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Abstract We report the isolation and characterization of three cDNAs encoding cinnamyl alcohol dehydrogenase (CAD)
from Carthamus tinctorius (safflower). All three recombinant CADs were able to reduce coniferaldehyde and sinapaldehyde
into coniferyl alcohol and sinapyl alcohol, respectively, and were designated as CtCAD1, CtCAD2, and CtCAD3.
Phylogenetic analysis of CAD amino acid sequences and homology modeling revealed that CtCAD1 and CtCAD3 were
closely related to the sinapaldehyde-specific aspen (Populus tremuloides) sinapyl alcohol dehydrogenase (PtreSAD). CtCAD2
was in a clade containing class I plant CADs. Gas chromatography-mass spectrometry-based kinetic analysis using two
different substrates, coniferaldehyde and sinapaldehyde, indicated that the CtCADs showed no strong preference for either
substrate. CtCAD2 has the highest catalytic efficiency (k. /Ky) (81.49mM™" min~' and 95.3mM ™" min™! for coniferaldehyde
and sinapaldehyde, respectively) compared with the other CtCADs. Inhibition kinetics showed that coniferaldehyde was a
stronger inhibitor than sinapaldehyde for all CtCADs. Quantitative real-time PCR revealed that CtCAD2 was expressed at
higher levels than CtCADI and CtCAD3 in all samples, except developing seeds at 3 days after flowering, where CtCADI
had a higher expression level. In plant protein assays with coniferaldehyde and sinapaldehyde, plant protein extracted from
seeds at 7 days after flowering, showed the highest specific activity. The product yields in plant protein assays were strongly
correlated with gene expressions of CtCAD2 and CtCAD3 in the respective organs.
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Lignin is a major component of the secondary cell wall
of vascular plants, where it fills the spaces between
cell wall polysaccharides. It confers mechanical
strength and makes the cell wall impervious (Boerjan
et al. 2003). Therefore, this biopolymer makes an
important contribution to the overall development of
vascular plants. Lignin is biosynthesized via oxidative
coupling of p-hydroxycinnamyl alcohols (monolignols)
and related compounds formed in the cinnamate/
monolignol pathway (Umezawa 2010). Cinnamyl
alcohol dehydrogenase (CAD) is an NADPH-
dependent enzyme responsible for the last reductive

step in the monolignol biosynthesis pathway, in which
p-hydroxycinnamaldehydes, such as coniferaldehyde
and sinapaldehyde, are reduced into their respective
monolignols (Higuchi 2006; Kutsuki et al. 1982;
Umezawa 2010) (Figure 1). p-Hydroxycinnamyl alcohols
are precursors of lignin, and are also the precursors
of phenylpropanoid dimers known as lignans and
neolignans, which are of interest mainly because of their
medicinal values (Umezawa 2003).

Lignin formation in gymnosperms involves only
one CAD isoform per species (Li et al. 2012; Ma 2010;
Mackay et al. 1995; O’Malley et al. 1992). Individual

Abbreviations: CAD, cinnamyl alcohol dehydrogenase; CoOAOMT, p-hydroxycinnamoyl CoA O-methyltransferase; GCMS, gas chromatography-mass
spectrometry; MAFFT, multiple alignment using fast Fourier transform; OMT, O-methyltransferase; PCR, polymerase chain reaction; qRT-PCR,
quantitative real-time PCR; SAD, sinapyl alcohol dehydrogenase.

The accession numbers of the cDNAs used in this research are as follows: Apium graveolens mannitol dehydrogenase (MTD), AF067082;
Arabidopsis thaliana CADI, BT008840; Arabidopsis thaliana CAD5, NM_119587; Arabidopsis thaliana ELI3-2, X67815; Camptotheca acuminata
10-hydroxygeraniol oxidoreductase (HGO), AY342355; Carthamus tinctorius CAD1, AB576772; Carthamus tinctorius CAD2, AB576773; Carthamus
tinctorius CAD3, AB576774; Eucalyptus gunnii CAD2, X65631; Eucalyptus globulus CAD, AF038561; FragariaXananassa cv. Chandler CADI,
AF320110; Medicago sativa CAD, AF083332; Nicotiana tabacum CADI, X62343; Nicotiana tabacum CAD2, X62344; Ocimum basilicum geraniol
dehydrogenase (GEDH), AY879284; Petroselinum crispum ELI3, X67817; Pinus taeda CAD1, Z37992; Pinus taeda CAD2, Z37991; Populus tremuloides
CAD, AF217957; Populus tremuloides SAD, AF273256; Oryza sativa CADI-1, DP000086.1; Oryza sativa CADI1-2, DP000086.1; Oryza sativa CAD4,
DP000010.2; and Vitis vinifera CAD2, XM_002277339.
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Figure 1. Last step of monolignol biosynthesis involving cinnamyl
alcohol dehydrogenase.

angiosperm species, in contrast, have a number of
CAD isoforms. These isoforms can show difterent or
comparable characteristics (Goftner et al. 1992; Kim et
al. 2004; Li et al. 2001; Mansell et al. 1976; Pillonel et al.
1992; Wyrambik and Grisebach 1975). Wyrambik and
Grisebach (1975) undertook one of the earliest studies
of different plant CAD isoforms. They isolated and
characterized two CAD isoforms that showed different
substrate specificities from soybean cell suspension
cultures. Eucalyptus gunnii was also reported to have
several CAD isoforms. Goffner et al. (1992) reported
the isolation of two structurally distinct CAD isoforms
from E. gunnii. One E. gunnii CAD (EgCADI1) was
only capable of catalyzing coniferaldehyde reduction,
whereas the second CAD (EgCAD?2) reduced a wider
range of substrates: coniferaldehyde, sinapaldehyde, and
p-coumaraldehyde. Interestingly, a cDNA encoding an
EgCADI-type enzyme showed higher similarity to CCRs
(cinnamoyl CoA reductases) than to typical plant CADs
(Goftner et al. 1992).

Although intensively studied, the physiological
roles of CAD isoforms and the complexity of their
relationships in individual species remain unclear
(Barakat et al. 2009). Elucidating the role of CADs
in the monolignol pathway will provide a better
understanding of the nature of lignin, lignan, and
neolignan formation, including the determination of
the syringyl-guaiacyl composition in lignin polymers.
In 2001, Li et al. isolated a CAD-encoding cDNA from
Populus tremuloides (aspen), and its recombinant protein
selectively reduced sinapaldehyde, giving rise to sinapyl
alcohol. This enzyme was re-annotated as sinapyl
alcohol dehydrogenase (PtreSAD). This finding led to
the hypothesis that CAD isoforms with high homology
to PtreSAD should exhibit similar characteristics.
However, in Arabidopsis thaliana lignin biosynthesis,
no sinapaldehyde-specific CAD (SAD) activity has been
detected from CAD enzymes homologous to PtreSAD
(Kim et al. 2004; Sibout et al. 2005). Although AtELI3-2

(AtCADS8 or At4g37990) showed a high similarity to
PtreSAD, the recombinant protein expressed from the
gene showed similar specific activities towards both
coniferaldehyde and sinapaldehyde (Kim et al. 2004).
This is also the case for Nicotiana tabacum SAD2 as
demonstrated by Barakate et al. (2011). Nevertheless,
research on sinapaldehyde-specific CADs are important
and can lead to strategies for increasing syringyl lignin
content, which can significantly improve effectiveness in
kraft pulping (Bugos et al. 1991).

Developing seeds of Carthamus tinctorius (safflower)
produce significant amounts of lignin and lignans
(Sakakibara et al. 2007). In the present study, we isolated
two C. tinctorius CAD ¢cDNAs (CtCADI and CtCAD3)
that showed high similarity to PtreSAD and one CtCAD
cDNA (CtCAD2) that showed high similarity to
PtreCAD. The CtCADs were characterized biochemically
using their recombinant proteins. None of the CtCADs
showed a strong substrate preference for sinapaldehyde,
including CtCAD1 and CtCADS3, despite their high
identity and structural similarity with PtreSAD. The
three CADs showed distinguishable characteristics.
CtCAD2 and CtCAD3 are most likely involved in
lignin and lignan biosynthesis, with different degrees of
significance.

Materials and methods

Isolation and cloning of C. tinctorius CAD cDNAs
The cloning and isolation of cDNAs encoding C. tinctorius
CADs were performed by screening a lambda ZAPII cDNA
library prepared from developing seeds of C. tinctorius
collected at 12 DAF (days after flowering) (Nakatsubo et al.
2007). Conserved regions of the Pinus taeda CAD cDNA
(GenBank accession no. Z37992) and Populus tremuloides
SAD cDNA (AF273256) (Li et al. 2001) were used as probes by
labeling their NADP- and Zn-binding sites with **P using the
DECAprime II Random Priming DNA Labeling Kit (Ambion,
Austin, TX, USA). The probes were used to conduct two rounds
of screening.

Phylogenetic analysis

Sequences of the CtCAD clones were aligned with those of
other plant CADs using the E-INS-i method in the “multiple
alignment using fast Fourier transform” (MAFFT) 5.0 program
(Katoh et al. 2005), and visualized by Bioedit (Hall 1999). A
phylogenetic tree was created by the Neighbor-joining method
using MAFFT 5.0 (Katoh et al. 2005). The phylogenetic tree was
viewed and edited using Dendroscope (Huson et al. 2007).

Quantitative real-time PCR analysis

For quantitative real-time PCR (qRT-PCR), we used SYBR
green-based chemistry (Applied Biosystems LLC, Foster City,
CA, USA). All primers were designed from their corresponding
cDNA sequences using the Primer Express software (Applied
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Biosystems). For CtCADI, the forward primer 5-TGT AAT
GGCACCAGATGCAAAG-3' and reverse primer 5'-CAA
TAA ACT CAG AGA GAAATCAAACTCAA-3" were used to
amplify a 69-bp amplicon from the CtCADI 3'-untranslated
region (UTR). For CtCAD2, the forward primer 5'-ATGTTA
ACCGGATGCAGGAGTT-3' and reverse primer 5'- CAA
CGA GAGGCTCGGTTCA-3" were used to amplify a 79-bp
amplicon from the CtCAD2 coding region. For CtCAD3, the
forward primer 5'-GGT TGC TTC GAT GTG TGC TT-3’
and reverse primer 5'-TCGTTC AAA ACCAAGATTGTT
TTATG-3" were used to amplify an 82-bp amplicon from the
CtCAD3 3'-UTR.

Total RNA samples were isolated from C. tinctorius
developing seeds (harvested at 3, 4, 6, 9, 12, 15, and 18 DAF),
stems, and leaves using the Plant RNeasy extraction kit
(Qiagen, GmbH, Hilden, Germany) or the method of Bugos et
al. (1995). Standard curves were generated using serial dilutions
of CtCAD-plasmid solutions of known concentrations.
Ribosomal RNA was chosen as the internal reference for
normalization (Bustin 2000) of the expression profile, and was
quantified using Tagman Ribosomal RNA Control Reagents
(Applied Biosystems). Amplification and fluorescence
measurements were performed using an ABI 7300 real-time
PCR apparatus with default parameters.

Total plant protein assays with coniferaldehyde
and sinapaldehyde

All of the substrates and internal standards used in enzyme
assays were prepared previously (Sakakibara et al. 2007). C.
tinctorius seeds at different developmental stages (6, 7, 8, 9,
10, 12, 14, 15, and 16 DAF), stems, and leaves were harvested
and stored in liquid nitrogen until use. Each sample (0.5g) was
crushed in liquid nitrogen using a chilled mortar and pestle
along with 100 mg each of sea sand and polyclar AT. After
reaching ice temperature, 1.75ml chilled 0.1 M potassium
phosphate buffer (KPB) pH 7.5 containing 10 mM dithiothreitol
(DTT) was added. The sample was ground until it became a fine
slurry and then centrifuged at 10,000Xg at 4°C for 15min. The
supernatant was filtered through a Millex-GV PVDF 0.22-um
diameter filter (Millipore, Carrigtwohill Co., Cork, Ireland) and
submitted to a Sephadex G-25 column (Pharmacia, Uppsala,
Sweden) to change the buffer to 50mM Tris-HCI (pH 8.0). The
obtained protein solution was immediately used for enzyme
assays with coniferaldehyde or sinapaldehyde in an enzyme
assay mixture containing 50 mM Tris-HCI buffer (pH 8.0),
250 uM f3-mercaptoethanol, 50 uM NADPH, and 120 ul of cell-
free plant protein solution. The reactions were carried out at
30°C for 60 min. The reactions were terminated by extraction
with ethyl acetate containing internal standards (coniferyl
alcohol-d; or sinapyl alcohol-d;), dried up, and stored in —20°C
until use.

Analyses of all enzyme assays in this study were carried
out by gas chromatography-mass spectrometry (GCMS)
analysis according to Nakatsubo et al. (2007). GCMS analysis
was performed using a Shimadzu QP-5050A GC-MS system
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(Shimadzu Co., Kyoto, Japan) [electron impact mode (70
eV); column: Shimadzu HiCap CBP10-M25-025 (20m X
0.22mm); carrier gas: helium; injection temperature: 240°C;
column temperature, 40°C at t=0 to 2min, then to =230 at
25°C min™'] or a Shimadzu QP-2010 plus GC-MS system
[electron-impact mode (70 eV); column, Shimadzu HiCap
CBP10-M25-025 column (10m X 0.22mm); carrier gas,
helium; injection temperature, 250°C; column temperature,
80°C at t=0 to 2min, then to 250°C at 10°C min™!]. Dried
samples were dissolved in N, O-bis(trimethylsilyl)acetamide,
heated at 60°C for 45 min to produce their trimethylsilyl (TMS)
derivatives and then subjected to GCMS analysis.

Statistical analysis

Data obtained from qRT-PCR and plant protein assays were
collected from three identical experiments. The normal
distribution of the collected data was tested using the Shapiro-
Wilk normality test in the “R” software suite (R development
team 2011). To determine statistical significance among data
sets, depending on normality of the data and number of data
sets compared, one-way ANOVA, the Kruskal-Wallis test, or an
independent t-test in Brightstat (Stricker 2008) was used. The
correlations between CtCAD expression and specific activity of
total plant protein towards coniferaldehyde and sinapaldehyde
were determined by linear regression and Pearson correlation
tests in Brightstat (Stricker 2008).

Expression of recombinant CtCADs in Escherichia
coli

PCR was used to introduce an Ndel site at the 5'-end and a
Notl site at the 3’end of the coding sequences of the CtCAD
clones, using sense primers (CtCADI, 5'-TCATAT GTCACT
AGA GTCAGT GCA-3'; CtCAD2,5'-TCATATGGGAAGTTT
GAA AGA AGA AAG-3'; CtCAD3, 5'-TCA TAT GGT GAA
ATCTCCAGA AGC-3') and antisense primers (CtCADI, 5'-
TGC GGC CGC CAT AGA AGA CTT GAG GG-3'; CtCAD2,
5'-TGCGGCCGCTTCGTCTTCGAGCTT GCT-3'; CtCAD3,
5'-TGCGGCCGCTGGAGCTTT TAGGGA GTTG-3’). The
CtCAD ORFs were then subcloned into pET23a expression
vectors with a His-tag fused at the C-terminal of the cDNA
sequences. After sequencing to confirm the accuracy of the
CtCAD-pET23a constructs, each construct was introduced
into the E. coli strain BL21 (DE3) (Novagen, San Diego, CA,
USA). The E. coli BL21 (DE3) cells transformed with CtCADI
and CtCAD2 were grown in LB medium enhanced with the
Overnight Express Autoinduction System (Novagen) according
to the manufacturer’s protocol. For CtCAD3, expression was
achieved by IPTG induction following the method of Li et al.
(2001). After harvesting the bacterial cells by centrifugation
at 2,000Xg for 10min at 4°C, the pellets were processed for
chromatography using His-bind Resin (Novagen) according to
the manufacturer’s protocol. The obtained eluate was desalted
with a Sephadex G-25 column. Confirmation of the purified
CtCAD molecular mass was performed by SDS-PAGE by
comparing it with standard proteins in the Low Molecular
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Weight (LMW) Electrophoresis Calibration Kit (Pharmacia).
The concentration of the recombinant protein was determined
using the Bradford method (Bradford 1976), with bovine serum
albumin as the standard.

Kinetic characterization of recombinant CtCADs
The basic enzyme assay mixture contained 50mM KPB
or Tris-HCI buffer, ranging from pH 6.5 to 7.5, 500 uM
B-mercaptoethanol, 50yM NADPH, and either 1214ng
(CtCAD1), 642ng (CtCAD2), or 1477ng (CtCAD3)
protein in a total volume of 200ul. The optimum pH
and temperature were determined using standard assay
conditions. A concentration ranging from 2 to 500 M of the
substrate (coniferaldehyde or sinapaldehyde) was used in the
kinetic assays. Reactions were carried out for 15min at 26°C
(CtCAD1) or 30°C (CtCAD2 and CtCAD3). The reactions were
terminated by extraction with ethyl acetate containing internal
standards (coniferyl alcohol-d; or sinapyl alcohol-d;), dried
up, and stored in —20°C until submitted to GCMS analysis.
The data was then analyzed according to the Lineweaver-Burk
equation.

All assays for inhibition kinetics were performed according
to the basic enzyme assay mixture with 50mM KPB (pH 6.5),
and incubated for 15min at 30°C. When coniferaldehyde was
used as the substrate, sinapaldehyde was introduced as the
inhibitor, and vice versa. K; values were determined according
to Dixon (1953) based on GCMS data.

Homology modeling and molecular dynamics

The SWISS-MODEL automated protein structure homology-
modeling server (Arnold et al. 2006; Bordoli et al. 2009) used
the PtreSAD crystal structure (PDB ID: 1YQD) (Bomati and
Noel 2005) as the template for CtCAD1 and CtCAD3, and
AtCADS5 crystal structure (PDB ID: 2CF6) (Youn et al. 2006)
as the template for CtCAD?2. Identity between the CtCADs and
their respective templates ranged between 68 to 79%. Bordoli
et al. (2009) mentioned that proteins that share more than 50%
identity with their template could generally be submitted to
homology modeling to produce reliable models. The models
were refined by adding missing side chains using the “complete
a structure” program on the WHAT IF server (Chinea et al.
1995; Rodriguez et al. 1998; Vriend 1990).

The structures were evaluated by three independent
methods. The first method was to calculate the Root Mean
Square Deviation (RMSD) between the backbones of the
CtCAD models and their templates by using the matchmaker
program in the Chimera software suite (Meng et al. 2006;
Pettersen et al. 2004) and SSM superpose program in the coot
software suite (Emsley et al. 2010). The second method was to
verify quality of the structures by using ProSA (Wiederstein
and Sippl 2007) and PROCHECK (Laskowski et al. 1993).

The last method for assessing the quality of the constructed
models was by submitting them to molecular dynamics using
the GROMACS software suite (Hess et al. 2008). Molecular
dynamics was performed with an OPLS-AA force field

(Kaminski et al. 2001) and the SPC/E water model (Berendsen
et al. 1987). Energy minimization using the steepest descent
minimization method was conducted until F,,, reached
=1,000kJ mol'nm™!. The CtCAD models were solvated
in a rectangular water box whose planes were set to be 1 nm
away from the surface of the models. Sodium cations were
added to neutralize the charge of the system and periodic
boundary conditions were imposed. The particle-mesh Ewald
method (Darden et al. 1993) was used to describe long-range
electrostatic interactions. The systems were equilibrated for
100ps in an NVT ensemble (constant system volume and
temperature) to reach the target temperature (300K) and
an additional 100ps in an NPT ensemble (constant system
pressure and temperature) to reach the pressure of 1 bar.
Production simulations were performed in the NPT ensemble
using the velocity rescaling thermostat (Bussi et al. 2007) and
Parrinello-Rahman barostat (Parrinello and Rahman 1981)
with 0.1 ps and 2.0 ps time constants, respectively. The length of
the simulation was 1 ns, and coordinates were saved every 2 ps
for analysis.

Visualization of the CtCAD substrate binding pockets and
their molecular surfaces were performed using the Chimera
software suite (Pettersen et al. 2004; Sanner et al. 1996).

Molecular docking

DOCK 6 (Ewing et al. 2001) was used for molecular docking
procedures of the substrates and co-substrates to the
CtCAD models at default settings, unless stated otherwise.
Structures were obtained from the RCSB Protein Data Bank:
Coniferaldehyde and sinapaldehyde from Louie et al. (2010),
and NADP* from Bomati and Noel (2005) or Youn et al.
(2006). We conducted flexible ligand docking of NADP* to the
CtCADs, which was followed with flexible ligand docking of
substrates (coniferaldehyde and sinapaldehyde) to the CtCAD-
NADP* complex, cycling through 1,000 maximum orientations
for each docking procedure.

Results

Isolation of CtCAD cDNAs

2P-labeled conserved regions of PtaeCAD cDNA and
PtreSAD cDNA were used as probes to screen the cDNA
library (ca. 1.6X10° plaques) prepared from 12 DAF
seeds of C. tinctorius. After second-round screening,
14 positive clones were obtained. Sequence analysis
of the positive clones revealed that nine showed high
sequence homology to previously isolated CADs. The
nine clones were classified into three groups. From each
group, a full-length cDNA was obtained and designated
as CtCADI, CtCAD2, and CtCAD3. The ORFs of
CtCADI1, CtCAD2, and CtCAD3 were 1,080, 1,077,
and 1,083 bp, respectively. The predicted amino acid
sequences encoded proteins with a molecular mass of
approximately 38 kDa.
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Figure 2.

Phylogenetic tree from a CAD amino acid sequence alignment, constructed using the Neighbor-joining method. The tree was generated

using MAFFT 5.0 (Katoh et al. 2005) and edited with Dendroscope (Huson et al. 2007). The classification of class I, class IT and class III are after
Barakat et al. (2009). Bootstrap confidence values (n=100) are shown at the forks.

CtCAD phylogenetic analysis

All of the deduced amino acid sequences encoded by
the CtCAD cDNAs had highly conserved zinc-binding
domains and an NADP-binding domain that were
identified in previously characterized CAD isoforms
(Knight et al. 1992; Grima-Pettenati et al. 1993; Li et al.
2001; MacKay et al. 1995). The catalytic Znl-binding
consensus and structural Zn2 consensus were identified
at amino acid residues 69 to 83 and 89 to 114 (CtCAD1),
68 to 82 and 88 to 113 (CtCAD?2), and 71 to 85 and 91 to
116 (CtCAD3), respectively. The NADP-binding domain
was located at amino acid residues 189 to 194 (CtCAD1),
188 to 193 (CtCAD2), and 191 to 196 (CtCAD3)
(Supplemental Figure S1).

Sequence identity between CAD isoforms was
deduced using the IDENTIFY matrix suite in Bioedit
(Hall 1999). CtCAD1 and CtCAD3 were closely related
to PtreSAD (68.5% and 73.7% amino acid identity,
respectively). CtCAD2, in contrast, showed high
similarity to PtreCAD (79.8% identity) (Li et al. 2001)
and AtCAD5 (74.8% identity) (Youn et al. 2006). The
CtCADs showed low amino acid sequence identities to
EgCADI1-type enzymes (8.6-10.5%), which are close to
cinnamoyl CoA reductases (CCRs) (Goffner et al. 1992).

A phylogenetic tree (Figure 2) constructed using
the neighbor-joining method showed that CtCAD1
and CtCAD3 were located in a clade that included P
tremuloides sinapaldehyde-specific SAD (PtreSAD) and
plant defense-related CADs from A. thaliana (Somssich

30,000 |

20000 (= CICADI
efr= CtCAD2

=Om CtCAD3
10,000 [

3 6 9 12 15 18  Leaf Stem
Seeds, DAF

Expression level (copy number ng! RNA)

Figure 3. Quantitative real-time PCR analysis of the expressions of
CtCADI, CtCAD2 and CtCAD3. Data are means obtained from three
identical experiments (*standard deviation).

et al. 1996), Apium graveolens (Williamson et al. 1995),
Camptotheca acuminata (Valletta et al. 2010), Ocimum
basilicum (lijima et al. 2006), Petrosilinum crispum
(Kiedrowski et al. 1992), and the lignin-related CAD
from FragariaXananassa cv. Chandler (Blanco-Portales
et al. 2002). Barakat et al. (2009) classified CADs in this
clade as class II CADs. CtCAD2 was located in a different
clade that contained class I CADs (Barakat et al. 2009)
that are involved in monolignol biosynthesis.

gRT-PCR analysis of gene expression

As shown in Figure 3, CtCAD2 was expressed at higher
levels compared to CtCADI and CtCAD3 in all organs,
except for 3 DAF developing seeds, in which the CtCADI
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expression level was higher. CtCAD2 and CtCAD3
showed similar expression patterns in developing seeds,
with the highest expressions at 6-9 DAF. Conversely, the
CtCADI expression level was highest at 3 DAF. CtCAD2
expression in the stem was comparable to that at 6-12
DAF in the seeds, while CtCAD3 expression in the stem
was lower than that in the seeds (Figure 3). CtCAD2 and
CtCAD3 were expressed at significantly higher levels in
the stem than in the leaves (p<<0.05), whereas there was
no significant difference in expression levels of CtCADI
between stems and leaves (p>0.05).

Plant protein assay
As shown in Figure 4, plant protein assays showed that
the highest specific activity was in seeds at 6 to 7 DAFE.
The specific activity gradually became lower as the seeds
matured. This was the case for both coniferaldehyde
and sinapaldehyde activities. Assays of proteins from
stems also showed considerable specific activity (approx.
20nmolh™'mg™ protein) for both coniferaldehyde and
sinapaldehyde.

Correlation analysis was conducted to analyze the
relationship between gene expression and specific activity
of total plant proteins towards coniferaldehyde and

70

50

40
=O=coniferyl alcohol

30 ={=sinapyl alcohol

2 3

Plant protein specific activity (nmol hour-' mg)

0 —_——-————a
3 6 7 8 9 10 12 14 15 16 Leaf Stem
Seeds, DAF

Figure 4. Specific activity of total plant protein of C. tinctorius
seeds at indicated developmental stages (DAF=days after flowering),
leaves, and stems, in assays with coniferaldehyde and sinapaldehyde
as substrates. Generally, coniferyl alcohol and sinapyl alcohol yields
(product) were significantly higher in assays incubated with total plant
protein from 7 DAF developing seeds (p<<0.05). The only exception
was in sinapaldehyde assays incubated with total plant proteins from
6 DAF developing seeds. Data are means obtained from three identical
experiments (*standard deviation).

Table 1.

sinapaldehyde. The results are shown in Supplemental
Table S1. CtCADI expression was not correlated with
the specific activity of total plant proteins towards
coniferaldehyde or sinapaldehyde. In contrast, CtCAD2
and CtCAD3 expressions in different organs were
strongly correlated (p<<0.001) with the specific activity
of total plant proteins for the tested substrates. However,
in contrast to the high CtCAD2 expression and high
specific plant protein activity in the stem, the expression
of CtCAD3 was relatively lower in the stem.

Preparation and kinetic analysis of recombinant
CtCADs

After purification by His-bind affinity chromatography;,
SDS-PAGE analysis of the recombinant putative
CtCADs showed apparent homogeneity (Supplemental
Figure S2). Enzyme assays showed that the recombinant
protein of all putative CtCADs reduced coniferaldehyde
and sinapaldehyde into their corresponding alcohols,
coniferyl alcohol and sinapyl alcohol, confirming their
identity as CADs.

For further characterization of the CtCADs, we
examined their substrate preferences by conducting
kinetic analyses on the purified recombinant CtCADs.
GCMS-based analysis was used to determine the
optimum assay conditions (pH, temperature, and
reaction time) for each CtCAD. We used Lineweaver-
Burk analysis to determine the kinetic attributes of each
CtCAD, including K,,, V,.... and k., values towards two
substrates (coniferaldehyde and sinapaldehyde). The
analysis indicated that there was no preferable substrate
affinity. For each CtCAD, the K, values toward both
substrates did not differ significantly (Table 1). CtCAD2
had the highest k., values for coniferaldehyde and
sinapaldehyde reduction (Table 1), in which the values
towards the substrates were approximately 3- to 90-times
greater than those obtained in reactions catalyzed by
CtCADI and CtCAD3.

Inhibition kinetics

According to Lineweaver-Burk plots from CtCAD
assays, the inhibition types for all CtCADs when
coniferaldehyde (substrate) was incubated with

Kinetic properties of CtCADs with coniferaldehyde and sinapaldehyde as substrates. All assays were conducted at 30°C, except for CtCAD1

assays (26°C), and were incubated for 15min in 50 mM potassium phosphate buffer (pH 6.5 or 7.5) or Tris-HCI buffer (pH 7.5). Results are compiled

from 2 independent experiments.

Clone Substrate K, (mM) (nmol r‘r?;:’l ug ) key (min™) (ml\]/{ch;/rIfl?n’l)
CtCAD1 Coniferaldehyde 0.068 0.019 0.728 10.62
Sinapaldehyde 0.058 0.008 0.318 5.39
CtCAD2 Coniferaldehyde 0.024 0.049 1.901 81.49
Sinapaldehyde 0.026 0.063 2.460 95.30
CtCAD3 Coniferaldehyde 0.032 0.001 0.059 2.15
Sinapaldehyde 0.055 0.002 0.081 1.38
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sinapaldehyde (inhibitor), and vice versa, were
competitive inhibitions. The K; values for coniferaldehyde
were lower than those for sinapaldehyde for all
recombinant CtCADs, indicating that coniferaldehyde
was a stronger inhibitor than sinapaldehyde. The detailed
results are shown in Table 2.

Quality assessment of the CtCAD models

CtCAD sequences were submitted to the SWISS-MODEL
automated protein structure homology-modeling server
(Arnold et al. 2006; Bordoli et al. 2009) to generate their
predicted structures. Superposition of the backbones of
CtCADI, CtCAD2, and CtCAD3 with their respective
templates using Chimera or Coot, gave RMSD values
ranging from 0.11 to 0.275A. This indicated good
structural alignment of the CtCAD models with their
respective templates. ProSa analysis showed that the
Z-scores and pseudo-energy profiles based on the
knowledge-based mean field for each model were
similar to their crystal structure templates. Furthermore,
Ramachandran plots from PROCHECK analysis revealed
that the CtCAD models also showed comparable
stereochemical properties to those of the templates

Table 2. Inhibition kinetics of CtCADs. All observed inhibitions were
competitive-type inhibitions. Kinetic parameters were determined for
the inhibition of the reduction of each substrate by inhibitors. Results
are compiled from 2 independent experiments.

S. K. Ragamustari et al.

(Supplemental Table S2).

During the 1 ns production molecular dynamics
simulation, the models were relatively stable, with
their backbone moving at an RMSD value of around 1
to 3A relative to their energy-minimized structure.
Furthermore, the radius of gyration of the models,
which is the measure of protein compactness and an
indicator of folding stability, was also stable throughout
the molecular dynamics simulation at approximately
3nm. Taking the results together, we concluded that the
CtCAD models have reasonable quality and can be used
for subsequent analyses.

Substrate-binding pockets of the CtCAD models

CtCADI1 and CtCAD3 substrate-binding sites were
constructed with the similar residues that are involved
in the PtreSAD binding-site (Bomati and Noel 2005),
while the CtCAD2 substrate-binding site resembled
to that of AtCAD5 (Youn et al. 2006). In fact, all
16 residues involved in the CtCAD2 and template
(AtCADS5) substrate-binding sites were identical with
no substitutions (Table 3). The PtreSAD substrate-
binding site consisted of 15 amino acid residues. Among
them, there were five and two residue substitutions in
the CtCAD1 and CtCAD3 substrate-binding pockets,
respectively, compared with the template. For CtCAD1,
residues ASN115, LEU122, ALA279, GLY302 (chain A),
and ALA293 (chain B) in the PtreSAD substrate-binding

Clone Substrate Inhibitor Ki M pocket were substituted with GLN112, MET120, ILE277,
CtCAD1 C‘?niferaldehyde Si“_apaldehyde 533.87 ASN300, and MET291, respectively. For CtCAD3, only
Sinapaldehyde - Coniferaldehyde 41.77 two substitutions occurred with regard to the PtreSAD
CtCAD2 Coniferaldehyde ~Sinapaldehyde 906.07 o . A . .
Sinapaldehyde Coniferaldehyde 105.62. substrate-binding site, in which GLY302 (chain A) and
CtCAD3  Coniferaldehyde Sinapaldehyde 269.02 ALA293 (chain B) in PtreSAD were substituted by the
Sinapaldehyde Coniferaldehyde 87.29 slightly larger ALA302 and MET293 in CtCAD3. These
Table 3. Residues involved in substrate-binding site of CtCADI1, CtCAD2, CtCAD3, PtreSAD, and AtCADS5. Important residues determining
substrate specificity in PtreSAD-type enzymes are shaded.
CtCAD1 CtCAD3 PtreSAD CtCAD2 AtCAD5
Chain A CYS 48 CYS 50 CYS 50 CYS 47 CYS 47
SER 50 SER 52 SER 52 THR 49 THR 49
— — — GLN 53 GLN 53
TRP 59 TRP 61 TRP 61 LEU 58 LEU 58
— — — MET 60 MET 60
HIS 70 HIS 72 HIS 72 HIS 69 HIS 69
— — — GLU 70 GLU 70
CYS 96 CYS 98 CYS 98 CYS 95 CYS 95
GLN 112 ASN 115 ASN 115 — —
TYR 114 TYR 116 TYR 116 — —
MET 120 LEU 122 LEU 122 TRP 119 TRP 119
CYS 164 CYS 166 CYS 166 CYS 163 CYS 163
ILE 277 ALA 279 ALA 279 VAL 276 VAL 276
ASN 300 ALA 302 GLY 302 PHE 299 PHE 299
ILE 301 ILE 303 ILE 303 ILE 300 ILE 300
Chain B PHE 287 PHE 289 PHE 289 PRO 286 PRO 286
ILE 290 ILE 292 ILE 292 MET 289 MET 289
MET 291 MET 293 ALA 293 LEU 290 LEU 290
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Figure 5.

substitutions contributed to the different pocket shapes
between CtCAD1, CtCAD3 and PtreSAD, even though
they share high identity. The residue differences had only
a subtle effect in case of CtCAD3. However, it profoundly
changed the shape of the CtCAD1 substrate-binding site
in regards to the template, resulting in a more constricted
binding pocket.

Molecular docking

Molecular docking was performed to predict the
orientation of the substrates (coniferaldehyde and
sinapaldehyde) when they bound to the CtCAD
substrate-binding pockets (Figure 5). The substrates
fitted well into the pockets, with their aldehyde carbonyls
directly coordinating with the Zn?" catalytic ion. The

G LY302 o
[ f\

Molecular surface and stick representation of substrate docking in (A) CtCADI1, (B) CtCAD2, (C) CtCAD3, (D) AtCADS5, (E) and
PtreSAD substrate-binding pockets (1=molecular surface representation of coniferaldehyde docking poses; 2=molecular surface representation
of sinapaldehyde docking poses; 3=stick model representation of coniferaldehyde docking poses; 4=stick model representation of sinapaldehyde
docking poses).

different shapes and sizes of the pockets consequently
resulted in apparent differences in the orientation as to
how the substrates resided in them. The bulky residues
of MET120 and ASN300 in the CtCAD1 pocket made
it sterically restricted relative to its template (PtreSAD)
(Table 3). Furthermore, the added polarity of ASN300
may also contribute to substrate-binding orientation. The
phenyl ring of both coniferaldehyde and sinapaldehyde
resided above the MET120 residue (Figure 5A). The
CtCAD3 substrate-binding pocket is similar to that
of PtreSAD. However, because of the substitution of
GLY302 to ALA302 (Table 3), some differences can
be observed in the substrate binding orientation.
Coniferaldehyde was packed flat to the base of the pocket
just above ALA302, similar to its orientation in PtreSAD,

Copyright © 2013 The Japanese Society for Plant Cell and Molecular Biology



whereas sinapaldehyde was oriented differently, coplanar
to the co-substrate NADP* (Figure 5C). The CtCAD2
binding site is identical to that of its template (AtCAD?5).
The docking of both coniferaldehyde and sinapaldehyde
to the binding pocket of CtCAD2 resulted in similar
docking orientations, coplanar to the co-substrate
NADP" (Figure 5B).

Discussion

The CtCADs showed high amino acid sequence
homology and close phylogenetic relationships with
previously characterized typical plant CADs and not
CCR-like CADs (Figure 2). CtCAD1 and CtCAD3,
which showed close phylogenetic relationships with
the sinapaldehyde-specific PtreSAD, did not show an
exclusive sinapaldehyde preference. In fact, the enzyme
kinetics analyses indicated that the recombinant
CtCADI1 and CtCAD3 showed a preference to reduce
coniferaldehyde rather than sinapaldehyde. This was
concluded from the slightly higher k/K,, values for
coniferaldehyde than for sinapaldehyde, and smaller
K; values for sinapaldehyde reduction to which
coniferaldehyde was added as the inhibitor. The K; values
indicated that coniferaldehyde was a stronger inhibitor
than sinapaldehyde for the recombinant enzymes.

CtCAD2 showed similar characteristics to previously
isolated angiosperm CADs, especially in its ability
to reduce both coniferaldehyde and sinapaldehyde
at comparable rates. Enzyme Kkinetics analyses of
CtCAD2 showed that, when coniferaldehyde and
sinapaldehyde were supplied as substrates separately,
both substrates showed similar k./K, values. Even
though sinapaldehyde was a slightly better substrate,
judging from the k./K, values, the difference was
statistically insignificant. Inhibition kinetics results
suggested that when the two substrates were supplied
together, coniferaldehyde was a stronger inhibitor than
sinapaldehyde, as shown by the K values towards the two
compounds.

Quantitative real-time PCR results showed that
CtCAD2 was expressed at relatively higher levels in
all tested organs, except for 3 DAF developing seeds,
where CtCADI expression was marginally higher
(Figure 3). Even so, CtCAD2 and CtCAD3 showed
similar gene expression patterns in developing seeds;
that is, a significant increase at 6-9 DAF, as well as an
increase of expression levels in stems. Furthermore, plant
protein assays of developing seeds showed that specific
activity towards coniferaldehyde and sinapaldehyde,
giving rise to their respective products, was highest
at 6 to 7 DAF (Figure 4). Sakakibara et al. (2007)
reported an increase in the amount of lignins up to
approximately 700 nmol coniferyl alcohol unit mg™' and
nitrobenzene oxidation products up to approximately

S. K. Ragamustari et al.

90 pmolmg ™' in C. tinctorius seeds from 6 to 9 DAF,
indicating that this period marked the beginning of
lignin accumulation. Furthermore, other monolignol
biosynthetic pathway genes of C. tinctorius, encoding
caffeoyl CoA O-methyltranferase (CtCoAOMT)
and 5-hydroxyconiferaldehyde O-methyltransferase
(CtAlIdOMT), showed the same expression pattern in the
same tissues (Nakatsubo et al. 2007).

There were considerable amounts of CtCAD2
expression in stem samples, the organ where CtCADI
and CtCAD3 were expressed at much lower levels. It
has been reported that some of the important genes in
monolignol biosynthesis are expressed specifically in
differentiating xylem and other vascular tissues (Dixon et
al. 2001), which are abundant in stems. This may also be
the case for CADs.

Through statistical analysis, our results showed
strong correlations between CtCAD2 and CtCAD3 gene
expression levels and specific activity of plant proteins
towards coniferaldehyde and sinapaldehyde. CtCAD2
gene expression levels had higher correlation values
compared to CtCAD3 gene expression levels toward the
specific activity of plant proteins. Gene expression can be
correlated with production of its corresponding protein
in organs. Although this does not necessarily reflect a
cause-and-effect relationship and is not the case for all
genes because of the complex mechanism of protein
translation (Greenbaum et al. 2003), we conclude that
the compared variables (gene expression and specific
activity of total plant protein), as judged by their high
correlation values, are somewhat connected. Combining
the obtained data, there was a strong indication that
CtCAD?2, and to a lesser extent, CtCAD3, were indeed
the main CADs involved in supplying monolignols in
lignification in C. tinctorius.

In addition to lignin, large amounts of lignans (up to
approximately 10nmolmg" for the lignan matairesinol)
are accumulated in the seeds, which started at around 7
DAF. However, only negligible amounts of lignans were
detected in the stems and leaves (Sakakibara et al. 2007;
Umezawa et al. 2013). The lignan accumulation profile in
the seeds is similar to the expression profiles of CtCAD2
and CtCAD3. Furthermore, the accumulation of lignans
in the leaves and stems (Sakakibara et al. 2007; Umezawa
et al. 2013) is in accordance with the expression
level and profile of CtCAD3, which has apparent, yet
low, gene expression levels. These results suggest the
possible involvement of CtCAD3 in lignan biosynthesis.
Involvement of CtCAD2 in lignan biosynthesis is also
a possibility, despite it being more dominant in lignin
biosynthesis.

Although CtCADI may not be dominant in
monolignol biosynthesis, it may have other roles in
plant metabolism, such as in stress-induced defenses,
similar to the ELI3 genes encoding pathogen defense-
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related CADs in Apium graveolens, Arabidopsis, or P.
crispum (parsley) (Logemann et al. 1997; Somssich et
al. 1996; Williamson et al. 1995). It is also possible that
CtCAD1 is involved in extremely localized processes,
such as lignification during Arabidopsis silique or anther
dehiscence (Liljegren et al. 2000; Mitsuda et al. 2005). To
investigate this further, GUS promoter analysis or gene
expression analysis at a higher resolution using more
specific samples could be carried out; that is, analysis of
gene expression in different sections of the seed instead
of whole seeds.

In silico protein structure analysis is a useful tool for
analyzing the details of substrate specificity. Structural
analysis of PtreSAD and kinetic analysis of the PtreSAD
mutants indicated that the residue GLY302, which
contributes to the rather flat active site floor, and the
residue LEU122, which builds the right side wall of the
binding pocket, are important factors in determining
substrate specificity of SAD-type enzymes (Bomati and
Noel 2005). PtreSAD showed a 3-fold higher activity
towards sinapaldehyde compared to coniferaldehyde (Li
et al. 2001), while a member of Class II CADs (Figure
2), PcELI3, which has the bulkier ASN279 and GLN99
as the equivalent of PtreSAD’s GLY302 and LEU122,
respectively, resulted in total loss of activity towards
sinapaldehyde (Bomati and Noel 2005; Logemann et
al. 1997). However, CtCAD1 and CtCAD3 maintained
the activity towards sinapaldehyde at an equal level
to that of coniferaldehyde, although the homology
modeling analysis showed that the GLY302/LEU122
residue combination in PtreSAD were substituted by
ASN300/MET120 and ALA302/LEU122 in CtCAD1 and
CtCAD3, respectively (Table 3). In addition, NtSAD2
with ALA301/MET122 did not show strong preference
towards either coniferaldehyde or sinapaldehyde
(Barakate et al. 2011). The significant sinapaldehyde
reducing activity of the CtCADs and NtSAD2 can
be rationalized by the multiple effects of amino acid
substitution on their kinetic behavior. Indeed, the
presence of the GLY302/LEU122 combination does
not guarantee a clear preference for sinapaldehyde,
as demonstrated by FxaCAD1 (Blanco-Portales et al.
2002). This CAD still showed significant activity towards
coniferaldehyde (80% activity compared to the activity
for sinapaldehyde), although it possesses the important
GLY300/LEU120 residues as the equivalent of PtreSAD’s
GLY302/LEU122, in addition to similar residues building
the binding pocket as PtreSAD (Blanco-Portales et al.
2002). Taken together, the data suggest that although
the combination of residues at the position of GLY302/
LEU122 is important in determining substrate specificity
in PtreSAD-type enzymes, there are most likely other
factors that also need to be taken into account.

In conclusion, this report describes the isolation
and characterization of three genes encoding cinnamyl

alcohol dehydrogenase (CAD) in C. tinctorius; CtCADI,
CtCAD2, and CtCAD3. CtCAD2 is most likely to be
the dominant CtCAD in monolignol biosynthesis.
The CtCADs did not show strong preferences for
either coniferaldehyde or sinapaldehyde, including
CtCADI and CtCAD3, despite their close phylogenetic
relationship and/or structural similarity with the
sinapaldehyde-specific PtreSAD, leading to the notion
that they are somewhat positioned between PtreCAD
and PtreSAD in terms of structure and kinetic behavior.
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Figure S1. Alignment of CtCAD1, CtCAD2, CtCAD3 and selected CAD amino acid sequences. The alignment was created using MAFFT 5.0 and
edited using Bioedit sequence alignment editor. Lines above the alignment indicate Zn1, Zn2, and NADP conserved binding domains.

Table S1. Correlation analysis of CtCAD gene expression with

kD kD
b e 2 ° specific activity of total plant protein towards coniferaldehyde or
250 o (R sinapaldehyde. Statistical analyses provided Pearson correlation and R?
values, which determined the strength of the correlation. Values closer
150 6 to 1 indicate stronger correlation between the two data.
100 e FER Correlation (gene expression-plant Pearson R value
75 - -— protein assay) correlation
CtCADI-coniferaldehyde assay —0.06 0.017
50
.., 0 . CtCADI-sinapaldehyde assay —0.05 0.022
7" - - CtCAD2-coniferaldehyde assay 0.88 0.803
» @ 01 P CtCADZ—sma.paldehyde assay 0.83 0.683
20 [N CtCAD3-coniferaldehyde assay 0.84 0.701
CtCAD3-sinapaldehyde assay 0.79 0.620
15— 14.4 -
10— ¢

Figure S2. SDS-PAGE analysis of purified CtCADs. Proteins were Table S2. Distribution of the CtCAD residues in the Ramachandran
plot calculated by PROCHECK (Laskowski et al. 1993).

stained with Coomassie Blue staining after His-Bind chromatography
and desalting. Lane 1: Precision Plus Protein Dual Color Standards
(BioRad, Hercules, CA, USA); lane 2: Purified CtCADI; lane 3: Purified
CtCAD2; lane 4: Molecular weight protein markers (Pharmacia,
Uppsala, Sweden); lane 5: Purified CtCAD3. Recombinant CtCADs
were purified to homogeneity using His-bind chromatography.

Protein

Generously Disallowed

model Core Allowed allowed
CtCAD1 89.70% 10.00% 0.00% 0.30%
CtCAD2 74.50% 21.80% 2.00% 1.70%
CtCAD3 90.30% 9.40% 0.00% 0.30%
PtreSAD 89.10% 10.60% 0.30% 0.00%
AtCAD5 74.70% 20.60% 3.40% 1.40%




