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4-Coumaric acid:coenzyme A ligase (4CL) is involved in monolignol biosynthesis for ligniﬁcation in plant cell walls. It ligates
coenzyme A (CoA) with hydroxycinnamic acids, such as 4-coumaric and caffeic acids, into hydroxycinnamoyl-CoA thioesters.
The ligation ensures the activated state of the acid for reduction into monolignols. In Populus spp., it has long been thought that
one monolignol-speciﬁc 4CL is involved. Here, we present evidence of two monolignol 4CLs, Ptr4CL3 and Ptr4CL5, in Populus
trichocarpa. Ptr4CL3 is the ortholog of the monolignol 4CL reported for many other species. Ptr4CL5 is novel. The two Ptr4CLs
exhibited distinct Michaelis-Menten kinetic properties. Inhibition kinetics demonstrated that hydroxycinnamic acid substrates
are also inhibitors of 4CL and suggested that Ptr4CL5 is an allosteric enzyme. Experimentally validated ﬂux simulation,
incorporating reaction/inhibition kinetics, suggested two CoA ligation paths in vivo: one through 4-coumaric acid and the other
through caffeic acid. We previously showed that a membrane protein complex mediated the 3-hydroxylation of 4-coumaric acid
to caffeic acid. The demonstration here of two ligation paths requiring these acids supports this 3-hydroxylation function.
Ptr4CL3 regulates both CoA ligation paths with similar efﬁciencies, whereas Ptr4CL5 regulates primarily the caffeic acid
path. Both paths can be inhibited by caffeic acid. The Ptr4CL5-catalyzed caffeic acid metabolism, therefore, may also act to
mitigate the inhibition by caffeic acid to maintain a proper ligation ﬂux. A high level of caffeic acid was detected in stemdifferentiating xylem of P. trichocarpa. Our results suggest that Ptr4CL5 and caffeic acid coordinately modulate the CoA ligation
ﬂux for monolignol biosynthesis.

Lignin is an irreversible, terminal output of a major
metabolic pathway in plant secondary metabolism.
It is a polyphenolic structural component of the secondary cell walls of vascular plants and plays a unique
role in the adaptation of plants to their environment
and in resistance to biotic and abiotic stresses (Harada
and Cote, 1985). In the formation of secondary cell
walls, lignin is deposited between cells (middle lamella) and in cell walls. In the secondary wall, lignin
surrounds the hemicelluloses and cellulose, forming a
composite of the three major wall components (Timell,
1969; Terashima et al., 2009). Lignin is a major barrier
to the utilization of biomass for energy, for papermaking,
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and for forage digestibility due to its interaction with
cellulosics (Sarkanen, 1976; Chiang, 2002; Chen and
Dixon, 2007). Studying lignin biosynthesis at the systems or holistic level should lead to better understanding of how the entire biosynthetic pathway is
organized and regulated, providing more precise
strategies to improve the production of energy, biomaterials, and food.
Lignin is typically polymerized from three phenylpropanoid monomers, 4-coumaryl alcohol (metabolite
20 in Fig. 1), coniferyl alcohol (22), and sinapyl alcohol
(24), also called the H, G, and S monolignols, respectively. In woody dicotyledons, such as Populus spp.,
lignin is polymerized from S and G monolignols and
low levels of H monolignols and other intermediate
metabolites (Sarkanen and Ludwig, 1971; Higuchi,
1997; Ralph et al., 2008). Knowledge of the enzymes
and metabolites of the monolignol pathway stems
from tracer studies in the 1950s (Brown and Neish,
1955, 1956, 1959; Brown, 1961; Higuchi and Brown,
1963a, 1963b). Ten enzyme families convert Phe (1 in
Fig. 1) to monolignols through a metabolic grid
(Higuchi, 1997, 2003), with a principal pathway
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Figure 1. The proposed monolignol biosynthetic pathway. The principal pathways for the biosynthesis of monolignols
4-coumaryl, coniferyl, and sinapyl alcohols are highlighted in gray. The first step in the pathway involves the deamination of
Phe to cinnamic acid by phenylalanine ammonia-lyase (PAL). A multiple protein complex (C4H-C3H) consists of cinnamic acid
4-hydroxylase (C4H) and 4-coumarate 3-hydroxylase (C3H) hydroxylate cinnamic acid at the ring 4 position to 4-coumaric acid
and subsequently at the ring-3 position of 4-coumaric acid to caffeic acid (Chen et al., 2011). 4CL then activates the hydroxycinnamic
acids to their corresponding CoA thioesters. The C4H-C3H protein complex, in conjunction with 4-hydroxycinnamoyl-CoA:quinate
shikimate 4-hydroxycinnamoyltransferase (HCT), hydroxylate 4-coumaroyl-CoA, at the 3 position to caffeoyl-CoA. CaffeoylCoA O-methyltransferase (CCoAOMT), coniferyl aldehyde 5-hydroxylase (CAld5H), and 5-hydroxyconiferaldehyde
O-methyltransferase (AldOMT) modify the phenolic ring at the 3 and 5 positions through a series of hydroxylation and
methoxylation reactions. Cinnamoyl-CoA reductase (CCR) and cinnamyl alcohol dehydrogenase (CAD) reduce the phenolic intermediates to monolignols.

through coniferaldehyde (Chen et al., 2011; Wang
et al., 2012). Although the current knowledge is substantial, many aspects of the monolignol pathway are
not yet quantiﬁed or sufﬁcient for a comprehensive
systems understanding. A systems understanding begins with an essentially complete set of relevant genes
from the genome sequence (Kitano, 2002; Albert, 2007).
Populus trichocarpa (Nisqually-1 genotype) is an ideal
model species for studying lignin biosynthesis at the
systems level because its genome has been sequenced

and for its relevance as a feedstock for the production of
biofuels and biomaterials.
Based on transcript abundance and tissue speciﬁcity,
we previously identiﬁed in the P. trichocarpa genome
23 genes that potentially represent a complete set of
relevant genes encoding monolignol biosynthesis enzymes during wood formation (Shi et al., 2010). This
result suggested substantial functional redundancy
in monolignol biosynthesis not previously recognized
(Wang et al., 2012). Members in six of the 10 monolignol
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enzyme families may have redundant functions: ﬁve
members for phenylalanine ammonia-lyase, two for
cinnamic acid 4-hydroxylase, three for 4-coumaric acid:
coenzyme A ligase (Ptr4CL), two for 4-hydroxycinnamoylCoA:shikimic acid 4-hydroxycinnamoyltransferase, three
for caffeoyl-CoA O-methyltransferase, and two for
coniferyl aldehyde 5-hydroxylase enzyme families (Shi
et al., 2010). Evidence from in vitro experiments also
indicates a signiﬁcant level of pathway metabolitemediated feedback and feed-forward regulation of enzyme functions in monolignol biosynthesis (Sato et al.,
1982; Bolwell et al., 1986; Osakabe et al., 1999; Blount
et al., 2000; Li et al., 2000; Li et al., 2001). Redundancy
and feedback/feed-forward or coordinated regulation
of enzyme functions may represent constraints necessary
for maintaining optimal metabolic ﬂux distributions in the
biosynthesis of monolignols for ligniﬁcation. Quantitative
analysis and integration of these regulations, manifested
by speciﬁc enzyme kinetic properties, for all enzymes involved in a single species is essential for a comprehensive
understanding of how the entire network of metabolic
ﬂuxes functions. In this paper, we begin a systems analysis
of the P. trichocarpa 4CL gene family members.
Genomic studies have shown that the 4CL gene
family typically has multiple members, often with
additional 4CL-like genes (Raes et al., 2003; Shi et al.,
2010). Arabidopsis (Arabidopsis thaliana) has three
(Ehlting et al., 1999; Raes et al., 2003; Schneider et al.,
2003; Vanholme et al., 2012), the moss Physcomitrella
patens has four (Silber et al., 2008), rice (Oryza sativa)
has ﬁve (Gui et al., 2011), and P. trichocarpa has 17
members (Souza et al., 2008; Shi et al., 2010). The 4CL
gene product catalyzes CoA ligation of many hydroxycinnamic acids (Fig. 1) into the corresponding CoA
thioesters for the biosynthesis of phenylpropanoids,
such as monolignols (Walton and Butt, 1970; Knobloch
and Hahlbrock, 1975; Higuchi, 1997; Lee et al., 1997;
Hu et al., 1998, 1999; Ehlting et al., 1999; Harding et al.,
2002). Biochemical and genetic studies further demonstrated that a key function of monolignol 4CLs is the
regulation of CoA ligation ﬂuxes to affect the total lignin content in secondary cell walls in tobacco (Nicotiana
tabacum; Kajita et al., 1996), Populus spp. (Hu et al., 1999;
Voelker et al., 2010), Eucalyptus grandis (Harakava,
2005), Arabidopsis (Vanholme et al., 2012), rice (Gui
et al., 2011), and sorghum (Sorghum bicolor; Saballos
et al., 2012). How multiple 4CL members contribute to
this regulation is not clear, even though the presence of
multiple members has long been known. Of the 17
putative 4CL members in P. trichocarpa, only three
(Ptr4CL3, Ptr4CL5, and Ptr4CL17) are implicated in
monolignol biosynthesis in wood-forming tissue (Shi
et al., 2010). Ptr4CL3 is an ortholog of aspen (Populus
tremuloides) 4CL1 (Pt4CL1; Hu et al., 1998, 1999); Ptr4CL5
and Ptr4CL17 have not been identiﬁed prior to the
availability of the genome sequence, and their biochemical functions remain unknown. Investigation of the coordinated functions of Ptr4CL3, Ptr4CL5, and Ptr4CL17
may lead to novel insights into the complex regulation of
CoA ligation ﬂuxes controlling ligniﬁcation.

The impact of the regulation of a single complex step
in a biosynthetic pathway, such as monolignol biosynthesis, can be quantitatively revealed by modeling.
In particular, models based on enzyme kinetics are
able to simulate plant metabolic pathways and effectively describe metabolic behavior and provide
predictive in vivo information (Schallau and Junker,
2010). Few enzymatic steps in the monolignol biosynthetic pathway are characterized in sufﬁcient detail
for modeling, usually because all of the members of
the gene family have not been identiﬁed or the kinetic
properties of the puriﬁed enzymes have not been
adequately characterized. A model of monolignol
biosynthesis in alfalfa (Medicago sativa) incorporating
some transgenic perturbations has recently been proposed (Lee et al., 2011) that suggested two novel regulatory mechanisms.
Here, we focus on speciﬁc enzyme kinetics properties of the Ptr4CL members that would quantitatively
describe the biochemical functions and pathway
metabolite-mediated regulation of the CoA ligation
ﬂux in monolignol biosynthesis. The mode and quantitative impact of enzyme-substrate interactions, including inhibitions, have been analyzed in detail for
these Ptr4CL members to include these effects in a
mathematical model of reaction ﬂux. This method
provides new opportunities to utilize genomic information to develop predictive models for entire biosynthetic pathways of interest.

RESULTS
Two 4CL Paralogs, Ptr4CL5 and Ptr4CL3, Are Implicated in
Monolignol Biosynthesis in P. trichocarpa

Of the 17 putative 4CL genes in the P. trichocarpa genome, only Ptr4CL3 (locus identiﬁer Potri.001G036900),
Ptr4CL5 (Potri.003G188500), and Ptr4CL17 (Potri.
012G095000) are expressed more speciﬁcally in stemdifferentiating xylem (SDX) and were suggested for
biochemical roles in monolignol biosynthesis (Shi et al.,
2010). Ptr4CL3 and Ptr4CL5 share 89.4% protein sequence
identity and are located on linkage groups 1 and 3, respectively, in the P. trichocarpa genome. Therefore, they
are paralogs and not alleles. Ptr4CL17 is on linkage group
12 and has low protein (36.8%) sequence identity with
Ptr4CL3. Ptr4CL3, Ptr4CL5, and Ptr4CL17 are three distinct genes encoding putative 4CLs.
We ﬁrst tested whether Ptr4CL3, Ptr4CL5, and
Ptr4CL17 have the CoA ligation function. We used 4coumaric acid as the substrate and puriﬁed C-terminal
63His-tagged recombinant proteins produced from
Escherichia coli for the veriﬁcation, using previously
established reaction conditions (Hu et al., 1998). Ptr4CL3
and Ptr4CL5 exhibited strong and distinct CoA ligation
activities with 4-coumaric acid. Ptr4CL17 had no such
activity, indicating that Ptr4CL17 is not a CoA ligase for
monolignol biosynthesis. We then focused on Ptr4CL3
and Ptr4CL5 in this study.
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Phosphoproteomics and Immunodetection Analysis
Suggest That Native Ptr4CL3 and Ptr4CL5 Are
Not Phosphorylated

Prior to enzyme functional characterizations using
recombinant proteins, we tested whether posttranslational modiﬁcation, such as protein phosphorylation, is
involved in planta in the targeted 4CLs. We used an
immobilized metal ion afﬁnity chromatography-based
phosphopeptide-enrichment approach coupled with
liquid chromatography (LC)-tandem mass spectrometry
(MS/MS; Chien et al., 2011) to analyze the phosphoproteome of P. trichocarpa SDX to identify any evidence of phosphorylation in monolignol proteins. The
phosphopeptide enrichment is necessary because (1)
phosphorylation is typically a low-occupancy posttranslational modiﬁcation and (2) data-dependent
acquisition selects peptides in real time for sequencing
based on ion abundance. These two factors signiﬁcantly
discriminate against phosphopeptide sequencing if an
up-front enrichment strategy is not included. We analyzed the phosphopeptide-enriched SDX protein fractions
and identiﬁed a total of 147 phosphoprotein groups.
None of them were proteins known in the monolignol
biosynthetic pathway (Shi et al., 2010; Liu et al., 2012).
Given that monolignol proteins are highly abundant in
SDX (Shi et al., 2010; Chen et al., 2011; Liu et al., 2012;
Shuford et al., 2012a, 2012b), if they were phosphorylated, they most likely would have been detected. A
similar phosphopeptide-enrichment/mass spectrometry
(MS) strategy for the analysis of the phosphoproteome
of dormant terminal buds in Populus simonii 3 Populus
nigra identiﬁed 151 phosphoproteins (Liu et al., 2011).
Likewise, none of them were monolignol proteins.
In addition to the phosphoproteomic approach, we
also used phospho-speciﬁc antibodies to test whether the
native Ptr4CL3 and Ptr4CL5 as well as E. coli-produced
Ptr4CL3 and Ptr4CL5 recombinant proteins are phosphorylated. This immunodetection approach has been
widely used to identify phosphorylated proteins (Miller,
2005; Prabakaran et al., 2011). We used anti-aspen 4CL1
antibodies (Li et al., 2003), which can recognize P. trichocarpa Ptr4CL3 and Ptr4CL5, to immunoprecipitate
the native Ptr4CL3 and Ptr4CL5 from P. trichocarpa SDX
protein extracts (Fig. 2, C and D). Western-blot analysis
demonstrated that the phospho-speciﬁc antibodies do not
bind to P. trichocarpa SDX Ptr4CL3 and Ptr4CL5, nor do
they bind to the C-terminal 63His tag recombinant
Ptr4CL3 and Ptr4CL5 (Fig. 2, C, G, and H). These results
are strong evidence that Ptr4CL3 and Ptr4CL5 are not
phosphorylated in planta and that the enzymatic
functions of E. coli-produced recombinant Ptr4CL3 and
Ptr4CL5 are representative of those for the native proteins.
Ptr4CL3 and Ptr4CL5 Are Functionally Distinct and
Ptr4CL5 Is a Novel CoA Ligase for
Monolignol Biosynthesis

Using 63His-tagged recombinant proteins and 4coumaric acid as the substrate, we estimated the

Figure 2. Western blotting of native and recombinant Ptr4CL3 and
Ptr4CL5 using phospho-specific antibodies and 4CL antibodies. A,
Positive control: phosvitin. B, Negative control: soybean (Glycine max)
trypsin inhibitor. C and D, Ptr4CL3 and Ptr4CL5 pulled down from
P. trichocarpa SDX crude proteins using anti-aspen 4CL1 antibodies
and probed with phospho-specific antibodies (C) and anti-aspen 4CL1
antibodies (D). E and G, Recombinant Ptr4CL3 proteins probed with
anti-aspen 4CL1 antibodies (E) and phospho-specific antibodies (G). F
and H, Recombinant Ptr4CL5 proteins probed with anti-aspen 4CL1
antibodies (F) and phospho-specific antibodies (H).

optimal pH and temperature and tested six different
divalent cations for Ptr4CL3 and Ptr4CL5 reactions
(Supplemental Fig. S1, A–C). All CoA ligation reactions were monitored by HPLC and were quantiﬁed
based on the quantity of the 4-coumaryol-CoA thioester product, corroborated by the authentic compound. No background CoA ligation activity could be
detected from proteins produced by E. coli with an
empty expression construct. The ligation by Ptr4CL3 is
most effective at pH 8.0, whereas Ptr4CL5 has a pH
optimum of 7.0. Both enzymes have an optimal reaction temperature of 40°C and can be most effectively
activated by Mg2+ or Mn2+ compared with Zn2+, Cu2+,
and Ca2+. For Ptr4CL5 reactions, Co2+ is also an effective activator. We chose Mg2+ for the entire study.
Under the identiﬁed optimal reaction conditions, we
compared Ptr4CL3 and Ptr4CL5 for their CoA ligation
speciﬁcities with the ﬁve potential monolignol 4CL
substrates (4-coumaric, caffeic, ferulic, 5-hydroxyferulic,
and sinapic acids) using the puriﬁed C-terminal
63His-tagged recombinant proteins (Table I). Ptr4CL3
efﬁciently converts all but sinapic acid into their corresponding CoA thioesters. The peptide sequence and
particularly the biochemical functions of Ptr4CL3
demonstrate that Ptr4CL3 is a structural and functional ortholog of aspen 4CL1 previously identiﬁed
and characterized (Hu et al., 1998, 1999; Harding et al.,
2002). Ptr4CL5 mediates the CoA ligation of all ﬁve
acids, and the functions of this 4CL have not been
previously identiﬁed. Ptr4CL3 and Ptr4CL5 are distinct 4CLs, and they both have the highest conversion
rate with 4-coumaric acid. We reexamined the CoA
ligation reaction for Ptr4CL17 and conﬁrmed that this
protein has no ligation activity with any of the ﬁve
substrates (Tables I and II).
When a mixture of all ﬁve hydroxycinnamic acids
(at equal concentrations) reacted with either Ptr4CL3
or Ptr4CL5, the CoA ligation of caffeic acid became the
most effective reaction (Table II), in contrast to 4-

1504

Plant Physiol. Vol. 161, 2013

Downloaded on January 18, 2021. - Published by https://plantphysiol.org
Copyright (c) 2020 American Society of Plant Biologists. All rights reserved.

Regulation and Modeling of Two 4CLs in Populus trichocarpa

Table I. Ptr4CL single substrate specificity
Ptr4CL3, Ptr4CL5, and Ptr4CL17 activity assays were performed with individual hydroxycinnamic acids. Substrate concentrations were fixed at 50
mM. All recombinant 4CLs show the highest reaction rate with 4-coumaric acid. Values represent means 6 SE of three technical replicates. ND,
Nondetectable.
Substrate Specificity
4CL

4-Coumaric Acid to
4-Coumaroyl-CoA

Caffeic Acid to
Caffeoyl-CoA

Ferulic Acid to
Feruloyl-CoA

5-Hydroxyferulic Acid to
5-Hydroxyferuloyl-CoA

Sinapic Acid to
Sinapoyl-CoA

202.14 6 19.54
174.74 6 37.28
ND

ND
4.65 6 6.58
ND

nmol min-1 mg-1 protein

Ptr4CL3
Ptr4CL5
Ptr4CL17

923.14 6 98.01
582.24 6 82.35
ND

445.94 6 36.27
301.61 6 28.97
ND

729.62 6 39.4
354.65 6 51.56
ND

coumaric acid being the most effective substrate when
there were no other competing substrates (Table I). In
the mixed substrate case, the conversion rate for 4coumaric acid was reduced by approximately 7-fold
for Ptr4CL3 and approximately 5-fold for Ptr4CL5
compared with that for the 4-coumaric acid as the only
substrate. In addition, conversion of ferulic acid or 5hydroxyferulic acid was nearly abolished in the mixed
substrate reaction. These results clearly indicate strong
inhibitory effects of speciﬁc hydroxycinnamic acids on
4CL activity, altering the substrate speciﬁcity of both
Ptr4CL3 and Ptr4CL5.

(Supplemental Fig. S2, E–H). The results conﬁrmed the
observed substrate speciﬁcities (Tables I and II) and
the inference of inhibition of Ptr4CL3 and Ptr4CL5 by
speciﬁc hydroxycinnamic acids. We then produced a
large amount of the puriﬁed His-tagged recombinant
protein to conduct enzyme kinetic analysis, including
inhibition kinetics of these two 4CLs, to reveal the
mechanisms of their enzyme actions. These kinetic
data are the basis for developing mathematical models
to quantitatively describe the net CoA ligation ﬂuxes
regulated by these two 4CLs.
Ptr4CL3 and Ptr4CL5 Exhibited Distinct Michaelis-Menten
Kinetic Properties

C-Terminal 63His Fusion Does Not Affect the Substrate
Speciﬁcity and Relative Reaction Rates of Ptr4CL3
and Ptr4CL5

We ﬁrst determined the Michaelis-Menten kinetic
properties (Km and kcat [the turnover number]) of recombinant Ptr4CL3 and Ptr4CL5 using 4-coumaric,
caffeic, ferulic, 5-hydroxyferulic, and sinapic acids as
substrates under the identiﬁed optimal reaction conditions. Reaction rates were determined using six
concentrations of the substrate and a ﬁxed concentration of the recombinant protein (see “Materials and
Methods”). 4-Coumaric, caffeic, and 5-hydroxyferulic
acids are equally good substrates for Ptr4CL3 and are
much preferred over ferulic acid, based on the Km
values (Table III). However, the enzyme speciﬁcity
constants (kcat/Km) revealed that Ptr4CL3 can most
effectively CoA ligate 4-coumaric acid. For Ptr4CL5,
caffeic acid is by far the best (the lowest Km) substrate
compared with the other acids. Ptr4CL5 also has the
highest catalytic efﬁciency with caffeic acid (Table III).
These kinetic properties further suggest that Ptr4CL3
and Ptr4CL5 have functionally independent roles.

To test whether the substrate speciﬁcities observed
above are associated with the C-terminal His tag, we
compared the C-terminal 63His-tagged and nontagged recombinant proteins for substrate speciﬁcity
and relative reaction rates with the ﬁve hydroxycinnamic acids using the identiﬁed optimal reaction
conditions (Supplemental Fig. S2). The nontagged recombinant proteins were produced by removing the
His tag using an endoprotease. In reactions with a
single substrate, the His-tagged and tag-free recombinant proteins exhibited nearly identical substrate
speciﬁcities and relative reaction rates with these
hydroxycinnamic acids (Supplemental Fig. S2, A–D).
Likewise, with a mixture of the ﬁve substrates, the
tagged and nontagged proteins also showed highly
similar substrate speciﬁcities and relative rates
Table II. Ptr4CL multiple substrate specificity

Ptr4CL3, Ptr4CL5, and Ptr4CL17 activity assays were performed with a mixture of all five hydroxycinnamic acids with each substrate at a final concentration of 50 mM. All recombinant 4CLs show the highest
reaction rate with caffeic acid. Values represent means 6 SE of three technical replicates. ND, Nondetectable.
4CL

Substrate Specificity
4-Coumaroyl-CoA

Caffeoyl-CoA

Feruloyl-CoA

nmol min

21

mg

21

5-Hydroxyferuloyl-CoA Sinapoyl-CoA

protein

Ptr4CL3 141.30 6 31.5 317.28 6 11.29 29.17 6 8.74
Ptr4CL5 116.28 6 35.96 252.00 6 16.69 0.47 6 0.67
Ptr4CL17
ND
ND
ND

ND
0.47 6 0.82
ND
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Table III. Michaelis-Menten kinetics
The Michaelis-Menten kinetic parameters are shown for Ptr4CL3 and Ptr4CL5 reactions with 4-coumaric, caffeic, ferulic, 5-hydroxyferulic, or
sinapic acid. Values represent means 6 SE of three technical replicates. ND, Nondetectable.
Acid

Km
Ptr4CL3

kcat
Ptr4CL5

10.51 6 2.84
10.56 6 2.44
70.17 6 4.37
10.97 6 1.25
ND

Ptr4CL5
min21

mM

4-Coumaric acid
Caffeic acid
Ferulic acid
5-Hydroxyferulic acid
Sinapic acid

kcat/Km

Ptr4CL3

148.06
43.51
133.51
193.40
508.20

6
6
6
6
6

14.04
5.43
7.02
21.54
37.26

Enzyme Inhibition Kinetics Suggested That Ptr4CL3 Has a
Single Binding Site That Is Mutually Exclusive for the
Substrate and the Inhibitor

The substrate speciﬁcity tests (Tables I and II)
revealed that hydroxycinnamic acid substrates may
also inhibit 4CL activity. We focused on the inhibition
of Ptr4CL3-catalyzed CoA ligation of 4-coumaric, caffeic, and ferulic acids because these are the three most
signiﬁcant Ptr4CL3 reactions (based on kcat/Km values;
Table III). Inhibition kinetics information is essential
for describing or modeling the net reaction rate for
each of these enzymes. All ﬁve hydroxycinnamic acids
were tested as individual inhibitors for 4CL reactions.
First, we conducted inhibition kinetics for Ptr4CL3. As
diagnosed by a Lineweaver-Burk plot, caffeic acid is a
competitive inhibitor of 4-coumaric acid CoA ligation
to 4-coumaroyl CoA (Fig. 3A). The competitive inhibition is indicated by an increased Km but an unchanged Vmax. The plot of K9m/V9max against inhibitor
concentration [I] (Eq. 5) validates a linear inhibition
mode, with a competitive inhibition constant (Kic) of
9.22 6 2.68 mM (Fig. 3B). Because Vmax remained unchanged (Fig. 3A), the inhibition model is pure competitive (i.e. the uncompetitive inhibition constant [Kiu]
based on the 1/V9max against [I] plot would be inﬁnite).
We then showed that caffeic acid inhibits Ptr4CL3
reactions with ferulic acid in a pure-competitive mode
(Supplemental Fig. S3J), with a Kic value of 3.15 6 0.26
mM (Table IV). This Kic value is consistent with those
obtained for recombinant protein 4CL1 (Harding et al.,
2002), the aspen ortholog of PtrCL3. As veriﬁed by
linear inhibition plots, all inhibitors tested here caused
pure-competitive inhibition of Ptr4CL3 reactions, with
distinct Kic values (Table IV; Supplemental Fig. S3).
Compared with the other inhibitors, caffeic acid has
the lowest Kic values (the highest afﬁnity of enzymeinhibitor complex) as a competitive inhibitor of
Ptr4CL3 reactions with 4-coumaric, ferulic, and 5hydroxyferulic acids (Table IV). A pure-competitive
inhibition mode for Ptr4CL3 indicates that this enzyme has a single binding site that is mutually exclusive for the hydroxycinnamic acid substrate and
inhibitor, consistent with the crystal structure of the
Ptr4CL3 ortholog from Populus tomentosa (Hu et al.,
2010).

44.48 6 8.86
17.07 6 3.42
50.33 6 2.17
3.08 6 0.12
ND

106.83
43.69
68.41
37.34
20.79

Ptr4CL3

Ptr4CL5

min21 mM21

6
6
6
6
6

22.75
4.64
17.87
8.53
5.23

4.23
1.43
0.72
0.28
ND

0.72
1.004
0.51
0.19
0.04

Enzyme Inhibition Kinetics Suggested That Ptr4CL5
Operates Like an Allosteric or Regulatory Enzyme

We next estimated the inhibition kinetics of Ptr4CL5.
Like the Ptr4CL3 study above, we focused on 4-coumaric,
caffeic, and ferulic acids. All ﬁve hydroxycinnamic acids
were tested as inhibitors for each of the three CoA ligation reactions (Table V).
Inhibition of Ptr4CL5 CoA Ligation of 4-Coumaric Acid

Of the ﬁve hydroxycinnamic acids tested, caffeic
acid is the strongest inhibitor of Ptr4CL5 conversion of

Figure 3. Inhibition of Ptr4CL3-catalyzed 4-coumaric acid CoA ligation by caffeic acid. A, The double reciprocal plot shows that the mode
of inhibition is pure competitive. Error bars represent the SE of three
technical replicates. B, K9m/V9max against [caffeic acid] is used to derive
Kic (Eq. 5).
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Table IV. Ptr4CL3 inhibition kinetics
Inhibition kinetics constants are shown for Ptr4CL3. Values represent means 6
replicates. ND, Nondetectable.

SE

of three technical

Substrate
Inhibitor

4-Coumaric Acid
Kic

Caffeic Acid

Kiu

Kic

Ferulic Acid
Kiu

Kic

Kiu

mM

4-Coumaric acid
Caffeic acid
Ferulic acid
5-Hydroxyferulic acid
Sinapic acid

9.22
55.05
39.31
78.11

–
6
6
6
6

2.68
13.2
3.95
15.2

–
ND
ND
ND
ND

4-coumaric acid. It is a mixed mode of inhibition, diagnosed by an increased Km and decreased Vmax (Fig.
4A). An increased Km can only be attributed to competitive inhibition. A decreased Vmax suggests that either uncompetitive or noncompetitive inhibition is also
involved. To identify the speciﬁc type of mixed-mode
inhibition, the data were ﬁtted to both Equations 4 and
6 (see “Materials and Methods”). A linear (Eq. 4),
rather than a second degree polynomial (Eq. 6), correlation for K9m/V9max against [I] was obtained, verifying a mixed mode of competitive and uncompetitive
inhibition. This mixed inhibition is a predominantly
competitive type because Kic is signiﬁcantly smaller
than Kiu (Fig. 4, B and C; Table V). Similarly, we
showed that 5-hydroxyferulic acid also causes competitive and uncompetitive inhibition effects on Ptr4CL5
conversion of 4-coumaric acid (Supplemental Fig. S4C).
It is an effective inhibitor because of the signiﬁcantly
low inhibition constants (high inhibitor-enzyme afﬁnity;
Kic = 48.80 6 14.50 mM, Kiu = 37.48 6 5.94 mM; Table V)
as compared with the Km value (148.06 6 14.04 mM;
Table III) for Ptr4CL5 conversion of 4-coumaric acid.
4-Coumaric acid conversion was also inhibited by
ferulic and sinapic acids, both following mixed
competitive and uncompetitive inhibition (Table V;
Supplemental Fig. S4, B and D). However, both ferulic
and sinapic acids are not important inhibitors of
Ptr4CL5-catalyzed 4-coumaric acid conversion, because

43.73 6 1.09
–
59.36 6 12.50
198.18 6 10.03
ND

13.12 6
3.15 6
–
7.63 6
163.72 6

ND
–
ND
ND
ND

2.82
0.26

ND
ND
–
ND
ND

1.75
14.4

the inhibition constants are much higher than the Km
value (Table V).
Inhibition of Ptr4CL5 CoA Ligation of Caffeic Acid

4-Coumaric, ferulic, 5-hydroxyferulic, and sinapic
acids can inhibit Ptr4CL5 CoA ligation of caffeic acid,
following a mixed mode of competitive and uncompetitive inhibition (Table V; Supplemental Fig. S4,
E–H). Kic and Kiu values for each inhibitor-mediated inhibition are greater than the Km (43.51 6 5.43 mM; Table
III) for Ptr4CL5 CoA ligation of caffeic acid, indicating
that 4-coumaric, ferulic, 5-hydroxyferulic, and sinapic
acids have insigniﬁcant inhibitory effects.
Inhibition of Ptr4CL5 CoA Ligation of Ferulic Acid

CoA ligation of ferulic acid by Ptr4CL5 can be
inhibited by 4-coumaric acid, following predominantly
competitive inhibition (Supplemental Fig. S4I). The
inhibition can be highly effective because the Kic value
(27.9 6 3.7 mM; Table V) is considerably lower than the
Km value (133.51 6 7.02 mM; Table III). The ligation can
also be effectively inhibited by caffeic acid through
mixed competitive and uncompetitive inhibition (Kic =
18.47 6 0.59 mM, Kiu = 14.98 6 0.67 mM; Table V;
Supplemental Fig. S4J). 5-Hydroxyferulic acid is also a
mixed-type inhibitor of ferulic acid CoA ligation (Table
V; Supplemental Fig. S4K), whereas sinapic acid is
an inconsequential inhibitor of such ligation (Table V;
Supplemental Fig. S4L).

Table V. Ptr4CL5 inhibition kinetics
Inhibition kinetics constants are shown for Ptr4CL5. Values represent means 6

SE

of three technical replicates. ND, Nondetectable.

Substrate
Inhibitor

4-Coumaric Acid
Kic

Caffeic Acid
Kiu

Kic

Ferulic Acid
Kiu

Kic

Kiu

mM

4-Coumaric acid
Caffeic acid
Ferulic acid
5-Hydroxyferulic acid
Sinapic acid
a

7.06
335.54
48.8
631.72

–
6
6
6
6

3.1
76.1
14.5
189.0

ND
49.75 6
178.21 6
37.48 6
238.41 6

7.8
60.7
5.94
44.7

122.70 6
–
518.93 6
45.36 6
2,841.64 6

6.7
28.80
1.75
101.25

78.07
55.97
372.06
306.81
157.21

6
6
6
6
6

10.83
6.05a
73.26
40.59
9.35

27.92 6
18.47 6
–
185.78 6
384.85 6

3.7
0.5
56.6
30.7

ND
14.98 6 0.67
ND
18.71 6 4.62
450.83 6 4.1

Here, Kiu = Kis for substrate self-inhibition.
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7, a plot of v against log[S] for Ptr4CL5-catalyzed conversion of caffeic acid conformed to a parabolic curve
(Fig. 5C) typical of substrate self-inhibition, reaching a
maximum rate at the substrate concentration (Smax) of
57.0 6 11.0 mM. This substrate self-inhibition was further
veriﬁed by the linear relationship in a plot of 1/v against
(([Smax]2/[S])+[S]; Eq. 8; Fig. 5D), giving a substrate selfinhibition constant (Kis) of 55.97 6 6.05 mM (Table V). Of
the ﬁve hydroxycinnamic acids tested, only caffeic acid is
able to cause signiﬁcant substrate self-inhibition of
Ptr4CL5. The presence of a separate regulatory site and
substrate self-inhibition indicates that interactions between Ptr4CL5 and caffeic acid play key roles in regulating CoA ligation ﬂux for monolignol biosynthesis. To
understand more about this potential metabolite feedback control in vivo, we quantiﬁed the abundance of
hydroxycinnamic acids in P. trichocarpa SDX.
Caffeic Acid Is the Predominant Monolignol
Hydroxycinnamic Acid in P. trichocarpa SDX Extracts

Figure 4. Inhibition of Ptr4CL5-catalyzed 4-coumaric acid CoA ligation by caffeic acid. A, The double reciprocal plot shows that the mode
of inhibition is mixed competitive and uncompetitive. Error bars represent the SE of three technical replicates. B, 1/V9max against inhibitor
concentration is used to derive the Kiu (Eq. 5). C, K9m/V9max against
[caffeic acid] is used to derive Kic (Eq. 5).

Ptr4CL5-catalyzed CoA ligation can be inhibited by a
mixed mode of competitive and uncompetitive inhibition (Table V), resulting in increased Km and decreased
Vmax (Fig. 4; Supplemental Fig. S4). This mixed-mode
inhibition strongly suggests that Ptr4CL5 is an allosteric
or regulatory enzyme. Allosteric or regulatory proteins
have a regulatory site separate from the active site for
substrate conversion. An inhibitor can bind to the regulatory site, causing a structural alteration in the enzyme that decreases the afﬁnity (increased apparent Km)
of the substrate for the active site and thus reduces the
rate of reaction (decreased Vmax).
Caffeic Acid Also Imparts Substrate Self-Inhibition of
Ptr4CL5 at High Concentrations

Ptr4CL3 reactions with all the tested substrates of a
wide range of concentrations (from approximately 0.2fold to approximately 5-fold Km) followed MichaelisMenten kinetics, for which the reaction rate approached
substrate independence at high substrate concentrations
(Fig. 5A). However, the rates of Ptr4CL5 reactions with
caffeic acid reached an apparent maximum and then
declined as substrate concentration increased, suggesting
substrate self-inhibition (Fig. 5B). Such inhibition is analogous to pure uncompetitive inhibition (Eq. 7; see “Materials and Methods”), where additional caffeic acid
molecules bind to the Ptr4CL5-caffeic acid complex,
forming a new and inactive complex. Based on Equation

We used stable isotope dilution-based LC-MS/MS
coupled with selected reaction monitoring (SRM) to
determine the absolute quantities of 4-coumaric, caffeic, ferulic, 5-hydroxyferulic, and sinapic acids in SDX
extracts of P. trichocarpa. The authentic compounds
(natural and stable isotope labeled) were used to
identify and quantify these acids in SDX extracts based
on their mass fragmentation patterns and HPLC retention times. Caffeic acid is the predominant hydroxycinnamic acid in SDX, with a concentration over 20
times that of 4-coumaric and ferulic acids (Fig. 6). 5Hydroxyferulic and sinapic acids were not detected,
consistent with the kinetic analysis implying that these
two acids are insigniﬁcant substrates of Ptr4CL3 and
Ptr4CL5 reactions (Tables III–V).
Based on this metabolite information and comprehensive kinetic data, we simulated the reaction rates of
Ptr4CL3 and Ptr4CL5 to predict the CoA ligation ﬂux
for monolignol biosynthesis in vivo.
Simulation of Enzyme Reactions Incorporating
Speciﬁcity/Inhibition Kinetics Provides Predictive
Information of CoA Ligation Flux in Vivo

For all simulations and associated experimental
validation, we focused on three substrates, 4-coumaric,
caffeic, and ferulic acids, the three potential monolignol hydroxycinnamic acids detected in P. trichocarpa
SDX. We ﬁrst simulated the reaction rates of each enzyme with individual substrates (S) using the basic
Michaelis-Menten kinetic model (Eq. 1) and enzymespeciﬁc Vmax and Km (Table III).
vPtr4CL ¼

Vmax 3½S
Km þ ½S

ðEq: 1Þ

The model predicted that while 4-coumaric acid is the
most preferred Ptr4CL3 substrate over a wide range of
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Figure 5. Caffeic acid causes substrate self-inhibition
of Ptr4CL5. A, Self-inhibition was not observed for
Ptr4CL3 with increasing concentration of caffeic
acid. B, Caffeic acid substrate self-inhibition of
Ptr4CL5 when substrate concentration exceeds
55 mM. C, Secondary polynomial curve derived from
the self-inhibition of Ptr4CL5 with caffeic as the substrate. D, The plot used to derive the Kis (Eq. 8). Error
bars represent the SE of three technical replicates.

substrate concentrations, the substrate speciﬁcity of
Ptr4CL3 with caffeic and ferulic acids changes at different substrate concentrations (Fig. 7A). CoA ligation
ﬂuxes for caffeic and ferulic acids are similar at low
substrate concentrations, but ferulic acid conversion is
much preferred at high substrate concentrations (Fig.
7A). These results are consistent with a low Km and a
low kcat for Ptr4CL3 conversion of caffeic acid, and a
high Km and a high kcat are involved in ferulic acid
conversion (Table III). For Ptr4CL5 reactions, the
model predicted that Ptr4CL5 would convert 4-coumaric,
caffeic, and ferulic acids with a similar efﬁciency over
a wide range of substrate concentrations (Fig. 7B).
These ﬂux changes are apparent from metabolic simulation but would not be obvious from simple kinetic
constants.
These simulations describe the reaction of a speciﬁc enzyme with a single substrate that is independent of competing substrates or regulatory effects.
The single substrate may exist under unique physiological conditions. Most likely, the coexistence of
multiple substrates and inhibitors is a more common
case in vivo, consistent with our routine detection of
4-coumaric, caffeic, and ferulic acids in P. trichocarpa
SDX extracts (Fig. 6). In in vitro experiments, we
further demonstrated that these metabolites can be
CoA ligated simultaneously by Ptr4CL3 or Ptr4CL5,
and the ligation can also be inhibited by these metabolites (Tables IV and V). We then simulated the
net reaction rate of CoA ligation by individual 4CLs
with multiple substrates (4-coumaric, caffeic, and ferulic
acids), taking into account the inhibitory effects of these
metabolites.
The ﬂux rate equation can be represented by Equation 2 (Chou and Talaly, 1977) for Ptr4CL3 based on
basic enzyme reaction principles used in developing

Michaelis-Menten kinetics (for derivation, see Supplemental Data Set S1). Because the Ptr4CL3-catalyzed
CoA ligation of any one of the three acids is always
inhibited by the other two through pure-competitive
inhibition (Table IV; Supplemental Fig. S3), we incorporated competitive inhibition constants (Kic) in Equation 2 (for details, see Table VI).

Figure 6. Absolute quantitation of the hydroxycinnamic acids in
P. trichocarpa SDX extracts using stable isotope dilution-based LCMS/MS. Error bars represent the SE of 12 replicates (four biological
replicates each with three technical replicates).
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Figure 7. Mathematical simulations for the reaction fluxes of Ptr4CL3
(A) and Ptr4CL5 (B) with individual substrates (4-coumaric, caffeic, or
ferulic acid).

vPtr4CL3 ¼

Vmax 3 ½S
½I1  ½I2 
þ
Þ
½S þ Km 3 ð1 þ
Kic1 Kic2

ðEq: 2Þ

The equation can predict the net rate of Ptr4CL3
conversion of, for example, 4-coumaric acid (S) under
the effects of competitive inhibitors, caffeic (I1) and

vPtr4CL5 ¼

preferred Ptr4CL3 paths over ferulic acid (Fig. 8A,
dashed line). We then conducted experiments to test
the predictive power of the simulation. We used
Ptr4CL3 recombinant protein to carry out CoA ligation
of mixed substrates (at equal concentrations) of 4coumaric, caffeic, and ferulic acids and estimated the
ligation rate of each acid in these mixed substrate
reactions. The experimental data (Fig. 8A, black symbols) matched very well with the simulated results
(Fig. 8A, lines), suggesting that the multiple substrates in vivo would exhibit combinatorial inhibition
characteristics.
Similarly, we derived the ﬂux rate equation (Eq. 3;
for derivation, see Supplemental Data Set S1) to simulate Ptr4CL5 reactions with a mixture of the three
acids. In mixed substrate reactions with Ptr4CL5, CoA
ligation of one (S) of the acids is always inhibited by
the other two acids (inhibitors I1 and I2). Such inhibition is always a mix of competitive and uncompetitive
modes (Table V), with distinct inhibition constants
(Kiu1 and Kic1 for I1 and Kiu2 and Kic2 for I2). In addition,
Ptr4CL5 ligation of caffeic acid can be inhibited by
caffeic acid (i.e. substrate self-inhibition [Kis = 55.97
mM]) at high concentrations (Fig. 5; Table V). Therefore, for Ptr4CL5 conversion of caffeic acid, [S]/Kis is
integrated in the simulation to include the effect of
caffeic acid self-inhibition. No substrate self-inhibition
(Kis = ∞) was observed for Ptr4CL5 conversion of the
other two acids (for details, see Table VII).
The simulation revealed that Pt4CL5 CoA ligation of
caffeic acid is the dominant metabolic ﬂux when all
substrates are present (Fig. 8B, dotted line). Even
though the rate of this ligation decreases at high substrate concentrations (e.g. greater than Kis), the reaction
remains much more signiﬁcant than CoA ligation of
4-coumaric and ferulic acids (Fig. 8B). These conclusions and the associated metabolic ﬂux simulation
were validated by experimental measurements (Fig.
8B). The goodness of ﬁt of Equations 2 and 3 with

Vmax 3 ½S


½I1 
½I2  ½S
½I1 
½I1 
þ
þ
þ
Þ
½S 3 1 þ
þ Km 3ð1 þ
Kiu1 Kiu2 Kis
Kic1
Kic1

ferulic (I2) acids, with inhibition constants of Kic1 and
Kic2, respectively. The set of S, I, and Kic listed in Table
VI for 4-coumaric acid was used for the simulation.
Likewise, the net rate of Ptr4CL3 conversion of caffeic
acid and ferulic acid can be simulated, based on
Equation 2, using the corresponding set of S, I, and Kic
values listed in Table VI. The results demonstrated
that CoA ligation of 4-coumaric acid (Fig. 8A, solid
line) and caffeic acid (Fig. 8A, dotted line) are both

ðEq: 3Þ

Table VI. Details for Equation 2
S

I1

Kic1

I2

mM

4-Coumaric
acid
Caffeic acid
Ferulic acid

Caffeic acid

9.22

4-Coumaric acid 43.73
4-Coumaric acid 13.12

1510

Kic2
mM

Ferulic acid

55.05

Ferulic acid 59.36
Caffeic acid
3.15
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with monolignol biosynthesis during wood formation
in P. trichocarpa. The kinetic properties (Table III) and
genetic functions of Ptr4CL3 (Schmidt et al., 2009)
demonstrate that Ptr4CL3 is an ortholog of Pt4CL1
characterized previously (Hu et al., 1998, 1999;
Harding et al., 2002). Orthologs of Ptr4CL3 have been
identiﬁed and characterized for other Populus spp.
(Voelker et al., 2010) and Arabidopsis (Raes et al., 2003;
Vanholme et al., 2012) and are the most extensively
studied 4CL type associated with monolignol biosynthesis (Shi et al., 2010). Aspen Pt4CL1 has been
thought the only monolignol-speciﬁc 4CL in Populus
spp. (Hu et al., 1998, 1999; Harding et al., 2002). Mutation of individual 4CL member genes in Arabidopsis
also veriﬁed that one 4CL, At4CL1, is monolignol
pathway speciﬁc (Vanholme et al., 2012). Ptr4CL5 is a
novel monolignol pathway CoA ligase that has not
been previously characterized. Partial complementary
DNA sequences of putative orthologs of Ptr4CL5 have
also been cloned from other Populus spp., such as
P. nigra 3 Populus maximowiczii (GenBank accession no.
JX986736) and Populus tremula 3 Populus alba (Voelker
et al., 2010). The results suggest that 4CL3 and 4CL5,
which are distinct in biochemical functions, are both
needed in tree species for monolignol biosynthesis.
Overall, both Ptr4CL3 and Ptr4CL5 have broad in
vitro substrate speciﬁcity (Tables I and II) and prefer
4-coumaric, caffeic, and ferulic acids. These hydroxycinnamic acids have been consistently identiﬁed in the
SDX extracts of P. trichocarpa (Fig. 6). This Ptr4CL3/
Ptr4CL5 substrate preference and the presence of
these acids in lignifying tissues are evidence that
these compounds are important monolignol pathway
metabolites.
In Ptr4CL3 reactions with single substrates, 4-coumaric
acid is the most effective one (Fig. 7). When these acids
are present together, which is likely to be the case in
vivo, the Ptr4CL3 CoA ligation of one acid is competitively inhibited by the other two, a mechanism that
would involve competition between substrate and inhibitor for the same catalytic site. While all of these
three acids are competitive inhibitors of Ptr4CL3, caffeic acid and Ptr4CL3 form the strongest enzymeinhibitor complex (lowest Kic; Table IV). This strong
enzyme-inhibitor afﬁnity would decrease the available
active site for CoA ligation of any substrate. As a result, in a mixed substrate environment, the rate of
Ptr4CL3 conversion of any one of the three acids (Fig.
8A) is considerably lower than that of the same acid in
the single substrate reaction (Fig. 7A). The rate for

Figure 8. Mathematical simulations and experimental validation of
CoA ligation fluxes for Ptr4CL3 (A) and Ptr4CL5 (B) reactions in the
presence of a mixture of 4-coumaric, caffeic, and ferulic acids. Error
bars represent the SE of three technical replicates.

experiments conﬁrms that the resulting metabolic
models quantitatively predict the modulation of the
ﬂux in the presence of multiple substrates. Ptr4CL3
utilizes both caffeic acid and 4-coumaric acid more
efﬁciently than ferulic acid, whereas Ptr4CL5 efﬁciently utilizes only caffeic acid for monolignol
biosynthesis.

DISCUSSION

We have characterized two 4-coumaric acid:CoA
ligases, Ptr4CL3 and Ptr4CL5, which are associated
Table VII. Details for Equation 3
S

Kis

I1

Kiu1

mM

4-Coumaric acid
Caffeic acid
Ferulic acid
a

–a
55.97
–a

No self-inhibition effect.

Kic1

I2

Kiu2

mM

Caffeic acid
4-Coumaric acid
4-Coumaric acid
b

49.75
78.07
–b

7.06
122.7
27.92

Kic2
mM

Ferulic acid
Ferulic acid
Caffeic acid

178.8
372.06
14.98

335.54
518.93
18.47

No uncompetitive inhibition effect.
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ferulic acid conversion is drastically inhibited because
in this conversion both caffeic and 4-coumaric acids
are highly efﬁcient competitive inhibitors (both have
very low Kic; Table IV). Therefore, in mixed substrate
reactions, 4-coumaric and caffeic acids are both the
preferred Ptr4CL3 substrates and the strongest inhibitors
impeding Ptr4CL3 from converting other hydroxycinnamic acids. We suggest that CoA ligation of 4-coumaric
and caffeic acids are the most effective metabolic ﬂuxes
regulated by Ptr4CL3 in vivo.
Ptr4CL5 and Ptr4CL3 are functionally distinct.
Ptr4CL5 appears to have broader substrate speciﬁcity
than Ptr4CL3 (Tables I and II). In single substrate reactions, Ptr4CL5 CoA ligates the three potential monolignol pathway hydroxycinnamic acids with good
efﬁciency (Table III; Fig. 7B), whereas Ptr4CL3 has a
preference for 4-coumaric acid (Table III; Fig. 7A).
Detailed inhibition kinetic studies suggested that
Ptr4CL5 behaves as a regulatory enzyme with a
unique regulatory site for effector/inhibitor binding,
adversely affecting Ptr4CL5 reactions (causing an increase in Km and a decrease in Vmax). These unique
protein properties are important in reactions involving
multiple substrates. In mixed substrate reactions, the
conversion of 4-coumaric and ferulic acids becomes
minor because of the strong mixed-type inhibition effects from the effector or inhibitor, caffeic acid (having
low Kic and Kiu values; Table V). When compared with
the single substrate reaction, the rate of Ptr4CL5 conversion of caffeic acid in the presence of the other two
acid substrates is also drastically decreased. In this
case, however, the other two acids are only weak
mixed-type inhibitors (having high Kic and Kiu values;
Table V), whereas caffeic acid causing a substrate selfinhibition is the main factor for the decreased reaction
rate (Figs. 5 and 8B). Substrate self-inhibition is also a
type of pure uncompetitive inhibition, where, in this
case, an additional molecule of caffeic acid (S) may
either bind to the Ptr4CL5-caffeic acid (ES) complex
generating an inactive SES complex or to speciﬁc sites
or pockets as an allosteric inhibitor. For Ptr4CL5, this
substrate self-inhibition occurs only at high caffeic acid
concentrations. We conclude that CoA ligation of caffeic acid is the most effective metabolic path regulated
by Ptr4CL5 in vivo, and regulation can also occur at
the metabolite level by caffeic acid.
The presence of two 4CLs, Ptr4CL3 and Ptr4CL5,
and their speciﬁc biochemical activities point to two
major CoA ligation ﬂuxes, one from 4-coumaric acid
(metabolite 3; Fig. 1) to 4-coumaroyl CoA ester (8) and
the other from caffeic acid (4) to caffeoyl CoA ester
(11). These two acid-to-CoA ester ﬂuxes are consistent
with our recent discovery of two membrane-protein
complex (C4H/C3H)-mediated 3-hydroxylation paths
linking 4-coumaric acid (3) to caffeic acid (4) and
4-coumaroyl CoA ester (8) to caffeoyl CoA ester (11;
Chen et al., 2011). While these two acid-to-CoA ester
ﬂuxes can be established by Ptr4CL3 alone (Table III;
Fig. 8A), the Ptr4CL5-mediated ﬂux from caffeic acid
(4) to caffeoyl CoA ester (11) may act as a regulatory

system to prevent the accumulation of caffeic acid,
which is a strong inhibitor that can effectively diminish
the two major CoA ligation ﬂuxes (Tables IV and V).
Conversely, accumulation of caffeic acid at appropriate levels may also be necessary as a mechanism to
moderate or adjust CoA ligation ﬂuxes, an integral
part of overall regulation of monolignol biosynthesis.
This accumulation of caffeic acid is consistent with the
detection of a higher level of caffeic acid than the other
hydroxycinnamic acids in lignifying tissue (Fig. 6).
Exact mechanisms or systems controlling the abundance of caffeic acid are not clear but merit further
studies.

CONCLUSION

Mathematical modeling provides insight into the
mechanisms of complex biochemical reactions that
modulate pathway ﬂux in vivo. We have developed
quantitative models for both Ptr4CL3 and Ptr4CL5,
incorporating reaction speciﬁcity and inhibition to
simulate the ﬂux through the pathway in the presence
of mixed substrates that may occur in vivo. The
models were then tested by in vitro experiments that
incorporated mixed substrate conditions to understand the kinetic behavior of the pathway ﬂux. The
models ﬁt the experiment data well, suggesting that
our models based on mixed substrate reaction kinetics
are adequate for simulating CoA ligation paths and
effectively describe and predict the metabolic behavior
of these two 4CL enzymes. Basic enzyme kinetic and
enzyme inhibition data provide the fundamental basis
for constructing mathematical models to quantitatively
simulate the metabolic ﬂuxes. But such quantitative
metabolic ﬂuxes would not be obvious from simple
kinetic constants.
A goal of our project is to obtain in-depth metabolic
ﬂux information for each step of monolignol biosynthesis and to combine that information with regulatory
control into a comprehensive predictive model. Here,
we have provided the ﬁrst such description for the
two 4CL enzymes that carry out CoA ligation for
lignin precursor biosynthesis during wood formation
in P. trichocarpa.

MATERIALS AND METHODS
Chemical Synthesis of Hydroxycinnamic Acids, Stable
Isotope-Labeled Hydroxycinnamic Acids, and
CoA Thioesters
Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich,
including 4-coumaric, caffeic, ferulic, and sinapic acids. 5-Hydroxyferulic acid
was synthesized by condensing malonic acid with the corresponding aldehyde
(Osakabe et al., 1999). Brieﬂy, 75 mg of malonic acid was mixed with 50 mg of
3,4-dihydroxy-5-methoxybenzaldehyde in 1 mL of pyridine containing 5 mL of
piperidine and was allowed to react for 1 week at room temperature. Likewise, 4-[U-ring-13C6,b,g-13C2]coumaric acid (4-[13C8]coumaric acid) and [Uring-13C6,b,g-13C2]ferulic acid were synthesized by mixing 50 mg of [13C3]
malonic acid each with 75 mg of 4-[U-ring-13C6]hydroxybenzaldehyde and 75
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mg of 4-[U-ring-13C6]hydroxy-3-methoxybenzaldehyde (Cambridge Isotope
Laboratories), respectively. [b,g-13C2]Caffeic acid ([13C2]caffeic acid), [b,g-13C2]
5-hydroxyferulic acid ([13C2]5-hydroxyferulic acid), and [b,g-13C2]sinapic acid
([13C2]sinapic acid) were synthesized by mixing 50 mg of [13C3]malonic acid
each with 100 mg of the corresponding unlabeled hydroxybenzaldehydes,
respectively. Following each reaction, the mixture was acidiﬁed with 5 N HCl,
extracted with ethyl acetate, and puriﬁed over a silica column. This process
resulted in 51.0 mg of 5-hydroxyferulic acid (54% yield), 57.3 mg of 4-[13C8]
coumaric acid (85% yield), 53.5 mg of [13C2]caffeic acid (63% yield), 53.8 mg of
[13C2]ferulic acid (84.0% yield), 66.6 mg of [13C2]5-hydroxyferulic acid (67.0%
yield), and 74.2 mg of [13C2]sinapic acid (70.0% yield).
4-Coumaroyl-CoA, caffeoyl-CoA, and feruloyl-CoA were synthesized enzymatically from the corresponding hydroxycinnamic acids using puriﬁed
recombinant Ptr4CL3 produced from Escherichia coli. Brieﬂy, 6 mg of the appropriate hydroxycinnamic acid, 4 mg of CoA, and 14 mg of ATP were dissolved in a total volume of 40 mL of 50 mM Tris-HCl (pH 7.5) buffer containing
2.5 mM MgCl2. The puriﬁed protein (0.3 mg) was added to the mixture to start
the reaction, and after 30 min at 37°C, 1.6 g of ammonium acetate was added
to stop the reaction. The resulting mixture was puriﬁed using an SPE cartridge
(Chromabond C18 ec; Macherey-Nagel). The synthesis afforded 1.7 mg of
4-coumaroyl-CoA (36% yield), 2.3 mg of caffeoyl-CoA (48% yield), and 1.5 mg
of feruloyl-CoA (30% yield).
The purity and identity of all synthesized products were conﬁrmed by MS.
Product ion spectra were acquired directly for the [M+H+]+ molecular ion of
each compound on a TSQ Quantum Triple Quadrupole mass spectrometer
(Thermo Scientiﬁc). A collision energy of 10 eV and 1.5 mTorr of argon were
used in acquiring all spectra, except for the acyl-CoA derivatives, which utilized a collision energy of 30 eV. 5-Hydroxyferulic acid: MS mass-to-charge
ratio (m/z; %) 211 ([M+H+]+, 15), 193 (100), 169 (1), 160 (18), 133 (8). 4-[13C8]
coumaric acid: MS m/z (%) 173([M+H+]+, 85), 155 (100), 129 (2), 126 (12), 97 (4).
[13C2]Caffeic acid: MS m/z (%) 183 ([M+H+]+, 16), 165 (100), 147 (6), 136 (2), 119
(1), 118 (1), 90 (1). [13C8]Ferulic acid: MS m/z (%) 203 ([M+H+]+, 41), 185 (100),
159 (1), 156 (1), 153 (17), 124 (3), 95 (1). [13C2]5-Hydroxyferulic acid: MS m/z (%)
213 ([M+H+]+, 11), 195 (100), 169 (1), 163 (16), 135 (7). [13C2]Sinapic acid: MS
m/z (%) 227([M+H+]+, 13), 209 (100), 194 (2), 177 (13), 149 (2), 120 (2).
4-Coumaroyl-CoA: MS m/z (%) 914 ([M+H+]+, 6), 428 (37), 410 (4), 407 (100),
341 (4), 330 (3), 305 (21), 261 (19), 147 (8). Caffeoyl-CoA: MS m/z (%) 930 ([M+H
+ +
] , 5), 768 (5), 428 (37), 423 (100), 410 (3), 359 (3), 341 (8), 321 (17), 261 (19), 163
(4). Feruloyl-CoA: MS m/z (%) 944 ([M+H+]+, 5), 768 (4), 535 (3), 437 (100), 428
(39), 410 (4), 341 (5), 335 (20), 330 (3), 261 (20), 177 (14).

Subsequently, the extracted compounds were eluted at 12 mL min21 by
ramping the gradient to 22% mobile phase B over 16 min and, subsequently, to
36% over 6 min. Eluted compounds were ionized using an electrospray ionization spray potential of 3.5 kV, sheath gas pressure of 15 units, and skimmer
offset of 8 V, after which they were detected using a TSQ triple-stage quadrupole mass spectrometer (Thermo-Fisher Scientiﬁc) operated in SRM mode.
Three SRM transitions speciﬁc to each native and 13C-labeled acid were
monitored (Supplemental Table S1), which were determined empirically
using the authentic standards. Instrument parameters utilized during SRM
analysis included full width at half maximum of 0.7 for both Q1 and Q3,
scan width of 0.5 m/z, scan time of 0.030 s, collision pressure of 1.5 mTorr of
argon, and chrom ﬁlter peak width of 45-s peak detection, and integration
was performed using the Quan Browser for Xcalibur 2.2 SP1.48. Quantities
for the endogenous metabolites were interpolated based on the peak areas
measured for each native species relative to its corresponding 13C-labeled
internal standard.

Extraction of Metabolites from SDX Tissue

Ptr4CL Immunoprecipitation and Western-Blot Analysis

Populus trichocarpa SDX was ground in liquid nitrogen using a mortar and
pestle. The powdered xylem (50 mg) was immediately transferred into a
prechilled, 2-mL centrifuge tube, and 1 mL of water (preheated to 60°C) was
added to the tube along with the 13C-labeled internal standards: 4-[13C8]coumaric acid (0.8 nmol), [13C2]caffeic acid (4 nmol), [U-ring-13C6,b,g-13C2]ferulic
acid (0.8 nmol), [13C2]5-hydroxyferulic acid (10 nmol), and [13C2]sinapic acid
(4 nmol). The mixture was vortexed for 3 min, heated at 60°C for 10 min, and
then centrifuged at 10,000g for 3 min at room temperature. The aqueous supernatant (1 mL) was separated and freeze dried. The resulting residue was
resuspended in 0.5 mL of methanol (preheated to 60°C) and again vortexed for
3 min, incubated at 60°C for 10 min, and centrifuged for 3 min at 10,000g and
room temperature. The organic layer was transferred to a new tube and
evaporated under vacuum. The dry aqueous and dry organic fractions were
stored at 280°C until use.

Ptr4CL3 and Ptr4CL5 immunoprecipitation was adapted from our previous
report (Chen et al., 2011). Rabbit anti-aspen (Populus tremuloides) 4CL1 antibodies (Li et al., 2003) were used to pull down Ptr4CL3 and Ptr4CL5 from SDX
crude protein extracts. Brieﬂy, 1 mL of SDX protein extract containing 1%
Triton X-100 was mixed on a shaker with 30 mL of anti-Pt4CL1 antibody
preparation and 30 mL of Dynabeads Protein G (Invitrogen) for 2 h at 4°C.
Next, the beads were washed three times with 1 mL of protein extraction
buffer (Chen et al., 2011). Bound Ptr4CL3 and Ptr4CL5 were eluted by boiling
the beads for 10 min in 30 mL of 23 SDS sample buffer (Sambrook et al., 1989).
The eluted proteins were separated by SDS-PAGE and transferred to a nitrocellulose membrane for western-blot analysis, as described previously
(Chen et al., 2011), using the anti-Pt4CL1 antibody or rabbit phospho-speciﬁc
antibodies (Invitrogen) to detect Ptr4CL3 and Ptr4CL5.

Expression and Puriﬁcation of Recombinant Proteins
Sequences for the candidate Ptr4CL genes (Ptr4CL3, GenBank accession
no. EU603298; Ptr4CL5, EU603299; Ptr4CL17, EU603300) were cloned previously (Shi et al., 2010). Ptr4CL3, Ptr4CL5, and Ptr4CL17 coding regions were
cloned into pET101 protein expression vectors (Invitrogen) and, following
their expression in E. coli, were puriﬁed using a C-terminal 63His tag as
described previously (Shuford et al., 2012a). Likewise, Ptr4CL3 and Ptr4CL5
were also cloned into the pET100 protein expression vector for speciﬁc removal of the His tag from Ptr4CL3 and Ptr4CL5 using EnteroKinase Max
(Invitrogen) following their expression and puriﬁcation. Brieﬂy, 20 mg of the
puriﬁed enzyme was added to the reaction solution (4 mL of EnteroKinase
Max and 3 mL of 103 EnteroKinase Max buffer, diluted to 30 mL with water),
and the cleavage was carried out for 10 h at 4°C. Complete removal of the His
tag was conﬁrmed by western blotting using an anti-His monoclonal antibody (Promega).

Crude Protein Extraction from SDX Tissue
Total (crude) proteins were extracted from P. trichocarpa SDX according to
Chen et al. (2011) and used to test the enzyme activity and for LC-MS/MS
analysis of phosphoproteins.

LC-SRM MS Analysis of SDX Metabolite Extracts

Sample Preparation for Phosphopeptide Enrichment for
LC-MS/MS Analysis

The dry aqueous fraction of each extract was resuspended in 150 mL of
50 mM ammonium acetate (pH 4.6), while the dry organic fraction was resuspended in 50 mL of methanol. After allowing both to redissolve for 10 min at
room temperature with periodic vortexing, the aqueous and organic fractions
from each extract were combined 3:1 (v/v). To remove debris and high-Mr
contaminants, the combined solution was passed through a prerinsed Amicon
Ultra-0.5 mL Mr cutoff ﬁlter (10 kD; Millipore) by centrifugation for 15 min at
14,000g and room temperature. Using a nano-liquid chromatography system
equipped with an AS1 autosampler (Eksigent), 10 mL of the ﬁltered sample
was loaded onto a 0.5- 3 150-mm Zorbax Eclipse XDB-C18 column (Agilent)
at 12 mL min21 in 10% mobile phase B for 3 min, where mobile phases A and B
were water with 0.1% formic acid (v/v) and acetonitrile, respectively.

The phosphopeptide enrichment using immobilized metal ion afﬁnity
chromatography was carried out as described previously (Chien et al., 2011).
An aliquot of 400 mL of nitrilotriacetic acid agarose resin (Qiagen) was
transferred into a 1.5-mL microcentrifuge tube, and the resin was spun
down. The supernatant was removed, and two 1-mL water washes were
performed before 1 mL of 100 mM FeCl3 solution in 1% acetic acid was
added and incubated in the dark for 4 h under constant rotation to charge
the resin.
Two MOC StageTips were prepared with 100 mL of iron-nitrilotriacetic acid
agarose resin loaded on top of 200-mL pipette tips (Eppendorf) plugged with
ultra-high molecular weight polyethylene sheet disks (7-mm pore size and
0.025-inch thickness; Porex) to hold the resin. The resin was washed twice with
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100 mL of 2% acetic acid solution by applying pressure to the tip with a
syringe.
One milligram of total proteins from P. trichocarpa SDX was digested on
four ﬁlter-aided sample preparation ﬁlters following Gokce et al. (2012).
Peptides were pooled and acidiﬁed with glacial acetic acid (Fisher Scientiﬁc)
and split again to be loaded onto the StageTips. The ﬂow through was collected and reloaded. Two washes with 100 mL of 2% acetic acid were performed and collected with the second ﬂow through (approximately 300 mL
total). Two 100-mL water:acetonitrile:acetic acid (74:25:1, v/v/v) washes were
performed and discarded. Two 100-mL washes with water were collected together with two 100-mL elutions of 5% NH4OH. The ﬂow throughs were
combined, and an aliquot was diluted with mobile phase A (water:acetonitrile:
formic acid, 74:25:0.1, v/v/v) to a ﬁnal concentration of 0.1 mg mL21. The
phosphopeptide-enriched elutions from both StageTips were combined, dried
down, and reconstituted in 30 mL of mobile phase A.

Substrate concentrations ranging from 5 to 500 mM were utilized to determine
the Km and Vmax values for each substrate, while inhibitor concentrations of 10,
20, 40, and 80 mM were employed for inhibition studies.

Ptr4CL Enzyme Kinetic Parameter Determination
Ptr4CL enzyme kinetic parameters (Km and kcat) followed the MichaelisMenten equation and were determined using Lineweaver-Burk (double reciprocal) plots. Six different substrate concentrations (5–500 mM) were used to
determine the Km and kcat values for each substrate.

Ptr4CL Enzyme Inhibition Studies

Raw ﬁles were converted to a Mascot generic ﬁle (Mgf) utilizing the Mass
Matrix ﬁle conversion tool version 3.9 (downloaded from http://www.
massmatrix.net). Mgf ﬁles were further searched in Mascot version 2.3.2
(Matrix Science) against the target reverse P. trichocarpa_JGI_v2.2 database
with a MS tolerance of 5 ppm and a MS/MS tolerance of 0.02 D. Search parameters included a maximum of two missed cleavages, ﬁxed modiﬁcation of
carbamidomethylation of Cys residues, and variable modiﬁcations were oxidation of Met, deamidation of Asn and Gln, and phosphorylation of Ser, Thr,
and Tyr. Resulting dat ﬁles were ﬁltered at a 1% false discovery rate in
ProteoIQ version 2.3.02 (BioInquire).

Four concentrations of hydroxycinnamic acid inhibitors (10, 20, 40, and
80 mM) were tested at six to eight concentrations of substrate to determine the
modes of inhibition. Data were ﬁrst analyzed by Lineweaver-Burk (double
reciprocal) plots for modes of inhibition. Common diagnostic patterns for the
inhibited enzyme include an increased Km value (competitive inhibition), a
decreased Vmax value (noncompetitive inhibition), proportionally decreased
Km and Vmax values (uncompetitive inhibition), or some combination of these
changes (mixed inhibition). Equation 4, derived from the Michaelis-Menten
equation, describes such a mixed inhibition mechanism, where the reaction
velocity (v) is a function of substrate (S) and inhibitor (I) concentrations. Kic is
the competitive inhibition constant and the dissociation constant of the
enzyme-competitive inhibitor complex. Kiu is the uncompetitive inhibition
constant and the dissociation constant of the enzyme-uncompetitive inhibitor
complex. The resulting double reciprocal plots were used to obtain K9m and
V9max, the altered Km and Vmax of the inhibited enzyme. Inhibition plots of
K9m/V9max against I and 1/V9max against I were used to obtain Kic and Kiu
(Eq. 5), respectively. Pure-competitive inhibition is a special case where Kiu
approaches inﬁnity (i.e. negligible afﬁnity in an uncompetitive enzymeinhibitor complex; [I]/Kiu in Eq. 5 is negligible), as would be revealed by
the 1/V9max against I plot. Pure-uncompetitive inhibition is a special case
where Kic approaches inﬁnity. When Kic = Kiu, the inhibition is pure noncompetitive. In mixed inhibition, Kic , Kiu speciﬁes that competitive inhibition
predominates, whereas Kiu , Kic indicates predominant uncompetitive
inhibition.
Because either mixed competitive and uncompetitive or mixed competitive
and noncompetitive inhibition would result in an increased Km and decreased
Vmax, changes in Km and Vmax values were analyzed as a function of inhibitor
concentrations according to both Equations 4 and 6 to discern the underlying
inhibition mode. Equation 6 (derived from the Michaelis-Menten equation)
describes a mixed competitive and noncompetitive inhibition mechanism,
where Kin is the noncompetitive inhibition constant. If the inhibition plot of
K9m/V9max against I ﬁts a second degree polynomial, hence adhering to
Equation 6, it would specify mixed competitive and noncompetitive inhibition, whereas the plot yielding a straight line, hence adhering to Equation 4,
would indicate a mode of mixed competitive and uncompetitive inhibition.

Enzyme Reaction Conditions and HPLC Analysis

Substrate Self-Inhibition Studies

The 4CL activity assay was conducted using 20 mg of crude SDX protein in
100 mL of assay buffer containing 100 mM Tris-HCl (pH 7.5), 5 mM ATP, 2.5 mM
MgCl2, and 200 mM CoA. After preheating the mixture at 40°C for 3 min, the
substrate (4-coumaric, caffeic, ferulic, 5-hydroxyferulic, or sinapic acid) was
added to a ﬁnal concentration of 50 mM to start the reaction. The reaction was
maintained at 40°C for 1 h and then terminated by adding 5 mL of 3 M TCA to
the mixture. Afterward, the reaction mixture was centrifuged for 20 min at
20,000g to condense the enzyme, and 40 mL of supernatant was injected onto a
4.6- 3 150-mm Zorbax SB-C18 column (Agilent) for HPLC analysis. Conditions for HPLC analysis, including compound identiﬁcation, were as described previously (Liu et al., 2012).
Optimal reaction conditions for Ptr4CL3 and Ptr4CL5 were determined
using the puriﬁed recombinant proteins. Optimal activity for both Ptr4CL3 and
Ptr4CL5 was obtained at a reaction temperature of 40°C when using the metal
ion, Mg2+, and individually, at pH 8 and pH 7, respectively. Enzyme kinetic
and inhibition studies for the recombinant enzymes were carried out under
identical conditions to the crude SDX protein 4CL activity assay; however, the
recombinant enzyme assays were conducted using an assay volume of 50 mL
with a ﬁnal enzyme concentration of 40 nM, a reaction time of only 12 min, and
the assays were carried out under pH 8 for Ptr4CL3 and pH 7 for Ptr4CL5.

Substrate self-inhibition is analogous to pure uncompetitive inhibition,
where a substrate molecule binds to the enzyme-substrate complex to form an
inactive substrate-enzyme-substrate complex. In this case, the reaction rate
obeys Equation 7, derived from Equation 4, in which [I]/Kic can be ignored,
since Kic approaches inﬁnity, and I is substituted by [S] and Kiu by Kis, the
dissociation constant of the substrate-enzyme-substrate complex. Typically,
the rate of a substrate self-inhibition reaction would follow the MichaelisMenten model at low substrate concentrations, reach a maximum value at a
speciﬁc substrate level ([Smax]), and then decline and approach zero as substrate concentration increases. This maximum rate can then be estimated by
dv/dS = 0, where [Smax] can also be determined, or derived as [Smax]2 = KmKis,
according to Equation 7. More precisely, the maximum rate and [Smax] can be
obtained based on a diagnostic parabolic curve from a plot of v against log[S].
[Smax] can then be used to obtain Kis in a plot of 1/v against (([Smax]2/[S]) + [S]),
according to Equation 8, which is derived from Equation 7, where Km is
substituted by [Smax]2/Kis (based on [Smax]2 = KmKis). Therefore, the rate data in
“Ptr4CL Enzyme Kinetic Parameter Determination” above for the enzymesubstrate pairs that do not ﬁt with the Michaelis-Menten correlation for v
and [S] were further analyzed by a plot of v against log[S] to verify substrate
inhibition, followed by a plot of 1/v against (([Smax]2/[S]) + [S]) to calculate Kis.

Nano-LC-MS/MS Analysis of Phosphopeptides
LC was performed on a cHiPLCnanoﬂex system (Eksigent) equipped with
a 5-cm trap column (200 mm 3 0.5 mm packed with Chrom XP C18-CL, 3 mm,
120 Å), a 15-cm analytical column (75 mm 3 15 cm) packed with the same
packing material, and a 20-mm i.d. SilicaTip ESI emitter (New Objective). A
60-min gradient was applied, and data were acquired on a Q-exactive mass
spectrometer (Thermo Scientiﬁc). Instrument parameters were 70,000 resolving power for MS scans and 17,500 resolving power for MS/MS scans. The
top-12 consecutive MS/MS results were allowed, but 1+ charge states were
excluded from fragmentation. The automatic gain control limit for MS/MS
scans was 2E4 ions, and the maximum ion injection time was 120 ms. The
underﬁll ratio for MS/MS isolation was 1%, and the normalized collision
energy was set to 27%. For MS scans, the automatic gain control limit was 1E6
ions, and the maximum ion injection time was 60 ms. The capillary temperature was set to 275°C, and 55 V was applied to the S-lens. A 30-s dynamic
exclusion time was applied, and the lock-mass function was enabled. Duplicate analyses were performed for 10-mL injections of the ﬂow through and
phosphopeptide-enriched samples.

Data Analysis and Peptide Identiﬁcation
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Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers Ptr4CL3 (EU603298), Ptr4CL5 (EU603299),
and Ptr4CL17 (EU603300).
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