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SUMRARY OF RESEARCH

The 9verall 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 characterization of the Bacillus anthracis toxin

genes for protective antigen (PA), lethal factor (LF) and edema factor

(E5). The individual toxin genes will be cloned in expression vectors for

large scale production of toxin proteins using E. coli and B. subtill.

These experiments should provide enhanced production of the different

toxin components which are made in low levels in E. coli.

Rhase 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 recombinant plasmid DNAs. Mutations of potential use

for vaccine construction will be identified as those which are non-toxic

but still iimunologically active and protective.

Phase Ill. 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
9

of the individual B. anthracis toxin genes. 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 immunological

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 National Institutes of Health Guidelines for Research Involving

Recombinant DNA Molecules (May, 1986) Supplemental guidelines pertaining

to the subcloning of the individual B. antlhracis toxin genes in sporulaton

competent B. subtills was approved by the NIH committee on toxin,; 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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BACKGROUND

As discussed in the summary, the goal of the experiments performed in

this laboratory is to develop a more effective humuan 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. antihracis which consists predominantly

of PA (protective antigen) (1). Untortunately, 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 human

vaccine (2). Clearly, an effective vaccine must afford immunological

protection against all strains of B. anthracls 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 (pXO2) (5,6) is necessary for production of

the poly-D-glutamic acid capsule (5,7). In order to be able to insert

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 restriction

endonuclease mapping of these DNAs. These characterizations shculd 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 addition, we are mutating the different toxin genes
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in order to generate muttant toxin proteins which are still immunogenic but

biochemically non-functional to be used in vaccine development.

RESULTS

Restriction maps of pXOl and pXO2. The restriction maps for pXOl and

pXO2 (see Figures I and 2) are essentially completed for enzymes which

cleave a few times, such as PstI, BMn&l!, Clal, Sscl, BgRI1 and PvuII.

Experiments to map the more frequent cutting enzymes, such as EcoRI and

HinduI!, are presently being completed. We have generated recombinant DNA

libraries for pXOl and pXO2 in bacteriophage X as well as in plasmids in

order to generate a complete map for the most commonly used restriction

enzymes. A detailed restriction enzyme map of the LF and PA gone regions

on pXOl is shown in Figure 3.

In a final effort to map pXOL and pXO2, we are identifying the n-umber

and location of the different RNA transcripts 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 pXO2

with an enzyme which cleaves these DNAs many times, such as MboI or Sau3A,

generating DNA fragments which can ligate to Bamill cleaved plasmids.

Using B. subtilis plasmids which have been cleaved with BafHil located prior

to a promoterless chloramphenicol resistance gene (10), we will insert the

pXOl or pXO2 DNA fragments into these promoter identification plasmids.

After transformiation 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 pXOl or pXO2)

driving the transcription of the chloramphenicol resistance gene. The

recombinant MNA inserts prepared from these promoter expression plasmids



will then be mapped on pXOI or pXO2. The size and direction of RNA

transcription will also be determined. This procedure is very powerfuL

and should allow us to identify and position most, if not all, of the

functional promoters from the B. artllracis plasmids, assuming that all

these promoters will also function in B. subtilis. However, with the

recent discovery that we can transform B. anthracls using electroporation,

we will also be able to transfer these promoter plasmids to B. antahracis

for promoter identification directly in the parent organism.

Characterizatoio _ofthe 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 annual report. A paper describing the cloning and expression

of EF in E. coli has been published (9) and a manuscript describing the

DNA sequence and its deduced amino acid sequence has been submitted and

should soon ,be accepted by Cone (13). We have included the complete EF

amino acid sequence, deduced from its DNA sequence, in Appendix I.

Several interesting structural features for EF are part of its deduced

amino acid scqnen•ce. (•\ RF apparrot-ly cottxains a 33 amino acid sig•-i

peptide which conforIAs to kniown 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) prior to che start of

the mature protein. Proteolytic cleavage apparently occurs at an Pla-Met

peptide bond, near the start of a proposed •-heli.- (see Fi.gure 4A) , consistent

with signal processing after an Ala or (ly in bacilli (14). A 29 amino

acid leader sequence was also found for PA (15) which would likely contain

a similar secondary structure (shown in Figure 3A). Likewise, a sign.a!
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peptido of 33 amitio acids would be present int the I.l,'prccursor InoLucule

(Figure 3A). Figure 41B shows a comparison betwontn the amnino acid s•lquences

near the ends of th. EF, PA and LF signal peptides and the apparent position

of proteolytic cleavage. Similar amino acids at the end of the signal.

pepcide may be required for signal peptidase recognition or for secretion,

(iU) A very strong Bacillus ribosome binding site immediately upstream

from the start of the BF 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-x-Gly-Lys-Ser (where x-any amino acid) which is a perfect match to a

co1isensus sequence present in prokaryotic and eukaryotic ATP and GTP binding

proteins (16), The Lys residue is part of the ATP binding sites of these

prooeins .mid appeari to be part of thc Er ATP binding site . .. well. That

is, using site-specific mutagenesis procedures, we have replaced this Lys

within EF with an Asn and cyclase activity was reduced 90-95% (unpublished

data of author), (iv) We have also identified a domain in EF which could
p

represent its putative calmodulin-binding site. As described in the El!

sequencing paper (13), calmodulin-binding proteins often contain an o-

he1lical region with charged or hydrophilic resi dues on one side and hydrophobit,
p

residues on the other, Such an amphiphilic helical region is present in EF

located between amino acid residues 313-323 of the EF-prccursor (see Appendix

IV). Interestingly, this putative calmodulin-binding site is conserved in

the B. partussis adtnylate cyclase as well (17,18). (v) No homology

between th. EF gene or its deduced E'F amino acid sequence was observed with

either the E. coli or yeast adenylate cyclases. However. there is at leaSt

three regions of homology in tho amino acid sequvniCl hct:ween EF and the B.
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perctissi" c¢amiiodulin-dopotidont adenylate cyc lase. A seoction de.seribitinr

this homology is includinj.- below.

Charac.qd st4 o" .s •ilLF_.gc (-LQ. We have determined the ontire

DNA sequence for the B. anlhracis LF gone (1cf). We easily identified the

start of the LF gene since the first 15 amino acids of the mature LF was

previously determined by Dr. J. Schmidt (USAMRIID). The LF DNA sequence

and the deduced amino acid sequenco are shown in Appoedix II. The LF g&tle

contains a good ribosome binding site (AAAGGAG) which is identical to the

proposed PA gone ribosomo binding site. The LF-precursor apparently contains

a 33 amino acid signal sequence (see Figure 4A) which is removed duriing

secretion. This signal sequence conforms to cotisensus Bacillus leader

peptides (and to the EF and PA signal peptides) in that i.e starts with a

polar or charged region followed by 23 non-polar, hydrophobic amino acid

residues. After this 33 amino acid leader poptide, the next 16 amino acids

correspond exactly to the LF amino acid sequence determined by Dr. Jim

Schmidt (USAMIR1ID), except for one amino acid. Amino acid position +10 of

the maturo protein (+43 of LF-procursor) is a His (based on thie 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

rozidues are in the mature protein., The entire protein sequence of LF is

also shown in Appendix III. lastly, there appears to be extensive amino

acid homology between LF and EF in the first 300 amino acids of these

proteins. We have detected 10 closely elated domains atnd three of these

highly conserved domains arc underlined (and labelled #1, #2 and vt3) in

Appendix I and Appe.1ndix III. These homologous regions could represent PA

binding domains. Since most- of these domalins are highly charged, interact;ions

with PA may occur through a series of clectrostntic interactions.



Tlatacjjption st 1Lt sites for th. anthrax 1tox\ i-L . Is iLn- radiolabe ed

oligonucleotides specific for each of the difforent toxin genes, we have

attempted to determine tile start site for transcription. Using mRNA (isolated

from B. aitlaracls Sterne) as template, each oligonucleotide was usod to

prime DNA synthesis (using reverse transcriptase) towards the 5'-end of the

respective toxin mURNA. 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 region with transcription starting about 25

bases before tile first start codon for PA translation (15). Likewise, the

apparent start for LF gone transcription occurs 25 bases prior to the ATO

start codon for LF translation (about nucleotide 456 in Appendix II). We

have not yet beetn able to localize EF gene transcription. This failure is

probably due to the low level of EF mRNA produced in B. anthracis which is

at least 10-fold lower than either the PA or LI mRNA concentrations (unpublished

data of author).

Sito-specific mu1tttaeenesis of the EF rene. Using site-specific mI utagonesin

procedures, we have altered the EF gone in order to modify its enzyme activity

and to construct EF expression vectors. First, the previously identified
*

ATP binding domain in EF, which conforms to the consensus ATP binding site

of other prokaryotic and eukaryotic AT? and GTP binding proteins (16), has

a Lys residue which has been shown to be i volvted- in ATP binding, was

changed to an Asti in EF. The El' adeny].at~e eyc lase activity of this mutant,

isolated from E. coli, was reduced about 90-95% indicating that this Lys is

probably involved in ATP hindding. However, silico total actitvity was not

abolished( otiher residues areI probaIly also involved, 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 be]ow (see

also Appendix IV).

We have also removed the BglII cleavage site within the EF gene and

inserted a new BglII 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 enzymatically 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. stybtilis 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 strong ribosome binding site (21). For these constructions, we

introduced unique Xbal cleavage sites prior to the start coe.ons for the PA,

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

within either the EF or PA genes), the entire toxin gene was ligated into

10



plasmid pSI-I. When transformed into B. subtilis, transcription of the

inserted toxin genes was regulated by the lac repressor and IPTG (19,21).

F.)r 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 promoter site of pSI-l. 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 polymerass after

the addition of IPTG. These cells will then be transformed with a replication

competent plasmid containing one of the B. anthracLs toxin genes (e.g.,

cya, pag, or lef) cloned downstream from the T7 promoter for gene expression.

Although we have not yet tested these recombinant B. subtil.s, these plasmid

constructions express toxin in E. coll using the T7 polymerare. 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
p

can be used for purification of individual toxin components.

Relationships between EF and the vertussis adenylate cyclase. Bordetella

perttussis, 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

14



domain is about 450 amino acids 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.

12



CONCLUS IONS

It appears from 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. coll and to some

extent in F. subcilis 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 construction 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.

13
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Pstl

FIGURE 1. Restriction map of pXOl. The positions of the LF, PA and
EF genes are depicted. The sizes of DNA fragments for each enzyme are not
included due to the lack of space. S
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PA and LF gene regions of pXO1

Xb
B H L XmH B H H S H JPHE C

PA LFI
85,000 daltons 83,000 daltons

B -8am HI
H -Hin dill
Xb-Xba I
Xh-Xho I
Xm-Xmn i
P. Pstl
E - Eco RI
S - Sst I
C - Cla I

FIGURE 3. Restriction map of the PA and LF gene regions on pXOl.
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(A) The signal peptides (in bold) for EF, PA and LF are shown. The
proposed secondary structure most likely to be asstuned for the
first 60 amino acids of each protein is shown (a-a-helix; P-P-
sheet; t-/J-turn; blank-random coil). The amino terminal amino
acid, as determined by Dr. J. Schmidt (USAMRIID), for each mature
toxin protein is also shown.

EF signal peptide
4-start of mature EF

NTRNKFIPNKFSIISFSVLL FAISSSQAIEVNAMNEIIYTE SDIKRNHKTEKNKTEKEKFK 60
aettt ttPOPO P 00(kp aak aa aaaaaae aaaaaaaaackaaaaa

PA signal peptide
4-start of mature PA

MKKRKVLIPLMALSTTLVSS TGNLEVTQAEVKQENRLLNE SESSSQGLLGYYFSDLNFQA 60
aaclolaata3kaaa tt ttt tpppfippift Qck

LF signal peptide
4-start of mature LF

MNIKKEFIKVISMSCLVTAI TLSGPVFIPLVQGACGHGDV GMIVKEKEKNKDENKRKDEE 60

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

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

I I I -e..

PA signal peptide Val-Ile-Gln-Ala--Glu

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

FIGURE 4. Anthrax toxin signal peptides.
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APPENDIX 1. EF amino acid seqltelwc

(33 aa. signal peptide) 4-Start of matureo IPi (767 aa)

I MTRNKFIPNKPSIISFSVLLFAISSSQAIEVNALIN EIIYTESn)IKRNIIKrhKNK'rEKEKFKD)S .NNLVK'PI'l

71. FTNETLD)K1QQ'1QD)LU(RIP1KDVL1E I S ELGGEiYFri)i DLVEIIKELQ(DtIS EEKNSMNSRGEKVPVA.',R

141. FVFEKKRETPKLIINIKDYAINSEQSKEVYYtE'TCKG1 TSLDTI SKDKSLDPEF'LNLIKSLSDDSDS SDLlF
#1. #2

211. SQKFKEKLELNNKSIDINFIKENITEFQHAFSLAFSYYFAr)DItRTVLELYAPI)M1FYMNKLEIKo0FEKI S
#3

281. ESLKKEGVEKDRIDVLKGEKAU.,(ASGLVPEHADAFKKIARELNTYI LFRPVNKLATNLIKSGVATKGLNE
(Potential calniodul in binding site)

351 HGKSSDWGPVAGYIPFDQDLSKKHGQQLAVEKGNLENKKS ITEHEGEICKIPLKLDIILRI EELKENG IlL
(Putative ATP binding site)

421 KGKKEIDNGKXYYLLESNNQVYEFRI SDENNEVQYKTKEGKITVLGEKFNI4RNI EVMAKNVEGVLKPLTA

491 D)YDLF-AIAPSLTEIKKQI PTKRMDKVVNTPNSLEKQKGVTNILIIKY(CI ERKPDSTKGTLSNWQKQMLDRL

561. NEAVKYTGYLTGGDVVNIIC-TEýQDNEEFPEKDNEI FlINPEG EFILTKNWEHiTGRFI EKN ITGKDYLYYFNR

631 SYNK!APGNKAYI EWTDPITKAKINTI PTSAEFIKNLSS IRRSSNVGVYKDSGDKDEFAKKESVKKIAGY

701 lýSDYYNSANUI FSQEKXRKI SI FR6 QAYNE1 ENVIKSKQ1 APEYKNYFYLKERITNQVQLLLrIhQKSN

771 IEFKLI.YKQINFTENF.TDNFEVFMKI IDEK

The sequence contairas 800 amino acids (Mr 92,464)-

Ala (A) 32 Lou (L) 69
Arg (it) 22 Lyr, (K) 1.03
Asti (N) 61 Met (M) 9
Asp (D) 44 Pile (1') 40
Cys (C) 0 Pro (P) 23
G11n (Q) 27 Set (S) 55
(flu (E) 82 Thr (T) 39
Gly (G) 40 Trp (W) 5
His (11) 13 Tyr (Y) 34
Ile (1) 68 Val (V) 34

Acidic (Asp + (flu) 126
Basic (Aug + L~ys) 125
Arom~atic (IPhe 4. rrp +* Tyr) 79
H~ydro~phobic (Aromatic i Ile *I. Leu -i Met -i Vol1) 2590
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APPFNDIX 11: Nucltootide Sequence of the LF gonle.

10 20 30 40 50 60 70 80 90
AAr~-irx(T~)ircryir~AmAruArmAiG.iCA~ci~~~rrAcAc

100 110 120 130 140 150 160 170 180
ANI1GAANrAATcTAcA&lTcAAIrrrCr(CGAGI",rAG~rrAAACcXrAc(cAMAAAAcAN1CACATlGTCAAGMAAANLATAGAAT~CGT"A

190 200 210 220 230 240 250 260 270
CArlrAAACAKI TGVT'CTGAC'~rArC~ATCAGAAAGMArrMCT

280 290 300 310 320 330 340 350 360
cImrArM~Ar~c~A~lho(~AT~MA'TATCrrATTA ~rr~~rA~AATrA

370 380 390 400 410 420 430 440 450
AMATCA AAA ~IAT ACAAOAAATAT GC EM FAEAC AAUEM T1-lACATAMrrArrrATTrlrGAAA

460 470 480 490 500 510 520 530 540
1GTrCACr 1r~G~MTAMAM M~Arr~MGM aATGTCATG'TM~rAGTAACAcGQAlTr

(r .b. s.) Mos~nticLysLysoiuPkelleLysVtllleSet~etSerCysLeuValmriAlalle
(33 amino acid signal peptide)

550 560 570 580 590 600 610 620 630

+1 of maturte IF

640 650 660 670 680 690 700 710 720
MAGAG~oATM~MGTGAGMCGAATAAA&CAGAAAGCATrAACCAATATGAACACATrrnAAAMATAGAA

1.ys.AspOiusnLys-Argl~ysAspClulst~reAsniLyslliCrOliCullt.Ii.sLeuLysCluIleMoetI.ys~isl~eVall~yslleGliu

'730 740 750 760 770 780 790 800 810

820 830 840 850 860 870 880 890 900
w GJMAAAATTGGCTGC ATATACMAACATATACrI'AGAMGCATTATCTWAAGATAAGAMJ\MMTAAMGACK17T
GyCly~lyyslIleI~yrIloVanlAspC~lyAs,, IleThirLysli islloSeret ~luAlaUuSorCltuAs-piysLysLysfleLys?.%-spI I

910 920 930 940 950 960 970 980 990

TyiXGlyLysAspAalole~tlitiisCl%.iisTyrValTyt:.Ahl~q.ysG~uClyl~yrluP :).oV'tll~etiValI lec.linSorSercluAsp3ýlyr

1000 1010 1.020 1030 1.040 1050 1060 1070 1080
CTACMAATA~rCAAAGC.CAC'ImArTCAAQ AATAIrATCAAGCATt.rxTAA$TAM~rATrAATCAACc~AIA
ValGltusn-ThrG~tuLysAla1.,ouA.sntValTyif1'yrc.1I lo~lykvLy"Ilc~uSerArgt~s-pl 1c',iuScrysI I eAst-GlnPr-o'1'yv.

1090 1100 1.110 1120 1130 1140 1150 1160 1170
C4CAGAMWrrACATYrEA'rrAATACCA~rAAAAAATGCATCrEGAITGAGATCC4\CAAGATGlTr'AT1WrACVMTrCAG.(-. TAGGAAcA'r
GInLys~bel s-u.pVal~e1,ouAstflbr lel.ysAsvi1.aSc-As spScvA.;p(iGnsIu'uh~rsG r)LOuLysGlUll i
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11130 11.90 1200 1210 1220 1230 1240 1250 1260
ccCAcAC*CkcrITrcixVACA~rr(,,rVCCAAGAMA'rAG,~CAAG&G CACMAGMGVrrrVCGcAMGcrTrGCATATTAT~ATcGAGccA

1270 1280 1290 1300 1310 1320 1330 1340 1350
CAGCATcCNA~r rIrVACAGCrI-r'ATGCACGGAGMGG~rrrxrrACATGGAVAAWIrIrphGGMGAAGMIVPAAMCATCrGTGMcic,
Cnl-lisArgAspVa11.ouG.1niteul'yrAlaPro01uAlaPhioAstilyr~e tAspLysPheAsr~luGlx-Ci~LuleAsutileuSer~lsuGlu

1360 1370 1380 1390 1400 1410 1420 1430 1440
GMUILTAMATQAAACFGAT TOAA0GAMCACaTM&rGGGATTWITEATCIW3M
GlucuLysAspGlntrgMetLeuScrArgMyrOuLysTtpG~uL~ys11oLysUlinhislrOytiIt~isTrpSerAspSerLeuSor01us

1450 1460 14#70 1480 1490 1500 1510 1.520 1530
GMAOGAAGAGGACPf rrAAMAA~aArGCAGAfl'CaArEGAGcCMAAGMAOACrOACATAATECATErr~rATaTCAAGAAGAAAAC,\G
GluGlyArg~ly~kut~wtLyqL~yslktiC,.tllhePr'olleOIutltol~ysl.ysAspAsp~lololltisSorl-ouSotGlnGlttflLdysClu

1540 1550 1560 1570 1580 1590 1600 1610 1620
C=rCAAAMAGAATACA&AA?1TAGTAGV0Ar'IrrrVATaACT0AGGAAAMGAG1YrrrVAAAMMCAGaAMATVGATAITrCcnYA
I-tLoutALysArglIeItolnleAspSorSerAspPheleuSor~lhr~luGluLys~luiPheL~ouLysLysL~euGluilloAsp~llArgAsp

1630 1640 1650 1660 1670 1680 1.690 1700 1710
TCt~rCA'rMGAAGAAMAGAGCMT1MTMATAATAC-ACKýOOATACTACVAATCCITVrAT~rCAAAAACAAAMGAGITITE~mM
SorLouSerGluGluCluLys~luLauleauAsrt~rglIeGlniValAspSorSorAsn~rol~uSov.Glu.LysGluLysGluPh~euuLys

1720 1730 1740 1750 1760 1770 1780 1790 1800
AAGU ,Gt~tACfrýVL ATTICAACCIVrVNIXWT.A7TMT rQýJA C10M~ A I'= k1ArrCCGf,71'C xrcIt' r

I ysIAfll1.ysIeAsI .loS1GlnI'rl'nflyAsp~leAsniGIt)rgloLouGln-AspItGlyClyl.e~ulleA~spS'orPro~orlloitsnloukAsp

1810 1820 1830 1840 1850 1860 1870 1880 1890
GYAAGAAAGCAG.TAThAACMOATArWCAMATAV'IXWVG'CrITArrTACATCAATCCATVOCMGEACC17rTACAATMAAATrTALTEC

1900 1910 1920 1930 1940 1950 1960 t970 19800
TATCJIhAMfAhGMThTCMTAACCTTACAACYCACCCrAOCGCOGATrFACTFCrArVCCACL'CATMThCrMAAMrAATAGACGGVATr

TytCltu*-srfet-Asnfll.eAsniAsntl ouThrAlaThirTeuiClyAlaAsploutValAspSorllhrAspAsmfllwLysl loAsnArg~ly~l t

1990 2000 2010 2020 2030 2040 2050 2060 21070
'rrcA~i(ATGAATcmALAAA~rrrcAAArATAcTATrrcTAarAt\Cr~fTriYF FCl'rAT11VN~ATAT(AAMcc(;CCGXrf(cATrACA'1x;AG
FhoiAsn-tlutlheLyst.ysk-snPhcelhys'TyrSorl lcSorSor~rsnTyrMoel lcVai.AspI loAsnCvltuAr-gProAliL-c'aU~spAsn-C,.lu

2080 2090 2100 21.10 21.20 2130 21140 2150 2160
W(=rPGAATGcAGMTCCwff TrATCACCATACrEC.ACCAGCw~rirrrAGAcwGMi.A&\rJWEXL-VAGrAcAAAwCATCGGT~,(rG

2170 2180 2190 2200 2210 2220 22.30 2240 2250
CAMtTWGC(AT(TAC,\.AATMVFAAGCMTCANDCMAAAGAATATATAAC.CATr CAThC.CMýACTAGrCCCAMCACAT-rAAMTACA\TAGA
ClIkIileIysAspValGlInl 1-il lc~ysGI uiSe r-('luLysGuutTyrlleArgile(AspAiaLysVnlVal ProJ ~ysSerlysi LoAspIIhr

22.60 2270 2280 2290 2300 2310 2320 2330 '2340
AAMATrcivcAAMO?.A.cAGarMAVrAVMXIGAGCAATcGGA~rA~ATAG rVAGGGTV rAccMTNAA"rvAcAGc-c~rAreclAcAtFCMGiGT
Lys I 1,,leVGhu~hAl X hUCmns ailIlesnliCl1uTrpAs--nIysAlIcGyIa u rl.ysmrCr yl ul Ie'IhrPheAsnVa 1
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2350 2360 2370 2380 2390 2400 24410 2420 2430

His~snP-gTyr~laSerAsnfleValCluLSerAlaTyrl~eulleLeu~AsnGluTrpLysAsr-A~snlleClnSerAsp)-eul lel~yslys

2440 2450 2460 2470 2480 2490 2500 2510 2520
GrAACAAATrAcTrAGTrGATGCrAA.TGACGATlTG'rrACOCATATrACTCrCC rAAAc1~~ATTccTCAAGAT
Va1ThrAsnTyr1-euVa1AspGlyAsniGlyArg~heValPheThrAsplIeThrlp-uProAsnlleAlaGluCltnTyrThir~isC~nAsp

*2530 2540 2550 2560 2570 2580 2590 2600 2610
C*ATC TTTT~OAGA~TCAAý A.Ar

GluIleTjrGluGlnVa1HisSerLysGlyle-uryrValProGluSerArg~erI~eaL~euluHisClyProSerLyý-GlyValGluLeu

2620 2630 2640 2650 2660 2670 2680 2690 2700
AGGATG~~GGGG~rrrTACCGArLCACATC~CTGATGTTAGCTGATT~rTEAATAGAACAAT(.rGAIT'rA

ArgAsrnAspSer~lGlfy~helleHisGlu~heGlyHisAlaVaLAspAspTyrAlaGlyTyrLeuleuAspLysAsnClnSerAspLeu

2710 2720 2730 2740 2750 2760 2770 2780 2790
GTAAATTAAArArA. CTTGAACAl.AGCA~C~
Va1ThrAsnSerLysLys~heIleAsp11e~heL-ys~l~uGlu~ySerAsnI~euThrSerTyrGlyArgThrAsnGluAlaGlu~hePhe

2800 2810 2820 2830 2840 2850 2860 2870 2880
GCAGAAGC rA~IACATrCCCAGCCO~rAATCAAATCTCCGAAAAGrrrCAATIrFA¶FIAAC
AlaGluAlaPhe~rgl~eu~etHisSermhrAspHisAla~luArgLeuiLysValGlriLysAsnAlaProLysmhrPhe~lnPhelleAsn

2890 2900 2910 2920 2930 2940 2950 2960 2970
GATCAGATTA~CATrA~ACCTArACArAA~nCATG~rAATAATAATTAACO
Asp~lnlleLysllhellelleAsnSer

2980 2990 3000 301.0 3020 3030 3040 3050 3060
ACCAOCCCATrATGAAC Arr~AArGTGA¶r1rCMCAGGTTAG0 CA~TEGCAGAATGATA

3070 3080 3090 3100 3110 3120 3130 3140 3150
TTrfATC=CGTTCrAGATAIVAAGGCAAAAAGAATGATC rAcAAcrAcT¶~rArTILrTC=r~ATA

3160 3170 3180 3190 3200 3210 3220 3230 3240
GGAATATIAGTAAAGTGCCGAAAA~GATCC1YTrGCAAAGCLrAAACTrAJOAC.~GTTT~r~GA~

3250' 3260 3270 3230 3290
TrCAATMA'I-IGTAA'rAAGCATArCAMAMACCCAAATCTCAC.CTC

s$ t
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APPENDIX III. LF amino acid sequence

(29 aa signal peptide) 4-Start of mature LF (780 aa)
I ~ 1 NIKKEFIKVISMSCLVTAITLSGPVFIPLVQGAGGHGDVGMHVKEKEKNKDENKRKDEERNKTQEEHLK

71 EIHKHIVKI LVKGEE.AVKKEAAEKLLEKVPSDVLEKYKAIGGKIYIVDGDITKHISLEALSEDKKKIKDI

141 YGKDALLHEHYVYAKEGYEPVLVIQSSEDYVENTEKALNVYYEIGKILSRDILSKINQPYQKFLDVLNTI

#1

211 KNASDSDGODLLFTNQIXEHPTDFSVEFLEQNSNEVQEVFAKAFAYYI EPOHRDVLA)LYAPE-AFNYMDKF
#2 #3

281 NEQEINLSLEELKD)QRMLSR-YEKWEKIKQHYQHWSDSLSEEGRGLLKKLQIPIEPKKDDI IHSLSQEEKE

351 LLKRIQ!DSSDFLSTEEKEFLKKLc2IDIRDSLSEEEKELLNRIQVDSSNPLSEKEKEFUU(LKLDIQPYD

421. INQRLQDrCGLIDSPSINLDVRKQYKRDIQNIDALLHQSIGSTLYNKIYLYENMNINNLTATLGADLVDS

491 TDNIIUNRGI FNEFKKNFKYSISSNYMIVDINERPALDNERIYKWRIQLSPDTRAGYLENGKLI LQRNIGL

561 EIKDVQI IKQSEKEYIRIDAKWVPKSKI DTKIQEAQLNINQEWNKALGLPKYTrKLITFNVHNRYASNIVE

631 SAYLILNEIJKkNIQSDLIKKVTNYLVDCNGRF!VFTDITLPN IAEQYTHQDEIYEQVIISKCLYVPESRS IL

701 LHGCPSKGVELRNDSECFIHEFGHiAVDDYAGYLLDKNQSDLVTNSKKFIDIFKEEGSNLTSYGRTNEAEFF

*771 AAPLHTHELVKAKFFNQKIN

flThe sequence contains 809 amino acids (Mr 93,798):

Ala (A) 34 Leu (L) 80
Arg (R) 27 Lys (K) 86
Asn (N) 54 Met (M) 10
Asp (D) 55 Phe (F) 29
Cys (C) I Pro (P) 21
Gin (Q) 41 Ser (S) 54
Giu (E) 79 Thr (T) 28
dly (0) 35 Trp (W) 5
His (H) 21. Tyr (Y) 35
Ile (1) 74 Val (V) 40

Acidic (Asp + Clii) 134
Basic (Arg + Lys) '113
Aromatic (Phe +- Trp + Tyr) 69
Hydrophobic (Aroma-tic + Ile + Leu +- Met + Va11) 273
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APPENDIX IV. Homology Comparison between EF and pertussis cyclase.

Calmo&ULn Site ATP bixn1irxg Site

---------- Paain #1 --------------4

379 AVBMRKSrAEXEMcIP K

I I I : I1 11 11 1 1 1 1 1 1 1I 1 I1 111:1 1
91 SnRUNSAMRMMMRA VlM MWD WASNHACTFE FRVKE TSDWAXIYWVLP

4.-DcflwI~k #2-4*
466 JE UI~ADF 1P SUEMU~TFIIM Wr RZLEWVIU~ KGIE KEST

11111 I:tII:tI:4I 1I 1 1 1 1 1 :1I1 1
168 CMDF F.VK KICUW. MA M

253 WiEA PRIBQ1ITqIGqLWMWQrD~rQ PFTAI UaFVVSAZZSWMWQI~X U~EaIa R

621 ThMCQUFI'SAEUISIRSMU)A1FKAGnDY

339 GiYNACVSF)AVESFSFI EMVASRIRRPSIIAVEHQ)S MBLDGM SF¶LEVSD MPA

426 VMM~ MAQWPV SGASAMnXA1LQ GAkA~RVAAMFZG~-~~k.AVMT

1. 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).

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

3. 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)

I . . .. .. .......---- ---- I
0 500 1000 1500 2000 2500 3000

AFL 3 --.-------.-------. I --------.-------I-------.------.------

AM 3 -..... I--- I --------- I .------------------------- .. ---- -
A -I ..--- i. ..----------- -I-.-. -III ------ I ------ I -------------------
APA 1 --------------------------------I- IIII-----------------I---------------
AVA I ------------------------------------ I----------------------------
AVA 2 ------------------------------------------------------------------- I---
BAN 2 --------------------------------- I ------------------------------------

BV 1 ----------------------------------- I----------------------------
BCL I --------------------------------- I -----------------------------------
BGL 2 ---------------------------------------- ----------- I -----------------
BIN 1 ---------------------- I ---------------------------- I ------------------
BSP 128 ------------------------ .--------------------I--------------
BSP M1 -- -------------------------------I----------------------------
BST II .------------------------------------------------- -----------------
DDE 1 ------ ....- ---------------- I --------- I --------- I -------------

ECO 010 ---..-. I----I--I-I- ------------- I -------- I------------------------
ECO R1 -- -------------------------------.. .. --------------------------
ECO 4HI -------------------------------------------------------------- -

4OK 1 41----- --------[--I --------------------------- I..I ------------------

0 1 ----------.------------------- I ------------------I----I--------------
HAE 3 ---------------------------------I ---------------------------------
HGI 32 --------------------------------- I ----------------------------------
HI-A 1 -- ------------------------------------------------------------------
H•HC 2 .--------------------------------------- --I -----------------------
HIND 3 2----------------------------- - ------I-----.-.---- I -------------------
HINF 3 . . ..------------------------------- -I - -I ---------- I ----------
HPA 1 ..----------------------------------- 1-----------
HPA 2 ------------------------------------------- I ---------------------
H1PA I ------------------- I -------------- I ------------ I ---------------------
MBO 2 .------------------ I--------- I I ---------- I ---- ------ ------
INL I ------------ ---- -1 ------------------------I ---------- I--- -
MST 2 ---------------- I I.---I--I--------------------------------I--I--.----
NCO 1 --------------------------------- ------------ -I -----------------------
NDE 1 -----------------------------------------------------------------
NLA 3 --- 1 ----- I ---------------- -- 1 ---------- I ---------------------- I.
NIA 4 --- j-----j----------------------I I --I ..---------I--- --------------
NSP B2 ----------------------------------- I - --------------------------

NSP C1 -------- j I --------------- 1--I ---I-----------------------------------
PPO Ml ------------------------------------------------------------------
PVU 2 -- ------------------------------------ I -------------------------
RSA 1 ----I ----------- I ------------ I -------- I ------------------------------
SAU 1-----------------------------------------------------
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cya gene boundary (544-2943)

---- I --=-='--------- -n n----------

0 500 1000 1500 2000 2500 3000
I --------- I --------- I ---------- I --------- I --------- I --------- I --------

SAU 3A ---------------------- I ----------- I --------- I ---- I- .-------- I--
SAU 96 -------------------------------- I ----------------------------------
SCR F1 ------------------------------------------------- I --------- II-
SDUL- --------------------------------- I--------------------------------
SFA Nl 1----------------- I --------- I ------------------------------------ I-
SPl 1 --------------------------- I -----------------------------------------
ssp 1 ------------------------------------- I -------------- I-I- .---- I--
STU 1 -------------------------------- I -----------------------------------
STY 1 --------------------------------------------- I -----------------------
TAQ 1 --------------------------------- I-I ---I-------------------------- ...
XBA I ------------------------ I --------------------------------------------

XHO 2 ------------------------ I --------------------------- - I--------------
XMN I ------------------- --------- I-- ------------- I------I----
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APPENDIX VI: Restriction enzyme cleavage site for PA gene

pag gene boundary (1804-4095)

O 500 1000 1500 2000 2500 3000 3500 4000

ACC 1 ----------------------I-------------------------------------
ACY I-------------------------------------------------- I----I--------------
AFL 2 ------------------ I----------I-------------------------------------
AFL 3------------------------1-1-j---------------- I---- I------------------
AHA 2 -------------------------------------------------- I----I--------------
ARIA 3 -------- I1I--------- -------------------- I------ I-------I- -Il-
AIJJ 1. 1-I--I----------1-I ---1--I------- I-------I--- I -----------------
ASU 2 -------------------------------------- I---- 1-I---I---I-----------------
AVAL1---------I------------I-------------------------------------------
AVA2 ------------------------------------ 11------------------------------
AVA 3 --------------- I-------I-------- -----------------------------------
BAMHL----------------------------------------------------------------------I

BA ------------------------------------------- I ----------------
BC 1 -- 1-------------- I----------------------- I--------I-----------------
BCIN 1---------------- ------------------------- j---I-----I---I--------I----
BIN 128------- I-----I-----------------------------1-1---------1-1----------1--
BSP 128 ----------------------------------- I---------------------------
BSTEM2--I------------------------------------I----------------------------
BST E2I---------------------------------I------------------
DDE N1----- --------- ---------- i------------------------I-------------
DEO 1i--------------1--------------------I----------------I--------------------
FClJ4H1-----l ------------------I------------------I ----------- I----------
FNUD2H1---------------------- I----------------------- I------------ I-------------
FN0 D1-------------------------------------------------- I-------------I------
H A E 2 - - - - -- - - - - - - -- - - - - - - -- - - - - - - -- - -I- - - -
GAE 1 ------------------------------------------------- 1------------------
HOA 1----------------- ------------------------- I--- --..-- ------------------
HGI A ----------------------------------------- I-------------I--------------
HGI l --------------------------------------------- ------------------
HHAIN 2----------------------I------------------- ------------I------
IIIND3I----------------- I----------------------I----------------- I--------
HINF 1 -~--j----------------------------II -----I-I ------------------ I------
HPAF 1--------------------------...-................................
11PA2 1---I----------I-------------------I------- -----------I----------
HPHA 1 -1------i-------------------- I-------i------------I-------------
MBO 2 -- I------- I---~---~----------- I-I-I-----1-------------I------I---I--
iiiqi2i --- I--------------II----I--------I--------III-------------
MNA I--------------------11---- I--------1-1------1-1-1--------i------ I--------
NARI001 ------------------------------------I------I---- I------------------
NLA 1 --------------------I-----II ------II I --I--I--------------------
NIA4---------------------- I ------ I-------- ---I---------------------
NRU 1----------------------------------------- I--------1-1--I---------------I
NSI1------------------------I--------------------- I-------------------
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pag gene boundary (1804-4095)

0 500 1000 1500 2000 2500 3000 3500 4000

NSP B2 .....----------------------------- I.------.------ I ..------.------.----
NSP cl ------------------------ ---.--- I-----------------
PST I -------------------------.---------------- I --------------------

RSA 1 ......---. ------------ I1-I - -II --------------- --
SAU 3A ------- I--I- I-------------------I--I-I- I--I-I - ----- I--
SAU 96 -------------------------------------.. . .. --I-"I.----------------------
SCR Fl ---------------- I .---------------.-----------------------
S D U 1 ---- ------ ----- ---- ----- ------- ----- -----I ---------------------------
SFA NI -- I ------------------------------------------------------------------
SNA------------ - I ------- I - ----------------------------------
SPE I ----------------------------------------------- I---- I ------------ I-
SPH I ------------------------------------------------ I--------------------
sSP I --------- I- I-------------- I ------- ---- I ---------- II--
STY I .---------------------------------- - I ------- I ------------------------
TAQ I -------------- I --------------------- -I---I- -I---I ----------
TTHII1 ------------ I -------------------------- I -----------------------------
XBA 1 - I ------------.----------------------------------------------
XHO1 I --------------- I ----------------------------------------------------
XHO 2 -------- I .---I - --------------------------------------------I
.Y M I ---- ------ ----- ----- ------ ----- -- -- ------- ---- ---- ----- --- ----- -----.
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APPENDIX VII: Restriction enzyme cleavage site for LF gene

lef gene boundary (481-2916)

0 500 1000 1500 2000 2500 3000
a-- --a--- a-- --------- a --------

AFL 2 ----------------------- I ----------------I-----------------------.--
AUA-3 -- ------------ I ------- I-I---I- 1 11------I----------- ---- I I-I

AW I - -------------------------------------------- - I ---------------------
AVA 2 ----------- I ----------------------------------------- I ---- I ....--
AV 3 ---------------------- I ------------------------ I -------- I ----------
AVR 2 --------------------------------------- I ---------------------------

AN 2 ------------------------------------------------------------------ I
BBV 1 ---------------- I ------------ I --------------------------------------
BGL 2 -------------------------- I ----------------------------------------
BIN I --------------------------------------------------------------
BSM 1 - ---------------------------------------------------- I I----------
BSP 128 ------------------------------------------------------------------ I
BST E2--------------------------------------------- I-----I---------------
DDE I ---------------------------------- I -------------- I ---------------I
ECO RI ------------------------- I -------------- I --------------------------
ECO R5 ------------------------------------------------------ I ------------
FNU 4HI --------------- I ------------- I -------------------------------------
FOK I ----------------- I --I------------I-.----------

HAE 3 -------------------------------------------- I------------------- --
HGI Al ------------------------------------------------------------------ I
HGI J2 ------------------------------------------------------------------- I
HIND 3 -------------------------- II --------------- I---I- -----------
HINFI --- I--------------- I I--I---- 1- I---- I - --------------
HPA 2 ----------------------------- I -------------------------------------
HP 1 ------------- I .-- I-------------------a-- I -------------
HBm O 2 ------ ----- 1 1 -- -- 1 1 - -------...... ...... I ----- I -----------
M N L I - - - - I -- -- 1 1 . . ....- I --- 1 - - --- I ------ --- ---I ------ ------ -
N C O I ----------------------------------------------------I --------------
NDE 1 ------02-----------------II- ----- a-Ia--a--- I ---------- -------------
NL- 3 ---- I-- I------I------------a----------- I---------
NIA 4 ------------ - --------------------.------------------------ I -
NSL 1 -------------------- I -------------------------- I ------- I ---.-------
NSP C1 ---------------------------------------------------------------a-----
PST 1 ---1-------------------------. I -----------------------a- --.--------
RSA 1 ------------ --- I ---------- I-----------------------
PSACI------------------------ -----------I-----------------------------
SAU 3A ------------------- I----I ----------------- I - ---------
SAU 96 ..----------- I ------------------------------------------ I -- ------
SDU 1 ---------A-------------------------------g------------------------
SAU 96 ---------------- I----1- -1--------- ------- 11---------I------I----
SPA I ----------------------I--I-I---------- --- I--I . .--------------
s sP 1-I I .... . . . . . . . .. . . . . .... . ....- - . . .. . . . .. II- . . .I---
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let gene boundary (481-2916)

0 500 1000 1500 2000 2500 3000

STU 1 -------------------------------------- ---- I-------------------
STY " .--------------------------- I - ---------- I ------------ I -------------
TAQi1------------------------- I---g-------------I ---------------------
TTHI ..----------.------------------------------------------- I ------------
XBA I.------------------------------------------------------------ I ------
xHo 1 ------------------------------------------ I ------------------------
x10o 2 ----------------------- I ...............---------------------- I--
XMN 1 ---------------------------------------------------------- -I-------
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