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Chapter I

Introduction

Pathogenesis of Brucella abortus

Brucella abortus is a gram-negative zoonotic pathogen which causes abortion and

infertility in cattle and a condition kno\vn as undulant fever in humans ( icoleni.1989).

Brucella infection in food animals is of particular concern because of the associated

economic losses to livestock producers and the potential spread of disease to humans

(Acha, 1980 ). Survival and replication in most phagocytes. particularly macrophages. are

critical to the pathogenesis of Brucella infections ( Enright. 1990 ). Intracellular

pathogens spend most of their life inside various types of cells. away from serum. and out

of contact with circulating antibody. In most studies on these intracellular bacteria.

vaccines obtained from living. attenuated strains gi ve best protection because a live

vaccine lives long enough in cells to have enough contact with T cells to provide good

immunity on subsequent challenges. By contrast. a killed preparation may simply be

eliminated too fast to stimulate immune reaction ( Eisenstein. T. K.. 1983 and MOlltaraz.

1. AJ 986).

Control of Brucella abortus in the U.S.

Control of B.abor/us infection in cattle is usually done by vaccination with the

attenuated B.abor/us strain B 19 ( Sangari. 1994 ). This vaccine was obtained by

spontaneous mutation after serial subculture of a pathogenic B.aborlus strain under



laboratory conditions ( Graves, 1943 ). B19 differs from wild type B. abortus strain in its

sensitivity to erythritol. a four carbon polyalcohol which is utilized b. all Brucella

isolates with the exception of B.ovis and some strains of B.canis ( Corbel. 1984 ). F. 1.

Sangari reported recently that B19 carries a deletion in the erythritol catabolic gene

( Sangari, 1994 ). Although this vaccine has proven to be an important component of

effective eradication and control programs ( Acha., 1980 ), it has several disadvantages

such as its virulence for humans (Spink, 1962 ). the occasional induction of abortion in

pregnant animals vaccinated with it and the development of agglutinating antibodies

indistinguishable from those elicited by natural infection in animals immunized as adults

( Nicoletti, 1990 ). Brucellosis vaccines lacking these limitations would be of great

utility for both veterinary and human medicine.

Development of improved vaccines and potential of an aroA mutant as a

living vaccine candidate

It was first reported by Bacon et a1. in 1950 ( Bacon, 1950 ) that attenuated

auxotrophs of Salmonella typhi defective in the aromatic amino acid biosynthetic

pathway were avirulent in mice. Subsequently, it has been demonstrated in widely diverse

bacteria that disrupting the aromatic amino acid biosynthetic pathway produces

attenuated organisms. For example, attenuated strains of the invasive bacteria S.

typhimurium (Hoiseth, 1981), Shigella flexneri (Verma 1991 ), and Yersinia

enrerocolitica ( Bowe, 1989 ) were generated by introducing mutations in their respective

aroA genes. Also. attenuation was produced in the noninvasive bacteria Borde/ella



pertussis ( Roberts. 1990) and Pasteurella muitocida ( Homcharnpa. 1992 ) through aroA

inactivation.

Studies on the aroA gene

The aroA gene encodes the enzyme 5-enolpyruvylshikimate 3-phosphate synthase

(EPSP synthase: EC 2.5.1.19; alternative name: 3-phosphoshikimate 1-

carboxyvinyltransferase ) which is the sixth enzyme on the seven - step early common

pathway for aromatic amino acid biosynthesis ( the pre - chorismate pathway ) ( Duncan.

1986 ). Fig.l shows the common pathway of aromatic acid biosynthesis. The aroA

mutant strains are unable to synthesize chorismic acid from which p-aminobenzoic acid

(PABA) , dihydrobenzoate, and aromatic amino acids are produced. The essential

metabolite folate is also synthesized from chorismate via PABA. Most bacteria are not

able to assimilate exogenous folate and therefore it must be synthesized from PABA.

PABA is not synthesized by humans or other vertebrates as these organisms obtain folat

from the diet or from normal flora of the intestine ( Griffin, 1995 ). It is likely that aroA

mutants of pathogenic bacteria are capable of only limited growth in vertebrate hosts.

thus showing attenuated virulence. and so may function as effective oral vaccines.

It was not known whether B.aborws could be attenuated by mutation of its aroA

gene. If atttenuated. such a defined aroA mutant may have potential as a live attenuated

vaccine against bovine brucellosis. The reported present study showed how we

characterized the aroA gene of B. abortus and attempted to construct an aroA mutant

strain.



Fig.l Common pathway of aromatic amino acid biosynthesis

( adapted from K. M. Herrmann and R. L. Somerville. ed., Amino Acids:
Biosynthesis and Genetic Regulation. Addison-wesley Publishing Co. )
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Chapter II

Materials and Methods

Bacterial strains, plasmids, media and growth conditions

The bacterial strains and plasmids used in this study are listed in table I. For 0 A

isolation, £.coli strains were routinely cultured in LB l Luria, 1957 ) or LM plates

( Hanahan, 1983 ) at 37°e overnight. Brucella cells were grown at 37°e under an

atmosphere containing 5% CO2 on plates of tryptose medium ( Difco ) solidified with

1.5% agarose. For £. coli strains, 50 Ilg mr] ampicillin and 25 Ilg mr1 kanamycin were

added as required, while 100 Ilg mr l
. 10 Ilg mr l and 25 Ilg. mr l of an1picillin,

kanamycin and chloramphenicol were used respectively for Brucella. Aromatic amino

acid requirements were tested using minimal medium or GM medium ( Gerhardt and

Wilson, 1950 ) for E.coli and B.abortus respectively, and, when required, supplemented

with 'aromix' which consists of phenylalanine, tryptophan. tyrosine. 4-aminobenzoil.:

acid, 2,3-dihydroxybenzoic acid and 4-hydroxybenzoic acid, all at 10.6 M ( Pittard amI

Wallace, 1966 ).

The aroA gene from B.aborlUs 2308 was cloned by complementation of the E.cu/i

aroA deficient mutant RE696. Strain RE734. carrying the aroA on plasmid pRE 167 was

chosen for this study.

Preparation and manipulation of DNA

Plasmid DNA was isolated by the alkaline-SDS method ( Jones and Schofield,

1990 ). Genomic DNA from B.abortus 2308 was prepared as described in the Current

6



Protocols in Molecular Biology ( Wilson,1994 ). Restriction endonucleases, exonucleas

III S1 nuclease. Ba131 exonuclease, DNA polymerase I large fragment and T4 DNA

ligase were purchased from Promega or Bethesda Research Laboratory ( GibcoBRL ) and

used under conditions specified by their manufacturers. E. coli cells were transformed by

the Hanahan (1983 ) method. Standard techniques were used for molecular cloning and

electrophoresis ( AusubeL 1994 ).

Construction of nested deletions and location of aroA

In order to locate the aroA gene in pRE167. a series of unidirectional nested

deletions were generated. Deletions from the Sad side were constructed using

exonuclease III according to the instructions of the Promega Erase-a-Base system

technical manual. Plasmid pRE167 was linearized by Sad plus BamHI. then the single

strand of the 5' overhanging end was deleted by ExoIII for various intervals. S1 nuclease

was added to digest the remaining single strand. then Klenow fragment and dNTPs were

added to repair the ends. The resulting DNA was ligated back to itself with 1'4 DNA

ligase. then transformed into XL I-blue cells. Plasmid DNA was isolated from randomly

picked colonies, and the size was checked by restriction endonuclease digestion and

electrophoresis.

Deletions from the ApaI side were constructed using Bal3 I exonuclease according

to the Current Protocols in Molecular Biology ( Nixon.1988 ). Plasmid pRE 167 was

linearized by ApaI, both strands were deleted in both directions by Ba13 L for various

times. then the reaction was stopped by addition of 200 mM EDTA and heating at 65°C



for 5 minutes. Resulting DNA was digested with Sad. and the insert bands were

extracted from low melting agarose by the freezing thaw method ( personal

communication ). Deleted inserts were ligated into pBluescript SK ( Stratagene ) which

was digested with Sad plus Sma!. then transformed into XL I-blue and plated on LM

with 0.1 M IPTG, 2% X-Gal and 50 Ilg mr l amp ( TAXI plate ). Sizes of plasmid. 10

white colonies were checked as described above.

Nucleotide sequence determination and analysis

The dideoxy method described by Sanger et al ( Sanger. 1977 ) was used to

determine the nucleotide sequence of a 2.3 kb region of pRE167 (pRE167AIO). The

nucleotide sequences of the various deletions were determined by the Oklahoma State

University Recombinant DNAlProtein Resource Facility using cycle sequencing and read

on an ABI 373A sequencer. Gaps remaining in the sequence were completed by using

DNA primers synthesized by the Oklahoma State University Recombinant DNAIProtein

Resource Facil.ity. Genetics Computer Group (GCG). oligo 4.0 ( National Biosciences,

Inc.. Plymouth, MN ), and Macvector ( International Biotechnologies. Inc.. New Haven.

CT ) software packages were used for the analysis of both nucleotide sequences and

deduced amino acid sequences. Pileup was used to generate the original alignment which

was refined by the Clustal program ( w version ). This program was used to get the

.
Clustree by the neighbor joining method. Bootstrap program was used to generate 200

independent trees for the Clustree. Different programs in the Phylip package were also

used to create phylogenetic trees. Protpars was used to get the Parstree by the parsimony



method~ Protdist was used to calculate the distances which er submitted to Fitch to

generate the Fitchtree.

Identification of gene products by the maxicell technique

Proteins coded by various plasmids were labeled by the maxicell technique

(Sancar, 1981 ), using strain CSR 603 ( Sancar. 1978 ). Proteins were separated by one­

dimensional SDS-PAGE on 12% gels ( Laemmli. 1970 ) or by two-dimensional gel

electrophoresis ( Ames and Nikaido. 1976 ). One dimensional gels were loaded with

equal amounts of radioactivity in each lane. Gels were soaked in Autofluor ( National

Diagnostics) and exposed to Kodak XAR-5 film at room temperature. Molecular weight

markers and carbamylated carbonic anhydrase were purchased from Sigma Chemical

Company, St. Louis, MO, USA. 5 III of the carbamylated standard was mixed with each

sample and run on the two-dimensional gel. After soaking in 0.1 % coomassic blue dye

solution and washing with 40% methanolllO% acetic acid. carbamylated standard dots

showed up and a picture of the gel was taken for later calculation.

Construction of replacement plasmids

The marker-exchange mutagenesis technique was attempted to mutate a specific

locus on the chromosome by the homologous exchange recombinatjon of a deletedly or

insertionally inactivated. cloned gene carried on an unstable replicon with its functional

allele ( Ried, 1987 ). pBluescript was used as the suicide plasmid vector because it is a

ColEI-based plasmid, incapable of autonomous replication in Brucella spp. (Halling,
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1991 and Rigby, 1989 ). Four replacement plasmids ere constructed. The steps are

presented below.

Plasmid pRE 167 was panially digested with EcoRl and deleted for the 2 kb

EcoRl fragment by religating the 5.6 kb piece to give pTG101. pTGIOI was digest d

with Sad plus ApaI plus Seal to release the '2.7 kb fragment. which carries the deleted

aroA, then was ligated to pRE257 ( Table 1. ) digested with Sad plus Apal to make

pTG102 ( Fig. 2 ). Ligation was transfonned into XLI-blue and plated on TAXI plates.

White colonies were picked and the sizes of their inserts were identified by EcoRI and

Sad plus ApaI digestions.

pTG 10 I was partially digested with EcoRI to get a single cut and repaired with

Klenow, then ligated with the BamHI digested and Klenow repaired pUM24 ( Reid,

1987 ) to give pTG I03 ( Fig. 3 ). Ligation was transfonned into XL I-blue and plated on

LM with amp and kan. PsII and ApaI plus EcoRI digestions were done to check sizes.

pTGI04 was made by inserting the BamHI cut sac-kanr cas ene which was

derived from pUM24 into pRE I67 partially digested with Sau3A to give a single cut at

the middle of the 2 kb EcoRI fragment ( Fig. 4 ). The ligation was transformed into

RE696. then plated on LM with amp and kan. aro' colonies were identified by testing

them on minimal plates with and without ·aromix·. Pstl Apal plus PstI and EcoRI plus

Pst] digestions were done to check sizes and location of the insert.

pTG 105 was made by inserting the BamHI cut sac-kan r cassette which was

derived from pUM24 into the SmaI site of pRE 167A I0 ( Fig. 5 ). Procedures were similar

to those used in construction ofpTGl04.



11

Introduced replacement plasmids into B.abortus by electroporation

B. abortus 2308 was transformed by electroporation as described b) Lai t al (

1990 ) using an ElectroCell Manipulator 600 Electroporation System ( Biotechnologies &

Experimental Research Inc. San Diego, CA, USA ). DNA samples were prepared using

the Wizard method ( Promega ) and eluted with H20 to a final concentration of 0.5-1 J-lg

)11 -J. Cells were harvested from tI) ptose plates after 2 days growth at 37°C. 5 % CO2

and washed with chilled H20 three times. 0.5 -1.0)1g plasmid and 60 )1] competent cells

were transferred to a 0.1 mm gap cuvette and electroporated at 12.5 k,· cm-' , ith R7

resistance, giving a time constant of approximately 11.5 msec. After pulsing. 1ml SOC-B

broth ( Lai. 1990 ) was added, cells were incubated at 37°C for 1 hr, then cultured on

tryptose plates overnight before plating on selective media.

The strategy of creating a B.CJborrus aroA mutant with one of the replacement

plasmids. pTG 105 is shown in Fig. 6.

Southern blot analysis

DNA hybridizations were performed usmg the method of Southern ( 1975 ).

Probe DNA was labeled with photobiotin and detected by the Southern-Light

Chemiluminescent Detection System ( Tropix ).
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TABLE I. Bacterial strains and pJasmids used in this study

Strains Characteristics Source or reference
Bacteria

E.cali K-12
RE696 F" aroA35-1 ,: supE42 gvrA !J.(recA-srlR)306 RCEa

srlR30l:: TnlO-84
RE734 RE696 with pRE167 RCE
XLI-Blue recAl endAl gyrA96 thi-l hsdRl supE44 relAl Bullock et at. ( 1987)

lac [F' proAB lael8 Z!J.M15 TnlO (Tel')]
CSR603 Ihr-lleuB6 proA2 phr-l recAl argE3 Ihi-l uvrA6 Sancar & Rupert.

ara-14lacYlgalK2 xyl-5 mll-l rpsL3/rsx-33 (1978 )
supE4-1

B. abortus
2308 OADDLb

Plasmids
pSK pBluescript SK-, cloning vector ( ampf ) Stratagene
pUM24 with gene sacBR kan in it. a source of sac-kanf Ried et al. ( 1987)

cassette
pBBR positive control plasm id for electroporation Kovach el al. (19(4)

(carnf )
pRE257 pSK with sac-kanr in amp gene RCE
pRE167 4.6 kb SauJA fragment containing B. abortus ReE

aroA in pSK
pTGIOI pRE 167 without the 2 kb EcoRI fragment This work
pTGI02 2.6 kb pTG 10 I insert cloned into pRE257 This work
pTGI03 sac-kanf cassette from pUM24 inserted into the This work

EcoRI site ofpTGIOJ
pTGI04 sac-kan' cassette from pUM24 inserted into This work

pREI67 partially digested with SauJA
pTGJ05 sac-kanr cassette inserted into the Smal site of This work

pREI67AIO
pREJ67AIO pRE 167 with 2.3 kb deleted from Apal side This work

a ReE, Richard C. Essenberg
b OADDL. Oklahoma Animal Disease Diagnostics Laboratory, OSU, OK.
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Fig.:? Construction ofplasmids pTGlOl and pTGI02.

The restriction enzyme sites are: A, ApaI; S, Sad; E, EcoRI.
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Fig. 3 Construction of replacement plasmid pTG103.

The restriction enzyme sites are: A, ApaI: E. EcoRI; S, Sad; B, BamHI; P. Pst!:
C. Seal.
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Fig. 4 Construction of replacement plasmid pTG 104.

The restriction enzyme sites are: A, Apal; E, EcoRI; S, Sad: B. BamHI.
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Fig. 5 Construction of replacement plasmid pTG 105

The restriction enzyme sites are: A, ApaI; E, EcoRI; S. Sad; B. BamHl: M.
Sma!.
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Fig. 6 Gene replacemenr srrategy used for the crearion of a B. abortus aroA
mutant.

a) The restriction enzyme sites within aroA are: E. EcoRl; G, BglI; H.
HindilL M, SmaI.

b) The construction of pTG 105 is described in Fig. 5.
c) lnregration of the suicide plasmid into rhe chromosome by a double

ero sover should give rise to B. abortus 2308 kan' sucs amp' arok.
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Chapter III

Results

Nested deletions and location of aroA

Deletion from the ApaI side with BaDI was done three times to get the whole

plasmid deleted enough to be sequenced. Fig. 8 shows the first deletion by BaDI to get

subclones pREI67AI to pRE167A6. From pRE167A6. the same method was u ed to

make smaller subclones pRE167A7 to pREI67AIO. Again. pREI67AIO was further

deleted as described above. To check the sizes of these subclones. ApaI plus ad

digestion was done ( Fig. 8 ). Deletion from the Sad side with ExoIII was done just once

to get the whole pRE167 deleted ( Fig. 9 ). Several combinations of restriction enzyme

digestions were done to check the sizes of these deletions ( Data not shown ).

These deletions and various subclones were transfonned into strain RE696:

deletions from pREI67AIOl to pREI67AI08 and all the deletions from the Sad side are

aro' . One subclone, pRE234, thought to contain the two rightmost EcoRI fragments and

to be aro- actually contained different fragments. The restriction map and subclones of

pRE 167 are shown in Fig. 10. On the basis of this map. the aroA gene should be in

plasmid pRE167AlO and we sequenced this region.

Nucleotide sequence analysis of the aroA gene

The nucleotide sequence of the 2290 bp insert in pRE 167A10 was determined by

automated methods (Fig. II ) and revealed two open reading frames. The bigger one is in

the expected position of aroA, has 1440 bp with a coding capacity of 480 amino acid

23
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residues. The deduced molecular weight is 51 kDa and pI is 5.24. The small ORF

following the aroA is 558 bp with a coding capacity of 186 amino acid residues. coding

for a 19 kDa, pI 9.26 protein which showed 60.75% and 56.83% similarit' to the

cytidylate kinase of Synechocystis sp. and E.coli respectively. Alignment of the deduced

amino acid sequences encoded byaroA genes from different bacteria is shown in Fig. 12.

Phylogenetic trees developed by the neighbor joining, Fitch, and parsimony

methods are shown in Fig.13.

Identification of proteins coded by the clones

Three major proteins were seen for pREI67 in maxicell experiments ( Fig. 14 and

15 ), one of which, also seen with pBluescript. had the molecular \,\Ieight expected for p-

lactamase (33 kDa). Another fainter band appeared above this band with an apparent

molecular weight of 53 kDa , but was absent from a deletion without al'oA (

pRE 167Al 03) or shortened for a deletion from the Sad side ( pS0403 ). The third band

had an apparent molecular weight of 72 kDa and was absent from deletions from the Aplli

side ( pRE167A9. pRE167AIO and pREI67A103). The same result was seen for the

two-dimensional gel of pRE 167 and pRE167A lO3 ( Fig.IS ): the 72 kDa and 53 kDa

protein showed in pRE 167 but not in pRE 167Al 03. The T2 kDa protein is acidic, the 53

kDa one is neutral. However. we couldn't find the 19 kDa protein expected from the

second ORF of pRE 167.

..
S
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Construction of replacement plasmids and introduction into B.abortus by

electroporation

Four replacement plasmids were constructed. The first three of them wen~

constructed based on the original restriction map of pRE 167 \\'hich has the pRE234 ITor

in it. According to this map. the 2 kb EcoRI fragment is essential for the aroA. We

attempted to use the 2 kb EcoRI fragment deletion plasmid. pTG 102. carrying the sac-

kan f in the cloning vector as a suicide plasmid to get a mutation without introducing any

drug resistance. This strategy was described by Ried et al ( Ried. 1987 ): selection for

kan resistance gives single crossover insertions that have a duplication of the target gene

aroA with one good and one mutant copy from homologous recombination. In the second

step, excision of one copy of the aroA gene and the vector is selected for by the sacE

gene, whose presence makes the cells sensitive to sucrose. The replacement possibility is

about 50% because the probability of eliminating the wild type or mutant gene is roughl;.

equal. After several attempts to introduce the construct into B.ahorlils by eleclropormion.

only one colony showed kan resistance and sucrose sensitivity. It was cultured 011

tryptose plates for two days and different dilutions of cells were plated on tryptose with

5% sucrose. Single colonies were picked from sucrose plates and tested for sensitivity to

kan. Most of them were kan sensitive. The e kan~ sucroser colonies were tested on GM

plates with and without "aromix'. None of them showed aro-. Genomic DNA was isolated

from six of these colonies. then digested with EcoRI and analyzed by Southern blotting.

The 2 kb EcoRI fragment was not deleted for any of the six colonies (data not shown).
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Because of the lack of success of the two step selection strategy, we tried to

replaced the 2 kb EcoRl fragment with the sac-kan l and hoped we could get a mutant by

one step selection. No matter whether a single crosso' er or double eros over e ent

happens, it should give kanr sucroses
• but a single crossover should give amp! while a

double crossover should not. pIGI03 was transformed into B.aborrus. but all the kan l

colonies were amps and no sucroses colony was found.

Since EcoRI deletion plasmids pTGI02 and pIGI03 didn't work. we suspected

that the deletion is lethal. We constructed pIG104. which has the sac-kaJ/ inserted into

the undeleted aroA gene. Also, no sucrose sensitive or ampr colonies were found.

We didn't know the exact location of aroA until we got the 1.3 kb pRE167A 10

sequenced. aroA started about 200 kb from the Sad side. ended just a few bases after the

EcoRI site, so we constructed pIG 105 with the sac-kan f inserted into the Smal site of the

aroA gene ( Fig. 16A and 16B ). Still. we didn't get sucrose sensitive colonies. All kan

resistant colonies were amp'.

Plasmid pBBR ( Kovach. 1994 ) was used as a positive control hecause il can

replicate in B.abor/lls and a lot of cam resistant colonies showed up. Negative conlrol was

done by electroporating B.ahorlUs competent cells without any DNA under the same

condition. a few kan resistant colonies showed up after 5-6 days incubation.
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Fig. 7 Generation of the unidirectional deletions ( Bal31 library ).

A. Monitoring the progressive Bal31 digestion reaction. Samples were withdrawn
at 10 minute intervals. The left lane is I kb DNA ladder ( BRL ). Lane 0 is Apal
linearized pRE 167 DNA.

B. Sad digestion of pRE167 BaD1 libraries. Lane M. 1 kb DNA ladder. Lane
assignments were the same a in (A).
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Fig. 8 pRE167 ApaI side deletions continned by ApaI plus Sad digestion.

A. M, 1 kb DNA ladder. Lane O. uncut pREl67. Lane 1 to lane 11 are: pREl67.
pREl67AI, pRE167A2, pRE167A3, pRE 167A4. pRE167A5. pRE167A6.
pRE167A7. pREl67A8. pRE167AlO, pRE167A9.

B.M, 1 kb DNA ladder. Lane 1 to lane 9 are: pRE167AlO, pRE167AlOl.
pRE167AI02. pRE167AI03. pRE167AI04. pRE167AI05. pRE167AI06.
pRE167AI07, pRE167A108.
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Fig. 9 Generation of the unidirectionaJ deletions ( ExollI library )

Monitoring the progressive Exonuclease III digestion reaction. Samples were
withdrawn at 30 second intervals. M, 1 kb DNA ladder.
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Fig.l0 Restriction map of plasrn.jd pRE 167 subclones and deletions.

The top line is a restriction map of the Brucella abortus DNA insert of pRE 167
detennined from the sequence. Sites for cleavage by EcoRI, KpnI, HindIII and
SmaI agree with dige ts. Inferred ORFs are indicated. The phenotype of strain
RE696 containing the e deletion or subclone plasrnids is shown on the left.
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Fig. 11 Nucleotide sequence and deduced amino acid sequence of the 2293 bp
insert in pRE167AlO encodmg the Brucella aroA protein.

The reading frame encoding the aroA protein begins at nucleotide 285. The
cytidy1ate kinase reading frame starts at nucleotide 1634 just next to the
stop codon of aroA. Amino acid residues are designated by using the single­
letter code. Re triction enzyme ite XhoI, EcoRI and SmaI are underlined.
Regions of dyad symmetry are shown a arrows below the sequence.



~
~ Sequence Range; 1 to 2290

10 20 30 40 50 60 70 80 90 100

~TC."ffiCCCGGTATCGTCATCCCACTGTGCAGGCAAT'TGAAATGCCGGACAAG'IGG'M'AAA~AGGGCGCGCT'ITl'ACAGTG'ITGTCCGGT

110..
120 130 140 150 160.. 170 180 190 200..

CCATAAACGCAATTTGGGGCG'ITffiTCAAAGCGCACGCCAGTATA'fG CAGACTCTI'CGCACAGCG'ICTCGTCTGCGATTCACGGA'fGACCA
M T>

210 220.. 230.. 240 250 260 270 280.. 290 300..
CACAATATTACTATGCTAGGGAGACTGCGCTTATCTCTCAATCCCGGGGC GTGTCCGCGCCAAAATGTGACTGTGAAAAATCCA'fGTCCCATI'CCGCA'fG
T Q Y Y Y ARE TAL I S Q S R G V SAP K CDC E K S M S H SAC>

310 320.. 330.. 340 350.. 360 370 380.. 390 400

CCCGAAACCAGCAACCGCCCGCCATTCGCAGGCACTTACGGGCGAAATCC GCATTCCGGGCGATAAATCCATTTCCACCCGCTCCITCATGT'I'TGGTGGC
P K PAT A R H S Q A LTG E I RIP G 0 K SIS T R S F M F G G>

4]0 420.. 430 440 450 460 470.. 480 490 500

CTTGCATCGGGTAAAACCCGCATCACCGGCCTGCT'fGAGGGCGAAGACGT TATCAACACCGGGCGTGCCATGCAGGCCATGGGTGCCAGGATTCGCAAGG
LAS G K T R I T G L LEG E 0 V I N T G RAM Q A M GAR IRK>

510 520 530 540.. 550 560 570.. 580.. 590 600

AAGGCGA'fGTCTGGATCATCAA'fGGTGTCGGCAATGGCI'GCCTGTTGCAG CCCGAAGCGCCGCT'fGATTTCGGCAATGCCGGAACCGGCGCGCGCCTGAC
EGO V W I I N G V G N G C L L Q PEA P L 0 F G NAG T GAR L '1'>

610 620 630 640
*

650.. 660 670 680.. 690 700..
CATGGGCCTCGTCGGCACGTATGATATGAAGACGTCCTTTATCGGCGATG CCTCGCTTTCCAAGCGCCCGATGGGCCGCGTGCTGAACCCGCTGCGTGAA

M G I, V G T YOM K T S FIG 0 A S L S K RPM G R V L N P L R E>

'710 720.. 730
*

740.. 750.. 760 770 780 790 800

ATGGGTGTTCAGGTTGAGGCCGCCGAAGGCGACCGGATGCCGCTGACGC'I' GATTGGCCCAAGGACGGCCAACCCGATCGCCTATCGCGTGCCGATGGCT'l'
M G V Q V E A A EGO R M P L T L I G P R TAN P I A Y R V P M A>



r­
M 810 820 830 840 850 860 870 B80 890 900

CCGCACAGGTGAAATCCGCCGTI'CTGCTCGCTGGAACAC~CGTCACCACCGTGATCGAGCCGGTCATGACGCGCGATCATACQiAAAAGAT
SAO V K S A V L LAG L N T P G V T T V I E P V M T R D H T E K M>

910 920 930 940.. 50.. 960 970 980 990 1000

GCTGCAAGGC'TT'fGGCGCGACCTGACGG'ITGAAACCGATAAGGATGGTG TGCGCCATATCCGTA'M'GTCGGCCAGGGCAAGCTTACCG:XX.AGACCATC
L Q G F GAD LTV E T D K D G V R H I R I V G Q G K LTG Q T I>

1010 1020.. 1030.. 1040.. 1050 1060 1070.. 1080 1090.. 1100..
GACGTGCCGGGTGATCCCTCG'I'CAACGGCT'ITI'CCGCTGGTGCCCGCCCT TC'I'GGTCGAAGG'ITCGGAGGTCACCATCCGCAATGTGCTGATGAACCCGA

D V P G D P SST A F P L V PAL L V E G S E V T I R N V L M N P>

1110.. 1120.. 1130.. 1140 1150.. 1160 1170 1180 1190 1200

CCCGCACCGGCCTGATCCTGACGTrGCAGGAAATGGGGGCGGATATCGAG ATCATCGATCCACGCC'ITGCCGGCGGCGAGGATGTCGCCGATCTGCGCGT
T R T G L I L T L Q E M GAD I E I I D P R LAG G E D V A D L R V>

1210.. 1220.. 1230.. 1240.. 1250 1260 1270 1280.. 1290 1300

CAAGGCCTCGAAGCTGAAAGGCG'ITGTCGTTCCGCCGGAACGTGCGCCTI CGATGATCGATGAATATCCGGTTCTGGCCATISCCGCGTC'I'TTTGCGGAA
K ASK L K G V V V P PER A P S MID E Y P V L A I X A S F A E>

1310.. 1320.. 1330 1340.. 1350 1360 1370.. 1380 1390 1400

GGCGAAACCGTGATGGACGGTCTCGA'rGAAC'I'GCGCGTCAAGGAATCGGA TCGTCTGGCGGCCG'M'GCGCGCGGCC'M'GAAGCCAATGGTGTCGATTG'rA
GET V M D G L DEL R V K E S D R L A A V A R G LEA N G V D C>

1410.. 1420.. 1430.. 1440 1450 1460 1470 1480 1490 1500

CCGAAGGCGAGATGTCGCTGACGG'I"I'CGTGGCCGCCCCGGCGGCAAGGGG CTGGGCGGTGGCACGG'M'GCAACCCACCTCGACCACCGCATCGCGATGAG
T E GEM S LTV R G R P G G K G L G G G T V A T H L D H R I A M S>

1510.. 1520 1530.. 1540 1550.. 1560 1570 1580.. 1590 1600

TTTCCTCGTCA'l'GGGCC'M'GCATCGGAAlIAGCCGGTIACGGTGGATGACA GCACCATGATCGCCACCTCT'ITCCCGG~ATGGGCATGATGGCGGGG

F L V M G LAS E K P V T V DDS T M I A T S F P E F M G M MAG>



~. 1610 1620 1630 1640 1650 1660 1670 1680 1690 1700

crGGGGGCGAAGA'ITGCCGAAAGCGG'fGCAGAATGAAATCGTTCGTCGTC GCCCCGTTCA'ITGTCGCCA'I"ffiACGGACCGGCCGCC'TCGGGCAAGGGAAC

L G A K I A E S G A E>
M K S F V V A P F I V A I D G P A A S G K G T>

1710 1720 1730 1740 1750 1760 1770 1780 1790 1800

CCTTGCCCGGCGGATCGCGACACA'ITACGGGA'fGCCGCATCTCGATACGG GCCTGAccrATCGCGCGGTCGCCAAGGCGCM'CTCGACAAGGGA'ITACCC
L A R R I A THY G MPH L D T G L T Y R A V A K ALL D K G L P>

1810 1820
*

1830
*

1840
*

1850
*

1860 1870 1880 1890
*

1900

CM'GACGACGAGGCGC'I'CGCCACCGA'fGCCGCGCI'CAGCC'ITGACCTGCT 'fGCAATGGACAAGGCCGTGCTITCCGCCCA'fGCCATCGGCGAGGCGGCGT
L D D E A L A T D A A L S L D L LAM D K A V L S A H A I G E A A>

1910
*

1920
*

1930 1940 1950
*

1960 1970
*

1980 1990 2000

CGAAAGTGGCCGTCA'fGCCCGCTGTGCGCCGCGCGCTl'GTGGMGCGCAG CGCCA'ITTCGCCAA'fGCCC'fGCCATCGAGCGTGCTCGACGGGCGCGATAT
S I< V A V M P A V R R A L V E A Q R H FAN ALP S S V L D G R D I>

2010 2020 2030
*

2040
*

2050 2060 2070
*

2080 2090 2100

CGGCACCGTGGTCrGCCCGGA'fGCGGCGATAAAGCTCTTCGrCACCGCTT CGCCGGAAGTTCGCGCCAGGCGCCGCTTCGACGAGGITCTGGCCAGGGGC
G T V V C P D A A I K L F V T ASP E V R A R R R F D E V L A R G>

2110 2120 2130
*

2140 2150 2160
*

2170 2180 2190 2200
*

GACACGGCAGAT'l'I'TGGCGAAATTCTGGCAGACCTCAAAAAGCGCGACGA GCGCGACATGAACCGCACCGA'ITCCCCC'I"KiGGGSCCGCCTGAAGACGCC
D TAD F GEl LAD L K K R D E R D M N R T D S P L G X A>

2210
*

2220 2230 2240 2250
*

2260 2270
*

2280
*

2290

CAC'I'1'TGCTAGATGCGAGI'TGAAATGAG'ITA'ITGAAAGCGGGCATI'TC'lvr GTGGGAAAAAAGCTGATCGCMYCACGSTTTGGGGCAGVAT
-----> <-----
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Fig. 12 Comparison ofthe deduced amino acid equence of the Brucel1a aroA protein with
the published sequences of 16 other species.

The single-letter code is used for designating amino acids. Asterisks below the
aligned amino acids indicate identity between the corresponding amino acid
residues, dots indicate conserved antino acid replacements. and dashes between the
residues represent gaps inserted by the alignment program to maximize identity
between the sequences. The abbreviated bacteria names and their classifications
are:

Lacla: Lactococcus lactis, fmnicutes, gram-positive:
Synec: Synechocystis PCC6803; cyanobacteria:
Bruab: Brucella abortus; proteobacteria. alpha subdivision;
Dicno: Dichelobacter nodosus, proteobacteria, gamma subdivision;
Staau: Staphylococcus aureus, finnicutes, gram-positive;
Camje: Campylobacter jejuni, proteobacteria, epsilon subdivision;
Ecoli: Escherichia coli, proteobacteria, gamma subctivi ion:
Salgl: Salmonella galliflamm, proteobacteria, gamma subdivision:
KJepn: Klebsiella pneumoniae, proteobacteria. gamma subdivi ion:
Yeren: Yersinia enterocolitica. proteobacteria, gamma ubdivision;
Pasha: Pasteurella haemolyticus. proteobacteria. gamma subdivision;
Haein: HaernophiLus influenza, proteobacteria, gamma subdivision;
Pasmu: Pasteurella multocida, proteobacteria, gamma subdivision:
Aer a: Aeromonas saLmonicida. proteobacteria, gamma subdivision;
Borpe: Bordetella pertussis, proteobacteria, beta subdivision:
Psepm: Burkholderia pseudomollei, proteobacteria. beta ubdivi ion;
Myctu: Mycobacterium tubercucolosis. firmicutes. gram-positive.
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----------------------MK------------------------LKINS -_·_-G
----------------------MALLSLNNHQSHQR------------LTVNPPAQG-VA
------------MITQITYARETALISQSRGVSAPKCDCEKSMSHSACPKPATARHS-QA
----------------------------------------------MMTNrwHTAPV-SA
-----------------------------------------------MVNEQIIDIS-GP
------------------------------------------------MKIYKLQT---p
------------------------------------------------MESLTLQPI-AR
------------------------------------------------MESLTLQPI-AR
------------------------------------------------MESLTLQPI-AR
-----------------------------------------------MLESLTLHPI-AL
------------------------------------------------MEKLTLTPI-SR
------------------------------------------------MEKITLAPI-SA
--------------------------------------------MIKDATAITLNPI-SY
-------------------------------------------------NSLRLEPI-SR
---------------------------------------------MSGLAYLDLPAA-RL
--------------------------------------------MAFQWPRFPLQPW-RH
------------------------------------------------MKTWPAPTAPTP

LKGRLK-VPGDKSISHRSIMFGSIA----KGKTIIHDILRGEDVLSTlEAF'RALG'JEIED
LTGRLR-VPGDKSISHRALMLGAIA----TGETIIEGLLLGEDPRSTAHCFRAMGAElSE
LTGEIR-IPGDKSISTRSFMFGGLA----SGKTRITGLLEGEDVINI'GRAMQAMGARIRl<
LSGEIT-ICGDKSMSHRALLLAALA----EGQTEIRGFLACADCLATRQALRALGVDIQR
LKGEIE-VPGDKSMTHRAIl1LASLA- - - - EGVSTIYKPLLGEDCRRTMDIFRHLGVElKE
VNAILENlAADKSISHRFAIFSLLT----QEENKAQNYLLAQI:YrLNTLEIIKNLGAKIE­
VIX;TIN-LPGSKTVSNRALLLAALA- - - - HGKTVLTNLLDSDDVRHMLNALTALGVSYT­
VOOAIN-LPGSKSVSNRALLLAALA-- - -CGKTVLTNLLDSDDVRHMLNALSALGINYT­
VIX;TVN-LPGSKSVSNRALLLAALA--- -RGTTVLTNLLDSDDVRHMLNALSALGVHYV­
INGTVN-LPGSKSVSNRALLLAALA----EGTTQLNNLLDSDDIRHMLNALQALGVI<YR­
VEGEIN-LPGSKSLSNRALLLAALA----TG'ITQVTNLLDSDDIRHMLNJUJ<ALGVKY­
VEGTIN-LPGSKSLSNRALLLAALA----KGTrKVTNLLDSDDIRHMLNALKALGVRYQ­
IEGEVR-LPGSKSLSNRALLLSALA----KGKTTLTNLLDSDDVRHMLNALKELGVT ­
VAGEVN-LPGSKSVSNRALLLAALA----RGTTRLTNLLDSDDIRHMLAALTQLGVKYK­
ARGElJA-LPGSKSISNRVLLLAALA----EGSTEITGLLDSDI:YrRVMLAALRQLGVSVG­
VTGHLR-LPGDKSISNRSLLLGALA----EGVTEVTGLLDSDD~LGVVIE­

VRATVT-VPGSKSQTNRALVLAALAAAQGRGASTI SGALRSRIYrELMLDALQTLGLRVIX;
*

-DGQVIT----VHGQGISKLKEPEKALDMGN------SGTSTRLLSGlLA-------GL­
LNSEKII----VQGRGLGQLQEPSTVLDAGN------SGTTMRLMLGLLA-------GQK
-EGDVWI----INGVGNGCLLQPEAPLDFGN------AGTGARLTMGLV--------GTY
-EKEIVT----IRGVGFLGLQPPKAPLNMQN------SGTSMRLLAGlLA-------AQ-
-DDEKLV----VTSPGY-QVNrPHQVLYTGN------SG'I'TTRLLAGLLS-------GLG
-QKDSCVKI--IPPKE---ILSPNCILDCGN------SGTAMRLMIGFLA-------GIS
LSADRTRCE--IIGNGGPLHAEGALELFLGN------AGTAMRPLAAALCL------GS­
LSADRTRCD--ITGNGGPLR~FLGN------AGTAMRP~~L------GQ­

LSSDRTRCE--VTGTGGPLQAGSALELFLGN------AGTAMRPLAAALCL------GS­
LSADRTRCE--VDGLGGKLVAEQPLELFLGN------AGTAMRPLAAALCL------GK­
LSDDKTVCV--LEGIGGAFKVQNGLSLFLGN------AGTN1RPLAAALCLKG---EEK­
LSDDKTICE--IEGLGGAFNIQDNLSLFLGN------AGTAMRPLTAALCLKG---NHE­
LSEDKSVCE--IEGLGRAFEWQSGLALFLGN------AGTAMRPLTAALCLSTPNREGK­
LSADKTECT--VHGLGRSFAVSAPVNLFLGN------AGTAMRPLCAALCL------GS­
ElJADGC-----VTIEGVARFPTEQAELFLGN------AGTAFRPLTAALALMG------­
-GPHQGRCT--VHGVGLHGLKAPPGPLFLGN------AGTAMRPLSAALALQPF-----­
VGSELT-----VSGRIE--P-GPGARVDCGL------AGTVLRFVPPLAAL--------G

** *

40

•
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PFEATLFGDDSLSKRPMDRVATPLQMMGAEIVGQTDKVKLPMrIKGSAHLKAIDYILPVA
DCLFIVI'GDDSLRHRPMSRVIQPLQQMGAKIWARSNGKFAPLAVQ3S-QLKPIHYHSPIA
DMKTSFIGDASLSKRPMGRVLNPLREMGVQVEA-AEGDRMPLTLIGPRTANPIAYRVPMA
RFESVLCGDESLEKRPMQRIITPLVQMGAKIVSHSNFI'-APLHISG- RPLTGIDYALPLP
N-ESVLSGDVSIGKRPMDRVLRPLKLMDANIID- IEDNYTPLIIKPS-VIKGINYQMEVA
GF- FVLSGDKYLNNRPMRRISKPLTQlGARIYGRNEANLAPLCIEG-QNLKAFNYKSEIS
-NDIVLTGEPRMKERPIGHLVDALRLGGAKITYLEQENYPPI..RLQ3-GF'T-GGNVIJVlXiS
-NEIVLTGEPRMKERPIGHLVDSLRQGGANIDYLEQENYPPLRLRG-GFI-GGDIEVDGS
-NDIVLTGEPRMKERPIGHLVDALRQ3GAQIDYLEQENYPPLRLRG-GF'T-GGDVEVDGS
- NDIVLTGEPRMKERPIGHLVDALRQGGAQIDYLEQENYRR-CIAG-GFR-GGKLTVDGS
-SQIILTGEPRMKERPIKHLVDALRQVGAEVQYIJ::NE-..,ryPPLAISNSVCR-GGKVQIDGS
-VEIILTGEPRMKERPILHLVDALRQAGADIRYLE:NFG{PPLAIRNKGIK-GGKVKIDGS
-NEIVLTGEPRMKERPIQHLVDALCQAGAEIQYLEQIDYPPIAIRNI'GLK-GGRIQIDGS
-GEYMLGGEPRMEERPIGHLVDCLALKGAHIQYLKKDGYPPLVVDAKGLW-GGDVHVDGS
-GDYRLSGVPRMHERPIGDLVDALRQFGAGIEYLGQAGYPPLRIGGGSIRVDGPVRVEGS
--DTTLTGDPRMSERPINRLVDALREMGAVIEYLAQEGYFPLTIRG-----------GGS
SVPVTFDGDQQARGRPIAPLLDALRELGVAVD--- -GTGLPFRVRGNGSLAGGTVAIDAS

**

-SAQVKSAVIFAA------LQAmLTKVVEKEKTRSHTEEVQFGGEI'NS---DKT--
-SAQVKSCLLLAG------LTl'EGD'ITVTEPALSRDHSERMLQAFGAKLTID---PV'I'HS
-SAQVKSAVLLAG------LNTPGVTIVIEPVMTRDHTEKMLQGFGADLTVETDKIXNRH
-SAQLKSCLlLAG------LLADGTTRLHTCGISRDHTERMLPLFGGALEIKKE-----Q
-SAQVKSAILFAS------LFSKEPTllKELDV~----IPlEAEGLSI

- SAQVKTAllILSA--- - - - FRANNVCAFSEISLSRNHSENMLKAMKAPIRVS- - NDGLSL
VSSQFLTALLMTAP-LA---PEDlVIRIKGDLVSKPYIDITLNLMK-TFGVEIENQHYQQ
VSSQFLTALIMI'AP-LA- - - PKDrIIRVKGELVSKPYIDITLNLMK-TFGVEIANHHYQQ
VSSQFLTALLMASP-LA---PQDIVIAIKGELVSRPYIDITLHLMK-TFGVEVENQAYQR
VSSQFLTALLMTAP-LA---EQDTEIQIQGELVSKPYIDITLHLMK-AFGVDVVHENYQI
ISSQFLTALLMSAP-LA---IDDMEIEIIGDLVSKPYIDITLSMMN-DFGITVENRDYKT
ISSQFLTALLMSAP-LA---ENm'EIEIIGELVSKPYIDITLAMMR-DFGVKVENHHYQK
VSSQFLTALLMAAP-MA---EADTEIEIIGELVSKPYIDITLKMMQ-TFGVEVENQAYQR
VSSQFLTAFLMAAPAMA---PVIPRIHIKGELVSKPYIDITLHIMN-SSGVVIEHDNYKL
VSSQFLTALLMAAPVLARRSGQDITIEVVGELISKPYIEITLNLMA-RFGVSVRRDGWRA
VSSQFLTALLMTAPMASAQIKS-------GLLLSKpyIDITLNVM--PFGVPTRDHTERI
ASSQFVSGLLLSAASFT---DGL'NQHTGSSLPSAPHIAMTAAMLR-QAGVDIDDSTPNR
• •

ILVPGGQK---LLGQ---EV'IVPGDISSAAFWLVAGLWENSGLILENVGINETRTG--I
VIVHGPAH---LTGQ---RVVVPGDISSAAFWLVAASILPGSELLVENVGINPTRTG--V
IRIVGQGK---LTGQ---TIDVPGDPSSTAFPLVPALLVEGSEVrIRNVLMNPTRTG--L
IIVTGGQK---LHGC---VLDIVGDLSAAAFFMVAALIAPRAEVVIRNVGINPTRAA--I
NTTPEAIR---YIKPA--DFHVPGDISSAAFFIVAALITPGSDVTIHNVGINQTRSG--I
EISPLKKP---LKAQ---NIIIPNDPSSAFYFALAAIILPKSQIILKNILLNPTRIE--A
FVVKGGQS- - - YQSP--GTYLVEGDASSA.SYFLAAAAJ. - KGGTVKVTGIGRNSMQ3DIRF
FVVKGGQQ---YHSP--GRYLVEGDASSASYFLAAGAI-KGGTVKVTGIGRKSMQGDIRF
FIVRGNQQ---YQSP--GDYLVEGDASSASYFLAAGAI-KGGTVKVTGIGRNSVQ3DIRF
FHIKGGQT---YRSP--GIYLVEGDASSA.SYFLAAAAJ. - KGGTVRVTGIGKQSVQ3DTKF
FLVKGKQG---YVAPQ-GNYLVEGDASSASYFLASGAI - K-A-GKVTGIGKKSIQ3DRLF
FQVKGNQS---YISP--NKYLVEXiDASSASYFLAAGAI-K-GKVKVTGIGKNSIQGDRLF
FLVKGHQQ---YQSPH--RFLVEGDASSASYFLAAAAI-K-GKVKVTGVGKNSIQ3DRLF
FYIKGNQS---IVSP--GDFLVEXiDASSASYFLAAGAI-K-GKVRVTGIGKHSI-GDIHF
FTIARDAV- - - YRGP- -GRMAIEGDASTA.SYFLALGAI-GGGPVRV'I'GIJGEDSIQ3DVAF
FAVSAIR----YPSP--AVLRLEGDATSASYFLAAAGI-KG--VPVTGIGRHSMQ3DSWF
WQVRPGPV-------AARRWDIEPDLTNAVAFLSAAVV-SGGTVRITGWPRVSVQPADHI
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LEVIQAM>GQLEILEQDEVA--KAATLKVK-ASQLK------GTEISGDLIPRLIDELPI
LEVLAQMGADITPENERLVTGEPVADLRVR-ASHLQ-- - - - -GCTFGGEI I PRLIDEIPI
ILTLQEM:iADIEI1DPRLAGGEDVADLRVK-ASKLK - - - - - -GVWPPERAPSMIDEYPV

ITLLQKMGGRIELHHQRFWGAEPVADIVVY-HSKLR- - - ---GI'IVAPEWIANAIDELPI
IDIVEKMGGNIQLFNQT-TGAEPI'ASIRIQYTPMLQ------PITIEGELVPKAIDELPV
YKILQKMGAKLEMI'ITQ-NDFETIGEIRVE-SSKLN------GIEVKIlN-IAWLIDEAPA
ADVLEKMGATICW::;DDYI- - - S- - - - - -CI'RGELN- - - - - --AHMDMNHIPDAAMr IAT
ADVLEKMGATI~DDFI---A------Cl'RGELH-------AHMDMNHIPDAAMrIAT

ADVLEKMGA~EDYI---A------CI'RGELN-------AlrMDMNHIPDAAl_fI'IAT

ADVLEKMGAKIsw;:;DDYI---E------CSRGELQ-------GlrMDMNHIPDAAMrIAT
ADVLEKMGAKI~EDFI---Q------AEQSPLK-------GVDMDMNHIPDAAMrIAT

AIJVLEKMGAKI~EDFI---Q------AEHAELN-------GIDMDMNHIPDAAMrIAT

ADVLEKMGAHITWGDDFI---Q------VEKGNLK-------GIDMDMNHIPDAAMrIAT
ADVLERMGARITWGDDFI---E------AEQGPU!-------GVDMDMNHIPDVGHDHSG
AATLAAMGADVRYGPGWI - - - ETRGVRVAEGGRLK- - - - - - -AFDADFNLIPDAAMrAAT
PRALRRMGARSCGSSMIV----------CPRGELRA------AVRSDSNSIPDAAMrLAT
LAILRQL..~WlHADSSL---------EVRG?1'GYD------GFDVDLRAVGELTPSVAA

IALLATQAEGKTIIRDAAELKVKETDRIAWADALNSMGANIEPTDOO------MIIQGG
LAVAAAFAEGTTRIEDAAELRVKESDRLAAIASELGKMGAKVTEFDOO- - - - --LEIQGG
LAIXASFAEGETVMD3LDELRVKESDRLAAVARGLEANGVDCTEGEMS- - -- - - L'IVRGR
FFIAAACAEGTTFVGNLSELRVKESDRLAAl1AQNLQTLGVACDVGADF------IHIYGR
IALLCTQAVGTSTIKDAEELKVKETNRlm'TADMLNLLGFELQPI'NDG------LIIHPS
LAIAFALAKGKSSLlNAKELRVKESDRIAVMVENLKLCGVEARELDOO------FEIEGG
AALFAK-GTTR--LRNIYNWRVKETDRLFAl-1ATELRKVGAEV---EEGHD----YIRITP
TALFAK-GTTT--LRNIYNWRVKETDRLFAMATELRKVGAEV---EEGHD----YIRITP
AALFAR-GTTT--LRNIYNWRVKETDRLFAMATELRKVGAEV---EEGED----YIRITP
TALFAD-GPTV--IRNIYNWRVKETDRLSAMATELRKVGAEV---EEGQD----YIRVVP
TALFAE-GETV--IRNIYNWRVKETDRLTAMATELRKVGAEVEEGEEGED----FIRIQP
TALFSN-GETV--IRNIYNWRVKETDRLTAMATELRKVGAEV---EEGED----FIRIQP
TALFAE-GETV--IRNIYNWRVKETDRLTAMATELRKVGAEV---EEGED----FIRIQP
QSHCLP-RVPP--HSQHLQLAVRD-DRCl'PCTHGHRRAQAGV--SEEGTT----FITRDA
LALYAD-GPCP.--LRNIGSWRVKETDRlHAMHTELEKLGAGV---QSGAD----WLEVAP
RSAGAR-WAAT--ANHI---RVAGEGOOSAVC-NVHGAGGGWRASGSRCW----SSWLPS
LAALAS-PGSVSRLSGIAHLRGHETDRLAALSTEINRLGGTCRETPOO------LVITAT

TKLHA - PENAINTLGDHRIGMMVAlAALLVENGEIELERAEAIQTSYPSFFDDLEJ<LSGN
SPLQG-AE- -VDSLTDHRIAl-iALAlAA-LGSGGQTI INRAEAAAISYPEFFGTLGQVAQG
PGGKGLGGGTVATHLDHRIAMSFLVMG-LASEKPVTVDDSTMIATSFPEFMGMMAGLGAK
SDRQFLPAR-VNSFGDHRIAMSLAVAG-VRAAGELLIDDGAVAAVSMPQFRDFAAAIGMN
E----FKTNATDILTDHRIGMMLAVACVLSSE-PVKIKQFDAVNVSFPGFLPKLKLLQNE
CE---LKSSKIKSYGDHRIAMSFAILGLLCG---IEIDDSDCIKTSFPNFIEILSNLGAR
PE--KLNFAEIATYNDHRMAMCFSLVAL--SDTPVTILDPKCTAKTFPDYFEQLARISQA
PA--KLQHADIGTYNDHRMAMCFSLVAL--SDTPVTILDPKCTAKTFPDYFEQLARMSTP
PL--TLQFAEIGTYNDHRMAMCFSLVAL--SDTPVTILDPKCTAKTFPDYFGQLARISTL
PA--QLIAAEIGTYNDHRMAMCFSLVAL--SDTPVTILDPKCTAKTFPDYFEQLARLSQI
Ll-LENFQHAEIETYNDHRMAMCFSLIAL- - SNI'EVTILDPNCTAKTFPrYFRDLEJ<LSVR
LALNQFKHANIETYNDHRMAMCFSLIAL- -SNI'PVTILDPKCl'AKTFPrFFNEFEKICLK
LNLAQFQHAELNI-HDHRMAMCFALIAL--SKTSVTILDPSCl'AKTFPrFLILF-TLN'I'R
ADPAQARRDR--J-IT,QRSRIAMCFSLVAL--SDIAvrINDPGCTSKTFPDYFDKLASVSQA
PEPGGWRDAHIGTvIDDHRMAMCFLLAAF--GPAAVRILDPGCVSKTFPDYFDVYAGLLAA
ARKVVLRCAVPKRFPDGNVLLAAS- -AW- - R'I"GCETSWIP- -AAPI'RRRIVIEGGAIGS­
P- - - - LRPGIWRAYADHRMAMAGAI IGL- - RVAGVE\lDDIAATrKTLPEFPRLWAEMVGP
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Fig. 13 Phylogenetic trees generated by different programs.

A. Clustree was generated by neighbor joining method. Bootstrap values are
showed beside the corresponding internal branches. B. Fitchtree was generated by
distance method. C. Parstree was generated by parsimony method. Branch lengths
are proportional to distances for Fitchtree and Clustree but not for Parstree. (+)

indicates gram-positive bacteria.
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Fig. 14 One-dimensional SDS-PAGE of proteins labeled in maxiceHs containing pREl67
and various deletions.

The positions of the prestained protein standards and their apparent molecular
masses are indicated on the right.
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Fig. 15 Two-dimensional gel electrophoresis of proteins labeled in maxiceIJs containing
pRE167 and pRE167A103.

The positions and apparent molecular masses of the prestained protein standards are
shown. The position of the Oth, 5th, 10th, 15th and 20th carbamylated carbonic
anhydrase spots are indicated at the bottom of each gel.
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Fig. 16 Creation of replacement plasmid pTG 105.

A. pRE 167A10 partially digested with SmaL M. 1 kb ONA ladder. Lane 1 to lane 6
are 0.5 ug pRE167AlO DNA digested with 0.2U. O.3U, 0.35U, O.4U, 0.45U. and
0.5U SmaI respectively. B. Plasmids isolated from kanr and aro' colonies checked
with restriction digestion. Plasmid a and c have the expected digestion pattern. c
was designated as pTG 105.
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Chapter IV

Discussion

Over thirty genes are involved in the aromatic amino acid biosynthesis pathway in

Escherichia coli. The aroA gene is highly conserved in the majority of pecies studied 0

far and often forms part of an operon with serC the structural gene for 3-phospho erine

aminotransferase. with serC being proximal to the promoter for the operon and 70 bp

upstream of aroA ( Duncan and Coggins. 1986 ). In some bacteria the aroA gene is in an

operon with other genes, for example. tyrA-aroA-aroK-pheA in Lactococcus lactis

(Griffin. 1995 ) and aroC-aroB-aroA in Staphylococc/lS alireus ( O'Connell et a1.. 1993 ).

However, aroA doesn't always form part of an operon: it has its own promoter in

Pasteurella haemolYlica serotype Al ( Tatum. 1994 ) and rna\" he transcribed

independently of sere in Pasteurella mliltocida ( Homchampa. 1992 ). It is interesting

that other genes i.n the aromatic amino acid biosynthesis pathway sometimes link together

too, such as aroF-tyrA-pheA in E. coli ( Hudson and Davidson. 1984 ), and u huge operon

containing aroC ( designated aroF )-arvB-aroH-trp operon-hisH-l)'rA-aroA ( designated

uroE) in Bacillus sublilis ( Henner et al.. 1986 and O'Connell et 0.1.. 1993 ). The results

of the present study also showed considerable homology between the deduced amino acid

sequence of B.aborlus aroA and that from other species ( Fig. 13 ). The alignment

indicated that translation may start from the second AlG codon because the sequence

between the two initiation codons is not homologous to the sequences from other species.

We don't think there is a sere gene upstream of the aroA in B.aborllls since there is no
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ORF in the 200 bp region upstream of the aroA gene. however, the nucleotide sequence

of the 2.3 kb pRE167AlO showed another complete 558 bp open reading frame just

downstream of aroA which has reasonable similarity with the cytid late kinase sequenc

in other bacteria. These two are close enough that they should be in an operon. We didn't

find any potential Shine-Dalgarno sequence or possible promoter sequence ( -10 and -3:

region) preceding either start codon. The aroA and the cytidylate kinase genes are in the

same orientation as the beta-galactosidase gene of the pSK vector. so the expre sion of

these pRE 167 gene products may be under the control of the promoter from the vector or

from B.abortlls itself. We found a possible terminator sequence at the end of the

cytidylate kinase gene which consists of a " stem-loop" structure with six-base stem.

following by a poly adenylic acid tail ( Fig. 11 ).

Ideally, the evolutionary relationships between organisms could be detennined by

comparing the nucleotide sequences of the respective genomes. However. thi cale of

analysis is generany impractical. Comparing sequences of individual genes also can giv

us information on evolutionary relationships between organisms. Smull-subunit (16 or

18S ) rRNA gene sequences are frequently used for gene-based phylogenetic

classification schemes because of their slow rate of evolutionary changes. On our oruA

phylogenetic trees, two major groups of bacteria could be seen. Proteobactcria of the

gamma subdivision seem to cluster together except D.nodosus while the other

subdivision. the gram-positive ones and the cyanobacteria distribute apart. The ones in

operons didn't cluster together. This result is a little bit different from thl:: 16S rRNA

based tree which has the proteobacteria. gram-positive bacteria and cyanobacteria as three

- I
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separate groups. with the gram-positive one between the other two ( Angert, 1996 ). Thi

kind of exception also happened in phylogenetic trees of other Brucella gene (per onal

communication with Richard Essenberg ). The sequence of a sp cific prot in from

bacteria sometimes may not represent the true evolutionary relationship beau e ba tria

can take up exogenous 0 A from other species via transformation. transduction or

conjugation. It is not uncommon that a gene sequence appears in an unexpected position

in the phylogenetic trees.

We constructed three phylogenetic trees by different methods and they appeared

to be basically the same. The result from the Bootstrap program also showed that the

trees are reliable because most branches appeared in a high percentage of the trees ( Fig.

13 A).

Two major proteins were detected by the maxicel1 experiment. The 53 kDa one is

consistent with the 1.4 kb aroA open reading frame in the nucleotide sequence and th

aromatic amino acid requirement test. The T2 kD one is bigger than the protein exp cted

from the 558 bp ORF next to the aroA. There are two possible reasons: tir 1. there are

actually three proteins translated from the 4.6 kb insert of pRE 167: EPSP ynlhase.

cytidylate kinase and the 72 kD protein. The J9 kDa cytidylale kinase may not show up

well on the 2D-gel because of its very basic pI. The second possibility is that there are

two proteins synthesized. the 53 kD EPSP synthase and 72 kD protein. The cytidylate

kinase was not turned on in the maxicells for some unknown reasons. The 72 kDa protein

being a fusion protein of the 53 kDa and 19 kDa proteins is not likely because of two

things: first. pRE167A9 is a deletion plasmid deleted from the ApaI side but not into the

( ,e



cytidylate kinase gene. It has lost the 72 kDa band but still has the 53 kDa band on th

one-dimensional gel. showing that the 72 kDa protein is not a fusion prot in. nother

part of evidence is that the calculated pI of the 19 kDa cytidylate kina e is 9.26. but th

pIs of the 72 kDa protein and the 53 kDa aroA proteins on the two-dimensional gel ar'

acidic and neutral, respectively.

Although four replacement plasmids have been tried in the eletroporation

experiment with B.a!JorIUS 2308. no potential mutants were found. Positive control pBBR

was able to be introduced into the cells indicating that the electroporation system and the

protocol works. Even single crossover events rarely hnppened because no kan resistant

colonies were found to be amp resistant or sucrose sensitive for pTGI03. pTGI04 and

pTG105. For pTG102, only one colony was kan resistant and sucrose sensitive. but no

aro' mutant was obtained after the second selection. This may be explained by the low

transformation frequencies of these replacement plasmids which were insufficient to

routinely produce mutants by the rare event of homologous recombination or the suicide

plasmids were degraded before they had a chance to get into the chromosome. It was

reported by Tatum et al that an aroA mutant of P. haemolylica was produced by using a

replicable but unstable replacement plasmid ( Tatum, 1994 ). They repeated passage or

P. haemolytica transformed with the replicable hybrid replacement plasmid to improve the

chance of recombination and its instability allowed recovery of pJasmidless aroA mutant.

Another explanation for the unsuccessful result may be that the mutation is lethal.

Although the transformation efficiency wasn't improved by supplementing the tryptose

plates with' aromix' after the electroporation. it is possible that disrupting the operon. but

,.
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not the aroA gene itself by a single crossover or a double crossover integration can b

lethal and we didn't supplement the nutrient other than aromatic amino acid which

B.abortus needs to survive.

The following further studies need to be done: get the whole seq uence of pRE 167

to identify the 7~ kD unknown protein; use the deletions in the maxicell experiment to

figure out where the 72 kDa protein is: improve the transformation efficiency by lIsing

different replacement plasmids to get higher recombination frequency. After we gel the

aroA deficient mutant. Southern blot analysis needs to be done to confinn the mutation.

then macrophage cells will be used to test the virulence of the mutant.

....
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