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• of these proteins for biochemical purposes and for vaccine testing. However,
we have not yet placed mutant toxin qenes back into B. anthracis, although the
wild-type PA and EF qenes have been transferred. (,c- -

In conclusion, it aopears that most of the experiments outlined in the
oriqinal research Droposal are completed. (i) The anthrax toxin aenes have
each been cloned. (ii) Each of the toxin genes have been sequenced. (iii)
We have qenerated some toxin qene mutants to be used in the construction of
a safe vaccine. Wea'e also using mutants to help elucidate the biochemical
activities of these proteins. (iv) Hle have expressed the anthrax toxin qenes
in E. coli and B. subtilis and have constructed expression vectors for
B. subtilis and B. anthracis. These recombinant plasmids should allow for
high level expression of the toxin proteins for biochemical and imnuno-
logical purposes. (v) We have identified conserved amino acid homolgy be-
tween EF and the Bordetella pertussis calmodulin-dependent adenylate cyclase.,
This relationship should help to characterize EF better. (vi) Homoloqies which
exist between LF and EF should allow us to examine the interaction between
these oroteins and PA.

Overall, the reseArch performed under this contract has allowed us to
characterize the anthrax toxin qenes and to construct important qene mutants.
This research is absolutely renuired for the construction of a safe recombi-
nant DNA derived anthrax vaccine.
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SUMMARY OF RESEARCH

Research Goals- The overall goal of the present research is to construct

a safe and effective human anthrax vaccine using recombinant DNA techniques.

We plan to isolate and characterize the Bacillus anthracis toxin genes for

protective antigen (PA), lethal factor (LF) and edema factor (EF). The

individual toxin genes will be cloned and expressed in E. coll and B.

subtIlls. The toxin genes will be modified using site-specific mutagenesis

or deletion mutagenesis procedures to generate gene mutants which lack

biochemical activity but which are still fully immunologic for use in a

recombinant vaccine. These mutant genes can then be inserted back into B.

anthracls Sterne with the selective removal of wild-type genes. These

mutant B. anthracls strains will be tested in animals, such as: the mouse or

guinea pig, for vaccine efficacy.

We will also characterize the B. anthracls plasmids pXOl and pXO2 (1-

3). Since we plan to insert the toxin genes back into B. anthracls to

construct a recombinant vaccine host, we need to know a complete restriction

map of pXOl, which contains the toxin genes. In addition, in order to

understand the expression of the toxin genes and of the capsule (2-4), we

need to physically characterize these plasmids as completely'as possible.

Research Achievements. During the course of this contract, we have

isolated and characterized each of the B. anthracis toxin genes. The PA

(pag) gene was cloned and initially characterized in the Bacteriology

Division of USAMRIID (5). In addition, the DNA sequence for pag was also

determined by them (6). The cloning and characterization of the EF (cya) and

LF (!ef) genes were performed in my laboratory (7,8). The DNA sequences

for the cya (9) and IeE (unpublished data of author) genes have also been

completed in my laboratory.
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An improved method for the isolation of large quantities of pXO1 and

pXO2 from B. anthracls strains was developed at Brigham Young University

(10). Initial restriction enzyme cleavage maps have also been constructed.

We have also initiated mutagenesis procedures for the modification of each

of the toxin genes. These mutants are currently being tested for biochemical

activity. In addition, these gene mutants are being inserted into B.

subtIlls to produce larger quantities of these proteins and for vaccine testing.
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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. anthracls toxin genes in sporulation

competent B. subtills 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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RESULTS

Isolation and characterization of the edema factor gene (cva). The

edema factor is a calmodulin-dependent adenylate cyclase (11,12). We have

cloned and sequenced the EF gene (cya). The DNA sequence and deduced amino

acid sequences (9) were reported in previous annual reports and are shown

in Appendix I and II. A paper describing the cloning and expression of EF

in E. coll has been published (8) and a manuscript describing the DNA

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

soon be accepted by Gene (9).

Several interesting structural features for EF are part of its deduced

amino acid sequence. (i) EF apparently contains a 33 amino acid signal

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) prior to the start of

the Nature protein. Proteolytic cleavage apparently occurs at an Ala-Met

peptide bond, near the start of a proposed a-helix (see Figure 4A), consistent

with signal processing after an Ala or Gly in bacilli (13). PA apparently

contains a 29 amino acid leader sequence (6) and LF appears to contain a

33 amino acid leader (see below). Figure 4B shows a comparison between the

amino acid sequences near the ends of the EF, PA and LF signal peptides and

the apparent position of proteolytic cleavage. Similar amino acids at the

ends of these signal peptides may be required for signal peptidase recognition

or for secretion. (ii) A very strong Bacillus ribosome binding site

immediately upstream from the start of the EF protein coding region is

present (AAAGCAGGT) which is similar to the identical PA and LF ribosome binding

sites (AAAGGAG). (iii) Amino acid residues 347 to 355 of the EF-precursor
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protein contains the sequence Gly-x-x-x-x-Gly-Lys-Ser (where x-any dmino

acid) which is a perfect match to a consensus sequence present in prokaryotic

and eukaryotic ATP and GTP binding proteins (14),. The Lys residue is part

of the ATP binding site 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 cyclase activity was

reduced 90-95% (unpublished data of author). (iv) We have also identified

a domain in EF which could represent its putative calmodulin-binding site.

As described in the EF sequencing paper (9), calmodulin-binding proteins

of,.en contain an a-helical region with charged or hydrophilic residues 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 (see Appendix II). (v) No homology between the EF gene or

its deduced EF amino acid sequence was' observed with either the E. coil or

yeast adenylate cyclases. However, there is at least three regions of

homology in the amino acid sequence between EF and the B. pertussts calmodulin-

dependent adenylate cyclase. The putative calmodulin-binding site, identified

above, is conserved in the B. pertussis adenylate cyclase as well (15,16).

As mentioned above, we have also compared the EF amino acid sequence

with the calmodulin-dependent adenylate cyclase of Bordete±.La pertussis,

the causative agent of whopping cough. The pertussis cyclase appears to

function independently of the pertussis toxin, but is a required virulence

factor since strains which lack cyclase activity are avirulent (17).

Glaser et al. (16) recently showed that the cyclase catalytic domain is

about 450 amino acids in length and is part of a larger precursor polypeptide

of 1706 amino acids. We performed a homology search between the entire EF

(800 amino ecids) and pertussis cyclase (1706 amino acids). Three major
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regions of homology (labeled #1, #2 and #3 in Appendix III) were observed.

These homologous domains are part of the catalytic domain of the pertussis

cyclase and are located within the carboxyl terminal 500 amino acids of EF.

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 II and III.

Characterization of the LF gene (lef). We have also cloned the B.

anthracls LF gene (lef) and have determined its entire DNA sequence. 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 sequence are shown in Appendix

IV. 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 contains 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 puptides) in that it

starts with a polar or charged region followed by 23 non-polar, hydrophobic

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

amino acids correspond exactly to the LF amino acid sequence determined by

Dr. Jim Schmidt (USANRIID), except for one amino acid. Amino acid position

+10 of the mature protein (+43 of LF-precursor) 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 V.
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There appears to be extensive amino acid homolog between LF and EF

in the first 300 amino acids of each protein. We have detected 10 closely

related domains and three of these highly conserved do ains are underlined

(labelled #1, #2 and #3) in Appendix II and Appendix 1. These homologous

regions could represent domains which are required for association with PA

prior to cellular uptake. Since these conserved domains in LF and EF are

charged, interactions with PA may occur through P series of electrostatic

interactions.

Mutamenesis of the anthrax toxin genes. Using site- pecific mutagenesis

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

activity and to construct EF expression vectors. First, the previously

identified ATP binding domain in EF, which conforms o the consensus ATP'

binding site of other prokaryotic and eukaryotic ATP and GTP binding proteins

(14), has a Lys residue whicb is involved in ATP bindi ig. This amino acid

was changed to an Asn 'in EF. When this mutant EF wits isolated from E.

coll, adenylate cyclase activity was reduced about 90-95% indicating that

this Lys is probably involved in ATP binding. However, Bince total activity

was not abolished, other residues are probably 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. per'uasls adenylate c clase (see the ATP

binding domain in Appendix III).

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

inserted a new BglII recognttion site immediately prior to the start of

the protein coding sequence. In another experiment, we inserted a BgiII

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 (18) and t.ansformed into B. subtllis, expressed EF at a level
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at least as great as B. anthracls Sterne. We are in the process of determining

the precise amount produced using an ELISA or Western blot. EF was secreted

from B. subtllls and was enzymatically active in an adenylate cyclase

assay. Since PA expression is regulated by bicarbonate (19) in B. anthracls

(Dr. 3. Bartkus, USAMRIID, personal communication), we are attempting to

transfer this PA promoter-EF gene plasmid into B. anthracls by electroporation.

Hopefully, this plasmid, when introduced into B. anrhracls, will produce

regulated high levels of EF for purification and analysis. EF gene mutants

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

construction.

Several mutagenesis experiments have also been initiated with the PA

gene. Since expression of PA in B. anthracls appears to be significantly

greater than either LF or EF, we are fusing the PA promoter to both the EF

and LF genes for higher levels of expression. In addition, we have started

experiments to specifically alter PA. Specifically, we are mutating the,

Arg-Lys-Lys-Arg sequence (Dr. S. Leppla, USAMRIID, personal communication)

in PA which is cleaved with a trypsin-like enzyme when bound to its cellular

receptor. 'After cleavage, the amino terminal 20,000 daltons oi' PA is

removed and PA can now bind either LF or EF. Therefore, by preventing cleavage,

LF or EF will not bind and cannot enter the cell. We will alter the amino

acids at this location in PA to examine specificity of cleavage and to,

substitute amino acids which could prevent cleavage. These alterations

should also prevent the binding of LF or EF and make these toxin components

essentially inactive.

Transcription start sites for the anthrax toxin genes. We have used

radiolabeled oligonucleotides, specific for each of the different toxin

genes, to determine the start site for toxin gene transcription. Using
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mRNA (isolated from B. anthracls Sterne) as template, each oligonucleotide

was used to prime DNA synthesis (using reverse trLnscriptase) towards the

5'-end of the respective toxin 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 region with transcription starting

about 25 bases before the first start codon for PA translation (6). Likewise,

the apparent Ptart for LF gene transcription occurs 25 bases prior to the

ATG start codon for LF translation (about nucleotide 456 in Appendix IV).

We have not yet been 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 LF mRNA concentrations

(unpublished data of author).

Expression of toxin genes in B. subtills and B. anthracls. In an

effort to express the anthrax toxin'genes in B. subtills, we have cloned

each of the toxin genes into B. subillls expression plasmids• Initiatlly,

we fused these genes to a regulated promoter and a good ribosome binding

site which is present in pSI-i (20). Using site-specific mutagenesis

procedures, we have introduced new XbaI recognition sites immediately before

the start codons for the PA, EF and LF genes. Following cleavage with

XbaI, each of the toxin genes was ligated into plasmid pSI-l. When transformed

into B. subtills,' transcription of the inserted toxin genes is regulated by

the lac repressor and IPTO (18,20). For example, the amount of PA produced

by this fusion was close the expression of PA from PAl (21).

We have also constructed a plasmid using the T7 promoter cloned upstream

from the toxin gene. We cloned the T7 RNA polymerase gene (22) into pSI-I
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so that transcription would be controlled by the lac promoter, which is

inducible with IPTG. Part of this recombinant plasmid which contained the

T7 polymerase gene and the erythromycin resistance gene from pE194, was

integrated into B. subtllls genomic DNA (23,24). B. subtills with this

DNA should express T7 RNA polymerase after the addition of IPTG. These

cells can then be transformed with a replication competent plasmid containing

one of the B. anthracls toxin genes (e.g., cya, pag, or let) cloned downstream

from the T7 promoter for gene expression. Although we have not yet tested

these recombinatits in B. subt1lls, plasmids containing the toxin genes express

toxin in E. coll using the T7polymerase (21). B. subillls containing these

plasmids should produce high level, regulated expression of the toxin genes

in a safe bacterial host. Toxin is secreted from B. subtills and can be

used for purification of individual toxin components.

Isolation and characterization of DX01 and DX02. We have developed an

efficient plasmid isolation procedure to isolate pure supercoiled pXO1 and

pX02 DNA. This procedure involves chromatography using NACS-37 resins and

effectively separates small amounts of genomic DNA from plasmid (10). Our

purification protocol does not use CsCl'bouyant density gradients since these

large plasmids are easily sheared, converting them from supercoiled to

relaxed or linear DNA. A typical yield of pXO1 from a one liter culture of

B. anthracls was about 200 jg, which is close to the maximum amount of DNA

expected per liter of culture if these plasmids were present as single copies

within B. anthracls cells.

Using pure pXOi and pX02, we characterized these DNAs using thermal

denaturation and bouyant density procedures. Using a Tm analysis, the

melting temperatures for pXOl and pXO2 were 82.5 0 C ± 0.3 0 C and 82.2 0 C ±

0.3 0 C, respectively. These values correspond to GC contents of 32.21 for

11



pXO1 and 31.5% for pX02. Similar experiments using CsCl banding gave

GC-contents of 31.1% for pXOl and 31.4% for pX02. These values are close to

the GC% of B. anthracis genomic DNA which is 32.2%.

The restriction maps for pXOl and pX02 have been determined for several

enzymes which cleave a few times, such as PstI, BamHI, ClaI, SstI, BgIII

and Pvull (Figures 1 and 2). Experiments to map the more frequent cutting

enzymes, such as EcoRI and HlndIII, are presently being completed-. We have

generated recombinant DNA libraries for pXOl and pX02 in bacteriophage A as

well as In plasmids in order to generate a complete map for the most common

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

gene regions on pXO1 is also shown in Figure 3.

In a final effort to generate a complete gene map of pXOl and pX02, we

are identifying the number and location of the different RNA transcripts from

these plasmids. This project involves the identification of the different

promoters and the RNAa mad* 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 BailI cleaved plasmids. Using

B. subt•lls plasmids which have been cleaved with BamHI located prior to a

promoterless chloramphenicol resistance gene (25), we will insert the pXOl

or pXO2 DNA fragments into these promoter identification plasmids. After

transformation of these recombinant plasmids into B. subtills, we will

identify bacteria which are now resistant to chloramphenicol. These plasmids

will contain a functional promoter (derived from pXO1 or pX02) driving the

transcription of the chloramphenicol resistance gene. The recombinant DNA

inserts prepared from these promoter expression plasmids will then be

mapped on pXOl or pX02. The size and direction of RNA transcription will

also be determined. This procedure is very powerful and should allow us to
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identify and position most, if not all, of the functional promoters from

the B. anthracls 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 D. anthracls for promoter identification

directly in the parent organism.

CONCLUSIONS

It appears from the data described in this report, that most of the

experiments outlined in the original research proposal are essentially

completed. (i) The anthrax toxin genes are each cloned. (ii) Each of the

toxin genes have also been sequenced. We will be able to study geneexpression

and to characterize the toxin proteins better. (iii) We can generate toxin

gene mutants for the construction of a safe vaccine and to elucidate the

biochemical activities of these proteins. (iv) We have expressed the

anthrax toxin genes in E. coil and B. subtlls and have constructed expression

vectors, especially for B. subtllls and B. anthracls, which should allow

for high level expression of the toxin proteins for biochemical and

immunological purposes. (v) We have determined homology between EF and the

pertussis calmodulin-dependent adenylate cyclase which shculd allow us to

better charcterize EF based on conserved domains. In addition homology

between LF and EF should allow us to examine the interaction between these

proteins and PA. (vi) We have not yet placed mutant toxin genes back into

B. anthracis, although the wild-type PA and EF genes have been transferred.

Overall, our research has allowed us to characterize the anthrax toxin

genes and to construct important gene mutants. This research is absolutely

13
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required for the construction of a safe recombinant DNA derived anthrax

va.-cine.

i4



LITERATURE CITED

1. Mikesll, P., B. E. Ivins, J. D. Ristroph, and T. f. Dreler. 1983.
Evidence for plasmid-mediated toxin production in Bacillus anthracis.
Infect. Immun. 39:371-376.

2. Green, B.D, L. Battisti, T.M. Koehler, C.B. Thorne, and B.E. Ivins.
1985. Demonstration of a capsule plasmid in I. anthracls. Inf.
Immun. 49:291-297.

3. Uchida, I., Sekizaki, T., Hashimoto, K., and Terakado, N. 1985.
Association of the encapsulation of Bacillus anthracls with a 60
megadalton plasmid. J. of Gen. Micro. 131:363-367.

4. Zwartouw, H. T., and H. Smith. 1956. Polyglutamic acid from Bacillus
anthracis grown in vivo: structure and aggressin activity. Biochem. J.

.63:437-442.

5. Vodkin, M. H., and S. H. Leppla. 1983. Cloning of the protective
antigen gene of Bacillus anthracis. Cell 34:693-697.

6. Welkos, S.L., Lowe, J.R., Eden-McCuthan, F., VodkLn, M., Leppla, S.H.
and J.J. Schmidt, J.J. 1988. Nucleotide sequence of the protective
antigen gene of Bacillus anthracls. in press, Gene.

7. Robertson, D. L., and S. H. Leppla. 1986. Molecular cloning and
expression on Escherichla coll of the lethal factor gene of Bacillus
anthracls. Gene 44:71-78.

8. Tippetts, M.T. and D.L. Robertson. 1988. Molecular cloning and
expression of the Bacillus anthracis edema factor toxin gene: a
calmodulin-dependent adenylate cyclase. J. Bacteriol. 170:2263-2266.

9. Robertson, D.L., M.T. Tippetts and S.H. Lappla. 1988. Nucleotide
sequence of the Bacillus anthracls edema factor gone (cya): A calmodulin-
dependent adenylate cyclase. Submitted to Gene.

10. Kaspar, R.L. and Robertson, D.L. 1987. Purification and physical
analysis of Bacillus anthracis plasmids pXOl and pXO2. Biochem.
Biophys. Res. Commun. 149:362-368.

11. Leppla, S. H. 1982. Anthrax toxin edema factor: A bacterial adenylate
cyclase that increases cyclic AMP concentrations in eukaryotic cells.
Proc. Natl. Acad. Sci. USA 79:3162-3166.

12. Leppla, S. H. 1984.. Bacillus anthracis calmodulin-dependent adenylate
cyclase: Chemical and enzymatic properties and interactions with
eucaryotic cells. In Advances in Cyclic Nucleotide and Protein Phos-
phorylation Research. ed. P. Greengard et al. Vol. 17, pp. 189-198.

13. Pugsley, A.P. and Schwartz, M. 1985. Export and secretion of proteins
by bacteria. FEMS Microbiol. Rev. 32:3-38.

15



14. Higgins, C.F., Hiles, I.D., Salmond, G.P.C., Gill, D.R., Downie, J.A.,
Evans, I.J., Holland, I.B., Gray, L., Buckel, S.D., Bell, A.W. and
Hermodson, M.A. 1986. A family of ATP-binding subunits coupled to
many distinct biological processes in bacteria. Nature (London).
323:448-450.

15. Robertson, D.L. 1988. Relationships between the calmodulin-dependent
adenylate cyclases produced by Bacillus anthracls and Bordetella
pertussis. Submitted to Infect. Imun.

16. Glaser, P., Ladant, D., Sezer, 0., Pichot, F., Ullmann, A. & Danchin,
A. 1988.. The calmodulin-sensitive adenylate cyclases of Aordatella-
pertussls: cloning and expression in Escherlchla 'coil. Mol. Microbiol.
2:19-30.

17. Weiss, A.A., Hewlett, E.L., Myers, G.A. & Falkow, S. 1984. Pertussis
toxin and extracytoplasmic adenylate cyclase as virulence factors in
Bordetella pertussls. J. Infect. Dis. 150:219-222.

18. Band, L. and D.J. Henner. 1984. Bacillus subtIlls requires a "stringent"
Shine-Dalgarno region for gene,'expression. DNA 3:17-21.

19. Sterne, M. 1939. The effects of different carbon dioxide concentrations
on the, growth of virulent anthrax strains. Pathogenicity and immunity
tests on guinea pigs and sheep vith anthrax variants derived from
virulent strains. Onderstepoort J. Vet. Sci. Anim. Husb. 13:307-312.

20. Yansura, D.G. and D.J. Henner. 1984. Development of an inducible
promoter for controlled gene expression in Bacillus subtilis. Genetics
and Biotechnology of Bacilli, pp: 249-263.

21. Ivins, B.E. and S.L. Welkos. 1986. Cloning and expression of the
Bacillus anthracls protective antigen gene in Bacillus subcllls. Infecr.
Immun. 54:537-542.

'22. Studier, F.W. and B.A. Moffatt. 1986. Use of bacteriophage T7 RNA
polymerase to direct selective high-level expression of cloned genes.
J. Nol. Biol. 189:113-130.

23. Saunders, C.W., B.J. Schmidt, M.S. Mirot, L.D'. Thompson, and M.S.
Guyer. 1984. Use of chromosomal integration in the establishment
and expression oZ blaZ, a Staphylococcus aureus 8-lactamase gene, in
Bacillus subills. J. Bacteriol 157:718-726.

24. Saunders, C.W., C. D.A. Banner, S. R. Fahnestock, M. Lindberg, M.S.
Mirot, C.S. Rhodes, C.F. Rudolph, B.J. Schmidt, L.D. Thompson, M. Uhlen,
and H.S. Guyer. 1984. Use of chromosomal integration for the
establishment of heterologous genes in Bacillus subtlls.' in Protein
Transport and Secretion, pp. 329-339.

25. Lovett, P.S. and S. Mongkolsuk. 1988. Promoter probe plasmids for
Gram-positive Bacteria. in Vectors: A survey of molecular cloning
vectors and their uses. ed. R.L. Rodriquez and D.T. Denhardt.
Butterworths.

16



//

//

PA i

176k

EFl

/~t



- 'to'.ooý

0.

, XVI

PX02
CO

95.3 kb .V:

Clal19.7

FIORE 2. Restriction m4ip of pX02.

18



PA and LF gene regions of pXO1

Xb

BH X B H H S H H(PHE C

I PA > < ,F

85,000 daltons 83,000 daltons

B -Barn HI
H -Hin dill
Xb-Xba I
Xh-Xho I
Xm-Xmn I
P - Pst l
E - Eco RI
S:- Sst I
C - Cla I

FIURLE 3. Restriction map of the PA and LF gene regions on pXO1.
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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 assumed for the
first 60 astino acids of each protein is shown (a-a-helix; p-j-
sheet; t-f-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

MTRNKFIPNKFSIISFSVLL FAISSSQAIEVNAMNEHYTE SDIKRNHKTEKNKTEKEKFK 60
cattt tt~fPPPfiP aaa aaaaaaaaaaaaa

PA signal peptide
4-start of mature PA

LMtKVLIPIMALSTILVSS TGNLEVIQAEVKQENRLMIE SESSSQGLLGYYFSDLNFQA 60
-OffaaiMaI9rrXCCX9 tttttt'OPPfififit aaa

LF signal peptide
4-start of mature LF

1INIKKEFIKVISMSCLVTAI TLSGPVFIPLVQCAGGHGDV GMHVKEKEKNKDENKRKDEE 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 (-1 or +1) indicate the last amino acid
of the signal peptide and the first amino acid of the mature
toxin protein, respectively.

S-1 +1'

EF signal peptide Clu-Val-Asn-Ala--Met
I I I

PA signal peptide Val-Ile-Gln-Ala--Clu
I I I I

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

FIGURE 4. Anthrax toxin signal peptides.
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APPENDIX I: Nucleotide Sequence of th EF gene.

10 20 30 40 50 60 70 80 90

n~crrIrAIIATGA~rAA~ CcAAWACrrA~TAT ATAGATarrTAGr&A7rcrAG=AGc

100 110 120 130 140 150 160 170 180
GAUCATEATGAATT&± iAAA A OC~A~ IAA'afA A1A~AA CAT

190 200 210 220 230 240 250 260 270
a~~rTA.f A AAAh~fA A&~~J.j ±iIAflIMA

280 290 300 310 320 330 340 350 360
GCar~r~IrrG~G-rrATI~rA ;%l±±P -

-35 (putative prmoter site) -10

370 380 390 400 410 420 430 440 450

460 470 480 490 500 510 520 530 540

ribosome binding site

+1 550 560 570 580 590 600 610 620 630
~ cr~n&EATctAA~TcrcrCA~xcATA

MltThzAxgAsnLysPhalleProAsuiLys~he~erllefele. PheSerValleuIAuPheAlaleSerSerSer~lnAlalle
33 amino acid leader seq enc

640 650 660 670 680 690 700 710 720
GAAGTAAATGCrATGAATGAACATrAcACrGAGAGrGATA OAPJAATLAAAAAAAAAM
GlVLsn i~m~oarj-z ý ý,~l gAx n1s I~yaThrGluLysAsnLysihzGluLysGluLysPhe

1st amino acid of EF

730 740 750 760 770 780 790 800 810

Lys~spSerIleAs~sn~auVaJ.LysThrClu~heThrAsnGI jhreuAspLysIleOlrG1nThrGlnAspIeuT.euLysLysIle

820 830 840 850 860 870 8180 890 900

ProLysAspVa1IauluIleTyrSerGuI~eu1yG ly(ThuIle P~eThrAspIle~spLeuVa1GluHisLysGuLeuG~nAsp

910' 920 930 940 950 960 970 980 990

IepuSerGlu~1t~1uLysAsriSerMetAsnSerArgGlyCluLysVa1ProPheAlaSerArg~'heVa1PheGl~uLysLysArgGluThr

1000 1010 1020 1030 104 1050, 1060 1070 1080
CCTTAAAArTPIIAAArTCArATA rA c vAA. sAMAýrA rA AAA~ L A rM r-Jy7l
ProLysLeuIleIleAsnIleLysAspTyrAlaIleAsriSerCGI i~SerLysG~uVa1¶1yrTyrrGluIleGlyLysGlyIleSer~eu

1090 1100 1110 1120 1130 1140 1150 1160 1170
GAATTATAGTATrrGACAA~rrAT GCr
AspllelleSerLysAspLysSerLeuAspProcluPheteuAsnI i eulleLysSerLeuSerAspAspSerAspSerSerAspLeuLeu
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1180 1190' 1200 1210 1220 1230 1240 1250 1260

PheSerGlnLys~heLysGluLysLeuifluI~euAsnAsnLysSerfle~spI1.AsnPheIleLysGlUAsnIAUThrGlu~heGlnHis

1270 1280 1290 1300 1310 1320 1330 1340 1350

Ala heSerLeuAla~heSerTyryr~heAlaProAspiiisArgThrVa~leii.lUL~euTyrAlafoAkspMet~heGluTyrMetAsn

1360 1370 1380 1390 1400 1410 1420 140 1440

Lysta~1uLysGlyGlyPheGluLysIleSerGluSerIeuLysLysG1u~1yVa1GluLysAspArgIleAspValLeuLysGlyGlu

1450 1460 1470 1480 .1490 1500 1510 1520 1530

LysAlaLeuLysAlaSerGlyLeuValProGluHisAlaAspAlaPhneLysLysIleAla~rg~luIlauAsnThrTyrlletau~heArg

1540 1550 1560 1570 1580 1590 1600 1610 1620

ProVa1AsniLysLeuAla~LhrAsnI~AuIleLysSerGlyVaIAlaThrLysGlyLeuAsr~luHisGlyLysSei.SerAspTrpGlyPro

1630 1640 1650 1660 1670 1680 1690 1700 1710

VaIAlaGlyryrIlePro~heAspGln~spLeuSerLysLysHisClyC~rlnhAzuAlaVa1GluLysGlyAsnIA-iiluAsniysLys

1720 1730 1740. 1750 1760 1770 1780 1790 1800

SerlIeThrClu~isGlu~1yGluIeGlyLysI1.ProLeuLysle~uAsHis~eurgIleGluGlutuLysGltuk-n1yIleIle

1810 1820 1830 1840 1850 1860 1870 1880 1890

IaeuLysGlyLysLysGluIleAspAsr~1yLysLysTyr~yruLeu~1uSerAsnAsn~1nVa1TyrGlu~heArgIleSerAspclu

1900 1910 1920 1930 1940 1950 1960 1970 1980

AsrAsr~1uVa1G~nTyrLysThrLysGluGlyLysIleThrVa1Leu~1yGluLys~heýsýr~ gksn11eGluVal~etAlaLys

1990 2000. 2010 2020 2030 2040 2050 2060 2070

As-nVa1Glu~1yVaUmeuLysProLeuThrAlaAspTyrýsLeu~whelateuAlaProSerLeunirGluIleLysLysGlnIlePro

2080 2090 2100 2110 2120 2130 2140 2150 2160
A ~MC&TAP ACACCC AT A C M~wI~r~crAATTA~ A MTAATA7GAATTGAG

ThrLysArg(etAspLysVa1Va1AsrnThrPro~snSerlLet~uLysGlnLysG,'yValThrAsxi~euLeufleLysTyr~1yIleClu

*2170 2180 2190 2200 2210 2220 2230 2240 2250

ArgLysProAspSerThrLysClyThr~euSerAsnTrpc~LaysG~rnMeteuAspArg~euAsnGluAlaVa1Lys'IyrThrclyTyr

2260 2270 2280 2290 2300 2310 2320 2330 2340
CAA

lb~yl~pa~]s~i~yh~ul~psilul~er~uy~ps~ul~el~es~ol
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2350 2360 2370 23CO 2350 2400 2410 2420 2430

GlyGlu~heIleLeuThrLyssnTrpGlu~e tbre,"lyAr&PhaIleCGuLyas~nIleThxGyLysAsp1yr~euTyrTyr~he.Asn

2440 2450 2460 2470 2480 2490 2500 2510 2520
WEarTAAAT~rcrEAA~cwArGcac'ACcj CA(AAACCCMC L

ArgSer~yrAsnLyslleAlaPro~lyAsnLysAlaTyrlle~luTrpThrAspPro~lelerLysAlaLyslleAsnThrllePromhr

2530 2540 2550 2560 2570 2580 2590 2600 261 0

SerAlaGlu~helleLysAsrdeuSerSerlleArgArgSerSerAsnValGlyValTyrLysAspSerýfl~yAspLysAspGlu~heAla

2620 2630 2640 2650 2660 2670 2680 2690 2700

LysLysGluSerVa1LysLysIleAlaGlyTyrIeuSerAspTyrTyrAsnSerA1M~snHisIle~heSerGlrnfluLysLysArgLys

2710 2720 2730 2740 2750 2760 2770 2780 2790

IleSerIle~heArgGlyIleOlnAlaTyrAst~1uI1cGluAsnVa1le~uLysSerLysGlnIleAlaProGluTyrLysAsnTyrPhe

2800 2810 2820 2830 2840 2850 2860 2870 2880

Glnyr~euLysGlu~rgIleThrAsn~nVa1Grinaeul~ouThrHisGnLysSerAsnIleGlu~heLysLeuI~eu~TyrLysGln

2890 2900 2910 2920 2930 2940 2950 2960 2970

leuAsn~heThrGluAsrnfluThrAspAsnPheGluVa1FbeGlnLysIleIleAspGluLys

2980 2990 3000 3010 3020 3030 3040 3050 3060

23



APPENDIX II. EF amino acid sequence

(33 &a signal peptide) 4-Start of mature EF (767 aa)
1 MTRNKFIPNKFSIISFSVLLFAISSSQAIEVNA~iNEHYTESDIKRNHKTEKNKTEKEKFKDSINNLVKTE

71FTNETLDKIQQTQDL1cKIPKDVLEIYSELGGEIYFrDIDLVEHKELQDLSEEEKNSMNSRGEKVPFASR

141 FVFEKKRETPKLI INIKDYAINSEQS1CE~YYEIQGKCISLDI I K LDPEFULNKLSDSSD

#1 #2

211 SQKFKEKLELNNKSIDINFIKENLTEFQHAFSLAFSYYFAPDHRTVLELYAPDMFEMNKLEKGGFEKIS
03

281 ESUOKEGVEKDRIDVLKGEUKAUASGLVPEHADAFMIAR LNTYILFRPVNKLATNqLIKSGVATKGUNE
(Potential calmodulin binding site)

351 HGKSWDWGPVAGYIPFDQDLSKKGQQIAVEKGNLENKKSITEHEGEIGKIPIKLDHLRIEELKEITGIIL

(Putative ATP binding site)

421 KGKKEIDNGKYLLESNNQVYEFR.ISDENNEVQYKTKEGKITVLGEKFNWRNIEVMAiaIVEGVLKPLTA

491 DYDLFAtAPSLTEIKKQIPTKRMDKVVNTPNSLEKQKGVTNLLIKYGIERKPDSTKGTLSNwQKQMLDRL

561 NEAVKYTGYTGGDVVNHGTEQDNEEFPEKDNEIFIINPEGEFILTKNWEMTGRFIEKNITGKDYLYYFNR

631 SYNKIAPGNKAYIEWDPITKAKINTIPTSAEFIKNLSSIRRSSNVGVYKDSGDKDEFAKKESVKKIAGY

701 LSDYYNSANHIFSQEKISIFRGIQAYNEIENVUSKQIAPEYKNYFIQYLKERITNQVQtL1THQKSN

771 IEFKLLYKQU4FTENETDNFEVFQKI IDEK

The sequence contains 800 amino acids (Mr 92,464):

Ala (A) 32 Leu (L) 69
Arg (R) 22 Lys (K) 103
Asn (N) 61 Met (M) 9
Asp (D) 44 Phe' (F) 40
Cys (C) 0 Pro (P) 23
Gin (Q) 27 Ser (S) 55
Giu (E) 82 Thr (T) 39
Gly (C) 40 Trp (W) 5
His (H) 13 Tyr (Y) 34
Ilie (1) 68 Val (V) 34

Acidic (Asp f- Giu) 126
Basic (Arg + Lys) 125
Aromatic (Phe + Trp + Tyr)' 79
Hydrophobic (Aromatic + Ilie + Lau + Met + Val) 259
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APPENDIX III. Homology Comparison between EF and pertussis cyclase.

CalMin Site AT biring Site
4------ * *--

289 -
: 1:1II: II I :l:1 I: ::II II :l1 II lllll1 I llllll lllll ::II l I

-------------- ..... Domain #1 ----------

379 AaUGK M LK 1 K
*I I I : I!II IIlI I I I I I IIIi II1: II
* 91 ~1A~MS~IAD2~UfILVflWXWAMWMYRgE FRVK TMWA1~qM( G

-Domann#2-•
466 MZQUO SWrK •RM •VM KMMKPD~r

1:I : : 1 IIIII I:11:0: 1 1 1 1 1 1 1: I 1 : 1 1
168 CMIF EA•V IMt W LAII•

------ Domain 0 3--...--

253 M-"MFMRM)I VIG=NNra R U EYIGQQ R

621 MAiRUMaAEIwaM
I I::1II1:1 I I II: :111111 I II I I:11 I

339 V 'ff6L•W SF¶LM VSD hAA

709 NUM QoMaS I
: I I : I I I I 1 :II1 : I I II426 •/ ••

1. Domains #1, #2 and #3 represent three highly conserved amino acid
domains in EF (top line of each pair) and the pertussiscyclase (bottom
line in each pair).

2. ýhe 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 IV: Nucleotide Sequence of the LF gene.

10 20 30 40 50 60 70 80 90
AA~AGAr

100 110 120 130 140 150 160 170 180
AAGATA~AAMG~ Cr CG1rGTAACTCAAATAA(CAAAAGIGACCCT&

190 200 210 220 230 240 250 260 270

280 290 300 310 320 330' 340 350 360

370 380 390 400 410 420 430 440 450

460 470 480 490 500 510 520 530 54o

(r .b.s.) )MetAsanIleLysLysGluPhefleLysValfleSer~stSerCysaeuVa1ThrAlaIle
(33 amino acid signal peptide)

550 560 570 580 590 600 610 620 630

ThrIauSerGly~roVa1PhefleProLeuVa1GlnGlyA&laG vOyl~iSGJY~asValGlv~ettisVa1lyasClULysgQJLagAsnL
+1 of mature IF

640 650 660 670 680 690 700 710 720
AAAGATCA AAf AAIAAAAA'A1 ;AJ.ATAAAAA AIAAATrJ

LYSspGluAsnLysArgLysspGl~usnLys~hGArLyu-InfluWleu~i.mysG uIle4stLysHisfleVa1LysIleGlu

730 740 750 760 770 780 790 800 810

Va1LysGlyGlu~1t~laVa1LysLysGlu1M1~lGluLysLeu~1~uLysVa1ProSerAspVa11aoThI~etTyrLysAlaIle

820 830 840 850 860 870 880 890 900

GlyGlyLysIleTyrIleVa1AspGlyAspIleThrLysHisIloeSrI~u~luAlatauSerCluAspLysLyaLysIleLysAsplle

910 920 930 940 950 960 970 980 990
TA~cocAAA~~cC~rrAGTAC=AATCCAATTGIrrCGGMAAA~rA

TyrGlyLys~spAlaLeuLeuHisGluHisTyrValT'yrAlaLysGlu~lyTyrGluProVa1LeuValI~eClnSerSerCluAspTyr

1000 1010 1020 1030 1040 1050 .1060 1070 1080
GrAGAAAACTAGGC~n~W~nEA~rTCATAGTAACTA~ATCAGG ATMT~AACTAAMTrAATCAACCATAT

Va1GluAsnnhrG~uLysAlaIeuAsnVa1TyeryrGluIletlyLysIletAuSerArgAspIlelauSerLysIleAsrnflnProTyr

1090 1100 1110 11'20 1130 1140 1150 1160 1170
C~cA~rrrcATEA~AATA~A~rAATGC~crA~CA~GATtCAcAGATCrrrATrTACrAATCAGCTTAAGCAACAT

G~nLys~heleu~spVa1l-euAsnThrIleLys~snAlaSerAspSerMsGlyGlnAspl-euLeu~heThrAsiv~1nLeuLysCluHis
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1180 1190 1200 1210 1220 1230 1240 1250 1260

ProThrAspPheSerVa1GluPhetat~lulrMsnSerAsn~luVa1G~rtluValFheAaLysAlaPheAlaTyr¶1yrIleOluPro

1270 1280 1290 1300 1310 1320 1330 1340 1350

1360 1370 1380 1390 1400 1410 1420 1430 1440

GlueuLysAspGlnArgN4etlauSerArgTyrGluLysTrpGluLysIleLysGlnHisTyrGlrniisTrpSerAspSerLeuSerGlu

1450 1460 1470 1480 1490 1500 1510 1520 1530

1540 1550 1560 1570 1580 1590 1600 1610 1620

uLeu~uLysArgIleGlnIle~spSerSerAspPheI~euSerlhrGltuJluLysClu~heLeuLysLysLeuGlnhleAspIleArgsp,

1630 1640 1650 1660 1670 1680 1690 1700 1710

SerI~uSezOluGlu~1uLysCluteuleuAsnrL~gIleGlnVa1AspSerSerAsnPro~euSer~fluLysGluLysGlu~hei-eu~ys

1720 1730 1740 1750 1760 1770 1780 1790 1800

LysLeuLysLeuAspIleOlnPro1yrAspIle~srv1riArgI~u~1nAspThrGlyOlylauIleAspSerProSerIleAsnIeuAsp

1810 1820 1830 1840 1850 1860 1870 1880 1890

ValArgLysGlnTyrLysArgAspIleGlrxnhleAspAlaýauLaudsGlnSerIleGlySerlbrLeuTyrAsnLysIleTyrLeu

1900 1910 1920 1930 1940 1950 1960 1970 1980

TyrGluAsr*(etAsT1IleAsnAsnIeuThrAlaThrletu~1yAlaAsptAuVaIlspSerlhtAspAsndhrLysIleAsn~xgG'.yIle

1990 2000 2010 2020 2030 2040 2050 2060 2070

The snlu heLysLysAsnPtieLysTyrSerl leSerSerAsn yr a tI eVa1AsplleAsr~1uArgProAlaLeuAspAsr~1u

2080 2090 2100 2110 2120 2130 2140, 2150 2160

ArgImiLysTrpArgIleGlnIAtuSerPro~spThrArgA1a~ly~rtA1umvunr1yLysLeuIeLatifn.ArgAsnhleclyLeu

2170 2180 2190 2200 2210 2220 2230 2240 2250

GluIleLysAspValGlnhleIleLysGlnSer~luLysGluTyrIleArgIleAspAlaLysValVal'roLysSerLysIleAspThr

2260 2270 2280 2290 2300 2310 2320 2330 2340

LysI le~lrn luA1laGn~uAsnIle si~1r~luTrpAsnLysAlaLet~1yleuProLysTyrThrLysLnuI leThrPheAsnVal
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2350 2360 2370 2380 2390 2400 2410 2420 2430

HisAsnArgTyrAlaSerAsndleVa1GluSerAlaTyrleuIleLeuAsxV~1uTrpLys~snAsnIleGlnSerAspLeuIleLysLys

2440 2450 2460 2470 2480 2490 2500 2510 2520

Va1ThrAsnTyrI~euVat~spGlyAsn~1yArg~heVa1PhenhAspIleThrLeuProAsnIleA1lailuGnTyrThrHisGlnAsp

2530 .2540 2550 2560 2570 2580 2590 2600 2610

GluIle~yjlGl~nVa1HisSerLysGlyleuTryrVa1ProGluSerArgSerIleI~auleuHisGlyProSerLysGlyVa1GluIeu

2620 2630 2640 265Q 2660 2670 2680 2690 2700
AOCATCT~rA~GT~rAC~cA~rGCCA~a~tGCTATA~~tATACTAEMTAAA~CAATC=CTrTA

ArgAzn~spSerGlu~1yPheIleHisGlu~heGlyHisAlaVa1AspAspTyrA1a~1yT~yrtaulauAspLysAsnGlnSerAspltau

2710 2720 2730 2740 2750 2760 2770 2780 2790

Va1ThrAsnSerLysLys~heIle~spIle~heLys~li~1t~1ySerAsnLeuThrSer~yrGlyArgThrAsn~1uA1a~1u~hePhe

2800 2810 2820 '2830 2840 2850 2860 2870 2880

A1a~1uAla~heArgaeuMatHisSerhrAspHisA1a~1uArgLeuLysVa1OlnLysAsrAlaProLysThrPheG~nPheIleAsn

2890 2900 2910 2920 2930 2940 2950 2960 2970

AspGlnhleLysPhellefleAsrLSer

2980 2990 3000 3010 3020 3030 3040 3050 3060
AC~C~AmC~CGMCC~~aATa~rMAOGGGC

3670 3080 3090 3100 3110 3120 3130 3140 3150
TIT

3160 3170 3180 3190 3200 3210 3220 3230 3240

3250 3260 3270 3280 3290
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APPENDIX V. LF amino acid sequence

(29 aa signal peptide) 4-Start of mature LF (780 aa.)

1 MNIKKEFIKVISMSCLVTAITLSGPVFIPLVQGAgGHGDVGMVKEKEKNKDENKRKEERNKTQEEHWk

71 EIMKHIVKI EVKGEEAVKKEAAEKLLEKVPSDVLEMYKAIGGKIYIVDGDIIKHISLEALSEDKKKIKDII

141 YGKDALLHEHYVYAKEGYEPVLVIQSSEDYVENTEKAI'~ivYYEgKILRDILSINQPYQKFIDVLNTI

211 KNASDSQDLLETNQLKEHPTDFSVEFLEQNSNEVQEVFAKAFAYYIEPORV LAP:n(6F
#2 #

281 NEQEINLSLEEUCDQRMISRYEKWEKIKQHYQHWSDSLSEEGRGLLUUJQIPIEPKKDDIIHSLSQEEKE

351 LUIRIQIDSSDFLSTEEKEFLcK1AQIDIRDSLSEEEKELLNRIQVDSSNPISMEXEEFLKKLKDIQPYD

421 INQRLLQDTGGLIDSPS INLDVRKQYKRDIQNIDALLHQS IGSTLYNKIYLYENMNINNLTATLCADLVDS

491 TDNTKINRGIFNEFKKNP1CYSISSNYMIVDINERPA1.DNERLICWRIQLSPDTRAGYLENGKLILQRNIGL

561 EIKDVQIIKQSEKEYIRIDAKVVPKSKIDTKIQEAQUIINQEWNKALGLPKYTKLITFNVHNRYASNIVE

631 SAYLILNEWKNNIQSDLIKKVTNYLVDGNGRFV~rDITLPNIAEQYTHQDEIYEQVHSKGLYVPESRSIL

71LHGPSKGVELRNSEGFIHEFGHAVDDYAGYLLDKNQSDLVTNSKKFIDIFKEEGSNLTSYGRTNEAEFF

771 AEAVRUMHSTDHAERUCVQKCNAPKTFQFINDQIKFI INS

The sequence contains 809 amino acids (Mr 93,798)*.

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

Acidic (Asp + Glu) 134
Basic (Arg + Lys)' 113
Aromatic (Phe + Trp + Tyr) 69
Hydrophobic (Aromatic + Ilie + Leu + Met + Val) 273
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PUBLICATIONS

The following articles were published:

Leppla, S.H., D.L. Robertson, S.L. Welkos, L.A. Smith, and M.H. Vodkin.
1986. Cloning and analysis of genes for anthrax toxin components, pp.
275-278. In Bacterial protein toxins, Suppl. 15. Zentralblatt fdr
bakteriologie und hygiene. 1. Abteilung. Gustav Fischer, Stuttgart.

Robertson, D. L., and S. H. Leppla. 1986. Molecular cloning and
expression in Escherichla coli of the lethal factor gene of BacIllus anthracis.
Gene 44:71-78.

Tippetts, M.T., and D.L. Robertson. 1988. Molecular cloning and
expression of the Bacillus anthracis edema factor toxin gene: a calmodulin-
dependent adenylate cyclase. J. Bacteriol. 170:2263-2266.

Kaspar, R.L. and Robertson, D.L. 1987. Purification and physical
analysis of Bacillus anthracls plasmids pXOl and pX02. Biochem. Biophys.
Res. Commun. 149:362-368.

The following manuscripts are submitted and presently being reviewed
for publication:

Robertson, D.L., M.T. Tippetts and S.H. Leppla. 1988. Nucleotide
sequence of the Bacillus anthracis edema factor gene (cya): A calmodulin-
dependent adenylate cyclase. submitted to Gene.

Robertson, D.L. 1988. Relationships between the calmodulin-dependsnt
adenylate cyclases produced by Bacillus anthracis and Bordetella pertussis.
submitted to Infection and Immunity.

The following abstracts were published:

Kaspar, R. L. and'D. L. Robertson. Purification and analysis of Bacillus
anthracls plasmids pXO1 and pXO2. Abstr. Annu. Meet. Am. Soc. Microbiol.
1987.

Tippetts, M. T., D. L. Robertson and R. Leavitt. Molecular cloning and
characterization of the Bacillus anthracls edema factor gene. Abstr. Annu.
Meet. Am. Soc. Microbiol. 1987.

Robertson, D.L., T. Tippetts, Y. Luh, T. Bragg and R. Larson. 1988.
Biochemical Analysis of the Bacillus anthracls Edema Factor Gene: A
Calmodulin-Dependent Adenylate Cyclase. 72nd Annual Meeting of the Federation
of American Societies for Experimental Biology.
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The following invited seminars were given:

Donald L. Robertson. A Biochemical Analysis of the Bacillus anthracis
Toxin Genes. 8th Annual Rocky Mountain Regional Biochemistry Conference,
Pingree Park, Colorado. September, 1987.

Donald L. Robertson. A Biochemical Characterization of the Bacillus
anthracis Toxin Genes. Brigham Young University Chemistry Department,
January, 1988.
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PERSONNEL

During the course of this contract, the principal investigator has

been Dr. Donald L. Robertson, except for' 10 months when Dr. Robertson was

on sabbatical leave in the Bacteriology Division at USAMRIID. During this

period, Dr. Ronald W. Leavitt served as principal investigator and directed

the research of the graduate students.

Graduate students who have done research for this contract have included

M. Todd Tippetts (Ph.D. awarded), Kent Hill (Ph.D. awarded), Scott Simpson

(M.S. pending), Roger Kaspar (M.S. awarded), Tom Bragg (Ph.D. being completed).

Dr. Robert Larson served as a post-doctoral fellow for the last year and

performed research on the B. aubtills expression plasmids.

The following theses have been accepted:
Tippetts, H. T., 1986. Molecular cloning of the chloroplast genome of

Carthamus rinctorius L. and of the edema factor gene from Bacillus .anthracis.

Department of Chemistry, Brigham Young University.

Kaspar, R. L. 1986. Purification and characterization of pXO1 and pXO2
plasmids from Bacillus anthracis. Department of Chemistry, Brigham Young.
University.

Luh, Y. 1988. Genetic Modification of the Bacillus anthracis Edema
Factor Toxin Gene and Construction of Plasmid pBS42-EF which expresses EF
in Escherichla coll and Bacillus subtIlis. Department of Chemistry, Brigham
Young University.
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