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ABSTRACT. Salmonella entericaerovar Typhimurium LT2 catabolizes propionate through the 2-methylcitric
acid cycle, but the identity of the enzymes catalyzing the conversion of 2-methylcitrate into 2-methyl-
isocitrate is unclear. This work shows that thgD gene of theprpBCDE operon of this bacterium
encodes a protein with 2-methylcitrate dehydratase enzyme activity. Homogeneous PrpD enzyme did not
contain an iror-sulfur center, displayed no requirements for metal cations or reducing agents for activity,
and did not catalyze the hydration of 2-metleyd-aconitate to 2-methylisocitrate. It was concluded that

the gene encoding the 2-metlgik-aconitate hydratase enzyme is encoded outsidpris@CDEoperon.
Computer analysis of bacterial genome databases identified the presence of orthologuesAtdene
(encodes aconitase A) in a number of putativp operons. Homogeneous AcnA protein ®f enterica

had strong aconitase activity and catalyzed the hydration of the 2-mathgtonitate to yield
2-methylisocitrate. The purification of this enzyme allows the complete reconstitution of the 2-methylcitric
acid cycle in vitro using homogeneous preparations of the PrpE, PrpC, PrpD, AcnA, and PrpB enzymes.
However, inactivation of thacnAgene did not block growth db. entericaon propionate as carbon and
energy source. The existence of a redundant aconitase activity (encodetBywas postulated to be
responsible for the lack of a phenotypesitcnAmutant strains. Consistent with this hypothesis, homogeneous
AcnB protein ofS. entericaalso had strong aconitase activity and catalyzed the conversion of 2-methyl-
cis-aconitate into 2-methylisocitrate. To address the involvement of AcnB in propionate catabolism, an
acnAandacnBdouble mutant was constructed, and this mutant strain cannot grow on propionate even
when supplemented with glutamate. The phenotype of this double mutant indicates that the aconitase
enzymes are required for the 2-methylcitric acid cycle during propionate catabolism.

In Salmonella entericgpropionate is oxidized to pyruvate and J. C. Escalante-Semerena, unpublished results). The work
via the 2-methyilcitric acid cycle (Figure 1). In this bacterium, reported herein was undertaken because the enzyme(s)
functions encoded by therpBCDE operon are required to  responsible for the conversion of 2-methylcitrate to 2-meth-
catalyze the reactions in this pathwaly 2). The first two ylisocitrate and the role of the PrpD protein in this pathway
steps of the pathway convert propionate to 2-methylcitrate were unknown.
by the sequential action of the propionyl-CoA synthetase Previous studies showed that 2-methylcitrate accumulated
(PrpE} and 2-methyicitrate synthase (PrpC) enzyni&S8). in prpD mutant strains o8. entericaduring growth on pro-

The last step of the methyicitric acid cycle, i.e., the cleavage pionate ), suggesting the involvement of the PrpD protein
of 2-methylisocitrate into pyruvate and succinate, is catalyzed in the conversion of 2-methyicitrate to 2-methylisocitrate.
by the 2-methylisocitrate lyase (PrpB) enzyme (T. L. Grimek This reaction is reminiscent of the citrate to isocitrate con-
e recearch was < . oy NI Grant OME2203 ¢ version catalyzed by aconitase. Interestingly, the PrpD protein
J.C.E-‘IS. A.R.H. Wavmvs supuprc))prgardebymapl\?éF ?J/redoctol;eel\?fellowship anod ShO\{VS no ho.mOIOQy to protelns of known TunC.UOl) -

by NIH Biotechnology Training Grant GM08349. cluding aconitases, suggesting that PrpD is either a novel

*To whom correspondence may be addressed. Department of aconitase, or it is a new enzyme that catalyzes the dehydra-
Bacteriology, 1550 Linden Dr., Madison, WI 53706-1567, USA. tion of 2-methylcitrate to 2-methydis-aconitate, or the hy-

T(_elephé)ne: 608.262.7379; fax: 608.262.9865; e-mail: jcescala@facstaff.dration of the latter to 2-methylisocitrate. If PrpD catalyzed
wisc.edu.

1 Abbreviations: Ap, ampicillin; ATP, adenosine triphosphate; AMP, only one of the steps in the conversion of 2-methylcitrate to
adenosine monophosphate; Cm, chloramphenicol; CoA, coenzyme A; 2-methylisocitrate, one would have to conclude that the
gzol_de;ltfratet‘?' Wat%r? gTT, 1:4t'dith“1_‘th(f39ist${'? EIDtT?r’l'ethyl?-?Eel;ES enzyme catalyzing the remaining hydration step would be

laminetetracetiC acid; m, gentamycin; , utatnione; , .
N-(2-hydroxyethyl)piperazin&?-(z-eth}:/inesulfonicgacid); IPTG, iso- enCOd?d by a gene OUtS|d? of.tpEpBCDI'Eoperon. .
propyl-3-p-thiogalactoside; Kan, kanamycin; NMR, nuclear magnetic ~ In this report, results of in vitro experiments addressing
resonance; PMSF, phenylmethanesulfonyl fluoride; ppm, parts per the role of the PrpD protein in propionate catabolism are

million; TCEP-HCI, tris(2-carboxyethyl)phosphine hydrochloride; TMS, ; ; _
tetramethylsilane; Tris, tris(hydroxymethyl)aminomethane; P-CoA presented. These experiments were performed with homo

propionyl-CoA; UNK, unknown; MCA, methytis-aconitate; MC, ' geneous preparations of PrpB, PrpC, Pr_pr and PrpE
methylcitrate; PYR, pyruvate; MIC, methylisocitrate. enzymes, and the breakdown of [&]propionate was
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Ficure 1: Theprp locus and the 2-methyilcitric acid cycle 8f entericaPanel A is a schematic representation of pneRBCDElocus.
The enzymatic activity and size of each protein (monomer) is shown. Panel B diagrams the 2-methyilcitric acid Syeetérica The
catabolic functions of Prp enzymes and the aconitases, AchA and AcnB, are indicated.

monitored by**C NMR spectroscopy. The data showed that anaerobic atmosphere was maintained using a plate chamber
the PrpD protein dehydrated 2-methylcitrate to 2-methyl- with a gas pack (Becton Dickinson & Co, Cockeysville,
cis-aconitate but did not convert the latter to 2-methylisoci- MD). Antibiotic concentrations in rich medium were (ig/
trate, i.e., PrpD did not have aconitase-like activity. On the mL): ampicillin, 50 (100 for plasmids); chloramphenicol,
basis of information obtained by computer analysis of 20 (50 for plasmids); kanamycin, 25 (50 for plasmids).
genome databases, it was hypothesized that the aconitase Antibiotic concentrations for plasmids in minimal medium
(AcnA) enzyme was responsible for the hydration of 2-meth- were (inug/mL): ampicillin, 50; kanamycin, 25. All chem-
yl-cis-aconitate to 2-methylisocitrate. This idea was further icals were purchased from Sigma Chemical Co. (St. Louis,
supported by previous reports of this activity being associatedMO) unless otherwise stated. A list of strains and plasmids
with eucaryotic aconitased,(5). Experiments with homo-  used and their genotypes is provided in Table 1.
geneous preparations of enzymes established that both the Recombinant DNA and Genetic Technigdgansductions
AcnA and the AcnB proteins fror8. entericehad 2-methyl- involving phage P22 HT105nt-201 were performed as
cis-aconitate hydratase activity. described elsewher®{11). Restriction and modification

It is clear that inS. entericathe conversion of 2-methyl-  enzymes were purchased from Promega Corporation (Madi-
citrate to 2-methylisocitrate is performed by two separate son, WI) unless stated otherwise and were used according
enzymes. Genetic studies suggest that AcnB is the primaryto manufacturer’s instructions. All DNA manipulations were
enzyme that catalyzes the hydration of 2-mettiglaconitate performed irE. coli DH5a/F. Plasmids were introduced into
during growth of the cell on propionate. The existence of a E. coli by CaC} heat-shock as described elsewhet8)(
2-methylcis-aconitate-specific hydratase in this bacterium Plasmids transferred ®. entericawere first introduced into

is currently being explored. recombination-deficienS. entericastrain JR501 by trans-
formation (L3). Plasmids from strain JR501 were introduced
EXPERIMENTAL PROCEDURES into otherS. entericastrains by transformation as described
Culture Media and Growth ConditiondJutrient broth ~ €lsewhere14).
(NB) at 0.8% (w/v) containing 85 mM NaCl6] was Plasmid Constructions. (a) Plasmid pPRP&7lasmid

routinely used as rich mediurBscherichia colcultures were ~ pPRP24 was digested witNdd and BanHI to remove a
maintained Luria-Bertani (LB) broth. No-carbon E (NCE) 1.5-kb fragment containingrpD* with a Ndd-methionine
medium supplemented with 1 mM Mg$@nd 0.5 mM start site 1). This fragment was cloned into vector pET-15b
methionine was used as minimal mediuéy 7). The final (Novagen, Madison, WI) cut with the same enzymes. The
concentrations of compounds provided in culture medium resulting plasmid was 7.2 kbbla*, Ap"), directed the
were as follows: glucose 10 mM; glutamate, 5 mM; pro- synthesis of a histidine-tagged PrpD protein, and was called
pionate, 30 mM; succinate, 30 mM. For anaerobic respiration PPRP67.

experiments, strains were incubated on agar plates supple- (b) Plasmid pACN1The acnA gene (with a ribosome
mented with tetrathionate as an electron acceprAn binding site) was PCR-amplified from strain TR6583 and
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Table 1: Strain List

strain or plasmid genotype ref or soutce
E. coli
BL21(ADE3) F ompT hsd&(rg~ mg*) decm gall(DE3) New England Biolabs
DH50/F F/endAl hsdR1{r™ mc) supE44 thi-1 recAl gyrNal) rel New England Biolabs
Al A(lacZYA-arghU 169 deoR¢80dacA(lacZ)M15]
ER2566 F A~ fhuA2 [lon] ompT lacZ::T7 genel gal sulAll New England Biolabs
A(merC—mrr)114::1S10 R(mcr-73miniTn10)2
R(zgbh-210Tn10)1(Tet) endAl [dcn
JE3969 BL214{DE3)/ pPRP24 (TTpo™, prpD', bla®) 1)
JE4570 BL21{DE3)/ pPRP62 (TTpo*, prpCt, blat) this study
JE4744 BL21{DE3)/ pPRP67 (TTpo™, prpD*, bla™) this study
JE4813 ER2566/ pPRP68 (Tgo*, prpE", bla®) this study
JE5167 DHB/ pACNL1 (acnAf, bla™) this study
JE5169 DH&/ pACN2 (acnBf, bla™) this study
JE5172 DH%/ pACN5 (acnAl:kan', blat) this study
JE5179 DH&/ pACN7 (@cnAl:kan', cat®) this study
JE5181 DH&/ pACN9 (acnAf, bla™) this study
JE5183 DH&/ pACN10 @cnBt, bla™) this study
JES177 DH%/ pCO19 gen') Gary Roberts
JE5253 ER2566/ pACNL11 (Tipo*, achA', bla®) this study
JE5254 DH%/ pACN13 (acnBf, bla®) this study
JE5265 ER2566/ pACN12 (Tipo™, acnA', bla*) this study
JE5644 DH%/ pACN14 (@cnB3:kan', cat") this study
JE6042 DH&/ pACN15 (@acnA2:cat, bla®) this study
S enterica
JR501 hsdSA29 hsdSB121 hsdL6 metA22 metE551 trpC2 (19
il v-452 rpsL120 xyl-404 galE719 H1-b H2-en,n,x
(Fels2) fla—66 nml~
TR6583 metE205 ared K. Sanderson via J. Roth
derivatives of TR6583
JE2996 polA71:MudJ @9
JE4088 polA72 zig-6420:Tn10d(Tc) lab collection
JE5216 acnAl:karf this study
JE5991 acnA2::cat this study
JE5992 acnB3::kart this study
JE5993 acnA2::cat acnB3::kart this study

cloned. Primers were designed from sequence informationsteps: primer site’'sTTATGACAATGAGCTCGAGGA-3
from the S. entericagenome project (see below) and the for the 3 end of acnA with Sad and primer site 5

coli genome 15). The primers contained restriction sites for AAAATACGCAACATCTAGAAAAG-3 ' for the 3 end of
later cloning steps: primer sité-5AACGGTACCCTGT- acnA with Xba. The acnB gene was PCR amplified and
CATTTAAG-3' for the 8 end ofacnAwith Kpnl, and primer cloned into pGEM-T using the same method as described
site B-GCATTATCTAGATACTAAAGCG-3 for the 3 end above for pACNL1. The final plasmid was 5.6 Kilg*, Ap"),

of acnAwith Xbd. For the PCR reactions, DNA template encodedacnB and was called pACN2.

was prepared by mixing 1@L of NB-grown overnight (d) Plasmid pACN7Plasmid pACN1 was digested with
cultures of TR6583 with 9GL of water, heating the cell  gamH andClal to remove a 600-bp fragment atnA,and
suspensions at 10@ for 5 min, and centrifuging them for ¢ vegriction site overhangs were blunt-ended with DNA
2 min at 15009 in a Marathon 16 K/M microcentrifuge  oymerase Klenow fragment. A 1.3-kb kanamycin cassette
(Fl_sher Scientific, Itasca, IL). PCR reactions were prepared \as removed from plasmid pUC4K (Amersham Pharmacia
using or_1e-tenth the volume of boiled template, 50 pmol of Biotech, Piscataway, NJ) witRst, blunt-ended with Kle-
each primer, 0.2 mM of each dNTP, and Pfu polymerase ., " anq ligated into the remainingcnA sequence on
(Stratagene, La Jolla, CA) according to manufacturer’s PACNL. The new plasmid was 6.3 kbla+, Ap'; kar, Karf)
instructions. Reactions were performed using the following 5+ \vas called PACNS. The 3.3 IdmnAl::,karf'const’ruction

conditions: 30 cycles at 94C for 90 s, 50°C for 30 s, and ;
o ’ g - was removed from pACNS5 witKpnl and Xba and cloned
72 °C for 150 s. The PCR fragment was purified using the into gene-replacement vector pMAK7056] cut with the

QIAquick PCR Purification kit (Qiagen, Chatsworth, CA). Th | : 10det - kart
The purified PCR fragment was cloned by A-tailing the DNA usnr};a eer;]zcyorgg(sﬁcnilnﬁgrg aznmc;dwwaasscalled (piCI,\l?a '

and ligating into pGEM-T Easy Vector system (Promega, : i , )
Madison, WI) according to manufacturer’s instructions. The _ (€) Plasmid pACNSPlasmid pACN1 was digested with
Kpnl and Xba to remove theacnAgene, which was ligated

final plasmid was 5.6 kbiala™, Ap"), encodechcnAand was ! i ;
called pACNL. into pPBAD30 (17) cut with the same enzymes. The resulting

(c) Plasmid pACN2The acnB gene (with a ribosome  Plasmid was 7.5 kbacnA’, bla®, Ap’) and was called
binding site) was PCR-amplified from strain TR6583 and PACNO.
cloned. Primers were designed from sequence information (f) Plasmid pACN10Plasmid pACN2 was digested with
from theS. entericagenome project and tHe. coligenome Sad and Xbd to remove theacnBgene, which was ligated
(15). The primers contained restriction sites for later cloning into pBAD30 (17) cut with the same enzymes. The resulting
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plasmid was 7.5 kbacnB', bla®, Ap") and was called Construction of acnAdkan® and acnB3kan* Chromo-
pPACN10. somal InsertionsTheacnAl:kant andacnB3:kan" inser-

(g) Plasmid pACN11TheacnAgene was PCR-amplified tions were constructed by gene replacement using plasmids
from strain TR6583 and cloned. Primers were designed from pACN7 and pACN214 as previously described). (
sequence information as described above. The designed Construction of an acnAZat™ Chromosomal Insertian

primers are as follows: primer&£ATTTAAGGAGGA- Plasmid pACN15 §cnA2:cat'; bla®, Ap") was introduced
CATATGTCG-3 for the 3 end ofacnAwith Ndd site at into strain JE4088 (pol®) by transformation at 30C. The
methionine start codon, and primef-GCATTATCTC- resulting strain was grown in a 125-mL Klett flask to Klett

GAGACTAAAGCG-3 for the 3 end ofacnA with Xhd 40 in LB Cm Ap media at 30C. Cells were dilution plated
site. TheacnA gene was PCR-amplified and purified as onto prewarmed LB Cm plates and incubated at@4Ten
described for plasmid pACN1. The PCR fragment was putative cointegrates were selected and grown individually
digested withNdd and Xhd and cloned into vector pET- at 30°C in LB Cm media. After 24 h, cointegrates were
15b (Novagen) cut with the same enzymes. The resulting subcultured into fresh LB Cm broth and grown an additional
plasmid was 8.0 kbhla™, Ap"), directed the synthesis of a 24 h at 30°C. Bacteriophage P22 lysate was prepared on a
histidine-tagged AcnA protein @AcnA), and was called  pool of all 10 cointegrates, and strain JE29961A71:MudJ)
pACN11. was transduced with this lysate. Transductants were isolated

(h) Plasmid pACN12TheacnBgene was PCR amplified on LB Cm plates and were screened for ampicillin resistance.
from strain TR6583 and cloned. Primers were designed from Phage lysate was prepared on ampicillin sensitive strains and
sequence information as described above. The designedvas crossed into TR6583 to constructeamA2:cat mutant.
primers are as follows: primer-&GAGATATCGCATAT- The insertion was verified by genetic linkage, PCR, and
GCTAGAAG-3 for the 8 end of acnBwith Ndd site at sequencing.
methionine start codon, and primér BACCGCAGTCTG- Sequence AnalysiSequence comparisons were performed
GAAAATCA-3' for the 3 end ofacnB TheacnBgene was  with BLAST 2.0 (19). Homologues ocnA acnB andybhH
PCR-amplified and purified as described for plasmid pACN1. were identified with sequence information frda coli (15).

The PCR product was digested witidd and cloned into Primers forS. enterica acnAandacnBwere designed from
pTYB2 (New England Biolabs, Beverly, MA) to construct preliminary sequence data from the Washington University
a C-terminal chitin fusion. The resulting plasmid, called Genome Sequencing Center website at http://genome.wus-
pPACN13, overexpressed an AcnB-fusion but did not allow tl.edu/gsc/index.shtml. Th&. enterica prpBCDEoperon
purification of the AcnB protein. To construct an N-terminal sequence (GenBank accession U51879) was used to identify
histidine-tag ofacnB a 130-bpNdd —EcaRI fragment from prp homologues in other bacteri&)( Salmonella typhand
PACN13 was ligated intdNdd —EcadRl cut pACN2. This Bordetella pertussipreliminary sequence data were obtained
plasmid was digested witNcd, Klenow-blunted, and then  from the Sanger Center website at http://www.sanger.ac.uk.
digested withNdd to remove a 2.6-kb fragment containing Pseudomonas putidkT2440 preliminary sequence data
theacnBgene. This fragment was cloned into vector pET16b were obtained from the Institute for Genomic Research
(Novagen) digested witiNdd and BanHI (blunted). The (TIGR) website at http:://www.tigr.org. Sequence information
resulting plasmid was 8.3 kbbia", Ap"), directed the from Bacillus subtilis E. coli, Neisseria meningitidisIC58,
synthesis of a decahistidine-tagged AcnB proteif/fanB), Pseudomonas aerugino$A01, and Vibrio choleraewas

and was called pACN12. obtained from published sourceks( 20—23).

(i) Plasmid pACN14Plasmid pACN2 was digested with Biochemical Characterization of the PrpD, AcnA, and
EcaRl and the restriction site overhangs were blunt-ended AcnB Proteins. (a) @erexpression gbrpD. Plasmid pPRP67
with DNA polymerase Klenow fragment. A 1.6-kb genta- was introduced inté&. coli BL21(ADE3) by transformation,
mycin cassette was removed from plasmid pCO19 Rith| and the resulting strain, JE4744, was used to overexpress
and ligated into thecnBgene on pACN2. The new plasmid and purify PrpD. For overexpression, 20 mL of an LB-grown
was 7.2 kb Bla*, Ap'; gent”, Gm) and was called pACN8.  overnight culture of JE4744 was used to inoceladtL of
The gentamycin cassette worked poorly and was replacedLB broth with Ap. The culture was grown with shaking at
with a kanamycin cassette. To replace the cassette, plasmidB0 °C to an absorbance of 6-9.6 at 600 nm, isopropyl-
pPACNS with digestedpnl andBanHI, which removed the  -p-thiogalactoside (IPTG) was added to a final concentration
gentamycin fragement and 2.2 kb atnB sequence. The of 0.3 mM, and the culture was incubdt8 h with shaking
1.3-kb kanamycin cassette was removed from plasmid at 30°C. Cells were harvested in 250-mL Nalgene polypro-
pUC4K with Pst, blunt-ended with Klenow, and ligated into  pylene copolymer bottles (Fisher Scientific) bottles by
the remainingacnBsequence on pACNS8. The new plasmid centrifugation for 10 min at 105@04 °C with a SS34 rotor

was 7.3 kb ¢att, Cn; kan*, Karf), encoded a 1.7 kAcnB3:: in a RC-5B refrigerated centrifuge (DuPont, Wilmington,

kant construction and was called pACN14. DE). Cell pellets were stored at* no longer than 16 h
(j) Plasmid pACN15Plasmid pACN1 was digested with  before use.

BanHl and Clal to remove a 600-bp fragment atnA and (b) Purification of PrpD.Cell pellets were resuspended

the restriction site overhangs were blunt-ended with DNA in 200 mL of 20 mM Tris-HCI buffer, pH 7.9, with 0.5 M
polymerase Klenow fragment. A 4.0-kb chloramphenicol NaCl and 0.04 M imidazole. The cells were centrifuged in
cassette was removed from plasmid pH46m (18) with 250-mL bottles as described above, and the cell pellets were
BanHl, blunt-ended with Klenow, and ligated into the resuspended in 20 mL of the same buffer. The cell suspension
remainingacnAsequence on pACN1. The new plasmid was was broken using a chilled French pressure cell &tkFa.

9.0 kb pla*, Ap"; cat", Cn), encodedicnA2::cat, and was Cell debris was removed by centrifugation in 40-mL Nalgene
called pACN15. polypropylene copolymer Oakridge tubes (Fisher Scientific)
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(e) Reactyation of HAcnA and HoAcnB Apo-HsAcnA

treated with deoxyribonucleotidase to remove chromosomal was reconstituted using the method described by Kennedy

DNA, and PrpD was purified on HiBind resin (Novagen,
Madison, WI) according to manufacturer’s instructions.
Following purification, the enzyme was dialyzed using
SnakeSkin 10 000 molecular weight cutoff Dialysis Mem-
brane (Pierce Chemical Co, Rockford, IL) at@ against 1
L of 50 mM N-(2-hydroxyethyl)piperazin&¥-(2-ethane-
sulfonic acid) buffer (HEPES), pH 7.5, with 5 mM ethyl-
enediaminetetraacetic acid (EDTA) and 0.1 M KCI. The
dialysis buffer was replaced afté h (without EDTA) and
again 24 h (5 mM 1,4-dithiobL-threitol (DTT) and 20%
glycerol (v/v) added. The protein was dialyzed overnight,
flash-frozen in liquid nitrogen, and stored at80 °C.
Approximately 75 mg of PrpD was obtained per liter of
culture.

(c) Overexpression and Purification of the AcnA Protein
Plasmid pACN11 was introduced inEo coli strain ER2566

and Beinert24). H;)AcnB was reactivated using the method
described by Kennedy et ak%). All reagents were prepared
under strict anoxic conditions as describ@é,(27). Reac-
tivation of Apo-HsAcnA and HeAcnB was verified using
the activity assay described below.

Enzyme Assays. (a) Aconitase Assdysis assay was
based on the aconitase assay described by Kennedy et al.
(25). Aconitase assays (1.0 mL) contained 0.09 M Tris-HCI
buffer, pH 8.0 (at room temperature), and 20 n-
isocitrate (sodium salt form). Assays were performed at room
temperature and were started by the addition of reactivated
HeAcnA or HigAcnB. Reactions were monitored for 10 min
at 240 nm on a Lambda Bio-40 spectrophotometer (Perkin-
Elmer, Norwalk, CT). Specific activities were calculated from
the extinction coefficient of 3600 M cm™* for the cis-
aconitate 25), and they are reported asnol min~! (mg of

by transformation, and the resulting strain, JE5253, was usedprotein) 2.

to overexpress and purify AcnA. During this purification,

(b) 2-Methylcitrate Dehydratase AssaysMethylcitrate

the manufacturer’s instructions were modified due to poor dehydratase assays (1.0 mL) contained 90 mM Tris-HCI

solubility of HsAcnA and its low affinity for the HisBind

buffer, pH 8.0 (at room temperature), and 5 mM 2-methyl-

resin. For overexpression, 5 mL of an overnight culture of citrate. For these assays, buffer angPHD enzyme were

JE5253 was used to inoculate 0.25 L of LB broth with Ap.
The culture was grown at 20C with shaking, to an
absorbance of 0-50.6 at 600 nm. IPTG was added to a final

preincubated in quartz cuvettes at 3Z in a Lambda 6
spectrophotometer (Perkin-Elmer) equipped with a circulat-
ing water-jacket. After 5 min, assays were started with

concentration of 0.5 mM, and the culture was incubated substrate and the reaction was monitored for 10 min at 240

another 15 h with shaking at 2C. Cells were harvested as
described above and washed with 200 mL of 20 mM Tris-
HCI buffer, pH 8.0, with 0.5 M NaCl and 1 mM imidazole.

nm. Specific activities were calculated from the extinction
coefficient of 4500 M* cm™* for the 2-methyleis-aconitate
(28), and they are reported amol min—t (mg of protein) ™.

Cells were broken immediately with a French press, and Synthetic 2-methylcitrate was purchased from C/D/N Iso-

insoluble material removed as described fePHbD. Cell-

topes (Pointe-Claire, Quebec, Canada), as a mixture of four

free extracts were treated with EDTA and potassium ferri- stereoisomers.

cyanide to remove all metal ions as describ@d).( The
treated extract was immediately dialyzed &Ctinto 2 L of
20 mM Tris-HCI buffer, pH 8.0, with 0.5 M NaCl and 1

mM imidazole. The buffer was changed at 2 h, and dialysis

(c) 2-Methylcitrate Synthase and Propionyl-CoA Syn-
thetase Assay3.hese assays were performed as previously
described Z, 3).

13C NMR Spectroscopyeak assignments were based on

was continued overnight. The dialyzed extract was mixed results from previously reported experimerffs o confirm

with a 20-mL suspension of HiBind resin (5 mL of resin)

the identity of the'>C NMR peaks, proton-coupled spectra

equilibrated in dialysis buffer. This mixture was allowed to were obtained in all experiments described below. Although
incubate 15 h at 4C to allow HsAcnA to bind to the resin.  these spectra are not shown, they are available upon request.
The resin mix was poured into a small column and washed Glycerol was present in all protein samples and was observed

with 50 mL of the same buffer. $AcnA protein was eluted
with a 100-mL gradient from 1 to 300 mM imidazole.
Following purification, the enzyme was dialyzed at'@
agains 1 L of 50 mM Tris-HCI buffer, pH 8, with 5 mM
EDTA and 0.1 M NaCl. The dialysis buffer was replaced
after 2 h (without EDTA) and againta4 h [20% glycerol

in the spectra due to natural abundaf®® NMR. For the
sake of clarity, the region of the spectrum containing the
glycerol peaks was cropped out in all of the spectra shown.
In Vitro Synthesis of [23C]Propionyl-CoA .The following
were combined in a 2-mL reaction mixture: J2]propi-
onate, umol; HS-CoA, 5umol; ATP, 5umol; MgCl, 10

(v/v) added]. The protein was dialyzed overnight, flash-frozen umol; PrpE, 30ug; phosphate buffer, 10@mol, pH 7.5.

in liquid nitrogen, and stored at80 °C. Approximately 20

mg of HsACnA protein was obtained per liter of culture.
(d) Owverexpression ofacnB, and Purification of the

Hi0AcnB Protein Plasmid pACN12 was introduced inE

coli strain ER2566 by transformation, and the resulting strain,

JE5265, was used to overexpress and purifyAEinB.
Hi)AcnB was purified using the same method as AcnA
except PMSF added during the purification to 0.2 mM and
metal ions were not removed with EDTA and potassium
ferricyanide. Following purification, the enzyme was dialyzed
and stored under the same conditions ag#\ddA. Ap-
proximately 120 mg of kbAcnB protein was obtained per
liter of culture.

The reaction was incubated for 60 min at 32 to allow
formation of [243C]propionyl-CoA. PrpE was purified using
a chitin affinity tag as previously described (Horswill and
Escalante-Semerena, unpublished results). CoA solutions
were prepared fresh for each experiment.
In Vitro Synthesis of [23C]Methylcitrate After 30 min,
5 umol of oxaloacetate and 3¢y PrpC were added to the
reaction mixture. The mixture was incubated for an additional
30 min to allow complete conversion to {¥]methylcitrate.
HesPrpC was purified as previously describ&). (Oxaloac-
etate solutions were prepared fresh for each experiment.
In Vitro Synthesis of [23C]Methyl-cis-aconitate To
synthesize 2-methydis-aconitate, 3Qtg of HsPrpD protein
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was added to the reaction mixture, which was incubated for
30 min at 37°C.

In Vitro Synthesis of [23C]Methylisocitrate Apo-HsAchA
or H;pAcnB was reactivated as described above immediately
prior to its use. To synthesize 2-methylisocitrate,@pof
reactivated BHAcCnA or HjpAcnB protein was added to the
reaction, and the mixture was allowed to incubatelftn at
37°C.

Cleavage of [243C]Methylisocitrate into [213C]Pyruvate
and SuccinateFor the final step of the pathway, 3@ of
HePrpB was added to the reaction, and the mixture was
incubated for 30 min at 37C for complete cleavage.
Homogeneous KPrpB protein was kindly provided by T.

Horswill and Escalante-Semerena
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Ficure 2: SDS-PAGE of S. enterica2-methylcitric acid cycle
enzymes. Approximately 2g of each protein was loaded per lane.
Lane SM, size marker; lane 1,¢PrpB; lane 2, HPrpC; lane 3,
HePrpD; lane 4, PrpE; lane 5,dAcnA; lane 6, HoAcnB.

Grimek (Grimek and Escalante-Semerena, unpublished re-

sults).

Preparation of Samples fo®C NMR The mixture was
transferred into a NMR tube (10 mm, Wilmad Glass, Buena,
NJ), and 0.3 mL of 100% D was added. The concentration
of DO in samples ranged from 10 to 15%. A sealed tetra-

hexahistidine tag to facilitate its purification by nickel affinity
chromatography (Figure 2, lane 3).

To test the activity of HPrpD, we synthesized [EC]-
methylcitrate using pure preparations of the PrpE and
HsPrpC enzymes and monitored the reactions WAthNMR

methylsilane (TMS) capillary was prepared and added as an(Figure 3). Initially, PrpE was used to convert {Z]-

external reference. [EC]Propionate, RO, and TMS were
purchased from Cambridge Isotope Labs (Andover, MA).

3C NMR Spectra Acquisitiont3C NMR spectra were
acquired at 100.6 MHz with a deuterium lock on a Bruker
Instruments DMX-400 Avance console with a 9.4 T wide-
bore magnet (Nuclear Magnetic Resonance Facility at the
University of Wisconsin-Madison). Decoupled and coupled
(gated-decoupling) spectra were obtained at°gp@lse angle
with a relaxation time of 5 s, and the spectra were Fourier
transformed with 5 Hz line-broadening. Quantitative spectra
(inverse-gated) were obtained at & Qfulse angle with a
relaxation time of 30 s. Generally, 400 scans were obtained
for decoupled spectra and 862000 scans for coupled and
quantitative spectra. Chemical shifts presented in this work
were relative to TMS which was set to 0.0 ppm.

Other ProceduresProtein concentrations were determined
by the method of Bradford2@) using the BioRad protein
reagent (BioRad, Hercules, CA). A standard curve was
generated for protein determinations with bovine serum
albumin. Proteins were separated by SIFRGE 30) using
12% polyacrylamide gels and were visualized with Coo-
massie Blue 31). Midrange standards (34150 kDa) were
used for SDS PAGE (Novagen). UV-vis spectroscopy was
performed on a computer-controlled Lambda 6 or a Lambda
Bio-40 spectrophotometer (Perkin-Elmer) equipped with
temperature control.

RESULTS

PrpD Has 2-Methylcitrate Dehydratase Aaity. It was
previously observed that [EC]methylcitrate accumulated
in prpD missense mutant strains during growtlSokenterica
on [2-%C]propionate 2). This finding suggested that 2-

propionate (30.8 ppm) to [2C]propionyl-CoA (37.2 ppm).
Since CoA was limiting, complete conversion to propionyl-
CoA was not observed. An unknown peak at 28.9 ppm was
observed (Figure 3, panel A), and it was tentatively identified
as propionyl-AMP, a proposed intermediate of the reaction
catalyzed by PrpE, the propionyl-CoA synthetasgPidC
and oxaloacetate were added to convert¥{Zjpropionyl-
CoA (37.2 ppm) to [22%C]methylcitrate (47.5 ppm). After
the reaction was completedg¢PtpD was added to the sample
and activity was monitored again ByC NMR. Approxi-
mately 50% of the [2%C]methylcitrate was converted to
[2-13C]methylcis-aconitate (141.5 ppm) during a 30 min
incubation at 37°C (Figure 3, panel C). Proton-coupled
spectra verified the labeled carbon{Z]methylcis-aconi-
tate had no attached hydrogens as expected (data not shown).
This observation provided the first evidence that PrpD had
2-methylcitrate dehydratase activity.

The [2+3C]methylcitrate/[21*C]methylcis-aconitate ratio
for the PrpD reaction was also obtained under quantitative
13C NMR conditions. [2¥*C]Methylcitrate was synthesized
with PrpE and HPrpC protein at pH 7.5 as described under
Experimental ProceduressPrpD protein was added to the
mixture, and the reaction was allowed to equilibrate for 15
h at room temperaturé3C NMR spectra were obtained
without nuclear overhauser enhancement (NOE) to allow
accurate peak integration. The [&]methylcitrate/[213C]-
methyl-cis-aconitate ratio was 1:1.08, indicating 52% of the
2-methyl€is-aconitate was present at equilibrium under these
reaction conditions. The chemical shifts of 47.5 ppm for
[2-13C]methylcitrate and 141.5 ppm for [P€]methyl-cis-
aconitate were slightly different than the 48.8 and 140.5 ppm
values previously reporte®). The difference was due to
the presence of excess fign the samples for the propionyl-

methylcitrate is the substrate for the PrpD enzyme. Pre- CoA synthetase reaction. Tricarboxylic acids are known to
vious results indicated that 2-methyicitrate was further chelate M@ ions, resulting in altered chemical shifts in the
catabolized irS. entericao 2-methylisocitrate via a 2-meth-  3C NMR spectrum. The chemical shifts previously observed
yl-cis-aconitate intermediate. It was concluded that the PrpD were readily obtained after the addition of EDTA to remove
protein was required for the conversion of 2-methylcitrate the Mg ions (data not shown).

to 2-methylisocitrate, but it was unclear which of the two  Does PrpD Catalyze the Hydration of 2-Methyl-cis-
reactions needed for this conversion was catalyzed by PrpDaconitate?Although PrpD did not synthesize 2-methylisoci-
(2). To address these questions, gipD gene was overex- trate during our initiat*C NMR experiments, it was possible
pressed and its gene product was isolated with an N-terminalthat the conditions used were unfavorable for PrpD to
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FicUrRE 3: The conversion of [23C]propionate into [23C]methylcis-aconitate by PrpE, PrpC, and HPrpD monitored by**C NMR.

The removed portion of the spectra (603 ppm) contained only glycerol peaks present in the protein preparations at 62.8 and 72.3 ppm.
(A) Conversion of [213C]propionate (PRP, 30.8 ppm) to [2€]propionyl-CoA (P-CoA, 37.2 ppm) with PrpE; UNK indicates unknown
tentatively identified as propionyl-AMP; (B) conversion to & ]methyicitrate (MC, 47.5 ppm) with #PrpC; (C) conversion to [23C]-
methyl<cis-aconitate (MCA, 141.5 ppm) by dRrpD.

catalyze the reaction. To displace the equilibrium toward the four 2-methylcitrate sterecisomers present in the mixture
2-methylisocitrate, homogeneous 2-methylisocitrate lyase, or if any of the stereoisomers inhibits enzyme activity.
HePrpB, was added to the reaction mixture. The addition of ~ Structurally similar substrates such as citrate were tested
excess HPrpB protein did not result in the conversion of with HePrpD. Citrate was a poor substrate (specific activity
[2-13C]methylcis-aconitate to [2°Clpyruvate (data not  of 0.2umol min~* mg™?), and isocitrate was not a substrate
shown). It was also considered that PrpD required an-iron  for HgPrpD. However, lHPrpD hydratedcis-aconitate at a
sulfur center for activity like an aconitase enzymes, although rate of 2.6umol min— (mg of protein)?, a specific activity
the PrpD amino acid sequence did not have an-isuifur that compared well to the value measured with 2-methylci-
center motif (). To test this idea, PrpD was treated with trate. HPrpD showed no requirement for reducing agents
DTT and (NH,).Fe(SQ), to reactivate the ironsulfur center or divalent metal cations. Taken together, these results led
as described for aconitase®5) and tested for 2-methydis- to the conclusion that §PrpD had 2-methyicitrate dehy-
aconitate hydratase activity usitC NMR spectroscopy to  dratase activity, and this enzyme did not require an-ron
monitor the reaction. TreatedsPrpD protein converted  sulfur center for activity.
approximately 50% of the 2-methyicitrate to 2-metioig- What Enzyme Catalyzes the Hydration of 2-Methyl-cis-
aconitate and no signal for 2-methylisocitrate was detected.aconitate?f PrpD did not hydrate 2-methydis-aconitate, a
The addition of HPrpB to this reaction mixture had no effect gene outside of therp operon inS. entericamust encode
on the spectrum (data not shown)PpD was also treated the missing hydratase enzyme. Aconitases from mammals
under conditions to reconstitute iresulfur centers of apo  and the fungiyarrowia (formerly Saccharomycopis) lipoly-
proteins 24). Again, no change in the spectrum was observed tica have been shown to catalyze the hydration of 2-methyl-
when treated EPrpD enzyme was used in the experiment cis-aconitate, which suggested tlSe entericaaconitase(s)
(data not shown). Further, UV/visible spectra of concentrated may do the samed( 5, 33). E. coli has two aconitase genes,
HePrpD did not reveal the expected diagnostic of the presenceacnAandacnB (34, 35), and sequence comparisons to the
of an iron—sulfur cluster 82). partial genome database®f entericadentified homologues
HsPrpD enzyme was also tested for 2-methylcitrate de- for both genes (see Experimental Procedures). There is no
hydratase activity using an in vitro UV assay (see Experi- evidence inE. colior S. entericato suggest these enzymes
mental Procedures). The assay used authentic 2-methylcitrateplay a role in propionate catabolism. However, sequence
and HPrpD activity was monitored by the formation of analysis of other procaryotic genomes suggestedatimé\
2-methyleis-aconitate at 240 nm. Using this assayPkpD function might be involved in propionate breakdown. This
had a specific activity of 2.@mol min~* (mg of protein)*. gene was found in operons pfp gene homologues iB.
This value may be an underestimate of the dehydration ratepertussis N. meningitidis P. aeruginosaP. putidg andV.
of the substrate if the enzyme uses as substrate only one otholerae(Figure 4). TheacnAhomologue found in therp
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E. coli proR  prB  prpC  prpD proE that is, [243C]propionate was oxidized to [BC]pyruvate
5. enterica s &N 3 3 4 2 . .
s, typhi using homogeneous preparations of the PrpEPrpC,
HsPrpD, HAcnA, and HPrpB enzymes.

. pertussis acnD bhH rpD . . . .
, ger':ngfnosa —— e (. — Quantitative'*C NMR experiments were performed with
P putida HsAcnA to determine the ratio of 2-methyis-aconitate/2-

P8 preC acnd __ybaft PrPE methylisocitrate at equilibrium. The data showed a ratio of

V. cholerae S § -4 = I

1:1.37, i.e., 58% of 2-methydis-aconitate was converted to
ppB  pmpC  yic senb ol sakh 2-methylisocitrate. This result compared favorably to experi-
N. meningitidis W — — e e ments with beef liver aconitase, where 57% of 2-methyl-
FIGURE4: A comparison oprp operons from a number of bacteria. ~ Cis-aconitate was converted to 2-methylisocitrate at pH 7.5
The operons are grouped by similarities in gene organization, (4). In contrast, the 2-methyis-aconitate hydratase of.

although minor differences exist between each operon in a group. Jipolytica converted 92% of the aconitate to 2-methylisoci-
ORFS were not drawn exactly to scale due to differences in geneyirate at pH 7.028).

sizes between each species. Predicted ORFs fBortyphj B. S .
pertussis and P. putidaKT2440 are all unfinished genomes and Surprisingly, we found that [2:C]methylcitrate produced

could be subject to change (see Experimental Procedures). Sequenddy HsPrpC was a substrate, albeit a very poor one, for
information fromE. coli, N. meningitidisMC58, P. aeruginosa HesAcnA (data not shown). This result was in contrast with
PAOL, andV. choleraewas obtained from published sourcd$,(  previous findings with eucaryotic aconitases, for which

19, 21, 22). ORFs were named after ti# entericagene designa- ) ; 137
tions exceptybhH, yfcA andackA (acetate kinase), which were 2-methylcitrate was not a substrate at 4/l%). The [2+°C]

named first in E. coli (15). The putativeackA gene of N. methylisocitrate made by éAcnA was readily converted
meningitidisalso shows sequence similarity to the propionate kinase into [2-13C]pyruvate and succinate byePIrpB (data not
tcdD of E. coli (15). shown).

In Vivo Assessment of the Requirement for Aconitase A
operons of these procaryotes was naraedD becauseB. during Propionate CatabolisnT.o construct amcnAmuta-

pertussisP. aeruginosaandP. putidahave additionahcnA  tion, the gene was PCR amplified and cloned. abeAgene
homologues elsewhere in their genomes. Eheenterica  was inactivated by inserting kanamycin and chloramphenicol
aconitase A protein is only 17% identical to aconitase B cassettes into thBamH and Clal sites ofacnA removing
(acnB), a fact that allows theacnA homologues to be 650 bp from the middle of the gene. TraenAt:kan*
distinguished fronracnBhomologues34). The Prp proteins  element was moved onto the chromosome using the gene-
and AcnA of these bacteria were at least 70% identical to replacement vector pMAK708.6). TheacnA2:cat' element
the S. entericaenzymes, suggesting that they catalyze the was moved onto the chromosome using a temperature-
same reactions. This finding strongly suggested the ACnA sensitive DNA polymerase | mutant (see Materials and
protein ofS. entericavas involved in propionate breakdown.  Methods). PutativeachAt:kan" and acnA2:cat™ mutant
To address this question, the aconitase A proteinSof  strains were identified by the increased size of the PCR-
entericawas biochemically and genetically characterized. amplified product. Comparisons to the. coli genome
HeACnA Has 2-Methyl-cis-aconitate Hydratase Aitti. predicted that inS. entericathe acnA gene would be co-
S. entericeHsAcnA protein was purified to homogeneity by  transducible with theobAgene by phage P24%). Indeed,
nickel affinity chromatography (see Experimental Procedures, the acnAl:kant and acnA2:cat" elements were approxi-
Figure 2, lane 5). The protein was isolated in its apo form mately 30% co-transducible witltobA confirming the
to >95% homogeneity. Before use, apgAd¢nA was presence of a chromosomal mutation. The location of the
reactivated anoxically. The specific activity of reactivated acnAl:kan™ and acnA2:cat™ elements were verified by
HsAcnA was very reproducible and ranged from 57 to 63 determining the sequence flanking the chromosomal inser-
umol min~! (mg of proteiny!. The specific activity of the  tion. The bona fideacnA mutants were used to test the
S. entericaHsAcnA was very similar to the one reported predicted involvement of the AcnA protein in propionate

for E. coli AcnA [59 umol min~! (mg of protein)?] (36). catabolism. TheacnA mutant strains JE5216 and JE5991
This was interpreted to mean that the histidine tag had nowere tested for growth deficiencies on propionate and other
deleterious effect on the activity of the enzyme. carbon sources including acetate, succinate, glycerol, and

Results of'3C NMR experiments designed to test if glucose. Under the growth conditions tested, no phenotypes
HeAcnA had 2-methykis-aconitate hydratase activity are  were observed when compared toemA" strain (TR6583).
shown in Figure 5, panel A. Under the conditions used, This result indicated that either AcnA was not required for
HeAcnA converted [2L°C]methylcis-aconitate (141.5 ppm)  growth on propionate or that alternative aconitase activities
into [2-3C]methylisocitrate (76.8 ppm). Proton-coupled (e.g., AcnB) compensated for the lack of AcnA in the mutant.
spectra verified the labeled carbon B&]methylisocitrate Growth behavior of thé. enterica acnAnutant strains on
had no attached hydrogens as expected (data not shown)acetate and glucose was consistent with the one reported for
Formation of 2-methylisocitrate was further verified by the E. coli acnAmutants 85).
addition of HPrpB to the assay mixture (Figure 5, panel Hi0AcnB Has 2-Methyl-cis-aconitate Hydratase Aityi.

B). HePrpB cleaved [2*C]methylisacitrate (76.8 ppm) into  The phenotype of aacnAmutation inS. entericasuggested
[2-1%C]pyruvate (205.4 ppm) and succinate as expected that AcnB may also catalyze the hydration of 2-metbig-
(Grimek and Escalante-Semerena, unpublished results).aconitate. To address this question, $i@ntericaH;0AcnB
Together, these experiments demonstrated tiatiA could protein was purified to homogeneity by nickel affinity
catalyze the hydration of 2-methgls-aconitate. Further, the  chromatography (see Experimental Procedures, Figure 2).
demonstration that #AcnA catalyzed this reaction allowed Before use, AcnB was reactivated anoxically. The specific
the reconstitution of the 2-methylcitric acid cycle in vitro, activity of reactivated khAcnB was reproducible and ranged
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FIGURE 5: The conversion of [23C]methylcis-aconitate to [23C]pyruvate by HAchA and HPrpB monitored by3C NMR. The removed

portion of the spectra (6073 ppm) contained only glycerol peaks present in the protein preparations at 62.8 and 72.3 ppm. (A) Conversion
of [2-13C]methylcis-aconitate (MCA) to [22C]methylisocitrate (MIC) by HAcnA; (B) cleavage of [23C]methylisocitrate into [25C]-
pyruvate (PYR) and succinate byPpB.

from 27 to 30umol min~* (mg of protein)*. This value is on propionate even when supplemented with glutamate. This
close to that reported foE. coli AcnB protein [38umol result indicated that both aconitases were required for aerobic
min~! (mg of protein)?] (34). This result was interpreted to  growth on propionate. Further, thenA acnBdouble mutant

mean that the histidine tag had little, if any, deleterious effect strain was unable to respire propionate under anaerobic

on the activity of the enzyme. growth conditions suggesting that oxygen did not play any
The HeAcnB was tested as a 2-methyis-aconitate role in the observed propionate phenotype. Growth behavior
hydratase using the same method ad\¢thA (see Experi- of the S. enterica acnBnutant andicnA acnBdouble mutant

mental Procedures).;pAcnB was added to a mixture con- strains on acetate and glucose were consistent with those
taining [2+3C]methyl<cis-aconitate, and the course of the reported for the corresponding. coli mutants 87). To
reaction was monitored BYC NMR. After 1 h ofincubation, demonstrate the aconitase mutations did not affect flanking
a fraction of the [2*C]methylcis-aconitate was converted genes on the chromosome, complementing plasmickscioA
to [2-13C]methylisocitrate (data not shown). As expected, the andacnBwere constructed (see Experimental Procedures).

addition of HPrpB to the mixture cleaved [EC]methyl- These plasmids complemented the aerobic phenotypes of an
isocitrate into [213C]pyruvate and succinate (data not shown). acnA acnB double mutant when induced with 1 mM
These results demonstrated thapAtnB had 2-methykis- L-arabinose (data not shown).
aconitate hydratase activity and can substitute for AcnA in
the 2-methylcitric acid cycle 08. enterica DISCUSSION

In Vivo Assessment of the Requirement for Aconitase A o ) )
and B during Propionate CatabolisnSince AcnB protein The 2-methylcitric acid cycle responsible for the conver-

can hydrate 2-methyis-aconitate, the requirements of AcnB  Sion of propionate to pyruvate B. entericavas reconstituted
during growth on propionate were tested. For these experi-USing homogeneous preparations of five enzymes. To the
ments, anacnB single mutant and amcnA acnBdouble best of our knowledge, this is the first report of the complete

the gene was PCR amplified and cloned. EoaBgene was reported in this paper demonstrate that the PrpD protein has
inactivated by inserting a kanamycin cassette intaibeR| 2-methylcitrate dehydratase activity. It is also shown that

andKpnl sites ofacnB removing 2.2 kb from the middle of ~ the aconitase A and B enzymes can catalyze the hydration
the gene. TheacnB3:kar element was moved onto the Of 2-methylcis-aconitate.

chromosome as describe?] 16). The location of thecnB3: PrpD Characterizationlt was not surprising to find out
kan* element was verified by PCR and sequencing. To test that PrpD could only catalyze one of the two reactions typic-
the involvement of the aconitases in propionate catabolism, ally catalyzed by aconitases, because PrpD (54 kDa) is sig-
the growth phenotypes of theenBsingle mutant (JE5992)  nificantly smaller than aconitases {00 kDa). The fact that
and theacnA acnBdouble mutant (JE5993) strains were PrpD could only dehydrate 2-methylcitrate to 2-metbig-
tested. TheacnBmutant strain did not grow on propionate aconitate was consistent with the enzymology of the 2-meth-
unless glutamate was added to the medium, and the additiorylcitric acid cycle inY. lipolytica a fungus in which sep-

of glutamate did not restore growth to the level ofaamB" arate enzymes catalyze the dehydration and hydration steps
strain (TR6583). This result indicated that AcnB was the of this pathway 28, 33). Many properties of the 2-methyl-
primary aconitase for growth on propionate. In addition, the citrate dehydratase identified . lipolyticaare consistent
acnBmutant strain did not grow on acetate and citrate and with those of PrpD 33). For example, isocitrate was not a
only slight improvements were observed when glutamate wassubstrate for PrpD or the enzyme frofnlipolytica and nei-
added. TheacnA acnBdouble mutant strain did not grow ther enzyme demonstrated requirements for metal cations or
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reducing agents3@). Unlike theY. lipolytica2-methylcitrate that the lack of GSH affects the activity of an as-yet-
dehydratase, PrpD used citrateais-aconitate as substrate unidentified 2-methykis-aconitate specific hydratase.
(33). Surprisingly, neither the fungal or bacterial enzymes  Does S. enterica have a specific 2-methyl-cis-aconitate
were iron-sulfur proteins, even though most enzymes of the hydratase enzyme? The apparent similarities between the
hydro-lyase family do have irensulfur centers 38). 2-methylcitric acid cycles o6. entericaand Y. lipolytica
The PrpD reaction mechanism may be similar to the suggests that likey. lipolytica S. entericamay have a
fumarase reaction catalyzed By coli FumC or other class  specific 2-methykis-aconitate hydratas@8). However, the
Il fumarases 39, 40). These enzymes catalyze the reversible growth phentoypes of 8. enterica acnA acn8ouble mutant
hydration of fumarate ta-malate and display no require- indicate aconitases are essential for growth on propionate.
ments for metal cations or reducing agents. In contrast, theConsidering this result, it seems unlikely that a specific
class | fumarases are labile, iresulfur proteins 38, 40). 2-methylcis-aconitate hydratase exists $1 entericalt is
The related enzyme properties of PrpD and class Il fumarasegossible that the pleotrophic growth phenotypes of $he
suggests PrpD may proceed through a similar reaction enterica acnA acnBouble mutant is masking the 2-methyl-
mechanism, although these two different enzymes share nacis-aconitate hydratase activity. Similar pleotrophic pheno-
apparent sequence similarity. Further characterization of thetypes were observed fdg. coli aconitase double mutants
PrpD enzyme is necessary to clarify this issue. (37). We suspect that genetic approaches for the identification
Significance of the prpD Sequenceéhe DNA sequence  of the gene encoding this putative hydratase would be
of the prpD gene and the predicted amino acid sequence of unsuccessful given the documented activity of AcnA and
its gene product show no similarity to known genes or their AcnB and the phenotypes of aconitase mutants. Different
encoded proteins. This observation is surprising consideringapproaches are needed to investigate the existence of this
the large number of dehydratases with substrates similar toenzyme inS. enterica.
2-methylcitrate. One explanation may be that many dehy-  Function of the Putatie YbhH EnzymeAlso of interest
dratases contain irersulfur centers®8), although there are g the ybhH gene (Figure 4) found imcnD-containingprp

dehydratases such eg—)-tartrate dehydratase froRhodo-  gperons. It is possible that the YbhH protein has unknown
bacter (formerly Rhodopseudomonpasphaeroidesand fu-  2-methylcis-aconitate hydratase activity. Although it seems
marase C front. colithat are not iror-sulfur enzymesg39, redundant to have AcnD in addition to a specific 2-meth-

41). PrpD shows striking sequence similarity to a number y|-cis-aconitate hydratase in the same operon, there may be

of hypothetlcal proteins such as quQ frdBacillus subtilis advantages to this redundancy_ For examp|e, sequence

(GenBank accession 1709059), PDH1 fr8accharomyces  analysis suggests that YbhH may not have an-isuifur

cerevisiae (GenBank accession 6325258), and othdjs ( center, which could allow propionate breakdown in iron

Among the organisms witprpD homologues, onl§. coli limiting or highly oxidizing environments. This situation

andS. cereisiae have been shown to catabolize propionate \would be similar to the presence of three fumaraseg.in

via the 2-methylcitric acid cycle4@—44). The uniqueness  colj (47). FumA and FumB are labile, irersulfur proteins

of the PrpD sequence could be used to search for the 2-methexpressed under aerobic and anaerobic conditions, respec-

ylcitric acid cycle in genomes of organisms, although some tively (40), while FumC lacks an ironsulfur center and is

procaryotes withprp operons do not have therpD gene  induced by oxygen stres8g, 48). It was surprising that the

(Figure 4). All of the other enzymes in this pathway show sequence analysis B. entericaS. typhj and S. paratyphi

sequence similarity to enzymes that catalyze related reactionsfajled to identify a YbhH homologue. If this putative enzyme
Requirements for Aconitase during Growth on Propionate. \vere the 2-methytis-aconitate hydratase, the lack of this

It is intriguing that in several procaryotes, but not$1  activity would suggessS. entericacatalyzes the reaction

enterica a homologue of thecnAgene (herein referred to  splely through AcnA and AcnB. It was surprising thatFn

asacnD, Figure 4) is found within putativerp operons.  coli, ybhH was located in a three-gene operon wjthhJ

The absence of thecnAgene in theprpBCDEoperon ofS. which is predicted to encode a third aconitase (AcnC) activity

entericasuggests AcnA may have other functions in this (15 32). TheybhJgene is also missing iB. enterica
bacterium, and thus their syntheses cannot be restricted to

growth conditions where propionate is available in the en- ACKNOWLEDGMENT
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propionate as a sole carbon and energy sou#ég {This

effect of the lack of GSH on propionate catabolism is REFERENCES
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