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Abstract

Lignin is a polymer present in the secondary cell walls of all vascular plants. It is a known
barrier to pulping and the extraction of high-energy sugars from cellulosic biomass. The
challenge faced with predicting outcomes of transgenic plants with reduced lignin is due in
part to the presence of unique protein-protein interactions that influence the regulation and
metabolic flux in the pathway. Yet, it is unclear why certain plants have evolved to create
these protein complexes. In this study, we use mathematical models to investigate the role
that the protein complex, formed specifically between Ptr4CL3 and Ptr4CL5 enzymes, have
on the monolignol biosynthesis pathway. The role of this Ptr4CL3-Ptr4CL5 enzyme complex
on the steady state flux distribution was quantified by performing Monte Carlo simulations.
The effect of this complex on the robustness and the homeostatic properties of the pathway
were identified by performing sensitivity and stability analyses, respectively. Results from
these robustness and stability analyses suggest that the monolignol biosynthetic pathway is
resilient to mild perturbations in the presence of the Ptr4CL3-Ptr4CL5 complex. Specifically,
the presence of Ptr4CL3-Ptr4CL5 complex increased the stability of the pathway by 22%.
The robustness in the pathway is maintained due to the presence of multiple enzyme iso-
forms as well as the presence of alternative pathways resulting from the presence of the
Ptr4CL3-Ptr4CL5 complex.

Introduction

Lignin is the second most abundant complex polymer that is synthesized in the secondary cell
walls of all vascular plants [1]. It enables the transport of water and nutrients through the stem,
provides upright growth, and the protection against pathogens. Recalcitrance of lignin hinders
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the usage of plant biomass as a viable source of biofuels or in the use of plant biomass in pulp
and paper. The lignin polymer is primarily composed of derivatives of the H, G, and S mono-
lignols, which are synthesized via the phenylpropanoid pathway [2]. The structure of the lignin
polymer is directly linked to variations in lignin content and composition. Therefore, the
removal of lignin for the above uses requires either costly chemical pre-treatment or strong
knowledge of the regulatory and metabolic framework to influence its formation [3,4].

The lignin biosynthetic pathway consists of twenty-four metabolites, twenty-one enzymes
belonging to ten gene families, and thirty-five reactions that convert various reactants to prod-
ucts (S1 Fig). The reactions and the enzymes catalyzing each of the reactions are outlined in S1
Table. Substantial effort has been directed towards understanding the lignin biosynthesis path-
way in plants to lower the amount of total lignin and/or change its relative ratio of monolignol
subunits. Although all the metabolites, enzymes, and reactions involved in the monolignol bio-
synthesis has been identified, critical details about the pathway regulation, however, remain
un-clear [5].

Previous attempts towards quantitatively analyzing the monolignol biosynthesis pathway
primarily relied on the usage of a static based kinetic model (Flux Balance Analysis) [5,6]. The
results from these analyses are largely hypothetical as the output is primarily based on con-
straints that are challenging to prove experimentally [7]. Results from prior simulations of the
kinetic model for the metabolic network of monolignol biosynthesis [8] provided useful infor-
mation about the role of various enzymes on the flux distribution within the pathway, as well
as the role of individual enzymes on the lignin content and structure. However, the model did
not incorporate the enzyme complex formation resulting from the interaction between Ptr4CL
family enzymes. In another recently completed study on the lignin biosynthesis pathway,
researchers revealed that Ptr4CL3 and Ptr4CL5 enzymes react with each other forming an
enzyme-enzyme complex [9]. To date, an extensive analysis of the role of the Ptr4CL3-Ptr4CL5
complex in Populus trichocarpa’s lignin biosynthesis pathway has not been performed.

Complex formation

It has been argued that for proper function, proteins can form complexes that may be com-
posed of monomers or heteromers [10] and provide the plant with an evolutionary advantage.
For the case of the monolignol biosynthetic pathway, it was experimentally determined that
the 4CL enzymes that convert the various hydroxycinnamic acids into CoA esters, exhibited
protein—protein interactions. Chemical crosslinking coupled with immune-detection and
mass spectrometry suggested that the Ptr4CL3 and Ptr4CL5 are present at a ratio of 3:1in a
complex [9]. Using this information and assuming mass action kinetics, a mechanistic model
was developed to quantify the rate of reaction resulting from the complex [9]. In single sub-
strate reactions, Ptr4CL5 showed broader substrate affinity as compared to Ptr4CL3. Ptr4CL3
displayed competitive inhibition while Ptr4CL5 showed both allosteric regulation and sub-
strate self-inhibition [11]. The rate equations describing the role of the complex were devel-
oped only for p-coumaric acid and caffeic acid, because Ptr4CL3 and Ptr4CL5 showed
competitive and uncompetitive inhibition by substrates p-coumaric acid and caffeic acid. The
rate equations were not developed for ferulic acid, 5-hydroxyferulic acid and sinapic acid since
they were found to be weak inhibitors [9,11].

The results from the 4CL transgenic experiments suggest that the down regulation of 4CL
leads to a reduction in lignin content in tobacco, Arabidopsis, and aspen [12,13,14] and to
higher amounts of cell wall-bound hydroxycinnamic acids (p-coumaric, ferulic, and sinapic
acids) in tobacco and poplar [12,13]. The effects of 4CL transgenics on S/G lignin composition
are contradictory. In tobacco, a reduction in S units was reported [12,15] while in Arabidopsis,
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only G units were reduced [14]. In transgenic aspen, the S/G ratio was shown to be similar
to that of the control (2:1) [13]. Previously, it was unclear why two alternative pathways
exist for the 3-hydroxylation step in monolignol biosynthesis in P. trichocarpa. These results
suggest that the exact role of 4CL on the lignin structure and composition is still fuzzy and

a more detailed quantification of the effects of 4CL on the lignin biosynthetic pathway
would greatly enhance our understanding of the role of the Ptr4CL3-Ptr4CL5 complex in
the pathway.

In this work, we augmented and analyzed the mathematical model that was previously
developed to simulate the lignin biosynthetic pathway [8] by incorporating the model devel-
oped to quantify the role of complex on the reaction rate [9]. Using this revised model, we
posed several questions to assess the role of the complex: (1) How does the steady state flux
and steady state metabolite concentration change over the range of nominal in vivo metabo-
lite concentrations? (2) To what extent does the protein complex maintain or change the
steady state flux and metabolite concentrations under the perturbations of other enzymes in
the pathway? Finally, (3) Does the lignin biosynthetic pathway exhibit increased robustness/
homeostatic behaviour in the presence of the protein complex? We will explore how the
Ptr4CL3-Ptr4CL5 complex may provide a mechanism to regulate these alternative pathway
fluxes for the 3-hydroxylation step and provide important insights to robustness/homeosta-
sis in lignin biosynthesis.

Methodology
Computing steady state metabolite concentration

Biological networks are characterized by highly nonlinear interactions between various com-
ponents within the network. One of the results of these nonlinear interactions in biological
networks is the presence of alternative steady states, which correspond to metabolic flux condi-
tions that the cell achieves during growth or when perturbed by external stressors. For the
monolignol biosynthetic pathway, the existence of alternative steady states corresponds to dif-
ferent phenotypes (lignin structure). The identification of alternative steady states would aid
plant biologists in determining the biological conditions that would lead to a particular lignin
structure. In particular, we anticipate that the modelling results will allow researchers to iden-
tify the regions (combination of Ptr4CL3/Ptr4CL5) where there is a high likelihood of observ-
ing changes in the lignin content or structure.

Identification of alternative steady states was performed using a Latin Hypercube Sampling
(LHS) procedure. In LHS, random initial metabolite concentrations are sampled and used to
simulate the system of Ordinary Differential Equations (ODE) to achieve a steady state
concentration.

The above procedure was repeated with 10,000 different initial metabolite concentrations,
thus enabling us to identify all possible steady states of the system. The ranges of initial sam-
pled concentrations were specified based on the maximum K, values for each substrate
enzyme reaction (i.e., values of metabolites ranged from 0 to 10 times the K, values) [8]. A
uniform distribution and 10,000 different concentrations of the metabolites were sampled to
perform the simulations.

The reaction fluxes for all the reactions in the pathway were expressed in the form of
Michaelis Menten kinetics [8]. The rate equations developed by [9] that capture the interac-
tions between Ptr4CL3, Ptr4CL5, and the Ptr4CL3/Ptr4CL5 complex were incorporated in the
lignin biosynthesis pathway model from [8]. A final list of all flux equations are provided in S2
and S3 Tables.
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Sensitivity analysis of Ptr4CLs on the monolignol biosynthetic pathway

Sensitivity analysis provides a measure of the influence of model parameters on the model out-
put [16]. We used global sensitivity analysis [17] by varying the concentrations of Ptr4CL3 and
Ptr4CL5 from 0-WT levels to quantify the effect of perturbations on the steady state metabolite
flux. The inputs were only the Ptr4CL3 and Ptr4CL5 enzyme concentrations. The concentra-
tions of all the other enzymes were fixed at their WT concentrations. In this study, the variance
decomposition method [18] was used. The algorithm divides the output variance into
explained and unexplained variance. The explained variance is a result of the variations in the
output because of variations in the input parameters.

In this study, we used Ptr4CL3 and Ptr4CLS5 as the factors and the steady state flux (V; to
V3,) as the output. Assuming uniform distribution, 10,000 values of Ptr4CL3 and Ptr4CL5
were randomly sampled using the LHS procedure. The range of the enzyme concentration was
assumed to be £50% of the WT concentrations. All remaining enzymes were fixed at their
respective WT concentrations. The first order and total sensitivity index were calculated using
eFAST technique, which is based on Fourier transforms [18].

Stability analysis of the monolignol biosynthetic pathway

One of the important aspects of the biochemical pathway modelling is stability of the steady
states resulting from the interconnected kinetic models. It has been hypothesized that meta-
bolic stability is the key mechanism through which the biological systems maintain homeosta-
sis. Since the overall goal of this study is to identify the role of the Ptr4CL3-Ptr4CL5 enzyme
complex on the monolignol biosynthetic pathway, performing stability analysis on the kinetic
model would provide insights about the role of complex on the change in the stability of the
system under perturbation.

The local stability of steady states can be assessed using the linearization principle [19]. In
the presence of multiple steady states, the Jacobian matrix is evaluated over a range of steady
state metabolite concentrations and for each steady state concentration, the Eigenvalues are
calculated. In order to assess the role of the complex, the concentrations of Ptr4CL3 and
Ptr4CL45 were varied from 0 to WT levels. The multiple steady state were identified by solving
the system of ordinary differential equations to zero and solving them using Newton’s non-lin-
ear solver in MATLAB™ [20]. The steady state metabolite concentrations for all 24 metabolites
were calculated for each pair of Ptr4CL3 and Ptr4CLS5 values and the Jacobian matrix was eval-
uated over the range of steady state concentrations. The Jacobian matrix was calculated
numerically using the forward difference method and the Eigenvalues were calculated using
the MATLAB eig function. More information about steady state analysis and its application on
biochemical pathways can be found in [21,22,23].

Results and discussion
Steady state metabolite concentration variation under WT conditions

The distribution of steady state concentrations of the 24 metabolites with and without complex
resulting from 10000 random samples of initial metabolite concentrations are shown in Fig 1.
In Fig 1, the model predicts that all the metabolite concentration distributions in the pathway
are similar (i.e., within 1 fold change difference) in the absence and presence of Ptr4CL3-
Ptr4CL5 complex except for p-coumaric acid, caffeic acid and ferulic acid. The steady state
concentration of p-coumaric acid, caffeic acid, and ferulic acid in the presence of the complex
are 20 fold, 24 fold, and 100 fold higher, respectively, than for the model without the complex.
The primary reason for the increased steady state concentration in the presence of complex is
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Fig 1. Steady state metabolite concentrations observed for the model (a) without the complex and (b) model with the complex under WT enzyme concentrations. The
concentrations are reported in log scale because of the variability in the stable steady state concentrations for different metabolites. The distribution of steady state values

is a result of 10,000 runs performed under varying

initial concentrations of the metabolites.

https://doi.org/10.1371/journal.pone.0193896.9001

because the substrate specificity of Ptr4CL3 is higher for the acids as compared to Ptr4CL5, as
well as the self-inhibition of caffeic acid in the presence of Ptr4CL5. In the presence of the
complex, the inhibitory effect of ferulic acid on p-coumaric acid and caffeic acid is higher, due
to the accumulation of ferulic acid, hence resulting in an accumulation of p-coumaric acid and
caffeic acid [9]. As with the steady state concentrations, the steady state flux distributions are
identical to the model without the complex except for the steady state fluxes V5 (p-coumaric
acid to caffeic acid), V; (p-coumaric acid to 4-coumaroyl-CoA) and Vy (caffeic acid to caf-
feoyl-CoA). The total lignin content and composition also remained unchanged. These results
support the recent findings that have demonstrated that lignin biosynthesis is more resistant
to perturbations [8], In their study, Wang et al. [8] reported that most enzymes are produced
in excess of what is required for a normal lignin phenotype, and a significant reduction in
enzyme quantity (>50% of wild type) is needed to affect lignin. This resistance to perturbation
is also due to redundancies in the monolignol biosynthesis pathway where six of the ten
enzyme families have functional redundancies [24].

The resulting steady state flux and the preferred pathway for monolignol biosynthesis in the
presence and absence of the complex under WT conditions are shown in Figs 2 and 3, respec-
tively. Under WT conditions, the presence of the Ptr4CL3-Ptr4CL5 complex provides an addi-
tional path for CoA ligation, where caffeic acid is also a preferred substrate of Ptr4CL in
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addition to p-coumaric acid. In the absence of the Ptr4CL3-Ptr4CL5 complex, the p-coumaric
acid substrate specificity of Ptr4CL3 is 4-fold higher than Ptr4CL5. In the presence of the
Ptr4CL3-Ptr4CL5 complex, the majority of the flux in the pathway is routed through p-couma-
ric acid with a small portion of the flux flowing through caffeic acid (300% increase). The small
portion of the flux that flows from p-coumaric acid to caffeic acid and caffeic acid to caffeoyl-
CoA as observed for the case of the Ptr4CL3-Ptr4CL5 complex is due to the controlling role of
Ptr4CL5 in lignin formation. Ptr4CL5 in the complex controls the amount of activation and
inhibition [9,11].

Role of Ptr4CL3-Ptr4CL5 complex on the flux distribution when Ptr4CL
enzymes are perturbed

In this section, we computationally assessed the role of Ptr4CL3-Ptr4CL5 complex on the lig-
nin biosynthesis pathway in the presence of enzymatic perturbations. The enzyme
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concentration of Ptr4CL3 and Ptr4CL5 were varied from 0 to WT (Ptr4CL3(1.4):Ptr4CL5
(0.12)) and 10,000 pairs of different combinations of Ptr4CL3 and Ptr4CL5 concentrations
were randomly selected. For each pair, the resulting steady state concentrations of the twenty-
four metabolites were calculated.

Because the Ptr4CLs primarily mediate the conversion of hydroxycinnamic acids to their
CoA derivatives, which are represented by the reactions V; to V;, we assessed the localized
effect of varying Ptr4CL concentrations on the reaction flux when subjected to enzymatic per-
turbation. Prior research showed that the fluxes V,, and V; did not contribute towards mono-
lignol biosynthesis [11]. The variation of reaction flux V as a function of total Ptr4CL in the
absence of the Ptr4CL3-Ptr4CL5 complex is shown in S2 Fig. In absence of the complex under
WT concentrations, the flux through the pathway is primarily routed through V7 (i.e., conver-
sion of 4 coumaric acid to 4-coumaroyl-CoA); hence the steady state flux, V, corresponds to
the input flux 0.9 uM/min and the flux Vj (i.e., conversion of caffeic acid to cafferoyl-CoA)
and Vj (i.e., conversion of ferulic acid to feruloyl-CoA) are 0 uM/min. As the concentration of
total Ptr4CL3 and Ptr4CL5 are reduced from WT enzyme concentrations, we observe a
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decrease in the steady state flux V, with a corresponding increase in flux Vg. At very low con-
centrations, we clearly see a reduction in flux V7, V8 and V9.

The presence of Ptr4CL3-Ptr4CL5 complex results in more variation in the steady state flux
V7,V8 and V9 as seen in S3 Fig. This variation in flux levels was not observed in the simula-
tions performed without the complex. The turndown behaviour described earlier for simula-
tions without the complex was not influenced by a specific combination of Ptr4CL3 and
Ptr4CL5 but only the total amount of Ptr4CL protein. However, for the kinetic model with the
complex, we observe that there is a range of values for each flux pathway V7, V8, and V9. In
that simulation, it does matter which of the Ptr4CL proteins is controlled and its amount.
When the complex is presented, the plant is able to adjust the flux profile within each total
Ptr4CL range. While much of the mass flux is still routed through V7, there can be a significant
amount of flux through V8 and some through V9. It suggests that the development of the com-
plex allows the plant to form product from V7, V8, or V9 pathways and therefore produce a
sustained formation of a specific lignin content and structural type even if there was some
external stress that might lead to the reduction of either Ptr4CL3 or Ptr4CL5. That stress
would result in a shift from V7 to V8 if no complex was produced as observed in S2 Fig since
only the total Ptr4CL protein would control the mass flux through a specific pathway.

Two main feedback inhibitions primarily affect the steady state flux distribution when
the Ptr4CL3 and Ptr4CL5 concentrations are perturbed between 0 and WT: (1) Caffeic acid
inhibits the rate of conversion of p-coumaric acid to p-coumaroyl-CoA, and (2) Ferulic acid
inhibits the rate of conversion of p-coumaric acid to p-coumaroyl-CoA (54 Fig). The steady
state distribution of metabolic flux V;, Vg and Vy is shown in S5 Fig. The violin plot displays
the distribution of the steady state flux and assumes that the steady state flux follows a normal
distribution. The presence of two distinct flux regimes is observed for flux V. The two flux
regimes were generated from the presence of the bimodal steady state distribution of the caf-
feic and ferulic acid concentrations (S6 Fig). The high concentration of Ptr4CL5 results in
low steady state concentrations of caffeic acid and ferulic acid in S6 Fig. The reduction in the
concentration of Ptr4CL5 results in an accumulation of caffeic acid and ferulic acid as seen in
S6 Fig.

The role of individual enzymes on the steady state flux distribution of V; can be visualized
with the help of contour plots presented in Fig 4 and Fig 5. In the absence of the Ptr4CL3-
Ptr4CL5 complex, the changes in steady state flux (V) is primarily brought about by changes
in levels of Ptr4CL3 as seen in Fig 4. Under WT levels of Ptr4CL3 and Ptr4CL5, the steady
state flux corresponds to a maximum value of 0.8 uM/min shown, which represents almost
75% of the steady state solutions. In order to observe a change in the steady state flux by
0.1 uM/min unit, a reduction in the Ptr4CL3 concentration of up to 90% of the WT levels
would be required and achieved by holding the Ptr4CL5 concentration at WT levels. On the
other hand, if the concentration of Ptr4CL5 were reduced by 90% of its WT concentration,
then the concentration of Ptr4CL3 would have to be reduced by 80% of the WT concentration
to observe a 10% reduction in the steady state flux. These results suggest that in the absence of
Ptr4CL3 -Ptr4CL5 complex, the model is robust to perturbations, requiring a high degree of
enzymatic adjustments to observe a significant change in the steady state flux. The robustness
is primarily due to the abundance of Ptr4CL3 levels when compared to Ptr4CL5 levels. These
results provide a mechanistic explanation for the severe downregulation of Ptr4CL genes to
affect lignin biosynthesis in transgenic P. trichocarpa [8]

Prior experiments have suggested that the lignin structure and composition can be altered
by targeting certain genes in the pathway. The model without complex suggests that the lignin
composition and structure can only be altered under extreme perturbations, which is not con-
sistent with the experimental studies reported in the literature. Robustness is a good trait since
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the system is able to endure changes without adapting. However, such robustness are not gen-
erally observed in plant systems. Resilience, on the other hand, is the ability to survive these
changes despite severe impact, which is more desirable and what is generally observed in plant
systems. Both systems (i.e., with and without the complex) are robust and achieves robustness
by redundancy (multiple paths towards S and G). However, the system that includes the devel-
opment of a Ptr4CL3-Ptr4CL5 complex improves the efficiency of the Ptr4CL enzymes and
their ability to use the substrates or switch between substrates more effectively [9].

In the presence of the Ptr4CL3-Ptr4CL5 complex, the variation in the steady state flux V,
can be visualized in Fig 5. Under WT Ptr4CL3 and Ptr4CL5 concentrations, the steady state
flux is at its maximum value of 0.7 uM/min. As seen in the Fig 5, the change in flux V is pri-
marily due to the changes in Ptr4CL5 concentration. When the concentration of Ptr4CL5 is
reduced by 50% of its WT concentration while holding the concentration of Ptr4CL3 at its WT
level, we observe a 10% reduction in the steady state flux. To observe a similar 10% change in
the steady state flux, the concentration of Ptr4CL3 would need to be reduced by 80% of its
WT, with only a 20% reduction in the Ptr4CL5 concentration. These observations confirm
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that smaller adjustments in the Ptr4CL3 and Ptr4CL5 can result in significant change in the
conversion rate of p-coumaric acid to 4-coumaroyl-CoA when the Ptr4CL3-Ptr4CL5 complex
is formed. The presence of the complex provides the plant with more tuneability in flux distri-
bution among V;,-V,. Moreover, from a biological perspective, the plant has developed an effi-
cient regulatory control scheme. If the plant were to regulate 4CL activity by synthesizing and/
or degrading 4CL3 enzymes, then it would be highly energy-intensive and slow since 4CL3
protein must be highly abundant according to the results in Fig 4. Therefore, by complexing a
less abundant 4CL5 to 4CL3, plants can more efficiently regulate the overall 4CL activity by
simply adjusting the abundance of the 4CL5 enzyme (Fig 5).

The variations in all the metabolic fluxes involved in the biosynthesis are summarized in S7
Fig. In the presence of a complex, the variation of Ptr4CL concentration results in a large vari-
ability of the steady state flux (denoted by either wider spreads in the flux distributions or the
presence of bimodal distributions). The variation is primarily due to the changes in
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concentrations of Ptr4CL3-Ptr4CL5 complex. The metabolic flux model with the complex is
significantly more sensitive to the concentrations of Ptr4CL5 enzyme that leads to large vari-
ability in the steady state flux. Such increases in the variance of the individual fluxes in the
pathway allows for more efficient regulatory control from lower concentrations of Ptr4CL5
enzyme to achieve a desired lignin content and structure.

Role of Ptr4CL complex on S and G monolignols, lignin content and
composition

So far, we discussed the prediction of the steady state metabolite and flux distributions for the
model with and without the Ptr4CL3-Ptr4CL5 complex and explored the impact of varying the
Ptr4CL3 and Ptr4CL5 concentrations. In this section, we extend the discussion to the total lig-
nin content and S/G ratio. Down-regulation of the Ptr4CL activity results in decreased lignin
content in alfalfa, arabidopsis, tobacco, aspen (Populus tremuloides) and hybrid white poplar
(Populus tremula X Populus alba) [25,26]. This decrease in lignin content results in a slight
increase in the S/G ratio in alfalfa, a greater increase in S/G ratio in Arabidopsis, an unchanged
S/G ratio in aspen, and a decreased S/G ratio in hybrid white poplar [27]. The reduction in lig-
nin content in Arabidopsis following down-regulation of Ptr4CL is achieved by a decrease in
G units but not S units, leading to a higher S/G ratio and the plants appearing phenotypically
normal [14]. Researchers have shown that a down regulation of Ptr4CL enzyme in poplar
results in a decrease in total lignin content and no change in S/G ratio [13,28]. In the absence
of a complex and for a wide range of Ptr4CL concentrations, the model’s S and G subunits do
not change from the WT level. At very low concentrations of Ptr4CL, the model’s S and G sub-
units approach zero (Fig 4). In the presence of a complex and at higher concentrations of
Ptr4CL, lignin is primarily composed of S and G monolignols; but as the concentration of
Ptr4CL is reduced, the model predicted a significant reduction in lignin content (Fig 5). This
result is in agreement with the results observed in the literature [13,28]. From the above results,
we can conclude that the inclusion of the Ptr4CL complex in the model provides us with a
more comprehensive representation of the regulation of lignin content and composition in P.
trichocarpa, when the pathway is subjected to Ptr4CL family perturbations.

The changes in Ptr4CL3 and Ptr4CL5 did not affect the total lignin content and lignin com-
position for the model in the absence of a complex. This lack of impact on lignin content and
lignin composition was expected since the changes in the concentrations of Ptr4CL3 and
Ptr4CL5 did not significantly affect the steady state distribution of the metabolic flux (Fig 2).
However, the model with the complex does display some deviation from the wildtype, leading
to a 20 percent reduction in lignin content that does not have wildtype properties. The varia-
tion of S and G monolignol units when the Ptr4CL3 and Ptr4CL5 concentrations are perturbed
in the presence of the complex is shown in S8 Fig. About 80% of the S and G units correspond
to the WT levels, while at low concentrations of Ptr4CL, the S and G units are reduced.

The effect of varying Ptr4CL3 and Ptr4CL5 levels on the S/G ratio in the absence of a com-
plex can be seen in the contour plot shown in S9 Fig. As seen in S9 Fig., changes in the Ptr4CL
concentration do not result in a significant change in the S/G ratio over a wide range of values.
When the Ptr4CL3 concentration was reduced to less than 10% of its WT concentration, the S/
G ratio increased from its WT ratio. However, these results are not biologically achievable
because these reductions in Ptr4CL concentrations would result in plants with very low lignin
content, a condition that would produce plants lacking mechanical strength [25,29].

The variation in S/G ratio for the model with Ptr4CL3-Ptr4CL5 complex as a function of
the Ptr4CL3 and Ptr4CL5 concentrations is shown in S10 Fig. These results confirm the regu-
latory role of Ptr4CLS5 in the presence of the Ptr4CL3-Ptr4CL5 complex [9,11]. The contour
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plot suggests that for the model with the complex, changes in S/G ratio and potentially the lig-
nin structure is primarily due to variation in Ptr4CL5. The S/G ratio is robust to perturbations
until the concentration of Ptr4CL5 is reduced to 60% of the WT concentration; any further
change in Ptr4CL5 levels results in a linear change in S/G ratio.

From the above results, the variation in lignin content and composition as a function of
changes in concentrations of Ptr4CL is significantly influenced by the presence of the
Ptr4CL3-Ptr4CL5 complex. Hence, the inclusion of the complex into the model enhances our
understanding about the regulation of metabolic flux through the pathway. These results are
consistent with experimental results from the literature, which suggest that the lignin content
and structure can be altered by targeting specific genes in the monolignol biosynthetic pathway.
These results confirm that the presence of complex in the Ptr4CL protein family is a critical
component in the regulation of the pathway. The role of multi-enzyme complex on the genetic
manipulation of lignin was previously studied by [30] Campbell and Sederoff (1996). However,
the exact role of the complex was not evident at that time. The simulation results of the predic-
tive kinetic metabolic flux (PKMF) model [8] suggest that there is an opportunity to genetically
modify the lignin content and structure by targeting the Ptr4CL5 enzyme. Although the role of
the Ptr4CL3-Ptr4CL5 complex on the lignin content and structure were identified, the effect of
changing levels of Ptr4CL3 and/or Ptr4CL5 enzyme concentrations on the individual reaction
rates can be quantified by performing a sensitivity analysis provided in the next section.

Sensitivity analysis of Ptr4CLs on the monolignol biosynthetic pathway

Since the variation of the reaction flux with Ptr4CL enzymes were non-monotonic, we used
the variance decomposition method [31] to assess the sensitivity of steady state reaction flux to
Ptr4CL concentration. The concentrations of other enzymes were fixed at their WT levels. The
sensitivity of the steady state flux to changes in the concentrations of Ptr4CL3 and Ptr4CL5
enzymes in the absence and presence of the Ptr4CL3-Ptr4CL5 complex is shown in Fig 6 and
Fig 7, respectively. The first order sensitivity index measures the percentage of variance
explained by varying the enzymes independently. To quantify the role of individual enzymes
on the resulting flux or substrate concentration, the first order sensitivity indices for Ptr4CL3
and Ptr4CL5 were compared against a dummy parameter, which is an arbitrary parameter that
has no influence on the model [32]. The dummy parameter has no effect on the model as it
does not appear in any of the equations and hence should have a very low sensitivity. The sen-
sitivity index for Ptr4CL3 and Ptr4CL5 that is significantly different from the dummy parame-
ter indicates that the particular enzyme has an influence on the resulting flux or substrate
concentration. In Fig 6, the reaction flux is primarily affected by changes in the levels of
Ptr4CL3 in the absence of a complex. The fluxes that are affected mainly involve the reactions
mediated by Ptr4CL enzymes and the reactions near the Ptr4CL pathway.

In the presence of a Ptr4CL3-Ptr4CL5 complex, the reactions mediated by Ptr4CLs (V, Vg
and Vy) are especially sensitive to the changes in Ptr4CL5 (Fig 7). The terminal reactions
towards the end of the biosynthetic pathway, which are directly responsible for the lignin con-
tent and structure (V,;, Va9, V31, and V3,) all show a slightly higher sensitivity to variations in
Ptr4CL3 and Ptr4CL5 concentrations for the model with the complex. The changes in the ter-
minal metabolic flux might indicate the reason as to why we observe a distribution of S/G
ratios around the WT Ptr4CL concentrations (see S10 Fig).

Robustness of monolignol biosynthetic pathway

Robustness, a property that allows a system to maintain its functions in the presence of large
environmental perturbations [33,34], is a widely discussed topic in systems biology [33,35].
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The primary function in our case represents maintaining the levels of S/G ratio and the total
lignin content (S+G). The biosynthesis of monolignols is a metabolic grid, which means the
existence of multiple routes towards the synthesis of monolignol subunits (S1 Fig). This poten-
tial flexibility in synthesis routes gives plants the ability to maintain near wild type lignin struc-
ture and composition when a step is inhibited. In the presence of a complex and depending on
the level of Ptr4CL perturbation, the flux through the monolignol pathway can be routed
through p-coumaric acid (V) or caffeic acid (V) (S3 Fig). In cases of extreme perturbation,
plants are known to have incorporated other phenolic components into the monolignol sub-
units [36]. As seen for the case of the model with the complex, the changes in Ptr4CL levels
resulted in a proportional change in the S and G monolignol levels, with a majority of S and G
monolignol subunits distributed around their WT concentrations. This result suggest that the
presence of a Ptr4CL complex leads to increased plasticity of the pathway.

Robustness applies to a few variables or a particular part of the model and not necessarily for
the entire system; a key difference from stability where it is a property of the entire system. It
has been suggested that there is some form of equilibrium in robustness where some part of the
pathway may be sensitive to perturbations while the remaining pathway remains unaffected
[35]. A similar scenario was observed in our case, where the reaction flux corresponding to the
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early steps of the monolignol biosynthesis pathways were more sensitive to the changes in the
levels of Ptr4CL3 and Ptr4CL5 concentrations. As we move downstream towards the terminal
reactions, the sensitivity of those reactions was considerably reduced. From our sensitivity anal-
ysis, the pathway is fairly robust to changes in levels of Ptr4CL3 and Ptr4CL5 concentrations
under mild perturbations for the pathway that does not contain the enzyme complex.

The dynamic properties of most networks would also lead to a change in their robustness
[37]. Therefore, dynamic networks can continue to be simultaneously robust and elastic. We
observed a similar property in the model containing the complex where the pathway is able to
maintain a continuous production of lignin despite perturbations to the levels of Ptr4CL3 and
Ptr4CL5. The variation in lignin content and composition as a function of changes in concen-
trations of Ptr4CL is significantly influenced by the presence of the Ptr4CL3-Ptr4CL5 complex.
In the absence of complex, the model suggests that the S/G ratio remains 2:1 irrespective of
these perturbations, which is not consistent with the experimental results from the literature
[30]. These results explain the role of the complex as well as provide insights into why plants
may produce enzyme complexes.

Stability analysis

The role of Ptr4CL3-Ptr4CL5 complex on the overall monolignol biosynthetic pathway can
also be assessed by performing a stability analysis. Since the presence of the complex affects the
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steady state flux distribution through feed forward and feedback inhibition, the complex affects
the dynamic properties of the biosynthetic pathway. The Jacobian matrix was evaluated for
models with and without the complex based on the i™ 1™ > 0 implying instability of the
metabolic state [21]. A set of 10,000 model evaluations were performed for different steady state
metabolite concentrations resulting from different enzyme concentrations of Ptr4CL3 and
Ptr4CL5 for the model with and without the Ptr4CL3-Ptr4CL5 complex. Based on the sign of
the Eigenvalue for each set of metabolite and enzyme concentrations, the model was classified
into stable or unstable conditions. The resulting Eigenvalues were then plotted as a histogram of
Eigenvalues for these 10,000 iterations. The cumulative distribution function (CDF) of the
Eigen value distribution is shown in Fig 8 for the case of model with and without the complex.
From Fig 8, the lignin biosynthetic model is inherently stable for both cases, which suggests that
under perturbations, the system is robust to small changes in enzyme levels. These results sup-
port the experimental findings that the S/G ratio of lignin in most transgenic plants is around
the WT S/G ratio. The presence of the Ptr4CL3-Ptr4CL5 complex, however, increased the per-
centage of model stable conditions from 70% to 92%. The percentage of stable models were
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calculated by counting the number of models with negative eigenvalues (A,.,) divided by the
total number of models (10,000). Although a large percentage of the models are stable, a small
percentage of unstable models cannot be neglected, as these steady states indicate that the net-
work could be driven out of the observed steady state when Ptr4CL3 and more specifically
Ptr4CL5 concentrations are perturbed based on our analyses. The increased stability in the
model containing the enzyme complex enables plants to maintain the lignin composition and
structure under normal external or internal perturbations.

The results from stability analysis suggests that although the efficiency of the Ptr4CL
enzymes increase when they form a complex, the primary reason for the complex formation
may be because they are able to help the plant maintain homeostasis more efficiently. This
claim is supported by the results from the model that, in the presence of the Ptr4CL3-Ptr4CL5
complex, the pathway is able to use both p-coumaric acid and caffeic acid as substrates to pro-
duce lignin. The results of varying the enzyme concentrations suggest that the monolignol bio-
synthetic pathway is homeostatic in both the absence and presence of the complex. The flux
distribution for the model without the complex appears to be unaffected with the variation in
Ptr4CL concentrations. However in the presence of a complex, the model exhibits multi-stabil-
ity; i.e., the steady state flux corresponding to high enzyme concentrations are similar to the
steady state flux observed for the model without the complex. At very low concentrations of
Ptr4CL, however, the model results in an additional steady state.

Conclusions

The Monte Carlo simulations of the PKMF model enables us to identify all the feasible steady
state concentrations of the metabolites involved in the pathway. This approach provides a
comprehensive analysis of the entire monolignol biosynthesis pathway involving all the metab-
olites, enzymes, and the multi-enzyme complex such as Ptr4CL3-Ptr4CL5 complex. The results
from this analysis enabled us to quantify the effect of perturbing the Ptr4CL enzymes on the
steady state flux distribution within the pathway as well as its effect on the lignin content and
structure. In the presence of perturbing the Ptr4CL enzymes, the simulation results suggest
that the presence of Ptr4CL3-Ptr4CL5 complex produces a redundant pathway towards the
biosynthesis of S and G monolignols. In addition, the Ptr4CL3-Ptr4CL5 complex enhances the
robustness of the pathway and leads to the stability of the metabolic states of the different
metabolites involved in the pathway. The local stability analysis suggests that the presence of
Ptr4CL3-Ptr4CL5 complex increases the stability of the metabolic network by 22%.

Moreover, the perturbation of the Ptr4CL enzymes with the Ptr4CL3-Ptr4CL5 complex
results in a bimodal distribution of steady state flux. This bimodal distribution is primarily due
to the feedback inhibition that exists between the various hydroxy cinnamic acids involved in
the Prt4CL pathway. The analysis of the PKMF model also suggests that the Ptr4LC5 enzyme
plays a key regulatory role in the modulation of the metabolic flux. These results further con-
firm the experimental findings that Ptr4CL5 is essential for regulating the levels of caffeic acid
that is essential to moderate the CoA flux ligation [11]. The sensitivity analysis performed on
the PKMF model suggests that the perturbation of Ptr4CL3 and Ptr4CL5 enzymes results in
only alocalized change in the steady state metabolic flux in the absence of a complex. However,
in the presence of the complex, the steady state flux was sensitive to changes in Ptr4CL5 con-
centrations, further confirming the regulatory role of Ptr4CL5 enzyme.

Supporting information

S1 Fig. The monolignol biosynthetic pathway in P. trichocarpa. Thirty-five metabolic fluxes
(VO to V35, represented by the circled numbers) mediate the conversion of 24 metabolites
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(underlined numbers) for monolignol synthesis by the 21 pathway enzymes (Wang et al.,
2014).
(TIF)

S2 Fig. Steady state flux (V,, Vg and V) variation as a function of total Ptr4CL concentra-
tion for models without the Ptr4CL3-Ptr4CL5 complex.
(TIF)

S3 Fig. Steady state flux (V7, V8 and V9) variation as a function of total Ptr4CL concentra-
tion for models with the Ptr4CL3-Ptr4CL5 complex.
(TIF)

S4 Fig. Ptr4CL pathway inhibitory reactions.
(TIF)

S5 Fig. Violin plot showing the steady state flux (V;, Vg and V) variation as a function of
total Ptr4CL concentration for models in the presence of the Ptr4CL3-Ptr4CL5 complex.
(TIF)

$6 Fig. Variation in the distributions of P-coumaric (uM), caffeic (uM), and ferulic (uM)
acid concentrations in the presence of the Ptr4CL3-Ptr4CL5 complex.
(TIF)

S7 Fig. The steady state distribution of all the metabolic flux involved in the monolignol
biosynthetic pathway. (a) The steady state flux distribution in the absence of
Ptr4CL3-Ptr4CL5 complex. The green box represents the median steady state flux and the red
‘+’ sign represents the mean steady state flux values, (b) The steady state flux distribution in
the presence of Ptr4CL3-Ptr4CL5 complex. The presence of complex induces a bimodal steady
state flux distributions. The green box represents the median steady state flux and the red ‘+’
sign represents the mean steady state flux values.

(TIF)

S8 Fig. Variation of monolignol units resulting due to changes in levels of Ptr4CL3 and
Ptr4CL5 concentrations in the presence of a complex: a) S and b) G.
(TIF)

S9 Fig. Variation of S/G ratio as a function of Ptr4CL3 and Ptr4CL5 concentration in the
absence of a complex. The color bar shows the variation of S/G ratio in log scale, where S/G

ratio of 2 corresponds to a value of 0.3 in log scale.
(TIF)

$10 Fig. Variation of S/G ratio as a function of Ptr4CL3 and Ptr4CL5 concentration in the
presence of a complex. The color bar shows the variation of S/G ratio in log scale.
(TIF)

S1 Table. List of all the reactions involved in the monolignol biosynthesis pathway.
(DOCX)

$2 Table. List of all flux kinetic equations in the monolignol biosynthesis pathway.
(PDF)

§3 Table. Description of flux equations for Ptr4CL enzyme related pathways with and
without the complex.
(PDF)
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