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ABSTRACT cDNA fragments encoding part of wheat
(Trilicwn aeslvum) acetyl-CoA carboxylase (ACC; EC 6.4.1.2)
were cloned by PCR using primers baed on the alignment of
several biotin-dependent carboxylases. A set of overlappig
clones encoding the entire wheat ACC was then soated by
using these fragments as probes. The cDNA sequence contains
a 2257-amino acid reading fame encoding a 251-kDa poly-
peptide. The amino acld sequence of the most highly conserved
dom , corresponding to the blotin carboxylases of prokary-
otes, is 52-55% Identical to ACC of yeast, rat, and diatom.
Identity with the available C-terminal amino acld sequence of
maize ACC is 66%. The blotin attachment site has the typical
eukaryotic EVMKM sequence. The cDNA does not encode an
obvious chloroplast taeg sequence. Various cDNA frag-
ments hybridize in Northern blots to a 7.9-kb mRNA. Southern
analysis with cDNA probes revealed multiple hybridiing fg-
ments in hezaplold wheat DNA. Some of the wheat cDNA
probes also hybridize with ACC-spedflc DNA from other
plants, inditing si t conservation among plant ACCs.

Acetyl-CoA carboxylase IACC; acetyl-CoA: carbon-dioxide
ligase (ADP-forming), EC 6.4.1.2] catalyzes the first com-
mitted step in de novo fatty acid biosynthesis, the addition of
CO2 to acetyl-CoA to yield malonyl-CoA. There are two
types of ACC: prokaryotic ACC, in which the three func-
tional domains-biotin carboxylase (BC), biotin carboxyl
carrier protein (BCCP), and carboxyltransferase (CT)-are
located on separable subunits (as in Escherichia coli, Pseu-
domonas aeruginosa, Anabaena, Synechococcus, and prob-
ably pea chloroplast), and eukaryotic ACC, in which all the
domains are located on one large polypeptide (as in rat,
chicken, yeast, diatom, and wheat). All these enzymes show
significant sequence similarity (1-3). The conservation is
especially high in the BC domain and around the biotinylation
site. Biotin is attached to the lysine residue of a conserved
pentapeptide, E(V/A)MK(M/L).

E. coli ACC consists of a dimer of 49-kDa BC monomers,
a dimer of 17-kDa BCCP monomers, and a CT tetramer
containing two 33-kDa and two 35-kDa subunits. The primary
structures of all of the E. coli ACC subunits (4-8), as well as
the structures of the BC and BCCP of Anabaena 7120 (9),
Synechoccocus 7942 (L. Phung and R.H., unpublished work),
and P. aeruginosa (10), are known, based on the gene se-
quences. The genes encoding the subunits of E. coli ACC are
called accA (CT a subunit), accB (BCCP), accC (BC), and
accD (CT (3 subunit). accC and accB form one operon,
whereas accA and accD are not linked to each other or to
accCB (8). In cyanobacteria, accC and accB are unlinked as
well (9).

Yeast, rat, chicken, and human ACCs are cytoplasmic
enzymes consisting of 250- to 280-kDa subunits, whereas
diatom ACC is most likely a chloroplast enzyme consisting of

230-kDa subunits. Their primary structure has been deduced
from cDNA sequences (11-15). In eukaryotes, homologs of
the four bacterial genes are fused in order accC, accB, accD,
accA. Animal ACC activity varies with the rate of fatty acid
synthesis or energy requirements in different nutritional, hor-
monal, and developmental states. In the rat, ACC mRNA is
transcribed from different promoters in different tissues and
can be regulated by alternative splicing. The rat enzyme
activity is also allosterically regulated by a number of metab-
olites and by reversible phosphorylation (ref. 15 and refer-
ences therein). The expression ofthe yeast gene was shown to
be coordinated with phospholipid metabolism (16, 17).

Studies on plant ACC are far less advanced. Early attempts
at characterization of plant ACC led to the suggestion that it
consisted oflow molecular weight subunits similar to those of
bacteria (18). More recent efforts indicate that the plant
enzyme is composed of >200-kDa subunits, similar to the
enzyme from other eukaryotes (19-23). Plant ACC (at least
one form of it) is located in plastids, the primary site of plant
fatty acid synthesis, but the gene must be nuclear because no
corresponding sequence has been seen in the complete chlo-
roplast DNA sequences of tobacco, liverwort, or rice. The
idea that plant ACC consists of several smaller subunits has
been revived recently by the discovery ofan accD homolog in
some chloroplast genomes (24). Indeed, it has been shown that
the product of this gene in pea binds two other peptides, one
of which is biotinylated. The complex may be a chloroplast
isoform of ACC in pea and perhaps some other plants (25).
The possibility of different ACC isoforms, one present in

plastids and another in the cytoplasm, is still open. The
rationale behind the search for a cytoplasmic ACC isoform is
the requirement for malonyl-CoA in this cellular compart-
ment, where it is used in fatty acid elongation and synthesis
of secondary metabolites. Indeed, two isoforms were found
in maize, both consisting of >200-kDa subunits but differing
in size, herbicide sensitivity, and immunological properties.
The major form was found to be located in mesophyll
chloroplasts. It is also the major ACC in the endosperm and
in embryos (22). Wheat ACC subunits of 220 kDa were also
detected associated with leaf chloroplasts and in wheat germ
(21). Partial cDNA sequences of maize and wheat ACC have
been reported recently (26, 27). In this paper we report the
cloning and complete sequence of cDNA encoding wheat
(Triticum aestivum) eukaryotic-type ACC.§

MATERIALS AND METHODS
PCR Amplification. Degenerate PCR primers were based

on the alignment of amino acid sequences of the following
proteins (GenBank accession numbers in parentheses): rat
(J03808) and chicken (J03541) ACCs; E. coli (M80458,

Abbreviations: ACC, acetyl-CoA carboxylase; BC, biotin carbox-
ylase; BCCP, biotin carboxyl carrier protein; CT, carboxyltrans-
ferase.
tTo whom reprint requests should be addressed.
§The sequence reported in this paper has been deposited in the
GenBank data base (accession no. U10187).
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FIG. 1. PCR amplification of wheat ACC-specific cDNA encod-
ing a part of the BC domain (A) and the interval between the BC
domain and the biotinylation site (B). Wheat single-stranded cDNA
(A, lanes 2-5, and B, lanes 1-3) or Anabaena 7120 DNA (A, lane 1)
was used as template. The 1.1-kb product of the first round PCR (B,
lane 1) was purified and used as a template for reamplification (B,
lanes 4-6). Nucleotide sequences ofprimers were as follows: primer
I, S'-TCGAATTCGTNATNATHAARGC-3' [underlined sequence
encoding amino acids V(M/I)IKA (N-terminal to C-terminal)];
primer H, 5'-GCTCTAGCTAG NAGX -3' [P(H/T)EVQ,
C-terminal to N-terminal]; primer III, 5'-TCGAATTCWNC&IXL
ICATNR-3' [XMKM(V/A), C-terminal to N-terminal]; primer IV,
5'-GCTCTAGAATACTATTTCCTG-3' (EYYEL, N-terminal to
C-terminal). (In nucleotide sequences N = G, A, T, or C; Y = T or
C; R = G or A; H = A; H = A, C, or T; W = A or T.)

M79446, X14825, M32214), Anabaena 7120 (L14862,
L14863), and Synechococcus 7942 (L. Phung and R.H.,
unpublished work) BCs and BCCPs; rat (M22631) and human
(X14608) propionyl-CoA carboxylase a subunit; yeast
(J03889) pyruvate carboxylase; Propionibacterium shermanii
(M11738) transcarboxylase 1.3S subunit; and Klebsiella
pneumonia (J03885) oxaloacetate decarboxylase a subunit.
Each primer (Fig. 1) consisted of a 14-nucleotide specific
sequence based on the amino acid sequence and a 6- or
8-nucleotide extension at the 5' end.
Poly(A)+ RNA from 8-day-old plants (T. aestivum cv.

Era), prepared as described (28), was used for the synthesis
of the first strand ofcDNA with random hexamers as primers
for avian myeloblastosis virus reverse transcriptase (29).
Reverse transcriptase was inactivated by incubation at 90°C,
and low molecular weight material was removed by filtration.
AM components ofthe PCR (Perkin-Elmer/Cetus kit), except
the Taq DNA polymerase, were incubated for 3-5 min at
95°C. The PCR was initiated by the addition of polymerase.
Conditions were optimized by amplification of the BC gene

BC BCCP
biotin

GGGGGCAAUAALLGTGGAATCTG

from Anabaena 7120. Amplification was for 45 cycles, each
consisting of 1 min at 950C, 1 min at 42-460C, and 2 min at
720C. The MgCl2 concentration was 1.5 mM. Both the
reactions using Anabaena DNA and those using the single-
stranded wheat cDNA as template yielded the expected
440 bp products. The wheat product was separated by elec-
trophoresis in low-melting-point agarose and reamplified by
using the same primers and a piece of the agarose slice as a
source ofthe template. That product, also 440 bp, was cloned
into the Invitrogen vector pCR1000 by their A-T-tail method
and sequenced.

In eukaryotic ACCs, the BCCP domain is located about
300 amino acids downstream from the end of the BC domain.
Therefore, it was possible to amplify the cDNA encoding that
interval between the two domains by using a primer corre-
sponding to the C-terminal end of the BC domain (Fig. 1,
primer IV based on the wheat cDNA sequence obtained as
described above) and a primer corresponding to the con-
served biotinylation site (Fig. 1, primer III). The expected
1.1-kb product ofthe first low-yield PCR with primers III and
IV was separated by electrophoresis in low-melting-point
agarose, reamplified by another round of PCR, and then
cloned into the Invitrogen vector pCRII and sequenced. The
PCR conditions were the same as those described above.
Isoaon and Analysis of ACC cDNA Clnes. A wheat cDNA

library (T. aestivum cv. Tam 107, Hard Red Winter, 13-day
light-grown seedlings) was purchased from Clontech. This
Agtll library was prepared by using both oligo(dT) and random
primers. Colony ScreenPlus (DuPont) membrane was used
according to the manufacturer's protocol (hybridization at 65°C
in 1 M NaC/101% dextran sulfate). The library was first
screened with the 1.1-kb PCR-amplified fiagment of ACC-
specific cDNA (above). Fragments of clones 39-1, 45-1, and
24-3 were used in subsequent rounds ofscreening. In each case,
%2.5 x 106 plaques were tested. A clones continin ACC-

specific cDNA fragments were purified, and EcoRI fragments
of the longest cDNA inserts were subcloned into pBluescript
SK (Stratagene) for further analysis and sequencing. A subset
of the clones (Fig. 2) was sequenced on both strands by the
dideoxy chain-termination method with Sequenase (United
States Biochemical) or using the Perkin-Elmer/Applied Bio-
systems TaqDyeDeoxy Terminator cycle sequencing kit and an
Applied Biosystems 373A DNA sequencer.
RNA and DNA. Total RNA from 10-day-old wheat plants

was prepared as described (29). RNA was separated in a
glyoxal denaturating gel (30). GeneScreenPlus (DuPont)
blots were hybridized in 1 M NaCl/10%7 dextran sulfate at
65°C (wheatRNA and DNA) or 58-60°C (soybean and canola
DNA). AU cloning, DNA manipulation, and gel electropho-
resis were as described (30).

CTI CT a
2257

protein

CTTGGUUGAUGACTG
cDNA

39-1,
20-1

45-1
24-3

01-

0 1 2 3 4 5 6 7 8 kb

FIG. 2. Structure of wheat ACC deduced from cDNA sequence. The most conserved parts of the protein are marked in black. They include
the core of the BC domain, a motifaround the biotinylation site, and two conserved motifs (a and ,) identified previously in the a and 1 subunits
of E. coli CT (8). Parts of the protein that are well conserved among eukaryotic ACCs are shown in dark gray and the least conserved parts
in white. The amino acid alignment and amino acid identities used to draw this diagram are that of Fig. 5. A set of overlapping cDNA fiagments
that were sequenced, with their relative orientation, is shown by arrows. Nucleotide sequence around the translation start and stop codons is
also shown.
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FIG. 3. Northern analysis of ACC-specific mRNA in whole -
wheat leaves (A) and in various leaf sectors (B). In A, 40 and 4 pg of 0
totalRNA were used to prepare the Northern blot. In B, 15 pg oftotal
RNA from 10-day old plants was used in each lane. Results of
hybridization with the 24-3 cDNA probe are shown. Positions of
molecular size markers are indicated by arrows. FIG. 4. Southern analysis ofwheat (w), canola(c), and soybean (s)

DNA with wheatACC cDNA fragment 24-3 (Fig. 2) as a hybridization
RESULTS probe. Conditions usedfor canola and soybean hybridization were less

PCR Cloning ofthe Wheat ACC cDNA Fragments. A 440-bp stringent than those used for wheat. H, HindHI; B, BamHI; X, Xba
cDNA fragment encoding a part of the BC domain of wheat I; E, EcoRI. Eight to 10 Ag of DNA was run in each lane.
ACC and a 1.1-kb cDNA fragment encoding the interval
between the BC domain and the conserved biotinylation site sequenced. In fact, three different 1.1-kb products, corre-
were amplified (Fig. 1). These fragments were cloned and sponding to closely related sequences that differ from each

Wh MVESDQINGRMSSVDEFCKALGGDSPIHSV
Di MALRRGLYAAAATAILVTASVTAFAPQHSTFTPQSLSAAPTRNVFGQIKSAFFNHDVATSRTILHAATLDETVLSASDSVAKSVEDYVKSRGGNRVIRKV
Yt MSEESLFESSPQKMEYEITNYSERHTELPGHFIGLNTVDKLEESPLRDFVKSHGGHTVISKI
Rt MDEPSPLAKTLELNQHSRFIIGSVSEDNSEDEISNLVKLDLEEKEGSLSP.NSVSSDTLSDLGISALQDGLAFHMRSSMSGLHLVKQGRDRKKIDSQRDFTVASPAEFVTRFGGNKVIEKV

An MKFDKI
Ec MLDKI

Wh LVANNGMAAVKFMRSIRTWALETFGNEKAILLVAMATPEDLRINAEHIRIADQFLEVPGGTNNNYANVQLIVEIAERTRVSAVWPGWGHASENPELPDAL- -MEKGIIFLGPPSAAMGA
Di LIANNGMAATKSILSMRQWAYMEFGDERAIQFVAMATPEDLKANAEF IRLADSFVEVPGGKNLNNYANVDVITRIAKEQGVDAVWPGWGHASENPKLPNAL - -DKLGIKFIGPTGPVMSV
Yt LIANNGIAAVKEIRSVRKWAYETFGDDRTVQFVAMATPEDLEANAEY IRMADQYIEVPGGTNNNNYANVDLIVDIAERADVDAVWAGWGHASENPLLPEKLSQSKRKVI FIGPPGNAMRS
Rt LIANNGIAAVKCMRS IRRWSYEMFRNERAIRFVVMVTPEDLKANAEY IKMADHYVPVPGGANNNNYANVELI LDIAKRIPVQAVWAGW.HASENPKLPELL - -LKNGIAFM4GPPSQAMWA

An LIANRGEIALRILRACE---------EMGIATIAVHSTVDRNAL--HVQLADEAVCIGEPASAKSYLNIPNIIAAALTRNASAIHPGYGFLSENAKFAEIC- -ADHHIAFIGPTPEAIRL
Ec VIANRGEIALRILRACK---------ELGIKTVAVHSSADRDLK--HVLLADETVCIGPAPSVKSYLNIPAIISAAEITGAVAIHPGYGFLSENANFAEQV--ERSGFIFIGPKAETIRL

-- --PRMERIPRIMER- ------- --

Wh LGDKIGSSLIAQAAGVPTLPWSGS--HVKVPQETCHSIP------EEIYKNACVSTTDEAVASCQVVGYP--AMIKASIWGGGKGIRKVHNDDEVRALFKQVQGEVPGS -- --PPIFIMKV
Di LGDKQIAANILAQTAKVPSIPWSGSFGGPDDGPLQADLTEE-GTIPMEIFNKGLVTSADEAVIVANKIGWENGIMIKASEGGGGKGIRFVDNEADLRNAFVQVSNEVIGS---- PIFLMQL
YtLGDK-ISSTIVAQSAKVPCIPWSGT--GVTVHVEKTG--LVSVDDDIYQKGCCTSPEDGLQKAKRIGFP--VMIKASEGGGGKGIRQVEREEDFIALYHQAANEIPGS ----PIFIMKL
Rt LGDKIASSIVAQTAGIPTLPWSGS - -GLRVDWQENDFSKR ILNVPQDLYEKGYVKDVDDGLKAAEEVGYP - -VMIKASEGGGGKGIRKVNNADDFPNLFRQVQAEVPGS - - -- PIFVMRL

An MGDKSTAKETMQKAGVPTVP- -GSEG-L-------------------------VETEQEGLELAKDIGYP--VMIKATAGGGGRGMRLVRSPDEFVKLFLAAQGEAGAAFGNAGVYIEKF
Ec MGDKVSAIAAMKKAGVPCVP--GSDGPL-------------------------GDDMDKNRAIAKRIGYP--VI IKASGGGGGRGMRVVRGDAELAQSISMTRAEAKAAFSNDMVYMEKY

-- -- -- -- ---- PRIMER IV.PRIMER II.- --

Wh ASQSRHLEVQLLCDKHGNVAALHSRDCSVQRRHQK I IEEGPITVAPPETIKELEQAARRLAKCVQYQGAATVEYLYSMETGEYYFLELNPRLQVEHPVTEWIAEINLPASQVWVGMGI PL
Di CKNARHIEVQIVGDQHGNAVALNGRDCSTQRRFQK IFEEGPPSIVPKETFHEMELAAQRLTQNIGYQGAGTIVEYLYNAANKFFFLELNPRLQVEH PVTEGITGANLPATQLQVAMG IPL
Yt AGRARHLEVQLLADQYGTNI SLFGRDCSVQRRHQK I IEEAPVTrIAKAETFHEMEKAAVRLGKLVGYVSAGTVEYLYSHDDGKFYFLELNPRL4QVEH PTTEMVSGVNLPAAQLQIAMGIPM
Rt AKQSRHLEVQILADQYGNAI SLFGRDCSVQRRHQK I IEEAPAAIATPAVFEHMEQCAVKLAKMVGYVSAGTVEYLYSQD-GSFYFLELNPRLQVEH PCTEMVADVNLPAAQLQIAMGIPL

An I ERP*RH*I*E*FQI*LA*DNYG*NVIHLGERDCSIQRRNQKLLEEAPSPALDSDLREKMGQAAVKAAQF INYTGAGTI EFLLD-RSGQFYFMEMNTRIQVEHPVTEMVTGVDLLVEQI RIAQGERL
Ec LENPRHVEIQVLADGQGNAIYLAERDCSMXQRRHQKVVEEAPAPG ITPELRRYIGERCAKACVDIGYRGAGTFEFLF - -ENGEFYFIEMNIRIQVEHPVTEMITGVDLIKEQMRIAAGQPL

Wh YNIPEIRRFYGIEHGGGYHAWKEISAVATKFDLDKAQSVK - -- - --PKGHCVAVRVTSEDPDDGFKPTrSGRVEELNFKSKPNVWAYF- - -SVKSGGAIHEFSDSQFGHVFAFGESRSLAI
Di FNIPDIRRLYG- -REDAY - -- ----GTDPIDFLQERYRELDS - -- -- - --HVIAARITAENPDEGFKPTSGS IERIKFQSTPNVWGYF - -- SVGANGGIHEFADSQFGHLFAKGPNREQAR
Yt HRISDIRTLYGMN - -- - -- PH - --SASEIDFEFKTQDATKKQRRPI PKGHCTACRITSEDPNDGFKPSGGTLHELNFRS SSNVWGYF - --SVGNNGNIHSFSDSQFGHIFAFGENRQASR
Rt FRIKDIRMMYGVS - -- - --PW--- -GDAPIDFE-- -- ----NSAHVPCPRGHVIAARITSENPDEGFKPSSGTVQELNFRSNKNVWGYF - --SVAAAGGLHEFADSQFGHCFSWGENREEAI

An RLTQDQW-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- ---LRGHAIECRINAEDPDHDFRPAPGRI SG- -YLPPGG-PGVRIDSHVYTDYQI PPYYDSLIGKLIVWGPDRATAI
Ec S IKQEEVH --- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- ----VRGHAVECRINAEDPN-TFLPSPGKITR - -FHAPGG -FGVRWESHIYAGYTVPPYYDSMIGKL ICYGENRDVA I

Wh ANMVLGLKEIQIRGEIRTNVDYTVDLLNAAEYRENK IHTGWLDSRIAMRVRAERPPWYLSWVGGALYEAS SRSSSVVTDYVGYLSFvGQIPPKHI S -LVNLTVTLNIDGGKYT IETVRGGP
Di KALVILALKEMEVRGDI RNSVEYLVKLLETEAFKKNTIDTSWLDG IIKEKSVKVEMPSHLWWVGAAVFKAFEHVKVATEEVKESFRKGQVSTAG IPGINSFNIEVAYLDTrKYPFHVERISP
Yt KHMVVALKELS IRGDFRTTVEYLIKLLETEDFEDNTITTGWLDDLITHKMTAEKPDPTLAVI CGAATKAFLASEEARHKY IESLQKGQVLSKDLL-QTMFPVDFIHEGKRYKFTVAKSGN
Rt SNMVVALKELS IRGDFRTTVEYLIKLLETESFQLNRIDTGWLDRLIAEKVQAERPDTMLGWVCGALHVADVNLRNS ISNFLHSLERGQVLPAHTL -LNTVDVELIYEGIKYVLKVTRQS P

An NRMKRALRECAITG-LPTTIGFHQRIMENPQFLQGNVSTSFVQEMNK VPLDFNEIRQLLTTIAQTDIAEVTLKSDDFELTVRKAVGVNNSWVPWTA
Ec ARMKNALQELI IDG - IKTNVDLQIRIMNDENFQHGGTNIHYLEKKLGLQEK MDIRKIKKLIELVEESGISELEI SEGEESVRISRAAP -- -- -- -- -- -

_________._________._----___--.---------.---------.---------.---------.---------.---------.---PRIMER III------.---_______
Wh RSYKLRINESEVEAEIHSLRDGGLLMQLDGNSHVIYAETEAAGTRLLINGRTCLLQKEHDPSR - --LLADTPCKLLRFLVADGSHWVADTPYAEVEV.MKMCMPLLLPASGVI HFVMPEGQ
Di DVYRFTLDGNTIDVEVTrQTAEGALLATFGGETHRI FGMDEPLGLRLSLDGATVLMPT IFDPSE - --LRTIrTGKVVRYLQDNGATVEAGQPYVEVEAKIMPIKATESGKITHNLSAGS
Yt DRYTLFINGSKCDI ILRQLSDGGLLIAIGGKSHTIYWKEEVAATRLSVDSMTTLLEVENDPTQ - --LRTPSPGKLVKFLVENGEH I IKGQPYAEIEVMKMQMPLVSQENG IVQLLKQPGS
Rt NSYWVIMNGSCVEVDVHRLSDGGLLLSYDGSSYTTYMKEEVDRYR ITIGNKTCVFEKENDPSV - - -MRSPSAGKLIQYIVEDGGHVFAGQCYAEI EVNMI@VMTLTAVESGCIHYVKRPGA

An PLSGWVGSGLPSAIPIVAHAAPS PS-PEPGTSRAADHAVTSSGSQPGAK I IDQKLAEVASPMVGTFYRAPAPGE --AVFVEVGDRIRQGQTVC I IEAMKLMNEIEADVSGQVIEILVQNG
Ec - -- -- -- - --AASFPVMQQAYAAPMMQQPAQSNAAAPATVPSMEAPAAAE ISGH I --VRSPMVGTFYRTPSPDA--KAFIEVGQKVNVGDTrLC IVEAMMNIEADKSGTVKAILVESG

- -- -- - - ---BCCP
Wh AMQASDLIARLDLDDPSSVRRAEPFHGTF PKLGPPTAI SG-KVHQKFAASVNSAHMILAGY -- -- - --EHNINHVVQDLLNCLDSPELPFLQWQELMSVLATRLPKDLRNELDAKYKEYE

Yt TIVAGDIMAIMTLDDPSKVKHALPFEGMLPDFGSPV - IEGTKPAYKFKSLVSTLEN ILKGY - -DNQVI ----MNASLQQLIEVLRNPKLPYSEWKLH ISALHSRLPAKLDE - ----QMEEL -

Rt ALDPGCVIAKMQLDNPSKVQQAELHTGSL PQIQSTA-LRGEKLHRVFHYVLDNLVNVMNGYCLPDPFFSSKVKDWVE-RLMKTLRDPSLPLLELQDIMTSVSGR IPLNVEKS IKKEMAQY -

AnEPENPMIP

Ec QPVEFDEPLVVIE

Wh LNADFRKSKDFPAKLLRGVIEANLAYCSEK-DRVTSERLVEPLMSLVKSYEGGRESHARAVVKSLFEEYLSVEELFSDD- - IQSDVIERLRLQHAEDLEKWYIVFSHQGVKSKNKLILR
Di ------------ QQAIDSATDSSAAA---------------------- -----------DLLVQVLDEFYRVESQFDG--VIADDVVRTLTKANTETLDVVISENLAHQQLKRRSQLLLA
Yt VARSLRRGAVFPARQLSKLIDMAVKNPEYNPDK-LLGA IVEPLADIAHQYSNGLEAHEHSMIFVHFLEEYYEVEKLFNGPNVREENI ILKLRDENPKDLDKJALTVLSHSKVSAKNNLILA
Rut ASNITSVLCQFPSQQIANILDSHAATLNRKSEREVFFMNTQS IVQLVQRYRSG IRGHMKAVVMDLLRQYLRVETQFQNGHY - -DKCVFALREENKSDMNTVLNYIFSHAQV -KKNLLVr

**~~~~~~~~~* I * * * ** * * *

FIG. 5. (Figure continues on the opposite page.)
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Wh LMEAL-W---VYPN--PSAYRDQLIRFSALNHTAYSGLALKASQLLEHTKLSELRTSIARSLSELEMFTEEGERIS-- ---TPRRKMAINERMEDLVCAPVAVEDALVALFDHSDPTLQRR
Di MIRQLDTFQDRFGREVPDAVIEALSRLSTLKDKSYGEIILAAEERVREAKVPSFEV---RRADLRAKLADP--------------ETDLIDLSKSSTLSAGV-DLLTNLFDDEDESVRAA
Yt ILKHYQPLCKL-SSKVSAIFSTPLQHIVELESKATAKVALQAREILIQGALPSVKE ---RTEQIEHILKSSVVKVAYGSSNPKRSEPDLNILKDLIDSNYVVFDVLLQFLTHQDPVVTAA
Rt ML--IDQLCGR-DPTLTDELLNILTELTQLSKTTNAKVALRARQVLIASHLPSYDV- ---RHNQVESIFLSAIDM- -YGHQFC------ IENLQKLILSETSIFDVLPNFFYHSNQVVRMA

Wh VVETYIRRLYQHYLVRG-SVRMQWHRSGLIALWEFSEEHIEQRNGQSASLLK- --PQVEDPIGRRWGVMVVIKSLQLLSTAIEAALKE----------- TSHYGAGVGGVSNGNPINSN
Di AMEVYTRRVYRTYNIPELTVGVENGRLSCSFSFQF ---------ADVPAKDRVT---------------------------------RQGFFSVIDDASKFAQQLPEILNSF------ GSK
Yt AAQVYIRRAYRAYTIGDIRVH-E-GVTVPIVEWKFQLPSAAFS ----------TFPTVKSKMGMNR--AVSVSDLSYVANSQSSPLREGILMAVDHLDDVDEILSQSLEVI ---PRHQSS
Rt ALEVYVRRAYIAYELNSVQHR-QLKDNTCVVEFQFMLPTSH PNRGN I PTLNRMSFASNLNHYGMTH - -VASVSDVLLDNAFTPPCQRMGGMSFRTFEDFVR IFDEVMGCFCDSPPQSPT

Wh SSNMLHIAL-----VGINNQMSTLQDSGDEDQAQERINKLSKILKDNTITSH- -LNGAGVRVVSCIIQRDEGRSPMR ---- -HSFKWSSDKLY------- YEEDPMLRHVEPPLSTFLELD
Di IAGDA----------SKEGPVNVLQVGALS-GDISIED---- LEKATSANKDKLNILGVRTVTALIPRG--KKD-------------PSYYSFPQCSGFKEDPLRRGMRPTFHHLLELG
Yt SNGPAP-----DRSGSSASLSNVANVCVASTEGFESEEEILVRLREILDLNKQELINASIRRITFMFGFKD------------- GSYPKYYTFNPN-YNENETIRHIEPALAFQLELG
Rt FPESGHTSLYDEDKVPRDEP IHILNVAIKTDGDIE-DDRLAAMFREFTQQNKATLVEHGIRRLTFLVAQKDFRKQVNCEVDQRFHREFPKFFTFRARDKFEEDR IYRHLEPALAFQLELN

Wh KVNLEGYNDAKYTPSRDRQWHMY-TLVKNKKDPRSNDQRMFLRT IVRQPSVTNGFLFGS IDNEVQASSSFTSNSILRSLMAALEEIELR-AHSETGMSGHSHMYLC IMREQRLFDLI PSS
Di RLE-ENFALER-IPAVGRNVQIYVGSEKT--ARRNAAQVVFLRAISHTPGLTT ----------------F--SGARRALLQGLDELERAQANSKVSVQSSSRIYLHSLPEQ--SDATPEE
Yt RLS--NFNIKP-IFTDNRNIHVYEAVSK ----TSPLDKRFFTRGIIRTGHIRDD----------ISIQEYLTSEANRLMSDILDNLEVT ---IDSNSDLN-HIFINFIAV---FDISPED
Rt RMR--NFDLTA-IPCANHKMHLYLGAAKVEVGTEVTDYRFFVRAIIRHSDLVTK----------EASFEYLQNEGERLLLEAMDELEVAFNNTNVRTDCN-HIFLNFVPT---VIMDPSK

Wh RMTNEVGQDEKTACTLLKHMGMIYMSMWCQDASLSVCQWEVKLWLDCDGQANGAWRVVTrSVTGHTCTVDIYREVEDPNTHQLFYRSATPTAGPLHGIALHEPYKPLDAIDLKRAAARKN
Di IAKEFEGVIDKLKSRLAQRLTKL - --RVDEIETKVRVTVQDED------GSPRWVPVRLVASSMQGEWLKTSAY IDRPDPVTG--VTRERCVIGEGIDEVCELESYDSTST IQTKRSIARRV
Yt VEAAFGGFLE----RFGKRLLRL ---RVSSAEIRIIIKDPQTG----AP---VPLRALINNVSGYVIKTEMYTEVKNAK-GEWVFKSLG-KPGSMHLRPIATPYPVKEWLQPKRYKAHLM
Rt IEESVRSMVM----RYGSRLWKL---RVLQAELKINIRLTTTG ----KA- --IPIRLFLTNESGYYLDISLYKEVTDSRTAQIMFQAYGDKQGPLHGMLINTPYVTKDLLQSKRFQAQSL

Wh ETTYCYDFPLAFETALKKSWES - -GISHVAESNEHNQRYAEVTELIFADSTGSWGTPLVPVERPPGSNNFGVVAWNMKLSTPEFPGGREIIVVANDVTFKAGSFGPREDAFFDAVTNLA
Di GSTYAYDYLGLLEVSLILEWDKYLSSLSGPDPTPTIIPSNVF-EAQELLEGPDG-----ELVTGKREIGTNKVGMVAWVVTMKTPEYPEGRQVWIVNDVNVQSGSFGVEEDEVFFKASKYA
Yt GTTYVYDFPELFRQA-----SS-SQGKNFSADVKLTDDFF-ISNELIEDENG-----ELTEVEREPGANAIGMVAFKITVKTPEYPRGRQFVVVANDITFKIGSFGPQEDEFFNKVTEYA
Rt GTTYIYDIPEMFRQSLIKLWES-MSTQAFLPSPPLPSDIL-TYTELVLDDQG -----QLVHMNRLPGGNEIGMVAWKMSLKSPEYPDGRDVIVIGNDITYRIGSFGPQEDLLFLRASELA

Wh
Di
Yt
Rt

Wh
Di
Yt

-CT 5----.--------.
CERKIPLIYLSATAGARLAGVAEE IKACFHVGWSDDQSPERGFHYIYLTEQD--- -YSRLSSSVIAHELKVPESGETRWVVDT IVGKEDGLGCENLHGSGAIASAYSKAYRETFTLTFVTGR
RENKLPRVYIACNSGARIGLVDDLKPKFQIKFIDEASPSKGFEYLYLDDA--- -TYKSLP-EGSVNVRKVPEG- - --WAITDIIGTNEGIGVENLOGSGKIAGETSRAYDEI FTLSYVTGR
RKRGIPRIYLAANSGARIGMAEE IVPLFQVAWNDAANPDKGFQYLYLTSEGMETLKKFDKENSVLTERTVINGEERFVIKT IIGSEDGLGVECLRGSGLIAGATSRAYHDIFTITLVTCR
RAEGIPRIYVAANSGARIGLAEEIRHMFHVAWVDSEDPYKGYKYLYLTPQD--- -YKRVSALNSVHiCEHVEDEGESRYKITDIIGKEEGLGAENLRGSGMIAGESSLAYDEI ITISLVTCR

AIGIGAYLARLGMRCIQRLDQPII - - --LTGYSALNKLLGREVYSSQMQLGGPKIMATNGVVHLTVSDDLEGVSAI LKWLSYVPPYVGGPLPIVKSLDPPERAVTYFP - -ENSCDARAAI
SVGIGAYLVRLGQRI IQMKQGPM4I - ----LTGYGALNKLLGREVYNSNDQLiGGPQVMFPNGCSHEIVDDDQQG IQSIIQWLSFVPKTTDAVSPVRECAPNDVWPTPT- PYDPRLML
SVGIGAYLVRLGORAIQVEGQPI IWYRCLLTGAPESTNAGREVYTSNLQLGGTQIMYNNGVSHLTAVDDLAGVEKIVEWMSYVPAKRNMPVP ILETK1WRPVDFTPTNETYDVRWMI

Rt AIGIGAYLVRLGQRTIQVENSHLI ----LTGAGANVLREVYTSNNQLGGIQIMHNNGVrHCTVCMFEGVFTVLHYMPKNVHSSVPLLNSKDPIDRIIEFVPTKA-PYDPRWML

---- .-- CT a
Wh CGIQD-TQGGRWLDGMFDRESFVETLEGWAKTVITGRAKLGGI PVGIIAVETETVMQVI PADPGQLDSAERVVPQAGQVWFPDSAARTGQALLDFNR -EELPLFILANWRGFSGGQRD- -

Di SGTDE-- -- - --ELGFFDTGSWREYLAGWGKSWVIGRGRLGG IPMGAIAVETRLVEKI IPADPADPNSREAVMPQAGQVLFPDSSYKTAQALRDFNN-EGLPVMIFGNWRGFSGGSRD- -

Yt EGRE- -TESG-FEYGLFDRGSFFETLSGWAKGVWVGRARLGGI PLGVIGVETRTVENLIPADPANPNSAETLIQEPGQVWHPNSAFKTAQAINDFNNGEQLPMMILANWRGFSGGDLQAC
Rt AGRPHPTQKGQWLSGFFDYGSFSEIMQPWAQTWVVGRARLGG IPVGVVAVETRTVELSVPADPANLDSEARI IQQAGQVWFPDSAFKTYQAI KDFNR-EGLPLMVFANWRGFSGG--- ---

Wh - -- - --LFEGILQAGSMIVENLRTYKQPAFVY IPKAGELRGGAWVWVDSKINPEHIEMYAERTARGNVLEAPGLI EIKFRPNELEESMLRLDPELISLNAKLLKETSASPSPWETAAAAE
Di - -- ----MSGEILRFG.SMIVDSLREYKHPIY IYFPPYGELRGGSWVWVDPTINEDRMTMFSDPDARGGILEPAGIVEIRFRLADQLKAMHRIDPQLKMLDSELESTDDTDVA--------AQE
Yt KLSQLYMFNEVFRYGSF IVDALVDYKQPI IIYIPPTGELRGGSWWVVDPT INADQMEMYADVNARAGVLEPQGMVGIKFRREKLLINMNRLDDICYRELRSQL-SNKSLAPE--------VHQ
Rt -MKDMY - -DQVLKFGAYIVDGLRECSQPVMVY IPPQAELRGGSWWVIDPTINPRHMEMYADRESRGSVLEPEGTVEI KFRKKDLVKTMRRVDPVY IRLAERL-GTPELSPT - -- - --ERK

Wh TIRRSMAARRKQLMPIYT'QVATRFAELHDTSARMAAKGVI SKVVDWEESRAFFYRRLRRRLAEDSLAKQVREAAGEQQMPTHRSALEC IKKWYLASQGG-DGEKIWGDDEAFFAW--- ---K
Di AIKEQIAAREELLKPVYLQAATEFADLHDKTGRMKAKGVI KEAVPWARSREYFFYLAKRRI FQDNYVL4ITAADPSL - --DSKAALEVLKNMCTAD-- --------WDDNKAV--- -- -- ---

Yt QISKQLADRERELLPIYGQISLQFADLHDRSSRMVAKGVI SKELEWTEARRFFFWRLRRRLNEEYLIKRLSHQVGEA----SRLEKIARIRSWYPASVDH - -- - --EDDRQVATWIEENYK
Rt ELESKLKEREEFL IPIYHQVAVQFADLHDTPGRMQEKGVINDI LDWKTSRTFFYWRLRRLLLEDLVKKKIHSANPEL- -- -TDGQIQAMLRRWFVEVEGTVKAYVWNKDLVEWLEKQLT

Wh DDPDKYGKYLEELKAERASTLLSHLAET - -SDAKALPNGLSLLLSKMDPAKREQVMDGLRQLLG
Di -- -- -- -- -- -- -- - --LDYYL-- -- -- ---SSDGDITAKISEMKKAAIKAQI EQLQKALEG
Yt T -- -- - --LDDKLKGLKLESFAQDLAKKIRSDHDNAIDGLSEVIKMLSTDDKEKLLKTLK
Rt EEDGVRSVIEENIKYISRDYVLKQIRSLVQANPEVAMDS IVHMTQH ISPTQRAEVVRILSTMDSPST

FIG. 5. Amino acid sequence alignment of wheat [Wh (this work)], diatom [Di (14)], yeast [Yt (11)] and rat lRt (12)] ACCs and Anabaena
[An (9)] and E. coli [Ec (4-7)] BC and BCCP subunits of ACC. Stars mark amino acids that are identical in at least three out offour or at least
five out of six compared sequences. The most conserved parts of the BC, BCCP, and CT (8 and a) domains are overlined. These are shown
on the diagram of Fig. 2 in black. Sequences of the E. coli CT subunits are not included in this alignment because of rather low overall identity
with eukaryotic ACCs. The conserved sequences ofCT were identified previously by Li and Cronan (8). Target sequences for the PCR primers
are also marked.

other by 1.5%, were identified. The three products most
likely represent transcription products of three different
genes, the minimum number expected for hexaploid wheat.
The amino acid sequence of the polypeptide predicted from
the cDNA sequence of the two overlapping PCR-amplified
fragments of wheat cDNA (total length of 1473 nucleotides)
was compared with the amino acid sequences ofother ACCs.
The most significant identities were with the ACC of rat,
chicken, and yeast (>50%). Less extensive identity (but still
almost 301%) was evident with the BC subunits ofbacteria and
the BC domains of other enzymes such as pyruvate carbox-
ylase ofyeast and propionyl-CoA carboxylase ofrat (data not
shown). These two DNA fragments were used to screen a
wheat cDNA library.

Isolatin and Sequence Analysis ofWheat ACC cDNAs. A set
of overlapping cDNA clones covering the entire ACC coding
sequence was isolated and a subset of these clones was
sequenced (Fig. 2). The nucleotide sequence within over-
lapped regions of clones 39-1, 20-1, and 45-1 differs at 1.1% of
the nucleotides within the total of 2.3 kb of the overlaps. The
sequence within the overlap of clones 45-1 and 24-3 is iden-
tical. The sequence encodes a 2257-amino acid protein with a
calculated molecular mass of 251 kDa. In wheat germ the
active ACC has an apparent molecular mass of -500 kDa and

the individual polypeptides have an apparent molecular mass
(measured by SDS/PAGE) of about 220 kDa (21). The 220-
kDa protein was also present in both total leaf protein and
protein from intact chloroplasts. In fact, it was the major
biotinylated polypeptide in the chloroplast protein. The
cDNAs (total length, 7.4 kb) include 158 bp of the 5' un-
translated sequence and 427 bp of the 3' untranslated se-
quence.
Northern Analysis ofACC mRNA. Northern blots with total

RNA from 10- to 14-day-old wheat leaves were probed with
cDNA fragments (the 1.1-kb PCR-amplified fragment and
parts of clones 20-1, 24-3, and 01-4). In each case the only
hybridizing mRNA species was 7.9 kb in size (Fig. 3A). This
result shows clearly that all the cDNA clones correspond to
mRNA of large, eukaryotic ACC and that there are no other
closely related biotin-dependent carboxylases, consisting of
small subunits that are encoded by smallermRNAs, in wheat.
Northern analysis of total RNA prepared from different

sectors of 10-day-old wheat seedlings indicated very high
steady-state levels of ACC-specific mRNA in cells of leaf
sectors I and II near the basal meristem (Fig. 3B). The ACC
mRNA level was significantly higher in sectors I and II than
in sectors Ill-VI (Fig. 3B). This cannot be explained by
dilution of specific mRNA by increased levels of total RNA in
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older cells. Based on published results (31), the increase in
total RNA between sectors I and VI is expected to be only
about 2-fold.

All cell division occurs in the basal meristem, and cells in
other sectors are in various stages of development. Differ-
ences between these young cells and the mature cells at the
tip of the leaf include cell size, number of chloroplasts, and
amount of total RNA and protein per cell (31). Expression of
some genes is correlated with the cell age (e.g., ref. 32). It is
not surprising that the level ofACC-specific mRNA is highest
in dividing cells. The burst of ACC mRNA synthesis is
necessary to supply enough ACC to meet the demand for
malonyl-CoA. The levels of ACC mRNA decrease signifi-
cantly in older cells, where the demand is much lower. The
same differences in the level ofACC specific mRNA between
cells in different sectors were found in plants grown in the
dark and in plants illuminated for 1 day at the end of the dark
period.

Southern Analysis of Plant DNA. Hybridization of wheat
total DNA digests with wheat ACC cDNA probes under
stringent conditions revealed multiple bands (Fig. 4). This
was expected due to the hexaploid nature of wheat (T.
aestivum). Some of the wheat cDNA probes also hybridized
with ACC-specific DNA from other plants (Fig. 4). The
specificity of this hybridization was demonstrated by se-
quencing several fragments of canola genomic DNA isolated
from a library by using wheat cDNA probe 20-1 (Fig. 2) and
by Northern blot oftotal canolaRNA using one ofthe canola
genomic clones as a probe (data not shown). The Northern
analysis revealed a large ACC-specific message in canola
RNA that was similar in size to that found in wheat.

DISCUSSION
We have cloned and sequenced a set of overlapping cDNA
clones encoding eukaryotic-type ACC from wheat. The pre-
dicted polypeptide is 2257 amino acids long and has a
calculated molecular mass of 251 kDa. The putative transla-
tion start codon was assigned to the first methionine of the
open reading frame. An in-frame stop codon is present 21
nucleotides upstream from this AUG codon. The nucleotide
sequence around this AUG fits quite well with the consensus
for a monocot translation initiation site derived from the
sequence of 93 genes (33), except for U at position +5 of the
consensus, which was found in only 3 of the 93 sequences:

-3 +1 +4
Wheat ACC mRNA G G G G G C A A U A A U G G U

a a
Monocot consensus a g c g g c a G C c A U. G C

The ACC mRNA stop codon UGA is also the most frequently
used stop codon found in monocot genes, and the surround-
ing sequence fits the consensus quite well (33).
A comparison of the wheat ACC amino acid sequence with

other ACCs shows significant sequence conservation among
all carboxylases. The sequence of the polypeptide predicted
from the cDNA described above was compared with the
amino acid sequences of other ACCs (Fig. 5). The most
significant identities are with the ACC of rat, diatom, and
yeast (about 40%). Less extensive similarities are evident
with subunits ofbacterial ACCs. The amino acid sequence of
the most highly conserved domain, corresponding to the BCs
of prokaryotes, is 52-55% identical to the ACC of yeast,
chicken, rat, and diatom and 27% identical to the BCs of E.
coli and Anabaena 7120. The biotin attachment site has the
EVMKM sequence. Several conserved amino acids found in
the CT domains identified by Li and Cronan (8) are also
present in the wheat sequence. Identity with the available

partial sequence of maize ACC, about 1300 C-terminal amino
acids (27), and wheat ACC, about 500 C-terminal amino acids
(26), is 66% and 72%, respectively. These sequences include
the least conserved parts of the ACC polypeptide.
None of the four conserved motifs containing serine resi-

dues which correspond to phosphorylation sites in rat,
chicken, and human ACCs (15) is present at a similar position
in the wheat polypeptide.
The wheat cDNA does not encode an obvious chloroplast

targeting sequence unless this is an extremely short peptide.
There are only 12 amino acids preceding the first conserved
amino acid found in all eukaryotic ACCs (a serine residue;
Fig. 5). The conserved core of the BC domain begins about
20 amino acids further downstream. The apparent lack of a
transit peptide poses the question of whether and how the
ACC described in this paper is transported into chloroplasts.
It was shown recently that the large ACC polypeptide purifies
with chloroplasts of wheat and maize (21, 22). No obvious
chloroplast transit peptide between the ER signal peptide and
the mature protein was found in diatom ACC either (14).
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