minute

DEAE

diethylaminoethyl

DFP

diisopropylfluorophosphate

DTT

dithiolthreitol

EDTA

ethylenediamine tetraacetic acid

E64

transepoxysuccinyl-L-leucyclamido
(4-guandidino)-butane

FBP

ferripyochelin binding protein

g

gravity

h
HRP

hour
horse radish peroxidase

xvii

ABBREVIATION

EXPLANATION

IROMP

iron-regulated outer membrane protein

k

thousand

kDa

kilodalton

L

liter

LPS

lipopolysaccharide

M

molar

mA

milliamperes

MAM

methionine assay medium

MCA

monoclonal antibody

M9

minimal medium

mg

milligram

MIC

minimal inhibitory concentration

min

minute

ml

milliliter

mm

millimeter

mm

millimolar

mRNA

messenger ribonucleic acid

ng

nanogram

nm

nanometer

NTA

nitrilotriacetic acid

OD

optical density

ABBREVIATION

EXPLANATION

PAGE

polyacrylamide gel electrophoresis

PBS

phosphate buffered saline

PMSF

phenylmethylsulfonyl fluoride

PVDF

polyvinylidene difluoride

RNA

ribonucleic acid

RT

room temperature

SIDS

sodium dodecyl sulfate

TSBDC

tryptic soybroth deferrated with
Chelex-100

Mg

microgram

p1

microliter

vol

volume

wt

weight

1

CHAPTER

l

INTRODUCTION
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1.1

PSEUDOMONAS AERUGINOSA AND CYSTIC FIBROSIS: AN
OVERVIEW
Pseudomonas aeruginosa, a gram negative opportunistic pathogen,

frequently

infects

the

urinary

and

respiratory tracts

individuals (Russel and Gacesa, 1988).

of

compromised

The lungs of cystic fibrosis (CF)

patients are highly susceptible to colonization by this pathogen and once
colonized, is almost impossible to irradicate. Moreover CF patients frequently
succumb to the effects of chronic P. aeruginosa infections.
Virulence factors associated with the pathogenesis of acute and
chronic P. aeruginosa infections are multifactorial (Woods, 1987).

Such

factors include alginate and polar pill, which facilitate bacterial adherence, and
exoenzymes such as elastase, alkaline protease, exotoxin A and exoenzyme
S, which may contribute to pathogenesis directly by causing local tissue
damage or indirectly as aresult of an exaggerated immune response by the
host to them (Pavlovskis and Wretlind, 1979; Nicas and lglewski, 1985;
Woods et al., 1982b; Woods and Sokol, 1985).
iron transport systems

of P.

aeruginosa

In addition, the high affinity

have been

implicated

as

a

requirement for virulence (Cox, 1982; Sokol, 1987a; Sokol and Woods, 1988;
Woods etal., 1982a).
Conventional antibiotic therapy for CF patients suffering from acute
pulmonary

infections

of P.

aeruginosa

include

an

aminoglycoside

in

combination with a semisynthetic penicillin (Marks, 1989; Lester, 1990).
Bactericidal levels of antibiotic are often difficult to achieve in sputum without
adverse side effects. ' Nevertheless, antibiotic therapy has been successful
and may be largely responsible for the prolonged life of CF patients.

Many

3

studies

have

investigated

the

effects

of

subinhibitory

concentrations

(subMlCs) of antibiotics on the expression and regulation of virulence factors

of P. aeruginosa.
The effects of subMiCs of antibiotics upon expression of ferripyochelin
binding protein (FBP), a component of the pyochelin iron acquisition system
of P. aeruginosa were examined to determine the influence of antibiotics upon
FBP surface expression and the contribution of these effects to the virulence

of P. aeruginosa.
1.2

IRON ACQUISITION IN PSEUDOMONAS AERUGINOSA
Iron is essential for establishment and maintence of bacterial infections

(Payne and Finkelstein, 1978). Bacteria require iron for growth. However, the
acquisition of this element by pathogens is particularly difficult in mammalian
hosts where free iron is withheld from bacteria by the high-affinity iron-binding
proteins transferrin (Holmberg and Laurel[, 1947), principally found in serum,
and lactoferrin (Lonnerdal et al., 1977), the major iron-binding protein of
secretions.

Both lactoferrin and transferrin are normally only 30% saturated

and successfully limit the availability of iron to bacteria even under conditions
of iron excess. Bacteria have acquired ahigh affinity system for iron uptake
from their extracellular medium.
The high affinity iron acquisition system of bacteria largely consists of
three components (Crichton and Charloteaux-Wauters, 1987): (a) lowmolecular-mass soluble, hig haffinity ferric-iron ligands released by the cells,
called siderophores; (b) a membrane receptor for the ferric siderophore
complex that facilitates the transport of this complex across the bacterial
membrane; (c) an enzymatic system cabable of releasing the iron from the
ferric siderophore complex within the cell.

-
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Siderophores are generally classified as either hydroxamates or
phenolates/catecholates although intermediates between these two distinct
classes have been described in the literature.

Siderophores have a high

affinity for ferric iron as exemplified by the binding coefficients of enterobactin
(1052 )and aerobactin

(1023),

siderophores of Escherichia co/i (
Crichton and

Charloteaux-Wauters, 1987; Neilands, 1981).

Siderophores are generally

synthesized by iron-deficient cells, promote iron-uptake in iron-deficient cells
and stimulate bacterial growth in an iron-poor medium.
P.

aeruginosa

employs

high-affinity

siderophore

mediated

acquisition systems to acquire iron from the extracellular milieu.

iron
The

components of these systems will be discussed in the following section.
1.2.1

Siderophores of P. aeruginosa
P. aeruginosa synthesizes and secretes two siderophores, pyochelin

and pyoverdin,

unØer

iron-limiting conditions (Cox and Graham, 1979; Cox et

al., 1981; Wendenbaum etal., 1983). Pyoverdin, ahydroxamate siderophore,
is

a

chromopeptide

containing

a

chromophore

2,3-diamino-6,7-

dihydroxyquinoline derivative. This chromophore is linked to asmall peptide
(6-10 amino acids). Three different pyoverdin specificity groups, defined by
the amino acid composition of the pyoverdin, were identified among fourteen
strains of P. aeruginosa (
Cornelis etal., 1989). Pyoverdin has an iron binding
coefficient approximating

1052

(Wendenbaum et al., 1983).

and an iron-binding stoichiometry of 1:1

Pyochelin is a unique phenolate siderophore

with a low binding coefficient for iron (5x1cP) (Cox and Graham, 1979; Cox et
al., 1981).

Two pyochelin molecules bind one ferric ion.

Unlike pyoverdin,

the structure of pyochelin is conserved among strains of P. aeruginosa that
were examined.

Pyochelin and pyoverdin are synthesized in varying
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quantities by all P. aeruginosa strains examined..

Both nonmucoid and

mucoid strains of P. aeruginosa secrete both of these siderophores (Haas et
al., 1991; Woods etal., 1991).
1.2.2

Iron-siderophore Transport
Both pyochelin (Cox, 1980b) and pyoverdin (Cox and Adams, 1985)

mediated iron transport into P. aeruginosa.

Pyochelin was accumulated

initially by an energy-independent association followed by an

energy-

dependent process, which was inhibited by dinitrophenol or potassium
cyanide, respiratory poisons. Uptake of pseudobactin, apyoverdin produced
by the plant growth stimulating P. putida, required both the electrical potential
and the proton force, but not ATP, since the energy uncouplers dinitrophenol,
valinomycin did, but arsenate did not, inhibit ferric-pseudobaptin uptake
(deWeger etal., 1988).
1.2.3

Dependence on pH for Siderophore Activity
The dependence on pH for siderophore activity of pyoverdin and

pyochelin was examined using an iron mobilization assay with transferrin.
Siderophore activity of pyochelin and pyoverdin was demonstrated in a
narrow pH range of 6.O-.6.5 (Cox, 1985; Sriyosachati and Cox, 1986), but not
at the physiological pH of normal tissue. This suggests that iron acquisition
by pyoverdin or pyochelin may occur on damaged or inflammed tissue,
where acidosis is likely. Alternatively, P. aeruginosa may liberate toxins and
exoenzymes under iron limiting conditions which damage tissue locally,
releasing intracellular iron.

P. aeruginosa growing

as a microcolony
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(Costerton et at., 1983) could yield ahigh concentration of acid endproducts
that effectively lower the pH of the microcolony such that pyochelin or
pyoverdin could function in iron acquisition.
1.2.4

Iron Mobilization from Transferrin or Lactoferrin
The ability of pyoverdin of pyochelin to mobilize iron from lactoferrin or

transferrin was demonstrated using dialysis assays. The siderophore(s) was
placed on one side of the dialysis membrane and [55 Fe] bound to transferrin
or lactoferrin on the opposite side.
conversion of unavailable iron

Iron mobilization was defined as the

bound to transferrin or lactoferrin

into

siderophore bound iron. While both pyoverdin and pyochelin mobilized iron
from transferrin and mediated iron transport, pyoverdin demonstrated greater
siderophore activity that pyochelin in this assay (Sriyosachati and Cox, 1986).
This suggested that pyoverdin and not pyochelin may more effectively
acquire iron from transferrin in serum.

Moreover, pyochelin synthesis was

inhibited by P. aeruginosa grown in 20% heat-inactivated serum (Ankenbauer
et al., 1985).
Mutants deficient in fhe secretion of pyochelin, pyoverdin or both
(Ankenbauer et al., 1985) were assayed for their ability to mobilize iron from
transferrin.

Minimal iron mobilization from transferrin was observed by the

pyochelin/pyoverdin mutant.

However, the pyoverdin deficient (pyochelin

proficient) mutant mobilized more iron from transferrin than the pyochelin
deficient (pyoverdin proficient) mutant suggesting that the loss of pyochelin
synthesis more greatly reduces the iron-transferrin mobilization abilities of P.
aeruginosa (Sriyosachati and Cox, 1986).

.7

Neither pyochelin nor pyoverdin participated in the mobilization of iron
from lactoferrin (Sriyosachati and Cox, 1986).

Unlike .transferrin (Lestas,

1976), lactoferrin forms stable complexes with iron at acid pH values (Masson
and Heremans, 1968).

Iron release from lactoferrin requires more acidic pH

values (pH 2-3) that inhibit the siderophore activities of pyochelin or
pyoverdin. Thus, pyoverdin and pyochelin would be unable to acquire iron
from host surfaces bathed in lactoferrin.

Under these conditions, P.

aeruginosa would be severely iron-restricted. Brown et aL, 1984 and Anwar
et al., 1984 demonstrated that P. aeruginosa isolated from the,lungs of CF
patients, without subculture, had outer membrane profiles of iron-restricted
bacteria.
1.2.5

Growth Factors
P. aeruginosa must be able to grow on mammalian tissues to cause an

infection.

Factors which stimulate bacterial growth may contribute to the

pathogenicity of this organism. Both pyochelin and pyoverdin stimulated the
growth of P. aeruginosa (
Ankenbauer et al., 1985; Cox, 1985). The addition
of pyoverdin to transferrin containing growth medium enhanced the lag phase
of growth. Pyochelin did not enhance lag phase of growth but stimulated log
phase growth in the presence of transferrin.

The greatest stimulation of

growth was observed when both siderophores were added to the transferrinsupplemented medium but this was not significantly greater than the
enhanced growth observed with pyochelin or pyoverdin alone. These studies
suggest that both siderophores contribute to the growth of P. aeruginosa but
at different stages.
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1.2.6

Pyochelin Outer Membrane Receptor Protein(s)
Sokol and Woods, 1983, demonstrated that a low molecular weight

protein approximating 14,000 Da on asodium dodecyl sulfate polyacrylamide
gel electrophoretogram (SIDS-PAGE) of outer membrane proteins bound
9 Fe]pyochelin

specifically and was termed ferripyochelin-binding protein

(FBP).
FBP was isolated and purified from cell envelopes of P. aeruginosa
strain PAO by differential detergent solubilization, acetone precipitation and
molecular sieve chromatography (Sokol and Woods, 1984a).

Polyclonal

antibodies to FBP blocked binding of ferripyochelin to cell envelopes (Sokol
and Woods,

1984a)

and

blocked

binding and subsequent uptake of

ferripyochelin by whole cells (Sokol and Woods, 1986a).

These studies

suggested arole of this protein in ferripyochelin binding and uptake.
Indirect immunofluorescence and cell surface iodination demonstrted
that FBP was present on the cell surface of P. aeruginosa cells grown in low
iron medium but absent from the cell surface in high iron medium (Sokol and
Woods, 1986b).

Therefore, FBP is surface exposed under iron-restricted

conditions.
Monoclonal antibodies reacted with FBP in outer membranes prepared
from P. aeruginosa serotypes A through M.

This suggested that common

epitopes of FBP are shared by the P. aeruginosa strains examined. Two of
the antibodies reacted with FBP in outer membranes isolated from P. putida,
P. fluorescens and P. stutzeri, but did not react with outer membranes from P.
cepacia, P. multivorans or P. maltophilia. Polyclonal antibodies reacted with
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FBP in outer membranes from all six of these Pseudomonas species. These
data reveal that FBP is conserved among Pseudomonas species and is not
unique to P. aeruginosa.
Heinrichs et al.,

1991

putatively idehtified an alternative and/or

additional membrane protein that may participate in ferripyochelin uptake by
P. aeruginosa.

Under iron restricted conditions, a 75,000 Da protein was

inducible in late log or early stationery phase of growth. P. aeruginosa K372,
aspontaneous pirazmonam-resistant (which appears to enter the cell via ironuptake systems) derivative of PA06609 failed to express the 75,000 Da
protein and was deficient in ferripyochelin transport, supporting a role of this
protein in ferripyochelin uptake.

Whether this protein is truly an outer

membrane receptor protein would be important to confirm using similar
techniques, that were used to identify FBP, such as sucrose gradient
centrifugation

and

cell

surface

iodination

and

direct

binding

of

[
59 Fe] pyochelin, to determine, as the. authors propose, whether or not a. two
component pyochelin receptor system exists in P. aeruginosa.

It is also

possible that this protein may not function as an outer membrane receptor for
ferripyochelin but may be involved in the intracellular translocation of
ferripyochelin across the bacterial envelope.

It would also be interesting to

determine whether or not this 75,000 Da protein participates in ferripyochelin
uptake in other P. aeruginosa strains or other Pseudomonas species and not
restricted to P. aeruginosa. strain PA06609.

Finally, ferripyochelin binding

and uptake were demonstrated in strain PA06609 using 3-7.5 fold excess
ferripyochelin found in culture medium of P. aeruginosa in log phase (Cox,
1980b). Perhaps this protein fuActions under conditions of pyochelin excess.

,
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by the finding that this protein is expressed in late log to early stationery
phase of growth when pyochelin synthesis is maximal (Cox and Graham;
1979).
1.2.7

Pyoverdin Outer Membrane Receptor Proteins
Initially, pyoverdin-mediated iron uptake had demonstrated strict strain

specificity, implying that iron uptake was facilitated by its own pyoverdin and
not by pyoverdins synthesized by other strains.

More recently, three

specificity groups of pyoverdines were identified, each group differing by the
amino acid composition of the pyoverdines (Cornelis et al., 1989).

The

pyoverdine of each specificity group could promote growth and [ 59 Fe] uptake
in heterologoLis strains of the same specifity group but not from a different
specifity group.

Experimental evidence using polyclonal antibobies to an 80

kDa iron regulated outer membrane protein suggested that the 80 kDa
protein may be involved in binding of ferripyoverdin. These experiments also
suggest that at least three different pyoverdin receptor systems exist in the
same P. aeruginosa species, based on the assumption that there are three
specificity groups of pyoverdins.

It was hypothesized that the specificity of

pyoverdin-mediated uptake via aspecific outer membrane receptor resides in
the amino acids of pyoverdin not directly involved in the complexation of iron.
Meyer et al., 1990 described the immunological characterization of the
ferripyoverdin receptor. The polyclonal antibodies raised against the 80,000
Da IROMP of P. aeruginosa strain PAO (Cornelis et al., 1989) blocked
[
59 Fe]pyoverdin

binding

to

isolated

[
59 Fe]pyoverdin

uptake

by

whole

outer
cells.

membranes

and

blocked

Immunofluorescence

also

demonstrated that this 80,000 Da IROMP was surface exposed under iron-
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limiting conditions.

These studies concluded that the 80,000 Da IROMP

functions to bind ferripyoverdin and may be the putative outer membrane
protein receptor for this iron-siderophore complex.
Poole et al., 1991 suggested an implied role of a 90,000 Da IROMP in
pyoverdin-mediated iron uptake.

A mutant lacking this outer membrane

protein accumulated minimal ferripyoverdin intracellularly suggesting that this
90,000 IROMP may be involved in ferripyoverdin transport. Proof of function
of either or both the 80,000 Da IROMP (Cornelis et al., 1989) and the 90,000
Da IROMP (Poole et al., 1991) in ferripyoverdin transport awaits isolation of
mutants lacking these proteins and cloning of the genes for each of these
proteins to determine if any contain features of outer membrane siderophore
receptor proteins.
Pyoverdin
promoting

receptor

pseudomonads,

genes were

cloned

from

two

plant

growth

P. putida WCS358 and Pseudomonas

(Marugg et al., 1989; Magazin et aL,1986, respectively).

B1O

These genes were

cloned by mobilization of a gene bank of chromosomal DNA from P. putida
W0S358 into P. fluorescens WCS374 and from Pseudomonas B1O into
Pseudomonas Al 24 or Pseudomonas A225, strain(s) which failed to utilize
and grow in the presence of these proverdins (pseudobactins). Stains which
were competent for the utilization and transport of ferripseudobactin were
found to harbour a gene encoding for an iron-regulated outer membrane
proteins of 90,000 pa (
P.putida) or a 85,000 Da (
Pseudomonas B1O).
Transposon Tn5 mutagenesis and complementation studies demonstrated
that these genes may encode proteins which function to bind and transport
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ferripyoverdin.
proteins

The molecular weights of these pseudobactin receptor

approximate the

apparent sizes

of the P.

aeruginosa

outer

membrane receptors for ferripyoverdin.
1.2.8

Other Sideroph ore'Outer Membrane Receptor Proteins
P. aeruginosa can utilize siderophores from other bacteria such as

from E. co/i, Vibrio cholerae, Aeromonas liquefaciens, A. form/cans, A.
salmoncida and Bacillus species.

This was demonstrated by the satellite

growth on serum-containing agar of these strains around P. aeruginosa (
Liu
and Shokrani, 1978). These studies imply that P. aeruginosa may be able to
transport, via an outer membrane receptor, heterologous siderophores
secreted by other bacterial species.

E. co/i utilizes the fungal siderophores

ferrichrome, coprogen and rhodotorulic acid and synthesizes specific outer
membrane receptors for each of these siderophores under iron-limiting
conditions (Silver and Walderhaug, 1992).

Several bacterial species are

capable of using heterologous siderophores such that this phenemonon is
not restricted to E. co/i or P. aeruginosa.
Desferrioxamine B (Desferal), a natural siderophore of actinomyces,
with a binding affinity for iron approximating
growth of P. aeruginosa strains.

1032,

slightly enhanced the

In the presence of Desferal, two additional

outer membrane proteins were induced.

P. aeruginosa also takes up

[
59 Fe] Desferal, suggesting that the these induced proteins may function in
the binding and/or transport of Desferal (Cornelis etal., 1987).
Most strains of P. aeruginosa were able to utilize enterobactin, a
catécholate siderophore of E. co/i.

Poole et al., 1990 studied enterobactin-

mediated iron uptake in P. aeruginosa. Enterobactin was able to support the
growth of P. aeruginosa in the presence of ethylene diamine hydroxyphenol
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acetic acid (EDDHA). An 80,000 Da outer membrane protein was induced in
cells grown in the presence but not the absence of enterobactin. Transposon
Tn501 mutants unable to support the growth of P. aeruginosa in EDDHAcontaining agar were deficient in the expression of the 80,000 Da protein and
did not take up enterobactin.

These studies suggested that the 80,000 Da

protein was the implied inducible outer membrane receptor for enterobactin.
The in vivo significance of P. aeruginosa's ability to utilize heterologous
siderophores in unknown. The concentration of free iron at any anatomical
site is limiting for any microorganism and may become more restricted in the
presence of multiple siderophores from several microorganisms.

It may . be

competitively advantageous to synthesize outer membrane receptors for
heterologous siderophores, especially if the heterologous siderophores have
greater binding affinities for free iron.
1.2.9

Intracellular Components of P. aeruginosa High Affinity Iron
Transport System
An additional protein of molecular weight approximating 90,000 Da

bound [59 Fe]pyochelin and [35 S]pyochelin (Cox, 1985).

The protein was

localized to the periplasmic space where it may function as an intermediate
intermembrane transporter of ferripyochelin.

Unfortunately, this protein has

yet to be isolated, and purified such that its function with respect to
ferripyochelin transport is unknown.

Other intracellular proteins required for

transport of ferripyochelin or ferripyoverdin have not been described in the
literature.
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In E. co/i, approximately eight gene products are involved in the
movement of Fe 3 -enterobactin through the outer and inner membranes
(Silver and Walderhaug, 1992).

The ferric-enterobactin binds to FepA, the

outer membrane receptor protein which spans the membrane with about 29
p-sheet segments.

Fe 3 -enterochelin binding to FepA is hypothesized to

cause a conformational change in the FepA protein such that the it contacts
TonB, an inner membrane protein, via FepA's amino-terminus TonB box (a
consensus polypeptide sequence). Contacting Ton B provides the energy for
transport of the siderophore' across the outer membrane by transducing the
potential energy of the cytoplasmic membrane, to the outer membrane. ExbB,
an intergral membrane protein, functions to stabilize or activate TonB. Fe 3 enterochelin, after crossing the outer membrane, interacts with FepB, a
periplasmic Fe3+ enterobactin binding protein. The FebB-Fe 3+ enterobactin
complex then interacts with an inner membrane complex composed of FepO
and FepD,

integral inner membrane proteins 'and FepC,

associated ATP-binding protein.

a membrane

Fe 3 -enterobactin, interacting with the

FepG-FepD-FepC inner membrane complex, is then translocated from the
periplasm to the cytoplasm with the hydrolysis of ATP.
All the ferric-siderophore-specific outer membrane proteins of E. co/i
employ the TonB-ExbB energy dependent systems to translocate these ferricchelates across the bacterial membrane. Proteins analogous to FepB, FepG,
FepD, FepC proteins of the Fe 3 -enterobactin transport system are involved
in

the

transport

of

aerobactin in E. co/i.

ferric-dicitrate

and

the

hydroxamate

siderophore,

Whether such analogous proteins exist to transport

Fe 3+ pyochelin, Fe3+ pyoverdin, Fe 3+ Desferal or Fe 3+ enterobactin in P.

aeruginosa is unknown. It is likely that different intracellular transport systems
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will be involved in the translocation of each of these siderophores across the
outer and inner membranes since the structures of these siderophores are so
different.
1.2.10 Release of Iron from Iron-siderophore Complex
Once the iron-siderophore complex is bound to the outer membrane
receptor, iron may

be

release via three possible mechanisms (Crichton and

Charloteaux-Wauters, 1987). The first mechanism describes the siderophore
as an iron taxi.

The iron-siderophore complex associates with the cell

membrane where iron dissociates from the siderophore,

releasing the

siderophore into the extracellular environment, without the ferric-siderophore
complex entering the cell. The second mechanism proposes that the ferricsiderophore enters the cell and dissociation of the metal involves the chemical
breakdown of the ferric-siderophore, by a specific esterase.

The third

mechanism proposes that the intact ferric-siderophore enters the cell but that
the iron is released by reduction.

Siderophores have very low affinities for

ferrous iron and thus releases the metal to the cell.
The release of iron from ferripyochelin may be facilitated by iron
reductases (Cox, 1980a). The periplasmic and cytoplasmic fractions of cells
contained ferripyochelin reductase activity.

This activity appeared to be

specific for ferripyochelin compared to ferric citrate (Cox,, 1980a). How iron is
released from ferripyoverdin is unknown.
1.3

Iron Acquisition: A Requirement for Virulence of P. aeruginosa
In the presence of increasing concentrations of iron, yields of the

extracellular virulence products (Woods et al., 1982b; Nicas and lglewski,
1985; Woods and Sokol,1985) of P. aeruginosa, such as exotoxin A (an ADP-
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ribosyl transferase), total protease (includes both alkaline protease, a
metalloprotease;

and

elastase,

a Zn2 -metalloprotease),

elastase

-

and

hemagglutinating factor were significantly decreased in vitro (
Bjorn et al.,
1979). These studies suggest that iron regulates the expression of particular
virulence factors of P. aeruginosa, contributing to the pathogenicity of this
organism in the mammalian host where iron is limiting.
Other studies established that iron regulation contributes to the
virulence of P. aeruginosa in vivo.

A chronic pulmonary infection model in

rats was used to examine the effects of iron on the virulence of P. aeruginosa
strain PAO and mutants Fe-5and Fe- 18 (derived from the parental strain PAO
and are resistant to the effects of iron on yields of elastase and exotoxin A,
respectively; Sokol and Woods, 1984b).

Strain PAO grown in low iron

medium elaborated greater tissue damage than PAO grown in high iron
medium. This suggests that the concentration of iron influences the virulence
P. aeruginosa in vivo. Strain Fe-5caused similar pathological changes in the
lung regardless of whether or not the inoculum was grown in the presence or
absence of iron; however, the area of pathological involvement was greater
when strain Fe-5 inoculum was grown under iron-stressed conditions.

Rats

infected with strain Fe- 18 inoculum grown in low or high iron medium died
within 48 hrs. These studies emphasize the importance of iron regulation of

in vivo expression of virulence factors, such as elastase and exotoxin A, such
that when these factors are constituitively expressed, P. aeruginosa maintains
or increases its pathogenicity.
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The acquisition of iron by P. aeruginosa was also implicated as a
requirement for virulence of P. aeruginosa (Woods etal., 1982a). In amouse
corneal infection model, incised corneas were inoculated with a mutant of
parental strain PAO, strain Fe- 10, which was deficient in the ability to acquire
iron from FeC, ferripyochelin, or ferripyoverdin.

lnocula of strain Fe- 10

grown in low or high iron medium were significantly less capable of
establishing a corneal infections compared to the parental strain PAO. This
suggests that the ability of P. aeruginosa to acquire iron by its high-affinity
siderophore systems is essential for establishing corneal infections.
Sokol and Woods, 1988, studied the effect of pyochelin on the
virulence of P. cepacia and P. aeruginosa in a rat chronic lung infection
model. Previous work demonstrated that pyochelin was synthesized by all P.

aeruginosa strains (Cox and Adams, 1985). Pyochelin was not secreted by
all P. cepacia strains but pyochelin production correlated with morbidity and
P. cepacia transports

mortality of cystic fibrosis patients (Sokol, 1986).

[
59 Fe]pyochelin regardless of whether or not it secretes the siderophore. To
study the effect of pyochelin on the virulence of P. cepacia or P. aeruginosa,
pyochelin-secreting

or

pyochelin

non-secreting

P.

cepacia strains or

pyochelin-secreting P. aeruginosa, with or without exogenous pyochelin,
were inoculated intratrachaelly into rat lungs.
bacterial growth or persistence of any strain.

Pyochelin did not affect
Pyochelin did not affect the

degree of pathology of pyochelin-positive P. aeruginosa or P. cepacia strains
but significantly increased the area of pathological involvement of the
pyochelin-negative P. cepacia compared to controls.

Therefore, pyochelin
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contributes to the virulence of P. cepacia strains that do not produce
pyochelin but does not alter the pathogenicity of pyochelin producing P.

aeruginosa or P. cepacia.
Surface expression of FBP appears to be required for maximal
virulence of P. aeruginosa (
Sokol, 1987a).

Mutants of P. aeruginosa strain

PAO isolated by transposon Tn5 mutagenesis failed to express FBP on their
cell surface yet FBP was detectable with monoclonal antibody to FBP in outer
membranes (Sokol,

1987b).

These

mutants

accumulated

minimal

[
59 Fe]pyochelin demonstrating that surface exposure of FBP is required for
ferripyochelin uptake. These mutants were employed to examine the role of
surface expression of FBP in the virulence of P. aeruginosa in a mouse
corneal infection and burn infection models. The loss of surface exposure of
FBP resulted in reduced pathology of infected corneas, prolonged morbidity
and reduced bacterial growth and dissemination of the burn wound infection.
These studies suggested that FBP surface exposure is required for maximal
virulence of P. aeruginosa.
The contribution of pyoverdin or the pyoverdin outer membrane
receptor protein to the virulence of P. aeruginosa had yet to be reported in the
literature.
1.4

Influence of Antibiotics Upon Surface Structures and Secreted
Exoproducts of Bacteria
Many studies demonstrated that subMiCs of antibiotics alter the

surface structures and extracellular and intracellular products of bacteria.
These studies have been extensively reviewed (Schifferli and
1988a,b; Shibl, 1985; Chopraand Linton, 1986).

Beachey,

Low doses of antibiotics

also enhanced the phagocytosis and immunogenicity of particular bacterial
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species by altering the exposure of the cell components to complement and
immunoglobins.

Thus, subMiCs of antibiotics can alter bacterial surface

structures and.the expression of virulence factors suggesting that subMlCs of
particular antibiotics could have theraputic consequences.
Antibiotics are defined as any certain chemical substances produced
by various microorganisms which have the capacity to inhibit the growth of
other microorganisms.

Numerous antibiotics have and continue to be

identified, with a range of bacterial intracellular targets.

Some antibiotics

target the bacterial ribosome and inhibit protein translation (Tai and Davis,
1985).

The sulfdnamides and trimethoprim inhibit the synthesis of folate

coenzymes. Trimethoprim is also known to inhibit RNA synthesis in E. co/i
(Schifferli and Beachey, 1988a).

Nucleic acid synthesis is also a target of

certain antibiotics. Rifampcin binds to DNA-dependent RNA polymerase and
inhibits protein transcription.

Quinolines, such as ciprofloxacin, inhibit the

activity of DNA gyrase. The enzymes involved in peptidoglycan metabolism
are inhibited by j3-lactams (Schifferli and Beachey, 1988a).
surface

architecture Is

disturbed

The bacterial

by polycationic. antibiotics,

such

as

polymyxins or higher doses of aminoglycosides (Schifferli and Beachey,
1988a). , Each of these antibiotics with variable intracellular targets, have
modulated the expression of several' potential virulence factors of bacteria,
even at subinhibitory concentrations.
1.4.1

Modulation of Bacterial Adhesion by Antibiotics
Antibiotics that do or do not perturb 'protein synthesis modulated the

expression of bacterial adhesins, which may or may not be proteinaceous.
Most antibiotics selected for the studies of the effects of these drugs on
bacterial adhesion generally are efficacious in current therapy for the
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particular bacterial infections. These studies add to the understanding of the
molecular mechanisms by which subMiCs of antibiotics alter the virulence of
certain bacterial pathogens.

These studies may also provide a greater

approximation of the expected in vivo efficacy of these drugs in light of the
disparity of in vitro MIC determination and in vivo efficacy observed.
Bacterial adhesion was defined by the ability of bacteria grown in the
presence or absence of antibiotics to adhere to a variety of tissues or
monolayers such as human buccal epithelial cells, tracheal explants or small
intestinal epithelial cells.
may or

The tissue or cells chosen for adherence studies

may not have approximated the in vivo targets

colonization.
radioactive

of bacterial

Adherence was scored indirectly by counting viable cells or
bacteria

adhering to tissue.

or

directly

by

microscopically

examining

bacteria

Direct effects of antibiotics upon surface assembly of

these adhesions was examined using transmission electron microscopy
(TEM) or immunofluorescènce using antisera specific to the particular
adhesin under investigation. Finally, the effects of antibiotics upon expression
of constituent elements directly or indirectly assembled into the adhesion may
have been studied by examining the mobility of these adhesins monomers on
SDS-PAGE.

All investigations of effects of antibiotics on adhesion may or

may not have included each of these experiments such that few studies truly
defined the molecular mechanisms contributing to the reduction of adhesion.
The ability of E. coli to hemagglutinate human erythrocytes, to adhere
to buccal epithelial cells or to uroepithelial cells was exariiined with 10 strains
grown

with

1/4

MIC

of

streptomycin,

chloramphenicol,

tetracycline,

clindamycin, trim ethoprim/sulfonamide or nalidixic acid (Vosbeck, 1982).
Adherence was reduced when all strains were grown with tetracycline,
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streptomycin, or trimethoprim/sulfonamides but adherence was increased in
the presence of nalidixic acid.

Adherence was increased or decreased in

different strains in the presence of chloramphenico.
1or clindamycin.

Piliation

observed with TEM correlated with the increased or decreased adherence in
the presence of the different antibiotics.

These studies demonstrated that

antibiotic effects are strain specific and antibiotic specific, suggesting that all
translational inhibitors do not inhibit synthesis of E. co/i pill.
Eisenstein et aL, 1980 observed variable repression of mannosespecific ligand of E. coil in the presence of subMiCs of translational inhibitors.
The aminoglycosides and tetracycline more than chioramphenicol contributed
to reduced adherence and piliation of these strains.

These results may be

explained by compartmentalization of membrane-bound ribosomes which
may be variably targeted by translational inhibitors, depending on how
efficiently these antibiotics enter the bacterial cell.
Trimethoprim

and

sulfonamides,

in

addition

to

quinolines, ' are

commonly used to cure urinary tract infections, which are'often caused by Pfimbriated uropathogenic E. coil. Dean and Kessler, 1988 demonstrated that
adherence of uropathogenic E. coil to a bladder carcinoma epithelial cell
monolayer was reduced in the presence of subMiCs of trimethoprim.

The

decreased adherence correlated with a reduction in P-fimbrial antigens that
were detectable with polyclonal antibodies in an enzyme immunofiltration
assay.

In another study, three E. coil strains grown in the presence of

trimethoprim also demonstrated

reduced

adherence to

human

buccal

epithelial cells. However, only in the presence of one of three sulfonamides
was the adherence of these strains reduced.

The reduction in adherence

correlated with decreased fimbriation detected with TEM. In the presence of
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trimethoprim, the ultrastructure of the outer membrane appeared fragile with
irregular fractioning.

Outer membranes isolated from trimethoprim grown

cultures demonstrated a loss of two minor bands that comigrated with
purified P-fimbriae and anew higher molecular mass protein hypothesized to
be the precursor of the fimbrial monomer. These authors suggested that the
alterations in the cell wall of these bacteria grown in the presence of
trimethoprim interfered with the synthesis and assembly of P-fimbriae on the
bacterial surface (Vaisenen et al., 1982).

Kovarik et al.,1989 examined the

effects of subMiCs of three fluoroquinolinés and trimethoprim on adherence
of uropathogenic E. coil strains.

In contrast to Vosbeck's study where

nalidixic acid increased the adherence of all strains examined, nalidixic acid
and the other three flouroquinolines did not alter the adherence of the strains
examined. However, trimethoprim reduced the adherence of these strains to
a bladder carcinoma epithelial cell monolayer. These studies demonstrated
that in the presence of subMiCs of trimethoprim the adherence of all
uropathogeiic E. coil strains was decreased.

This may contribute to the

efficacy of trimethoprim in the treatment of urinary tract infections. However,
reduced adhesion does not consistently explain the efficacy of treatment of
these infections with sulfonamides or quinolines.
In the

presence

of subMlCs

of tetracycline

decreased attachment of mannosë specific K88
porcine epithelial cells was observed.

or

oxytetracycline,

enterotoxigenic E. co/i to

Regardless of whether the strain was

spontaneously or genetically resistant to tetracycline, tetracycline yet reduced
the adherence of these strains (Deneke et al.,

1985).

Resistance to

tetracycline did not limit the ability of this antibiotic to repress the adherence
of this organism.

23

Several pill or fimbriae may contribute to the attachment of a
microorganism to a particular anatomical site.

Most in vitro studies thus far

examined the effects of antibiotics upon the expression of a particular
adhesin.

However, the effects of these drugs upon the synthesis of other

undescribed adhesins which may also contribute to the adherence of this
organism in vivo are unknown. Chopra and Hacker, 1986 cloned the K88ac
pilus determinant into an E. co/i strain that did not express any pili on its
surface. The problem of other adhesins interfering with the interpretation of
effects of subMiCs of minocycline on the expression and assembly of
K88+pili was eliminated.
antibiotic

in

this

study,

In the presence of minocycline, the most effective
adherence

to

immobilized

intestinal

mucosal

preparations, protein synthesis, K88pilus synthesis and the synthesis of two
of the five helper proteins encoded by the K88ac determinant, helper
polypeptides which may be involved in the secretion of K88pilus monomer
through the cell envelope, were reduced. The reduction in adhesion probably
resulted from the inhibition of synthesis of the K88pilus and the ancillary
proteins required for proper assembly of the bacterial adhesion at the cell
surface.
The effects of subMiCs of antibiotics upon adhesion of Neisseria
meningitidis, N. gonorrhoeae, or Haemophllus influenzae type b to buccal
epithelial cells was examined in four separate studies.

Tetracycline or

penicillin decreased attachment of N. meningitidis and N. gonorhoeae to
buccal epithelial cells which resulted from reduced piliation or misformed pili,
respectively (Stephens etal., 1984). Lincomycin decreased adherence of N.
meningitidis by reducing piliation. Lincomycin treatment of four of five healthy
carriers of meningococci, such that saliva concentration of lincomycin
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approximated 1/60 MIC, effectively reduced the CFU/ml in pharyrigeal
secretions, by preventing adherence (probably by reducing piliation as was
observed in vitro) of N. meningitidis to pharyngeal tissue (Kristiansen et al.,
1983). Gonococcal adherence was reduced in the presence of azithromycin
(Goiby and McGee, 1990). Adherence of H. influenzae type bwas reduced in
the presence of rifampicin but not ampicillin (Gilsdorf and Jesperson, 1986).
Only when N. meningitidis was grown in the presence of tetracycline or when
N. gonorrhoeae was grown with azithromycin, pilin expression was reduced
suggesting that the modulation of adherence resulted from reduced synthesis
of -t
he pilin subunits (Stephens et al., 1984; Goiby and McGee, 1990).

Pilin

subunit synthesis was not reduced when N. gonorrhoeae or N. meningitidis
wès grown in the presence of penicillin (Stephens et al.,1984) or N.
meningitidis was grown in the presence of various antibiotics (Salit, 1983).
However, the migration of a few membrane proteins was altered in the
presence of these drugs suggesting that the membrane integrity was
disturbed. The change in the structural integrity of the membrane may have
contributed to the reduced or aberrant assembly of the surface adhesions.
Tissue adherence may also be mediated through binding of human
fibrinogen to the bacterium, which is exemplified by Bacteroides intermedius
(Lantz etal., 1985). In the presence of subMiCs of tetracycline, adherence of
fibrinogen to B. intermedius was inhibited (Lantz et al., 1987).
saturation kinetic data with

[125

Based on

ljfibrinogen, it was proposed that tetracycline

reduced the expression of fibrinogen binding sites on the bacterial. cell
surface. Alternatively, decreased binding may have resulted from an altered
expression of this fibrinogen receptor such that it no longer functioned to bind
fibrinogen.
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Bacteria may adhere to host surfaces via adhesins that are not phi.
Mucoid strains of P. aeruginosa may adhere to epithelial surfaces via mucoid
exopoIysaccharide, termed alginate, whereas nonmucoid strains adhere via
polar pili (Marcus and Baker, 1985).

However, pili may also mediate

adherence of mucoid strains. SubMICs of antibiotics were reported to inhibit
adherence of mucoid strains of P. aeruginosa by decreasing alginate
production.
Vishwanath et al.,
aminoglycoside)

and

1987, studied the effects of tobramycin (an

ceftazidime (a fi-lactam)

aeruginosa to tracheobronchial mucin.

upon

adherence

of P.

The tracheobronchial mucin was

isolated and purified from the tracheobrônchial secretions of a patient who
underwent endotracheal intubation for respiratory failure (Vishwanath and
Rampal,

1984).

SubMiCs of ceftazidime not tobramycin inhibited the

adherence of all mucoid strains examined and two nonmucoid strains. It was
suggested that a decrease in alginate reduced the adherence of mucoid
strains.

Geers and Baker, 1987a studied the effects of tobramycin and

gentamicin (an aminoglycoside) on adherence of mucoid strains to hamster
tracheal explants.

In contrast to Vishwanath et al., 1987, mucoid strains

grown in the presence of tobramycin or gentamicin produced less alginate
and were not as adherent as the strains grown in the absence of antibiotics.
The authors suggested that alginate depolymerases were released from the
periplasm in the presence of the aminoglycosides and degraded alginate
such that it did not function to mediate adhesion.
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1.4.2

Modulation of Bacterial Phagocytosis and Immunogenicity by
Antibiotics
The ability of pathogens to resist or evade host defences is recognized

as a virulence factor. SubMiCs of antibiotics can alter surface structures of
bacteria and increase its susceptibility to phagocytosis and immunogens.
Many studies demonstrated that antibiotics enhance polymorphonuclear
leukocyte (PM N) chemotaxis, phagocytosis and bactericidal activity against
numerous microorganisms (van der Broek, 1989).
The presence of acapsule enables bacteria to evade host defences by
resisting phagocytosis by PMN's and/or resisting the neutralizing effects of
antibodies. A reduction in capsule in the presence of antibiotics increased the
phagocytosis of bacteria by PMN's (Bassaris et al., 1984; Gemmell et al.,
1983; Kadurugamuwa etal., 1985a; Williams, 1987). Encapsulated strains of
Klebsie!!a pneumoniae grown in the presence of subMlCs of cefuroxime or
ciprofioxacin had complement C3 bound to the cell surface when incubated in
the presence of human serum but no C3 bound to the encapsulated strains
grown without antibiotics. Antisera, which failed to agglutinate encapsulated
or nonencapsulated K. pneumoniae strains, rapidly agglutinated these strains
when they were grown with cefuroxime or ciprofloxacin.

A reduction in

capsule in the presence of antibiotics was thought to expose previously
masked binding sites for C3 or immunoglobins such that the phagocytes
could adhere to these antibiotic grown bacteria or such that these bacteria
could be rapidly agglutinated, respectively (Williams, 1987).

Since outer

membrane protein profiles of LPa migration patterns of unencapsulated
strains were

unchanged

hypothesized

that the

in the presence

distribution

and

of these antibiotics,

arrangement

of

cell

it was

envelope
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constituents were altered such that these strains became more accessible to
immunoglobins.

Kadurugamura et al., 1985a also reported a decrease in

capsule formation

of K. pneumoniae in the presence of subMiCs of

cephalorins such that several protein determinants, including iron regulated
proteins, became antigenic in mice (Kadurugamura etal., 1985b).
Sub-MICs

of -lactam

antibiotics

and

ciprofloxacin

immunogenicity of E. coIl (
Leying et al., 1986).
membrane

profiles,

lipopolysaccharide

chain

altered

the

No changes in outer
length

or

phospholipid

composition were observed when these strains were grown in the presence
of antibiotics. However, the phospholipid/amino acid ratio was reduced, the
amount of peptiddglycan fragments bound to the outer membrane was
increased

and

phospholipid was translocated to the

(Suerbaum et al.,1987).
increased

immunogenicity

outer membrane

These alterations may be responsible for the
of these

strains

in

the

presence

of these

antibiotics.
Protein A is a component of the cell wall of more than 90% of all
Staphylococcus aureus strains.
phagocytosis by PMN's.

Its presence on the cell surface impairs

SubMiCs of clindamycin decreased protein A

biosynthesis since the total amount of protein A on the cell surface was
quantitatively

reduced (Veringa and

Verhoef,

1986)

and

subsequently

increased the phagocytosis of this organism by leukocytes.
1.4.3

Modulation of Bacterial Secreted Proteins by Antibiotics
Cell surface associated as well as intracellular (i.e. ,e-lactamase) or

extracellular proteins may contribute to the virulence of a microorganism.
Thus, repressed expression of these factors in the presence of subMiCs of
antibiotics may effective limit the pathogenicity of the microorganism.

In

28

some instances,

however,

subMlCs of antibiotics

have increased the

expression of these factors which may be responsible for the deleterious
effects of these drugs in the treatment of infections.

Most studies on the

expression of these virulence factors in the presence of antibiotics examined
either the activity, antigenicity or cytotoxicity of these factors, but rarely are all
of these characteristics reported simultaneously.
In the presence of subMlCs of antibiotics, expression of some bacterial
toxins was increased. Lincomycin or tetracycline increased synthesis of both
intracellular and extracellular heat-labile enterotoxin (LT) but not heat-stable
enterotoxin (ST) of E. co/i. This phenomenon was strain specific (Yoh et al.,
1983). Lincomycin also increased cholera toxin production of Vibrio cholerae,
which did not result from the inhibition of normal degradative proteolysis,
increased release of the toxin from the cell or increased activation of the toxin
(Levner et al.,1980).

It was implied that lincomycin actually increased the

synthesis of this toxin, even though lincomycin inhibits protein translation.
Clindamycin

or

cephaloridine,

but

not

tetracycline,

enterotoxin and cytotoxin production of Clostridium diffidile.
thought

that

these

data

might

explain

the

frequent

stimulated
The authors

occurence

of

pseudomembraneous colitis associated with antibiotic treatment of this
infection (Honda etal., 1983). In another study (Gemmell, 1982), clindamycin
as well as vancomycin reduced cytotoxin production of 5/6 of C. diffic!e
isolates.

However, clindamycin increased the cytotoxin production of a low-

producing strain.
strains

Yields of the cytotoxin or exotoxin by various C. difficle

may determine the effects of translational inhibitors, such as

clindamycin upon the expression of these toxins.
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Other studies reported that sub-MlC of antibiotics were effective in
reducing the expression of secreted virulence factors of various species of
gram-positive

bacteria

by

inhibiting

the

synthesis

of these

products.

Lincomycin but not erythromycin or chioramphenicol inhibited the synthesis
of lipase, coagulase and a-hemolysin of S. aureus (
Shibl, 1984): Minocycline
inhibited the activity and synthesis of -lactamase of S. aureus (
Chopra and
Anderson, 1985). Unfortunately, reduction of synthesis of j3-lactamase in the
presence of minocycline did not inhibit the growth of apenicillinase-producing
strain when it was also grown with benzylpenicillin.
subMlCs

of

chlorhexidine,

-

total

extracellular

In the presence of

proteolytic,

trypsin

and

collagenase activity of Bacteroides gingivalis was repressed (Miliward and
Wilson, 1990). It was suggested that the alterations in cell wall permeability in
.

the presence of chlorhexidine altered the secretion of these extracellular
factors. The neuraminidase activity of B. fra gills was reduced in the presence
of chloramphenicol, increased in the presence of penicillin and unaltered
when metronidazole or . clindamycin was added to the culture medium
(Ferreira et al., 1989). This study also highlights the necessity of selection of
proper antimicrobial agents for the treatments of infections as some may
stimulate the virulence of the microorganism one is attempting to irradicate.
Similarly, concentrations of penicillin at or above the MIC increased a-toxin
production of C: perfrfngens and demonstrated sloWer bacterial killing
compared

to

tetracycline,

metronidazole,

chioramphenicol which suppressed

a-tOXIfl

rifampicin,

clindamycin

or

production (Stevens et al.,1987).

Bacterical activity did not dictate antibiotic efficacy in this study emphasizing
the necessity to define other parameters which would correlate with antibiotic
effectiveness in vivo.
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P.

aeruginosa

secretes

more

extracellular

products

extracellular environment than many other gram-negative bacteria.

into

the

Many of

these factors' contribute to the pathogenicity of this opportunistic bacterium.
Suppression of any of these virulence factors in the presence of subMlCs of
antibiotics may lead to clinical improvement. In the presence of subMlCs of
gentamicin or tobramycin, total proteases, measured by hydrolysis of
azocasein, and elastase antigens were reduced.

HOwever, tobramycin ,also

affected the growth of the strains examined, which may contribute to the
reduced total protease or elastase antigenicity (Warren et al. , 1985). In
another study, total protease activity, measured by hydrolysis of skim milk
encased in agar, was reduced by 75% in the presence of tetracycline. In the
presence of chioramphenicol or polymyxin, total protease was also reduced
but these effects could not be distinguished from growth effects (Shibi and AlSowaygh, 1980).

Ogaar et al., 1986 examined the effects of carbenicillin or

gentamicin on expression of exotoxin A antigens, elastase and total protease
activities, the latter examined by hydrolysis of synthetic peptide substrates.
Exotoxin A expression was repressed in the presence of both antibiotics while
elastase activity was only reduced in the presence of gentamicin (as Warren

etal., 1985 observed).
Geers and Baker, 1987b examined the consequences of reduced
expression of P. aeruginosa exotoxin A or elastase in the presence of two

-

lactams or two aminoglycosides on adherence and/or destruction of hamster
trachael explants.

As Ogaar et al.,

1986 observed,

carbenicillin (or

ceftazidime) did not alter elastase antigenicity when these drugs were added
to the culture medium. In contrast to Ogaar et al., 1986 these 3-lactams did
not alter exotoxin A antigenicity. P. aeruginosa growing with either -lactam
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on tracheal explants destroyed the epithelium as was observed with no
antibiotic addition.

Exotoxin A and elastase antigenicity were reduced- when

either tobramycin or gentamicin were added to the culture medium such that
in the presence of these aminoglycosides, the tracheal explant was not
destroyed. Therefore, reduced expression of exotoxin A and elastase in the
presence of subMiCs of aminoglycosides but not -lactams may have
contributed to the maintenance of the integrity of the tracheal epithelium.
Grimwood et al., 1989a,b, extended these observations by.examining
the effects of subMiCs of ciprofloxacin, tobramycin, or ceftazidime on the
virulence of P. .
aeruginosa using a chronic lung infection model in rats.
Although the bacterial CFU's recovered from the lungs of animals treated with
antibiotics did not differ significantly from the controls, the degree of
histological

damage

observed

with

antibiotics

significantly reduced compared to control animals.

treated

animals

was

Lungs from ceftazidime

treated animals sustained more histological damage than ciprofloxacin or
tobramycin treated animals. Isolates from ciprofloxacin or tobramycin treated
animals expressed less exoenzyme S or elastase while isolates from
ceftazidime treated animals only expressed less exoenzyme S. These studies
suggest that repression of both exoenzyme S and elastase in the presence of
subMlCs

of

ciprofloxacin

or tobramycin

may

significantly

reduce the

pathogenicity of P. aeruginosa. Grimwood etal., 1989b examined the effects
of antibiotics upon the virulence of amucoid CF sputum isolate (3740) using
the same lung infection model. The bacterial CFU's recovered from the lungs
of antibiotic treated animals were unchanged compared to controls yet
tobramycin or ciprofloxacin more than ceftazidime significantly reduced the
histological injury of. the lungs.

In. contrast, strain 3740 did not secrete
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exoenzyme S and produced only 8% of elastase activity of strain DG1 in the
absence of antibiotics.

Repression of, synthesis of several exoproducts

(elastase, phospholipase, exotoxin A, exoenzyme S and pyochelin but not
pyoverdin) was observed by a mucoid variant of strain PAO (Woods et al.,

,

1991) suggesting that mucoid strains of P. aeruginosa synthesize less
exoproducts than their non-mucoid variant.

Factors contributing to the

decreased virulence of 3740 in the presence of subMlCs of ciprofloxacin or
tobramycin in vivo were unknown.
A series of investigations that have examined the effects of lincomycin
upon -lactamase synthesis may be the first report of the mode of action of
sub-MICs of antibiotics.

In the presence of sub-MICs of lincomycin,

increased TEM-2 e-lactamase activity was observed (Okabe et al., 1986).
Increased j-lactamase activity correlated with an increased synthesis of this
protein. However, general protein synthesis was inhibited in the presence of
lincomycin.

The increased /3-lactamase had not resulted from an increased

plasmid copy number or an inhibition of inactivation of /3-lactamase.

The

authors hypothesized that lincomycin stimulated the transcription, translation
or translocation of 3lactamase.
In another study, increased fl-lactamase mRNA was detected when
cells were grown in the presence of lincomycin (Matsushita etal., 1989). The
half-life of -lactamase mRNA was increased and this mRNA was translatable
into immunoprecipitable protein. Thus, increased -lactamase activity in the
presence of lincomycin resulted from increased stability of the -lactamase
mRNA.
altering

It was suggested that lincomycin might cause the ribosome to stall,
RNA

conformation

such

that

translation

was
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initiated.

Alternatively, the stalled ribosome protected the mRNA from initial

cleavage by endonucleases which limit the rate of degradation of 19-lactamase
mRNA (Belasco etal., 1986).
1.5.

Protein Secretion Mechanisms: Signal Peptide Dependent and
Independent Processes
Many protein secretion mechanisms exist for specific proteins, with

most of these mechanisms requiring ancillary factors specific for each
secreted protein. However, as more information accumulates, it appears that
there are common mechanisms for secretion of specific classes of proteins.
In the ensuing section, the generalized protein secretion mechanisms will be
described

in

terms

of

signal

peptide-dependent

and

signal

peptide-

independent processes. The review will focus on protein secretion in gramnegative bacteria which is mechanistically more demanding since proteins
may,

depending on their final location,

transversing the aqueous periplasm.

cross two lipid

bilayers while

Secretion of proteins in Gram-positive

bacteria is less complex, requiring translocation across asingle membrane.
1.5.1.1

Signal Peptide- Dependent Secretion: Inner Membrane
Translocase
Many secreted proteins which tranverse the cytoplasmic membrane

are synthesized as precursors.

Earlier studies hypothesized that secreted

proteins are synthesized cotranslationally (proteins were translocated through
the cytoplasmic membrane while being translated on membrane bound
ribosomes or polysomes) or post-translationally (proteins were secreted
through the cytoplasmic membrane after they were translated) (Meyer et
aL,1982).

A third hypothesis (Randall and Hardy, 1984), which is generally
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accepted, suggests that as the growing nascent polypeptide chain emerges
from the ribosome, it is recognized and associates with cytoplasmic factors
termed chaperones, which bring the precursors into association with the
cytoplasmic side of the inner membrane. These chaperones (such as trigger
factor, Crooke et al., 1988; groEL, Bochkareva et al., 1988; and Sec B,
KUmamoto, 1989) stabilize the unfolded conformations of precursors (and/or
mature proteins) such that the they are competent for assembly into the
translocation apparatus.

After synthesis of approximately 80% of the

polypeptide chain, translocation proceeds via a mechanism involving the
participation

of membrane

proteins,

probably analogous to the

inner

membrane translocase described in E. coil (
Fandi and Tai, 1990; Wickner at
al., 1991).
The membrane associated translocase of E. coil currently consists of
the following proteins:

SecY, SecA, SecD, SecE and SecF (sec-secretion

defective gene). SecY is an integral cytoplasmic membrane protein with ten
transmembrane segments (Akiyama and Ito, 1987) and is required for the
activity of the translocation ATPase.

SecY mutations suppressed mutations

arising in the hydrophobic core of the leader peptide and not mutations in the
basic, hydrophilic amino-terminal segment, suggesting that SecY interacts
with the hydrophobic region of the leader peptide (Puziss et al., 1989). This
further implies that this region of the signal peptide is important in the
transport of precursor proteins.
SecA is a soluble peripheral membrane protein with an apparent
molecular weight approximating 100,000 Da. SecA appears to be involved in
the secretion of most periplasmic and outer membrane proteins that have
been described (Strauch et a/.,1986).

Purified SecA hydrolyzes ATP

3.
5

(Cunningham et al.,, 1989). In the presence of SecY precursors, AT.

Mg2

and acid phospholipids, SecA can hydrolyze ATP and translocate precursors
(demonstrated with precursor of outer membrane protein A, proOmpA; Lill et
al., 1989), suggesting that SecA may play a central role in coupling ATP
hydrolysis to transmembrane translocation. SecA synthesis increases as the
rate of protein secretion increases and it was found that the SecA protein
binds to a region upstream of its own mRNA to autoregulate its own
expression. (
Dolan andOliver, 1991). SecA synthesis may be the rate-limiting
factor that determines whether or. not precursor translocation proceeds
across the inner membrane.

SecA also binds to the the mRNA of only

secreted proteins suggesting that SecA may also regulate the translation of
secreted proteins (Dolan and Oliver, 1991)
SecD,. SecE and SecF are cytoplasmic membrane-associated proteins
which are essential for growth (Fandl and Tai, 1990). SecE was recently
purified and promoted the translocation of proOmpA into prote.oliposomes
consisting of SecY, SecA, ATP and phospholipids (Tokuda et al., 1991).
SecE alone did not promote the translocation of proOmpA. SecE, SecY and
band 1 were co-immunoprecipitated suggesting that they physically interact
with each other.

Each of these proteins could be singularly separated ,from

the immunoprecipitated complex and remixed to support translocation of
proOmpA (Brundage et al., ,1992).

Unlike SecA or SecY or SecE, SecD and

SecF are not suppressors of signal sequence mutations and therefore must
not directly interact with the signal sequence of precursor proteins. SecD and
SecF. each contain six transmembrane domains and a large periplasmic
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domain (Gardell et al., 1990). Both proteins are encoded in an operon in the
secD locus and may interact to form .acomplex that promotes the interaction
of exported proteins with signal peptidases.
The working model of secretion of . a precursor across the inner
membrane translocase of E. coil is as follows.

Chaperones bind to or

stabilize a precursor in a translocation competent state after 80% of the
polypeptide has emerged from the ribosome.

The chaperone-precursor

complex binds to the cytoplasmic side of the inner membrane, which releases
the chaperone into the cytoplasm to be recycled and perhaps rebind to the
ribosome. The precursor interacts with SecA, which is physically associated
with SecY, SecE and band 1, and stimulates ATP hydrolysis. The precursor is
then

translocated

across

SecY/SecE/band 1 complex.

the

cytoplasmic

membrane

perhaps

via

The precursor emerges on the periplasmic

side of the inner membrane and presumably interacts with a SecD/SecF
complex which may promote the interaction of the precursor with signal
peptidases.
Analogous inner membrane translopases most likely exist in other
gram-negative bacteria since precursor proteins from other bacterial species
are translocated in E. coil via this apparatus.

However, not all secreted

proteins in E. coil are sec-dependent. The secretion of bacteriophage M13
procoat was not inhibited in asec-negative background (Wickner et ai.,1991)
suggesting that other mechanisms may exist to translocate other yetunidentified precursors across the inner membrane of E. coil.
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1.5.1.2

Signal Peptidases
The signal peptide, an amino-terminal extension of 15-30 amino acid

residues, can be divided into three regions:

a positively charged amino

terminal region, n, of variable length is proposed to interact with the lipid
bilayer;

a central hydrophobic region, h, with a minimal length of eight

residues is the membrane spanning domain;

and a polar carboxy-terminal

domain, which specifies the cleavage site for signal peptidase (von Heijne,
1985).

The n- and h-regions are required for efficient translocation (von

Heijne, 1990).
Two signal peptidases have been isolated and purified in E. co/i: signal
peptidase I (Wolfe etal., 1982, 1983a.; Date and Wickner, 1981; Zwizinski and
Wickner, 1980) and signal peptidase II (Tokunaga et al., 1983, 1985) which
are distinct enzymes (Tokunaga etal., 1982b; Dev and Ray, 1990; Ray etal.,
1986).

Signal peptidase Icleaves the precursors of a wide variety of

periplasmic and outer membrane proteins, which include OmpA, and MiS
procoat protein to name a few (Inouye and Beckwith, 1977; Mandel and
Wickner, 1979; Wolfe et al., 1982).

The cleavage site is located 5-7 amino

acids from the h-region and small nonpolar amino acid

residues are

conserved at positions - ito -3, with respect to the cleavage site, with Ala-XAla

most

frequently

found.

Large

predominantly found at the -2 position.

polar

or

aromatic

residues

are

Signal peptidase II cleaves any

prolipoproteiñ polypeptides which has amodified cysteine residue located at
1+ to the cleavage site with Leu-X-Y-Cys most frequently found.

The 1+

cysteine must be modified by glyceryl transferases and o-acyl transferases
before the prolipoprotein can be cleaved by signal peptidase II (Dev and Ray,
1984; Tokunaga and Wu, 1984; Tokunaga etal., 1982a). The E. co/i signal
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peptidases are inner membrane spanning

proteins with their catalytic

domains found on the periplasmic side of the inner membrane (Munoa et al.,
1991; Wolfe et a!, 1983b; Bilgin et al., 1991).

Neither protein contains a

cleavable signal sequence. Mutations in the genes for signal peptidases Iand
Il cause cells to stop growing suggesting that these signal peptidases are
essential enzymes. It is believed that the function of the signal peptidase is to
render the translocation across the cytoplasmic membrane irreversible.
The prepilin leader peptidase (PilD) of P. aeruginosa was purified,
cloned and characterized (Nunn etal., 1990; Nunn and Lory, 1991).

PilD is

an inner membrane protein which cleaves a prepilin atypical amino-terminal
cationic leader peptide sequence of six or seven amino acids which lacks the
hydrophobic residues of atypical signal sequence. Glycine at the - 1position
appears to be essential for proper processing of prepilin by PilD (Strom and
Lory, 1991). The amino-terminal phenylalanine is methylated after cleavage
of the short leader peptide. PhD also cleaved the prepilin of N. gonorrhoeae,
suggesting that PhD-like processing enzymes may exist in other genera. The
leader sequence of the P. aeruginosa prepilin shares significant homology of
prepilins of N. gonerrhoeae, Moraxella bovis, and Bacteroides nodusus
(which are called type IV or N-m ethyl phenylalanine pilins). The cleavage site
immediately surrounding the cleavage site of the type IV prepilins are highly
conserved.
Mature forms of elastase, alkaline phosphatase, phospholipase cand
exotoxin A accumulated in the periplasmic space of PilD mutants (Strom et
al.,

1991).

Since the leader peptide sequences of these extracellular

exoproducts differed from the type IV leader peptide and mature forms of
these proteins were found in the periplasmic space, it was suggested that
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PhD might process and/or assemble components of the membrane excretion
machinery that are necessary for extracellular excretion of these exoproducts.
Recently, four linked genes (pddA-D) required for P. aeruginosa protein
excretion were identified using an oligoprobe that recognized the PhDcleavage site (Nunn and Lory, 1992). At least one (PddC) of these gene was
processed by PilD confirming their original hypothesis of the putative function
of PilD in P. aeruginosa exoproduct secretion.
A toxin-correlated pilus (icpA) processing gene product (TcpJ) was
putatively identified in V. cholerae (
Kaufman et al., 1991).

Like the prepilin

precursor, the Tcp prepilin belonged to the typelV class and contained an
atypical short leader peptide, suggesting that TcpJ may process Tcp prepilin
in a similar fashion as PhD processes prepilin in P. aeruginosa.

Unlike PhD,

TcpJ mutants do not confer a pleiotrophic secretory defect of exoproducts.
These authors proposed that TcpJ differs from signal peptidases Iarid II of E.
co/i, not only by the specificity of the leader peptide and its cleavage site, but
also by the position of its catalytic domain which is proposed to face the
cytoplasm.
1.5.1.3

Self-Secreting Proteins
The

IgAl

proteases

are

extracellular

bacterial

proteases

that

specifically cleave the heavy chain of the human IgAl molecule in the hinge
region. The chromosomal IgAl protease gene (
iga) of N. gonorrhoeae was
cloned, expressed and secreted into the extracellular medium of E. coil
(Pohlner et al., 1987).

This iga DNA sequence indicated that only the iga

gene and no other additional proteins were involved in the secretion of the
IgAl protease in E. coil. All the information essential for IgAl secretion must
be contained in the Iga protein itself.
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The DNA sequence revealed that the iga gene encoded a precursor,
with atypical signal peptide (Pohlner et al., 1987). The precursor had three
functional domains:

the amino-terminal leader plus a-protein, the mature

protease and a carboxy-terminal helper. The helper sequence, which could
form p-sheets suggesting an outer membrane association, was essential for
outer membrane export of the IgAl protease since deletion of the carboxyterminal helper sequence led to the accumulation of the IgAl protease activity
in the periplasm. Three cleavage sites recognized by the IgAl protease were
found

within

the

IgAl

protease

itself

suggesting

that

autoproteolytic

processing may mediate extracellular secretion.
The authors proposed a model of extracellular secretion of the IgAl
protease.

The leader peptide of the. IgAl precursor associated with the

cytoplasmic side of the inner membrane and the precursor was translocated
across the cytoplasmic membrane (presumably in asec-dependent fashion).
The leader peptide was cleaved, releasing the mature protease plus the
helper from the inner membrane.

The helper protein associated ' and

presumably incorporated into 'the outer membrane forming a pore.

As the

mature protease moved through the pore, it gained an active conformation
and auto proteo lytical ly cleaved ftself from the helper protein.

The IgAl

protease released from the cell assumed a new active conformation and
released the a-protein by autoproteolytic cleavage.
The IgAl protease of H; influenzae was homologous to the IgAl
protease of N. gonorrhoeae.

It was implied that the H. influenzae IgAl

protease would also be exported by aself-secreting pathway, suggesting that
this mechanism may be common to all IgAl proteases (Poulsen etal., 1989).
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Autoproteolytic processing appears to be involved in the secretion of
elastase of P. aeruginosa (
McIver et al., 1991).

Unlike the IgAl proteases,

this autoproteolytic processing of elastase occurs intracellularly within the
periplasm. Further, elastase secretion and activation is not exclusively aselfsecreting pathway since other factors (PddA-D and LasA; Nunn and Lory,
1992; Schad and lglewski, 1988) are essential for its secretion across the
outer membrane and for its activation.
After

the

translocation

across

the

cytoplasmic

membrane

and

processing of precursors by signal peptidases, the second step of protein
secretion involves proper localization of these proteins into the periplasm, the
outer membrane or secretion of these proteins across the outer membrane
onto the outer surface of the bacterium or release from the outer membrane
into the extracellular environment.

These processes may depend upon

intragenic sequences within the protein itself and/or extragenic factors. In the
ensuing section will be briefly reviewed what is currently known about these
extragenic factors.
1.5.1.4

Extragenic Factors: Multimeric Protein Secretion
The dynamics of multimer toxin secretion of functionally, structurally,

and

immunologically similar enterotoxins,

cholera toxin

and

heat-labile

enteroxin (LT: consisting of two dissimilar subunits, A and B, at a ratio of five
B to one A in the holotoxin; Clements et al., 1980) involves the synthesis of
precursors of both subunits from polycistronic mRNA, translocation of the
precursor subunits across the cytoplasmic membrane, processing of the
precursors into mature peptides, and release into the periplasm.

The
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holotoxin assembly is accelerated by the A subunit (Hardy et al., 1988). The
holotoxin is then secreted across the outer membrane in V. cholerae but not
E. cdii by some yet unknown mechanism.
1.5.1.5

Extragenic Factors: Single Polypeptide Chains
Mutations mapping to the chromosomal loci xcp-1, xcp-5, xcp-54 and'

xcp-6 each cause pleiotrophic defects in the extracellular secretion of
exotoxin A, elastase, alkaline prosphatase, and phospholipase c of P.
aeruginosa (Lazdunski etal., 1990). Each of these exoenzymes accumulates
intracellularly in the periplasm. The xcp-1 (xcpA) gene product was cloned
and sequenced and was almost identical to PilD, suggesting that these
probably were the same proteins (Bally et al., 1991).

As already stated

above, PilD functions to process and assist assembly of the components of
the membrane excretion machinery that are necessary for extracellular
excretion of these exoproducts. Four of these secretion components (PddAD) were identified (Nunn and Lory, 1992). Since the periplasmic accumulated
exoenzymes were correctly processed in phD and pdd mutants, the PddA-D
proteins must function in extracellular protein secretion after inner membrane
translocation and processing. The authors proposed that PddA-D may serve
to bridge the inner and outer membranes, creating zones of adhesion. The
PddA-D subunits could also continuously polymerize to form a groove
through which the exoenzymes are transported. Mutations mapping to xcp-5,
xcp-6 and xcp-54 also cause pleiotrophic exoenzyme excretion defects.
Other yet-unidentified proteins encoded in these loci must interact or complex
with

PilD

and/or

PddA-D

to ' efficiently

secrete

these

P.

aeruginosa

exoproducts. Outer membrane or periplasmic proteins do not use the PilD-
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dependent pathway (Strom et al., 1991). The xcp mutations did not alter
alkaline protease secretion which appears to be independent of elastase,
exotoxin A, alkaline phosphatase or phopholipase csecretion.
Pilin secretion and assembly into pilus organelles requires the function
of at least three gene products, PuB, PilC and PilD (Nunn et al., 1990).

PilD

encodes the prepilin leader peptidase (Nunn and Lory, 1991). PilC may be an
integral membrane protein while PilB may be cytoplasmic (Nunn etal., 1990).
PhD shows amino acid identity and, similarity to the pulO gene product of K.
pnoumoniae, which is required for extracellular secretion of pullUlanase,.and
to the ComC protein of B. subtilis, required for competence and DNA uptake
(Nunn and Lory, 1991). If these, the pulO gene product and ComC, function
as PhD, this may suggest that there is a conservation in PhD-like enzymes
which process either prepilins or unrelated proteins in other genera. PuB and
PilC show significant homology to the pulE and puiF, respectively found in the
pullulanase gene cluster of K. oxytoca (
Nunn and Lory, 1992).

This may

suggest aconservation of secretion promoting proteins in these genera.
The secretion of pullulanase of K. oxytoca was studied by cloning the
gene bank of this organism into E. coil. Pullulanase is 6secreted multimeric
lipoprotein, composed of pullulanase monomers, which cleaves a(1-6) linked
maltotriose polymers, called pullulan, such that pullulan can be used as a
carbon source by this organism. Twelve of thirteen genes are essential for
pullulanase secretion.

The model of pullulanase secretion suggests that

preullulanase translocates across the cytoplasmic membrane in a Secdependent fashion and then is modified and cleaved by lipoprotein signal
peptidase.

Exposition of pullulanase monomers to the cell surface involves

the participitation of the proteins PuIC, F, G, H, I, J, K, L, M, N and 0, which
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are associated with the inner membrane, PulS, a peripheral outer membrane
protein which faces the periplasm and PulD, an integral outer membrane
protein.

Pullulanase is

released spontaneously into the medium

and

monomers then associate to form the pullulanase multimeric complex
(Pugsley at aL, 1990).
1.5.2

Signal Peptide Independent Secretion
The hemolysin gene, hlyA, does not encode a precursor with an

amino-terminal signal sequence.
amino

acids

of

hlyA

blocked

However, deletion of the final twenty-seven
hemolysin

secretion

and

active

toxin

accumulated in the cytoplasm: HlyA fragments encoding the last 200 or 100
amino acids were secreted into the medium. The last 200 or 100 amino acids
of E. coil hemolysin promoted the secretion of E. coil outer membrane protein
porn F (lacking its own amino-terminal signal sequence) into the medium.
These studies suggest that the carboxy-terminus of HlyA is a unique
secretory, signal that promotes the secretion of HlyA into the medium
(Koronakis etal., 1989).
The hemolysin. determinant is composed of four contiguous genes:
hiyC,

encoding

a 20,000

Da

protein

required

for

iiost-translational

modification of the toxin to an active form (does not involve proteolytic
cleavage); hlyA, encoding the 107,000 Da toxin; h/yB, encoding a66,000 Da
protein and a 46,000 Da protein which together with hlyD gene product
constitute a specific translocator of hemolysin into the medium (Mackman et
al., 1986).
Several lines of evidence suggest that the secretion of hemolysin does
not proceed via the periplasm. It is proposed that HlyB and HlyD, which are
associated with the inner membrane, form atransmembrane translocator that
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facilitates the transport of hemolysin to the medium.

ToIC, a minor outer

membrane protein, was shown to be essential for hemolysin secretion since
hemolysin was not secreted in a ToIC deficient mutant (Wandersrnan and
Delepelaire, 1990). ToIC may interact with hemolysin after it is translocated
by the HlyB/HlyD translocase and effect its release into the medium. Since
HlyB has ATP-binding properties, it may hydrolyze ATP as hemolysin binds
and provide the energy for translocation of hemolysin across or through the
HlyB/HlyD complex.

This process proceeds entirely independently of sec

proteins.
The cytolysin of B. pertussis, acalmodulin sensitive adenylate cyclasehemolysin bifunctional protein, encodes aprecursor that does not contain an
amino-terminal signal sequence.

The carboxy-terminus of the cytolysin

shows significant homology with the carboxy-terminus of E. coil a-hemolysin
and the Pasteureila hemolytica leukotoxin. However, the last 27 amino acids
of the cytolysin or leukotoxin were not conserved with respect to these amino
acids of E. coil

hemolysin, which serves as a secretory signal for this

protein. However, like signal sequences,, these carboxy-terminus sequences
exhibit structural similarities, which are essential for efficient functioning of this
C-terminal export signal. Three functional domains have been described: an
amino amphiphatic, charged helix;

athirteen amino-acid uncharged region;

and an eight-amino acid hydroxylated tail at the extreme C-terminus (Stanley
etal., 1991).
The

P.

hemolytica

leukotoxin

and

the

B.

pertussis

cytolysin

determinants each encode all the genes that are essential for secretion in an
operon and show a significant degree of homology to the genes of the

a-

hemolysin determinant of E. coil. Because of the similarity between the cya
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and Ikt and hly encoded proteins, it was proposed that the secretion of
cytolysin or leukotoxin may occur via mechanisms

analogous to the

hemolysin of E. co/i (
Glaser et aL, 1988; Strathdee and Lo, 1989; Lo et al.,
1987).
This secretion process is also utilized by nonhemolysin or leukotoxin
proteins such as proteases of Erwinia chrysanthemi (
Letoffe et al., 1990),
Serratia marcescens (
Nakahama et al., 1986) and the alkaline protease of P.
aeruginosa (Guzzo et al., 1991 a,b). These proteases of E. chiysanthemi and
S. marcescens differ from the hemolysins and leukotoxins because they are
synthesized as inactive precursors which are activated via autoproteolytic
cleavage of an amino-terminal extension which ocôurs when the precursor is
released into the medium.

These amino terminal extensions do not

ressemble signal peptide sequences. The alkaline protease of P. aeruginosa
does not possess this amino-terminal extension.

The proteases of E.

chiysanthem! and S. marcescens also carry C-terminal targeting signals
similar to the C-terminal sequences of hemolysins (Stanley et al., 1991).
These

studies

suggest

a conservation

of

self-contained

secretion

mechanisms among proteins lacking an amino-terminal signal sequence with
secretion being mediated by aC-terminal targeting signal.
1.6.

The Research Project
The ferripyochelin binding protein (FBP) is a surface exposed, outer

membrane receptor for the ironsiderophore complex, ferripyochelin in P.
aeruginosa. Mutants, which could not express FBP on their cell surface, had
a decreased ability to establish corneal and burn infections suggesting that
FBP

surface

expression

contributes

to

pathogenesis.

Many

studies

demonstrated that subinhibitory concentrations (subMiCs) of antibiotics have
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marked effects on structural characteristics of bacteria. If antibiotics could be
identified which alter FBP surface expression, and prevent P. aeruginosa from
acquiring essential iron, these might be used to regulate the virulence of P.

aeruginosa strains which infect compromised individuals, particularly cystic
fibrosis patients. For optimal therapy, it would be important to understand the
mechanisms of regulation of FBP expression by these antibiotics.

The

specific aims of the project were:
1.

To

determine

if

subMlCs

expression of FBP, in vitro.

of

antibiotics

altered

surface

These studies are detailed in

Chapter 2 and were published with M. A. LeVatte and P. A.
Sokol

as

the

authors

in

the

Journal

of

Antimicrobial

Chemotherapy 24: 881-895, 1989.
2.

To determine if antibiotic altered surface expression of FBP
occured in vivo and if altered surface expression influenced the
virulence of P. aeruginosa.

These studies are described in

Chapter 3and were published with M. A. LeVatte, D. E. Woods,
M. S.. Shahrabadi, R. Semple and P. A. Sokol as theauthcrs in
the Journal of Antimicrobial Chemotherapy 26:215-225, 1990.
3.

To determine the molecular mechanisms by which these
antibiotics interfere with surface expression of FBP.
investigations

lead

to

the

hypothesis

that

Initial,

subMlCs

of

translational inhibitors interfered with FBP surface expression by
preventing processing of a precursor of FBP (proFBP).

To

investigate this hypothesis, it was necessary to study proFBP
processing in the absence of antibiotics since these processes
were unknown.

Studies that characterize the putative proFBP
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processing activity are described in Chapter 4, while in Chapter
5,

procedures to partially purify and

isolate the

proFBP

processing activity are detailed. Finally, the effects of subMiCs
of antibiotics upon proFBP processing activity and synthesis
were investigated and detailed in Chapter

6:

as a means of

elucidating the mechanism by which subMiCs of antibiotics may
interfere with FBP surface expression.
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CHAPTER 2

EFFECTS OF SUBINHIBITORY CONCENTRATIONS OF ANTIBIOTICS

ON SURFACE EXPRESSION OF THE FERRIPYOCH ELI N-BJNDING

PROTEIN IN PSEUDOMONAS AERUG!NOSA
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2.1

INTRODUCTION
Antibiotics at concentrations which do not inhibit bacterial growth have

been shown to have a wide range of effects on morphology, surface
structures, and synthesis and secretion of extracellular products (Chopra and
Linton, 1986; Schifferli and Beachery, 1988a, 1988b). Thus, evidence exists
that antibiotics at sublethal concentrations can be effective in the treatment of
infections (Chopra and Linton, 1986).
Most of the studies pertaining to antibiotic effects on cell surfaces have
focused on the effects of antibiotics on bacterial adhesins and these have
been extensively reviewed (Chopra and Linton, 1986; Shibl, 1985; Schifferli
and Beachery, 1988a, 1988b).

Sublethal concentrations of many antibiotics

have been shown to inhibit microbial adherence in avariety of organisms but
only in afew cases have these effects been examined at the molecular level
(Chopra and Linton, 1986; Shibl, 1985). Antibiotics have been shown to act
both at the level of synthesis of adhesins and at the level of assembly or
processing. Tetracycline for example, has been shown to decrease synthesis
of fimbriae in Neisseria gonorrheae (
Stephens et al., 1984), but may also
affect post-translational processing or modification of outer membrane
proteins in this organism (Stephens et al., 1984). Sub-MlCs of trimethoprim
have been shown to decrease adherence of Escherichia co/i by affecting their
ability to form p-fimbriae (Vaisanen et al., 1982).

It was proposed that

synthesis of fimbriae was not affected, but cell wall alterations interfered with
synthesis or assembly of the pili (Vaisanen etal., 1982). Translation inhibitors
may affect synthesis of proteins required for processing of precursor forms of
the adhesins.

Thus, although the adhesins are synthesized, synthesis of

other proteins which are required for their secretion or processing of signal
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peptides may be affected by the antibiotics (Chopra and Linton, 1986).
In this study, the effects of sublethal concentrations of antibiotics on
surface expression of a protein involved in iron acquisition was examined.
The

ferripyochelin

binding

protein (FBP)

is

a surface-exposed

outer

membrane protein that is expressed under iron-starved conditions (Sokol and
Woods, 1983, 1986b).

It is the outer membrane receptor for the iron-

siderophore complex, ferripyochelin (Sokol and Woods, 1983).

Functional,

exposed FBP has been shown to be required for maximum virulence of P.

aeruginosa. FBP mutants, which do not express FBP on the cell surface are
markedly less virulent in animal models (Sokol, 1987a).

The effects of the

translation inhibitors, tobramycin, tetracycline and chloramphenicol, and a
DNA gyrase inhibitor, ciprofloxacin, (see Appendix for structures of these
antibiotics), on the expression and function of FBP were examined to
determine if exposure of P. aeruginosa to these antibiotics alters FBP
expression . and could subsequently alter the ability of the organisms to
acquire iron.
2.2

MATERIALS AND METHODS

2.2.1

Bacterial Strains and Culture Conditions.
P. aeruginosa strains, PAO (
Holloway et al., 1979) and DG1 (Cash et

al., 1979) have been previously described.

PA3492 and PA3496, clinical

isolates from CF patients, were obtained from Dr. H.R. Rabin, University of
Calgary.

Cultures were grown in M9 rriinimal medium (extracted with 8-

hydroxyquinolone, Pugsley and Reeves, 1976) plus 0.5% glucose.

All

glassware was acid washed and rinsed with water purified using the Milli-Q
System (Millipore Corp.).
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2.2.2

Sources of Antibiotics and Reagents.
Tobramycin was obtained from Eli Lilly Canada; ciprofloxacin from

Miles

Pharmaceuticals;

tetracycline

and

chloramphenicol

from

Sigma

Chemical Co., St. Louis, MO (see Appendix for structures of antibiotics).
Pyochelin was purified as previously described (Cox, 1980b; Sokol, 1986).
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FeC (1mCi/78.8 mg Fe) was obtained from Amersham Corp.

2.2.3

Determination of Minimal Inhibitory Concentrations (MICs) of
Antibiotics.
MICs were determined using serial two-fold dilutions in test tubes.

Cultures were grown in 1ml of medium at 37°C for 40 h, with gentle agitation.
One hundred , lof culture were then placed in 96-well microtiter plates and
optical density measured at 570 mm using an Micro-ELISA Auto Reader (MR
580, Dynatech Instruments Inc., Santa Monica, CA). The densities were then
scored as a percentage of the control.

The greatest concentration of

antibiotic which yielded less than 15% of the control growth was the MIC
(Table 1).
2.2.4

Whole Cell Immunoblotting Assays.
Tobramycin, ciprofloxacin, tetracycline and chioramphenicol at 0.5,

0.25 and 0.125 MIC were added to P.

aeruginosa

cultures in mid-log phase,

before FBP was detectable on the cell surface. Aliquots (1ml) were removed
hourly, and A600 measured. Cultures were adjusted to A600

=

0.3 and 100

l

transferred to nitrocellulose using a Bio-Dot Microfiltration Apparatus (BioRad
Laboratories). The nitrocellulosewas blocked with 3% bovine serum albumin
(BSA) in 10 mM Tris (pH 7.4)

-

0.9% NaCl (Tris-saline)

for 1 h, 37°C,
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Table 1.

Minimal inhibitory concentrations (MICs) of antibiotics in
M9 medium.

Tetracycline

Tobramycin

Ciprofloxacin

Chloramphenicol

MIC (mg/1)

MIC (mg/1)

MIC (mg/1)

MIC ( mg/1)

PAO

7.80

8.00

0.13

62.40

DG1

3.91

1.92

0.03

62.50

PA3492

31.25

3.13

0.06

249.60

PA3496

31.25

3.13

0.06

249.60

Strain
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incubated 2 hwith MCA-47 to FBP (Sokol and Woods, 1986b), followed by a
2-h incubation with horseradish peroxidase (HRP) conjugated protein A
(Sigma Chemical Co.). Color was developed with BioRad HRP color reagent
as recommended by the manufacturer (Sokol and Woods, 1986b).

The

colored reaction from the whole cell immunoblot assay was quantitated using
aBioRad Video Densitometer (Model 620). Light reflected off the sample was
translated into an intensity peak and the area under the peak determined.
The immunoblot assay was performed in triplicate and reflectance values
represent the mean of three determinations.
For lysed cell assays, the nitrocellulose was placed in an atmosphere
saturated with chloroform vapor for 15 mm, air dried, and incubated 1 h at
37°C in Tris-saline, 3% BSA,
(Woodruff

et a!, 1986).

I pg/mI DNase and 40mg/ml lysozyme

Nitrocellulose was then reacted with antibodies as

described above.
2.2.5

Ferripyochelin Uptake Assays.
To

measure ferripyochelin

uptake,

cultures

were

grown

in

the

presence or absence of 0.25 MIC of the antibiotics to a density of
approximately

108

CFU/ml.

Uptake reactions were performed as previously

described (Sokol et al., 1982; Sokol and Woods, 1986a).

One-ml aliquots

were removed at intervals, filtered through 0.22 pm type GS filters (0.2 pm
pore diameter, Millipore Corp., Bedford, .MA) and washed thoroughly with 10
mM Tris-saline (pH 7.4).

The amount of

59

F

determined using aCompugamma counter (LKB).

retained by the filters was
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2.2.6

Outer Membrane Preparations.
Outer

membranes were

prepared

as

previously

described

with

modification (Hancock and Nikaido, 1978; Sokol and Woods, 1983). Cultures
(250

ml)

were

grown

to

aAçj

0.3

=

at

which

time

sub-MlCs

of

chioramphenicol or tetracycline were added and the cultures were grown to
early stationary phase (A600

=

0.9). Cultures were pelleted by centrifugation

at 8,000 xg for 20 mm. The cells were washed with 30 mM Tris-HCI, pH 8.0
(Iris-buffer) and resuspended in 4 ml of 20% (wt/vol) sucrose in Tris buffer
containing 0.2 mg DNase and 0.2 mg RNase (Sigma). The cells were broken
by sonication with a Braun-sonic 1510 sonicator (Braun) for Imin in an ice
bath.

After sonication, 400 ul of lysozyme (1 mg/ml) were added and

phenylmethyl sulfonyifluoride was added to 1mM. Cell debris was removed
by centrifugation at 1,000 xgfor 10 mm. Outer membranes were isolated. by
diluting the supernatants with 7 ml

of Tris-buffer and

layering these

preparations onto a 4-step sucrose gradient consisting of 70%, 64%, 58%
,
and

52% sucrose. The gradients were centrifuged at 183,000 xgfor 3hin a

SW4I Ti rotor (Beckman Instruments, Inc., Fullerton, CA). The lowest band
containing

outer

membranes

and

the

upper

band

containing

inner

membranes were collected and stored at -7cPC.
2.2.7

SIDS Polyacrylamide Gel Electrophoresis.
Sodium dodecyl sulfat (SDS)-polyacrylamide gel electrophoresis was

performed on 12.5% acrylamide

-

0.17% bis (acrylamide)-SDS slab gels as

previously described (Laemmli, 1970).
were dissolved without heating

in

Samples containing 15 pg protein

a solution

containing

0.05

M Tris

hydrochloride (pH 6.8), 2% SIDS, 10% glycerol. After electrophoresis, the gels
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were fixed and stained for protein with Coomassie brilliant blue R250 in 50%
(vol/vol) methanol, 10% (vol/vol) acetic acid.
2.2.8

Electrophoretic Blotting Procedure.
Proteins

were

transferred

to

Immobilon (PVDF

poly-vinylidene

difluoride, Millipore, Bedford, MA), that was presoaked in 100% methanol for
15 sec, rinsed in distilled water and immersed in transfer buffer (25 mM Tris,
0.2 M glycine in 20% (vol/vol) methanol). Proteins were transferred from the
gel with a Hoeffer transblot apparatus for 30 min at 1A (Towbin et al., 1979).
The Immobilon blots were reacted with antibodies diluted in 5% BSA as
previously described (Sokol and Woods, 1986b).

Ferripyochelin binding to

electrophoretic blots of cell envelopes was performed as previously described
(Sokol

and

Woods,

1983)

except

Immobilon

was

used

instead

of

nitrocellulose.
2.2.9

Cell Surface lodination.
lodination was performed essentially by the method of Sullivan and

Williams (1982), as previously described (Sokol and Woods, 1986b).
suspensions (A450

=

Cell

0.9) were added to prepared reaction vials coated with

lodo-Gen (Pierce Chemical Co., Rockford, IL) one sample at atime. A 50 I.L I
volume of 1251 (
Amersham Corp., Arlington Heights, IL) diluted into phosphate
buffered saline (PBS) (10 mCi/mI) was added to each reaction vial to give 0.5
mCi

1251

per reaction vial.

The samples were then swirled at room

temperature for 45 sec. The contents were then transferred into 8 ml of 10
mM sodium iodide- PBS, washed twice by centrifugation (10,000 x g for 20
mm) and resuspended in 5ml of sodium iodide-PBS. The cells were washed
twice with 1 ml of 0.5 M Tris-hydrochloride (pH 6.8) in an Eppendorl
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microfuge (Brinkman Instruments, Inc., Westbury, NY). After the last wash,
the cell pellets were suspended in electrophoresis sample buffer (0.05 M Trishydrochloride [pH

6.8],

2% SDS, 10% glycerol, 1% fi-mercaptoethanol). The

samples were mixed and boiled for 5mm. Samples were adjusted to contain
50,000 dpm/50 jzl, and 50
SDS-PAGE.

lof each sample was electrophoresed on 12.5%

After electrophoresis, the gels were dried onto filter paper by

heating under pressure. Dried gels were exposed to Kodak XAR film (Easton
Kodak Co., Rochester, NY) for 24 hat room temperature.
2.2.10 Preparation of Lipopolysaccharide.
The effects of antibiotics on Iipopolysaccharide (
LPS) SDSPAGE
profiles was examined using LPS isolated by the method of Hitchcock and
Brown (1983).

2.3

RESULTS

2.3.1

Effects of Sublethal Concentrations of Antibiotics on Surface
Expression of FBP.
To

determine

if

exposure

of

P.

aeruginosa

to

subinhiitory

concentrations of antibiotics could alter expression of the ferripyochelin
receptor, a quantitative whole cell immunoblot assay was performed.

The

effects of 0.5, 0.25 and 0.125 MlCs of ciprofloxacin, tetracycline, tobramycin,
and chloramphenicol on FBP surface expression during an 8-h time period
(until stationary phase) on P. aeruginosa strain DG1 were compared (Figure
1). The most dramatic repression of FBP surface expression was observed
when tetracycline and chloramphenicol were added to the culture medium.
FBP surface expression was completely inhibited. Sub-MlCs of tobramycin,
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to

a lesser

extent,. reduced

FBP

surface

expression

detectable

by

immunoblot. Growth in the presence of sub-MICs of ciprofloxacin increased
FBP surface expression. This increase was proportional to the concentration

of

ciprofloxacin added to the cultures and was observed early in the assay

period. Six hours after antibiotic addition, FBP expression was approximately
the same as in untreated cells.

These data suggest that sublethal

concentrations of tetracycline, tobramycin, and chloramphenicol repress FBP
surface expression, whereas ciprofloxacin increases FBP expression.
To determine if the effects of these antibiotics on FBP surface
expression were strain dependent, their effects on other strains were
examined.

The effects of sub-MICs of these antibiotics on FBP surface

expression in P. aeruginosa strain PA3492 were shown in Figure 2. Growth in
the presence of sub-MICs of tetracycline, tobramycin, and chloramphenicol
rpressed FBP surface expression detectable by immunoblot. Tetracycline
and chloramphénicol had the greatest effect on FBP surface expression in
strain PA3492.

However, the effects of tetracycline and chloramphenicol on

FBP surface expression were not as extensive as observed in strain DG1.
Growth in the presence of ciprofloxacin increased FBP surface expression in
asimilar manner as that observed for strain DG1. Similar repression of FBP
surface

expression

by

subinhibitory

concentrations

of

tobramycin,

tetracycline, and chloramphenicol were also observed in strains PAO and
PA3496 (data not shown).

These data suggest that the effects of these

antibiotics on FBP surface expression is a general phenomenon and is not
strain-specific. However, the degree of repression of FBP surface expression
by each antibiotic is strain-dependent.
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Figure 1.

Quantitative whole cell immunoblot assay of P aeruginosa
.

strain

DG1

grown

in

the

presence

of

sub-MICs

of

antibiotics, transferred to nitrocellulose, and reacted with MCA47 to FBP. Cultures were adjusted to the same optical density
and 100 al were applied to the nitrocellulose to ensure that
approximately the same number of cells were analysed at each
time point. Values represent the mean of three determinations
expressed

as

a percentage

antibiotics) at each time point.
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Figure 2.

Quantitative whole cell immunoblot assay of P. aeruginosa
strain

3492

grown

in

the

presence

of

sub-MICs

of

antibiotics, transferred to nitrocellulose, and reacted with MCA47 to FBP. Cultures were adjusted to the same optical density
and 100 pl were applied to the nitrocellulose to ensure that
approximately the same number of cells were analysed at each
time point. Values represent the mean of three determinations,
expressed

as a percentage

antibiotics) at each time point.

of the control (cells without
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To determine if the synthesis of FBP was altered in the presence of
these antibiotics, lysed cell immunoblots were examined. There was no effect
upon the amount of FBP detectable by immunoblot when tobramycin or
ciprofloxacin were added to the culture medium. Less FBP was detectable in
lysed cells of cultures grown in the presence of sub-MICs of tetracycline and
chloramphenicol (data not shown). These data suggest that tetracycline and
chloramphenicol may also repress, to some extent, FBP synthesis.
To determine whether surface exposure of the protein is altered or only
the epitopes which bind MCA-47, surface labelling with

1251

was performed.

P. aeruginosa strain DG1 grown in the presence or absence of 0.125 MIC
tetracycline was radiolabelled with
Williams ( 1982).
125

1.251

using the method of Sullivan and

Tetracycline was added during early log phase of growth.

I-labelled cells were lysed and electrophoresed on 12.5% SDS-PAGE. The

gel was dried and subjected to autoradiography.

Five major bands and

several minor bands were visible on the autoradiogram (Figure 3). The band
at the molecular weight of FBP, which has previously been shown to be ironregulated (Sokol and Woods, 1986b), was dramatically reduced in cultures
grown in the presence of tetracycline.

Thus, tetracycline in the medium

represses the surface exposure of FBP and does not just alter the
conformation of the ferripyochelin binding epitope.
2.3.2

Effect of Subinhibitory Concentrations of Antibiotics on Iron
Transport.
To confirm that ferripyochelin uptake is affected by concentrations of

antibiotics which repress surface expression of FBP [59 Fe]pyochelin uptake
assays were performed. The effects of 0.25 MIC of tetracycline, tobramycin,
ciprofloxacin,

and

chloramphenicol

on

ferripyochelin

transport

were
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Figure 3.

Surface iodination of P. aeruginosa strain DG1.

Cells were

grown in the presence or absence of 0.125 MIC tetracycline,
labelled with

1251,

electrophoresed on 12.5% SDS-PAGE and

subjected to autoradiography for 48 h.

Lane 1, no antibiotics;

lane 2, tetracycline added during mid-log phase of growth.
Dashes indicate major and minor bands.
indicates band corresponding to FBP.

Arrow at right
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ii.
.

-

-

66

determined in P. aeruginosa strains DG1 and PA3492. Cultures were grown
to a density of

108 cfu/ml

in the presence or absence of antibiotics prior to

the addition of [59 Fe]pyochelin. Both strains initially bound less ferripyochelin
in the presence of tetracycline, tobramycin, and chloramphenicol compared
to controls (Figures 4A and 4B). The presence of ciprofloxacin did not alter
initial ferripyochelin binding to strain PA3492 but increased binding to strain
DG1.

The presence of tetracycline and tobramycin markedly reduced

ferripyochelin uptake in strain DG1. No ferripyochelin uptake was observed in
strain PA3492 when tetracycline and tobramycin were present in the culture
medium.

Ferripyochelin uptake was reduced to a lesser extent in strain

PA3492 grown with chloramphenicol. The presence of chloramphenicol and
ciprofloxacin only slightly affected ferripyochelin uptake in strain DG1. There
was no effect on ferripyochelin uptake when strain PA3492 was grown in the
presence

of

ciprofloxacin.

These

data

suggest

concentrations of tobramycin and tetracycline,

that

subinhibitory

and to a lesser extent

chloramphenicol, reduce [59 Fe]pyochelin uptake by whole cells. Tetracycline
and tobramycin appear to exert similar effects upon ferripyochelin binding
and uptake in both strains, but the degree of reduction in ferripyochelin
uptake in the presence of each antibiotic, is strain-dependent.
2.3.3

Effect of Antibiotics on Outer Membrane Expression of FBP.
Since tetracycline and chloramphenicol had the greatest effect on FBP

surface expression

in strain

DG1, the

effects of these antibiotics on

expression of FBP in outer membranes were examined.

Cultures of strain

DG1 were grown to early stationary phase in the presence or absence of
0.125 and 0.25 MICs of tetracycline and chloramphenicol.

Outer membranes
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Figure 4. [59 Fejpyochelin uptake by P. aeruginosa strains 3492 (4A)
and DG1 (413) grown in the presence or absence of 0.25
MIC

tetracycline,

chloramphenicol.
CFU/ml.
Aliquots

tobramycin,

cellulose-nitrate
determined.

and

Cultures were grown to approximately

9 Fe]pyochelin
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filters
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Figure 5.

ImmunóbIot of P. aeruginosa strain DG1 outer membranes
grown in the presence or absence of 0.125 and 0.25 MICs
of tetracycline and chioramphenicol. Antibiotics were added
to the culture in mid-log phase.

Cultures were grown to early

stationary phase and outer membranes prepared.

Lane 1,

molecular weight standards; lane 2 DG1 grown in the absence
of antibiotics; lanes 3and 4, DG1 grown in the presence of 0.25
and 0.125 MICs of tetracycline, respectively; lanes 5and 6, DG1
drown

in

the

presence

of

chioramphenicol, respectively.

0.25

and

0.125

MICs

of

The immunoblot was reacted

with monoclonal antibody MCA-47 to FBP.

Arrow at right

indicates protein with molecular weight of 19,000 observed in
cultures grown in the presence of antibiotics.
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were isolated, separated on 12.5% SDS-PAGE, transferred to Immobilon and
reacted with MCA-47 (Figure 5). Slightly less FBP was detectable with. MCA47 in outer membranes of cultures grown in the presence of tetracycline.
Chloramphenicol did not alter the amount of FBP expression in outer
membranes.

Both antibiotics resulted in expression of an Mr

=

19,000

protein which reacted with MCA-47, which was not observed in outer
membranes of control cultures.

No FBP was detectable with MCA-47 on

immunoblots of the inner membranes of any antibiotic-treated cultures (data
not

shown).

Therefore,

these

data

suggest

that

tetracycline

and

chloramphenicol may repress surface expression of FBP by interfering with
processing of a Mr

=

19,000 protein in the outer membrane.

may also interfere with synthesis of FBP.

Tetracycline

These antibiotics do not seem to

interrupt the translocation of FBP through the inner membrane.
2.3.4

Effect of Antibiotics on the Ability of FBP in Cell Envelopes to
Bind l
59 Felpyochelin.
To determine if tetracycline affected the ability of FBP to bind

9 Fe]pyochelin,envelopes

were electrophoresed on SDS-PAGE, transferred

to Immobilon, and incubated with
the ability of FBP to bind

9 Fe}pyochelin.

9 Fe]pyochelin.

The Mr

=

Tetracycline did not alter
19,000 protein did not

appear to bind [59 Fe]pyochelin (data not shown). Thus, if it is a preursor,
processing

may

ferripyochelin.

be

required

for the

protein

to

function

in

binding
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2.3.5

Effect of Antibiotics on Expression of Other Outer Membrane
Proteins and Lipopolysaccharide (LPS).
Outer membrane protein profiles of P. aeruginosa DG1 and PAO

grown

in the

chloramphenicol

presence or absence of tobramycin
failed

to

reveal

any

major

or tetracycline or

qualitative

or

quantitative

differences (data not shown) suggesting that exposure to these antibiotics
does not result in dramatic alterations in cell envelope proteins.
Changes in lipopolysaccharide (LPS) may alter the exposure of
antigens on a cell surface.

To determine if the alteration in FBP surface

expression was due to changes in lengths of LPS side chains, LPS profiles
were examined on SIDS- PAGE. No differences in LPS profiles were observed
in LPS prepared from cultures grown in the presence or absence of
tetracycline or chloramphenicol suggesting that changes in LPS have not
contributed to the repression of FBP surface expression observed in these
antibiotic-exposed cultures (data not shown).

2.4

DISCUSSION
Functional, surface-exposed FBP has been shown to be required for

maximum virulence of Pseudomonas aeruginosa (
Sokol, 1987a). In this study
the effects of subminimal inhibitory concentrations of antibiotics on FBP
surface expression were examined. Growth of P. aeruginosa in the presence
of sub-MICs of tobramycin, tetracycline, ciprofloxacin, and chloramphenicol
altered the surface expression of FBP.

Tetracycline or chloramphenicol

repressed surface expression of FBP to the greatest extent in the strains
examined. The addition of tobramycin to the culture medium also repressed
FBP surface expression to alesser extent. Sub-MICs of ciprofloxacin actually
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increased surface expression-of FBP. These data indicate that repression of
FBP surface expression is not just due to the presence of any antibiotic in the
medium since ciprofloxacin does not repress expression.

This repression

was observed, however, with the three antibiotics which affect protein
synthesis.

Cell surface iodination of cultures grown in the presence of

tetracycline confirmed that less FBP was surface-exposed and that the
antibiotics had not just altered the epitopes which bind MCA-47.
Sub-MlCs of antibiotics altered both initial ferripyochelin binding and
uptake.

Ferripyochelin binding was greatly reduced in the presence of

tetracycline and chloramphenicol (29% and 47% control, respectively, in
strain DG1; 21% and 39% control, respectively in strain PA3492). Tobramycin
also reduced initial ferripyochelin binding in both strains (57% and 45%
control in strains DG1

and PA3492,

respectively),

but the degree of

repression by tobramycin was less than that observed with the other
antibiotics for strain DG1. Ciprofloxacin doubled (199% control) ferripyochelin
binding in strain DG1 while binding was unchanged in strain PA3492. Thus,
the effects on ferripyochelin binding are similar to the effects on FBP surface
expression detectable by whole cell immunoblot.
Ferripyochelin uptake was markedly reduced in cultures grown in the
presence of tetracycline and tobramycin in both strains examined, suggesting
that these

antibiotics also effect uptake of the siderophore complex.

Chloramphenicol

reduced

ferripyochelin

uptake

in,strains

PA3492

by

approximately 50%, but only had a slight effect on ferripyochelin uptake in
strain DG1.

Thus, chloramphenicol does not effect ferripyochelin uptake in

strain DG1 to the same extent that it effects binding or surface expression. It
is possible that tetracycline and tobramycin, in addition to altering FBP
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surface expression, may also interfere with other yet unknown components of
the

ferripyochelin

uptake

system (i.e.,

transmembrane

transporter,

cytoplasmic reductase), thereby effectively preventing P. aeruginosa from
acquiring iron via ferripyochelin.

Chloramphenicol may, however, only alter

FBP surface expression. Alternatively, DG1 may be switching to an alternaive
form of iron uptake which is not affected by chioramphenicol. The antibiotics
had a greater effect on ferripyochelin uptake by strain PA3492 than by strain
DG1.

Approximately the same amount of ferripyochelin binding was

observed in both strains examined.

However, strain DG1 accumulated

approximately 230% more ferripyochelin than strain PA3492 during the assay.
The ferripyochelin uptake system of strain DG1 appears to be more efficient,
and thus may be less susceptible to the inhibitory effects of tetracycline,
tobramycin, and chioramphenicol upon iron accumulation.
The effects of growth in the presence of sub-MICs of tetracycline or
chioramphenicol
examined.

upon

outer

membrane

expression

of. FBP

was

also

Growth of cultures in the presence of tetracycline, but not

chioramphenicol, reduced the amount of FBP detectable in immunoblots of
outer membranes compared to controls. This suggests that tetracycline may
effect the synthesis of FBP. Cultures grown in the presence of tetracycline or
chioramphenicol

had an additional Mr

=

19,000 protein

in the outer

membrane which reacts with MCA-47. The fbp gene has been cloned from P.
aeruginosa strain DG1 and expressed in E. coil. The FBP expressed in E. co/i
has a molecular weight of 19,000 (MacDougall et al., 1988).
suggest that FBP may be synthesized as an Mr
processed to mature FBP.

=

These data

19,000 protein that is

Sub-MICs of tetracycline and chioramphenicol

appear to interfere with processing of this precursor.
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Tetracycline and chloramphenicol exerted similar inhibitory effects
upon FBP surface expression detectable with MCA-47 using the whole cell
immunoblot assay.

However, the effects of these antibiotics upon outer

membrane expression of FBP are different, since tetracycline also slightly
represses FBP synthesis.

Both tetracycline and chloramphenicol

are

translational inhibitors, but target different sites of the prokaryotic ribosome.
Such differential targeting of these antibiotics may relate to the variable effects
of outer

merribrane

expression of FBP in the presence of these antibiotics.

Growth in the presence of antibidtics did not alter the ability of FBP to
bind ferripyochelin at least in the case of tetracycline.
isolated from
59

cell

grown

in

the

FBP cell envelopes

presence of tetracycline still

Fe]pyochelin as well as controls. Interestingly, the Mr

=

bound

19,000 protein did

not bind ferripyochelin, suggesting that processing must occur before the
protein is functional in binding- the siderophore complex. These data confirm
however, that the presence of antibiotics does not directly affect the protein
but the surface exposition of the protein.
This phenotype, i.e., expression of FBP in the membrane but not on
the surface, has been previously described in P. aeruginosa PAO Tn5
insertion mutants (Sokol, 1987b), although in these mutants the 19,000
molecular weight protein was not detected.

This suggests that some other

defect is responsible for lack of FBP surface exposure in these mutants.
Growth in the presence of these antibiotics does not appear ' to
interrupt the translocation of FBP through the inner membrane.

The

antibiotics may alter synthesis or activity of asignal peptidase that cleaves the
precursor to the mature form in the outer membrane.

Alternatively, the

precursor may be misoriented in the outer membrane such that the site of
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cleavage by signal peptidase is no longer accessible.

It seems unlikely that

the messenger RNAs translated into FBP are affected by these antibiotics
since mature FBP is detectable in outer membranes.
The mechanisms of processing FBP to the surface are currently under
investigation.

Processing of FBP in P. aeruginosa appears to occur in the

outer membrane, since the precursor is detected in the outer membrane.
Signal peptide activity involved in FBP processing has not been Identified or
localized. However, processing of the precursor form of FBP is not sufficient
for surface expression of FBP, since the FBP mutants process FBP to the
mature form but it is still not surface-exposed. Therefore, the antibiotics may
also be affecting other processes required for surface exposure which have
not yet been identified. The alteration in surface expression may be due to a
combination of antibiotic effects on the cell surface and synthesis of specific
proteins.
Outer membrane protein profiles or lipopolysaccharide migration of P.

aeruginosa grown in the presence or absence of tobramycin, tetracycline, or
chloramphenicol failed to reveal any qualitative differences.

This suggests

that neither changes in the protein matrix of the cell envelope nor LPS side
chains are responsible for the lack of FBP surface exposure. Yasamura et al.,
1981, have reported significant alterations in P. aeruginosa outer membrane
protein

profiles

in

cultures

grown

in

the

presence

of

tetracycline,

chloramphenicol, and other antibiotics. However, the doses used were much
higher than those used in our study.

This could account for their greater

effect on alterations of outer membrane proteins.

77

Changes in surface structure and secretion of extracellular products by
cultures grown in the presence of sub-MICs of antibiotics have been reported
in anumber of organisms. Neisseria gonorrhoeae and Neisseria meningitidis
grown

in the presence of tetracycline

had decreased

pili

expression

(Stephens et al., 1984). Growth of Klebsiella pneumoniae in the presence of
sub-MICs of ciprofloxacin resulted in filamentous forms whose cell envelope
components were more accessible to complement and immunoglobulins
(Williams, 1987).

Subinhibitory levels of aminoglycosides reduced alginate

production and adherence of mucoid strains of P. aeruginosa to tracheal
implants (Geers and Baker,

1987a, 1987b).

Ceftazidine also inhibited

adherence of mucoid strains of P. aeruginosa to tracheobronchial mucin
(Vishwanath et al., 1987).

Sub-MICs of aminoglycosides and ciprofloxacin

are shown to repress yields of extracellular proteases (Warren et al. 1985),
elastase, exotoxin A, phospholipase C,' and exoenzyme S (Dalhoff and
Doring, 1987; Geers and Baker, 1987b; Grimwood et al., 1989a) of P.
aeruginosa both in. vitro (
Warren et.al., 1985; Dalhoff and Doring, 1987;
Grimwood eta!, 1989a) and in vivo (
Grimwood etal., 1989b).
In summary, we have shown in this study that surface structures other
than adhesins can be altered by growth in the presence of sublethal
concentrations of antibiotics.

Inhibition of expression of surface proteins

required for iron acquisition may have important implications in antimicrobial
therapy.

If iron transport systems can be repressed or circumvented, the

bacteria should be less virulent.

Thus, even if antibiotics do not achieve

sufficient concentrations in tissues or serum to kill or clear the organisms,
they may still be effective in treatment of infections as aconsequence of their
repression

of surface

components for adherence

or

iron

acquisition.
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CHAPTER 3

SUBINHIBITORY CONCENTRATIONS OF TETRACYCLINE INHIBIT

SURFACE EXPRESSION OF THE PSEUDOMONAS AERUGINOSA

FERRIPYOCHELIN-BINDING PROTEIN IN VIVO
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3.1

INTRODUCTION
Pseudomonas

aeruginosa

is

an

opportunistic

pathogen

which

frequently colonizes and infects the lungs of cystic fibrosis patients (Russell
and Gacesa, 1988).

During exacerbations of their respiratory disease,

antibiotic therapy frequently leads to clinical improvement, even though
bactericidal levels are not achieved in sputum.

Thus, many studies have

focused upon the effects of subinhibitory concentrations of antibiotics (subMlCs) upon the expression of virulence factors by P. aeruginosa, both in vitro
and in vivo, to determine if the virulence of this organism is altered (Dalhoff
and Daring, 1987; Warren etal., 1985; Grimwood etal., 1989a, b).
Many factors are associated with the pathogenesis of P. aeruginosa
infections (Woods, 1987). The ability of P. aeruginosa to acquire iron via high
affinity iron acquisition systems correlates with its pathogenicity (Woods et al.,
1982a; Sokol, 1987a). In particular, the ability of P. aeruginosa to acquire iron
via ferripyochelin is required for maximum virulence of this organism (Sokol,
1987a).

Mutants, which do not express the outer membrane receptor for

ferripyochelin (FBP, ferripyochelin binding protein) on their cell surface
(Sokol, 1987b), are less virulent in acute and systemic infection models. This
suggests that surface exposure of FBP appears to be required for virulence of
P. aéruginosa. Thus, strategies to prevent FBP surface exposure could have
important therapeutic consequences.
We have recently provided evidence which suggests that subinhibitory
concentrations

of

antibiotics

which

inhibit

translation

repress

surface

expression of FBP and ferripyochelin binding and uptake in vitro (
LeVätte and
Sokol, 1989).
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The purpose of the present study was to further investigate the ability
of subinhibitory concentrations of tetracycline to repress P. aeruginosa FBP
surface expression in vivo. The chronic lung infection model in rats (Cash et
al., 1979) was employed to determine if repression of FBP surface expression
occurs in vivo in the presence of subinhibitory concentrations of tetracycline;
and if this repression does indeed occur, does this alter the virulence of P.

aeruginosa.

3.2

MATERIALS AND METHODS

3.21

Bacterial Strains and Culture Conditions
P. aeruginosa strains PAO (
Holloway et al., 1979) and DG1 (Cash et

al., 1979) have been previously described. PA3492 and PA3496 (LeVatte and
Sokol, 1989), clinical isolates from CF patients, were obtained from Dr. H.R.
Rabin, University of Calgary. Organisms were grown in M9 minimal medium
plus 0.5% glucose for animal inoculation since this is the optimal medium for
FBP expression.

The extracellular virulence factors are not produced in

detectable quantities in M9 medium, thus organisms were grown in the
optimal media for these assays.

To assay for protease, elastase, and

exotoxin A enzymatic activities, organisms were grown in tryptic soy broth
that was deferrated with Chelex-100 (Bio-Rad Laboratories, Richmond, CA)
and supplemented with 1% glycerol and 100 mM monosodium glutamate
(TSBDC, Bjorn etal., 1979); and to assay for exoenzyme S activity, organisms
were grown in TSBDC with 10 mM nitrilotriacetic acid (TSBDC

+

NTA, Sokol

et al., 1981). All glassware were acid-washed and rinsed with water purified
using the Milli-Q-System (Millipore Corp.).
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3.2.2. Preparation of Agar Beads
Agar beads containing bacteria were prepared as described by Cash
etal., 1979. Twenty-hour cultures of P. acruginosa strain DG1 were diluted to
afinal concentration of approximately 106 bacteria/ml in melted 2% ion agar
No. 2 (Oxoid Ltd.) in phosphate buffered saline (0.05 M, pH 7.2 containing
0.9% NaCl, PBS).

Heavy mineral oil warmed to 5PC was vigorously stirred

with amagnetic spin bar. The agar mixture was added to the oil and cooled
rapidly by placing crushed ice around the vessel while stirring continued for
approximately 5minutes. The agar droplets solidified into beads, which were
then washed extensively with PBS to remove the mineral oil. The agar beads
were finally resuspended in 5ml PBS.
3.2.3

Animal Studies
Animal studies were performed in arespiratory infection model in rats

(Cash et al., 1979). Eighteen adult male Sprague-Dawley rats weighing 180220 g (Charles River Canada, Inc.) were used for the experiments. Animals
were tracheostomized under ether anaesthesia and inoculated with 0.1 ml of
asuspension of P. aeruginosa embedded in agar beads, using abead-tipped
curved needle.
Twenty hours following inoculation, tetracycline treatment was initiated
in one group of nine rats.

Tetracycline (15 mg/kg, Achromycin, Lederle

Laboratories Division, Pearl River, NY) was administered intraperitoneally in
0.1-ml volumes for six consecutive days. The second group of rats served as
controls.
sacrificed.

Twenty hours after the last injection of tetracycline, the rats were
For quantitative bacteriology, the lungs from three animals per

group were

removed aseptically,

placed

in 3 ml

of, sterile

PBS and

homogenized (Polytron homogenizer, Brinkman Instruments, Westbury, NY).
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Serial dilutions of the homogenate were plated on M9 agar. The numbers of
Cf u/mi were determined following overnight incubation at 37°C.

The lungs of three other animals in each group were removed en bloc,
fixed in 10% formalin in PBS and examined for pathological changes. Sagittal
slices of the entire left lobe of the fixed lungs were dehydrated in graded
alcohols, embedded in paraffin, and cut into sections 6pm thick.

Mounted

sections were stained with hematoxylin and eosin. Infiltration of the lung with
inflammatory cells and exudate was measured using a Zeiss integrating eye
piece, and quantitatd using point counting method of Dunnill, 1962.

The

number of points counted overlying the surface area of the infiltrate was
divided by the total number of points counted over the entire surface area of
the left lobe to measure percentage of infiltration.
The lungs of the remaining three rats were lavaged via a tracheal
catheter (blunt-ended syringe). One 7-ml aliquot of 0.9% NaCI, prewarmed to
37°C, was instilled and removed after 30 sec.

The lavage fluid was

centrifuged at 12,000 g for 10 min and the cell pellet resuspended in sterile
deionized distilled 1-120. This was repeated, and after athird centrifugation,
the cell pellet was resuspended in 250 pl PBS. The cells were then analyzed
for FBP surface expression using immunofluorescence staining as described
below.
3.2.4

Tetracycline Bioassay
Lung tissue concentrations of tetracycline were measured

in a

separate group of three animals four hours after injection by bioassay using
Bacillus subtilis as the indicator bacterium (Simon and Yin, 1970), with the
following modifications.

Two hundred and fifty ml of molten antibiotic agar

#19 (Difco, 38.29 g/l), 6cPC, were inoculated with 0.1 ml of B. subtilis spores
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(Difco). One hundred and fifty ml of the agar were thenpoured into a 245 x
245 x 20 mm bioassay dish (Nunc) and allowed to solidify.

Wells were cut

into the agar using a sterile 10 mm (diameter) cylinder. A standard curve of
tetracycline

concentration

was

constructed

by

diluting

tetracycline-HCI

(Sigma) into 600 pl of uninfected homogenized lung tissue in a range of
concentrations from 0.3124 jig/mI to 40 pg/mI. The lung homogenates were
pelleted at 14,000 rpm, 4°C, for 4 mm. The supernatant was boiled for three
mm, then pelleted at 14,000 rpm at 4°C for 4 mm.

A lOO-pl aliquot of this

supernatant was pipetted into the 10-mm well in the agar. The homogenized
infected rat lung tissues, obtained from either control or tetracycline-treated
rats, were prepared for bioassay using the same technique.

The bioassay

dish was incubated at 32C for 20 h. The zones of inhibition were measured
using amicrometer.
3.2.5

Exoenzyme Assays
The MICs of tetracycline for P. aeruginosa strain DG1 determined in

TSBDC and TSBDC + NTA using tube dilution (LeVatte and Sokol, 1989)
were 0.975 /2g/ml and 0.122 jig/mI, respectively.

P. aeruginosa strain DGI

was grown in the presence of 0.25, 0.125, and 0.0625 MlCs of tetracycline for
20 h at 32C to OE

50

=

1.8.

Protease activity was quantitated using Hide

powder azure (Sigma) as a substrate as previously described (Woods etal.,
1986).

Elastolytic activity was determined from hydrolysis of elastin Congo

red as previously described (Bjorn et al., 1979).

ADP-ribosyl transferase

activity of exotoxin A and exoenzyme S were quantitated as previously
described (Chung and Collier, 1977; Sokol etal., 1981, respectively).
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3.2.6

Indirect I
mmu nofluorescence Assay
Immunofluorescence was used to evaluate FBP surface expression by

P. aeruginosa isolated from bronchoalveolar lavage fluid.

Ten-microliter

aliquots of lavage fluid were applied to alcohol-washed glass slides, air-dried,
then heat-fixed. The slides were then blocked with 3% bovine serum albumin
(BSA) diluted in PBS for 30 min at room temperature (RT). The slides were
then reacted with affinity-purified monoclonal antibody MCA-47 to FBP (Sokol
and Woods, 1986b) diluted in PBS for 30 min at RT, followed by incubation
with 1/100 dilution of fluorescein-conjugated goat-anti-mouse lgG, absorbed
with rat serum (Calbiochem; La Jolla, CA)for 30 min at RT.

All slides were

washed between each step of the immunofluorescent staining by dipping in
PBS.

The slides were examined with a UV microscope (Olympus System

Microscope Model BH-2-RFL) to evaluate FBP surface expression.
3.2.7

I
mmu noelectron Microscopy
Lung tissue was cut into 1-mrn

pieces and suspended in 0.2 ml of a

1:20 dilution of monoclonal antibody MCA-47 to FBP.

The tissue was

incubated for 1h at 37°C, washed three times with PBS, and then incubated
in 0.5 ml anti-mouse IgG gold conjugate, diluted 1:20 in PBS containing 0.05%
Tween 20 and 5% fetal bovine serum. After washing in PBS, the tissue was
fixed in 0.3% glutaraldehyde for 2 h, then post-fixed in 1% osmium tetroxide
and embedded in araldite.

Thin section were- stained in uranyl acetate and

lead citrate and examined in aPhillips EM 4000 electron microscope.
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3.3

RESULTS

3.3.1

Effects of Sub-MICs of Tetracycline Upon FBP Surface
Expression by P. aeruginosa in vivo
To determine if exposure to sub-MICs of tetracycline affects FBP

surface expression in vivo, the rat respiratory infection model of Cash et al.
(1979) was employed. Bronchoalveolar lavage fluid from tetracycline-treated
or control groups of rats was examined by indirect immunofluorescence with
antibody to FBP to determine whether or not FBP was surface expressed.
The bacteria isolated from lavage fluid from control lungs were fluorescent
while no fluorescence was detectable on bacteria from lungs of tetracyclinetreated animals (data not shown). This suggests that FBP is surface-exposed

in vivo during lung infections, and that FBP is not detectable on the surface of
P. aeruginosa in lungs from tetracycline-treated animals.
To confirm that FBP surface expression was inhibited in the presence
of tetracycline in vivo, sections of lungs from control and tetracycline-treated
rats were examined by indirect colloidal-gold staining.

Lung tissue was

reacted •with monoclonal antibody to FBP, followed by incubation with
colloidal-gold-anti-mouse

lgG.

examined

of

for

deposits

Thin sections of the tissue were then
gold

particles

using

electron

microscopy.

Representative sections are shown in Figure 6. All of the bacteria in control
lung tissue had clusters of gold particles on their surface (Figure 6A). These
gold particles were not observed on any of the bacteria in lung tissue from
tetracycline-treated animals (Figure 613). These data confirm that repression
of FBP surface expression in the presence of tetracycline occurs in vivo.
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Figure 6A:

Electron micrograph of indirect colloidal gold staining of
bacteria in representative thin section of lung tissue from
animals

not receiving

antibiotic.

The deposits of gold

particles on the bacteria surface demonstrate the presence of
FBP. Uranyl acetate and lead citrate stained, x30,000.
Figure 613:

Electromicrograph of indirect colloidal gold staining of
bacteria in representative thin section of lung tissue from
animals

receiving

daily injections

of tetracycline.

No

deposits of gold particles are present on the bacterial surface.
Uranyl acetate and lead citrate stained, x40,000.
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3.3.2

Effects of Sub-MICs of Tetracycline on Bacteriology of Infected
Luncis
To confirm that subinhibitory concentrations of tetracycline were

maintained in the lung during the infections, a bioassasy using B. subtilis as
the indicator bacterium, was performed on homogenized infected lung tissue.
The mean concentration of tetracycline in lung tissue 4 h after injection was
approximately 0.3 pg/mI. At 24 h after injection, tetracycline was no longer
detectable in the lung by bioassay. The MIC of tetracycline for strain DG1 in
M9 medium was 3.91 pg/mI (LeVatte and

Sokol,

1989).

concentration of tetracycline in the lungs at the 4-h time
approximately

one-tenth

the

MIC

for

strain

DG1.

This

Thus, the
point was
should

be

approximately the maximum concentration of tetracycline achieved in the
lung; therefore the in vivo tetracycline level was subinhibitory.
To determine whether this dose of tetracycline altered bacterial grovyth
and replication in the rat lung,

homogenized lungs from control and

tetracycline-treated rats were placed on M9 agar and bacteria quantitated.
The mean number (+/- standard error of the mean) of bacteria per lung
isolated from the control group and the tetracycline-treated group were 7.3 x
1

+1- 5.0 x 106 cfu and 5.0 x 1CP +/- 2.1 x i05 cfu, respectively. While

there was some decrease in the numbers of bacteria isolated form lungs of
the tetracycline-treated

animals, there was no significant difference in

quanitative bacteriology between the two treatment groups (Student's T test
for pooled estimate of variance).
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3.3.3

Effects of Sub-MICs of Tetracycline on Patholoqy of Infected
Luncis
To determine whether sub-MICs of tetracycline altered the pathology

of infected lungs, lungs were removed from each group of animals seven
days

after

inoculation

pathological changes.

and ' examined

for

qualitative

and

quantitative

Microscopic examination of lung sections revealed

qualitative histopathological changes which were virtually identical in both
groups of animals (Figure 7).

The lesions were characterized by alveolar

septal necrosis, multiple small abscesses and marked alveolar cell necrosis.
Bronchial changes noted included epithelial metaplasia with loss of cilia,
goblet cell hyperplasia, and acute and chronic inflammatory infiltrates.
Quantitative pathological changes in infected lungs were measured by
the point counting method of Dunnill (1962).

The mean pathological index

(+/ -standard error of the mean) of lungs from control and tetracyclinetreated rats was 39.75 +/ -3.12 and 9.00 +/ -4.51, respectively. The degree
of pathology in lungs from rats receiving daily tetracycline treatment was
significantly lower than in lungs from untreated animals (p = 0.002 by oneway ANOVA).

These data suggest that treatment with sub-MlCs of

tetracycline can significantly decrease the degree of pathology'bbserved in P.

aeruginosa lung infections.
3.3.4

Effect of Sub-MICs of Tetracycline on Production of Other
Virulence Factors in vitro

P. aeruginosa produces many virulence factors which have been
shown to contribute to the pathogenicity of infections due to this organism.
To determine if sub-MICs of tetracycline alter productidn of other virulence
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Figure 7:

Examples of hematoxylin- and eosin-stained whole lung
sections from rats infected intratracheally with strain DG1
embedded in agar beads. (A)

Untreated controls; (B)

Animals were treated with tetracycline for 7 days.

Note the

significance infiltration in the lung section shown in panel A
which

consisted

of both

acute and

chronic inflammatory

infiltrates. A complete description of the pathological changes
seen upon microscopic examination is given in the text.
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factors such as alkaline protease, elastase, exotoxin A and exoenzyme S,
supernatants of cultures grown in the presence or absence of sub-MICs of
tetracycline were assayed for exoenzyme activities (Table 2). Total protease
activity was reduced dramatically when P. aeruginosa strain DO1 was grown
in the presence of 0.25 and 0.125 MICs of tetracycline. Elastolytic activity was
reduced by 41

-

55% of control when grown with all MICs of 'tetracycline. The

ADP-ribosyl transferase activities of exotoxin A and exoenzyme S were
unaltered in cultures grown in the presence of tetracycline.

Yields of total

protease and elastase appear to be repressed in the presence of sub-MICs of
tetracycline in vitro and perhaps are reduced in vivo.
To determine whether growth

in the

presence of sub-MICs of

tetracycline resulted in areduction of protease production in other strains, the
effects of tetracycline were analysed in three other strains (Table 2).

Total

protease was not significantly reduced in the presence of tetracycline in the
other three strains examined, except strain PA3496 grown with 0.125 M!C
tetracycline.

Elastase activity was significantly decreased in two of three

strains examined when grown in the presence of tetracycline but increased in
one strain. The activity of exotoxin A was significantly reduced by 43 - 53% of
control in strain PAO when tetracycline was added to the culture medium.
Exotoxin A yield were increased in supernatants of strain PA3492 grown with
0.25 MIC tetracycline but unaltered in strain PA3496.

Exoenzyme S activity

was significantly reduced in culture supernatants of strain PAO and strain
PA3496 grown with 0.125 MlC tetracycline.
repression

of exoenzyme expression

These data suggest that the

in the presence of sub-MICs of

Table 2. Effect of subinhibitory concentrations of tetracycline on exoenzyme expression and FBP surface expression
Mean ± standard deviation (% control)
Tetracycline
Strain ( MIC)

Total protease
(mg/ml)

DGI

00
025
012
006

18±03 ( 100)
1.0 ±05- ( 57)
09±02° (48)
17±03 (93)

181±23 ( 100)
108±57 ° ( 60)
54±47 a
(
45)
106±32° ( 59)

158±047 ( 100)
1•55±0•56
(
99)
1•53±0•11 (97)
214±105 ( 130)

PAO

00
025
012
006

26±06 ( 100)
27±01 ( 102)
2•4±0•5 (91)
25±06 (94)

183±68 ( 100)
2ll±72a ( 115)
301±15 ° ( 164)
303±0•7° (165)

453±114 ( 100)
2i5±0•73' (47)
2•60±0•60° (
57)
245±073° ( 54)

PA3492

00
025
0l2
006

l05±02
l04±05
103±02
101 ± 04

PA3496

00
025
012
006

l05±05 ( 100)
I01 ± 13 (96)
94±05° (89)
1l3±20 ( 107)

( 100)
(99)
(97)
(96)

Elastase
(mg/0

2340±334 ( 100)
1520±52 °
(
65)
1510±45° (64)
1573±220° (67)
1753± 167 ( 100)
1226±30' (70)
1446±310 (83)
3086±531 ° ( 176)

'Statistically significant P < 005 Student's (-test pooled estimate of variance.
b% Control FBI' surface expression 6hours after tetracycline addition.
Not determined.
.,

Exotoxin A
cpm x 10 4/mi

174±037
3•10±0•93°
180±088
203 T l06

( 100)
( 177)
( 103)
( 116)

'198±053 ( 100)
196±03l (99)
l65±047 (83)
1'81±O81 (91)

Exoenzyme S
cpm/ml
49x i0 6±79x i0 ( 100)
48 x 10 6±5.5 x IO (96)
.

.

FBP surface
expression
% control
100 6
0
0

54x 10 6±8x iO
8164±365 ( 100)
8533±606 ( 105)
2303±89' (282)
7317±531° ( 89.6)
0
0
0
0
1448±113 ( 100)
1293k 136 ( 89)
1119±57 ° (773)
1059±29 (73.2)

. 100
26
78
100
39
25
100
0
0
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tetracycline is not ageneral phenomenon, but is strain dependent. The effect
of tetracycline on FBP expression however, appears to be independent of the
strain examined.
3.4

DISCUSSION
In our previous work, we demonstrated that FBP surface exposure. and

ferripyochelin uptake were repressed in vitro in the presence of subinhibitory
concentrations of tetracycline (LeVatte and Sokol, 1989).

The

present study

extends our observations by demonstrating that FBP surface expression was
also repressed in

vivo when animals were treated with subinhibitory

concentrations of tetracycline.

It is likely that ferripyochelin uptake was also

repressed in vivo under low doses of tetracycline since surface exposure of
FBP is required for ferripyochelin uptake (Sokol, 1987b).

The lack of iron

uptake via ferripyochelin in the presence of subinhibitory doses of tetracycline
did not appear to interfere with replication and persistence of P. aeruginosa in
rat lungs. This suggests that P. aeruginosa was employing some other iron
acquisition system (pyoverdin) to accumulate iron intracellularly.
Treatment with sub-MICs of tetracycline significantly reduced the
pathology observed in P. aeruginosa lung infections by 77% compared to
untreated controls.

Since FBP surface exposure was repressed in the

presence of sub-MICs of tetracycline and the histological injury significantly
reduced, the loss of FBP surface expression may be correlated to the
repression of virulence of P. aeruginosa. While P. aeruginosa may persist in
the lung by acquiring iron via the pyoverdin acquisition system, iron uptake
via pyochelin may be required for maximum virulence of P. aeruginosa lung
infections. The availability of pyochelin was previously shown to increase the
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pathology of rat lungs infected with pyochelin-negative P. cepacia by two-fold
(Sokol and Woods, 1988).

This implies that the availability of pyochelin

significantly alters the degree of pathology observed in P. cepacia lung
infections. Pyochelin-negative P. aeruginosa strains have not been studied in.
a rat respiratory infection model to determine the contribution of pyochelin
availability to the virulence of P. aeruginosa.
Many factors are associated with the pathogenesis of P. aeruginosa
lung

infections

including

alkaline

protease,

elastase,

exotoxin

A and

exoenzyme S, which cause local tissue damage (Woods, 1987). The effects
of sub-MICs of tetracycline on yields of these virulence factors were also
examined. Total protease and elastase activities in supernatants of cultures
of P. aeruginosa strain

DGI

grown

in the presence of sub-MICs of

tetracycline were reduced while ADP-ribosyl transferase activities of exotoxin
A and exoenzyme Swere uneffected by tetracycline. These data suggest that
sub-MICs of tetracycline may interfere with yields of proteases of P.
aeruginosa in vitro.

Shibl and Al-Sowaygh (1980) had previously reported

that tetracycline, at doses which did not affect bacterial growth, inhibited
protease production by P. aeruginosa. Yields of protease were 800-fold less
than control when tetracycline was added to the culture medium.
A number of studies have shown that protease plays arole in virulence
of P. aeruginosa.

In a mouse burn infection model, virulence of an alkaline

protease deficient mutant was decreased 100-fold compared to the parent
strain (Howe and lglewski, 1984). A lasA mutant PAO-E64, which produces
an elastase which cannot utilize elastin as asubstrate at 37°C (Ohman et al.,
1980b) yielded considerably less lung tissue damage in a rat respiratory
infection model compared with the parent strain (Woods et al., 1982a).

It is
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likely that in the present study & reduction of yields of protease, including
elastase, as well as FBP surface expression in the presence of sub-MICs of
tetracycline,

may have contributed to the observed decrease in lung

pathology.
Sub-MICs of tetracycline also affected the expression of extracellular
virulence factors, but this repression was strain-dependent.

Other studies

have also demonstrated that subinhibitory concentrations of antibiotics affect
expression of virulence factors of P. aeruginosa both in vitro and in vivo.
Grimwood et al. (
1989a,b), demonstrated that administration of subinhibitory
concentrations of ciprofloxacin or tobramycin, significantly reduced the
degree of lung injury in rats infected with P. aeruginosa.

Exposure of P.

aeruginosa to these antibiotics suppressed the activity of elastase, total
protease, exotoxin A, exoenzyme S and phospholipase C.

Warren et al.

(1985), demonstrated that subinhibitory concentrations of tobramycin and
gentamicin reduced protease and elastase yields in vitro.

Sub-MICs of

antibiotics have also been shown to alter expression of alginate and bacterial
adherence of P. aeruginosa (
Daihoff and Doring, 1987; Geers and Baker,
1987a).

These studies and the present study suggest that subinhibitory

doses of antibiotics can significantly alter the virulence of P. aeruginosa by
repressing expression of various virulence factors.
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CHAPTER 4

CHARACTERIZATION OF THE PSEUDOMONAS AERUGINOSA

FERRIPYOCHELIN-BINDING PROTEIN PROCESSING ACTIVITY
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4.1

INTRODUCTION
Ferripyochelin

binding

protein (FBP)

is an

iron

regulated

outer

membrane receptor protein for the iron-siderophore complex, ferripyochelin
in Pseudomonas aeruginosa (
Sokol and Woods, 1983).

The apparent

molecular weight

is

determined

using

of

FBP

the

which

sodium

binds [59 17e]-pyochelin
dodecyl

sulfate

14,000

polyacrylamide

electrophoresis (SDS-PAGE) system of Laemmli, 1970.

as
gel

The structural gene

for FBP was cloned from P. aeruginosa strain DGI and expressed in the
Escherichia coil minicell strain SA2742 (MacDougall, 1990).

The molecular

weight of the translated gene product approximated 19,000 Da suggesting
that FBP is initially translated as a precursor which is later processed to
mature FBP. An additional protein of apparent weight approximating 19,000
Da was detectable with monoclonal antibody to FBP (Sokol and Woods,
1986b) in outer membranes of P. aeruginosa strain DO1 grown in the
presence of subinhibitory concentrations of tetracycline or chloramphenicol
(LeVatte and Sokol, 1989).

Thus, FBP also exists as an unprocessed

precursor of molecular weight approximating

19,000

Da in vivo in P.

aeruginosa suggesting that the cloned FBP gene encodes the precursor of
FBP (proFBP).
ProFBP was unprocessed in E. coil minicells suggesting that a putative
leader peptide cleavage sequence of this protein is not recognized by signal
peptidase I.

It is possible that the minicell strain has a reduced number of

signal peptidase molecules and therefore inefficiently processed proFBP.
However, in E. coil strain DI-11, where signal peptidase I is normally
expressed, the translated gene products were largely a protein of molecular
weight approximating 19,000 Da (proFBP) and much less 14,000 Da (mature'
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FBP), further suggesting that proFBP is inefficiently processed by signal
peptidase Iof E. coil. Computer analysis of the sequenced FBP gene failed to.
reveal a signal peptidase cleavage site in the putative leader peptide
(MacDougall, 1990). Thus, it appears that proFBP may be processed by an
alternate signal peptidase or processing enzyme with substrate specificities
that differ from signal peptidase Iof E. coil.
Other P. aeruginosa proteins have been expressed in E. coil.

The

extracellular exoproducts, exotoxin A (Lory et al., 1988), elastase (Bever and
lglewski, 1988), and LasA (Schad and lglewski, 1988) were cloned and
expressed in E. coil.

Each of these exoproducts encode precursors' with

either a leader peptide or a leader peptide-propeptide sequence.

With the

exception of LasA (whose sequence may not be entirely known; Toder et al.,
1991),

all

leader

peptides were cleaved from the

precursors

of' the

exoproducts and the proteins were secreted from the cytoplasm. Thus, the
leader peptides of some P. aeruginosa exported proteins contain a site
cleavable by E. coil signal peptidase I. However, all P. aeruginosa-secreted
proteins do not contain atypical leader peptide. Alkaline protease apparently
is not synthesized in aprecursor form with acleavable signal peptide (Guzzo
etal., 1991a). The pilin subunit is synthesized as aprecursor with ashort, 6residue leader peptide that lacks the hydrophobic stretch of most exported
signal sequences.

A prepilin leader peptidase of P. aeruginosa has been

identified which recognizes a consensus sequence of type IV prepilin (Nunn
and Lory, 1991) and other proteins involved in the secretiorf apparatus of P.
aeruginosa (Nunn and Lory, 1992).

Other processing activities which. are

distinct from the E. coil signal peptidase Iexist in P. aeruginosa.
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In the presence of low doses of tetracycline or chioramphenicol, FBP
surface expression detectable on whole cell immunoblots was repressed and
[
59 Fe]-pyochelin uptake was reduced (LeVatte and Sokol, 1989).
hypothesized

that

subinhibitory

concentrations

of

It was

tetracycline

or

chloramphenicol repressed FBP surface expression by interfering with the
processing activity of proFBP. To investigate this hypothesis, it was essential
to first examine proFBP processing under normal conditions.

In this paper,

we have characterized and putatively identified a proFBP processing activity
from extracts of P.

aeruginosa.

The characterization

of this

proFBP

processing activity was facilitated by employing proFBP, expressed in E. co/i
from the cloned fbp gene, as the substrate.

4.2

MATERIALS AND METHODS

4.2.1

Materials
The diisopropylfluorophosphate, [ 1,3-3 H]

([3 H-DFP})

(
10 Ci/mmol)

was purchased from New England Nuclear Corp., Boston, Mass. The [35 S]methionine (15 mCi/mi)

and

J9Fe]Cb

from Amersham, Arlington, IL.

(1 mCi/788 pg Fe) were purchased

The protease inhibitors ethylene diamine

tetraacidic acid (EDTA), phenylmethylsuifonyl fluoride (PMSF), pepstatin A
and transepoxysucccinyl-L-leucyclamido(4-guanidino)-butane (E64), as well
as the detergent CHAPS, were purchased from Sigma Chemical Co., St.
Louis, Mo.
4.2.2

Bacterial Strains and Culture Conditions
The P. aeruginosa strains used are listed in Table 3.

P. aeruginosa

was grown in M9 medium plus 0.5% glucose for all culture conditions. E. co/i
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Table 3.

Bacterial strains

Phenotype

Strain

Reference

Pseudomonas aeruginosa
PAO1

prototroph

Holloway etal., 1979

DG1

prototroph

Cash etal., 1979

PAl 03

elastase-deficient prototroph

Ohman etal., 1980a

PA1O3-11

alkaline protease mutant

Guzzo et al., 1990

PAO-E64

lasA mutant of PAO1

Ohman etal., 1980b

PAO-B1

lasB::Omega of PAOI

Toder etal., 1991

PAO-E64-B1

IasB::Omega of PAO-E64

Toder etal., 1991

PAK

prototroph

Nunn eta!, 1990

21318

pHD Tn5 insertion mutant

Nunrietal, 1990

of PAK
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strain SA2742(pJD8) (MacDougall, 1990) was grown in Luria broth. Minicells
were isolated and labelled in M9 Salts medium (Reeve, 1984). All glassware
was acid washed and rinsed with the Milli-Q-System (Millipore Corp.).
4.2.3

Preparation of ProFBP for in vitro Assay
The cloned FBP gene, isolated from P. aeruginosa strain DG1, on

plasmid pJD8, was previously expressed in E. co/i strain SA2724 minicells
(MacDougall, 1990).

The expressed protein, in minicells has a molecular'

weight approximating 19,000 daltons (proFBP).

Minicells of E. coil strain

5A2742(pJD8) were isolated using a 10-30% continuous sucrose gradient as
previously described (Reeve, 1984).
A 1-ml aliquot of minicells, frozen at -80°C in M9 Salts medium/ 30%
(wt/vol) glycerol, was thawed and washed with an equal volume of M9 Salts
medium with 0.4% glucose, then resuspended with 600 zl of M9 Salts
medium; Six 100-1 aliquots of minicells were incubated for 10 min at 37°C.
Five microlitres of [35 S]-methionine, 5 Al; and 30 ml of methionine assay
medium, MAM, 0.5 mg/ml, Difco) were added to each 100 ul aliquot of
minicells and incubated 37°C for 1 h.
was added to each 100
of medium.

One ml of ice-cold M9 Salts medium

laliquot, pelleted, and then washed again with 1ml

The cell pellet was resuspended in 800

l30 mM Tris, pH 8.0,

4°C. The cells were boiled for 5 min at 100°C with 200 ,
al of 0.25M Tris, pH
6.8, 10% sodium dodecyl sulfate (SDS), 50% glycerol (sample buffer)
labelled

proteins

were

loaded

into

10

wells

of

a 14-well

14%

.

The
SDS

polyacrylamide gel (PAGE) (Laemmli, 1970) and were electrophoresed under
nonreducing conditions.
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Using BRL high molecular weight prestained protein standards as a
guide, the 19,000 proFBP was cut from the resolved gel as one gel slice. This
gel

piece

was

then

sandwiched

between

Spectrapor

dialysis

tubing

(molecular weight exclusion 12-14000) in the stacking gel space of avertical
acrylamide gel. The protein was eluted into the dialysis sac at 35 mA for 45
min at room temperature (RT). After removing the running gel buffer from the
upper chamber of the gel boat, the eluted proteins were removed from the
dialysis sac (Bedard,1989). The [35 S]-proFBP was then dialyzed at 4°C
against 25 mM triethanolamine, 0.01% CHAPS pH 7.5, RT.

Approximately

5000 cpm (50 ng) in 5-15 1LI of [35 S]-proFBP was used in each reaction
mixture.
4.2.4

Preparation of the Membrane or Periplasm/Cytoplasm Source for
ProFBP Processing Activity
The P. aeruginosa strains PAK, 21318, PAIO3, PA1O3-1 1, PAO, PAO-

E64, PAO- BI, PAO E64-BI and DGI were grown in minimal M9 mediuri
supplemented with 0.5% glucose at 37°C.

The cells were fractionated into

periplasm/cytoplasm and membrane as described by Nunn and Lory, 1991
with afew modifications. The cells were harvested by centrifugation, washed
with 0.5 volume of M9 medium, and resuspended in aequal weight of 50 mM
Tris-HCl pH 7.5, RT.

The cells were frozen in a dry ice/acetone bath, then

thawed in a RT water bath for 20 mm. Four volumes of 10 mM Tris-HCl, pH
8.5, RT/5 mM EDTA/20% sucrose containing lysozymè (300 pg/mI) and
DNase 1 (50 mg/ml) were added and the mixture was refrozen in a dry
ice/acetone bath.

After a 60-min incubation in a RT water bath, Mg(OAc)2

was added to 10 mM and the incubation continued for an additional 30 min at
RT.

NaCI was then added to 500 mM.

Unbroken cells were removed by

104

centrifugation at 5000 x g, 4°C, for 10 mm.

The resultant supernatant was

further centrifuged at 150,000 x g for I h at 4°C. The membrane pellet was
resuspended in a mixture of 1 volume, 50 mM Tris-HCI, pH 7.5, RT and 4
volumes of 10 mM Tris-HCI, pH 8.5, RT/5 mM EDTA/ 20% sucrose such that
the membrane proFBP processing activity was present in the same buffer
environment as the putative periplasm/cytoplasm activity, which was present
in the resultant supernatant after high speed centrifugation.
4.2.5

Partial Purification of the Periplasmic/Cytoplasmic Source of the
ProFBP Processing Activity Using Ammonuim Sulfate
Precipitation
P. aeruginosa strain PAIO3-1 Iwas grown to an OD600 of 0.7 and the

soluble proteins of the periplasm and cytoplasm were isolated after highspeed centrifugation as described above. The pH of the protein solution was
adjusted to 7.0 at 4°C. Twenty-five percent (
NH4)
2 SO4 salt was added slowly
to a 2.5 mg/ml protein solution that was stirring in an ice-bath. When all the
salt was

dissolved,

stirring

was

continued

for an

additional

15

mm.

Precipitated proteins were removed by centrifugation at 15,000 xg for 15 mm
at 4°C. The pH of the resultant supernatant was adjusted to 7.0 and (NH4)
2
SO4 salt was added slowly to a final concentration of 40% while the
supernanant was stirring in an ice-bath. This mixture was stirred an additional
15 min and the precipitated proteins were removed by centrifugation at
15,000 x g for 15 min at 4°C. This procedure was repeated to obtain 50%,
60% and 80% (NH4)
2 SO4 (final concentration) in succession. The resultant
precipitates from

25%,

40%,

50%,

60%,

and 80% (NH4)
2 SO4 were

resuspended in deionized water, then dialyzed at 4°C against 4 L of 10 mM
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phosphate buffer pH 6.3, RT.

The unprecipitated proteins remaining in the

supernatant after the addition of 80% (NH 4)
2 SO 4 was dialyzed at 4°C against
two changes of 4 L10 m
4.2.6

phosphate, pH 6.3, RT.

Conditions for Assaying Processing of ProFBP in vitro
Samples of membrane or peri plasm ic/cytoplasmic proteins (80 pl) to

be tested for proFBP processing activity were mixed with 5000 cpm of [ 35 S]proFBP (5-15

l) and incubated at 37 °C for 24-36 hrs.

The samples were

boiled for 5 min with 20 ILI of sample buffer containing 5% 13-mercaptoethanol
and

the

entire

mixture

was

electrophoresed

in

polyacrylamide gel (Schagger and von Jagow, 1987).

a 14%

tricine

SDS

After electrophoresis,

the gel was fixed and presoaked for 20 min in a solution of 3% (wt/vol)
glycerol/40% methanol/10% acetic acid (Gel Pacifier).
onto filter paper by heating under reduced pressure.

The gel was dried
Dried gels were

exposed to Kodak XAR-5 film (Eastman Kodak Co., Rochester, NY) for 48-96
h at -70°C.

ProFBP processing activity was defined by the ability of isolated

intracellular pools of protein to cleave [35 S]-proFBP into two protein products
of molecular weights approximating 13,000 Da (mature FBP; Sokol and
Woods, 1983) and 5000 Da (putative signal peptide).
4.2.7

Active Site Labelling of Cell-Associated Soluble Serine
Proteases
[
3H]DFP was used to specifically label the active site of all soluble

serine proteases by a modification of protocols described by MacGregor et
a!, 1979; and Palmer and 'St. John, 1987. A pool of soluble proteins (30kg in
80 jil) was mixed with 1 lof [ 3H]-DFP for 50 min at 37°C:
boiled for 5 min with 20

Samples were

lof sample buffer containing 5% p-mercaptoethanol
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and the entire reaction mixture was electrophoresed on a 14% tricine SDSPAGE. After electrophoresis, the gel was fixed in 7% acetic acid, soaked in
Amplify for 30 mm, presoaked in Gel Pacifier, and dried onto filter paper by
heating under reduced pressure.

The gels were exposed to Kodak XAR-5

film for 1month at -70°C.
42.8

Electrophoretic Blotting Procedure
Membrane

proteins (30

g)

were transferred

to

described in Section 2.2.8 with the following modifications.

Immobilon

as

Proteins were

transferred from the gel with a Hoeffer transblot apparatus for 4 hat 250 mA
at 4°C (Towbin et al., 1979).

The Immobilon blots were reacted with

monoclonal antibody (MCA-83; Sokol and Woods, 1986b) for 16 h at 37°C
after being blocked for Ih with 5% bovine serum albumin (BSA) in 10 mM
Tris-0.9% NaCl (Iris-saline), pH 7.4.

The blot was then reacted with

horseradish peroxidase (HRP) conjugated protein A (Sigma) at a dilution of
1/2000 of a 1 mg/ml stock for 2 h at 37°C.
BioRad

HRP

Ferripyochelin

colour

reagent

as

Colour was developed with

recommended

by the

manufacturer.

binding to electrophoretic blots of cell membranes was

performed as previously described (Sokol and Woods, 19A3).
4.2.9

Protein Determination
The protein concentration of membrane or periplasm/cytoplasm pools

were determined using the BioRad protein assay kit (Bradford, 1976) with
BSA resuspended in 0.2% SDS as the standard. The concentration of dilute
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protein solutions (100 fig/ml or less) resulting after (NH4)
2 SO4 precipitation
were determined using the absorbance at 205 nm, with 10 pi g/ml BSA as the
standard (Scopes, 1974).

4.3

RESULTS

4.3.1

Identification of ProFBP Processing Activity
To

determine

whether

whole

membranes

and/or

periplasmic/

cytoplasmic extracts from P. aeruginosa contained proFBP processing
activity, each of these extracts from strain PAO were mixed with {35 S]-proFBP
and

assayed

for

proFBP

periplasmic/cytoplasmic

processing

extracts

activity.

processed

Both

proFBP

to

membrane
mature

or

form,

suggesting that proFBP processing activity fractionates equally with each of
the fractions using the protocol described in " Materials and Methods".
To determine whether or not the proFBP processing activity may be an
already characterized intracellular (i.e. HID) or extracellular protease (i.e.
elastase, alkaline protease, or LasA) of P. aeruginosa, total membranes and
the soluble contents of the periplasm/cytoplasm were isolated from strains
deficient in expression of each of these proteases and assayed for proFBP
processing activity.

Fifty micrograms of membrane or soluble proteins,

isolated from P. aeruginosa strains grown to the indicated OD6 (PAK, 0.835;
2B18, 0.690; PA1O3, 1.176; PA1O3-11, 1.036; PAO, 1.057; PAO-E64, 0.936;
PAO-B1, 0.954; PAO-E64-B1, 0.960) in M9 medium, were incubated with 5000
cpm of [35 S]proFBP at 37°C for 24 h. The resultant proteins were separated
on 14% tricine SDS-PAGE and subjected to autoradiography.
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Figure 8.

Post-translational

conversion

periplasmic/cytoplasmic
aeruginosa

mutant

of

proFBP

extracts

to

isolated

strains.

Fifty

FBP
from

micrograms

by

J.
of

periplasmic/cytoplasmic extracts from cultures of P. aeruginosa
strains PAK, 21318, PA1O3, PA1O3-11, PAO, PAO-E64, PAO-B1,
PAO-E64-B1,
respectively)
activity.

PA1O3 (repeated),
were

assayed

for

or

DG1 (lanes

05s]-proFBP

1-10,

processing

Unprocessed [35 S]-proFBP is shown in lane 11. The

prestained

protein

indicated in lane 12.

molecular weight

standards (kDa)

are
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Membrane (data not shown) or soluble proteins (Figure 8) from PHD(strain

2B18),

elastase-/alkaline

protease- (strain

PA1O3-1 1),

elastase-

(strains PA103 or PAO-B1), LasA- (strain PAO-E64), or elastase/LasA- double
mutant (strain PAO-E64-B1) processed proFBP into a protein of molecular
weight approximating 13,000 Da (mature FBP) and 5000 Da (putative signal
peptide). Membrane or soluble proteins from P. aeruginosa strains 21318 or
PAl 03-11

demonstrated increased processing activity compared to the

parental strains PAK or PA1O3.

Membrane or soluble proteins from all

remaining strains processed proFBP to the same extent as their parental
strains. Therefore, proFBP processing was observed when these proteases
were not expressed by the above strains, suggesting that the proFBP
processing

activity was not

HID, elastase,

LasA or alkaline

protease.

Furthermore, proFBP processing was detected in all strains examined,
demonstrating that this was not astrain- specific phenomenon.
Membrane or soluble proteins processed proFBP to the same extent.
In ensuing experiments, proFBP processing activity isolated with soluble
proteins only was assayed.

Membrane-associated proFBP processing

activity proved more difficult to analyze and purify thah the soluble proFBP
processing activity because these proteins required detergent solubilization
and the detergents inhibited proFBP processing.
Total membranes from each above strain were separated on 14%
tricine

SDS-PAGE,

transferred

to

Immobilon

and

either

reacted

monoclonal antibody (MCA-83) or incubated with [59 Fe]-pyochelin.

with
There

was no dramatic difference in the amount of proFBP detectable with MCA-83
or the amount of

9 Fe] pyochelin

binding by membranes isolated from any of

the mutant strains, suggesting that in the absence of PilD, elastase, alkaline
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protease, LasA or elastase/LasA expression, proFBP is processed (data not
shown). These data further confirm that PilD, elastase, alkaline protease, or
LasA dc not normally process proFBP in vivo.
4.3.2

Effect of Iron on ProFBP Processing
Cultures of P. aeruginosa strain PA1O3 were grown in the absence or

presence of 50 AM FeCl3 and membrane and soluble proteins were isolated
to determine whether or not yields of the proFBP processing activity were
altered by iron concentration.

Yields of proFBP processing activity were

unchanged in the presence or absence iron suggesting that expression of the
proFBP proqessing activity is not iron-regulated (data not shown).
4.3.3

Fractionation of ProFBP Processing Activity using Ammonium
Sulfate Precipitation
Ammonium

sulfate

precipitation

of

the

soluble

proteins

of

P.

aeruginosa was performed to fractionate the proFBP processing activity from
nonspecific proFBP protease activity, and to obtain amore concentrated pool
of proFBP processing activity.

Fifty micrograms of protein precipitated with

25%, 40%, 50%, 60% or 80% (NH4)
2 SO4 or 0.3 it of proteins unprecipitated
with 80% salt were incubated at 37°C with 5000 cpm of {
35 S]-proFBP for 24 h,
and the resultant proteins separated on 14% tricine SIDS-PAGE.

ProFBP

processing activity, which cleaves proFBP once to yield mature FBP and the
putative signal peptide, was initially precipitated with 25% salt and later
precipitated with

60% and 80% (NH4)
2 SO4 (Figure 9).

Nonspecific

proteases, which hydrolyze proFBP into multiple peptide fragments and
specific proFBP processing activity, were precipitated with 25-80% (NH4)
2
SO4 while only proFBP

processing

activity remained

in the supernatant
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Figure 9.

Partial purification of the proFBP processing activity using
Cultures of P. aeruginosa

ammonium sulfate precipitation.

strain PA1O3-1 1were grown to mid-log phase and the soluble
contents of the periplasm/cytoplasm were isolated as described
under " Materials

and

Methods".

These

proteins

were

precipitated sequentially with 25%, 40%, 50%, 60%, and 80%
solid

ammonium

phosphate,

sulfate,

then

pH 6.3 at 4°C.

dialyzed

against

10

mM

Fifty micrograms of protein

precipitated with 25%, 40%, 50%, 60%, 80% ammonium sulfate
(lanes 4-8, respectively), 0.3 p of proteins not precipitated with
80%

ammonium

sulfate (lane

9)

or

50

pig

of

periplasmic/cytoplasmic proteins (lane . 3) were . assayed for.
[
35 S]-proFBP processing activity. Unprocessed {35 S]-proFBP is
shown in lane 2.

The prestained protein molecular weight

markers (kDa) are indicated in lane 1.
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after precipitation with 80% (NH4)
2 SO4 .These data suggest that ammonium
sulfate precipitation can fractionate the nonspecific protease activity from
proFBP processing activity and can obtain this proFBP processing activity in
aconcentrated pool. In ensuing experiments, the proFBP p(ocessing activity
was isolated in the supernatant after soluble proteins were precipitated with
80% (
NH4)
2SO4 since this percentage of salt effectively removed nonspecific
proFBP proteases and concentrates proFBP processing activity in the
supernatant.
4.3.4

Effect of Cell Density on Yields of ProFBP Processing Activity
To determine when yields of proFBP processing activity are maximal

during cell growth, cultures of P. aeruginosa strains DG1, PA1O3, or PA1O3-11
were grown from early log to late log phase in M9 medium and assayed for
proFBP , processing activity. Aliquots of culture were removed during various
phases of growth, and the soluble proteins of the periplasm/cytoplasm were
isolated.

The protein concentration of each sample was adjusted to 700

pg/mi and (NH4)2SO4 salt was added to a final concentration of 80%. The
unprecipitated proteins were dialyzed at 4°C against 10 mM phosphate
buffer, pH 6.3, to remove excess salt.

Six micrograms of protein was then

incubated at 37°C with 4000 cpm of [35 S]-proFBP for 36 h, and the resultant
products analyzed on tricine SDS-PAGE.

ProFBP processing activity was

detectable in all three strains during all phases of growth.

Greater proFBP

processing activity was observed during early to mid-log phase of growth.
This phenomenon was observed with the three strains examined (Figure 10)
suggesting that this was not astrain-specific phenomenon. These data imply
that yields of proFBP processing activity are maximal during early log phase.
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Figure 10.

Processing of proFBP by periplasmic/cytoplasmic extracts
of P. aeruginosa isolated from cultures at different stages
of growth.

Periplasmic/cytoplasmic proteins, isolated from

cultures of P.aeruginosa strains (A) PA1O3, OE

0

= 0.3, 0.5, 0.7,

1.0 (lanes 1-4, respectiveiy);.(B) PAIO3-11, OL'=0.3, 0.5, 0.7,
1;4 (
lanes 1-4, respectively); or (
C) DGI, OD600 =0.1, 0.4, 0.6,
0.7, 0.9 (lanes 1-5, respectively) were precipitated with 80%
ammonium

sulfate

and

the

unprecipitated

proteins

dialyzed against 10 mM phosphate, pH 6.3 at 4°C.

were
Six

micrograms of these dialyzed proteins were then assayed for
[
35 S]-proFBP processing activity. Unprocessed 05s]-proFBP is
shown in lane B5.

The prestained protein molecular weight

standards (kDa) are indicated in lanes A5,. B6 and C6.
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4.3.5

Characterization of the ProFBP Processing Activity
To determine the mechanistic class of the proFBP processing activity,

PAl 03-11 soluble proteins were incubated with inhibitors of the four classes
of proteases.

Proteins remaining in the supernatant after precipitation with

80% (NH4)
2 SO4 were mixed with 10 mM EDTA, 10 mM PMSF, 50,g E64 or
50 pg pepstatin A.

After a 30-min incubation at 37°C, 5000 cpm of [35 SJ-

proFBP were added to each reaction mixture and the incubation continued for
38 h at 37°C.

ProFBP processing was not inhibited by EDTA or pepstatin A

(data not shown), but was weakly inhibited by E64 (Figure 11A).

ProFBP

processing was completely inhibited by PMSF (Figure 11A) suggesting that
the proFBP processing activity contains aserine residue essential for activity.
This inhibition by 10 mM PMSF could not by reversed by addition of 10 mM
dithiolthreitol (DTT), or by preincubation with 10 mM CaC

followed by 10 mM

DTT, suggesting that the proFBP processing activity is, a not a cysteine
protease (Figure hA).

ProFBP processing activity did not bind to p-

ammnobenzarnidine-affinity column (data not shown). ProFBP processing was
not activiated by 10 mM DTI.
ProFBP processing was partially inhibited by 1 mM ZnC
unaltered by 1mM MnC

or FeCb,

or CoCl2 and activiated by 1mM CaC (Figure 110

and D). At higher concentrations of CaC (10 mM), proFBP processing was
inhibited (data not shown).

ProFBP processing was inhibited by 0.01, 0.05,

0.1, and 0.5% CHAPS or SIDS. The {35 S]-proFBP substrate, in 0.01% CHAPS,
was diluted 8-10 fold in each reaction mixture, suggesting that the processing
activity is only active in the presence of 0.0016% CHAPS or less.

The

inhibition of activity in the presence of SIDS was reversible by dialysis (data not
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Figure hA. Analysis

of

proFBP

processing

in

protease inhibitors and dithiolthreitol.

the

presence,

of

ProFBP processing

activity isolated in the supernatant after periplasmic/cytoplasmic

proteins of P. aeruginosa strain PAl 03-11 were precipitated with
80% ammonium sulfate was

incubated with the following

mixtures: lane (3) no addition; (4) 1 mM CaC; (5) 10%
methanol; (6) 50 p E64; (7,8)1 mM CaCl2, 50pg E64; (9) 10
mM Dii; (10) 1m

CaC, 10 mM DTT; (11) 10 mM PMSF; (12)

1 mM CaCl2,10 mM PMSF; (13) 10 mM Dii, 10 mM PMSF;'
(14) 1 mM CaCl2 ,10 mM PMSF, 10 mM DTT
mixtures were then

assayed for [35 S]-proFBP

All of these
processing

activity. Unprocessed 05S]-proFBP is shown in lane 2 and 15.
The prestained protein molecular weight standards (kDa) are
shown in lane 1.
Figure 11B. Analysis of proFBP processing at various pHs.
processing

activity

isolated

periplasmic/cytoplasmic

in

proteins

the
of

P.

ProFBP

supernatant

after

aeruginosa

strain

PA1O3-11 were precipitated with 80% ammonium sulfate was
dialyzed overnight at 4°C against 10 mM phosphate buffer to
yield these final pHs in each reaction mixture: pH 6.25, 6.4, 6.6,
7.5, 8.0, and 8.5 (lanes 1-6, respectively). Each reaction mixture
was then assayed for [35 S]-proFBP processing activity.

The

prestained protein molecular weight standards (kDa) are shown
in lane 7.
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Figure 11 C,D.

Analysis of proFBP processing in the presence of

metals. ProFBP processing activity isolated in the supernatant
after periplasmic/cytoplasmic proteins of P. aeruginosa strain
PAl 03-11 were precipitated with 80% ammonium sulfate was
mixed without (lane 02 or D2) or with 1 mM ZnC, CaC,
CoCl2,MnC

or FeC (lanes C3-7, or D3-7 respectively). {35 S]-

proFBP was then added to each reaction mixture to assay for
processing in the presence of these metals.
[
35 SJ-proFBP is shown in lanes Cl and Dl.

Unprocessed
The prestained

molecular weight standards (kDa) are shown in lanes C8 and
.D8.
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shown).

The acid phospholipid, cardiolipin, did not enhance proFBP

processing. These data demonstrated that the processing reaction was not
dependent upon detergents or cardiolipin.
The pH activity profile of the proFBP processing activity was examined.
Aliquots from 80% (NH4)
2SO4 supernatant isolated from strain PA1O3-1 1were
dialyzed at 4°C against 10 mM phosphate buffer at various pHs and then
incubated with [35 S}-proFBP.

From pH 6.2 to pH 8.5, proFBP processing

was observed (Figure 11 B) with greater processing observed between pH
7.5-8.5.
4.3.6

Serine Protease Analysis of Periplasmic/Cytoplasmic Proteins of
P. aeruginosa
The soluble proteins of the periplasm/cytoplasm, 30 pg, isolated

during the growth cycle of strain PA1O3, werd incubated with the radiolabelled
serine protease active site inhibitor [3H]-DFP, separated on 14% tricine SIDSPAGE, ampl ified, and subjected toautoradiography. Using chymotrypsin as
a positive control, 5 ng or greater of enzyme was detectable via [3 H]-DFP
binding (data not shown). At least eight soluble intracellular serine protease
peptides isolated from strain PAIO3 bound {3 H]-DFP (Figure 12A).

The

expression of five of these eight peptides varied during the growth cycle.
Four peptides of molecular weight approximating 20 kDa,30 kDa, 55 kDa and
63 kDa were detectable during late log to stationery phase and not in early log
phase while peptides of molecular weight approximating 6 kDa and 24 kDa
were detectable via

[
3

H]-DFP binding in early log and were not detectable in

later log phase. It is possible that the latter serine protease peptides (6 kDa
and/or 24 kDa) contain part or. all of the functional proFBP processing
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Figure 12.

Active

site

labelling

of

periplasmic/cytoplasmic

serine

protease peptides using [ 3H]-diisopropyl fluorophosphate
(DFP).

Thirty micrograms of periplasmic/cytoplasmic proteins

isolated from strains PA1O3 (12A lanes 2-6: OD

0

= 0.18, 0.35,

0.5, 0.78, 1.2, respectively), DG1 (12B lanes 2-8: OD

= 0.14,

0.32, 0.43, 0.6, 0.78, 0.84, 9.925, respectively) or PA1O3-11
(12C lanes 2-5: OE

=0.324, 0.5, 0.7, 1.41, respectively), 30

mg of periplasmic/cytoplasmic proteins isolated from the mutant
strains (12D lanes 2-9: PAK, 21318, PA1O3, PA1O3-11, PAO,
PAO-E64, PAO-B1,

PAO-E64-B1, respectively) or 30 pg of

periplasmic/cytoplasmic proteins isolated strain PA1O3 grown in
the absence (12D lane 10) or presence ( 12D lane 11) of 50y
FeC, were incubated with 1pl of [3 H]-DFP at 37°C for 45 mm.
These mixtures were separated on tricine SDS-PAGE, fixed,
amplified, and subjected to autoradiography.

The prestained

molecular weight standads are indicated in each panel.
arrows indicate the putative proFBP processing enzymes.

The
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activity, respectively, since their yields also decrease with increasing cell
growth. The expression of two peptides of molecular weights approximating
22 kDa and 40 kDa was unchanged during the growth cycle.
The peri plasm ic/cytoplasmic serine protease peptides of strain DG1
that were affinity-labelled with [3 H]-DFP were identified (Figure 12B).

The

spectrum of peptides which bound [3 H]-DFP differed from the soluble serine
protease peptides detected in strain PA103.

Strangely, the expression of a

peptide of molecular weight approximating 36 kDa oscillated with increasing
cell growth.

As with strain PA1O3, the detection of peptides of apparent

weights of 6 kDa and 24 kDa decreased with increasing cell growth. As with
strain PA1O3, yields of the proFBP processing activity isolated from strain
DG1 decreased , with increasing cell growth.

The decreasing detection via

[
3 H]-DFP binding of the 6 kDa and/or 24 kDa during the growth phase
corresponded to the decrease in yields of the proFBP processing activity
detectable using in vitro assay during the growth cycle in strains PA1O3, DG1
and PAIO3-11 (Figure 12C). These data suggested that the correlation was
not strain-specific, and that the 6 kDa and/or 24 kDa serine protease
peptides may contain part or all of the functional proFBP endopeptidases.
Additionally, the detection via [ 3]-DFP of the 22 kDa peptide isolated from
strain DG1 also decreased with increasing cell density.
phenomenon was

However, this

not observed with soluble serine protease peptides

isolated from strain PA1O3.
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Figure 13.

Active

site

protease

labelling

peptides

of

periplasmic/cytoplasmic

precipitated with

using [3H]-diisopropyl

serine

ammonium

sulfate

fluorophosphate (DFP).

Fifty

micrograms protein not precipitated (lane 2) or precipitated with
25%, 40%, 50%, 60% or 80% ammonium sulfate (lanes 3-7,
respectively) or 0.3

g of unprecipitated proteins remaining in

the supernatant after addition of 80% ammonium sulfate (lane 8)
were incubated with 1ylof PH]-DFP at 37°C for 45 mm. These
mixtures were then separated on tricine SIDS- PAGE, fixed,
amplified, and subjected to autoradiography.

The prestained

protein molecular weight standards (kDa) are indicated in lane
1.
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The

soluble intracellular serine protease peptides of strains PAK,

21318, PA1O3, PA1O3-11, PAO, PAO-B1, PAO-E64, and PAO-E64-B1 detected
with [3 H]-DFP binding are shown in Figure 12D.

The major peptides of

molecular weights 22 kDa and 40 kDa were present in all strains. Peptides of
molecular weights approximating 17 kDa and 20 kDa were detected in P.

aeruginosa strain. PAO-E64 but absent from strains PAO, PAO-B1 and PAOE64-BI. Strain PAO-E64 processed proFBP in vitro to the same extent as the
other three strains, suggesting that neither the 17 kDa nor the 20 kDa peptide
comprises part of the functional proFBP endopeptidase. The 17 kDa and the
20 kDa peptides were variably detectable in strains PAK, 21318, PA1O3 and
PAl 03-11. An additional peptide of molecular weight approximating 63 kDa
was detected in strains PA1O3-11 and 21318, but weakly or not detectable in
the parental strains PA1O3 and PAK, respectively. ProFBP processing by the
soluble proteins of strain PA1O3-11 or 21318 was greater than the proFBP
processing activity observed by the parental strains, suggesting that the 63
kDa peptide may comprise part of the putative proFBP processing activity.
However, this peptide was detectable via [3 H]-DFP binding in soluble proteins
from late log phase cultures and not early log phase cultures when yields of
the proFBP processing activity were greater. The 6 kDa or 24 kDa peptides
which may contain part or all of the functional proFBP processing activity
were undetectable in all of these mutant strains.

However, cultures of all

mutant strains were grown to late log phase when no or limited detection of
the 6 kDa or 24 kDa peptides via [3 H]-DFP binding isolated from strains
PA1O3, PA1O3-11, or DG1 was observed.
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When iron was added to the culture medium

of strain

PA1O3,

expression of a 63 kDa intracellular soluble serine protease peptide was
repressed.

This peptide was detectable via {3 H]-DFP binding

in the

periplasmic/cytoplasmic fraction from cultures grown under iron-depleted
conditions.

These data suggested that the yields of a 63 kDa peptide are

repressed when iron is added to the culture medium.

Yields of the proFBP

processing activity were unaltered in the presence of iron, suggesting that the
63 kDa peptide does not comprise part of the functional proFBP processing
activity.
To determine which serine protease peptides were precipitated with
increasing concentrations of (NH4)
2 SO4 ,50 pg of protein precipitated with
25%, 40%, 50%, 60% and 80% (NH4)
2 SO4 and 0.3 j
ug of unprecipitated
proteins were incubated with [3 H]-DFP, separated on tricine SDS-PAGE and
analyzed

using

autoradiography.

Most

serine

protease

peptides

were

precipitated with 60% (NHSO4 , while only four serine protease peptides
remained in the supernatant. All of these remaining serine protease peptides
except for a63 kDa peptide were precipitated with 80% salt (Figure 13). The
63 kDa serine protease peptide was detectable in the supernatant after
precipitation with 80% salt.

Expression of the 63 kDa peptide inversely

correlates with the detection of proFBP processing activity suggesting that
this peptide may not be the proFBP processing enzyme.

However, other

serine proteases may be present yet undetectable with affinity-labelling in the
80% supernatant since only 0.3 pg of protein was employed.
Detection of the 24 kDa and/or 6 kDa serine protease peptides via
[
3 H]-DFP binding directly correlated with the proFBP processing activity
detectable using our in vitro assay.

This was the only positive correlation
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observed in the three strains examined.

By a process of elimination, it was

hypothesized that the 6 kDa and/or the 24 kDa serine protease peptides may
contain part or all of the functional proFBP processing activity.

4.4

DISCUSSION
Processing enzymes currently identified include the E. co/i signal

peptidase I (Wolfe et al., 1983b) and II (Innis et al., 1984), the Pseudomanas
fluorescens signal

peptidase H (Isaki et al.,

1990b),

the Enterobacter

aerogenes signal peptidase It (Isaki et al., 1990a) and the P. aeruginosa
prepilin leader peptidase (Nunn and Lory, 1991), which all cleave the signal
peptide from precursors of secreted proteins.

In this paper we have

characterized and putatively identified a proFBP processing enzyme which
appears to cleave [35 S]-proFBP once to generate two proteins of molecular
weight approximating mature FBP and a 5000 Da putative signal sequence.
This processing activity appears to be distinct from any intracellular or
secreted P. aeruginosa proteases yet identified, since strains deficient in the
expression of these known proteases (alkaline protease, elastase, LasA, or
PilD) process [35 S]-proFBP to the same extent as the parental strains.
Interestingly,

cellular

(elastase/alkaline

extracts

protease

from

deficient

strains
mutant;

PA1O3-11
RID

or

deficient

21318
mutant,

respectively) demonstrated increased proFBP processing activity compared
to the parental strains.

However, this phenomenon was not observed in an

elastase deficient or LasA deficient mutant suggesting that the proFBP
processing activity may be more stable or more efficiently expressed in an
elastase/alkaline protease deficient or PilD deficient, but not elastase or LasA
deficient background.
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ProFBP processing activity was detectable both in the membrane
fraction and the peri plasm ic/cytoplasmic fraction of all P. aeruginosa strains
examined.

These

data suggest that the

proFBP

processing

activity

fractionates with both the insoluble and soluble contents of the cell.

It is

unlikely that the proFBP processing activity resides in both the membrane
and soluble contents of the cell in vivo. The E. coil signal peptidase Ilargely
resides in the cytoplasmic membrane with much less signal peptidase Ifound
in the outer membrane (Wolfe et al., 1983a). Both the E.coii signal peptidase
II (Munoa et

al.,

1991) and the P. aeruginosa prepilin peptidase (Nunn and

Lory, 1991) are cytoplasmic membrane proteases.

Since signal peptidases

described thus far are largely cytoplasmic. membrane proteins, one might
expect the proFBP processing enzyme would be localized in the cytoplasmic
membrane in vivo. Five mM EDTA and 500 mM NaCl were employed to
fractionate the membranes from the periplasm/cytoplasm.

The former

interrupts electrostatic interactions while the latter enhances hydrophobic
interactions, and together enable the solubilization of peripheral membrane
proteins (Chang and Brock, 1977; Bowman et al., 1981).

Since the cellular

fractionation procedure. did not involve vigorous shaking, all peripheral
membrane proteins may not have been solubilized (in particular, the proFBP
processing

enzyme)

and the

proFBP

processing

activity would

have

partitioned both with the membrane and the periplasm/cytoplasm of the cell.
It is also possible that the periplasmic/cytoplasmic proFBP processing activity
sedimented onto the membrane fraction during high speed centrifugation
since processing activity was equally demonstrated in the periplasmic/
cytoplasmic pool of all strains examined. It will be interesting to determine the
precise cellular location of the proFBP processing activity.

131

Yields of the proFBP processing activity were unaltered when iron was
added to the culture medium, suggesting that the expression of this
endopeptidase was not iron-regulated.

However, FBP surface expression is

iron-regulated (Sokol and Woods, 1983). This suggests that the expression
of the proFBP processing activity may not be regulated by environmental
triggers such as iron even though the proFBP precursor it cleaves is ironregulated. It is possible that the proFBP processing activity may cleave other
yet unidentified P. aeruginosa precursors whose expression may or may not
be iron-regulated. Therefore, it would be essential that proFBP processing
activity not be affected by the extracellular iron concentration.
The actMty of the proFBP processing activity was inactivated by Zri
or Fe31 and higher concentrations of Ca2 .The proFBP processing activity
was activated by lower concentrations of Ca?of Co

but unaltered in the presence

or Mn2 . These data suggest that specific metals activated or

inactivated proFBP processing activity.

Since the iron concentration did not

alter yields of the proFBP processing activity, yet Fe3

partially inhibited

proFBP processing, excess iron may bind to an allosteric site on the proFBP
processing enzyme inhibiting its activity and limiting its cleavage of proFBP
precursor under iron-rich conditions. Zr

or Fe3

partially inactivated

proFBP

proFBP

processing

processing

while

Ca2

activated

activity,

suggesting that this enzyme may have more than one allosteric site for
binding of inhibitory or stimulatory modulators.
Yields of the proFBP processing activity decreased with increasing cell
growth.

Under iron-deplete conditions, speedy synthesis, processing and

secretion of FBP to the surface would be essential for acquisition of any
available iron for the cell.

Thus, one would expect proFBP processing to
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occur very early in the growth cycle when the iron concentration would be
most limiting.

However, why proFBP processing activity decreases with

increasing cell growth is unknown. Perhaps other intracellular factors inhibit
proFBP processing with increasing cell growth.
The proFBP processing activity was most sensitive to the serine
protease inhibitor, PMSF, suggesting that a serine residue may be an
essential residue at the active site of this enzyme.

PMSF also reacts with

cysteine residues and inactivates cysteine proteinases (Dunn, 1990).

This

effect can readily be reversed by sulfhydryl reagents such as dithiolthreitol
(Dunn, 1990). The inhibition of proFBP processing activity by PMSF was not
reversed by the addition of dithiolthreitol, nor by prior activation of the proFBP
processing activity by Ca2 (some cysteine proteases such as calpains
require Ca 2

for activation;

Dunn,

1990)

confirming that the proFBP

endoproteinase is aserine protease. The three prokaryotic signal peptidases
described in the literature have different substrate specifities, pH optimums,
inhibitor, noninhibitor, or activator profiles (Nunn and Lory, 1991; Ray et al.,
1986).

Thus, no ubiquitous characteristics can be ascribed to prokaryotic

signal peptidases.

For example, E. co/i signal peptidase Iappears to be a

metalloprotëase (Ray etal., 1986), E. co/i signal peptidase II appears to be a
serine protease (Ray et al., 1986), while P. aeruginosa prepilin leader
peptidase appears to be a cysteine protease (Nunn and Lory,

1991).

However, these inhibitor profiles were inconclusive since signal peptidase I
was inhibited by ethylmaleimide, a cysteine protease inhibitor, and signal
peptidase II was also inhibited by ethylmaleimide or pepstatin A, an aspartic
protease inhibitor (Ray etal., 1986).
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Using [3 H]-DFP as an active site labelling agent, the serine protease
peptides in the periplasmic/cytoplasmic pool were analyzed.

The serine

protease chymotrypsin was employed as a positive control to determine the
least amount of enzyme detectable with [3 H]-DFP.

As little as 5 ng of

chymotrypsin bound [3 H}-DFP and was detectable on tricine SIDS-PAGE after
autoradiography. Thus, 5 ng or greater of serine protease peptides can be
detected using {3 H]-DFP as the active site labelling agent.
At least eight serine protease peptides were detectable in the
periplasmic/cytoplasmic fraction of PA -103. The serine proteases detectable
via [3 H]-DFP binding varied from strain to strain, suggesting that all of the
serine proteases detected in strain PA1O3 are not ubiquitously expressed or
conserved in all P. acruginosa strains examined.

Interestingly, additional

serine protease peptides were detectable via [3 H}-DFP binding in the
periplasmic/cytoplasmic fraction of LasA-, PilD- or alkaline protease/elastase
negative mutants that were undetectable in the periplasmic/cytoplasmic
fraction of the respective parental strains.

It is conceivable that these serine

protease peptides may be yet uncharacterized in vivo substrates of LasA,
PhD, or alkaline protease which are protected from proteolysis and are free to
bind {3 H]-DFP in aprotease negative background.
While different serine protease peptides bound PH]-DFP and were
detectable on tricine SIDS- PAGE after autoradiography, the expression of two
serine protease peptides of apparent molecular weights of 6 kDa and 24 kDa
closely corresponded with the expression of the proFBP processing activity.
This correlation was observed in the three strains PA1O3, DG 1, and PAl 03-11
which were examined for proFBP processing activity over the growth cycle.
Because this was the only direct correlation of serine protease detection and

:1.34

proFBP processing activity observed in three strains examined, it was
hypothesized that the 6 kDa and 24 kDa proteins may comprise part or all of
the proFBP processing enzyme.

The 6 kDa and 24 kDa peptides may be

degradation products of a larger protease.

Alternatively, the 6 kDa peptide

may be a degradation product of the 24 kDa protein, which may be the
proFBP processing enzyme. It is unlikely that the 6 kDa peptide represents a
complete protease, but probably contains the functional, active site of alarger
protease since it bound [3H]-DFP.
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CHAPTER 5

PARTIAL PURIFICATION OF THE PSEUDOMONAS AERUGINOSA

FERRIPYOCHELIN-BINDING PROTEIN PROCESSING ACTIVITY
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5.1

INTRODUCTION
Protein

secretion

in

gram-negative

bacteria ' initially

involves the

translocation of secretory proteins from their site of synthesis in the
cytoplasm through the cytoplasmic membrane to their site of function, which
may be the periplasm, outer membrane or extracellular environment. Most of
these secreted proteins are synthesized as precursors with an amino terminal
extension, the leader sequence of 15 to 30 amino acid residues (von Heijne,
1983).

These

leader

peptides

are, removed

immediately

follo'Mng

translocation by processing enzymes termed leader peptidases (Zwizinski
and Wickner, 1980; Dev and Ray, 1984; Nunn and Lory, 1991).

This event

marks afew of the covalent changes that accompany protein secretion.
Pseudomonas aeruginosa, a gram-negative opportunistic pathogen,
secretes into the extracellular environment amyriad of proteinacious virulence
factors which contribute to the pathogenesis of this organism (Bodey et al.,
1983). Other cell-associated factors also contribute to the pathogenesis of P.
aeruginosa, including ferripyochelin binding protein (FBP), the iron-regulated
outer membrane receptor for the iron-siderophore complex, ferripyochelin
(Sokol and Woods, 1983).

Most of these extracellular or cell-associated

factors are synthesized as precursors with signal sequences, that are
removed

immediately

following

translocation

across

the

cytoplasmic

membrane. Many of these factors were cloned, expressed and processed in
Escherichia co/i, presumably by leader peptidase I, which cleaves the
precursors of many membrane and secreted proteins to their mature
products (Ray et al., 1986).

However, when the fbp gene was cloned and

expressed in E. coil, the precursor of FBP (proFBP) was only detected
suggesting that proFBP was not processed by leader peptidase Iof E. coil.
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Therefore, it appeared that proFBP might be converted to mature form by a
processing enzyme with substrate specifities that differ from leader peptidase

Iof E. co/i.
Recently,

we

demonstrated

that

crude

membrane

extracts

or

periplasmic/cytoplasmic extracts from P. aeruginosa contained proFBP
processing activity (see Chapter 4).

The periplasmic/cytoplasmic proFBP

processing activity was further characterized.

The proFBP endopeptidase

was a serine protease, activated by Ca2 ,with greater activity observed
between pH 7.5 and 8.5.

Diisopropylfluorophosphate, [ 1,3-3H], [ 3H]-DFP,

was used to specifically label the active site of periplasmic/cytoplasmic serine
protease peptides. By aprocess of elimination, it was hypothesized that a6
kDa and a24 kDa protein may comprise the proFBP endopeptidase, of which
the 6kDa peptide may yet contain the functional part. In this paper, we report
the partial purification of the putative proFBP endopeptidase from the soluble
contents of the peri plasm /cytoplasm using ammonium sulfate precipitation
followed by ion-exchange chromatography.

The processing activity was

partially purified from P. aeruginosa strain PAl 03-11, which is deficient in the
expression of the extracellular proteases, alkaline protease and elastase.

5.2

MATERIALS AND METHODS

5.2.1

Materials
The diisopropylfluorophosphate, { 1 , 3-3H} (3H-DFP) (10 Ci/mmol) was

purchased from New England Nuclear Corp., Boston, Mass.

The [ 35 S]-

methionine (15 mCi/mI) was purchased from Amersham, Arlington, II.

The
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diethylaminoethyl (DEAE)

Sephacel

was

purchased

from

-

Pharmacia,

Uppsala, Sweden. CHAPS and triethanolamine were purchased from Sigma
Chemical Co., St. Louis, Mo.
5.2.2

Bacterial Strains and Culture conditions
P. aeruginosa strains PA1O3 (elastase negative; Ohman et e/., 1980a)

or PA1O3-11 (elastase/alkaline protease negative; Guzzo et al., 1990) were
employed to purify the proFBP processing activity. These strains were grown
in M9 medium plus 0.5% glucose. E. coil strain SA2742(pJD8) was grown in
Luria broth. Minicells were isolated and labelled in M9 Salts medium (Reeve,
1984).

All glassware was acid washed and rinsed with water purified using

the Milli-Q-System (Millipore Corp.).
5.2.3

Preparation of ProFBP for in vitro Assay
ProFBP was isolated from minicells of E. coil strain SA2742 (pJD8)

labelled with [ 35 S]-methionine as described in Section 4.2.3.
5.2.4

Conditions for Assaying Processing of ProFBP in vitro
Samples

were

assayed

for

proFBP

endopeptidase

activity' as

previously described (see Section 4.2.6) except that 80 J samples of column
fractions were assayed.
5.2.5

Preparation of Periplasmic/cytoplasmic Source of ProFBP
Endopeptidase
Cells were harvested from 9 Lof P. aeruginosa strain PA1O3 or 18 Lof

strain PAl 03-11 and fractionated into membrane and peri plasm/cyto plasm as
previously described (see Section 4.2.4).
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5.2.6

Partial Purification of the Per! plasmic/cytoplasmic ProFBP
Processing Activity using Ammonium Sulfate Precipitation
P. aeruginosa strain PA103 was grown to mid-log phase and then

fractionated into membrane or periplasm/cytoplasm as described above.
The

periplasmic/cytoplasmic

proteins (3.0

mg/ml;

212

ml total)

were

sequentially precipitated with 25%, 40%, 50%, 60%, 80% and 100% solid
ammonium sulfate as previously described (see Section 4.2.5). The proteins
precipitated by 25%, 40%, 50%, 60%, 80%, or 100% saturated ammonium
sulfate were removed by centrifugation, resuspended in a small volume of
water and then dialyzed at 4°C against 10 mM phosphate buffer (pH 6.3).
The unprecipitated proteins remaining in the supernatant after addition of
100% ammonium sulfate were also dialyzed at 4°C against 10 mM phosphate
buffer (pH 6.3).
5.2.7

Fractionation of ProFBP Processing Activity on DEAE-Sephacel
P. aeruginosa strain PA1O3-11 was grown to mid-log phase in 18 L of

M9 medium. Cells were harvested and fractionated into membrane and
periplasm/cytoplasm as described above.

The periplasmic/cytoplasmic

proteins (2.5 mg/ml; 183 ml total) were sequentially precipitated with solid
ammonium sulfate as described above.

The proteins remaining in the

supernatant after precipitation with 80% ammonium sulfate were dialyzed at
4°C against 4 L of 10 mM phosphate buffer (pH 6:3). These proteins were
concentrated by lyophilyzation, resuspended in 50 ml of water, and then
redialyzed at 4°C against 4 L of 10 mM phosphate buffer yielding the "80%
supernatant".
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The "80% supernatant" was applied to a column (1.6 x 35 cm) of
DEAE-Sephacel that was

previously equilibrated

phosphate buffer (pH 6.3).

at 4°C with

10

mM

The matrix was washed with 200 ml of the

equilibration buffer (24 ml/ h), then eluted with a 250-ml linear gradient of 01.0'M NaCl in 10 mM phosphate buffer, pH 6.3.

Fractions (80 ylof 4.0 ml)

were assayed for proFBP processing activity.
5.2.8

Active Site Labelling of ProFBP Processing Endopeptidase
Previously, we determined that the proFBP endopeptidase was a

serine protease (see Chapter 4). [
3H]-IJFP was used to specifically label the
active site of serine proteases in pools of column eluants that demonstrated
the greatest proFBP processing activity as described in Section 4.2.7.
5.2.9

Electrophoresis
Tricine SDS-PAGE was carried out in 14% acrylamide according to the

method of Schagger and van Jagow, 1987. The gels were stained for protein
using the Bioflad silver stain protocol.
5.2.10 Protein Determination
The concentration of protein in periplasmic/cytoplasmic extracts or
ammonium sulfate precipitates was determined as described in Section 4.2.9.

5.3 ' RESULTS
5.3.1

Partial Purification of the ProFBP Processing Activity using
Ammonium Sulfate Fractionation
P.

aeruginosa strains PA1O3 or PA1O3-11

expression

of the

extracellular proteases

elastase

are

deficient

in

the

or elastase/alkaline

U
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Figure 14A. Partial purification of the proFBP processing activity using
ammonium sulfate precipitation.
proteins

isolated

from

P.

Periplasmic/cytoplasmic

aeruginosa strain PA1O3 were

precipitated sequentially with 25%, 40%, 50%, 60%, 80% and
100%

ammonium

phosphate,

sulfate,

then

pH 6.3 at 4°C.

precipitated with

25%,

40%,

dialyzed

against

10

mM

Fifty micrograms of protein
50%,

60%,

80%

ammonium sulfate (lanes 2-7, respectively), 0.3

Ag

and

100%

of proteins

not precipitated with 100% ammonium sulfate (lane 8) or 50

Ag

of periplasmic/cytoplasmic proteins (lane 1) were analyzed for
proFBP processing activity.

The prestained molecular weight

standards are shown in lane 9.
Figure 14B. Silver

staining

of

periplasmic/cytoplasmic

sequentially precipitated with

proteins

ammonium sulfate.

Fifty

Micrograms of proteins precipitated after each addition of 25%,
40%, 50%, 60%, 80%, 100% ammonium sulfate (lanes 1-6,
respectively) or 0.3

A g of

the unprecipitated proteins remaining

in the supernatant after the addition of 100% ammonium sulfate
(lane 7) were boiled in sample buffer, separated on tricine SDSPAGE, and stained with silver. The prestained molecular weight
standards are indicated on the far right in lane 8.
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protease, respectively, and thus were used to partially purify the proFBP
endopeptidase from the periplasmic/cytoplasmic extracts of cells.
Fifty micrograms of soluble' proteins precipitated with 25%, 40%, 50%,
60%, 80% and/or 100% ammonium sulfate or 0.3 p of protein remaining in
the supernatant after the addition of 80% or 100% ammonium sulfate (strains
PAl 03-11 and PA1O3, respectively) were assayed for proFBP processing
activity as described in the " Materials and Methods".

ProFBP processing

activity was precipitated with 60-100% ammonium sulfate (Figure 14A, PA1O3;
Figure 9, PA103-11 Chapter 4).

However, protease activity that digested

proFBP into three or more peptides was precipitated with 60-80% ammonium
sulfate.

Only proFBP processing activity, which cleaved proFBP once to

generate mature FBP (apparent molecular weight of 13,000 Da) and a
putative signal

peptide (apparent molecular weight of 5000

Da),

was

detectable in the 80% supernatant (PAIO3-11) or with proteins precipitated
with 100% ammonium sulfate (PAIO3). Therefore, these data suggested that
the

• proFBP

endopeptidase

could

be

concentrated

from

the

crude

periplasmic/cytoplasmic extract in the supernatant after precipitation with
80% solid ammonium sulfate. This phenomenon was observed with P.

aeruginosa strains PAIO3 (Figure 14A) and strain PA1O3-1 1 (Chapter 4) and
thus Was not strain-specific.
The percentage of total proteins precipitated with 25%, 40%, 50%,
60%, 80%,or 100% solid ammonium sulfate is presented graphically in Figure
15. Only 0.4% or 2% of the total periplasmic/cytoplasmic proteins extracted
from PA1O3-11 (data not shown) or PA1O3 (Figure 15), respectively, remained
in the supernatant after precipitation with 80% ammonium sulfate.
micrograms

of

protein

precipitated

with

the

different

Fifty

percentages

of
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ammonium sulfate or 10 pg of proteins or less from the 100% precipitate or
100% supernatant were separated on 14% tricine SDS-PAGE under reducing
conditions (Figure 14B) and visualized with silver staining:

Despite the fact

that only 1% of the total proteins remained in the . 100% precipitate, which
concentrated

the

proFBP

endopeptidase,

several

proteins, were

yet

detectable with silver staining. Thus, it was necessary to further fractionate
the proFBP endopeptidase from these other proteins using anion-exchange
chromatography.
5.3.2

Partial Purification of the ProFBP Endopeptidase on Anionexchange Chromatopraphy
Figure 16 shows the elution profile resulting from chromatography of

the "80% supernatant" isolated from strain PAl 03-11 on DEAE-Sephacel (see
"Materials and Methods"). One major protein peak was observed which was
eluted with 0.9-1.0 M NaCl.

To determine whether or not the proFBP

processing activity eluted with this protein peak or elsewhere,

eighty

microlitres of every third fraction was analyzed for proFBP processing activity.
Most proFBP processing activity bound to the matrix and was elutêd with 450500 mM NaCl. Not all proFBP processing activity bound to the matrix since
proteins in fractions eluted with equilibration buffer processed proFBP.
Nevertheless, these data demonstrated that the proFBP processing activity
did not elute with the major protein peak of the NaCl gradient. Therefore, this
fractionation protocol successfully subtracted several contaminating proteins
in the 80% supernatant from the proFBP endopeptidase.
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Figure 15.

Bar

graph

representing

the

percentages

of

total

periplasmic/cytoplasmic proteins sequentially precipitated
with ammonium sulfate. P. aeruginosa strain PA1O3, grown in
6 L of M9 medium, was harvested by centrifugation and then
fractionated into whole membranes and periplasm/cytoplasm
as

described

in

the " Materials

and

Methods".

The

periplasm/cytoplasm was sequentially precipitated with. 25100%

solid

ammonium

sulfate.

The

quantity

of protein

precipitated after each addition of 25%, 40%, 50%, 60%, 80%,
100%

ammonium, sulfate

remaining

in the

or

supernatant

the

unprecipitated

after the

addition

proteins
of

100%

ammonium sulfate were scored as a percentage of the sum of
total proteins precipitated with 25-100% salt.
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Figure 16.

Elution

profile

of "80%

supernatant"

isolated

from

E.

aéruginosa strain PA1O3-11 from DEAE-Sephacel using a
NaCl gradient. Chromatography was carried out as described
in the " Materials and Methods".

All fractions were assayed for

protein (--4)(absorbance 280 nm) and proFBP processing
activity (ml).

The relative level of proFBP processing activity

was measured using scanning laser densitometry.

ProFBP

processing was

ratio •of

scored

as

a percentage of the

intensities resolving with mature FBP and the signal,, peptide
over the intensities resolving with proFBP, FBP and the signal
peptide. The NaCl concentration is as indicated.
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To determine which proteins were fractionated on the DEAE-Sephacel
matrix and which proteins remained in the fractions containing the greatest
yields of proFBP endopeptidase, eighty microlitres of protein from every third
fraction was separated on 14% tricine SDS-PAGE under reducing conditions
and were visualized with silver staining.

Several proteins were detectable in

the fractions demonstrating the greatest proFBP processing activity (data not
shown).

These data suggest that the proFBP processing activity and other

proteins were eluted with 450-500 mM NaCl. Therefore, it would be essential
to employ other chromatography methods to purify the proFBP processing
activity to homogeneity.
This protocol was previously performed with a 80% supernatant
extracted from periplasmic/cytoplasmic proteins of 5 L of PA1O3-11 culture.
Only 5-7 proteins were detectable on 14% tricine SDS-PAGE with silver
staining in the fractions demonstrating the greatest proFBP processing
(Figure

17)

activity.

One

of

these

proteins

may

be

the

proFBP

endopeptidase.
5.3.3

Identification of the ProFBP Endopeptidase using the Serine
Protease Active Site Labelling Agent [3 HJ-DFP.
Previously, we demonstrated that the proFBP processing activity was a

serine protease, activated by Ca2 ,with greater activity observed between
7.5 and 8.5.

Experiments determined that the proFBP endopeptidase eluted

with 450-500 mM on DEAE-Sephacel shared the same characteristics as the
proFBP processing activity from the "80% supernatant" and thus was aserine
protease (data not shown).
periplasmic/cytoplasmic

To determine whether or not fractionation of

proteins

isolated

from

strain

PA1O3

using

ammonium sulfate precipitation followed by ion-exchange chromatography
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Figure 17.

Silver staining

of "80%

supernatant"

proteins

isolated

from P. aeruginosa strain PA1O3-11 eluted from DEAESephacel using a NaCl gradient.

Eighty microlitres of the

indicated fractions (A) lanes 1-12 correspond to fractions 1, 5,
10, 15, 20, 25, 30, 35, 40, 41, 45, and 50 respectively; (B) lanes
14-26 correspond to fractions 55, 60, 65, 70, 75, 80, 85, 90, 95,
100, 105, 110, and 115 respectively; were boiled in sample
buffer, separated on tricine SIDS-PAGE, and stained with silver.
The prestained protein molecular weight standards (kDa) are
indicated on the far right in lanes 13 and 27.
demonstrated the greatest proFBP
indicated with an arrow.

Fractions that

processing activity are
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isolated a single serine protease,

[
3

H]-DFP was employed to label the active

site of serine proteases in selected pools of protein demonstrating proFBP
processing activity. Using chymotrypsin as a positive control, 5 ng or greater
enzyme was detectable using [3 H}-DFP as a serine protease active, site
labelling agent (data not shown).

A concentrated pool of the proFBP

endopeptidase isolated from cultures of strain PAl 03-11

grown in the

absence of 0.125 MIC tetracycline and eluted with 450-500 mM NaCl on
DEAE-Sephacel was mixed with 2.5 ,
ulof [3 H]-DFP and incubated for 45 mm
at 37°C. The sample was boiled in sample buffer for 5mm, separated on 14%
tricine SDS-PAGE and subjected to autoradiography as described in the
"Materials and Methods".

Five proteins from the " DEAE-Sephacel pool"

isolated from control cultures bound [3 H}-DFP (Figure 18, lane 4).
In Chapter 5, Section 5.3.1 (Figure 19), greater proFBP processing
activity was detected in cultures of PAIO3-11 grown to N OO =0.4 with 0.125
MIC tetracycline than was detected in control cultures.

The proFBP

processing activity isolated from strain PAIO3-11 grown with 0.125 MIC of
tetracycline was fractionated using ammonium sulfate precipitation followed
by ion-exchange chromatography.

ProFBP processing activity •also eluted

with 450-500 mM NaCl as was observed with control cultures.

This

processing activity was also acalcium activated serine protease, with greater
activity obser
ved between 7.5 and 8.5, suggesting that this serine protease
was the same protease characterized and isolated from cultures grown in the
absence of tetracycline.
incubated

with

separation

of

'autoradiography.

When the 450-500 mM NaCl eluted proteins were

PH]-DFP,
these

no

proteins

serine
on

proteases
tricine

were

detectable

SIDS-PAGE

followed

after
by

Thirty millilitres of proteins eluted with 450-500 mM NaCl
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Figure 18.

Active

site

labelling

and

Coomassie

blue

staining

of

"DEAE-pools" demonstrating the greatest processing of
proFBP.

A concentrated " DEAE-pool" of proFBP processing

activity fractionated from cultures of PAl 03-11 grown in the
presence (lane 2) or absence (lane 4) of tetracycline were
incubated with {3 H]-DFP for 45 min at 37°C. The "DEAE-pool"
fractionated

from

tetracycline

grown

cultures

were

also

preincubated with 1mM PMSF for 30 min at 37°C before [3HJDFP was added (lane 3). These mixtures were then separated
on tricine

SDS-PAGE,

auto rad log raphy.

fixed,

amplified,

The " DEAE-pool"

then

subjected to

fractionated

from

tetracycline grown cultures preincubated without or with 1mM
PMSF before [3H]-DFP addition was stained with Coomassie
blue prior to autoradiography (lanes 5and 6, respectively). The
prestained

protein

molecular weight

standards (kDa)

are

indicated in lane 1. The arrows designate the putative prbFBP
processing proteases.

154

123

4

6

5

712

r
o l

15 O1.jr(g

.

+

1

4

155

were concentrated into 1 ml (" DEAE-pool") after lyophilization and dialysis.
Eighty microlitres of this " DEAE-pool" were incubated with 1 mM PMSF
followed by 1 lof [ 3H]-DFP at 37°C.

The proteins which bound [ 3H]-DFP

were analyzed using tricine SDS-PAGE followed by autoradiography as
described above.

Two proteins of molecular weight approximating 24 kDa

and 6 kDa bound [3H]-DFP, suggesting that at least 5 ng of these proteins
were present in the " DEAE pool" (Figure 18, lane 2). Preincubation with 1mM
PMSF inhibited binding of [3H]-DFP to these proteins (Figure 18, lane 3).
Since 1 mM PMSF inhibited proFBP processing activity and also inhibited
[
3H]-DFP binding to both the 24 kDa and 6 kDa proteins, it was suggested
that the proFBP processing activity was either or both of the " DEAE pool"
proteins binding [3H]-DFP.

The 6 kDa protein was undetectable in the

"DEAE-pool" isolated from control cultures but a 24 kDa protein was
detectable in the " DEAE-pool" isolated from cultures grown in the presence or
absence of tetracycline.

Since the 24 kDa serine protease in " DEAE pools"

was extracted from both tetracycline or control cultures, it was suggested by
a process

of

endopeptidase.

elimination

that the

24

kDa

protein

was

the

proFBP

Coomassie staining of these proteins revealed that 6 kDa

and 24 kDa proteins were not the only proteins in the " DEAE pool" suggesting
that the binding of [3H]-DFP to these proteins was a specific interaction
(Figure

18,

lanes

5 and

6).

These

data suggest that the

proFBP

endopeptidase was not purified to homogeneity, but that the purification
protocol employing proteins fractionated from cultures grown in the presence
of tetracycline isolated two proteins which bind [3H]-DFP. The 24 kDa protein
may

be the

conditions.

proFBP

endopeptidase

expressed

under

normal

growth
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5.4

DISCUSSION
Two proteins of molecular weight approximating 24 kDa and 6 kDa

which bound

3 H]-DFP

were detectable in a concentrated pool of proteins

eluted from DEAE-Sephacel using 450-500 mM NaCl (" DEAE-pool") that
demonstrated the greatest processing of proFBP.

Previously, we showed

that the proFBP endopeptidase was a calcium-activated serine protease,
sensitive to the serine protease inhibitor, PMSF (see Chapter 4).

We

confirmed that the proFBP processing activity eluted with 450-500 mM NaCl
was

also

a calcium-activated

serine

protease

sensitive

to

PMSF.

Preincubation of the " DEAE-pool" proteins with PMSF abolished binding of
{
3 H]-DFP to the 24 kDa or 6 kDa proteins.

Since PMSF inhibited proFBP

processing activity of the " DEAE-pool" and since PMSF inhibited [3 H]-DFP
binding to the 24 kDa or 6 kDa proteins, it was hypothesized that the proFBP
activity inhibited by PMSF and the 24 kDa and the 6 kDa proteins binding
PH]-DFP in the absence of PMSF were directly related.

The 6 kDa protein

was not detectable in the control " DEAE-pool" via [3 H]-DFP binding and was
only detectable in the " pEAE-pool" isolated from cultures grown with
tetracycline, suggesting that only in the presence of tetracycline was it
detectable. However, the 24 kDa protein was detectable via [3 H]-DFP binding
in " DEAE-pools" isolated from cultures grown in the presence or absence of
tetracycline which demonstrated proFBP processing activity, suggesting that
the 24 kDa protein may be the proFBP endopeptidase or may be a
degradation

product

of

a larger

precursor.

Therefore,

the

proFBP

endopeptidase, which may comprise a serine protease peptide of molecular
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weight

approximating

24

kDa,

was

partially

purified

from

a

periplasrhic/cytoplasmic p001 of at least 7-8 serine protease peptides using
ammonium sulfate precipitation followed by ion-exchange chromatography.
P. aeruginosa strain PA1O3-11 primarily was employed to partially

purify the proFBP endopeptidase from periplasmic/cytoplasmic extracts of
cultures.

This strain is deficient in the expression of the extracellular

proteases elastase and alkaline protease.

Both of these proteases, in pure

form, cleave proFBP suggesting that both of these enzymes or their
intracellular intermediates upon activation (Fecycz and Campbell, 1985) may
process proFBP and interfere with purification strategies.
Previously, we demonstrated that proFBP processing was detectable
in periplasmic/cytoplasmic extracts from strains deficient in the expression of
elastase,

elastase/alkaline

protease,

LasA,

elastase/LasA or

PhD (see

Section 4.3.1; Figure 8). These data suggested that none of these enzymes
normally process proFBP.

The proFBP endopeptidase was purified from a

strain deficient in the expression of elastase and alkaline protease, but it is
assumed that the LasA, or PilD are normally expressed in this strain and may
interfere with the purification of the proFBP processing activity. Unfortunately,
no strain exists, to my knowledge, which is deficient in the expression of
elastase, alkaline protease, LasA and PilD.

LasA may be a metalloprotease

since it shares significant homology with a neutral metalloprotease from
Myxobacter spp., (
Schad and lglewski, 1988), PilD appears to be a cysteine
protease (Nunn and Lory, 1991), and the putative proFBP processing activity
may be a serine protease, suggesting that the proFBP endopeptidase is not
PilD or LasA.
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Processing enzymes or signal peptidases have been purified from E.
coil (signal peptidases Iand II; Zwizinski and Wickner, 1980; Dev and Ray,
1984, respectively) and P. aeruginosa (
prepilin leader peptidase; Nunn and
Lory, 1991). Each of these leader peptidases was membrane associated and
was purified using detergent extraction to solubilize the membrane proteins,
followed
and/or

by ion-exchange chromatography,
affinity

chromatography

and/or

and/or isoelectric focusing

nondenaturing

electrophoresis.

However, each signal peptidase was purified using different strategies
demonstrating that no predescribed protocol is employed in the purification of
processing enzymes. The proFBP processing activity was equally detectable
in both the membrane, and periplasmic/cytoplasmic extracts from cells. The
proFBP

processing

activity

was

partially

purified

from

periplasmic/

cytoplasmic extracts because this strategy eliminated the necessity of
solubilizing the propessing activity with detergents, which in small quantities,
inhibit proFBP processing activity (see Section 4.3.5).
Wolfe et al., 1982 calculated that there were only 500 molecules of
signal peptidase Iper cell in wild type E. coil K-12. Only by overproduction of
this enzyme were they able to prepare milligram quantities of signal peptidase
I. Isolation of signal peptidases from strains which overproduce them was not
restricted to E. coil K-12 signal peptidase Isince the prepilin leader peptidase
of P. aeruginosa (
Nunn and tory, 1991), and the prohormone processing
enzyme of Saccharomyces cerevisia (
Fuller et al., 1989b) were each purified
in a similar fashion.

The overproduction of each processing enzyme was

accomplished by altering the expression of each cloned gene by increasing
its transcription and/or translation.

Therefore, it appears that processing

enzymes are present in very small quantities intracellularly. The " DEAE-pool"

159

isolated from cultures grown in the presence of tetracycline contained two
proteins of molecular weights approximating 24 kDa and 6 kDa which bound
PH]-DFP.

These protein bands yielded weak signals, approximating the

signal observed on an autoradiogram when [3 H]-DFP was bound to 5 ng of
chymotrypsin.

Thus, the most concentrated pool of proFBP processing

activity may.
contain 5-10 ng of enzyme isolated from 6 L of culture.

Thus,

even though we were able to partially purify the proFBP processing from
cultures grown in the presence of tetracycline, where this processing activity
was increased, it will be necessary to isolate or engineer a strain which
overproduces this activity to be able to isolate milligram quantities of these
enzymes.
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CHAPTER 6

EFFECTS OF SUBINHIBITORY CONCENTRATIONS OF ANTIBIOTICS ON

THE EXPRESSION OF PSEUDOMONAS AERUGINOSA

FERRIPYOCH ELI N- BINDING PROTEIN PROCESSING ACTIVITY
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6.1

INTRODUCTION
The ferripyochelin binding protein (FBP) is a surface exposed outer

membrane receptor for the iron-siderophore complex, ferripyochelin (Sokol
and Woods, 1983), in Pseudomonas aeruginosa.

Mutants, which could not

express FBP on their cell surface (Sokol, 1987b) had decreased ability to
establish corneal and burn infections (Sokol, 1987a), suggesting that FBP
surface expression contributes to pathogenesis. Studies described in these
reviews (Schifferli and Beachey, 1988a, 1988b; Chopra and Linton, 1986)
revealed that exposure of both gram-positive or gram-negative bacteria to
subinhibitory concentrations (sub-MICs) of antibiotics have marked effects on
structural characteristics of bacteria and yield an alarming array of responses.
If antibiotics could be identified which regulate FBP surface expression, then
these might be used to regulate the virulence of P. aerug!nosa strains that
infect compromised individuals, particularly cystic fibrosis (CF) patients. For
optimal

therapy,

it would

be

important to

understand

the

molecular

mechanisms by which sub-MICs of antibiotics alter FBP surface expression.
In

previous

studies,

we

demonstrated

that

sub-MICs

of

the

translational inhibitors, tetracycline, and chloramphenicol, and to a lesser
extent, tobramycin, repressed FBP surface expression detectable using a
whole cell immunoblot assay (LeVatte and Sokol, 1989).

Ferripyochelin

binding and uptake were also repressed when tetracycline, tobramycin or
chloramphenicol were added to the culture medium.

Outer membrane

protein profiles and lipopolysaccharide migration patterns were not altered.
Cell surface iodination revealed that less FBP was surface exposed when
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tetracycline was added to the culture medium.

These data suggested that

exposure of P. aeruginosa to sub-MICs of tetracycline, chloramphenicol and
to alesser extent, tobramycin, repressed FBP surface expression in vitro.
An additional protein of molecular weight approximating 19 kDa was
detectable with monoclonal antibody to FBP (Sokol and Woods, 1986b) in
outer membranes from cultures grown in the presence of sub-MICs of
tetracycline or chloramphenicol, but was not detectable in outer membranes
from control cultures. The 19,000 protein may be the precursor (proFBP) of
FBP (14 kDa), and sub-MICs of tetracycline or chloramphenicol may repress
FBP surface expression by interfering with processing of proFBP.
Before this hypothesis could be investigated, it was important to
characterize and identify the proFBP processing activity under normal growth
conditions.

Both the membrane extracts and periplasmic/cytoplasmic

extracts from several P. aeruginosa strains processed proFBP to mature form
(see Section 4.3.1). The peri plasm ic/cytopl asmic proFBP processing activity
was further characterized as acalcium-activated serine protease, with greater
activity observed between 7.5 and 8.5. In this paper, we examined the effects
of sub-MICs of antibiotics upon, expression and activity of the proFBP
processing endopeptidase.

Three P. aeruginosa strains were examined:

strain DG1 (Cash et al., 1979), which expresses both elastase and alkaline
protease and was the strain initially employed to demonstrate that sub-MICs
of tetracycline or chloramphenicol alter expression of proFBP (LeVatte and
Sokol, 1989); strain PA1O3 (Ohman et al., 1980a) which is deficient in the
expression of elastase; and strain PA1O3-11 (Guzzo et al., 1990) which is
deficient in the expression of elastase and alkaline protease.

Both elastase

and alkaline protease are extracellular metal loproteases expressed by P.
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aeruginosa (
Morahara, 1964).

These strains were employed to determine

whether expression and/or activity of the proFBP processing activity varied
when strains deficient in the expression of elastase or elastase/alkaline
protease were grown in the presence of sub-MICsof antibiotics.

6.2

MATERIALS AND METHODS

6.2.1

Materials

• The diisopropylfluorophosphate, [ 1,3-3 H] ([3 H]-DFP) ( 10 Ci/mmol)
was purchased from New England Nuclear Corp., Boston, Mass. The [35 S]methionine (15 mCi/mI) and
Amersham, Arlington, IL.

59 Fe] C

(1mCi/78g Fe) were purchased from

Tobramycin was obtained from Eli Lilly, Canada;

ciprofloxacin from Miles Pharmaceuticals; tetracycline and chloramphenicol
from Sigma Chemical Co., St. Louis,

MO.

PyoQhelin was purified as

previously described (Cox, 1980b; Sokol, 1986).
62.2

Bacterial Strains and Culture Conditions
P. aeruginosa strains DGI (Cash et al., 1979),

deficient

prototroph;

Ohman

et

al.,

1980a)

and

PA1O3 (
elastase

PA1O3-11 (alkaline

protease/elastase negative mutant; Guzzo et al., 1990) were previously
described.

P. aeruginosa was grown in M9 medium plus 0.5% glucose at

37°C for all culture conditions.
1990) was grown in Luria broth.

E. co/i strain SA2742 (pJD8) (MacDougall,
Minicells were isolated and labelled in M9

Salts medium (Reeve, 1984).. All glassware was acid washed and rinsed with
water purified using Milli-Q-System (Millipore Corp.).
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6.2.3

Determination of MICs of Antibiotics
MlCs were determined using serial two-fold dilutions of antibiotics.

Cultures were grown in test tubes in 2.0 ml of M9 medium at 37°C for 27 h,
with gentle agitation.

The optical density of 1.0 ml of culture grown in the

presence or absence of antibiotics was measured at 600 nm using a Unicam
Spectrophotometer. The densities were then scored as a percentage of the
optical density of control culture grown in the absence of antibiotics.

The

greatest concentration of antibiotic that yielded less than 15% of the control
growth was the MIC (Table 4).

The MIC of antibiotics for strain DG1 was

previously determined (LeVatte and Sokol, 1989).

These results were

determined from three different experiments.
6.2.4

Preparation of ProFBP for in vitro Assay
Radioactive proFBP, expressed from the cloned fbp gene on plasrnid

pJD8 in E. co/i minicell strain SA2742 was prepared in vitro assay as
previously described (see section 4.2.3).
6.2.5

Conditions for Assaying Processing of ProFBP in vitro
Samples containing proFBP endopeptidase activity were assayed for

processing activity as previously described (see Section 4.2.6).
6.2.6

Preparation of Periplasmic/Cytoplasmic and Membrane Extracts
for Immunoblotting, Serine Protease Active Site Labelling, Total
Protease Analysis and ProFBP Processing Activity
Cultures (1 L) were grown to

A600

=0.3 at which time sub-MICs of

tetracycline, ciprofloxacin, tobramycin or chloramphenicol were added to the
culture medium.

These cultures were grown to an A600

=

0.7-0.8 and the
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Table 4.

Minimal inhibitory concentrations (MICs) of antibiotics in
M9 medium

Strain

Tetracycline

Tobramycin

Ciprofloxaci n

Ch loramphenicol

MIC (mg/1)

MIC (mg/1)

MIC (mg/1)

MIC (mg/1)

DG1
PAIOS
PA1O3-11

3.9

1.9

0.03

62.5

60.0

10.0

0.3125

125.0

240.0

10.0

0.156

500.0
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cells were harvested by centrifugation.

These cells were fractionated into

membrane and periplasm/cytoplasm as previously described (see Section
4.2.4).
6.2.7

Partial Purification the Periplasmic/Cytoplasmic ProFBP
Processing Activity Using Ammonium Sulfate Precipitation
The periplasmic/cytoplasmic proteins were precipitated using solid

ammonium sulfate as previously described (see Section 4.2.5) with the
following modifications.

The concentration of the periplasmic/cytoplasmic

extracts isolated from cultures grown in the presence or absence of
antibiotics was adjusted to 700 IL
g/ml in atotal volume of 10 ml. The 10 ml of
periplasmic/cytoplasmic extracts was added to solid ammonium sulfate such
that the final concentration of ammonium sulfate was 80%. This mixture was
stirred in an ice-bath for 20 min and the precipitated proteins were removed
by centrifugation at 15,000 xgfor 15 min at 40C. The unprecipitated proteins
remaining in the supernatant after addition of 80% ammonium sulfate ('80%
supernatant") were then dialyzed at 4°C against 10 mM phosphate buffer (pH
6.3).

The "80% supernatant" was then analyzed for proFBP processing

activity.
6.2.8

Fractionation of ProFBP Processing Activity on DEAE-Sephacel
P. aeruginosa strain PA1O3-11 was grown to A60 0 =0.3-0.4 at which

time 0.125 MIC of tetracycline was added to the culture medium. The cells
were grown in the presence of tetracycline for an additional 10 h. The cells
were harvested and fractionated into membrane and periplasm/cytoplasm as
described previously (see Section 4.2.4).
cytoplasmic pool was adjusted to 7.0 at 4°C.

The pH of the periplasrnic/
Solid ammonium sulfate was
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slowly added to the periplasmic/cytoplasmic extract (80 ml) to 80% saturation
while the mixture was stirred on an ice bath. After all the ammonium sulfate
was dissolved, the mixture was stirred an additional 30 min on an ice bath.
The proteins precipitated with 80% ammonium sulfate were removed by
centrifugation (15,000 x g, 15 mm, 4°C).

The proteins remaining in the

supernatant after precipitation with 80% ammonium sulfate were dialyzed at
4°C against two changes of 3.5 Lof 10 mM phosphate buffer (pH 6.3). These
proteins were concentrated by lyophilyzation, res?ispended in 5 ml of water,
and then redialyzed at 4°C against 4 Lof 10 mM phosphate buffer yielding the
"80% supernatant".
The "80% supernatant" was applied to a matrix (1.6 x35 cm) of DEAESephacel that was previously equilibrated at 4°C with 10 mM phosphate
buffer (pH 6.3). The matrix was washed with 140 ml of the equilibration buffer
(42 mu

hr), then eluted with a250 ml linear gradient of 0-1.0 M NaCl in 10 mM

phosphate buffer, pH 6.3.

Fractions (80

lof 3.5 ml) were assayed for

proFBP processing activity.
6.2.9

Active Site Labelling of Cell Associated Soluble Serine
Proteases
Previously, we determined that the proFBP endopeptidase was a

serine protease.

3 HJ-DFP

was used to specifically label the active site of an

serine protease in pools of column eluants that demonstrated the greatest
proFBP processing activity or in 30 j
ug of periplasmic/cytoplasmic proteins
isolated from cultures of PA1O3, PA1O3-11 or DG1 grown in the presence or
absence of sub-MICs of antibiotics as previously described in Section 4.2.7.

168

6.2.10 Electrophoretic Blotting Procedure
Membrane proteins (30 pg) isolated from cultures grown in the
presence

or absence of sub-MICs

of antibiotics were transferred to

Immobilon (PVDF poly-vinylidene difluoride,

Millipore,

Bedford,

MA) as

previously described in Section 2.2.8 following the modifications described in
Section 4.2.8.
6.2.11 Protease Assay
Protease activity was quantitated using Hide powder azure (Sigma) as
the substrate as previously described (Woods et al., 1986) with the following
modifications.

Thirty

micrograms

of

periplasmic/cytoplasmic

proteins

isolated from strains PAl 03 or PAl 03-11 or I20, gof periplasmic/
cytoplasmic proteins isolated from strain DG1 were mixed with 10 mM TrisHO!, pH 7.2, 37°C to a final volume of 1.5 ml.
added to 7.5 mg of Hide powder azure.

Each protein mixture was

After incubating for 5 (PAIO3 or

PAIO3-11 soluble proteins) or 28 h (DG1 soluble proteins) at 37CC, the
undigested Hide Powder azure was pelleted in a table-top centrifuge.

The

A595 of the supernatant was measured using a Unicam spectrophotometer
zeroed with the supernatant resulting from breakdown of Hide powder azure
incubated at 37°C with 10 mM Tris-HCI, pH 7.2. A standard curve was not
established since the activity and characteristics of intracellular proteases of
P. aeruginosa are not known.

The protease activity of antibiotic-derived

periplasmic/cytoplasmic proteins was scored as a percentage of the

1
A595

measured after digestion of Hide Powder azure by periplasmic/cytoplasmic
proteins isolated from control cultures grown to the same optical density.
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6.2.12 Electrophoresis
Tricine SDS-PAGE was carried out in 14% acrylamide according to the
method of Schagger and von Jagow, 1987. The gels were stained for protein
using the Bio-Rad silver stain protocol.
6.2.13 Protein Determination
The concentration of protein in periplasmic/cytoplasmic extracts or
ammonium sulfate precipitates was determined as described in Section 4.2.9.

6.3

RESULTS

6.3.1

Effects of Sub-MICs of Antibiotics on Yields of ProFBP
Processing Activity
P. aeruginosa strain PAIO3 was grown to A600 =0.3 at which time

0.125 MIC tetracycline, tobramycin, ciprofloxacin or chloramphenicol were
added to the culture medium.

Cultures (PA1O3) were grown for 9 h with

antibiotics to A60 0 approximating 0.7 for tetracycline or chloramphenicol
grown cultures; A600 approximating 1.0 for tobramycin or ciprofloxacin grown
cultures; and

.
Açj

approximating 1.3 for control cultures.

This experiment

was performed in duplicate and each antibiotic grown culture achieved the
same final optical density. P. aeruginosa strain PAl 03-11 was grown to

A600

approximating 0.2 at which time 0.125 MIC of tetracycline, tobramycin,
ciprofloxacin, or chloramphenicol was added to the culture medium.

The

cultures were grown for an additional 8 hrs in the presence or absence of
these antibiotics to a final A600 ,approximating 0.4 for tetracycline grown
cultures;

A6

approximating 0.7 for tobramycin, grown cultures, 0.75 for

ciprofloxacin grown cultures;

,
A

approximating 0.4 for chloramphenicol
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grown cultures; and A600 approximating 0.85 for control cultures.

As with

strain PA103, this experiment was performed in duplicate and each antibiotic
grown culture achieved the same final optical density.

Each culture from

strains PA1O3 or PA1O3-11 grown in the presence or absence of 0.125 MIC of
antibiotics

was

periplasm/cytoplasm

harvested
and

by

whole

centrifugation,
membranes

and

fractionated
each

into

periplasmic/

cytoplasmic extract was precipitated with 80% solid ammonium sulfate as
described in the " Materials and Methods".
after dialysis (6.0 , g in 80

The resulting "80%" supernatant

l) was assayed for proFBP processing activity.

The representative results are shown in Figure 190.
Greater proFBP processing was detectable in the "80% supernatant"
isolated from tetracycline, tobramycin, or chloramphenicol grown cultures
compared to control or ciprofloxacin (data not shown) grown cultures
(PA1O3-1 1).

Greater proFBP processing activity was observed in the "80%

supernatant" isolated from tetracycline or chloramphenicol grown cultures
compared to control, tobramycin or ciprofloxacin grown cultures (PA1O3).
These data suggest that proFBP processing activity was increased when
strain PA1O3 was grown in the presence of 0.125 MIC of tetracycline, or
chloramphenicol and reduced or unaltered when grown in the presence of
0.125 MIC of tobramycin or ciprofloxacin.

Previously, we demonstrated that

yields of proFBP processing activity were greatest early in the growth cycle
(see Section 4.3.4).

Since PA1O3-11 grown in the presence of 0.125 MlC

tetracycline or chloramphenicol achieved a final optical density of 0.4,
increased yields of proFBP processing activity may have resulted from growth
effects and not from antibiotic effects.
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Figure 19.

The

effects

processing
supernatant")

of

sub-MICs

activity.

Six

of

antibiotics

micrograms

resulting

after

of

on

proFBP

protein' ("80%

precipitation

of

peri plasm ic/cytoplasmic proteins isolated from cultures grown
in the presence or absence of antibiotics with 80% ammonium
sulfate were assayed for [35 S}-proFBP processing activity. (A)
"80% supernatant" from cultures of strain DG1 grown with 0.125
or 0.0625 MIC of tetracycline (lanes 2 and 3, respectively) or
chloramphenicol (lanes
antibiotics to

OE

4 and

= 0.1,

0.4,

5,
0.6,

respectively)
0.7,

or without

0.9 (lanes

6-10,

respectively). (B) "80% supernatant from cultures of strain
PA1O3-11 grown with 0.0625 or 0.0312 MIC of tetracycline
(lanes 1and 2, respectively) or chloramphenicol (lanes 3 and 4,
respectively) or without antibiotics to OD

0

= 0.3, 0.5, 0.7, 1.4

(lanes 5-8, respectively). (C) "80% supernatant" from cultures of
PAIO3-11 grown without (lane 1) or with 0.125 MlC tetracycline
(lane 2), tobramycin (lane 3) or chloramphenicol (lane 4). "80%
supernatant" from cultures of PA1O3 grown without (lane 6) or
with 0.125 MIC ciprofloxacin (lane 5), tetracycline (lane 7),
tobramycin (lane 8) or chloramphenicol (lane 9).

Lanes A6-10

and B5-8 were previously presented in Figure 10 C and B,
respectively. Unprocessed {35 S]-proFBP is shown in lanes Al,
B9 and C1O.

Prestained protein molecular weight standards

(kDa) are indicated in lanes All, B1O and C1 1.
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1

1

2

2

3

3

4

4

5

5

6

6

7

7

8

8

9

A

1011

-

18.3

-

15.0

B

9 10
I
183
15.0

1

2

3

4

5

6

7

8

9

1011

C

-183
-

15.0
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To determine if sub-MICs of tetracycline or chloramphenicol alter
proFBP processing activity in the absence of cell density effects, cultures of
strain PA1O3-11 were grown to A600 = 0.3 and tetracycline or chloramphenicol
at 0.0625 or 0.0312 MIC were added to the culture medium. These cultures
were grown in the presence of antibiotics to

1A0

=0.7 and then were assayed

for proFBP processing activity as described above.

No processing activity

was detectable in the "80% supernatant" isolated from cultures grown in the
presence of tetracycline or chloramphenicol (Figure 19B).

These data

suggest that in the absence of cell density effects, proFBP processing activity
is inhibited when sub-MlCs of tetracycline or chloramphenicol are added to
the culture medium.

ProFBP processing activity was also assayed with the

"80% supernatants" isolated from cultures of strain DG1 grown from
to

'

c

0.3

= 0.7 in the presence or absence of 0.125 or 0.0625 MIC of

tetracycline or chloramphenicol.

Less proFBP processing activity was

detectable

in

from

chloramphenicol

cultures
while

no

grown

processing

the

presence

activity was

of

0.125

observed

MIC

of

by "80%

supernatant" extracted from cultures grown in the presence of 0.125 or
0.0625 tetracycline or 0.0625 MIC chloramphenicol (Figure 19A). These data
suggest that in the presence of sub-MICs of tetracycline or chloramphenicol
yields of proFBP processing activity differ depending on the strain examined
and the cell density achieved when these strains are grown in the presence of
these antibiotics. Yields of proFBP processing activity were repressed When
sub-MICs of tetracycline or chloramphenicol were added to cultures of strain
PA1O3-11 or DO1, but were increased when these antibiotics were added to
cultures of PA1O3, or PAIO3-11 grown with antibiotics to an earlier stage of
growth.
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To determine whether or not these antibiotics directly interact with the
proFBP

processing

activity to alter its activity,

10 jig

of tetracycline,

tobramycin, ciprofloxacin or chloramphenicol were mixed with the proFBP
•
processing

activity in the 100% supernatant isolated from cultures of PA1O3,

and this mixture was then incubated with [35 S]-proFBP; ProFBP processing
activity was only inhibited when tobramycin was added to the reaction mixture
(data not shown).

Tetracycline, ciprofloxacin or chloramphenicol had no

direct effect on the ability of the proFBP processing activity to cleave proFBP.
ProFBP processing activity was unaltered in cultures grown with tobramycin,
yet this antibiotic inhibited proFBP processing activity using an in vitro assay.
However, the concentration of tobramycin added to the reaction mixture
exceeded the MIC for strain PAIO3. Thus, these effects may only occur when
the concentration of tobramycin added to growing cultures exceeds the MlC.
Tetracycline or chloramphenicol did not directly inhibit or increase proFBP
processing activity in vitro suggesting that when these antibiotics were added
to growing cells, the inhibition or increase in proFBP processing activity
observed with "80% supernatants" was not a result of a direct interaction of
these antibiotics with the proFBP endopeptidase.
6.3.2

Effects of sub-MICs of Antibiotics on Whole Membrane
Expression of FBP
To determine whether membrane expression of FBP is different when

proFBP processing activity is increased in the presence of sub-MICs of
tetracycline or chloramphenicol, whole membranes isolated from cultures of
strains DG1, PA1O3 or PA1O3-11 grown in the presence of sub-MICs of
tetracycline, tobramycin, ciprofloxacin or chloramphenicol were analyzed for
FBP

expression

using

immunoblotting.

Thirty

micrograms

of whole
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Figure 20.

Immunoblot of P. aeruginosa strains PA1O3, PA1O3-11 or
DG1 whole membranes or periplasmic extracts grown in
the presence or absence of antibiotics.
added

to

growing

cultures

at

OD600

Antibiotics were

approximating

0.3.

Cultures were grown with antibiotics as indicated in text and
whole membranes were isolated. (A) PA1O3 grown in the
absence of antibiotics (lanes 2,3); PA1O3 grown in the presence
of 0.125 MIC of tetracycline (lanes 4,5), tobramycin (lanes 6,7),
ciprofloxacin (lanes 8,9) or chloramphenicol (lanes 10,11). (B)
PA1O3-1 1grown in the absence of antibiotics (lanes 2,3); PA1O3
grown in the presence of 0.125 MIC of tetracycline (lanes 4,5),
tobramycin (lanes

6,7),

ciprofloxacin (lanes

8,9)

or

chloramphenicol (lanes 10,11). (C) Whole membranes"isolated
from DG1 grown without (lane 1) or with 0.125 MIC tetracycline,
tobramycin,

ciprofloxacin,

or

chloramphenicol (lanes

Peri plasm ic/cytoplasmic extracts isolated from

DG1

2-5).
grown

without (lane 6) or with 0.125 MIC tetracycline, tobramycin,
ciprofloxacin, or áhloramphenicol (lanes 7-10).

The molecular

weight standards are indicated in lanes Al, •Bi and C1 1.

The

immunoblot was reacted with monoclonal antibody MCA-83 to
FBP.
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membranes were separated on tricine SDS-PAGE, transferred to Immobilon,
and reacted with monoclonal antibody to FBP as described in the " Materials
and Methods".

An additional protein of molecular weight approximating

19,000 Da was detectable with MCA-83 in whole membranes extracted from
strains PA1O3 or PA1O3-11 grown in the presence of sub-MlCs of tetracycline
or chloramphenicol, but was not detectable in whole membranes isolated
from control cultures or cultures grown in the presence of tobramycin or
ciprofloxacin (Figure 20A and B, respectively).

An additional protein of

apparent molecular weight approximating 18,000 was detectable with MCA83 in whole membranes from cultures of strain DG1 grown in the presence of
tetracycline or chloramphenicol, but not detectable in whole membranes from
control cultures or cultures grown in the presence of tobramycin or
ciprofloxacin (Figure 20C). The quantity of proFBP detectable with MCA-83 in
whole membranes of DG1 cultures grown in the presence of tetracycline or
chloramphenicol was less than the quantity of proFBP detectable in whole
membranes of PAl 03 or PAl 03-11 cultures grown with these antibiotics. This
suggested that synthesis or processing of proFBP was more greatly impaired

in the latter strains. The 19,000 or 18,000 ,Da protein was not detectable with
MCA-83 in

whole ,membrane from control or tobramycin or ciprofloxacin

grown cultures, suggesting that this phenomenon occurred when the
translational inhibitors tetracycline or chloramphenicol were added to the
culture medium. No FBP cross-reactive material was detectable with MCA-83
in the soluble proteins of strains PA103, PA1O3-11 (data not shown) or DG1
(Figure 19C) isolated from cultures grown in the presence or absence of any
antibiotic. This demonstrated that FBP was yet membrane-associated in the
presence

of these

antibiotics.

Another

protein

of

molecular

weight
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approximating 17,000 was detectable with MCA-83 in whole membranes of
cultures grown in the presence or absence of sub-MICs of antibiotics,
suggesting that the expression of this FBP cross-reactive material was
unchanged when these antibiotics wereadded to the culture medium (Figure
20 A, C). The quantity and mobility of tmature FBP detectable with MCA-83 in
whole membranes of DG1 cultures grown in the presence of tetracycline or
chloramphenicol

were

unchanged

compared

to

control

cultures

but

decreased when whole membranes from strains PAl 03 or PAl 03-11 were
grown under the same conditions. This suggested that maturation of proFBP
was entirely impaired when strains PA1O3 or PA1O3-11 were grown with
tetracycline or chloramphenicol, but that any maturation of proFBP to FBP in
strain DG1 in the presence of these antibiotics was , occurring normally.
Therefore, proFBP was detectable in whole membranes of cultures of strain
PAIO3, PAIO3-11, or DG1 grown in the presence of sub-MlCs of tetracycline
of chloramphenicol even though the "80% supernatant" extracted from these
cultures demonstrated increased (PA1O3 or PA1O3-11) or decreased (DG1)
proFBP processing activity.

The quantity or mobility of proFBP or FBP,

respectively, detectable in whole membranes of antibiotic-grown cultures
demonstrating increased processing activity were different from the FBP
species detectable in antibiotic-grown cultures demonstrating decreased
processing activity.

These data imply that proFBP processing differs when

excess enzyme is present.
6.3.3. Effects of Sub-MICs of Antibiotics on Detection of Intracellular
Soluble Serine Proteases
Thirty micrograms of periplasmic/cytoplasmic proteins extracted from
cultures grown in the presence or absence of antibiotics were incubated with
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1 lof [3 H]-DFP for 50 min at 37°C, separated on tricine SDS-PAGE and
subjected to autoradiography as described in the " Materials and Methods".
When tetracycline or chioramphenicol was added to the culture medium, the
expression of five soluble serine protease peptides (molecular weights
approximating 20 kDa, 31 kDa, 34 kDa, 55 kDa, and 63 kDa)' extracted from
strain PA -103, was inhibited or reduced, compared to control soluble serine
protease peptides (Figure 21A, lanes 3, 4 and lanes 9, 10, respectively).
Expression of the 20 kDa or 55 kDa soluble serine protease peptides
extracted from tobramycin or ciprofloxacin-grown cultures were unaltered,
while expression of a63 kDa soluble serine protease peptide was increased
compared to soluble serine protease peptide expression detected from
control

cultures.

A serine

protease

approximating 90 kDa . was detected via

peptide

of

molecular

weight

H]-DFP binding in the soluble

proteins extracted from all cultures grown with antibiotics, but undetectable in
the, control soluble proteins while the expression of two serine protease
peptides of molecular weight approximating 22 kDa or 40 kDa were not
altered when any antibiotic was added to the culture medium. Expression of
a24 kDa serine protease peptide detected in soluble proteins extracted from
tetracycline, ciprofloxacin or ch'loramphenicol grown cultures was increased
compared to control cultures. Also, expression of a6kDa peptide increased
when tetracycline was added to the culture medium.

ProFBP processing

activity isolated from tetracycline or chioramphenicol grown cultures was also
increased compared to control cultures.

The detection of both the 24 kDa

and 6 kDa serine protease p'eptides or only the 24 kDa peptide correlated
with increased proFBP processing activity that was isolated from tetracycline
or chloramphenicol grown cultures and was detectable with our in vitro assay.
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Figure 21.

Active

site

labelling

of

periplasmic/cytoplasmic

serine

protease peptides isolated from cultures grown in the
presence or absence of antibiotics using [ 3H]-diisopropyl
fluorophosphate (DFP).
peri plasm ic/cytoplasmic

Thirty

micrograms

profeins, isolated

from

of

cultures

of

strains PA1O3 or PA1O3-11 grown in the presence or absence of
antibiotics were incubated with 1 lof [3 H]-DFP, separated on
tricine SDS-.PAGE and subjected to autoradiography. (A)
PA1O3 grown in the absence of antibiotics (lanes 1, 2).

PA1O3

grown in the presence of 0.125 MIC tetracycline (lanes 3, 4),
tobramycin (lanes

5,

6),

ciprofloxacin (lanes

7,

8)

or

chloramphenicol (lanes 9, 10). PA1O3-11 grown in the absence
of antibiotics (lanes 11,12). (B) PA1O3-11 grown in the presence
of 0.125. MIC tetracycline (lane 14), tobramycin (lanes 15, 16),
ciprofloxacin (lanes 17, 18), or chioramphenicol (lanes 19, 20).
PAIO3 grown in the absence of antibiotics to OEcj = 0. 18, 0.35,
0.5,

0.78,

1.2 (lanes 21-25,

respectively).

correspond to lanes A2-6 in Figure 12.

Lanes

B21-25

The molecular weight

standards are indicated in lanes A13 and B26.

The arrows

designate the putative proFBP processing proteases.
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No other positive correlation of serine protease peptide detection and proFBP
processing activity was observed.

These data further confirmed our initial

hypothesis that the 6 kDa and the 24 kDa serine protease peptides may
comprise the proFBP processing activity.

These data also suggested that

increased proFBP processing activity in the presence of tetracycline or
chloramphenicol resulted from increased synthesis of these proteins.
The expression of soluble serine protease peptides extracted from
cultures of strain PA1O3-11 grown in the presence of sub-MICs of antibiotics
yielded

similar

results

observed

exceptions (Figure 21B).

with

strain

PA1O3

with

the following

The expression of the 63 kDa soluble serine

protease peptide was unaftered when tobramycin or ciprofloxacin were added
to the culture medium, yet the expression of this protein was increased when
strain PAIO3 was grown in the presence of these antibiotics. However, more
of this peptide was expressed by strain PAl 03-11 compared to strain PAl 03
(see Section 4.3.6) and alterations in the expression of this peptide in the
presence of tobramycin or ciprofloxacin may be difficult to detect with this
assay. There was increased expression of both the 6kDa and 24 kDa soluble
serine protease peptides, isolated from tetracycline or chloramphenicol
grown cultures that could not be explained by cell density effects (these
cultures were grown only to an ,Aci= 0.4), even though we suggested that
the increased proFBP processing activity observed by in vitro assay was
related to cell density differences (Figure 21B, lanes 14 and lanes 20, 21,
respectively). Thus, in strain PA1O3-11, the expression of both a6 kDa and a
24 kDa serine protease peptides detectable via [3 H]-DFP binding positively
correlated with the increased yields of the proFBP processing activity.

183

The "80% supernatant" proteins isolated from cultures of strains DG1
or

PA1O3-1 1 grown

in the

presence

of sub-MICs

of tetracycline

chloramphenicol to A600 = 0.7 failed to process proFBP, while

or

proFBP

processing was observed by control cultures. Expression of a63 kDa serine
protease peptide was reduced in soluble proteins extracted from cultures of
PA1O3-11

grown

to

A600 =0.7

in

the

presence

of

tetracycline

or

chloramphenicol (Figure 2213, lanes 6-9), but slightly increased when soluble
proteins extracted from cultures of strain DG1 were grown in the presence of
tetracycline or chloramphenicol compared to the expression of this protein in
control extracted soluble proteins (Figure 22A, lanes 9-12).

Expression of a

36 kDa serine protease peptide was increased in the soluble proteins
extracted

from

tetracycline

grown

cultures,

and

undetectable

in

chloramphenicol grown cultures and weakly detectable in the soluble proteins
extracted from control cultures of strain DG1.

Expression of this 36 kDa

serine protease was undetectable in the soluble proteins extracted from
cultures of strain PAl 03-11. The expression of either the 36 kDa or 63 kDa
peptide did not correlate with the yields of the proFBP processing activity
detectable using our in vitro assay.

Neither the serine protease peptide of

apparent molecular weight of 24 kDa nor 6 kDa was detectable via {3 H]-DFP
binding in the periplasmic/cytoplasmic proteins extracted from cultures of
DG1 grown with these antibiotics (Figure 22A, lanes 6-9). The expression of
this 24 kDa protein was reduced, but the 6 kDa protein was undetectable via
P H]-binding

in peri plasm ic/cytoplasmic extracts from PAl 03-11 grown in the

presence of tetracycline or chloramphenicol (Figure 22B, lanes 6-9).

Thus,

the expression of the both the 6 kDa and 24 kDa peptides positively
correlated with the yields of proFBP processing activity detected in the same
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Figure 22.

Active

site

labelling

of

periplasniic/cytoplasmic

serine

proteases peptides isolated from cultures grown in the'
presence or absence of antibiotics using [3H]-diisopropyl

micrograms

fluorophosphate (DFP).

Thirty

periplasmic/cytoplasmic

isolated from

proteins

cultures

of
of

strains DG1 (A) or PA1O3-11 (B) grown in the presence or
absence of antibiotics were incubated with 1 tt [
3H]-DFP,
separated

on

tricine

SDS-PAGE

and

subjected

to

autoradiography. (A) DG1 grown in the absence of antibiotics
to 0D 600 =0.14, 0.32, 0.43, 0.6, 0.78, 0.84, and 0.925 (lanes 2-8,
respectively). DG grown in the presence of 0.125 or 0.065 MIC
of tetracycline (lanes 9 and 10,. respectively) or chloramphenicol
(lanes 11 and 12, respectively). (B) PAIO3-11 grown in the
absence of antibiotics to OD 600

0.324, 0.5, 0.7, and 1.41 (lanes

2-5, respectively). PA1O3-11 grown in the presence of 0.0625 or
0.03125 MIC tetracycline (lanes 6 and 7,

respectively) or

chloramphenicol (lanes .8 and 9, respectively). Lanes A2-8 and
lanes B2-5 correspond to lanes B2-8 and C2-5 in Figure 12.
The molecular weight standards (kDa) are indicated in lanes Al
and Bi. The arrows designate the putative proFBP processing
proteases.
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cultures.
activity

These data demonstrated that
observed

presence

when

of tetracycline

decreased

proFBP

processing

strains DG1 or PA1O3-1 1 were grown in the
or

chloramphenicol

resulted

from

decreased

synthesis of these putative proteins.
These analyses of soluble serine proteases extracted from cultures
grown

in

the

phenomena.

presence. or absence

of antibiotics

demonstrated two

First, the expression of serine protease peptides of molecular

weight approximating 6 kDa and 24 kDa positively correlated with the
increased or decreased expression of the proFBP processing activity;
suggesting that the synthesis of these proteins were altered in the presence
of these antibiotics. This was the only positive correlation of serine protease
expression and proFBP processing activity observed in the presence or
absence of antibiotics with the strains examined. Secondly, the expression of
other soluble serine protease peptides were altered when tetracycline,
tobramycin, ciprofloxacin or chloramphenicol were added to the culture
medium. These data suggest that these antibiotics may alter the expression,
stability or secretion of intracellular serine proteases when they are added at
subinhibitory concentrations.
6.3.4

Effects of Subinhibitory Concentrations of Antibiotics on Yields
of Periplasmic/cytoplasmic Proteases
To determine whether or not sub-MICs of antibiotics which alter yields

of periplasmic/cytoplasmic proFBP processing activity or serine protease
expresion interfere with general intracellular proteolysis, the total proteolytic
activity of different periplasmic/cytoplasmic pools isolated from cultures
grown in the presence or absence of antibiotics was determined using Hide
Powder

azure

as

the

substrate.

The

proteolytic

activity

of

Table 5.

Effects of subinhibitory concentrations of antibiotics on soluble intracellular protease activity.

Percentage of control activity ± standard deviation

P. aeruqinosa strain
and antibiotic MIC

DG1

( 1/8)
(1/16)

PA1O3-11 ( 1/8)

PA103

Tetracycline

0 ±
75.95 ±

176.65 ±

0a

Tobramycin

-

Cyprofloxaxin

Chloramphenicol

b

487 a

362 a

67.97 ± 21.5

94.2 ±

36.6

25.3 ±

95a

25.3 ±

4387a

198.9 ±

(1/16)

84.9 ±

1139 a

42.0 ±

(1/32)

54.67 ±

64 a

46.4 ±

3508.2 ±

7092 a

( 1/8)

93.6 ± 9975

368.75 ± 178 .12a

2313.5 ±

asignificant difference from control mean ( P<0.05) by student's t-test pooled estimate of variance.
bNot done.

436a
509a

11354a
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periplasmic/cytoplasmic pools isolated from strains PA1O3 or PA1O3-1 1
grown in the presence of tetracycline, ciprofloxacin, or chloramphenicol; or
tetracycline or chloramphenicol, respectively, were significantly increased
compared to the proteolytic activity of periplasmic/cytoplasmic proteins
isolated from control cultures (Table 5).

When cultures of strain PA1O3-1 1

were grown in the presence of tobramycin or ciprofloxacin, or when cultures
of strain PA1O3 were grown in the presence of tobramycin, the proteolytic
activity of the periplasmic/cytoplasmic proteins isolated from these cultures
were

not

significantly

different

from

the

proteolytic

activity

of

the

periplasmic/cytoplasmic proteins of control cultures. The proteolytic activity
of periplasmic/cytoplasmic proteins isolated from cultures of DG1 or PA1O311 grown in the presence of sub-MICs of tetracycline or chloramphenicol to
A600=0.7 was significantly reduced compared to the proteolytic activity of
periplasmic/cytoplasmic proteins isolated from control cultures. The proFBP
endopeptidase digests Hide powder azure poorly (data not shown) and
would contribute very limited proteolysis of Hide powder azure in these
assays of periplasmic/cytoplasmic proteolytic activity. Therefore, intracellular
soluble proteases other than the proFBP processing activity hydrolyzed Hide
powder azure in these assays, and the expression of these proteases was
also altered in the presence of sub-MICs of antibiotics.
6.3.5

Fractionation of the ProFBP Endopeptidase Extracted from
Tetracycline Grown Cultures on DEAE-Sephacel
When cultures of strain PA1O3 or PA1O3-11 were grown in the

presence of sub-MICs of tetracycline or chloramphenicol, expression of the
proFBP endopeptidase was increased compared to the activity detected nthe
control cultures.

It was suggested that the increase in yields of the proFBP
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Figure 23.

Elution

profile

of "80%

aeruginosa strain

supernatant"

PA1O3-11

isolated

grown in the

from

P

.

presence of

tetracycline from DEAE-Sephacel using a NaCl gradient.
Chromatography was carried out as described in the " Materials
and Methods".

All fractions were assayed for protein

(.--.)

(absorbance 280 nm) and proFBP processing activity
This relative level of proFBP processing was measured using
scanning laser densitometry.

ProFBP processing was scored

as a percentage of the ratio of intensities resolving with mature
FBP and the signal peptide over the total intensities resolving
with

proFBP,

FBP

and

the

concentration is as indicated.

signal

peptide.

The

NaCl

FRACTION NUMBER.
% ProFBP PROCESSED
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endopeptidase isolated from cultures of PAl 03-11 grown in the presence of
tetracycline or chloramphenicol (Figure 19C) resulted from cell density effects
rather than by the presence of antibiotics.

However, using [3 H]-DFP as an

active-site labelling agent, serine protease peptides of molecular weight
approximating 6 kDa, and 24 kDa were present in greater quantities in
periplasmic/cytoplasmic

proteins

• isolated

from

cultures

grown

with

tetracycline or chloramphenicol than from cultures grown to the same optical
density. Thus, it is possible that in the presence of sub-MICs of tetracycline
or chloramphenicol, the proFBP endopeptidase expression or activity may
have been altered in strain PAl 03-11. The periplasmic/cytoplasmic proFBP
endopeptidase was isolated and partially purified from cultures of PA1O3-11
grown in the presence of 0.125 MIC tetracycline using ammonium sulfate
precipitation followed by ion-exchange chromatography, employing the same
protocol used to isolate this activity from control cultures, to determine if any
changes in the expression or activation of this protease could be detected.
Figure 23 shows the elution profile resulting from fractionation of these
proteins on DEAE-Sephacel.

Only one major protein peak was observed

eluting with 0.9-1.0 M NaCl. This major peak was also observed in the elution
profile of the "80% supernatant" proteins extracted from control cultures
fractionated on DEAE-Sephacel (see Section 5.3.2).

This suggested that

there was, no major difference in the elution profiles of "80% supernatant"
proteins extracted from cultures grown in the prespnce or absence of 0.125
MIC tetracycline.
Every third fraction was analyzed for proFBP processing activity using
the in vitro assay and the proteins present in every other fraction were
analyzed on tricine SDS-PAGE with silver staining.

Three peaks of proFBP
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processing activity were detectable using this assay (Figure 23).
was eluted with proteins which did not bind to the matrix.

One peak

Another peak of

proFBP endopeptidase activity eluted with 450-500 mM NaCl. Both of these
proFBP-processing

activity

peaks

were 'observed

when

the "80%

supernatant" from control cultures was fractionated on DEAE-Sephacel (see
Section 5.3.2). However, athird peak of proFBP processing activity isolated
from cultures grown with tetracycline eluted with 280-350 mM NaCl that did
not fractionate from the "80% supernataht" of control cultures.

These data

suggested that an alternate proFBP endopeptidase eluted with 280-350 mM
NaCl and the hypothesized proFBP endopeptidase eluted with 450-500 mM
NaCiwere synthesized when cultures were grown in the presence of 0.125
MIC tetracycline.
experiments.

This phenomenon was repeatable in three separate

Several proteins were detectable with silver staining in the

fractions demonstrating the greatest proFBP processing activity (Figure 24A,
lanes 3, 12, 13, and Figure 24B, lanes 17, 18) such that the proFBP
endopeptidases were not distinguishable from other proteins present in these
peaks.
Previously, we determined that the proFBP endopeptidase was a
serine protease, activated by Ca2 ,partially inactiviated by Zn 2

or Fe 3 ,and

with greater activity observed between 7.5-8.5 (see Chapter 4). The proFBP
endopeptidase isolated from cultures grown with or without tetracycline
eluted with 450-500 mM NaCl shared these characteristics, suggesting by
these criteria that these were the same proFBP processing enzymes (data not
shown). The proFBP endopeptidase eluted with 280-350 mM NaCl was also
sensitive to the serine protease inhibitor PMSF, while EDTA, E64 or pepstatin
A did

not inhibit

its activity (data not shown).

This suggested that the
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Figure 24.

Silver staining

of "80%

supernatant"

proteins

isolated

from P. aeruginosa strain PA1O3-11 grown in the presence
of tetracycline eluted from DEAE-Sephacel using a NaCl
gradient.

Eighty

lof the indicated fractions (A) lanes 2-14

correspond to fractions 5, 10, 15, 20, 25, 45, 50, 55, 60, 62, 64,
66, and 68, respectively. (B) lanes 15-27 correspond to
fractions 70, 72, 74, 76, 78, 80, 82, 85, 90, 95, 100, 105,.and
110, respectively, were boiId in sample buffer, separated on
tricine SDS-PAGE, and stained with silver.

The prestained

protein molecular weight standards (kDa) are indicated in lanes
Al and B28. Fractions that demonstrated the greatest proFBP
processing activity are indicated with an arrow.
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additional

proFBP

tetracycline,

endopeptidase

but absent from

detected

control

in

cultures,

cultures

grown

belonged to the

with
same

mechanistic class as the proFBP endopeptidase. The only difference between
the two proFBP endopeptidases described above was the concentration of
NaCl required to elute these proteases from the anion-exchanger.
alternate

proFBP

endopeptidase was

eluted with

less

NaCl

than

The
the

concentration of NaCl required to elute the previously characterized proFBP
endopeptidase.
Using [3 H]-DFP as an active site-labelling agent, the.serine protease
peptides eluted from the DEAE-Sephacel matrix with 280-350 mM or 450-500
mM NaCl were concentrated, labelled and analyzed following tricine SDSPAGE and autoradiography. Two proteins of molecular weight approximating
24 kDa and 6 kDa from the 450-500 mM NaCl pool bound [3 H]-DFP (Figure
25, lane 4) while only a6 kDa protein from the 280-350 mM pool bound [ 3 H]DFP (Figure 25, lane 2). Preincubation of either of these tetracycline-derived
NaCl pools with PMSF abolished binding of [3 H]-DFP.to either of these
proteins (Figure 25, lanes 3and 5). Since PMSF inhibited proFBP processing
activity and inhibited [3 H]-DFP binding to both the 6 kDa and the 24 kDa
proteins, these data suggested that the 6kDa and the 24 kDa serine protease
peptides and the processing

proFBP activity may be directly

related.

However, the 6 kDa proFBP peptide was the only serine protease peptide
detected in the DEAE-Sephacel 280-350 mM NaCl pool suggesting that it was
the only serine protease processing proFBP.

However, this 6 kDa serine

protease peptide was not detectable via [3 H]-DFP binding in concentrated
DEAE-Sephacel 450-500 mM

NaCl

pool isolated from control cultures

suggesting that increased detection of the 6 kDa serine protease peptide in
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Figure 25.

Active site labelling of " DEAE-pools" fractionated from
cultures

of

PA1O3-11

grown

with

tetracycline

demonstrating the greatest processing of proFBP.

The

serine proteases eluted from DEAE-Sephacel with 280-350 mM
NaCl

or

450-500

mM

NaCl

were

concentrated,

and

preincubated with or without 1 mM PMSF for 30 min at 37 °C
before [ 3H]-DFP was added.
separated

on

tricine

These mixtures were then

SDS-PAGE,

subjected to autoradiography.

fixed

,

amplified,

then

Lane 1, prestained protein

molecular weight standards. Lane 2, 280-350 mM NaCl " DEAEpool".

Lane 3, 280-350 mM NaCl " DEAE-pool" preincUbated

with PMSF.
450-500

Lane 4, 450-500 mM NaCl " DEAE-pool".

mM

NaCl " DEAE-pool"

preincubated with

Lane 5,
PMSF.

Lanes 4 and 5 correspond to lanes 2 and 3 in Figure 18. The
arrows designate the putative proFBP processing proteases.
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tetracycline cultures may have resulted from the presence of tetracycline in
the culture medium.

It is unlikely that the 6 kDa peptide is a complete

protease. It probably contains the functional part of alarger protease which is
yet capable of processing proFBP and binding [3 H]-DFP.

6.4

DISCUSSION
The effects of sub-MICs of three translational inhibitors, tetracycline,

tobramycin or chloramphenicol and a DNA gyrase inhibitor, upon thb activity
and expression of a putative proFBP endopeptidase were examined in three
P.

aeruginosa

strains

with

different

protease

backgrounds.

Peri plasm ic/cytoplasmic proFBP processing activity was inhibited when
cultures of DGI or PA1O3-11 were grown in the presence of tetracycline or
chloramphenicol,

but

largely

unaltered

ciprofloxacin grown cultures.

in

control

or

tobramycin

or

ProFBP processing activity was increased

when cultures of PA1O3-11 were grown to A600 =0.4 or when cultures of
PA1O3

were

grown

to

A6 00

=0.7

in

the

presence

of

tetracycline

or

chloramphenicol, but unchanged in control cultures or cultures grown in the
presence of tobramycin or ciprofloxacin. When cultures of PA1O3, PA1O3-11,
or DG1 were grown in the presence of tetracycline or chloramphenicol,
proFBP was detectable with monoclonal antibody in whole membranes
isolated from these cultures, but undetectable in whole membranes extracted
from control cultures or cultures grown in the presence of tobramycin or
ciprofloxacin. Therefore, proFBP was detectable in membranes of cultures of
PA1O3,

PA1O3-11.

or

DG1

grown

in the

presence

of tetracycline

or

chloramphenicol, regardless of whether or not proFBP processing activity
detectable

in

the "80%

supernatant"

extracted

from

the
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pe ri plasm ic/cytoplasmic pool of these cultures was inhibited or increased.
Therefore, proFBP synthesis was increased in the presence of tetracycline or
chloramphenicol compared to control cultujes or cultures grown in the
presence of tobramycin or ciprofloxacin,

but the fate of the proFBP

processing activity varied depending on the strain examined. Therefore, the
effects of sub-MlCs of tetracycline or chloramphenicol upon the activity of the
proFBP endopeptidase were astrain specific phenomenon.
Other studies have reported that sub-MICs of antibiotics alter the
expression of exported proteins by interfering with the processing of
precursors.

Vaisanen et al., 1982, observed an additional protein of an

apparent weight of 21.2 kDa, putatively the precursor of p-fimbriae, in outer
membrane profiles of E. coil strains grown in the presence of trimethoprim
that was not present in outer membranes of control cultures.

Sub-MlCs of

trimethoprim may have altered synthesis of p-fimbriae by interfering with the
processing of its precursor. The authors hypothesized that disorganization of
the membrane in the presence of trimethoprim interfered with secretion or
assembly of the fimbriae.
tetracycline

or

Our study demonstrated that sub-MICs of

chloramphenicol,

but

not

ciprofloxacin

or

tobramycin

interferred with matuation of proFBP by altering the synthesis of the proFBP
processing activity in astrain-specific manner.
The difference in yields of proFBP processing activity observed when
strain PAl 03-11 was grown in the presence of tetracycline or chloramphenicol
may have resulted from the concentration of these antibiotics and/or the cell
density achieved in the presence of these concentrations of antibiotics. When
tetracycline or chloramphenicol were added at 0.125 MIC, proFBP processing
activity was increased compared to control cultures.

When tetracycline or
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chloramphenicol were added at 0.0625 or 0.03125 MIC, proFBP processing
activity was inhibited compared to the processing activity extracted from
control cultures.

The higher concentrations of these antbiotics may have

inhibited the synthesis of enzymes which degrade the proFBP processing
activity, leading to a greater stability of the proFBP endopeptidase in the
presence of this concentration of this antibiotic.

Serine protease peptide

analysis of cultures grown in the presence of tetracycline or chloramphenicol
demonstrated that there was decreased synthesis of five serine protease
peptides when tetracycline or chloramphenicol,

but not tobramycin or

ciprofloxacin, were added to the growing cultures of strains PA1O3 or PA1O311 (Figure 21A and 21 B). Perhaps one or more of these five serine protease
peptides may be the degradative proteases which target the proFBP
endopeptidase. Lower concentrations of tetracycline or chloramphenicol may
not have inhibited the expression of enzymes that degrade the proFBP
processing activity such that they potentially could digest and inactivate the
proFBP endopeptidase.

It is also possible that in the presence of these

concentrations of tetracycline or chloramphenicol, the stability of the proFBP
endopeptidase may be increased or decreased such that it may or may not
serve as a substrate for putative soluble degradative enzymes.

In either

situation, the fate of the proFBP processing activity would be the same and
indistinguishable phenotypically.
Increased yields of proFBP processing activity were observed when P.

aeruginosa strains deficient in the expression of the extracellular proteases,
elastase or alkaline protease were grown in the presence of tetracycline or
chloramphenicol, but this phenomenon was never observed when strain
DG1, which expresses both elastase and alkaline protease, was grown in the
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presence of these antibiotics.

It is possible that strain DG1 may use an

alternate elastase and/or alkaline protease proFBP processing pathway
(albeit inefficiently since proFBP accmulates intracellularly), when the cell
cannot efficiently express the proFBP processing activity in the presence of
tetracycline or chloramphenicol.

If this were so, then one would expect that

strains PA1O3 or PA1O3-11, which do not synthesize elastase or elastase .and
alkaline protease, respectively, would be incapable of using this alternate
proFBP processing system when tetracycline or chloramphenicol are added
to the culture medium.

The quantity and mobility of proFBP and FBP,

respectively, detectable with MCA-83 in whole membranes of cultures of
PAl 03 or PAl 03-11 grown in the presence of tetracycline or chloramphenicol
differed from that observed with strain DG1 (Figure 20A, B and C).

It is

possible that the absence of alternate elastase or alkaline protease proFBP
processing in strains PA1O3 or PA1O3-11 grown in the presence of these
antibiotics may account for these differences in .quantity and mobility of
proFBP and FBP.
Increased proFBP processing activity was observed when strains
PA1O3 or PA1O3-11 were grown in the presence of sub-MlCs of tetracycline
or chloramphenicol, and yet proFBP was unprocessed.

Since proFBP was

properly processed by proFBP processing activity extracted from cultures
grown in the presence of tetracycline or chloramphenicol using an in vitro
assay, it must be assumed that only the localization and not the activity of the
proFBP processing activity was altered in the presence of these antibiotics.
Increased synthesis of the proFBP processing activity in the presence of
tetracycline or chloramphenicol may have resulted from an attempt by the cell
to properly localize, albeit inefficiently, any proFBP processing activity that
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might possibly generate mature FBP molecules which could function in iron
acquisition.

It is also possible that the increased proFBP processing activity

observed in cultures of PA1O3 or PAIO3-1 1 grown in the presence of
tetracycline or chloramphenicol resulted from improper localization of this
protease which may have resulted in its stability. Talmadge and Gilbert, 1982,
demonstrated that preproinsulin, when expressed in .
E. coil, was more stable
in the periplasm than in the cytoplasm, suggesting that the stability of
preproinsulin

depended

proteolytic environment.

upon

its

exposure

to

particular

intracellular

It is also possible that improper localization of the

proFBP processing activity modified its activity in vivo, which may have been
normalized when this activity was extracted from the intact cell. Mature FBP
detectable with MCA-83 in whole membranes isolated from antibiOtic-grown
cultures migrated to ahigher molecular weight than FBP detectable in control
cultures, suggesting that proFBP may be processed or cleaved in an
alternate fashion.
The expression of five serine protease peptides decreased when strain
PAl 03

or

PAl 03-11

were

grown

in

the

presence

of tetracycline

or

chloramphenicol, but were unchanged when cultures were grown in the
presence

of tobramycin

or ciprofloxacin.

ProFBP

processing

activity

extracted from these cultures was increased compared to control cultures as
was the detection of two serine protease peptides of apparent molecular
weights approximating 24 kDa and 6kDa. Itis interesting that the expression
of the same serine proteases and proFBP processing activity were affected
when either tetracycline or chloramphenicol were added to growing cultures
of strains PAl 03 or PAl 03-11, but this inhibition was not observed when
tobramycin, which is also a translational inhibitor, was added to the culture
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medium.

Tetracycline, tobramycin and chloramphenicol are translational

inhibitors, yet inhibit protein synthesis differently: tobramycin blocks protein
synthesis by interacting with both initiating and elongating ribosomes;
tetracycline blocks protein synthesis by acting upon the ribosomal 30S
subunit and inhibits the binding of elongation factor Tü-GTP-aminoacyl-tRNA
complex to the ribosomal A site; chloramphenicol inhibits peptide chain
elongation by interferring with the peptidyltransferase activity of ribosomes
and thereby inhibiting ribosomal movement along mRNA (Tai and Davis,
1985).

Even though tetracycline or chloramphenicol mechanistically inhibit

protein synthesis differently, only tetracycline and chloramphenicol exerted
dramatatic effects upon proFBP processing activity, serine protease peptide
expression or total proteolytic activity, yet tobramycin had no effect.
studies

have

demonstrated

that

antibiotics

of

low

polarity

Other

such

as

tetracyclines or hydrophobic antibiotics, such as chloramphenicol, affect
synthesis of exported proteins more than cytoplasmic proteins (Poivant et al.,
1978; Schifferli and Beachey, 1988b) because these antibiotics concentrate in
the cytoplasmic membrane and interact with and inhibit the activity of
membrane-bound polysomes where exported

proteins are synthesized

(Randall and Hardy, 1977). Therefore, one might conclude that the proteins
whose

expression

chloramphenicol,

was

but

in

altered

not

the

tobramycin,

presence

were

of

exported

tetracycline'
proteins

or

whose

synthesis might have been compartmentalized to specific membrane-bound
polysomes.
Alterations in the expression of serine protease peptides was not
restricted

to

cultures

grown

in

the

presence

of

tetracycline

or

chloramphenicol: There was increased expression of 63 kDa serine protease
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peptide when sub-MICs of tobramycin or ciprofloxacin were added to the
culture medium of strain PAl 03, but this increase was not demonstrable when
cultures of PAl 03-11 were grown in the presence of these antibiotics. These
results demonstrate that sub-MICs of antibiotics which may or may not be
translational inhibitors may alter the expression of intracellular serine protease.
peptides. The alteration of expression . of these serine proteases appeared to
be avery protein-specific and strain-specific phenomenon.
The total proteolytic activity detectable in periplasmic/cytoplasmic
extracts from cultures grown in the presence or absence of antibiotics
positively correlated with the expression of proFBP processing activity.
However, the proFBP processing activity poorly degrades Hide powder
azure, and as such, would contribute very little to the proteolysis of Hide
Powder azure when total soluble proteins were assayed.

Other yet-

undescribed proteases could be contributing to the increased proteolytic
activity of soluble proteins extracted from cultures grown in the presence of
tetracycline or chloramphenicol. The expression of these five serine protease
peptides inversely correlated with the amount of total proteolytic activity
detectable in the soluble extracts from cultures.

Thus, one could postulate

that these five serine protease peptides may be degradative proteases which
inhibit or destroy the activity of other active intracellular proteases, since their
expression inversely correlates with the detection of intracellular proteolytic
activity using Hide Powder Azure as asubstrate. Studies have demonstrated
that the stability of abnormal proteins were increased when the expression of
normal cell envelope degradative proteases were inhibited.

Expression and

stability of a protein A--lactamase hybrid, or a Tsr (an inner membrane
protein)-alkaline phosphatase fusion protein were increased in mutants
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deficient in the expression of outer membrane protease (OmpT) (Baneyx and
Georgiou, 1990), protease Ill, aperiplasmic protease (Baneyx and Georgiou,
1991), and/or proteases of the degP locus in E. coil (
Strauch and Beckwith,
1988; Baneyx and Georgiou, 1991). Alternatively, the addition of tetracycline
or chloramphenicol to the growing cultures may have induced the expression
of stress or shock proteases resulting in increased proteolytic activity of
periplasmic/cytoplasmic extracts from these cultures compared to control
cultures.

A heat shock response in E. coil results in increased intracellular

proteolysis resulting from activation of proteolysis genes (Baker etal., 1984).
In the presence of sub-MlCs of tetracycline or chloramphenicol, yields
of the proFBP processing activity, undescribed intracellullar proteases, and
serine protease peptides of different molecular weights have different fates
when sub- MICs of tetracycline or chloramphenicol were added to the culture
medium. Therefore, one might conclude that tetracycline or chloramphenicol
may act to inhibit synthesis of some periplasmic/cytoplasmic proteins while at
the same time acting to increase the synthesis of other soluble proteins.
Since tetracycline and chloramphenicol are translational inhibitors, one would
expect that decreased expression of proteins in the presence of these
antibiotics results from the direct inhibition of synthesis of these proteins or
their associated polypeptides.
antibiotics,

which

The precise mechanism that causes these

are normally translational

synthesis of proteins is unknown.

inhibitors,

to increase the

However, this is not an enigma.

In the

presence of sub-MICs of lincomycin or tetracycline, the production of heatlabile

enterotoxin (LT)

of

E.

coil

was

increased

extracellularly

and

intracellularly (Yoh et al., 1983) compared to the production of LT by the
control cultures. The expression of heat-stable enterotoxin (ST) was not
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altered when tetracycline or lincomycin were added to the culture medium,
demonstrating that the tetracycline or lincomycin were specifically targeting
the processes that affect the synthesis of LT and not ST.

Furthermore, this

phenomenon was not observed in all E. coil strains examined suggesting that
this was a strain-specific phenomenon (Yoh et al., 1983).

Lincomycin

reportedly stimulated the production of other bacterial enterotoxins, such as
the Vibrio cholerae cholera toxin (Levner et al., 1980) and the enterotoxin of
Clostridium duff/cue
expression

(
Honda et al.,

of enterotoxins was

1983) demonstrating that increased

not species-specific. Moreover, sub-MlCs of

clindamycin stimulated C. diffidile enterotoxin expression in some strains
while suppressing enterotoxin expression in others (Gemmell, 1982; Chopra
and Linton, 1986).

As was observed in our study, a translational inhibitor

functioned to both suppress or stimulate synthesis of aparticular protein in a
strain-dependent fashion.
Using [3 H]-DFP as a serine protease active site labelling agent, the
detection

of two

protease

peptides

only

correlated with the

proFBP

processing activity. Expression of the serine protease peptides of molecular
weights approximating 24 kDa and 6 kDa were increased when proFBP
processing activity was increased when tetracycline or chloramphenicol was
added to the culture medium, while detection of these proteases was reduced
or inhibited when proFBP processing activity was inhibited in the presence of
these antibiotics. Previously, we observed apositive correlation between the
detection of proFBP processing activity and the expression of the serine
protease peptides of molecular weights approximating 24 kDa and 6 kDa
during the growth cycle (see Section 3.2.5). These data strongly suggested
that either or both of these serine proteases may function to process proFBP.
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These

data

also

concentrations

of

confirm

our

tetracycline

original
or

hypothesis

that

chloramphenicol

expression by interfering with the processing of FBP.

alter

subinhibitory
FBP

surface

Our studies indicate

that tetracycline or chloramphenicol inhibit proFBP processing activity by
directly

affecting

the

synthesis

of

the

putative

proFBP

processing

endopeptidases of molecular weights approximating 24 kDa and 6 kDa. Our
studies also indicate that in the presence of tetracycline or chloramphenicol,
increased proFBP processing activity resulted from the increased synthesis of
the putative proFBP endopeptidases of molecular weights approximating 24
kDa and/or 6kDa.
Translational inhibitors like tetracycline or chloramphenicol inhibit the
expression of particular proteins by directly interfering with the synthesis of
these proteins or those proteins involved in the expression of the protein. The
mechanisms by which translational inhibitors increase the synthesis of
proteins remain obscure.

In this study, we have eluded to the possibilities

that increased expression of the proFBP processing activity resulted from
either increased stability of this protein by improper localization to a cellular
compartment that has fewer in degradative proteases, increased stability of
this protein in a proper cellular environment because of decreased .synthesis
of degradative proteases, or increased synthesis of the proFBP processing
endopeptidases as an attempt by the cell to localize any processing activity
for FBP.

Each of these modes of action by sub-MICs of tetracycline or

chloramphenicol

upon

the

stability

or

expression

of

the

proFBP

endopeptidases would be indistinguishable using [3H]-DFP binding because
each would result in increased detection of the these proteases.

We

attempted to determine how proFBP processing activity from tetracycline
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grown cultures might differ from that expressed from control cultures by
fractionating the proFBP processing activity isolated from tetracycline-grown
cultures on DEAE-Sephacel, and compared its elution on this matrix to the
elution of the proFBP processing activity extracted from control cultures.
When proFBP processing activity, extracted from cultures of PAl 03-11 grown
in the presence of 0.125 MIC tetracycline were fractionated on DEAESephacel, a new peak of proFBP processing activity was detected that was
not observed when proFBP processing activity from control cultures were
separated in the same fashion. Only the 6 kDa serine protease peptide was
detected in this additional peak, while both the 24 kDa and 6 kDa serine
protease peptides were detectable via [ 3H]-DFP binding in 450-500 mM NaCl
peak that was detectable when proFBP processing activity from tetracycline
cultures was fractionated on DEAE-Sephacel.

The 6 kDa serine protease

peptide was not detectable via [ 3H]-DFP binding in the 450-500 mM NaCl
peak from control cultures.

This suggested that either the synthesis or

stability of this protease peptide was increased in the presence of tetracyáline.
These studies confirmed that the 6 kDa protease peptide could process
proFBP since it was the only serine protease peptide binding [3H]-DFP in
these fractions, and it was the only serine protease . peptide in these fractions
whose binding of [3H]-DFP

was inhibited by PMSF, which also inhibited

proFBP processing activity in an in vitro assay.

It is unlikely that the 6 kDa

peptide represents a complete protease and more probably resulted from
degradation of a larger precursor, which could be the 24 kDa protein or
another precursor from which both the 6 kDa or 24 kDa peptides were
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derived.

The 6 kDa peptide may contain the functional part of this larger

precursor since it binds [3H]-DFP and also appears to be capable of
processing proFBP in our in vitro assay.
The elution of the 6 kDa protease peptide was puzzling.

The 6 kDa

protease peptide eluted with 280-350 mM NaCl and later with 450-500 mM
NaCl. Two possibilities could account for the different elution of this protease
peptide. The first suggests that the 6 kDa peptide resulted from degradation
of a larger precursor synthesizedin two forms, possibly a precursor and a
processed form. The degradation of the precursor or mature proFBP
processing activity may have resulted in two forms of the 6kDa peptide each
with different isoelectric points that would cause each to be eluted with
different concentrations of NaCl on DEAE-Sephacel.

This would suggest

tetracycline interfered with modification of this putative proFBP processing
activity. The second alternative suggests that the 24 kDa protein and 6 kDa
protein are degradation products of a larger precursor whose synthesis or
modification was altered in the presence of tetracycline. The 6 kDa peptide
apparently encompasses the modified domain of this larger precursor since
only its elution from
tetracycline.

DEAE-Sephacel was altered in the presence of

Each of these possibilities should be further investigated to

finally determine the

mechanism

by which tetracycline

stimulates the

expression of the proFBP processing activity. To pursue these studies, one
would need to know whether either or both the 24 kDa or 6 kDa protease
peptides comprise the proFBP endopeptidase.
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SUMMARY

AND

FUTURE PROSPECTS
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7.1

SUMMARY
The focus of this study was to examine the effects of subinhibitory

concentrations of antibiotics upon the expression of an outer membrane
receptor for ferripyochelin, FBP, in P. aeruginosa. The objectives of this study
were (1) to determine whether subMiCs of antibiotics altered FBP surface
expression and function in vitro;

(
2) to determine whether subMlCs of

antibiotics modified FBP surface expression in vivo and whether altered
expression of FBP diminished the virulence of P. aeruginosa; and (3) to
examine the molecular mechanisms by which subMiCs of antibiotics modified
FBP expression.
Many studies

demonstrated that subMlCs

of antibiotics

modify

bacterial surface . architecture, and the expression of their adhesins.
addition,

In

subMiCs of antibiotics largely repressed but in some cases

increased the synthesis of extracellular virulence factors. Thus, subMiCs of
antibiotics may be efficacious in the treatments of bacterial infections.
However, such studies should be interpreted with caution since subMlCs of
antibiotics exhibited strain-specific and antibiotic-specific effects on the
synthesis and/or secretion of bacterial surface structures and exoproducts
(see Chapter 1, Section 1.4.).
Antibiotic levels in and around epithelial surfaces colonized by bacterial
pathogens seldom achieve or maintain bactericidal concentrations.

Despite

this, in many cases antibiotic therapy yields clinical improvement suggesting
that subMlCs of antibiotics are efficacious in viva

The purposes of

investigating the effects of subMlCs of antibiotics upon bacteria may be (1) to
elucidate the molecular mechanisms by which these low levels of drugs
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mediate these effects; (2) to devise better drug regimens, perhaps limiting
the administration of the drug to a single dose or selecting alternate
antibiotics; and (3) to reduce the toxicity and adverse effects of high doses of
antibiotics.
This study initially examined the effects of three translational inhibitors,
tetracycline, tobramycin, chloramphenicol and a DNA gyrase inhibitor on the
expression and functional activity of FBP. Whole cell immunoblotting using a
monoclonal antibody to FBP, cell surface iodination and outer membrane
immunoblotting were employed to evaluate FBP expression in the presence
of these antibiotics. [59 Fe]-pyochelin binding to whole cells or SDS-PAGE
separated outer membranes and [59 17e]-pyochelin uptake evaluated the
function of FBP in the presence of antibiotics.
Tetracycline

or

chloramphenicol,

at subinhibitory

concentrations,

repressed FBP surface expression detectable with whole cell immunoblotting.
Tobramycin reduced FBP expression while in the presence of ciprofloxacin,
FBP surface exposure was increased.

These effects were observed in the

four strains examined implying that these phenomena were not strain specific
(Chapter 2, Figures 1and 2).
Ferripyochelin binding to whole cells was reduced when cells were
grown in the presence of tetracycline, tobramycin or chloramphenicol.
Ferripyochelin uptake was repressed to a greater extent in the presence of
tetracycline or tobramycin and reduced in the presence of chloramphenicol
(Figure 4). Cell surface iodination revealed that less FBP was detectable on
the cell surface in the presence of tetracycline (Figure 3).

Repressed

ferripyochelin uptake in the presence of tetracycline probably resulted from
reduced surface expression of FBP.

Repressed ferripyochelin uptake in the
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presence of tobramycin did not result from inhibition of FBP surface
expression but may have resulted from reduced expression of yet-unknown
intracellular components of ferripyochelin transport system.

FBP surface

expression was dramatically reduced in the presence of chloramphenicol yet
this did not directly correlate with a decrease in ferripyochelin uptake. This
suggested that cells grown in the presence of chloramphenicol were
employing an alternate route of acquire ferripyochelin.
Thus, in the presence of subMlCs of tetracycline, tobramycin or
chloramphenicol, ferripyochelin expression was reduced.

Only when cells

were grown in the presence of tobramycin or tetracycline was ferripyochelin
uptake decreased suggesting that these antibiotics may limit the ability of P.

aeruginosa to acquire iron.
In the

presence

of ciprofloxacin,

FBP

surface

expression

was

increased. Ferripyochelin uptake or outer membrane expression of FBP were
unchanged in the presence of ciprofloxacin indicating that increased FBP
surface

expression

did

not

result from

increased

synthesis

of

FBP.

Quinolines, such as ciprofloxacin, act as chelating agents of outer membrane
divalent cations, disrupting the lipopolysaccharide and cause a loss of
membrane integriti (Furet and Pechere, 1990).

Ciprofloxacin may have

increased the exposure of FBP to monoclonal antibody by disorganizing the
membrane

architecture.

Although

ciprofloxacin

may

not

prevent

P.

aeruginosa from acquiring iron via ferripyochelin, it may increase the
antigenicity of FBP such that a greater immune response could be mounted
against this organism.
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The effects of these antibiotics on pyoverdin, enterochelin or desferralmediated iron uptake were not examined. Enterochelin or desferral were not
added to the culture medium to induce the expression of outer membrane
receptors for these siderophores.

Therefore, enterochelin or desferral-

mediated iron uptake would not be affected in the presence of subMiCs of
antibiotics in our assay systems.

Pyoverdin has agreater binding affinity for

iron than pyochelin (Wendenbaum et al., 1983). It stimulates an earlier phase
of growth of P. aeruginosa (
Ankenbauer et al., 1985; Cox, 1985), more
efficiently acquires. iron from transferrin than pyochelin (Sriyosachati and Cox,
1986) and may play an important role in iron acquisition of P. aeruginosa in
vivo. Future studies should investigate whether subMlCs of antibiotics, which
repressed

FBP surface expression

and ferr)pyochelin

prevent ferripyoverdin iron acquisition.
determine

whether

low doses

uptake,

similarly

These studies may conclusively

of drugs

can

successfully

prevent P.

aeruginosa from acquiring iron via high affinity iron acquisition systems, which
contribute to the virulence of P. aeruginosa (
Woods etal., 1982a).
Indirect immunofluorescence and immunogold electron microscopy
revealed that FBP was surfaced exposed in P. aeruginosa in vivo (
Chapter 3,
Figure 6).

In the presence of subMlCs of tetracycline,

expression was inhibited.

FBP surface

The pathology of the rat lungs infected with P.

aeruginosa was significantly, reduced when animals were treated with
subMlCs of tetracycline compared to untreated controls yet the bacterial
numbers were not significantly changed.
expression

may

have

contributed

to

The inhibition of FBP surface
the

decreased

virulence

of P.

aeruginosa. In vitro studies revealed that subMlCs of tetracycline significantly
reduced elastase and total protease activity but not exotoxin A or exoenzyme
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S activities of strain DG1, which was employed in these animal studies.
Assuming that tetracycline would similarly repress elastase and total protease
activity in vivo, it was hypothesized that reduced FBP expression, elastase
and total protease activities contributed to the reduced pathology observed in
the presence of tetracycline.
ProFBP was detectable, with monoclonal antibody to FBP in outer
membranes of cultures grown with tetracycline or chloramphenicol but absent
from outer membranes of control, tobramycin or ciprofloxacin grown cultures
(Chapter 2, Figure 5). It was speculated that tetracycline or chloramphenicol
altered FBP surface expression by interfering with processing of proFBP: To
study this hypothesis, it was essential to examine proFBP processing in the
absence of antibiotics.
Radiolabelled proFBP expressed from the cloned fbp gene in E. co/was employed as the substrate for in vitro assay of proFBP processing
activity.

Both membrane and soluble fractions isolated from P. aeruginosa

processed:prOFBP into a polypeptide approximating the molecular weight of
mature FBP (Chapter 4, Figure 8). The soluble processing activity was further
characterized and partially purified from periplasmic/cytoplasmic extracts of
P. aeruginosa (
Chapter 5).
Eighty percent solid ammonium sulfate effectively precipitated many
nonspecific proFBP proteases which cleaved proFBP into multiple peptides
and concentrated proFBP processing activity in the supernatant.

It was not

unexpected to discover several serine protease peptides intracellularly in P.
aeruginosa. At least eight intracellular proteases were fractionated from the
soluble proteins of E. coil (
Swamy and Goldberg, 1981) Fractionation of the
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1180%

supernatant"

on

DEAE-Sephacel

further

separated

the

proFBP

processing activity from the majority of proteins in this pool but did not purify
this activity to homogeneity (Chapter 5, Figures 16 and 17).
The proFBP processing activity was characterized as aCc-?' activated
serine protease which was not iron-regulated (Chapter 4, Figure 11 A, C, and

D).

[
3 H]-DFP was used to label the active site of serine proteases in

periplasmic/cytoplasmic extracts that exhibited different proficiencies to
process proFBP.

By aprocess of elimination, it was proposed that serine

protease peptides of molecular weight approximating 24 kDa and 6kDa may
putatively process proFBP. Only these two protease peptides were detected
via

[
3

H]-DFP binding in the most concentrated " DEAE-pool" of proteins which

demonstrated the greatest processing of proFBP. Although these purification
strategies did not purify the proFBP processing protein to homogeneity, these
protocols isolated two peptides that bound [3 H]-DFP (Chapter 5, Figure 18).
It was estimated that 80 , lof the concentrated " DEAE-pool" (1ml total)
contained 5-10 ng of proFBP processing activity. Approximately 60-125 ng of
protease was recovered from the " DEAE-pool" (30 ml total) and therefore
0.15-0.3 ng of proFBP processing activity was present in each fraction that
completely cleaved proFBP (estimated at 50 ng) into FBP and the putative
signal peptide. These calculations predict that one ng of processing activity
may cleave

160-300 ng of proFBP.

Unfortunately, these purification

strategies did not recover sufficient protein for amino-terminal sequencing
which might determine whether conserved residues of aserine protease are
present in this protein.
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The proFBP processing activity differs from other bacterial signal
peptidases. Unlike signal peptidase Ior II of E. co/i or PhD of P. aeruginosa,
which are largely inner membrane proteins, the proFBP processing activity
was detected in both the soluble extracts and membrane extracts of P.

aeruginosa.

The proFBP processing is not unique as other -serine

processing enzymes have been described in the literature.

The yeast

prohormone (pro a-factor) processing enzyme (
KEX2 gene product; Kex2
protease), localized to the late golgi, is a

-dependent serine protease

(Fuller etal., 1989b, 1990; Julius etal., 1984). Unlike the proFBP processing
activity, the Kex2 protease was inhibited by EDTA demonstrating that calcium
was essential for activity. The proFBP processing activity appeared only to be
activated

by

calcium.

The

Kex2

protease

was

resistant

to

trans-

epoxysuccinate compounds while the proFBP processing activity was slightly
sensitive suggesting that acysteine residue may be near the active site of the
proFBP processing activity.

Interestingly, removal of the last 200 carboxy-

terminal amino acids of the Kex2 protease did not abolish its activity and the
amino terminus contained a region of extensive homology to the subtilisn-like
serine protease family (Mizuno et al.,

1988). The Kex2 protease was

synthesized as a precursor which underwent autoproteolytic processing
(Wilcox and Fuller, 1991). The Kex2 protease cleaves the pro a-factor at the
carboxyl side of pairs of basic residues (Lys-Arg or Arg-Arg) which differs
from bacterial processing enzymes which cleave at the carboxy side of small
nonpolar amino acids (von Heijne, 1983).
Kex2 protease was thought to be a prototype of an important class of
processing enzymes since maturation of precursors to secreted bioactive
peptides in eukaryotic cells requires endoproteolysis at the carboxyl side of
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pairs of basic residues.
higher eukaryotes.

Other Kex2-like proteases have been identified in

A Kex2-like protease was identified in rat hepatic

microsomes which converted proalbumin to albumin (Brennan and Peach,
1988).

The

human gene product, turin, shared 50% identity (Fuller et aL,

1989a) and showed functional homology with the Kex2 protease (Bresnahan
et al.,

1990) suggesting that furin may be a candidate for a human

prohormone-processing enzyme.

The polymerase chain reaction was

employed to detect, amplify, identify and clone sequences of Kex2-like
proteases from human insulinoma cDNAs (PC2; Smeekens and Steiner,
1990) and from mouse anterior pituitary cell line cDNAs (PC3; Smeekens et
al., 1991).

The gene products of PC2 and PC3 may be involved in the

processing of prohormones of neuroendocrine cell types (Thomas et al.,
1991).

The PC2, PC3 and turin displayed a high degree of similarity

suggeting that they may be part of a superfamily of mammalian proteases
that process prohormones or other precursors.

It would be interesting to

determine whether other -activated serine processing enzymes similar
to the proFBP processing exist in other bacterial species. Perhaps these may
represent another class of bacterial processing enzymes.
The effects of antibiotics on proFBP processing activity were analyzed
with three P. aeruginosa strains with different protease backgrounds (Chapter
6, Figure 19). ProFBP processing or synthesis were not dramatically altered
when tobramycin or ciprofloxacin was added to the culture medium of these
strains.

In the

presence of tetracycline or chioramphenicol,

proFBP

processing increased or decreased in strain PA1O3-11 depending on the
stage of growth and the concentration of antibiotic.

ProFBP processing

activity was increased when strain PA1O3 was grown in the presence of
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tetracycline or chioramphenicol and decreased when strain DG1 was grown
with these antibiotics.

Regardless of whether or not proFBP processing

activity was increased or decreased in the presence of tetracycline or
chloramphenicol, proFBP was detectable with monoclonal antibody in whole
membranes isolated from these cells (Figure 20). Therefore, in the presence
of tetracycline or chioramphenicol, there were strain-specific differences in
proFBP processing activity that did not correspond with proFBP synthesis.
There was a correlation between the appearance of two serine
protease peptides of molecular weights approximating 24 kDa and 6 kDa
which bound

H]-DFP and the detection of proFBP processing activity

isolated from cultures grown in the presence or absence of antibiotics
(Figures 21 and 22). These serine protease peptides were only detected in
the most concentrated " DEAE-pool" fractionated from tetracycline grown
cultures that displayed the greatest processing of proFBP (Figure 25). This
provided further evidence that these serine protease peptides may comprise
part of the proFBP processing enzymes.
Most experimental evidence using

[
3

H]-DFP to label the active site of

serine protease determined that either or both the 24 kDa or 6 kDa protease
peptides process proFBP. It is unlikely that the 6 kDa peptide encompasses
a complete protease.

The 6 kDa peptide may be a functional degradation

product of alarger precursor since it appears to process proFBP in vitro and
binds the active site labelling agent, [3H1-DFP. The 24 kDa peptide may be
the larger precursor from which the 6kDa peptide was derived by degration.
Alternatively, the 24 kDa and 6kDa peptides may be degradation products of
a larger precursor, and the 6 kDa peptide yet contains the smaller functional
part of this precursor. It is also possible that the 6 kDa and 24 kDa peptides
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are degradation products of two different precursors, implying that two
endopeptidases may process proFBP of P. aeruginosa in vivo.

Further

examination of the expression of these protease peptides during the growth
cycle revealed that the 6 kDa protease peptide was only detectable early in
the growth phase while the 24 kDa protease continued to be detected until
mid-log phase (Figure 12). It is possible that these protease peptides or the
larger precursors from which they are derived may function independently to
process proFBP at different stages of growth. It will be necessary to ascertain
whether one or more endopeptides process proFBP in vivo. In the presence
of tetracycline, or chloramphenicol, there appears to be agreater increase in
the synthesis of the 6 kDa protease peptide than the 24 kDa protease
peptide, both of which are increased compared to control cultures. Increased
synthesis of the 6 kDa protease peptide or the larger precursor from which it
is derived may be responsible for increased proFBP processing in the
presence of these antibiotics compared to control.

The origin of this

precursor is currently unknown.
In the presence of tetracycline or chloramphenicol, proFBP processing
activity increased in cultures of strains PAl 03 or PA1O3-11 (Figure 19C). The
increase in activity corresponded with an increase in expression of the
putative

proFBP

processing

protease

peptides

of 24

kDa

or 6 kDa

suggesting that increased activity resulted from increased synthesis or
stability of these proteins or the precursors from which they were derived.
When proFBP processing activity was repressed with strains DG1 or PA1O311 grown in the presence of tetracycline or chloramphenicol, the expression
of the 24 kDa or 6 kDa protease peptides was inhibited implying that the
decreased activity corresonded with adecreased synthesis of these proteins.
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Tetracycline or chloramphenicol was proposed to inhibit the synthesis of the
24 kDa or 6kDa proteins by directly inhibiting their translation. Tetracycline or
chloramphenicol was proposed to increase the stability of these proteins by
inhibiting the synthesis of proFBP processing activity degradative proteases
or mobilizing the proFBP processing activity to another cellular compartment
where it might be protected from degradative proteases.

Tetracycline or

chloramphenicol was proposed to increase expression of the proFBP
processing activity as an attempt by the cell to localize any of this activity in
the proper cellular compartment. How this may be affected is unknown. As
lincomycin increased the stability of the 19-lactamase mRNA of E. coil
• (Matsushita et al.,

1989), tetracycline or chloramphenicol may similarly

increase the stability 'of proFBP processing activity mRNA(s) but in a strainand cell density-dependent fashion.
7.2

FUTURE PROSPECTS
Many

investigations.

questions

and

considerations

have

arisen

from

these

Do the 24 kDa and 6 kDa serine protease peptides process

FBP? How do subMlCs of tetracycline, which at bactericidal concentrations,
inhibit protein translation, increase the synthesis or indirectly increase the
stability of the proFBP processing activity? Other possible avenues of pursuit
may arise from the following questions in addition to those addressed above.
What is the site of cleavage of the proFBP processing enzyme?
Biochemical Studies
1.

Cyanogen bromide treatment of [35 S}-proFBP and mature [35 S]-FBP
may delinate whether the amino or carboxy terminus is cleaved.
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2.

Amino-terminal

sequencing

of

the

processed [35 S]-FBP

would

determine what amino acid is present at the + 1 position of the
cleavage site.
Genetic Studies
1.

Site-directed mutagenesis of the cloned FBP gene may delinate the
site of cleavage by examining for lack of processing of these mutated
FBP.

2.

Examining efficiencies of processing of FBP expressed from different
fbp genes cloned from different Pseudomonas species.

Other fbp

genes from P. putida and P. fluorescens were cloned and expressed
by another graduate student in our laboratory.
Do either or both the 24 kDa or 6 kDa serine protease peptides, or the
larger precursors from which they are derived, process FBP ?
Purification of Proteases
The purification protocols currently employed to isolate the proFBP
processing activity produce very low yields of either of these protease
peptides.

Affinity chromatography using serine protease inhibitors, purified

signal peptide or amino acid resins (if the amino acid at the + 1position of the
cleavage site is determined)

may effectively purify these proteases to

homogeneity. The serine protease inhibitor resins commercially available are
specific for trypsin or chymotrypsin-like serine proteases.

The proFBP

processing activity did not bind to the resin which separates trypsin-like
proteases. The proFBP processing activity may be a unique serine protease
that may require specialized reversible inhibitors to affinity purify this protease.
If either the 24 kDa or the 6 kDa protease peptides could be separated from
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the other, then one would be able to determine whether either or both or
neither protease peptide processes FBP. This is probably the most important
and difficult question to answer.
Cloning of the ProFBP Processing Activity
The proFBP processing activity may be cloned in a similar fashion as
the mammalian Kex2-like proteases, PC2 and PC3 by screening with a
"consensus" probe that incorporates the conserved residues around the
active site of known serine proteases.

If the proFBP processing activity is

truly similar to the yeast Kex2-like protease, consensus probes that identified
PC2 and PC3 may also successfully clone the proFBP processing activity.
Such studies would hopefully identify either or both the 24 kDa or 6 kDa
serine protease peptides or the larger precursors from which they may be
derived, but may also select for other serine proteases of P. aeruginosa.
Alternatively, the proFBP processing activity may be cloned using a
degenerative probe deduced from the amino-terminal sequence (when
available) of the purified proFBP processing activity; or using monoclonal or
polyclonal antibodies raised against either the 24 kDa or 6 kDa proteins
(when available). The former approach may isolate nonspecific genes since a
degenerative probe must be employed while the latter approach assumes
that the protease would be sufficiently expressed to be detectable with
antibody.
Genetic analysis of the cloned proFBP processing activity gene should
resolve several questions concerning the proFBP endopeptidase.

The

approximated molecular weight of the proFBP processing activity could be
determined by expression of the cloned gene(s)

in E.

co/i minicells.

Sequence alignment of the predicted amino acids of the cloned gene with
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either the amino-terminal sequences of the 24 kDa or 6 kDa peptide would
determine whether both the 24 or ,
6 kDa peptides are degradation products
from a common larger precursor, or whether the 6 kDa is a degradation
product of the 24 kDa protein or a alternate larger polypeptide. Since the 24
kDa and 6 kDa peptides appear to process proFBP in vitro and also bind
[
3H]-DFP, both peptides must contain the catalytic domain of the proFBP
processing activity. Sequence alignment of the amino-terminal sequences of
the 24 or 6 kDa peptides with the amino acid sequence of the cloned gene(s)
would

determine the

location

of the catalytic domain

of the

proFBP

endopeptidase within the polypeptide.
Once the proFBP processing activity is cloned, gene replacement
studies may determine whether either the 24 kDa and/or 6 kDa proteins
process proFBP in vivo;

whether loss of the proFBP processing activity is

lethal to P. aeruginosa; whether other precursors are processed by the
putative proFBP processing activity;

whether other proteases may process

proFBP, albeit less efficiently, in the absence of proFBP processing (
ie.
mutating proFBP processing activity in elastase, alkaline protease, or RID
deficient mutants).
Overexpressing the cloned proFBP processing activity gene may
facilitate isolation of milligram quantities of this protein.

In vitro studies with

synthetic substrates derived from the cleavage site of proFBP may help
delineate the specificity of this purified processing activity for proFBP. Once
determined, substrate analogs or inhibitors may be designed that may
successfully inhibit proFBP processing and possibly prevent P. aeruginosa
from acquiring iron via ferripyochelin.
present in all P. aeruginosa isolates,

If this proFBP processing activity is
and if this processing activity is
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sufficiently different from mammalian processing enzymes, then designing an
inhibitor for the proFBP processing activity may,
provide an alternate therapy
to irradicate P. aeruginosa infections in CF.
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