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AldOMT

The involvement of protein phosphorylation in monolignol biosynthesis was proposed more than two decades ago, because degradation products of elicitor-induced French bean phenylalanine
ammonia-lyase (PAL) could be radiolabeled by [32P]orthophosphate in vivo (18). Subsequently a synthetic peptide of PAL and a
recombinant poplar PAL were shown to be phosphorylated by
protein fractions of elicitor-induced French bean cell suspension
cultures (19). The same synthetic peptide and poplar recombinant
PAL was later shown to be phosphorylated by an Arabidopsis
thaliana calcium-dependent kinase (AtCPK1) (20, 21). PAL catalytic efficiency was unaffected by this phosphorylation (19). Instead,
the phosphorylation was predicted to mark particular PAL subunits
for turnover or to target them for specific subcellular compartments
(19, 20). No evidence of protein phosphorylation was presented for
the remaining monolignol biosynthetic enzymes.
In the monolignol biosynthetic pathway, most enzymes are produced in excess of what is required for a normal lignin phenotype
(12). This characteristic is particularly true for 5-hydroxyconiferaldehyde O-methyltransferase 2 (PtrAldOMT2), an enzyme central
to syringyl monolignol biosynthesis in Populus trichocarpa. A reduction in PtrAldOMT2 abundance to a near complete absence is
Significance
To meet environmental and developmental needs, the monolignol biosynthetic pathway for lignification in plant cell walls
is regulated by complex mechanisms involving transcriptional,
posttranscriptional, and metabolic controls. However, posttranslational modification by protein phosphorylation had not
been demonstrated in the regulation of monolignol biosynthesis. Here, we show that reversible monophosphorylation at
Ser123 or Ser125 acts as an on/off switch for the activity of 5hydroxyconiferaldehyde O-methyltransferase 2 (PtrAldOMT2).
Phosphorylation induces a loss of function of PtrAldOMT2,
which directly affects metabolic flux for syringyl monolignol
biosynthesis. The Ser123/Ser125 phosphorylation sites are conserved across 98% of AldOMTs from 46 diverse plant species.
Protein phosphorylation provides a rapid and energetically
efficient mode of regulating PtrAldOMT2 activity for syringyl
monolignol biosynthesis and represents an additional level of
control for this important pathway.
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ignin is one of the most abundant biological polymers on the
planet (1). This phenolic polymer is deposited in secondary
cell walls of vascular plants and confers hydrophobicity for water
transport, compressive strength, and resistance to pests and
pathogens (2–4). Lignin is formed by the free-radical polymerization of monolignols, products of the highly regulated monolignol biosynthetic pathway. Monolignol biosynthesis is regulated
by transcriptional activation and suppression by wood-associated
NAC (NAM, ATAF1/2, and CUC2) domain factors and alternative splicing (5–7). At the metabolic level, monolignol biosynthesis is regulated by protein interactions (8, 9) and a complex
network of feed-forward and -back enzyme inhibitions (10–13).
Little is known of the potential impact of posttranslational modification by protein phosphorylation in monolignol biosynthesis.
Protein phosphorylation is one of the most widespread posttranslational modifications that regulates protein function in response to developmental and environmental stimuli in prokaryotes
and eukaryotes (14). Phosphorylation may regulate protein activity,
location, stability, or interactions. Protein modification by phosphorylation is critical for plants, regulating processes such as cellular metabolism, signal transduction, and stress responses (15–17).
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Although phosphorylation has long been known to be an important
regulatory modification of proteins, no unequivocal evidence has been
presented to show functional control by phosphorylation for the plant
monolignol biosynthetic pathway. Here, we present the discovery of
phosphorylation-mediated on/off regulation of enzyme activity for 5hydroxyconiferaldehyde O-methyltransferase 2 (PtrAldOMT2), an enzyme central to monolignol biosynthesis for lignification in stem-differentiating xylem (SDX) of Populus trichocarpa. Phosphorylation
turned off the PtrAldOMT2 activity, as demonstrated in vitro by using
purified phosphorylated and unphosphorylated recombinant
PtrAldOMT2. Protein extracts of P. trichocarpa SDX, which contains
endogenous kinases, also phosphorylated recombinant PtrAldOMT2
and turned off the recombinant protein activity. Similarly, ATP/Mn2+activated phosphorylation of SDX protein extracts reduced the endogenous SDX PtrAldOMT2 activity by ∼60%, and dephosphorylation fully
restored the activity. Global shotgun proteomic analysis of phosphopeptide-enriched P. trichocarpa SDX protein fractions identified PtrAldOMT2 monophosphorylation at Ser123 or Ser125 in vivo.
Phosphorylation-site mutagenesis verified the PtrAldOMT2 phosphorylation at Ser123 or Ser125 and confirmed the functional importance of
these phosphorylation sites for O-methyltransferase activity. The
PtrAldOMT2 Ser123 phosphorylation site is conserved across 93% of
AldOMTs from 46 diverse plant species, and 98% of the AldOMTs
have either Ser123 or Ser125. PtrAldOMT2 is a homodimeric cytosolic
enzyme expressed more abundantly in syringyl lignin-rich fiber cells
than in guaiacyl lignin-rich vessel cells. The reversible phosphorylation
of PtrAldOMT2 is likely to have an important role in regulating
syringyl monolignol biosynthesis of P. trichocarpa.

Fig. 1. PtrAldOMT2 converts 5-hydroxyconiferaldehyde to sinapaldehyde
for syringyl monolignol biosynthesis. SAH, S-adenosyl-L-homocysteine.

predicted necessary to modify metabolic-flux for syringyl monolignol biosynthesis (12). PtrAldOMT2 has the most abundant monolignol biosynthetic gene transcript in stem-differentiating xylem
(SDX) of P. trichocarpa and is the third highest transcribed gene in
the whole SDX transcriptome (7). PtrAldOMT2 protein abundance
is also the highest of all monolignol biosynthetic enzymes and accounts for 5.9% of the SDX proteome (22). Given the abundance
of transcript and protein, regulation of PtrAldOMT2 activity by
transcriptional control should be energy-intensive and slow. Posttranslational modifications such as protein phosphorylation may
provide a mechanism for regulating PtrAldOMT2 activity without
needing to synthesize/degrade protein, thus providing a rapid and
energetically efficient mode of regulating O-methyltransferase activity for syringyl monolignol biosynthesis.
In this study, we describe the discovery of phosphorylationmediated regulation of activity for PtrAldOMT2. AldOMT (EC
2.1.1.68) catalyzes the S-adenosyl-L-methionine (SAM)-dependent
methylation of 3- and 5-hydroxyl groups of precursors for syringyl
monolignol biosynthesis (12). A total of 25 gene models encode
putative AldOMTs in the genome of P. trichocarpa. However, only
PtrAldOMT2 is abundantly and specifically expressed in SDX and
therefore is the major AldOMT for monolignol biosynthesis in P.
trichocarpa (Fig. 1) (23). Knowledge of how modification by protein phosphorylation regulates the activity of PtrAldOMT2 is
needed for a more comprehensive understanding of the regulation
of metabolic flux in monolignol biosynthesis.
Results
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Liquid Chromatography–Tandem Mass Spectrometry Phosphoproteomic
Analysis Revealed PtrAldOMT2 Monophosphorylation at Ser123 or Ser125
In Vivo. We analyzed the phosphoproteome of P. trichocarpa SDX

to investigate in vivo posttranslational protein phosphorylation of
monolignol biosynthetic enzymes. We used affinity chromatographybased phosphopeptide enrichment of tryptic peptides to facilitate the
identification of phosphoproteins by nanoflow reverse-phase liquid
chromatography (LC)-tandem mass spectrometry (MS/MS).
Phosphopeptides were enriched based on the affinity of phosphate groups to ferric metal ions. The enrichment is necessary
because phosphorylated peptides are often present in low abundance relative to their more abundant unphosphorylated isoforms
with which they coexist (24).
The phosphoproteomic analysis of phosphopeptide enriched
SDX protein fractions yielded 1,439 protein groups and 4,836
unique tryptic peptides at a 1% protein false discovery rate (FDR)
(Dataset S1). Of the total enriched proteins and peptides, 1,392
proteins (96.7%) and 4,728 (97.8%) peptides were phosphorylated,
indicating successful enrichment. Two phosphopeptides mapping
to PtrAldOMT2 were identified. Monophosphorylation at the
Ser123 or Ser125 residue was identified for the peptides NEDGV(pS)
VSPLCLMNQDK and NEDGVSV(pS)PLCLMNQDK (Fig. 2 A
and B). These phosphorylated peptides also mapped to one protein
other than PtrAldOMT2, an ankyrin repeat protein with an unknown function (GenBank accession no. POPTR_0015s15550). The
transcripts of this ankyrin repeat protein were not xylem-specific,
and its protein was not detected in any of our shotgun proteomic
analyses of P. trichocarpa SDX (22, 23). In contrast, PtrAldOMT2,
one of the most abundant proteins in SDX (22), was uniquely
identified by other peptides in the same experiment. Therefore, these phosphopeptides identified are most likely specific to
8482 | www.pnas.org/cgi/doi/10.1073/pnas.1510473112

PtrAldOMT2. Phosphopeptides for PtrAldOMT2 with double
phosphorylation of both Ser123 and Ser125 were undetected.
Two other phosphorylated monolignol biosynthetic pathway peptides were identified: NGYQNG(pS)SESLCTQR for PtrPAL1
(Fig. S1A) and IG(pS)FEEELK, shared by PtrPAL4 and PtrPAL5
(Fig. S1B). PtrPAL4 and PtrPAL5 are xylem-specific and abundant
and therefore are the key PALs involved in monolignol biosynthesis
(12, 23). PtrPAL1 is shoot-specific, suggesting its involvement in
other pathways (23). Identification of additional phosphoproteins involved with secondary cell-wall biosynthesis included five
currently known secondary cell-wall-specific cellulose synthases
(PtrCesA7, PtrCesA17, PtrCesA4, PtrCesA8, and PtrCesA18)
(25), one putative family 43 glycosyltransferase (PtrIRX9), one
cytochrome P450 reductase (PtrCPR1), and four transcription
factors (PtrLIM1, PtrLIM2, PtrSND2/3-B1, and PtrSND2/3-B2)
(Dataset S1). Given the clear presence of phosphoproteins involved in lignin, cellulose, and hemicellulose biosynthesis in SDX
of P. trichocarpa, our results imply that protein phosphorylation
has a role in secondary cell-wall formation. We next focused on
the cellular and subcellular expression patterns and protein
stoichiometry of PtrAldOMT2.
PtrAldOMT2 Is a Homodimeric Cytosolic Enzyme Expressed More
Abundantly in Fiber Cells than in Vessel Cells of P. trichocarpa SDX.

The homodimeric state of AldOMT has been demonstrated in
Populus tremuloides, Medicago sativa L., and Sorghum bicolor (26–
28). To verify whether PtrAldOMT2 forms a homodimer, we investigated the size of recombinant PtrAldOMT2 fused at the C
terminus to a 6×His-tag (PtrAldOMT2-6×His) by blue nativePAGE (BN-PAGE). The anionic dye in BN-PAGE binds to the
native PtrAldOMT2-6×His and preserves its physiological protein
associations. The dye also imposes a charge shift that facilitates its
migration according to protein mass as opposed to charge/mass
ratio, therefore revealing its native size and protein stoichiometry.
BN-PAGE of the native PtrAldOMT2-6×His showed a single
protein band of ∼80 kDa (lane 2, Fig. 3A), consistent with the mass
of two molecules of the monomeric protein (∼40 kDa), as determined by peptide sequence and SDS/PAGE (lane 1, Fig. 3A).
To further verify that the homodimer is the physiological state of
PtrAldOMT2 in vivo, we analyzed native SDX protein extracts by
BN-PAGE coupled with in-gel AldOMT activity assays. AldOMT
activity for the conversion of caffeic acid to ferulic acid was 10-fold
higher in the ∼80-kDa gel fragment of the BN-PAGE (Fig. 3B),
compared with the gel fragments containing other-sized proteins
(Fig. 3B). The homodimer is the physiological and functional state
of PtrAldOMT2 in P. trichocarpa SDX.
We then determined the subcellular location of PtrAldOMT2.
An expression vector containing a cauliflower mosaic virus 35S

Fig. 2. PtrAldOMT2 phosphopeptides identified by LC-MS/MS–based shotgun
proteomic analysis of phosphopeptide-enriched P. trichocarpa SDX protein
fractions. MS spectra: Ser123 (A) and Ser125 (B) phosphorylation. Underlined S
represents phosphorylated serine residues. Fragment ions showing serine
phosphorylation are labeled by dashed arrows. Numbers denote m/z values.
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P. trichocarpa SDX Contains Necessary Kinases for Monophosphorylation of PtrAldOMT2. Characterizing the physiological impact of

PtrAldOMT2 phosphorylation required the isolation of proteins with
high levels of this posttranslational modification. Because nothing is
known of the kinase that phosphorylates PtrAldOMT2, we developed an in vitro phosphorylation system using protein extracts of
P. trichocarpa SDX, which contains all of the endogenous kinases.
To develop this system, we tested various cofactors and substrates
associated with protein phosphorylation, and monitored them by
Phos-tag SDS/PAGE and Western blotting. Phos-tags bind to

phosphate groups on proteins and reduce their anionic mobility,
enabling the separation of phosphorylated proteins from their
unphosphorylated isoforms. PtrAldOMT2-6×His phosphorylation was most active when Mn2+ and adenosine triphosphate
(ATP) were added to the SDX protein extracts (lane 4, Fig. 4A);
the addition of Mg2+ and ATP to SDX protein extracts only
weakly activated PtrAldOMT2-6×His phosphorylation (lane 3,
Fig. 4A); no phosphorylation was detected for the addition of
Ca2+ and ATP to SDX protein extracts or in reactions without
ATP (lanes 1 and 2, Fig. 4A). We used Mn2+ and ATP for the
remaining experiments. We next tested the reversibility of
PtrAldOMT2 phosphorylation. Treatment of phosphorylated
PtrAldOMT2-6×His with calf intestinal alkaline phosphatase
(CIAP) resulted in the complete dephosphorylation of the recombinant protein (lane 5, Fig. 4A). Recombinant PtrAldOMT2-6×His
can be monophosphorylated in vitro, by incubation in P. trichocarpa
SDX protein extracts containing ATP and Mn2+ (lane 4, Fig. 4A).
Complete dephosphorylation of phosphorylated PtrAldOMT2
can be readily achieved, suggesting plasticity in this posttranslational modification.
To confirm that the phosphorylation events introduced by our in
vitro system are representative of the endogenous phosphorylation
in vivo, and are not due to nonspecific phosphorylation, we next
characterized the phosphorylation site location and occupancy of
our in vitro phosphorylation system. Recombinant PtrAldOMT26×His was incubated in SDX protein extracts with Mn2+ and ATP,
and the reaction products were analyzed by high-resolution MS/MS.
PtrAldOMT2-6×His incubated in SDX protein extracts at 0 °C was
included as a negative control. Monophosphorylation at Ser123 or
Ser125 was confirmed for recombinant PtrAldOMT2-6×His incubated for phosphorylation, by the detection of phosphopeptides
NEDGV(pS)VPLCLMNQDK and NEDGVSV(pS)PLCLMNQDK
(Fig. S2). These peptides are identical to those phosphopeptides
identified in our global shotgun phosphoproteomics analysis of
P. trichocarpa SDX (Fig. 2 A and B). The relative retention time of
the phosphorylated and unphosphorylated peptides, accurate intact
mass (<2 ppm), and fragment ion spectra were all consistent with
global data and expected values. Consistent with the results of
the global phosphoproteomics analysis was the lack of detectable PtrAldOMT2-derived peptides with phosphorylation
at both Ser123 and Ser125 residues. The monophosphorylation
is reasonable because the two phosphorylation sites are too
close together to allow for concurrent phosphorylation at both sites.
With the phosphorylation sites confirmed for the recombinant
PtrAldOMT2, we next quantified the levels of phosphorylation
introduced by SDX protein extracts. Total phosphorylation occupancy at Ser123 and Ser125 was increased 3.45-fold from 7.88 ±
0.71% in the 0 °C controls to 27.16 ± 0.86% by in vitro phosphorylation (Fig. 4B). Phosphorylation observed for the controls
is likely due to residual kinase activity at 0 °C. Our in vitro phosphorylation system can effectively increase the levels of phosphorylation of recombinant PtrAldOMT2, and the sites of phosphorylation
induced are consistent with the endogenous phosphorylation sites in
P. trichocarpa SDX. Using this in vitro phosphorylation system, we
then produced purified phosphorylated recombinant PtrAldOMT26×His for enzyme functional analysis.
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Purified Phosphorylated Recombinant PtrAldOMT2 Has Essentially No
O-Methyltransferase Activity. To determine how phosphorylation
Fig. 3. (A) Purified recombinant PtrAldOMT2-6×His analyzed by SDS/PAGE
(lane 1) stained with Coomassie-blue and BN-PAGE (lane 2) immunodetected by
anti-His antibody. (B) P. trichocarpa SDX protein extracts separated by BN-PAGE
and analyzed by in-gel activity assays using caffeic acid as substrate. (C) Confocal fluorescence imaging of P. trichocarpa SDX protoplasts expressing
PtrAldOMT2–GFP or GFP-only control. (D) PtrAldOMT2 transcript abundance in
fiber cells, vessel cells, and mixtures of three cell types (fiber, vessel, and ray
cells). Error bars represent one SE of three technical replicates.

Wang et al.

affects the O-methyltransferase function, we produced purified
phosphorylated recombinant PtrAldOMT2-6×His, using our in
vitro phosphorylation system and phosphate-specific affinity
chromatography. Protein fractions were analyzed by Phos-tag
SDS/PAGE and Western blotting using anti-His-antibody (Fig.
4C). P. trichocarpa SDX protein extracts phosphorylated 9% of
the total recombinant protein (preenrichment, Fig. 4C). Using
affinity chromatography, we increased phosphorylation to 45%
of the total PtrAldOMT2-6×His (eluent, Fig. 4C). The absence
PNAS | July 7, 2015 | vol. 112 | no. 27 | 8483
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promoter and the PtrAldOMT2 gene fused at its C terminus with
an sGFP coding sequence was overexpressed in P. trichocarpa
SDX protoplasts, using our protocol (7, 29). The transformed
SDX protoplasts exhibited uniform green fluorescence consistent with the expression of a cytosolic enzyme (Fig. 3C).
We next focused on the cellular localization of PtrAldOMT2
transcript in P. trichocarpa SDX. Differentiating fiber and vessel
cells and groups of fiber, vessel, and ray cells were isolated by
laser capture microdissection from stem cross-sections between
internodes 15 and 20 of P. trichocarpa (9). Total RNAs were
isolated from the cell samples, amplified, and analyzed by wholetranscriptome RNA sequencing (29). PtrAldOMT2 transcript
relative abundance was 2.5-fold higher in the fiber cells compared with the vessel cells (Fig. 3D) and 2.2-fold higher in
abundance in the fiber cells compared with the samples containing fiber, vessel, and ray cells (Fig. 3D). PtrAldOMT2 converts guaiacyl monolignol precursors for syringyl monolignol
biosynthesis (10). The preferential expression of PtrAldOMT2 in
fiber cells is therefore consistent with the observation that fiber
cells are enriched in syringyl lignin, whereas vessel cells enriched
with guaiacyl lignin would be expected to have lower PtrAldOMT2
expression (30–32). We then tested the impact of PtrAldOMT2
protein phosphorylation on its enzyme function.

Fig. 4. (A) Recombinant PtrAldOMT2-6×His in vitro phosphorylation. (Lane 1) ATP is necessary for PtrAldOMT2 phosphorylation. (Lane 2) Ca2+ cannot facilitate
PtrAldOMT2 phosphorylation. (Lane 3) Mg2+ weakly activates PtrAldOMT2 phosphorylation. (Lane 4) Mn2+ effectively activates PtrAldOMT2 phosphorylation. (Lane
5) CIAP dephosphorylates PtrAldOMT2. (B) P. trichocarpa SDX protein extracts activated recombinant PtrAldOMT2-6×His phosphorylation. Control assays, incubation
at 0 °C; phosphorylation assays, incubation at 30 °C. Error bars represent one SE of five technical replicates. (C) Phos-tag SDS/PAGE of phospho-enrichment of
recombinant PtrAldOMT2 phosphorylated by P. trichocarpa SDX, immunodetected by using anti-His antibody. (Lane 1) SDX-only control. (Lane 2) PtrAldOMT2-6×His
only control. (Lane 3) Preenriched sample containing PtrAldOMT2-6×His and SDX. (Lane 4) Flow-through. (Lane 5) Wash buffer. (Lane 6) Enriched sample containing
phosphorylated PtrAldOMT2-6×His and phosphorylated SDX proteins. (D) Activity of unphosphorylated and phosphorylated PtrAldOMT2-6×His, with caffeic acid
(CA), caffealdehyde (CAFAld), or 5-hydroxyconiferaldehyde (5HCnAld) as substrate. Error bars represent one SE of three technical replicates.

of a protein band in the wash buffer (wash, Fig. 4C) indicates a
complete separation of unphosphorylated PtrAldOMT2-6×His
from their phosphorylated counterparts. The flow-through shows
only a single band corresponding to the unphosphorylated
PtrAldOMT2-6×His (flow-through, Fig. 4C), indicating successful retention of all phosphorylated PtrAldOMT2-6×His by
affinity chromatography. We then assayed the activity of the
purified phosphorylated PtrAldOMT2-6×His using caffeic acid,
caffealdehyde, or 5-hydroxyconiferaldehyde as the substrate.
When phosphorylated, the rate of conversion of caffealdehyde
to coniferaldehyde was reduced to 4% of the unphosphorylated
PtrAldOMT2-6×His control (Fig. 4D). No activity was detected
for the phosphorylated PtrAldOMT2-6×His when either caffeic
acid or 5-hydroxyconiferaldehyde was the substrate (Fig. 4D).
These results showed that modification by phosphorylation inhibits PtrAldOMT2 enzyme activity. The presence of two bands
of approximately equal proportions in the eluent (eluent, Fig.
4C) suggests that phosphorylation of only one subunit of the
dimeric PtrAldOMT2 is sufficient for inactivation. To confirm
the phosphorylation-mediated inhibition of PtrAldOMT2 in
vivo, we next investigated how O-methyltransferase activity in P.
trichocarpa SDX protein extracts is affected by phosphorylation.
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Phosphorylation Inhibits Endogenous PtrAldOMT2 Activity in P.
trichocarpa SDX Protein Extracts. To confirm the phosphoryla-

tion-induced inhibition of PtrAldOMT2 enzyme activity, total
protein extracts of P. trichocarpa SDX were treated with ATP
and Mn2+ to promote phosphorylation of the endogenous
SDX proteins (Fig. 5A). Unphosphorylated native SDX protein extracts were included as a control. When phosphorylated,
AldOMT activity in SDX was reduced to 44% of the control
for conversion of caffeic acid to ferulic acid (Fig. 5B) and to
49% of the control for conversion of caffealdehyde to coniferaldehyde (Fig. 5B). The reduced AldOMT activity in SDX
was not due to protein degradation, because the abundance of
endogenous PtrAldOMT2 in SDX protein extracts was not
reduced by phosphorylation (Fig. 5A). CIAP treatment to
remove phosphorylation restored AldOMT activity to the
8484 | www.pnas.org/cgi/doi/10.1073/pnas.1510473112

levels of the native SDX control (Fig. 5B). We also assayed
changes in PAL activity in the SDX protein extracts. Phosphorylation and CIAP treatments did not alter the PAL activity in SDX compared with the control (Fig. 5B), consistent
with the observation that recombinant PAL catalytic efficiency
(Vmax/Km) was unaffected by phosphorylation (19). Having confirmed the phosphorylation-mediated inhibition of PtrAldOMT2
activity, we next focused on the functional roles of the individual
PtrAldOMT2 phosphorylation sites.
Site-Directed Mutagenesis at Ser123 and Ser125 Verified PtrAldOMT2
Phosphorylation Sites and Their Functional Significance. To further

verify the identity of the Ser123 and Ser125 phosphorylation sites in
PtrAldOMT2, and to directly assess the functional roles played by
these serine residues, we used site-directed mutagenesis to convert
Ser123 and Ser125 either singly or doubly to asparagine to produce
S123N, S125N, and S123N:S125N recombinant PtrAldOMT26×His. Asparagine is a nonphosphorylatable amino acid that
mimics the polar uncharged serine in the unphosphorylated
PtrAldOMT2 (33). Recombinant proteins of S123N, S125N,
and S123N:S125N were produced in Escherichia coli, purified to
near homogeneity (Fig. 5C), and analyzed for phosphorylation
by SDX protein extracts. As expected, monophosphorylation
was observed when S123N or S125N was assayed for phosphorylation (lanes 3 and 4, Fig. 5D). No phosphorylation was
observed when the double-mutant S123N:S125N was incubated
in SDX protein extracts with Mn2+ and ATP (lane 5, Fig. 5D).
Therefore, the phosphorylation of PtrAldOMT2 is exclusively
limited to the Ser123 and Ser125 residues, and their mutation
prohibited phosphorylation of PtrAldOMT2 by P. trichocarpa
SDX protein extracts (lane 5, Fig. 5D). We next assessed their
biochemical functions.
We analyzed the O-methyltransferase activities of recombinant S123N, S125N, and S123N:S125N using caffeic acid, caffealdehyde, or 5-hydroxyconiferaldehyde as substrates. When
Ser123 was converted to asparagine, O-methyltransferase activity
was reduced to 6.9% of the unmodified PtrAldOMT2 control for
caffeic acid (Fig. 5E), to 15.2% of the control for caffealdehyde
Wang et al.

Fig. 5. (A) ATP/Mn2+-activated phosphorylation of P. trichocarpa SDX protein
extracts, analyzed by Phos-tag SDS/PAGE and immunodetected by using polyclonal anti-PtrAldOMT2 antibody. Control “C” denotes PtrAldOMT2-6×His.
(B) AldOMT and PAL activities in phosphorylated, CIAP-treated, and untreated
native P. trichocarpa SDX protein extracts. CA, caffeic acid; CAFAld, caffealdehyde; CiA, cinnamic acid; CnAld, coniferaldehyde; FA, ferulic acid; Phe, phenylalanine. Error bars represent one SE of three technical replicates. (C) Phos-tag
SDS/PAGE of unphosphorylated recombinant PtrAldOMT2-6×His site-directed
mutagenesis at Ser123 (S123N), Ser125 (S125N), and both Ser123 and Ser125 (S123N:
S125N). (D) Phos-tag SDS/PAGE of in vitro phosphorylation of native and mutated PtrAldOMT2-6×His immunodetected by anti-His antibody. (Lane 1) PtrAldOMT2-6×His only control. (Lane 2) PtrAldOMT2-6×His in SDX. (Lane 3) S123N in
SDX. (Lane 4) S125N in SDX. (Lane 5) S123N:S125N in SDX. (E) O-methyltransferase
activity of native PtrAldOMT2-6×His, S123N, S125N, and S123N:S125N with caffeic
acid, caffealdehyde, or 5-hydroxyconiferaldehyde as substrates. Activities are
single measurement determinations.

(Fig. 5E), and to 9.5% of the control for 5-hydroxyconiferaldehyde (Fig. 5E). Inhibition of O-methyltransferase activity
was less severe when Ser125 was converted to asparagine. S125N
activity was 35.9% of control for caffeic acid (Fig. 5E), 39.8% of
control for caffealdehyde, and 26.2% of control for 5-hydroxyconiferaldehyde (Fig. 5E). When both Ser123 and Ser125 were converted to asparagine, as in S123N:S125N, O-methyltransferase
activity for all three substrates was below the level of detection
(Fig. 5E). The significant reduction in O-methyltransferase activity
when Ser123 and/or Ser125 was modified confirmed that these serine
residues are important for maintaining PtrAldOMT2 function
and that modifications to either one or both of these residues will
drastically affect O-methyltransferase activity. In addition, the
more severe inhibition observed for a modification of Ser123
compared with Ser125 suggests that the Ser123 phosphorylation site
plays a more important role for PtrAldOMT2 O-methyltransferase
activity. The question is then whether these phosphorylation sites
are conserved in plant AldOMTs.
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The Ser123 Phosphorylation Site Is Highly Conserved in AldOMTs from
123
Diverse Plant Species. To elucidate the conservation of the Ser

and Ser125 phosphorylation sites in plants, we aligned AldOMT
protein sequences from 46 diverse vascular plant species (Fig. S3).
AldOMTs in 45 of 46 (98%) plant species have either one or
both PtrAldOMT2 phosphorylation sites (Fig. S3). Medicago
truncatula is the species without either serine residues. The
Ser123 phosphorylation site is conserved across 43 of 46 (93%)
AldOMTs (Fig. S3). The three plant species (Gossypium hirsutum,
Hibiscus cannabinus, and M. truncatula) without Ser123 retained a
phosphorylatable threonine or tyrosine residue in place of Ser123.
In contrast, the PtrAldOMT2 Ser125 residue is only found in 8
of 46 (17%) AldOMTs, with small nonpolar alanine or glycine
residues in place of serine (Fig. S3). The highly conserved
Wang et al.

Discussion
Suppression of enzyme activity by protein phosphorylation represents
an important regulatory process in the control of plant metabolism
(14). Key metabolic pathways, such as in sucrose and nitrogen metabolism, are regulated by phosphorylation-mediated enzyme suppression. For example, reversible phosphorylation of Ser158 converts
sucrose phosphate synthase to a low-activity form (34); similarly, the
phosphorylated form of nitrate reductase is inactive, whereas the
dephosphorylated form is active (35). Reversible phosphorylation
may also activate plant metabolic enzyme activities. Phosphorylation
of Ser15 in vitro activates sucrose synthase, by increasing substrate
affinities (36). Although protein phosphorylation/dephosphorylationdependent regulation is essential and ubiquitous in plant metabolism,
the involvement of this posttranslational modification in regulating
monolignol biosynthesis had remained largely undefined.
With the advent of phosphopeptide enrichment and highthroughput MS, large-scale global phosphoproteomic analysis has
been applied to 20 plant species, and >31,000 plant phosphoproteins
have been identified (37). These data revealed phosphopeptides
mapping to 4 of 10 monolignol biosynthetic enzyme families: a PAL
of Zea mays and M. truncatula; a cinnamyl alcohol dehydrogenase of
A. thaliana, M. truncatula, and Brachypodium distachyon; and a cinnamoyl-CoA reductase and an AldOMT of A. thaliana (37). However, no evidence has been presented to show functional regulation
by protein phosphorylation for these monolignol pathway enzymes.
Protein phosphorylation acts as an on/off regulatory switch for
PtrAldOMT2 activity in monolignol biosynthesis of P. trichocarpa,
providing an additional level of regulation for this important pathway. PtrAldOMT2 is monophosphorylated at Ser123 or Ser125 residues in wild-type SDX of P. trichocarpa. The monophosphorylation
of recombinant PtrAldOMT2 could be activated by P. trichocarpa
SDX extracts containing endogenous kinases (Fig. 4A). An important regulatory function of protein phosphorylation is the modulation (activation or suppression) of enzyme activity. Phosphorylation
of PtrAldOMT2 results in the loss of function of the O-methyltransferase activity, which is essential for syringyl monolignol biosynthesis (10). On–off PtrAldOMT2 switching may be an efficient
way to regulate syringyl monolignol metabolic flux in the pathway
(12). The serine phosphorylation sites in PtrAldOMT2 are adjacent
to Met130, an important residue for phenylpropanoid binding by sequestering the phenyl ring that presents a reactive hydroxyl group to
SAM (27). The addition of the strong negative charge of a phosphate
group to Ser123 or Ser125 could induce a conformational change in the
PtrAldOMT2 protein structure, preventing substrate binding. Using
site-directed mutagenesis, we confirmed Ser123 and Ser125 as important regulatory sites for PtrAldOMT2 activity (Fig. 5E).
Regulating protein-turnover is also a physiological role of phosphorylation in plant metabolism (38). Phosphorylation in plants is
known to affect the stability of proteins, such as the D1 and D2
proteins of photosystem II (39). Phosphorylation also triggers both
protein synthesis and degradation. For example, DELLA protein
regulation of gibberellin-dependent growth processes and their
degradation rate is controlled by phosphorylation status (40), and
plant TOR kinase stimulates protein synthesis through its impact on
phosphorylation of the translational activator S6 kinase (41). In the
monolignol biosynthetic pathway, phosphorylation has been suggested to affect the stability of poplar PAL (19). On the contrary, we
observed no reduction in PtrAldOMT2 abundance in the ATP/
Mn2+–activated protein phosphorylation of P. trichocarpa SDX
protein extracts (Fig. 5A), suggesting that PtrAldOMT2 protein
stability is not regulated by protein phosphorylation.
Early reports of protein phosphorylation in monolignol biosynthesis demonstrated that PAL of hybrid poplar could be
PNAS | July 7, 2015 | vol. 112 | no. 27 | 8485

PLANT BIOLOGY

PtrAldOMT2 Ser123 phosphorylation site strongly suggests that
such posttranslational modification is evolutionally important
functional regulation of the O-methyltransferase in the monolignol biosynthetic pathway.
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phosphorylated in vitro (19, 20). Subsequently, two poplar
phosphoproteomic studies identified 151 and 147 phosphoproteins in dormant terminal buds of the hybrid Populus simonii ×
Populus nigra (42) and in differentiating xylem of P. trichocarpa
(13), respectively. None of these phosphoproteins were associated with monolignol biosynthesis. Whether protein phosphorylation was involved in monolignol biosynthesis of poplar
species could not be answered by these previous studies.
Our large scale phosphoproteomic analysis using MS/MS of
phosphopeptide-enriched tryptic fractions identified 1,392 specific
phosphoproteins in the SDX of P. trichocarpa. Improved analytical
and bioinformatics methods, coupled with buffers that inhibit dephosphorylation, have enhanced the sensitivity and coverage of our
analysis of the SDX phosphoproteome (SI Materials and Methods).
In addition to PtrAldOMT2, several other secondary-cell-wall–
associated enzymes and transcription factors were found to be
phosphorylated (Dataset S1). The presence of these phosphoproteins in SDX suggests that protein phosphorylation may
regulate the biosynthesis of cellulose, hemicelluloses, and lignin
and, therefore, secondary cell wall formation.
Sequence alignment of 46 AldOMTs from diverse plant species showed phosphorylation sites that have been conserved or
have diverged over evolutionary time. The Ser123 phosphorylation site is highly conserved across 93% of all AldOMTs (Fig.

S3). Given the presence of the Ser123 phosphorylation site, this
regulatory mechanism is likely to be of general occurrence in plants.
This finding suggests strong selection of AldOMT phosphorylation
for regulation. The presence of a second phosphorylatable serine
(Ser125) in AldOMT of P. trichocarpa and several other plant species
suggests the emergence of redundancy for a vital function of phosphorylation. In support of redundant functions of Ser123 and Ser125
is the evidence that either site can undergo phosphorylation independently (Fig. 5D). Ser123 and Ser125 may also act as independent
docking sites for distinct kinases and signaling pathways. Defining
the temporal regulation of PtrAldOMT2 phosphorylation should
yield new insights into the regulation of monolignol biosynthesis.
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Materials and Methods
Plant materials, crude SDX protein isolation, recombinant protein production,
BN-PAGE, laser capture microdissection, filter-aided sample preparation,
immobilized metal-affinity chromatography, LC-MS/MS, phosphoprotein enrichment, in vitro phosphorylation and dephosphorylation, site-directed
mutagenesis, and enzyme assays, are described in detail in SI Materials and
Methods. Primer sequences are listed in Table S1.
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