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Summary

� Lignin is the major phenolic polymer in plant secondary cell walls and is polymerized from

monomeric subunits, the monolignols. Eleven enzyme families are implicated in monolignol

biosynthesis. Here, we studied the functions of members of the cinnamyl alcohol dehydroge-

nase (CAD) and cinnamoyl-CoA reductase (CCR) families in wood formation in Populus

trichocarpa, including the regulatory effects of their transcripts and protein activities on

monolignol biosynthesis.
� Enzyme activity assays from stem-differentiating xylem (SDX) proteins showed that RNAi

suppression of PtrCAD1 in P. trichocarpa transgenics caused a reduction in SDX CCR activity.

RNAi suppression of PtrCCR2, the only CCR member highly expressed in SDX, caused a recip-

rocal reduction in SDX protein CAD activities. The enzyme assays of mixed and coexpressed

recombinant proteins supported physical interactions between PtrCAD1 and PtrCCR2.
� Biomolecular fluorescence complementation and pull-down/co-immunoprecipitation

experiments supported a hypothesis of PtrCAD1/PtrCCR2 heterodimer formation.
� These results provide evidence for the formation of PtrCAD1/PtrCCR2 protein complexes

in monolignol biosynthesis in planta.

Introduction

Lignin is a major component of the secondary cell walls of vascular
plants, accounting for >20% of the cell wall in wood (Sarkanen &
Ludwig, 1971; Hu et al., 1999; Higuchi, 2009). Lignin interacts
with the other two major cell wall components, cellulose and hemi-
celluloses, creating a hydrophobic surface for water transport and
conferring rigidity to the cell wall (Sarkanen & Ludwig, 1971).
Lignin negatively affects cellulose digestibility and is the major bar-
rier to lignocellulose-based biomaterial and biofuel production (Li
et al., 2014). An understanding of lignin biosynthesis is important
for insights into plant development and adaptation, but also for
many applications in which lignin could be modified to improve its
utility as a feedstock for materials and energy.

Lignin is a phenolic polymer of three hydroxycinnamyl alco-
hols: sinapyl alcohol, coniferyl alcohol and p-coumaryl alcohol

(Freudenberg & Neish, 1968; Sarkanen & Ludwig, 1971). These
alcohol precursors are termed the S, G and H monolignols,
because they result in syringyl, guaiacyl and p-hydroxyphenyl
subunits, respectively, in the polymer. In angiosperms, lignin is
polymerized primarily from S and G monolignols and trace
amounts of the H monolignol. The ratio of S and G units in the
wood of Populus is c. 2 : 1 (Sarkanen & Ludwig, 1971; Hu et al.,
1999; Higuchi, 2009), whereas, in the dicot Arabidopsis and the
monocot switchgrass, the G units are present at two to three
times that of the S units (Berthet et al., 2011; Shen et al., 2013).
In gymnosperms, lignin is polymerized from G monolignols,
with a minor amount of H monolignols: H lignin subunits are
more prevalent in compression wood (Timell, 1986). Other
phenylpropanoid components, such as hydroxycinnamaldehydes,
hydroxycinnamates and various monolignol conjugates (acetate,
p-hydroxybenzoate, p-coumarate and now ferulates) are also
incorporated into lignins (Ralph, 2010; Withers et al., 2012;
Karlen et al., 2016).*These authors contributed equally to this work.
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Monolignols are derived from phenylalanine (Sarkanen &
Ludwig, 1971). Pathway perturbations and biochemical analyses
have demonstrated that 11 enzyme families are involved in
monolignol biosynthesis (Dixon et al., 2001; Higuchi, 2003;
Vanholme et al., 2013; Wang et al., 2014) (Fig. 1). These families
are phenylalanine ammonia-lyase (PAL), cinnamate
4-hydroxylase (C4H), p-coumaroyl-CoA 3-hydroxylase (C3H),
p-coumarate CoA ligase (4CL), hydroxycinnamoyltransferase
(HCT), caffeoyl shikimate esterase (CSE), caffeoyl-CoA
O-methyltransferase (CCoAOMT), cinnamoyl-CoA reductase
(CCR), coniferaldehyde 5-hydroxylase (CAld5H, first named
F5H, ferulate 5-hydroxylase), caffeic acid 3-O-methyltransferase
(COMT) and cinnamyl alcohol dehydrogenase (CAD). PAL,
C4H and 4CL convert phenylalanine to p-coumaroyl-CoA,
which is the branch-point substrate for the flavonoid pathway
(Weisshaar & Jenkins, 1998; Rohde et al., 2004; Dixon et al.,
2006; Vogt, 2010). Coniferaldehyde can be converted to sina-
paldehyde by CAld5H and COMT, and the reduction of feru-
loyl-CoA to coniferaldehyde is mediated by CCR (Baucher et al.,
1996; Lapierre et al., 1999; Li et al., 2005; Leple et al., 2007;
Vanholme et al., 2008). CAD, the enzyme involved in the last
step of monolignol biosynthesis, reduces substrates coniferalde-
hyde and sinapaldehyde to their corresponding monolignols,
coniferyl and sinapyl alcohols, for G and S monolignol
formation.

The characterization of the enzymes of monolignol biosynthe-
sis has facilitated the generation of transgenics with reduced
lignin content and an alteration of lignin composition. In trans-
genics with altered lignin content or structure resulting from the
downregulation of monolignol pathway genes, the accessibility of
plant cell wall polysaccharides to chemical, enzymatic and micro-
bial digestion is increased (Baucher et al., 1996; Hu et al., 1999;
Chen & Dixon, 2007; Bouvier d’Yvoire et al., 2013; Van Acker
et al., 2013). Strong downregulation of CCR, C3H, HCT or
CAD affects plant growth (Chen & Dixon, 2007; Leple et al.,
2007; Li et al., 2014). Salicylic acid accumulation, not lignin
content reduction, is the cause of the growth defects in the HCT-
downregulated Arabidopsis (Gallego-Giraldo et al., 2011),
because reduction in the salicylic acid level restores the normal
growth of HCT-downregulated plants. However, in poplar, con-
stitutive elevation of salicylic acid does not affect plant growth
(Xue et al., 2013). The monolignol biosynthetic pathway is gen-
erally conserved among dicot plant species (Boerjan et al., 2003;
Umezawa, 2010), although the route of monolignol biosynthesis
through the pathway among different plants is not exactly the
same (Weng & Chapple, 2010; Shen et al., 2013). Although
some transcription factors have been identified to be regulators of
lignin biosynthesis (Zhou et al., 2009; Zhao et al., 2010; Zhong
et al., 2010; €Ohman et al., 2013), an understanding of the regula-
tion of monolignol biosynthesis and the extent of its conservation
across major taxa remains limited.

With the availability of the genome sequence of Populus
trichocarpa (Tuskan et al., 2006), it is now possible to use a more
comprehensive systems approach to study lignin biosynthesis
during wood formation (Li et al., 2014). We have identified 21
enzymes that participate in monolignol biosynthesis (Shi et al.,

2010; Wang et al., 2014) and have generated transgenic plants in
which the expression of the monolignol pathway genes is per-
turbed. In this article, we report the characterization of PtrCAD1
and PtrCCR2 RNAi transgenic plants. Our data demonstrate a
protein–protein interaction of PtrCAD1 and PtrCCR2, and
show that the interaction may affect their activities in the plants.

Materials and Methods

Transgenics production

Fragments of c. 300 bp in length were amplified from
PtrCAD1 and PtrCCR2 cDNA (Shi et al., 2010), and used
as sense and antisense fragments for suppression. These were
inserted in pCR2.1-GL (Li et al., 2011) at SpeI/SacI and
SalI/BamHI sites, respectively. For stem-differentiating xylem
(SDX)-specific gene suppression, the antisense:Gus linker
(GL):sense fragment was cloned into pBI121-4CL9P (Wang
et al., 2014) at BamHI/SacI, resulting in pBI121-4CL9P-
CAD1i (i33) and pBI121-4CL9P-CCR2i (i26). The primers
used for vector construction are shown in Supporting Infor-
mation Table S1. Populus trichocarpa Nisqually-1 trees, used
for transformation, were grown in a glasshouse on the North
Carolina State University (NCSU) campus, and the stems of
five to eight internodes were sterilized and used for Agrobac-
terium-mediated transformation, as described previously
(Song et al., 2006). The stems, 1 m above the ground, from
6-month-old transgenic trees were used for developing xylem
and wood sample collections. The developing xylem was
scrapped with a single-edge razor, frozen and stocked in liq-
uid nitrogen. For each line, samples were collected from
three propagule plants as three biological replicates.

Quantitative reverse transcription-polymerase chain
reaction (qRT-PCR)

Transcript abundance in the transgenic SDX was quantified by
qRT-PCR and the primers used have been described previously
(Shi et al., 2010; Li et al., 2011).

Enzyme assays and protein quantification of SDX proteins

SDX protein extraction and enzyme assays were performed fol-
lowing our established protocol (Liu et al., 2012). Protein quan-
tification was conducted as described by Shuford et al. (2012).

Wood chemical composition

Wood composition was determined following Lu et al. (2013).

Nuclear magnetic resonance (NMR) sample preparation
and NMR experiments

Preparation of NMR samples, NMR experiments, data reduc-
tion, two-dimensional NMR volume integration and plotting
were performed exactly as described previously (Lu et al., 2013).
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Fig. 1 Proposed monolignol pathway in Populus spp. Eleven enzyme families are involved in the formation of guaiacyl (coniferyl alcohol), syringyl (sinapyl
alcohol) and p-hydroxyphenyl (p-coumaryl alcohol) monomers, which are called S, G and H monolignols, respectively. PAL, phenylalanine ammonia-lyase;
C4H, cinnamate 4-hydroxylase; C3H, p-coumaroyl-CoA 3-hydroxylase; 4CL, p-coumarate CoA ligase; HCT, hydroxycinnamoyltransferase; CSE, caffeoyl
shikimate esterase; CCoAOMT, caffeoyl-CoAO-methyltransferase; CCR, cinnamoyl-CoA reductase; CAld5H, coniferaldehyde 5-hydroxylase; COMT,
caffeic acid 3-O-methyltransferase; CAD, cinnamyl alcohol dehydrogenase.
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Subcellular localization and bimolecular fluorescence
complementation (BiFC) assays

The coding regions of PtrCAD1 and PtrCCR2 were amplified
with primer sets CAD1-F/-R and CCR2-F/-R (Table S1),
respectively, digested with XbaI/SalI and cloned into pUC19-
35S-sGFP (Chen et al., 2011). The generated pUC19-35S-
CAD1:sGFP and pUC19-35S-CCR2:sGFP were used for
subcellular localization study.

The coding regions of PtrCAD1 and PtrCCR2 were PCR
amplified with primer sets CAD1bi-F/-R and CCR2bi-F/-R,
respectively (Table S1). The amplicons were cloned into
pENTR/D-TOPO vector (Invitrogen) and sequence verified.
The PtrCAD1 and PtrCCR2 coding sequences were then individ-
ually Gateway cloned into BiFC vectors pUGW2-nEYFP (YFPN:
amino acids 1–174) and pUGW2-cEYFP (YFPC: amino acids
175–239) (Nakagawa et al., 2007), yielding 35S-PtrCAD1:
EYFPN, 35S-PtrCAD1:EYFPC, 35S-PtrCCR2:EYFPN and
35S-PtrCCR2:EYFPC. In all four BiFC constructs, the enhanced
yellow fluorescent protein (EYFP) fragment was fused to the
C-terminus of the gene coding sequence.

Populus trichocarpa SDX protoplast isolation and
polyethylene glycol (PEG)-based transfection were carried out
using the stems below the tenth internode, as described by
Lin et al. (2014), with modifications. Briefly, debarked stem
segments (10 cm each) from three glasshouse-grown 4-month-
old P. trichocarpa plants were incubated in 40 ml of freshly
prepared enzyme solution (20 mM MES (pH 5.7), 0.3 M
mannitol, 20 mM KCl, 1.5% (w/v) cellulase R-10 (Yakult,
Tokyo, Japan), 0.4% (w/v) Macerozyme R-10 (Yakult),
10 mM CaCl2 and 0.1% (w/v) BSA) for 3 h in the dark,
without shaking. The stem segments were then transferred to
MMG solution (4 mM MES (pH 5.7), 0.3 M mannitol and
15 mM MgCl2). After gentle swirling for 1 min, the MMG
solution was filtered through a 75-lm nylon membrane. Pro-
toplasts were collected by centrifugation of the filtrate at
300 g for 3 min, and the pellet was resuspended in 3 ml of
MMG solution. The protoplast concentration was determined
using a hemocytometer, and MMG solution was added to a
final protoplast concentration of 29 105 cells ml�1.

Plasmid DNA for protoplast transfection was prepared using
the CsCl method (Lin et al., 2014). Ten microliters of plasmid
DNA (26 lg), 100 ll protoplasts (29 104 cells) and 110 ll of
freshly prepared PEG solution (40% (w/v) PEG 4000, 0.2 M
mannitol and 100 mM CaCl2) were mixed in a 2-ml centrifuge
tube and held at room temperature for 10 min, followed by an
addition of 4.4 ml of freshly prepared Wi solution (4 mM MES
(pH 5.7), 0.3 M mannitol and 20 mM KCl) to stop the transfec-
tion. Transfected protoplasts were collected by centrifugation at
500 g for 3 min and resuspended in 1 ml Wi solution; the proto-
plast solution was transferred into a six-bore cell culture plate
(359 15 mm2) coated with 1% (v/v) fetal bovine serum, and
incubated at room temperature in the dark for 7–12 h. After
transfection, YFP fusion protein fluorescence images were
recorded using an LSM 700 (Zeiss) confocal laser scanning
microscope.

Antibody production

The PtrCAD1-specific peptide VVGEVVEVGSDVTKF was
selected for rabbit polyclonal antibody production, and the
PtrCCR2-specific peptide GAVYMDPNKGPDVVID was
selected for rabbit and goat polyclonal antibody production The
antibodies were produced as described previously (Li et al., 2012).

Pull-down assays in Escherichia coli

pGEXKG-PtrCAD1 and pGEXKG-PtrCCR2 were used for glu-
tathione S-transferase (GST) fusion protein expression in E. coli
(Shuford et al., 2012). For histidine (His)-tagged protein expres-
sion, PtrCAD1 and PtrCCR2 coding regions were amplified with
primer sets CAD1Duet-F/-R and CCR2Duet-F/-R (Table S1),
respectively, and cloned into pRSFDuet-1 vectors (Novagen,
Madison, WI, USA) at SacI/SalI, generating Duet-PtrCAD1 and
Duet-PtrCCR2. The pGEXKG-1-derived and RSFDuet-derived
plasmids were cotransformed into E. coli BL21 (DE3)
(Invitrogen). After induction with 0.4 mM isopropyl b-D-1-
thiogalactopyranoside (IPTG) at 25°C for 12 h, cells were
collected from a 50-ml culture, suspended in 10 ml of buffer
(19 PBS, 2 mM EDTA, 0.1% b-mercaptoethanol, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 1 lg ml�1 leupeptin and
1 lg ml�1 pepstatin) and disrupted by sonication, followed by
centrifugation at 10 000 g at 4°C for 30 min. Soluble protein
(500 lg) was mixed with 10 ll of rat monoclonal anti-GST anti-
bodies (Sigma) in 500 ll of binding buffer (19 PBS, 2 mM
EDTA, 1% Nonidet P40 (NP40), 1% (w/v) BSA, 0.1% b-
mercaptoethanol, 1 lg ml�1 leupeptin and 1 lg ml�1 pepstatin)
and incubated for 1 h with agitation at 4°C. Dynabeads Protein
G (20 ll; Invitrogen) was added, and binding was continued for
3 h. The Dynabeads were washed with 800 ll of binding buffer,
in which BSA was omitted, for five times at 4°C, each time for
10 min. The beads were resuspended in 32 ll of 29 sodium
dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
sample buffer and boiled for 10 min to elute the proteins. A 15-
ll aliquot was loaded onto a 10% SDS-PAGE gel and western
blotting was conducted with mouse monoclonal anti-His anti-
bodies (1 : 12 000 dilution; Invitrogen) as primary antibodies,
anti-mouse immunoglobulin G (IgG) horseradish peroxidase
(HRP) conjugate (1 : 20 000 dilution; Promega) as secondary
antibodies and SuperSignal West Pico chemiluminescent sub-
strate (Thermo Scientific, San Jose, CA, USA) for signal detec-
tion. The immunoprecipitated products were also probed with
either rabbit anti-PtrCAD1 antibodies (1 : 3000 dilution) or
anti-PtrCCR2 antibodies (1 : 3000 dilution) for the detection of
PtrCAD1 and PtrCCR2.

Pull-down assays in SDX

Escherichia coli-expressed PtrCCR2 GST fusion proteins (Shu-
ford et al., 2012) were purified using reduced glutathione. SDX
tissue (4 g) was ground in an analytical mill (IKA, Model A11
basic, Staufen, Germany) and transferred into 20 ml of binding
buffer (19 PBS, 1% NP40, 2 mM EDTA, 5 mM dithiothreitol
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(DTT), 20 mM sodium ascorbate, 10% (w/w) polyvinyl-
polypyrrolidone, 1 mM PMSF, 1 lg ml�1 leupeptin and
1 lg ml�1 pepstatin). After a brief homogenization, the mixture
was centrifuged for 1 h at 16 000 g at 4°C. Each 8-ml super-
natant was mixed with 400 lg PtrCCR2 GST fusion proteins
and 400 lg GST proteins, respectively. The mixture was incu-
bated at 4°C with shaking for 3 h. Glutathione-S-agarose beads
(200 ll; Sigma) were added, and shaking was continued for 2 h
at 4°C. The beads were washed with 50 ml of wash buffer
(19 PBS, pH 7.4, 5 mM EDTA, 1% Triton X-100, 0.1%
b-mercaptoethanol, 1 lg ml�1 leupeptin and 1 lg ml�1 pep-
statin) and resuspended in 200 ll of 29 protein loading buffer
(20 mM Tris-HCl, pH 8.0, 100 mM DTT, 2% (w/v) SDS, 20%
glycerol and 0.016% bromophenol blue). A 20-ll aliquot was
boiled, spun down and used for western blotting with anti-
PtrCAD1 polyclonal antibodies (1 : 5000 dilution).

Co-immunoprecipitation (Co-IP) in SDX

The immunoprecipitation experiments with goat anti-PtrCCR2
polyclonal antibodies were conducted with SDX proteins, which
were extracted using the binding buffer, as described above.
Dynabeads Protein G (30 ll) and 30 ll of antibodies were added
to 1 ml of SDX proteins, and the mixture was incubated with
rotation at 4°C for 12 h. After washing with 19 PBS, pH 7.4,
5 mM EDTA, 1% NP40, 0.1% b-mercaptoethanol, 1 lg ml�1

leupeptin and 1 lg ml�1 pepstatin, six times, the beads were
suspended in 30 ll of protein loading buffer. After boiling,
western blotting was carried out with mouse anti-PtrCAD1
antibodies.

High-performance liquid chromatography (HPLC) analysis
of catalytic efficiency for the PtrCAD1/PtrCCR2 interaction

Recombinant proteins of PtrCAD1 and PtrCCR2 were expressed
using E. coli strain RosettaTM 2 (DE3) (Novagen) and purified
using glutathione-S-agarose beads, as described previously (Shu-
ford et al., 2012). The purified recombinant protein concentra-
tion was determined using the Bradford reagent and verified for
purity using SDS-PAGE/Coomassie brilliant blue R-250 and
western blot. The substrates were mixed with assay buffers to a
final volume of 100 ll, as described previously (Liu et al., 2012;
Wang et al., 2014). The mixture was held at 30°C for 1 min, fol-
lowed by the addition of protein mixtures (at molar ratios speci-
fied on the x-axis of Fig. 9, see later) to initiate enzymatic
reactions, at 30°C for 10 min. Reactions were terminated by
adding 50 ll of stop buffer containing 6% (w/v) trichloroacetic
acid and 50% (v/v) acetonitrile. The substrates and products of
the enzyme assays were separated on an Agilent ZoRBAX SB-
C18 5 lm, 4.6 mm9 150 mm column (Agilent, Santa Clara,
CA, USA), using a gradient method (solvent A, 10 mM formic
acid in water; solvent B, 10 mM formic acid in acetonitrile; 10–
60% B in 16 min, 60–100% B in 2 min; flow rate,
1.5 ml min�1). Reaction substrates and products were detected
using an Agilent 1260 diode array detector and quantified based
on authentic compounds. For the enzyme assays using

coexpressed proteins, we used the two crude protein extracts from
the enzyme assays in E. coli. One is coexpressed His:PtrCAD1
and GST, and the other is coexpressed His:PtrCAD1 and GST:
PtrCCR2. Western blotting was conducted to ensure the same
PtrCAD1 quantities in these two crude proteins. The enzyme
assay conditions were the same as in the mixed enzyme assays.

Results

RNAi downregulation of PtrCAD1 in the SDX of
P. trichocarpa

Although the function of CAD in lignin biosynthesis has been
studied extensively in many plant species (Vanholme et al.,
2010), knowledge is lacking on how CAD affects metabolic
fluxes in the monolignol biosynthetic pathway. We conducted a
broad study of the effects of CAD member suppression on
monolignol pathway enzyme abundance, metabolic flux and cell
wall composition. We selected PtrCAD1, the only CAD member
that is specifically and abundantly expressed in SDX (Shi et al.,
2010), as a target for RNAi knockdown. A 289-bp fragment
from PtrCAD1 was used as antisense and sense fragment, and the
antisense:Gus linker (GL):sense fragment, driven by a xylem-
specific 4CL promoter (Wang et al., 2014), was used for xylem-
specific target knockdown. The transgenic plants grown in a
glasshouse did not show obvious biomass penalty and exhibited
the typical red xylem phenotypes, with different levels of col-
oration in different lines (Fig. S1). Based on the target gene
expression in SDX from ten transgenic lines, three lines with dis-
tinct levels of gene perturbation (i33-2, i33-5 and i33-10) were
selected for protein quantification, cell wall composition determi-
nation, enzyme assays and lignin NMR analysis.

In the three selected lines (i33-2, i33-5 and i33-10), PtrCAD1
transcripts were reduced by 77.3%, 91.9% and 34.0% (Fig. 2a),
respectively. The PtrCAD1 protein quantities in these three lines
showed a similar reduction, with the greatest reduction (94.9%)
in i33-5 (Fig. 2b). Downregulation of PtrCAD1 caused a reduc-
tion in SDX CAD activity towards both coniferaldehyde and
sinapaldehyde (Fig. 2c). Compositional analysis of the PtrCAD1
knockdown transgenic wood showed a 7.1–9.2% reduction in
lignin content (Table 1), consistent with previous CAD knock-
down in other species, such as the gold hull and internode2 rice
mutant (Zhang et al., 2006), although a higher level of reduction
was observed in the transgenics or mutants of other species,
including P. tremula9 alba and loblolly pine (MacKay et al.,
1997; Halpin et al., 1998; Lapierre et al., 1999; Bouvier d’Yvoire
et al., 2013). An increase in arabinan content and a decrease in
mannan content were observed (Table 1); the reasons for these
changes are not obvious.

To further understand the effects of PtrCAD1 suppression on
lignin biosynthesis, we analyzed the RNAi knockdown transgenic
wood for lignin structural components and the distribution of
the linkages between monomeric units using NMR spectroscopy.
CAD enzymes catalyze the conversion of hydroxycinnamaldehy-
des to their corresponding hydroxycinnamyl alcohols. In the
PtrCAD1 knockdown transgenics, the significant changes in
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lignin were the increased aldehyde components, which can be
most readily seen in the aldehyde regions (13C/1H; 183–
197 ppm/9.0–10.5 ppm) of the two-dimensional heteronuclear
single-quantum coherence (HSQC) NMR spectra (see later,
Fig. 4). The aldehyde compositions were estimated from the aro-
matic regions of the spectra (Fig. 3). Transgenic line i33-10 had
10.3% aldehydes, similar to the level of the wild-type (9.7%).
Line i33-5 had the highest level of aldehyde components at 29.2-
%. An increased aldehyde component was also observed in i33-2,
which had 14.9% aldehydes. These results indicate the successful
downregulation of PtrCAD1 and inhibition of the aldehyde-to-
alcohol conversion. Normal S, G and H units exhibited altered
distributions (less total %S) relative to the wild-type (Fig. 3),
except in the i33-10 line, which had the lowest level of transcript

reduction and, consequently, also the lowest level of new
hydroxycinnamaldehyde cross-coupling products (as described
below).

The aromatic region in all three PtrCAD1 transgenic lines
showed the appearance of new cross-coupled 8-O-4 hydroxycin-
namaldehyde structures (Fig. 4), indicating how the accumulated
aldehydes were incorporated into the lignin polymer. The wild-
type lignin’s aldehydes were primarily endgroup benzaldehydes
(SA and V) and cinnamaldehydes (X), which result from the
coupling of monolignols (at their b-positions) with the
monomers syringaldehyde, vanillin, sinapaldehyde and
coniferaldehyde. Their levels were not significantly changed in
the CAD-downregulated transgenics. Importantly, the substan-
tially enhanced peaks in Fig. 4(b, c), especially, were from

Fig. 2 Downregulation of PtrCAD1 by RNAi in Populus trichocarpa. (a) PtrCAD1 transcript abundance in the three knockdown transgenic lines (i33-2, i33-
5 and i33-10) and wild-type (WT). (b) Protein quantification of PtrCAD1 in PtrCAD1 knockdown transgenics. (c) Enzyme activities of the stem-
differentiating xylem (SDX) cinnamyl alcohol dehydrogenase (CAD) family in PtrCAD1 knockdown transgenic plants. Gray bars represent the SDX enzyme
activities of conversion of coniferaldehyde to coniferyl alcohol. Black bars represent the SDX enzyme activities of conversion of sinapaldehyde to sinapyl
alcohol. (d) SDX protein enzyme activities of conversion of feruloyl-CoA to coniferaldehyde. (e) PtrCCR2 protein quantification in PtrCAD1 knockdown
transgenics. Errors bars represent SE of three biological replicates. Asterisks highlight significant differences by Student’s t-test: **, P < 0.01; ***, P < 0.001.

Table 1 Composition of PtrCAD1 and PtrCCR2 knockdown transgenics.

Lignin (Klason + acid-soluble) Arabinose Xylose Mannose Galactose + rhamnose Glucose

WT 23.48� 0.28 0.39� 0.11 17.11� 0.58 3.01� 0.22 1.37� 0.05 48.16� 1.48
i33-2 21.32� 0.25** 4.32� 0.09*** 15.63� 0.11 1.67� 0.15** 1.24� 0.12 43.82� 1.26
i33-5 21.82� 0.40* 3.81� 0.51** 16.60� 0.54 1.60� 0.17** 1.33� 0.12 40.76� 2.54
i33-10 21.82� 0.98 3.94� 0.68** 14.67� 0.19* 1.57� 0.13** 1.11� 0.13 42.58� 2.28
WT 24.13� 0.33 0.43� 0.04 16.40� 0.42 2.22� 0.08 1.47� 0.05 46.33� 0.73
i26-4 16.30� 2.71* 2.78� 0.05*** 15.32� 0.98 1.82� 0.02** 1.19� 0.04* 42.55� 0.15**
i26-9 21.02� 0.33** 3.20� 0.11*** 13.28� 0.36* 1.79� 0.01** 1.20� 0.02** 42.20� 0.98*
i26-10 21.47� 0.23** 2.97� 0.05*** 13.84� 0.34* 1.85� 0.03* 1.23� 0.04* 38.48� 1.54**

Values are means� SE, representing three biological replicates. WT, wild-type. Values are expressed as weight percent based on vacuum-dried extract-free
wood weight. Asterisks highlight significant differences by Student’s t-test: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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hydroxycinnamaldehydes which had cross-coupled, at their 8-
positions, with the phenolic end of the growing polymer – S0G
from the cross-coupling of sinapaldehyde with guaiacyl (G) phe-
nolic end-units in the polymer, and G0S and S0S by the analogous
cross-coupling of coniferaldehyde or sinapaldehyde with syringyl
(S) phenolic end-units. Clearly, this occurs, as has been noted
previously (Kim et al., 2000, 2003), when the hydroxycin-
namaldehyde monomers are delivered to the wall at a sufficient
level and rate that they cross-couple into the polymer, and are
not simply the products of coupling reactions with the major
monolignols as in the wild-type plants. There are three different
combinations of aldehyde cross-coupling structures, G0S, S0G
and S0S, observed in transgenic plants (Fig. 4). The G0G combi-
nation could not be detected in the transgenics, consistent with
previous studies which showed that coniferaldehyde cannot 8-O-
4 couple with guaiacyl units (Kim et al., 2000, 2003). Aldehyde
8-8 structures also appeared in the CAD1 transgenic, as might be

expected, as a result of the delivery of enhanced levels of the
hydroxycinnamaldehydes to the cell wall, allowing modest levels
of dimerization to start a lignin polymer chain.

RNAi suppression of PtrCAD1 results in a reduction in the
SDX CCR enzyme activity

To investigate how suppression of PtrCAD1 affects the metabolic
flux in the monolignol pathway, we determined the SDX activi-
ties of other monolignol biosynthetic pathway enzyme families in
the three PtrCAD1 downregulated transgenics and the wild-type
using our developed protocols (Liu et al., 2012). Seven enzyme
families were examined for SDX enzyme activity, and the enzyme
activities of some families were affected (Table S2). We per-
formed Pearson correlation and linear regression analysis to
examine whether the activity reduction is correlated with
PtrCAD1 activity in PtrCAD1/PtrCCR2 RNAi transgenics
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Fig. 3 Two-dimensional heteronuclear single-quantum coherence (HSQC) nuclear magnetic resonance (NMR) spectra of cellulolytic enzyme lignins (CELs)
from Populus trichocarpa CAD1 (PtrCAD1) knockdown transgenic wood shows the lignin aromatic region of (a) wild-type (WT), (b) i33-2, (c) i33-5 and
(d) i33-10. The quantification values shown are for relative comparisons of the lignin components determined from NMR contour volume integrals.
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not considered to be a lignin unit per se. Correlation peaks are colored to match those of the structures below.
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(Tables S3–S6). The enzyme activities of three families, including
PAL, HCT and CCR, were correlated with CAD activities of
conversion of coniferaldehyde to coniferyl alcohol (Tables S3,
S4), and the enzyme activities of four families, including PAL,
C4H, HCT and CCR, were correlated with CAD activities of
conversion of sinapaldehyde to sinapyl alcohol (Tables S5, S6).
CCR is the only family whose activities have positive correlations
with CAD activities (Tables S4, S6). The CCR activity reduction
was 58.3%, 91.2% and 16.7% in i33-2, i33-5 and i33-10,
respectively, a reduction pattern that was consistent with that for
CAD. The protein abundances of PtrCCR2 in the three trans-
genic lines and the wild-type were essentially the same (Fig. 2e),
indicating that the reduction in SDX CCR activity was not
caused by PtrCCR2 protein quantity. We propose that PtrCAD1
and PtrCCR2 may undergo physical interactions, with the reduc-
tion in CCR enzyme activity being caused by a disruption of the
PtrCAD1/PtrCCR2 interaction. Next, we used BiFC and pull-
down/Co-IP to test for the physical interactions between these
two proteins.

PtrCAD1 and PtrCCR2 form homodimers and heterodimers
in vivo

Both PtrCAD1 and PtrCCR2 revealed their cytoplasmic location
in the P. trichocarpa SDX protoplasts (Fig. 5a,b). For BiFC
assays, we generated four constructs for the expression of
PtrCAD1 and PtrCCR2 fused to the N-terminal fragment of
EYFP (EYFPN) or the C-terminal fragment of EYFP (EYFPC),
respectively. When 35S-PtrCAD1:EYFPN and 35S-PtrCCR2:
EYFPC were cotransfected in P. trichocarpa SDX protoplasts, we
observed fluorescence in the cytoplasm (Fig. 5c). Reciprocally,
fluorescence was observed when 35S-PtrCAD1:EYFPC and 35S-
PtrCCR2:EYFPN were coexpressed (Fig. 5d). To ensure the
detection of specific interactions, we used b-glucuronidase (GUS)
fused to the EYFP fragment as the negative control. No fluores-
cence signal was observed in the protoplasts overexpressing
PtrCAD1:EYFPN and GUS:EYFPC (Fig. 5e), PtrCAD1:EYFPC

and GUS:EYFPN (Fig. 5f), PtrCCR2:EYFPN and GUS:EYFPC

(Fig. 5g) or PtrCCR2:EYFPC and GUS:EYFPN (Fig. 5h). The
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Fig. 4 Heteronuclear single-quantum coherence (HSQC) nuclear magnetic resonance (NMR) spectra of cellulolytic enzyme lignins (CELs) from Populus
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BiFC results support our hypothesis that PtrCAD1 and
PtrCCR2 interact. In addition, cytoplasmic fluorescence signals
were observed in the SDX protoplasts coexpressing PtrCAD1:
EYFPN and PtrCAD1:EYFPC (Fig. 5i), and in the protoplasts
coexpressing PtrCCR2:EYFPN and PtrCCR2:EYFPC (Fig. 5j),
indicating that PtrCAD1 and PtrCCR2 themselves each form
homodimers.

Pull-down and Co-IP assays

To provide further evidence for PtrCAD1 and PtrCCR2 interac-
tion, we generated six types of E. coli cells, each with the coex-
pression of two proteins. GST was fused at the N-terminal of one
protein, and 69His was fused at the N-terminal of the other
protein. The two proteins are GST- and His-tagged PtrCAD1 in
cell 1 (Fig. 6a, lane 1), GST-fused PtrCAD1 (GST:PtrCAD1)
and His-tagged PtrCAD1 (His:PtrCAD1) in cell 2 (Fig. 6a, lane
2), GST-fused PtrCCR2 (GST:PtrCCR2) and His:PtrCAD1 in
cell 3 (Fig. 6a, lane 3), GST and His:PtrCCR2 in cell 4 (Fig. 6a,
lane 4), GST:PtrCCR2 and His:PtrCCR2 in cell 5 (Fig. 6a, lane
5), and GST:PtrCAD1 and His:PtrCCR2 in cell 6 (Fig. 6a, lane
6). Immunoprecipitation was conducted with E. coli total pro-
teins from each of the six types of cell by monoclonal anti-GST
antibodies to pull down GST fusion proteins. The immunopre-
cipitates were analyzed by western blotting of monoclonal anti-
His antibodies to detect His-tagged proteins. When GST:
PtrCCR2 and His:PtrCAD1 were coexpressed in cell 3, His:
PtrCAD1 was detected in the immunoprecipitates pulled down
by anti-GST antibodies (Fig. 6a-iii, lane 3). The immunoprecipi-
tates were further probed with anti-PtrCAD1 antibodies, and the
band (Fig. 6a-iv, lane 3) confirmed that GST:PtrCCR2 could
pull down His:PtrCAD1. Reciprocally, the pull-down assays in
cell 6 showed the signal of His:PtrCCR2 detected by anti-His
antibodies (Fig. 6a-iii, lane 6) and anti-PtrCCR2 antibodies
(Fig. 6a-iv, lane 6), indicating that His:PtrCCR2 was pulled
down by GST:PtrCAD1. When only GST was coexpressed with
His:PtrCAD1 or His:PtrCCR2, neither of these two His-tagged
proteins could be pulled down by anti-GST antibodies (Fig. 6a-
iii, lanes 1 and 4). The pull-down assays support the BiFC
demonstration of heterodimer formation between PtrCAD1 and
PtrCCR2. Similarly, the results of pull-down assays from cells
coexpressing GST:PtrCAD1 and His:PtrCAD1 (Fig. 6a, lane 2),
and coexpressing GST-PtrCCR2 and His:PtrCCR2 (Fig. 6a, lane
5), support the homodimer formation of PtrCAD1 and PtrCCR2.

To detect the in vivo interactions of PtrCAD1 and PtrCCR2,
we conducted pull-down assays in SDX. SDX crude lysates were
mixed with purified PtrCCR2:GST fusion proteins and glu-
tathione-S-agarose beads. Glutathione-S-agarose beads were used
to pull down PtrCCR2:GST fusion proteins. If PtrCAD1 and
PtrCCR2 interact to form complexes, the beads should also pull
down PtrCAD1. The mixture was purified with glutathione-S-
agarose beads and the purified product was subjected to western
blotting by anti-PtrCAD1 antibodies. The size of the detected
PtrCAD1 band by pull-down (Fig. 6b-i, lane 3) was the same as
that on immunoblot with SDX crude proteins (Fig. 6b-i, lane 1).
When GST and glutathione-S-agarose beads were mixed with

SDX crude lysates, PtrCAD1 was not detected on the
immunoblot (Fig. 6b-i, lane 2), eliminating the possibility of
nonspecific binding.

Next, Co-IP was carried out to verify the complex formation
of PtrCAD1 and PtrCCR2 in SDX. We used anti-PtrCCR2 anti-
bodies to immunoprecipitate PtrCCR2, and the precipitates were
subjected to western blotting detection using anti-PtrCAD1 anti-
bodies to determine whether PtrCAD1 can be co-
immunoprecipitated. To avoid the band of the heavy chain of
anti-PtrCCR2 antibodies in the immunoblot, we used anti-
PtrCCR2 goat antibodies for immunoprecipitation and anti-
PtrCAD1 mouse antibodies for western blotting. The Co-IP
results showed that PtrCAD1 was detected in the precipitates
pulled down by anti-PtrCCR2 antibodies (Fig. 6c, lane 3), with
the same size as from western blotting using SDX protein as the
input (Fig. 6c, lane 1). In the control using preimmune serum in
Co-IP, PtrCAD1 was not detected (Fig. 6c, lane 2). Both pull-
down assays and Co-IP confirm an interaction of PtrCAD1 and
PtrCCR2 in SDX.

Suppression of CCR gene expression results in a reduction
in CAD enzyme activity in SDX

BiFC and Co-IP provide strong evidence of complex formation
between PtrCAD1 and PtrCCR2, and the downregulation of
PtrCAD1 caused a reduction in CCR activities in SDX (Fig. 2d;
Table S2). We further tested whether suppression of the expres-
sion of CCR would also affect the CAD activity in SDX.

We therefore used RNAi to suppress the expression of
PtrCCR2 in transgenic P. trichocarpa. PtrCCR2 is the only wood
formation-related CCR member expressed in P. trichocarpa SDX
(Shi et al., 2010). Ten transgenic lines were generated and three
lines, i26-4, i26-9 and i26-10, with 93.0%, 82.5% and 15.5%
reduction in PtrCCR2 transcript abundance (Fig. 7a), respec-
tively, were selected for further analysis. Among the three lines,
the plant growth of i26-4 was affected, with a half-height com-
pared with the wild-type, and i26-4 showed a very weak col-
oration on the xylem. Consistent with transcript reduction, the
PtrCCR2 protein abundance was reduced in these RNAi lines,
with the largest reduction of 91.4% in i26-4 (Fig. 7b). The SDX
CCR enzyme activity for conversion of feruloyl-CoA to conifer-
aldehyde was also reduced in i26-4 by 51.5% (Fig. 7c). The 51.5-
% reduction in SDX CCR activity may explain why the xylem
coloration in i26-4 is not as strong as described previously in
CCR antisense poplar transgenics (Leple et al., 2007). We further
tested the SDX CAD activity. The CAD activities using both
substrates, coniferaldehyde and sinapaldehyde, were reduced by
36.4% and 38.8%, respectively, in i26-4 (Fig. 7d; Table S7).
Pearson correlation and linear regression analyses of each of the
enzyme activities with CCR activities were performed in
PtrCCR2 RNAi transgenics, as in PtrCAD1 RNAi transgenics
(Tables S8, S9). Among the three families, HCT and CAD activ-
ities had positive correlations with CCR activities (Table S9).
The PtrCAD1 protein levels in the three PtrCCR2 RNAi lines
were not significantly different from those in the wild-type
(Fig. 7e). These results show that suppression of PtrCCR2 gene
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expression did not affect the PtrCAD1 protein level, but caused a
reduction in SDX CAD enzyme activity.

In the three selected transgenic lines, i26-4, i26-9 and i26-10,
the lignin content was reduced by 32.5%, 12.9% and 11.0%,
respectively (Table 1). The cellulose content was reduced and the
arabinan content was significantly increased in all three lines
(Table 1). Significant reductions were observed in mannan and
galactan + rhamnan contents. The wood composition changes in

i33 and i26 exhibited the same patterns, with an increase in arabi-
nan content and a decrease in other components, indicating that
the downregulation of PtrCAD1 and PtrCCR2 caused the same
effects on cell wall composition. The mechanism of how lignin
reduction causes changes in polysaccharide contents requires fur-
ther study.

NMR spectroscopy was used to analyze lines i26-4 and i26-9.
An obvious increase in ferulic acid incorporated into lignin was

Fig. 5 Bimolecular fluorescence complementation (BiFC) assays in Populus trichocarpa stem-differentiating xylem (SDX) protoplasts demonstrate the
homodimeric and heterodimeric formation of PtrCAD1 and PtrCCR2. (a, b) Subcellular localizations of (a) PtrCAD1 and (b) PtrCCR2 in P. trichocarpa SDX
protoplasts. (c) BiFC assays of in vivo interaction between PtrCAD1 and PtrCCR2 in P. trichocarpa SDX protoplasts, which were cotransfected with
PtrCAD1:EYFPN and PtrCCR2:EYFPC. (d) BiFC assays of PtrCAD1 and PtrCCR2 interaction in SDX protoplasts which were cotransfected with PtrCAD1:
EYFPC and PtrCCR2:EYFPN. (e–h) Negative controls of BiFC assays. SDX protoplasts were cotransfected with (e) PtrCAD1:EYFPN and GUS:EYFPC,
(f) PtrCAD1:EYFPC and GUS:EYFPN, (g) PtrCCR2:EYFPN and GUS:EYFPC, and (h) PtrCCR2:EYFPC and GUS:EYFPN. (i) BiFC assays of PtrCAD1 homodimer
formation. Protoplasts were cotransfected with PtrCAD1:EYFPN and PtrCAD1:EYFPC. (j) BiFC assays of PtrCCR2 homodimer formation. Protoplasts were
cotransfected with PtrCCR2:EYFPN and PtrCCR2:EYFPC.
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observed in i26-4 (Fig. 8). The NMR results also indicated the
concomitant downregulation of PtrCCR2, because lignin-bound
ferulic acid is an indicator of CCR deficiency, with the bis-
ferulate ether (ferulic acid marker) being a particularly diagnostic
marker (Ralph et al., 2008).

Enzyme activities with a mixture of PtrCAD1 and PtrCCR2
recombinant proteins support their interactions

To understand the allosteric effects of PtrCAD1 and PtrCCR2
interactions, we mixed these two E. coli recombinant proteins at

Fig. 6 Interactions of PtrCAD1 and PtrCCR2 by pull-down and co-immunoprecipitation (Co-IP). (a) Pull-down assays in Escherichia coli BL21 (DE3) cells.
Histidine (His)-tagged and glutathione S-transferase (GST)-tagged proteins were coexpressed in E. coli. Crude proteins were immunoprecipitated by anti-
GST antibodies and western blotting was conducted using anti-His antibodies and anti-CAD1/CCR2 antibodies. The expression of GST-tagged proteins
and His-tagged proteins in E. coli was identified by western blotting with (a-i) anti-GST antibodies and (a-ii) anti-His antibodies. Immunoprecipitated
proteins were identified by (a-iii) anti-His antibodies and (a-iv) anti-PtrCAD1/PtrCCR2 antibodies. Lane 1, coexpression of GST and His:PtrCAD1 in cell 1;
lane 2, coexpression of GST:PtrCAD1 and His:PtrCAD1 in cell 2; lane 3, coexpression of GST:PtrCCR2 and His:PtrCAD1:His in cell 3; lane 4, coexpression
of GST and His:PtrCCR2 in cell 4; lane 5, coexpression of GST:PtrCCR2 and His:PtrCCR2 in cell 5; lane 6, coexpression of GST:PtrCAD1 and His:PtrCCR2 in
cell 6. Western blotting was carried out with the total proteins from the six types of cell with anti-GST antibodies and anti-His antibodies. (a-i) Western
blotting for detection of GST-fused proteins. The arrowheads denote the expression of GST in cell 1 (lane 1), GST:PtrCAD1 in cell 2 (lane 2), GST:PtrCCR2
in cell 3 (lane 3), GST in cell 4 (lane 4), GST:PtrCCR2 in cell 5 (lane 5) and GST:PtrCAD1 in cell 6 (lane 6). Other bands in the immunoblot may be a result
of nonspecific binding. (a-ii) Western blotting for detection of His-tagged proteins. The arrows show the expression of His:PtrCAD1 in cells 1, 2 and 3
(lanes 1, 2 and 3), and the expression of His:PtrCCR2 in cells 4, 5 and 6 (lanes 4, 5 and 6). (a-iii) Total protein extracts from the six types of cell above were
immunoprecipitated with anti-GST antibodies and the immunoprecipitated proteins were detected by western blotting with anti-His antibodies. His:
PtrCAD1 was pulled down by anti-GST antibodies from cells 2 and 3 (lanes 2 and 3), and His:PtrCCR2 was pulled down by anti-GST antibodies from cells 5
and 6 (lanes 5 and 6). The arrows denote the co-immunoprecipitated His:PtrCAD1 (lanes 2 and 3) and His: PtrCCR2 (lanes 5 and 6). The upper band
present in all six lines may be a result of nonspecific binding of the beads and the size is larger than predicted. (a-iv) Western blotting with anti-PtrCAD1
antibodies (lanes 1–3) and with anti-PtrCCR2 antibodies (lanes 4–6). Arrows show the immunoprecipitated PtrCAD1 (lanes 2 and 3) and PtrCCR2 (lanes 5
and 6). IP, immunoprecipitation; WB, western blotting. (b) Pull-down assays in Populus trichocarpa stem-differentiating xylem (SDX). (b-i) Lane 1, western
blotting by anti-PtrCAD1 antibodies with SDX proteins loaded as input; lane 2, SDX proteins were incubated with GST, purified by glutathione-S-agarose
beads and probed with anti-PtrCAD1 antibodies; no signal was observed; lane 3, SDX proteins were incubated with GST:PtrCCR2 fusion proteins, purified
by glutathione-S-agarose beads and probed with anti-PtrCAD1 antibodies. The arrowhead denotes the PtrCAD1 protein pulled down by GST:PtrCCR2
fusion proteins and glutathione-S-agarose beads. (b-ii) Coomassie blue-stained gels of purified GST (lane 1) and GST:PtrCCR2 (lane 2) that were added to
SDX above. (b-iii) The purified products in (b-i) were probed with anti-GST antibodies. Lane 1, the band represents the GST proteins. Lane 2, the band
represents the GST:PtrCCR2 fusion proteins. (c) Co-IP in P. trichocarpa SDX. SDX proteins were immunoprecipitated with anti-PtrCCR2 antibodies, and
immunoprecipitated proteins were detected by anti-PtrCAD1 antibodies. SDX proteins were loaded as an input (lane 1). Preimmune serum was used as the
control (lane 2). Arrowhead (lane 3) denotes the signal of detected PtrCAD1.
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different molar ratios and conducted enzyme assays to determine
whether the enzyme activities were affected. Considering that fer-
uloyl-CoA can be successively converted to coniferaldehyde by
CCR and to coniferyl alcohol by CAD, it is difficult to determine
CCR activities in the mixed enzyme assays. We only examined
the effects on CAD activities by PtrCAD1 and PtrCCR2 interac-
tions. In the mixed enzyme assay, PtrCAD1 was kept at a fixed
concentration of 20 nM, and PtrCCR2 was added at concentra-
tions of 10, 20, 40, 60, 80 and 100 nM, respectively. When the
concentration of added PtrCCR2 was increased, the rate of con-
version of coniferaldehyde to coniferyl alcohol was increased, and
PtrCAD1 activities with PtrCCR2 added were significantly
higher than the control with the same concentration of BSA
added (Fig. 9a). However, compared with control with BSA
added, PtrCAD1 activities of conversion of sinapaldehyde to
sinapyl alcohol with PtrCCR2 added showed no significant dif-
ference (Fig. 9b). Furthermore, we conducted enzyme assays
using coexpressed proteins. Compared with the crude protein

extracts with PtrCAD1/GST coexpressed, PtrCAD1 activities of
PtrCAD1/PtrCCR2-coexpressed crude proteins, using both
coniferaldehyde and sinapaldehyde as substrates, were signifi-
cantly increased (Fig. 9c), supporting the interaction of PtrCAD1
and PtrCCR2.

Discussion

Proteins are major components within an organism, performing a
vast array of biological functions. Proteins rarely act alone. They
form complexes, providing a level of protein function regulation.
Complex formation has been implicated in the phenylpropanoid
and flavonoid biosynthetic pathways (Winkel-Shirley, 1999; Chen
et al., 2011, 2014). It has been proposed that multi-enzymes cat-
alyze sequential reactions for phenylpropanoid biosynthesis
(Winkel-Shirley, 1999). Early indications came from the study of
the enzymes PAL and C4H, which catalyze the first two steps of
the phenylpropanoid pathway (Czichi & Kindl, 1977; Hrazdina

(a)

(d) (e)

(b) (c)

Fig. 7 Downregulation of PtrCCR2 in the Populus trichocarpa stem-differentiating xylem (SDX) of RNAi knockdown transgenics. (a) PtrCCR2 transcript
abundance in the three PtrCCR2 knockdown transgenic lines (i26-4, i26-9 and i26-10) and wild-type (WT). (b) Protein quantification of PtrCCR2 in
PtrCCR2 knockdown transgenics. (c) SDX protein cinnamoyl-CoA reductase (CCR) activities of conversion of feruloyl-CoA to coniferaldehyde. (d) Enzyme
activities of the SDX cinnamyl alcohol dehydrogenase (CAD) family in PtrCCR2 knockdown transgenic plants. Gray bars represent the SDX enzyme
activities of conversion of coniferyl aldehyde to coniferyl alcohol. Black bars represent the SDX enzyme activities of conversion of sinapaldehyde to sinapyl
alcohol. (e) Protein quantification of PtrCAD1 in PtrCCR2 knockdown transgenics. Errors bars represent�SE of three biological replicates. Asterisks
highlight significant differences by Student’s t-test: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Fig. 8 Heteronuclear single-quantum coherence (HSQC) nuclear magnetic resonance (NMR) spectra of cellulolytic enzyme lignins (CELs) from Populus

trichocarpa CCR2 (PtrCCR2) knockdown transgenic wood shows the lignin aromatic region of (a) wild-type (WT), (b) i26-4, (c) i263-9 and (d) Ferulic acid
(FA) marker.

Fig. 9 Impact of PtrCAD1 and PtrCCR2 interactions on enzyme activity. (a, b) Enzyme assays using mixed recombinant proteins. Cinnamyl alcohol
dehydrogenase (CAD) activity was assayed by fixing the PtrCAD1 concentration at 20 nM, whilst varying the PtrCCR2 concentration from 0 to 100 nM,
using 50 lM of (a) coniferaldehyde or (b) sinapaldehyde as the substrate. The CAD activity changes are shown as solid lines. Bovine serum albumin (BSA)
controls (dashed lines) represent assays with the addition of BSA (a noninteracting protein) instead of the interacting protein (i.e. mixing PtrCAD1 with BSA
instead of PtrCCR2). The arrows indicate the activation impacts by protein–protein interactions. (c) Enzyme assays using coexpressed proteins. One crude
protein contained coexpressed His:PtrCAD1 and GST (CAD1 +GST), and the other crude protein contained coexpressed His:PtrCAD1 and GST:PtrCCR2
(CAD1 +GST:CCR2). The two crude proteins had the same PtCAD1 protein abundance, identified by western blotting using anti-His antibodies (data not
shown). Gray bars represent CAD activities using coniferaldehyde as substrate. Black bars represent CAD activities using sinapaldehyde as substrate. Error
bars represent 1� SE of three technical replicates. In some cases, the precision is high, and the error bars are smaller than the size of the data points.
Asterisks highlight significant differences by Student’s t-test: **, P < 0.01; ***, P < 0.001.
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& Wagner, 1985). Isolated microsomes preferentially convert
phenylalanine to p-coumaric acid rather than cinnamic acid to
p-coumaric acid. When microsomes were gently homogenized,
cinnamic acid could be efficiently converted to p-coumarate
(Hrazdina & Wagner, 1985). These results indicate that PAL and
C4H activities are coupled and the proteins are closely associated.
Furthermore, PAL and C4H were found to be colocalized in the
membrane, and C4H may serve to organize the complex for mem-
brane association of PAL (Achnine et al., 2004). Similarly, two
other soluble proteins, HCT and 4CL, were found to be re-
localized to the membrane on C3H and/or C4H expression (Bas-
sard et al., 2012). It has been proposed that C3H and C4H form
complexes, localized in the endoplasmic reticulum (Chen et al.,
2011; Bassard et al., 2012). C3H and C4H could both enable the
association of soluble proteins PAL, HCT and 4CL to the mem-
brane, but it appears that C3H plays a more prominent nucleation
role (Bassard et al., 2012). To date, evidence showing that PAL,
HCT and 4CL are organized into C3H/C4H complexes is lack-
ing. In this study, we found that two soluble proteins, CAD and
CCR, which catalyze the last two steps of monolignol biosynthe-
sis, interact with each other. The evidence for PtrCAD1/PtrCCR2
protein complex formation includes BiFC, pull-down/Co-IP and
mixed enzyme assays. In the transgenics with one gene of
PtrCAD1 and PtrCCR2 suppressed, the SDX activity of the other
family is reduced, supporting their interaction. Although the
enzyme activities of some other families in monolignol biosynthe-
sis were affected in the transgenics (Tables S2, S7), only CAD
activity and CCR activity show positive correlations in both
PtrCAD1 and PtrCCR2 RNAi transgenics (Tables S3–S6, S8, S9).
HCT activity also shows positive correlations with CCR activity
in PtrCCR2 RNAi transgenics. Whether PtrCAD1 and PtrCCR2
form complexes with membrane proteins through HCT as a
bridge requires further investigation. Our recent observations sug-
gest that further enzymes in monolignol biosynthesis show interac-
tions and they may form a larger complex. We are using
additional approaches, including pull-down/LC-MS, to carry out
a deeper study of the protein complexes in monolignol
biosynthesis.

Physical contact between proteins often results in activation or
repression of the enzyme activities of the participating proteins.
The binding of one enzyme to another could induce conforma-
tional changes that affect enzyme activity or binding ability to
substrates. In vitro enzyme kinetics revealed that PtrC4H1/
C4H2/C3H complexes showed increased activities of individual
enzymes for the 4-hydroxylation of cinnamic acid and
3-hydroxylation of p-coumaroyl shikimic acid, but also showed
drastically increased enzyme metabolic efficiency (increased Vmax/
Km values) on p-coumaric acid, indicating the involvement of the
complex in the 3-hydroxylation of p-coumaric acid (Chen et al.,
2011). Two 4CL isomers, Ptr4CL3 and Ptr4CL5, form com-
plexes, in which Ptr4CL5 may play a regulatory role, affecting
the kinetic behavior of Ptr4CL3. In this case, 4CL substrate
specificity is affected, facilitating the CoA ligation of both
p-coumaric acid and caffeic acid for monolignol biosynthesis
(Chen et al., 2014). In this study, we observed a reduction in
CCR activity in transgenic SDX with reduced PtrCAD1 protein

quantity, and also observed a reduction in CAD activity in trans-
genic SDX with reduced PtrCCR2 protein quantity, indicating
that the reduction in activity may be caused by the disruption of
PtrCAD1 and PtrCCR2 interaction.

In comparison, PtrCAD1/PtrCCR2 heterodimers have a
higher activity than homodimers. Heterodimers may have dif-
ferent substrate affinities relative to homodimers because of
conformational changes, which requires further study. It
would be interesting to examine the ratio of PtrCAD1 :
PtrCCR2 homodimers and heterodimers within the plants.
Heterodimers may be formed under certain conditions to
increase enzyme activity. The complexity of monolignol
biosynthesis and its regulation may be a result of adaptation,
such as environmental stresses. Protein–protein interaction is
required for the stress-induced synthesis of 5-deoxy flavonoid
derivatives (Dixon & Paiva, 1995). The mechanisms regulat-
ing complex formation in monolignol biosynthesis remain
unclear. Moreover, PtrCAD1 activities using both coniferalde-
hyde and sinapaldehyde as substrates were increased when the
proteins were coexpressed. However, when we mixed
PtrCAD1 and PtrCCR2 for CAD enzyme assays, we observed
an increased PtrCAD1 activity for the conversion of conifer-
aldehyde to coniferyl alcohol, but not for PtrCAD1 activity
for the conversion of sinapaldehyde to sinapyl alcohol. Possi-
bly, the optimum conditions for PtrCAD1 activity on sina-
paldehyde may be different from those in vivo, or an
additional component may be needed for the conversion of
sinapaldehyde to sinapyl alcohol. PtrCAD1–PtrCCR2 interac-
tions may be different for G and S monolignol biosynthesis.
In a recent study of poplar (P. tremula9 alba) CAD1 silenc-
ing transgenics with a 95% reduction in CAD1 transcript
abundance, only sinapaldehyde, but not coniferaldehyde, was
incorporated at increased levels into the lignin polymer (Acker
et al., 2017). The difference in PtrCAD1–PtrCCR2 interac-
tions between CAD activities on coniferaldehyde and sina-
paldehyde may cause the sequestration of coniferaldehyde in a
more efficient way than sinapaldehyde, and coniferaldehyde is
converted into ferulic acid and derivatives in the CAD1 trans-
genics. Further experiments are needed to elucidate the mech-
anism of selective incorporation of aldehyde into the lignin
polymer in the CAD1-silenced transgenics.

Monolignol biosynthesis is regulated at multiple levels, includ-
ing the post-translational level. Recently, phosphorylation was
discovered as an on/off switch for PtrCOMT2 activity (Wang
et al., 2015). Protein complex formation in monolignol biosyn-
thesis may be a more efficient way to increase enzyme activity
than de novo gene expression on reaction to environmental stim-
uli. The elucidation of the regulation of monolignol biosynthesis
requires a comprehensive study at the systems level, which may
also help in the design of strategies for the engineering of lignin
to improve plant growth and adaptation.
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