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ABSTRACT

Cinnamyl alcohol dehydrogenase (CAD; EC 1.1.1.195) is an indicator of
lignin biosynthesis because of its specific role in the reduction of
hydroxycinnamaldehydes to hydroxycinnamyl alcohols. This protein
catalyzes the final step in a branch of phenylpropanoid pathway specific for
production of lignin monomers. In this study, a full length cDNA of CAD
(AhCAD) from the inner bark tissue of interspecific hybrid Acacia
mangium X Acacia auriculiformis was obtained by rapid amplification of
cDNA ends (RACE). The full length AhCAD was 1346 bp; containing a
1089 bp open reading frame (ORF), which encodes a polypeptide of 363
amino acids, with a 5° untranslated region of 65 bp and a 3’ untranslated
region of 192 bp. The deduced protein had a calculated molecular weight of
39.99 kDa and an isoelectric point of 5.9. The AhCAD sequence was
compared with deduced polypeptide sequences of other isolated plant CAD
enzymes. A conserved zinc-containing alcohol dehydrogenase motif in all
plant CADs was found in the encoded AhCAD amino acid sequence. The
encoded polypeptide exhibited sequence similarity to CADs from different
plants, the highest identities being to CADs from Medicago sativa (69 %)
and Nicotiana tabacum (67 %).

Keywords: Cinnamyl alcohol dehydrogenase (CAD), molecular cloning,
cDNA full length, interspecific hybrid Acacia mangium x Acacia
auriculiformis

INTRODUCTION

Lignin is a plant phenolic biopolymer made up of three main p-hydroxycinammyl
alcohol precursors or monolignols, namely p-coumaryl, coniferyl and sinapyl
alcohols. It is mainly found in the vascular tissues, where it waterproofs the cell
wall and enables transport of water and solutes through the vascular system
(Hawkins et al. 1997). Lignin is crucial for structural integrity of the cell wall,
stiffness and strength of the stem and provides defense against pathogen attack
(Boudet et al. 1995). Monolignols are 'synthesized by enzymes involved in general
phenylpropanoid pathway followed by enzymes that are specifically involved in
lignin biosynthesis, namely cinnamoyl-CoA reductase and cinnamyl alcohol
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dehydrogenase (CAD). Monolignols are then polymerized to form lignin on
secondary cell walls, and the polymerization is thought to be catalyzed by
peroxidases and/or laccases (Lewis & Yamamoto 1990; Whetten & Sederoff 1995).

Among the enzymes involved in lignin biosynthesis, CAD has recently
become the focus of a number of studies on molecular basis of lignification. Several
CAD proteins and genes have been isolated and characterized in different plants but
their roles have not been clearly understood (Baucher et al. 1998). Until recently,
CAD proteins were generally believed to catalyze the final step of monolignol
biosynthesis, which is the reduction of the hydroxycinnamyl aldehydes to the
corresponding hydroxycinnamyl alcohols. CAD has been purified from Nicotiana
tabacum (Halpin et al. 1992), Eucalyptus gunnii (Goffner et al. 1992; Hawkins &
Boudet 1994), Pinus taeda (O’Malley et al. 1992) and Ardia cordata (Hibino et al.
1993b). cDNA clones have also been isolated for CAD from Nicotiana tabacum
(Knight et al. 1992), Pinus taeda (O’Malley et al. 1992), Eucalyptus gunni (Grima-
Pettenati et al. 1993) and Aralia cordata (Hibino et al. 1993a).

Isoforms of CAD have been detected in angiosperms, which can display an
enhanced substract specificity preference for sinapylaldehyde and coniferaldehyde
(Wyrambik & Grisebach 1975; Sarni et al. 1984; Goffner et al. 1992; Grima-
Pettenati et al. 1993). This has lent support to a model in which the last step in the
biosynthesis of guaiacyl and syringyl monolignols in angiosperms is mediated by a
broad spectrum CAD capable of reducing both coniferaldehyde and sinapaldehyde
(Boudet et al. 1995; Whetten & Sederoff 1995). In contrast, there is so far only one
gene encoding CAD that has been detected and purified from gymnosperm
lignifying tissues. This CAD is coniferaldehyde specific with insignificant catalytic
activity toward sinapaldehyde, consistent with the biosynthesis of mainly guaicyl
lignin in these species (Liideritz & Grisebach 1981; O’Malley et al. 1992; MacKay
et al. 1995; Zinser et al.1998). However, CAD activity has also been detected in
apparently non-lignified tissues, and monolignols are involved in biosynthesis of
non-lignin products such as lignan (Lewis & Yamato 1990) and surface polymers
such as suberin and cutin (Kolattukudy 1981).

Lignin is an undesired plant product during the processing of pulp and
paper. In order to better understand the role of CAD in the lignin biosynthesis in
interspecific hybrid A. mangium x A. auriculiformis, cloning and characterization of
this gene has been carried out in this study. We report here the isolation and
sequence analyses of AhCAD from the inner bark tissues of the hybrid Acacia.

MATERIALS AND METHODS
Plant materials
Inner bark tissues of an interspecific hybrid 4. mangium x A. auriculiformis were

obtained from Terrace W, Plant Biotechnology Laboratories, Universiti Kebangsaan
Malaysia, Bangi, Malaysia. The tree was pollarded at 0.5 m height. The bark was
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peeled and inner bark tissues were scraped into a clean plastic bag, dropped directly
into liquid nitrogen and stored at 80°C until needed.

RNA isolation

Total RNA was extracted using RNeasy Midi Kit (Qiagen, Germany), and mRNA
was isolated from total RNA using Dynabeads oligo-(dT);s (Dynal, Norway)
according to the manufacturer’s instructions. RNA concentration was determined by
UV spectrophotometry.

5’-RACE, PCR cloning and DNA sequencing

5’-RACE was performed by using SMART™ RACE cDNA Amplification Kit
(Clontech, USA). cDNA was prepared according to the manufacturer’s instructions.
Primer used for 5’RACE was designed based on 3’ ESTs for CAD from the cDNA
library of Acacia hybrid (Wickneswari et al. 2004) by using Primer3 (http://www-
genome.wi.mit.edu/cgi-bin/primer/primer3). The sequence of the primer was 5’
GAC CAG CCT ATC ACC TGG CAC ACT G 3’. The PCR was performed
according to the suggested touch-down PCR cycles in the manufacturer’s manual.
The fragment was purified and cloned into pPGEMT-Easy cloning vector (Promega,
USA). The cloned cDNA fragment was sequenced in both directions by the dideoxy
chain termination method using BigDye terminator cycle sequencing kit with
Ampli-Tag DNA polymerase FS (PE Applied Biosystems). The sequences were
checked and edited by using Chromas Lite 1.0
(http://www technelysium.com.au/chromas14x.html).

Sequence analysis

BLASTP (Altschul et al. 1997) was used to identify homologues of the AhCAD
protein by comparing the nucleotide sequences translated into open reading frames
against protein databases (http://www.ncbi.nih.gov). Analyses of the molecular
weight and theoretical isoelectric point were performed by using Compute pI/Mw
tool at http://us.expasy.org/tools/pi_tool.html. Patterns and motifs of the amino acid
sequence  were  analyzed by  using  ScanProsite  available  at
http://us.expasy.org/tools/scanprosite/. Multiple alignment of the deduced amino
acid sequence of AhCAD and other higher plant species was done using
BOXSHADE 3.21 program (www.ch.embnet.org/software/BOX_form.html).

RESULTS AND DISCUSSION

For the first time in Acacia species, a cDNA coding for the CAD enzyme has been
studied. The primer, designed for 5’-RACE yielded a fragment of 750 bp which was
cloned and sequenced in both directions. The partial 5’-sequence was then analyzed
using BLASTN (Altschul et al. 1997) to confirm the gene before being digitally
combined to the partial 3’-sequence generated from the cDNA library to get the full
length cDNA sequence for AhCAD.
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The full length AhCAD sequence (GenBank accession number AY769938)
was 1346 bp long with one major open reading frame of 363 amino acids extending
from 66-1155 bp, with a 5’ untranslated region of 65 bp and a 3’ untranslated region
of 192 bp (Figure 1). The nucleotide sequences around the ATG start codon are in
agreement with both the eukaryotic consensus sequence of Kozak with a purine in
position —3, and a guanine in position +4 (Kozak 1984). A potential
polyadenylation site recognized by the sequence ATTAAA (position 1267), and a
stop codon sequence TTAAA that agrees with the stop codon sequence
preferentially utilized by higher plants (Gallie 1993) were also found.

The AhCAD gene encodes a protein with calculated molecular weight of
about 40 kDa, and an isoelectric point of 5.9. The first CAD from woody
angiosperm isolated from Eucalyptus gunni was 1.39 kb and 38.8 kDa (Feuillet et
al. 1993). In Arabidopsis thaliana, 9 putative CAD clones showed different lengths
ranging from 1.07 to 1.13 kb and molecular mass from 38.7 to 40.9 kDa (Kim et al.
2004). The Fxacadl cDNA sequence isolated from Fragaria X ananassa cv.
Chandler was 1.4 kb long with the predicted molecular mass of 39.3 kDa (Blanco-
Portales et al. 2002). Thus, the predicted molecular mass of AhCAD agrees well
with the molecular weights of other CADs.

Multiple alignment of AhCAD and other plant CAD sequences (Figure 2)
revealed several regions of high homology. A motif for zinc-containing alcohol
dehydrogenase: (GHEXXGXXXXXGXXV) found between residues 68-82 in this
polypeptide sequence is in agreement with other plant CADs (Grima-Pettenati et al.
1993; Hibino et al. 1993b) This indicates that the AhCAD protein can be classified
as a zinc-containing alcohol dehydrogenase. Besides, a GXGXXG motif was found
between the amino acid residues 188-193, which is identified as an NADP-binding
domain (Jornvall et al. 1987).

The AhCAD has several features present in the zinc-containing alcohol
dehydrogenase. The putative ligands of the catalytic zinc, Cys-47, His-69 and Cys-
163 are found in the AhCAD amino acid sequence. Cysteines 100, 103, 106 and 114
are four putative ligands that have been identified as structural zinc (Vallee & Aulds
1990; Grima-Pettenati et al. 1993). An NADP-specific residue, Ser-216, which is
suggested to determine the cofactor specificity of CAD enzymes, was also found
highly conserved with other plant CADs (Vallee & Aulds 1990; Knight et al. 1992;
Grima-Pettenati et al. 1993). The AhCAD also exhibits a SKL motif, which
putatively involved in peroxisomal targeting (Gould et al. 1988) and is specific in
CAD protein (Blanco-Portales et al. 2002).

The comparison of Acacia hybrid AhCAD nucleotide and protein sequences
in the GenBank revealed a significant identity with other CAD proteins ranging
from 78% to 83 % and from 42 % to 69 % at the nucleotide and amino acid levels
respectively. This high degree of consensus between the AhCAD amino acid
sequence and other sequences corresponding to CAD enzymes from higher plants
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strongly suggests Acacia hybrid ¢cDNA encoding a CAD enzyme has been
successfully isolated.

1 GACATTCTTTCTTCTTCTTCTTCTTCTCTCTTTTTTCCTCCCTGTCTCTCTCTGTGTGAGAC 62
* * kkk
63 AACATGGGAAGCATTGAAGGAGAAAGAACAACAGTTGGATGGGCTGCAAGAGACCCTACT 122
M G 8 I B G B, R.T T -V G Wi 3 R pi-pwp
123 GGGATTCTCTCTCCATACACCTTCAATCTCAGGAACACGGGGCCTGATGATGTGTATATT 182
Go Il P oy B N CIERENSI SR SR S v T
183 AAGGTTCACTACTGTGGAATCTGCCACTCCGATCTGCATCAGATTAAGAATGATCTTGGC — 242
RN Y S BT Ol SsyDas o0 Ten K M D b 110
243 ATGTCCAATTATCCCATGGTTCCTGGGCATGAGGTGGTTGGAGAAGTGATCGAGGTGGGT — 302
M8 N enP Moo VPl B B Ve Ve G Ry ST R Y. O
303 TCCAATGTGACCAAGTTTAAGGTCGGAGAAGTGGTTGGAGCAGGACTCATCGTTGGCAGC — 362
POE P K UV 6 R_voy e et TV -G 8
363 TGCCGGAATTGCAGGGCATGCAAATCTGACATTGAGCAATATTGTGGCAAGAAGATCTGG 422
CoNp N o R R € R S D T B0 YO LR R R T W
423 AATTACAACGATGTGTACACCGATGGAAAACCCCCCCAAGGTGGCTTTGCTGAAACCATG 482
N oSveN Spoye¥ T D e K P E-C00E SESERee R SR ST N
483 ATCGTCGATCAAAACTTCGTTGTGAAGATACCGGAGGGGATGTCACCGGAGCAAGTGGCG — 542
T VoD OGN P WV VKT T DUVE S DNS e e ey ey
543 CCACTGTTATGCGCCGGCGTGACGGTGTACAGTCCACTGTCACACTTTGGGCTGAGAGAT 602
s v T el S i S el - R g e
603 AGTGGGCTAAGAGGAGGAATATTGGGACTTGGAGGAGTGGGACACATGGGTGTGAAAGAT 662
SOG AL R Ne T LG IRNG GV G S BN S D
663 AGGGGAAGGGCGGATTGGAAACACCCAGTGTGCCAGGTGATAGGCTCGTCGGAGAAGAGA 722
Ri-G ReDD W B HSDIV co 0L W ST GRS B R TR R
723 AAGAAGGAGGCTAGGGAGACCTTGGAGCAAACGATTATGTGGTTAAGTTCAGATGAAACT 782
Ok ARAGR R SR A B0 DT N e TGS D Biia T
783 CAGATGCAGAAGATTGCTGATTCTCTGGATTATATTATTGATACCGTACCGGTGGGTCAC 842
oW i1t v oy R > R TR v e s s G R (A
843 CCTCTTGAGCCTAATCTTTCTTTGCTAAAAATTGATGGCAAGTTGATCTTAATGGGTGTT 902
Pasl Rl paN sl R eRe - B G Rl i M G oY
903 ATCAACACTCCTTTGCAATTCGTTAGCCCCATGGTCATGCTTGGGAGGAAGACGATAACA 962
TN T P B0 F Y oS P M VM LG IRRG T T
963 GGAAGCTTCATAGGGAGCATAAAGGAGACAGAAGAGATGTTAGAATTCTGGAAAGAGAAG 1022
GaSTE T -G 8§ I K -l OT U mENESTEE e S SR K TSR
1023 GGTCTGAGTTCAATGATAGAGATGGTGAAGATGGATTACATAAACAAGGCACTTGAGAGG 1082
LS SN 1R MUV KM ST RS SRR Sl
1083 TTGGAGAAGAACGATGTGAGGTATAGGTTCGTGGTTGACGTTGCTGGCAGCAAACTTGAT 1142
L EKNODVRYRTFUVVDVAG EEERE o
1143 GATCATCAGTGAAACAATATTTACAGCAGCCATTCCTATACTTTCTTACATAACCTTTTG 1202
D SHEO
1203 CTAAATGTATGATTATGAATATGATGCCTCACAGATGTTTGTCGTGTTACGTTGTGTGGA 1262
1263 ATATATTAAATGTGCTCTGTTTTCCCTTTTCAAAGAATTCCCAAATTTGATGTCGGAARA 1322
1323 AAAAAAAAAAAAAAARAAAAARAR 1346

Figure 1. Nucleotide and amino acid sequences for AhCAD. Putative start codon,
stop codon and the polyadenilation site are underlined. Asterisks indicate
nucleotides matchmg the consensus start codon found in plants (Gallie, 1993).
Motifs for zinc-containing alcohol dehydrogenase and NAD/NADP" are boxed.
Conserved amino acid pattern for plant CAD is in bold. The SKL motif, only
present in CAD protein motif, is highlighted in black.

The information obtained from the AhCAD sequence and the

characterization of the gene is vital for understanding the lignin biosynthesis
pathway in the Acacia hybrid. The AhCAD sequence is being employed to study the

93



Molecular cloning and characterization of cinnamy! alcohol

expression pattern of this gene through real-time RT-PCR. The available AhCAD
sequence could also be used to study AhCAD polymorphisms in the development of
molecular markers for high quality wood pulp in marker-assisted selection breeding
program for Acacia hybrid.
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Figure 2. Multiple alignment of the deduced amino acid sequence of AhCAD and
other higher plant species. Consensus amino acids are in black boxes and conserved
amino acids are shaded. Open dot (0) indicates the Cys-47, His-69 and Cys-163
residues conserved in all plant CADs. Asterisks indicates the cysteine residues
identified as structural ligands. Arrow indicates the residue Ser-216 which
distinguishes NADP from NAD in the enzyme family. The GenBank accession
numbers are AAR83343 for Populus tomentosa, T09141 for Populus deltoids,
BAAO03099 for Aralia cordata, P31655 for Eucalyptus gunnii, S23525 for
Nicotiana tabacum, AY769938 for Acacia mangium x Acacia auriculiformis
(AhCAD), S49444 for Pinus taeda, S39509 for Picea abies, S28043 for
Arabidopsis thaliana and AAK28509 for Fragaria X ananassa.
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