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Cloning, sequencing and expression of rat liver pyruvate carboxylase
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Overlapping clones encoding rat liver pyruvate carboxylase (PC)
have been isolated by screening a liver cDNA library and by
performing rapid amplification of cDNA ends polymerase chain
reaction on total liver RNA. The sequence of rat PC cDNA
contains an open reading frame of 3537 nucleotides encoding a
polypeptide of 1178 amino acids with a calculated M of 129 848.
This is flanked by a 5" untranslated region of 66 bp and a 3’
untranslated region of 421 bp including the poly(A) tail. The
inferred protein sequence is 96.6 9, identical with mouse and
96.3 9, identical with human PCs, 68.4 9, identical with mosquito
PC and 53.5 9, identical with yeast PC isoenzymes PC1 and PC2.
On the basis of partial proteolysis and sequence homology with

PC from other organisms (yeast, mosquito, mouse and human)
and with other biotin enzymes, three functional domains, namely
the biotin carboxylation domain, the transcarboxylation domain
and the biotinyl domain, have been identified. Comparison with
the known structure of the biotin carboxylase subunit of
Escherichia coli acetyl-CoA carboxylase [Waldrop, Rayment and
Holden (1994) Biochemistry 33, 10249-10256] highlights the
functional importance of 11 highly conserved residues. Northern
analysis revealed that PC mRNA is highly expressed in rat liver,
kidney, adipose tissue and brain, moderately expressed in heart,
adrenal gland and lactating mammary gland, and expressed at a
low level in spleen and skeletal muscle.

INTRODUCTION

Pyruvate carboxylase (PC) [pyruvate:carbon dioxide ligase
(ADP-forming), EC 6.4.1.1] is a biotin-containing enzyme that
catalyses the carboxylation of pyruvate to form oxaloacetate.
The native enzyme consists of four identical subunits arranged in
a tetrahedron-like structure [1]. Each subunit (M, approx.
130000) contains a covalently bound biotin moiety that serves as
a carrier for transferring CO, between the two reaction subsites
[2]. Mammalian PC plays an important role in various metabolic
pathways including gluconeogenesis, lipogenesis, porphyrino-
genesis and the biosynthesis of neurotransmitter substances, by
replenishment directly or indirectly of tricarboxylic acid cycle
intermediates on which these pathways depend [3]. The expression
of PC in mammals is tissue-specific, with its catalytic activity
being highest in liver, kidney, adipose tissue, brain, lactating
mammary gland and adrenal gland [4]. Changes in the total
amount of PC protein, through alterations in the rate of synthesis,
constitute an important mechanism for the long-term regulation
of metabolic flux from pyruvate to oxaloacetate in the liver,
kidney and adipose tissue [3]. Changes in the total amount of PC
activity are also associated with alterations in the concentrations
of other key gluconeogenic and lipogenic enzymes [3].

The complete amino acid sequences of PC from different
organisms including yeast [5,6], mosquito [7], mouse [8] and
human [9,10] have been reported. These data show a high degree
of amino acid sequence similarity among species. Comparison of
the primary structure of PC from a number of organisms allows
the identification of structurally important residues that might
play a role in the catalytic reaction. Here we report the complete
nucleotide sequence and inferred amino acid sequence derived
from overlapping rat PC cDNA clones, together with the tissue-
specific expression of PC mRNA. The functional importance of
particular residues is discussed within the context of the structural
domains of the enzyme.

EXPERIMENTAL
¢DNA library screening

A cDNA library in Agt10 prepared from the livers of Wistar rats
was kindly supplied by Dr. G. W. Howlett, Russell Grimwade
School of Biochemistry, University of Melbourne, Australia. A
total of 2.5 x 107 plaque-forming units from this library were
plated on Escherichia coli C600 Hfl- and screened by
hybridization in situ with a 1.1 kbp Bg/lI-Stul fragment of a
human PC cDNA clone, pPC 34.1 [11] as a probe. The probe was
radiolabelled with **P by nick translation [12]. Hybridization was
carried out in 5xSSC (1 xSSC is 0.15M sodium chloride,
0.015 M sodium citrate, pH 7.0), 5 x Denhardt’s solution [0.1 %,
Ficoll, 0.1 9%, poly(vinylpyrrolidone), 0.1 9%, BSA], 50 mM pot-
assium phosphate, pH 6.8, 25 ug/ml salmon sperm DNA, 19,
(w/v) glycine and 50 9%, (v/v) formamide at 42 °C for 18 h. The
filters were washed in 1 x SSC containing 0.19, SDS at 37 °C.
The positive clones were purified and characterized by restriction-
enzyme digestion. Screening of other overlapping clones was
performed by replating the library and hybridization with insert
DNA from positive clones under the same conditions as described
above except that the hybridization was performed at 42 °C and
washing was in 0.5 x SSC containing 0.1 %, SDS at 65 °C.

RACE polymerase chain reaction

The rapid amplification of cDNA ends polymerase chain reaction
(RACE-PCR) and reverse transcriptase PCR (RT-PCR) were
employed to obtain the full length of cDNA by using the 5
AmpliFinder RACE kit (Clontech). The cDNA synthesis primers
were designed either from the 5" end of existing clones or from
sequences conserved between mouse [8] and human [9,10]. Briefly,
10 pg of total liver RNA was hybridized to primers and reverse
transcribed by AMV reverse transcriptase at 52 °C for 1 h. The

Abbreviations used: ACC, acetyl-CoA carboxylase; BC, biotin carboxylase; ODC, oxaloacetate decarboxylase; PC, pyruvate carboxylase; PCC,
propionyl-CoA carboxylase; TC, transcarboxylase; RACE, rapid amplification of cDNA ends; RT, reverse transcriptase.
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purified cDNA was ligated to a 5* Anchor adaptor followed by
PCR with 5 Anchor primer and nested primer. The PCR was
performed in 50 xl of reaction mixture containing 10 mM Tris,
pH 8.3, 50 mM KCl, 1.5 mM MgCl,, 200 uM each of dNTP,
0.01 9, gelatin, 100 ng/ml of each primer, 1 xl of a 1:100 dilution
of ¢cDNA ligation reaction and 2 units (1 unit is defined as
10 nmol of dNTP incorporated in 30 min at 74 °C) of Taq
polymerase (Promega). The PCR profile consisted of 40 cycles of
amplification. Each cycle consisted of denaturation at 94 °C for
45 s, annealing at 65 °C for 45 s and extension at 72 °C for 2 min
(7 min for the last cycle). The products were confirmed by
Southern blot hybridization with *?P-end-labelled internal oligo-
nucleotide probes. The authentic products were purified from
agarose gel with BRESAclean® (Bresatec, Adelaide, South
Australia) and essentially re-amplified under the same conditions
as described above except that 30 cycles of PCR were performed.
The RT-PCR conditions were exactly the same as for the RACE-
PCR except that the ligation of the adaptor sequence to the 3’
end of cDNA was omitted.

DNA sequencing

The rat cDNA inserts from positively hybridizing Agt10 clones
were subcloned and sequenced as previously described [5] with
T7 Sequenase (USB) and M 13 universal and reverse sequencing
primers.

The RT-PCR and RACE-PCR products were purified from
agarose gel with BRESAclean® (Bresatec, Adelaide) and directly
sequenced with the fmole® DNA sequencing system (Promega)
using the same set of PCR and internal primers for the sequencing
reactions.

Sequence analyses by computer

BLAST searches [13] were made courtesy of the NCBI (Bethesda,
MD, U.S.A.) of the non-redundant database comprising the
Protein Data Base (PDB) plus GenBank (release no. 91) plus
GenBankupdate plus EMBL (release no. 43) plus EMBL update
by TBLASTN, and on the non-redundant database comprising
PDP plus SwissProt plus SPupdate plus PIR plus GenPept plus
GPupdate by BLASTP, with an overlapping series of 11 frag-
ments, each of approx. 200 residues, from the rat PC primary
structure as the ‘query’ sequences.

Purification of rat PC

PC was purified from freeze-dried rat liver mitochondria by the
method of Goss et al. [14], except that DEAE-Sephacel replaced
DEAE-Sephadex as the first chromatographic matrix. Avidin-
Sepharose affinity chromatography, as described previously [5],
was then used to produce homogeneous enzyme.

Partial proteolysis and N-terminal sequencing

Rat PC (specific activity 14 gmol/min per mg of protein at
30°C) at a concentration of 1mg/ml in 100 mM N-
ethylmorpholine, pH 8.0, was treated with chymotrypsin at a
substrate-to-protease mass ratio of 150. After 0, 5, 10, 20 and
40 min of incubation at 37 °C, the reactions were stopped by
adding PMSF to a final concentration of 1.0 mM. A subsample
(5 ng) of each was fully reduced and denatured, and run on
SDS/PAGE [12.5% (w/v) gel] as previously described [5].
Proteolytic fragments of the enzyme were isolated from poly-
acrylamide gels by electrotransfer to 3-amino-propyl-
triethoxysilane-derivatized glass-fibre sheet by the method of
Aebersold et al. [15]. The derivatized glass-fibre sheets were then

placed directly into the reaction chamber of an Applied Bio-
systems gas-phase automated peptide sequencer (Model 470A).
The resultant phenylthiohydantoin-amino acids evolved during
each cycle were identified and quantified by comparison with
derivatized standards chromatographed under the same con-
ditions, as previously described [5].

Northern blot analysis

Total RNA of various tissues from normal, fed Hooded-Wistar
rats was extracted as described by Chomczynski and Sacchi [16]
with the minor modifications of including 19, (w/v) SDS in the
denaturing solution (4 M guanidinium thiocyanate, 25 mM so-
dium citrate, pH 7, 0.59%, sarcosyl, 0.1 M 2-mercaptoethanol)
and performing LiCl precipitations [17]. Total RNA (40 ug) was
denatured before electrophoresis on 2.2 M formaldehyde gel and
transfer to a nylon membrane as described by Sambrook et al.
[12]. The 1.6 kbp RACE-PCR product was labelled with [«-
32P]JdATP by the random priming method with a Giga prime
labelling kit (Bresatec, Adelaide). The filter was prehybridized in
20 ml of 5 x SSPE (1 x SSPE is 0.18 M sodium chloride, 10 mM
sodium phosphate, pH 7.7, 1 mM EDTA), 5 x Denhardt’s sol-
ution, 1% (w/v) SDS, 509% (v/v) formamide and 200 xg/ml
salmon sperm DNA at 42 °C with gentle shaking. After 6 h of
incubation, the hybridization buffer was replaced with 10 ml of
fresh solution containing heat-denatured probe. Hybridization
was performed at 42 °C for 12-16 h. The filter was washed twice
with 2 x SSC containing 0.1 9%, SDS at 42 °C for 30 min and with
0.1 x SSC containing 0.19, SDS at 42°C for 30 min. The
intensities of hybridization signals were compared by using 18 S
and 28 S ribosomal RNA as internal standards.

RESULTS AND DISCUSSION
Isolation of PC ¢cDNA clones from liver cDNA library

The initial screening of the rat liver cDNA library with a human
cDNA probe yielded four positive clones, and digestion with
EcoRI revealed that the longest insert (0.9 kbp) was in ARLI.1.
The library was then rescreened with the ARL1.1 insert as probe
to obtain clones representing regions nearer to the 5" end. Two
further overlapping PC cDNA clones were found, ARL2.35 and
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Figure 1 Schematic diagram of isolation of rat PC cDNA clones

Three overlapping clones, ARL1.1, ARL2.35 and ARL2.53, which represent the C-terminal part
of PC, were obtained by screening a liver cDNA library. The three overlapping PCR clones, RACE
(Anchor/PC2), RT-PCR (PC8/PC9) and RACE (Anchor/MRACE II), which extend further to
encode the N-terminal part of PC, were obtained by RACE-PCR and RT-PCR. The PCR products
were named after the primers used in the PCR amplification. Three functional domains within
the coding region [biotin carboxylation (BCD), transcarboxylation (TCD) and biotin], the ATG
start codon, the TGA stop codon and the relative length of each clone are shown.
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GTTCCCTGTCAGTGGAGGCAACGGCCGTCAGAGGCGGCGGCCACGGCTTGAGGCGACGGGGCGAAG
ATGCTGAAGTTCCAAACAGTTCGAGGGGGCCTGAGGCTCCTGGGTGTCCGCCGATCCTCCACAGCCCCCGTTGCCTCCCCAAATGTCCGG 90
TAPV ASPNVR

80

CGTCTGGAGTACAAGLCCATCAAGAAAGTAATGGTGGCCAACAGAGGTGAGATTGCCATCCGAGTGTTTCGTGCCTGCACAGAGCTGGGT
31 R LEY KIPI1 K KVMVANRSGTETI AI RVFRAT CTTETLSEG

ATCCGCACAGTGGCTGTCTACTCGGAGCAGGACACAGGCCAGATGCACCGGCAGAAAGCTGATGAAGCCTACCTTATTGGCCGTGGGCTG 270
I' R T VAVY S EQDTGQMHR QK ADEAYTLI GRGIL

61
GCTCCTGTGCAAGCCTACCTGCACATTCCAGACATCATTAAGGTGGCCAAGGAGAATGGTGTAGATGCTGTGCACCCTGGCTATGGGTTC — 360
91 APV QAYLHIPDI I KV AKTENGVDAVHPGYGHF
CTCTCAGAGAGAGCAGACTTTGCCCAGGCCTGCCAAGATGCTGGAGTCCGATTCATTGGTCCAAGCCCAGAGGTGGTCCGCAAGATGGGA 450
121 L S ERA DFAQACQDAGVURF I GP SP EVVRKMG
GACAAGGTGGAAGCCCGGGCCATTGCCATTGCTGCAGGCGTTCCAGTGGTCCCTGGCACTAATTCCCCCATCAATTCCCTGCATGAGGCA 540
151 DK VEARAI AI AAGVPVVPGTNSPI NSTLUHEA
CACGAGTTCTCTAACACCTATGGTTTCCCTATTATCTTCAAGGCTGCCTATGGAGGTGGGGGCCGTGGCATGAGGGTTGTGCATAGCTAC 630
181 H EFSNTYGTF PIl I F KAAYGGGGRGMRVVHS Y
GAGGAGCTGGAAGAGAATTACACCCGGGCCTACTCTGAGGCCTTGGCAGCCTTTGGGAATGGGGCATTGTTTGTGGAGAAATTCATTGAG 720
21 E ELEENY TRAYSEALAATFGNGALTFVETZKF I E
AAGCCAAGACACATTGAGGTGCAGATCCTAGGGGACCAATATGGGAACATCTTGCACTTGTATGAGCGGGACTGCTCCATCCAGCGGCGG 810
241 K P RH I EVQIl L 6GDQYGN I LHLYE RDCS 1 QRR
CACCAGAAGGTCGTCGAGATTGCCCCTGCTACCCACCTGGACCCCCAACTTCGGTCACGCCTCACCAGTGACTCTGTCAAACTTGCCAAG 900
271 HQKVVEI APATHLD®PQLRSRLTSDSVKTLAHK
CAGGTTGGCTATGAGAATGCAGGCACTGTCGAGTTCCTGGTGGACAAGCATGGCAAGCACTACTTCATCGAGGTCAATTCCCGCCTGCAG 990
301 QVGYENAGTVETFLVDIKHGI KHYTF I EVNSRTLAQ
GTGGAGCACACGGTCACTGAGGAGATTACAGATGTGGACCTGGTCCATGCTCAGATCCATGTCTCCGAAGGCCGGAGCCTGCCTGACCTG 1080
331 VEH TV T EETI TDVDLVHAQI HVSEGR SLPDIL
GGGCTGCGGCAGGAAAACATCCGAATCAATGGTTGTGCCATTCAGTGTCGGGTCACCACTGAGGACCCTGCACGCAGCTTCCAGCCAGAC 1170
31 G L RQENIT R I NGCA 1 QC RVTTETDTPARS FQFPOD
ACTGGCCGCATTGAGG CCGGAGTGGTGAGGGCATGGGCATCCGCCTGGACAATGCCTCAGCATTCCAGGGAGCTGTCATATCCCCC 1260
399 T G R I EV FRSGEGMGI RLDNASAFQGAV | SP
CACTATGACTCCCTGCTCGTCAAAGTCATTGCCCATGGCAAAGACCACCCTACAGCTGCCACCAAGATGAGCAGAGCCCTGGCGGAGTTC 1350
4210 H Y D S L LV KVI AHGIKTDUHPTAATIKMSRATLATEF
CGTGTCCGAGGTGTAAAGACCAACATCCCCTTCCTGCAGAATGTTCTCAACAACCAGCAGTTCCTAGCGGGCATTGTGGACACCCAGTTC 1440
451 R VR GV KTN I PF LQNVLNNQQQFLAGI VDTAQF
ATCGATGAGAACCCCGAGCI'GTTiCAGCTGCGGCCT GCACAGAACCGGGCCCAGAAGTTGCTACATTACCTTGGACACGTCATGGTCAAT 1530
481 I D ENPE L F]i - i H HV M V N
GGCCCTACCACTCCAATCCCCGTCAAGGTCAGTCCCAGCCCTGTGGACCCCATTGTTCCTGTGGTGCCCATAGGCCCACCCCCAGCTGGT 1620
sMm G PT TP I PVKVSPSPVDPI VPVVPI GPPP AG
TTCAGAGACATCCTTCTGCGAGAGGGGCCAGAGGGCTTTGCCAGAGCTGTGCGGAATCACCAGGGGCTGCTGCTAATGGACACAACCTTC 1710
541 F R DI L LR EGPEGFARAVRNHQGLLTLMDTTFTF
CGGGATGCCCACCAGTCACTACTTGCCACTAGAGTGCGCACACACGATCTCAAAAAGATTGCACCCTACGTTGCCCACAACTTCAACAAC 1800
577 R D AHQSLLATRVRTHDTLTKTE KT I APYVAHNTFTNN
CTC]E]'CAGCATAGAGAACTGGGGAGGAGCCACA'I'I'I’GACGTGGCCATGCGCTTCTFGTATGAGTGCCCC’TGGCGGCGGCTCCAGGAGCTC 1890
600 LIFS I E N WGGAT F DV AMZRETLYETCPWRZR RILQE L
CGGGAGCTCATCCCCAACATCCCATTCCAGATGCTACTGAGGGGGGCCAATGCTGTGGGCTACACCAACTACCCTGACAACGTGGTCTTC 1980
631 R E L I PN I PFQMLILRGANAVGY TNYZPDNVVEF
AAGTTCTGTGAGGTGGCCAAAGAGAATGGCATGGACGTCTTCCGGATCTTTGACTCCCTTAACTACCTGCCAAACATGCTGCTGGGCATG 2070
661 K F C EV AKENGMDV FRI FDSLNYTLPNMLTLGHM
GAAGCAGCTGGCAGTGCTGGGGGTGTGGTGGAAGCTGCCATCTCCTACACGGGTGACGTGGCTGACCCCAGTCGCACTAAATACTCACTG 2160
6917 E A A G S AGGV VEAAISY TGDVADPSRTKYS.L
GAGTACTACATGGGCTTAGCTGAAGAACTGGTGCGAGCCGGCACTCACATCCTCTGCATTAAGGACATGGCAGGCCTGCTGAAGCCTGCA 2250
721 E Y Y M G L AE ELVRAGTH I LCI KDMAGTLTLTEKTPA
GCATGCACCATGCTGGTCAGCTCCCTCCGGGACCGGTTCCCCGACCTCCCACTGCACATCCATACCCATGACACATCAGGGTCAGGTGTG 2340
751ACTMLVSSLRDRFPDLPLHL&I&DTSGSGV
GCAGCCATGTTGGCCTGTGCACAAGCTGGGGCTGATGTTGTGGATGTGGCAGTCGACTCTATGTCTGGGATGACCTCACAGCCCAGCATG 2430
71 A AMLACAQAGADV VDV AVDSMSGMTS QFPSM
GGGGCCCTGGTGGCCTGTACCAAAGGGACTCCTCTGGACACAGAGGTACCCCTGGAGCGTGTGTTTGACTACAGTGAGTATTGGGAAGGG 2520
811 G ALVACTIK GTP LDTEVPLERVTFTDYSTETYWESG
GCTCGGGGGCTGTATGCAGCCTTTGATTGCACGGCTACCATGAAGTCTGGCAACTCAGACGTGTATGAGAATGAGATCCCAGGGGGCCAG 2610
841 A R G LY A A FDCTATMIKS SGNSDVYTENEIPGSGQ
TACACCAACCTACACTTCCAGGCCCACAGCATGGGACTTGGCTCCAAGTTCAAGGAGGTCAAGAAGGCCTATGTGGAGGCTAACCAGATG 2700
871 Y T N L HF QAHS MGLGS KFZKEV KKAYVEANROQM
CTGGGGGACCTCATCAAGGTGACACCATCCTCCAAGATTGTGGGGGATCTGGCCCAGTTCATGGTGCAGAACGGGTTGAGCCGGGCAGAG 2790
901LGDLIKVTPSSKIVGDLAﬁCQFMVQNGLSRAE
GCAGAAGCTCAGGCAGAAGAGCTGTCCTTCCCCCGCTCTGTGGTGGAGTTCCTGCAGGGCTACATTGGCATTCCCCATGGGGGTTTCCCT 2880
981 A EAQA EELSFPRSVVETFLQGY I GI PHGGTFTP
GAACCCTTCCGTTCTAAGGTGCTAAAGGACCTGCCAAGAATAGAAGGGAGGCCTGGAGCCTCCCTCCCTCCCTTGAACCTGAAGGAGCTG 2970
91 E P FR S KVL KDLPR R I EGRPGASLPPLNTLKTEL
GAGAAGGACCTGATTGATAGGCATGGAGAGGAGGTGACCCCAGAGGACGTTCTCTCTGCAGCCATGTACCCTGATGTCTTTGCTCAGTTC 3060
997 E K D L I DRHGEE VTP EDVLSAAMYZPDVFARQTF
AAAGACTTCACGGCTACCTTTGGCCCCCTGGATAGCCTGAATACTCGTCTCTTTCTTCAAGGACCCAAAATTGCAGAGGAGTTTGAGGTT 3150
027 K D FTATFGPLDSLNTRLTFLQGPIKI A TETETF EV
GAGCTGGAACGGGGCAAGACCTTGCACATCAAAGCCCTGGCTGTAAGCGACCTGAACCGTGCTGGCCAGAGGCAGGTGTTCTTTGAACTC 3240
057 E L ER G KT LH I KA LAV SDLNRAGAI QR QVTFF EL
AATGGGCAGCTTCGATCCATTCTGGTTAAAGACACCCAGGCCATGAAGGAGATGCAC'TTCCATCCCA[AGGCCTTGAAGGATGTGAAGGGC 3330
1081 N G Q L RS I LVKDTAQAMEKTEMHFHPILIKAL KDV KG
CAAATTGGGGCCCCTATGCCTGGGAAGGTCATAGACGTCAAGGTGGCAGCAGGAGCCAAGGTGGTTAAGGGCCAGCCCCTCTGTGTGCTC 3420
M1 Q I G APMPGKV I DVKVAAGAKVYVKGQPLTCUVL
AGCGCCATGAAGATGGAGACTGTGGTGACTTCGCCCATGGAGGGCACTATCCGAAAGGTTCACGTGACCAAGGACATGACTCTGGAAGGC 3510
1M41 S AM KM E TV VTSPMEGT IR KVHVTIKUDMTLEG

o GSTGSCCECATCCEAG?GA'{TG/E?TGATC’IT ACTCCAGACTGGCAGCCTGGCCAACCCTACCCCAAGCCTCTCAACAGAAGCTGTGCAGCC 3600

AGGGCAGGCCCAGGCAGTACCTGAGCTAGCCCTTGAGGTCCTGTCCCATGGGACAGCACACACACTACCTGCAATGGCCCTCCCATTCCC 3690
TTCAGCTATTTGTCCTTGTCTTGCTGGCAAGGCAGTTCTCACATATTCATCTCTTGCCAAATAAGGGTCTGCTCCTCGTGGGAGACCACA 3780
GGTGTACAGTAGGTGGCCTTGTACCTGGGAGAGGGGTTCTACCTCTGGGGGTAGAGGGAAGAAGACCTAATTCATAGGTCCTGGGAAATT 3870

TGCTCAATAAAAGTGGCCTTCCCTTGCCCTCCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 4024

Figure 2 Nucleotide sequence and inferred amino acid sequence of rat PC

Amino acid residues are numbered at the left; nucleotide positions are numbered at the right. The predicted mitochondrial targeting sequence is shown in a black box. The domain boundaries,
identified by highly significant degrees of similarity with other biotin enzymes, are indicated by square brackets. The conserved putative metal-binding motif (HXHXH) at residues 769—773 is identified
by asterisks. The amino acid residues, which were identified by Edman degradation sequence analysis of the A, approx. 75000 chymotryptic fragment (see Figure 4), are shown in a grey box.
The putative carboxyl binding site (EXWGGATFDVAMRFLYECPWXRL) [22] within the pyruvate binding domain is underlined. The biotin attachment site (AMKM) is in bold type.

ARL2.53 (Figure 1). The inserts from these clones were subcloned toisolate other clones from this library representing the remaining

into M13mp18 and M13mp19 and sequenced in both directions.
The sequences showed more than 809, identity with the cor-
responding mouse and human PC nucleotide sequences. Attempts

rat PC ¢cDNA were unsuccessful. This is most probably due to
the relatively large size (approx. 4 kbp) of the rat PC message
and the inherent limitations of oligo-dT-primed cDNA libraries.
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Isolation of cDNA clones by RACE-PCR

RACE-PCR was used to recover the remaining part of PC
cDNA. Two antisense primers were used to synthesize two
regions of PC cDNA. The first region was synthesized with a
primer designed from a conserved sequence of mouse [8] and
human [9,10] PC (nucleotide positions + 358 to + 380 ) followed
by PCR with another internally conserved antisense primer
corresponding to nucleotide positions + 124 to + 150 of mouse
[8] and human [9,10] PC sequence and the 5" adaptor primer.
After the amplification, a 0.3 kbp product [RACE (Anchor/
MRACE II)] was obtained. The second region was synthesized
with the second primer designed from the 5" end of ARL2.53
(nucleotide positions + 1993 to +2014) followed by PCR with
an internal antisense primer (nucleotide positions + 1951 to
+1974) and the 5" end adaptor primer. The longest product
obtained, [RACE (Anchor/PC 2)], was 1.6 kbp. DNA sequence
analysis of these two fragments showed that approx. 200 nucleo-
tides were missing from the junction between them owing to the
inability of RT to synthesize the second region of cDNA beyond
the 3" end of the RACE (Anchor/MRACE II) fragment. The
final fragment of PC cDNA was obtained by RT-PCR with a 3’
end sense primer of RACE (Anchor/MRACE II) fragment
(nucleotide positions + 61 to +75) and a 5" end antisense primer
of RACE (Anchor/PC 2) fragment. A 0.4 kbp product [RT-PCR
(PC8/9)], which overlapped the above clones, was generated
(Figure 1).

cDNA sequence and inferred amino acid sequence of rat PC

By screening a liver cDNA library and by PCRs, six overlapping
clones spanning the entire coding region of rat PC were obtained.
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Figure 2 shows the complete sequence of the rat PC message
encompassing 4024 nucleotides and including a 5" untranslated
region, coding region, stop codon and 3" untranslated region.
The largest open reading frame was 3537 nucleotides including
the stop codon, encoding a polypeptide of 1178 amino acids with
M_129848. The 5" untranslated region of rat PC is 66 nucleotides
long, which is shorter than the 5" untranslated region of mouse
[8] and human PC [9]. The 3’ untranslated region of rat PC is 421
nucleotides long with a consensus polyadenylation signal
(AATAAA) 27 nucleotides 5’ to a long poly(A) tail.

As a nuclear-encoded protein, PC is synthesized as a precursor
protein in the cytosol and translocated to the mitochondria with
a consequent reduction of molecular mass [18]. Many imported
mitochondrial proteins are synthesized with an N-terminal leader
sequence of 20-80 amino acid residues which typically contains
several positively charged and several hydroxylated amino acids
and no acidic amino acids [19], as is also the case with rat PC (see
Figure 2). The mature N-terminal sequence of rat PC was
previously reported to be Ser-Gly-Pro-Val-Ala-Pro-Leu-Asn-
Val-Leu-Leu-Leu-Glu-Tyr-Pro by peptide sequencing [20].
However, this sequence was not found in the rat PC sequence
that we inferred from the cDNA, nor does it exhibit any
significant sequence identity with any biotin enzyme in the non-
redundant databases listed in the experimental procedures. The
proteolytic cleavage at the N-terminus of pre-mature PC during
the translocation to mitochondria is predicted to occur between
Ser?® and Thr?!. Cleavage at this site is a common feature of most
mitochondrially imported proteins with their targeting sequence
ending two residues after arginine [19]. The mitochondrial
targeting sequence of rat PC showed high sequence similarity
with mouse PC [8] and human PC [9,10], namely 95 9%, and 80 %,
respectively. When the amino acid sequence of rat PC was
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Figure 3 Multiple sequence alignment of the BC domain

The N-terminal 490 amino acid residues of rat PC are shown aligned with sequences of mosquito PC [7], the BC subunit of £ coli ACC [25], the ac-subunit of rat PCC (aPCC) [24], and rat ACC
[23] to maximize identities. Also shown are the oc-helices (o) and f-strands () observed in the X-ray structure of the BC subunit of £ colif ACC [26]. Asterisks indicate Cys®® and Lys®™ of
rat PC, which are proposed to correspond to those residues in chicken PC modified by o-phthalaldehyde [27].
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Figure 4 Time course of partial proteolysis of rat PC by chymotrypsin

Aliquots of the digests (see the Experimental section) were removed at the indicated times.
Subsamples (5 xq) were then electrophoresed through SDS/PAGE (12.5% gel) and stained with
Coomassie Brilliant Blue R250 as described previously [5].

aligned with sequences of PC from other organisms with the Gap
program [21], it showed 96.6 9, overall identity with mouse PC,
96.3 9, identity with human PC, 68.4 9, identity with mosquito
PC, and 53.59, identity with yeast PC1 and PC2.

Domain structure of rat PC

The biotin-dependent carboxylases are a family of enzymes with
a diverse set of functions but with many common features and
mechanisms [22]. Catalysis always involves two partial reactions:
the carboxylation of the covalently attached biotin moiety and
transcarboxylation from the carboxy-biotin to an acceptor
molecule.

Biotin carboxylase (BC) domain

Figure 3 shows the multiple sequence alignment of the N-
terminal region of rat and mosquito PC [7] with rat acetyl-CoA
carboxylase (ACC) [23], the «-subunit of rat propionyl-CoA
carboxylase («-PCC) [24] and the BC subunit of E. coli ACC [25].
Also shown are the secondary structural elements identified from
the X-ray crystal structure of the E. coli BC subunit [26]. It is
clear from this alignment that these sequences are highly
conserved and align well with the secondary structure of BC,
implying that the overall folding of these proteins is likely to be
conserved. This alignment extends the boundary of previously
described homologous regions [5] to the N-terminus of the E. coli
BC subunit, which corresponds to residue 36 of the inferred
sequence of rat PC. The proposed boundary between the BC and
transcarboxylase (TC) domains is consistent with the results of
partial proteolysis experiments. Pure native rat PC, when treated
with chymotrypsin, is cleaved into two main fragments in a time-
dependent manner, as indicated by SDS/PAGE (Figure 4). The
N-terminal sequence of the large fragment (M, approx. 75000),
which contains the biotin moiety (results not shown), was
determined as Gln-Leu-Arg-Pro-Ala-Gln-Asn-Arg-Ala-Gln-
Lys-Leu-Leu-His-Tyr-Leu-Gly. This matches exactly the cDNA-

Figure 5 Structure of the BC subunit

A schematic representation of the three-dimensional structure of the BC subunit of £ coli ACC
[26], showing the arrangement of S-strands and oc-helices drawn with RIBBONS 2.0 [28]. The
presumed active site is shown by the displayed side chains of highly conserved residues
identified in Figure 3 (His®®, GIu?'®, GIu?®, Asn®®, Arg?®, GIn* val®®, Glu?®, Arg®®). For
these residues indicated by their one-letter code and residue number, carbon atoms are shown
in green, nitrogen in blue and oxygen in red. Lys?®® and Cys** are shown in magenta and gold
respectively, and are proposed to correspond to the residues in chicken PC modified by o-
phthalaldehyde [27]. Breaks in the polypeptide chain are the result of residues not present in
the X-ray structure as well as zclipping used to simplify the view.

derived sequence for residues GIn** to Gly**®, and places the
chymotrypsin-labile peptide bond between Phe*®® and GIn*®.
This corresponds to the C-terminal extent of the sequence
conservation and the structure of the BC subunit of E. coli ACC.
We propose to call this conserved structural and functional unit
within PC the ‘BC domain’ as it probably represents the first
partial reaction site and incorporates the previously described
ATP- and bicarbonate-binding domains [5].

The residues highlighted as white text in Figure 3 are those
that are likely to play an important role in catalysis. The
positions of these residues within the structure of the E. coli BC
are shown in Figure 5. Waldrop et al. [26] identified His?**¢ (His?"!
in rat PC), Lys?® (Lys?™), Glu?"® (Glu®'!), Glu?®® (Glu®?*), Asn?*°
(Asn®*), Arg?? (Arg®®®), GIn2*! (GIn®®), Val?*> (Val**!), Glu*®
(Glu®?) and Arg®*® (Arg®’") as appropriately placed to interact
with enzyme-bound biotin or phosphate molecules. Werneburg
and Ash [27] showed that modification of a cysteine-lysine ion
pair within the BC domain of chicken PC with o-phthalaldehyde
resulted in inactivation of the first partial reaction. In_E. coli BC
the sulphur atom of Cys*** (Cys?*® in rat PC) is 4.2 A from the
e-amino atom of Lys**® (Lys?”® in rat PC), which is sufficiently
close to allow for cross-linking of these two residues by o-
phthalaldehyde. From the sequence alignment it can be seen that
these two residues are invariant within all the sequences shown
in Figure 3 (also in these same enzymes from other species;
results not shown) and reside within the presumed biotin
carboxylation site (Figure 5). These results are consistent with
the BC domain representing a conserved structural motif
forming the first partial reaction subsite. Interestingly, the P-loop
motif [GXXXXGK(TS)] commonly, though not universally,
found in ATP- and GTP-binding proteins [29] is not present in
rat or other PC sequences [5-10]. However, the sequence
GGGRGMRVYV between Gly'? and Val**® of rat PC is found
without variation in all these PC sequences and in E. coli ACC,
and with only conservative changes in rat ACC and PCC (see
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Figure 3). In the E. coli BC structure [26], the corresponding
residues Gly!%2 to Val'™ are sufficiently mobile not to be observed
in the X-ray structure.

Transcarboxylation domain

As was noted previously by Lim et al. [5] for residues 559-913 of
yeast PC1, there is also a highly significant similarity between
residues 602 and 918 of rat PC, the N-terminal region of the 5 S
subunit of TC [EC 2.1.3.1] from Propionibacterium shermanii [22]
and the «-subunit of oxaloacetate decarboxylase (ODC) [EC
4.1.1.3] from Klebsiella pneumoniae [30]. In particular, residues
605-627 [namely -ENWGGATFDVAMRFLYECPWRRL-] of
rat PC conform to a consensus motif EXWGGATXDXXX-
RFLXECPWXRL which is present in PCs from human [9,10],
mouse [8], mosquito [7] and yeast [5,6] as well as the two
oxaloacetate-metabolizing biotin-dependent enzymes of bacterial
origin mentioned above. Kumar et al. [31] have shown that, in
the presence of pyruvate, Trp™ (corresponding to the underlined
Trp above) of the TC 5 S subunit is protected from modification
by the tryptophan-specific reagent 2,4-dinitrophenyl sulphenyl
chloride, suggesting that this residue is at or near the pyruvate
binding site in that enzyme.

The motifs HXH [32] and HXXEH or HEXXH ([33] are
recognized as part of the metal binding sites of carbonic
anhydrases and metalloproteinases respectively. Mozier et al.
[34] have shown that a 24-residue tryptic peptide of protein
kinase C inhibitor-1 (PKCI-1) containing the sequence HVHLH,
as well as a number of synthetic peptides containing various
length segments of the PKCI-1 sequence spanning the HVHLH
site, would bind a single **Zn** ion. Because PC is known to be
a metalloprotein [1] and K. pneumoniae ODC binds a Zn** ion
[35], we have examined the known sequences for these enzymes
to identify a putative metal binding site in the pyruvate domain
of all PCs and ODC. The consensus sequence HXHXH, repre-
senting rat PC residues 769—773 (Figure 2) is consistent with the
motifs for these other metal-binding enzymes mentioned above.

The putative transcarboxylation domain in rat PC is linked to
the N-terminal biotin carboxylation domain and to the C-
terminal biotinyl domain (see below) by proline-rich sequences.
Of the 65 proline residues in rat PC, 13 are located between
residues 492 and 550, just C-terminal of the biotin carboxylation
domain, whereas 11 are located between residues 941 and 1042,
just C-terminal of the transcarboxylation domain. There are also
9 alanine and 7 glycine residues between the BC domain and the
transcarboxylation domain. A further 12 alanine and 11 glycine
residues occur between the transcarboxylation domain and the
biotinyl domain. However, in general they are not distributed in
as close proximity to the prolines as in the a-subunit of
ODC from K. pneumoniae [30] and in the biotin carrier protein
of P. shermanii TC [22]. These unusual sequences have been
proposed to provide flexibility for movement of the biotin
prosthetic group between catalytic centres in a manner analogous
to the highly mobile Pro-Ala sequences in lipoated proteins [36].
Because PC is composed of three domains that must fold together
to form a single active site, it is reasonable to expect the presence
of two proline-rich regions capable of forming hinge-like
structures.

Biotinyl domain

The biotin-attachment site of PC has previously been identified
from sheep and avian species by peptide sequencing [37]. The
conserved motif seems to be AMKM with biotin covalently
attached to the e-amino group of the lysine via an amide bond.

With the advance of recombinant DNA technology, more
sequence information around biotin attachment sites of many
biotin-containing enzymes have been obtained by sequencing
cDNA and genomic DNA. Samols et al. [22] showed that the
amino acid sequences within the biotinyl domains from a number
of organisms have the conserved motif AMKM. The conserved
proline that is located 27 residues N-terminal of the biocytin in
rat PC has been found in other PCs and many other biotin-
containing enzymes studied so far [22].

Thampy et al. [20] reported the sequence of 24 amino acid
residues around the biotin attachment site of rat PC by peptide
sequencing. However, seven amino acid differences were noted
between the previously reported peptide sequence [20] and the
sequence inferred here from cDNA sequencing and from the 3’
end of a genomic clone (results not shown). This, in addition to
the difference in N-terminal peptide sequence, raises the possi-
bility of there being two isoforms of rat PC as in Saccharomyces
cerevisiae [5,6,38]. However, our sequence in this region is also
identical with mouse PC [8] and human PC [9,10, 39], which were
shown to be highly conserved. Only one gene for PC has been
identified in humans [40]. The biocytin of rat PC is located 35
residues upstream from the C-terminus, in common with many
biotin-containing enzymes [22].

Tissue-specific expression of rat PC

Northern analysis demonstrated the presence in a variety of
adult rat tissues of a single PC mRNA that was approx. 4.2 kbp
in length (see Figure 6), in agreement with the size of the PC
cDNA (4024 bp). The expression of PC mRNA exhibits a tissue-
specific pattern, being most abundant in liver and kidney, which
are the gluconeogenic organs. The levels of PC message in these
organs are also consistent with those in human liver and kidney
[10]. The levels of mRNA are also substantial in adipose tissue
and brain, in keeping with the relatively high levels of PC activity
in these tissues [4]. This is not surprising because adipocyte PC
plays a role in lipogenesis in the export of mitochondrial acetyl-
CoA to the cytosol as citrate for the biosynthesis of fatty acids de
novo [3]. Recently Zhang et al. [41] showed that an increase in the
rate of synthesis of PC in mouse adipocytes is due to an increase
in the concentration of this enzyme’s translatable mRNA. In
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Figure 6 Northern analysis of PC mRNA in different tissues

Samples of total RNA (40 ) from different rat tissues were electrophoresed and blotted on
nylon membrane as described in the Experimental section, and then hybridized with the 1.6 kbp
RACE (Anchor/PC2) clone (upper panel). RNA loading was assessed by comparison with the
18 S and 28 S RNA bands revealed by staining with ethidium bromide (lower panel). Lane 1,
adipose tissue; lane 2, brain; lane 3, heart; lane 4, spleen; lane 5, liver; lane 6, skeletal muscle;
lane 7, kidney; lane 8, lactating mammary gland; lane 9, adrenal gland.
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brain, PC plays an anaplerotic role in the transfer of acetyl
groups from mitochondria to the cytosol for the biosyntheses of
several neurotransmitter substances [3]. Moderate expression of
PC mRNA was detected in adrenal gland, heart and lactating
mammary gland. A very low level of expression was found in
skeletal muscle and spleen, suggesting the anaplerotic function of
this enzyme may be less important for the normal functions of
these tissues.
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Adelaide for rat tissue samples; Dr. A. Chapman-Smith, Dr. D. Val and Dr. M. Walker
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