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The biosynthesis of monolignols can potentially occur via two
parallel pathways involving free acids or their coenzyme A (CoA)
esters. Caffeic acid 3-O-methyltransferase (COMT) and caffeoyl
CoA 3-O-methyltransferase (CCOMT) catalyze functionally identi-
cal reactions in these two pathways, resulting in the formation of
mono- or dimethoxylated lignin precursors. The activities of the two
enzymes increase from the first to the sixth internode in stems of
alfalfa (Medicago sativa L.), preceding the deposition of lignin.
Alfalfa CCOMT is highly similar at the amino acid sequence level to
the CCOMT from parsley, although it contains a six-amino acid
insertion near the N terminus. Transcripts encoding both COMT
and CCOMT are primarily localized to vascular tissue in alfalfa
stems. Alfalfa CCOMT expressed in Escherichia coli catalyzes
O-methylation of caffeoyl and 5-hydroxyferuloyl CoA, with prefer-
ence for caffeoyl CoA. It has low activity against the free acids.
COMT expressed in E. coli is active against both caffeic and
5-hydroxyferulic acids, with preference for the latter compound.
Surprisingly, very little extractable O-methyltransferase activity
versus 5-hydroxyferuloyl CoA is present in alfalfa stem internodes,
in which relative O-methyltransferase activity against 5-hy-
droxyferulic acid increases with increasing maturity, correlating
with increased lignin methoxyl content.

Lignin is a complex phenylpropanoid polymer that is
located in the cell walls of conducting and supporting
tissues such as vascular elements and phloem fibers, where
it provides hydrophobicity and mechanical strength. It is
also utilized by plants as an inducible physical barrier
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against pathogen infection (Vance et al., 1980). The chem-
ical treatments needed to remove lignin during the paper-
pulping process are expensive and environmentally un-
friendly (Boudet and Grima-Pettenati, 1996). Lignin also
negatively affects forage digestibility (Albrecht et al., 1987;
Sewalt et al., 1997c), the extent of which depends on its
monomeric composition (Buxton and Russell, 1988), tissue
distribution (Akin, 1989), and phenolic functionality
(Sewalt et al., 1997a). Thus, there is currently considerable
interest in the prospects for altering lignin quantity or
quality by genetic engineering (Boudet and Grima-
Pettenati, 1996; Campbell and Sederoff, 1996; Sewalt et al.,
1997b, 1997c).

The building blocks of lignin are hydroxylated and me-
thoxylated monomers derived from cinnamic acid. In di-
cotyledonous angiosperms, the major precursors are co-
niferyl and sinapyl alcohols, giving rise to the G
(monohydroxy, monomethoxy) and S (monohydroxy, di-
methoxy) components of the copolymer. A well-accepted
pathway for the synthesis of these monomers involves
methylation of caffeic acid to yield ferulic acid, followed by
5-hydroxylation of ferulate and a second methylation to
yield sinapate (Fig. 1). In angiosperms, a bifunctional OMT
appears to be involved in these conversions (Davin and
Lewis, 1992), catalyzing the methylation of both caffeic and
5-hydroxyferulic acids, although it is generally referred to
as COMT (EC 2.1.1.6). COMT has been purified from a
wide range of plant species, including alfalfa (Medicago
sativa L.) and poplar (Edwards and Dixon, 1991; Van
Doorsselaere et al., 1993), and has been cloned from alfalfa,
aspen, corn, tobacco, poplar, eucalyptus, and zinnia (Bugos
et al., 1991; Gowri et al., 1991; Collazo et al., 1992; Dumas
et al,, 1992; Jaeck et al., 1992; Poeydomenge et al., 1994; Ye
and Varner, 1995). COMT transcripts are present at highest
levels in organs containing vascular tissue (Bugos et al.,
1991; Gowri et al., 1991; Collazo et al., 1992). OMTs active
against caffeic acid are induced at the onset of lignification
in plants responding to infection by viruses (Jaeck et al.,
1992) and fungi (Maule and Ride, 1976). Reduction of

Abbreviations: CCOMT, caffeoyl CoA 3-O-methyltransferase;
COMT, caffeic acid 3-O-methyltransferase; G, guaiacyl; OMT, O-
methyltransferase; S, syringyl.
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Figure 1. Alternative pathways for the methyl-
ation of monolignols. The enzymes are: PAL,

L-phenylalanine ammonia-lyase; C4H, cin- PAL C4H

namate 4-hydroxylase; C3H, coumarate 3-hy-
droxylase; COMT, bispecific caffeic acid/5-
hydroxyferulic acid O-methyltransferase; F5H,
ferulate 5-hydroxylase; CC3H, coumaroyl CoA
3-hydroxylase; CCOMT, bispecific caffeoyl/5-
hydroxyferuolyl CoA O-methyltransferase; 4CL,
coumarate (hydroxycinnamate) CoA ligase;
CCR, cinnamoyl CoA reductase; and CAD, co-
niferyl alcohol dehydrogenase. Dashed arrows
represent reactions that have yet to be clearly
demonstrated in vitro. cDNA clones encoding
enzymes marked in bold were obtained from
alfalfa. In some species, 4CL has very little ac-
tivity with sinapate as substrate.

Acid

COMT activity by antisense expression in transgenic plants
results in changes in lignin content and/or composition
(Dwivedi et al., 1994; Ni et al., 1994; Atanassova et al., 1995;
Van Doorsselaere et al., 1995; Sewalt et al., 1997c). Brown-
mid-rib mutants of maize and sorghum, which have al-
tered lignin composition and reduced lignin concentration,
have been shown to be deficient in COMT (Grand et al.,
1985; Vignols et al., 1995) or COMT and cinnamyl alcohol
dehydrogenase (Pillonel et al., 1991). Thus, a considerable
body of evidence implicates COMT as an important en-
zyme of lignin biosynthesis.

Work with parsley and carrot cell-suspension cultures
has drawn attention to an alternative pathway for methyl-
ation of hydroxycinnamic acid derivatives. An enzyme that
converts caffeoyl CoA to feruloyl CoA (CCOMT, EC
2.1.1.104; Fig. 1) was shown to be induced by elicitor treat-
ment in both systems (Kiithnl et al., 1989; Pakusch et al.,
1989). This enzyme was proposed to be involved in the
synthesis of wall-esterified ferulic acid as a component of
the plant’s defense response (Kiihnl et al., 1989; Pakusch et
al., 1989). More recently, however, studies of vascular dif-
ferentiation in isolated mesophyll protoplasts of zinnia
have shown that CCOMT transcripts and activity are
highly induced during appearance of tracheary elements,
whereas COMT activity did not correlate with lignification
of these elements in this system (Ye et al., 1994). COMT
transcripts appeared to be localized to phloem and xylem
fibers rather than to tracheary elements in zinnia stems (Ye
and Varner, 1995). Strong down-regulation of bispecific
COMT by antisense expression in tobacco and poplar leads
to the production of lignin with a decreased S:G ratio that
also contains 5-hydroxy-G residues (Atanassova et al., 1995;
Van Doorsselaere et al., 1995). This suggests that COMT and
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CCOMT may be functionally redundant with respect to
methylation of the caffeate moiety but that CCOMT does not
effectively methylate the 5-hydroxyferulate moiety in vivo.
Clearly, more studies of the biochemical properties of
CCOMT and its expression relative to that of COMT are
needed.

Little is known about the comparative developmental
expression of both COMT and CCOMT in the same species.
Although it has been shown that the two enzymes are
differentially expressed in zinnia stems (Ye and Varner,
1995), this study did not address how the enzymes change
during stem development in relation to changes in lignin
content and composition. After characterizing and cloning
alfalfa COMT (Edwards and Dixon, 1991; Gowri et al.,
1991), we have now isolated and functionally characterized
a cDNA clone encoding the alfalfa CCOMT. We present
here a comparative study of the developmental expression
and catalytic properties of alfalfa COMT and CCOMT.
These studies provide a basis for the targeted genetic ma-
nipulation of lignin biosynthesis in a key forage crop by
altering expression of multiple OMTs.

MATERIALS AND METHODS
Sampling of Alfalfa (Medicago sativa L.) Tissue

Internodes from greenhouse-grown alfalfa plants (cv
Apollo) were ground under liquid nitrogen and part of the
powdered tissue was stored at —70°C for enzyme assays.
The remaining portion was freeze dried for lignin analyses.
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Chemicals

5-Hydroxyferulic acid was synthesized via 5-hydroxy-
vanillin by the methods of Banerjee et al. (1962) and Pearl
and Beyer (1951). Its structure was confirmed by 'H-
and "C-NMR analysis. CoA esters of caffeic and
5-hydroxyferulic acids were prepared according to the
method of Stockigt and Zenk (1975), and identified and
quantified spectrophotometrically as described by Liideritz
et al. (1982).

Enzyme Extraction and Assay

Powdered plant tissue was extracted for 20 min at 4°C in
extraction buffer (100 mm Tris-HCl, 0.2 mm MgCl,, 2.0 mm
DTT, and 10% [v/v] glycerol). The extraction buffers for
COMT and CCOMT differed in pH (7.2 for COMT, 7.5 for
CCOMT). After the sample was centrifuged (12,0008, 4°C,
10 min), extracts were desalted on a PD-10 column (Phar-
macia). Soluble-protein concentration in the enzyme ex-
tracts was determined using the Bradford dye-binding re-
agent (Bio-Rad) with BSA as the standard. Enzyme
activities were assayed as described previously for COMT
(Gowri et al., 1991) and CCOMT (Ni et al., 1996).

When reaction products were monitored by HPLC, non-
labeled S-adenosyl L-Met was used as a methyl donor. The
reaction was terminated by addition of 10 uL of 1 N HCL
After the insoluble material was removed by centrifugation
at 10,000¢ for 5 min, 20 nL of supernatant was subjected
directly to HPLC as follows: column, ODS2 (Waters, 5 um,
250 X 4.6 mm); gradient elution, solvent A (1% H;PO,) and
solvent B (CH;CN) (gradient: 0-5 min, 5% solvent B; 5-10
min, 5-10% solvent B; 10-25 min, 10-17% solvent B; 25-35
min, 17-29% solvent B; 35-36 min, 29-100% solvent B);
flow rate, 1.0 mL/min; detection, diode array.

Determination of Lignin Concentration

Powdered tissue was freeze dried, ground to pass a
1-mm sieve, and extracted with boiling neutral detergent
(Van Soest et al., 1991) using filter bags in a batch fiber
analyzer (ANKOM, Fairport, NY). The residual neutral
detergent fiber, a pectin-free cell wall preparation, was
oven dried (55°C) and used for quantitation of Klason
lignin according to the work of Kaar et al. (1991), modified
for microanalytical scale. Briefly, 100 mg of neutral deter-
gent fiber was suspended in 1 mL of 72% H,SO, in 50-mL
reaction tubes kept in a water bath at 30°C for 1 h. The
initial hydrolysis was followed by dilution to 4% H,SO,
and autoclaving at 121°C for 1 h. The hydrolysis mixture
was passed through a previously tared glass-fiber filter
(Whatman grade 934 AH, particle retention 1.5 mm) in a
tared 30-mL gooch crucible of medium porosity (pore size,
4-5.5 um). The residue (Klason lignin) and filter were oven
dried overnight (105°C) and weighed. Acid-soluble lignin
was estimated in the filtrate by UV absorption at 205 nm
(Technical Association of the Pulp and Paper Industry,
1989).

Determination of Lignin Methoxyl Content

Lignin methoxyl groups were determined by reaction of
Klason lignin with 3 mL of hydriodic acid (57%) in 22-mL
vials equipped with Teflon-lined valves and heated for 25
to 30 min at 130°C in a dry bath (Baker, 1996). After the
sample was cooled on ice an appropriate amount of inter-
nal standard (ethyl iodide) and 3 mL of pentane were
added (through the valve). The mixture was vortexed and
placed on ice for 2 min to minimize volatilization, and 1 mL
of the pentane phase was placed in glass vials for GC
analysis of methyl iodide (released from lignin methoxyl
groups) and ethyl iodide (internal standard). The GC col-
umn and conditions were as described by Baker (1996) with
the following adaptations: the column temperature was
40°C for 2 min, then increased to 80°C (10°C/min), and
then held at 80°C for 1 min; the run time was 7 min.
Accuracy of the quantitation was confirmed by comparison
of the GC method with standard T 209 su-72 (Technical
Association of the Pulp and Paper Industry, 1972), using a
mixed hardwood lignin sample.

RNA-Blot Analysis

RNA was prepared according to the method of Chom-
czynski and Sacchi (1987). Samples of total RNA (10 ng)
were fractionated on a formaldehyde/denaturing gel ac-
cording to standard procedures (Sambrook et al., 1989) and
blotted to a Hybond N nylon membrane (Amersham) ac-
cording to the manufacturer’s instructions. Blots were
probed with *?P-labeled alfalfa COMT and CCOMT cDNAs
and washed at high stringency (final wash 0.2X SSC and
0.1% SDS at 68°C).

Tissue Print Analysis

Plants with at least eight internodes were sampled.
Counting from the top (the youngest internode), tissue
prints and corresponding stem sections were prepared for
the second, third, fifth, and seventh internodes.

Nylon membranes (GeneScreen, DuPont) were used
without pretreatment. The membrane was placed on top of
three layers of Whatman 1MM paper. The face of the stem
freshly cut with a double-edge razor blade was printed
onto a membrane for 15 to 30 s. After printing, the stem
was sectioned to a 100-mm thickness and then stained for
1 min with 1% aqueous safranin O for observation of stem
anatomy. The printed membrane was UV illuminated us-
ing a UV Stratalinker (Stratagene), air dried overnight,
washed in 0.2X SSC and 1% SDS for 2 h at 65°C, and
prehybridized for 2 h at 68°C in DIG Easy Hyb (Boehringer
Mannheim).

Plasmids containing alfalfa COMT and CCOMT cDNAs
in pBluescript SK(—) were linearized by digestion with
either HindIII or Smal and used as templates for the in vitro
synthesis of digoxigenin-labeled sense and antisense RNA
probes. The probes were synthesized according to the man-
ufacturer’s protocol (Boehringer Mannheim). Hybridiza-
tion of the probes to the membrane was carried out at 68°C
for 16 h. The membrane was washed two times for 10 min
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each in 2X SSC and 0.1% SDS at room temperature and
then two times for 20 min each in 0.2X SCC and 0.1% SDS
at 68°C. Immunological color detection of digoxigenin-
labeled probes was performed using anti-digoxigenin-
alkaline phosphatase and nitroblue tetrazolium/5-bromo-
4-chloro-3-indolyl-phosphate p-toluidine salt (Boehringer
Mannheim) according to the manufacturer’s instructions.

Expression of COMT and CCOMT in E. coli

COMT and CCOMT cDNAs were expressed in E. coli
from the pBluescript SK(—) (Stratagene) vector, as de-
scribed previously for alfalfa COMT (Gowri et al., 1991).
The polylinker region at the 5" end of the pCCOMT1 open
reading frame was modified by the addition of 4 bp to
place the CCOMT-coding sequence in-frame with the lacZ
initiation codon, with no intervening stop codons. This was
done by filling in BamHI recessed ends followed by blunt-
end re-ligation.

All procedures were performed at 4°C unless otherwise
stated. E. coli DH5« transformed with pBluescript SK(—),
pCOMT1, or pCCOMT1 was grown at 37°C in Luria-
Bertani medium (Bio101, Inc., Vista, CA) with 50 pg/mL
ampicillin until the culture reached stationary phase. The
cells were harvested by centrifugation for 15 min at 3,800g
and resuspended in a buffer containing 100 mm Tris-HCl,
pH 7.5, 2.0 mm DTT, 0.20 mm MgCl,, and 10% glycerol.
Insoluble materials were removed by centrifugation at
10,000g for 5 min. The resultant supernatant was desalted
on a PD-10 column (Pharmacia) and then concentrated
using Centricon-10 (Amicon, Beverly, MA). OMT activities
of the protein solution were examined as described above
with the following modifications: the reaction was per-
formed for 20 min at 30°C, and the reaction mixtures (50
L) contained 100 mm Tris-HCI, pH 7.5, 2.0 mm DTT, 0.20
mmM MgCl,, 10% glycerol, 0.1 mm each phenolic substrate,
0.06 mm [**C]S-adenosyl L-Met (13 mCi/mmol), and 20 ug
of protein.

RESULTS AND DISCUSSION
Activity of COMT and CCOMT in Relation to Lignification

Individual alfalfa internodes of progressive maturity
were assayed for COMT, CCOMT, and Klason lignin. A
typical profile is shown in Figure 2, in which total amounts
of enzyme activity per internode are compared with total
lignin accumulation (in milligrams) per internode. A large
increase in activity of both COMT and CCOMT occurred
before complete elongation (in the third visible internode)
and was maintained during active lignification. Appar-
ently, the first large increment in lignin accumulation lags
behind the initial increase in activity of methylating en-
zymes by about 36 to 48 h (the approximate time difference
in development of consecutive internodes). CCOMT activ-
ity appeared to be higher than that of COMT in this exper-
iment, although activities of the two enzymes were more
similar to each other in subsequent experiments (see be-
low). This apparent discrepancy might be due to the fact
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Figure 2. Activities of OMTs in developing alfalfa stem internodes.
Total activities of COMT (white bars) and CCOMT (shaded bars) are
shown in individual alfalfa internodes in relation to the total amount
of lignin (line) per internode.

that the concentration of caffeic acid in the COMT assay
was 0.5 mM in the experiment shown in Figure 2 but 0.1
mM (the concentration of caffeoyl CoA in both experi-
ments) in the experiment shown in Figure 7.

Molecular Cloning of Alfalfa CCOMT

PCR amplification of parsley genomic DNA was used to
obtain a partial-length CCOMT sequence for screening an
alfalfa ¢cDNA library prepared from RNA isolated from
elicited cell cultures (Dalkin et al., 1990). The primers used
for PCR amplification corresponded to nucleotides 470 to
490 and 896 to 916 of the parsley CCOMT sequence
(Schmitt et al., 1991) and resulted in the amplification of a
900-bp fragment, as opposed to the predicted 446-bp frag-
ment, suggesting the presence of an intron. After the iden-
tity was confirmed by sequence analysis of 3" and 5’ ends,
the partial clone was used to screen the alfalfa cDNA
library. A single, full-length alfalfa CCOMT cDNA was
isolated, which was 83% identical and 93% similar to the
parsley CCOMT at the amino acid level (Fig. 3). The nu-
cleotide sequence of the alfalfa CCOMT cDNA can be
found in the GenBank database, accession no. U20736. The
alfalfa CCOMT had a six-amino acid insertion in the
N-terminal region compared with the parsley enzyme. This
insertion is not present in CCOMT from zinnia (Ye et al.,
1994) or Stellaria longipes (Zhang et al., 1995). Its presence in
alfalfa CCOMT was confirmed by sequencing two addi-
tional independent clones from the cDNA library.

Southern-blot analysis indicated three hybridizing frag-
ments recognized by the CCOMT probe in alfalfa genomic
DNA digested with Dral, three fragments in EcoRI digests,
and six fragments in EcoRV digests (data not shown).
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Pc MASNGESK...... HSEVGHKSLLQSDALYQYILETSVYPREPEAMKELR 44
Ms MATNEDQKQTESGRHQEVGHKSLLQSDALYQYILETSVFPREHEAMKELR 50
*

*

Pc EVTAKHPWNLMTTSADEGQFLNMLLKLINAKNTMEIGVYTGYSLLATALA 94
Ms EVTAKHPWNIMTTSADEGQFLSMLLKLINAKNTMEIGVYTGYSLLATALA 100

Pc LPDDGKILAMDINRENYEIGLPITIEKAGVGHKIDFREGPALPVLDHMLED 144
Ms IPEDGKILAMDINKENYELGLPVIKKAGVDHKIDFREGPALPVLDEMIKD 150

* * * %

Pc GKYHGTFDFVFVDADKDNYINYHKRLIDLVKIGGLIGYDNTLWNGSVAQP 194
Ms EKNHGSYDFICVDADKDNYLNYHKRLIDLVKVGGVIGYDNTLWNGSVVAP 200

* K *
Pc ADAPMRKYVRYYRDFVIELNKALAADPRIEICMLPVGDGVTLCRRIS 241
Ms PDAPLRKYVRYYRDFVLELNKALAVDPRIEICMLPVGDGITICRRIK 247

Figure 3. Comparison of the deduced amino acid sequences of
alfalfa (Ms) and parsley (Pc) CCOMT. Six additional amino acids
were found in the N-terminal region of the alfalfa sequence. Asterisks
indicate nonconservative differences.

None of these enzymes cuts within the CCOMT open
reading frame. In view of the tetraploid nature of alfalfa,
CCOMT is probably encoded by at least two genes in the
alfalfa genome.

Developmental Expression of COMT and CCOMT
Transcripts in Alfalfa

The expression patterns of CCOMT transcripts in tissues
of developing alfalfa plants were first determined using
RNA-blot analysis (Fig. 4). CCOMT transcripts were most
strongly expressed in stems, roots, and petioles, with low
expression in nodules, flowers, and leaves. Maximal levels
in stems were observed at 3 to 4 weeks of development,
and the highest level of transcripts in stem tissue appeared
to be in the third and fourth internodes. Measurement of
CCOMT activities in the same internode samples as ana-
lyzed in Figure 4 gave values (pkat/mg protein) of 6.9
(internodes 1 and 2), 20.7 (internodes 3 and 4), 19.6 (inter-
nodes 5 and 6), and 17.4 (internodes 7 and 8), showing a
good correlation between enzyme activity and transcript
level except in internodes 5 and 6. Probing the same blot
with a COMT probe revealed a nearly identical pattern of
developmental expression, with highest levels of expres-
sion in stems and roots after 3 to 4 weeks of development
(data not shown). These observations confirm the results of
previous alfalfa COMT transcript expression studies of
Gowri et al. (1991).

In zinnia, COMT and CCOMT transcripts are differen-
tially localized to different cell types during vascular de-
velopment (Ye and Varner, 1995). To examine the cellular
distribution of COMT and CCOMT transcripts in alfalfa
stems, tissue prints were made of alfalfa stem internodes at
different developmental stages. The location of the hybrid-
ization signal was determined by superimposition of the
signals on the tissue prints with sections stained to show
the cellular anatomy. Transcripts encoding both COMT
and CCOMT were localized to the vascular tissue where
lignin is deposited (Fig. 5). However, the temporal and
spatial expression of the OMT transcripts was not identical.
In the second internode, both COMT and CCOMT tran-

scripts were localized to xylem tissue, most probably in the
region in which xylem was differentiating. In contrast,
COMT transcripts in the third and fifth internodes were
mainly localized to xylem, whereas CCOMT transcripts
were detected in both xylem and phloem. Signals for both
COMT and CCOMT transcripts were faint in tissue prints
of the seventh internode but were still clearly localized to
xylem (data not shown). Control hybridizations with
COMT and CCOMT sense RNA probes gave no signal on
prints of any of the internodes.

The above localization pattern is different from that re-
ported in zinnia, where COMT transcripts were predomi-
nantly localized to phloem fibers and CCOMT transcripts
were mainly present in the xylem of the younger inter-
nodes (Ye and Varner, 1995). However, in addition to
demonstrating that both COMT and CCOMT can be ex-
pressed in the same cell types in alfalfa, our data are also
consistent with the hypothesis of Ye and Varner (1995) that
the two enzymes may be involved in the formation of
different types of lignin in different cell types.

Substrate Specificities of Alfalfa COMT and CCOMT

Expression studies in E. coli were performed for two
reasons: first, to provide functional evidence for the iden-
tity of the presumed CCOMT cDNA, especially in view of
the sequence insertion at the N terminus, and second, to
obtain information concerning the relative substrate spec-
ificities of COMT and CCOMT. In particular, the activities
of the two enzymes against 5-hydroxyferuloyl CoA had not
been tested until now. Alfalfa COMT (Gowri et al., 1991)
and CCOMT cDNAs were engineered into the pBluescript
E. coli expression vector. The target protein accumulation

Roots Nodules Shoots Stems
(week) (week) (week) (week)

1 2 3 4 3 4 1 ¢ 3 4

Leaves  Growing Petioles g
(week) pt. (week) (week) S Stemn Segments
3 4 3 4 3 4 [ 1-2 34 56 78

CCOMT

®" s

Figure 4. Tissue distribution of CCOMT transcripts in developing
alfalfa seedlings. Total RNA from various alfalfa organs harvested
from plants grown for the number of weeks shown was subjected to
northern-blot analysis, using the full-length alfalfa CCOMT sequence
as probe. The numbers for stem segments indicate internode number
from the top of the plant. The blot was reprobed with an rRNA
sequence to check for loading and transfer efficiency. pt., Point.
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Figure 5. Tissue print localization of COMT and CCOMT transcripts in alfalfa stem internodes. Pictures indicate anatomy
and COMT and CCOMT transcript distribution in the second (A-C), third (D-F), and fifth (G-I) internodes from the top of
the stem. A, D, and G show sections stained with safranin O. B, E, and H are corresponding tissue prints hybridized with
a COMT antisense probe, and C, F, and | are prints hybridized with a CCOMT antisense probe. p, Phloem; and x, xylem.
Bars = 1.0 mm.

in the bacterial cell lysate was not induced significantly by The protein extracts from E. coli harboring pCCOMT1
addition of isopropyl-B-thiogalactopyranoside (up to 1 methylated CoA esters efficiently (Table I). The activity
mmM) as previously demonstrated (Gowri et al., 1991). was absent in controls using the cell lysate from E. coli
Therefore, stationary-phase culture without isopropyl-g- transformed with the vector pBluescript SK(—). The
thiogalactopyranoside treatment was used as an enzyme CCOMT-mediated reaction was also monitored by HPLC
source. (Fig. 6). A small but significant conversion of the CoA

Table 1. Relative activities of E. coli expressed alfalfa COMT and CCOMT against hydroxycinnamic acids and their corresponding
CoA esters

Activities are expressed as specific activities (pkat/mg protein), means * sp (n = 2).

Substrate
Plasmid
Caffeic acid 5-Hydroxyferulic acid Caffeoyl CoA 5-Hydroxyferuloyl CoA
pBluescript SK(—) 0.0 £ 0.0 0.0 = 0.0 0.1 0.0 0.1 £0.0
pCOMT1 8.8 £ 0.6 (1)° 19.5 0.4 (2.2) 3.8 +0.0(0.4) 10.1 = 0.9 (1.1)
pCCOMT1 0.4 £0.0(1) 5.4 £ 0.4 (15.5) 46.0 = 1.0 (131) 26.5 = 1.7 (75)

* Numbers in parentheses indicate activities relative to that for caffeic acid.
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Figure 6. O-Methylation of hydroxycinnamoyl
CoA esters by alfalfa CCOMT expressed in E.
coli. HPLC chromatogram of the OMT reaction
mixture using 5-hydroxyferuloyl CoA as sub-
strate. For conditions, see “Materials and Meth-
ods.” Each peak was identified by direct compar-
ison with authentic standards (B and D) and/or its
UV/visible spectrum. A, 5-Hydroxyferuloyl CoA;
B, 5-hydroxyferulic acid; C, sinapoyl CoA; and
D, sinapic acid. No free acids (B and D) or si-

D napoyl CoA (C) were detected when the assay

mixture was incubated without protein solution
(upper trace).
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esters to free acids was observed, which might be due to
esterases present in the protein extracts. However, the
UV /visible spectrum of the compound corresponding to
product peak C in Figure 6 confirmed that it was indeed a
CoA ester (sinapoyl CoA, data not shown). These results
confirm that the pPCCOMT1 cDNA clone encodes a protein
with CCOMT activity.

Cell-free extracts of the CCOMT-expressing bacteria also
methylated free hydroxycinnamic acids. The activity with
caffeic acid was less than 1% of that with caffeoyl CoA,
whereas activity with 5-hydroxyferulic acid was about 20%
of that with the corresponding CoA ester. The ratio of
methylation of caffeoyl CoA to 5-hydroxyferuloyl CoA in
the extracts of pCCOMT1-transformed E. coli was 1.7,
whereas that of caffeic acid to 5-hydroxyferulic acid in
pCOMT1-transformed bacteria was 0.45 (Table I). Thus,
CCOMT preferentially methylates at the caffeoyl level, and
COMT preferentially methylates at the 5-hydroxyferuloyl
level.

The cell-free extracts of E. coli transformed with
pCOMT1 showed significant activity with the CoA esters
(Table I), in good agreement with previous results (Meng
and Campbell, 1996). However, no CoA ester products
could be detected by HPLC (data not shown). Therefore,
the substrates that are methylated by COMT in assays in
which products are not individually separated are most
likely the free acids formed by hydrolysis of the CoA esters
in the protein extracts.

Few studies have determined the relative substrate pref-
erences of COMT and CCOMT against both caffeic and
5-hydroxyferulic acids and their CoA esters. Aspen lignin
OMT purified after expression in E. coli has relative activity
ratios of 100:220:36 against caffeic acid, 5-hydroxyferulic
acid, and caffeoyl CoA, respectively (Meng and Campbell,
1996), similar to the results reported here for alfalfa COMT.
In contrast, a novel multifunctional OMT has recently been
cloned from loblolly pine (Li et al., 1997). This enzyme,
when expressed in yeast, catalyzes the O-methylation of
caffeic acid, 5-hydroxyferulic acid, caffeoyl CoA, and
5-hydroxyferuloyl CoA in relative activity ratios of 100:76:
86:68.

Developmental Patterns of OMT Substrate Preference in
Alfalfa Stem Tissue in Relation to Lignin Composition

Protein extracts from individual internodes of young
alfalfa stems were assayed for OMT activity using
caffeic acid, 5-hydroxyferulic acid, caffeoyl CoA, and
5-hydroxyferuloyl CoA as substrates under the appropriate
assay conditions for COMT or CCOMT. Activities with
caffeic acid and caffeoyl CoA were similar in this experi-
ment (in contrast to the results shown in Fig. 2) and in-
creased in parallel, preceding the changes in lignin depo-
sition as shown in Figure 2. However, the highest activity
occurred with 5-hydroxyferulic acid, and the ratio of activ-
ity with 5-hydroxyferulic acid to that with caffeic acid
increased with increasing developmental age (Fig. 7). This
correlated with a steady increase in overall lignin methoxyl
group content in successive internodes, suggesting an in-
creased lignin S:G ratio, in agreement with the results of
recent detailed analyses of lignin deposition during alfalfa
stem differentiation (Vallet et al., 1996). Surprisingly, how-
ever, in view of the activity of both COMT and CCOMT
with 5-hydroxyferuloyl CoA when expressed in E. coli,
only very low activity with this compound was observed in
alfalfa stem extracts, and this did not change significantly
with developmental age. This contrasts with the situation
in loblolly pine stem extracts, in which activity with
5-hydroxyferuloyl CoA is higher than with either caffeic or
5-hydroxyferulic acids (Li et al., 1997). In zinnia cells dif-
ferentiating tracheary elements, OMT activity with
5-hydroxyferuloyl CoA is approximately one-half that with
caffeoyl CoA, but both activities increase in parallel during
vascular differentiation (Ye et al., 1994).

It was recently demonstrated that another enzyme of
lignin biosynthesis, 4-coumarate:CoA ligase, has a different
substrate specificity for the (hydroxy) cinnamate moiety
when expressed in E. coli than it does when assayed in stem
extracts (Lee and Douglas, 1996), and it was suggested that
additional cellular factors may be involved in controlling
the substrate specificity of this enzyme. It is therefore now
important to re-evaluate the substrate specificity of COMT
and CCOMT following exhaustive purification from alfalfa
stem extracts.
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Figure 7. OMT substrate preference in alfalfa stem internodes in
relation to lignin composition. A, Lignin content in individual inter-
nodes (counting from the top). DM, Dry matter. B, Lignin methoxyl
content. C, OMT activity against free acid substrates. O, Activity
against caffeic acid; @, activity against 5-OH ferulic acid. D, OMT
activity against CoA esters. O, Activity against caffeoyl CoA; @,
activity against 5-hydroxyferuloyl CoA. Error bars represent sb above
and below the mean (n = 3 individual plants).

In developing wheat seedlings, OMT activity against
caffeic acid peaks early in development, prior to lignin
deposition, and then declines, whereas OMT activity
against 5-hydroxyferulic acid parallels the later process of
lignification (Lam et al., 1996). In monocots, early esterifi-
cation of cell wall arabinoxylans with ferulate residues may
require a different OMT from that involved in lignification.
Although the ratio of OMT activity with 5-hydroxyferulic
acid compared with caffeic acid increases during develop-
ment in alfalfa stems, the coordinated increase in both
activities is still consistent with the involvement of a single
class of bifunctional OMT for methylation of caffeic and
5-hydroxyferulic acids.

Implications for the Genetic Engineering of Lignin

The data indicating that CCOMT activity is at least as
high as COMT activity throughout development in alfalfa
stems and that both COMT and CCOMT are preferentially
expressed in stem vascular tissue point to the probable
importance of both OMTs in lignification. These observa-
tions also suggest the possible operation of a metabolic grid
for the formation of monolignols. For example, 5-hy-
droxyferulate could in theory be converted to sinapoyl
CoA through the COMT reaction or, following CoA ester-
ification, via the CCOMT reaction. Such a metabolic grid
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would provide a route for by-passing a metabolic block
imposed via antisense down-regulation of one of the OMTs
in transgenic plants.

Experiments in which COMT has been down-regulated
by antisense technology have sometimes, but not always,
resulted in a decrease in the lignin S:G ratio (Dwivedi et al.,
1994; Ni et al., 1994; Atanassova et al., 1995; Van Doors-
selaere et al., 1995; Sewalt et al., 1997c). The differences in
the results of different groups might be explained on the
basis of different relative activities of COMT and CCOMT
in the species under study or in tissues of the same species
examined at different developmental stages. Our observa-
tion of the different substrate (caffeate moiety versus
5-hydroxyferulate moiety) preferences for COMT com-
pared with CCOMT predicted a decrease in the S:G ratio on
down-regulation of COMT in transgenic alfalfa, in view of
the preferential activity of COMT in the production of the
S moiety. The relatively poor utilization of the CoA ester
pathway for the formation of S lignin that would be pre-
dicted from our results is consistent with the observation
that a mutation in ferulate 5-hydroxylase in Arabidopsis
leads to formation of lignin lacking S units (Chapple et al.,
1992).

Experiments are now in progress that utilize antisense
strategies to down-regulate COMT and CCOMT singly
and in combination. These studies should confirm
whether each enzyme can compensate for reduced expres-
sion of the other, and whether they make identical
or different contributions to the final pattern of lignin
methoxylation.
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