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As a step toward predictive modeling of flux through the pathway of monolignol biosynthesis in stem differentiating xylem of
Populus trichocarpa, we discovered that the two 4-coumaric acid:CoA ligase (4CL) isoforms, 4CL3 and 4CL5, interact in vivo and
in vitro to form a heterotetrameric protein complex. This conclusion is based on laser microdissection, coimmunoprecipitation,
chemical cross-linking, bimolecular fluorescence complementation, and mass spectrometry. The tetramer is composed of three
subunits of 4CL3 and one of 4CL5. 4CL5 appears to have a regulatory role. This protein-protein interaction affects the direction
and rate of metabolic flux for monolignol biosynthesis in P. trichocarpa. A mathematical model was developed for the behavior of
4CL3 and 4CLS5 individually and in mixtures that form the enzyme complex. The model incorporates effects of mixtures of multiple
hydroxycinnamic acid substrates, competitive inhibition, uncompetitive inhibition, and self-inhibition, along with characteristic of
the substrates, the enzyme isoforms, and the tetrameric complex. Kinetic analysis of different ratios of the enzyme isoforms
shows both inhibition and activation components, which are explained by the mathematical model and provide insight into the
regulation of metabolic flux for monolignol biosynthesis by protein complex formation.

INTRODUCTION directed modification of lignin and depends on our knowledge of
its biosynthesis.

Three phenylpropanoid precursors, 4-coumaryl alcohol, con-
iferyl alcohol, and sinapyl alcohol, also known as the H, G, and S
monolignols, respectively (Figure 1), are the predominant pre-
cursors for lignin. S and G subunits predominate in the lignin of
dicots. In vascular tissue, the vessels, specialized elements for
water conduction, have G-rich cell walls, while S subunits are more
abundant in fiber cells specialized for mechanical support. Lignin
polymers have extremely diverse combinations of subunit se-
quences and linkages (Ralph et al., 2004; Morreel et al., 2010;
Vanholme et al., 2010). The structure and composition of the

Lignin, a phenolic structural polymer of plants, is essential for
water transport, mechanical support, and protection against biotic
and abiotic stresses (Sarkanen and Ludwig, 1971; Eriksson et al.,
1990; Higuchi, 1997; Vanholme et al., 2010; Denness et al., 2011).
Lignin is also a major barrier to wood processing either for pro-
duction of pulp and paper or for the conversion of lignocellulosic
biomass to biofuel (Chiang, 2002; Chen and Dixon, 2007; Hinchee
et al., 2009). Improvement of biomass quality could result from
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polymer depends on the composition of the monolignols delivered
to the lignifying zone and on a combinatorial mode of polymeri-
zation (Higuchi, 1985; Sederoff et al., 1999; Ralph et al., 2004). In
most flowering plants, 10 enzyme families are involved in the
conversion of Phe to monolignols. These enzymes have been
studied intensively in several plant species to infer their functions in
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Figure 1. The Roles of 4CL in Monolignol Biosynthesis.

4CL is able to ligate five cinnamic acids, but the main roles are in the conversion of 4-coumaric acid to 4-coumaroyl-CoA and in the conversion of
caffeic acid to caffeoyl-CoA (Chen et al., 2013). 4-Coumaric acid may be hydroxylated by the enzyme complex (C4H and C3H) to form caffeic acid.

Caffeic acid may be activated to its CoA derivative caffeoyl-CoA by 4CL.

4-Coumaric acid may be activated by 4CL to form 4-coumaroyl-CoA, which

can be reduced to 4-coumaryl alcohol, the primary precursor for H units in lignin. 4-Coumaroyl-CoA can also form a shikimic acid ester through the
activity of hydroxycinnamoyl-CoA shikimate hydroxycinnamoyl transferase. The 4-coumaroyl shikimic acid ester is converted by the C4H and C3H
complex to the caffeoyl shikimic acid, ester which in turn is converted by hydroxycinnamoyl transferase to caffeoyl-CoA. Caffeoyl-CoA is methylated to
form feruloyl-CoA by caffeoyl-CoA 3-O-methyltransferase, which is the main route for monolignol biosynthesis.

vivo (Barriére et al., 2007; Vanholme et al., 2010; Shi et al., 2010;
Lee etal., 2011). Many aspects of monolignol biosynthesis and the
regulation of metabolic flux through the pathway are not yet suf-
ficiently defined or quantified. The pathway continues to be revised
as new enzyme activities and new types of lignin are discovered
(Osakabe et al., 1999; Chen et al., 2011, 2012).

4-Coumaric acid:CoA ligase (4CL) (EC 6.2.1.12) catalyzes the
formation of CoA thioesters of several hydroxycinnamic acids in
the monolignol biosynthesis pathway (Figure 1). In this ligation
reaction, for example, ATP, CoA, and 4-coumaric acid form the 4-
coumaroyl CoA thioester plus AMP and diphosphate (Gross and
Zenk, 1974). In the phenylpropanoid pathway, 4CL is the enzyme at
the branch point for flavonoids and lignin biosynthesis (Hahlbrock
and Scheel, 1989) and is also involved in the biosynthesis of iso-
flavonoids, coumarins, suberin, and cell wall-bound phenolics
(Vanholme et al., 2012). Genomic sequencing has revealed a 4CL
gene family with multiple 4CL and 4CL-like sequences (Allina et al.,
1998). Four 4CL gene family members were found in Arabidopsis
thaliana (Hamberger and Hahlbrock 2004) and Physcomitrella
patens (Silber et al., 2008), five members in rice (Oryza sativa; Gui
et al., 2011), and 17 in Populus trichocarpa (Shi et al., 2010). Dis-
tinct 4CLs display tissue and/or substrate specificity and are likely
to function in different pathways (Hu et al., 1998; Ehlting et al.,
1999). The substrate specificities of 4CLs may be determined by
12 amino acids lining the substrate binding pocket (Schneider
et al., 2003).

Lignin-associated 4CL genes have been identified in poplars
(Hu et al., 1998; Shi et al., 2010), Eucalyptus grandis (Naoki et al.,
2011), tobacco (Nicotiana tabacum; Kajita et al., 1996), Arabi-
dopsis (Raes et al., 2003), rice (Gui et al., 2011), and sorghum
(Sorghum bicolor; Saballos et al., 2012). We identified one lignin-
associated 4CL (4CL1) in quaking aspen (Populus tremuloides)

(Hu et al., 1998). In P. trichocarpa, two xylem-specific 4CLs (4CL3
and 4CL5) encode active enzymes in monolignol biosynthesis
(Chen et al., 2013). The enzyme kinetic parameters and inhibition
specificity of Ptr-4CL3 is very similar to its aspen ortholog Pt-
4CL1 (Hu et al., 1998). Both Pt-4CL1 and Ptr-4CL3 prefer 4-
coumaric acid as substrate and are strongly inhibited by caffeic
acid. Unlike Ptr-4CL3, Ptr-4CL5 prefers caffeic acid as substrate
and exhibits competitive and uncompetitive inhibition, as well as
substrate self-inhibition (Chen et al., 2013).

Protein—protein interactions affect the regulation of biosynthetic
pathways and control metabolic flux (Srere, 1987) and are likely to
be important in the monolignol biosynthetic pathway. A P. tricho-
carpa C4H1/C4H2/C3H3 (cinnamic acid 4-hydroxylase1/cinnamic
acid 4-hydroxylase2/coumaric acid 3-hydroxylase3) protein com-
plex provides direct 3-hydroxylation of 4-coumaric acid, an activity
not detected with the individual enzymes (Chen et al., 2011).
Quantitative information about such interactions is essential to
optimize the inputs for systems analysis of this biological process.

We initiated a systems biology approach to the monolignol
pathway in P. trichocarpa (Shi et al., 2010; Chen et al., 2011, 2013;
Wang et al., 2014). We propose to quantify the biosynthetic com-
ponents of the pathway at the genomic, transcriptomic, proteomic,
and metabolomic levels to develop mathematical models. Mathe-
matical models of the integrated pathway lead to the development
of hypotheses and discovery of pathway components and provide
a predictive understanding of the pathway for directed modification.

Mathematical modeling of enzyme kinetic data has been used
previously to analyze, simulate, and predict metabolic flux through
enzymatic pathways for well-defined biological processes (Schallau
and Junker, 2010). While many of the enzymes of monolignol
biosynthesis have been studied in detail, much of the work has
been done in different species, some annual, perennial, woody, or
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herbaceous, with quantitative analysis done on materials varying
from whole plants to specific wood-forming tissues. Some quan-
titative modeling of lignin biosynthesis has been performed to
investigate the energetics of the pathway (Amthor, 2003), and
models of the genetic regulation of monolignol biosynthesis have
been presented for poplar (Lee and Voit, 2010) and Medicago (Lee
et al., 2011). A comprehensive predictive metabolic flux model of
the monolignol pathway in SDX of P. trichocarpa is presented in
a companion article (Wang et al., 2014). Previous work has not
incorporated protein complex formation into metabolic models of
monolignol biosynthesis, although metabolic channeling based on
proximal spatial orientation has been invoked (Lee et al., 2012).

Here, we provide evidence for the discovery and characteriza-
tion of a protein—protein heterotetramer of P. trichocarpa 4CL3 and
4CL5, which may have a regulatory role. Five lines of evidence are
presented to describe this complex: (1) laser microdissection
(LMD), (2) mass spectrometry (MS), (3) coimmunoprecipitation (co-
IP), (4) chemical cross-linking, and (5) bimolecular fluorescence
complementation (BiFC; Hu et al., 2002). A quantitative mathe-
matical model was constructed that describes the enzyme activity
and the modifications of activity that result from the complex,
taking into account the ratios of enzymes, the effects of multiple
substrates, inhibitors, and their modes of inhibition.

RESULTS

Ligation Activity with Mixtures of 4CL3 and 4CL5 Indicate
a Molecular Interaction

To better understand the CoA ligation rates in an environment
containing multiple 4CL enzymes, we mixed P. trichocarpa 4CL3

A

and 4CLb5 in different ratios and measured the CoA ligation rates
using 4-coumaric acid as the substrate. The first case (solid line in
Figure 2A) measured the CoA ligation rates when the 4CL3 molar
concentration was held constant at 40 nM, while the 4CL5 molar
concentration was gradually increased from 0 to 40 nM, in incre-
ments of 10 nM. The reciprocal case (solid line in Figure 2B)
measured the CoA ligation rates when 4CL5 was held constant at
40 nM and 4CL3 was increased from 0 to 40 nM. The dashed lines
in Figures 2A and 2B represent the total CoA ligation rate if 4CL3
and 4CL5 acted independently, that is as the sum of the individual
activity, calculated by Equation 1: (v, = v4¢15 + Vacis)- Here, vyg 5
and v, 5 follow basic Michaelis-Menten kinetics (Chen et al.,
2013). Equation 1 predicts a total rate (vy:) that increases linearly
with increasing total enzyme concentration (4CL3 + 4CL5). This
linearity is expected because the individual rates for 4CL3 and
4CL5 were linear and proportional to the total enzyme concen-
tration when the substrate concentration was in excess and con-
stant. The experimentally derived ligation rate for a mixture of
4CL3 and 4CL5 proteins (solid lines in Figures 2A and 2B) does not
conform to expectation for the summed rate of individual enzymes
(dashed lines in Figures 2A and 2B). This suggests a specific in-
teraction between 4CL3 and 4CL5. If 4CL3 and 4CL5 are able to
interact in vitro, it is important to demonstrate that both enzymes
are expressed in the same cells in vivo.

LMD Indicates the Coexpression of 4CL3 and 4CL5
Transcripts in SDX Fiber Cells

The stems of 6-month-old trees were used to collect different
cell types from SDX by LMD. A cryostat was used to obtain stem
cross sections. Three different types of samples were collected:
(1) samples that included fibers, rays, and vessels; (2) samples of
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Figure 2. Impact of Enzyme Complex Formation on Product Formation.
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To determine the effect of the complex on enzyme activity, P. trichocarpa 4CL3 and 4CL5 were mixed at different concentrations. 4-Coumaric acid
(28.28 M) was used as substrate. The dashed lines represent the simple sum of expected individual rates for 4CL3 and 4CL5 without enzyme complex
effects. The solid line (with data points as dots) represents experimental data with 4-coumaric acid as a main substrate. The arrows predict inhibition
and activation impacts by the enzyme complex. Error bars represent se of three replicates. In some cases, the precision is high, and error bars are

smaller than the size of the data points.

(A) 4CL3 was fixed at 40 nM, and 4CL5 concentration was varied from 0 to 40 nM.
(B) 4CL3 concentration was varied from 0 to 40 nM, and the concentration of 4CL5 was fixed at 40 nM.



vessel cells only; and (3) fiber cells only. Ray cells proved to be
too difficult to collect as an isolated cell type. In the three-cell-type
sample, vessel, fiber, and ray cells are collected together (Figure 3A).
In vessel or fiber cells only samples, we used the laser to burn out
the ray cells and then selected only fiber or vessel cells (Figure 3B).
The yields of total RNA from vessel cells were too low for further
analysis. The transcript abundance of 4CL3 and 4CL5 was analyzed
using quantitative RT-PCR and gene-specific primers (Shi et al.,
2010). 4CL3 and 4CL5 are both expressed in fiber cells (Figures 3C
and 3D). 4CL3 and 4CL5 are expressed 3 to 6 times higher in fiber
cell samples compared with the transcript abundance in the sam-
ples containing fibers, rays, and vessels (Figures 3C and 3D). These
data show that 4CL3 and 4CL5 are coexpressed in fiber cells,
known to be highly active in lignin biosynthesis.

The 4CL3/4CL5 Complex Was Verified and Characterized by
BiFC, Chemical Cross-Linking, Co-IP, and MS

To test for protein—protein interactions between 4CL3 and 4CL5
using BIiFC, different pairs of plasmids, each containing a target
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Figure 3. LMD Indicates Coexpression of P. trichocarpa 4CL3 and 4CL5
Transcripts in Fiber Cells.

The quantitation of 4CL3 and 4CL5 transcripts from captured tissue
sections containing three different cell types (fiber, vessel, and ray) and
from sections containing only fiber cells indicate that both 4CL isoforms
are coexpressed in fiber cells.

(A) The white rectangle shows the tissue sections containing all three cell
types isolated by LMD.

(B) The black line surrounds the area of the fiber cells isolated by LMD
where ray cells were burned away.

(C) The transcript abundance of 4CL3 in the two samples.

(D) The transcript abundance of 4CL5 in the two samples.
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protein fused to one of the two complementing segments of
yellow fluorescent protein (YFP), YFPN (amino acids 1 to 155)
and YFPC (amino acids 156 to 239), were cotransformed into
P. trichocarpa SDX protoplasts (Lin et al., 2013). When 4CL3-
YFPN was coexpressed with 4CL5-YFPC, or the reciprocal, strong
fluorescence signals were observed in the cytoplasm indicating
4CL3 and 4CL5 heterodimerization (Figures 4A and 4B). Strong
fluorescence signals were observed when 4CL3-YFPN was coex-
pressed with 4CL3-YFPC, demonstrating that 4CL3 is able to form
homodimers (Supplemental Figure 1). A fluorescent signal was not
observed for coexpression of 4CL5-YFPN and 4CL5-YFPC, in-
dicating that 4CL5 does not form homodimers (Supplemental
Figure 1). We did not observe any fluorescence signals when the
protoplasts were cotransfected with 4CL3-YFPN and 4CL17-YFPC
(Figure 4C). These interactions suggest specific mechanisms af-
fecting the composition of the protein complex and the pathway for
its formation, if 4CL5 does not form homodimers.

To test if 4CL3 and 4CL5 form a protein complex, we mixed the
two recombinant proteins with the chemical cross-linker dithiobis
(succinimidyl propionate) (DSP), which has a spacer arm equivalent
to eight carbon linkages (Lomant and Fairbanks, 1976). Chemical
cross-linking stabilizes protein—protein interactions (Lomant and
Fairbanks, 1976). When 4CL3 recombinant protein at low concen-
trations (200 nM) was cross-linked with DSP and the product was
size separated on SDS-PAGE, an immunoblot displayed pre-
dominantly monomers and some possible dimers (Figure 4D). Only
monomers were observed when 4CL5 recombinant protein (200
nM) was cross-linked. The cross-linked mixture of 4CL3 and 4CL5
recombinant proteins at equal concentrations (200 nM) resulted in
monomers and a protein band greater than 200 kD, a size consis-
tent with a heterotetramer (Figure 4D).

To further verify the existence of a protein complex of 4CL3/4CL5
in SDX, we used a 4CL5-specific antibody (Figure 4E) to carry out
co-IP. This antibody can only detect 4CL5, not 4CL3 in immuno-
blotting (lanes 1 and 2, Figure 4E). An antibody for one protein of the
complex could coprecipitate both proteins from an SDX protein
extract. The result of a coprecipitation test using anti-4CL5 antibody
was analyzed on SDS-PAGE and an immunoblot (lane 3, Figure 4E).
Both members of the proposed complex (4CL3/4CL5) were de-
tected on the immunoblot with an anti-4CL antibody (Li et al., 2003),
which detects both forms of 4CL (lanes 7 and 8, Figure 4E). A re-
ciprocal experiment using 4CL3-specific antibody gave similar re-
sults. The specificity of the antibodies was verified in a previous
publication (Chen et al., 2013). When preimmune serum was used
to perform the co-IP, 4CL protein was not detected on the im-
munobilot (lane 4, Figure 4E). The co-IP evidence supports a 4CL3/
4CL5 protein complex in native SDX.

Recombinant 4CL3 protein with a 6x His-tag was added into an
SDX crude protein extract to test whether the complex (4CL3/
4CL5) can be formed after the preparation of the SDX protein
extract. If the recombinant 4CL3 and the endogenous 4CL5 pro-
duced a new complex in the extract, then anti-His monoclonal
antibody will pull down the recombinant 4CL5. Co-IP, SDS-PAGE,
and immunoblotting showed both 4CL3 and 4CL5 monomer
bands, indicating that these two proteins formed a complex de
novo in the extract (lane 5, Figure 4E). These results also showed
that the native 4CL5 protein, as well as the recombinant protein,
forms a complex with 4CL3 recombinant protein. A reciprocal
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Figure 4. Physical Evidence for a P. trichocarpa 4CL3/4CL5 Protein Complex.

(A) and (B) BiFC. 4CL fusion proteins of N-terminal or C-terminal fragments of YFP. 4CL3-YFPN+4CL5-YFPC (A) and 4CL3-YFPC+4CL5-YFPN (B)
expressed YFP signals.

(C) 4CL3-YFPN+4CL17-YFPC was used as a control and expressed no fluorescent signal.

(D) Chemical cross-linking of a 4CL3/4CL5 protein complex. Recombinant 4CL3 and 4CL5 were cross-linked by DSP. Cross-linking of 4CL3 or 4CL5
alone shows predominantly 4CL monomers. Mixing 4CL3 and 4CL5 together shows both tetramers and monomers.

(E) Co-IP of the 4CL3/4CL5 complex. Lane 1: Recombinant 4CL3 is not detected by 4CL5-specific antibody. Lane 2: Recombinant 4CL5 is detected by
4CL5-specific antibody. Lane 3: Native SDX protein pulled down by anti-4CL5 antibody shows a lower band, which is 4CL5, and a higher band, which is
4CL3. Lane 4: Native SDX protein pulled down by preimmune antibody. Lane 5: Xylem crude extract added to recombinant 4CL3-His and pulled down
by anti-His antibody. The bottom band is 4CL5, and the top band is 4CL3. Lane 6: Control, which is xylem crude extract prepared following the same
procedure as lane 3. Lane 7 is 4CL3 recombinant protein detected by 4CL general antibody, and lane 8 is 4CL5 recombinant protein also detected by
4CL antibody.

(F) A high molecular mass 4CL3/4CL5 protein complex was detected by 4CL3 (lane 1) and 4CL5 (lane 2) specific antibodies in an in vivo DSP cross-
linked SDX sample. Non-cross-linked SDX and recombinant proteins were used as controls for the detection of monomeric 4CL3 (lanes 3 and 5) and
4CL5 (lanes 4 and 6).

(G) Quantification of the cross-linked 4CL protein complex by PC-IDMS. Extracted ion chromatograms for the native surrogate peptides of 4CL5 (left)
and 4CL3 (right), which have been normalized to the intensity of their corresponding SIL peptides to allow for visualization of the relative surrogate
peptide (i.e., protein) concentrations.



experiment, using recombinant 4CL5 with a His-tag, also pulled
down a 4CL3/CL5 complex. His-tags do not affect the kinetic pa-
rameters or specificity of these 4CL isoforms (Chen et al., 2013).

The 4CL3/4CL5 Complex Is Found in Vivo in SDX

To determine whether the 4CL3/4CL5 complex exists in vivo in
SDX, we performed a cross-linking experiment using debarked
stem segments of P. trichocarpa. Debarked stem segments were
submerged in DSP, and the SDX tissue was subsequently scraped
from the stem and ground into a powder using liquid nitrogen. The
powder was then homogenized in a protein-denaturing buffer to
produce a crude protein extract. The extract was then analyzed on
SDS-PAGE and 4CL protein was detected by immunoblotting
(Figure 4F). The 4CL protein was detected between the 140 and
260 kD molecular markers, consistent with the molecular size of the
complexes detected for the cross-linking of the recombinant pro-
teins. No bands were detected at sizes that would represent dimers
or trimers. These results indicate that the complex detected with
recombinant proteins is a reasonable representation of the native
proteins and indicate that the majority of the 4CL protein exists as
a tetrameric complex in vivo.

To determine the stoichiometry of the monomers in the complex,
we separated the 4CL complex from the monomers by covalently
cross-linking the protein complex using a thiol-specific reagent, 1,4-
bis-maleimidobutane, and then removing the free 4CL monomers
(~60 kD) with a 100-kD centrifugal filter. The retained, high molec-
ular mass fraction was then subjected to protein cleavage-isotope
dilution mass spectrometry (PC-IDMS) quantification (Shuford et al.,
2012) to determine the absolute concentration of each 4CL subunit
(Supplemental Figure 2). The absolute quantities of 4CL3 and 4CL5
in the complex (Figure 4G) provide a ratio of normalized intensities
of 2.69:1.

This sample was created with purified recombinant proteins,
making it unlikely that large contaminants were copurified and
cross-linked (>100 kD) that could bias quantification. The assay
was determined to be free from interference because coelution and
conserved selected reaction monitoring-mass spectrometry frag-
mentation patterns observed between the surrogate peptides and
their stable isotope—labeled (SIL) counterparts confirmed the iden-
tity of the quantified peptides (Supplemental Figure 2). Bias in
stoichiometry determination for protein complexes when utilizing
synthetic SIL peptide standards (Schmidt et al., 2010) is generally
low. Given the molecular mass of the complex was estimated to be
~240 kD by SDS-PAGE (Figures 4D and 4F) and the mass of the
monomers is ~60 kD, the molecular mass of the complex (2.69:1)
agrees well with a 4CL3: 4CL5 ratio of 3:1.

Mixed Enzyme Effect Analysis with Basic Mass
Action Modeling

Attaining a more comprehensive understanding of CoA ligation
and the function of the complex can come from developing
a quantitative model, describing how the 4CL3/4CL5 complex
affects the overall reaction rate. The expected baseline and ex-
perimental rates are shown for 4-coumaric acid as substrate at 28
wM (Figures 2A and 2B). The same experiments were conducted at
concentrations of 160, 90, 68, 51, 38, and 28 wM with 4-coumaric
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acid, and a similar set was done with caffeic acid (Figure 6). All
results confirm a nonlinear deviation of the experimental rates from
the baseline rates. For a 4CL3 concentration of 40 nM and a 4CL5
concentration of 10 nM (ratio 4:1), the rate drops significantly below
baseline followed by a rise for both the 40 nM:20 nM and 40 nM:30
nM (4CL3:4CL5 total concentration) conditions. Despite the subtle
rise, the measured rates for the 40 nM:10 nM, 40 nM:20 nM, and 40
nM:30 nM experiments were primarily below the baseline rates. The
experimental rates for the 40 nM:40 nM case (4CL3:4CL5) were
significantly above the baseline rate and displayed a distinct
change from lower 4CL3:4CL5 ratios. Similar results were observed
in the reciprocal case (4CL5 fixed:4CL3 varied), although a weaker
reduction was observed. Similar experiments were conducted us-
ing caffeic acid as substrate. The reaction with caffeic acid is more
complex due to additional uncompetitive and self-inhibition.

Figures 2 and 6 illustrate the impact of enzyme complex for-
mation on product formation. The difference between the ex-
pected baseline rate and the experimental rates in Figures 2A and
2B indicates that low concentrations of 4CL5 mixed with higher
concentrations of 4CL3 results in inhibition of product formation.
This inhibitory effect may be attributed to the formation of the
4CL3/4CL5 complex, where 4CL3 is recruited by low concen-
trations of 4CL5, reducing the amount of 4CL3 that is available to
generate product. Therefore, the recruitment of 4CL3 by low
concentrations of 4CL5 results in a net decrease in the overall rate.
High concentrations of both 4CL3 and 4CL5 display an activation
effect where the rate of product formation is higher than the sum of
the independent rates of 4CL3 and 4CL5. This paradoxical in-
hibition and activation can be explained by differential regulation,
which is a function of different ratios of 4CL3 and 4CL5 where the
amount of 4CL5 controls the extent of inhibition or activation. Next,
we propose a mechanistic model leading to a mathematical de-
scription of the total CoA-ligation rate using 4-coumaric acid as
substrate, which includes the inhibition and activation effects at-
tributed to the formation of the 4CL3/4CL5 complex.

A Mechanistic Model of the Interaction of 4CL3 and 4CL5
Using 4-Coumaric Acid as Substrate

An interaction block diagram (Figure 5A) describes the effects of the
enzyme complex formation on the total CoA-ligation rate associ-
ated with 4-coumaric acid. The total CoA ligation rate is a function
of the activity of free 4CL3 (E1), free 4CL5 (E2), and their protein
complex. The complex formed by 4CL3 and 4CL5 is a tetramer
with a 3:1 ratio. The inhibition effects resulting from the formation of
the tetramer and the activation path of the tetramer affect the rate
of product formation. First, 4CL3 binds with available 4CL3, re-
ducing the rate associated with 4CL3 (inhibition path A in Figure 5A)
and then 4CL5 binds with 4CL3, leading to a reduction in rate
associated with 4CL5 (inhibition path B in Figure 5A). Higher
amounts of 4CL3 and 4CL5 result in the formation of high con-
centrations of the 4CL3/4CL5 complex, which can then bind to
available substrate. The complex produces an alternative path to-
ward product formation, resulting in a net increase in the product
rate (activation path in Figure 5A).

A plausible mechanistic description of the inhibition and acti-
vation block diagram (Figure 5A) is shown in Figure 5B for 4-
coumaric acid. Inhibition occurs due to interactions between free
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Figure 5. Mechanistic Description of the Inhibition and Activation Effects
on the Rates of Product Formation Using 4-Coumaric Acid as Substrate.

(A) Proposed interactions of 4CL3 and 4CL5 and the effects on product
formation. The formation of the 4CL3/4CL5 complex with a 3:1 ratio
leads to decreasing amounts of free enzymes and causes a rate re-
duction (Inhibition Path A and Inhibition Path B). The 4CL3/4CL5 com-
plex is then involved in product formation and results in an increase in
rate (Activation Path).

(B) The model described in (A) is extended for one substrate, 4-coumaric
acid, using experimentally derived kinetic parameters, and deriving rate
estimates at each step. Each enzymatic reaction for 4CL3, 4CL5, and the
4CL3/4CL5 complex is based on Michaelis-Menten kinetics. ke, and
Km, are kinetic parameters of the 4CL3 enzymatic reaction. kcqr,and Kn,
are kinetic parameters of the 4CL5 enzymatic reaction. y-kca,and K,
are assumed as kinetic parameters of 4CL3/4CL5 complex, where vy
represents activation effects of the complex on the rate. The interaction
rate between 4CL3 and 4CL5 is assumed to be 1/k. The interactions
occur for the formation of the 4CL3/4CL5 tetramer in succession, which
leads to inhibition of the rate.

(C) A mathematical model is shown for multiple enzymes and 4-coumaric
acid as a single substrate. The equation represents the rate of total
product formation associated with 4CL3, 4CL5, and the 4CL3/4CL5
complex, where [E,,] and [E,] are the total amounts of 4CL3 and 4CL5

4CL3 and 4CL5 that lead to the formation of the 4CL3/4CLS5 tet-
ramer. All interactions involving free 4CL3, free 4CL5, and other
enzyme complex intermediates have an equilibrium constant of k,
where k = k/k,. Here, k is the dissociation rate of the enzymes and
k, is the association rate of the enzymes. Alternative causes of
inhibition involving the interaction of free enzymes with enzyme
substrate complexes are not supported by other plausible model
structures. A mechanistic model for activation in enzymatic re-
actions (Saboury, 2009; Fontes et al., 2000) was used here to
describe the activation effect of the 4CL3/4CL5 complex (Figure
5B). The kinetic parameters associated with 4CL3 (E1) and 4CL5
(E2) are the same as the kinetics of Chen et al. (2013). Given that
the results described above and in Chen et al. (2013) indicate
dominant 4CL5 kinetics, we set the kinetic parameters associated
with the 4CL3/4CL5 complex to K, and y-kcat,, respectively.

A mathematical model representing the rate of total product
formation associated with 4CL3, 4CL5, and the 4CL3/4CL5 com-
plex (Figure 5C) was derived from Figure 5B. The derivation was
based on the Michaelis-Menten assumption of quasi-equilibrium
where the association and disassociation of enzymes, enzyme
complexes, and their intermediates are in binding equilibrium. The
additional assumption is that the tetrameric complex plays a more
significant role in CoA ligation than dimers and trimers, as these
intermediates were undetected in mixtures containing both 4CL3
and 4CL5. Hence, the dimer and trimer formation are assumed to
be transient in the reversible reaction. This allows us to make the
quasi-equilibrium assumption (see Supplemental Methods for full
derivation). These derivations lead to a combined rate equation for
4-coumaric acid as substrate (Figure 5C). The assumption of quasi-
equilibrium allows us to write the concentrations of free 4CL3, free
4CL5, and all enzyme complex intermediates in terms of pro-
portional amounts of known total 4CL3 and 4CL5 concentrations.
The quasi-equilibrium reaction rates between 4CL3 and 4CL5 for all
enzyme complex intermediates are assumed to be the unknown
parameter k. The formation of the 4CL3/4CL5 complex does not
depend on the presence of the substrates (Figure 4D). Although the
results of MS support a ratio of 3:1 for a 4CL3/4CL5 tetramer,
a more precise estimate of the proportion of 4CL3 () and the
proportion of 4CL5 (B) is yet to be determined. Thus, these un-
knowns are combined with the parameter k to form k; = k / /28
andk, = k / «,leading to three unknown values in the equation,
Kk, k,, and vy (Figure 5C).

Experimental rates of product formation under different total
4CL3 and 4CL5 concentrations (Figures 6A and 6B) were used
to optimize k;, k,, and y. An objective function based on least
mean square error (Widrow and Hoff, 1960) was used to assess
the goodness of fit between the experimental data and the

respectively, [S] is the 4-coumaric acid concentration. k;, k,, and vy are
unknown parameters defined for the enzyme—enzyme interaction. k; is
k /{/a?B and k, is k/a, where k is the association/disassociation rate
between enzyme and enzyme complex in (A). « and B are the pro-
portions of 4CL3 and 4CL5 involved with each interaction between en-
zymes (see Supplemental Methods for the derivation). vy represents the
product rate of the enzyme complex. The optimized values of the un-
known parameters are fitted by hybrid optimization using MATLAB. k;,
k,, and vy values represent the mean = sp of 100 optimized values.
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mathematical model in Figure 5C. This objective function, in
combination with a Hybrid optimization approach (Xia and Wu,
2005), was used to estimate the values of k;, k,, and ~y (Figure
5C). The hybrid optimization algorithm is based on a search
routine that uses both global optimization and local optimization
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to efficiently optimize large-scale problems within a complex
search space. Genetic algorithms (Goldberg, 1989) were used
as the global optimization, and Fmincon (Mathworks; Optimi-
zation Toolbox, version 3, User’'s Guide, 2007) was used for
the local optimization. One hundred runs using the hybrid
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Figure 6. Comparison of Simulation and Experiment Using Either 4-Coumaric Acid or Caffeic Acid as Individual Substrates.

(A) and (B) Solid lines represent simulations based on the equation and the optimized parameters in Figure 5B. Dots represent experimental data with 4-
coumaric acid as the main substrate. Colors represent different substrate concentrations. Fixed amounts of 4CL3 and increasing amounts of 4CL5 (A),
and fixed amounts of 4CL5 and increasing amounts of 4CL3 (B). The error bars represent 1 se. The coefficient of determination (R?) is 0.94, and the

RMSD is 0.079 for the goodness of fit of the model.

(C) and (D) Simulation results along with the experimental rates using caffeic acid as substrate. Solid lines represent simulation results based on the
equation and optimized parameters in Supplemental Figure 3B. The red line (25 wM) and blue line (18.75 wM) in (C) closely overlap. Dots represent
experimental data with caffeic acid as substrate. Colors represent different substrate concentrations in both cases: (C) shows a fixed amount of 4CL3
with increasing amounts of 4CL5, while (D) shows a fixed amount of 4CL5 with increasing amounts of 4CL3. The R? value is 0.82, and the RMSD is

0.058 for the goodness of fit.
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optimization scheme were performed with random initial con-
ditions over the range [0 to 0.1] for k, [0 to 0.1] for k,, and [1 to 3]
for v. Wider ranges for these parameter values did not lead to any
significant change in the optimized value.

The resulting mean values and standard deviations of the op-
timized parameters are shown in Figure 5C. These mean values
were incorporated in the equation in Figure 5C and used to pro-
duce simulated total product formation rates for case 1 (4CL3
fixed:4CL5 varied) and case 2 (4CL3 varied:4CL5 fixed). Figures
6A and 6B display these simulated values along with the experi-
mentally measured rates for cases 1 and 2. The model fits the
data well as shown by the scatter (experimentally measured rates)
and line (simulated rates) plots, with a mean squared error of
0.0062 (considering all experiments at all concentrations). R?
values and root mean standard deviations (RMSDs) used to de-
scribe the goodness of fit of the model further confirmed the
accuracy of the model prediction (Figures 6A and 6B). The model
describes the prominent dip in Figures 2A and 2B that occurs due
to the inhibition of the product formation rate at high levels of
4CL3 and low levels of 4CL5. The model also reflects the acti-
vation at high levels of both 4CL3 and 4CL5. Overall, the model
provides an adequate representation of the metabolic rate in-
volving 4CL3, 4CL5, and the 4CL3/4CL5 complex for 4-coumaric
acid as substrate.

A Mechanistic Model of the Interaction of the 4CL3/4CL5
Complex Using Caffeic Acid as Substrate

The mechanistic model derived for 4-coumaric acid cannot be
applied directly to caffeic acid because caffeic acid exhibits
substrate self-inhibition in the 4CL5 reaction (Chen et al., 2013).
4-Coumaric acid does not show self-inhibition with either 4CL3
or 4CL5. A mechanistic description of the self-inhibition of caf-
feic acid with 4CL5 is shown in Supplemental Figure 3A. A
mathematical model quantifying the rate of total product for-
mation associated with caffeic acid as a substrate was again
derived based on the Michaelis-Menten assumptions of quasi-
equilibrium used previously for 4-coumaric acid. The inclusion of
self-inhibition in the combined mechanistic model for caffeic
acid modifies the equation in Figure 5C slightly, resulting in the
equation in Supplemental Figure 3B.

Hybrid optimization was performed for 4-coumaric acid to as-
sess the goodness of fit of the equation in Supplemental Figure
3B with measured product formation rates for varying amounts of
total 4CL3, 4CL5, and caffeic acid concentrations. One hundred
runs of optimization were performed with random initial conditions
over the range [0 to 0.1] for k;, [0 to 0.1] for k,, and [1 to 6] for -y to
assess variation in estimated parameters. While the range of
values for k; and k, did not change from 4-coumaric acid to
caffeic acid, it was expected that the range for y might change
due to differences between enzyme substrate interactions. Larger
ranges did not reveal any significant difference in the optimized
results. The resulting mean values of the optimized parameters
are shown in Supplemental Figure 3B.

Both case 1, 4CL3 fixed:4CL5 varied, and case 2, 4CL5 fix-
ed:4CL3 varied, were simulated for caffeic acid using the mean
values of k;, k,, and vy (Figures 6C and 6D). Comparison of the
observed and simulated data for the models shows a good fit

(Figures 6C and 6D). Both simulated cases fit the data well as
indicated by a minimum mean square error of 0.0034. The pro-
posed models in Figure 5B and Supplemental Figure 3A capture an
important characteristic that differentiates the experimentally mea-
sured product formation rates for 4-coumaric acid and caffeic acid,
respectively. Product formation rates associated with 4-coumaric
acid increase steadily as the concentration of 4-coumaric acid
increases (Figures 6A and 6B). However, experimental rates with
caffeic acid (Figures 6C and 6D) show that at some enzyme
concentration ratios, increased concentrations of caffeic acid
result in a slowdown of the product formation rate, due to the
self-inhibition exhibited by caffeic acid and 4CL5. The model of
the total product formation in the equation in Supplemental
Figure 3B captures this reduction in the rate. This consistency of
the model and the experimental results emphasizes that self-
inhibition should be included when modeling and predicting CoA
ligation rates for caffeic acid as substrate.

A Mechanistic Model of the 4CL3/4CL5 Interaction Using
Multiple Substrates with 4-Coumaric Acid as the
Main Substrate

To model the total rate associated with CoA ligation so that it more
closely represents what occurs in vivo, we now include how this
rate may change with multiple hydroxycinnamic acids. The in-
dependent kinetics of 4CL3 and 4CL5 in the presence of 4-coumaric
acid, caffeic acid, and ferulic acid substrates showed various levels
of competitive (4CL3 and 4CL5) and uncompetitive (only 4CL5)
inhibitions (Chen et al., 2013). We used this knowledge to create
a block diagram of the expected interactions when 4CL3 and 4CL5
are mixed with 4-coumaric acid, caffeic acid, and ferulic acid
(Figure 7). In this case, we are interested in 4-coumaric acid as
substrate and the rate of formation of the product, the 4-coumaroyl-
CoA thioester.

Figure 7 shows the three paths for product formation via E1
(4CL3), E2 (4CL5), and the 4CL3/4CL5 tetramer. Caffeic and ferulic
acids trigger an additional level of inhibition for each path. The in-
hibition of E1 (4CL3) by caffeic acid and ferulic acid is expected to
show competitive inhibition (Chen et al., 2013). Similarly, the in-
hibition of E2 (4CL5) by caffeic acid and ferulic acid is expected to
show competitive and uncompetitive inhibition (Chen et al., 2013).
Because 4CL5 is the controlling enzyme, we expect the complex to
show the same inhibition as 4CL5.

Figure 8A is a mechanistic model of interactions between 4-
coumaric acid, caffeic acid, ferulic acid, 4CL3, 4CL5, the 4CL3/
4CL5 complex, and the corresponding intermediates with 4-
coumaric acid being the main substrate. All kinetic constants and
associated inhibition constants except k and v are obtained from
in vitro kinetics of 4CL3 and 4CL5 (Chen et al., 2013). The quasi-
equilibrium assumption was again used to derive a mathematical
model of the total product formation rate associated with 4-
coumaric acid in the presence of 4CL3, 4CL5, the 4CL3/4CL5
complex, caffeic acid, and ferulic acid (equation in Figure 8B; see
Supplemental Methods for the full derivation). Measured product
formation rates under conditions of varying total 4CL3, 4CL5, 4-
coumaric acid, caffeic acid, and ferulic acid concentration were
used in combination with hybrid optimization to estimate k;, k,,
and vy. One hundred runs were performed with random initial
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Figure 7. Block Diagram Showing the Effects of the Interaction of P. trichocarpa 4CL3 and 4CL5 with Multiple Inhibitors on Product Formation.

We consider multiple inhibition effects of other substrates. The 4CL3 enzymatic reaction has only competitive inhibition. The 4CL5 enzymatic reaction
has competitive and uncompetitive inhibition. The enzymatic reaction of the 4CL3/4CL5 complex also considers competitive and uncompetitive

inhibition.

conditions over the range [0 to 0.1] for k;, [0 to 0.1] for k,, and [1 to
3] for -y, and optimized values for k;, k,, and -y are shown in Figure
8B. Both experimental cases (4CL3 fixed:4CL5 varied and 4CL5
fixed:4CL3 varied) were simulated based on the equation in Figure
8B using the mean values of k;, k,, and vy (Figures 9A and 9B).
Figures 9A and 9B show that the model fits the data well, with the
mean squared error equal to 0.0077.

We tested the plausibility of the multisubstrate mechanistic model
and resulting mathematical model in Figure 8B to assess whether
inhibition is needed to better describe changes in the total rate of
product formation seen in Figures 9A and 9B. We performed this
test by fitting the equation in Figure 5C (no integrated inhibition) to
experimental rates in Figures 9A and 9B. Without including in-
hibition, multiple runs of hybrid optimization provided estimates of
Ky, ky, and «y that yield a mean square error of 2.4, which is four
orders of magnitude higher than the mean square error of 0.0077
produced using the model that includes substrate inhibition (Figure
8B). The mechanistic description of the rate of product formation
using 4-coumaric acid does not adequately describe situations that
are closer to in vivo conditions without considering interactions
between caffeic acid and ferulic acid, 4CL3, and 4CL5.

A Mechanistic Model of the 4CL3/4CL5 Interaction with
Multiple Substrates and Caffeic Acid as the Main Substrate

The substrate self-inhibition exhibited by caffeic acid on the 4CL5
reaction should be incorporated into the mechanistic model to
better predict the rate of product formation resulting from caffeic
acid in the presence of multiple substrates. As before, we mod-
eled the self-inhibition on 4CL5 as uncompetitive (Supplemental
Figures 4A and 4B). Experimental rates and optimized values of
k4, k,, and y were obtained as described in previous sections, with

random initial conditions of k;, k,, and y extending over [0 to 0.1],
[0to 0.1], and [1 to 6], respectively. The optimized values for ky, k,,
and v are shown in Supplemental Figure 4B. Figures 8C and 8D
illustrate both the experimental rates (case 1, 4CL3 fixed:4CL5
varied; and case 2, 4CL3 varied:4CL5 fixed) along with the simu-
lated rates calculated using equation Supplemental Figure 4B with
mean values of k;, k,, and . We calculate a mean square error of
0.0233, showing that the model adequately fits the experimental
product formation rates.

To further evaluate this caffeic acid model, we asked whether the
mechanistic description of the multisubstrate inhibitions of 4-cou-
maric acid and ferulic acid and substrate self-inhibition of caffeic
acid were needed to adequately describe the experimental rates.
We explored the plausibility of equation in Supplemental Figure 4B
by assessing the following characteristics independently: (1) in-
hibitions associated with the presence of 4-coumaric acid and
ferulic acid substrates and (2) substrate self-inhibition associated
with caffeic acid and 4CL5. We assess point 1 by identifying if the
multiple enzyme/single substrate mechanistic model for caffeic
acid that lacked multisubstrate inhibitions (Supplemental Figure 3B)
presents an equally plausible model to describe the data shown in
Figures 9C and 9D. The fit of equation in Supplemental Figure 3B
to these data resulted in a mean square error of 0.1076, which was
substantially greater than the mean square error (0.0233) associ-
ated with the multiple enzyme/multiple substrate model for caffeic
acid (Supplemental Figure 4B).

We assess point 2 by investigating the impact of self-inhibition
on the experimental rates. Comparing the experimental rates in
Figures 9A and 9B (4-coumaric acid: no known self-inhibition) and
Figures 9C and 9D (caffeic acid: known self-inhibition), we see
more tightly grouped measurements for experimental rates in
Figures 9C and 9D, as the substrate concentration is increased
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Figure 8. Mechanistic Description of Product Formation with Kinetic
Parameters and Multiple Inhibition Effects Using 4-Coumaric Acid as the
Main Substrate.

(A) In addition to the reactions represented in Figure 5B, we now consider
reactions between enzymes and inhibitors. The top gray box represents
the 4CL3 enzymatic reaction with two inhibitors. 1/K3;;, and 1/K3;, are
the competitive inhibition rates of inhibitors on 4CL3. The bottom gray box
represents the 4CL5 enzymatic reaction with the same two inhibitors.
1/K5ic, and 1/K5;., are competitive inhibition rates of these inhibitors on
4CL5 and 1/K5j, and 1/Kb5;, are uncompetitive inhibition rates of the
inhibitors on 4CL5. The middle gray box represents the 4CL3/4CL5
complex enzymatic reaction with two inhibitors. The inhibition rates in the
4CL5 enzymatic reaction are used for the reaction of the complex. Each
enzymatic reaction by 4CL3, 4CL5, and the 4CL3/4CL5 complex is based
on Michaelis-Menten kinetics. kcor, and K, are kinetic parameters of the
4CL3 enzymatic reaction. ks, and K, are kinetic parameters of the 4CL5
enzymatic reaction. y-kcst, and Ky, are assumed as kinetic parameters of
the 4CL3/4CL5 complex, where y represents activation effects of the
complex on the rate. The interaction rate between 4CL3 and 4CL5 is as-
sumed to be 1/k. The interactions occur for the formation of the 4CL3/
4CL5 tetramer in succession, which leads to inhibition.

(B) A mathematical model is shown for multiple enzymes and multiple
substrates (4-coumaric acid as the main substrate and caffeic acid and

for each 4CL3:4CL5 combination. Similar characteristics are seen
in Figures 6C and 6D, which we attribute to substrate self-inhibition.
We assess whether a mechanistic description of substrate self-
inhibition better describes these data by fitting a multiple enzyme/
multiple substrate model for caffeic acid without self-inhibition to
the data in Figures 9C and 9D. The fit resulted in a mean square
error of 0.074, which is higher than 0.023, the mean square error
of the model that incorporates substrate self-inhibition into the
multiple enzyme/multiple substrate model (see equation in
Supplemental Figure 4B). Based on these results, we conclude
that both a mechanistic description of 4-coumaric acid and ferulic
acid inhibition, along with a mechanistic description of caffeic acid
self-inhibition, better describes CoA ligation associated with caf-
feic acid in the presence of 4-coumaric acid and ferulic acid.

DISCUSSION

The experimental results presented here advance the mechanistic
understanding of CoA ligation in monolignol biosynthesis. This
pathway has been commonly described as a collection of in-
dependent enzymes (Boerjan et al., 2003; Vanholme et al., 2012).
However, we obtained strong physical and biochemical evidence
for protein—protein interactions of 4CL3 and 4CL5 in the formation
of a heterotetramer, based on BiFC, co-IP, chemical cross-linking,
and MS. We have also shown that the interactions of 4CL3 and
4CL5 have a functional role, affecting the kinetic behavior of this
step in the pathway. This result is similar to the protein—protein in-
teractions identified in our earlier article for C4H and C3H where the
activity of both 3- and 4-hydroxylation is modified by a C4H1/C4H2/
C3H3 protein complex (Chen et al., 2011). The extent of functional
protein—protein interactions for the entire monolignol biosynthetic
pathway in P. trichocarpa has yet to be fully elucidated.

Some exceptions to the concept on enzymes acting indepen-
dently have been proposed related to the possibility of metabolic
channeling. Stafford (1974) suggested that an enzyme complex
performed flavonoid biosynthesis. Hrazdina and Wagner (1985)
proposed that Phe ammonia-lyase, the first enzyme in the path-
way for the biosynthesis of both flavonoids and monolignols, was
attached to the endoplasmic reticulum by binding to cytochrome
P450 reductase. Others suggested that Phe ammonia-lyase and
C4H might interact to create metabolic channeling for the early steps
in monolignol biosynthesis (Czichi and Kindl, 1977; Rasmussen and
Dixon, 1999; Winkel-Shirley, 1999). Protein complex formation
and metabolic channeling was also proposed for two other

ferulic acid as inhibitors). The equation represents the rate of total
product formation associated with 4CL3, 4CL5, and the 4CL3/4CL5
complex including the effect of multiple inhibitors, where K3;;, and K3y,
are competitive inhibition rate constants of inhibitors on 4CL3. K5, and
Kbic, are the competitive inhibition rate constants of inhibitors on 4CL5
and the 4CL3/4CL5 complex, and K5;,, and K5j,, are the uncompetitive
inhibition rate constants of inhibitors on 4CL5 and the 4CL3/4CL5
complex. The definitions of other variables and parameters are the same
as those in Figure 5C. The optimized values of the unknown parameters
are fitted by hybrid optimization using MATLAB. k;, k,, and ~y values
represent the mean =+ sp of 100 optimized values.
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Figure 9. Simulations and Experimental Rates Using 4-Coumaric Acid as the Main Substrate, with Caffeic Acid and Ferulic Acid as Inhibitors.

(A) and (B) Solid lines represent simulation results based on the equation and optimized parameters in Figure 8B. Dots represent experimental data.

Colors represent different substrate concentrations.

(A) Activity with a fixed amount of 4CL3 and increasing amounts of 4CL5.

(B) A fixed amount of 4CL5 with increasing amounts of 4CL3. The R? value is 0.60, and the RMSD is 0.088 for the goodness of fit.
(C) and (D) Simulation results are shown compared with the experimental rates for caffeic acid as the main substrate and 4-coumaric acid and ferulic
acid as inhibitors. Solid lines represent simulation results based on the equation and optimized parameters in Supplemental Figure 4B. Dots represent

experimental data. Colors represent different substrate concentrations.

(C) Results with a fixed amount of 4CL3 and increasing amounts of Ptr-4CL5.
(D) A fixed amount of 4CL5 with increasing amounts of 4CL3. The R? value is 0.79, and the RMSD is 0.15 for the goodness of fit.

monolignol biosynthetic enzymes, caffeic acid O-methyl trans-
ferase and caffeoyl CoA 3-O-methyltransferase, to direct syn-
thesis to either S or G subunits in lignin (Lee et al., 2012).
However, biochemical evidence of substrate flux does not sup-
port metabolic channeling (Chen et al., 2011; Wang et al., 2014).

A predictive kinetic metabolic flux model presented by Wang et al.
(2014) (companion article) indicates that the reaction and in-
hibition kinetic parameters of the individual monolignol pathway
enzymes are sufficient to explain major features of metabolic flux
through the pathway.
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Mathematical Description of CoA Ligation

We proposed mathematical models derived from experimentally
verified mechanistic interactions between enzymes and substrates
that participate in CoA ligation of 4-coumaric acid and caffeic acid
in P. trichocarpa. These models (Figure 8B; Supplemental Figure
4B) were developed to mimic conditions expected in vivo (multiple
enzymes and multiple substrates). These rate equations provide the
same benefits as Michaelis-Menten kinetics, which have been used
to describe the product rate formation for simpler enzymatic re-
actions (Segel, 1975). Conceptually, Figure 8B and Supplemental
Figure 4B can be illustrated using a nonlinear function block model
whose output (product formation rate) is dependent on the inputs
(initial substrate concentrations and total enzyme concentrations),
the functional form of the rate equation, and internal kinetic con-
stants (Figure 10A). Such a mathematical construct enables us to
predict how variation in these substrates and enzymes influence
the rate of product formation.

Knowledge of these and other individual reaction rates in the
monolignol biosynthetic pathway provides a basis for predicting
how the interplay between multiple metabolites impact pathway-
wide substrate consumption and product formation. The de-
velopment of specific reaction kinetics, such as this model of CoA
ligation, is the initial step to constructing a multireaction pathway
model consisting of a system of equations that can predict
changes in metabolite products and their substrate intermediates
in response to changes in enzyme regulation, inhibition charac-
teristics, and other enzymatic properties critical to metabolic
engineering.

Effects of the 4CL3/4CL5 Enzyme Complex on Reaction
Rates of Individual Enzymes (Single Substrate):
4-Coumaric Acid

The mathematical models presented here allow us to assess how
reaction rate changes with variation in the amounts of each of the
individual enzymes or the complex. This free enzyme and enzyme
complex pathway analysis for 4CL allows us to assess plausible
mechanistic interactions that impact the overall reaction rate through
individual enzyme states. This ability to analyze the contribution of
the individual reaction rates to the total rate is currently difficult due to
the inability to isolate and purify the functional 4CL3-4CL5 complex.
Figures 10B and 10C display the results of using Figure 5C to
compute the fraction of the total rate that can be attributed to each of
the enzymes and the enzyme complex for any combination of in-
dividual enzyme concentrations.

As 4CL5 is added to 4CL3, the rate associated with 4CL3
decreases (Figure 10B). This reduction in rate associated with free
4CL3 can be attributed to the recruitment of 4CL3 by 4CL5 into
the enzyme complex, thus reducing the amount of free 4CL3 that
is available to bind to the substrate. This free 4CL3 rate reduction
may lead to the initial slowdown or inhibition that was observed
with the total rate when small amounts of 4CL5 are introduced
(Figure 2A). As more 4CL5 is introduced, the rate associated with
4CL3 continues to decrease rapidly, while the simulated rate as-
sociated with the 4CL3-4CL5 complex increases rapidly. Under
this model, free 4CL5 and the 4CL3/4CL5 complex are the primary
drivers of the total rate and are responsible for the increased ac-
tivation seen at equal levels of 4CL3 and 4CL5. The reduction in

rate associated with 4CL3 in the model fits well with the experi-
mental results.

In Figure 10C, as we introduce small amounts of 4CL3 to fixed
amounts of 4CL5, we see that the simulated rate associated with
the 4CL3-4CL5 complex starts to increase slowly. This slow in-
crease indicates that high concentrations of 4CL5 and low con-
centrations of 4CL3 result in relatively low concentrations of the
4CL3-4CL5 complex. The simulated rate associated with free 4CL3
does not increase, likely meaning that available 4CL3 has been
recruited into the 4CL3-4CL5 complex. As the initial concentration
of 4CL3 increases, the simulated rate associated with 4CL3 re-
mains relatively low. This low free 4CL3 rate would suggest that the
4CL3 enzyme is not available to bind to the substrate but instead,
continues to bind to the free 4CL5, resulting in a greater concen-
tration of the 4CL3-4CL5 complex and an increased rate associ-
ated with the complex. We see a decrease in the simulated rate
associated with 4CL5 in Figure 10C but not as significant as the
decrease seen with 4CL3 in Figure 10B. Several factors can be
inferred from the simulation in Figures 10B and 10C. First, CoA
ligation can be manipulated in the plant by a nonlinear control that
is not proportional to the individual expression of 4CL3 and 4CL5.
Second, an initial control of CoA ligation could come from the
manipulation of 4CL5 concentration when both enzymes are
present. Any metabolic engineering of CoA ligation should focus on
the manipulation of 4CL5 because it appears to be the primary
controller of the total reaction rate.

Effects of 4CL3/4CL5 Enzyme Complex on Reaction Rates
of Individual Enzymes: Multiple Substrates and Caffeic Acid

We further investigated how inhibition impacts the individual rates
associated with 4CL3, 4CL5, and the 4CL3-4CL5 complex by
analyzing the model in Supplemental Figure 4B. Figures 10D and
10E display the simulated and experimental total reaction rates for
caffeic acid in the presence of 4-coumaric acid and ferulic acid,
along with the simulated individual rates associated with each
enzyme entity (4CL3, 4CL5, and enzyme complex).

In Figure 10D, there is a reduction in the 4CL3 rate when small
amounts of 4CL5 are introduced. This reduction is less than that
seen in Figures 10B and 10C. We infer that the inhibition (multiple
substrate inhibition of 4-coumaric acid and ferulic acid and/or
substrate self-inhibition of caffeic acid) impacts the recruitment of
4CL3 by 4CL5 to form the enzyme complex, increasing the
amounts of free 4CL3 and, hence, free 4CL5 that are available to
bind to the substrate. We also see that the simulated rate of 4CL5 is
greater than the simulated rate of the 4CL3-4CL5 complex, which
is different from the results seen in Figure 10B. This effect supports
the hypothesis that the inhibitions identified in the 4CL pathway
either (1) reduce the concentration of available 4CL3-4CL5 complex
or (2) reduce the reaction rate of the complex or both. The simu-
lated individual rates (Figure 10E), confirm that the introduction of
increasing initial concentrations of 4CL3 to a fixed concentration of
4CL5 results in increased rates associated with the 4CL3-4CL5
complex. The simulated rates of free 4CL3 and 4CL5 are still rel-
atively large compared with those in Figure 10C, supporting the
hypothesis that more free 4CL3 and 4CL5 enzymes are available.
Thus, altering the inhibition characteristics of the enzymes may
mitigate the rate of product formation from the 4CL3/4CL5 enzyme
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Figure 10. Model Description for CoA Ligation by 4CL.

(A) The white box represents the model concept with all rate equations and kinetic parameters. The inputs of the model are initial substrate con-
centrations and total enzyme amounts in the left gray box. The output of the model is the rate of product formation. For a given hydroxycinnamic acid as
substrate, other hydroxycinnamic acids may function as inhibitors.

(B) and (C) The predicted fraction of the total rate attributed to each of the enzyme entities (multiple enzymes and single substrate model: 4-coumaric
acid as substrate). The black solid lines and dots represent rate simulations using the equation and optimized values in Figure 5C and experimental data
(4-coumaric acid concentration of 50.6 wM). The total rate represented by the black line is the sum of rates catalyzed by the enzymes 4CL3 (red line),
4CL5 (green line), and the 4CL3/4CL5 complex (blue line) in both cases. A fixed amount of 4CL3 with increasing amounts of 4CL5 (B) and a fixed
amount of 4CL3 with increasing amounts of 4CL5 (C).

(D) and (E) The predicted fraction of the total rate attributed to each of the enzyme entities (multiple enzymes and multiple substrate model: caffeic acid
as a main substrate and 4-coumaric acid and ferulic acid as inhibitors). The black solid line and dots represent rate simulation results using the equation
and optimized values in Supplemental Figure 4B and experimental data (caffeic acid concentration of 23.7 wM). The total rate represented by the black
line is the sum of rates catalyzed by the enzymes 4CL3 (red line), 4CL5 (green line), and the 4CL3/4CL complex (blue line) in both cases. A fixed amount
of 4CL3 with increasing amounts of 4CL5 (D) and a fixed amount of 4CL5 with increasing amounts of 4CL3 (E).
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complex. This change in priority of flux through the pathway under
inhibition provides another potential avenue for engineering non-
linear control of CoA ligation.

Elucidation of Plausible Mechanisms That Control CoA
Ligation in the Lignin Biosynthesis Pathway

The purpose of these experiments was to understand the char-
acteristics of each specific enzyme step in monolignol bio-
synthesis. In the course of these investigations, we found that two
4CL isomers, 4CL3 and 4CL5, involved in the CoA ligation of
hydroxycinnamic acids during wood formation and lignin bio-
synthesis did not act independently. This result prompted studies
of their interaction and the construction of a mathematical model
to predict the behavior of the enzymes during monolignol bio-
synthesis by describing the factors affecting flux through the
pathway. The characteristics of the individual enzymes, identified
through in vitro analysis, provided insight into plausible mecha-
nisms controlling the rate of hydroxycinnamic acid CoA ligation.
Specifically, we tested whether a mechanistic model that in-
corporated the competitive (4CL3 and 4CL5) and uncompetitive
inhibitions (4CL5) in the presence of multiple substrates and the
substrate self-inhibition between caffeic acid and 4CL5 was nec-
essary to best fit the experimental rates. To verify how these
mechanistic interactions control the overall rate of product for-
mation associated with CoA ligation, transgenic perturbation will
be performed where the activity of each enzyme will be reduced
through different levels, and the consequent effects will be eval-
uated according to predictions of the mathematical model. We do
not yet know the specific amino acids involved in the interaction of
4CL3 and 4CL5. Some insights may come from analysis of purified
tetramers and information on 4CL crystal structure. A crystal
structure of monomeric 4CL1 from Populus tomentosa (Pto-4CL1),
a plausible ortholog of Ptr-4CL3, has been obtained (Hu et al.,
2010). Hu et al., (2010) identified three residues essential for 4CL
catalytic activity (Lys-438, GIn-443, and Lys-523) and five for
substrate binding (Tyr-236, Gly-306, Gly-331, Pro-337, and Val-
338). The size of the binding pocket had the greatest influence on
substrate specificity, as suggested by Schneider et al. (2003). In
Arabidopsis, the crystal structure of At-4CL2 (also an ortholog of
Ptr-4CL3) has been determined (Morita et al., 2011).

Finally, these results indicate an unanticipated level of complexity
for the 4CL catalyzed CoA ligation of hydroxycinnamic acids in
monolignol biosynthesis. Genome sequencing (Tuskan et al., 2006)
led to the discovery of 4CL5 in P. trichocarpa (Shi et al., 2010; Chen
et al., 2013). The work described here indicates how P. trichocarpa
4CL5 forms a tetrameric complex with 4CL3 and regulates its ac-
tivity. Even though the additional complexity of CoA ligation in
monolignol biosynthesis in P. trichocarpa is considerable, never-
theless, this complex reaction can now be described mathematically
and the predicted metabolic flux could be incorporated into more
comprehensive mathematical models of the pathway.

4CL is a key enzyme in phenylpropanoid metabolism, providing
activated CoA thioesters precursors for many products including
flavonoids and anthocyanins in addition to monolignols (Vanholme
et al.,, 2012). The regulation of metabolism for these products
depends on developmental specificity and the response to many
environmental stimuli. How the mechanisms of 4CL function

presented here relate to the wider functions of 4CL remains to
be investigated. Why do plants such as Arabidopsis synthesize
monolignols using a single 4CL enzyme and forego the 4CL
complexity of P. trichocarpa? Perhaps this difference is associ-
ated with differences between woody and herbaceous dicots.

METHODS

Enzymology, Co-IP, and BiFC

These studies have been performed with recombinant proteins containing
His-tags (Hochuli et al., 1988), which greatly aid purification and char-
acterization. The His-tags do not affect the substrate specificity and
relative reaction rates (Chen et al., 2013).

Chemical sources, preparation of recombinant proteins and SDX extracts,
and synthesis of hydroxycinnamic acids, SIL hydroxycinnamic acids, and
CoA thioesters followed that of Chen et al. (2013). MS was used to confirm the
purity and identity of all synthesized products. Similarly, the methods for
enzyme reactions, HPLC analysis, co-IP, immunoblotting, and protein cross-
linking have also been previously described (Chen et al., 2011, 2013).
Preparation and analysis of SDX protoplasts for transfection and bimolecular
fluorescence microscopy follow Chen et al. (2011) and Lin et al. (2013).

Protein-specific peptide sequences, AGEVPVAFVVKSEKS and
SGEIPVAFVIKSENS, were selected from the predicted amino acid sequences
of 4CL3 and 4CL5, synthesized, conjugated to carrier protein keyhole limpet
hemocyanin, and used as antigenic epitopes to raise polyclonal antibodies in
rabbits (Antagene). The specificity of the antibodies for 4CL3 and 4CL5 has
been verified in a previous publication (Chen et al., 2013).

LMD

Sections from internodes between 15 and 20 of 6-month-old Populus
trichocarpa grown in a greenhouse were debarked, cut into 0.5-mm seg-
ments, and frozen in liquid nitrogen. The stem segments were attached to
a chuck using optimal cutting temperature compound at —20°C for 20 min
to solidify the optimal cutting temperature and to prevent the stem frag-
ments from detachment. The 10-um-thick cross sections were cut using
a cryostat at —20°C. Six to eight cross sections were attached to a glass
slide. The slide was dipped in 95% ethanol for 2 min, transferred into 100%
xylene, and air-dried for 15 min. Different cell types were collected using
a Laser Specifications Leica LMD7000, and the collected tissue was dipped
directly into RNeasy lysis buffer (Qiagen) for RNA extraction. Tissue with
three cell types (vessel, fiber, and ray), fiber cells only, and vessel cells only
was collected. For fiber cell collection, ray cells were burned away first using
the laser, and then vessel cells were avoided. Total RNA was isolated using
a RNeasy Plant RNA isolation kit (Qiagen) as described (Li et al., 2012), and
the quality of the RNA was examined using an Agilent 2100 bioanalyzer
and Agilent RNA 6000 Pico Assay chips. Quantitative RT-PCR for 4CL3 and
4CL5 transcript abundance detection was performed as described (Shi
et al., 2010) in three cell types (control) and fiber cell samples.

MS

Absolute quantification of the cross-linked 4CL3 and 4CL5 was performed
by PC-IDMS as described (Shuford et al., 2012). Briefly, the high molecular
mass fraction (>100 kD) of the cross-linked enzymes was reduced in the
presence of 50 mM DTT (30 min, 56°C), alkylated with 200 mM iodo-
acetamide (1 h, 37°C), buffer exchanged three times in a 10-kD Amicon
0.5-mL centrifugal filter (Millipore) with enzyme digestion buffer (2 M urea
and 10 mM CaCl, in 50 mM Tris-HCI, pH 8.0), and finally digested within
the 10-kD filter unit using 400 pg/mL bovine trypsin (12 h, 37°C). Each
surrogate peptide derived from digestion of 4CL3 (FDIGTLLGLIEK) and 4CL5
(FEIGSLLGLIEK) was quantified by spiking in 611 fmol of the analogous SIL



synthetic peptide (Mayo Clinic Proteomics Research Center) at the start of the
digestion to serve as an internal standard. The trypsin digestion was
quenched by adding 1% formic acid containing 0.001% zwittergent 3-16
(Calbiochem) to the filter unit, and the tryptic and SIL peptides were eluted
through the filter via centrifugation (15 min, 14,000g). Detection of the natural
surrogate and SIL peptides by nano-flow liquid chromatography-selected
reaction monitoring and data analysis was performed as reported (Shuford
et al,, 2012).

Optimization of Parameters for the 4CL3/4CL5 Interaction

The rate equations we developed have unknown parameters related to the
enzyme complex, such as k;, k,, and v (see Supplemental Methods for
modeling). It is possible to infer the parameters from the experimental
data. Our parameter optimization, based on experimental data, considers
the values of unknown parameters in minimizing the objective function
following Equation 2: minp f (), where f (D) is the objective function (see
objective function) and p represents the parameters to be estimated such
as ky, k,, and . The optimization process used a hybrid optimization
algorithm (Xia and Wu, 2005) for parameter estimation, which includes
global and local optimization for effective searches in complex nonlinear
systems. The genetic algorithm, used as the global optimization method,
is a search method that mimics natural evolution. Its random nature of the
various starting points is the reason that the genetic algorithm is not
contained by local optima. The genetic algorithm uses the probabilistic
selection rule with parallel searching, which is attractive to evaluating
large search space and solving nonlinear problems with a large number of
parameters (global optimization problems). Fmincon (find the minimum of
constrained nonlinear multivariable function), used as the local optimi-
zation, is a function for minimizing a scalar function of several variables
within a constrained region (Mathworks; Optimization Toolbox, version 3,
User’s Guide, 2007). Fmincon is suitable for solving problems with
nonlinear constraints and several variables such as 4CL enzyme kinetic
modeling. Fmincon is available in the Optimization Toolbox of MATLAB.
The optimization process was simulated by the optimization toolbox in
MATLAB 7.11. One hundred runs according to substrates were per-
formed. The mean value of 100 optimized solutions was used in the model
equation. The scatter of optimized values was computed using an esti-

. 100 .
mate of the sp: SDy = (/ﬁ > (xi— xm)z, where x represents one of the
i=1

estimated unknown parameters, k;, k,, or . X; represents the estimated pa-
rameter on the ith run, and x,,, represents the arithmetic mean over all 100 runs.

Objective Function

The objective function in the optimization process indicates how we define the
suitability of the model. The objective function was targeted at representing
the experiment data as closely as possible, for which we wanted to minimize
the distance between the expression data and the simulation results. One
common objective function to assess the goodness-fit modeling is the mean
square error, which is defined as

f(p) ®3)

(Wackerly et al. 2008). In Equation 3, ve, (p) is the ith estimated reaction rate by
the developed model, vy, is the ith measured reaction rate, and N is the number
of experimental data samples. Mean square error values that approach zero
represent improved model fit of the experimental data.

_ 2 (ve(P) ~ Vi)’
N

Mathematical Model Development

A more complete description of the assumptions and derivations of the 44
equations used in the development of the mathematical model are de-
scribed in Supplemental Methods.
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Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: Ptr-4CL3, EU603298; and Ptr-4CL5, EU603299.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Bimolecular Fluorescence Complementation
of Homomeric 4CL3 and 4CL5.

Supplemental Figure 2. Quantification of the 4CL3 and 4CL5 Proteins
by PC-IDMS.

Supplemental Figure 3. Mechanistic Description of the Inhibition and
Activation Effects on the Rate of Product Formation Using Caffeic Acid
as Substrate.

Supplemental Figure 4. Mechanistic Description and Mathematical
Model Including the Multiple Inhibition Effects on Product Formation
with Caffeic Acid as the Main Substrate.

Supplemental Methods. Mathematical Model Definitions, Details,
Kinetic Parameters, and Model Derivation.
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