3 | LIBRARY
Te Tumu Herenga RESEARCHSPACE@AUC KLAND

THE UMIVERSITY OF AUCKLANMD

http:/Z/researchspace.auckland.ac.nz

ResearchSpace@Auckland

Copyright Statement

The digital copy of this thesis is protected by the Copyright Act 1994 (New
Zealand).

This thesis may be consulted by you, provided you comply with the
provisions of the Act and the following conditions of use:

e Any use you make of these documents or images must be for
research or private study purposes only, and you may not make
them available to any other person.

e Authors control the copyright of their thesis. You will recognise the
author's right to be identified as the author of this thesis, and due
acknowledgement will be made to the author where appropriate.

e You will obtain the author's permission before publishing any
material from their thesis.

To request permissions please use the Feedback form on our webpage.
http://researchspace.auckland.ac.nz/feedback

General copyright and disclaimer

In addition to the above conditions, authors give their consent for the
digital copy of their work to be used subject to the conditions specified on
the Library Thesis Consent Form.


http://researchspace.auckland.ac.nz/
http://researchspace.auckland.ac.nz/feedback

MOLECULAR ANALYSIS OF THE ENDOFLAGELLA

OF THE PATHOGENIC TREPONEMES.

Robin David Isaacs

A thesis submitted for the degree of Doctor of Medicine

University of Auckland

1991



ii

INDEX OF CONTENTS

Index of Contents . . . .« . ¢« ¢ ¢« ¢« ¢ ¢ « o ¢ o o o o o ii
Index of Tables . . . ¢ ¢ . ¢ « ¢ ¢ ¢ ¢« ¢ o o o o o o & vii
Index of Figures . . . . & ¢ ¢ ¢ ¢ o o o o o o o o o o viii
Abbreviations . . . . ¢ . . ¢ 0 0 e e e e e e e e e e e e xi
Acknowledgements . . . . ¢ ¢ ¢ 4 e 4 e e s s e e e e xiv
Abstract . . . . . . o i 0 i i e e e e e e e e e e e e e 1
l. Introduction . . . ¢« ¢« ¢ ¢ ¢« ¢ ¢ ¢ 4 e e e e e e e e 4
1.1 Epidemiology of syphilis C e e e e e e e e e e 6
1.2 Biology of T. pallidum e e e e e e e e e e e e e 9
1.3 Treponemal motility and pathogenicity . . . . . . 17
1.4 Spirochaetal motility and the endoflagella « . e 20

1.5 Antigenic analysis of T. pallidum and its

endoflagella . . . . . & ¢« « ¢ ¢« ¢ 4 e o 4 e e e . 21

1.6 Is a syphilis vaccine possible? . . . . . . . . . 24
1.7 Experimental aims of this study . . . . . . . . . 26
2, Materials and Methods . . . . . & & v v ¢ ¢ « o o o = 30
2.1 Culture media . . . ¢ ¢« v ¢ ¢ 4 e e 4 e e e e o 31
2.2 Bacterial strains . . . . . . .« ¢ v e e e e e 32

2.3 Plasmid and oligonucleotide DNAs c o e e s e e 37



2.4 Determination of protein concentration o o e e
2.5 Immunologic reagents c e e e s s e e e e e e e
2.6 SDS-PAGE, 2D-PAGE, and immunoblotting . . . . . .
2.7 Extrinsic radiolabelling of T. pallidum . . . . .
2.8 Radioimmunoprecipitation « e e e e e e e e e e
2.9 Radio-immunocolony blot assay to detect expressed
antigens . . . . ¢ 0 v 0 v 4 e e e e e e e e e e e
2.10 Isolation of treponemal endoflagella . . . . . .
2.11 Electron microscopy of isolated endoflagella . .
2.12 Radiolabelling of T. phagedenis e s e e e e
2.13 Purification of the endoflagellar proteins . . .
2.14 N-terminal amino acid sequence analysis . e e e
2.15 Tryptic peptide analysis . . . . « « « « ¢ « + &
2.16 DNA modifying reagents . . . . . . « ¢« ¢« « .« o o
2.17 General DNA procedures . . . . « « « « o o o o
2.18 Purification of plasmids and phage DNAs o e e e
2.19 Purification of treponemal DNA . . . . . . . . .
2.20 DNA-DNA hybridizations . . . . . « « « « « « « &
2.21 Construction and screening of T. pallidum
chromosomal DNA libraries « e e e & e e e s e s s
2.22 DNA sequence analysis e e e s s e e e s e e e
2.23 DNA amplification by the polymerase chain reaction
2.24 Expression of the 37-kD sheath protein . . . . .
2.25 Pulse-chase experiments e e e e e e e e e e e
2.26 Minicell analyses c e e s 4 e e s e o e & o s s
2.27 Selective release of E. coli soluble periplasmic
proteins . . . . . . . 0 0 . 0 e e e e e e e e e
2.28 Membrane fractionation experiments . . . . . . .

iii
37
37
47
51
51

52
53
54
56
57
57
57
58
58
60
63
65

67
69
70
70
74
74

75
76



iv

2.29 Extraction and phase-partitioning with

Triton X~114 . . . . ¢ « ¢« ¢« ¢« ¢ o o o« o o o o o« o 76

2.30 Purification of Cro-LacZ-FlaA fusion protein . . 77
2.31 Purification of LacZ’-FlaA fusion protein .« . . 78
2.32 Purification of the 47-kD antigen c s e e e e 79

3. ReSUlts . v & ¢ v vt e e e e e e e e e e e e e e e 81
3.1 Purification of treponemal endoflagellar proteins 82

3.1.1 Isolation of treponemal endoflagella . . . . 82
3.1.2 Purification of component endoflagellar
proteins e e e s e e e e e e e e e e e e e e 89
3.1.3 Comparative tryptic peptide analysis of
endoflagellar sheath proteins . . . . . « .« « . 92
3.1.4 Amino terminal sequence analysis of component
endoflagellar proteins . . . ¢« ¢« « « « o o « 92
3.2 Determination of the primary structure of mature
FlaA . & ¢ ¢ v v v v 6 4 e e e e e e e e e e e e 95
3.2.1 Monoclonal antibody screening of a
recombinant DNA 1ibrary . . .« « « o o « o o o = 95

3.2.2 Characterization of murine monoclonal

antibody H9-2 . . . + ¢ « v v o o o o o o o o 98
3.2.3 Purification of T. pallidum genomic DNA . . 99
3.2.4 Characterization of clone AA34 . . . . . . 104

3.2.5 Southern analysis of T. pallidum genomic
DNA with the AA34 probe . . . . . « « « « + & 107
3.2.6 T. pallidum genomic library construction

for "chromosome walking” . . . . « « « « . . 112



3.3 Completion of the nucleotide sequence of flaA

3.4

3.2.7 Screening and clone characterization from

a randomly generated gene library

3.2.8 Nucleotide sequence analysis of pR

3.3.1 Southern analysis of T. pallidum genomic

DNA with oligonucleotide probe ORI3

3.3.2 Determining the remaining nucleotide sequence

I4

of flaA using the polymerase chain reaction

3.3.3 Structural features of FlaA .

Expression of recombinant FlaA . o e

3.4.1 Construction of an E. coli clone expressing

recombinant sheath protein .

3.4.2 Analysis of processing of FlaA .

3.4.3 Localization of recombinant antigen in

E. coli . . v o« o o« o o o o o o »
3.4.4 Expression of a LacZ’-FlaA protein

3.4.5 Expression of a Cro-LacZ-FlaA prot

3.4.6 Solubilization and partial purification

LacZ'’-FlaA e e o 6 e o o e o o e @

4. Discussion . . . .« ¢ v v v v o 4 e o

4.1
4.2
4.3
4.4
4.5
4.6

4.7

Purification of treponemal endoflagella
The nucleotide sequence of flaA . . .

Cloning toxic gene products in E. coli

Purification of T. pallidum chromosomal DNA

Expression of FlaA in E. coli . . . .
Subcellular localization of FlaA in E.

Expression of FlaA as a fusion protein

ein

coli

of

112
113

119

119

122
126
130

130
138

138
143
150

150

160
163
164
169
172
173
177

179



4.8 Future experimentation e e e e s e e e e s e

Literature cited . . . ¢ ¢ ¢ « v ¢ o o o o o o o o o

AppendiCes . . « ¢ ¢ 4 4 e e e e e s e e e e e e e s

Appendix 1. Amino acid composition of pre-FlaA
compared with the endoflagellar core proteins
(FlaBl, FlaB2, and FlaB3) e e s e e e e e e e

Appendix 2. Codon usage table for the gene encoding
pre-FlaA and for all four genes (flaA, flaBl,
flaB2, flaB3) encoding the major T. pallidum
endoflagellar proteins . . . . . ¢« ¢ ¢« ¢« ¢ o o .

Appendix 3. Hypothetical model of treponemal

endoflagella assembly e s e e e e e e e e e e

Selected publications related to these studies . . . .
Molecular cloning and DNA sequence analysis of the
37-kilodalton endoflagellar sheath protein

of Treponema pallidum e s e e e s e e e e s e
Expression in Escherichia coli of the 37-kilodalton
endoflagellar sheath protein of Treponema
pallidum by use of the polymerase chain reaction
and a T7 expression system . . . . . . « . . . .

Other publications c o e e s e s e s e & e s s e s

vi

182

185

219

220

222

227

230

231

232
233



INDEX OF TABLES
Table 1. Bacterial strains used in these studies
Table 2. Plasmid DNAs used in these studies . . .
Table 3. Oligonucleotides used in these studies .

Table 4. Polymerase chain reaction conditions . .

Table 5. N-terminal amino acid sequences for T. pallidum

subsp. pallidum, T. pallidum subsp. pertenue and

T. phagedenis endoflagellar proteins e e e .

Table 6. Amino acid sequence of peptides generated by

tryptic digestion of purified T. pallidum subsp.

pallidum endoflagellar sheath protein . . .
Table 7. Areas of homology between the flaA gene

product of T. pallidum and S. aurantia N

vii

33

38

43

71

96

97

129



viii
INDEX OF FIGURES
Figure 1. Taxonomy of the genus Treponema . . . « « . . . 10
Figure 2. Schematic diagram demonstrating the
ultrastructural features of T. pallidum « e e = e 13
Figure 3. Electron micrographs of T. pallidum subsp.
pallidum e e e e e e e s e e e e e e e e e e e e e 15
Figure 4. Outline of the studies detailed in this thesis 29
Figure 5. Location of oligonucleotides used in
these studies . . . . . . . . ¢ ¢ ¢ v o o e e e e e 45
Figure 6. Isopycnic density gradient centrifugation of
radiolabelled T. phagedenis endoflagella e e e e e e 55
Figure 7. Outline of the inverse-PCR procedure used to
amplify the upstream regions of flaA e e e e e e e e 72
Figure 8. Isolation of T. pallidum subsp. pallidum
endoflagella e e e e s e s e e e e e e e e e e e 83
Figure 9. Negative contrast electron micrograph of
T. pallidum subsp. pallidum endoflagella « e e e e e 85
Figure 10. Comparison of the SDS-PAGE profile of
endoflagella from three different treponemes e o e 87
Figure 11. Purification of component endoflagellar
proteins e e e e e e e e e e e e e e e e e e e e e 90
Figure 12. Comparison of HPLC elution profiles of
tryptic digests of the endoflagellar sheath
proteins of T. phagedenis, T. pallidum subsp.
pallidum, and T. pallidum subsp. pertenue . . . . . . 93
Figure 13. Murine monoclonal antibody H9-2 reacts

with the 37-kD endoflagellar sheath protein . . . . 100



ix

Figure 14. Reactivity of murine monoclonal antibody H9-2

with SDS-denatured proteins of several treponemes . 102
Figure 15. Characterization of the p-galactosidase fusion

protein produced by AA34 E. coli lysogen e e e e 105
Figure 16. The T. pallidum subsp. pallidum chromosomal

DNA insert of AA34 is not multimeric C e e e e e e 108
Figure 17. Southern hybridization of T. pallidum subsp.

pallidum chromosomal DNA using the EcoRI-EcCORI

fragment from pRI1 as probe . . . . « « « ¢ .« « + & 110
Figure 18. Partial restriction maps . . . . . « « « « =& 114
Figure 19. Nucleotide sequence of flaA and deduced amino

acid sequence of pre-FlaA . . . ¢ « ¢ o o o o o o o 116
Figure 20. Construction of T. pallidum subsp. pallidum

genetic map with respect to flaA e e & e e s s e e 120
Figure 21. Use of the inverse-polymerase chain reaction

technique to amplify upstream regions of flaA . . . 123
Figure 22. Hydrophilicity analysis of pre-FlaA . . . . 128
Figure 23. Analysis of E. coli clones expressing

recombinant FlaA e s e e s e e e e e e e e e e e 132
Figure 24. Two dimensional electrophoretic analyses of

recombinant FlaA e e e e e e e e e e e e e e e e 134
Figure 25. Expression of recombinant FlaA reduces the

growth rate of E. coli e e e e e e e e s e e e e 137
Figure 26. Processing of FlaA in E. coli . . . . . . . 139
Figure 27. Fractionation of E. coli clones expressing

FlaA © e e e e e e . e e e e e e e e e e 141

Figure 28. Detergent solubility of recombinant FlaA . . 144



Figure 29. Introduction of a bovine protease X, site
by using mismatched PCR primers . . . . . .« « + + &
Figure 30. Expression of LacZ’'-FlaA protein . . . . . .
Figure 31. Expression and purification of the
Cro-LacZ-FlaA protein . . . « ¢« « « + o &« o o o o o
Figure 32. The solubility of the LacZ'’-~FlaA protein
following treatment with guanidine hydrochloride,
urea, sodium deoxycholate and sodium chloride . . .
Figure 33. Triton X-114 solubility of urea-solubilized
LacZ'’-FlaA protein e e e s e e e e e e e e e e e

Figure 34. Hypothetical model for endoflagella assembly

146
148

151

154

157
228



2D-PAGE

AIDS

ATP

cpm

dATP

dCTP

dGTP

DNA

DNase

EDTA

FlaA

flaA

FlaBl

flaBl

FlaB2

flaB2

FlaB3

flaB3

xi

Abbreviations
two dimensional-polyacrylamide gel electrophoresis
acquired immunodeficiency syndrome
Absorbance at n nm
adenosine triphosphate
counts per minute
deoxyadenosine triphosphate
dexoycytidine triphosphate
deoxyguanosine triphosphate
deoxyribonucleic acid
deoxyribonuclease
(ethylenedinitrilo)tetraacetic acid
the mature endoflagellar sheath protein
the gene encoding the endoflagellar sheath protein

a T. pallidum endoflagellar core protein of M,

34.5 kD

the gene encoding FlaBl

a T. pallidum endoflagellar core protein of M, 33 kD
the gene encoding FlaB2

a T. pallidum endoflagellar core protein of M, 30 kD

the gene encoding FlaB3



HEPES

HIV

HPLC

IEF

1g

IPTG

kD

min

M,

NP-40

PBS

PCR

PEG 6000

PMSF

pre-FlaA

N-2-hydroxyethylpiperazine-N’-2-ethane-sulphonic

acid

human immunodeficiency virus

high pressure liquid chromatography
isoelectric focusing

immunoglobulin
isopropyl-p-D-thiogalactopyranoside
kilobase pairs

kilodalton

minute

relative molecular mass

Nonidet 40

phosphate buffered saline
polymerase chain reaction
polyethylene glycol 6000

phenyl methyl sulphonyl fluoride
the precursor protein of FlaA
ribosomal binding site
radioimmunoprecipitation
ribonucleic acid

ribonuclease

xii



xiii
rpm revolutions per minute
sarkosyl N-lauroyl sarcosinate
SDS sodium dodecyl sulphate

SDS-PAGE SDS-polyacrylamide gel electrophoresis

sec second

ssDNA single stranded DNA

subsp. subspecies

Tris 2-amino-2-(hydroxymethyl)-1,3-propanediol
uv ultraviolet

vol volume

wt weight

X-Gal 5-bromo-4-chloro-3-indoyl-f-D-galactopyranoside



xiv

Acknowledgements
The research reported in this thesis was undertaken in the
laboratory of Dr Justin D. Radolf, Assistant Professor of
Internal Medicine and Microbiology, University of Texas
Southwestern Medical Center, Dallas, Texas 73235, from July, 1987

through June, 1990.

The support and encouragement offered to me by Justin Radolf has
been invaluable. In addition, I wish to thank Dick Bellamy, Rod
Ellis-Pegler, Tom Miller, and Douglas Ormrod for reading this
thesis and the following colleagues for their advice and
assistance with many of the applied aspects of this study:
Richard Baer, Alan Duby, Luz-Maria Guzman-Verduzco, Jeffrey
Hanke, Yankel Kupersztoch, Sheila Lukehart, Robert Munford,
Michael Norgard, Bret Purcell, and Francis Riedo. To those
colleagues I have not mentioned, I wish to express my gratitude

for their assistance and encouragement.



Abstract
Motility of Treponema pallidum is mediated by endoflagella
located within the periplasmic space. The endoflagella
comprise a core surrounded by a sheath, with the sheath

being composed of a 37-kD antigen (FlaA).

Treponemal endoflagella were isolated and component proteins
were purified by reverse-phase high pressure liquid chroma-
tography (HPLC). N-terminal amino acid sequence analysis was
performed using the sheath protein and two core proteins
from T. pallidum subsp. pallidum, T. pallidum subsp.
pertenue, and T. phagedenis. For all three proteins, the N-
terminal sequences found for T. pallidum and T. pertenue
were identical but differed from the sequence of T.
phagedenis. The sheath proteins from the three treponemes
were also compared by HPLC tryptic peptide maps: maps for T.
pallidum and T. pertenue were very similar but differed from

T. phagedenis.

A Agtll clone, AA34, that expressed a portion of FlaA was
selected from a T. pallidum genomic library using a murine
monoclonal antibody. The insert from AA34 provided a probe
with which a chimeric plasmid, pRI4, encoding all but the
nine N-terminal amino acids of FlaA was selected from a

PBR322 T. pallidum genomic library.

The nucleotide sequence of flaA upstream of amino acid 10

could not be determined by routine cloning strategies.
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Instead, the remaining sequence was determined using the
inverse- and asymmetric-polymerase chain reaction methods.
flaA contains a consensus Escherichia coli promoter and a
ribosome binding site. A single open reading frame encodes
a precursor protein, pre-FlaA, of 350 amino acids with a
calculated M, 38,860. A 20 amino acid signal sequence with
a typical signal peptidase I cleavage site immediately
precedes the known N-terminus of FlaA. Twenty six per cent
(91/350) of the DNA-derived amino acid sequence was con-
firmed by N-terminal sequence analysis of ten tryptic

peptides derived from native FlaA.

Polymerase chain reaction-derived constructs lacking the
native T. pallidum promoter were cloned downstream of a T7
promoter. T7 polymerase transcription was under the control
of a P, A promoter. When the A repressor was inactivated at
42°C, FlaA was expressed at relatively low levels in E. coli.
Native and recombinant FlaA were identical as assessed by
antibody reactivity and electrophoretic mobility in both
sodium dodecyl sulphate- and two dimensional-polyacrylamide

gels.

Although some pre-FlaA is processed to FlaA in E. coli, pre-
FlaA is accumulated indicating inefficient processing of
pre-FlaA in E. coli. Soluble FlaA was not detected in either
the cytoplasmic or the periplasmic fractions of E. coli
transformants. Fractionation of E. coli cell envelopes

unexpectedly revealed that pre-FlaA and FlaA were associated



with both the inner and outer membranes.

Two gene fusions, c¢ro-lacZ-flaA and 1lacZ’'-flaA, were
constructed in an attempt to increase expression of the
recombinant antigen; a bovine protease X, site was engineered
into the hybrid proteins immediately upstream of the N-
terminus of FlaA to allow for subsequent proteolytic
cleavage of the purified hybrid proteins. The LacZ'’-FlaA
protein was expressed in E. coli in increased amounts as
compared with FlaA, but like recombinant FlaA, associated
with both the inner and outer bacterial membranes. LacZ’'-
FlaA can be released from the membranes by treatment with 1%

[wt/vol] sarkosyl, 6 M urea, or 6 M guanidine hydrochloride.
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Venereal syphilis is a chronic, systemic, sexually transmitted
disease caused by the spirochaete Treponema pallidum subsp.
pallidum.! Following a variable incubation period, classic
untreated syphilis begins as a primary lesion (the chancre) at
the site of inoculation. The primary lesion resolves spon-
taneously, and after a variable period of time is followed by a
disseminated secondary stage of infection which is characterized
by diverse skin and other systemic manifestations. Following an
asymptomatic latent period of many years, tertiary disease is
manifest by devastating illness involving the mucocutaneous,

cardiovascular, or central nervous systems.

Both the advent of penicillin treatment and public health
measures have made a significant impact on the spread of venereal
syphilis, but within the past five years there has been a major
resurgence of this disease.? The recent syphilis epidemic is of
additional concern as genital ulcer disease is a risk factor for
transmission of the human immunodeficiency virus (HIV), the
causative pathogen of the acquired immunodeficiency syndrome
(AIDS).>* As a consequence, there has been renewed interest in
the development of a vaccine to prevent the spread of syphilis.
In order to achieve this, detailed analysis of treponemal
antigens is required. A recombinant DNA approach to the study of
one treponemal antigen, the endoflagellar sheath protein, is the

topic of this thesis.

Introduction



1.1 Epidemiology of syphilis

The history of syphilis is a fascinating study of world events
over the past five centuries as it has affected many rich and
powerful figures.® Since the advent of simple, effective, safe
treatment with penicillin there has been a marked diminution in
the number of cases of tertiary syphilis.? Active public health
measures to control the spread of this disease have been
partially successful. For example, the Centres for Disease
Control (Atlanta, GA 30333) reported declines in cases of
infectious syphilis in the United States during the years 1982
through 1986.2 However, significant increases in early syphilis
have been noted each year since 1987 with syphilis reaching near-
epidemic proportions in the United States; the rate of 16.4 cases
per 100,000 persons in 1988 is the highest level since the

1950’s.?

This worsening epidemic has been associated with a change in the
socioeconomic pattern of cases: in the years 1965 through 1984,
infectious syphilis was most frequently diagnosed in homosexual
and bisexual men®, but in the past decade the greatest increase
in incidence has been in heterosexual male and female minorities
living in the inner cities.’ The reasons for the epidemic and for
the change in epidemiologic pattern probably are multifactorial.
Suggested causes include the following®:

¢ an increase in the incidence of penicillinase-producing
Neisseria gonorrhoeae has meant that spectinomycin is used

commonly for treatment of gonorrhoea. Unlike most of the other

Introduction
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antimicrobials used in the treatment of gonorrhoea, spectinomycin
does not effectively treat syphilis during its incubation period.

®¢ a decrease in public health resources set aside for
syphilis control as funds have been redistributed to control
programmes dealing with either HIV or penicillinase-producing N.
gonorrhoeae infections.

®¢ an increase in sexually transmitted diseases amongst
prostitutes who sell sex for cocaine, usually in the form of

"crack".

Syphilis is also a major problem in the third world, accounting
for significant morbidity including spontaneous abortion.’ It may
also have a major role in HIV transmission in Africa, along with

other diseases which cause genital ulceration.?

Public health measures to prevent the spread of AIDS by the
widespread use of condoms have decreased the rate of syphilis and
other sexually transmitted diseases in homosexual men. Despite
this, co-infection with both HIV and T. pallidum is very common
in homosexual men.!°** This is of major concern for a number of
reasons®:

® an increase in the prevalence of syphilis may result in
accelerated heterosexual spread of HIV in populations already at
high risk for HIV infection. Genital ulcer disease, including
syphilis, has been implicated in the transmission of HIV.?* For
example, one United States study suggested that homosexual men

were at three to eight times the risk of acquiring HIV if they

Introduction Epidemiology of syphilis
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had a previous history of either syphilis or genital ulcer
disease.*

® an epidemic of early syphilis in women, particularly
prostitutes abusing intravenous drugs, presages an increased
number of cases of congenital syphilis, possibly co-infected with
HIV, with resultant fetal death and perinatal morbidity and
mortality.
® recent case reports have suggested that HIV co-infection
may affect the diagnosis, clinical picture, and treatment outcome
for patients with syphilis:
® the diagnosis of syphilis often relies entirely on the
results of serological tests. Delayed seroconversion in an
HIV-infected male with histopathological evidence of secon-
dary syphilis'® has suggested that serodiagnosis may be of
lower sensitivity in HIV co-infected patients. As this is a
solitary case-report, most authorities feel that current
serodiagnostic tests are adequate to diagnose syphilis in
HIV-infected patients.’"!°
® an altered natural history or accelerated course of
syphilis in HIV co-infected patients is suggested by a number
of authors. Lues maligna?®, giant primary chancre?', early
gummata?*, pure motor hemiparesis due to meningovascular
syphilis??, syphilitic polyradiculopathy?¢, syphilitic
uveitis/chorioretinitis?-?’, and otosyphilis?® have been
reported in young HIV infected patients. Although these cases
are atypical, similar cases were reported prior to the

discovery of penicillin. Further studies are required to see

Introduction Epidemiology of syphilis



if there is an interaction between the two diseases.®

® the adequacy of current treatment regimens for early
syphilis, particularly those utilizing benzathine penicillin,
has been questioned following case-reports of relapses of
syphilis in HIV-infected patients after presumed adequate
treatment.!? 273! Invasion of the central nervous system occurs
early in a significant proportion of cases of infectious
syphilis32 and is felt to be a sine quae non for the later
development of <c¢linical neurbsyphilis. As benzathine
penicillin does not achieve treponemicidal levels in the
cerebrospinal fluid?®, it may not prevent neurosyphilis

developing, particularly in immunocompromised hosts.

1.2 Biology of T. pallidum

The order Spirochaetales comprises two families??® (Figure 1):
Spirochaetaceae and Leptospiraceae. The family Spirochaetaceae
comprises four genera’: Tfeponema and Borrelia, which are
pathogenic for man, and Spirochaeta and Cristispira, which do not
contain human pathogens. All spirochaetes, including leptospires,
share common structural features: they are long, thin, coil-

shaped, flexible, motile bacteria.?

The genus Treponema contains two species which are pathogenic for
humans® (Figure 1): T. pallidum and T. carateum, the causative
bacterium of pinta. T. pallidum is speciated® further into
subspecies pallidum, subspecies pertenue, and subspecies

endemicum, which are the causative organisms of venereal

Introduction Epidemiology of syphilis



Splirochaeltales

I j
Spirochaetaceae Leptospiraceae

[ ] I ]

Treponema Borrella Cristispira Splrochaeta
|
| ]
Pathogenic treponemes Nonpathogenic treponemes

Treponema paliidum Treponema phagedenis —

pallidum (syphilis) Treponema refringens -

pertenue (yaws) Treponema denticola -

endemicum  (bejel) Treponema vincentii -

Treponema carateum (pinta) Treponema scoliodontum j

plus other specles

Figure 1. Taxonomy of the genus Treponema.
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syphilis, vyaws, and bejel, respectively.® These pathogenic
treponemes are indistinguishable from each other on the basis of
morphology?, antigenic structure®-?°, and DNA-DNA homology.*’ They
can be differentiated only by epidemiological factors, by their
host ranges, and by the distinctive diseases they produce in man
and in experimental animals.! Furthermore, the pathogenic
treponemes can be cultivated only by serial passage in experi-
mental animals. Although significant advances have been made in
the past decade, continuous in vitro cultivation of T. pallidum

has not yet been achieved.®

The genus Treponema also contains numerous treponemes which are
not pathogenic for man.! They are found, in general, on the
mucosal surfaces of the mouth, the genitalia, and the
gastrointestinal tract. In contrast to the pathogenic treponemes,
these organisms can be readily cultivated in vitro. Furthermore
individual nonpathogenic treponemes are antigenically, morpho-
logically, and genetically distinct both from other nonpathogens

and from the pathogenic treponemes.

Cultivation of T. pallidum can be achieved by serial passage
through a number of laboratory animals.*®? The usual experimental
host is the New Zealand white rabbit. Other experimental hosts

include sub-human primates, hamsters and guinea pigs. 1In

a

For the remainder of this thesis, T. pallidum and T.
pertenue will be used to refer to T. pallidum subsp. pallidum and

T. pallidum subsp. pertenue, respectively.

Introduction Biology of T. pallidum
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contrast, there are a limited number of animal models of clinical
treponemal infection. Intradermal inoculation of rabbits provides
a satisfactory model of primary disease as the lesions are
identical histologically to human chancres. Infected rabbits also
progress to a syndrome similar to secondary syphilis. Hamsters
and guinea pigs develop atypical lesions following intradermal
inoculation, and infection can only be generated in immuno-
suppressed mice using large inocula. There is no known parallel

in rabbits or subhuman primates for tertiary disease.

T. pallidum measures 6 to 16 pm in length, less than 0.2 pm in
diameter, and has 4-14 spirals.!*® It is a delicate, corkscrew-
shaped organism with uniform, tightly wound, deep spirals. By
electron microscopy, T. pallidum consists of an outer membrane
surrounding a cytoplasmic membrane and a helically shaped
protoplasmic cylinder?® (Figure 2 and Figure 3). Recent studies
have confirmed the presence of peptidoglycan as a structural
component, and as with other spirochaetal peptidoglycans,
ornithine is a major constituent.***® Although the presence of an
outer membrane was previously controversial, it has been
conclusively demonstrated recently.® %" Freeze fracture®*’ and
differential detergent solubilization studies*® indicate that
this membrane contains a paucity of protein elements, an
observation which accounts for its lability in vitro. Further-
more, the lack of antigenic components in the outer membrane
provides a possible explanation for the ability of T. pallidum

to evade the immune system. The periplasmic space, bounded by the
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Figure 2. Schematic diagram demonstrating the ultrastructural
features of T. pallidum. Panel A: Longitudinal section. The outer

membrane is not shown. Panel B: Cross-section.
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Figure 3. Electron micrographs of T. pallidum subsp. pallidum.
Whole T. pallidum negatively stained with uranyl acetate. Inset

shows transmission electron micrograph of cross-section of T.

pallidum.
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inner and outer membranes, contains six endoflagella*’; three
originate from each end of the organism, and they overlap
slightly at the centre. T. pallidum is believed to contain a
conventional super-coiled circular genome, unlike the linear DNA
chromosome of B. burgdorferi.**° DNA hybridization suggests that
the T. pallidum genome has a double-stranded molecular weight of
9.05 x 10° kD (equivalent to 1.37 x 10* kilobase pairs (kb)),
approximately four times larger than the E. coli genome (double
stranded molecular weight 2.5 x 10° kD; equivalent to
0.38 x 10% kb).®® Extrachromosomal DNA elements have been
identified only once from T. pallidum and their presence needs

further confirmation.??

1.3 Treponemal motility and pathogenicity

Motility is a characteristic feature of all spirochaetes,
including the pathogenic treponemes.? Unlike other flagellated
bacteria, motile spirochaetes have the ability to translate
through environments of relatively high viscosity.®® T. pallidum
exhibits three characteristic motions®¢>°:

® translation, or slow movements backwards and forwards,

® corkscrew rotation about the long axis, and

® flexion, or soft bending, particularly about the mid-point,

with twisting and undulation from side to side.

The coil appearance is maintained despite the motility, except
when the organism is attached to, or obstructed by, larger

objects -- in which case the coils may be distorted.?® 1In
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contrast®-°®, many commensal treponemes (e.g. T. refringens) are
clearly larger (8-20 uym long, 0.4-0.75 pym wide), more loosely
coiled, thicker and coarser, and have a different pattern of
motility; they demonstrate rapid translation with a writhing
motion, active rotation, and marked flexion with frequent

relaxation of the coils.

The relationship between motility and host invasion has been
clearly demonstrated for several enteric pathogens, including
Salmonella typhi®’, S. typhimurium®®, and Vibrio cholerae.’®®® It
is probable that motility is a critical component of the
haematogenous dissemination of T. pallidum which occurs during
the course of syphilis.®® This invasive potential has been
investigated both in vivo and in vitro:

® Mahoney and Bryant®® demonstrated that viable T. pallidum
applied to the surface of intact rabbit mucosa are capable of
moving through the epithelium into the connective tissues below
the site of application.

¢ after intratesticular inoculation in rabbits, T. pallidum
can be demonstrated to enter the blood stream within five
minutes.®

® T. pallidum spreads from the site of inoculation to distant
anatomical locations within the host.?%*

@ after direct application of T. pallidum onto mucous
membrane surfaces, treponemes disseminate into deeper tissues

within three hours.®°

@ T. pallidum can penetrate living rabbit cells both in

Introduction Treponemal motility and pathogenicity
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vitro®® and in vivo®”-7°; these intracellular treponemes can travel
between the vascular and extravascular compartments inside mobile
host cells.

@ T. pallidum can pass through a monolayer of endothelial
cells in vitro by actively moving between cells with tight
intracellular junctions.”

¢ this ability of T. pallidum to penetrate host tissue has
been further investigated using double-sided culture chambers
constructed by mounting abdominal walls excised from mice between
two sides of small dialysis cells.’” T. pallidum could pass
through the abdominal walls within ten hours, whereas the non-
pathogenic T. phagedenis could not. The abdominal walls only have
an epithelial surface on the peritoneal side; T. pallidum only
passed through the walls if they were exposed to this epithelial

surface.

These data indicate that T. pallidum is capable of crossing
intact epithelial surfaces. Although infection with T. pallidum
appears to be mainly extracellular, intracellular treponemes have
been reported in biopsied chancres as well as in tissue culture
systems.®®7%73-7® Thus T. pallidum can disseminate in hosts either
by intracellular penetration or by intracellular migration, or
a combination of both.’® Whether the presence of intracellular
treponemes represents a significant aspect of either the

pathogenesis of syphilis or its natural history is unknown.’”!

Introduction Treponemal motility and pathogenicity
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1.4 Spirochaetal motility and the endoflagella

It is postulated that the endoflagella located within the
periplasmic space are the organelles responsible for spirochaetal
motility. This conclusion is supported by three experimental
studies:

e Paster and Canale-Parola’® identified four types of immotile
mutants following ultraviolet and chemical mutagenesis of S.
halophila RS1 and S. aurantia:

® type 1 had normal ultrastructure
® type 2 lacked endoflagella and its associated hook
structure
® type 3 had a proximal hook-like structure with normal
morphology and no endoflagella
® type 4 had a proximal hook-like structure with abnormal
morphology and no endoflagella.
Revertants of types 2 and 3 had normal ultrastructure and
motility.

® immotile mutants generated by chemical mutagenesis of L.
interrogans serovar illini all had endoflagella of abnormal
morphology.”’

¢ Limberger and Charon performed chemical mutagenesis on T.
phagedenis Kazan 5.7® Immotile mutants lacked periplasmic
endoflagella as assessed by electron microscopy and showed sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
profiles consistent with an absence of the endoflagellar

proteins. Revertants were all morphologically normal and motile.
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Collectively, these studies indicate that an intact, morpho-
logically correct, hook-endoflagellar structure is required for
spirochaetal motility. Because similar in vitro mutagenesis
experiments cannot be performed with T. pallidum, it is assumed

that T. pallidum endoflagella serve an similar role.

1.5 Antigenic analysis of T. pallidum and its endoflagella

In the last decade, significant advances have been made in the
delineation of the antigenic make-up of T. pallidum using Western
blot analysis of both one-37/4%7991 and two-dimensional3? 79/92-98
polyacrylamide gels, and by radio-immunoprecipitation
experiments.?79:%9:1% yging polyvalent antisera, a clear profile
of the major antigenic proteins has emerged: in a one-dimensional
gel system 23 antigens are routinely identified, and in a two-
dimensional system approximately 67 antigens are identified.
Attempts have been made to standardize the molecular weights
assigned to these antigens.’” Similar antigenic analyses have
been performed for the non-pathogenic treponemes. By comparing
the antigenic profiles of T. pallidum with that of the non-
pathogens, epitopes specific to T. pallidum have been
identified.*8:78,80,81,84,86,88,95,96,101,102 Myrjne monoclonal antibodies
which have been generated against T. pallidum antigens using a
variety of immunization strategies and preparations?®1%-11% will

enable more detailed antigenic analyses to be performed.

Endoflagella have been purified from a number of spirochaetes,

including Leptospira B16®, §. aurantia''’, S. stenostrepta, S.
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zuelzerae, and S. litoralis'‘®, T. zuelzerae'*®, T. hyodysen-

teriae'?®

, T. phagedenis biotype Reiter!®?!?!, T. pallidum'?*:'?}, and
Borrelia burgdorferi.'?*1?® The different procedures share common
steps:

® removal of the outer membrane: incubation in n-butanol,
repetitive washing in phosphate buffers, or incubation in either
ionic or nonionic detergents.

@ cell 1lysis and release of endoflagella: incubation in
detergents, repetitive freeze/thaw cycles, blending in an
omnimixer, or wultrasonic disruption of endoflagella into
fragments.

® purification of the endoflagellar fraction: isopycnic

density gradient centrifugation using either potassium bromide,

cesium chloride or rubidium chloride gradients.

Ultrastructurally, treponemal endoflagella are comprised of a
shaft or core which is covered by a sheath.'?® T. pallidum
endoflagella have a diameter of 16 to 22 nm*’; the core has a
diameter of 10-16 nm and is composed of a longitudinal row of
globular subunits.* An insertion apparatus at the base of the
endoflagellum is differentiated into a terminal knob composed of
a single insertion disk and a proximal hook.%® SDS-PAGE and two
dimensional polyacrylamide gel electrophoresis (2D-PAGE) analyses
indicate that T. pallidum endoflagella are composed of a number
of proteins!®0.122.123. at Jleast 37-kD, 34.5-kD, 33-kD, and 30-kD

species have been identified.
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The disposition of these protein elements within the endoflagella
is clearly of interest. The sheath is composed of the 37-kD
antigen and the remaining protein elements comprise the core.
There are three lines of evidence which support this conclusion:
® Cockayne et al.!®, using monoclonal antibodies, demonstrated
that removal of the sheath with urea and trypsin results in the
loss of binding of a monoclonal antibody directed against the 37-
kD antigen.
® epitope bridging studies were reported by Blanco et al.'?
This technique is a modification of Western blotting.!?® Whole T.
pallidum, separated by SDS-PAGE, is transferred to nitrocellulose
and is incubated sequentially in polyclonal sera directed against
purified endoflagella and radio-iodinated purified intact
endoflagella. The authors argue that antibodies directed against
the sheath protein(s) will bind both to the blotted proteins and
to the radio-iodinated endoflagella. As only the 37-kD antigen
was identified by autoradiography, they infer that the sheath is
composed only of this protein.
® a monoclonal antibody directed against an epitope of the
39-kD protein of T. phagedenis immunoprecipitates all of the
major endoflagellar proteins’ (the 39-kD protein is analogous

structurally to the 37-kD protein of T. pallidum).

N-terminal sequence analysis indicate that the 37-kD protein is
divergent from the other endoflagellar proteins.'®® On the basis

of these studies, the endoflagellar proteins can be divided into

two families®;
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e the "A" family contains a single member, the 37-kD sheath
protein (gene designation flaA), and

e the "B" family contains the core proteins (gene desig-

nations flaBl, flaB2, flaB3).
Furthermore, FlaBl, FlaB2, and FlaB3 share major N-terminal
sequence homologies with other bacterial flagellins whereas the

FlaA protein shows no such homologies.100,129-133

1.6 Is a syphilis vaccine possible?

The increasing epidemic of syphilis and the role of genital ulcer
disease in HIV transmission have added impetus to the development
of vaccines to prevent infection with T. pallidum. Vaccine
research has been complicated by the inability to continuously
cultivate T. pallidum in vitro, which has severely limited
detailed antigenic analysis. Further, any organisms obtained are
invariably contaminated with host tissues. In an attempt to
overcome these difficulties a number of investigators have
utilized recombinant DNA technology to clone treponemal genes and
to express treponemal proteins in E. coli.®’',107,109,112,115,128,136-139 mhjg
has enabled researchers to start characterising individual
treponemal antigens and it is hoped that these studies will
facilitate vaccine development by allowing detailed studies of

the pathogenetic mechanisms of T. pallidum.

Several studies suggest a vaccine against syphilis may be

possible. Two successful animal immunization studies using whole
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organisms as the immunogen have been reported:
® Miller'® demonstrated complete resistance to intradermal
challenge with the homologous T. pallidum strain in New Zealand
white rabbits which had received intravenous immunization weekly
over a 37 week period with y-irradiated, living T. pallidum
Nichols.
® Metzger!®® reported 41% protection to intradermal challenge
with the homologous T. pallidum strain in rabbits immunized
intravenously over an 11 week period with organisms that had been

aged at 4°C.

These immunization strategies are clearly impractical in man.
Complete protection against homologous challenge has not been
achieved in rabbits immunized with either recombinant or native
T. pallidum antigens. Studies include:

® Champion et al.'®™ immunized New Zealand white rabbits
subcutaneously for 32 weeks with a total of 450 pg purified T.
pallidum endoflagella mixed with either complete or incomplete
Freund’'s adjuvant. Following intradermal challenge with T.
pallidum, lesions developed in both immunized and control
animals, but they developed earlier and were atypical in the
immunized animals.

® Borenstein et al.'®®, using purified recombinant T. pallidum
antigen 4D as immunogen, also produced accelerated lesions in the
immunized animals.

® Lovett and co-workers!®? produced accelerated lesions in New

Zealand white rabbits using as immunogen the hydrophobic
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immunogenic proteins extracted by phase-partitioning of whole T.
pallidum antigens in the detergent Triton X-114.

® Strugnell et al.!®*1% expressed T. pallidum antigens TmpA,

TmpB, TmpC, TpE, TpFl, and TpF2 in aroA S. typhimurium. Rabbits

immunized with S. typhimurium expressing TmpA, TmpB, and TmpC had

accelerated lesion development.

Champion speculates that the early development of atypical
lesions in immunized animals indicates an enhancement of the
cellular immune response against T. pallidum as a consequence of

immunization, 162

1.7 Experimental aims of this study

The endoflagellar apparatus is the putative mediator of trepo-
nemal motility. 1In addition, antibodies directed against
endoflagellar epitopes cross-reactive between commensal trepo-
nemes and T. pallidum have been implicated in immunity to
syphilitic infection!®®, suggesting that humoral response to the
endoflagellar proteins is part of the development of protective
immunity to T. pallidum during syphilis. Further, early, atypical
chancres develop in rabbits immunized with isolated endoflagella
following intradermal challenge with T. pallidum (q.v.).!% These
data provide compelling reasons to investigate further the

endoflagella apparatus.

The studies reported in this thesis were carried out to further

characterize the endoflagellar antigens of T. pallidum. This was
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achieved through antigenic and genetic analysis of the sheath
protein of T. pallidum endoflagella. The sheath protein was
chosen for these studies for several reasons:

° it is the most exposed of the endoflagellar
antigens. 78,123,126,127

® comparative studies between pathogenic and non-pathogenic
treponemes indicate that the sheath proteins are the more
antigenically divergent, whereas the core proteins share
significant homologies with other core proteins and other
bacterial flagellins. 90,123,167

® development of antibody against the 37-kD antigen occurs
early in the host humoral response in both experimental®’-®¥-?* and
natural syphilitic infection.82/85.96.,168

@ in preliminary studies, the endoflagellar sheath protein
causes a proliferative response in splenic lymphocytes from
rabbits withvexperimental syphilis.®?

® as the endoflagellar sheath protein is one of the few
proteins of T. pallidum which has been unequivocally localized
within the organism, it will be extremely useful as an
ultrastructural marker to delineate the ultrastructural locations

of the major treponemal antigens.

The research plan adopted is outlined in Figure 4. Both protein
purification and recombinant DNA techniques were used to
determine the nucleotide sequence of flaA. Using these data,
recombinant FlaA was expressed in Escherichia coli. In addition,

comparative analysis of endoflagella from several treponemes was
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also performed as part of the work undertaken in these studies.
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2.1 Culture media. Culture media used in these studies include:

¢ LB medium. 1% [wt/vol] NaCl, 1% [wt/vol] Bacto yeast
extract (Difco Laboratories, Detroit, MI), 0.5% [wt/vol] Bacto
tryptone (Difco Laboratories).

® CY medium. 0.2% [wt/vol] KCl, 0.3% [wt/vol] NacCl,

0.5% [wt/vol] Bacto yeast extract, 1% [wt/vol] casamino acids
(Difco Laboratories).

® NZY medium. 0.5% [wt/vol] NaCl, 0.2% [wt/vol] MgSO,.7H,0,

0.5% [wt/vol] Bacto yeast extract, 1% [wt/vol] NZ amine (casein
hydrosylate, ICN Biomedicals, Inc., Lisle, IL).

® M9 medium (with glucose and thiamine). M9 salts (1 x M9

salts is 0.6% [wt/vol] Na,HPO,, 0.3% [wt/vol] KH,PO,,
0.05% [wt/vol] NaCl, 0.1% [wt/vol] NH,Cl), 2 mM MgSO,, 0.1 mM
CaCl,, 0.2% [wt/vol] glucose, 5 mg/l Vitamin B,.

® 2TY medium. 1.6% [wt/vol] Bacto tryptone, 1% [wt/vol] Bacto

yeast extract, 0.5% [wt/vol] NacCl.

In general, E. coli strains were grown in LB medium supplemented
with appropriate antibiotics: ampicillin 50 mg/l, tetracycline
20 mg/1, or kanamycin 40 mg/l. ColEl-derived plasmids with medium
copy number were amplified by the addition of chloramphenicol,
100 mg/1, at mid-log growth. Solid phase growth of E. coli was
supported on LB agar 1.5% [wt/vol] plates supplemented with
appropriate antibiotics. E. coli strain DH5aF’ was grown on M9
(with glucose and thiamine) agar 1.5% [wt/vol] plates to preserve
the F’ sex plasmid. E. coli strain XL1l-Blue was grown on LB agar

1.5% [wt/vol] supplemented with tetracycline as a tetracycline
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resistance gene had been introduced into the F’ plasmid. E. coli
clones containing recombinant pUC or pBluescript plasmids were
grown on media containing 0.5 mM isopropyl-p-D-thiogalacto-
pyranoside (IPTG) and 0.004% [vol/vol] 5-bromo-4-chloro-3-indoyl-

p-D-galactopyranoside (X-Gal) to allow for blue/white screening.

E. coli clones containing recombinant M13 were isolated on LB
soft agar 0.7% [wt/vol] overlays containing 0.5 mM IPTG,
0.004% [vol/vol] X-Gal, and either E. coli DH5«F’ or XLl-Blue.
M13 phage was recovered from these clones by growth in 2TY
medium. Agtll and A2001 phage clones were isolated on NZY soft
agarose 0.7% [wt/vol] overlays containing appropriate E. coli
cells; recibient E. coli cells were grown in CY media supple-
mented with 0.2% [wt/vol] maltose and 10 mM MgSO,. Stocks of A
phage were stored in A diluent (A diluent is 100 mM NaCl-
10 mM MgSO,.7H,0~-50 mM Tris-HCl [pH 7.5] containing 0.01% [wt/

vol] gelatin) over chloroform.

2.2 Bacterial strains. Bacterial strains used in these studies

are listed in Table 1.

T. pallidum (Nichols) and T. pertenue (Haiti B) were passaged by
intratesticular inoculation in New Zealand white rabbits without
the use of hydrocortisone.®*® Briefly, one ml of a suspension
containing approximately 5 x 10’ treponemes per ml in phosphate
buffered saline (PBS) (PBS is 0.01 M phosphate buffer [pH 7.4]-

0.15 M NaCl) was injected into each testicle using sterile
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Table 1. Bacterial strains used in these studies.

Bacteria

Strain

Genotype

Source/Reference

Escherichia coli K-12

Escherichia coli K-12

Escherichia coli K-12

Escherichia coli K-12

Escherichia coli K-12

Escherichia coli K-12

Y1088

Y1089

Y1090

JM83

JM109

DHS«

A(lac)Uul69 supkE
supF hsdR metB
trpR tonA21

proC::Tn5, {pMC9}

A(lac)Ul69 A(lon)
araD139 strA
hf1A150::Tnlo0,

{pMC9}

A(lac)Uule9 A(lon)
hsdR araD139 strA
supF mcrA
trpC22::Tnlo,

{pMC9}

ara A(lac-proAB)

rspl F80 lacZAM15

recAl endAl gyrA96
thi hsdR17 supE44
relAl A(lac-
ProkB), [F’,
traD36 proA'B*

lacI9ZAM15)

F~ 0#80dlacZAM1S
A(lacZYR-argF)Ul6e9
recAl endAl

hsdR17 (rg~,mg")
supE44 A~ thi-1

gyrA relal

170

170

170

171

171

Bethesda Research
Laboratories Life

Technologies, Inc.
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Bacteria Strain Genotype Source/Reference

Escherichia coli K-12 DH5aF’ DHS5a F’ Bethesda Research
Laboratories Life

Technologies, Inc.

Escherichia coli K-12 XL1-Blue endAl hsdR17 (rg Stratagene
(mg*) supE44 thi-1
A"recRhRl gyrR96
relAl (lac™) [F’,
proAB, lacI9zAM15,

Tnl0, (tet®)]

Escherichia coli K-12 HB101 F~ mcrB mrr 172
hsds20(rg~,mg”)
rechAl3 supE44
aral4 galK2 lacYl
proA2 rpsL20(Sm’)

xyl5 leu mtll A~

Escherichia coli K-12 RR1 F~ hsds20(ry~,mg") 173
supE44 aral4 galk2
lacYl proA2
rpslL20(Sm®) xylS

leu mtl1ll A~

Escherichia coli K-12 ORN103 thr leu minA minB 174-176
gal thi str rechA

laculé9

Escherichia coli K-12 LE392 hsdR514 hsdM 177,178
supE44 supF58
lacYl galK2 galT22

metBl trpR55

Escherichia coli K-12 P2LE392 LE392 (P2 lysogen) 177,178
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Bacteria Strain Genotype Source/Reference

Treponema pallidum Nichols 179

subsp. pallidum

Treponema pallidum Haiti B 180

subsp. pertenue

Treponema phagedenis 181

biotype Reiter”

Treponema vincentii® 106
Treponema scoliodontum® 106
Treponema denticola” 106
Spirochaeta aurantia M1t 182

*

Cultivatable treponemes were kindly provided by J.N. Miller, University of
California, Los Angeles, CA
t s. aurantia was kindly provided by E.P. Greenberg, University of Iowa, Des

Moines, IA
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technique. When the orchitis was clinically at a maximum
(approximately 10 days later for T. pallidum and 14 days later
for T. pertenue) the rabbits were sacrificed and the treponemes
were extracted by agitating the excised testicles in PBS. The
organisms were enumerated by darkfield microscopy using the 400 x
objective; ten fields were averaged using a conversion factor of
5 x 10° for each organism seen per high dry darkfield. Large
testicular debris was removed by two consecutive centrifugations

for 7 min each in a clinical centrifuge.

If no further purification was planned, the treponemes were
collected by centrifugation at 30,000 x g for 20 min at 4°C.
Otherwise, the treponemes were purified further by Percoll
density gradient centrifugation.!®® Briefly, 10 ml of treponemal
suspension containing approximately 2 x 10° organisms per ml was
overlaid upon 20 ml of 43% [vol/vol] Percoll (Pharmacia LKB
Biotechnology, Inc., Piscataway, NJ) in PBS. Following
centrifugation at 34,800 x g for 60 min at 4°C, the band
containing treponemes was recovered and contaminating Percoll was

removed by ultracentrifugation at 100,000 x g for 60 min at 4°C.

T. phagedenis biotype Reiter was cultivated in 2.9% [wt/vol]
Spirolate broth (BBL Microbiology Systems, Cockeysville, MD)
supplemented with 10% [vol/vol] heat inactivated normal rabbit

serum (Pel-Freez Biologicals, Rogers, AR) at 33°C.

E. coli strains Y1088, Y1089 and Y1090 were used for Agtll
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library construction'’”® and LE392 and P2LE392 were used for A2001
library construction.’”” E. coli strains JM83'"!, JM109'"!, HB101'’?,
RR1?, and DH5« (Bethesda Research [Laboratories Life
Technologies, Inc., Gaithersburg, MD) were used as recipients for
plasmid transformations. E. coli strains DH5eF’ (Bethesda
Research  Laboratories Life  Technologies) and XL1l-Blue
(Stratagene, La Jolla, CA) were used as host strains for M13
phage.'’* E. coli ORN103 was used for minicell analyses.!’”® The
procedure of Hanahan'®® was used to transform E. coli K-12 strains

with plasmid DNA.

2.3 Plasmid and oligonucleotide DNAs. Plasmid DNAs used in these

studies are listed in Table 2. Oligonucleotides synthesized for
these studies are listed in Table 3 and their location within the

T. pallidum genome is shown in Figure 5.

2.4 Determination of protein concentration. Protein concen-

trations were determined by the BCA protein assay micromethod

(Pierce, Rockford, IL) using bovine serum albumin as a standard.

2.5 Immunologic reagents. The production of murine monoclonal

antibody H9-2 (immunoglobulin G, (IgG,)) directed against a 37-kD
antigen of T. pallidum has been described previously.!°® Murine
monoclonal antibody 4H4-20 (IgG,) was directed against the 39-kD
endoflagellar sheath protein of T. phagedenis and cross-reacts
with the equivalent T. pallidum protein. It was generated by

immunizing Balb/c mice with endoflagella of T. phagedenis biotype
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Table 2. Plasmid DNAs used in these studies.

Plasmid Description* Source/Reference
PBR322 Tc®, Ap"; replicon pMB1 173

pucl9 Ap"; replicon pMB1 171

puC18 Ap®; replicon pMB1 171

M13mpl8 RF Replicative form of phage M13mpl8 171

M13mpl9 RF Replicative form of phage M13mpl9 171

pPTTQ19 Ap®; replicon pMB1 185

pBluescript II KS- Ap"; replicon pMBl; polylinker con- Stratagene

tains T7 promoter transcribing in

opposite orientation to lac promoter

pT7-3t Ap®; replicon pMBl; amp is 186

transcribed from T7 promoter

per1-2t Km®; replicon pl5A; encodes for T7 186
DNA-dependent RNA polymerase under
control of A P, promoter;

temperature-sensitive A repressor

PEX1 Ap®; replicon pMBl; encodes for a 187
cro-lacZ gene fusion with a 3'-
located polylinker for insertion of
foreign gene sequence; hybrid
protein transcription is under
control of A P, promoter;

temperature-sensitive A repressor

PRI1 PUC19 with 0.13 kb AA34 EcoR1l-EcoRl This study

insert
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Source/Reference

PRI2

PRI3

PRI3.1

PRI3.3

PRI3.4

PRI3.5

PRI3.6

PRI4

PRI4.1

PRI4.2

PRI4.3

PBR322 with 6.6 kb Treponema
pallidum subsp. pallidum chromosomal
DNA fragment encoding amino acids

215 through 350 of pre-FlahA

PBR322 with 1.6 kb T. pallidum
chromosomal DNA fragment encoding

amino acids 215 through 350 of FlaA

pUC19 with 1.6 kb PstI-Pstl fragment

from pRI3 insert

pUC19 with 1.3 kb SalI-Pstl fragment

from pRI3 insert

pUC18 with 0.6 kb PstI-HindIII

fragment from pRI3 insert

pUC18 with 1.0 kb PstI-HindIII

fragment from pRI3 insert

pPUCl19 with 1.6 kb PstI-Pstl fragment
from pRI3 insert in opposite

orientation to pRI3.1

PBR322 with a 1.7 kb T. pallidum
chromosomal DNA fragment encoding
amino acids 30 through 350 of pre-

FlaA

pUC19 with 1.7 kb PstI-Pstl fragment

from pRI4 insert

PUC19 with 0.2 kb EcoRI-PstI

fragment from pRI4 insert

pUC19 with 1.5 kb EcoRI-Pstl

fragment from pRI4 insert

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
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Plasmid Description” Source/Reference

PRI4.5 PUC19 with 1.0 kb HindIII-Pstl This study

fragment from pRI4 insert

PRI4.6 pPUC18 with 0.8 kb EcoRI-HindIII This study

fragment from pRI4 insert

PRI5 PBR322 with 2.0 kb T. pallidum This study
chromosomal DNA fragment encoding
amino acids 215 through 350 of pre-

FlaA

PRI6 PBR322 with 2.2 kb T. pallidum This study
chromosomal DNA fragment encoding
amino acids 215 through 350 of pre-

FlaA

PRI7 PBR322 with 2.4 kb T. pallidum This study
chromosomal DNA fragment encoding
amino acids 215 through 350 of pre-

FlaA

PRI9 M13mpl9 RF containing a Sau3A I- This study
Sau3A I fragment derived from an
inverse-PCR product generated from
T. pallidum chromosomal DNA using
primers oRI9 and oRI10 and
identified by colony blot DNA-DNA
hybridization with the intact

inverse~PCR product
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Source/Reference

PRI10.1

PRI11

PRI17

PRI1S8

PRI19

0.26 kb portion of PCR product from
T. pallidum chromosomal DNA
amplified with primers oRI16 and
oRI1l. Product digested with EcoRI
and cloned into pUC19 digested with

Smal and EcoRI

0.27 kb portion of PCR product from
T. pallidum chromosomal DNA
amplified with primers oRI1ll and
ORI1l. Product digested with TagIl and
EcoRI and cloned into pUC18 digested

with Accl and EcoRI

PCR product from T. pallidum
chromosomal DNA amplified with
primers oRI17 and oRI7. Product
digested with PstI and cloned into
pBluescript II KS- digested with

Smal and Pstl

PCR product from T. pallidum
chromosomal DNA amplified with
primers oRI18 and oRI7. Product
digested with PstI and cloned into
pPBluescript II KS- digested with

Smal and Pstl

pBluescript II KS- digested with
BamHI and Pstl and containing 0.4kb
BamHI-EcoRI fragment of pRI18 and
the 1.5 kb EcoRI-Pstl fragment from

PRI4.3

This study

This study

This study

This study

This study
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Source/Reference

pRI22.2 PCR product from T. pallidum
chromosomal DNA amplified with
primers oRI23 and oRI7. Product
digested with PstI and cloned into

pUC18 digested with Smal and Pstl

PRI23 2.8 kb fragment of pRI22.2 digested
with EcoRV and Pstl containing the

1.7 kb EcoRV-Pstl fragment of pRIA4.

PRI24 PRI23 is digested with Kpnl and the

3’ overhang filled with T4 DNA

polymerase. Following digestion with

PstI, the 1.9 kb fragment is cloned
into pEX1l digested with PstI and

Smal

This study

This study

This study

*abbreviations: TcF, Ap', and Km*, resistance to tetracycline, ampicillin and

kanamycin, respectively; kb, kilobase pairs; PCR, polymerase chain reaction

Ts. Tabor and C. Richardson, Harvard University, supplied plasmids pT7-3 and

pGP1-2.
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Table 3. Oligonucleotides used in these studies.

Coding
Designation Sequence strand® Location'
flah-related primers
ORI1 5’ ~CCCATCTTCARAACGCCCCCT-3* - 590-609
oRI3 5’ ~AAGCTGAACGCAARACACCGC-3" + 184-203
ORI4 5‘~AAATAACCAACATAGTC-3" - 904-920
ORI5 5’ —CACAGAGGAGGAGAAGG-3"’ + 564-580
oRI7% 5 ~CCCTGCAGAACGCCAAAACACCGC-3" - 1234-1257
ORIY 5/ ~TCATACCTCCACTCTTA-3’ - 210-226
ORI10 5’ —~TAAGAGAGTTGAGGTTG-3" + 1023-1039
ORI1ll 5¢-TCATTATGACGCGGARA-3’ + NK
ORI12 5’ -TTTCCGCGTCATAATGA-3’ - NK
oRI1l6 5/ -ATGAAGAAAGCGGTTGT-3" + 97-113
ORI17 5’ -GAAAGGAGCGTTTGAATGAA-3"’ + 82-101
ORI18"" 5’ ~TAGTCGACGAGTGGTTATCTTATT~3’ + 54-77
oRr123tt 5’ -GTGATCGAGGGTAGAGATGAGTCAGTGCTC-3’ + 142-171

Agtll sequencing primers

oBG1 5’ -GGTGGCGACGACTCCTGGAGCCCG-3

oBG2 5’ -TTGACACCAGACCAACTGGTAATG-3 "’
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COdinq
Designation Sequence strand” Locationt

M13/pUC sequencing primers

Forward primer 5‘-TGACCGGCAGCARAATG-3’
Reverse primer 5‘-CAGGAAACAGCTATGAC-3°

~40 primer 5'-GTTTTCCCAGTCACGAC-3"

* Oligonucleotides derived from the coding strand of flaA are shown as ‘+;

oligonucleotides derived from the non-coding strand of flaR are shown as '~'
t The location of the oligonucleotides in flaA. Nucleotide position 1 is the
first nucleotide of the sequence shown in Figure 19. The exact location of
ORI11 and oRI12 are not known (NK).

¥ The 3’ end of the primer has been altered to include a Pstl restriction
endonuclease site

** The 5’ end of the primer has been altered to include a Sall restriction
endonuclease site; in addition, this alters the putative ‘-10’ promoter box
of flaA.

t The 5’ end of the primer has been altered to encode for a Bovine Factor X,
protease site (Ile-Glu-Gly-Arg) immediately upstream of the first amino acid

of mature FlaA.



Figure 5. Location of oligonucleotides used in these studies. The
region of the T. pallidum subsp. pallidum genome in the vicinity
of flaA (thick line) is shown. The 5’ to 3’ orientation of the
oligonucleotide sequences is indicated by the direction of the
arrow. The exact location of oRI1l and oRI1l2 is not known as
their sequences were derived from a randomly selected fragment

of an inverse-PCR product (see text).
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Reiter and was identified by a solid-phase radioimmunoassay using
sonicated T. pallidum as the antigen. Murine monoclonal antibody
11E3 (IgG,,) directed against the 47-kD detergent-phase protein

of T. pallidum has been described previously.?®

Murine monoclonal antibody H9-2 was purified from hybridoma
supernatants using recombinant Protein G-agarose (Gammabind G-
agarose, Genex Corp., Gaithersburg, MD) according to the
manufacturer’s instructions. Rabbit antisera directed against
isolated T. pallidum endoflagella were raised in female New
Zealand white rabbits by priming with 100 pg isolated endo-
flagella in complete Freund’s adjuvant (Difco Laboratories)
intramuscularly followed by two intramuscular boosts of 50 pg in
incomplete Freund’s adjuvant (Difco Laboratories) given four and
six weeks later. Rabbit antisera directed against T. phagedenis
endoflagella, acetone-precipitated T. pallidum detergent-phase
proteins, and f-galactosidase, respectively, were generated using

the same protocol.

2.6 SDS~PAGE, 2D~-PAGE, and immunoblotting. For SDS-PAGE, samples

were suspended in SDS-PAGE gel loading buffer (62.5 mM Tris-
HCl1l [pH 6.8] containing 10% [vol/vol] glycerol, 2% [wt/vol] SDS,
5% [vol/vol] 2-mercaptoethanol, and 0.001% [wt/vol] bromophenol
blue), boiled for 10 min and then separated by electrophoresis
using the discontinuous buffer system of Laemmli.!®® The stacking
gel was 2.5% [wt/vol] acrylamide and the acrylamide concentration

of the separating gel was varied depending upon the molecular

Materials and Methods
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weight range resolution required. Both stacking and separating

gels used 0.8% bis-acrylamide crosslinking.

Two dimensional polyacrylamide gel electrophoresis was performed
using the procedure of O’Farrell’® with modifications as
described by Norris et al.’” Samples, solubilized by repeated
freeze-thawing in 2D-PAGE lysis buffer (9.5 M urea containing
4% [vol/vol] Nonidet 40 (NP-40, Sigma Chemical Co., St. Louis,
MO), 3.2% [vol/vol] [pH 5-7] ampholines (LKB, Bromma, Sweden),
0.8% [vol/vol] [pH 3.5-10] ampholines (LKB), and 1% [vol/vol]
2-mercaptoethanol), were separated in the first dimension by
isoelectric focusing (IEF) using 2.5 mm x 11 cm (4% acrylamide
with 0.8% bis-acrylamide crosslinking) tube gels containing
3.2% [vol/vol] [pH 5-7] and 0.8% [vol/vol] [pH 3.5-10] ampho-
lines, 2% [vol/vol] NP-40, and 9.5 M urea. The second dimension
consisted of SDS-PAGE using an 8-20% polyacrylamide gradient gel;
the tube gel was soaked in SDS-PAGE gel loading buffer (without
glycerol or bromophenol blue) for 5 min prior to being loaded on
and secured to the stacking gel in 1.5% [wt/vol] agarose in SDS-

PAGE gel loading buffer (without glycerol).

SDS- and 2D-polyacrylamide gels were either stained or trans-
ferred to nitrocellulose sheets (0.2pm pore size, Schleicher &
Schuell, Inc., Keene, NH) for immunoblotting.?*®

® Stained gels. Either Coomassie brilliant blue or silver

were used to stain the polyacrylamide gels.

® Coomassie brilliant blue. Gels were incubated in stain
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(1.7 M aéetic acid containing 50% [vol/vol] ethanol and
0.05% [wt/vol] Coomassie brilliant blue R-250 (Sigma Chemical
Co.)) for at least 30 min and then placed in destain (1.7 M
acetic acid containing 10% [vol/vol] methanol and
2% [vol/vol] glycerol) until background staining had cleared.

® Silver stain. A modification of the procedure of Wray et

al.'® was performed. Briefly, the polyacrylamide gel was
incubated in 50% [vol/vol] methanol with several changes of
methanol. The gel was incubated in the stain (0.16 M NH,OH
containing 0.06% [wt/vol] NaOH and 0.8% [wt/vol] AgNO;),
washed three times in water, and then incubated in developer
(0.005% [wt/vol] citric acid, 0.002% [vol/vol] formaldehyde)
in the dark until nearly developed. The gel was then washed
several times in 50% [vol/vol] methanol, with the first wash

being performed in the dark.

® Immunoblotting. When horse-radish peroxidase-conjugated

probes were used for Western blotting, blots were blocked in PBS
containing 0.05% [vol/vol] Tween-20 (Sigma Chemical Co.) for at
least 15 min at room temperature. The blots were incubated
sequentially in the primary, secondary, and if necessary,
tertiary antibody. For each antibody, the blot was incubated at
room temperature for at least one hour and then washed repeatedly
in a large volume of PBS-Tween-20. Finally, the blot was rinsed
twice with water prior to development in 50 mM Tris-HCl [pH 7.6]-
200 mM NaCl containing 0.06% [wt/vol] 4-chloro-l-naphthol and

0.03% [vol/vol] hydrogen peroxide.
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When [!*°I]-labelled probes were used, Western blots were
performed using TSA (50 mM Tris-HC1l [pH 7.4]-150 mM NaCl
containing 0.2% [wt/vol] sodium azide) for washes. Prior to the
addition of each antibody, blots were blocked in 5% [wt/vol] milk
powder in TSA for 30 min and then the antibody was added. Blots
were washed repeatedly in large volumes of TSA after incubation
in each antibody. Autoradiography was performed with enhancing

screens at ~70°C using Kodak XAR-5 film.

Antibodies were used in the following dilutions for Western
blotting:

® H9-2 murine ascites was used in a dilution of 1:100.

® murine monoclonal antibody clone supernatants were used
either undiluted or in a dilution of 1:10.

® rabbit antisera raised against isolated endoflagella were
used in a dilution of 1:250.

® horseradish peroxidase conjugates of goat anti-mouse IgG,
rabbit anti-goat IgG (Cappel-Worthington, Malvern, PA), rabbit
anti-mouse IgG (Zymed Laboratories, San Francisco, CA) and
staphylococcal Protein A (Boehringer Mannheim Biochemicals,
Indianapolis, IN) were used in dilutions of 1:1,000.

o five to 10 pg of purified monoclonal antibody was used for

each blot.

Goat anti-mouse IgG radiolabelled with '?°I was kindly provided
by E. Vitetta (University of Texas Southwestern Medical Centre,

Dallas, TX 75235).
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2.7 Extrinsic radiolabelling of T. pallidum. Percoll-purified T.

pallidum were radiolabelled with Na'®®I using the lactoperoxidase
method.??1% Briefly, 2 x 10° T. pallidum suspended in PBS were
mixed with lactoperoxidase in PBS and Na'?**I (100 puCi/pl, ICN
Biomedicals, Inc.). Hydrogen peroxide was added with vortexing
and the mixture incubated at room temperature for 15 min. An
additional aliquot of hydrogen peroxide was added with vortexing
and the mixture incubated for a further 15 min. Radiolabelled T.
pallidum were recovered by centrifugation in a microfuge at room
temperature for 10 min. Unincorporated radiolabel was removed by

repeated washing in PBS.

2.8 Radioimmunoprecipitation (RIP).'%® ['**I]-labelled treponemes

(approx. 107 cpm; 3 to 5 cpm per treponeme) were incubated with
agitation in RIP-solubilization buffer (10 mM Tris-HC1l [pH 7.8]-
150 mM NaCl-10 mM EDTA containing 0.2% [wt/vol] Zwittergent 3-12
(Calbiochem-Behring, La Jolla, CA)) for 60 min at 37°C. Prewashed
protein A-bearing Staphylococcus aureus (Cowan I) was added
(200 pl) and the mixture incubated with agitation for a further
60 min at 4°C. Insoluble material, including nonsolubilized
antigens and material which nonspecifically binds to protein A-
bearing S. aureus, was removed by centrifugation at 13,000 x g
for 10 min at room temperature. Antibody (10-20 pg of purified
monoclonal antibody, 1 ml of clone supernatant, or 50 pl of
polyclonal sera) was then added to the supernatant and the
mixture incubated with agitation overnight at 4°C. A further

200 pl of protein A-bearing S. aureus was added and the mixture
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incubated with agitation for 60 min at 4°C. S. aureus-protein A-
antibody-antigen complexes were recovered by centrifugation at
13,000 x g for 10 min, and washed several times in PBS. The
washed pellet was suspended in SDS-PAGE gel 1loading buffer,
heated at 100°C for 10 min and the supernatant recovered by
centrifugation at 13,000 x g for 10 min. The supernatant
containing the immunoprecipitated radiolabelled antigens was
analyzed by SDS-PAGE gel electrophoresis. Gels were processed in
fluorographic enhancer (Autofluor, National Diagnostics,
Sommerville, NJ) prior to drying down, and radiolabelled antigens
were detected by autoradiography with enhancing screens at -70°C

using Kodak XAR-5 film.

2.9 Radio-immunocolony blot assay to detect expressed antigens.

A simple solid-phase radioimmunoassay for the detection of T.
pallidum antigens being expressed by individual E. coli colonies
has been described previously.!® Briefly, the pBR322 T. pallidum
gene library in E. coli RR1 was plated to a density of 500 to
1000 colony forming units per 100 mm petri dish onto LB agar
supplemented with tetracycline and incubated at 37°C for 14
hours. Colonies were lifted gently onto sterile, dry, Whatman no.
42 filter paper and lysed in 20 mM Tris-HCl [pH 8.0]-10 mM EDTA
containing lysozyme 10 mg/ml for 30 min at room temperature.
After an equal volume of 0.2% [vol/vol] Triton X-100 (Sigma
Chemical Co.) was added, the filters were incubated a further 30
min at room temperature with gentle agitation. Filters were

gently rinsed in 0.1 x PBS, air dried, and then fixed by brief
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immersion in 10% [vol/vol] ethanol followed by air drying.
Filters were blocked for 3 hr at 4°C in PBS containing
2% [vol/vol] fetal calf serum and 1 mM NaI and then incubated
overnight at 4°C in the same buffer containing a 1:10 dilution of
monoclonal antibody supernatant. After four washes in PBS, the
filters were blocked in PBS-fetal calf serum-NalI and then
incubated overnight at 4°C in the same buffer containing goat
anti-mouse ['°I]IgG. Antibody-reactive colonies were identified
by autoradiography with Kodak XAR-5 film at -70°C. Isolated

clones were identified by repeated radio-immunocolony blot.

2.10 TIsolation of treponemal endoflagella. T. pallidum was

collected by centrifugation at 13,000 x g for 15 min at 4°C and
washed twice by repeated centrifugation in PBS. The pellet was
suspended in PBS-5 mM EDTA containing 0.5% [wt/vol] sarkosyl (N-
lauroyl sarconsinate, Sigma Chemical Co.) and incubated overnight
with mixing at 4°C; 10 ml of detergent solution was used per
1 x 10 organisms. The insoluble material was collected by
centrifugation at 30,000 x g for 20 min at 4°C and washed twice
with ice-cold PBS by repeated centrifugation. The washed pellet
then was suspended in 10 ml of PBS and sheared in a VirTis ‘23’
blender (The VirTis Co. Inc., Gardiner, NY) at medium speed for
10 min. The cytoplasmic bodies and sheared endoflagella were
separated by centrifugation at 20,000 x g for 20 min at 4°C. The
supernatant, containing sheared endoflagella, was decanted and
retained. The pellet was suspended in 10 ml of PBS, sheared as

above for 15 min, and then combined with the retained
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supernatant. The combined supernatants were centrifuged at
100,000 x g for 60 min at 4°C in a SW40Ti rotor (Beckman
Instruments, Inc., Palo Alto, CA). The insoluble material was
suspended in 26% [wt/wt] CsCl in PBS-5 mM EDTA containing
0.02% [wt/vol] sarkosyl and then subjected to isopycnic density
gradient centrifugation at 160,000 x g for 48 hours at 4°C. The
endoflagella band was collected and dialysed against distilled
water, and the endoflagella were recovered by centrifugation at

100,000 x g for 60 min at 4°C.

Endoflagella of T. phagedenis biotype Reiter were isolated as
above except that the sarkosyl concentration used during
isopycnic centrifugation was 0.05% [wt/vol]. Endoflagella were
isolated ffom radio-labelled T. phagedenis using this procedure;
as no endoflagellar band was visible following isopycnic density
gradient centrifugation, the gradient was removed in 500pl
aliquots and the location of the endoflagella band was determined

by scintillation counting (Figure 6).

2.11 Electron microscopy of isolated endoflagella. Specimens were

prepared for whole-mount electron microscopy by the single
droplet method using Parlodion (Ted Pella, Inc., Tustin, CA) and
carbon-coated copper grids (400 mesh; Ted Pella, Inc.) which were
glow discharged immediately before use.*® Isolated endoflagella
were floated on grids at 4°C, and the grids were washed with ice-
cold PBS before negative staining was carried out at room

temperature with 1% [wt/vol] uranyl acetate (Sigma Chemical Co.).
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Figure 6. Isopycnic density gradient centrifugation of

radiolabelled T. phagedenis endoflagella. Twenty five fractions
were collected starting from the top of the gradient. The
fractions containing radiolabelled endoflagella (Fraction # 20,
21 and 22) were identified by scintillation counting. The

refractive index was estimated from parallel analysis.
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Electron micrographs were taken at 80kV of accelerating voltage

on a JEOL 100C electron microscope.

2.12 Radiolabelling of T. phagedenis. T. phagedenis were

radiolabelled with Trans-[*’S]-label (an approximate 80:20
mixture of [»S]-methionine and [*S]-cysteine, ICN Biomedicals,
Inc.) and [2,3,4,5-H]-leucine (1 mCi/ml, 115 mCi/mmol, ICN
Biomedicals, Inc.) using a modification of the procedure of Stamm
and Bassford.™ 1 x 10 T. phagedenis were recovered from
spirolate broth by centrifugation at 13,000 x g for 15 min at 4°C
and suspended aseptically in 1 ml of filter-sterilized (0.2um)
labelling media without radiolabel (0.5 x M9 salts containing
0.6% [wt/vol] glucose, 0.002% [wt/vol] thiamine, 0.1 mM CaCl,,
7% [vol/vol] normal rabbit serum which has been heat inactivated
at 50°C for 30 min, threonine 50 pg/ml, proline 50 pg/ml,
aspartate 50 pg/ml, glycine 50 pg/ml, glutamate 50 pg/ml,
histidine 50 pug/ml, isoleucine 50 pg/ml, 1lysine 50 pg/ml,
phenylalanine 50 pg/ml, tryptophan 50 pg/ml, tyrosine 50 pg/ml,
valine 50 pug/ml, arginine 100 pug/ml, cysteine 100 pg/ml, and
thioglycolic acid 50 pg/ml). Nineteen ml of filter-sterilized
labelling media containing 1.5 mCi of Trans-[?*°S]-label and 1 mCi
of [’H]-leucine were added and the suspension incubated at 33°C
for 20 hours without agitation. Treponemes were recovered by
centrifugation at 13,000 x g for 15 min at 4°C and washed twice

with cold PBS.

Materials and Methods



57

2.13 Purification of the endoflagellar proteins. Isolated

endoflagella were suspended in guanidine hydrochloride (3 M final
concentration) and heated for 30 min at 60°C prior to being
loaded onto a 2.1 mm x 30 mm diameter RP300 reverse-phase column
(Brownlee Laboratory, Santa Clara, CA) in 0.1% [vol/vol]
trifluorocacetic acid (Pierce) in water for separation by high
pressure liquid chromatography (HPLC) using the Applied Bio-
systems Model 130A separation system (Foster City, CA). The
endoflagellar antigens were eluted sequentially in a gradient of
increasing concentrations of 72% [vol/vol] acetonitrile (Mallinc-
kdrodt, Paris, KY) and 0.085% [vol/vol] trifluoroacetic acid in

water. Elution profiles were monitored by absorbance at 214 nm

(A214) *

2.14 N-terminal amino acid sequence analysis. N-terminal amino

acid sequence analyses were performed by J. Hanke (University of
Texas Southwestern Medical Centre, Dallas, TX 75235). Samples
containing either the purified 37-kD antigen or eluted peptides
were applied directly onto an Applied Biosystems Model 477A
protein sequencer for automated N-terminal amino acid sequence

determination.

2.15 Tryptic peptide analysis. HPLC fractions containing purified

endoflagellar proteins (5-10 pg) were dried under nitrogen and
suspended in 50 pl of 0.1 M ammonium bicarbonate for overnight
digestion with 50-100 ng of trypsin~L-1-chloro-3-(4-tosylamido-4-

phenyl-2-butanone (Worthington Biochemical Corp., Freehold, NJ)
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at 37°C. If N-terminal amino acid sequence analysis was planned,
the tryptic peptides were separated as described above using a

2.1 mm x 100 mm RP-300 reverse-phase column.

2.16 DNA modifying reagents. Restriction enzymes and other DNA

modifying enzymes were obtained from commercial sources and were
used according to the manufacturer’s instructions unless
otherwise stated. Restriction endonuclease digestions were
performed in a buffer containing 33 mM Tris-acetate [pH 7.9]-
66 mM potassium acetate-10 mM magnesium acetate-3 mM spermidine-
2.5 mM DTT containing bovine serum albumin 100 pg/ml. DNA-~-DNA
ligations were performed in 1 x ligation buffer (50 mM Tris-
HCl [pH 7.8]-10 mM MgCl,-20 mM DTT-1 mM ATP containing bovine
serum albumin 50 pg/ml) overnight at room temperature using T4
DNA ligase. Oligonucleotide probes and polymerase chain reaction-
products were phosphorlyated in 1 x kinase buffer (50 mM Tris-
HCl [pH 7.6]-10 mM MgCl,-5 mM DTT containing bovine serum albumin
50 pg/ml) at 37°C for 30 min using T4 polynucleotide kinase (New
England Biolabs, Beverly, MA); subsequently, the enzyme was heat-

inactivated at 65°C for 20 min.

2.17 General DNA procedures .

® Gel electrophoresis. Restriction endonuclease digestions

and polymerase chain reaction (PCR) DNA amplification products
were analysed by either ethidium bromide-agarose gel electro-
phoresis or polyacrylamide gel electrophoresis. The concentration

of agarose or acrylamide, respectively, was varied depending on
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the size of the DNA fragments of interest. Either TAE (0.4 M
Tris-acetate-0.001 M EDTA) or TBE (0.089 M Tris-borate-0.089 M
boric acid-0.002 M EDTA) was used as the buffer system. The
agarose gels contained 0.00002% [wt/vol] ethidium bromide while
the polyacrylamide gels were stained with ethidium bromide for
20 min following electrophoresis. Samples were loaded onto gels
in DNA gel loading buffer (2 mM Tris-HCl [pH 8.0]-0.02 mM EDTA
containing 5% [wt/vol] sucrose and 0.02% [wt/vol] bromophenol
blue).

® Electroelution. The DNA sample was electrophoresed through

either an agarose or a polyacrylamide gel. The DNA band of
interest, identified under UV illumination, was cut from the gel,
placed in a dialysis bag, and then submerged in a submarine gel
rig containing either 0.05 x TBE or 0.05 x TAE. Electroelution
was performed until no further ethidium bromide-stained material
was present in the gel fragment. The DNA was recovered by ethanol
precipitation.

® purification from low-melting point agarose gels.'®® The DNA

was electrophoresed through a low melting point Sea-Plaque (FMC
Corp., Rockland, ME) agarose gel in the dark in a 4°C cold room.
The DNA band of interest, identified under UV illumination, was
cut from the gel and liquified in an eppendorf tube in a 37°C
bath. An Elutip-d column (Schleicher & Schuell, Inc.) was washed
with high salt buffer (0.02 M Tris-HCl [pH 7.5]-1 mM EDTA-1 M
NaCl) and then equilibrated with low salt buffer (0.02 M Tris-
HCl [pH 7.5]-1 mM EDTA-0.2 M NaCl). The liquid DNA-agarose was

diluted in warm low salt buffer and applied to the Elutip-d
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column. Contaminants were removed by washing with low salt
buffer, and then the retained DNA was eluted using high salt

buffer. The DNA was recovered by ethanol precipitation.

DNA samples were purified from protein contaminants by a
combination of buffer saturated phenol, buffered saturated
phenol/chloroform/isoamyl alcohol (25:24:1 [vol:vol:vol]), or

chloroform/isoamyl alcohol (24:1 [vol:vol]) extractions.

2.18 Purification of plasmids and phage DNAs. Plasmid DNAs were

purified by a number of methods:

® an alkaline lysis procedure was used for small-scale (1.5
to 5 ml cultures) plasmid DNA isolation.'®® Briefly, E. coli
cells, recovered by centrifugation in a microfuge, were sequent-
ially treated with 25 mM Tris-HCl [pH 8.0]-10 mM EDTA-50 mM
glucose, 0.2 M NaOH containing 1% [wt/vol] SDS, and 5 M potassium
acetate [pH 4.8]. Genomic DNA and bacterial debris were removed
by centrifugation in a microfuge, and the DNA recovered from the
supernatant by isopropanol precipitation.

® a boiling lysis procedure was used also for small-scale
plasmid DNA isolation.!® Briefly, E. coli cells, recovered by
centrifugation in a microfuge, were suspended in 10 mM Tris-
HCl [pH 8.0]-100 mM NaCl-0.1 mM EDTA containing 0.5% [vol/vol]
Triton X-100 and lysozyme 2 mg/ml and then placed in a boiling
water bath for 40 sec. Following centrifugation in a microfuge,
the genomic DNA and bacterial cell debris which formed a tight,

viscous pellet was removed using a sterile toothpick. The DNA was
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recovered by isopropanol precipitation.

® plasmid DNA for double stranded sequencing was extracted
from E. coli in late-log growth (5 ml cultures) using an alkaline
lysis procedure. Prior to isopropanol precipitation, the DNA
solution was phenol extracted. The DNA pellet was suspended in
10 mM Tris-HC1l [pH 8.0]-1 mM EDTA containing 50 pg/ml DNase-free
RNase and incubated at 37°C for 30 min. Following phenol
extraction and several water saturated-ether extractions, the DNA
was recovered by ethanol precipitation. For the sequencing
reactions, plasmid DNA was denatured in NaOH followed by ethanol
precipitation using ammonium acetate.

¢ medium scale plasmid DNA preparations from 100 ml cultures
grown overnight used an alkaline 1lysis procedure followed by
RNase treatment.

¢ ultra-pure, closed circular plasmid DNA was purified from
large scale overnight cultures (500 to 1,000 ml) using an
alkaline lysis procedure followed by two sequential CsCl-ethidium
bromide isopycnic density gradient separations. Briefly, the
isopropanol precipitated-DNA was dissolved in 10 mM Tris-HCl [pH
8.0]-1 mM EDTA and then mixed gently with solid CsCl (1 g per ml
of DNA solution). Ethidium bromide (0.8 mg/ml of DNA solution)
was added and the gradient formed by ultracentrifugation in a
Ti70 rotor (Beckman Instruments, Inc.) at 42,000 rpm for 36 hours
at 20°C. The band containing the closed circular plasmid DNA was
recovered and further purified on a second CsCl-ethidium bromide
density gradient. The ethidium bromide was removed by repeated

phase-separation with water saturated 1l-butanol, and the DNA
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recovered by ethanol precipitation.

Single stranded DNA (ssDNA) for sequencing reactions was
recovered from M13 phage clones obtained from the supernatant of
4 to 6 hour cultures grown in 2TY broth.!®® Briefly, the E. coli
cells were removed by two sequential centrifugations in a
microfuge. M13 phage, precipitated from the supernatant by the
addition of an equal volume of 2.5 M NaCl containing 20% [wt/vol]
polyethylene glycol 6000 (PEG 6000, Aldrich Chemical Co., Inc.,
Milwaukee, WI), were recovered by centrifugation in a microfuge
at room temperature. The phage pellet was suspended in 10 mM
Tris-HCl [pH 8.0]-1 mM EDTA and ssDNA isolated by phenol
extraction followed by ethanol precipitation. This ssDNA was

suspended in 10 mM Tris-HC1l [pH 8.0]-0.1 mM EDTA.

For the purification of AA34 phage from an E. coli Y1089 lysogen,
cells were grown to mid-log phase at 30°C with vigorous shaking
in LB broth containing 10 mM MgSO,. Following induction at 42°C
for 30 min, the cultures were incubated at 37°C for a further two
hours. Bacteria were collected by centrifugation at 5,000 x g for
10 min at 4°C, suspended in 10 mM Tris-HCl [pH 7.4]-50 mM NaCl-
5 mM MgCl,, and lysed by the addition of an equal volume of
chloroform. Phase separation was achieved by centrifugation at
11,000 x g for 10 min at 4°C and the aqueous phase retained. E.
coli DNA and RNA was removed by treatment with DNase and RNase.
NaCl was added to a final concentration of 1 M and the insoluble

debris removed by centrifugation at 11,000 x g for 10 min at 4°C.
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Phage were precipitated from the supernatant by the addition of
PEG 6000 (10% [wt/vol]), recovered by centrifugation at
11,000 x g for 10 min at 4°C, and suspended in 10 mM Tris

hydrochloride [pH 7.7]-100 mM NaCl-10 mM MgSO,.

The phage were purified further on a glycerol gradient using a
modification of the procedure of vande Woude et al.' The
bacteriophage suspension was layered onto to a glycerol step
gradient composed of 5% [vol/vol] glycerol and 40% [vol/vol]
glycerol steps (from top to bottom) in 10 mM Tris-HC1l [pH 7.7]-
100 mM NaCl-10 mM MgSO, and then ultracentrifuged in a SW40Ti
rotor at 35,000 rpm for 60 min at 4°C. The pellet of
bacteriophage was suspended in 10 mM Tris-HC1l [pH 7.7]-100 mM
NaCl-10 mM MgSO, containing DNase and RNase at a final concen-
tration of 5 pg/ml and 1 pg/ml, respectively, and incubated at
37°C for 30 min. Following sequential phenol,
phenol/chloroform/isoamyl alcohol, and chloroform/isoamyl alcohol

extractions, the DNA was recovered by ethanol precipitation.

2.19 Purification of treponemal DNA. A number of protocols were

used to purify treponemal chromosomal DNA. For all procedures,
freshly extracted treponemes were harvested in PBS by
centrifugation at 39,000 x g for 20 min at 4°C. The procedures
used included:

A. Treponemes were washed twice in 0.14 M NaCl-75 mM sodium
citrate [pH 7.0] by differential centrifugation and then

incubated in 10 mM Tris-HCl [pH 8.0]-10 mM EDTA containing
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50 pg/ml DNase-free RNase, 2 mg/ml lysozyme and 1% [wt/vol] tri-
isopropylnaphthalene sulfonate (Eastman Kodak Co., Rochester, NY)
for 5 min at 37°C. The solution was made to 1 M NaCl, incubated
at 37°C for a further 5  min, then extracted with
phenol/chloroform/isoamyl alcohol. The DNA was recovered by two
sequential ethanol precipitations.

B. A modification of the method described by Hsu et al.!*® was
used. Briefly, the treponemes were suspended in 10 mM Tris-
HCl [pH 8.0]-5 mM EDTA containing 1 mg/ml lysozyme, 50 pg/ml
proteinase K, 0.5% [wt/vol] SDS and incubated for 2 hours at
37°C. The solution was made to 1 M NaCl, extracted in
phenol/chloroform/isoamyl alcohol, and the DNA recovered by
ethanol precipitation. The DNA was suspended in 10 mM Tris-
HCl [pH 8.0]-1 mM EDTA, containing 100 pg/ml DNase-free RNase and
incubated at 37°C for 30 min. The DNA was recovered by
phenol/chloroform/isoamyl alcohol extraction followed by ethanol
precipitation.

C. A modification of the method described by Peterson et al.!®°
was used. Briefly, the treponemes were suspended in 50 mM Tris-
HC1l [pH 8.0]-50 mM EDTA containing 1 mg/ml lysozyme and incubated
on ice for 30 min. Proteinase K and SDS were added to a final
concentration of 50 pg/ml and 0.5% [wt/vol], respectively, and
the solution incubated at 50°C for 60 min. Following two
phenol/chloroform/isoamyl alcohol extractions, the DNA was
ethanol precipitated, then suspended in 10 mM Tris-HCl [pH 8.0]-
1 mM EDTA containing 10 pg/ml DNase-free RNase. Following

incubation at 37°C for 30 min the DNA was recovered by
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phenol/chloroform/isoamyl alcohol extraction and subsequent
ethanol precipitation.

D. The treponemes were suspended gently in 5 ml of 50 mM
Tris-HCl [pH 8.0]-50 mM EDTA. Proteinase K (Boehringer Mannheim
Biochemicals) was added to a final concentration of 100 pg/ml and
the mixture incubated at 50°C for 5 min. SDS was then added
(0.5% [wt/vol] final concentration), followed by incubation for
two to four hours at 50°C. Sequential gentle extractions were
performed with equal volumes of phenol/chloroform/isoamyl
alcohol and chloroform/isoamyl alcohol, respectively. After the
addition of 1.25 g CsCl per ml to the aqueous phase, isopycnic
density gradient centrifugation was performed in a V65Ti rotor
(Beckman Instruments, Inc.) at 240,000 x g for 10 hours at 20°C.
The gradient was collected in 500 pl aliquots and DNA-bearing
fractions were identified by ethidium bromide-agarose gel
electrophoresis prior to dialysis against 10 mM Tris-HCl [pH

8.0]-1 mM EDTA.

2.20 DNA-DNA hybridizations. Double stranded DNA probes for use

in Southern blot analyses were purified either by electroelution
of the individual DNA fragments from SeaKem GTG (FMC Corp.)
agarose gels, or by extraction from low melting point agarose
gels using an Elutip-d column. They were labelled with [a-
#pP1dCTP (ICN Biomedicals, Inc.) using random-primer labelling
(Boehringer Mannheim Biochemicals).!®” Dephosphorylated oligo-
nucleotide probes were labelled with [y-*?P]ATP (Du Pont Co.

Biotechnology Systems, Wilmington, DE) using T4 polynucleotide
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kinase.

DNA transfers to nylon membranes (Zetaprobe, Bio-Rad Labora-
tories, Richmond, CA; Hybond-N, Amersham Corp., Arlington
Heights, IL) were performed by passive transfer.'®® When double
stranded DNA probes were used, membranes were prehybridized in
1 M NaCl containing 10% [wt/vol] dextran sulphate (Pharmacia LKB
Biotechnology, Inc.) and 1% [wt/vol] SDS at 65°C. Radiolabelled
probe (2-5 x 10° cpm/ml final concentration) and heat denatured
salmon sperm DNA (100 pg/ml final concentration; Sigma Chemical
Co.) were added and hybridization was performed at 65°C for 14
hours. After two brief washes in 2 x SSC (1 x SSC is 0.15 M NaCl,
0.015 M sodium citrate [pH 7.0]) at room temperature, the
following higher stringency washes were performed: two washes in
2 x SSC containing 0.1% SDS [wt/vol] at 65°C for 30 minutes,
followed by two washes in 0.1 x SSC containing 0.1% SDS [wt/vol]

at 65°C for 10 minutes.

When oligonucleotide probes were used, prehybridization and
hybridization were performed at 42°C in 6 x SSC-50 mM sodium
phosphate buffer [pH 6.8] containing 10% [wt/vol] dextran
sulphate, 5 x Denhardts solution (1 x Denhardts solution is
0.02% [wt/vol] Ficoll, 0.02% [wt/vol] polyvinylpyrrolidone,
0.02% [wt/vol] bovine serum albumin), and 100 pg/ml of denatured,
sheared, salmon sperm DNA!®®; three washes in 6 x SSC at room
temperature for 10 min each were performed prior to a stringency

wash at 45°C in 6 x SSC containing 0.1% [wt/vol] SDS for 30 min.
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Colony blot DNA-DNA hybridization studies were performed using
nitrocellulose filters (Millipore Corp., Bedford, MA) as
described above. Prior to prehybridization, filters were treated
sequentially with 0.5 M NaOH, 1 M Tris-HCl [pH 7.6], and 0.5 M
Tris-HC1 [pH 7.6]-1 M NaCl, followed by baking at 80°C under

vacuum for 2 hours.

DNA-DNA hybridization studies to identify recombinant phage
plaques were performed using nitrocellulose filters (Millipore
Corp.) as described above. Prior to prehybridization, filters
were treated sequentially for 30-60 sec at each step with 0.1 M
NaOH-1.5 M NaCl, 0.2 M Tris-HCl1l [pH 7.5], 0.2 M Tris-HCl [pH
7.5], and 2 x SSC, followed by baking at 80°C under vacuum for 2

hours.

Autoradiography was performed with enhancing screens at -70°C
using Kodak XAR-5 film. In order to re-use membranes used for
Southern transfers or colony blots, bound probe was removed by
sequential washes in 0.5 M NaOH, 0.5 M NaOH, 1 M Tris-HCl [pH

7.6]1, and 0.5 M Tris-HC1 [pH 7.6]-1 M NaCl.

2.21 Construction and screening of T. pallidum chromosomal DNA

libraries. Many genomic DNA libraries, both random and directed,
were constructed during these studies:

® Directed libraries. Chromosomal DNA was digested to

completion with restriction endonucleases. In some instances the

digested DNA was size-fractionated using either a SeaPlaque low-
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melting point agarose gel and purified using an Elutip-d column
or by electroelution from SeaKem GTG agarose gels. The
chromosomal DNA fragments were ligated into either plasmid (i.e.
pUC18, pUC19) or phage (i.e. Agtll, A2001) vectors digested with
compatible restriction endonucleases and dephosphorylated with
calf intestinal alkaline phosphatase (Boehringer Mannheim
Biochemicals). Libraries constructed in plasmids were grown on
LB agar containing ampicillin to a density of approximately 5,000
colonies per 150 mm petri dish and were screened in duplicate by
colony blot DNA-DNA hybridization (see above). Libraries
constructed in phage vectors were packaged with Gigapack Gold
packaging extracts (Stratagene) according to the manufacturer’s
instructions and were screened in duplicate using plaque transfer
and DNA-DNA hybridization (see above) at a density of approx-
imately 50,000 plaques per 150 mm petri dish. A2001 libraries
were initially plated onto both E. coli LE392 and P2LE392 in
order to assess the efficiency of library construction, but were
screened using E. coli LE392 only. 3220t

® Random libraries. Two random T. pallidum chromosomal DNA

libraries were used in these studies:
® a Agtll T. pallidum genomic library containing inserts
ranging in size from 0.25 to 1.1 kb was constructed and
screened with monoclonal antibody H9-2 in the laboratory of
N. Agabian (Harborview Medical Centre, Seattle, WA 98104).
The AA34 lysogen was kindly provided by Dr Agabian.
®¢ a pBR322 library was constructed by M.V. Norgard

(University of Texas Southwestern Medical Centre, Dallas, TX
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75235). T. pallidum chromosomal DNA was partially digested
with HaeIII and Alul, size-fractionated by sucrose density
gradient centrifugation, and cloned into the PstI site of
pPBR322 after G-C tailing.!*® In this work, I screened this
library both by radio-immunocolony blot assay with monoclonal
antibodies (see above) and by colony blot DNA-DNA hybridi-

zation (see above).

2.22 DNA sequence analysis. DNA sequence analysis was performed

using Richardson’s modification?? of the dideoxy termination
method of Sanger?®®® utilizing modified-T7 DNA polymerase (Seque-
nase 2.0, United States Biochemicals Corp., Cleveland, OH).
Single stranded DNA isolated from recombinant M13 phage clones
and double stranded plasmid DNA were used for sequencing
reactions.!”? Both standard M13 sequencing primers and oligo-
nucleotides derived from the nucleotide sequence of flaA were
utilized to séquence both strands of flaA (Table 3). Sequencing
reactions were analyzed on 6% polyacrylamide TBE gels containing
8 M urea at 35 W constant power. Areas of compression were
resolved by either using 7-deaza-dGTP (United States Biochemicals
Corp.) in the sequencing reactions or by the addition of
25% [vol/vol] formamide (Bethesda Research Laboratories Life
Technologies, Inc.) to the sequencing gels. The University of
Wisconsin Genetics Computer Group sequence analysis software
package®* was used in conjunction with Microgenie software

(Beckman Instruments, Inc.) for DNA sequence analysis.
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2.23 DNA amplification by the polymerase chain reaction. DNA

amplification was performed using 2.5 units Taq polymerase
(Perkin Elmer Cetus, Norwalk, CT) and a Perkin Elmer Cetus
thermocycler.?® The PCR was carried out in a volume of 100 ul in
the presence of 1 x PCR buffer (10 mM Tris-HC1l [pH 8.3]-50 mM
KCl-1.5 mM MgCl, containing 0.01% [wt/vol] gelatin), 200 uM of
each deoxynucleoside and 1 ug of each primer; the template DNA
was either 1 pg of chromosomal DNA or 1 ng of plasmid or phage
DNA. PCR conditions for each pair of oligonucleotide primers are
outlined in Table 4. Inverse-PCR?**® was performed as shown in

Figure 7.

PCR products were analyzed by ethidium bromide-agarose gel
electrophoresis and purified in one of the following manners: 1)
from low melting point agarose gels using an Elutip-d column, 2)
by electroelution from SeaKem GTG agarose gels, or 3) by using
Centricon-30 microconcentrators (W.R. Grace & Co., Danvers,

MA) ., 297

2.24 Expression of the 37-kD sheath protein. Bacteria were grown

at 30°C to an A;,, of 1.5 in LB broth containing ampicillin
(40 pg/ml) and kanamycin (40 pg/ml). The temperature was shifted
to 42°C for 25 min and then rifampin was added to a final
concentration of 200 pug/ml. The culture was incubated for 2 hours

at 30°C and the cells were recovered by centrifugation.
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Table 4. Polymerase chain reaction conditions”.

Primers n Denaturation Annealing Extension Comments
T t T t T t

oBG1, 50 94 1 50 1 72 1 Standard

O0BG2

oRI9, 25 94 2 48 2 72 3 Inverse

oRI10

oRI1, 40 94 2 48 2 72 3 Asymmetric

oRI11l

oRI1, 25 94 2 48 2 72 3 Standard

ORI1l1l

ORI1], 25 94 2 48 2 72 3 Standard

OoRI12

oR17, 30 94 2 66 2 72 2 Standard

ORI1l7

ORI7, 30 94 2 66 2 72 2 Standard

oRI18

ORI17, 30 94 2 72 5 standardt

ORI23

*Abbreviations: n, number of cycles; T, temperature in °C; t, time in min;
Standard, standard PCR; Inverse, inverse PCR; Asymmetric, asymmetric PCR

Ttemperatures for annealing and extension are the same



Figure 7. Outline of the inverse-PCR procedure used to amplify
the upstream regions of flaA. The region of unknown nucleotide
sequence containing the control regions of flaA is indicated by
the thick line (Box 1). Initially, oligonucleotides oRI9 and
oRI10 cannot be used for amplification of DNA by the polymerase
chain reaction as they are orientated away from each other (Box
1) . However, following circularisation of the HindIII chromosomal
fragment (Box 2) and subsequent linearisation by Sall restriction
endonuclease digestion (Box 3), the region of unknown nucleotide
sequence is bounded by regions of known sequence. As oRI9 and
ORI10 are now correctly orientated for PCR (Box 3), the region

of unknown nucleotide sequence can be amplified (Box 4).
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2.25 Pulse-chase experiments. Bacteria were grown at 30°C to an

A,,, of 0.5 in LB broth containing ampicillin and kanamycin. Cells
were recovered by centrifugation, washed in ice-cold M9 medium
(without glucose and thiamine) and then suspended in M9 medium
supplemented with 0.2% [wt/vol] glucose, 20 pg/ml of thiamine and
0.01% [wt/vol] amino acids (without methionine and cysteine). The
cultures were incubated at 30°C for 30 min and then at 42°C for
15 min. Rifampin was added to a final concentration of 200 pg/ml
and the culture incubated for 10 min more at 42°C. After 30 min
of incubation at 30°C, Trans-[?°S]-label was added; this was
incubated at 30°C for 1 min. The culture was then chased with
0.1% methionine in M9 medium. Samples were removed at various
times, immediately mixed with one half the volume of ice-cold
stop solution (0.4 M sodium azide-0.02 M 2,4-dinitrophenol
containing 0.04% [wt/vol] chloramphenicol)?®®, and the cells were

recovered by centrifugation.

2.26 Minicell analyses.!®® Bacteria were grown at 30°C with

vigorous shaking for 18 hours to late log phase in LB broth
containing ampicillin and kanamycin. Cells were harvested by
centrifugation at 5,500 x g for 15 min at 4°C, suspended in 12 ml
of LB broth, and layered onto 0 to 30% [wt/vol] linear sucrose
gradients prepared in M9 medium (without glucose or thiamine).
Following centrifugation at 5,000 x g for 20 min at 4°C in a
JS13.1 swinging bucket rotor (Beckman Instruments, Inc.), the
minicells were concentrated by centrifugation at 27,000 x g for

30 min at 4°C and further purified by a second sucrose gradient
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centrifugation. Minicells were suspended in M9 medium without
glucose and thiamine (approximately 1 x 10° minicells/ml)
containing D-cycloserine (20 pg/ml) and incubated at 30°C for 15
min followed by 42°C for 5 min. Rifampin was added to a final
concentration of 100 pg/ml and the minicells were first incubated
at 42°C for an additional 5 min, then for 15 min at 30°C. Ice-
cold 95% ethanol was added to each sample so that the final
ethanol concentration was either 0%, 1%, 3%, or 5% [vol/vol].
Following the addition of Trans-[3*S]-label, each sample was
incubated at 30°C for 30 min and the cells then were recovered by

centrifugation.

2.27 Selective release of E. coli soluble periplasmic proteins.

Bacteria were recovered by centrifugation at 4°C, washed in ice-
cold 0.2 M Tris-HC1l [pH 8.0], and then suspended in ice-cold
0.2 M Tris-HC1l [pH 8.0]-1 M sucrose; EDTA and lysozyme were added
sequentially to a final concentration of 0.5 mM and 60 pg/ml,
respectively. An equal volume of ice-cold 0.2 M Tris-HCl1l [pH 8.0]
was added and the mixture was incubated on ice for 30 min. The
cell pellet and the supernatant containing the soluble peri-
plasmic fraction were separated by centrifugation at 4°C. The
presence of fl-lactamase in each fraction was assessed visually
using the colorimetric substrate [1-(thienyl-2-acetamido)]-3-[2-
(4-N,N-dimethylaminophenylazo)pyridium methyl]-3-cepem-4-

carboxylic acid.?09-210
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2.28 Membrane fractionation experiments. Bacteria suspended in

10 mM N-2-hydroxyethylpiperazine-N’-2-ethane-sulphonic acid
(HEPES) [pH 7.4] containing RNase (4 pg/ml) and DNase (4 pg/ml)
were disrupted by French press and intact cell bodies were
removed by centrifugation at 16,000 x g for 10 min at 4°C. E.
coli inner and outer membranes were either collected by
centrifugation at 240,000 x g for 60 min at 4°C or fractionated
using a modification of the procedure of Osborn and co-workers?!
described by Munford et al.?? Briefly, for membrane fractionation
studies, the preparation was brought to a final concentration of
20% [wt/wt] sucrose and 5 mM EDTA in 10 mM HEPES [pH 7.4] and
layered onto a 60% [wt/wt] sucrose cushion. Following
centrifugation at 100,000 x g for three hours at 4°C, the
membrane bands were recovered and diluted with 10 mM HEPES [pH
7.4] to a sucrose concentration of 25 to 30%. The membranes were
fractionated on a 30 to 55% sucrose gradient in an AH650 swinging
bucket rotor (Du Pont Co. Biotechnology Systems, Wilmington,
Del.) by ultracentrifugation at 240,000 x g for 22 hours at 4°C.
The sucrose gradient was harvested from the top in 250 pl

aliquots.

2.29 Extraction and phase-partitioning with Triton X-114.

Extraction and phase-partitioning of hydrophobic proteins with
Triton X-114 was performed essentially as described by Bordier?®?
except that the precondensation step was omitted.*‘® Briefly,
extractions were performed at 4°C in 1% [vol/vol] Triton X-114

(Sigma Chemical Co.) for at least 60 min. Insoluble material was
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recovered by centrifugation at 20,000 x g for 20 min at 4°C, and
subsequently washed several times in PBS by differential
centrifugation. The supernatant was phase-separated by incubation
at 37°C, followed by centrifugation at 12,600 x g for 10 min at
room temperature. The aqueous (top) and detergent (bottom) phases
were separated by using a pipette. Each phase was washed
extensively by repeated phase separations: the aqueous phase by
the addition of Triton X-114 to 1% [vol/vol] and the detergent
phase by the addition of excess aqueous buffer. Proteins in the
detergent phase were recovered by acetone precipitation:
following the addition of 10 volumes of ice-cold acetone, samples
were incubated at -70°C for 60 min and then the precipitated
proteins recovered by centrifugation at 12,600 x g for 10 min at
room temperature. To remove any traces of detergent, the

precipitate was washed repeatedly in ice cold acetone.

2.30 Purification of Cro-LacZ-FlaA fusion protein. The Cro-LacZ-

FlaA fusion protein was purified from DHS«(pRI24) using a
commercially available anti-B-galactosidase immunoaffinity column
(1 ml bed volume; Protosorb LacZ immunocaffinity adsorbent,
Promega Corp., Madison, WI) which had been pre-equilibrated with
10 mM HEPES [pH 7.4]. DH5« (pRI24) were grown to late log phase
at 37°C and cells were recovered by centrifugation at 1600 x g
for 10 min at 4°C. The cells were suspended in 10 mM HEPES [pH
7.4]1-10 mM EDTA-1 mM phenyl methyl sulphonyl fluoride (PMSF),
prior to disruption in a French press. Intact cells were removed

by centrifugation at 16,000 x g for 10 min at 4°C. The
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supernatant, containing cytosolic, periplasmic and membrane
fractions, was applied to the immunoaffinity column for at least
60 min, followed by extensive washing with 10 mM HEPES [pH 7.4]
containing 0.2% [vol/vol] NP-40. Purified protein, eluted using

100 mM Na,CO; [pH 10.8], was collected in 1 ml fractions.

2.31 Purification of LacZ’-FlaA fusion protein. As the LacZ’'-FlaA

fusion protein contains only the first nine N-terminal amino
acids of f-galactosidase (designated LacZ’),'’' it does not react
with the monoclonal antibody used in the Protosorb LacZ immuno-
affinity adsorbent. An H9-2 immunoaffinity column was therefore
constructed using Aminolink gel (Pierce). Aminolink gel, pre-
equilibrated with phosphate buffer, was coupled to the purified
monoclonal antibody H9-2 in the presence of sodium cyanoboro-
hydride as reducing agent for 2 hours at room temperature. The
gel was washed with phosphate buffer and then equilibrated with
1 M Tris~-HCl1l [pH 7.4]. In order to block free binding sites not
coupled to immunoglobulin, the gel was incubated with 1 M Tris-
HCl [pH 7.4] in the presence of reducing agent for 30 min at room
temperature. Following extensive washing with 1 M NaCl, the gel

was equilibrated with 10 mM HEPES [pH 7.4] prior to use.

DH5a (pRI23), expressing the LacZ’-FlaA fusion protein, were grown
to late log phase in the absence of IPTG; cells were recovered
by centrifugation at 1600 x g for 10 min at 4°C and suspended in
10 mM HEPES [pH 7.4]-1 mM PMSF prior to disruption in a French

press. 1Intact «cells were recovered by centrifugation at
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16,000 x g for 10 min at 4°C. Membranes were recovered from the
supernatant by ultracentrifugation in an AH650 swinging bucket
rotor at 240,000 x g for 60 min at 4°C and then suspended in
10 mM HEPES [pH 7.4)]. Urea was added to a final concentration of
6 M and the suspension was gently mixed for 60 min at room
temperature. Following extensive dialysis against 10 mM HEPES [pH
7.4], insoluble aggregates were removed by ultracentrifugation
in an AH650 rotor at 40,000 x g for 60 min at 4°C. The
supernatant then was applied to the immunocaffinity column for at
least 60 min, followed by extensive washing with 10 mM HEPES [pH
7.4]. Purified protein, eluted with 100 mM glycine [pH 2.5], was
collected in 1 ml fractions into tubes containing 50 pl 2 M Tris~

HCl [pH 7.6].

2.32 Purification of the 47-kD antigen. The T. pallidum 47-kD

antigen was purified by immuncaffinity chromatography using
murine monoclonal antibody 11E3 conjugated to Reactigel 6x
(Pierce).’” The Reactigel was washed extensively with cold 0.1 M
borate buffer [pH 8.5], combined with purified 11E3 in a final
volume of 40 ml 0.1 M borate buffer [pH 8.5]), then gently
agitated for at least 30 hours at 4°C. The beads, separated from
the supernatant by gravity, were suspended in 40 ml of 1 M
ethanolamine and gently agitated for a further four hours at room
temperature to block free binding sites not coupled to
immunoglobulin. All subsequent reactions were performed at 4°C.
The 1l1E3-Reactigel was washed sequentially with 10 mM Tris-

HCl1 [pH 8.0]-5 mM NaCl containing 1% [vol/vol] Triton X-114, 3 M

Materials and Methods
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guanidine hydrochloride containing 1% [vol/vol] Triton X-114, and
10 mM Tris-HCl [pH 8.0]-5 mM NaCl containing 1% [vol/vol] Triton

X-114, prior to use.

The Triton X-114 detergent phase prepared from whole T. pallidum
was phase-separated five times in 10 mM Tris-HCl [pH 8.0]-5 mM
NaCl, and then diluted with the same buffer to a final Triton X-
114 concentration of 1% [vol/vol]; the detergent phase is
approximately 20% [vol/vol] Triton X-114. The combined dilute
detergent phase and the 11E3-Reactigel were gently agitated for
at least 60 min at 4°C and then the supernatant was separated
from the beads by gravity; this process was repeated on four
separate occasions using fresh 11E3-Reactigel each time. All the
11E3~-Reactigel-bound protein were combined, washed extensively
with 10 mM Tris-HC1l [pH 8.0]-5 mM NaCl containing 1% [vol/vol]
Triton X-114, and then the purified protein was eluted using 3 M
guanidine hydrochloride containing 1% [vol/vol] Triton X-114. The
11E3-Reactigel was immediately washed extensively with 10 mM
Tris-HCl [pH 8.0]-5 mM NaCl containing 1% [vol/vol] Triton X-114,
prior to storage at 4°C. Fractions containing purified 47-kD
protein were dialysed against 10 mM Tris-HC1l [pH 8.0]~5 mM NaCl,
and the detergent phase containing the purified protein recovered

by phase-separation at 37°C.

Materials and Methods
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3.1 Purification of treponemal endoflagellar proteins

3.1.1 Isolation of treponemal endoflagella. The procedure for

isolation of intact T. pallidum endoflagella was based upon the
observation that extraction of treponemes in sarkosyl and EDTA
produces an insoluble residue consisting of endoflagella attached
to the cytoskeletal matrix (Figure 8). The endoflagella were
separated from the cytoskeletal matrix by shearing in a blender
and purified on a CsCl gradient where they formed a distinct band
at a refractive index of 1.3628. Electron microscopy confirmed
that the fractions collected from this band contained isolated
endoflagella (Figure 9). The electron microscopic appearance!??
and the SDS-PAGE profile of the isolated T. pallidum endoflagella
were identical to those previously reported.%?2.123 On average,
one milligram of endoflagella was isolated from 2 x 10'' organ-
isms. Endoflagella isolated from T. pertenue had an identical
SDS-PAGE profile to T. pallidum while T. phagedenis endoflagella
showed that the 37-kD protein was replaced by a 39-kD protein as

previously reported (Figure 10).

The purity of the endoflagella preparations was assessed as
follows:

¢ Coomassie brilliant blue stained-2D-PAGE analyses were
identical to those published by Norris et al.!® and did not show
any additional proteins.

® 47- and 17-kD antigens were detected in addition to the
endoflagellar antigens when Western blots of T. pallidum

endoflagella were probed with immune rabbit sera. When rabbit

Results Purification of treponemal endoflagella



Figure 8. Isolation of T. pallidum subsp. pallidum endoflagella.
T. pallidum whole cell lysate (Tp), insoluble material after
extraction in sarkosyl and EDTA (SE), and isolated endoflagella
(Ef). 12.5% SDS-polyacrylamide gel stained with Coomassie

brilliant blue. Molecular weight in kD is indicated on the left.
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Figure 9. Negative contrast electron micrograph of T. pallidum
subsp. pallidum endoflagella counterstained with uranyl acetate.

The bar represents 100 nm.






Figure 10. Comparison of the SDS-PAGE profile of endoflagella
from three different treponemes. Lane 1l: T. phagedenis biotype
Reiter; Lane 2: T. pallidum subsp. pallidum; Lane 3: T. pallidum
subsp. pertenue. 12.5% SDS-polyacrylamide gel stained with
Coomassie brilliant blue. Only the region of the gel containing
protein bands is shown. Molecular weight in kD is indicated on

the left.
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antisera raised against T. pallidum detergent-phase proteins was
used, only the 47- and 17-kD antigens were identified. The 47-kD
antigen reacted with monoclonal antibody 11E3. However, neither
the 47- nor 17-kD contaminating proteins were visible on
Coomassie brilliant blue stained gels indicating that contamin-
ation of the endoflagella with these proteins was minor. Silver-
stained SDS-PAGE gels nevertheless demonstrated the 47-kD antigen
contaminant, but the 17-kD antigen was not visualized.

®¢ The degree of contamination with the 47-kD protein was
estimated using 47-kD protein purified by immunocaffinity
chromatography. Immunoblots of varying amounts of purified
antigen using a constant amount of purified 11E3 antibody as
probe indicated that approximately 25 ng of 47-kD antigen was

present per mg of endoflagella.

On the basis of these analyses, the T. pallidum endoflagella

preparations were judged to be at least 97% pure by weight.

3.1.2 Purification of component endoflagellar proteins. The

elution profile of T. pallidum and T. phagedenis endoflagellar
proteins separated by reverse-phase HPLC is shown in Figure 11;
T. pertenue endoflagella had an identical elution profile to T.
pallidum. Each of the component proteins eluted in a relatively
hydrophobic region of the gradient. The major peaks were analyzed
by SDS-PAGE (Figure 11, Insets) and Western blotting. The first

major peak contained the sheath proteins: the 37-kD protein for

Results Isolation of treponemal endoflagella



Figure 11. Purification of component endoflagellar proteins.
Reverse-phase HPLC elution profiles of T. phagedenis (Panel A)
and T. pallidum subsp. pallidum (Panel B) endoflagellar proteins.
The acetonitrile gradient is indicated by the dashed 1lines.
Insets show silver stained SDS-polyacrylamide gels of indicated
peak fractions. The position of molecular weight markers of 43

and 30 kD respectively is indicated on the left of each inset

panel.
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T. pallidum (Figure 11B, Peak 1) and the 39-kD protein for T.
phagedenis (Figure 11A, Peak 1). Two distinct proteins of M, 33.5
(Figure 11, Peak 2) and 33 kD (Figure 11, Peak 3) were identified
repeatedly for all three endoflagella species, confirming that
the 33-kD doublet seen on SDS-PAGE of intact endoflagella
(Figure 10) consists of at least two proteins with distinct

physicochemical properties.

3.1.3 Comparative tryptic peptide analysis of endoflagellar

sheath proteins. To compare the primary structure of the sheath

proteins from the three organisms, tryptic digestions of each
purified protein were analysed by HPLC (Figure 12). The elution
profile of T. phagedenis (Figure 12A) is different from that of
either T. pallidum (Figure 12B) or T. pertenue (Figure 12D). The
elution profiles of T. pallidum and T. pertenue are very similar;
in order to correct for any variations in flow pressure during
the HPLC between analyses, trace amount of radiolabelled T.
phagedenis 39-kD sheath protein were included within the tryptic
digestion to act as an internal marker (Figure 12C and E). These
data indicate that the sheath proteins of T. pallidum and T.
pPhagedenis have distinct primary structures; however, the sheath
proteins of T. pallidum and T. pertenue cannot be readily
distinguished, an observation consistent with the known close

genetic relationship between these two organisms.

3.1.4 Amino terminal sequence analysis of component endoflagellar

proteins. Purified endoflagellar sheath and core proteins from

Results Purification of endoflagellar proteins



Figure 12. Comparison of HPLC elution profiles of tryptic digests
of the endoflagellar sheath proteins of T. phagedenis, T.
pallidum subsp. pallidum, and T. pallidum subsp. pertenue.
Purified endoflagellar sheath proteins from T. phagedenis (Panel
A), T. pallidum (Panel B), and T. pertenue (Panel D) were
digested overnight with trypsin and the resulting peptides
separated by HPLC. In the cases of T. pallidum and T. pertenue,
radio-labelled T. phagedenis 39-kD protein was included in the
respective digestion mixtures and acted as an internal marker to
correct for variations between HPLC runs (Panel C for T.
pallidum, and Panel E for T. pertenue). The late peak (arrow) in
the T. pallidum sheath protein profile (Panel B) is undigested
protein. For Panels A, B, and D (solid line), the vertical axis
is A,,,. For Panels C and E (broken line), the vertical axis is
counts per minute determined by scintillation counting. In all

cases the horizontal axis is elution time.
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each of the three species were analyzed by N-terminal sequence
analysis in duplicate (Table 5). The 21 N-terminal amino acids
of the purified T. pallidum 37-kD antigen were identical to those
published by Norris et al.!® and differed by only one amino acid
from those reported by Blanco et al.'?® The N-terminal amino acid
sequences of the core proteins were identical to those previously
reported.!® There was no difference between T. pallidum and T.
pertenue in the amino acid sequences for any of the three

proteins.

Ten peptides generated by tryptic digestion of the T. pallidum
endoflagellar sheath protein were analyzed by automated N-
terminal amino acid sequence analysis (Table 6). These peptide
sequences were used subsequently to confirm the amino acid
sequence of FlaA deduced from the nucleotide sequence analysis

(see 3.2.8).

3.2 Determination of the primary structure of mature FlaA

3.2.1 Monoclonal antibody screening of a recombinant DNA library.

It was not known if flaA, the gene encoding the 37-kD sheath
protein, contained a promoter which would enable expression of
the recombinant antigen in E. coli. As other treponemal antigens
have been cloned and expressed in E. coli under the control of
their native treponemal promoter, it was decided to screen a T.
pallidum genomic library using a monoclonal antibody specific for
the endoflagellar sheath protein. The reactivity of murine

monoclonal antibody 4H4-20 with the endoflagellar sheath protein

Results N-terminal sequence analysis
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Table 5. N-terminal amino acid sequences for T. pallidum subsp.

pallidum, T. pallidum subsp. pertenue and T. phagedenis endo-

flagellar proteins.

Organism

Sheath proteins of M, 37-39 kD

T. pallidum subsp. pallidum
T. pallidum subsp. pertenue

T. phagedenis

Core proteins of M, 34.5 kD
T. pallidum subsp. pallidum
T. pallidum subsp. pertenue

T. phagedenis

Core proteins of M, 33 kD
T. pallidum subsp. pallidum
T. pallidum subsp. pertenue

T. phagedenis

Amino acid residue”

1 S 10 15 20 25

DESVLIDFAKLNADIMADKSG

EQAT....G......VP.KN.NMTON

MIINHNMSAMFAQRTLGH

....... ceceeXeooaon

T . VT .NAIGKD

MIINHNMSAMFSQRTLGHKN

..... NP &

eesesssssssBA.s.. NT.LSVQKN

Amino acid residues are designated by the single-letter nomenclature.

Residues identical to those of the corresponding T. pallidum protein are

indicated by a dots.
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Table 6. Amino acid sequence of peptides generated by tryptic

digestion of purified T. pallidum subsp. pallidum endoflagellar

sheath protein (see 3.1.4)".

Designation

Flaa.l

Flaa.2

FlaA.3

FlaA.4

FlaA.5

FlaA.6

Flaa.7

FlaA.8

Flaa.9

Flaa.10

* Amino acid residues are designated by the single-letter nomenclature.

Amino acid sequence

LNADIMADKSGG

SSLAVAQWEVVLN

VIEAPVSEG

FEDGY

SIAVNTYGMNY

YFMGYLLFD

ELVWNNPSYI

LYPVYPAS

QQQVL

LATEVGF

Location in pre-Flaf

187-222

307-345

385-411

598-612

643-675

727-753

763-792

820-843

1051-1065

1087-1104

AA

30-41

70-82

96-104

167-171

182-192

210-218

222-231

241-248

318-322

330-335

T n = location of nucleotide sequence encoding peptide in Figure 19; AA =

location of peptide within pre-FlaA with amino acid position 1 being the first

amino acid of pre~FlaA.
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of T. pallidum was confirmed initially by Western blot analysis
using whole T. pallidum and subsequently using isolated T.
pallidum endoflagella. Monoclonal antibody 4H4-20 was used to
screen 40,000 clones from a pBR322 T. pallidum genomic library
using the radio-immunocolony blot procedure. No antibody reactive

clones were detected.

3.2.2 Characterization of murine monoclonal antibody H9-2. Murine

monoclonal antibody, H9-2, generated by immunizing Balb/c mice
with sonicated whole T. pallidum, was reported by Lukehart and
co-workers.'®” The known reactivity of this antibody with a 37-kD
antigen of T. pallidum suggested that it was directed against an
epitope of the endoflagellar sheath protein; however, the
specificity of H9-2 for this antigen was not previously demon-
strated.!®® Prior to using this monoclonal antibody for further
studies, experiments to unequivocally characterize the specif-

icity of the antibody were performed.

Prior to the availability of a mono-specific rabbit anti-T.
pallidum endoflagella antisera, immunological analyses were
performed with the strongly cross-reactive anti-T. phagedenis
endoflagella antisera.!!'®® In one experiment, 2D-PAGE-Western
blots of whole T. pallidum were incubated first with rabbit
antisera directed against T. phagedenis endoflagella and then
bound antibody was detected with horseradish peroxidase-staphy-
lococcal Protein A. The membrane was then incubated with H9-2

murine ascites and [!'*I]-goat anti-mouse 1IgG followed by

Results Monoclonal antibody screening
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autoradiography. The antisera directed against the endoflagella
identified a group of proteins (Figure 13, Panel B) with a 2D-
PAGE profile very similar to that described by Norris et al. for
isolated T. pallidum endoflagella.'®® In contrast, H9-2 reacted
with a single polypeptide (Figure 13, Panel C) which coincided
with the 37-kD endoflagellar antigen recognized by the polyclonal
antisera (Figure 13, Panel B). Monoclonal antibody H9-2 also
immunoprecipitated the same group of radioiodinated proteins as
rabbit antisera raised against T. phagedenis endoflagella. Final
confirmation of the specificity of H9-2 for the 37-kD endo-
flagellar protein was obtained for T. pallidum endoflagella. In
contrast to the rabbit anti-T. pallidum endoflagella antisera
(Figure 13, Panel A, Lane 3), H9-2 reacted only with the 37-kD

protein (Figure 13, Panel A, lane 4).

The specificity of H9-2 for T. pallidum was determined by
immunoblotting using a panel of nonpathogenic treponemes
(Figure 14). As expected, H9-2 reacts with T. pertenue. It also
reacts with T. denticola and T. scoliodontum, but not with T.
phagedenis nor T. vincentii. H9-2 does not react by Western blot

with the sheath protein of S. aurantia.

3.2.3 Purification of T. pallidum genomic DNA. For the planned

investigations a number of genomic libraries needed to be
constructed in E. coli using moderately large T. pallidum
chromosomal DNA fragments. In order to maximize the quality of

the extracted DNA, a number of extraction procedures were tried

Results Characterization of H9-2



Figure 13. Murine monoclonal antibody H9-2 reacts with the 37-kD
endoflagellar sheath protein of T. pallidum subsp. pallidum.
Panel A. SDS-PAGE and Western blot analysis. Lanes 1 and 2: T.
pallidum whole cell lysate and isolated endoflagella, respect-
ively, stained with Coomassie brilliant blue; Lanes 3 and 4:
immunoblots of isolated T. pallidum endoflagella probed with
rabbit antisera raised against T. pallidum endoflagella, and H9-
2, respectively. Samples were separated on a 12.5% SDS-polyacryl-
amide gel. Panels B and C. 2D-PAGE immunoblots of whole T.
pallidum. Nitrocellulose transfers were probed sequentially with
antisera against endoflagella of T. phagedenis and horseradish
peroxidase-staphylococcal Protein A (Panel B). This was followed
by reaction with H9-2 and [!**I]-radiolabelled goat anti-mouse
IgG, and autoradiography (Panel C). Arrows designate the 37-kD
polypeptide recognized by both the polyclonal antisera and H9-2.
PH gradient for isoelectric focusing is shown under Panels B and
C. Molecular weight in kD for the second dimension is indicated

on the left in each panel.






Figure 14. Reactivity of murine monoclonal antibody H9-2 with
SDS-denatured proteins of several treponemes. Western blot probed
with H9-2. Lane 1l: T. pallidum subsp. pallidum; Lane 2: T.
pallidum subsp. pertenue; Lane 3: T. phagedenis; Lane 4: T.
scoliodontum; Lane 5: T. denticola; Lane 6: T. vincentii. Samples
were separated on a 12.5% SDS-polyacrylamide gel. Molecular

weight in kD is indicated on the right.
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as indicated in the methods section (see 2.19). ’'Smearing’ of DNA
on agarose gels and inability to construct satisfactory libraries
was a common problem if frozen organisms were used as the source
of the DNA. In addition, significant ’‘smearing’ of the DNA seemed
to occur with all procedures, but was least noticeable with
procedure D. For this reason, procedure D was used to generate

the chromosomal DNA used for library construction.

3.2.4 Characterization of clone AA34. Monoclonal antibody H9-2

was used to screen a T. pallidum genomic library constructed
using Agtll; the recombinant phage from an antibody-reactive E.
coli clone, designated A34, was used to lysogenize E. coli Y1089.
Interestingly, the AA34 lysogen produced blue colonies when grown
on LB agar plates containing IPTG and X-Gal. Crude cell lysates
of AA34 and Agtll lysogens, respectively, were prepared following
induction with IPTG. Comparison of these lysates by SDS-PAGE
revealed that the 116-kD band representing f-galactosidase in the
Agtll lysogen was replaced by a new protein of M, 133 kD in the
AA34 lysogen (Figure 15, Lanes 1 and 2). This polypeptide reacted
with both H9-2 (Figure 15, Lane 4) and rabbit antisera raised to
B-galactosidase, indicating that the 133-kD protein was a fusion
of P-galactosidase and a portion of the 37-kD endoflagellar
sheath protein. The H9-2-reactive lower molecular mass proteins
in the AA34 lysogen (Figure 15, Lane 4) presumably represent
proteolytic breakdown products as they were also recognized by

the anti-p-galactosidase antiserum.

Results T. pallidum genomic DNA



Figure 15. Characterization of the f-galactosidase fusion protein
produced by AA34 E. coli lysogen. Lanes 1 and 2: Crude cell
lysates of Agtll and AA34 lysogens, respectively, separated on
a 7% SDS-polyacrylamide gel and stained with Coomassie brilliant
blue. Lanes 3 and 4: Crude cell lysates of Agtll and AA34,
respectively, were separated on a 10% SDS-polyacrylamide gel and
immunoblots were probed with monoclonal antibody H9-2 and [I'**]-
radiolabelled goat anti-mouse IgG. Arrow and asterisk indicated
A34 fusion protein and f-galactosidase, respectively. Molecular

weight in kD is indicated on the left.
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EcoRI endonuclease digestion of DNA purified from phage AA34
revealed a small insert, approximately 0.13 kb in size. An insert
of this size would code for only 4 kD of the 17 kD predicted from
SDS-PAGE analyses of the fusion protein. Restriction endonuclease
analysis using Pvul and Kpnl, restriction sites flanking the
insert within Agtl11?%, also demonstrated an insert of approxi-
mately 0.13 kb. In addition, a PCR amplification experiment
further excluded the possibility that a multimeric insert or an
internal EcoRI site had not been detected. Using primers flanking
the EcoRI insertion site in Agtll, the PCR product obtained from
the AA34 DNA was only 0.13 kb larger than that from Agtll DNA
(Figure 16). These data do not provide an explanation for the
discrepancy between the observed and expected molecular weight
of the fusion protein; it is probable that the A34 fusion protein

migrates anomalously in SDS-polyacrylamide gels.

3.2.5 Southern analysis of T. pallidum genomic DNA with the AA34

probe. The AA34 insert, subcloned into pUC19 to create pRI1,
provided a probe for subsequent library screening and Southern
analyses. Specificity of this DNA probe for T. pallidum DNA was
confirmed by Southern blot analysis. The probe hybridized to
fragments of 11, 12, 11, and 2.5 kb in T. pallidum chromosomal
DNA digested with PstI, BamHI, XholI, and HindIII, respectively
(Figure 17). No hybridization with rabbit mitochondrial DNA, T.
phagedenis or E. coli chromosomal DNA was detected, but it did

hybridize with T. pertenue chromosomal DNA.

Results Characterization of AA34



Figure 16. The T. pallidum subsp. pallidum chromosomal DNA insert
of AA34 is not multimeric. Amplification of the insert DNA of
AA34 DNA (A34) and Agtll (gtll) was by the polymerase chain
reaction using oBGl and oBG2 as primers. PCR products were
analysed by ethidium bromide-agarose gel electrophoresis (2%
[wt/vol]). Molecular weight standards (in base pairs) are

indicated on the left.
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Figure 17. Southern hybridization of T. pallidum subsp. pallidum
chromosomal DNA using the EcoRI-EcoRI fragment from pRI1 as
probe. Complete Pstl (lamne 1), BamHI (lane 2), HindIII (lane 3)
digests and undigested chromosomal DNA (lane 4) separated on an
0.8% [wt/vol] agarose gel. Molecular weight standards (in kb) are

indicated on the left.
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3.2.6 T. pallidum genomic library construction for "chromosome

walking”. The initial intention was to piece together the entire
37-kD gene by "chromosome walking" using the pRI1 probe. The
following chromosomal DNA libraries were constructed and screened
with the pRI1 probe:

® four libraries constructed in pUC19 using size-fractionated
(1.5 to 5 kb) T. pallidum DNA digested to completion with
HindIII.

® two libraries constructed in pUC19 using size-fractionated
(8 to 15 kb) T. pallidum DNA digested to completion with PstI.

® four libraries constructed in A2001 using T. pallidum DNA
digested to completion with BamHI.

® one library constructed in 42001 using T. pallidum DNA

digested to completion with XhoI.

In total, in excess of 1 x 10° phage and 0.5 x 10° plasmid clones
were screened by colony blot hybridization with the pRI1 probe.

Unfortunately no pRIl-reactive clones were identified.

3.2.7 Screening and clone characterization from a randomly

generated gene library. The inability to find pRIl-hybridizing

clones in these directed libraries suggested that this region of
the T. pallidum chromosome was in some way ‘toxic’ to E. coli.
It was hypothesized that overlapping clones could be identified
Ain a random genomic library. The random pBR322 library previously
used for the antibody screening was therefore screened by colony

blot hybridization with the pRI1 probe. Thirty reactive clones

Results Southern analysis of T. pallidum DNA
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were isolated and their plasmids were purified and restriction
endonuclease mapped. Six different chimeric plasmids, pRI2
through pRI7, were identified (Figure 18). The pRI1 probe
hybridized with the 5’ PstI-Sall fragment of pRI3 by Southern
blot analysis. This provided the starting point for subsequent

nucleotide sequence analysis.

3.2.8 Nucleotide sequence analysis of pRI4. M13 and pUC subclones

derived from plasmids pRI1, pRI3 and pRI4 were used to sequence
both DNA strands (Figure 18). Based upon the nucleotide sequence
analysis, it was determined that the insert in pRI4 encoded for
all but the nine N-terminal amino acids of the native 37-kD
protein. The amino acid sequence of the mature 37-kD protein was
determined by combining the N-terminal and the DNA-derived
sequences (Figure 19, base pairs 157-1149). Twenty eight per cent
(91/330) of the DNA-derived amino acid sequence of FlaA was
confirmed by N-terminal sequence analysis of the tryptic peptides
(Table 6 and Figure 19); in all cases, there was complete
correlation between the native amino acid sequence and that
deduced from the nucleotide sequence. It is not clear how the
peptide beginning with glutamine (Figure 19, amino acid 319,
nucelotide 1052) was generated as a result of trypsin digestion.
The insert of AA34 (pRI1l) was localized to base pairs 508 through

626 (Figure 19, amino acids 138 through 177).

Results Screening random library



Figure 18. Partial restriction maps of the inserts from pRI1,
from the chimeric plasmids identified by screening the pBR322 T.
pallidum subsp. pallidum genomic library with the pRI1 probe, and

from the subclones created from pRI3 and pRI4.
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Figure 19. Nucleotide sequence of flaA and deduced amino acid
sequence of pre-FlaA. Consensus E. coli DNA-dependent RNA
polymerase promoter (-35, -10) and ribosomal binding (RBS) sites
are indicated. Amino acid sequence determined by N-terminal
sequence analysis of native FlaA is underlined (nucleotides 157-
219, amino acids 21-41). Amino acid sequence determined by N-
terminal sequence analysis of tryptic peptides is indicated by
double underlining. The stop codon is indicated by '’#*#**’, A
vertical arrow (1) indicates the putative signal peptidase
cleavage site. The codons encoding the first amino acids of pre-
FlaA and FlaA, respectively, are indicated in bold. This
nucleotide sequence data has been submitted to the EMBL, GenBank,
and DDBJ nucleotide sequence data bases and assigned the

accession numbers M26525 and M27915.



10 20 30 40 50 60
TTTGAARRGTGATGGGTAGATGCAGGTCAGTTGACAAARTAGGCGGTGAGCGTATACTCGA

-35 -10
70 80 90 100 110 120
AGAGTGGTTATCTTATTGTGCGAAAGGAGCGTTTGAATGAAGARAGCGGTTGTGTTGAGC
M K K A V VvV L s
RBS
130 140 150 160 170 180
GCGGTGGCGCTGCTCTCGGGGGTGTGCGCGGTTGCTGATGAGTCAGTGCTCATCGACTTC
A VvV A L L 8 G v C A VvV A D E S V L I D F
1
190 200 210 220 230 240
GCARAGCTGAACGCTGATATCATGGCGGATAAGAGTGGAGGTATGACGCATAATCGGCGT
A K L N A D I M A D K S G G M T HNRR
Flahd. 1
250 260 270 280 290 300
ACCGTTCTGGACTATGCTTCTCTGGCGGATACCTCGTACACTGACGAGCAGAAGGCATTG
T v L. D Y A S L A DT S Y TDE Q K A L

310 320 330 340 350 360
ATGAGATCTTCTCTTGCGGTTGCACAGTGGGAGGTTGTGCTGAATTCTTCCGCGCGTAAT

M R S s L A V A W E V VL NS S ATRN
—___ FlaA.2

370 380 390 400 410 420
CCTGTCGCCCATGCTGCCTCTCGCGTTATTGAGGCTCCGGTARGTGAGGGAGCGARGAGT
P V A H A A S R VI EAUPV S E G A K S

FlaA.
430 440 450 460 470 480
TTTGCTGGTGAGCGTGTCCTTGGTGTGCGCGTGTTGT TCCCCACGTGGGACAGTAACGCA
F A G ER VL GV RVL F PTWUD S N A

490 500 510 520 530 540
ARCGCAATGATAAAGCCGGCGTTCGTAATTCCTGCGTACGAGGTGATGGCTCAGGTGGAC
N A MI K PAF VI PAYEVMAOQV D

550 560 570 580 590 600
GATCAGGGTAATGTACAGGCCCCCACAGAGGAGGAGAAGGCTTCTGGAAAGGGGCGTTTT
D Q G NV QAPTUETETEI KA ASGK G R E

610 620 630 640 650 660
GAAGATGGGTACGGAGTGGTAAAGAATGTGGGTGTTCTTAAGTCCATCGCGGTGAACACT
E D G Y G V V X NV 66 VvV L K S I A V N T

FlaA. FlaA.5
670 680 690 700 710 720
TACGGGATGAATTATCCTCATGGTTTGTACGTGATGATGCGGGATCAGGATGGTGAGGTG
Y G M N Y P HGL Y VM MURUD QD G E V



730 740 750 760 770 780
CATCGCTACTTCATGGGGTATCTCCTGTTCGACTCCTGGAAGGAGTTGGTGTGGAACAAT
H R YFMGY L L F D S W KE L V W N N

FlaAa. FlaA.

790 800 810 820 830 840
CCTTCGTATATCTCTGATGTTCGGTCGCGGGAGGTGCGCTTGTATCCCGTGTATCCCGCG
P S Y I s D V R S R E V R L Y P V Y P A

FlaAa.8
850 860 870 880 890 900
TCGACGCCCCACGTCGTGTTTGAAGGCTTTATGGTTACTAGGGACGCGGCTCATGCCGGA
S T P H V V F E G F M VTR RUDA AWM AUHA AG

910 920 930 940 950 960
GGGGACTATGTTGGTTATTTCAAGGACGTCAAGATTATCTATGATAAGGCGGTGCTGAGT
G D Y v 6 Y F XK DV K I I Y D KAV L S8

970 980 990 1000 1010 1020
ACGGTGCGCGATTTTGCGGACGAGGACCTGTGGGGTATCCAGGCGCGGCGTGAGGCTGAG
T VvV R D F A DUEUDITULWSGTIOQA AIZRIZRE A E

1030 1040 1050 1060 1070 1080
CGTAAGAGAGTTGAGGTTGCGCGTTTCGGGCAGCAGCAGGTGCTGCGTTATATAGAGCAA

R K RV EV ARV FG Q 0 0 V L R Y I E Q
FlaA.

1090 1100 1110 1120 1130 1140
GAGAAGCTTGCTACAGAGGTTGGTTTTACACCCTCTGGGGGTGCTCAGCGGCAGGAAGAG
E K E A T E V G F T P § G G A Q R Q E E

FlaA.10
1150 1160 1170 1180 1190 1200
CAGCAGTAGTGCAGTAGTCTTCCTAGGGAGAGGGGGCGCTGGGGTTCTAGGCGCGGGGGC
Q Q * %%

1210 1220 1230
TGTCTTTTCCCTCTCTTCTTTTCTTGGGTTTTAG
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3.3 Completion of the nucleotide sequence of flaA

3.3.1 Southern analysis of T. pallidum genomic DNA with oligo-

nucleotide probe oRI3. Further "chromosome walking" was planned

using the data obtained from the sequence analysis. It was arqgued
that a small DNA fragment immediately upstream of the 5’ end of
the known flaA sequence might not be ‘toxic’ in E. coli. A
detailed map of the T. pallidum genome with respect to flaA was
generated. Oligonucleotide oRI3, derived from the 5’ end of the
coding strand of the pRI4 insert, hybridized in Southern analyses
with fragments of 2.5, 2.7, and 0.9 kb from T. pallidum
chromosomal DNA digested to completion with HindIII, SalI, and
EcoRI (Fiqure 20), respectively. By combining these data with the
restriction map of pRI4, a detailed genetic map was derived

(Figure 20).

It is clear from Figure 20 that the N-terminal coding region of
flaA should reside on a 0.9 kb EcoRI-EcoRI fragment. An addit-
ional genomic library was therefore generated in Agtll from size-
fractionated (0.5 to 2 kb) T. pallidum chromosomal DNA digested
to completion with EcoRI. Oligonucleotide probe oRI3 was then
used to screen 1 x 10° clones in this library and in the pBR322
and original Agtll libraries. No reactive clones were identified.
These results, in conjunction with the failure of previous
attempts to clone the upstream regions of flaA (see 3.2.6),
implied that conventional cloning strategies would not enable

completion of the nucleotide sequence of flaA.

Results Nucleotide sequence of pRI4



Figure 20. Construction of T. pallidum subsp. pallidum genetic
map with respect to flaA. Southern hybridization of T. pallidum
chromosomal DNA digested to completion with HindIII (lane 1),
Sall (lane 2), and EcoRI (lane 3), and probed with oRI3 (sequence
derived from the 5’ end of pRI4 insert). Samples were separated
on an 0.8% [wt/vol] agarose gel. Molecular weight standards (in

kb) are indicated on the left.
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3.3.2 Determining the remaining nucleotide sequence of flaA using

the polymerase chain reaction. An alternative strategy based upon

the use of inverse-PCR?°® was adopted in an attempt to determine
the nucleotide sequence of the upstream portion of flaA. This
technique enables selective amplification of a region of unknown
nucleotide sequence adjacent to a region of known sequence

(Figure 7).

The promoter/N-terminal coding region of flaA resides on a 2.5
kb HindIII genomic DNA fragment (Figure 20). This fragment
contains Sall and EcoRI sites in the region of known nucleotide
sequence, and a second EcoRI site in the unsequenced region
(Figure 20). Inverse-PCR was performed as shown in Figure 7. T.
pallidum chromosomal DNA was digested to completion with HindIII,
circularized in the presence of T4 DNA ligase, and then linear-
ized with SalI. Oligonucleotides oRI9 and oRI10, which flank the
unsequenced area in the linearized chromosomal DNA, were used as
the PCR primers. The resulting 1.8 kb product had an internal
EcoRI site and hybridized with oRI3, confirming that the correct
region had been amplified (Figure 21, Lane 1). For unclear
reasons, these PCR experiments worked somewhat unpredictably and
vielded rather small amounts of product; attempts to re-amplify
the purified PCR product using both routine and asymmetric PCR
also were unsuccessful. Furthermore, the inverse-PCR product were
not able to be cloned into E. coli using either pUC or pTTQ

vectors; pTTQ vectors contain a transcriptional stop downstream

Results Southern analysis of T. pallidum DNA



Figure 21. Use of the inverse-polymerase chain reaction technique
to amplify upstream regions of flaA. Southern hybridization of
PCR products using oRI3 as the probe. Lane 1: inverse-PCR product
using primers oRI9 and oRI10, Lane 2: PCR product using primers
oRI1ll and oRI1l, Lane 3: PCR product using primers oRI18 and oRI17,
Lane 4: pRI18 digested with BamHI and PstI. Samples were
separated on a 1% [wt/vol] agarose gel. Molecular weight

standards (in kb) are indicated on the left.
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of the cloned fragment and are particularly useful for cloning

strong promoters.!®

An alternative strategy therefore was devised to obtain a limited
amount of nucleotide sequence within the unsequenced region of
" the inverse-PCR product but upstream of the control regions of
flaA. Using a primer derived from this new sequence, routine PCR
could then be performed from T. pallidum chromosomal DNA with the
expectation that this new product could be more easily mani-
pulated than the original inverse-PCR product. Southern hybrid-
ization of the inverse-PCR product, digested with Sau3A I and
probed with itself, indicated multiple Sau3A I sites were present
within the inverse-PCR product. It was inferred that at least one
of these Sau3A I DNA fragments should be upstream of the control
regions of flaA. The inverse-PCR product was therefore digested
to completion with Sau3A I and the resulting DNA fragments were
ligated into M13mpl9 digested with BamHI. A clone was identified
from this M13 library by DNA-DNA hybridization using the entire
inverse-PCR product as a probe and the nucleotide sequence of the
insert was determined. oRI1l, a primer derived from this
sequence, and oRI1l, a primer derived from the flaA sequence
downstream of both oRI3 and oRI19, were used to amplify a 1.2 kb
T. pallidum chromosomal DNA fragment (Figure 21, Lane 2). Since
approximately 0.3 kb would be sufficient to encode the
N-terminus, including a leader peptide, and the promoter, this
product was of sufficient size to contain all of the desired

upstream portion of flaa.

Results Inverse-PCR
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Oligonucleotides oRI1 and oRI1ll, with oRI1ll in excess, were then
used in an asymmetric PCR to generate single stranded DNA using
T. pallidum chromosomal DNA as the template. Nucleotide sequence
obtained from the product using oRI9 as the primer was combined
with that previously determined to provide the sequence of the
entire flaA gene (Figure 19). Three other PCR-derived products
containing the 5’ end of the open reading frame of flaA yielded
nucleotide sequences identical to those obtained from the

asymmetric PCR product.

3.3.3 Structural features of FlaA. The flaA gene contains a

consensus E. coli promoter?® and a ribosomal binding site
(RBS)?¢217 (Pigure 19). No transcriptional stop was identified in
the nucleotide sequence downstream of the stop codon. A 20 amino
acid signal sequence, including a typical signal peptidase I
cleavage site?!® (Figure 19, vertical arrow), immediately precedes
the N-terminus previously determined by N-terminal sequence
analysis of the native antigen.?!?? The precursor protein (pre-
FlaA) contains 350 amino acids with a calculated molecular weight .
of 38,860; the mature protein (FlaA) contains 330 amino acids
with a calculated molecular weight of 36,948. The deduced amino
acid sequence of the first 21 amino acids of FlaA matches

precisely that of the native Flaa, 10012

FlaA has 46 acidic (Asp, Glu) amino acids, 37 basic (Arg, Lys)
amino acids, with the remaining amino acids being neutral; of the

neutral amino acids, 111 are hydrophobic (Phe, Trp, Tyr, Ile,

Results Inverse-PCR



127
Leu, Met, Val). The G+C content of the gene encoding the 350
amino acids is 54.1%, consistent with previously published G+C
ratios of 52.4 to 53.7% for T. pallidum (Nichols).?' The absence
of cysteine residues in the derived sequence of FlaA is in
agreement with the amino acid analysis of Blanco et al.'? The
presence within FlaA of 19 amino acid doublets and two amino acid

triplets is a striking feature of the primary structure.

Hydrophilicity analyses by the algorithms of Kyte and Doolittle®?
(Figure 22) and Chou and Fasman??® demonstrate the characteristic
features of a signal peptide in the first 20 amino acids?!/%%;
they do not demonstrate any large hydrophobic areas likely to be
membrane spanning domains within the mature protein. A prominent
hydrophilic domain is predicted from amino acids 150 through 170;
this region contains the portion of the protein encoded by the

AA34 phage clone which reacted with H9-2.

The nucleotide sequence for the S. aurantia flagellar filament
surface antigen has been published??®; the T. pallidum 37-kD
endoflagellar sheath protein is analogous structurally to this
protein. Although there were only minor homology overall between
these two proteins, four areas within the N-terminal half of each
protein showed homology (Table 7). The most striking of these
lies partially within the major hydrophilic domain expressed by

AA34; however H9-2 does not react with S. aurantia.

Results Structural features of FlaA
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Figure 22. Hydrophilicity analysis of pre-FlaA according to the
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indicates the site of signal peptide cleavage.
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Table 7. Areas of homology between the flaA gene product of T.

pallidum and S. aurantia’.

T. pallidum

S. aurantia

T. pallidum

S. aurantia

T. pallidum

S. aurantia

T. pallidum

S. aurantia

x

25 LIDFAKL 31

26 ....8.. 32

111 GNRVLGVRVLFP 122

106 ..T.M...IH.. 117

130 AMIKPAFVIPAY 141

125 .v...P.T.... 136

166 GRFEDGYGVVKNVGVLKSI 184

151 .Q. ..F..L..... I... 168

Amino acid residues are designated by the single-letter nomenclature.

Residues identical to those of the T. pallidum protein are indicated by dots.

The first amino acid of the precursor protein for each organiem is designated

to be position 1.
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DNA and protein homology searches were performed using the NBRF
protein database (Release 18.0, September, 1988) and the GenBank
database (Release 58.0, December, 1988). No other obvious

homologies were identified for FlaA.

3.4 Expression of recombinant FlaA

3.4.1 Construction of an E. coli clone expressing recombinant

sheath protein. It was assumed that the native treponemal

promoter would have to be substituted with a controllable E. coli
promoter to express FlaA in E. coli. PCR was the most convenient
method to obtain a clonable fragment containing flaA exclusive
of its promoter sequences. Three oligonucleotides, oRI7, oRI1l7,
and oRI18, were synthesized for these experiments. oRI7 is
complementary to a region downstream of the flaA termination
codon; it also contains a PstI site near its 5’ end. oRI17 and
ORI18 were derived from the sense strand of flaA beginning 3 and
30 base pairs upstream of the RBS, respectively. oORI18 also
contains two mismatches near its 5’ end which overlaps the -10
promoter sequence; these were included to ensure inactivation of
the native promoter. PCR experiments wusing T. pallidum
chromosomal DNA with oRI7 and either oRI17 or oRI18 produced the
predicted 1.2 kb products (Figure 21, Lane 3). Phosphorylated,
purified PCR product digested with PstI was ligated into
pBluescript II KS- that had been digested with Smal and PstI.
Plasmids pRI17 and pRI18, which contain flaA in the correct
orientation for expression from the T7 promoter, were identified

by restriction endonuclease mapping and Southern hybridization

Results Structural features of FlaA
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with oRI3 (Figure 21, Lane 4).

Each of these plasmids was used to transform HB101l(pGP1l-2) so
that expression would be temperature inducible.® Following
induction, immunoblot analysis using monoclonal antibody H9-2
identified a doublet composed of 39- and 37-kD proteins in
HB101(pRI18/pGP1l-2) (Figure 23, Lane 2) but not in HB101l(pRI17/
pGP1-2). No H9-2 immunoreactive material was detected when the
cultures were grown only at 30°C (Figure 23, Lanes 5 and 6).
Corresponding bands were not readily seen on Coomassie brilliant

blue stained gel.

Because Tag polymerase lacks proofreading function, misincor-
poration of nucleotides may occur during PCR.??*??® For this
reason, 2D-PAGE immunoblotting was used to confirm that the
native and recombinant FlaA proteins were identical and that the
39-kD H9-2-reactive recombinant protein was the FlaA precursor.
First, [’’S]-labelled HB10l1l(pRI8/pGPl1-2) was co-electrophoresed
with isolated T. pallidum endoflagella. Immunoblot analysis with
H9-2 demonstrated that the native 37-kD antigen (Figure 24, Panel
1) co-migrated with the 37-kD radiolabelled protein (Figure 24A,
Panel 2). In a second experiment, radiolabelled HB101l(pRI18/
PGP1-2) expressing predominantly pre-FlaA (from processing
experiments, see 3.4.2) was co-electrophoresed with unlabelled
HB101(pRI18/pGP1-2) whole «cell lysates (Figure 24). The
radiolabelled FlaA precursor (Figure 24, Panel 2) co-migrated

with the H9-2-reactive 39-kD antigen identified by immunoblotting

Results Expression of recombinant FlaA



Figure 23. Analysis of E. coli clones expressing recombinant
FlaA. The Western blot was incubated sequentially in monoclonal
antibody H9-2 and horseradish peroxidase-conjugated rabbit
anti-mouse IgG. A schematic of the recombinant DNA construct is
shown below the blot. Cells were either induced by growing at
42°C for expression as described in Methods (Lanes 2,3 and 4), or
grown at 30°C (Lanes 5 and 6). Lane 1: T. pallidum, Lane 2 and 5:
HB101(pRI18/pGP1-2), Lane 3: HB101l(pRI19/pGP1l-2), Lane 4 and 6:
HB101(pBluescript II KS-/pGPl1-2). Samples were separated on a 10%
SDS-polyacrylamide gel. Molecular weight in kD is indicated on

the left.
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Figure 24. Two dimensional electrophoretic analyses of recomb-
inant FlaA. Samples were separated by IEF in the first dimension
and by SDS-PAGE on a 10% SDS-polyacrylamide gel in the second
dimension. After transfer to nitrocellulose, the blots were
incubated sequentially with H9-2 and peroxidase-conjugated rabbit
anti-mouse immunoglobulin (Panel 1), and then subjected to
autoradiography (Panel 2). FlaA (single arrow) and pre-FlaA
(double arrow) are indicated. The basic and acidic ends of the
IEF gel are marked with "-" and "+", respectively. Panel A.
[**S]-labelled HB101l(pRI18/pGPl-2) was co-electrophoresed with
isolated T. pallidum subsp. pallidum endoflagella. Panel B.
[**S]-labelled HB101(pRI18/pGP1-2) predominantly expressing pre-

FlaA was co-electrophoresed with HB101l(pRI18/pGP1-2).
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(Figure 24, Panel 1). As predicted by the presence of two lysines
in the signal sequence, the FlaA precursor was significantly more
basic than the mature protein during isoelectric focusing

(Figure 24A, Panel 2, double arrow).

Despite the above 2D-PAGE results, the possibility still existed
that the recombinant antigen contained an amino acid substitution
which did not affect its pI. Such substitution(s) could adversely
impact future structure-function analyses of FlaA. As an
alternative to sequencing the entire insert of pRI18 for
comparison with the known sequence, an additional chimeric
plasmid was constructed subsequently from fragments of known
nucleotide sequence. Nucleotide sequence analysis of pRI18 showed
that the 5’ sequence matched the expected sequence up to the
EcoRI site. pRI19 was constructed in pBluescript II KS- from the
0.3 kb BamHI-EcoRI fragment of pRI18, which encodes the RBS, the
leader and amino acids 1 through 62 of the mature protein, and
the 1.5 kb EcoRI-Pstl fragment of pRI4.3, which encodes the
remainder of the mature protein. Immunoblots of SDS-PAGE
(Figure 23, Lane 3) and 2D-PAGE gels showed that HB101(pRI19/
pGP1-2) produced a H9-2-reactive 39- and 37-kD doublet identical

to that of HB101(pRI18/pGP1l-2).

Growth curves of HB101(pRI18/pGP1-2) and HB101l(pRI19/pGP1~2) were
compared to that of HB101l(pBluescript II KS-/pGP1-2). At 42°C, a
small difference in the growth rates for both HB101l(pRI18/pGP1-2)

and HB101l(pRI19/pGP1-2) was consistently observed (Figure 25).

Results Expression of recombinant FlaA
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Figure 25. Expression of recombinant FlaA reduces the growth rate
of E. coli. Representative growth curves for HB101l(pRI19/pGP1-2)
or HB101l(pBluescript II KS-/pGP1-2) derived from one of three
experiments. Panel A. Cells were grown at 30°C for the first two
hours, then shifted to 42°C (arrow) for the remainder of the

experiment. Panel B. Cells were grown only at 30°C.
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Viable colonies were produced from samples taken at all time

point.

3.4.2 Analysis of processing of FlaA. In pulse-chase experiments

using HB101l(pRI18/pGP1-2), FlaA was synthesized as a 39-kD
precursor which was subsequently processed to the 37-kD mature
protein (Figure 26A); even after a 60 min chase, a significant
amount of precursor was still present (Figure 26A). Processing
of pre~FlaA in HB101l(pRI19/pGP1-2) showed similar results. In a
parallel control experiment using HB101(pT7-3/pGP1-2) incubated
under identical conditions, P-lactamase was processed completely

with virtually no f-lactamase precursor detected at 60 min.

Ethanol, a non-specific inhibitor of membrane translocation by
secretory proteins??’, was used in experiments with
ORN103 (pRI18/pGP1-2) minicells. Although substantial accumulation
of precursor occurred even in the absence of ethanol, inhibition

of processing was ethanol concentration dependent (Figure 26B).

3.4.3 Localization of recombinant antigen in E. coli. Sphero-

plasts derived from HB101l(pRI18/pGP1-2) were osmotically shocked
to release selectively soluble periplasmic proteins. All of the
FlaA remained associated with the cell pellet (Figure 27A) while
f~lactamase was easily detectable in the supernatant. In a
separate experiment, HB101l(pRI18/pGP1-2) were disrupted in a
French press and membranes were collected by differential

ultracentrifugation. The supernatant, comprising the periplasmic

Results Expression of recombinant FlaA



Figure 26. Processing of FlaA in E. coli. The location of the 37-
kD sheath protein and its precursor on the gel are indicated on
the left. Panel A. HB101l(pRI18/pGP1-2) were pulsed with Trans-
[¥S]-label for 1 min and then chased for the times shown with
0.1% [wt/vol] methionine. Samples were electrophoresed on a 10%
SDS-polyacrylamide gel and subjected to autoradiography. Panel
B. ORN103(pRI18/pGP1-2) minicells were labelled with Trans-
[®S]-label in the presence of different concentrations of
ethanol, electrophoresed on a 10% SDS-polyacrylamide gel, and
subjected to autoradiography. Ethanol concentrations [vol/vol]

are shown above each lane.
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Figure 27. Fractionation of E. coli clones expressing FlaA. Panel
A. Tmmunoblot analysis with H9-2 of soluble periplasmic proteins
released from HB101(pRI18/pGP1-2) spheroplasts. Lane 1l: starting
material, Lane 2: supernatant following osmotic shock of
spheroplasts, Lane 3: insoluble pellet. Samples were separated
on a 12.5% SDS-polyacrylamide gel. Molecular weight in kD is
indicated on the left. Panel B. 12.,5% SDS-polyacrylamide gel
stained with Coomassie brilliant blue (Panel Bl) and corre-
sponding immunoblot probed with monoclonal antibody H9-2 (Panel
B2) of cell envelopes of HB101(pRI18/pGP1-2) separated by sucrose
density gradient centrifugation into inner (I) and outer (O)
membranes, and an intermediate membrane (M) fraction. Fractions
#4 to #17 are shown. Molecular weight in kD is indicated on the
left. The E. coli outer membrane proteins, OmpA and OmpF/C, are

indicated.
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and cytoplasmic fractions, did not contain HY9-2-reactive
material. SDS-PAGE of the membranes fractionated on a sucrose
gradient revealed protein profiles characteristic of E. coli
inner and outer membranes (Figure 27B, Panel 1). The buoyant
densities of the outer and inner membrane fractions were 1.230
g/cc and 1.167 g/cc, respectively. Immunoblot analysis of the
gradient fractions (Figure 27B, Panel 2) revealed the surprising
result that both the precursor and the mature protein were
present in all fractions. Fractionation studies using

HB101(pRI19/pGP1-2) showed identical results.

Attempts were made to selectively solubilize FlaA away from the
E. coli membrane. When HB101l(pRI19/pGP1-2) membranes were
incubated in 1% [vol/vol] Triton X-114, the recombinant FlaA
remained with the membrane fraction (Figure 28, Lane 2).
Sarkosyl, 1% [wt/vol], completely solubilized the recombinant

proteins (Figure 28, Lane 6).

3.4.4 Expression of a LacZ’-FlaA protein. It could be argued that

removal of the signal peptide might increase production of FlaA.
This was achieved by expression of FlaA as a fusion protein. An
additional oligonucleotide, oRI23, was synthesized for these
experiments. ORI23 was derived from the sense strand of flaA
beginning 15 base pairs upstream of the first codon of the mature
protein. It contained a series of mismatches near its 5’ end
(nucleotides 5 through 15 of the oligonucleotide) which encode

for a bovine protease X, site immediately upstream of the first

Results Subcellular localization of recombinant FlaA



Figure 28. Detergent solubility of recombinant FlaA. E. coli
membranes from HB101l(pGP1-2/pRI19) were incubated in PBS
containing either 1% [vol/vol] Triton X-114 or in 1% [wt/vol]
sarkosyl. Western blot probed with monoclonal antibody H9-2. Lane
1: HB101l(pGP1-2/pRI19) membranes; Lane 2: insoluble material
after Triton X-114 extraction; Lane 3: Triton X-114 aqueous
phase; Lane 4: Triton X-114 detergent phase; Lane 5: insoluble
material after sarkosyl extraction; Lane 6: sarkosyl soluble
material. Samples were separated on a 10% SDS-polyacrylamide gel.

Molecular weight in kD is indicated on the left.
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Bovine protease Xa

| fl
Val lle Glu Gly Arg Asp Glu Ser Val Leu

oRI23 |aTa| [aTc| [GAG| [aGT| [ AcA] [GAT| [GAgG] [TcA] [aTc| |cTC|

flaA | aTel [Tac| [acal [a1T]| [acT| [6AT] [@Ag] [Tca] [ aTc] | cTc]
Val Cys Ala Vval Ala L Asp Glu Ser Val Leu

Signal peptidase |

Figure 29. Introduction of a bovine protease X, site by using
mismatched PCR primers. A bovine protease X, site??® (Ile-Glu-Gly-
Arg) was engineered into the hybrid protein immediately upstream
of the first amino acid (Asp) of mature FlaA by using a
mismatched PCR primer (oRI23). Following purification, the hybrid
protein should be able to be proteolytically cleaved by bovine
protease X, to yield 'mature’ FlaA with the same N-terminal

sequence as is found in the native protein.
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amino acid of the mature protein??® (Figure 29). PCR amplification
using purified pRI19 with oRI7 and oRI23 yielded the predicted
1 kb product. Phosphorylated, purified PCR product digested with
PstlI was ligated into pUC18 digested with SmaIl and PstI. Plasmid,
pPRI22.2, which should produce a LacZ'-FlaA fusion protein
(Figure 30, schematic diagram) was identified by restriction
endonuclease mapping, and was used to transform DH5«. Immunoblot
analysis using monoclonal antibody H9-2 demonstrated that
DH5a (pRI22.2) produced a 39 kD protein, both with and without
induction with IPTG. In order to remove the possibility of point
mutations being introduced by Tag polymerase infidelity, a
further chimeric plasmid, pRI23, was constructed. Nucleotide
sequence analysis of pRI22.2 showed that the 5’ sequence matched
the expected sequence up to the EcoRV site. pRI22.2 was digested
to completion with EcoRV and PstI; the 2.8 kb fragment contains
the origin of replication for the plasmid and the 5’ end of the
gene encoding the hybrid protein. pRI23 was produced by ligating
this fragment with the 1.7 kb EcoRV-Pstl fragment from pRI4,
encoding the remainder of flaA. pRI23 was identified by restrict-
ion endonuclease mapping and used to transform DHS5«. DHS5«(pRI23)
produces a protein of 39 kD (Figure 30, Lanes 3 and 4). Corre-
sponding bands were not readily seen on Coomassie brilliant blue
stained gels as the hybrid protein co-migrated with a major E.
coli protein. Degradation of the hybrid protein is indicated by
the lower molecular weight species detected in the immunoblots

(Figure 30, Lanes 3 and 4).

Results LacZ’-FlaA protein



Figure 30. Expression of LacZ’'-~FlaA protein. A DNA fragment
encoding FlaA with the 5’ end encoding for a Protease X,
digestion site (indicated by arrow on schematic diagram) was
introduced into plasmid pUC18; this yielded a lacZ’-flaA gene
fusion. The fusion protein (arrow at right) co-migrates with E.
coli proteins but is visible as a smear on Coomassie brilliant
blue staining in Lanes 7 and 8. Lanes 1,5: DHS5a(pUC18); Lanes
2,6: HB101(pGP1-2/pRI19) membranes; Lanes 3,7: DH5a(pRI23); Lane
4,8: DH5«(pRI23) induced with IPTG. Samples were separated on
12.5% SDS-polyacrylamide gels and either stained with Coomassie
brilliant blue (Lanes 5-6) or transferred to nitrocellulose for
Western blotting with monoclonal antibody H9-2 (Lanes 1-4).

Molecular weight in kD is indicated on the left.
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3.4.5 Expression of a Cro-LacZ-FlaA protein. A second hybrid

protein was expressed from a chimeric plasmid, pRI24, using the
vector pEX1l. In this vector, flaA is inserted near the 3’ end of
the coding region of cro-lacZ to make a cro-lacZ-flaA gene
fusion'® (Figure 31, schematic diagram). Production of the hybrid
protein is under the control of a strong P, A promoter
(Figure 31, schematic diagram), and a temperature sensitive A
repressor gene is also present on the expression plasmid. To
construct pRI24, pRI23 was digested with KpnI and the 3’ overhang
was filled using T4 DNA polymerase. Following digestion with
PstI, the 2.3 kb Kpni-Pstl fragment was 1ligated into
dephosphorylated pEX1l that had been digested with Smal and PstI.
The ligation mixture was used to transform DH5a and a recombinant
clone, DHS5«(pRI24), was selected by immunoblot analysis with
monoclonal antibody H9-2. DHS5a«(pRI24) produces a 150 kD protein
(Figure 31, Lane 1). HB101(pRI24) or DHS5a(pRI24) were both found
to express low levels of the Cro-LacZ-FlaA protein when the cells
were grown continuously at 37°C. However, no protein was detected
when the cells were heat shocked at 42°C to induce hyper-
expression from the A promoter. The hybrid protein expressed at
37°C was partially purified from HB101l(pRI24) by immunocaffinity
chromatography (Figure 31, Lanes 2 and 4); the hybrid protein was
detected in elution fractions 1 and 2. Less that 2 pg of protein

was recovered from 1 1 of cell culture.

3.4.6 Solubilization and partial purification of LacZ’-FlaA. As

the Cro-LacZ-FlaA hybrid protein could not be produced in large

Results LacZ’-FlaA protein



Figure 31. Expression and purification of the Cro-LacZ-FlaA
protein. A DNA fragment encoding FlaA with the 5’ end encoding
for a Protease X, digestion site (indicated by arrow on schematic
diagram) was introduced into plasmid pEX1l; the resulting gene
product was a Cro-LacZ-FlaA hybrid protein. Lane 1: DH5«(pRI24)
grown at 37°C; Lane 2,4: Cro-LacZ-FlaA protein purified by
adsorption to a anti-f-galactosidase immunoaffinity column; Lane
3: mock purification using DH5«(pEX1l). Samples were separated on
a 7% SDS-polyacrylamide gel and either stained with a silver
stain (Lane 4) or transferred to nitrocellulose for Western
blotting with monoclonal H9-2 (Lanes 1-3). Molecular weight in

kD is indicated on the left.
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amounts, attempts to purify FlaA were concentrated on the LaciZ’'-
FlaA protein. Experiments were performed to identify the cellular
location of the LacZ’-FlaA protein within E. coli. DH5«(pRI23)
were disrupted in a French press and the cell membranes recovered
by ultracentrifugation. The majority of the H9-2 reactive
material remained with the membrane fraction (Figure 32, Panel
2), suggesting a similar membrane association of the hybrid

protein as found for recombinant FlaA (see 3.4.3).

In an attempt to selectively remove the hybrid protein from the
membranes, membranes of DH5«(pRI23) were incubated in a 10 mM
HEPES [pH 7.4] containing either 1% [wt/vol] sarkosyl, 1%
[vol/vol] Triton X-114, 6 M guanidine hydrochloride, 6 M urea,
1% [wt/vol] sodium deoxycholate, 0.5 M or 1 M NaCl. Unsolubilized
material was recovered by ultracentrifugation, and the two
fractions were analysed both by Coomassie brilliant blue staining
of SDS-PAGE gels and by Western blotting with H9-2 (Figure 32).
The protein was fully solubilized by sarkosyl, guanidine
hydrochloride and urea, and partially solubilized by sodium
deoxycholate. Triton X-114 and NaCl did not solubilize the hybrid
protein away from the E. coli membranes although subsequent
studies with urea solubilized-LacZ’'-FlaA indicated that it is
soluble in the aqueous phase following phase partitioning with

Triton X-114 (Figure 33).

As sarkosyl is difficult to remove by dialysis and is likely to

yield an irreversibly denatured protein, subsequent studies

Results Solubilization of LacZ’-FlaA



Figure 32. The solubility of the LacZ'’'-FlaA protein following
t.featment with guanidine hydrochloride, urea, sodium deoxycholate
and sodium chloride. E. coli membranes from DHS«(pRI23) (Panel
2) were separated from soluble fractions (Panel 1) by ultracen-
trifugation and incubated in either 6 M guanidine hydrochloride-~
10 mM HEPES [pH 7.4] (Panel 3), 6 M urea-10 mM HEPES [pH 7.4]
(Panel 4), 1% [wt/vol] sodium deoxycholate in 10 mM HEPES [pH
7.4] (Panel 5), 0.5 M NaCl-10 mM HEPES [pH 7.4] (Panel 6), or 1 M
NaCl-10 mM HEPES [pH 7.4] (Panel 7). Following incubation at room
temperature for 60 min, insoluble material (Lane a) was separated
from the supernatant (Lane b) by centrifugation. If the hybrid
protein was present in the supernatant, the salt was removed by
dialysis against 10 mM HEPES [pH 7.4] and aggregates removed by
further centrifugation; the supernatant was analyzed to detect
soluble hybrid protein (lane c). Samples were separated on a
12.5% SDS-polyacrylamide gel and either stained with Coomassie
brilliant blue (Large panel A) or transferred to nitrocellulose
for Western blotting with monoclonal H9-2 (Large panel B).

Molecular weight in kD is indicated on the left.
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Figure 33. Triton X-114 solubility of urea-solubilized LacZ’-FlaA
protein. E. coli membranes from DH5«(pRI23) were incubated in 6 M
urea-10 mM HEPES [pH 7.4] and the supernatant, following
ultracentrifugation, was dialysed against 10 mM HEPES [pH 7.4]
and then extracted in 2% ([vol/vol] Triton X-114. Lanes 1,4: E.
coli DH5a(pRI23) membranes; Lanes 2,6: Triton X-114 aqueous
phase; Lanes 3,5: Triton X-114 detergent phase. Samples were
separated a 12.5% SDS-polyacrylamide gel and either stained with
Coomassie brilliant blue (Lanes 4-6) or transferred to
nitrocellulose for Western blotting with H9-2 (Lanes 1-3).

Molecular weight in kD is indicated on the left.



1

Calveraity of Auckland Library
FeillSON LIDRARY
SCHOCL OF MEDRICING
PARK ROAD, AUCKLAND



159
concentrated on guanidine hydrochloride-~ and urea-solubilized
LacZ'’'-FlaA. Dialysis of the solutions containing the solubilized
protein to remove the chaotrope resulted in the visual appearance
of aggregates, more marked in the guanidine treated solution than
in that treated with urea. These aggregates were removed by
centrifugation at 40,000 x g; most of the immunoreactivity was
lost from the supernatant for the guanidine-solubilized material,
whereas virtually no immuno-reactivity was lost in the urea-

solubilized material (Figure 32, Panels 3 and 4, Lanes b and c).

Urea solubilized LacZ’'-FlaA was passed over an H9-2 immuno-
affinity column. H9-2-reactive material was present in elution
fractions 3 to 6. Analysis of these fractions by SDS-PAGE
followed by silver staining demonstrated that they contained
small amounts of the LacZ’'-FlaA protein heavily contaminated with
E. coli proteins. When the aggregates following dialysis were
removed by ultracentrifugation at 240,000 x g, no H9-2-reactive

material was recovered following immunoaffinity chromatography.

Results Solubilization of LacZ’-FlaA
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Venereal syphilis is a sexually transmitted disease caused by the
spirochaete T. pallidum. A significant increase in reported cases
of syphilis in the United States has occurred in the last few
years?, adding impetus to research aimed at understanding the
pathogenesis of this disease. Motility is a characteristic
feature of all spirochaetes*’ and is thought to contribute to the
ability of T. pallidum to invade and disseminate within mammalian
hosts.” The putative organelles of motility, the endofla-
gella®'’¢7%, are complex polymeric structures within the peri-
plasmic space of the organism!?*®* and consist of a core surrounded
by a protein sheath or outer layer.??/1%¢:1?7 They are composed
primarily of polypeptides of M, 37, 33.5 and 33 kD, !9%1%%12 yith
immunological studies demonstrating that the 37-kD protein

comprises the sheath.!?

The endoflagellar proteins are amongst the better characterized
of the T. pallidum antigeng!00-104,122,123,126,193 apd they are a
relatively abundant component of the organism. Intact endofla-
gella have been purified in sufficient quantities to allow for
initial antigenic studies. In addition to their role as putative
virulence factors, the endoflagellar antigens stimulate B and T
cell responses in humans®® and in experimental syphilig®’-%%,169
suggesting that they also may play a role in the immuno-

pathogenesis of the disease.

The sheath protein was selected for the detailed investigation

reported in this thesis for several compelling reasons. In the
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first instance, it is the most surface-exposed of the endofla-
gellar components,’8123:126,127 anpnd both N-terminal amino acid
sequence analysis,!%%'?2®> and antigenic analyses!®!23:193 jndicate
that the core proteins are relatively conserved among the
treponemes, whereas the sheath proteins are more divergent.
Furthermore, the host develops both humoral?®?-8%.87.89,93,96,168 gapq

cell-mediated'® immune responses to the 37-kD antigen.

_ The antigenic analysis of T. pallidum proteins traditionally has
been severely limited by the inability to cultivate T. pallidum
continuously in vitro. For nearly a decade, recombinant DNA
methodologies have been used to clone T. pallidum proteins in E.
coli in an attempt to overcome this limitation,®!-107,109,112,115,128,136-159
Studies carried out in this thesis were aimed at expressing
recombinant T. pallidum endoflagellar sheath protein in E. coli.
Treponemal endoflagella were purified in sufficient quantity to
allow for purification of component proteins for N-terminal and
internal amino acid sequence analysis. Murine monoclonal antibody
H9-2 was found to be specific for the T. pallidum endoflagellar
sheath protein and was used to detect AA34 in a Agtll T. pallidum
genomic library. The primary structure of the mature sheath
protein was determined by combining amino acid sequence of the
native protein with nucleotide sequence derived from plasmid
PRI4, which was identified in a pBR322 T. pallidum genomic
library using the DNA insert of AA34 as probe. As the N-terminal
coding and regulatory regions of flaA could not be cloned in E.

coli, a novel approach using inverse- and asymmetric-PCR was used
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to complete the nucleotide sequence of flaA. FlaA, expressed in
E. coli in a temperature-inducible T7 polymerase system, was
poorly produced and inefficiently processed. A LacZ’-FlaA protein
therefore was overproduced in E. coli to circumvent these
problems, but complete purification of the recombinant antigen
was not achieved as the hybrid protein associated with E. coli

membranes.

4.1 Purification of treponemal endoflagella

At the time these studies were initiated, the only published
procedure for isolation of T. pallidum endoflagella was that of
Penn et al.'®* Attempts at isolating T. pallidum endoflagella
using this procedure!®® yielded small quantities of impure
material. Blanco et al. demonstrated that intact endoflagella
purified from the cultivatable treponeme T. phagedenis can be
dissociated into component proteins by incubation in SDS, 8 M
urea, 8 M guanidine hydrochloride, and acid (pH 2.0) solutions,
but are stable in neutral or mild alkaline solutions (pH 8.0),
0.1% [wt/vol] sarkosyl, and 0.1% [vol/vol] NP-40.2° In this work,
whole T. pallidum were extracted in sarkosyl; electron microscopy
and SDS-PAGE analysis demonstrated that the insoluble residue
following this extraction consisted predominantly of the
endoflagella and cytoskeletal matrix. This observation formed the
basis for the isolation procedure used in these studies.
Milligram quantities of endoflagella, which were at least 97%
pure by weight, were isolated for a number of studies including

immunological analyses, purification of component endoflagellar
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proteins by reverse-phase HPLC for N-terminal sequence analysis,
and tryptic peptide analysis. A similar procedure for the
isolation of B. burgdorferi endoflagella has been described
independently®®*; this procedure involves repeated extractions in
sarkosyl with the purified endoflagella being recovered by

density gradient centrifugation.

In these studies, endoflagella were isolated from three different
treponemes, T. pallidum, T. pertenue, and T. phagedenis. T.
pallidum and T. pertenue endoflagella protein composition appear
to be identical on the basis of SDS-PAGE and HPLC elution
profiles. N-terminal sequence analysis of the sheath proteins and
of two of the core proteins of T. pallidum and T. pertenue were
identical. Further, HPLC tryptic peptide elution profiles of the
endoflagellar sheath proteins of T. pallidum and T. pertenue were
indistinguishable. These results, which suggest that the primary
structure of the core and sheath proteins of these two organisms
are identical, are consistent with the close antigenic and
genetic relationship known to exist between T. pallidum and T.

pertenue.*°

4.2 The nucleotide sequence of flaA

Nearly all of the T. pallidum antigens cloned and expressed in
E. coli, to date, were identified in genomic libraries using
monoclonal or polyclonal antibodies.07,109,112,115,128,137-142,145-139 1¢ jg
clear, however, that only a limited number of recombinant T.

pallidum proteins can be identified using techniques dependent
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upon expression from native treponemal promoters. The diffi-
culties experienced by a number of investigators in cloning the
endoflagellar proteins''®:144.22° have emphasized the need to employ
alternative strategies. Pallesen and Hindersson'* used degenerate
oligonucleotide probes derived from the N-terminal amino acid
sequence of the endoflagellar core proteins to identify a gene,
designated flaB2. DNA sequence analysis revealed that flaB2
lacked a consensus promoter, a finding which most 1likely
explained the lack of its expression in E. coli. Champion et al.
used a similar strategy to identify the operon encoding two other

core proteins, flaBl and flaB3.#?

Cloning of the 37-kD endoflagellar sheath protein has proved to
be particulariy difficult. Previous attempts to identify
recombinant clones expressing the 37-kD endoflagellar sheath
protein in non-expression T. pallidum genomic libraries have been
unsuccessful.!’%??2 The Agtll expression system has provided an
alternative means for cloning proteins which are not expressed
from their native promoters.!’%:23%-234 For example, the major outer
membrane protein of Chlamydia trachomatis serovar L, could not be
identified in a 41059 genomic library by antibody screening?°;
however, a recombinant clone expressing an epitope of this
protein was detected by antibody screening of a Agtll genomic
library, and the chlamydial DNA insert of this clone provided the
probe which subsequently allowed the complete nucleotide sequence

of the gene to be determined?!. The Agtll expression system has

also proved useful in cloning mycobacterial genes?*?*2** and the
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yeast RNA polymerase II genes.!”®

In the work reported in this thesis, monoclonal antibody H9-2
reacted specifically with the 37-kD endoflagellar sheath protein
and was used to identify a clone, A34, in the Agtll genomic
library. The A34 hybrid protein retains p-galactosidase activity
as the AA34 lysogen colonies are blue when grown on LB agar
containing IPTG and X-Gal, indicating that the treponemal DNA
insert does not introduce a premature translational stop in the
lacZ mRNA transcript. While SDS-PAGE analysis revealed the A34
hybrid protein to be 17 kD larger than native B-galactosidase,
the DNA insert encoded for only approximately 4 kD of additional
peptide. The DNA insert is not multimeric and nucleotide sequence
analysis does not indicate any potential glycosylation sites nor
that the protein is very basic. Decreased SDS binding of the
hybrid protein leading to anomalous gel migration is a possible
explanation for the observed discrepancy in electrophoretic

mobility and the difference in the estimated molecular weight.

Exhaustive attempts to clone the entire gene or any portion that
contained the putative promoter and N-terminus by generating
overlapping clones using a directed cloning approach were
unsuccessful. As an alternative approach, a random gene library
constructed in pBR322 was screened. Nucleotide sequence analysis
of pRI4, which was identified in this library, indicated that
this plasmid encoded for all but the nine N-terminal amino acids

of the 37-kD sheath protein. Because the N-terminal amino acid
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sequence obtained from the purified native antigen overlapped
that derived from the nucleotide sequence, it was possible to

deduce the primary structure of the mature 37-kD protein.

In order to complete the nucleotide sequence of flaA, a strategy
based on inverse-PCR was employed. Initially, it was planned to
use the inverse-PCR product as a template for nucleotide sequence
analysis. However, a product was detected in only a few experi-
ments and could not be used as a template for subsequent PCR
reactions. Complementarity between oRI9 and oRI10 (Table 3), with
resultant "primer-dimer" formation during PCR***, and/or
variability in circularization of the chromosomal DNA may have
contributed to this problem. The inability to clone the relevant
portion of the inverse-PCR product was not surprising in view of
the previous failures to clone the upstream regions of flaA.
Using sequence derived from a Sau3A I fragment cloned from the
inverse-PCR product, the complete nucleotide sequence of flaA was

finally obtained by asymmetric PCR.

The failure to clone the flaA gene may have been due to control
factors similar to those known to occur in other bacterial
systems. For example, production of the components of Bacillus
subtilis flagella is co-ordinated at the level of transcription
by a specific sigma factor, ¢2%%.235-237 B, subtilis mutants in which

028

synthesis is blocked contain no flagellin?*® and no detectable
hag mRNA transcripts (hag is the gene encoding flagellin).?® Both

E. coli and S. typhimurium flagella-associated genes contain
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consensus o*®-promoter sites, suggesting that this is a common
mechanism of controlling flagella assembly across species.?’ A
consensus promoter sequence for o?® associated-DNA-dependent RNA
polymerase is present in T. pallidum flaB2 and in the operon
encoding the T. pallidum FlaBl and FlaB3 endoflagellar core
proteins.3.144.237 1n contrast, conventional E. coli promoter and
RBS sequences were identified in flaA. Only 30 base pairs of
nucleotide sequence upstream of the promoter sites were obtained;
as o?*-promoter sequences may be over 100 base pairs upstream of
the initiation codon?’, their presence in flaA cannot be excluded

entirely.

Hydrophilicity analyses demonstrated a major hydrophilic peak in
the region of the protein encoded by the DNA insert in AA34 which
encodes the epitope recognized by H9-2. Localization of the H9-2
epitope to this region of the protein is consistent with the
previously determined correlation between B cell epitopes and
large hydrophilic peaks.?® Furthermore, the AA3 hybrid protein
induces a proliferative response in splenic lymphocytes from
rabbits with experimental syphilis.® Analysis of the primary
structure of FlaA using the algorithm of Margalit et al.??
predicted three T-cell epitopes either partially or completely
encoded by the AA34 DNA insert: amino acids 141 through 147
(Block length = 7, Amphipathic score = 13.8), amino acids 142
through 147 (Block length = 11, Amphipathic score = 11.2), and
amino acids 171 through 185 (Block length = 11, Amphipathic score

= 32.5). In addition, this third putative epitope contains a
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lysine residue near the carboxyl-terminus, increasing the

probability that this is a true epitope.?*

Although the FlaA protein from S. aurantia??® shares little
overall sequence homology with that of T. pallidum, four areas
of homology were identified in the N-terminal half of the
protein. The area of greatest homology lies partially within the
major hydrophilic domain described above, although H9-2 does not
react with S. aurantia by Western blot. It is possible that these
areas of homology represent either functionally conserved domains
or domains necessary for the assembly of the endoflagella. A
striking feature of the primary structure of T. pallidum FlaA is
the presence of 19 amino acid doublets and two amino acid
triplets. Interestingly, S. aurantia FlaA protein shows a similar
pattern with 13 doublets and four triplets, suggesting that this
sequence pattern has either functional and/or structural

significance.

4.3 Cloning toxic gene products in E. coli

The inability to clone putative bacterial virulence factors in
E. coli is not unique to FlaA. Other examples include the major
outer membrane proteins of Haemophilus influenzae?*°?** and N.
gonorrhoeae?*?:?*3, both of which are presumed to be ’toxic’ when
expressed in E. coli from their native promoters. Nucleotide
sequence analysis of these putatively ‘toxic’ proteins often has
been accomplished by generating overlapping clones, one of which

encoded the putative promoter and N-terminus.?"?43 In the case of
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the N. gonorrhoeae major outer membrane protein Pl, overlapping
clones were identified by either screening a Agtll genomic DNA
library with monoclonal antibodies?!?® or by screening plasmid
genomic DNA libraries constructed from small DNA fragments with

oligonucleotides derived from N-terminal amino acid sequences.?*?

Munson et al.?*

determined the nucleotide sequence of the H.
influenzae type b major outer membrane protein P2 by first
screening a Agtll genomic DNA library with an oligonucleotide
probe derived from N-terminal sequence of the native protein. The
DNA insert from this clone could not be subcloned into either a
high or a low copy number plasmid, but eventually was able to be
subcloned into M13. Nucleotide sequence derived from this clone
provided the probes for identifying overlapping clones. 1In
contrast, Hansen et al.?° used a shuttle vector to initially

clone the same H. influenzae protein in H. influenzae and to

subsequently perform sequence analysis in E. coli.

The nucleotide sequence of flaA could not be completed by
generating overlapping clones. DNA fragments which encoded for
as little as the first 85 amino acids of pre-FlaA in association
with the upstream regulatory regions could not be cloned in
either plasmid or phage vectors. Similar difficulties were
encountered in cloning the regulatory region of the H. influenzae
type b major outer membrane protein in E. coli®**; in this case
the entire gene was cloned in a shuttle vector and nucleotide
sequence analysis could be performed without subcloning.

Brahamsha and Greenberg®?® identified a clone expressing the
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analogous protein of S§. aurantia along with its putative leader
peptide by immunological screening of a genomic library utilizing
the hybrid tac promoter?¥®; however, no native promoter sequence
was identified. Assuming that the genetic organization of these
two organisms is similar with respect to the endoflagellar
proteins, their data suggest that the leader peptide alone is not
the cause of toxicity. Rather the promoter, either alone or in
association with the N-terminal peptide, or products encoded by
upstream DNA may be responsible for putative toxicity. In this
regard, it has been known for a number of years that cloning
'strong’ promoters can be difficult.?® Bacteriophage T5 promoters
exhibiting high signal strength have been successfully cloned by
placing strong transcriptional stops immediately downstream of
the putative promoter sequence.?*® The regulatory regions of flaA
could not be cloned using pTTQ vectors which contain such a

strong transcriptional stop.!®

The reason for the inability to clone the regulatory regions of
flaA remain unclear. In any event, these problems no doubt
account for the difficulties encountered by several groups
attempting to clone this antigen. The strategy ultimately
employed in these studies should be useful for obtaining
sequences from other unclonable portions of genes. In fact, this
already has been demonstrated independently by Berish et al.?¥
who used a similar strategy to determine the nucleotide sequence
of the iron binding protein of N. gonorrhoeae. These workers used

oligonucleotide probes based on N-terminal and internal amino
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acid sequence to identify overlapping clones in genomic DNA
libraries; the combined nucleotide sequence contained an open
reading frame encoding the precursor protein but no regulatory
sequences. In contrast to flaA, their inverse-PCR DNA fragment
encoding the regulatory regions was able to be cloned into M13

for direct sequence analysis.

4.4 Purification of T. pallidum chromosomal DNA

Numerous T. pallidum genomic DNA libraries were constructed
during the course of this research. The initial 1libraries
contained few recombinant clones. The chromosomal DNA used to
construct these libraries, although of satisfactory molecular
weight, ran as a ’‘smear’ when assessed by ethidium bromide-
agarose gel electrophoresis. Genomic DNA extracted from E. coli
did not produce this ’‘smear’ and libraries constructed from this
DNA contained acceptable numbers of clones. It was assumed that
the smearing indicated degradation of the chromosomal DNA prior
to extraction and it was hypothesized that rabbit cellular
exonucleases were the cause of the degradation. Further, the
smearing was worse when the chromosomal DNA was extracted from
organisms which had been frozen at -70°C prior to use. Several
different procedures for chromosomal DNA extraction were used
before a satisfactory procedure was developed (see 2.19,

Procedure D).

This procedure has a number of specific features. First,

chromosomal DNA was isolated only from T. pallidum freshly
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extracted from rabbit testicles. Second, rabbit cellular
exonucleases were inhibited by high concentrations of EDTA prior
to disruption of the T. pallidum membranes and the organisms were
incubated in proteinase K for five minutes prior to the addition
of detergent to digest any exonucleases. Third, lysozyme was not
used in the extraction procedure as its addition did not increase
the yield of DNA. By not using lysozyme, prolonged incubation
prior to the addition of proteinase K was avoided. Lysozyme
appeared to have little or no activity against T. pallidum
peptidoglycan, but this was not assessed more formally. Mechan-
ical shearing of the chromosomal DNA was minimized as no ethanol

precipitation step was required to concentrate the extracted DNA.

4.5 Expression of FlaA in E. coli

Expression of FlaA in E. coli was achieved by using PCR-derived
constructs in a temperature-inducible T7 expression system.!® T7
RNA polymerase is a rifampin-resistant, single polypeptide DNA-
dependent RNA polymerase which recognizes a conserved specific
27 base pair promoter sequence; E. coli DNA-dependent RNA
polymerase is inhibited by rifampin. In the expression system
used, T7 RNA polymerase is transcribed from a plasmid, pGP1l-2,
under the control of a strong A P, promoter; a temperature-
sensitive A repressor, encoded on the same plasmid, is active
at 30°C but is inactive at 42°C. Transcription of the flaA under
the control of the T7 promoter is minimal at 30°C since the A
repressor inhibits transcription of the T7 RNA polymerase gene.

However, when the temperature is shifted to 42°C, T7 RNA
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polymerase is manufactured resulting in expression of pre-FlaA.
Following the addition of rifampin, protein synthesis derived
from E. coli promoters is inhibited and pre-FlaA is almost
exclusively produced. The insert of the first construct, pRIl7,
encoded for only 3 base pairs upstream of the RBS and did not
express FlaA. Analysis of the mRNA transcript suggested that a
stem-loop could form between the Smal site of the vector
polylinker and the RBS of flaA leading to inactivation of the
RBS. Expression was achieved with an alternative construct,
PRI18, whose insert encoded for 30 base pairs upstream of the

RBS.

Nucleotide sequence analysis indicated that mature FlaA arises
from cleavage of a signal peptide.?®?2?' Immunoblot analysis with
monoclonal antibody H9-2 revealed a 37- and 39-kD doublet in the
E. coli transformants. The 37-kD protein co-migrated with the
native FlaA by both SDS- and 2D-PAGE analyses; similar analyses
using [*°S]-labelled pre-FlaA confirmed that the 39-kD antigen
was the accumulated precursor. While the reason(s) for ineffi-
cient processing is unclear, several possibilities were excluded.
First, it 1is unlikely that the temperature shock required for
FlaA expression contributed to the abnormal processing. In the
pulse-chase experiments, bacteria were induced at 42°C for 25
min, equilibrated at 30°C prior to the addition of the radio-
label, and then chased at the same temperature. Further, p-
lactamase in controls was efficiently processed under the same

conditions. Second, although the amino acid sequence of the
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signal peptide was derived entirely from PCR products, PCR
conditions associated with the lowest misincorporation rates were
chosen to minimize the possibility of errors introduced by the
infidelity of Taq polymerase.??*%?® In addition, the nucleotide
sequences of the signal peptides of several PCR-derived con-
structs were identical. Third, pre-FlaA also accumulated when
expressed from pRI19, indicating that unidentified mutations
downstream of the cleavage site in pRI18 were not responsible for
the inefficient processing. Fourth, the observations that the
cleavage site so closely matches the consensus site for E. coli
signal peptidase I%'® and that the native and the recombinant FlaA
had identical electrophoretic mobilities strongly argue against
the possibility that a difference in cleavage site specificity

exists between the E. coli and T. pallidum signal peptidases.

Overloading of the E. coli export machinery is the most likely
explanation for inefficient processing of FlaA. This phenomenon
is well recognized in E. coli clones overproducing native E. coli
secretory proteins.?®?*2 For example, E. coli overproducing E.
coli phosphate binding protein, PhoS, accumulate its precursor
form, pre-PhoS, in the cytoplasm?*’. Cell fractionation studies
indicate that pre-PhoS is present in the soluble cytoplasmic and
inner membrane fractions?®?. No degradation of pre-PhoS protein
occurs when spheroplasts of overproducing cells are exposed to
trypsin, indicating that none of the accumulated precursor is
translocated across the inner membrane?*®. Further the inner

membrane associated pre-PhoS is more resistant to trypsin
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treatment than the cytoplasmic protein, suggesting that the
proteins in each subcellular compartment are in different
configurations??; as mature PhoS was trypsin resistant, the
authors speculated that the cytoplasmic pre-PhoS had a configur-
ation which was closer to that of PhoS. Further, the retarded
maturation of PhoS is not due to limiting amounts of signal
peptidase I. Overproduction of PhoS and signal peptidase in the
same cell has no effect on the retarded maturation of PhoS.%*® In
addition, overproduction of PhoS retards the maturation of f-
lactamase and PhoA expressed in the same cell.?® These data
indicate that the retarded maturation of PhoS is due to a general
failure of the cytoplasmic export apparatus to maintain the
precursor in a translational-competent form; once the
overproduced precursor has attained a stable configuration within
the cytoplasm there appear to be no mechanism(s) to unfold the
protein into a translational-competent form (e.g. an unfoldase).
As a consequence, pre-PhoS accumulates within the cytoplasm. This
hypothesis has been confirmed, in part, by the observation that
in E. coli expressing LacZ hybrid proteins, this defect in export
can be overcome by overproducing one of the following heat shock
proteins-- GroEL, GroELS, or DnaK.?’? These heat shock proteins

are involved in the cytoplasmic export apparatus.?®*

Other cloned treponemal secretory proteins are also inefficiently
processed in E. coli. The treponemal basic membrane protein is
slowly processed in maxicells and the authors comment that they

have noted similar kinetics of processing for a number of cloned
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T. pallidum antigens.®® In pulse-chase experiments expressing
TmpA and TmpB in minicells, precursor proteins are easily
identifiable after 90 min of chase.!® In similar experiments,
precursor to the 34-kD protein is still present following a 120
min chase.® Further, precursors for both TmpA and TmpB accumu-
late when they are overproduced in E. coli.'®® !’ In combination
with the FlaA processing data, these findings suggest that T.
pallidum secretory proteins are, in general, inefficiently
processed in E. coli. One might speculate that toxicity due to
progressive accumulation of pre-FlaA during unregulated express-
ion explains the inability to clone flaA with its native
promoter. The diminished growth of E. coli clones expressing FlaA
at the relatively low levels achieved in this study supports this
contention, although there are alternative explanations for this

finding (e.g. the increased metabolic burden of transcription).

4.6 Subcellular localization of FlaA in E. coli

The processing experiments indicated that recombinant FlaA should
be detectable within the periplasmic space. However, FlaA was not
detected in the supernatants from either osmotically shocked
spheroplasts or disrupted whole cells. Instead, both precursor
and mature protein were found in association with the inner and
outer membrane fractions. FlaA in T. pallidum is likely to be
present as a polymer, but not so in E. coli. Therefore, recomb-
inant FlaA may be relatively insoluble and have aggregated onto
both the inner and outer membranes following either translocation

and processing or cell disruption; proteins are not released
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during osmotic shock and/or spheroplasting unless they are
soluble within the periplasmic space.?**® Unexported pre-FlaA
accumulated within the cytoplasm most likely aggregated onto the

membranes following cell disruption.?®®

A number of cloned T. pallidum proteins have been localized
putatively to the outer membrane in E. coli using a variety of
methodologies,!37/139,154,156,157 p 38_kD antigen was localized to the
E. coli outer membrane using sucrose density gradient
centrifugation.!® Sucrose density gradient centrifugation, lack
of Triton X-100 solubility, and immunoelectron microscopy all
localize TmpA and TmpB to the outer membrane in E. coli
overproducing these antigens.!®” The 34-kD'** and 47-kD»*’ antigens
have been localized in E. coli by sarkosyl solubility studies.
The 34-kD antigen was partially solubilized suggesting at least
some of the antigen is associated with the inner membrane.
Interestingly, the 47-kD antigen was localized to the inner
membrane at low levels of expression, but when overproduced in
an expression system was present equally in the inner and outer
membrane fractions. These data have often been used to support
an outer membrane location for the native antigens in T.
pallidum. There are now significant reasons to question the
validity of this approach. Given the ultrastructural differences
between the outer membranes of T. pallidum and E. coli‘®*’, it is
unclear whether location in the outer membrane of E. coli is
relevant to the native antigen in T. pallidum. Further,

fractionation results in E. coli may not even be representative
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of the true subcellular location of the cloned antigen.?*
Aberrant outer membrane localization is well recognized in E.
coli clones expressing genetically manipulated native or hybrid
secretory proteins analyzed using the same techniques.?® Indeed,
the T. pallidum 47-kD fractionation data'’ suggests that the
level of protein expression alters the subcellular location as
determined by standard methods. The FlaA fractionation data

emphasize the need for caution in extrapolating E. coli

fractionation data to T. pallidum.

4.7 Expression of FlaA as a fusion protein
Although expression of recombinant FlaA in E. coli was achieved,
only small amounts of .mature FlaA were produced. As outlined
above, it was argued that the low level of expression was a
consequence of inefficient processing of the overproduced
protein. Three possible solutions to this problem were
considered:

® expression of FlaA as a hybrid protein with elimination of
the signal peptide, an approach previously described by Dallas
et al.™ for the expression of the treponemal basic membrane
protein.

® expression of pre-FlaA using either a single copy or a low
copy number plasmid.?7-2%° This has the potential to decrease the
production of the protein to a point where it did not overload
the export machinery. In addition, expression of FlaA in E. coli
under these circumstances may not be ‘toxic’, enabling a

simplified expression system.
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®¢ expression of pre-FlaA in a Gram positive organism.
Expression of pre-FlaA under the control of vegetative promoter
in a spo- mutant of B. subtilis?!?? has two particularly
attractive features. First, mature FlaA would be excreted into
the surrounding liquid media. The use of a spo” mutant would
minimize the presence of secreted proteolytic enzymes. Second,
even if pre-FlaA accumulated cytoplasmically due to hyper-
expression, only mature FlaA would be recovered from the
supernatant. Using a fermenter, large quantities of organisms

could then be cultured for protein production.

The first approach was used here as it seemed the most exped-
itious. Single copy plasmids can be difficult to work with and
there was no guarantee that FlaA could be expressed in E. coli
in this manner; for example, the toxic H. influenzae type b major
outer membrane protein could not be cloned using a low copy
number plasmid.?*! Furthermore, recombinant DNA methodologies
using Gram positive organisms are much less developed than for
Gram negative organisms and the necessary cloning vectors and

strains were not available.

Two gene fusions were constructed. For subsequent purification
of FlaA from the hybrid protein, a bovine protease X, cleavage
site was engineered in the hybrid protein immediately upstream
of the first amino acid of FlaA. Bovine protease X,, one of the
proteins involved in the coagulation cascade, was chosen as the

amino acid sequence recognized by this protease (Ile-Glu-Gly-Arg)
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is not present in FlaA?*®?®, and this protease recognizes its

cleavage site even in denatured proteins.?¢?

Theoretically, the Cro-LacZ-FlaA hybrid protein had two advant-
ages over LacZ’'-FlaA. The Cro-LacZ-FlaA hybrid protein can be
purified on a anti-p-galactosidase immunoaffinity column and it
was probable that the p-galactosidase component of the hybrid
protein would maintain it as a soluble, non-membrane associated
protein. The main disadvantage of this system is that insertion
of peptides larger than 40 kD may result in extensive degradation
of the hybrid protein.!®” Unfortunately this proved to be the case
with the Cro-Lacz-FlaA protein. In particular, subjecting the
bacteria to heat shock at 42°C to hyperexpress the hybrid protein

resulted in total destruction of the protein.

In contrast, the LacZ’'-FlaA protein, which is of significantly
lower molecular weight, could be expressed in E. coli in larger
amounts. However, subsequent purification of this protein was not
achieved. The LacZ’'-FlaA protein is isolated along with the E.
coli membranes following cellular disruption suggesting it
associates with the membranes in the same manner as pre-FlaA and
FlaA. The hybrid protein can be dissociated away from the
membranes and solubilized by the ionic detergent sarkosyl, and
the chaotropes guanidine hydrochloride and urea. As sarkosyl is
difficult to remove prior to subsequent isolation procedures,
further experiments were performed with guanidine- and urea-

solubilized LacZ'’'-FlaA. Removal of the chaotrope by dialysis
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resulted in the formation of visible aggregates, possibly

containing hydrophobic membrane proteins.

After ultracentrifugation at 40,000 x g to remove these aggre-
gates, reduced amounts of LacZ'’-FlaA could be detected in the
supernatant of the guanidine-solubilized material. In contrast,
the supernatant from the urea-solubilized material still
contained H9-2 immunoreactive material. All subsequent studies
were performed with the urea-solubilized material. Small
quantities of LacZ’-FlaA, heavily contaminated with E. coli
proteins, were recovered following immunoaffinity purification
of this material. It was hypothesized that the E. coli contamin-
ating proteins were from small aggregates which were not removed
by ultracentrifugation at 40,000 x g. In a second experiment in
which any aggregates were removed by ultracentrifugation at
240,000 x g, no immunoreactive LacZ’'-FlaA remained in the
supernatant. These data indicate that the LacZ’-FlaA protein does

not remain soluble in the absence of urea.

4.8 Future experimentation

The presence of the LacZ’'-FlaA protein in the aqueous phase
following phase-partitioning of the urea-solubilized protein in
Triton X-114 suggests that the hybrid protein is hydrophilic and
will not require the presence of a detergent to remain soluble
following purification. In order to maintain soluble LacZ'’-FlaA,
aggregates to which the protein can associate cannot be allowed

to form. Two possible experimental approaches to further purify
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the urea-solubilized LacZ'’-FlaA are:
® the addition of a nonionic detergent such as Triton X-100
or N-octyl glucoside to the urea-solubilized material prior to
dialysis to remove the urea. Aggregate formation would be
prevented by maintaining the membrane proteins in solution.
Immunoaffinity chromatography would be carried out in the
presence of detergent. The use of N-octyl glucoside would be
advantageous as it can be removed by dialysis following
purification.
® continued purification retaining the wurea. Although
immunoaffinity chromatography cannot be performed in the presence
of urea, other protein separation methods including ion-exchange
chromatography, gel-filtration chromatography, isoelectric
focusing and chromatofocusing can. Urea is easily removable by

dialysis at any stage of the purification process.

Once purified hybrid protein is obtained, then the protein will
be cleaved proteolytically with bovine protease X,. FlaA will be
purified from the modified LacZ’ peptide by immunoaffinity
chromatography. The purified LacZ'’-FlaA protein may or may not
be denatured. The association of the urea-solubilized LacZ’-FlaA
protein with the membrane aggregates following removal of the
urea suggest that the membrane binding capabilities of the
protein are not denatured irreversibly by urea. Provided
relatively mild, non-denaturing purification methods were used
following the urea-solubilization, it is probable that the

purified hybrid protein will not be denatured completely. This
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hypothesis is supported by observations of Roepe and Kaback?®* who
purified lac permease from E. coli; the purified protein retained
a native conformation despite the use of 5 M urea in the
extraction procedure. The purification of FlaA in its native
configuration is desirable for detailed B-cell epitope mapping
studies, in which the native configuration is required to detect
conformational epitopes, and for in vitro experiments to see if

the endoflagellar sheath self-assembles.

The studies reported here will provide the basis for further
molecular investigations of the endoflagellar apparatus and
treponemal motility, including further studies of the organiz-
ation of the gene family encoding the endoflagellar proteins. In
other bacteria, analysis of the genetics of flagellar expression
has proved useful in understanding the genetic organization and
control of complex operons.?® In concert with attempts to achieve
continuous in vitro cultivation of T. pallidum, the ultimate goal
of these studies will be to use the derived genetic information
along with mutational analyses to elucidate the relationships
between motility and virulence as has been accomplished with

other bacterial pathogens,?25¢
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Appendix 1. Amino acid composition of pre-FlaA compared with the

endoflagellar core proteins (FlaBl, FlaB2, and FlaB3)".

Amino Acid pre-FlaA Core proteins
I

n % n %

Alanine 39 11.1 105 12.3
Arginine 22 6.3 58 6.8
Asparagine 12 3.4 62 7.2
Aspartic Acid 22 6.3 41 4.8
Cysteine 1 0.3 0 0.0
Glutamine 15 4.3 70 8.2
Glutamic Acid 24 6.9 [7 48 5.6
Glycine 25 7.2 64 7.4
Histidine 6 1.7 11 1.3

P

Isoleucine 11 3.1 72 8.4
Leucine 22 6.3 60 7.0
Lysine 17 4.9 24 2.8
Methionine 11 3.1 42 4.9
Phenylalanine 13 3.7 19 2.2
Proline 12 3.4 3 0.4
Serine 23 6.6 65 7.5
Threonine 12 3.4 46 5.4
Tryptophan 5 1.4 2 0.2
Tyrosine 16 4.6 18 2.1




Valine

42

12.0

47

TOTAL

350

100.0

857

100.0

*Abbreviations: n, number of amino acids
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Appendix 2. Codon usage table for the gene encoding pre-FlaA and
for all four genes (flaA, flaBl, flaB2, flaB3) encoding the major

T. pallidum endoflagellar proteins”.

Pre-FlahA All endoflagellar
Amino Acid Codon proteins
n % n %
Alanine GCT 12 30.8 35 24.3
GCC 4 10.3 18 12.5
GCA 5 12.7 39 27.1
GCG 18 46.2 52 36.1
39 100.0 144 100.0
Arginine CGT 8 36.4 21 26.3
CGC 5 22.7 35 43.7
CGA 0 0.0 4 5.0
CGG 6 27.3 10 12,5
AGA 2 9.1 6 7.5
AGG 1 4.5 4 5.0
22 100.0 80 100.0
Asparagine AAT 7 58.3 24 32.4
AAC 5 41.7 50 67.6
12 100.0 74 100.0
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Agpartic acid GAT 11 50.0 29 46.0
GAC 11 50.0 34 54.0

22 100.0 63 100.0

Cysteine TGT 0 0.0 0 0.0
TGC 1 100.0 1 100.0

1 100.0 1 100.0

Glutamine CAA 1 6.7 14 16.5
CAG 14 93.3 71 83.5

15 100.0 85 100.0

Glutamic acid GAA 3 12.5 22 30.6
GAG 21 87.5 50 69.4

24 100.0 72 100.0

Glycine GGT 11 44.0 30 33.7
GGC 1 4.0 26 29.2

GGA 5 20.0 15 16.9

GGG 8 32.0 18 20.2

25 100.0 89 100.0

Histidine CAT 5 83.3 5 29.4
CAC 1 16.7 12 70.6

6 100.0 17 100.0
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Isoleucine ATT 3 27.3 26 31.3
ATC 6 54.5 52 62.7

ATA 2 18.2 5 6.0

11 100.0 83 100.0

Leucine TTA 0 0.0 1 1.2
TTG 6 27.3 20 24.4

CTT 4 18.2 20 24.4

CTC 3 13.6 21 25.6

CTa 0 0.0 1 1.2

CTG 9 40.9 19 23.2

22 100.0 82 100.0

Lysine AAA 1 5.9 5 12.2
AAG 16 94.1 36 87.8

17 100.0 41 100.0

Methionine ATG 11 100.0 53 100.0
11 100.0 53 100.0

Phenylalanine TTT 6 46.2 11 34.4
TTC 7 53.8 21 65.6

13 100.0 32 100.0
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Proline CCT 4 33.3 5 33.3
cce 6 50.0 7 46.7

CCA 0 0.0 1 6.7

cce 2 16.7 2 13.3

12 100.0 15 100.0

Serine TCT 8 34.8 25 28.4
TCC 3 13.0 17 19.3

TCA 1 4.4 10 11.4

TCG 5 21.7 12 13.6

AGT 5 21.7 11 12.5

AGC 1 4.4 13 14.8

23 100.0 88 100.0

Threonine ACT 3 25.0 17 29.3
ACC 2 16.7 18 31.0

ACA 3 25.0 9 15.5

ACG 4 33.3 14 24.2

12 100.0 58 100.0

Tryptophan TGG 5 100.0 7 100.0
5 100.0 7 100.0
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Tyrosine TAT 10 62.5 13 38.2
TAC 6 37.5 21 61.8
16 100.0 34 100.0
Valine GTT 13 31.0 25 28.1
GTC 4 9.5 19 21.3
GTA 4 9.5 11 12.4
GTG 21 50.0 34 38.2
42 100.0 89 100.0
TOTAL 350 I 1207

*abbreviations: n, number of each amino acid coded for by a particular codon;

%, per cent of each amino acid coded for by a particular codon.
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Appendix 3. Hypothetical model of treponemal endoflagella

assembly.

During the course of the studies reported in this thesis, the
following hypothesis was developed to explain how T. pallidum
endoflagella is assembled (Figure 34). In E. coli, flagellin
monomers are exported across the cell membrane by a poorly
characterized, flagellum-specific mechanism which does not
involve cleavage of an N-terminal signal.?’ It has been proposed
that monomers are transported via a channel within the growing
flagellin to its distal end. The T. pallidum core proteins
(FlaBl, FlaB2, and FlaB3) do not have a signal sequence and share
significant sequence homology with other bacterial flagellins,
including E. coli flagellin!®!%; presumably the endoflagella
core assembles in a manner similar to that of E. coli flagella.
Secretion by a signal peptide-dependent pathway is consistent
with the hypothesis that FlaA forms the sheath by polymerizing

around the growing core.



Figure 34. Hypothetical model for endoflagella assembly. Panel
A. The base-plate/hook assembly has been formed with a channel
in the centre (dashed lines). Pre-FlaA is translated from the
mRNA by ribosomes and the elongating peptide is maintained in the
proper configuration for export across the cytoplasmic membrane
by the "export" protein complex (EXPORT). The signal peptide is
cleaved by signal peptidase I (SP). Panel B. Once FlaA is free
in the periplasmic space, it assembles into its proper
configuration (black dot) and the sheath of the endoflagella
self-assembles. Core proteins (FlaB) are translated and attain
their tertiary structure in the cytoplasm. Panel C. They are
transported through the channel in the base-plate/hook structure
by a signal peptidase-independent mechanism, self-assembling as

a core within the sheath.
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We have used a combination of nucleotide and N-terminal-amino-acid-sequence analyses to determine the
primary structure of the 37-kilodalton (kDa) endoflagellar outer layer, or sheath, protein. Initially, a Agtil
clone (designated AA34) expressing a portion of the 37-kDa protein was selected from a Treponema pallidum
genomic library with a murine monoclonal antibody (H9-2) directed against an epitope of the 37-kDa protein.
The insert from AA34 provided a probe with which a chimeric plasmid (pRI4) encoding all but the nine
N-terminal amino acids of the entire protein was selected from a T. pallidum(pBR322) genomic library. The
nine N-terminal amino acids determined by amino acid sequencing were combined with the DNA sequence
encoded by pRI4 to determine the primary structure of the entire 37-kDa protein; the combined sequence made
up a polypeptide with a calculated molecular mass of 36,948 Da. Approximately one-third of the deduced
sequence was confirmed by N-terminal amino acid analysis of tryptic peptides from the purified 37-kDa
protein. Repeated attempts to clone upstream portions of the gene (flad) by using a variety of strategies were
unsuccessful, suggesting that unregulated expression of the intact sheath protein or of its most amino-terminal

. portions is toxic in Escherichia coli. These studies should provide the basis for further molecular investigations

of the endoflagellar apparatus and of treponemal motility.

The motility of Treponema pallidum subsp. pallidum (T.
pallidum), the causative bacterium of venereal syphilis, is
thought to play a role in events critical to the pathogenesis of
syphilis (55). Analyses of mutants of cultivatable spiro-
chetes, including Treponema phagedenis (29), Spirochaeta
aurantia (44), Spirochaeta halophila (44), and Leptospira
interrogans (8), indicated that the periplasmic endoflagella
are the organelles of motility. Although the inability to
cultivate T. pallidum continuously in vitro has hindered
similar genetic analyses of 7. pallidum, it is presumed that
the endoflagella serve an identical role in the pathogenic
treponemes. Investigators from several laboratories have
demonstrated that T. pallidum endoflagella are complex
structures consisting of a core surrounded by a protein
sheath or outer layer (11, 24, 45) and that they are composed
primarily of polypeptides with relative molecular masses of
37, 33.5, and 33 kilodaltons (kDa) (5, 41, 45). Immunoelec-
tron microscopy (11) shows that the 37-kDa protein makes
up the sheath. Strong antigenic cross-reactivity exists be-
tween the sheath and the core endoflagellar proteins of T.
pallidum and strains of nonpathogenic 7. phagedenis (41,
46).

Recent ultrastructural analyses have demonstrated that 7.
pallidum has a unique outer membrane which contains few
transmembrane proteins (47, 48). The precise membrane
topography and locations of protein immunogens within the
outer and cytoplasmic membrane compartments are cur-
rently the subjects of intensive investigation. Because the
endoflagella represent components of the organism which
have been well characterized immunologically (2, 5, 40, 41,

* Corresponding author.
T Present address: Department of Molecular Genetics, Pfizer,
Inc., Groton, CT 06340.
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46) and by cellular location (24), they provide essential
markers for further studies of the membrane topography of
other protein antigens. In addition to playing roles as puta-
tive virulence factors and potential structural markers, the
endoflagellar proteins, particularly the 37-kDa antigen, elicit
immune responses early in experimental syphilis (3, 19, 30).
Furthermore, isolated endoflagella are potent stimulators of
splenic lymphocytes from rabbits with experimental syphilis
(unpublished observations). It is possible that these re-
sponses contribute to the development of protective immu-
nity.

We report here the molecular cloning and DNA sequence
analysis of the 37-kDa endoflagellar sheath protein gene of T.
pallidum. The 37-kDa sheath protein was selected for de-
tailed investigation for two reasons. First, it is the most
surface-exposed endoflagellar component (11). Second, N-
terminal-amino-acid-sequence analysis (5, 41), antigenic
analyses (5, 41, 46), and high-pressure liquid chromatogra-
phy (HPLC) tryptic maps (unpublished observations) indi-
cate that the core proteins are relatively conserved among
the treponemes, whereas the sheath proteins are more
divergent. In concordance with the nomenclature estab-
lished by Brahamsha and Greenberg for S. aurantia (7), we
have designated the gene encoding this protein flaA.

MATERIALS AND METHODS

Bacterial strains. 7. pallidum Nichols was passaged and
extracted as previously described (37, 47) and further puri-
fied, if required, by Percoll density gradient centrifugation
(20). T. phagedenis biotype Reiter was cultivated in 2.9%
(wt/vol) Spirolate broth (BBL Microbiology Systems, Cock-
eysville, Md.) supplemented with 10% (vol/vol) heat-inacti-
vated normal rabbit serum (Pel-Freez Biologicals, Rogers,
Ark.) at 33°C.
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Escherichia coli Y1088, Y1089, and Y1090 were used for
Agtll library construction (62). E. coli IM83 (59), JM109
(59), and DH5a (Bethesda Research Laboratories Life Tech-
nologies, Inc., Gaithersburg, Md.) were used as recipients
for plasmid transformations. E. coli DHSaF’' (Bethesda
Research Laboratories Life Technologies) was used in M13
sequencing experiments.

Plasmids and DNAs. Bacteriophage Agtll (62) and plasmid
pBR322 (6) were used for chromosomal-DNA library con-
struction. Plasmids pUC18 and pUC19 were used for sub-
cloning experiments (59). Plasmid DNA for double-stranded
sequencing was extracted by using an alkaline lysis proce-

dure (32) followed by treatment with RNase. Phage DNA .

was isolated by using a modification of the procedure of
vande Woude et al. (32, 56).

T. pallidum chromosomal DN A for Southern analysis was
prepared as follows. Freshly extracted treponemes were
harvested in phosphate-buffered saline (PBS) (pH 7.4) by
centrifugation at 39,000 x g for 20 min at 4°C and suspended
gently in S ml of S0 mM Tris hydrochloride (pH 8.0)-50 mM
EDTA. Proteinase K (Boehringer Mannheim Biochemicals,
Indianapolis, Ind.) was added to a final concentration of 100
pg/ml, and the mixture was incubated at 50°C for 5 min.
Sodium dodecyl sulfate (SDS) was then added (final concen-
tration, 0.5% [wt/vol]), and the mixture was incubated for 2
to 4 h at 50°C. Sequential gentle extractions were performed
with equal volumes of phenol-chloroform-isoamyl alcohol
(25:24:1) and then chloroform-isoamyl alcohol (24:1). After
the addition of 1.25 g of CsCl per ml to the aqueous phase,
isopycnic density gradient centrifugation was performed in a
V65 Ti rotor (Beckman Instruments, Inc., Palo Alto, Calif.)
at 240,000 x g for 10 h at 20°C. The gradient was collected in
500-u] aliquots and DNA-bearing fractions were identified
by ethidium bromide agarose gel electrophoresis before
being dialyzed against 10 mM Tris hydrochloride (pH 8.0)-1
mM EDTA.

Isolation of treponemal endoflagella. T. pallidum was col-
lected by centrifugation at 13,000 x g for 15 min at 4°C and
washed twice by repeated centrifugation in PBS. The pellet
was suspended in PBS containing 0.5% (wt/vol) N-lauroyl
sarcosinate (Sigma Chemical Co., St. Louis, Mo.) and S mM
EDTA and was incubated overnight with mixing at 4°C; 10
ml of detergent solution was used per 10'° organisms. The
insoluble material was collected by centrifugation at 30,000
X g for 20 min at 4°C and washed twice with ice-cold PBS by
repeated centrifugation. The washed pellet then was sus-
pended in 10 ml of PBS and sheared in a blender (mode] 23;
The VirTis Co., Inc., Gardiner, N.Y.) at medium speed for
10 min. The cytoplasmic bodies and sheared endoflagella
were separated by centrifugation at 20,000 X g for 20 min at
4°C. The supernatant, containing sheared endoflagella, was
decanted and retained. The pellet was suspended in 10 ml of
PBS, sheared as described above for 15 min, and then
combined with the retained supernatant. The combined
supernatants were centrifuged at 100,000 X g for 60 min at
4°C in an SW40 Ti rotor (Beckman). The insoluble material
was suspended in 26% (wt/wt) CsCl in PBS containing 0.02%
(wt/vol) N-lauroyl sarcosinate and 5 mM EDTA and was
then subjected to isopycnic density gradient centrifugation at
160,000 x g for 48 h at 4°C. The endoflagellar band was
collected and dialyzed against distilled water, and the end-
oflagella were recovered by centrifugation at 100,000 X g for
60 min at 4°C. Protein concentrations were determined by
the BCA protein assay micromethod (Pierce Chemical Co.,
Rockford, 11l.) by using bovine serum albumin as a standard.

T. phagedenis biotype Reiter endoflagella were isolated as

INFECT. IMMUN,

described above, except that the N-lauroyl sarcosinate con-
centration during isopycnic centrifugation was 0.05% (wt/
vol).

Purification and N-terminal-amino-acid-sequence analysis
of the 37-kDa endoflagellar antigen and tryptic peptides.
Isolated endoflagella were suspended in guanidine hydro-
chloride (final concentration, 3 M) and heated for 30 min at
60°C before being loaded onto an RP-300 reverse-phase
column (2.1 by 30 mm [diameter]; Brownlee Laboratory,
Santa Clara, Calif.) in 0.1% (vol/vol) trifluoroacetic acid
(Pierce) in water for separation by HPLC by using the
Applied Biosystems (Foster City, Calif.) model 130A sepa-
ration system. The endoflagellar antigens were eluted se-
quentially in a gradient of increasing concentrations of 72%
(vol/vol) acetonitrile (Mallinckrodt, Inc., Paris, Ky.) and
0.085% (vol/vol) trifluoroacetic acid in water. Elution pro-
files were monitored by A,;,. The fraction containing puri-
fied 37-kDa antigen (5 to 10 pg) was dried under nitrogen and
suspended in 50 pl of 0.1 M ammonium bicarbonate for
overnight digestion with 50 to 100 ng of trypsin-tolylsulfon){l
phenylalanyl chloromethyl ketone (Worthington Biochemi-
cal Corp., Freehold, N.J.) at 37°C. The tryptic peptides were
separated as described above by using an RP-300 reverse-
phase column (2.1 by 100 mm). Fractions containing either
the purified 37-kDa antigen or eluted peptides were applied
directly onto an Applied Biosystems model 477A protein
sequencer for N-terminal-amino-acid-sequence determina-
tion.

Immunological reagents. Murine monoclonal antibody
(MAb) H9-2 (immunoglobulin G1 [IgG1]) directed against a
37-kDa antigen of T. pallidum has been described previously
(31). Rabbit antisera directed against isolated T. pallidum
and T. phagedenis endoflagella were raised in female New
Zealand White rabbits by priming with 100 pg of isolated
endoflagella in complete Freund adjuvant (Difco Laborato-
ries, Detroit, Mich.) intramuscularly followed by two intra-
muscular boosts of 50 wg each in incomplete Freund adju-
vant (Difco) given 4 and 6 weeks later. Rabbit antisera
directed against B-galactosidase were generated by using the
same protocol.

Radiolabeling of treponemes and radioimmunoprecipita-
tion. Percoll-purified T. pallidum was radiolabeled with
Na'?’ by the lactoperoxidase method (1, 33). Whole radio-
labeled treponemes solubilized with Zwittergent 3-12 (Calbi-
ochem-Behring, La Jolla, Calif.) were immunoprecipitated
with either H9-2 murine ascites or rabbit antisera raised
against T. phagedenis endoflagella as described previously
(33).

SDS-PAGE and immunoblotting. SDS-polyacrylamide gel
electrophoresis (PAGE) and Western blotting (immunoblot-
ting) procedures were performed as described previously
(28, 47). Two-dimensional PAGE was performed by the
procedure of O’Farrell (42) with modifications as described
by Norris et al. (40). For Western blotting, H9-2 murine
ascites was used in a dilution of 1:100; rabbit antisera raised
against isolated endoflagella were used in a dilution of 1:250;
and horseradish peroxidase conjugates of goat anti-mouse
IgG, rabbit anti-goat IgG (Organon Teknika, Malvern, Pa.),
and staphylococcal protein A (Boehringer Mannheim) were
used in dilutions of 1:1,000. Goat anti-mouse IgG radiola-
beled with 12°I was kindly provided by E. Vitetta (Dallas,
Tex.).

Construction and screening of T. pallidum chromosomal-
DNA libraries. Restriction and other DNA-modifying en-
zymes were obtained from commercial sources. T. pallidum
chromosomal DNA was partially digested with DNase, and
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fragments ranging in size from 250 to 1,100 base pairs (bp)
were used to construct a Agtll phage library (52, 61, 62).
Briefly, digested DNA was fractionated by agarose gel
electrophoresis, methylated with EcoRI methylase, ligated
to EcoRlI linkers, digested with EcoRI, ligated to Agtll arms,
and subsequently packaged as phage (52, 61, 62). Immuno-
screening was performed following induction at 42°C by
using nitrocellulose filters soaked in isopropyl-p-p-thiogalac-
topyranoside (52). The filters were incubated sequentially
with antibody and horseradish peroxidase-conjugated goat
anti-mouse IgG. Phage purified from plaque-purified, MAb-
reactive E. coli clones were used to lysogenize E. coli Y1089
(61, 62).

A T. pallidum genomic library constructed by partially
digesting chromosomal DNA with Haelll and Alul and
cloning into the PstI site of pBR322 after G-C tailing has
been described previously (39). For screening with DNA
probes, duplicate nitrocellulose filters (Millipore Corp., Bed-
ford, Mass.) were treated sequentially with 0.5 M NaOH, 1
M Tris hydrochloride (pH 7.6) and 0.5 M Tris hydrochloride
(pH 7.6-1 M NaCl before being baked at 80°C under
vacuum for 2 h. DNA-DNA hybridization was performed as
described below.

DNA-DNA hybridizations. DNA probes for Southern blot
analysis were purified by electroelution of the individual
DNA fragments from SeaKem GTG agarose (FMC BioProd-
ucts, Rockland, Maine) gels and were labeled with [a-
32P]dCTP (ICN Biomedicals, Inc., Lisle, Ill.) by using ran-
dom-primer labeling (Boehringer Mannheim) (16). DNA
transfers to nylon membranes (Zetaprobe from Bio-Rad
Laboratories, Richmond, Calif., or Hybond-N from Amer-
sham Corp., Arlington Heights, Ill.) were performed by
passive transfer (51). Membranes were prehybridized in 1 M
NaCl, 10% (wt/vol) dextran sulfate (Pharmacia LKB Bio-
technology, Inc., Piscataway, N.J.), and 1% (wt/vol) SDS at
65°C. Radiolabeled probe (final concentration, 2 X 103 to 5 X
10° cpm/ml) and heat-denatured salmon sperm DNA (final
concentration, 100 pg/ml; Sigma) were added, and hybrid-
ization was performed at 65°C for 14 h. After two brief
washes in 2x SSC (1x SSC is 0.15 M NaCl plus 0.015 M
sodium citrate [pH 7.0]) at room temperature, the following
stringency washes were performed: two washes in 2x SSC-
0.1% SDS (wt/vol) at 65°C for 30 min followed by two
washes in 0.1x SSC-0.1% SDS (wt/vol) at 65°C for 10 min.
Autoradiography was performed with enhancing screens at
—70°C with XAR-5 film (Eastman Kodak Co., Rochester,
N.Y.).

DNA sequence analysis. DNA sequence analysis was per-
formed by using the modification by Tabor and Richardson
(54) of the dideoxy termination method of Sanger et al. (50)
with modified T7 DNA polymerase (Sequenase 2.0; United
States Biochemicals Corp., Cleveland, Ohio). Both M13
phage vectors mpl8 and mpl9 and plasmids pUC18 and
pUC19 were used for sequencing reactions (59). In addi-
tion to the standard M13 primers, the following synthetic
oligonucleotides were used in DNA sequence analysis:
5'-CACAGAGGAGGAGAAGG-3’ (nucleotides 381 to 397),
5'-AAATAACCAACATAGTC-3' (complementary to nucle-
otides 721 to 737), and 5'-AACGCCAAAACACCGC-3’
(complementary to nucleotides 1051 to 1066). (The nucleo-
tide sequence data reported in this paper have been submit-
ted to the EMBL, GenBank, and DDBJ nucleotide sequence
data bases and assigned the accession number M26525.)

PCR DNA amplification. Polymerase chain reaction (PCR)
DNA amplification was performed by using 2.5 U of Tag
polymerase (Perkin Elmer Cetus, Norwalk, Conn.) for 50
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cycles with a thermocycler (Perkin Elmer Cetus) (49). Each
PCR cycle consisted of 1 min at 94°C, 1 min at 50°C, and 1
min at 72°C. The PCR was carried out in a volume of 100 pl
in the presence of 1x PCR buffer (10 mM Tris hydrochloride
[pH 8.3], 50 mM KCI, 1.5 mM MgCl,, 0.01% [wt/vol]
gelatin), 200 uM (each) deoxynucleoside triphosphate, 100
ng of each primer, and approximately 1 ng of template DNA.
The two primers used, 5'-GGTGGCGACGACTCCTGGA
GCCCG-3’ and 5'-TTGACACCAGACCAACTGGTAATG-
3’, flank the EcoRI insertion site of the B-galactosidase gene
of the Agtll template. ’

Computer analysis. The University of Wisconsin Genetics
Computer Group sequence analysis software package (14)
was used in conjunction with Microgenie software (Beck-
man) for DNA sequence analyses.

Electron microscopy of isolated endoflagella. Specimens for
electron microscopy were prepared as described previously
(47). .

RESULTS

Isolation of treponemal endoflagella. Qur procedure for
isolation of intact endoflagella was based on the observation
that extraction of treponemes in N-lauroyl sarcosinate pro-
duces an insoluble residue consisting of endoflagella at-
tached to the cytoskeletal matrix (unpublished data). The
endoflagella formed a distinct band in the CsCl gradient at a
refractive index of 1.3628. Electron microscopy confirmed
that the fractions collected from this band contained isolated
endoflagella (data not shown). The electron microscopic
appearance (45) and the SDS-PAGE profile of the isolated T.
pallidum endoflagella were identical to those previously
reported (5, 41, 45) (Fig. 1C, lane 2). On average, 1 mg of
endoflagella was isolated from 2 x 10! organisms.

Murine MAb H9-2 reacts with an epitope on the 37-kDa
endoflagellar sheath protein. The known reactivity of MAb
H9-2 with a 37-kDa antigen of T. pallidum suggested that it
was directed against an epitope of the endoflagellar sheath
protein; however, the specificity of H9-2 for this antigen was
not previously demonstrated (31). It was essential to estab-
lish unequivocally the reactivity of MAb H9-2 with this
antigen before the genomic libraries were screened.

Before a monospecific rabbit anti-T. pallidum endoflagel-
lar antiserum was available, immunological analyses were
performed with the strongly cross-reactive anti-T. phagede-
nis endoflagellar antisera (41, 46). In one experiment, two-
dimensional PAGE-Western blots of whole T. pallidum
were incubated initially with rabbit antisera directed against
T. phagedenis endoflagella and horseradish peroxidase-sta-
phylococcal protein A. This was followed by incubation with
H9-2 murine ascites and '**I-labeled goat anti-mouse IgG
and autoradiography. The antisera directed against the end-
oflagella identified a group of proteins (Fig. 1A) with a
two-dimensional PAGE profile very similar to that described
by Norris et al. for isolated T. pallidum endoflagella (41). In
contrast, H9-2 reacted with a single polypeptide (Fig. 1B)
which coincided with the 37-kDa endoflagellar antigen rec-
ognized by the polyclonal antisera (Fig. 1A). MAb H9-2 also
immunoprecipitated the same group of radioiodinated pro-
teins as rabbit antisera raised against T. phagedenis endofla-
gella (data not shown). This observation is consistent with
the demonstration by Limberger and Charon (29) that a MAb
directed against an epitope of the sheath can immunopre-
cipitate all of the major endoflagellar polypeptides. Final
confirmation of the specificities of H9-2 for the 37-kDa
endoflagellar protein was obtained with T. pallidum
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F1G. 1. Specificity of murine MAb H9-2 for the 37-kDa end-
oflagellar sheath protein of T. pallidum. (A and B) Two-dimensional
PAGE immunoblots of whole T. pallidum. Nitrocellulose transfers
were probed sequentially with antisera against endofiagelia of 7.
phagedenis and horseradish peroxidase-staphylococcal protein A
(A). This was followed by reaction with H9-2 and **I-labeled goat
anti-mouse IgG and autoradiography (B). Arrows indicate the 37-
kDa polypeptide recognized by the polyclonal antisera and MAb
H9-2. The pH gradient for isoelectric focusing is shown at the
bottom of each panel. (C) SDS-PAGE and Western blot analysis.
Lanes 1 and 2, T. pallidum whole-cell lysate and isolated endofla-
gella, respectively, stained with Coomassie brilliant blue; lanes 3
and 4, immunoblots of isolated T. pallidum endoflagella probed with
rabbit antisera raised against T. pallidum endoflagella and H9-2,
respectively. Specimens were separated on a 12.5% polyacrylamide
gel. Molecular masses (in kilodaltons) are shown on the left of each
panel.

endoflagella, isolated as described above. Unlike rabbit
anti-T. pallidum endoflagellar antisera (Fig. 1C, lane 3), H9-2
reacted only with the 37-kDa protein (Fig. 1C, lane 4).

Purification of the 37-kDa endoflagellar antigen. The elu-
tion profile of T. pallidum endoflagellar proteins separated
by reverse-phase HPLC is shown in Fig. 2. Each of the
component proteins eluted in a relatively hydrophobic re-
gion of the acetonitrile gradient. The major peaks were
analyzed by SDS-PAGE (Fig. 2, inset) and Western blotting
(data not shown). The first major peak contained the 37-kDa
protein (Fig. 2, peak 1). Two distinct proteins with molecular
masses of 33.5 kDa (Fig. 2, peak 2) and 33 kDa (Fig. 2, peak
3) were identified repeatedly, confirming that the 33-kDa
doublet seen on SDS-PAGE of intact endoflagella (Fig. 1,
lane 2) consists of at least two proteins with distinct physi-
cochemical properties.

Expression of the epitope recognized by MAb H9-2 in E.
coli. When the specificity of H9-2 for the endoflagellar sheath
protein was established, a T. pallidum genomic library in
Agtll was screened with this MAb; the recombinant phage
from an antibody-reactive E. coli clone, designated A34, was
used to lysogenize E. coli Y1089. Crude cell lysates of AA34
and Agtll lysogens were prepared following induction with
isopropyl--D-thiogalactopyranoside. A comparison of these
lysates by SDS-PAGE revealed that the 116-kDa band
representing B-galactosidase in the Agtll lysogen was re-
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FIG. 2. Reverse-phase HPLC elution profile of T. pallidum end-
oflagellar proteins. Inset, Silver-stained polyacrylamide gel of ind_i—
cated peaks; dashed line, acetonitrile gradient. Molecular masses (in
kilodaltons) are shown on the left of the inset.

placed by a protein with a molecular mass of 133 kDa in the
AA34 lysogen (Fig. 3, lanes 1 and 2). This polypeptide
reacted with both MAb H9-2 (Fig. 3, lane 4) and rabbit
antisera raised to B-galactosidase (data not shown), indicat-
ing that it was a fusion of p-galactosidase and a portion of the
37-kDa endoflagellar sheath protein. The H9-2-reactive low-
er-molecular-mass proteins in the AA34 lysogen (Fig. 3, lane
4) presumably represent proteolytic breakdown products, as
they were also recognized by the anti-B-galactosidase anti-
serum {data not shown).

EcoRl endonuclease digestion of DNA purified from
phage AA34 revealed a small insert, approximately 130 bp in
size. An insert of this size would code for only 4 of the 17
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FIG. 3. Characterization of the B-galactosidase fusion protein
produced by AA34 E. coli lysogen. Lanes 1 and 2, Crude cell lysates
of Agtll and MA34 lysogens, respectively, separated on a 7%
polyacrylamide gel and stained with Coomassie brilliant blue; lanes
3 and 4, immunoblots with H9-2 and radioiodinated goat anti-mouse
1gG of Agt11 and MA34 crude cell lysates, respectively, separated on
a 10% polyacrylamide gel. Molecular masses (in kilodaltons) are
shown on the left. Arrows and asterisk indicate A34 fusion protein
and B-galactosidase, respectively.
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FIG. 4. Southern hybridization of T. pa111dum chromosomal
DNA with the EcoRI-EcoRI fragment from pRI1 as probe. Com-
plete PstI (lane 1), BamH]I (lane 2), and HindIII (lane 3) digests and
undigested chromosomal DNA (lane 4) separated on a 0.8% agarose
gel are shown. Kilobase-pair standards are shown on the left.

kDa predicted from SDS-PAGE analyses of the fusion
protein. Restriction endonuclease analysis using Pvul and
Kpnl, restriction sites flanking the insert within Agtll (61),
also demonstrated an insert of approximately 130 bp (data
not shown). In addition, a PCR amplification experiment
further excluded the possibility that a multimeric insert or an
internal EcoRI site had not been detected. When primers
flanking the EcoRI insertion site in Agtll were used, the PCR
product obtained from the AA34 DNA was 130 bp larger than
that obtained from Agtll DNA (data not shown).

The AA34 insert, subcloned into pUC19 to create pRI1,
provided the probe for subsequent library screening and
Southern analyses. Specificity of this DNA probe for T.
pallidum DNA was confirmed by Southern blot analysis.
The probe hybridized to fragments of 11, 12, and 2.4 kbp in
T. pallidum chromosomal DNA digested with PstI, BamH],
and Hindlll, respectively (Fig. 4). No hybridization with
rabbit mitochondrial DNA or E. coli chromosomal DNA was
detected (data not shown).
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Identification of the flad gene in the pBR322 library. A
pBR322 library (39) was screened by colony blot hybridiza-
tion with the pRI1 probe. Thirty reactive clones were
isolated, and their plasmids were purified and restriction
enzyme mapped. Six different chimeric plasmids, pRI2
through pRI7, were identified (Fig. 5). The pRI1 probe
hybridized with the 5’ Pst1-Sall fragment of pRI3 by South-
ern blot analysis (data not shown). This provided the refer-
ence frame for subsequent nucleotide sequence analysis.

Amino acid and nucleotide sequence analysis of the 37-kDa
antigen. The purified 37-kDa antigen and 10 peptides gener-
ated by tryptic digestion were analyzed by automated N-
terminal-amino-acid-sequence analysis to provide both N-
terminal and internal amino acid sequences (Fig. 6). The 21
N-terminal amino acids of the purified 37-kDa antigen were
identical to those described by Norris et al. (41) and differed
by only one amino acid from those reported by Blanco et al.
3.

M13 and pUC subclones derived from plasmids pRI1,
pRI3, and pRI4 were used to sequence both DNA strands.
On the basis of nucleotide sequence analysis, it was deter-
mined that the insert in pRI4 encoded for all but the nine
N-terminal amino acids of the 37-kDa protein. The amino
acid sequence of the entire 37-kDa protein has been deter-
mined by combining the N-terminal and the DNA-derived
sequences (Fig. 6). Twenty-eight percent (91 of 330 amino
acids) of the DNA-derived amino acid sequence was con-
firmed by N-terminal-sequence analysis of the tryptic pep-
tides (Fig. 6); in all cases, there was complete correlation
between the native amino acid sequence and that deduced
from the nucleotide sequence. It is not clear how the peptide
beginning with glutamine (Fig. 6, amino acid 298, nucleotide
868) was generated as a result of trypsin digestion. The insert
of AA34 (pRI1) was localized to bp 328 through 444 (Fig. 6,
amino acids 119 through 157).

The 37-kDa endoflageilar sheath protein contains 330
amino acids with a calculated molecular weight of 36,948.
There are 46 acidic (Asp and Glu) and 37 basic (Arg and Lys)
amino acids, and the remaining amino acids are neutral; of
the neutral amino acids, 111 are hydrophobic (Phe, Trp, Tyr,
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FIG. 5. Partial restriction maps of the inserts from pRI1 and from the chimeric plasmids identified by screening the T. pallidum (pBR322)
genomic library with the pRI1 probe. The location of the flaA gene is indicated. The sequencing strategy is indicated by the arrows.
Abbreviations: C, Clal; E, EcoRl; EV, EcoRV; H, Hindlll; K, Kpnl; P, Pstl; Pv, Pvul; S, Sall; Sc, Scal; Sm, Smal.
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10 20 30
AAGCTGAACGCTGATATCATGGCGGATAAG

40 50 60 70 80 90
AGTGGAGGTATGACGCATAATCGGCGTACCGTTCTGGACTATGCTTCTCTGGCGGATACC
SerGlyGlyMetThrKisAsnArgArgThrvalLeuAspTyrAlaSerLeuAlaAspThr
100 110 120 130 140 150
TCGTACACTGACGAGCAGAAGGCATTGATGAGATCTTCTCTTGCGGTTGCACAGTGGGAG
SerTyrThrAspGluGlnLysAlaLeuMetArgSerSerleuAlavalAlaGlnTreGlu
160 170 © 180 190 200 210
GTTGTGCTGAATTCTTCCGCGCGTAATCCTGTCGCCCATGCTGCCTCTCGCGTTATTGAG
ValValleyAsnSerSerAlaArgAsnProValAlaKisAlaAlaSerArgyallleGly
220 230 240 250 260 270
GCTCCGGTAAGTGAGGGAGCGAAGAGTTTTGCTGGTGAGCGTGTCCTTGGTGTGCGCGTG
AlaProvalSerGluGlyAlaLysSerPheAlaGlyGluArgValLeuGlyValArgval
280 290 300 310 320 330
TTGTTCCCCACGTGGGACAGTAACGCAAACGCAATGATAAAGCCGGCGTTCGTAATTCCT
LeuPheProThrTrpAspSerAsnAleAsnAlaMetlleLysProAlaPheValllePro
340 350 360 370 k1:14] 390
GCGTACGAGGTGATGGCTCAGGTGGACGATCAGGGTAATGTACAGGCCCCCACAGAGGAG
AlaTyrGluValMetAlaGlnValAspAspGlnGlyAsnValGlnAlaProThrGluGlu
400 410 420 430 440 450
GAGAAGGCTTCTGGAAAGGGGCGTTTTGAAGATGGGTACGGAGTGGTAAAGAATGTGGGT
GluLysAlaSerGlyLysGlyArgPheGluAspGlyTvrGlyValValLysAsnValGly
460 470 480 490 500 510
GTTCTTAAGTCCATCGCGGTGAACACTTACGGGATGAATTATCCTCATGGTTTGTACGTG
ValLleuLysSerIleAlavalAsnThrTvrGlyMetAsnTvrProHisGlyLeuTyrVal
520 530 540 550 560 570
ATGATGCGGGATCAGGATGGTGAGGTGCATCGCTACTTCATGGGGTATCTCCTGTTCGAC
MetMetArgAspGlnAspGlyGluValHisArgIyrPheMetGlvTyrlauleurheAsp
580 590 600 610 620 630
TCCTGGAAGGAGTTGGTGTGGAACAATCCTTCGTATATCTCTGATGTTCGGTCGCGGGAG
SerTrpLysGluleuValTrpAsnAsnProSerTvrileSerAspvalArgSerArgGlu
640 650 660 670 680 690

GTGCGCTTGTATCCCGTGTATCCCGCGTCGACGCCCCACGTCGTGCTTTGAAGGCTTTATG
valArgleuTyrProvalTyrProAlaSerThrProHisvalvalPheGluGlyPheMat
700 710 720 730 740 750
GTTACTAGGGACGCGGCTCATGCCGGAGGGGACTATGTTGGTTATTTCAAGGACGTCAAG
valThrArgAspAlaAlalisAlaGlyGlyAspTyrValGlyTyrPheLysAspValLys
760 770 780 790 800 810
ATTATCTATGATAAGGCGGTGCTGAGTACGGTGCGCGATTTTGCGGACGAGGACCTGTGG
IlellaTyrAspLysAlaValleuSarThrValArgAspPheAlaAspGluAspLeuTrp
820 830 840 850 860 870
GGTATCCAGGCGCGGCGTGAGGCTGAGCGTAAGAGAGTTGAGGTTGCGCGTTTCGGGCAG
GlyIleGlnAlaArgArgGluAlaGluArgLysArgvalGluValAlaArgPheGlyGln
880 890 900 910 920 930
CAGCAGGTGCTGCGTTATATAGAGCAAGAGAAGCTTGCTACAGAGGTTGGTTTTACACCC

gTyrIleGluGlnGluLysLeuAlaThrGluvValGlyPheThrPro
940 950 960

TCTGGGGGTGCTCAGCGGCAGGAAGAGCAGCAGTAG
SerGlyGlyAlaGlnArgGlnGluGluGlnGlnEnd
FIG. 6. DNA and amino acid sequence of the entire 37-kDa
endoflagellar sheath protein. Underlined areas represent amino acid
sequences obtained by N-terminal-amino-acid-sequence analysis of
either the purified native protein or tryptic peptides. The gene is
numbered from the first nucleotide sequenced.

Ile, Leu, Met, and Val). The G+C content of the gene
encoding the 321 amino acids derived from the nucleotide
sequence is 54.1%, consistent with previously published
G+C ratios of 52.4 to 53.7% for T. pallidum Nichols (36).
The absence of cysteine residues in the derived sequence is
in agreement with the amino acid analysis of Blanco et al.
(5). The presence of 19 amino acid doublets and 2 amino acid
triplets is a striking feature of the primary structure.
Hydrophilicity analyses by the algorithms of Kyte and
Doolittle (27) (Fig. 7) and Chou and Fasman (10) (data not
shown) do not demonstrate any large hydrophobic areas
likely to be membrane-spanning domains. A prominent
hydrophilic domain is predicted from amino acids 130
through 150; this region contains the portion of the protein
encoded by the AA34 phage clone which reacted with MAb
H9-2. Several T-cell epitopes are predicted by the algorithm
of Margalit and co-workers (34). One of these (amino acids
146 to 170) is also partially encoded by the insert of AA34.
Homology analysis of T. pallidum FlaA. DNA and protein
homology searches were performed by using the NBRF
protein data base (release 18.0, September 1988) and the
GenBank data base (release 58.0, December 1988); no sig-
nificant homologies were identified. The sequence was also
compared with that recently published for the homologous
endoflagellar protein of §. aurantia (7). Four areas in the
N-terminal half of each protein showed significant homology
(data not shown). The greatest homology was between
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FIG. 7. Hydrophilicity analysis of the 37-kDa endoflagellar
sheath protein according to the algorithm of Kyte and Doolittle (27).

amino acids 146 and 164 of T. pallidum and 130 and 147 of §.
aurantia (7).

Attempts to clone the upstream region of the flaA gene.
Initially, we attempted to clone the entire gene as one
fragment by using a directed cloning approach based on
Southern blot analysis (Fig. 4). Genomic libraries were
generated in both phage and plasmid vectors from size-
fractionated T. pallidum chromosomal DNA digested to
completion with either HindIII (fragments 1.5 to 5 kbp in
length) or BamHI (fragments 8 to 15 kbp in length). No
reactive clones were found after approximately 500,000
recombinant clones were screened with the pRI1 insert.

After the nucleotide sequence of pRI4 had been deter-
mined, the pBR322 and Agtl1 libraries were screened with a
synthetic oligonucleotide, 5'-AAGCTGAACGCTGATATC
AT-3' (nucleotides 1 to 20) in order to identify an overlap-
ping clone which contained the upstream portion; no reac-
tive clones were identified. Southern analysis of 7. pallidum
chromosomal DNA had shown that the upstream portion of
the flaA gene through nucleotide 160 was contained on a
900-bp EcoRI-EcoRI fragment (data not shown). Therefore,
a Agtll genomic library generated from chromosomal DNA
digested to completion with EcoRI (fragments 500 to 2,000
bp in length) was screened with the same synthetic oligonu-
cleotide but contained no reactive clones (data not shown).

DISCUSSION

The endoflagellar proteins are among the best character-
ized of the T. pallidum antigens (2, 5, 24, 41, 45, 46). Norris
et al. (41) have proposed that these proteins can be divided
into two families, the class A and class B proteins, on the
basis of N-terminal-amino-acid-sequence analysis. The
sheath protein is the only member of the class A family,
while the class B family includes all of the core proteins.
Homology studies which use the N-terminal sequence data
suggest that the core proteins are relatively conserved
among the treponemes and also share significant homology
with the other flagellins, including those of gram-positive
organisms (13, 26, 35, 41, 58); the recently published se-
quence of one of the T. pallidum endoflagellar core proteins
(FlaB2) supports this hypothesis (43). Although they share
conserved epitopes, the sheath proteins are more antigeni-
cally divergent. Sequence analysis of the endoflagellar pro-
teins, as reported here for the 37-kDa sheath protein, will
provide further insights into these relationships.
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In our hands, attempts to isolate 7. pallidum endoflagella
by using published procedures (45) yielded small quantities
of impure material. Previous studies have demonstrated that
isolated treponemal endoflagella are resistant to dissociation
with a number of detergents, including N-lauroyl sarcosinate
(5, 46). We observed that N-lauroyl sarcosinate extraction of
whole treponemes selectively solublized the majority of
treponemal antigens, leaving the endoflagella and cytoskel-
etal matrix intact. By using this observation as the basis for
our isolation procedure, milligram quantities of endoflagella
could be purified for immunological analyses and purification
of component endoflagellar proteins by reverse-phase HPLC
for N-terminal-sequence and tryptic peptide analyses. A
similar procedure for the isolation of Borrelia burgdorferi
endoflagella has been described independently (4).

Previous attempts to identify recombinant clones express-
ing the 37-kDa endoflagellar sheath protein in nonexpression
T. pallidum genomic libraries have been unsuccessful (57;
unpublished observations). The Agtll expression system has
provided an alternative means for cloning proteins which are
not expressed from their native promoters (52, 53, 60-63).
MADb H9-2 reacted specifically with the 37-kDa endoflagellar
sheath protein and was subsequently used to identify a
clone, A34, in the Agtll genomic library. Interestingly, while
SDS-PAGE analysis revealed the A34 fusion protein to be 17
kDa larger than native B-galactosidase, the DNA insert
encoded only approximately 4 kDa of additional peptide.
The reason for this discrepancy is unclear.

Nucleotide sequence analysis of pRI4 indicated that this
plasmid encoded all but the nine N-terminal amino acids of
the 37-kDa sheath protein. Because the N-terminal amino
acid sequence obtained from the purified native antigen
overlapped that derived from the nucleotide sequence, it was
possible to deduce the primary structure of the entire 37-kDa
protein. Given our subsequent inability to clone the N-
terminal coding region of flaA, it was fortunate that an Alul
site was present in the N-terminal coding region of the gene.
Hydrophilicity analyses demonstrated a major hydrophilic
peak in the region of the protein encoded by the DNA insert
in AA34 which encodes the epitope recognized by H9-2.
Localization of the H9-2 epitope to this region of the protein
is consistent with the previously determined correlation
between B-cell epitopes and large hydrophilic peaks (23).
Computer analyses predicted that the ANA34 DNA insert
would also encode a T-cell epitope (34); this has been
confirmed by the finding that the B-galactosidase fusion
protein induces a proliferative response in splenic lympho-
cytes from rabbits with experimental syphilis (unpublished
data). These observations will provide the basis for compre-
hensive B- and T-cell epitope mapping of this important
antigen.

Extensive attempts to clone the upstream portions of the
flaA gene were made. The inability to clone certain genes
because of the toxicity of the gene product has been de-
scribed previously (9, 18, 22, 38), but in general these
difficulties have been overcome by cloning the gene in
portions (9, 18). However, we failed to clone fragments
which code for as few as the first 65 amino acids of the
protein in association with the upstream regions. Brahamsha
and Greenberg (7) identified a clone expressing the analo-
gous protein of S. aurantia along with its putative leader
peptide by immunological screening of a genomic library
utilizing the hybrid tac promoter; however, no promoter
sequence was identified. Assuming that the genetic organi-
zations of these two organisms are similar with respect to the
endoflagellar proteins, the data suggest that the leader pep-
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tide alone is not the cause of toxicity. Rather, the promoter,
either alone or in association with the N-terminal peptide or
products encoded by upstream DNA, may be responsible for
putative toxicity. Similar difficulties were encountered in
cloning the promoter-leader region of the Haemophilus
influenzae type b major outer membrane protein in E. coli
(38; E. Hansen, personal communication). In this regard, it
has been known for a number of years that cloning strong
promoters can be difficult (17). It is also possible that the
unavailability of a nondegenerate probe to the extreme N
terminus of flaA contributed to our inability to identify
clones containing this region. In any case, these problems
probably account for the difficulties encountered by several
groups attempting to clone this antigen.

The studies reported here will provide the basis for further
molecular investigations of the endoflagellar apparatus and
treponemal motility, including studies of the organization of
the gene family encoding the endoflagellar proteins. Analy-
ses of the genetics of flagellar expression in other bacteria
have proved useful in understanding the genetic organization
and control of complex operons (25). Furthermore, analysis
of the upstream DNA may provide additional insights into
our emerging understanding of the processing of treponemal
antigens expressed in E. coli (12, 21). In concert with
attempts to achieve continuous in vitro cultivation of T.
pallidum, the ultimate goal of these studies will be to use the
derived genetic information along with mutational analyses
to elucidate the relationships between motility and viru-
lence, as has been accomplished with other bacterial patho-
gens (15).
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ADDENDUM IN PROOF

Nucleotide sequence analysis of the upstream portion of
the flaA gene has been completed using PCR amplification of
T. pallidum chromosomal DNA. The flaA gene contains
consensus E. coli —35 and —10 promoter sequences, a
ribosome-binding site, and a typical leader with a signal
peptidase I cleavage site, consistent with transport of this
protein to the periplasmic space.
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We previously reported the complete primary structure of the 37-kilodalton endoflagellar sheath protein
(FlaA) of Treponema pallidum. However, we were unable to determine the nucleotide sequence of flad
upstream of amino acid 10. The desired nucleotide sequence was obtained by use of a strategy based upon the
polymerase chain reaction and was found to contain a consensus Escherichia coli promoter, a ribosomal
binding site, and a 20-amino-acid signal peptide. Expression of FlaA in E. coli was achieved by cloning
polymerase chain reaction-derived constructs lacking the native T. pallidum promoter into a temperature-
inducible T7 expression system. Pulse-chase and ethanol inhibition analyses of protein processing in E. coli cells
and minicells, respectively, indicated that processing of the FlaA precursor was incomplete. Native and
recombinant FlaA were identical as assessed by antibody reactivity and sodium dodecyl sulfate- and
two-dimensional polyacrylamide gel electrophoretic mobilities. Soluble FlaA was not detected in either the
cytoplasmic or the periplasmic fractions of E. coli transformants. Fractionation of E. coli cell envelopes
unexpectedly revealed that FlaA precursor and FlaA were associated with both the cytoplasmic and outer
membranes. This is the first report of expression in E. coli of a T. pallidum protein which could not be cloned
or expressed with its native promoter. Qur data also indicate that information obtained in E. coli regarding the

subcellular location of cloned treponemal proteins must be cautiously extrapolated to T. pallidum.

Venereal syphilis is a sexually transmitted disease caused
by the spirochete Treponema pallidum subsp. pallidum (T.
pallidum). A significant increase in reported cases of syphilis
in the United States has occurred in the last two years (13),
adding impetus to research aimed at understanding the
pathogenesis of this disease. Motility, a characteristic fea-
ture of all spirochetes (31), is thought to contribute to the
ability of 7. pallidum to invade and disseminate within
mammalian hosts (71). The organelles of motility, the endo-
flagella (11, 33, 38, 55), are polymeric structures within the
periplasmic space of the organism (32) consisting of 33- and
33.5-kilodalton . (kDa) core and 37-kDa sheath subunits (8,
15, 48, 56). The endoflagellar antigens stimulate B- and T-cell
responses in humans (5, 26; unpublished data) and in exper-
imental syphilis (4, 25, 39; unpublished data), suggesting that
they also may play a role in the immunopathogenesis of the
disease.

Treponemal research has been hampered by the inability
to cultivate 7. pallidum continuously in vitro. Many inves-
tigators have circumvented this problem, in part, by express-
ing treponemal antigens in Escherichia coli (for a review, see
reference 68). In the course of these studies, data obtained in
E. coli regarding the cellular location and membrane topog-
raphy of cloned treponemal antigens often have been extrap-
olated to the native T. pallidum proteins (14, 18, 28, 64, 68).
However, to what extent E. coli can be used as a model for
molecular analysis of T. pallidum proteins remains unclear.
It is now recognized that these two organisms differ greatly
with respect to both the protein and lipid compositions of
their outer membranes and the relative antigenicities of their
respective surfaces (59, 75). The periplasmic endoftageliar
proteins are excellent candidates for addressing these issues

* Corresponding author.
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as they are the only antigens of T. pallidum that have been
localized unequivocally within the organism.

We previously reported the primary structure of the
37-kDa sheath protein of T. pallidum (FlaA) along with a
partial nucleotide sequence of laA (33). However, we were
unable to clone the portion of flaA upstream of amino acid
10, presumably because of toxicity in FE. coli. To determine
the complete nucleotide sequence of flaA and to express
FlaA in E. coli, we employed an alternative cloning strategy
based upon the polymerase chain reaction (PCR) (61). This is
the first report of expression in E. coli of a T. pallidum
protein which could not be cloned or expressed with its
native promoter. Our data also indicate that information
obtained in E. coli regarding the subceliular location of
cloned treponemal proteins must be cautiously extrapolated
to 7. pallidum.

(A preliminary report of this work has been presented
(R. D. Isaacs and J. D. Radolf, Abstr. Annu. Meet. Am.
Soc. Microbiol. 1990, D-160, p. 107].)

MATERIALS AND METHODS

Bacterial strains. 7. pallidum (Nichols) was passaged by
intratesticular inoculation into New Zealand White rabbits
and extracted as previously described (27, 42, 58). E. coli
DHS5« (Bethesda Research Laboratories, Inc., Gaithersburg,
Md.) and HB101 (10) were used as host strains for plasmid
transformations. E. coli DHS«F' (Bethesda Research Labo-
ratories) and XL1-Blue (Stratagene, La Jolla, Calif.) were
used as host strains for M13 phage (76). E. coli ORN103 was
used for minicell analyses (50).

Plasmids and DNAs. Plasmid DNAs and oligonucleotides
used in this study are listed in Table 1 and Fig. 1, respec-
tively. T. pallidum chromosomal DNA was extracted as
previously described (33).
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Designation Sequence Coding Strand Location
oRi1 CCCATCTTCAAAACGCCCCT - 590 - 609
oRI3 AAGCTGAACGCTGATATCAT + 184 - 203
oRI7 CCCTGCAGAACGCCAAAACACCGC - 1234 - 1257
oRI9 TCATACCTCCACTCTTA - 210 - 226
oRI10 TAAGAGAGTTGAGGTTG + 1023 - 1039
oRI11 TCATTATGACGCGGAAA + NK
oRl12 TTTCCGCGTCATAATGA - NK
oRI17 GAAAGGAGCGTTTGAATGAA + g2 - 101
oRI18 TAGTCGACGAGTGGTTATCTTATT + 54 - 77

FIG. 1. T. pallidum genetic map in the vicinity of flad. The region of the chromosome between flaA (thick line) and the upstream EcoRI
site has been expanded to show the locations of oligonucleotides used in these studies. The oligonucleotide sequences are 5’ to 3, and this
is indicated by the arrows. Oligonucleotides which are derived from the coding strand (+) and those that are complementary to the coding
strand () are indicated. Nucleotide position 1 is the first nucleotide of the sequence shown in Fig. 3. The exact location of oRI11 and oRI12
is not known (NK), as their sequences were derived from a randomly selected fragment of the inverse-PCR product (see text).

SDS-PAGE and immunological reagents. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (37,
58), two-dimensional PAGE (2D-PAGE) (33, 47, 49), and
immunoblot analyses (33, 58) were performed as previously
described. H9-2, a murine monoclonal antibody of subclass

TABLE 1. Plasmid DNAs used in this study

immunoglobulin G, specific for the 37-kDa endofiagellar
sheath protein of T. pallidum (33, 40), was purified from
hybridoma supernatants by using recombinant Protein G
(Genex Corp., Gaithersburg, Md.) according to the instruc-
tions of the manufacturer. Horseradish peroxidase-conju-

Designation Description® Source or reference

pBR322 Tc" Ap*, replicon pMB1 9

pUC19 Ap", replicon pMB1 76

pTTQ19 Ap", replicon pMB1 67

pBluescript II KS- Ap”, replicon pMBI, polylinker contains T7 promoter transcribing in opposite orien- Stratagene, La Jolla,
tation to lac promoter Calif.

pT7-3 Ap", replicon pMB1, amp is transcribed from T7 promoter 69

pGP1-2 Km', replicon pl15A, encodes for T7 DNA-dependent RNA polymerase under con- 69
trol of A promoter, temperature-sensitive \ repressor

pRI4 pBR322 with T. pallidum chromosomal DNA fragment encoding amino acids 10 33
through 330 of the mature flaA gene product

pRI4.3 pUC19 with 1.5-kb EcoRI-Ps:] fragment from pRI4 insert This study

pRI17 PCR product from T. pallidum chromosomal DNA with primers oRI17 and oRI7 This study
digested with PsI, cloned into pBluescript II KS- digested with Smal and Psi]

pRI18 PCR product from T. pallidum chromosomal DNA with primers oRI118 and oRI7 This study
digested with PsI, cloned into pBluescript II KS- digested with Smal and Ps:]

pRI19 pBluescript I KS- digested with BamHI and Pstl, containing 0.3-kb BamHI-EcoRI This study

fragment of pRI18 and the 1.5-kb EcoRI-Ps¢I fragment from pRI4.3

@ Abbreviations: Tc', Ap", and Km", resistance to tetracycline, ampicillin, and kanamycin, respectively.
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FIG. 2. Outline of the inverse-PCR procedure used to in vitro
clone the upstream regions of flaA. The region of unknown nucleo-
tide sequence is indicated by a thick line. The arrows under the PCR
primers indicate the direction of DNA replication.

gated rabbit anti-mouse immunoglobulin G (Zymed Labora-
tories, San Francisco, Calif.) was used at a dilution of
1:1,000.

Isolation of T. pallidum endoflagella. T. pallidum
endoflagella were isolated as previously described (33).

PCR DNA amplification. PCR was performed with 2.5 U of
recombinant Taqg polymerase (AmpliTaq; Perkin Elmer Ce-
tus, Norwalk, Conn.) and a Perkin Elmer Cetus Thermocy-
cler. Typically, PCRs were performed in 100-pl volumes
each containing 1X PCR reaction buffer (10 mM Tris hydro-
chloride [pH 8.3], 50 mM KCI, 1.5 mM MgCl,, 0.01%
[wt/vol] gelatin), 1 pg of each primer, 200 pM of each
deoxynucleoside triphosphate, and 1 pg of chromosomal
DNA. Inverse-PCR (73) was performed for 25 cycles by
using oligonucleotides oRI9 and oRI10 (Fig. 2); each cycle
consisted of denaturation at 94°C for 2 min, annealing at 48°C
for 2 min, and extension at 72°C for 3 min. Routine and
asymmetric PCRs (24, 41) with oRI1 and either oRI11 or
oRI12 were performed for 25 and 40 cycles, respectively, by
using the above parameters; 1 pmol of oRI1 and 20 pmol of
oRI11 were used for asymmetric PCR. PCRs with oRI7 and
either oRI17 or oRI18 were performed for 30 cycles, each
consisting of denaturation at 94°C for 2 min, annealing at
66°C for 2 min, and extension at 72°C for 2 min.

PCR products were analyzed by ethidium bromide agarose
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gel electrophoresis and purified in one of the following
manners: (i) from low-melting-point agarose (Sea-Plaque;
FMC Corporation, Marine Colloids Div. Rockland, Maine)
gels by using an Elutip-d column (Schleicher & Schuell, Inc.,
Keene, N.H.) (63), (ii) by electroelution from SeaKem GTG
(FMC Corp.) agarose gels, or (iii) by using Centricon-30
microconcentrators (W. R. Grace & Co., Danvers, Mass.)
(41). Prior to ligation reactions, the PCR product was phos-
phorylated by using T4 polynucleotide kinase (New England
Biolabs, Inc., Beverly, Mass).

DNA-DNA hybridizations. Double-stranded DNA probes
for Southern hybridization were labeled with [a-*?P]JdCTP
(ICN Biomedicals, Inc., Lisle, Ill.) by random primer label-
ing (Boehringer Mannheim Biochemicals, Indianapolis, Ind.)
(19). Dephosphorylated oligonucleotide probes were labeled
with [y-*2P]JATP (Du Pont Co. Biotechnology Systems,
Wilmington, Del.) by using T4 polynucleotide kinase. Col-
ony blot and Southern blot hybridizations with double-
stranded DNA probes were performed as previously de-
scribed (33, 66). When oligonucleotide probes were used,
prehybridization and hybridization were performed at 42°C
in 6xX SSC (1x SSCis 0.15 M NaCl-0.015 M sodium citrate
[pH 7.0]), 50 mM sodium phosphate buffer (pH 6.8), 10%
(wt/vol) dextran sulfate, and 5X Denhardt solution (1%
Denhardt solution is 0.02% [wt/vol] Ficoll, 0.02% [wt/vol]}
polyvinylpyrrolidone, 0.02% [wt/vol] bovine serum albu-
min), containing 0.1 mg of denatured, sheared, salmon
sperm DNA per ml. Three washes in 6x SSC at room
temperature for 10 min each were performed prior to a
stringency wash at 45°C in 6x SSC-0.1% SDS for 30 min.

DNA sequence analysis. DNA sequence analysis was per-
formed with modified T7 DNA polymerase (Sequenase 2.0;
U.S. Biochemicals Corp., Cleveland, Ohio) as described
previously (33, 62, 70). The University of Wisconsin Genet-
ics Computer Group sequence analysis software package
(17) was used in conjunction with Microgenie software
(Beckman Instruments, Inc., Palo Alto, Calif.) for DNA
sequence analysis.

Expression of FlaA. Bacteria were grown at 30°C to an Aseg
of 1.5 in LB broth containing ampicillin (40 pg/ml) and
kanamycin (40 pg/ml). The temperature was shifted to 42°C
for 25 min, and then rifampin was added to a final concen-
tration of 200 pg/ml. The culture was incubated for 2 h at
30°C, and the cells were recovered by centrifugation.

Pulse-chase experiments. Bacteria were grown at 30°C to
an Ay of 0.5 in LB broth containing ampicillin and kana-
mycin. Cells were recovered by centrifugation, washed in
ice-cold M9 medium, and then suspended in M9 medium
supplemented with 20 pg of thiamine per ml and 0.01%
(wt/vol) amino acids (without methionine and cysteine). The
cultures were incubated at 30°C for 30 min and then at 42°C
for 15 min. Rifampin was added to a final concentration of
200 pg/ml, and the culture was incubated for an additional 10
min at 42°C. After the culture was incubated for 30 min at
30°C, Trans **S label (an approximate 80:20 mixture of [**S]
methionine and [**S]cysteine; ICN Biomedicals) was added;
this was incubated at 30°C for 1 min. The culture was then
chased with 0.1% methionine in M9 medium. Samples were
removed at various times and immediately mixed with one-
half the volume of ice-cold stop solution (0.04% [wt/vol]
chloramphenicol, 0.4 M sodium azide, 0.02 M 2,4-dinitro-
phenol) (23), and the cells were recovered by centrifugation.

Minicell analyses. Bacteria were grown at 30°C for 18 h in
LB broth containing ampicillin and kanamycin. Minicells
were isolated as previously described (57). Minicells were
suspended in M9 medium without glucose (approximately
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10® minicells per ml) containing b-cycloserine (20 pg/ml) and
incubated at 30°C for 15 min followed by incubation at 42°C
for S min. Rifampin was added to a final concentration of 100
pg/ml, and the minicells were incubated at 42°C for an
additional 5 min and then at 30°C for 15 min. Ice-cold 95%
ethanol was added to each sample so that the final ethanol
concentration was either 0, 1, 3, or 5% (vol/vol). After the
addition of Trans 3°S label, each sample was incubated at
30°C for 30 min and the cells were then recovered by
centrifugation.

Selective release of E. coli soluble periplasmic proteins.
Bacteria were recovered by centrifugation at 4°C, washed in
ice-cold 0.2 M Tris hydrochloride (pH 8), and then sus-
pended in ice-cold 0.2 M Tris hydrochloride (pH 8)-1 M
sucrose; EDTA and lysozyme were added sequentially to
final concentrations of 0.5 mM and 60 wg/ml, respectively.
An equal volume of ice-cold 0.2 M Tris hydrochloride (pH 8)
was added, and the mixture was incubated on ice for 30 min.
The cell pellet and the supernatant containing the soluble
periplasmic fraction were separated by centrifugation at 4°C.
The presence of B-lactamase in each fraction was assessed
visually by using the colorimetric substrate [1-(thienyl-2-
acetamido)]-3-[2-(4-N, N-dimethylaminophenylazo)pyridium
methyl]-3-cepem-4-carboxylic acid (35).

Membrane fractionation experiments. Bacteria suspended
in 10 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid) (pH 8.0) were disrupted by French press, and
intact cell bodies were removed by centrifugation at 16,000
X g for 10 min at 4°C. Inner and outer membranes of E. coli
were either collected by centrifugation at 240,000 x g for 60
min at 4°C or fractionated by using a modification of the
procedure of Osborn and coworkers (51) as described by
Munford et al. (44). The sucrose gradients were harvested
from the top in 250-p.l portions.

RESULTS

Nucleotide sequence analysis of the upstream region of flaA.
pRI4, a chimeric plasmid isolated from a T. pallidum chro-
mosomal DNA library (46), provided the starting point for
the present investigations; the insert of this plasmid contains
the DNA encoding for amino acids 10 through 330 of native
FlaA (33). Previously, the nucleotide sequence of the up-
stream portion of flaA could not be determined because
exhaustive attempts to clone this region were unsuccessful.
As an alternative, we adopted a strategy based upon a
variant of PCR called inverse-PCR (73). This technique
enables selective amplification of a region of unknown
nucleotide sequence adjacent to a region of known se-
quence.

It was necessary to map the T. pallidum chromosome in
the vicinity of flad prior to performing inverse-PCR. Oligo-
nucleotide oR13, derived from the 5’ end of the coding strand
of the pRI4 insert, hybridized in Southern analyses with
fragments of 2.5, 2.7, and 0.9 kilobase pairs (kb) from T.
pallidum chromosomal DNA digested to completion with
Hindlll, Sall, or EcoRI, respectively (data not shown). By
combining these data with the restriction map of pRI4 (33),
the required genetic map was derived (Fig. 1). The previ-
ously unclonable region of flaA resides on a 2.5-kb HindIII
genomic DNA fragment. This fragment contains Sa/l and
EcoRlI sites in the region of known nucleotide sequence and
a second EcoRI site in the unsequenced region (Fig. 1).

Inverse-PCR was performed as shown in Fig. 2. T. palli-
dum chromosomal DNA was digested to completion with
HindlIll, circularized in the presence of T4 DNA ligase, and
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then linearized with Sall. Oligonucleotides oRI9 and oRI10,
which flank the unsequenced area in the linearized chromo-
somal DNA, were used as the PCR primers. The resulting
1.8-kb product had an internal EcoRI site and hybridized
with oRI3 (data not shown), confirming that the correct
region had been amplified. For reasons as yet unclear, these
PCR experiments worked unpredictably and yielded small
amounts of product; attempts to reamplify the purified PCR
product by using both routine and asymmetric PCR also
were unsuccessful. Furthermore, the inverse-PCR product
could not be cloned into E. coli by using either pUC or pTTQ
vectors; pTTQ vectors contain a transcriptional stop down-
stream of the cloned fragment and are particularly useful for
cloning strong promoters (67).

An alternative strategy was then devised for obtaining a
limited amount of nucleotide sequence within the unse-
quenced region of the inverse-PCR product. Routine PCR
could then be performed from 7. pallidum chromosomal
DNA, by using a primer derived from this new sequence,
with the expectation that this new product could be more
easily manipulated than the original inverse-PCR product.
Southern hybridization of the inverse-PCR product digested
with Sau3A I and probed with itself indicated that multiple
sites were present (data not shown). The inverse-PCR prod-
uct, digested with Sau3A I, was ligated into M13mpl9
digested with BamHI. A clone identified by DNA-DNA
hybridization with the entire inverse-PCR product was ran-
domly selected for nucleotide sequencing; the sequence
obtained was used to create oRI11. A 1.2-kb product which
hybridized with oRI3 was detected when oRI11 was used for
PCR with oRI1 (data not shown}, a primer derived from the
flaA sequence downstream of both oRI3 and oRI9. No PCR
product was detected when oRI1 was used with oRI12, a
primer complementary to oRI11. Since approximately 0.3 kb
would encode the N terminus (including a leader peptide)
and the promoter, this product was of sufficient size to
contain all of the desired upstream portion of flaA.

Oligonucleotides oRI1 and oRI11, with oRI1l in excess,
were used in asymmetric PCR of chromosomal DNA to
generate single-stranded DNA. Nucleotide sequence ob-
tained from the product by using oRI9 as the primer was
combined with that previously reported (33) to provide the
sequence of the entire flaA gene. Three other PCR-derived
products containing the 5’ end of the open reading frame of
flaA had nucleotide sequences identical to those obtained
from the asymmetric PCR product (data not shown).

The flaA gene contains a consensus E. coli promoter (30)
and a ribosomal binding site (RBS) (65) (Fig. 3). A 20-amino-
acid signal sequence, including a typical signal peptidase I
cleavage site (6) (Fig. 3, arrow), immediately precedes the N
terminus previously determined by N-terminal sequence
analysis of the native antigen (8, 33, 48). The precursor
protein (pre-FlaA) has a molecular weight of 38,860. The
deduced amino acid sequence of the first 21 amino acids of
the mature protein matches precisely that of the native FlaA
(8, 33, 48).

Expression of FlaA in E. coli. It was assumed that the
native treponemal promoter would have to be substituted
with a controllable E. coli promoter to express FlaA in E.
coli. PCR was the most convenient method for obtaining a
clonable fragment containing flaA exclusive of its promoter
sequences. Three oligonucleotides, oR17, oRI17, and oRI18,
were synthesized for these experiments. oRI7 is complemen-
tary to a region downstream of the flaA termination codon; it
also contains a PsrI site near its 5’ end. oRI17 and oRI18
were derived from the sense strand of flaA beginning 3 and
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FIG. 3. Nucleotide and deduced amino acid sequences of the
promoter and N-terminal coding region of flaA. Putative —35 and
—10 E. coli promoter and RBS sequences are indicated by double
underlining. The start codon and the codon of the first amino acid of
the mature protein are indicated by single underlining. The signal
peptidase I cleavage site is indicated by the arrow. The nucleotide
sequence data reported in this paper have been submitted to the
EMBL, GenBank, and DDBJ nucleotide sequence data bases and
assigned the accession no. M27915.

30 base pairs upstream of the RBS, respectively. oRI18 also
contains two mismatches near its 5’ end which overlaps the
—10 promoter sequence; these were included to ensure
inactivation of the native promoter. PCR experiments with
T. pallidum chromosomal DNA with oRI7 and either oRI17
or oRI18 produced the predicted 1.2:kb products (data not
shown). Phosphorylated, purified PCR product digested with
Pst] was ligated into pBluescript 11 KS~ digested with Smal
and Pstl. Plasmids pRI17 and pRI18, which contain flaAd in
the correct orientation for expression from the T7 promoter,
were identified by restriction endonuclease mapping and
Southern hybridization with oRI3 (data not shown).

Each of these plasmids was used to transform HB101
(pGP1-2) so that expression would be temperature inducible
(69). After induction, immunoblot analysis with monoclonal
antibody H9-2, a murine monoclonal antibody specific for
the sheath protein (33, 40), identified a doublet composed of
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FIG. 4. Antigenic analysis of recombinant clones expressing
FlaA. Western blot analysis was performed after sequential incuba-
tion in monoclonal antibody H9-2 and horseradish ‘peroxidase-
conjugated rabbit anti-mouse immunoglobulin G. Recombinant
clones were either expressed as described in Materials and Methods
(lanes 2, 3, and 4) or grown at the nonpermissive temperature (lanes
5 and 6). Lanes: 1, T. pallidum; 2 and 5, HB101(pRI18)(pGP1-2); 3,
HB101(pRI19)(pGP1-2); 4 and 6, HB101(pBluescript II KS—)(pGP1-
2). Samples were electrophoresed on an SDS-PAGE (10% poly-
acrylamide) gel. Molecular weight markers in kilodaltons are indi-
cated on the left.

T. PALLIDUM ENDOFLAGELLAR SHEATH PROTEIN 2029

A-_ e time

0’5285, 210", T120:830" : 60"

B. - Ethanol concentration (vol/vol)
0% 1%. 3% 5%

FIG. 5. Processing of FlaA in E. coli. The 37-kDa sheath protein
(protein 37) and its precursor (PRE-37) are indicated on the left. (A)
HB101(pRI18)(pGP1-2) were pulsed with Trans 35S label for 1 min
and then chased with 0.1% (wt/vol) methionine. Samples were
removed at the indicated times, electrophoresed on an SDS-PAGE
(10% polyacrylamide) gel, and subjected to autoradiography. (B)
ORN103(pRI18)(pGP1-2) minicells were labeled with Trans 38 label
in the presence of different concentrations of ethanol, electro-
phoresed on an SDS-PAGE (10% polyacrylamide) gel, and sub-
jected to autoradiography. Ethanol concentrations are shown above
each lane.

39- and 37-kDa proteins in E. coli HB101(pRI18)(pGP1-2)
(Fig. 4, lane 2) but not in HB101(pRI17)(pGP1-2) (data not
shown). No H9-2 immunoreactive material was detected
when the cultures were grown only at the nonpermissive
temperature (Fig. 4, lanes 5 and 6). Corresponding bands
were not readily seen on Coomassie blue-stained gels (data
not shown).

FlaA is processed inefficiently in E. coli. In pulse-chase
experiments with HB101(pRI18)(pGP1-2), FlaA was synthe-
sized as a 39-kDa precursor which was subsequently proc-
essed to the 37-kDa mature protein (Fig. 5A); even after a
60-min chase, a significant amount of precursor was still
present (Fig. SA). In a parallel experiment with HB101(pT7-
3)(pGP1-2) incubated under identical conditions, virtually no
B-lactamase precursor was detected at 60 min (data not
shown). Ethanol, a nonspecific inhibitor of membrane trans-
location by secretory proteins (54), was used in experiments
with ORN103(pRI18)(pGP1-2) minicells. Although substan-
tial accumulation of precursor occurred even in the absence
of ethanol, inhibition of processing was ethanol concentra-
tion dependent (Fig. 5B).

Comparative 2D-PAGE analysis of recombinant and native
FlaA. Because Tag polymerase lacks proofreading function,
misincorporation of nucleotides may occur during PCR (20,
22, 60). For this reason, 2D-PAGE immunoblotting was used
to confirm that the native and recombinant FlaA proteins
were identical and that the 39-kDa H9-2-reactive recom-
binant protein was the pre-FlaA. First, >*S-labeled HB101
(pRI18)Y(pGP1-2) was coelectrophoresed with isolated T.
pallidum endoflagella. Immunoblot analysis with monoclo-
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FIG. 6. Two-dimensional electrophoretic analyses of recombi-
nant FlaA. Samples were separated by isoelectric focusing in the
first dimension and by SDS-PAGE on a 10% gel in the second
dimension. After transfer to nitroceliulose, the blots were incubated
sequentially with H9-2 and peroxidase-conjugated rabbit anti-mouse
immunoglobulin (panel 1) and then were subjected to autoradiogra-
phy (panel 2). FlaA (single arrow) and pre-FlaA (double arrow) are
indicated. The basic and acidic ends of the isoelectric focusing gel
are indicated by — and +, respectively. (A) **S-labeled HB101
(PRI18XpGP1-2) coelectrophoresed with isolated T. pallidum
endoflagella. (B) *S-labeled HB101(pRI18)(pGP1-2) coelectro-
phoresed with hyperexpressed HB101(pRI18)(pGP1-2).

nal antibody H9-2 demonstrated that the native 37-kDa
antigen (Fig. 6A, panel 1) comigrated with the 37-kDa
radiolabeled protein (Fig. 6A, panel 2). In a second exper-
iment, radiolabeled HB101(pRI18)(pGP1-2) from processing
experiments was coelectrophoresed with unlabeled HB101
(pRI18)(pGP1-2) whole-cell lysates (Fig. 6B). As predicted
by the presence of two lysines in the signal sequence, the
pre-FlaA was significantly more basic than the mature pro-
tein during isoelectric focusing (Fig. 6A, panel 2, double
arrow). The radiolabeled pre-FlaA (Fig. 6B, panel 2) comi-
grated with the H9-2-reactive 39-kDa antigen identified by
immunoblotting (Fig. 6B, panel 1).

Construction of pRI19. Despite the above results from
2D-PAGE, the possibility still existed that the recombinant
antigen contained an amino acid substitution which did not
affect its pl. Such a substitution(s) could adversely impact
future structure-function analyses of FlaA. As an alternative
to sequencing the entire insert of pRI18 for comparison with
the known sequence, an additional chimeric plasmid was
subsequently constructed from fragments of known nucleo-
tide sequence. Nucleotide sequence analysis of pRII8
showed that the 5’ sequence matched the expected sequence
up to the EcoRI site (data not shown). pRI19 was con-
structed in pBluescript II KS— from the 0.3-kb BamHI-
EcoRI fragment of pRI18 (which encodes the RBS, the
leader and amino acids 1 through 62 of the mature protein),
and the 1.5-kb EcoRI-Ps:I fragment of pRI4.3 (which en-
codes the remainder of the mature protein). Immunoblots of
SDS-polyacrylamide (Fig. 4, lane 3) and 2D-polyacrylamide
(data not shown) gels showed that HB101(pRI19)pGP1-2)
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FIG. 7. Fractionation of E. coli clones expressing FlaA. (A)
Immunoblot analysis with monoclonal antibody H9-2 of soluble
periplasmic proteins released from HB101(pRI18)(pGP1-2) sphero-
plasts. Lanes: 1, starting material; 2, supernatant following osmotic
shock of spheroplasts; 3, insoluble pellet. Samples were analyzed on
an SDS-PAGE (12.5% polyacrylamide) gel. Molecular weight mark-
ers in kilodaltons are indicated on the left. (B) Coomassie blue-
stained SDS-PAGE (12.5% polyacrylamide) gel (panel 1) and corre-
sponding immunoblot probed with H9-2 (panel 2) of cell envelo_pes
of HB101(pRI18)(pGP1-2) separated by sucrose density gradient
centrifugation into inner (I) and outer (O) membranes and an
intermediate membrane fraction (M). Fractions 4 to 17 are shown.
Molecular weight markers in kilodaltons are indicated on the left.
The E. coli outer membrane proteins, OmpA and OmpF/C, are
indicated.

produced a H9-2-reactive 39- and 37-kDa doublet identical to
that of HB101(pRI18)(pGP1-2). Processing of pre-FlaA in
HB101(pRI19)(pGP1-2) was also incomplete (data not
shown). :

Localization of recombinant FlaA in E. coli. Spheroplasts
derived from HBI101(pRI18)(pGP1-2) were osmotically
shocked to release selectively soluble periplasmic proteins.
All of the FlaA remained associated with the cell pellet (Fig.
7A), whereas 3-lactamase was easily detectable in t!le su-
pernatant (data not shown). In a separate experiment,
HB101(pRI18)(pGP1-2) whole cells were disrupted in a
French press and membranes were collected by differential
ultracentrifugation. The supernatant, comprising the peri-
plasmic and cytoplasmic fractions, did not contain H9-
2-reactive material (data not shown). SDS-PAGE of the
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membranes fractionated on a sucrose gradient revealed
protein profiles characteristic of E. coli inner and outer
membranes (Fig. 7B, panel 1). The buoyant densities of the
outer and inner membrane fractions were 1.230 g/ml and
1.167 g/ml, respectively. Immunoblot analysis of the gradi-
ent fractions (Fig. 7B, panel 2) revealed the surprising result
that both the precursor and the mature protein were present
in all fractions. Fractionation studies with HB101(pRI19)
(pGP1-2) showed identical results (data not shown).

Diminished growth of E. coli clones expressing FlaA.
Growth curves of HB101(pRI18)(pGP1-2) and HB101(pRI19)
(pGP1-2) were compared to that of HB101(pBluescript II
KS—)(pGP1-2). At the permissive temperature, a small
difference in the growth rates for both HB101(pRI18)(pGP1-
2) and HB101(pRI19)(pGP1-2) was consistently observed
(data not shown). Viable colonies were produced from
samples taken at all time points (data not shown).

DISCUSSION

For nearly a decade, recombinant DNA methodologies
have been used to clone T. pallidum proteins in E. coli (68).
Virtually all of these proteins were identified in genomic
libraries by using monoclonal or polyclonal antibodies (68).
It is clear, however, that only a limited number of recombi-
nant T. pallidum proteins can be identified by using tech-
niques dependent upon expression from native treponemal
promoters. The difficulties experienced by a number of
investigators in cloning the endoflagellar proteins (3, 33, 53,
74) have emphasized the need to employ alternative strate-
gies. Pallesen and Hindersson (53) used degenerate oligonu-
cleotide probes derived from the N-terminal amino acid
sequence of the endoflagellar core proteins to identify a
gene, designated flaB2. DNA sequence analysis revealed
that flaB2 lacked a consensus promoter, a finding which
most likely explained the lack of its expression in E. coli.

Cloning of the 37-kDa endoflagellar sheath protein (33)
was particularly problematic. Exhaustive attempts to clone
the entire gene or any portion that contained the putative
promoter and the N terminus were unsuccessful. A chimeric
plasmid, pRI4, encoding all but the N-terminal nine amino
acids of FlaA, was identified by screening a library with a
nondegenerate DNA probe derived from a Agtll clone
expressing an epitope of the protein (33). To complete the
nucleotide sequence of flaA, a strategy based on inverse-
PCR was employed. Initially, we planned to use the inverse-
PCR product as a template for nucleotide sequence analysis.
However, a product was detected in only a few experiments
and could not be used as a template for subsequent PCR
reactions. Complementarity between oRI9 and oRI10 (Fig.
1), with resultant primer dimer formation during PCR (60)
and/or varability in circularization of the chromosomal
DNA may have contributed to this problem. Our inability to
clone the relevant portion of the inverse-PCR product was
not surprising in view of previous failures to clone the
upstream regions of flaA (33). By using a sequence derived
from a Sau3A I fragment cloned from the inverse-PCR
product, the complete nucleotide sequence of flaA was
finally obtained by asymmetric PCR.

The inability to clone putative bacterial virulence factors
in E. coli is not unique to FlaA. Examples include the porin
proteins of Haemophilus influenzae (29, 45) and Neisseria
gonorrhoeae (12, 21), both of which are presumed to be toxic
when expressed in E. coli from their native promoters.
Nucleotide sequence analysis of such putatively toxic pro-
teins often has been accomplished by generating overlapping
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clones, one of which encoded the putative promoter and N
terminus (12, 21, 45). It is noteworthy that the nucleotide
sequence of flaA could not be completed in this manner (33).
The strategy we employed will be useful for obtaining
sequences from other unclonable portions of genes.

Expression of FlaA in E. coli was achieved by using
PCR-derived constructs in a temperature-inducible T7
expression system (69). The insert of the first construct,
pRI17, encoded for only three base pairs upstream of the
RBS and did not express FlaA. Analysis of the mRNA
transcript suggested that a stem-loop could form between the
Smal site of the vector polylinker and the RBS of flaA,
leading to inactivation of the RBS. Expression was achieved
with an alternative construct, pRI18, whose insert encoded
for 30 base pairs upstream of the RBS.

Nucleotide sequence analysis indicated that mature FlaA
arises from cleavage of a signal peptide. Immunoblot analy-
sis with monoclonal antibody H9-2 revealed a 37- and
39-kDa doublet in the E. coli transformants. The 37-kDa
protein comigrated with the native FlaA by both SDS-PAGE
and 2D-PAGE analyses; similar analyses with *S-labeled
pre-FlaA confirmed that the 39-kDa antigen was the accu-
mulated precursor. Although the reason(s) for inefficient
processing is unclear, several possibilities were excluded.
First, it is unlikely that the temperature shock required for
FlaA expression contributed to the abnormal processing. In
the pulse-chase experiments, bacteria were induced at 42°C
for 25 min, equilibrated at 30°C prior to the addition of the
radiolabel, and then chased at the same temperature. Fur-
ther, B-lactamase in controls was efficiently processed under
the same conditions. Second, although the amino acid se-
quence of the signal peptide was derived entirely from PCR
products, PCR conditions associated with the lowest misin-
corporation rates were chosen to minimize the possibility of
errors introduced by the infidelity of Tag polymerase (20, 22,
60). In addition, the nucleotide sequences of the signal
peptides of several PCR-derived constructs were identical.
Third, pre-FlaA also accumulated when expressed from
pRI19, indicating that unidentified mutations downstream of
the cleavage site in pRI18 were not responsible for the
inefficient processing. Finally, the observations that the
cleavage site so closely matches the consensus site for E.
coli signal peptidase I (6) and that the native and recombi-
nant FlaA had identical electrophoretic mobilities strongly
argue against the possibility that a difference in cleavage site
specificity exists between the E. coli and T. pallidum signal
peptidases.

Overloading of the E. coli export machinery is the most
likely explanation for inefficient processing of FlaA. This
phenomenon is well recognized in E. coli clones hyperex-
pressing native E. coli secretory proteins (1, 2, 34, 43, 52).
Analyses of other cloned treponemal secretory proteins
further support this contention. The treponemal basic mem-
brane protein (16), TmpB (28), and the 34-kDa protein (68)
are all processed slowly in E. coli, and precursors for both
TmpA and TmpB accumulate when they are hyperexpressed
in E. coli (28, 64). In combination with the FlaA processing
data, these findings suggest that T. pallidum secretory pro-
teins are, in general, inefficiently processed in E. coli. One
might speculate that toxicity resulting from progressive
accumulation of pre-FlaA during unregulated expression
explains our inability to clone flaA with its native promoter.
The diminished growth of E. coli clones expressing FlaA at
the relatively low levels achieved in our study supports this
contention, although there are alternative explanations for
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this finding (e.g., the increased metabolic burden of tran-
scription).

The processing experiments indicated that recombinant
FlaA should be detectable within the periplasmic space.
However, FlaA was not detected in the supernatants from
either osmotically shocked spheroplasts or disrupted whole
cells. Instead, both precursor and mature protein were found
in association with the inner and outer membrane fractions.
FlaA is likely to be present as a polymer in T. pallidum but
not so in E. coli. Therefore, recombinant FlaA may be
relatively insoluble and have aggregated onto both the inner
and outer membranes following either translocation and
processing or cell disruption; proteins are not released
during osmotic shock and/or spheroplasting unless they are
soluble within the periplasmic space (7). Unexported pre-
FlaA that accumulated within the cytoplasm most likely
aggregated onto the membranes after cell disruption (72).

A number of cloned T. pallidum proteins have been
localized putatively to the outer membrane in E. coli by use
of methodologies similar to those employed in this study (14,
18, 28, 64, 68). These data have often been used to support
an outer membrane location for the native antigens in T.
pallidum. There are now significant reasons to question the
validity of this approach. Given the ultrastructural differ-
ences between the outer membranes of 7. pallidum and E.
coli (59, 75), it is unclear whether location in the outer
membrane of E. coli is relevant to the native antigen in T.
pallidum. Furthermore, fractionation results in E. coli may
not even be representative of the true subcellular location of
the cloned antigen (72). Aberrant outer membrane localiza-
tion is well recognized in E. coli clones expressing geneti-
cally manipulated native or hybrid secretory proteins ana-
lyzed by using the same techniques (for a review, see
reference 72). The FlaA fractionation data emphasize the
need for caution in extrapolating E. coli fractionation data to
T. pallidum.

In E. coli, flagellin monomers are exported across the cell
membrane by a poorly characterized, flagellum-specific
mechanism which does not involve cleavage of an N-ter-
minal signal (36). It has been proposed that monomers are
transported via a channel within the growing flagellin to its
distal end. The nucleotide sequences of FlaA and FlaB2 now
make it possible to apply this model to the assembly of T.
pallidum endoflagella. FlaB2 does not have a signal se-
quence and shares significant sequence homology with other
flagellins (48, 53); presumably the endoflagellar core assem-
bles in a manner similar to that of E. coli flagella. Secretion
by a signal peptide-dependent pathway is consistent with the
hypothesis that FlaA forms the sheath by polymerizing
around the growing core. The studies reported here will
provide a basis for future investigations into the genetics of
endoflagella assembly and the role of the endoflagella in the
pathogenesis of syphilis.
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