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In work previously reported (J. A. Gutierrez, P. J. Crowley, D. P. Brown, J. D. Hillman, P. Youngman, and
A. S. Bleiweis, J. Bacteriol. 178:4166—4175, 1996), a Tn917 transposon-generated mutant of Streptococcus
mutans JH1005 unable to synthesize glutamate anaerobically was isolated and the insertion point of the
transposon was determined to be in the icd gene encoding isocitrate dehydrogenase (ICDH). The intact icd gene
of S. mutans has now been isolated from an S. mutans genomic plasmid library by complementation of an icd
mutation in Escherichia coli host strain EB106. Genetic analysis of the complementing plasmid pJG400
revealed an open reading frame (ORF) of 1,182 nucleotides which encoded an enzyme of 393 amino acids with
a predicted molecular mass of 43 kDa. The nucleotide sequence contained regions of high (60 to 72%) homology
with icd genes from three other bacterial species. Immediately 5’ of the icd gene, we discovered an ORF of 1,119
nucleotides in length, designated citZ, encoding a homolog of known citrate synthase genes from other bacteria.
This ORF encoded a predicted protein of 372 amino acids with a molecular mass of 43 kDa. Furthermore,
plasmid pJG400 was also able to complement a citrate synthase (glt4) mutation of E. coli W620. The enzyme
activities of both ICDH, found to be NAD* dependent, and citrate synthase were measured in cell extracts of
wild-type S. mutans and E. coli mutants harboring plasmid pJG400. The region 5’ from the citZ gene also
revealed a partial ORF encoding 264 carboxy-terminal amino acids of a putative aconitase gene. The genetic
and biochemical evidence indicates that S. mutans possesses the enzymes required to convert acetyl coenzyme
A and oxalacetate to a-ketoglutarate, which is necessary for the synthesis of glutamic acid. Indeed, S. mutans
JH1005 was shown to assimilate ammonia as a sole source of nitrogen in minimal medium devoid of organic

nitrogen sources.

Streptococcus mutans is the principal etiological agent of
dental caries (18, 41). This organism is a normal inhabitant of
dental plaque; however, under the appropriate environmental
conditions, it is able to generate acidic end products which
cause the dissolution of tooth enamel (18, 42). The dietary
intake of sugars, especially sucrose, has been associated un-
equivocally with the virulence of S. mutans; however, under
most situations, sugars do not appear to be the limiting nutri-
ents in saliva (6). Although the precise concentrations of indi-
vidual nutrients in plaque are not known, it has been estab-
lished that S. mutans has simple nutritional requirements (5,
38, 39) and, in a mixed plaque community, is able to grow with
the components of saliva as its sole sources of carbon and
nitrogen (9).

Results of early work suggesting that S. mutans has simple
nutritional requirements demonstrated that some strains were
able to grow in a minimal medium supplemented with only a
few amino acids (5, 39). It was later demonstrated that, when
grown anaerobically, some strains of S. mutans can be cultured
in vitro on simple growth media containing no amino acids
with ammonia as the sole source of nitrogen (38).

It was demonstrated that this organism uses glutamate de-
hydrogenase (EC 1.4.1.4) to assimilate the ammonia required
for the subsequent biosynthesis of all amino acids (16). It was
also shown, by using mutants defective in expression of this
enzyme, that S. mutans is able to fix free ammonia by the
activities of glutamine synthetase (EC 6.3.1.2) and glutamate
synthase (EC 2.6.1.53) (38). At the time of this early work, the
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mechanism utilized by S. mutans to synthesize a-ketoglutarate,
the substrate of glutamate dehydrogenase, was not known (38).

Among aerobic bacteria able to grow on acetate as the sole
carbon source, isocitrate dehydrogenase (ICDH) has an im-
portant regulatory function. ICDH controls the flow of isoci-
trate between the Krebs tricarboxylic acid (TCA) cycle and the
glyoxylate bypass (23, 24). In addition to its catabolic function,
ICDH also plays a key role in the citrate pathway of glutamate
biosynthesis by converting isocitrate to a-ketoglutarate for sub-
sequent conversion to glutamate by glutamate dehydrogenase
(24, 31). The existence of ICDH in Streptococcus salivarius has
been documented previously (10), but its role in glutamate
biosynthesis in oral streptococci has not been demonstrated.

It has been established that S. mutans is able to synthesize
the primary substrates of the citrate pathway by the production
of oxalacetate from phosphoenolpyruvate (PEP) and CO, via
PEP carboxylase (EC 4.1.1.31) (43). It is also known that S.
mutans can generate acetyl coenzyme A (acetyl-CoA) by the
activity of pyruvate dehydrogenase (EC 1.2.1.51) under aerobic
conditions (7) and by the activity of pyruvate formate-lyase
(EC2.3.1.54) anaerobically (1). Since glutamate biosynthesis in
S. mutans occurs only under anaerobic conditions (5, 38, 39),
the source of acetyl-CoA for use in this pathway is likely pyru-
vate formate-lyase. An outline of the proposed use of the
citrate pathway under anaerobic conditions and the reactions
utilized by S. mutans is illustrated in Fig. 1.

To gain insight into the mechanisms and regulation of am-
monia assimilation and glutamate biosynthesis in S. mutans, we
utilized a transposon mutagenesis-marker rescue system to
isolate an auxotrophic mutant which required glutamate as a
nutritional supplement (17). This technique allowed recovery
of an inactivated gene fragment, which, by nucleotide sequence
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FIG. 1. Proposed use of the citrate pathway by S. mutans for the anaerobic synthesis of glutamate and the assimilation of ammonia. The enzymes introduced in this
paper are underlined. The other enzyme activities have been described previously. Abbreviations: PFL, pyruvate formate-lyase; PEPC, PEP carboxylase; OAA,
oxalacetate; GDH, glutamate dehydrogenase; GOGAT, glutamine synthetase-glutamate synthase pathway.

analysis and comparison with other known sequences, exhib-
ited a high degree of homology with ICDH-encoding genes
(icd) of other organisms.

This paper describes the cloning, nucleotide sequence, and
expression of the intact S. mutans icd gene in Escherichia coli
and demonstrates linkage on the S. mutans chromosome with
genes encoding citrate synthase (citZ) and aconitase (acn). We
also demonstrate ICDH and citrate synthase activity in S. mu-
tans and describe genetic and biochemical evidence for the use
of the citrate pathway in the biosynthesis of glutamate by S.
mutans.

MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli DH5« [$80d lacZAM15 endA1
recAl hsdR17 (ry~ my ) supE44 thi-1 N\~ gyrA relAl ¥~ A(lacZYA-argF) U169],
used as a host strain for the maintenance of plasmids in this study, was grown in
Luria-Bertani (LB) broth (26) and on LB plates containing ampicillin (100 p.g
ml~') when required. E. coli MC1061 [A(araA-leu)7697 araAl39 A(codB-lac)3
galK16 galE15 N~ mcrAO relA1 rpsl150(strA) spoT1 mcrB9999 hsdR2] was used as
a host for plasmids containing the erythromycin resistance gene from Tn917. E.
coli EB106 [\ icd-11 dadA1(op) trpA62 trpE6] tnaAS] (2) was used as a host for
cloning the intact S. mutans icd gene and was grown in M63 medium (3) sup-
plemented with 10 mM glucose, 0.02 mM thiamine, 1 mM L-tryptophan, and,
when necessary, 3 mM L-glutamate. E. coli W620 (thi-1 pyrD36 gltA6 galK30
rpsL129) (34) was used as a host to demonstrate citZ complementation of the
gltA mutation and was grown on M63 medium supplemented with 0.02 mM
thiamine and, when necessary, 3 mM L-glutamate. The naturally transformable S.
mutans strain NG-8 has been described previously (17). S. mutans JH1005 was
kindly provided by J. D. Hillman, University of Florida, and was utilized as the
parent strain in the isolation of the icd mutant AX1. The glutamate-requiring
auxotroph AX1 was isolated by Tn917 transposon mutagenesis utilizing the
replication-conditional plasmid pTV1-OK as described previously (17). S. mu-
tans strains were maintained and grown in Todd-Hewitt broth (Difco) supple-
mented with 0.3% yeast extract (THBYE) or on THBYE-1.5% agar plates. A
streptococcal minimal medium devoid of amino acids (SMM) described by St.
Martin and Wittenberger (38) was also utilized for growth of S. mutans.

Recombinant DNA methodology and plasmids. Plasmid pAX1CE was isolated
from S. mutans pTV21A2TetM-convertant AX1C as described previously (17).
To recover a larger fragment of S. mutans chromosomal DNA flanking the
icd::Tn917 insertion, AX1 chromosomal DNA was digested to completion with
EcoRI and ligated to EcoRI-digested and dephosphorylated pUC18 (Pharmacia,
Uppsala, Sweden). This ligation reaction was used to transform E. coli MC1061,
and erythromycin- and ampicillin-resistant transformants were isolated and
found to contain pUCI18 harboring a 8.7-kb EcoRI insert. This plasmid was
designated pUC-AXI.

To clone the wild-type icd gene, an S. mutans genomic library was constructed
by ligation of EcoRI-digested S. mutans JH1005 DNA to EcoRI-digested and
dephosphorylated plasmid pUCI18. One thousand ampicillin-resistant E. coli
EB106 transformants were screened for the ability to grow on M63 glucose plates
in the absence of glutamate. Two glutamate prototrophic clones were isolated,
and plasmid pJG400, containing a 3.5-kb EcoRI insert, was isolated from one of
these clones.

E. coli cells were transformed by electroporation with a Gene Pulser apparatus
(Bio-Rad, Richmond, Calif.) by the method of Dower et al. (12). To confirm that
the Tn917 insertion was responsible for the glutamate-requiring phenotype of
AX1, S. mutans NG-8 was transformed with AX1 chromosomal DNA, and

erythromycin-resistant, auxotrophic transformants were recovered as described
previously (17).

Plasmids were isolated for rapid screening by a boiling technique (20) and
purified for DNA sequencing by a polyethylene glycol precipitation procedure
(25). Agarose gel electrophoresis was performed as described by Maniatis et al.
(25). Southern hybridizations were performed with the Photogene nucleic acid
detection system (Gibco/BRL, Bethesda, Md.). Biotin-labelled DNA probes
were prepared with the Bio-Nick labelling kit (Gibco/BRL).

DNA sequencing and analysis. Nucleotide sequencing was carried out at the
DNA Sequencing Core Laboratory of the University of Florida’s Interdiscipli-
nary Center for Biotechnology Research. Sequencing was accomplished with Tag
DiDeoxy terminators and the DyePrimer cycling sequence protocol developed by
Applied Biosystems with fluorescently labeled dideoxynucleotides and primers,
respectively. Labelled extension products were analyzed on a Biosystems 373A
DNA sequencer. To obtain overlapping sequence on both DNA strands, we used
17-mer synthetic oligonucleotide primers obtained from the custom DNA syn-
thesis facilities of National Biosciences, Inc. (Plymouth, Minn.). Sequence anal-
yses were carried out with the Macintosh program MacVector V3.5 (Kodak, Inc.,
Rochester, N.Y.) and programs BLASTP and BLASTX (NCBI Labs, Los
Alamos, N.Mex.). Alignment of deduced amino acid sequences was performed
with CLUSTALW (EMBL, Heidelberg, Germany). Construction of the align-
ment figure and designation of identical and similar amino acid residues were
performed with the Macintosh program SeqVu (Garvin Institute of Medical
Research, Sydney, Australia). Terminator-like structures were identified with the
program Terminator (Genetics Computer Group package, University of Wis-
consin, Madison).

Preparation of cell extracts. E. coli and S. mutans cell extracts were prepared
by sonication essentially as described previously (4) with slight modification.
Cells from 20 ml of E. coli or 500 ml of S. mutans cultures were resuspended in
1 or 2 ml, respectively, of 50 mM Tris-HCI buffer (pH 7.5). Sonication and
separation of the extracts from the cell debris and glass beads were performed as
described before (4). Extracts that were used to determine the effects of various
ions, activators, and inhibitors were spin dialyzed in a Centricon 10 concentrator
for 2 h at 5,000 X g (Amicon, Beverly, Mass.) and washed with 2 ml of 50 mM
Tris-HCI buffer (pH 7.5). Extracts were kept on ice until used in assays per-
formed within 6 h. Protein determination was carried out by the bicinchoninic
acid method (36).

Enzyme assays. ICDH activity was assayed by a modification of the method of
Kornberg (22). Reaction mixtures were incubated at 37°C and contained 35 mM
Tris-HCl buffer (pH 7.5), 5 mM bt-isocitrate, 0.35 mM NAD™ or NADP*, either
3.5 mM MgCl, or MnCl,, and between 1 and 20 pg of protein from crude cell
extracts in a total volume of 1.0 ml. To test for potential activators or inhibitors
of ICDH, reaction mixtures were also supplemented with one of the following at
0.15 mM: AMP, ADP, ATP, PEP, a-ketoglutarate, glyoxylate, oxalacetate, glu-
tamate, or glutamine. The formation of NADH was monitored spectrophoto-
metrically by continuous recording of the change in A3, for up to 10 min with a
UV-160 recording spectrophotometer (Shimadzu Corp., Kyoto, Japan). One unit
of activity was defined as 1 nmol of NADH formed min~! mg of protein~'.

Citrate synthase activity was assayed by the method of Fortnagel and Freese
(13). This assay indirectly measures the rate of CoA liberated from acetyl-CoA
by citrate synthase. This rate was determined spectrophotometrically by moni-
toring the change in A,,,, indicating the splitting of 5,5'-dithio-bis(2-nitrobenzoic
acid) (DTN) by free CoA. Reaction mixtures were incubated at 37°C and con-
tained 20 mM Tris-HCI buffer (pH 7.5), 20 mM sodium oxalacetate, 0.5 mM
acetyl-CoA, and 10 mM DTN in a total volume of 1.0 ml. One unit of activity was
defined as 1 nmol of CoA liberated min~' mg of protein™'.

Enzyme activities are expressed as the mean * standard error of four mea-
surements from cell extracts prepared from two independent cultures.

Chemicals and enzymes. Restriction enzymes, T4 DNA ligase, and DNA
molecular weight standards were from Promega (Madison, Wis.) or New En-
gland Biolabs (Beverly, Mass.) and were used as directed by the supplier. All
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1¥ S ¥ ¥ Y @ W N 0 Vv 8 T VY T Q MNP P Y F EWLTNTETWE ETITDTIL S
GAATTCCARARATTACCAATGGAATCAAGTC TCTACCTATATTC ARAATCCTCCTTAT T T TGAGARATC TCACARATAC TCAGRAC AAAATAGA T TARGT
A L K ¥ L a K ¥ G D S ¥ TT™0DDHTI S P A G NI &2 RHNDSPAUBAUZ RYL
GCATTAAAGGTTTTAGCCAALTTTGGAGATTCTGTARCCACAGATCATATTITCCCCAGCAGGTARTATTGOGAGRRRTAGOCC TGCAGC TCETTATTTAG
E EF N GV T Y A EFNS Y G S RRGNHETERVYMMEBGTT F A NTIURI K
AACAAARTGGCGTCAC TTATGC TGAGTTCAATTC TTACGGTAGLCG TG TGE AR TCACCACG TCATGATGCGAGGAAC TTTTHCAANTAT TCGTATCAA
N EL A DG X TGS Y TEK Y EG E I L P T ¥ R A A MMNYETZEKNG V
AAATGALTTAGL TGATGECARRATCGGTGGTTACACAAALTATGRAGGAGARATC TTACCCATTTATGAGGC TGCCATGAATTATAAGAA AL ACGETGTT
& T I v I A G K D ¥ 6 M 6 5 5§ R DW A AL K G A HNILUL GV XK ¥ V L A
TCTACTAT TG I TATTGCAGGAARAGAC TATGGTATGGGC T TAGCCGTEAT TGEEC TGO TARMAGGTGCCAATC TTTTAGG TG TCAAGCTCCTCTTAGC AG
E 5 F E R I BE R 8 N L V ¥ ¥ 6 I L P L ¢ F LD G OTAE S L QL T G
AARGCTTTCAGCGEATTCATCGTTCTRATTTAGTCATGATGGGAATTTTACC TCTACAATTCCTTGATGG TCARACCGGC TGALAGTCTCCAATTAACAGG
Yy ET ¥ T V¥V EL PF E Q P Q ¥ HOD I VvV KV E AT S EEGTUE KTZEUVF gV
ATACGAAACTTACACTGTGEARCTTCC TEAACAGCCECAAGT TCATGATAT TG TTAAGGTAAARGC TACTTC TAAGEANGGRACTAARGAATTTCAAGTG
L L ®# ¥ 2 AT ADIRY Y QN G 6 I L P M ¥ ¥V R XK KL H¥ G & * 28
CTCTTACGTYTTEATGCGGATGUTGATAT TCGC TATTATC AR AATGGCEATATTC TTCCAATGG TTG TGCGTAAAAARTTGAATCCGACGESTTAAGTC TATG
A E T H 6 L K r ¥ I 2 ¢ D TR I S A I KEDHNZ XL S Y A G Y D I A D
GCAGARAACARATGGC TTARAGGATATGATTGLCTGTGATACAAGARATTAGTGCCATCAAGEGATAATAARC TCTOGTATCCAGG TTATGATATTGC TGATT
L # DN FTRU FEEUWV I ¥ L L WWILHBILUEPETATITEILIEKTGOQOPPF ETE EI KL R
TAATCGACAR TAARG ACTCRCTTITCAAGAAGTCATTTACC TCC T T TGGAATC I TCAT T TACC AACAGC AR TTGAACTGAAGCAATT TG AAGAGAARTTACG
X ¥ ¥ A I 38 p A I E ¢ ¢ I L I Q@ 8 KR 0Q H L BE P M S§ ¥ L RS TV 5 L
CAARARTTAPGCGATAAGTGATGCCATTGAACAATGTAT TCTCATTCARTCGCGUCAGCACTTGLATCCCATGAGTGTT TTGLGTTCAMC GG TARGTC TA
L ¢ ¥ ¥ ¥L K A EEH RSV EATZ YUDOQS I L M AZEKTIUEFTTITIAT
T AGGCETTTATAAT T TAAAR GO TG AGGAARG ARG TG TAGARAGC TACT TATGACC AAMGCATTCAG T TGATEGCCARGATACCGACCATTATTGCAACTT
F AR L R Q&L & P I A PRUEUDILSGT FAOZMZMMNT FYIL Y ML N G RIL P 5 E
TTGCARGATPGCETCAGHFC TGTCTCCTATCGC TCCTAGAAAGGATC TTGGCTTCGC TG TAATTTTC TATATATGTTARATGGCCGCCTTCCAAGTGA
L E T L A MUKNKURALVYVYILIAHAEUBHBETILWNSATSBSTV FSAARVYCASTTUL B8
ATTAGAGATTTTAGC FATGAATCGTGCGCTTGPTCTACATGO TEAACATGAACTC AR PTEUCT U TACC TTTGUGGU TALGG TT TG TGCC TCARCTO TATCA
D I ¥sS ¢V TTATIGTTLIEKSG?PTILHEGG ANTERTYTFDMTILZERTETR
GATATTPACTCTPGTGTAACARCAGCTATIGGARCCTTARAAGGTCCC TTACACGGTRATGLCAATGAGCGTETATTTGATATEC (AAGAGAGATTCETG
E ¥ & D ¥V D § ¥ L ¢ E KL NS EE KT M & F & 8B RV Y Q@ TTOQTDGFE¥RE
AATACGGTGATCTTGACACTTACTTGCARGARARAC TCARCTC TARAGAAARRRTCATGGECTTTEGGCATCGUGTTTATCAGACACAAGATCUACGTGA
¥ ¥ L R EM A RELTUESGTEU HBDTIW VY 0L & FEKEUEKUVYEMT~<CMHMZ KOQEK
AARATATTTGCCOGAMATEGC TAGAGAAT PG ACCAAGGEARC AGAGCATGACATTTGGTATCAAT TATC CARAAARGT TGARATE TGTATCAAGCARAAG
¥ B L I P ¥ VD F Y 5 ATV Y EV LGIUDS s I F TULTITF AaAMOSE R
AMAALTCTAATTCCTARTGTTGATTT I TATTCGGCTACTGTETACCATG TT I TAGGTAT TGATAGTTC TATTFTTACCT TAATC T T TGCCATGAGCCG TG
¥ § G W T A A T Q F Q Q ¥K®¥ N KL I RP®R S H Y T MBTEKTILIERETYTI P
TTTCGEGTTGGATTCCCCATATTCAAGRGCAACRBARAMA TAATARA I TAATCCETCCGCGCTC TCACTATAC TGO TATGAGGAAGTTACCCTATATTCC
I ER R *3MHM A E K V¥ 5 F E E G XL Q V PF D K PF VYV I P Y I E G P G V
TATTGAAAGGAGATAAGATGECAGAAARAGTAAGTTTTGAAGARGGGAARTTACAGE TGLCTGATAAGCCOCSTCATTCCTTACATTGAAGGAGATGGTET
G 0 b I W KN A IV FDEATIA ATETV Y G G HE QY I WEREV L A
TGETCAGGATATTTGGRAGAATGCGCARATCETTTTTGATAAAGCCATTGC TARAGT T TATGGAGETCACAMGCACGGTTAT TTGECGGGAGGTTTTAGCT
G K K A Y K E¥Yf ¢ N W L PN ETLETITIETTETELTEATITEKSGT?PTILET®T
GGTAARAAAGCTTATAAGGAAACAGGCAACTEGC TGCC TAATGAGAC I TAGAAAT TATCAAGACGC AT TTAC T TGO TAT TAAAGGTOCATTGEARACTC
P ¥V § 66 1 R 8L NV A LERQETLTDTLTEaA®EYVYRP VYV R Y FEGV P 3
TG T TGGAGETGGTATTCG T TCCTTAAATGTTGC CCTCCGTCARGARTTGGATC TC TT TG TTGCE TG GTCCAGTGCETTATTTC AMAGG TGTCCC TAG
FP L R A P E K THATI1ITIVFDBREMMNWTETDTEIVY AOG I EWUNLAGTHATEV
TCCACTTRAGCRATCC TGARAARACGGCTATTACTATTT TTCGAGAARATACTGARGATATTTACGCAGGTATC GRATGGAR TGLGGGTACAGCAGAAGTT
9 K ¥ I R F L ¢ ¢ b M ¢ ¥V K K I RF P K 8 38 3 I 6 I ¥ P I 8§ 1 E G
CAAMRCCTCATCARC TTTTTACRACATGATATGCAGGT TARGAA AR TTCCT T TTCCAARAACCACCAGTATACCCATTARACCTATTTCAATTGAAGGCA
S Q R L I R AA I E Y ATILUANKMNKLTSX OV TILV HZXG®NTIQQIETFTTEG
GCCARCGTTTGATTCGTGCAGC TATCGAATATGC TCTGGCCAACAATCTGACCAAGGTRACT TTGGTTCATAAAGGAAATATTCAARRATTCACTGAAGE
& F R K W ¢ ¥ E L &2 K R E Y A A EL A S ¢ ¢ L ¥ ¥ DD I T ATDTENTF
TGEGCTTTAGARAATEGGGCTATGAATTAGC AARACGTEAGTATGC TGCCGAAC TTEOCAGTEGGTCAATPGETAGTTEATGATATTATTGC TGACAATTTC
L ¢ ¢ I L L K P E R F D ¥V ¥V &AL THNIULWHNKNGDU?Y A S D AL A & Q@ ¥V G
TTGCAACAAATTCTGUTCAASCC PTGAGCGTTTTGATGTAGT TGCCTTAACGAATC TCAATGEEGACTATGCCAGUGATGC CTTAGCAGCACARGTTEGCE
G I 6 I 8 P GA NTUWNVY QTG HATITFES ATUHSGTSHRT?PODTIATGCTGT DL
GTATIGGTATTTOGOCAGGAGCTAATATTAACTAPCAAAC GEGGACATGCTATTTT TGAAGCA ACCCATGGAACGECTOCAGATATTGCAGGTCAAGACTT
A N P § 8§ ¥WL L § G C ML F DY I G W S EKE UV S DL I M KA ¥ EE A
GGCCAACCCATCTTCTG I I PAT ATCAGGU TG ATGC T T I TGACTATATTGET TGGTCAAAAG TCTCAGAT T TAR TCATGAAAGC TG " 'GAALBAGTT
I AKX G OQVTIODFAZERKETLGSVY¥EHSATLTTUGCSGTFSEVLTILTY L *
ATTGCAAATCGCTCAAGTTACCATTGATT T TECCAAGGARC TAGGGGTTGAAGCATTGACAACC TG TCAGTTTTC TGAAGTTCTATTGACTTATTTATAGA

—————fe elf—
GARATAGACAARRATTGGTAATTCGTAATGARATGGCAATTTCGAT TARATT AT TG AT TAGATGEARACCACTECALAATAARAAGTCCSGAATACTTTT

ATCTCAGECGC TTPETTATTTTGAAATA TG T ARGARAAGGGCTATTCAGATTSARGCACARRCCTATTFTCCAAC GTAAAARAA TTTTGAGCTC TGCARAT
TTCAATTTTAATTTTTCTTAT T TG CCAGCCAAGCGAGC TC TARACGAGATTTTCCGCC G TEATAARAG TGLCTCARACTTTAAAGT ITCAGGCACTCGGA
AGATTTGAGACCTTAGGCTCAAATCTTAAC TGACCACGGEC TECGGATTETGGCAAARAGATGAGTCCTC CTAGAATCTTAATGATTCCECCTCGTACTS
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FIG. 2. The entire nucleotide sequence of the S. mutans JH1005 chromosomal DNA insert from plasmid pJG400 with the ORFs and their deduced amino acid
sequences as illustrated. The 3’ end of the putative acn gene (aconitase) begins at the first nucleotide (1) and ends at base 793. The entire genes encoding citrate
synthase and ICDH are encoded by nucleotides 798 to 1916 (2) and 1918 to 3099 (3), respectively. The nucleotide and amino acid residue numbers are illustrated at
the right of the sequence. The triangle indicates the insertion point of Tn917 in S. mutans AX1. A transcriptional terminator-like structure is illustrated by opposing

arrows. The GenBank accession number is U62799.

other chemicals were obtained from Sigma Chemical Co. (St. Louis, Mo.), Fisher
Scientific Limited (Tustin, Calif.), or Difco Laboratories (Detroit, Mich.).

Nucleotide sequence accession number. The GenBank accession number of
the S. mutans 'acn-citZ-icd gene cluster is U62799.

RESULTS AND DISCUSSION

Growth of S. mutans in minimal medium. When laboratory
and freshly isolated S. mutans strains were tested for their
ability to grow on SMM agar containing no amino acids, we
found that 14 of 16 strains tested were able to grow anaerobi-
cally without an organic nitrogen source (data not shown). The

amount of ammonia required to sustain growth of S. mutans
JH1005 was determined by titration of ammonium sulfate in
liquid SMM. Under the conditions tested, this strain required
approximately 1 mM ammonium sulfate to achieve a cell den-
sity indicative of ammonia saturation. S. mutans AX1 (Glu™)
was unable to grow in either solid or liquid SMM unless it was
supplemented with 3 mM glutamate.

Genetic characterization of the glutamate-requiring S. mu-
tans auxotroph AX1. Southern hybridization of EcoRI-digested
AX1 chromosomal DNA probed with pTV1-OK revealed a
single transposon insertion as indicated by hybridization to a
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§M 1 - MAEKVSFEEGKLQVPDKPVIPY | EGDGVGQD IWKNAQ | VFD KA 1A[K 45
S8 1 m-eeme-- MAEK | VMKINGIQLQVvSDIRP I | P[Fl1 EGDGVGHD IWKNAQA I FRKAVIEY 4
B§ 1 - - - --- MAGIGEK I TV[SNIGIVILNVPANN|P I | PlFl1 EGDGTEED | p
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Bs. 40 |A E It TWKIEVYA PlAETLDVIIREY[E 1 A1 KGPLTTPVGGGE] 0o
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FIG. 3. Alignment of the deduced amino acid sequence of the S. mutans icd gene with homologs from other bacterial species. Identical regions are shaded, while
regions of homology are outlined. Abbreviations: S.m., S. mutans; S.s., S. salivarius; B.s., B. subtilis; E.c., E. coli. The asterisk indicates the conserved serine residue (E.

coli Ser-113) that is phosphorylated in E. coli (24).

single fragment of 8.7 kb (data not shown). To confirm that the
Tn917 insertion was responsible for the glutamate requirement
of AX1, chromosomal DNA from this strain was used to trans-
form S. mutans NG8. One hundred percent of the erythromy-
cin-resistant NG8 transformants required glutamate for
growth, while the parent did not (data not shown).

Preliminary nucleotide sequence analysis of the transposon
recovery vector pAX1CE revealed that Tn97/7 had inserted
into a region of the S. mutans JH1005 chromosome that had a
high degree of homology to the 3’ end of other bacterial icd
genes encoding ICDH (17). Further sequence analysis of plas-
mid pUC-AX1 confirmed that Tn977 had inserted into a pu-
tative icd gene 204 nucleotides downstream from the 5’ end of
a 1,182-nucleotide open reading frame (ORF).

Isolation and analysis of the intact S. mutans icd and citZ
genes. The intact S. mutans icd gene was isolated on a 3.5-kb
EcoRI fragment harbored on plasmid pJG400 as described in
Materials and Methods. This fragment contained the complete
S. mutans icd gene in an ORF of 1,182 nucleotides encoding a
putative ICDH of 393 amino acid residues, with a predicted
molecular mass of 43,101 Da (Fig. 2).

A putative terminator-like structure consisting of a region of
dyad symmetry had 75% identity to a previously identified S.

mutans terminator (4). Sequence comparisons of pJG400 with
the sequence obtained from the transposon recovery vectors
pAXICE and pUC-AXI1 revealed 100% homology in the re-
gions encoding S. mutans chromosomal DNA, confirming that
pJG400 contained the corresponding wild-type allele from the
parent strain JH1005.

Sequence comparison of the deduced S. mutans ICDH re-
vealed that it had significant homology to NADP*-dependent
dimeric forms of ICDH from other bacteria, including Bacillus
subtilis (21) and E. coli (40), displaying 60 and 62% homology,
respectively (Fig. 3). The deduced amino acid sequence of the
protein encoded by S. mutans icd was most similar (72%) to
the ICDH from the closely related oral organism Streptococcus
salivarius that has been reported to be an NAD*-dependent
enzyme (10). There is very little homology (32%) with se-
quences recently obtained (30) for the NAD*-dependent
ICDH from the primate Macaca fascicularis. A search of the
genetic database revealed no greater homology than 32%
when comparing the S. mutans ICDH with analogous eukary-
otic enzymes.

Nucleotide sequence analysis of pJG400 in the region lo-
cated 5' from the S. mutans icd revealed that the plasmid
contained another complete putative ORF which was sepa-
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TABLE 1. Enzyme activities in S. mutans and E. coli cell extracts

. ICDH activity” Citrate synthase
Strain 7
NADP+ NAD* activity”
S. mutans
JH1005
Grown in SMM ND*¢ 234 *+ 60 135 £ 32
Grown in THBYE ND 123 =10 66 £ 13
AX1 ND ND —
E. coli
DH5a 373 £17 5+x07 316 = 61
EB106(pUC18) ND ND —
EB106(pJG400) ND 1,860 + 28 —
W620(pUC18) — — 16 =2
W620(pJG400) — — 404 = 107
% One unit of activity was defined as 1 nmol of NADH formed min~' mg of
protein~!.
 One unit of activity was defined as 1 nmol of CoA liberated min~! mg of
protein~!.

¢ ND, not detected.
4__ not done.

rated from the icd gene by a single base pair. This ORF was
1,119 nucleotides in length and encoded a deduced protein of
372 amino acids with a predicted molecular mass of 42,759 Da.
This deduced protein sequence had a high degree of homology
with citrate synthases (EC 4.1.3.7) from other bacteria. A com-
parison of the deduced amino acid sequence of the protein
encoded by the S. mutans citZ gene was made with the amino
acid sequences of the homologs from Bacillus subtilis (citrate
synthase II, citZ) (21), Mycobacterium smegmatis (8), and Py-
rococcus furiosus (28). The degrees of homology were 53, 43,
and 43%, respectively. The S. mutans citZ gene was most
similar to citZ, which encodes citrate synthase II from B. sub-
tilis, an organism that has at least two citrate synthase genes,
citA and citZ, which have 42% identity at the amino acid level
(21). We did not investigate the possibility of S. mutans pos-
sessing more than one form of the enzyme.

The plasmid pJG400 also contained a third putative ORF
which, by similar analysis, appeared to encode the 3’ end of the
gene coding for aconitase (Fig. 2), the enzyme that converts
citrate to isocitrate. Sequence analysis of the pJG400 EcoRI
insert revealed no promoter-like structures located 5’ from
either the icd or citZ genes and contained only the 3’ end of the
acn gene. This suggested that transcription of icd and citZ in E.
coli was likely initiated from the lacZ promoter of the plasmid,
located 5" proximal to the insert.

The intact S. mutans aconitase gene has not yet been cloned
nor its enzymatic activity detected, although its presence is
strongly suggested from the partial sequence and its biological
role in the intermediate step between citrate synthase and
ICDH. Investigation into the role of this enzyme will warrant
further study due to its inherent instability (11) and complex
regulation (14, 15).

Activities of the native and cloned S. mutans icd and citZ
gene products. ICDH activities measured in S. mutans and E.
coli crude cell extracts are described in Table 1. The ICDH
activity of strain DHS5« was included as an indication of wild-
type E. coli activities. No ICDH activity was detected in either
S. mutans AX1 or the icd E. coli control strain EB106 harbor-
ing pUC18. EB106 containing the S. mutans icd gene on
pJG400 expressed more than 10 times the activity of the S.
mutans wild-type strain under the same assay conditions.

ICDH activity in S. mutans and in the E. coli mutant com-
plemented with pJG400 was completely dependent on NAD™,
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while the addition of NADP* was unable to facilitate activity
(Table 1). The wild-type E. coli DH5a ICDH, however, re-
quired NADP™". This was an interesting observation, since
NAD™"-dependent ICDHs are more commonly associated with
eucaryotic organisms (33). When our data are considered with
data obtained by Desgagnes et al. (10), it appears that the
streptococcal ICDHs may be unique among bacteria in regard
to their NAD™" dependency.

The eucaryotic NAD*-dependent ICDH (EC 1.1.1.41) is
often regulated by AMP or ADP (22, 33). The compounds
AMP, ADP, ATP, PEP, a-ketoglutarate, glyoxylate, oxalac-
etate, glutamate, and glutamine, however, had no significant
effect on ICDH activity in the wild-type S. mutans extracts
(data not shown), suggesting that ICDH may not be regulated
at the enzyme level in S. mutans.

The S. mutans ICDH also required Mg®* or Mn?* to func-
tion, since dialyzed extracts without these ions had no detect-
able activity (data not shown). Mn?* was the preferred cation
since activity in the S. mutans extract was about twofold higher
with Mn?* than with Mg®" (data not shown). The ICDH data
presented in Table 1 were obtained with Mn** as a cofactor.

Citrate synthase activity was detected in the S. mutans par-
ent strain JH1005 and in the pJG400-complemented E. coli
gltA mutant W620 (Table 1). Some activity was also detectable
in E. coli W620 containing pUC18 but at an insignificant level
when compared with activities in DH5a and W620 harboring
pJG400 (Table 1). E. coli W620 harboring the S. mutans citZ
gene on pJG400 had an 80-fold increase in activity over the
background observed with the pUC18-containing host and had
comparable activity to E. coli DH5a.

There was approximately a twofold increase in S. mutans
JH1005 ICDH and citrate synthase activities when the cells
were grown in minimal medium (SMM) as compared with cells
grown in a rich medium (THBYE) (Table 1). There were no
apparent differences when cells were harvested at the expo-
nential or the stationary phase (data not shown).

In aerobic and facultative anaerobic bacteria with a com-
plete TCA cycle, this extensively studied pathway is involved in
the generation of energy and functions in the biosynthesis of
amino acids (19, 31). Some lactobacilli have an incomplete
TCA cycle, presumably used for synthesis of succinate, and are
auxotrophic for glutamate since they lack a functional ICDH
(27). Other organisms, including thiobacilli (35), clostridia
(37), and cyanobacteria (29, 32), also contain a partial TCA
cycle utilized solely for biosynthetic functions. These organ-
isms lack one or more of the enzymes of the TCA cycle, with
a-ketoglutarate dehydrogenase being absent in all of the cases
mentioned above. The presence of a-ketoglutarate dehydro-
genase or other TCA cycle enzymes in S. mutans was not
determined in this study, but a similar truncated TCA cycle
seems likely to exist in this organism.

The ICDH of E. coli is a key regulatory enzyme which is
inactivated by phosphorylation at serine-113 to direct the flow
of isocitrate through the glyoxylate shunt to bypass the CO,-
generating steps of the TCA cycle (24). This latter process is
necessary for anapleurotic reactions during growth on two-
carbon compounds such as acetate. An analogous serine resi-
due is also present in the S. mutans ICDH in a region that is
highly conserved among the compared sequences (Fig. 3). In
E. coli, this region has been attributed to be part of the enzy-
matic active site involved in the direct binding of isocitrate to
the enzyme (24). The lack of a complete TCA cycle and glyoxy-
late bypass in S. mutans suggests that a regulatory role for this
enzymatic site in the streptococcal ICDH is unlikely.

The mechanism of glutamate biosynthesis in S. mutans is of
interest since it may be an essential process used by the organ-
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ism to survive under the conditions it encounters in dental
plaque. In the lower levels of plaque, this system would func-
tion under anaerobic conditions, where free amino acids are
likely to be limiting due to their consumption by the competing
microflora inhabiting the more-nutrient-abundant upper layers
of the biofilm matrix. In the lower levels of plaque, simple
nitrogenous compounds such as ammonia, generated from the
hydrolysis of salivary urea by the activity of other members of
the community, are possibly the sole source of nitrogen avail-
able to S. mutans. Further investigations will examine the
mechanisms that S. mutans utilizes under these conditions,
with the ability of this organism to contend with nitrogen
starvation likely playing a key role in its survival.
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