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SUMHARY OF RESEARCH

The overall goal of the present research is to construct a safe,
effective human anthrax vaccine using recombinant DNA techniques. These
studies are broken down into three phases:

Phase 1. Isolation and charactcrization of the Bacillus anthracis toxin
genes for protective antigen (PA), lethal factor (LF) and edema factor
(E¥). The individual toxin genes will be cloned in expression vectors for
large scale production of toxin proteins using E. coli and B. subtilis.
These experiments should provide enhanced production of the different
toxin components which are made in low levels in E. coli.

Phase II. Generation of mutant toxin proteins from cloned toxin genes
defined in Phase I. Mutations derived from deletion analysis or site-specific
mutagenesis of the cloned toxin genes will be generated using in vitro
manipulations of the vrecombinant plasmid DNAs. Mutations of potential use
for vaccine construction will be identified as thcse which are non-toxic
but still iimmunologically active and protective.

Phase II1. Insertion of mutant genes back into B. anthracis with the
selective removal of wild-type genes. Then, testing of these mutant strains
will be performed in animals, such as the mouse or guinea pig. The research
outlined in this annual report describes the cloning and characterization
of the individual B. anthracis toxin genec. These genes are being expressed
in B. subtilis and E. coli and are being specifically mutated to generate
mutant derivatives which lack biochemical activity but maintain immunclogical
properties. In addition, a physical characterization of the B. anthracis
plasmids with regard to size, genetic complexity, GC% and restriction

enzyme mapping is also described.




FOREWORD

The investigators (Principal Investigator and Graduate Students) have
abided by the Nat‘onal Institutes of Health Guidelines for Research Involving
Recombinant DNA Molecules (May, 1986) Supplemental guidelines pertaining
to the subcloning of the individual B. anthracis toxin genes in sporulation
competent B. subtilis was approved by the NIH committee on toxins March
13, 1986. All recombinant DNA research has also been registered with and

approved by the Brigham Young University Institutional Biosafety Committee.
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BAGKGROUND

As discussed in the summary, the goal of the experiments performed in
this laboratory is to develop a more effective human anthrax vaccine for
the protection of U.S. Army troops using recombinant DNA techniques. The
current human anthrax vaccine consists of alum-precipitated supernatant
material from fermenter cultures of B. anthracis which consists predominantly
of PA (protective antigen) (1l). Unfortunately, this vaccine may not be
effective against all strains of B. anthracis since several virulent strains
have been classified as "vaccine resistant" with regard to this huwnan
vaccine (2). Clearly, an effective vaccine must afford immunological
protection against all strains of B. anthracis and against all forms of
infection, including aerosol.

Virulent strains of B. anthracis contain two different plasmids. The
toxin plasmid (pXOl) is necessary for expression of the three toxin proteins
(3,4) and the capsule plasmid (pX02) (5,6) is necessary for production of
the poly-D-glutamic acid capsule (5,7). In order to be able to imnsert
mutant toxin genes back into B. anthracis for the production of a safe
vaccine strain it has been necessary to characterize these plasmids.
Studies designed to physically characterize these plasmids have included
buoyant density centrifugation, DNA melting analysis and vrestriction
endonuclease mapping of these DNAs. These characterizations sheuld be
helpful in generating recombinant vaccine strains of B. anthracis and in
understanding the physical organization of these DNAs.

Each of the anthrax toxin genes are cloned (4,8,9). The PA and EF genes
have been sequenced (13,15). Experiments which are aimed at expressing these
toxin genes in large quantities in E. coli, B. subtilis and B. anthracis

are in progress. In additicn, we are mutating the different toxin genes
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in order to generate mutant toxin proteins which are still jlwmunogenic but

biochemically non-functional to be used in vaccine development.

RESULTS

Restriction maps of pX9l and pX02. The restriction maps for pXOl and
pX02 (see Figures 1 and 2) are essentially completed £for enzymes which
cleave a few times, such as Pstl, BamMl, Clal, Sscl, Bglll and Pvull,
Experiments to wmap the more frequent cutting enzymes, such as EcoRI and
HindIII, are presently being completed., We have generated recombinarnt DNA
libraries for pXOl and pX02 in bacteriophage A as well as in plasmids in
order to generate a complete map for the most commonly used restriction
enzymes. /4 detailed restriction enzyme map of the LF and PA gene regions
on pXOl is shown in Figure 3.

In a final effort to map pXO0l and pXO2, we are identifying the number
and location of the different RNA tramscripts from these plasmids. This
research project involves the identification of the different promoters
and the RNAs made from them. Basically, we are cleaving pXOl and pX02
with an enzyme which cleaves these DNAs many times, such as Mbol or SaulA,
generating DNA fragments which can ligate to BamHI cleaved plasmids,
Using B. subtilis plasmids which have been cleaved with BamHl located prior
to a promoterless chloramphenicol resistance gene (10), we will insert the
pXOl or pX02 DNA fragments into these promoter identification plasmids,
After transformation of these recombinant plasmids into B. subtilis, we
will identify bacteria which are now resistant to chloramphenicol. These
plasmids will contain a functional promoter (derived from pX0l or pX02)
driving the trauscription of the chloramphenicol resistance gene. The

recombinant DNA inserts prepared from these promoter expression plasmids

v
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vill then be mapped on pXOL or pXx02. The size and divection of RNA
transcription will also be determined. This procedure is very powerful
and should allow us to ideuntify and position wmost, if not all, of the
functional promoters from the B. anthracis plasmids, assuming that all
these promoters will also function in B. subtilis. However, with the
recent discovery that we can transform B. anthracis using electroporation,
we will also be able to transfer these promoter plasmids to B. anthracis
for promoter identification directly in the parent organism,

Characterization of the edema factor gene_ (cya). The edema factor is

a calmodulin-dependent adenylate cyclase (11,12), We have successfully
cloned and sequenced the EF gene (cya) and the DNA sequence (13) was reported
in the previous amnual report. A paper describing the cloning and expression
of EF in E., coli has been published (9) and a manuscript describing the
DNA sequence aud its deduced amino acid sequence has been submitted and
should soon be accepted by Gene (13). We have included the complete FEF
amino acid sequence, deduced from its DNA sequence, in Appendix I,

Several interesting structural features for EF are part of its deduced
aminc acid scquence, (3V  FF apparently covtains a 33 amino acid sipgiori
peptide which conforms to known Bacillus leader sequences in that it starts
with charged (mostly positive) and hydrophilic residues (amino acids 1-10),
followed by a central core of hydrophobic amino acids (residues 11-23) and
then several hydrophilic residues (amino acids 24-33) prioxr to che start of
the mature protein. Proteolytic cleavage apparently occurs at an Ala-Mct
peptide bond, near the start of a proposed a-helis (see Figure 4A), consistent
with signal processing after an Ala or Gly in bacilli (14). A 29 amino
acid leader sequence was also found for PA (15) which would likely contain

a similar secondary structure (stown in Figure 3A). Likewise, a signal
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peptido of 33 amino aclds would be present in the LF:-precursor molacule
(Figure 3A). Figure 4B shows a comparison betwoon the amino acid sequences
near the ends of the EF, PA and LF sipnal peptides and the apparent position
of proteolytic cleavage, Similar awino acids at the end of the sipual
peptide may be required for signal peptidase recognition or for secretion.
(11) A very strong Bacillus ribosome binding site immediately upstream
from the start of the EF protein coding region is present (AAAGGAGGT) which
is similar to the PA and LF ribosome binding sites (both of these genes
have a ribosome binding site sequence ~f AAAGGAG). (iii) Amino acid
residues 347 to 355 of the EF-precursor protein contains the sequence Gly-
X-x-%-x-Gly-Lys-Ser (where xeany amino acid) which is a perfect match to a
consensus sequence praesent in prokaryotic and eukaryotic ATP and GTP binding
proteins (16), The Lys residue is part of the ATP binding sites of these
proteins and appears to be part of the EF ATP binding site as well., That
is, using site-specific mutagenesis procedures, we have replaced this Lys
within EF with an Asn and c¢yclase activity was veduced 90-95% (unpublished
data of author). (iv) We have also ildentified a domain in EF which could
represent its putative calmodulin-binding site. As described in the EF
sequencing paper (13), calmodulin-binding proteins often contain an a-
helical region with charged or hydvophilic residuces on one side and hydrophobic
residues on the other. Such an amphiphilic helical region is present in EF
located between amino acid residues 313-323 of the EF-precursor (sce Appendix
IV). TInterestingly, this putative calmodulin-binding site is conserved in

the B. pertussis adanylate cyclase as well (17,18). (v) No homology

between the EF gene or its deduced EF amino acid sequence was observed with
either the E. coli or yeast adenylate cyclases. lowever, there is at least

®
three regions of homolopy in the amino acid sequence between EF and cthe B. i




pertussis calmodulin-depoundent adenylate cyclase. A section describing
this homology is including below.

Charactoerizatior of the LF gene (Jef). We have determined the entire
DNA sequence for the B. ancthracis LF gene (lef). We easily ldentifled the
start of the LF gene since the first 15 amino acids of the mature LF was
previously datermined by br. J. Schmidt (USAMRIID). The LF DNA sequence
and the deduced amino acid sequence are shown in Appeundix I1. The LF gene
contains a good ribosome binding site (AAAGGAG) which is identical to the
proposed PA gene ribosome binding site. The LF-precursor apparently containg
a 33 amino acid signal sequence (see Figure 4A) which is removed during
secretion, This signal sequence conforms to consensus Bacillus leader
peptides (and to the EF and PA signal peptides) in that it starts with a
polar or charged region followed by 23 noun-polar, hydrophobic amino acid
residucs. After this 33 amino acid leader peptlide, the next 16 amino acids
corraspond exactly to the LF amino acld sequence determined by br. Jim
Schmidt (USANMR1IID), except for one amino acid. Amino acid position +10 of
the mature protain (+43 of LF-procursor) is a His (based on the DNA sequence)
whereas it was previously reported to be a Lys (based on LF protein sequencing).

Interestingly, there is a single Cys in the LF leader, although no Cys

residues are in the mature protein., The entire protein sequence of LF is
also shown in Appendix IIT. Lastly, there appears to be extensive amino

acid homology botween LF and EF in the first 300 amino acids of thesc
proteins., We have detected 10 closely elated domains and three of these
highly conserved domains arc underlined (and labelled #1, #2 and #3) in
Appandix 1 and Appendix I1I. Theso homologous repgions could represent PA
binding domains. Since most of these domains are hipghly charged, interactiouns

with PA may occur through a series of clectrostatic interactions.
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Trangcription start sit

xin genes. Using radiolabeled
oligonucleotides specific for each of tha different toxin genes, we have
attempted to determine the start site for transcription. Using mRNA (isolated
from B. anthracis Sterne) as template, each oligonucleotide was usod to
primo DNA synthesis (using reverse transcriptase) towards the 5'-end of the
respective coxin mRNA, This newly synthesized radioactive DNA was denatured
and electrophoresed on a denaturing polyacrylamide gel., Using this approach,
we have successfully identified the start sites for PA and LF gene
transcription. The PA promoter is apparently located immediately upstream
from the start of its coding vregion with traunscription starting about 25
bases before the first start codon for PA translation (15). Likewise, the
appavent start for LF gene transcription occurs 25 bases prior to the ATG
start codon for LI tyanslation (about nucleotide 456 in Appendix II). We
have not yet been able to localize EF gene transcription. This failure is
probably due to the low level of EF wRNA produced in 5. anthracis which is
at: least 10-fold lowoer than either the PA or LF mRNA concentrations (unpublished

data of author).

Site-specific mutapgenesis of the EF pene. Using site-specific mutagenesis

procedures, we have alterod the EF gene in ovder to modify its enzymo activity
and to construct EF expression vectors. Firvst, the previously identified
ATP binding domain in EF, which conforms to the consensus ATP binding site
of other prokavyotic and eukaryotic ATP and GTP binding proteins (16), has
a Lys residue which has been shown to be jnvolved In ATP bindiung, was
changed to an Asn in EF. The EF adenylate cyclase activity of this mutant,
isolated from E. coli, was reduced about 90-95% indicating that this Lys is
probably involved in ATP binding. However, since total activity was not

abolished, other residues ave probably also invelved, Of particular interest,




is the presence of a His two residues prior to this Lys. This His is also
conserved in the B. pertussis adenylate cyclase as discussed below (see
also Appendix IV).

We have also removed the BglIl cleavage site within the EF gene and
inserted a mnew BglIY recogaition site immediately prior to the start of
the protein coding sequence. In another experiment, we inserted a BglII
cleavage site immediately downstream from the PA promoter so that we could
fuse the PA promoter to the EF gene. This hybrid toxin gene, when inserted
into pBS42 (19) and transformed into B. subtilis, expressed EF at a level
at least as great as B. anthracis Sterne. We are in the process of determining
the precise amount produced using an ELISA or Western blot. EF was secreted
from B. subtilis and was enzymaiically active in an adenylate cyclase
assay. Since PA expression is regulated by bicarbonate (20) in B. anthracis
(Dr. J. Bartkus, USAMRIID, personal communication), we are attempting to
transfer this PA promoter-EF gene plasmid into B. anthracis by electroporation.
Hopefully, this plasmid, when introduced into B. anthracis will produce
regulated high levels of EF for purification and analysis. EF gene mutants

can also be generated and transferred to B. anthracis using this plasmid

construction.
Expression of toxin genes in B. subtilis and B. anthracis. In an
» effort to express the toxin genes in B. subtilis for secretion, we cloned
each of the genes into B. subtilis plasmids. Initially, we expressed these
genes by cloning them to a regulated promoter (in plasmid pSI-1) which also

contains a stroug ribosome binding site (21). For these constructions, we

introduced unique Xbal cleavage sites prior to the start cocdons for the PA,

EF and LF genes. Following cleavage with Xbal (which dces not cleave

within either the EF or PA genes), the entire toxin gene was ligated into
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plasmid pSI-1. When transformed into B. subtilis, transcription of the
insexrted toxin genes was regulated by the lac repressor and IPTG (19,21).
For these hybrid genes, the amount of PA produced was close to the amount
produced by PAl (22; unpublished data of author).

We also created a toxin expression plasmid using the T7 promoter
cloned upstream from the toxin gene. In order to get expression in B.
subtilis, we introduced into B. subtilis a cloned copy of the T7 RNA polymerase
gene (23). These bacteria contain the T7 polymerase as part of an integration
plasmid for regulated expression since the T7 gene was inserted into the
regulatable promotex site of pSI-1. In order to select for cells containing
this polymerase, we also included the erythomycin resistence gene from
pE194, prior to integration into B. subtilis genomic DNA (24,25). B. subtilis
containing this integration plamsid should express T7 RNA polymerasz after
the addition of IPTG. These cells will then be transformed with a replication
competent plasmid containing one of the B. anthracis toxin genes (e.g.,
cya, pag, or lef) cvloned downstream from the T7 promoter for gene expression.
Although we have not yet tested these recombinant B. subtilis, these plasmid
constructions express toxin in E. coli using the T7 polymera~e. B. subtilis
containing these plasmids should produce high level, regulated expression
of the toxin genes in a safe bacterial host. Toxin protein is secreted and
can be used for purification of individual toxin components.

Relationships tetwern EF and the pertussis adenylate cyclase. Bordetella
pertussis, the causative agent of whopping cough, secretes, among other
virulence factors, a calmodulin-dependent adenylate cyclase. The adenylace
cyclase appears to function independently of the pertussis toxin, but is a
required virulence factor since strains which lack cyclase activity are

avirulent (26). Glaser et al. (18) recently showed that the cyclase catalytic

11
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domain is about 450 amino acide in length and is part of a larger precursor
polypeptide of 1706 amino acids. With the anticipation that EF and the
pertussis cyclase might be related, we performed a homology search between
the entire EF (800 amino acids) and pertussis cyclase translational products
(1706 amino acids). Three major regions of homology (labeled #1, #2 and #3
in Appendix IV) were observed which included the catalytic domain of the
pertussis cyclase and the carboxyl terminal 500 amino acids of EF. This
homology comparison is shown in Appendix IV. Domain #1 contains the consensus
ATP binding site which is surrounded by highly conserved amino acids. This
high degree of amino acid conservation indicates a close evolutionary
relatedness for these two proteins. The putative calmodulin-binding site
is conserved for these proteins and is shown in Appendix IV.

Restriction endonuclease cleavage maps for the anthrax toxin genes.
Using the DNA sequences for the EF, PA and LF toxin genes, we have generated
a set of restriction endonuclease cleavage maps for these genes. These

are shown in Appendices V, VI and VII. These maps should be helpful to

those researchers using DNA containing these genes.
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GONCILUSTONS

It appears irom the data reported here that Phase I, II and III of
the original research proposal are essentially completed. Each of the
anthrax toxin genes has been cloned and expressed in E. coli and to some
extent in b. subrilis and B. anthracis. Since we have cloned each of the
toxin genes and know their DNA sequences, we will be able to continue to
study gene expression and to characterize the toxin proteins better. We
will be able to generate toxin gene mutants for the zonstruction of a safe
vaccine and to elucidate the biochemical activities of these proteins.
With the exception of putting the mutant genes back into B. anthracis, our
research will allow us to construct a safe recombinant DNA derived anthrax

vaccine.
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FIGURE 1. Restriction map of pX0l. The positions of the LF, PA

EF genes are depicted. The sizes of DNA fragments for each enzyme are
included due to the lack of space.
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FIGURE 2. Restriction map of pX02.
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The signal peptides (in bold) for EF, PA and LF are shown. The
proposed secondary structure wmost likely to be assumed for the
first 60 amino acids of each protein is shown (a=a-helix; p=g-
sheet; t=g-turn; blankmrandom coil). The amino terminal amino
acid, as determined by Dr. J. Schmidt (USAMRIID), for each mature
toxin protein is also shown.

EF signal peptide

{-start of mature EF
MTRNKFIPNKFSIISFSVLL FAISSSQAIEVNAMNEHYTE SDIKRNHK1TEKNKTEKEKFK
acttt tCAPPHAPABALS aca  aAACAAAAAAXAARA AAAAAAXAAXXXGXAAIOCC

PA signal peptide

d-start of mature PA
MKKRKVLIPLMALSTILVSS TGNLEVIQAEVKQENRLLNE SESSSQGLLGYYFSDLNFQA
caaaaaffpfacalfpf AAAAXXA XA ttttttgpeppppt aaa

LF signal peptide

{-start of mature LF
MNIKKEFIKVISMSCLVTAI TLSGPVFIPLVQGAGGHGDV GMHVKEKEKNKDENKRKDEE
aaxcaaaaccaaatBAppLL At tppPLAs A AAAAAGAXHAAXAAANXXAA

The amine acid sequence at the end of the anthrax toxin signal
peptides is shown. Cleavage occurs after Ala or Gly, comnsistentc
with known cleavages after bacilli signal peptides (14). Similar
amino acids at the end of the signal peptides (denoted with a
vertical bar [|]) probably represents signal peptidase recognition
sequences, The numbers (-1 or +1) indicate the last amino acid
of the signal peptide and the irst amino acid of the mature
toxin protein, respectively,

-1 +w
EF signal peptide Glu-Val-Asn-Ala--Met

I N
PA signal peptide Val-Tle-Gln-Ala--Glu

([ I
LF signal peptide Leu-Val-Gln-Gly--Ala

FIGURE 4. aAnthrax toxin signal peptides,




APPENDIX I.

71

141

211

281

351

421
491
561
631
701

771

The

EF amino acid soquence

(33 aa signal peptide) t-Start of mature EF (767 aa)
MIRNKFIPNKFSIISFSVLLFAISSSQAIEVNAMNEHYTESDIKRNUKTEKNKTEKEKFKDS INNLVKLE

FINETLDK1IQQTQDLLKRIPKDVLELYSELGGELYFTRTIDLVENKELQDLS EELKNSMNSRGERVPFASR

FVFEKKRETPKLIINIKDYAINSEQSKEVYYEIGKGTSILDTITISKDKSLDPEFLNLIKSLSDDSDSSHLLE
#*1 #*2

SQKFKEKLELNNKSIDINFIKENLTEFQHAFSLAFSYYFAPDHRTVLELYAPDMFEYMNKLEKGGFEKIS
#3

ESLKKEGVEKDRIDVLKGEKALKASGLVPEHADAFKKIARELNTYILFRPVNKLATNLIKSGVATKGLNE
(Potential calmodulin binding site)

HGKSSPWGPVAGYIPFDQDLSKKHGQQLAVEKGNLENKKS ITEHEGEIGKIPLKLDHLRIEELKENGIIL
(Putative ATP binding site)

KGKKEIDNGKKYYLLESNNQVYEFRISDENNEVQYKTKEGKITVLGEKFNWRNIEVMAKNVEGVLKPLTA
DYDLFALAPSLTEIKKQIPTKRMDKVVNTPNSLEKQRGVINLLIKYGIERKPDSTKGTLSRWQKQMLDRL
NEAVKYTGYTGGDVVNHC TEQDNEEFPEKDNEIFIINPEGEFILTKNWEMTGRFIERNTTGKDYLYYFNR
SYNKTAPGNKAYTEWTDPITKAKINTIPTSAEFIKNLSSTRRSSNVGVYKDSGDKDEFAKKESVKKIAGY
LSDYYNSANHIFSQEKKRKISTFRGIQAYNEIENVIKSKQIAPEYKNYFQYLKERITNQVQLLLLRQRSN

IEFKLILYKQINFTENETDNFEVFQK I IDEK
Ahdkk Ak Ak k kX

sequence contains 800 amino acids (M, 92,464):

Ala (A) 32 Leu (L) 69
Acg (R) 22 Lys (K) 103
Asn (N) 61 Met (M) 9
Asp (D) L& Phe (F) 40
Cys (CQ) 0 Pro (P) 23
Gln (Q) 27 Ser (S) 55
Glu (E) 82 Thr (T) 39
Gly (®) 40 Trp (W) 5
His (H) 13 Tyr (Y) 34
Ile (1) 68 Val (V) 34
Acidic (Asp + Glu) 126
Basic (Arvg + Lys) 125
Aromatic (Phe + Trp + Tyr) 79
Hydrophobic (Aromatic + Ile + Leu 4 Met + Val) 259

21




APPENDIX II: Nucleotide Sequence of the LF gone.

10 20 30 40 50 60 70 80 90
AAATTAGGATTICGGTIATGTTTACTATTITI TTAMMAATAANTAGTATTAA TAGTGGAATGCAAATGATAAATGGGCTITAAACAAAACT
100 110 120 130 140 150 160 170 180
ANIGAAATAATCTACAAATGCAATTICRCCAGT T TAGATTANCCATACCAAANAAANTCACACTGTCAAGAAAAATGATAGAATCCC EA
190 200 210 220 230 240 250 260 270
CACTAATTAACATAAGCAAATTGGTAGITATAGGTAGAA CTTAT I TATTVCTATAATACCATGCAAAANAGTAAATATTCTGTTCCATA
280 290 300 310 320 330 340 350 360
GIATTITAGTAAATTATTTAGCAAGTAAATTTTGCTGTATAAACAAAGTTYATCTTAATATAAAAAATTACTTTACTTTTATACAGATTA
370 380 390 400 410 420 430 440 450
AMTCAMAATTTTITATCACAAGAAATATTGCCTTTAATTTATGAGGAAATAAGTAAAAT T TICTAGATACTT TATTTTAT TG I'TGAAA
460 470 480 490 500 510 520 530 540
‘TGTICAGTTATAAAAAAGGAGAGATTAAATATGAATATAAANAAAGAATTTATAAAAGTAA T TAGTATGTGATGTTIAG LAACAGCAATT
(r.b.s.) MotAsnIleLysLysGluFielleLysVealIleSerMetSerCysLleuValThrAlalle

(33 amino acia signal peptide)

550 560 570 580 590 600 610 620 630
ACTTTGAGIGGTCCCGTCTYTATCCCCCTIGTACAGGGGGCGRGCGGTCGATGGTGATGTAGGTATGCACGTAAAAGAGAAAGAGAANAAT
ThrLeuSerGlyProValPheXlleProLeuValGlnGlyAlaGlyGlyHisGlyAspValGlyt et sValLysGlulysGlulysAsn

+1 of mature LF

640 650 660 670 680 690 700 710 120
AMAGATGAGAATAAGAGAAAGATCAAGAACGAAATAAAACACAGGAAGAGCATTTAAAGGAAATCATGAAACACATIGTAAAATAGAA
LysAspGluAsnLy sArgLysAspGluG luAr pAsnLysThrGlnGluGlubiisLeulysGlul leMe tLysHisTleVallysIleGlu

130 740 750 760 770 780 790 800 810
GTAAAAGGOGAGGAAGCTGTTAAAAL AGAGGCAGCAGAAAAGCTACTTGAGAAGTACCATCTGATGTTTTAGAGATGTATAAAGCAATT
ValLysGlyGluGluAlaVallyslysGluAlaAlaGluLysLeuLeuGluLysValProSorAspValleuGluMetTyrlysAlalle

820 830 840 850 860 870 880 890 900
GGAGGAAMGATATATATTGTGGATCGTGATAT TACAAAACATATATCTTTAGAAGCATTATCTGAAGATAAGAAAAAAATAAMAGACATT
GlyGlylysIleTyrIloValAspGlyAs, TleThrLystisIleSerleuwGluAlaLeuSerGluAspLysLysLysIlelysAsplle

910 920 930 940 950 960 970 980 990
TATGGGAMGATGCTTTATTACATGAACATTATGTATATGCAANAGAAGGATATGAASCCGTACTIGTAATCCAATCTTCGGAAGATTAT
Ty1rGlyLysAspAlalealeuisGlullisTyrVallyralaLysGluGlylyrGlu? -oValleuVallleGlnSerSerGluAsplyr

1000 1010 1020 1030 1040 1050 1060 1070 1080
GTAGAAAATACTGAAAAGGCACTGAACGTITATTATGAAATAGGTAAGATATTATCAAGGGATATTITAASTAALATTAATCAACCATAT
ValGluasnThrGluLysAlal.euAsuVal TyrTyrGlul LeGlyLys [leLeuSevargAspl leLeuSerLysIleAsnGlnProlyr

1090 1100 1110 1120 1130 1140 1150 1150 1170

CAGAAMTTTTTAGATGTATTANATACCATTAAAAATGCATCTGATTCAGATGGACAAGATCTTITATT TACTAATCAGC T TAAGGAACAT
GlnLystheleuAspValleuAsnThrIlelysAsuAlaSerAspSerAspGlyGlnAspLeulauPheThrasnGlnleulysGlullis
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1180 1190 1200 1210 1220 1230 1240 1250 1260
CCCACAGACITIICIGTAGAATTCTICGAACANAATAGCAANTGAGGTACAAGAG TATTIGCGAAAGC TTTIGCATATTATATCGAGCCA
ProThrAspPheSerValGClwheLauGluClnAsnSerAsnGluValGlnGluValPheAlaLy sAlaPheAlalyr Ty rI1eGlubro

1270 1280 1290 1300 1310 1320 1330 1340 1350
CAGCATCGTGATGTTTTACAGCTTITATGCACCGGAAGCTTITAATTACATGGATANAT T TAACGAACAAGAANTAAATCTATCCTIGGAA
GlnllisArgAspVallouGlnLeuwlyrAlaProGluAl aPheAsnlyrMe tAspLy sPheAsnGluGlnGlulleAsnLeuSerLeuGlu

1360 1370 1380 1390 1400 1410 1420 1430 1440
GAACTTAAAGATCAACGGATGCTG TCAAGATATGAAAAATGUGAAAAGATAAMACAGCACTATCAACACTGGAGCGATTC TTTATCIGAA
GluLeuLysAspGlnArgMetLeuSerArgTyrG luly sTrpGluLys11eLysGlniisTyrGlnti sTrpSeraspSerLeuSerGlu

1450 1460 1470 1480 1490 1500 1510 1520 1530
GAAGGAAGAGGACT TTTAAAAAAGCTGCAGATTCCTATTCAGCCAAGAAGATGACATAATTCATTGTTTATCTCAAGAAGAAAAAGAG
GluGlyArgGlyLeuLeuLyslysleuGlnllaProlleGluProlysLysAspAsplleIleHisSerLeuSerGlnGluGlulysGlu

1540 1550 1560 1570 1580 1590 1600 1610 1620
GCTTCTAAAAAGAATACAAATIGATAGTAG T GATTTTTTATCTACTCAGGAAAAMGAGTITTTAAMAAAGCTACAA TTGATATTCGTGAT
LeuLeuLysArgIleGInIleAspSerSerAspPheLeuserThrGluGlulysGluPhe LeuLysLysLeuGlnIleAspl leAr gAsp

1630 1640 1650 1660 1670 1680 1690 1700 1710
TG TTATCTGAAGAAGAAANAGAGCTTITAAATAGAATACAGGT GCATAGTAGTAATCCT TTATCTCAANAACAAAAAGAGTTITTAAAA
SorleuSerGluGluGluLysGluleuleuAsnArglleGlnValAspSerSerAsnProleuSerGluLysGlulysGluPheLaulys

1720 1730 1740 1750 1760 1770 1780 1790 1800
AGCTCAAMCTICATATT CAACCATATGATATTAATCAAAGG TTCCAACATACAGCAGCOTTAATI CATAGT CCRTCAATTAATCTIGAT
LysleuLysleuAspl leGlnProlyrAsplleAsnGlnArgLouGlnaspThrGlyGlyleul leAspSerProSexr IleasnlouAsp

1810 1820 1830 1840 1850 1860 1870 1880 1890
GTAAGAAAGCAGTATAAMAGGGATATTCAAMATATTGATGCTITATTACATCAATCCATTGGAAGTACCTTGTACAATAAAATTTA ITTG
ValArgLysGlnTyrLysAvpAspIleGluAsnT TeAspAlaleulewiisGlnSerIleGlySer ThrLeulyrAsulysIleTyrleu

1900 1910 1920 1930 1940 1950 1960 1970 1980
TATCHAAATATGAATATCAATAACCTTACAGCAACCCTAGGTGCGGATTTAGTTGATTCCACTGATAATACTAAAATTAATAGAGGTATY
TyrGluAsnetAsnl leAstAsnlauThrAlaThrLeuGlyAlaAspleuwValAspSerThrAspAsnThrlysI LeAsnArgGlylle

1990 2000 2010 2020 2030 2040 2050 2060 2070
TTCAATGANTTCAAMAAAAATTTCAANTATAGTAT TTCTAGTAACTATATGATTGTTGATATAAAT GAAAGGCCTGCATTAGATAATGAG
IeAsnGluPhelyslysAsnTPhelysTyrSerlleScrSerAsnTyrMetIleValAspIleAsnGluArgProAlaletispAsnGlu

2080 2090 2100 2110 2120 2130 2140 2150 2160
CCTTTGAAATGGAGAATCCAATTATCACCAGATACTCCGAGCAGCATATTTAGAAAATGCGAAAGCTTATAT TACAAAGAAACATCGGTCTG
AvgleulysTrpArpl LeGlnLeuSerProAspThrArgAlaGlylyrleuGluAsnGlyLy sleulleleuGlnirpAsnl leGlyleu

2170 2180 2190 2200 2210 2220 2230 2240 2250
GAAATANCGATGTACAAATANTTAAGCAATCCGAAAAAGAATATATAAGGATTGATGCGAAAGTAGTGCCAAGAGTAAAATAGATACA
GlulleLysAspValGlnllallelysGlnSerGluLysGluTyrIleAvglleAspAlalysValValProlysSerlysIleAspthy

2260 2210 2280 2290 2300 2310 2320 2330 2340

AMATTCAAGAAGIACAGTTANATATAAATCAGGAATGGAATAANGCAT FAGGG TTACCAAANTATACAAAGC TYATYACATTCAACG TG
LysTleGLinGluAlaGlulevAsnIleAsnGluGluTrpasnLy sAlaleuGlyleulrolysTyrThrLysleul LeThyPheAsnVal

23

e

Q.

)
i

@



TR ST e s -

2350 2360 2370 2380 2390 2400 2410 2420 2430
CATAATAGATATGCATCCAATATTGTAGAAAGTGCTTATTTAATATTCAATGAATGGAAAAATAATATTCAAAGTGATCTTATAAAAAAG
HisAsnArgTyrAlaSerAsnlleValGluSerAlaTyrLeulleLeuAsnGluTrpLysAsrAsnlleGlnSerAspleul lelysLys

2440 2450 2460 2470 2480 2490 2500 2510 2520
GTAACAAATTACTTAGTTGATGGTAATGGAAGATTTGTTT TTACCGATATTACTCTCCCTAATATAGCYGAACAATATACACATCAAGAT
ValThrAsnTyrLeuwalAspGlyAsnGlyAr gPheValPheThrAsplleThrLeuProAsnlleAlaGluCInTyrThrHisGloAsp

2530 2540 2550 2560 2570 2580 2590 2600 2610
GAGATATATGAGCAAGTTCATTCAAAACGGTTATATGT TCCAGAATCCCGTTCTATATTACTCCATGGACCTTCAAAAGGTGTAGAATTA
GlulleTyrGluGlnValHisSerLysGlyLeuTyrValProGluSerArgSerIleLeuleulisGlyProSerLysGlyValGluLeu

2620 2630 2640 2650 2660 2670 2680 2690 2700
AGGAATGATAGTGAGGGT TTTATACACGAATT TGCACATGCTGTGGATGATTATGCTGGATATCTATTAGATAAGAACCAATCTGATTTA
ArgAsnAspSerGluGlyPhelleHisGluPheGlyHi sAlaValAspAspTyrAlaGlyTyrLeuleuAsplysAsnGlnSerAspleu

2710 2720 2730 2740 2750 2760 2770 2780 2790
GTTACAAATTCTAAAAAATTCATTGATA TTTTTAAGGAAGAAGGGAGTAATTTAACTTCGTATGGCAGAACAAATGAAGCGCAATTITTT
ValThrAsnSexLysLysPhelleAspllePheLysGluGluGlySerAsnleuThrSerTyrGlyArgThrAsnGluAlaGluPhePhe

2800 2810 2820 2830 2840 2850 2860 2870 2880
GCAGAAGCCTTTAGGTTAATGCATTCTACGGACCATGCTGAACGTTTAAAAGTTCAAAAAAATGCTCCGAAAACTTTCCAATTTATTAAC
AlaGluAlaPheArgleuMettisSerThrAspHisAl aGluArgLeuLysValGlnLysAsnAlaProLysThrPheGlnPheIleAsn

2890 2900 2910 2920 2930 2940 2950 2960 2970
GATCAGATTAAGTTCATTATTAACTCATAAGTAATGTATTAAAAAT TTTCAAATGGATTTAATAATAATAATAATAATAATAATAACGGG
AspGlnllelysPhellelleAsnSer

2980 2990 3000 3010 3020 3030 3040 3050 3060
ACCAGCCATTATGAAGCAACTAATTCTAGACTTGATAGTAATTCTTGGGAAGCACCAGATAGTGTAAAAGGTGGCATTGCCAGAATGATA

3070 3080 3090 3100 3110 3120 3130 3140 3150
TITTATGTGTTCGTTAGATATGAAGGCAAAAACAATGATCCTGACCTAGAACTTAATGATAATGTTATTAATAATT TAATGCCTTTTATA
3160 3170 3180 3190 3200 3210 3220 3230 3240
GGAATATTAGTAAAAGTGCCGAAAAGATCCTGTTIGCAAAGCTTITAAAGAACATATTATTCTATCAAGTGGCTGTATATTTTGIGTAATT
3250 3260 3270 3230 3290
TTCAATAAATTTTGTAATTAAGCATACGCTCAAAAAACCGAAATCTGAGCTC
Sctl
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- APPENDIX III. LF amino acid sequence

: {29 aa signal peptide) {-Start of mature LF (780 aa)
l 1 MNIKKEFIKVISMSCLVTAITLSGPVFIPLVQGAGGHGDVGMHVKEKEKNKDENKRXDEERNKTQEEHLK

71 EIMKHIVKI':VKGEEAVKKEAAEKLLEKVPSDVLEMYKAIGGKIYIVDGDITKHISLEALSEDKKKIKDI

141 YGKDAL'HEHYVYAKEGYEPVLVIQSSEDYVENTEKALNVYYEIGKILSRDILSKINQPYQKFLDVLNTI

I #1
' 211 KNASDSDGQDLLFTNQLKEHPTDFSVEFLEQNSNEVQEVFAKAFAYYIEPQHRDVLOLYAPEAFNYMDKF
#2 #3

281 NEQEINLSLEELVDQRMLSIYEKWEKIKQHYQHWSDSLSEEGRGLLKKLQIPIEPKKDDIIHSLSQEEKE
- 351 LLKRIQIDSSDFLSTEEKEFLKKLQIDIRDSLSEEEKELLNRIQVDSSNPLSEKEKEVLXKILXLDIQPYD
421 INQRLQDIGGLIDSPSINLDVRKQYKRDIQNIDALLHQSIGSTLYNKIYLYENMNINNLTATLGADLVDS
491 TDN1X.INRGIFNEFKKNFKYSISSNYMIVDINERPALDNERIKWRIQLSPDTRAGYLENGKLILQRNIGL
| 561 EIKDVQIIKQSEKEYIRIDAKVVPKSKIDTKIQEAQLNINQEWNXALGLPKYTKLITFNVHNRYASNIVE
631 SAYLILNEWKNNIQSDLIKKVTNYLVDGNGRFVFTDITLPNIAEQYTHQDEIYEQVHSKGLYVPESRSIL

701 LHGPSKGVELRNDSEGFIHEFGHAVDDYAGYLLDKNQSDLVINSKKFIDIFKEEGSNLTSYGRTNEAEFF

Il 771  AEAFRIMHSTODHAERLKVQKNAPKTFQFINDQIKFIINS
Tk kddkskokkok sk
. The sequence contains 809 amino acids (M, 93,798):
Ala (A) 34 Leu (L) 80
Arg (R) 27 Lys (K) 86
aAsn (N) 54 Met (M) 10
! Asp (D) 55 Phe (F) 29
® Cys (C) 1 Pro (P) 21
. Gln (Q) 41 Ser (S) 54
i Glu (E) 79 Thr (T) 28
Gly (G) 35 Trp (W) 5
His (H) 21 Tyr (Y) 35
Ile (3) 74 Val (V) 40
Acidic (Asp + Glu) 134
Basic (Arg + Lys) 113
Aromatic (Phe + Trp + Tyr) 69

Hydrophobic (Aromatic + Ile + Leu + Met + Val) 275




APPENDIX IV. Homology Comparison between EF and pertussis cyclase.
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AVEKQNIENKSTTFHEGEIGKIPL K LDHIRTEEUKENGT XL KGKKETDNGKKY YL ESNNQVYEFRT SDENNEVOYKTKEGKTTVL.

I | | L L L U O . L I IR
FEVIARADNDVNS SLAHGHTAVDLIT SKERLDYLROAGL VIG MADG VWASNHAGYEQFE FRVKE TSDGRYAVQYRRK G

+«Domain #2--+
GEKFNWARNTEVMARNVEGVLKPLTADYDLFAIAP SLIEIKKQIPTKRMDKV ~ UNT PNSLEAKGVINIIY KYGIER KPDST

R N R IR |1 I S L I I
GODF EAVKV IGNAAG IPLTADIDMFATMPHLSNFRDSARSSVISGDSVIDYLARTRRAASEATGGEDRERIDLIMKIARAGARSA

KCTISNGQ KM IDRINE AVKYIGYTGG DVVNHGTEQINEEFPEKDNEIFTINPEGE FILTKNWEMIGRFIEXNIT

i I L L LR L X LRI 1 K ]|
VGIEARRQFRYDGDMNIGVITDFELEVRNALNRRAHAVGAHQOVVQHGTEQNN PFPEADEKIFVVSATGESQMUIRGY  IKEYIGQ R

GDYLYYFNRSYNKTAPGNKAYIEWIDP  TIXRAINTIPTSAEFTKNLSS TRRSSNVGVYKDSGTKDEFAKKESVIIIAGYLSDYYNSA

IR RN | | 1= ALl I L
GEGYVFYRNRAYGVAGKSLFDDGLGAAPGVPSGRSKFSPINLETVPASPGLRRPSLGAVERQDSG YDSLDGVGSRSFSIGEVSD  MAA

P FSQEKKRKI ST FRGTQANEI ENVL K SKQTAPEKNYFQYLKERT TN QL LI THOKSNT EFKLLYKUNFTENETINFEVEQRT IDEK
| 1: L : |1 | I 1
VEAAFLEMIRQULHAGARQDDAE PGV SGASAHACQRALQ  GAQAVAAACRIVHATAI MIQRGRAGS TTFQEAAST SAAVFGLGEASS

Domains #1, #2 and #3 represent three highly conserved amino acid

domains in EF (top line of each pair) and the pertussis cyclase (bottom
line in each pair).

The numbers to the left of each line indicates the amino acid position
for EF-precursor or the pertussis cyclase.

The asterisks (*) indicate the consensus sequences for the ATP binding
site for EF and the pertussis cyclase.
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APPENDIX V: Restriction enzyme cleavage sites for EF gene.

cya gene boundary (544-2943)
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cya gene boundary (544-2943)
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APPENDIX VI: Restriction enzyme cleavage site for PA gene

pag gene boundary (1804-4095)
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| I
0 500 1000 1500 2000 2500 3000 3500 4000

NSP B2 ==vc-seeecccarcaacamacmosanaacannns fommmmm et oo masmmeeaomaes
NSP Cl =-ee-c-emcommcaomaaoanan [-ocmcmmamnaacna N LT TN
PST 1  =-~----ecmmcemeccacoccccecacacamecancmoanan- [=omsmmmmmmemmaamamons
RSA 1 womemmommooooooeeooae |<memmmmmmnes IR I EY I EEEEEERRT TP | ---
SAU 3A ------- R L B e R R EEY Y FORORED -1
SAU 96 --=-=-=--me-cescemaemmceceacaconmanan S R D
SCR FL --ve-m=nenw D [ = smmmmmmmemmeceeeacacueacenaaa-
) o110 [~=esamommamcccamsanacamaaa
3 3N L T
SNA 1 ~ccmommoccnnaan- . e
) 0 > o foomemrmmmceanaae |---
SPH 1 ~---mmemmcciccmececaeceeeaceaeeeeeoenaae | ~=ammmmmmmmmmemeaeaaan
SSP 1 ------- |-- - R |- - I EECTL EERERERETE RUIEEEEES
STY 1 -vo--mesmmmcoccmccoaamaaaaaas P [=mmm e m e emm e
TAQ L ----o--eeo--e R LRI REEETEE R EERI REPER -~ fememnee e

XBA 1 ----- T T

bSO . S

30




APPENDIX VII: Restriction enzyme cleavage site for LF gene

lef gene boundary (481-2916)
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