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Abstract 

The isolation and characterization of cDNA and homologous genomic clones encoding the lignin 
O-methyltransferase (OMT) from maize is reported. The cDNA clone has been isolated by differential 
screening of maize root cDNA library. Southern analysis indicates that a single gene codes for this 
protein. The genomic sequence contains a single 916 bp intron. The deduced protein sequence from DNA 
shares significant homology with the recently reported lignin-bispecific caffeic acid/5-hydroxyferulic 
OMTs from alfalfa and aspen. It also shares homology with OMTs from bovine pineal glands and a 
purple non-sulfur photosynthetic bacterium. The mRNA of this gene is present at different levels in 
distinct organs of the plant with the highest accumulation detected in the elongation zone of roots. 
Bacterial extracts from clones containing the maize OMT cDNA show an activity in methylation of 
caffeic acid to ferulic acid comparable to that existing in the plant extracts. These results indicate that 
the described gene encodes the caffeic acid 3-O-methyltransferase (COMT) involved in the lignin bio- 
synthesis of maize. 

Introduction 

Several plant O-methyltransferase (OMT) activ- 
ities (EC 2.1.1.6) have been described and their 
function discussed in relation to the biosynthesis 
of lignins, flavonoids, furanocoumarins and meta- 
or para-O-methylation. In different tissues, in ad- 
dition to lignin precursors, various methylated 
phenolic compounds often occur and multiple 
forms of OMTs have been reported [for reviews 

see 4, 21, 22, 27, 32, 36]. One of them is respon- 
sible for the methylation of cinnamic acids as 
precursors of cinnamyl alcohols in lignin biosyn- 
thesis. The sources for the purification of lignin 
OMTs were different tissues of apple tree [18], 
bamboo [45, 46], poplar [8, 46], pine [29, 44], 
suspension cultures of parsley [14] and soybean 
[ 37, 38], pampas grass [16, 17], tobacco [9, 47], 
or alfalfa [10, 48]. More detailed studies of this 
enzyme in lignin-related tissues have been re- 

The nucleotide sequence data reported will appear in the EMBL, GeuBank and DDBJ Nucleotide Sequence Databases under 
the accession number M73235. 
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ported from mistletoe lignin [28], cultured to- 
bacco cells [49], aspen secondary xylem [30], 
swede root disks [40] and tracheary elements 
from Zinnia elegans [19]. More recently, lignin- 
related OMT has been purified to homogeneity 
from aspen [5], tobacco [24], cabbage [11], pop- 
lar [13] and alfalfa [15]. 

In angiosperms, the biosynthesis of monoli- 
gnols as precursors of lignins involves two meth- 
ylation reactions. Caffeic acid is methylated to 
ferulic acid by caffeic acid 3-O-methyltransferase 
(COMT) [21], which is then hydroxylated at po- 
sition 5 by ferulate-5-hydroxylase. Subsequent 
methylation by COMT at this new hydroxyl po- 
sition yields sinapic acid. Then ferulic and sinapic 
acids, previously activated to the corresponding 
coenzyme-A esters, are converted into coniferyl 
and sinapyl alcohols (the two methylated lignin 
precursors), respectively, via a two-step reductive 
process. The other monolignol, p-coumaryl alco- 
hol (very abundant in monocots), is directly syn- 
thesized from p-coumaric acid, without the me- 
thylation step. COMT appears to be a key enzyme 
in the lignin biosynthetic pathway. For example, 
the correlation between the mono- and bi- 
methylation activity ratio of purified enzyme and 
the amounts of the corresponding lignin precur- 
sors from plant tissues has been well established 
[27, 36]. 

Antibodies against COMT, have been used to 
isolate and characterize homologous cDNA 
clones from aspen [6] and alfalfa [20]. No infor- 
mation is available so far on COMT genomic 
sequences or its sequence and expression in 
monocotyledonous species. In this paper we 
report the characterization of the COMT gene 
from maize. The cloned gene appears interesting 
both in relation to its pattern of expression and to 
the possibility it offers to study the features of 
its enzymatic activity. Maize COMT mRNA 
is highly accumulated in the elongation zone of 
the radicular system, which is active in lignin 
formation. We have obtained methylation of caf- 
feic acid as 3-methoxy-4-hydroxycinnamic acid 
(ferulic acid) from bacterial clones containing 
the maize COMT cDNA, as well as in plant ex- 
tracts. 

Materials and methods 

Plants used in this work were Zea mays L. inbred 
line W64A, except when indicated otherwise, 
grown under greenhouse conditions in Barcelona, 
Spain. Plantlets were obtained by germinating dry 
seeds through imbibition in water at 25 °C in the 
dark for the indicated period of time. 

Cloning procedures were carried out following 
standard published methods [2, 23, 42]. Enzymes 
were purchased from Boehringer (Mannheim) 
unless stated otherwise, labelled nucleotides were 
from Amersham. The construction of a cDNA 
library, screening procedures, northern and 
Southern blot analysis were carried out as de- 
scribed [33, 34]. DNA sequence analysis was 
done in both directions with overlapping clones 
and using a M13 or pUC dideoxy nucleotide se- 
quencing method according to described proto- 
cols [2] with Klenow DNA polymerase (New 
England Biolabs). Sequence alignment was done 
using the Clustal V option from the software of 
BISANCE [12] and sequence analysis was done 
by using software from Micro-Genie (Beckman) 
[39]. 

For expression of the MC1 cDNA clone in 
Escherichia coIi with the lacZ (/~-galactosidase 
gene) promoter, the coding region was inserted in 
pBluescript (KS and SK) and pUC plasmids in 
the appropriate directions using the 5' unique 
XhoI  restriction site (see Fig. 5) and E. coIi 
K12 DH5~ strain. This construction leaves the 
MC1 protein sequence out of frame with respect 
to the lacZ polypeptide. 

Enzymatic OMT activity was tested as follows: 
overnight bacterial cultures were centrifuged and 
resuspended in 200 mM Tris-HC1 (pH 7.2) con- 
taining 14 mM 2-mercaptoethanol as previously 
reported [10], and the cells were sonicated for a 
few seconds. Then 2.5mM caffeic acid (Sigma) in 
dimethylsulfoxide (DMSO) was added with 
0.1/~Ci of S-adenosyl-L-(methyl-14C)-methionine 
(50-60 mCi/mmol; Amersham). After 2 h incu- 
bation at 37 ° C, 10/~g of ferulic acid (Aldrich) in 
DM S O was added as a carrier. Phenylpropanoids 
were extracted twice with one volume of ether by 
vortexing and the solvent was evaporated in a 



new microfuge tube. The residual products were 
resuspended in 5/~l ethanol and applied to thin- 
layer chromatography (TLC) silica plates (Merck 
60F-254, pre-coated plates). Finally, the plates 
were developed in C6H6-OHAc-H20 (5:5:1, 
upper phase) and autoradiographed for 4-5 days. 
In order to assay the plant enzymatic activity, 
7-day-old roots were frozen in liquid nitrogen, 
ground to a fine powder in a mortar in the pres- 
ence of 200 mM Tris-HC1 pH 7.2, 14 mM 2-mer- 
captoethanol and the assay carried out as de- 
scribed above. 

Results 

cDNA and genomic cloning 

Searching for genes corresponding to mRNAs 
preferentially accumulated in developing maize 
roots, a number of clones were identified [34]. 
One of the cDNA clones (MR18) was isolated as 
a result of differential screening of a 2gtl0 cDNA 
library of two-month-old roots from Zea mays 
(pure inbred line W64A). 

By northern blotting a single homologous 
mRNA band about 1600 nucleotides long is ob- 
served using the MR18 clone as a probe (Fig. 3). 
As expected from the result of the differential 
screening, a higher level of mRNA accumulation 
was observed in roots than in leaves. The insert 
of the MR18 clone was 637 bp long (Fig. 1), rep- 
resenting a partial fragment of the transcript de- 
tected by northern analysis. In order to obtain a 
longer cDNA clone, other libraries were screened. 
A new clone homologous to MR18 (clone MC1) 
was isolated from a pBR322 maize (W64A) co- 
leoptile cDNA library. The insert of MC1 was 
1360 bp long, and it had the same sequence as the 
MR18 clone except for some gaps in the 3' non- 
coding region that may be the product of recom- 
bination either in the plant or during the cloning 
procedures. When compared with the genomic 
sequence (see below) it appears that the 
MC1 clone contains the complete coding se- 
quence, and it is identical to the MR18 and the 
genomic ones. From the MC 1 clone only one pu- 
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tative open reading frame including a methionine 
residue in its 5' region could be deduced (Fig. 1). 

By screening a maize (W64A) 2Charon-35 ge- 
nomic library [34], using the MR18 insert as a 
probe, two phages MG18/14 and MG18/32 con- 
taining homologous sequences were isolated. 
These clones have overlapping inserts of 13 and 
14 kb, respectively, corresponding to 19 kb of the 
plant genome. The fragments hybridizing with the 
MR18 probe and their flanking regions were se- 
quenced. Both clones were identical to the MR18 
cDNA sequence. Figure 1 shows 2512 bp of this 
sequence, including the translation of the coding 
region. From the comparison of the genomic and 
cDNA sequences an intron of 916 bp was de- 
duced. It is flanked by consensus intron splicing 
sequences and it contains a higher proportion of 
A + T sequences than the coding region, includ- 
ing some stretches of A or T nucleotide residues. 

Nucleotide and protein sequences 

Figure 1 shows the sequence of the gene homol- 
ogous to the MR18 cDNA. From both the ge- 
nomic and cDNA sequences the same open read- 
ing frame can be deduced. The nucleotide 
composition of the coding region sequence is very 
GC-rich with 68.3~o of G + C  and 31.7~ of 
A + T, a feature already observed in many mono- 
cot genes [7]. By plotting the G + C distribution 
along the sequence of the genomic clone the exon 
and intron regions can be easily distinguished (not 
shown). The distribution of codons shows an ex- 
treme bias towards the use of G or C at the third 
position: among the 364 amino acids coded in the 
sequence only three of them use A or T in this 
position while C or G are evenly distributed. The 
same occurs by some other monocot genes as 
reviewed by Campbell et al. [7]. 

The two cDNAs have a poly(A) sequence be- 
ginning at two different sites indicated in the fig- 
ure by triangles and the putative polyadenylation 
signal is underlined. The use of different polyade- 
nylation sites in a single gene has already been 
described in a number of genes including an 
~-tubulin gene preferentially expressed in the 
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GGT~Gc~GT~G~T~c~CT~GCA~ACCTC~T~CT~TTC~T~G~ATC~A~GC~AT~AG~AcG~AG~G~G~CCTCGAG~AG~AGAG~G~AG~G~T~T 120 

CGT~TAGCcATGGG~TC~AC~GCC~GCGACGTGGCCGCGGTG~GGACGAGGAGGcGTGCATGTACGC~ATGcAG~TGGcGTCGT~GT~CATCcTG~CCAT~A~G~TG~G~CGCCAT 240 
M G S T A G D V A A V V D E E A C M Y A M Q L A S S S I L P M T L K N A I  37 

~GAGcTGGGCCTGcTGGAGGTGCTGCAG~GGAGGccGGCGGcGGc~GcGGcGcTGG~GcC~GA~GAGGTG~TGG~GcGGATGcc~G~GGcGcccAGcGACcc¢Gcc~cc~c~cGGc 360 
E L G L L E V L Q K E A G O G K A A L A P E E V V A R M P A A P S D P A A A A A  

~ATGGT~GA~C~CATGcT~GCCTG~TCGCCTCCTACGACGT~GTCCGGTGCCAGAT~GAGGACCGGGA~GG~cGGTACGAG~GCCGCTA~T~GCCG~G~C~GTCTGCAAGT~GCTCA~ 480 
M V D R M L R L L A S Y D V V R C Q M E D R D G R Y E R R Y S A A P V C K W L T 1 1 7  

Cc~CAAC~GACGGCGTGTCCATGGCCG~C~T~GCGCTCAT~CCAGGAC~GGTCCTCAT~AGAGCTGgtgagtagtagccgcatcgcatcaaccaccttctacctatctatatcc 600 
P N E O G V S M A A L A L M N Q D K V L M E S W  141 

at~a~ttgttgctgctgg~gtgcgc~gcat~catgatgacgag~tcgctcatcattggtgctactagtgatttatttcgtccagtaaaattaattaaggtgcgctgctactctactggct 720 

gcggct~g~acaag~ctgga~at~gttgtta~ttgttataca~atataatatttctctagaacaaaaaagattttttttttataaaaagcaagcaagaaagaaagtgagtgacttcatg ~0 

tttttccta8aaaaaagttaggagtggga~ggaaa~gtcagcaagga~cactt~ttgttgtccactatccatccagtgggtgagacttttttgcgagacggagcactatattattgg~c 960 

gagt~ttttctgtatccgcaaaacggcagccgtcgatcgccgga~ggatcgcacggcgacactgagtgtcgagtccaattccaa~cacgagggctggaaggaa~gccatccgtgctgg 1080 

tct~gacttttt~c~aaa~tccattcaga~gttcgccgactgaaggtgaatcttcagacacagccagattgtttggtgt~tgcgaagatggcgtagaaaagaccaagagacagttggctc 1200 

a~a~agacaa~tgacaactgactatagtatctg~ctgcctggctgatgct~atagagatagactctt~c~ctgtctgttccttgtacaaacgtggacaaacattagtagcagttttcttt 1320 

gat~ta~aaaaagta~tacct~agtttttaaatatttatcggctgttagtttatttttgaacttaaacgactggttg~aaaagatagatagatacaaacgaaaggatgtc~tcgctgtgc 1440 

g~tgatctgatcactgccactctgcc~gGTACTATCT~AAGGA~G~GGTGCTGGAcGGCGGCATC~GTTCAACAAGGCGTACG~GATGACGGCGTTCGAGTACCACGGCACGGACGCGC 1560 
Y Y L K D A V L D G G I P F N K A Y G M T A F E Y H G T D A  171 

GC•T•AA•CG•GTG•TCAACGA•GGCATGAAGAA•CACTCGGTGATCATCAcCAAGAAG•TGCTGGACTTCTACAC•GGCTTCGAGGGCGTGTCGAC•CTGGTGGA•GTG•GCGGC••CG I~0 
R F N R V F N E G M K N H S V I I T K K L L D F Y T G F E G V S T L V D V G G G  211 

T•G•CGC•ACGCTG•A•G•CATCA•GTCC•GCCACCCG•ACATCTCCGGGGTCAACTTCGACCTGC•GCACGTCAT•TCCGAGG••CCG••GTTCC•CGGCGTGCGCCA•GTG•GCG•GG 1800 
V G A T L H A I T S R H P H I S G V N F D L P H V I S E A P P F P G V R H V G G  251 

ACATGTTCGCGTCCGTGCCCGCCGGCGAC~CCATCC~CATG~G~GGA~C~TCCACGACTG~A~GACGC~CACTG~GC~ACG~TGCTCAA~CTG~TAC~ACGCG~TGCCGGAA~T~ 1920 
D M F A S V P A G D A I L M K W I L H D g S D A H C A T L L K N C Y D A L P E N  291 

G~AAGGT~ATCGTC~Tc~AGT~CGTGCT~CCGGT~AACACGGAGGCCACCC~C~GGCG~AG~GCGTGTT~CAC~TCGACATGATCATGCT~GCGCACAACC~C~CGGCAAGGAGCG~T 2040 
G K V I V V E C V L P V N T E A T P K A Q G V F H V D M I M L A H N P G G K E R  331 

ACGAG~G~A~TTCCG~AG~T~GC~GGGCGC~G~TT~T~CGGGTTCAAGG~CACCTACATCTACGC~AACG~TGGGCCATCGAGTT~ATCAAGTGAATA~GGCTA~CAcCGTCGC 2160 
Y E R E F R E L A K G A G F S G F K A T Y I Y A N A W A I E F I K  3~ 

CGcGATGAGATGCATGGcTGC•ACATGCATGCTT•cTTGcTTGGTC•TCGTATCGTAcGTCG••GTCGTcGTCT•CTTCTGGTTGcGCTGCTACcTTGCTG•TcTCGcCCTcG•GTATGc 2280 

A••TAcTTTTG••TAATTTTCTTT•TTCATATCATGcA•TCTGGcTGGc•TAGACTG•c•••GATCCATGGTGGC•ATGTCTTCGGTACGTCTTGTCGAGCT•TT•CATGTCGTG•ATT• 2400 

TAAATT~TT~TT~T~GTCGAA~TGT~TCT~c~AT~TGC~AG~AATAACAATCAA~GTTA~A~TAC~ATA~AATTA~A~TG~AATT~CT~T~TTTTAAT~A 2512 

Fig. 1. Nucleotide sequence of the O-methyltrans~rase gene in Zea mays. The sequence (2512 bp long) obtmned ~om the over- 
lapping MG18/14 and /32 genomic clones corresponds to a Hph I-flanked fragment shown in Fig. 5 between asterisks. The 
MR18 cDNA sequence is indicated by two downw~d triangles from nucleotides 1849 to 2487. The homologous MC1 beNns and 
ends m the upw~d triangles except ~r the differences mentioned in the text. The predicted amino acid sequence (single-letter code) 
is shown mad numbered below the corresponding nucleotide triplets. The two putative E. co~ ribosome-binding sequences at nu- 
cleotide positions 171 and 306 are underfined. The putative polyadenylation sign~ at position 2444 is Nso underfined. The intron 
sequence appe~s in lower-case letters. 

radicular system of maize [35]. At 5' of  the se- 
quence two motifs at positions 171 and 306 nt are 
also underlined. They are identical to the E. coli 

ribosome-binding site (Shine-Dalgarno sequence) 
and each one is located in the 5'-proximal region 
with respect to a methionine residue in the se- 
quence of  the protein. 

The protein coded by the MC1 and 
MG18 clones is composed of 12.1~o acidic resi- 
dues (Asp + Glu), 9.1 ~o of  basic ones (Arg + Lys), 
8.8~o of  aromatic (Phe + Trp + Tyr) and 25.5~o 
of hydrophobic (Ile + Leu + Met + Val) amino 

acids giving an estimated pI of 6.03. The esti- 
mated molecular weight of the protein is 
39572 Da. The hydropathy profile of the protein 
shows two main hydrophilic regions around po- 
sitions 100 and 333 in the polypeptide sequence 
(not shown). Secondary structure predictions 
show a high probability of  helix formation in dif- 
ferent parts of the sequence, indicating that it may 
be a globular polypeptide in agreement with a 
protein having enzymatic activity. 

By comparing the protein deduced from the 
c D N A  and genomic clones with protein data  



banks we could detect only two related sequences, 
both having an O-methyltransferase function: a 
hydroxyindole OMT from bovine pineal glands 
(23 ~o identity) (OMTBO) [26] and a purple non- 
sulfur photosynthetic bacterium (Rhodobacter 
capsulatus) OMT [ 1 ] from the carotenoid biosyn- 
thesis gene cluster (OMTCA) (22 ~o identity). Re- 
cently, the first two OMT sequences from plants 
have been published. Both OMTs, from alfalfa 
(OMTAL) [20] and aspen (OMTAS) [6], corre- 
spond to the caffeic acid O-methyltransferase 
(COMT) involved in lignin biosynthesis. The ho- 
mology between the maize protein sequence 
(OMTMA) and the aspen and alfalfa ones is 62~o 
and 59~o, respectively. These five homologous 
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protein sequences are presented in the alignment 
of Fig. 2. The boxes indicate the five most con- 
served regions previously described by Bugos 
et al. [6]. 

Pattern of accumulation of the maize OMT mRNA 

The levels of accumulation of the maize OMT 
mRNA were measured using northern and slot 
blot analysis. It shows, as expected, a higher ac- 
cumulation of the transcript in the roots of the 
plants in comparison to the leaves, and it is about 
1600 nucleotides long. A northern analysis has 
been carried out on RNA extracted from differ- 
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] / I ] u 

~v~" I)M~-S I P~" DAVF'#Q [ ! C}{6QSD~ EI4CLKF .L I I~+]}E [ ~:" I~DI~ .GKV ![AE / C ! LPV/~PD S SL;kTKGV~'II DVI ML ..AHNPG I :G .KE :R .TQK I E F - -E ~ 
APGS FRDDP I P?G .~VI TLVR 1VLY~HPD SVVE PL .L I AK. VHA 1 ~ppG~RL! I S E I . .AMAGGAKPD RACD---VY.FAFYTMAMSS-I GRTRS :PE I E I--.KQ 

HEGDFFKDALPE-~LYILAR [~HDWTDAKCSH~.L 1QRVYR I ACRT~,GILVIE I SLLDTDGRGPLTT---LLYSLNMLVQTE- 1GRERTPG ] RSTARS 
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161 
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186 

137 

248 

247 

248 

276 
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338 

337 
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364 

320 

OMTMA LA/(GAGFSGFKATY I --YANAWAIEFI K-- 364 

OMTAL LAKGAGFQGFKVHCN--AFNTY IMEFLKKV 366 
:1: .: : • 

OMTCA MLEKAGFTKVSKPRTLRPF I T- SV I EAERG 393 

OMTBO VGPA~ETCGDGGRGEPTMLSWPGNQACSV 350 

Fig. 2. Alignment of related O-methyltransferase protein sequences. The protein sequences are shown in single-letter code. O M T M A  
corresponds to the COMT from maize, OMTAE to the COMT from alfalfa [20], OMTAS to the COMT from aspen [6], OMTBO 
to the OMT from bovine pineal glands [26] and OMTCA to the OMT from a purple non-sulfur photosynthetic bacterium [ 1 ]. 
Colons between amino acid residues correspond to amino acid identity and one point to conservative changes. A dash in the 
sequence indicates a gap introduced in order to maintain a good alignment. The boxes indicate the five most conserved regions. 
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ent parts of the plant (Fig. 3). It is possible to 
observe that in all the cases only a single mRNA 
band was detected. The results also show an in- 
creased mRNA accumulation in the elongation 
zone of the roots. Significant levels of transcrip- 
tion are also observed below the coleoptile node 
in mesocotyl, a region where cells are actively 
elongating when the seeds are grown in the dark. 

More accurate levels of mRNA accumulation 
were also measured by slot blot analysis. In Fig. 4 
the pattern of accumulation in different tissues 
and developmental stages of the plant is shown. 
Besides the high accumulation in the elongation 
zone of the roots, the mRNA is accumulated at 
lower but significant levels in the mesocotyl and 
in the differentiated roots. Low levels are also 
observed in the node, coleoptile, adult roots, in 
the meristematic tip of roots, in leaves, flowers 
(but not in pollen), seeds and embryos during 
maturation. Figure 4 also shows that the accu- 
mulation increases during the first days of growth 
both in roots and coleoptiles. 

Fig. 4. RNA-slot blot analysis of mRNA accumulation of 
maize OMT in different organs and developmental stages of 
the plant. Each slot contains 10/~g of total RNA. A. 3-day- 
old roots (1), and coleoptiles (2), roots from 6-day-old plant- 
lets manually dissected in three zones, root tips (3), rich in 
elongating (4), and differentiating (5) cells. The same with 
coleoptiles dissected in mesocotyl (6), node (7), and epicotyl 
(8). B. Seeds of 8 (1), 10 (2), and 12 (3) days after pollination; 
embryos of 18 (4), 30 (5), and 50 (6) days after pollination; 
0.5 #g of poly(A) + -RNA of 3-day-old roots (7). 100 pg of an 
e-tubulin probe as negative control (8). C. 3-month-old roots 
(1), and leaves (2). Flowers (anthers, stamens and peducles) 
(3), anthers (4), and pollen (5) from 120-day-old plants. D. 5- 
(1), 6- (2), and 7-day-old (3) coleoptiles; 4- (4), 5- (5), 6- (6), 
and 7-day-old (7) roots. 

Fig. 3. Northern blot analysis of maize RNA using the MR18 
insert as a probe. Each lane contains 10 #g of total RNA from: 
3-day-old roots (1), isolated flowers (anthers, stamens and 
peduncles) (2) and anthers (3) from 120-day-old plants; epi- 
cotyls (4), coleoptile nodes (5), mesocotyls (6), differentiating 
zone of roots (7), elongation zone of roots (8), and root tips 
(9), from 7-day-old plants; 0.5 #g of poly(A) + RNA from 
3-day-old roots (10). 

Southern hybridization 

To study the number of genes coding for OMT in 
maize Southern blot hybridization of genomic 
DNA was carried out. The result is shown in 
Fig. 5, for DNA prepared from the pure inbred 
line W64A and the double hybrid E41. The pat- 
tern obtained for the five restriction enzymes used 
with W64A correlates with the sites deduced from 
the DNA sequence. The map obtained is shown 
in the same figure. The same pattern is obtained 
by the Sac I analysis in the commercial double 
hybrid E41. With this latter variety it is possible 
to detect the same bands already observed in 
W64A (lane 5) and the two other predicted bands 
from Sac I digestion, which were not detected in 
the conditions of DNA concentration used for 
the W64A. This result is compatible with one 
gene copy present in the maize genome and it 
shows a low degree of sequence polymorphism. 
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Fig. 5. Southern analysis ofgenomic OMT sequences homol- 
ogous to the MC1 cDNA clone of Zea rnays. Southern blots 
were prepared from 10 #g ofZea rnays genomic DNA digested 
with Xho I (X), Barn HI (B), Hind III (H), Eco RI (E) and 
Sac I (S) and hybridized with the 1147 bp Pst I fragment from 
MC1 insert. Lanes 1-5 correspond to W64A pure inbred line 
and lane 6 to the E41 double hybrid. In the lower part of the 
figure is shown the map of the MG18/32 genomic clone and 
the MR18 and MC1 cDNAs. The sequence shown in Fig. 1 
corresponds to the zone between asterisks. 

OMT activity in bacterial extracts 

In the 5' region of the MC1 cDNA clone two 
segments homologous to the E. coli Shine- 
Dalgarno ribosome-binding sequences are ob- 
served. They are fortuitously present at the ap- 
propriate distance from a methionine residue (see 
Fig. 1). These sequences could act as ribosome- 
binding sites directing the appropriate translation 
of the COMT with the MC1 insert. This possi- 
bility has already been suggested for aspen and 
alfalfa COMTs [6, 20] and it offers a way to test 
the enzymatic activity of the polypeptide encoded 
by the maize insert. 

The MC1 cDNA coding region was inserted in 
both pBluescript (KS and SK) and pUC plas- 
mids in opposite directions using the unique Xho I 

restriction site located near the 5' end of the MC1 
insert (see Fig. 5). These constructions were in- 
troduced into the E. coli K12 DH5c~ strain, which 
does not need IPTG as inductor of the lacZ pro- 
moter. With this construction, the OMT protein 
is out of frame with respect to the lacZ polypep- 
tide. The methylation activity of the MC1 insert 
in extracts ofE.  coli is shown by autoradiography 
of the thin-layer chromatography silica plates 
(Fig. 6). Extracts of sonical bacterial cultures were 
tested for OMT activity. Using these constructs, 
specific meta-methylation was obtained by add- 
ing caffeic acid as a substrate and S-adenosyl-L- 
(methyl-14C)-methionine as donor of methyl 
groups producing ferulic acid (Fig. 6, lane 9). To 
test which one of these Shine-Dalgarno sequences 
was responsible for the observed expression, a 
deleted fragment from the MC1 clone was also 
analyzed. It was cloned in the Pst I site located 
between these two putative ribosome-binding 
sites (see Figs. 1 and 5) and it was also out of 
frame with respect to lacZ and in the appropriate 
orientation. Using this construction no methyla- 
tion was observed (Fig. 6, lane 10). In the nega- 
tive controls of bacterial extracts alone with 
(lane 2) or without (lane 1) plasmid lacking the 
insert, and in the reaction mixture without bac- 
terial extracts (lane 4), no enzymatic activity was 
observed. Methylation is not observed either in 
the absence of caffeic acid (lane 5) or when the 
insert is in the opposite direction (lane 7). When 
minimal amounts of bacterial extract are added or 
with an excess of caffeic acid in the reaction mix- 
ture, an additional non-specific methylation oc- 
curs producing 3,4-dimethoxycinnamic acid 
(lanes 6 and 8). With lower substrate concentra- 
tions only one meta-specific methylation occurs 
producing ferulic acid both in bacterial or in plant 
root extracts (lanes 9 and 11). With plant root 
extracts in the absence of caffeic acid no reaction 
is detected (lane 12). Lane 13 shows the chro- 
matographic mobilities of caffeic, ferulic and 3,4- 
dimethoxycinnamic acids used as markers under 
UV light. Thus, the bi-methylation pattern might 
be produced only in in vitro conditions with high 
substrate/enzyme ratios as it has been proposed 
for OMT from Populus nigra [8]. When ferulic 
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Fig. 6. Autoradiography of thin layer chromatography analysis of OMT activity in E. coil extracts with 0.1/~Ci of S-adenosyl-L- 
(14C-methyl)-methionine and 2.5 mM of caffeic acid. Also shown are negative controls of E. coli bacterial extract (without plas- 
mid) with the labelled cofactor, caffeic acid and buffer (1); extract of bacteria with plasmid lacking the insert (2); extract of bac- 
teria with plasmid and an insert unrelated to OMT (3); reaction mixture (with labelled SAM, caffeic acid, and buffer) without extract 
(4); and extract of bacteria with plasmid and the OMT insert, with labelled SAM but without caffeic acid (5). Extract of bacte- 
ria with pUC plasmid and the OMT insert, with caffeic acid and labelled SAM (6). Bacterial extract with pBluescript SK + plasmid 
and the OMT insert in the opposed orientation (7), and in pBluescript KS + (correctly oriented) (8). Lanes 9 to 12: similar an- 
toradiography using only 0.05 mM of caffeic acid; as in lane 8, but with this lower concentration of caffeic acid (9); the same with 
a deletion between the two ribosome-binding site strings (10); roots extracts with lower caffeic acid and SAM-[ 14C] (11); and the 
same without caffeic acid (12). Lane 13 is a UVpattern of a thin-layer chromatography of the caffeic, ferulic and 
3,4-dimethoxycinnamic acids (arrows from top to bottom) as a control to evaluate the RFs of the observed spots. 

acid, its isomer isoferulic acid (methylated at 
para-position), and sinapic acid are added at high 
concentrations, no methylating activity was ob- 
served (data not shown). 

Discussion 

In this paper we report the characterization of the 
lignin O-methyltransferase gene from maize. 
Clones corresponding to the cDNA and genomic 
sequences have been obtained and sequenced. 
The initial clone MR18 was obtained after differ- 
ential screening, carried out in order to obtain 
genes highly expressed in the radicular system. 
The complete sequence of the protein was ob- 
tained from both cDNA and genomic clones and 
it is identical in all these cases. One of the cD- 
NAclones  contains the complete coding se- 
quence and it allows to determine the position of 
the single intron observed in the gene and to ob- 
tain expression of the protein in bacterial extracts. 

The identification of the protein coded by 
clones MR18 and MC1 as a lignin O-methyl- 
transferase comes from two different lines of evi- 
dence: the sequence homology and the specific 
activity in extracts from bacteria containing the 
cDNA insert that has been compared with the 
corresponding activity in crude plant extracts. 
A high homology was found with the lignin 
O-methyltransferase sequences recently reported 
from alfalfa and aspen [20, 6]. These genes, both 
from dicotyledonous species, have 86 ~o of simi- 
larity between themselves. With the sequence of 
maize, a monocotyledonous plant, the level of 
homology is about 60~o. We were also able to 
detect 20 ~o identity with bovine OMT and OMT 
from Rhodobacter capsulatus. In contrast, no sig- 
nificant homology levels, even within the boxes of 
conserved sequences, were observed with the rat 
or human catechol O-methyltransferase [41, 3] or 
with the alfalfa cafeoyl-CoA 3-O-methyltrans- 
ferase [43]. These differences could partially be 
explained by the substantially lower molecular 



weights of these proteins [6]. The alignment 
among the five homologous sequences produces 
a number of conserved domains as it is shown in 
Fig. 2. Boxes I, III and IV are probably involved 
in the interaction with SAM as can be deduced 
by a homology comparison among different en- 
zymes requiring this cofactor [25]. Box II prob- 
ably represents an extension of the conserved re- 
gion included in box I. Box V is a hydrophilic 
domain also conserved in this alignment of 
O-methyltransferases. 

By northern analysis it can be concluded that 
the maize OMT mRNA is preferentially accumu- 
lated in the elongation zone of the roots during 
development, but minor accumulation is observed 
in other parts of the plant except in pollen, where 
no transcripts were detected. The accumulation 
of the mRNA is related to the elongating tissues 
of the plant as it is observed in the correspond- 
ing part of the root and mesocotyl. In such tissues 
lignification of the vascular system is very active. 
This is in agreement with a correlation between 
lignin biosynthesis and the accumulation of 
mRNA from this gene. 

From Southern blotting results of plant ge- 
nomic DNA a single gene copy seems to be 
present in maize genome. In other plants, for in- 
stance in tobacco, two COMT isoforms of 38.5 
and 39.5 kDa were reported, but no genetic data 
are available [24]. In cabbage, also two isoforms 
of 42 + 2 kDa were described but no sequences 
were reported [11 ]. In agreement with this, two 
isoforms of 41 kDa have also been described in 
alfalfa and from Southern analysis at least two 
genes seem to be present in the genome [48]. In 
aspen, only one protein band of about 45 kDa has 
been obtained after purification [5] but an OMT 
gene family of about three genes has been sug- 
gested from Southern analysis [6]. If other OMTs 
exist in maize they should be quite different in 
sequence and therefore with low homology with 
the one reported here. 

Extracts from bacteria transformed with the 
MC 1 cDNA, cloned in the appropriate orienta- 
tion in pUC and pBluescript, show activity in the 
methylation of caffeic acid to ferulic acid and 3,4- 
dimethoxycinnamic acid. Such activity is detected 
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although the insert is out of frame with respect to 
the lacZ polypeptide. The same was described for 
the two homologous genes previously reported 
from aspen and alfalfa [6, 20]. In both cases it 
was suggested that the inserts have their own ac- 
tive ribosome-binding sites, but the possible sig- 
nals implicated in this phenomenon were not de- 
scribed. In the nucleotide sequence of both genes 
it is possible to observe purine-rich sequences 
located in the equivalent position with respect to 
the functional Shine-Dalgarno string of the maize 
sequence and also near methionine residues in the 
correct frame. In the maize 5'-coding region of 
the cDNAsequence two purine-rich regions 
(AGGAGG) can be found, which are identical to 
the E. coli consensus ribosome-binding site. Both 
are at the correct distance to a corresponding 
methionine residue located in the coding frame 
(Fig. 1). A deletion of the cDNA clone located 
between the two putative ribosome-binding sites 
was done having the insert also out of frame and 
in the appropriate orientation with respect to the 
lacZ promoter. With such construction no enzy- 
matic activity was detected in the bacterial ex- 
tracts. Therefore, only the first Shine-Dalgarno 
sequence in the 5' ~ 3' direction could explain the 
functional translation of the enzyme. If it is the 
case, the lack of 18 residues in the N-terminal end 
does not have any apparent effect on the correct 
activity of the enzyme. 

At a high substrate concentration (2-3 mM 
caffeic acid), both meta- and para-O-methylation 
is detected producing ferulic acid and 3,4- 
dimethoxycinnamic acid, respectively, as previ- 
ously reported [ 8]. With lower amounts of sub- 
strate in the reaction mixture (10-50 gM) only an 
analogous pattern of meta-specific O-methylation 
is observed, identical in both bacterial or plant 
tissue extracts. This is in agreement with the 
meta-specificity of the protein and suggests that 
the same enzyme is acting in both cases. More- 
over, in 9-day-old coleoptile extracts (not shown) 
substantially lower levels of methylation produc- 
ing ferulic acid were detected, in agreement with 
the lower expression of the gene observed in this 
tissue by slot blot analysis. In plant extracts with- 
out adding caffeic acid, no methylated compound 



866 

is detected,  indicat ing tha t  only  low a m o u n t s  o f  

free caffeic acid are present  in p lan t  cells. There-  

fore, in appropr ia te  condi t ions  ferulic acid is the 

main  p r o d u c t  o f  the react ion,  and  it seems tha t  in 

physiological  condi t ions  only  the single meta-  
specific O-methyla t ion  o f  caffeic acid occurs .  

In  conclus ion ,  the caffeic acid O-methyl-  
t ransferase  gene f rom maize  has  been c loned and  

its sequence and  pa t te rn  o f  express ion has  been 

obta ined.  The  c loned gene m a y  be a useful sys tem 
to s tudy the process  o f  lignification in m o n o c o t -  

y l edonous  plants  and  the cont ro l  o f  genes  pref- 

erentially expressed in the radicular  system. The  

express ion o f  the prote in  in bacter ia l  extracts  m a y  

also be useful to s tudy  the specificity o f  the en- 

zyme.  
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