
ABSTRACT 

CHEN, HSI-CHUAN.  Protein Complex Formation in Monolignol Biosynthesis. (Under the direction 

of Prof. Vincent Chiang and Ronald Sederoff). 

 

Lignin is a phenolic polymer made by vascular plants to support secondary cell walls 

and to create a hydrophobic surface for water transport. Lignin is typically polymerized from 

three phenylpropanoid monomers: H, G and S monolignols. The conversion of plant biomass 

into fermentable sugars or pulp and paper is largely determined by the structure, quantity and 

monomer composition of lignin. 

  Lignin is an irregular high molecular mass polymer and composed of a complex of 

monomers. Lignin monomer biosynthesis requires ten enzyme families, and is highly 

regulated in plants. Study of lignin biosynthesis is pivotal for further plant biomass utilization. 

With decades of research, a general monolignol biosynthetic pathway has been constructed. 

However, the pathway is under revision every year and more research is still required for 

further understanding monolignol biosynthesis.   

Protein complexes could play an important role in monolignol biosynthesis. 

Flavonoids have suggested to be synthesized by a multienzyme complex since 1974. The 

biosynthesis of monolignols and flavonoids share some common steps and enzymes. Enzyme 

complexes involved in flavonoid biosynthesis could also be involved in monolignol synthesis. 

Protein-protein interactions in monolignol biosynthesis have been proposed in several 

publications, and a PAL/C4H enzyme complex were also been reported both in flavonoid 

complex and also in monolignol complex.  



Protein complexes were previously postulated in monolignol biosynthesis, but with 

no direct evidence. Based on affinity purification-quantitative mass spectrometry, 

bimolecular fluorescence complementation, chemical crosslinking, reciprocal co-

immunoprecipitation, and the P. trichocarpa xylem protoplast system, we are able to present 

evidences for a large multiprotein complex, PAL/C3H/C4H/4CL/HCT complex, in the 

monolignol biosynthesis pathway. Enzyme kinetic studies revealed novel complex-enhanced 

and -inhibited regulation of enzymes in the complex that may help improve our 

understanding of regulatory mechanisms in monolignol biosynthesis. 
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CHAPTER 1 

Introduction 

 

1.1 Lignin Background 

In plants, three major high molecular weight polymers, cellulose, hemicelluloses and 

lignin, interact with each other and become high-order complex structures in living plant 

cells.
 1 

In the cell plant wall, lignin surrounds the hemicelluloses and cellulose, forming the 

three major wall components. In Latin, lignin means wood. Lignin is an irreversible, terminal 

output of a major metabolic pathway in plant secondary metabolism. It is a polyphenolic 

structural component of the secondary cell walls of all vascular plants. Lignin is deposited 

between cells (middle lamella) and in cell walls. The lignin content of plants differs widely. 

In wood, lignin content ranges from 12% to 39%.
2
  

Lignin is responsible for mechanical support of plants. Plants rely on lignin to provide 

strength and rigidity of plant cell walls.  Large plants require structural strength support from 

lignin to grow high. Lignin also has played an essential role in the adaptation of plants to 

their environment in resistance to disease, insects, cold temperature and other biotic and 

abiotic stresses. Lignin is crucial for conduction water in the plants. Compared to 

polysaccharide components, lignin is hydrophobic in structure, and is impermeable to water. 



 

 
 

2 
 

The cell wall structure composed by lignin and other materials is resistance to diffusion, thus 

can facilitate water transportation in plant vascular tissue.  

Cellulosic biomass in woody plants as pulping and bio-fuel material is an important 

renewable and sustainable resource. However, cellulose is difficult to harvest and break 

down due to the presence of lignin in plant cell wall structure.
3
 Lignin is a major barrier to 

the utilization of biomass for energy, for papermaking, and for forage digestibility due to its 

interaction with cellulosic in the plant cell secondary wall. Improvement of the “biomass to 

ethanol” and pulping processes, such as enhancing the productivity, decreasing 

environmental impacts and reducing energy consumption, are all associated with plant lignin 

structure. Increasing cellulose and hemicellulose production or reducing lignin content can 

increase the biomass utilization. Biotechnological approaches including over expression of 

cellulose and hemicellulose biosynthesis enzymes or producing recombinant celluloses and 

hemicelluloses lead to less efficient result. The modified plants compensate and decrease 

saccharification efficiency. The effective approach will be down regulation of lignin content 

in plants.
4
 

 Using lignin as a biofuel resource can be valuable, because lignin is a large scale of 

by-products from pulping and biofuel industry.
5  

The components of the lignin contain 

several hydroxyl groups, which allows lignin become good resources for the bio-material and 

bio-fuel product.
1 

But lignin is a stable and impurity high molecular weight compound 



 

 
 

3 
 

resulting in no general method available for lignin degradation and fragmentation.  In future, 

lignin can be consider as a high potential biocompatible resource.
1, 2

  

  The components of lignin are identified in detail by chemical and spectroscopic 

methods. 
2,6

  Lignin is typically polymerized from three phenylpropanoid monomers, 4-

coumaryl alcohol, coniferyl alcohol and sinapyl alcohol, the H, G and S monolignols (Fig. 1). 

In dicots, such as Populus, lignin is polymerized from S and G monolignols and low levels of 

H monolignols. Besides the three major components (H, G and S lignin), various other 

phenyl compounds are integrated in lignin structure and increase the diversity of lignin 

structure. Lignin structure changes within different cell types and cell wall locations.
7 

Lignin 

structure were alomost unlimited combinations of substrates, because of the nature of 

potential precursors and various potential linkages in the process of lignin polymerization.
1 

 

 

Figure 1.1 Current monolignol biosynthesis metabolite flux.
18
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  Lignin biosynthesis starts from phenylalanine, with serial enzymes to synthesis 

monolignol compounds (H, G and S compounds 20, 22 and 24 respectively), following 

transportation and polymerization to become a lignin structure. With several decades of study, 

a pathway for monolignol precursor biosynthesis has been constructed. (Fig 1). Ten enzyme 

families play roles in monolignol biosynthesis.
3, 8

 The monolignol biosynthesis starts with 

producing cinnamic acid from phenylalanine. Cinnamic acid is converted by hydroxylase, 

Co-A ligase, methyl transferase, reductase, and dehydrogenase to the final product. 

Phenylalanine ammonia lyase (PAL), Cinnamate 4- hydroxylase (C4H); 4-coumarate-CoA 

ligase (4CL); hydroxycinnamoyl CoA: shikimate hydroxycinnamoyl transferase (HCT); 

coumarate 3-hydroxylase (C3H); caffeoyl CoA 3-O-methyltransferase (CCOMT); Coniferyl 

aldehyde 5-hydroxylase (Cald5H); caffeic acid 3-O-methyltransferase (COMT); cinnamoyl 

CoA reductase (CCR), and cinnamyl alcohol dehydrogenase (CAD) are all enzymes in the 

biosynthetic pathway. In several different plants, these enzymes have been well studied with 

both enzyme kinetics and transgenic studies. Despites decades of studies, many aspects of 

enzyme activity and metabolite flux in the synthetic pathway are still insufficiently 

understood and the pathway continues to be revised.
9  

 

1.2 Hypothesis of Monolignol Protein Complex 

  Lignin is important in plants, thus regulation of lignin biosynthesis is critical. The 

arrangement of proteins that catalyze sequential reactions in a biosynthesis pathway as a part 



 

 
 

5 
 

of a large multiprotein complex in cells is thought to be a common scenario.  Protein-protein 

interactions increase the efficiency of biosynthesis and facilitate control of metabolite flux.
10

 

Protein-protein interactions can change enzyme prosperities in protein complex in several 

different ways. First, the protein complex can change it kinetic properties, alter catalytic 

specificity, and add allosteric effects to enzymes. Secondly, protein complexes allow 

substrate channeling. Third, protein complexes can from a new substrate binding sites and 

broade enzyme-substrate specificity.  Fourth, enzymes in the complex can be activated or 

inhibited.
11

 Klotz proposed four advantages for multienzyme complexes. First, it is much 

easier to synthesize a large protein complex from the subunits, than to produce a large protein. 

Second, translation and transcription of large proteins increases errors. Third, it is easy to 

synthesize protein subunits at one location and assemble the protein complex at another 

location. Fourth, a multienzyme complex is able to change the enzyme component and thus 

regulate the function of the multienzyme complex.
12

  

Cellulose is biosynthesized by a plasma membrane bound enzyme complex.
13

 The 

cellulose enzyme complex is a large multienzyme complex and can be visualized by the 

microscope.
13 

Unlike monolignol biosynthesis, cellulose is polymerized by a large number of 

glucan chains simultaneously. Monolignol biosynthesis requires catalysis of phenol 

compounds step by step to the final products, which is similar to flavonoid biosynthesis.  In 

1974, flavonoid biosynthesis was suggested to be controlled by enzyme complex.
14

 The 

benefit of synthesizing a compound by enzyme complex is that it can facilitate transport of 

metabolite intermediates between the activity sites of enzymes. Substrate concentration 
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around the enzyme complex can be much higher than other places in cell. 
15

 Also enzyme 

complexes can respond to the cell signals more quickly and thus become easier to regulate.
15

 

Hrazdina pointed out that PAL may be attached to the ER by binding with cytochrome P450 

hydroxylase and form a protein complex to enhance phenylpropanoid biosynthesis.
16

 In the 

flavonoid synthesis enzyme complexes,  cytochrome P450 hydroxylase is supposed to act as 

an anchor to fix other cytosolic proteins or soluble proteins top the membrane structure.
15, 16

 

In Arabidopsis, flavonoid 3’- hydroxylase (F3’H), chalcone synthase (CHS) and chalcone 

isomerase (CHI) are in a protein complex. Removing the F3’H cytoplasmic domain will alter 

CHS and CHI subcellular localization from ER to cytosol, which supports the hypothesis.
17

 

In monolignol biosynthesis, PAL, 4CL, C4H, C3H and Cald5H were reported to express 

activity in membrane fraction.
18-21 

The subcellular localization of PAL, C4H, C3H and 

Cald5H were reported to be ER resident proteins.
18-20

 Protein complex formation in 

monolignol biosynthesis has proposed in several studies. Dixon suggested PAL and C4H 

could form a metabolic channel.
22

 Also COMT and CCOMT were proposed to be in different 

protein complexes and to channel different metabolites to synthesis S and G lignin.
23

 The 

PAL/C4H protein complex was identified by fluorescence resonance energy transfer 

(FRET).
22

 However, the study
22

 also points out that the interaction between PAL and C4H is 

not tight and positive signals from FRET do not require direct protein-protein interaction. 

Currently, no strong evidences has support any multienzyme complex in the monolignol 

pathway.
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Protein complex identification is necessary to understand the metabolite grid of 

monolignol biosynthesis. Each enzyme in monolignol pathway has been studied in detail but 

mathematical models which collects all enzyme quantification and kinetic aspects are unable 

to describe the metabolite flux in plant. This suggests that protein-protein interaction plays an 

important regulation role in the pathway.
24

 Protein in the complex form will have different 

kinetic aspects compared to the free form. In order to get the accurate data for mathematical 

model design and systematic study, we have to identify the possible protein-protein 

interactions and also to verify the protein activities changed in the protein complex. Study of 

protein-protein interaction in plants would lead to better understanding of how the entire 

biosynthesis is organized and regulated, providing more precise strategies to improve the 

production of energy, biomaterials and food.    

Populus trichocarpa (Nisqually-1) is an ideal model species for study lignin 

biosynthesis at the systems level because its genome has been sequenced and the family 

structure for lignin related genes is known.
25 

Lignin characterization in trees is more 

extensive than in herbaceous plants because of the specificity and abundance of lignin in 

wood. 

We recently identified (based on transcript abundance and specificity), from the 

45,555 gene models in the P. trichocarpa genome (v1.1), 23 genes that represent potentially 

a complete set of relevant genes encoding monolignol biosynthesis enzymes during wood 

formation.
25 

The result suggested substantial functional redundancy in monolignol 

biosynthesis, not previously recognized. Members in six of the ten monolignol enzyme 
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families may have redundant functions: five in PAL, two in C4H, three in 4CL, two in HCT, 

three in CCOMT and two in CAld5H enzyme families.
25 

Evidence from in vitro experiments 

also indicates a significant level of pathway metabolite-mediated feedback and feed-forward 

regulation of enzyme functions in monolignol biosynthesis.
18, 29

  

 

1.3  Methods for Protein-Protein Interaction Study    

Protein-protein interactions can be identified by large number of methods. Steps to 

identify novel protein complex normally start from isolation of the initial binding partners. 

Protein complex studies can be accomplished by several typical methods, including affinity-

tagged protein purification, tandem affinity purification, two hybrid system, quantitative 

proteomic techniques, chemical crosslinking, bimolecular fluorescence complementation 

(BiFC), and co-immunoprecipitation (Co-IP).  Two hybrid system and chemical crosslinking 

allow quick and large scale screening for protein-protein interactions. The two methods are 

all able to capture weak or transient protein-protein interactions.
26

 The defect of two hybrid 

system and chemical crosslinking are two methods that are error prone methods.
10

 Tandem 

affinity purification and Co-IP are high fidelity methods, which can identify direct protein-

protein interaction. However, tandem affinity purification and Co-IP can only identify stable 

and strong protein-protein interactions. Thus using these methods could result in missing the 

target interaction.
 10

 BiFC is a newly developed technique, which allows us to visualize 

protein-protein interactions under fluorescence and confocal microscope. The method is 
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quick and easy to apply, but BiFC is limited to examining the interaction between only two 

proteins.
10

  Different methods are suitable in different ways. Using chemical crosslinking and 

two hybrid system can quickly detect novel protein-protein interactions. Using Co-IP and 

tandem affinity purification helps us to confirm the protein complex components. New 

methods are being developed every day. Using mass spectromet and proteomics can 

quantitatively, label free, specific, and large scale, screen for protein complexes. The method 

produces data for protein complex composition, stoichiometry and structure topology.
27

 

The existence of a protein complex in monolignol biosynthesis pathway is still in a 

hypothetical stage. In this study, we being to reveal protein complexes in the monolignol 

pathway and use chemical crosslinking, BiFC, and Co-IP to support the existence of the 

protein complexes. In addition to identifying protein complexes, we also report enzyme 

activity regulation in the protein complex and provide information for further study.  
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CHAPTER 2 

 

4-Coumaric acid: CoA Ligase (4CL) Proteins 

Regulate CoA Ligation Flux for Monolignol 

Biosynthesis 

 

 

2.1  Introduction 

Redundancy and feedback/feed-forward regulation of enzyme functions may be 

necessary for maintaining optimal metabolic flux distributions in the biosynthesis of 

monolignols for lignification. Quantitative analysis and integration of these regulations, 

manifested by specific enzyme kinetic properties, for all enzymes involved is essential for a 

comprehensive understanding of how the entire network of metabolic fluxes is organized and 

regulated. The identification of relevant genes encoding monolignol biosynthesis enzymes in 

P. trichocarpa makes such analysis and integration possible. In this chapter we begin a 

systems analysis by characterizing the catalytic functions of the three 4CL members 

(Ptr4CL3, Ptr4CL5 and Ptr4CL17) implicated in monolignol biosynthesis for wood 

formation.
1
 Ptr4CL3 is an ortholog of P. tremuloides 4CL1.

2
 Ptr4CL5 and Ptr4CL17 had not 

been identified prior to the availability of the genome sequence. 
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The 4CL gene family typically has multiple members, often with additional 4CL like 

genes. Arabidopsis
 
and the moss Physcomitrella patens each have 4 members

3, 4
 ; rice has 5,

5
 

and Populus trichocarpa has 17.
1
 It is widely presumed that different isoforms of 4CL with 

different substrate affinities, may regulate metabolism of different phenylpropanoid 

pathways.
2
 In a few cases, the specific 4CLs associated with lignin biosynthesis have been 

identified. Transgenic suppression, mutation or phylogenetic analysis has identified lignin 

associated 4CL genes in poplars,
6
 Eucalyptus grandis,

7
 tobacco,

8
 Arabidopsis,

9, 10
 rice,

5
 and 

sorghum.
11

 Such studies provide motivation to investigate the functional diversity of the two 

lignin-associated genes in P. trichocarpa to define the differences between Ptr4CL3 and 

Ptr4CL5, and to determine their distinct functional roles. 

4CL catalyzes CoA ligation of many hydroxycinnamic acids, including 4-coumaric, 

caffeic, ferulic, 5-hydroxyferulic, and sinapic acids, into the corresponding CoA thioesters 

for phenylpropanoid biosynthesis.
2, 9, 12-16

 The reaction requires divalent cation (Mg
2+

 or 

Mn
2+

) bound ATP to activate the acid into an acyl adenylate intermediate, which can then 

react with CoA to form the thioester.
12, 13

 

Enzyme kinetic data provide the fundamental basis for constructing models of 

metabolic pathways. Models based on enzyme kinetics are able to simulate plant metabolic 

pathways and effectively describe metabolic behavior and provide some predictive 

information.
17

 Few enzymatic steps in the monolignol biosynthetic pathway are characterized 

in sufficient detail for modeling usually because all of the members of the gene family have 

not been identified or the kinetic properties of the purified enzymes have not been 



 

 
 

16 
 

characterized.  A quantitative analysis of monolignol biosynthesis was carried out by 

Amthor
18 

who derived potential energy retention values for lignin biosynthesis. A model of 

monolignol biosynthesis in alfalfa (Medicago sativa) incorporating some transgenic 

perturbations has recently been proposed
19 

that suggested two novel regulatory mechanisms, 

leading to functional independence for some intermediates and a feed-forward mechanism of 

control. 

In this chapter, we focus on specific Ptr4CL3 and Ptr4CL5 enzyme kinetics properties 

that would quantitatively describe the biochemical functions and pathway metabolite-

mediated regulation of monolignol biosynthesis. The mode and quantitative impact of 

enzyme substrate interactions including inhibition have been analyzed in detail for both 

enzymes to include these effects in a mathematical model of reaction flux.  

Protein-protein interaction between enzymes is a common regulation role in 

metabolite biosynthesis. In P. trichocarpa, Ptr4CL3 and Ptr4CL5 are all highly expressed in 

xylem tissue. The two proteins were tested for protein-protein interactions in this study.  
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2.2 Materials and Methods: 

 

2.2.1 Plant Materials 

Clonal copies of 1-yr-old greenhouse-grown Populus trichocarpa (Nisqually-1) trees 

were used for this study. Stem differentiating xylem tissues were collected into liquid 

nitrogen, approximately 4hr after dawn from three trees, 
1 

and pooled for crude protein and 

metabolite extractions. 

 

2.2.2 Chemical Synthesis of Hydroxycinnamic Acids and CoA Diester and Stable Isotope 

Labeled Compounds 

5-Hydroxy ferulic acid was synthesized by condensing malonic acid with the 

corresponding aldehyde. Briefly, 75 mg of malonic acid was mixed with 50 mg of 3,4-

dihydroxy-5-methoxybenzaldehyde, 1 mL pyridine and 5 μL piperidine, for 1 week at room 

temperature. The mixture was then acidified with HCl, extracted with ethyl acetate, and 

purified over a silica column, yielding 51 mg 5-hydroxy ferulic acid.  

4-Coumaroyl-CoA, caffeoyl-CoA and feruloyl-CoA were enzymatically synthesized 

from each corresponding acid.
20

 Purified P. trichocarpa 4-coumarate: CoA ligase-3 (Ptr4CL3) 

recombinant protein from Escherichia coli
21

 was used to biochemically synthesize 4-

coumaroyl-CoA and caffeoyl-CoA. Briefly, 6 mg acid, 4 mg coenzyme A hydrate (CoA), 
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and 14 mg ATP were dissolved in a total volume of 40 ml of 50 mM Tris-HCl (pH 7.5) 

buffer containing 2.5 mM MgCl2. 0.3 Milligrams of purified protein was added to the 

mixture to start the reaction. After 30 min at 37 °C, 1.6 g ammonium acetate was added to 

stop the reaction. The resulting mixture was purified by using an SPE cartridge (Chromabond 

C18 ec, Macherey-Nagel). Yields of 1.7 mg 4-coumaroyl-CoA, 2.3 mg caffeoyl-CoA and 1.5 

mg feruloyl-CoA were obtained, which represented 36%, 48% and 36% yield respectively, 

based on CoA used in the reaction. The purity and identity of all synthesized products were 

confirmed by tandem MS. Product ion spectra were acquired directly for the [M+H
+
]

+
 

molecular ion of each compound on a TSQ Quantum Triple Quadrupole mass spectrometer 

(Thermo Scientific) at a collision energy of 10 eV and 1.5 mtorr of argon. p-Coumaroyl-CoA: 

MS m/z (%)  914 ([M+H
+
]

+
, 56.5), 768 (8.7), 505, (9.9), 428 (40.0), 407 (100), 341 (6.3), 305 

(21.1), 261 (10.9). Caffeoyl-CoA: MS m/z (%) 930 ([M+H
+
]
+
, 60.2), 768 (20.5), 521 (8.8), 

428 (43.3), 423 (100), 410 (7.0), 341 (11.5), 321 (20.6), 261 (14.8).  Feruloyl-CoA: MS m/z 

(%) 944 ([M+H
+
]

+
, 56.0), 768 (7.0), 535 (11.7), 437 (100), 428 (48.8), 410 (7.4), 335 (19.4), 

261 (13.3), 177 (8.3). 

 

2.2.3 Extraction of Metabolites from SDX Tissue 

The developing xylem was ground in liquid nitrogen with a mortar and pestle. The 

powdered xylem (50 mg) was weighed immediately and transferred into a prechilled 2-ml 

microcentrifuge tube. Water (1 ml) and the synthetic 
13

C-labeled 4-coumaric acid (0.8 nmol), 

caffeic acid (4 nmol), ferulic acid (0.8 nmol), 5-hydroxyferulic acid (10 nmol) and sinapic 
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acid (4 nmol) were added. The mixture was vigorously vortexed for 3 min, heated at 60°C for 

10 min, and then centrifuged at 10,000 x g for 3 min at room temperature. The supernatant (1 

ml) was recovered and freeze dried. The resulting residue was resuspended in methanol (0.5 

ml) and vortexed for 3 min, heated at 60°C for 10 min, and then centrifuged at 10,000 x g for 

3 min at room temperature. The organic layer was transferred to a new tube and evaporated. 

2.2.4 Liquid Chromatography-Selected Reaction Monitoring Mass Spectrometry Analysis 

of SDX Extraction 

LC mobile phases, A and B, were 98/2/0.2 and 2/98/0.2 (water/acetonitrile/formic 

acid, vol/vol/vol), respectively. The dried extract was dissolved in 100 μL of mobile phase A, 

and loaded directly onto a 0.5 × 150 mm Zorbax Eclipse XDB-C18 column (Agilent) at 12 

µM/min for 3 min using 10% mobile phase B, at which time data acquisition was initiated. 

Over the next 16 min, the gradient was ramped to 22% mobile phase B and then to 36% over 

6 min. The column eluent was ionized using the ion max source with an ESI potential of 

3,500 V, sheath gas pressure of 15 units, and skimmer offset of 8 V. Four selected reaction 

monitoring (SRM) transitions were monitored for natural and 
13

C-labeled acids throughout 

the gradient in positive ion mode. Transitions for the natural compounds were determined 

using authentic standards or based on predicted fragmentation pathways. SRM analysis: peak 

widths (FWHM) of 1.2 and 0.7 for Q1 and Q3, respectively; 0.15 second scan times; 1 m/z 

scan widths; and 1.5 mtorr collision gas pressure.    
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2.2.5 Expression and Purification of Recombinant Proteins 

Sequences of the candidate 4CL genes (Ptr4CL3, GenBank accession number 

EU603298; Ptr4CL5, EU603299; Ptr4CL17, EU603300) were previously cloned.
1
 Ptr4CL3, 

Ptr4CL5 and Ptr4CL17 coding regions were cloned into pET101 protein expression vector 

(Invitrogen), and were expressed and purified from E. coli protein expression system with C-

terminal 6x His-tag as described before.
21

 

Ptr4CL3 and Ptr4CL5 were also cloned into pET100 Protein expression vector 

(Invitrogen). The expression and purification of Ptr4CL3 and Ptr4CL5 the in pET100 vector 

were the same as the two genes in the pET101 vector. EnteroKinase Max( EKMax, 

Invitrogen) was used to remove the His-tag. EKMax is an enterokinase that can specifically 

remove the His-Tag by cleavage of a serine residue between the enzyme and the His-tag.  

Ptr4CL3 and Ptr4CL5 were purified from the pET100 protein expression system and the His-

tag was removed by adding 20 µg purified enzyme into a reaction solution [4 µl EKMax, 3µl 

10X EKMax buffer and add H2O up to 30 µl]. The cleavage was carried out at 4ºC for 10 hr. 

A western blot with Anti-His monoclonal antibody (Promega) was used to identify the 

removal of His-tag.  

 

2.2.6 SDX Crude Protein Extraction 

SDX total crude protein extraction was carried out as before.
22

 Briefly, 3g of SDX 

tissue was added into 15ml extraction buffer.
22

 After homogenization, cell debris was 
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removed by centrifugation at  3,000 x g for 15 min. The crude protein was used for enzyme 

activity tests. 

 

2.2.7 Enzyme Reaction Conditions and HPLC Analysis 

We used recombinant Ptr4CL3 and Ptr4CL5 to determine the optimal reaction 

conditions for each 4CL, including optimal pH (pH 8 for Ptr4CL3, pH7 for Ptr4CL5), 

temperature (40°C) and metal ion (Mg
2+

). Crude SDX protein 4CL activity assays were 

conducted in 100 μl of assay buffer containing 20 μg SDX protein, 100 mM Tris-HCl 

pH=7.5, 5 mM ATP, 2.5 mM MgCl2, and 200 μM CoA. The mixture was preheated at 40°C 

for 3 min then added substrate (4-coumaric, caffeic, ferulic, 5-hydroxy ferulic, and sinapic 

acids for final concentration of 50 μM) to start the 4CL reaction. The reaction was kept at 

40°C for 1 hr. To terminate the reaction, 5μl of 3M TCA was added into the reaction mixture. 

Recombinant Ptr4CL3 and Ptr4CL5 were used for the enzyme activity assays in 50 μl. 

Reaction parameters were the same as SDX crude protein assays, however the reaction time 

was 12 min for recombinant protein assay and reaction volume is 50 μl.  The pH of the assay 

buffer was pH 8 for the Ptr4CL3 assay and pH 7 for the Ptr4CL5 assay.40 nM of 

recombinant proteins were added to a final volume of 50 μl assay buffer to conduct enzyme 

kinetic and inhibition studies. The reaction conditions were the same as Ptr4CL3 and 

Ptr4CL5 activity assay. 5-500 μM of substrate were tested for the enzyme kinetic studies to 

determine the Km and Vmax values. For inhibition studies, inhibitors (4-coumaric, caffeic, 
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ferulic, 5-hydroxy ferulic, and sinapic acids) were added with 10, 20, 40, 80 μM in the 

reaction.  

After the reactions were stopped, the reaction mixtures centrifuged at 20,000 x g for 

20 min to condense denature enzyme. Supernatant was injected 40μl into a 4.6 × 

150mmZorbax SB-C3 column (Agilent). Product HPLC analysis method was as mentioned 

before.
23

  

 

2.2.8  Ptr4CLs Enzyme Kinetic Parameter Determination and Inhibition  

4CL enzyme kinetic parameters (Km and Kcat) followed the Michaelis-Menten 

equation. The parameter determination was by the Lineweaver-Burke (double reciprocal) 

plots. Six different substrate concentrations (5- 500µM) were used to determine the Km and 

Kcat values for each substrate. 

Four concentrations of hydroxycinnamic acid inhibitors were tested at six to eight 

concentrations of substrate to determine modes of inhibition. Data were first analyzed by 

Lineweaver-Burke (double reciprocal) plots for modes of inhibition. Common diagnostic 

patterns for the inhibited enzyme include: an increased Km value (competitive inhibition), a 

decreased Vmax value (non-competitive inhibition), proportionally decreased Km and Vmax 

values (uncompetitive inhibition), or some combination of these changes (mixed inhibition).  

Eq. 1, derived from the Michaelis-Menten equation, describes such a mixed inhibition 

mechanism, where the reaction velocity v is a function of substrate S and inhibitor I 

concentrations. Kic is the competitive inhibition constant, and the dissociation constant of the 
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enzyme-competitive inhibitor complex. Kiu is the uncompetitive inhibition constant, and the 

dissociation constant of the enzyme-uncompetitive inhibitor complex. The resulting double 

reciprocal plots were used to obtain K'm and V'max, the altered Km and Vmax of the inhibited 

enzyme, and inhibition plots of K'm/V'max against I and 1/V'max against I were used to obtain 

Kic and Kiu (Eq. 2), respectively. Pure competitive inhibition is a special case where Kiu 

approaches infinity (i.e., negligible affinity in an uncompetitive enzyme-inhibitor complex; 

[I]/Kiu in Eq. 2 is negligible), as would be revealed by the 1/V'max against I plot. Pure 

uncompetitive inhibition is a special case where Kic approaches infinity. When Kic = Kiu, the 

inhibition is pure noncompetitive. In mixed inhibition, Kic < Kiu specifies that competitive 

inhibition predominates, whereas Kiu < Kic indicates predominant uncompetitive inhibition.  

Because either mixed competitive and uncompetitive or mixed competitive and 

noncompetitive inhibition would result in an increased Km and decreased Vmax, changes in 

Km and Vmax values were analyzed as a function of inhibitor concentrations according to both 

Eq. 1 and Eq. 3 to discern the underlying inhibition mode. Eq. 3 (derived from the Michaelis-

Menten equation) describes a mixed competitive and noncompetitive inhibition mechanism, 

where Kin is the noncompetitive inhibition constant. If the inhibition plot of K'm/V'max against 

I fits a second degree polynomial, hence adhering to Eq. 3, it would specify mixed 

competitive and noncompetitive inhibition, whereas the plot yielding a straight line, hence 

adhering to Eq. 1, would indicate a mode of mixed competitive and uncompetitive inhibition. 
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2.2.9 Substrate Self-Inhibition  

Substrate self-inhibition is analogous to pure uncompetitive inhibition, where a 

substrate molecule binds to the enzyme-substrate complex to form an inactive substrate-

enzyme-substrate complex. In this case, the reaction rate obeys Eq. 4, derived from Eq. 1 in 

which [I]/Kic can be ignored since Kic approaches infinity, and I is substituted by [S] and Kiu 

by Kis, the dissociation constant of the substrate-enzyme-substrate complex. Typically, the 

rate of a substrate self-inhibition reaction would follow the Michaelis-Menten model at low 

substrate concentrations, reach a maximum value at a specific substrate level ([Smax]) and 

then would decline and approach zero as substrate concentration increases. This maximum 

rate can then be estimated by dV/dS = 0, where  [Smax] can also be determined, or derived as 

[Smax]=Km/Kis, according to Eq. 4. More precisely, the maximum rate and [Smax] can be 

obtained based on a diagnostic parabolic curve from a plot of v against log[S]. [Smax] can 

then be used to obtain Kis in a plot of 1/v against (([Smax]
2
/[S])+[S]) according to Eq. 5, which 

is derived from Eq. 4 where Km is substituted by [Smax]
2
/Kis (based on [Smax]=KmKis). 

Therefore, rate data in the Ptr4CL Enzyme Kinetic Parameter Determination section for the 

enzyme-substrate pairs that do not fit with the Michaelis-Menten correlation for v and [S] 

were further analyzed by a plot of v against log[S] to verify substrate-inhibition, followed by 

a plot of 1/v against (([Smax]
2
/[S])+[S]) to calculate Kis. 
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2.2.10 SDX Protoplast Preparation and Transfection for BiFC Analysis and Fluorescent 

Protein Imaging 

P. trichocarpa stem xylem cell was used for protoplast preparation and BiFC study. 

The xylem protoplast preparation was followed our lab protocol.
22

 Briefly, 10 cm of 6 month 

old P. trichocarpa stem was harvested. After peeling of the bark, the stem was immediately 

soaked into 40 ml enzyme solution [20 mM MES (pH5.7), 0.5 M mannitol, 20mM KCl, 1.5 

% (w/v) cellulase R-10 (Yakult), 0.4% Macerozyme R-10 (Yakult), 10 mM CaCl2, and 0.1% 

(v/v) BSA] in a 50 ml Falcon tube. After enzyme digestion for about 2hr, gentle shaking was 

applied to release xylem protoplast cells from the stems. The cells were collected by 

centrifugation at 300 x g 3 min, and washing twice with W5 solution
22

. Transfection of 

plasmid into protoplast followed Yoo et al.
24

 with slightly modification.
22

 After 12 hours of 



 

 
 

26 
 

transfection, YFP signals for BiFC were detected by confocal laser scanning microscope 

LSM 5 PASCAL (Carl Zeiss). 

 

 

2.2.11 Ptr4CL Immunoprecipitation (IP) and Western Bloting 

Ptr4CL3 and Ptr4CL5 IP followed a previous published procedure.
22

 Rabbit anti-

aspen 4CL1 antibody was used to pull down Ptr4CL3 and Ptr4CL5 from xylem crude extract 

protein. Briefly, 1ml xylem SDX crude protein with 1% trition X100 was mixed with 30ul 

anti-aspen 4CL1 antibody and 30 ul  dynabeads Protein G (Invitrogen). The protein, antibody, 

protein beads were mixed with shaking at 4°C for 2 hr. Then the beads were washed with the 1ml 

lysisX buffer
22

 3 times. Ptr4CL3 and Ptr4CL5 enzymes were eluted from the dynabeads by 

adding 30 ul 2x SDS sample buffer and boiling for 10min. Eluted proteins were run on the SDS-

PAGE and transferred to membranes for western blot analysis. The Ptr4CL3 and Ptr4CL5 were 

detected by anti-aspen 4CL1 antibody or anti-phosphoamino acids antibody (Invitrogen) on 

western blot.  

 

2.2.12 Chemical Crosslinking of SDX Proteins.   

Recombinant 4CLs (Ptr4CL3 and Ptr4CL5) were purified as described before. 20 µl of 

chemical crosslinker reagent, 1,4-‐bis(maleimido)butane (BMB, 1mg in 400 µl), was added 

into 80 µl of a 4CL mixture (200 nM each of Ptr4CL3 and Ptr4CL5). The mixture was kept 
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on ice for 2 hr and then stopped by adding cysteine at a final concentration of 10mM.  The 

crosslinked sample was analysised by SDS-PAGE and a western blot. 
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2.3 Results 

 

2.3.1 Ptr4CL5 (a Novel 4CL Gene) and Ptr4CL3 are Associated with Monolignol 

Biosynthesis in Populus 

Of the 17 putative 4CL genes in the P. trichocarpa genome, Ptr4CL3 (locus ID 

POPTR_0001s07400), Ptr4CL5 (POPTR_0003s18720) and Ptr4CL17 

(POPTR_0012s09670.1) are expressed more specifically in SDX and were suggested for 

biochemical roles in monolignol biosynthesis
1
. Ptr4CL3 and Ptr4CL5 share 89.4% protein 

sequence identity and are located on linkage groups 1 and 3, respectively, in the P. 

trichocarpa genome. Therefore, they are paralogs and not alleles. Ptr4CL17 is on linkage 

group 12 and has low protein (36.8%) sequence identity to Ptr4CL3. Ptr4CL3, Ptr4CL5, and 

Ptr4CL17 are three distinct genes encoding putative 4CL functions.  

 

2.3.2 Ptr4CL3, Ptr4CL5 and Ptr4CL17 Expression in E. coli.  

Ptr4CL3 Ptr4CL5 and Ptr4CL17 coding sequences were PCR amplified from P. 

trichocarpa SDX cDNA .The three cDNAs were then cloned into pET101 protein expression 

vector and transformed into E. coli BL21. After induction and purification, we can detect 

Ptr4CL3 and Ptr4CL5 by SDS-PAGE with a clear band around 60kD (Fig. 2.1).  For 

Ptr4CL3, we can harvest 10.47mg proteins from 1 liter E. coli culture.  For Ptr4CL5, we can 
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harvest 3.7 mg proteins from 1 liter E. coli culture.  For Ptr4CL17, we can harvest 1.8 mg 

proteins from 1 liter E. coli culture.   

 

 

Figure 2.1 E. coli expression and purification of recombinant 4CLs. (a) Ptr4CL3, (b) Ptr4CL5, (c) 

Ptr4CL17. The lower band (c) indicated the purification of 4CL17 may contain unwanted protein.   

 

 

2.3.3 Native Ptr4CL3 and Ptr4CL5 are Not Phosphorylated 

We used recombinant 4CLs to study the enzyme behavior. One important thing is to 

make sure the recombinant protein represents the native protein. We need to exclude the 

phosphorylation and His-tag effects. Phosphorylation is a common modification of proteins 

in cells which can change enzyme activity dramatically. We used phosphoamino acid specific 

antibodies (Invitrogen) to demonstrate if native 4CLs are phosphorylated. The phosphoamino acid 

antibodies have been used in many studies and to identifiy phosphorylated proteins.
25, 26

 Native 

Ptr4CL3 and Ptr4CL5 were pulled down by anti-aspen 4CL1 antibody. The anti-aspen 4CL1 

antibody can pull down Ptr4CL3 and Ptr4CL5.  By western blot analysis, we can successful 
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detect Ptr4CL3 and Ptr4CL5 with anti-aspen 4CL1 probe. But with rabbit anti-phosphoamino 

acids antibody we did not get any signals (Fig. 2.2). The positive control (phosvitin) was able to show 

positive signal, and negative control (soybean trypsin inhibitor) did not. Thus Ptr4CL3 and Ptr4CL5 

plant proteins are likely to be non-phosphorylated.   

 

  

Figure 2.2 Phosphorylation detection of native Ptr4CL3 and Ptr4CL5. (a) positive Control : phosvitin, ( b) 

negative control: soybean trypsin inhibitor, (c) Ptr4CL3 and Ptr4CL5 pulled down by Anti-aspen 4CL1, 

(d) Ptr4CL3 and Ptr4CL5 pulled down by Anti-aspen 4CL1. (a), (b) and (c) were all detected by anti-

phospho amino acid antibody. (d) is detected by Anti-aspen 4CL1.  

 

2.3.4  Basic Characteristics of Ptr4CL3 and Ptr4CL5 

All CoA ligation reactions of hydroxycinnamic acids were monitored by HPLC. The 

reactions were corroborated by the detection of the specific CoA thioesters verified by their 

chromatographic properties compared to authentic compounds. Proteins produced by E. coli 

with an empty expression construct were used for the control reactions. Using 4-coumaric 

acid as the substrate, we estimated the optimal temperature (Fig 2.3a), pH (Fig 2.3b) and 

tested different divalent cations for CoA ligation activity of purified Ptr4CL3, Ptr4CL5 and 

Ptr4CL17 recombinant proteins from E. coli.(Fig 2.3c)  In the presence of Mg
2+

, a common 
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activator of CoA ligation, both Ptr4CL3 and Ptr4CL5 have a similar optimal reaction 

temperature of 40 °C. The ligation by Ptr4CL3 is most effective at pH 8.0, whereas Ptr4CL5 

has a pH optimum of 7.0. No CoA ligation activity could be detected for Ptr4CL17 or control 

proteins. Mg
2+

 and Mn
2+

are similarly effective in activating Ptr4CL3, with a reaction rate 

approximately twice that of Co
2+

, Zn
2+

, Cu
2+

, and Ca
2+

. For Ptr4CL5, Co
2+ 

is as effective as 

Mg
2+

 and Mn
2+

, all giving over 2-fold higher rates than Zn
2+

, Cu
2+

, and Ca
2+

. 

 

Figure 2.3 Ptr4CL3 and Ptr4CL5 enzyme optimal reaction condition screening. 4-coumaric acid was used 

as substrate. (a) temperature dependent assay. Both Ptr4CL3 and Ptr4CL5 have best activity around 40°C. 

(b) pH dependent assay. Ptr4CL3 has the highest activity at pH 8.0 and Ptr4CL5 has optima activity at pH 

7.0. 
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We then compared the C-terminus 6×His-tagged and non-tagged recombinant 

proteins for substrate specificity and relative reaction rates with the five hydroxycinnamic 

acids. The non-tagged recombinant proteins were produced by removing the His-tag using an 

endoprotease. In reactions involving a single enzyme and a single substrate, the His-tagged 

and tag-free recombinant proteins exhibited essentially identical substrate specificities and 

relative reaction rates with these substrates (Fig. 2.4). When a mixture of five substrates was 

used, these two types of proteins also showed highly similar substrate specificities and 

relative rates (Fig. 2.5). The results indicated that C-terminus 6×His-tagging of Ptr4CL 

recombinant proteins has little effect on the function of the proteins.  Therefore, unless 

specified, all experiments with recombinant Ptr4CL proteins contain a His tag. 

 

 

Figure 2.4 His-tag effect of Ptr4CL3 and Ptr4CL5 activities in single substrate reaction. Single substrate 

of 4-coumaric, caffeic, ferulic, 5-hydroxy ferulic and sinapic acids were used to test Ptr4CL3 and Ptr4CL5 

substrate specificity. With or without His-tag, Ptr4CL3 and Ptr4CL5 expressed the same substrate 

specificity  (a) Activity of Ptr4CL3 with His-tag.   (b) Activity of Ptr4CL3 without His-tag.  (c) Activity 

of Ptr4CL5 with His-tag.  (d) Activity of Ptr4CL5 without His-tag.   
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Figure 2.5 His-tag effect of Ptr4CL3 and Ptr4CL5 activities in multi-substrate reaction. 4-coumaric, 

caffeic, ferulic, 5-hydroxy ferulic and sinapic acids were mixed together to examine Ptr4CL3 and 

Ptr4CL5 substrate specificity.   (a) Activity of Ptr4CL3 with His-tag.   (b) Activity of Ptr4CL3 without 

His-tag.  (c) Activity of Ptr4CL5 with His-tag.  (d) Activity of Ptr4CL5 without His-tag.  The result 

indicated that or without His-tag, Ptr4CL3 and Ptr4CL5 expressed the very similar substrate specificity  

 

 

2.3.5 Substrate Specificity of Recombinant Ptr4CL Proteins 

4-Coumaric, caffeic, ferulic, 5-hydroxyferulic, and sinapic acids were used 

individually as substrate (at a fixed concentration of 100μM) to test the CoA ligation  

specificity of the purified Ptr4CL3, Ptr4CL5 and Ptr4CL17 recombinant proteins (Table 2.1). 

Ptr4CL3 could efficiently convert all substrates but not sinapic acid into their corresponding 

CoA thioesters, while Ptr4CL5 could mediate the CoA ligation of all five acids. Both 

Ptr4CL3 and Ptr4CL5 had the highest conversion rate with 4-coumaric acid (Table 2.1). The 
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control and Ptr4CL17 proteins did not show any enzyme activity with any of the substrates 

tested. Ptr4CL17 is unlikely to be a functional 4CL.  

We then focused on Ptr4CL3 and Ptr4CL5 and conducted assays with mixed 

substrates (Table 2.1) using all five acids, individual proteins, as well as mixed proteins to 

reflect the enzyme reactions in the cellular environment of multiple hydroxycinnamic acids 

and 4CLs. In the presence of all five hydroxycinnamic acids, the CoA ligation of caffeic acid 

by Ptr4CL3 or Ptr4CL5 became the most efficient reaction (Table 2.1), while the conversion 

of 4-coumaric acid was significantly reduced (by 5- to 7-fold). In addition, conversion of 

ferulic acid or 5-hydroxyferulic acid was nearly completely abolished in the mixed substrate 

reactions, indicating enzyme inhibition. The 4CL3 properties were similar to those 

previously described for P. tremuloides 4CL1,
16

 the ortholog of Ptr4CL3. 

In the presence of both Ptr4CL3 (40nM) and Ptr4CL5 (40nM)  and of equal 

concentrations (100uM) of all five hydroxycinnamic acids, the conversion of caffeic acid to 

caffeoyl-CoA was still the dominant reaction, accompanied by a low but significant CoA 

ligation of 4-coumaric acid(Table 1). However, the summed rate of conversion of 4-coumaric 

acid by Ptr4CL3 and Ptr4CL5, as single enzyme, was more than the rate of a mixture of these 

two 4CLs (Table 2.1), suggesting an inhibitory interaction of the two enzymes. The same 

result is found for the CoA ligation of caffeic acid. The relative rate of converting ferulic acid 

or 5-hydroxyferulicacid to the corresponding CoA derivatives was very low. Conversion of 

sinapic acid was not detectable.  
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2.3.6 4CL Substrate Specificity of Xylem Proteins 

We repeated the single- and mixed-substrate experiments with crude protein extracts 

from stem differentiating xylem of P. trichocarpa to describe the in vivo 4CL activity and to 

compare it to the recombinant proteins. As individual substrates, each of the five acids (100 

µM) was converted by SDX proteins (1 µg/µl) to the corresponding CoA thioester (Table 

2.1). SDX proteins had the highest rate with 4-coumaric acid. In the presence of all five 

hydroxycinnamic acids (100 µM of each), the rate of CoA ligation of 4-coumaric acid was 

reduced by approximately 5-fold, and caffeic acid became the best substrate. The reactions 

with ferulic, 5-hydroxyferulic and sinapic acids were also drastically inhibited (Table 2.1). 

The results from the SDX proteins are consistent with those from a mixture of Ptr4CL3 and 

Ptr4CL5 recombinant proteins, suggesting that these proteins are the predominant 4CLs in 

SDX. 

 

 

Table 2.1 Ptr4CL3, Ptr4CL5, Ptr4CL17, and xylem crude extract activity assays with single and mixed 

substrates. 
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2.3.7 Michaelis-Menten Kinetic and Inhibition Properties of Ptr4CL3 and Ptr4CL5 

We next used purified recombinant proteins to study the kinetic properties of these 

enzymes and their enzyme-substrate interactions. 4-coumaric, caffeic, ferulic and 5-

hydroxyferulic acids, (not sinapic acid because it has no activity ,Table 2.1), were used as 

substrates for Ptr4CL3. All five acids (including sinapic acid) were used as substrates for 

Ptr4CL5. Kinetic experiments were run under optimal temperature, pH and divalent cation 

type (Mg
2+

). Reaction rates were determined using six concentrations of the substrate, a fixed 

concentration of the recombinant protein (20nM for 4-coumaric , and caffeic acid reaction, 

80nM for ferulic, 5-hydroxyferulic FA, and sinapic acids reaction), and a reaction time of 12 

min. 4-Coumaric, caffeic and 5-hydroxy ferulic acids were better 4CL3 substrates than 

ferulic acid based on the Michaelis constants (Km) (Table 2.2).The enzyme specificity 

constants (Kcat/Km), revealed that Ptr4CL3 has more specificity with 4-coumaric, caffeic, and 

ferulic acids. Ptr4CL3 has the highest catalytic efficiency with 4-coumaric acid. In contrast, 

Ptr4CL5 is most effective in converting caffeic acid according to the Kcat/Km values (Table 

2.2).  

   Table 2.2 Michaelis–Menten kinetic constants of Ptr4CL3 
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The hydroxycinnamic acids that act as substrates may also inhibit 4CL enzyme 

activity. In mixed substrate assays (Table 2.1), the enzyme activities with multiple substrates 

are all lower than single substrate reactions which indicate that the substrates of the 4CL 

reactions also work as inhibitors. Inhibition kinetics information is essential for describing or 

modeling the net reaction flux for each of these enzymes. 4-Coumaric, caffeic, ferulic and 5-

hydroxyferulic acids were tested to identify initbiton of Ptr4CL3 reactions and their modes. 

As diagnosed by a Lineweaver-Burk plot, caffeic acid acts as a competitive inhibitor of 

Ptr4CL3, which inhibits the conversion of 4-coumaric acid to 4-coumaroyl CoA (Fig. 2.6). 

Competitive inhibition is indicated by an increased Km but an unchanged Vmax. The plot 

of 
  

 

    
  against [I] (Eq. 2) indicates a linear inhibition mode, with a Kic of 9.22 ± 2.68μM (Fig. 

2.6). Because Vmax remained unchanged (fig. 2.6), the Kiu value based on 
 

    
  against [I] plot, 

would be infinite, i.e. the observed inhibition is pure competitive inhibition. 

 

 

Figure 2.6 Inhibition mode of Ptr4CL3. Ptr4CL3 activity was inhibited by caffeic acid with 4-coumaric 

acid as the substrate. Inhibitor concentrations were from 10 to 80 µM. The double reciprocal plot shows 

the pure competitive inhibition effect of Ptr4CL3 activity. 



 

 
 

38 
 

Table 2.3 Inhibition constants of Ptr4CL3 

 
 

Similarly, caffeic acid inhibited Ptr4CL3 reactions with ferulic in a pure competitive 

mode, with  Kic  values of 13.12± 2.57 μM (Table 2.3). These Kic values are consistent with 

those previously obtained for recombinant protein Pt4CL1, the P. tremuloides ortholog of 

Ptr4CL3 .
16

 As verified by linear inhibition plots, all inhibitors tested in the current study 

caused pure competitive inhibition of Ptr4CL3 activity, with distinct  Kic values (Table 2.3). 

Compared to the other inhibitors, caffeic acid has the lowest Kic values (indicating the highest 

affinity of the enzyme-inhibitor complex) as a competitive inhibitor of Ptr4CL3 reactions 

where 4-coumaric, and ferulic acids are substrates. A pure competitive inhibition mode for 

Ptr4CL3 indicates that this enzyme has a single binding site involved in a mutually exclusive 

interaction of hydroxycinnamic acid substrates and inhibitors consistent with the crystal 

structure of the Ptr4CL3 homolog in P. tomentosa.
27
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Table 2.4 Michaelis–Menten kinetic constants of Ptr4CL5  

 

 

 

 

Figure 2.7 Inhibition mode of Ptr4CL5. Ptr4CL5 activity was inhibited by caffeic acid while 4-couamric acid 

(4-CmA) as the substrate. The inhibitor concentration was selected from 10 to 80 µM. The double reciprocal 

plot shows the competitive and uncompetitive inhibition effects of Ptr4CL5 activity. 
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We next determined the inhibition mode of Ptr4CL5 conversion of 4-coumaric, 

caffeic, and ferulic acids—the three most significant Ptr4CL5 reactions (based on 
    

  
 values) 

(Table 2.4). Ptr4CL5 conversion of 4-coumaric acid was inhibited by caffeic acid through a 

mixed mode of inhibition, as diagnosed by an increased Km and decreased Vmax (Fig. 

2.7).While an increased Km could only be attributed to competitive inhibition, a decreased 

Vmax suggests the uncompetitive inhibition is also involved.  To identify the specific type of 

mixed mode inhibition, the data were fitted to both Eqs. 1 and 3. A linear correlation for 

  
 

    
 against [I] was obtained, verifying a mixed mode of competitive and uncompetitive 

inhibition. This mixed inhibition is a predominantly competitive type because Kic is 

significantly smaller than Kiu (Fig. 2.7).   

 

Table 2.5 Inhibition constants of Pt4CL5 
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4-Coumaric acid conversion was also inhibited by ferulic acid, and the inhibition 

appeared to be pure noncompetitive (decreased Vmax and unchanged Km), as revealed by the 

Lineweaver-Burk plot (Fig. 2.7). In pure noncompetitive inhibition, Kic  and Kiu should be 

identical. However, in this case Kic   (335.54 μM) and Kiu  (178.21 μM) (Fig. 2.7, inset and 

Table 2.5) are distinct, suggesting mixed rather than pure inhibition, with uncompetitive 

being predominant. Uncompetitive inhibition typically implies the existence of a regulatory 

site, separate from the substrate binding site. The rate of reaction is reduced (decreased Vmax) 

when an inhibitor occupies the regulatory site. 5-Hydroxyferulic acid could be an effective 

inhibitor (mixed competitive and uncompetitive) of 4-coumaric acid conversion but sinapic 

acid would be an inefficient inhibitor (Table 2.5). 

Caffeic acid conversion was inhibited by 4-coumaric, ferulic, 5-hydroxyferulic or 

sinapic acids, all following a mixed mode of competitive and uncompetitive inhibition (Table 

2.5). All Kic and Kiu values for these inhibition reactions are greater than the Km (44.9 μM, 

Table 2.4) for Ptr4CL5 mediated ligation of caffeic acid, indicating that 4-coumaric, ferulic, 

5-hydroxyferulic or sinapic acids are not effective inhibitors. 

Ferulic acid conversion was effectively inhibited by 4-coumaric acid following a pure 

competitive mode, with a Kic value of 27.9± 3.7μM (Table 2.5). The conversion was also 

effectively inhibited by caffeic acid via mixed competitive and uncompetitive inhibition 

(Table 2. 5). Although 5-hydroxyferulic acid is an effective uncompetitive inhibitor of ferulic 

acid conversion, sinapic acid is not because of the high Kic value (Table 2.5).  



 

 
 

42 
 

Ptr4CL3 reactions with all the tested substrates over a wide range of concentrations 

(from approximately 0.2 fold Km to 5 fold Km) followed Michaelis-Menten kinetics, where 

the reaction rate approached substrate-independence at high substrate concentrations. 

However, the rates of Ptr4CL5 reactions with caffeic acid (with concentrations ranging from 

approximately 0.2 fold Km to 5 fold Km) reached an apparent maximum and then declined as 

substrate concentration increased, suggesting substrate self-inhibition (Fig. 2.8a and b). A 

plot of v against log[S] (Eq. 4) for Ptr4CL5 mediated conversion of caffeic acid conformed to 

a parabolic curve (Fig. 2.8b) typical of a substrate self-inhibition reaction, reaching a Vmax of 

55.97 ±  μM/min at the maximum substrate concentration (Smax) of 57.0 ± 11.0 μM. This 

substrate self-inhibition mechanism was further verified by a linear relationship of 1/v 

against (([Smax]
2
/[S])+[S]) (Eq. 5, 8), giving a Kis of 55.97 μM. The other four substrates do 

not exhibit significant substrate self-inhibition, indicated by very high values for Smax and Kis. 

Only caffeic acid is able to cause significant substrate self-inhibition of Ptr4CL5, suggesting 

substrate level control. The presence of a separate regulatory site and substrate self-inhibition 

indicate an important regulatory role for Ptr4CL5 and the role of caffeic acid as the 

predominant hydroxycinnamic acid in the monolignol pathway.  
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Figure 2.8 Caffeic acid self-inhibition effect on Ptr4CL5. (a) increasing caffeic acid concentration results in a 

decrease of Ptr4CL5 activity. (b) plotting log[substrate] vs reaction rate shows a secondary polynomial curve , 

that indicates a typical self-inhibition mode. (c) Plot for Kic calculation. 

 

 

2.3.8 Simulation of Enzyme Reactions 

To better understand monolignol biosynthesis and to predict the substrate flux in the 

pathway in vivo, we used the kinetic data described above to simulate the behavior of these 

enzymes under several conditions.  First, we tested enzyme in a single substrate mode. 

Second, we simulated the behavior of each enzyme with multiple substrates, taking into 

account the inhibitory effects of substrates on mixed enzymes activity.  
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First, The fluxes of Ptr4CL3 and Ptr4CL5 are estimated by the basic form of the 

Michaelis-Menten equation,  

        
        

    
          (Eq.6)  

where Vmax is the maximum rate and Km is the substrate concentration of the half-

maximum rate. As expected, 4-coumaric and caffeic acids are the best substrates for Ptr4CL3 

and Ptr4CL5 respectively (Fig. 2.9a and 2.9b). From the model, it becomes apparent that the 

substrate specificity of Ptr4CL3 changes at different substrate concentrations (Fig. 2.9b). 

This result is due to Ptr4CL3 using caffeic acid as substrate with a low Km but also with a 

low Kcat. Ptr4CL3 uses ferulic acid as a substrate with a high Km and a high Kcat. This result is 

apparent from the model, but would not be obvious from kinetic analysis. 

 

 

Figure 2.9  Single substrate simulation of (a) Ptr4CL3 reaction rate and (b) Ptr4CL5 reaction rate 

 

Next, we simulated Ptr4CL3 and Ptr4CL5 reaction rates under multi-substrate 

condition. All of the hydroxycinnamic acids are potential inhibitors of one or both single 

enzymes (Table 2.2 and Table 2.3). To estimate the reaction rates of each enzyme with a 
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mixture of substrates, the combined effects for each compound as both substrate and inhibitor 

need to be considered. The reaction rate of Ptr4CL3 is expected to follow the flux rate (Eq.7), 

derived from the basic Michaelis-Menten equation, and incorporates appropriate inhibition 

constants (Table 2.4, 2.5).  

 

  (Eq. 7) 

 

Similarly, (Eq. 8) describes the expected flux rate for Ptr4CL5, where [S]/Kis is the 

effect of caffeic acid self-inhibition, which is a special case of uncompetitive inhibition. 

 

  (Eq. 8) 

 

 All inhibition constants used in Eq. 7 and Eq. 8 were determined from pairwise 

inhibition assays. Fig. 2.10 describes the interactions between the hydroxycinnamic acids and 

Ptr4CL3 and Ptr4CL5 enzymes, substrates, and inhibitors. The predicted rates as a function 

of substrate concentrations along with the experimental measurements are shown for both 

Ptr4CL3 and Ptr4CL5.  The experiments were conducted using a mixture of 4-coumaric, 

caffeic and ferulic acids to determine the overall flux for each enzyme. The resulting flux 
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was compared to the flux predicted by Eq. 7 and Eq. 8. The goodness of fit of the Eq. 7 and 

Eq. 8 confirms that the resulting equations quantitatively predict the modulation of the flux in 

the presence of multiple substrates. Ptr4CL3 utilizes both caffeic acid and 4-coumaric acid  

more efficiently than ferulic acid, whereas Ptr4CL5 efficiently utilizes only caffeic acid.  

 

 

Figure 2.10 Multi-substrate simulation of (a) Ptr4CL3 reaction rate and (b) Ptr4CL5 reaction rate. 4-coumaric, 

caffeic and ferulic acids were mixed together as substrates inhibitors for Ptr4CL3 or Ptr4CL5 reactions.  
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2.3.9 Recombinant Protein Reactions Indicate Protein-Protein Interactions 

The biochemical characterizations of recombinant proteins demonstrate that Ptr4CL3 

and Ptr4CL5 are distinct 4CLs associated with monolignol biosynthesis. The results for mix 

of 4CL reactions strongly suggest that Ptr4CL3 and Ptr4CL5 interact (Table 2.1). To 

investigate the possibility of protein complex formation, we carried out three types of 

experiments, chemical crosslinking, co-immunoprecipitation (Co-IP), and bimolecular 

fluorescence complementation (BiFC), described below.  

 

2.3.10 Ptr4CL3/4CL5 Protein Complex Identification Through Chemical Crosslinking 

Ptr4CL3 and Ptr4CL5 recombinant proteins at low concentration (200 nM), were mixed 

together and reacted with the crosslinking reagent BMB to form a tetramer on a western blot (Fig. 

2.11).  Both Ptr4CL3 and Ptr4CL5 were identified by a P. tremuloides Anti-4CL1 polyclonal 

antibody.
6
 When Ptr4CL5 recombinant protein alone (200 nM ), reacted with BMB, the protein was 

found predominantly as a 56 kD monomer. Using a mixture of Ptr4CL3 and Ptr4CL5 recombinant 

proteins at equal concentrations (200nM), addition of  BMB resulted in formation of two bands with 

the predominant form at >200kd, a size consistent with the formation of a tetramer (Fig 2.11.)  These 

results support the inference from enzyme reaction rate data (Table 1.1) that Ptr4CL3 and Ptr4CL5 

form a heterotetramer in mixed enzyme reactions.  
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Figure 2.11 Chemical crosslinking of Ptr4CL3/4CL5 protein complex. Recombinant Ptr4CL3 and Ptr4CL5 

were crosslinked by DSP. Ptr4CL3 or Ptr4CL5 crosslink alone presented only 4CL monomer. Mixing Ptr4CL3 

and Ptr4CL5 together expressed both tetramer and monomer. 

 

2.3.11 Identification of Ptr4CL3/4CL5 Protein Complex Through BiFC 

As a second line of investigation, we used BiFC to further support the existence of a 

Ptr4CL3/4CL5 protein complex. The two 4CL genes were each ligated to N terminal or C 

terminal fragments of the YFP coding sequence, then co-transfected into P.  trichocarpa 

SDX protoplast cells. 16 hours after transfection, we detected a strong YFP signal in the 

cytosol of either type of cells (Fig. 2.12). No signal was observed from cells transfected with 

either N or C terminal fragments of YFP fused with either Ptr4CL target protein.  Only the 

combinations Ptr4CL3-YFPN with Ptr4CL5-YFPC and Ptr4CL3-YFPC with Ptr4CL5-YFPN 

gave rise to complementation and fluorescence in transfected cells.  
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Figure 2.12 BiFC of Ptr4CL3/Ptr4CL5 protein complex. (a) Ptr4CL3-YFPN+Ptr4CL5-YFPC and (b) Ptr4CL3-

YFPC+Ptr4CL5-YFPN expressed YFP signals. (c) Ptr4CL3-YFPN+Ptr4CL17-YFPC as a control expressed 

negative signal. 

 

2.3.12 Ptr4CL5 or Ptr4CL3 from SDX form Protein Complexes with the Corresponding 

Recombinant 4CLs Identified by Co-IP 

Recombinant protein Ptr4CL3 with 6x His-tag was added into a xylem protein crude 

extract. Anti-His monoclonal antibody was used to pull-down the recombinant Ptr4CL3 and 

associated proteins. Evidence for a Ptr4CL3/4CL5 complex is shown in Fig. 2.13, where both 

Ptr4CL3 and Ptr4CL5 monomer bands are identified. These results also show that the 

Ptr4CL5 protein made in vivo, just as the Ptr4CL5 recombinant protein, forms a complex 
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with Ptr4CL3 recombinant protein. A reciprocal experiment, using Ptr4CL5 with a His tag, 

also pulled down a Ptr4CL3/4CL5 complex (fig. 2.14).  To form a complex in the xylem 

extract, either Ptr4CL5 or Ptr4CL3 xylem proteins must be in an accessible form. Together 

with the evidence for an in vivo complex from crosslinking, both free and complex forms of 

the Ptr4CL3 and Ptr4CL5 proteins may be present in differentiating xylem.  

 Besides adding recombinant 4CLs to pull down native 4CL, we also use anti-

Ptr4CL3 to pull down native Ptr4CL3/4CL5 complex (fig 2.15).  The result of Co-IP 

confirms that native 4CL3 and 4CL5 are present as a complex.   

      

Figure 2.13 Co-immunoprecipitation of the Ptr4CL3/4CL5 complex. Lane a:  recombinant Ptr4CL3. Lane b: 

recombinant Ptr4CL5. Lane c: SDX crude extract added with recombinant Ptr4CL3-His and pulled down by 
Anti-His antibody, lower band is Ptr4CL5 and higher band is Ptr4CL3.  Lane d: Control, which is SDX crude 
extract following the same procedure as lane c. 
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Figure 2.14  Co-immunoprecipitation of Ptr4CL3/4CL5 complex.  Recombinant Ptr4CL5 with 6x His-Tag was 

added into SDX crude extract. Mouse anti-His and protein G magnetic beads were used to pull down 

recombinant Ptr4CL5-His. Lane a:  recombinant Ptr4CL3. Lane b: recombinant Ptr4CL5. Lane c: SDX crude 

extract added with recombinant Ptr4CL5-His and pulled down by Anti-His antibody, lower band is Ptr4CL5 and 

higher band is Ptr4CL3.  Lane d: Control, which is SDX crude extract follow the same procedure as lane c. 

 

 

 

 

Figure 2.15 Co-immunoprecipitation of Ptr4CL3/4CL5 complex of native protein. Lane a:  recombinant 

Ptr4CL3. Lane b: recombinant Ptr4CL5. Lane c: SDX crude extract pulled down by Anti-Ptr4CL3 antibody, 

lower band is Ptr4CL5 and higher band is Ptr4CL3.  Lane d: Control, which is SDX crude extract follow the 

same procedure as lane c. 
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2.3.13 Stoichiometry of Ptr4CL3/4CL5 protein complex 

We identified a Ptr4CL3/4CL5 protein complex in vitro and in vivio by crosslinking, 

BiFC and Co-IP. Next we used a protein absolutely-quantitation method to verify the 

stoichiometry of the Ptr4CL3/4CL5 protein complex.  To stabilize the Ptr4CL3/4CL5 protein 

complex, BMB was used for crosslinking. BMB crosslinks the protein complex by Cys, 

which does not affect the sample preparation for LC-MS analysis.  The recombinant Ptr4CL3 

and Ptr4CL5 were mixed together at 1:1 ration (200 nM of each protein) with 1% SDS. The 

mixture was filtered through a 100 KD cutoff membrane spin column to remove aggregated 

protein. Then BMB was added to allow crosslinking.  The crosslinked proteins were then 

filtered with the 100kD cut off membrane again to remove un-corsslinked monomer proteins.  

The crosslinked proteins were directly analysized by LC-MS for absolute protein quantity.
21

 

The ratio of Ptr4CL3 and Ptr4CL5 was calculated by the absolute amount of protein in the 

final solution. The experiment was repeated twice and showed that the Ptr4CL3:Ptr4CL5 

ratio is 2.7:1. Considering that the protein number should be an integer, the most likely ratio 

is 3:1.   

 

2.3.14 Ptr4CL3/4C5 Protein Complex Exhibits Both Inhibition and Activation Effects 

We have described an enzyme-enzyme interaction between Ptr4CL3 and Ptr4CL5. 

Therefore, does enzyme-enzyme interaction effect the enzyme behavior forming protein 

complex?  We mixed Ptr4CL3 and Ptr4CL5 together and measured the enzyme activity.  We 
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designed two sets of experiments. First we fixed Ptr4CL3 at 40nM in the reaction, and varied 

Ptr4CL5 concentration from 0 to 40nM. In the second set, Ptr4CL5 was fixed at 40nM, and 

the Ptr4CL3 concentration was varied from 0 to 40nM. The results are shown in Fig. 2.16. In 

Fig.2.16a, the overall activity does not increase linearly while increasing Ptr4CL5 enzyme 

quantity. The plot (Fig 2.16 a) actually decreases when the added Ptr4CL5 concentration is 

10nM in the reaction. When the Ptr4CL5 is increased from 10nM to 40nM the activity 

increases. In Fig 2.16 b, similar result was discovered. Both Figure 2.16 a, and 2.16 b were 

indicate that a mixture of Ptr4CL3 and Ptr4CL5 enzymes, the enzyme is not additive and the 

activity is not the same as expected combination of single enzymes.  Adding two 4CLs 

together results in inhibition affect in the 40 nM Ptr4CL3 mixtures by the 10nM Ptr4CL5. 

However, when mixing 40nM Ptr4CL3 with 40nM Ptr4CL5, the overall activity was higher 

than the sum of two individual 4CLs. Mixing 40nM Ptr4CL3 with 40nM Ptr4CL5 represent 

an activation effect of enzyme activity. The enzyme activity change would be due to the 

protein-protein interaction.  

 

 

Figure 2.16 Ptr4CL3 and Ptr4CL5 mixed assays. (a) Ptr4CL3 was fixed at 40nM and Ptr4CL5 concentration 

was varied from 0 to 40nM. (b) Ptr4CL3 was varied from 0 to 40nM while fixing Ptr4CL5 at 40nM 
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2.4 Discussion 

 

2.4.1 Regulatory Roles of Ptr4CL3 and Ptr4CL5 

Ptr4CL3 and Ptr4CL5 are the two main 4CLs in the P. trichocapa xylem tissues. 

Ptr4CL5 is a newly discovered 4CL that serves as monolignol biosynthetic enzyme and has 

not been previously characterized before. The two 4CLs have highly protein sequence 

identity but have difference in activity. 

Ptr4CL3 is the ortholog of Pt4CL1 from aspen also and as expected the enzyme 

kinetic data of Ptr4CL3 is similar to aspen Pt4CL. Both enzymes can use 4-coumaric acid, 

caffeic acid and ferulic acid as substrates. The two enzymes have highest catalytic activity 

with 4-coumaric acid in a single substrate assay. The inhibition modes are specificity of the 

two enzymes are both competitive inhibition and the inhibition constants are also close.
2
 

Ptr4CL5 is a newly discovered SDX specific 4CL in monolignol biosynthesis in Populus 

trichocarpa. The kinetic prosperities of Ptr4CL5 are different from Ptr4CL3. Ptr4CL3 prefers 

4-coumaric acid as substrate and Ptr4CL5, although has high activity for 4-coumaric acid,  

also has strong activity with caffeic acid and ferulic acid. The inhibition behavior of Ptr4CL5 

is also different from Ptr4CL3. The Ptr4CL5 besides competitive inhibition also has 

uncompetitive inhibition behavior. Ptr4CL5 is more complex than Ptr4CL3. In the multi-

substrate experiment, Ptr4CL5 shows strong activity with caffeic acid, while Ptr4CL3 does 

not.   
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Ptr4CL3 has detectable activity with 4-coumaric, caffeic, ferulic, and hydroxyferulic 

acid, with 4-coumaric acid being the most effective substrate. All of these substrates also act 

as competitive inhibitors in mixtures, where both substrate and inhibitor compete for the 

catalytic site. Ptr4CL3 and caffeic acid form the strongest enzyme-inhibitor complex (lowest 

Kic).  The Kic for caffeic acid is substantially lower than the Km values of other substrates for 

Ptr4CL3, suggesting that caffeic acid is the most efficient competitive inhibitor of 

Ptr4CL3reactions.  

Ptr4CL5 has more complex regulation than 4CL3. All five hydroxycinnamic acids 

have activity and all are potential inhibitors. Inhibition of CoA ligation follows both 

competitive and uncompetitive modes. Uncompetitive mode of inhibition requires a 

regulatory site at a location different from the catalytic site. The regulatory site may also be 

involved in substrate self-inhibition. The uncompetitive inhibition of Ptr4CL5 was first report 

in 4CL reaction, but the extra regulation site was not unique in Ptr4CL5 of all 4CLs. In 

Forsythia lignify tissue, the Forsythia 4CL, which uses ferulic acid as the main substrate, has 

substrate inhibition effect when the ferulic acid concentration is greater than 0.2mM.
28

 

Although the substrate inhibition concentration is high but it still point out that the Forsythia 

4CL contains the enzyme regulation site as Ptr4CL5.   

Caffeic acid is the strongest uncompetitive inhibitor (lowest Kiu) of Pr4CL5, 

indicating strong binding affinity to the regulatory site. Also, caffeic acid has the lowest Kic 

with Ptr4CL5 in the presence of the other substrates. Thus caffeic acid can inhibit any other 
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substrate by both competitive and uncompetitive inhibition. By binding to the regulatory site, 

caffeic acid also inhibits itself. Because of self-inhibition, the most effective substrate 

concentration of caffeic acid (highest reaction rate) is 55µM.  Higher concentrations of 

caffeic acid will decrease the reaction rate. Weak self-inhibition can also be detected with 4-

coumaric acid and ferulic acid, with Kis values are above 500µM. In the single substrate 

assay caffeic acid is the best substrate of Ptr4CL5, while 4-coumaric acid is also a good 

substrate. Due to competitive and uncompetitive inhibition, 4-coumaric acid is not a good 

substrate when caffeic acid is present. The additional regulatory site of Ptr4CL5 could 

modulate the reaction rate in conditions of excess caffeic acid.  

With all kinetic values and inhibition study of Ptr4CL3 and Ptr4CL5, we know the 

two enzymes have different substrate specificity but both prefer caffeic acid as main 

substrate when all substrates are present. Competitive inhibition regulates both Ptr4CL3 and 

Ptr4CL5, while uncompetitive inhibition controls only Ptr4CL5. The detailed kinetic and 

inhibition constants allow us to quantitatively describe metabolite turnover in 4CL enzyme 

reaction.   

 

2.4.2 A Mathematic Model Can Quantitatively Describe Ptr4CL3 and Ptr4CL5 Activities 

Eq. 7 and 8 are quantitative models for both Ptr4CL3 and Ptr4CL5, incorporating 

reaction specificity and inhibition to simulate the flux through the pathway. The multiple 

substrate single enzyme models fit the experiment data well, which validates the accuracy of 
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our kinetic constant (Km. Kcat, Kic, Kiu, and Kis) determinations. The model was designed to 

simulate the pathway flux in vivo by determining the kinetic parameters from pairwise in 

vitro measurements. The model was then tested from in vitro experiments that incorporated 

mixed substrate conditions to understand the kinetic structure of the pathway flux. The model 

predict this framework for determining the individual constants from pairwise experiments 

given a potential structure for in vivo mixed substrate conditions does provide an improved 

basis for predictions of the flux dynamics in vivo.   

 

2.4.3 Caffeic Acid is The Predominant Substrate for Hydroxycinnamic Acid CoA Ligation  

Flux.  

Mathematical modeling provides insight into mechanisms in complex biochemical 

reactions that modulate pathway rates in vivo. In SDX tissue, caffeic acid is found at a 24 

fold higher concentration than 4-coumaric acid. Ferulic acid is found at similar levels as 4-

coumaric acid, while the levels of 5-hydroxyferulic acid and sinapic acid are very low or 

undetected. With the quantification models, and knowning metabolite concentrations and 

protein concentrations
21

 we can simulate the Ptr4CL3 and Ptr4CL5 enzyme reaction with 

substrate and enzyme concentrations of native tissue. Caffeoyl-CoA, is the main product of 

Ptr4CL3 and Ptr4CL5 produced in SDX extracts at the rate of 8.12 µM/min. The conversion 

rates of 4-coumaric and ferulic acids were 0.51 µM/min and 0.12 µM/min. The conversation 

of caffeic acid to caffeoyl CoA is 16 times higher than convertion of 4-coumaric acid (Fig. 
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2.17). The result confirmed our suggestion that in the poplar, the monolignol main pathway 

goes from caffeic acid  to caffeoyl CoA.   

 

 

Figure 2.17 SDX 4CL activity simulation. Applying enzyme quantity, metabolite concentration and all enzyme 

kinetic and inhibition constants in Eq. 7 and Eq. 8, we can calculate  (a) Ptr4CL3 and (b) Ptr4CL5 enzyme 

activity toward 4-coumaric, caffeic and ferulic acids.  

 

2.4.4 In the Ptr4CL3/4CL5 Protein Complex, Ptr4CL5 Controls The Actual Protein 

Complex Activity 

In the SDX total protein 4CL activity, substrate preference assay (Table 2.1), native 

SDX 4CL activity is more close to Ptr4CL5 activity mode. Thus the newly discovered 4CL 

(Ptr4CL5) may dominant the native 4CL reaction. The idea is further supported by the 

identification of Ptr4CL3/4CL5 protein complex.  

When mixing Ptr4CL3 and Ptr4CL5 together, we can detect inhibition and activation 

behavior (Table 2.1, Fig. 2.16). The results suggest that Ptr4CL3 is inhibited and Ptr4CL5 is 
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activated in the mixture due to complex formation (Fig 2.16a and 2.16b). In the 

Ptr4CL3/4CL5 complex, we identified the ratio of the complex is Ptr4CL3 : Ptr4CL5 = 3 : 1.  

A small amount of Ptr4CL5 can strongly inhibit the enzyme activity of Ptr4CL3, also small 

amount of Ptr4CL5 could have more activity than original Ptr4CL5. As the result, when 

Ptr4CL3 and Ptr4CL5 are in a reaction solution, the activity of Ptr4CL3 becomes weak. The 

function of Ptr4CL3 in the protein complex could be to enhance Ptr4CL5 activity. This result 

matches our observation that in P. trichocarpa SDX crude protein reaction, the total SDX 

4CLs activity is related to the Ptr4CL5 activity.  Ptr4CL5 may control the overall 4CLs 

enzyme activity in native SDX protein. 

Although Ptr4CL5 is prefers caffeic acid as the main substrate when the all substrates 

are present in the reaction. But excess caffeic acid will result in self-inhibition of 4CL 

activity. This can be observed in both single Ptr4CL5 reactions and in the Ptr4CL3/4CL5 

complex (data not shown).  Thus, P. trichocarpa can have delicate control of the monolignol 

biosynthesis by forming Ptr4CL3/4CL5 complex and by regulation of Ptr4CL5.  

 

2.4.5 Further Multi-Enzyme Model Establishment 

We need to know what is necessary and sufficient for the in vivo reaction. Here, we 

focused on specific enzyme kinetics properties that would quantitatively describe the 

biochemical functions and pathway metabolite-mediated regulation of monolignol 

biosynthesis.  We gathered enzyme kinetic and inhibition constants of Ptr4CL3 and Ptr4CL5 
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( Km, Kcat, Kic, Kiu and Kis), also we proved that the 4CLs form a tetramer protein complex 

with a ratio of Ptr4CL3 : Ptr4CL5 = 3 : 1. We identified the inhibition and activation effects 

of the Ptr4CL3/4CL4 protein complex. With this information, we were able to build a model 

to quantitative describe enzyme substrate interactions to simulate the conditions in the plant. 

We could build a model to quantitatively predict the two 4CLs with multiple 

hydroxycinnamic acids reaction which is the real condition in plant.  The final goal is to use 

mathematical modeling and simulation to provide a description of specific steps in the entire 

monolignol pathway. 

  



 

 
 

61 
 

2.5 References  

 

1 Shi et al.; Towards a Systems Approach for Lignin Biosynthesis in Populus trichocarpa : 

Transcript Abundance and Specifi city of the Monolignol Biosynthetic Genes. Plant Cell 

Physiol. 2010, 51(1):144–163. 

 

 

2 Hu, W.; Kawaoka, A.; Tsai, C.; Lung, J.; Osakabe, K.; Ebinuma, H.; Chiang, V. L., 

Compartmentalized expression of two structurally and functionally distinct 4-

coumarate:CoA ligase genes in aspen (Populus tremuloides). Proc. Natl. Acad. Sci. 1998, 

95:5407-5412. 

 

 

3 Hamberger, B.; Hahlbrock, K.; The 4-coumarate:CoA ligase gene family in Arabidopsis 

thaliana comprises one rare, sinapate activating and three commonly occurring 

isoenzymes. Proc. Natl. Acad. Sci. 2004, 101(7):2209-2214. 

 

 

4 Silver, M.; Meimberg, H.; Ebel, J., Identification of a 4-coumarate:CoA ligase gene 

family in the moss. Phytochemistry. 2008 , 69(13):2449-56. 

 

 

5 Gui, J.; Shen, J.; Li, L., Functional characterization of evolutionarily divergent 4-

coumarate:coenzyme a ligases in rice. Plant Physiol. 2011. 157(2):574-86. 

 

 

6 Hu, W.; Harding, S. A.; Lung, J.; Popko, J. L.; Ralph, J.; Stokke, D. D.; Tsai, C.; Chiang, 

V. L., Repression of lignin biosynthesis promotes cellulose accumulation and growth in 

transgenic trees. Nat. Biotech. 1999, 17:808-812. 

 

 

7 Harakava, R., Genes encoding enzymes of the lignin biosynthesis pathway in Eucalyptus. 

Genetics and Molecular Biology 2005, 28(3):601-607. 

 

 

http://www.ncbi.nlm.nih.gov/pubmed/18722632


 

 
 

62 
 

8 Kakita, S.; Hishiyama, S.; Tomimura, Y.; katayama, Y.; Omori, S., Structural 

characterization of modified lignin in transgenic tobacco plants in which the activity of 4-

coumarate:coenzyme A ligase is depressed. Plant Physiol. 1997,114(3): 871–879. 

 

 

9 Lee, D.; Meyer, K.; Chapple, C.; Douglas, C. J., Antisense suppression of 4-

coumarate:coenzyme A ligase activity in Arabidopsis leads to altered lignin subunit 

composition. Plant Cell 1997, 9(11): 1985–1998. 

 

 

10 Raes J,; Rohde A,; Christensen J. H.; Van de Peer, Y.; Boerjan, W., Genome-wide 

characterization of the lignification toolbox in Arabidopsis. Plant Physiol. 2003. 133: 

1051–1071. 

 

 

11 Saballos, A.; Sattler, SE.; Sanchez, E.; Foster, T.; Xin, Z.; Kang, C.; Pedersen, J.; 

Vermerris, W., Brown midrib2 (Bmr2) encodes the major 4-coumarate:coenzyme A 

ligase involved in lignin biosynthesis in sorghum (Sorghum bicolor (L.) Moench). Plant 

J., 2012, 70(5):818-30.  

 

 

12 Walton, E.; Butt, V.S.; The activation of cinnamate by an enzyme from leaves of spinach 

beet (Beta vulgaris L. ssp. vulgaris). J. Exp. Bot. 1970, 21:887–891. 

 

 

13 Knobloch, K. H.; Hahlbrock, K., Isoenzymes of p-coumarate: CoA ligase from cell 

suspension cultures of Glycine max. Eur. J. Biochem. 1975, 52:311–320. 

 

 

14 Higuchi, T., Biochemistry and Molecular Biology of Wood. Springer-Verlag, New York, 

1997, pp 20–22, 144–181  

 

 

15 Ehlting, J.; Bu¨ ttner, D.; Wang, Q.; Douglas, C.J.; Somssich, I.E.; Kombrink, E., Three 

4-coumarate:coenzyme A ligases in Arabidopsis thaliana represent two evolutionarily 

divergent classes in angiosperms. Plant J. 1999, 19:9–20.  

 

 



 

 
 

63 
 

16 Harding, S.A.; Leshkevich, J.; Chiang, V.L.; Tsai, C.J., Differential substrate inhibition 

couples kinetically distinct 4- coumarate:coenzyme A ligases with spatially distinct 

metabolic roles in quaking aspen. Plant Physiol. 2002, 128:428–438. 

 

 

17  Schallau, K.; Junker, B., Simulating plant metabolic pathways with enzyme-kinetic 

models. Plant Physiology 2010, 152:1763-1771. 

 

 

18 Amthor, J. S., Efficiency of lignin biosynthesis: a quantitative analysis. Ann. Bot. 2003, 

91 (6):673-695. 

 

 

19  Lee, Y.; Zhen, F.; Gallego-Giraldo, L.; Dixon, R. A.; Voit, E. O., Integrative analysis of 

transgenic alfalfa (Medicago sativa L.) suggests new metabolic control mechanisms for 

monolignol biosynthesis. PLoS. Comput. Biol. 2011, 7(5): e1002047. 

 

 

20 Beuerle, T.;  Pichersky, E., Enzymatic synthesis and purification of aromatic coenzyme A 

esters. Analytical Biochemistry 2002, 302:305–312. 

 

 

21 Shuford, C. M.; Li, Q., Sun, Y. H.; Chen, H.; Wang, J.; Shi, R.; Sederoff, R. R.; Chiang, 

V. L.; Muddiman, D. C., Comprehensive quantification of monolignol-pathway enzymes 

in Populus trichocarpa by protein cleavage isotope dilution mass spectrometry. J. 

Proteome Res. 2012.  

 

 

22 Chen, H.; Li, Q.; Shuford, C. M.; Liu, J.; Muddiman, D. C.; Sederoff, R. R.; Chiang, V. 

L., Membrane protein complexes catalyze both 4- and 3-hydroxylation of cinnamic acid 

derivatives in monolignol biosynthesis. Proc. Natl. Acad. Sci. 2011, 108 (52) 21253-

21258. 

 

 

23 Liu, J.; Shi, R.; Li, Q.; Sederoff, R. R.; Vincent, V. L., A standard reaction condition and 

a single HPLC separation system are sufficient for estimation of monolignol biosynthetic 

pathway enzyme activities. Planta 2012.  

 

 



 

 
 

64 
 

24 Yoo S. D.; Cho, Y. H.; Sheen, J., Arabidopsis mesophyll protoplasts: A versatile cell 

system for transient gene expression analysis. Nat. Protoc. 2007, 2:1565-1572 

 

 

25 Prabakaran, S.; Everley, R. A.; Landrieu, I.; Wieruszeski, J. M.; Lippens, G.; Steen, H.; 

Gunawardena, J,. Comparative analysis of Erk phosphorylation suggests a mixed strategy 

for measuring phospho-form distributions. Mol. Syst. Biol. 2011,7:482. 

 

 

26  Miller, R. T.; Phospho-specific antibodies: more valuable than originally thought. Am. J. 

Physiol. Rena.l Physiol. 2005, 289: F247–F248. 

 

 

27 Hu, Y.; Gai, Y.; Yin, L.; Wang, X.; Feng, C.; Feng, L.; Li, D.; Jiang, XN.; Wang, D. C., 

Crystal structures of a Populus tomentosa 4-coumarate:coA ligase shed light on its 

enzymatic mechanisms. Plant Cell 2010, 22(9):3093-3104. 

 

 

28 Gross, G. G.; Zenk, M. H., Isolation and properties of hydroxycinnamate: coA ligase 

from lignifying tissue of Forsythia. Eur. J. Biochem. 1974, 42:453-459. 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Prabakaran%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21487401
http://www.ncbi.nlm.nih.gov/pubmed?term=Everley%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=21487401
http://www.ncbi.nlm.nih.gov/pubmed?term=Landrieu%20I%5BAuthor%5D&cauthor=true&cauthor_uid=21487401
http://www.ncbi.nlm.nih.gov/pubmed?term=Wieruszeski%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=21487401
http://www.ncbi.nlm.nih.gov/pubmed?term=Lippens%20G%5BAuthor%5D&cauthor=true&cauthor_uid=21487401
http://www.ncbi.nlm.nih.gov/pubmed?term=Steen%20H%5BAuthor%5D&cauthor=true&cauthor_uid=21487401
http://www.ncbi.nlm.nih.gov/pubmed?term=Gunawardena%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21487401
http://www.ncbi.nlm.nih.gov/pubmed/21487401
http://www.ncbi.nlm.nih.gov/pubmed?term=Hu%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=20841425
http://www.ncbi.nlm.nih.gov/pubmed?term=Gai%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=20841425
http://www.ncbi.nlm.nih.gov/pubmed?term=Yin%20L%5BAuthor%5D&cauthor=true&cauthor_uid=20841425
http://www.ncbi.nlm.nih.gov/pubmed?term=Wang%20X%5BAuthor%5D&cauthor=true&cauthor_uid=20841425
http://www.ncbi.nlm.nih.gov/pubmed?term=Feng%20C%5BAuthor%5D&cauthor=true&cauthor_uid=20841425
http://www.ncbi.nlm.nih.gov/pubmed?term=Feng%20L%5BAuthor%5D&cauthor=true&cauthor_uid=20841425
http://www.ncbi.nlm.nih.gov/pubmed?term=Li%20D%5BAuthor%5D&cauthor=true&cauthor_uid=20841425
http://www.ncbi.nlm.nih.gov/pubmed?term=Jiang%20XN%5BAuthor%5D&cauthor=true&cauthor_uid=20841425
http://www.ncbi.nlm.nih.gov/pubmed?term=Wang%20DC%5BAuthor%5D&cauthor=true&cauthor_uid=20841425
http://www.ncbi.nlm.nih.gov/pubmed/20841425


 

 
 

65 
 

CHAPTER 3 

Membrane Protein Complexes Catalyze both 4- and 

3-Hydroxylation of Cinnamic Acid Derivatives in 

Monolignol Biosynthesis 

 

 

3.1 Introduction 

Lignin is a phenolic polymer made by vascular plants to support secondary cell walls 

and to create a hydrophobic surface for water transport.
1
 Lignin also forms a physical barrier 

to restrict pathogens and resists microbial decomposition in wood.
1
 Lignin is typically 

polymerized from three phenylpropanoid monomers, 4-coumaryl, coniferyl and sinapyl 

alcohols, also known as the H, G and S monolignols, respectively.
2
 The conversion of plant 

biomass into fermentable sugars or pulp and paper is largely determined by the structure, 

quantity and monomer composition of lignin.
3, 4

   

Monolignol biosynthesis in angiosperms is mediated by ten enzyme families through 

a metabolic grid.
5, 6

 Three types of cytochrome P450 monooxygenases establish key 

structural characteristics of monolignols (Fig. 1).
5
 Cinnamic acid 4-hydroxylase (C4H; 

CYP73A) catalyzes aromatic ring-4 hydroxylation of cinnamic acid into 4-coumaric acid,
7
 

the most direct precursor for H monolignols. 4-Coumaric acid 3-hydroxylase (also called 4-
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coumaroyl ester 3-hydroxylase) (C3H; CYP98A)
8
 hydroxylates 4-coumaroyl ester 

derivatives at the ring- 3 position, leading to coniferaldehyde and G monolignols. 

Coniferaldehyde 5-hydroxylase (CAld5H; CYP84A),
 9

 then hydroxylates coniferyl aldehyde 

at the ring-5 carbon
9,10 

to yield S monolignols (Fig. 3.1). 

In spite of extensive studies over many decades, our understanding of the regulation 

of the monolignol biosynthetic pathway at the transcript, protein and metabolite levels 

remains incomplete. Genome sequence information now allows us to investigate this 

regulation in greater detail. Full transcriptome analysis suggests involvement of multiple 

protein members of several families in monolignol biosynthesis.
6,11,12

 For example, in 

Populus trichocarpa two C4H genes, PtrC4H1 (locus ID POPTR_0013s15380) and 

PtrC4H2 (POPTR_0019s15110), sharing 85.9% and 96.6% DNA and protein sequence 

identities, are expressed specifically and abundantly during lignification in stem 

differentiating xylem (SDX).
6
 PtrC4H1 and PtrC4H2 are paralogs (not alleles) because they 

are located on linkage groups 13 and 19, respectively, in the genome.
6
 The specific 

biochemical or regulatory roles of each C4H and of each of the members of several other 

protein families in monolignol biosynthesis are unknown. Knowledge of such roles is central 

to a comprehensive understanding of the organization and regulation of the entire lignin 

biosynthetic pathway. 

The aromatic ring-3 hydroxylation was long thought to occur at 4-coumaric acid to 

yield caffeic acid (Fig. 1).
5
 Biochemical evidence indicates that 3-hydroxylation can take 

place at 4-coumaroyl shikimic acid (Fig. 3.1). Arabidopsis thaliana C3H recombinant protein 
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produced in yeast (Saccharomyces cerevisiae) converts 4-coumaroyl shikimic acid into 

caffeoyl shikimic acid very efficiently (kcat = ~600 min
-1

).
8
 However, the yeast recombinant 

protein from P. trichocarpa C3H3 (PtrC3H3), the apparent ortholog of the A. thaliana C3H, 

has essentially no activity with p-coumaroyl shikimic acid. 

 

 

 

Figure 3. 1 Proposed partial monolignol biosynthesis pathway. The 4- and 3- hydroxylation steps are 

highlighted, and the dotted lines indicate multiple intermediate steps in the biosynthesis. 

 

Genetic evidence appears to support 3-hydroxylation at the 4-coumaroyl ester level. 

A.thaliana mutants in the C3H gene or transgenic co-suppression of this gene in A. 

thaliana,
13 

alfalfa (Medicago sativa)
14

 and hybrid poplar (Populus grandidentata x alba)
15
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resulted in lignin enriched with H monomers. However, no accumulation of the C3H 

substrate, 4-coumaroyl shikimic acid, was detected in the A. thaliana C3H-knockout mutant 

(cyp98A3),
13

 apparently inconsistent with a 3-hydroxylation path at the 4-coumaroyl ester 

level. Clearly, our knowledge of the 3-hydroxylation pathway is incomplete and many 

aspects of P450 monolignol hydroxylation need to be further explored. 

The components of a P450 system are anchored in microsomal membranes, where the 

monooxygenase interacts with its redox partner, NADPH cytochrome P450 reductase (CPR), 

for substrate oxygenation to yield a hydroxylated product.
16

 In mammals, there is only one 

CPR species and P450s form multiprotein complexes to interact with CPR.
17-20

 Similarly, 

CPR may be a limiting factor for plant P450 reactions.
21

 C4H and C3H could interact to 

share CPR for two consecutive hydroxylation reactions, and the interaction could be a central 

regulatory step for hydroxylation specificity that cannot be detected by studying single 

enzymes. 

In this paper, we describe the specific hydroxylation functions of C4H1, C4H2, and 

C3H3 and the discovery of their protein complexes for monolignol biosynthesis in P. 

trichocarpa. We cloned the tree hydroxylase genes from cDNA of P. trichocarpa SDX tissue, 

and using yeast WAT11 strain to conduct the protein expression of the hydroxylase enzymes. 

We conducted enzyme kinetic analysis to reveal novel complex-enhanced activity and 

regulation of 4- and 3-hydroxylations. We used reciprocal co-immunoprecipitation, affinity 

purification-quantitative mass spectrometry (MS), chemical crosslinking and bimolecular 
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fluorescence complementation (BiFC),
22

 to verify the physical interactions of proteins and 

their presence in the endoplasmic reticulum (ER) of P. trichocarpa SDX. 
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3.2  Materials and Methods 

 

3.2.1 Plant Materials 

Populus trichocarpa genotype Nisqually-1 is the species used for all experiments. 

Stem differentiating xylem (SDX) was collected from 1-year-old clonal propagules of 

Nisqually-1 maintained in a greenhouse, as previously described,
1
 and used immediately for 

protein, DNA and RNA isolation and for generating protoplasts. 

 

3.2.2 Organic and Biochemical Synthesis of Enzyme Reaction Substrates 

[
13

C3]-Malonic acid and 4-[U-ring-
13

C6]hydroxybenzaldehyde were purchased from 

Cambridge Isotope Laboratories, and all other chemicals from Sigma-Aldrich. The purity and 

identity of all synthesized products were confirmed by tandem MS. Product ion spectra were 

acquired directly for the [M+H+]1+ molecular ion of each compound on a TSQ Quantum 

triple quadrupole mass spectrometer (Thermo Scientific) at a collision energy of 10 eV and 

1.5 mtorr of argon. [β,γ-
13

C2]Cinnamic acid ([
13

C2]Cinnamic acid) and p-[U-ring-
13

C6, β,γ-

13
C2]coumaric acid (p-[

13
C8]coumaric acid) were synthesized by condensing [

13
C3]-malonic 

acid with the corresponding aldehyde (2). Briefly, 75 mg of [
13

C3]-malonic acid were mixed 

with 50 mg of benzaldehyde or 4-[U-ring- 
13

C6]hydroxybenzaldehyde in 1 mL pyridine and 5 

μL piperidine, to react for one week at room temperature. The mixture was then acidified 

with HCl, extracted with ethyl acetate, and purified over a silica column, yielding 63 mg 
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[
13

C2]cinnamic acid (90% yield) and 58 mg 4- [
13

C8]coumaric acid (85% yield). 

[
13

C2]Cinnamic acid: MS m/z (%) 151 ([M+H+]+, 24.0), 133 (100), 104 (7.0), 77 (1.0). 

[
13

C8]-p-coumaric acid: MS m/z (%) 173 ([M+H+]+, 37.0), 155 (100), 126 (2.0), 97 (1.0). 

Purified P. trichocarpa 4-coumarate:CoA ligase-3 (Ptr4CL3)
39

 recombinant protein from E. 

coli was used to biochemically synthesize 4-coumaroyl-CoA and caffeoyl-CoA. Six 

milligrams of 4-coumaric or caffeic acids, 4 mg CoA, and 14 mg ATP were incubated with 

0.3 mg purified Ptr4CL3 in a total volume of 40 mL of 50 mM Tris-HCl buffer (pH 7.5) 

containing 2.5 mM MgCl2 for 60 min at 37 °C. The reaction was terminated by addition of 

1.6 g ammonium acetate, and the reaction product was purified using a CHROMABOND 

C18 solid phase extraction cartridge (Macherey-Nagel), affording 1.7 mg 4-coumaroyl-CoA 

(20% yield) and 2.3 mg caffeoyl-CoA (50% yield). 4-Coumaroyl-CoA: MS m/z (%), 914 

([M+H+]+, 100), 768 (2.0), 505 (4.0), 428 (9.0), 407 (29.0), 261 (1.0). Caffeoyl-CoA: MS 

m/z (%), 930 ([M+H+]+, 100), 768 (5.0), 521 (2.0), 428 (23.0), 423 (14.0), 261 (2.0). E. coli 

produced and purified P. trichocarpa hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyl 

transferase-6 (PtrHCT6)
39 

recombinant protein was used to synthesize 4-coumaroyl shikimic 

and caffeoyl shikimic acids. 

Six milligrams of 4-coumaroyl-CoA or caffeoyl-CoA combined with 2 mg shikimic 

acid were incubated with 29 mg PtrHCT6 in a volume of 20 mL of potassium phosphate 

buffer (pH 7) for 20 min at 30 °C, followed by ethyl acetate extraction (3×, 20 mL each). The 

organic layer was then dried over Na2SO4 and evaporated to give 1.5 mg 4-coumaroyl 

shikimic acid (65% yield) or 1.2 mg caffeoyl shikimic acid (54% yield). 4-Coumaroyl 
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shikimic acid: MS m/z (%), 321 ([M+H+]+, 25.0), 303 (4.0), 165 (7.0), 147 (100), 139 (1.0), 

119 (3.0). Caffeoyl shikimic acid: MS m/z (%), 337 ([M+H+]+, 20.0), 319 (3.0), 181 (3.0), 

163 (100), 145 (3.0), 135 (1.0). 

 

3.2.3 4- and 3-Hydroxylation Activity Assays for P. trichocarpa SDX proteins.  

Three grams of SDX tissue were grounded in liquid nitrogen, and cells were disrupted 

in 15 mL extraction buffer[50 mM Bis-Tris (pH 7.0), 20 mM sodium ascorbate, 0.4 M 

sucrose, 100 mM NaCl, 5 mM DTT,10% (w/w) polyvinylpolypyrrolidone, 1 mM PMSF, 1 

mg/ml pepstatin A, 1 mg/ml leupeptin],using a homogenizer for 2 min on ice. After removal 

of cell debris (2× at 3,000 x g, 4 °C, 15 min each), the protein concentration of the crude 

extract was determined by the Bradford assay (Bio-Rad) and the extract was used for enzyme 

activity assays immediately. The SDX crude protein extract, containing 10 μg of total 

proteins, was mixed with the assay solution to a final volume of 100 μL [50 mM Bis-Tris 

buffer (pH 7.0), 1mM NADPH, 10 mM glucose-6-phosphate, 0.7 units glucose-6-phosphate 

dehydrogenase]. The mixture was held at 20 °C for 3 min, followed by the addition of the 

substrate (cinnamic, 4-coumaric, 4-coumaroyl shikimic, 4-[
13

C8]coumaric,[
13

C2]cinnamic 

acids, 4-coumaroyl aldehyde or 4-coumaroyl alcohol, for a final concentration of 100 μM) to 

initiate the enzymatic reaction at 20 °C. The reaction was terminated by the addition of 3 μL 

of 3M trichloroacetic acid (TCA), and the reaction mixture was added with 10 μL of 50μM 

2-hydroxycinnamic acid as the internal standard, and extracted with ethyl acetate and dried 

for LC quantification. Reactions with natural substrates were monitored using an HP 1200 
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diode array detector (Agilent) and quantified based on authentic compounds. The column and 

separation conditions are the same as those used for enzyme reaction kinetic studies 

described below. Monitoring and quantifying reactions using stable isotope labeled substrates 

is described next. 

 

3.2.4 Recombinant Plasmid Construction 

The coding regions of PtrC4H1, PtrC4H2, and PtrC3H3 were PCR amplified from P. 

trichocarpa SDX cDNAs using specific primers (see detailed descriptions below) and cloned 

into pGEM-T Easy Vectors (Promega) for sequencing to verify the correctness of the ORF. 

PfuUltra High-fidelity DNA polymerase (Stratagene) was used in all amplifications.  

 

3.2.4.1 For GFP-based Subcellular Localization of Proteins 

Using a set of primers,sGFP-F and sGFP-R (Table S2), PCR cloned the sGFP(S65T) 

gene from 35SC4PPDKsGFP(S65T)
40 

into pBI121 to replace GUS to create the 35S-sGFP-

NosT cassette, which was  then excised and cloned into pUC19 to yield an intermediate 

plasmid pUC19-35S-sGFP. Three primer sets, C4H1-F1/C4H1-R1, C4H2-F1/C4H2-R1, 

C3H3-F1/C3H3-R1 (Table 3.1), were used to amplify the coding regions of PtrC4H1, 

PtrC4H2, and PtrC3H3, respectively. PtrC4H1, PtrC4H2, and PtrC3H3 coding sequences 

were excised from the pGEM-T Easy Vectors with XbaI/SalI, BamHI/SalI and XbaI/SalI, 

respectively, and cloned into pUC19-35S-sGFP, giving pUC19-35S-PtrC4H1:sGFP, pUC19-

35S-PtrC4H2:sGFP and pUC19-35S-PtrC3H3:sGFP, respectively, for the transient 



 

 
 

74 
 

production of the hydroxylase:sGFP fusion proteins in P. trichocarpa SDX protoplasts. In all 

these re-engineered pUC19 plasmids, the sGFP sequence were fused at the C-terminus of the 

hydroxylase coding sequence.  

 

3.2.4.2 For Producing Recombinant Proteins in Yeast (Saccharomyces cerevisiae) 

Two oligonucleotides (pYeDP60-MF and pYeDP60-MR, Table S2) containing 

BamHI/NotI/SalI/EcoRI restriction sites were synthesized (Eurofins MWG Operon), 

annealed, digested with BamHI and EcoRI, and cloned into the yeast expression vector 

pYeDP60,
41

 resulting in pYeDP60M. PtrC4H1, PtrC4H2, and PtrC3H3 coding sequences, 

which were amplified using the primer sets C4H1-F2/C4H1-R2, C4H1-F2/C4H2-R2, and 

C3H3-F2/C3H3-R2 (Table 3.1), respectively (Note: C4H1-F2 was used as the forward 

primer for cloning both PtrC4H1 and PtrC4H2). After sequence confirmation, the coding 

sequences of PtrC4H1, PtrC4H2, and PtrC3H3 were excised from their pGEM-T Easy 

Vectors with NotI/SalI, and inserted into the NotI/SalI site of the pYeDP60M vector, 

yielding constructs pYeDP60M-PtrC4H1, pYeDP60M-PtrC4H2, and pYeDP60M-PtrC3H3, 

respectively, for expressing individual recombinant hydroxylases in yeast strain WAT11.
42

 

The expression is controlled by a galactose-inducible and glucose-repressed promoter, 

GAL10-CYC1P, and a terminator, CPR1T (4). To co-express PtrC4H1 and PtrC4H2, the 

GAL10-CYC1P-PtrC4H2- CPR1T fragment in pYeDP60M-PtrC4H2 was amplified using 

the primer set of GCPC-F and GCPC-R (Table S2), and inserted at NcoI site in pYeDP60M-

PtrC4H1 to generate pYeDP60M- (PtrC4H1+PtrC4H2). To co-express PtrC4H2 and 
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PtrC3H3 or PtrC4H1 and PtrC3H3, GAL10- CYC1P-PtrC3H3-CPR1T was amplified (using 

GCPC-F and GCPC-R) from YeDP60MPtrC3H3, cloned into pYeDP60M-PtrC4H1 or 

pYeDP60M-PtrC4H2 to generate pYeDP60M-(PtrC4H1+PtrC3H3) or pYeDP60M-

(PtrC4H2+PtrC3H3). To co-express all three target genes PtrC4H1, PtrC4H2 and PtrC3H3, 

we used two plasmids. One is a modified pGBKT7 (Clontech), which has a TRP1 nutritional 

marker for selection. A 229 bp PvuI/PstI fragment was excised from the original pGEM-T 

Easy Vector to replace the PADH1-GAL4 DNA-BD-PT7p fragment in pGBKT7, to which 

the GAL10-CYC1P-PtrC4H2-CPR1T fragment from pYeDP60M-PtrC4H2 was inserted at 

the NcoI site, resulting in pGBKT7-PtrC4H2. pGBKT7-PtrC4H2 and pYeDP60M-

(PtrC4H1+PtrC3H3) described above, were transferred into yeast strain WAT11 for 

expression. In all these constructs, the expression of each target hydroxylase gene was 

controlled by its own promoter, GAL10-CYC1P, and terminator, CPR1T.  

 

3.2.4.3 For Co-Immunoprecipitation 

PtrC4H1 and PtrC3H3 coding sequences were amplified from SDX cDNAs using 

primer sets C4H1-F3/C4H1-R3 and C3H3-F3/C3H3-R3, respectively, with the inclusion of a 

6xHis-tag coding sequence in each of the reverse primers (Table 3.1). The PCR products, 

PtrC4H1His and PtrC3H3His, were cloned into pGEM-T Easy Vectors for sequence 

confirmation, excised and inserted into pYeDP60M vector, yielding constructs pYeDP60M-

PtrC4H1His and pYeDP60MPtrC3H3His, respectively, for expressing individual His-tagged 

hydroxylases in yeast WAT11. To co-express PtrC4H1His and PtrC3H3 or PtrC4H1 and 



 

 
 

76 
 

PtrC3H3His, the same plasmid preparation strategies for co-expressing two genes described 

above were used to construct pYeDP60M-(PtrC4H1His+PtrC3H3) or pYeDP60M-

(PtrC4H1+PtrC3H3His).  

 

3.2.4.4 For BiFC 

PtrC4H1 and PtrC3H3 coding sequences, were excised from their cognate pGEM-T 

Easy Vectors with XbaI/SalI and cloned into the plant expression vector pSPYCE-35S,
46

 

yielding 35S-PtrC4H1:YFPC (YFPC: aa 1-155) and 35S-PtrC3H3:YFPC constructs. 

Similarly, PtrC4H1 and PtrC4H2 coding sequences from their pGEM-T Easy Vectors were 

cloned into pSPYNE-35S at XbaI/SalI and BamHI/SalI, respectively, giving 35S-

PtrC4H1:YFPN (YFPN: aa 156-239) and 35S-PtrC4H2:YFPN constructs. In all constructs, 

the YFP fragment sequence was fused at the C terminus of the hydroxylase coding sequence. 
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Table 3. 1 Primers in recombinant plasmid construction 

 

 

3.2.5 Yeast Culture, Recombinant Hydroxylase Production, and Enzyme Reaction Kinetics 

Single or double plasmids were transformed by LiAc method
47

 into yeast strain 

WAT11
43

. Yeast cell culturing and microsome isolation were carried out as described by 

Pompon et al.
42 

For yeast co-transformed with double plasmids, pGBKT7-PtrC4H2 and 

pYeDP60M- (PtrC4H1+PtrC3H3), tryptophan was omitted in the culture media for positive 

transformation selection. Microsomal proteins, quantified by the Bradford assay (Bio-Rad), 

were used for enzyme kinetic studies. Using microsomes expressing individual target 

hydroxylases, we estimated the optimal temperature (20 °C) and pH (7.0) for hydroxylase 

activities. Other reaction parameters were also the same as those described above for the 

SDX protein activity assays. However, for kinetic studies, 1.0 mM of cobalt (II) chloride was 

added as a co-factor of the hydroxylase reaction, and 5 to 500 μM of the substrate and 3 to 
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300 μg recombinant microsomal proteins were used to determine the Km and Vmax values. 

After the reaction was terminated, the reaction mixture was centrifuged at 16,000 x g for 20 

min. Forty microliters of supernatant was directly loaded onto a 4.6 x 150 mm Zorbax SB-C3 

column (Agilent) at 1.5 mL/min for 2 min at 10% acetonitrile, and the gradient was ramped 

to 40% acetonitrile over 4 min and remained at 40% acetonitrile for 3 min. All mobile phases 

contained 10 mM formic acid. Both product and substrate were detected by an HP 1200 

diode array detector (Agilent) and quantified based on authentic compounds. 4-Coumaric 

acid: retention time (Rt) 6.39 min/UV max 310 nm; cinnamic acid: Rt 7.89 min/UV max 280 

nm; 4-coumaric shikimic acid: Rt 6.41 min/UV max 310 nm; caffeic acid: Rt 5.48 min/UV 

max 325 nm; and caffeoyl shikimic acid: Rt 5.85 min/UV max 325 nm. 

 

3.2.6 Anti-Ptr4CH1, -PtrC4H2, and -PtrC3H3 Antibodies  

 Protein-specific peptide sequences, FVDERKKLASTKNMNNE and VEERKKLGS-

TKSMSNE, were selected from the predicted amino acid sequences of Ptr4CH1, and 

PtrC4H2, respectively, synthesized, conjugated to carrier protein Keyhole limpet hemocyanin 

(KLH), and used as antigenic epitopes to raise polyclonal antibodies in rabbits (Antagene). A 

partial recombinant PtrC3H3 protein produced in E. coli was used to raise the antibody. A 

cDNA fragment of PtrC3H3 encoding 159 amino acids was amplified with primers C3HAb-

F and C3HAb-R (Table 3.1), cloned into the pET101 Vector (Invitrogen) and transferred and 

expressed in E. coli BL21 (DE3) (Invitrogen). The partial recombinant PtrC3H3 protein was 
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purified (ProBond Purification System, Invitrogen), and used to immunize rabbits (Antagen) 

for polyclonal antibody production. 

 

3.2.7 Co-immunoprecipitation Assays of Yeast Recombinant Proteins  

Fifty milliliters of yeast cells expressing target hydroxylase genes pYeDP60M-

(PtrC4H1His+PtrC3H3), pYeDP60MPtrC4H1His, or pYeDP60M-PtrC3H3 were harvested 

and treated with 40 units Zymolyase (Sigma) in a buffer solution [10mM Tris-Base pH=7.5, 

1.2M sorbitol] to degrade the cell walls. Spheroplasts were incubated in 10 mL lysis solution 

[10 mM HEPES, pH 7.6, 1% Triton X-100, 150 mM NaCl, 5 mM MgCl2, 1mM PMSF,  1 

μg/mL leupeptin, and 1 μg/mL pepstatin] for 1 h at 4 °C with gentle shaking. Cell debris was 

removed by centrifugation at 10,000 x g for 5 min and the supernatant was held with 10 μL 

monoclonal anti-His antibodies (Invitrogen) at 4 °C overnight with shaking, followed by the 

addition of 40 μL Dynabeads protein G (Invitrogen) and held at 4 °C for an additional 4 hr. 

Beads were washed 3 times with the lysis solution (1 mL each time), and 60 μL 2× SDS 

protein gel-running buffer were then used to elute proteins. Twenty microliters of eluted 

protein solution were run on an SDS-PAGE gel, transferred to a PVDF membrane (Millipore) 

and probed with anti-PtrC3H3 antibodies using anti-rabbit IgG-HPR as the secondary 

antibody and SuperSignal West Pico chemiluminescent substrate (Thermo Scientific) for 

signal detection. 
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3.2.8 P. trichocarpa SDX Protoplast Preparation and Transfection for Subcellular Protein 

Localization and BiFC Analysis, and Fluorescent Protein Imaging 

Preparation and PEG transfection of protoplasts were carried out as described by Yoo 

et al.
46

 with modifications. After peeling off the bark, a P. trichocarpa stem segment (~10 cm 

long) was immediately immersed in 40 mL freshly prepared enzyme solution [20 mM MES 

(pH5.7), 0.5 M mannitol, 20mM KCl, 1.5 % (w/v) cellulase R-10 (Yakult), 0.4% 

Macerozyme R-10 (Yakult), 10 mM CaCl2, and 0.1% (v/v) BSA] under vacuum in the dark 

for 30 min. After releasing the vacuum, the stem was incubated in the same enzyme solution 

for an additional 2 hr in the dark, without shaking. After gentle swirling for 1 min, the 

enzyme solution was filtered through a 75-μm nylon membrane. The filtrate, containing the 

protoplasts, was added to 30 mL W5 solution,
 46

 and the protoplasts were collected by 

centrifugation at 200 x g for 3 min, re-suspended in 5 mL W5 solution, followed by chilling 

on ice for 30 min to precipitate the protoplasts, which, after removal of the supernatant, were 

re-suspended in 3 mL MMG solution.
46

 After counting the protoplast cells with a 

hemocytometer, MMG solution was added to adjust the cell concentration to 2 x 10
5
 

cells/mL. Plasmid DNA constructed for subcellular localization or BiFC analysis was 

prepared using the CsCl method.
47

 One hundred microliter plasmid DNA (100 μg), 1 mL 

protoplasts (2 x 10
5
 cells), and 1.1 mL freshly prepared PEG solution 

46 
were mixed in a 15-

mL centrifuge tube, and held at room temperature for 10 min, followed by the addition of 5 

mL W5 solution to stop the transfection. Transfected protoplasts were collected by 

centrifugation at 200 x g for 3 min, resuspended in 10 mL freshly prepared solution [4 mM 
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MES, pH5.7, 0.5 M mannitol, 20 mM KCl], and the protoplast solution was transferred into a 

Petri dish (100 x 15 mm
2
) coated with 5% fetal bovine serum, and held at room temperature 

in the dark. Twelve to sixteen hr after introduction of the expression gene constructs by PEG 

transfection for protein subcellular localization or for BiFC, GFP, YFP and mCherry
48

 fusion 

protein fluorescence images were recorded with a confocal laser scanning microscope LSM 5 

PASCAL (Carl Zeiss). 

 

3.2.9 Fusion-Tagged Affinity Purification, Quantitative Mass Spectrometry, Proteomic 

Data Processing and Spectral Counting 

Yeast microsomes (400 μL) from cells expressing pYeDP60M-

(PtrC4H1+PtrC3H3His) or pYeDP60M-(PtrC4H1+PtrC3H3) (control), were diluted with 

PBS to a final volume of 2 mL containing 1% Triton X-100, cooled to 4 °C, and held with 60 

μL MagneHis Ni-Particles (Promega) for 1 hr with shaking. The Ni-beads were washed (3×) 

with 2 mL 30 mM imidazole buffer, and the bound proteins were eluted with 1 mL 250 mM 

imidazole buffer and were concentrated and washed (3×) in 100 mM Tris-HCl in a 30 kDa 

MWCO-filter (Millipore). Subsequently, the total protein concentration of each sample was 

measured using a Coomassie Plus Bradford Assay (Pierce Biotechnology) and then proteins 

were digested using a modified Filter Aided Sample Preparation scheme (11). Briefly, 100 μg 

total protein was denatured in 8 M urea containing 100 mM dithiothreitol (30 min, 56 ºC), 

alkylated in 8 M urea containing 50 mM iodoacetamide (20 min, room temperature), and 

then digested with 2 mg of bovine trypsin (16 hr, 37 ºC) in 100 mM Tris-HCl (pH 8.0) 
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containing 2 M urea and 10 mM CaCl2. The tryptic peptides were eluted from the 30 kDa 

MWCO-filter unit, acidified (5% formic acid), quantified using NanoDrop 2000c (Thermo 

Scientific) and diluted to a final concentration of 50 ng/µL for nanoLC-MS-MS/MS analysis. 

Each digest was analyzed in triplicate using an LTQ-FT Ultra mass spectrometer (Thermo 

Scientific). Online desalting and reversed phase (vented column) chromatography
50 

was 

performed with a Nano2D-LC system equipped with an AS1 autosampler (Eksigent). Mobile 

phases A and B were 98/2/0.2 and 2/98/0.2 (water/acetonitrile/formic acid), respectively, and 

the trap and analytical columns were packed in-house with Magic C18AQ (5 mm, 200 Å) 

stationary phase (Michrom). For each run 10 mL (500 ng) of sample was aspirated and 

injected onto a 3 cm x 100 mm trap/desalting column. After desalting, the 350 nL/min 

gradient was directed across the trap and onto the 15 cm x 75 mm analytical column. The 

peptides were eluted during the 90 min run using a 55 min gradient ramp from 2% to 40% 

mobile phase B. The LTQ-FT Ultra was operated as previously optimized for the LTQ-

Orbitrap,
51

 with the exception that the precursor mass spectra were acquired at a resolving 

power of 100,000 FWHM. 

The LC-MS/MS data were processed using Mascot Daemon (Matrix Science) to 

create search result files for uploading into ProteoIQ 2.1.11 (BioInquire) to estimate protein 

falsediscovery rates (FDR). All data was searched against the NCBI S. cerevisiae (strain 

YJM789) database, which was modified to include PtrC3H3His and PtrC4H1 protein 

sequences. The database also contained a concatenated reverse database for estimating the 

FDR within ProteoIQ. Within Mascot Daemon, trypsin was selected as the enzyme and two 
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missed cleavages were allowed per peptide. Carbamidomethyl groups were selected as a 

fixed modification on all cysteine residues, while variable modifications in all samples 

included methionine oxidation and deamination of asparagine and glutamine residues. Other 

Mascot search parameters included a 5 ppm peptide tolerance and a 0.6 Da MS/MS tolerance. 

In ProteoIQ, final protein identifications were made using a maximum protein FDR of 1%. 

Relative protein concentrations between the control (PtrC4H1+PtrC3H3) and experimental 

(PtrC4H1+PtrC3H3His) samples were determined using the average normalized spectral 

count across all biological (3 each for the control and the experimental samples) and 

technical replicates (3/sample). Spectral counts for each biological and technical replicate 

were normalized within a sample type (control or experimental) to the replicate having the 

greatest number of total spectral counts.
52-54

 Normalization was then performed between 

sample types, using the replicate with the greatest number of total spectral counts.
52, 54

 Only 

proteins with an average of 5 or more total spectral counts
55,56

 across the 6 biological samples 

were quantified. 

 

3.2.10 Chemical Crosslinking of SDX Proteins 

SDX total proteins were isolated following the procedure used for protein isolation 

for enzyme assay, except that 50 mM sodium phosphate (pH 7.0) buffer instead of Bis-Tris 

was used. To the SDX total protein extract (1 mL), dithiobis[succinimidyl propionate] 

(DSP)
57

 (Thermo Scientific) was added to a final concentration of 2 mM for the crosslinking 

reaction (on ice), which was stopped after 2 hr by adding Tris-HCl pH 7.5 with a final 
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concentration of 50 mM. The DSP treated SDX protein extract was first incubated with 2x 

SDS buffer [4% SDS, 62.5mM Tris-HCl (pH 6.8), 20% glycerol, and 0.01% bromophenol 

blue] at 37 °C for 30 min, then separated by SDS-PAGE and analyzed on Western blots 

using anti-C4H1, -C4H2 or -C3H3 antibodies as described above. 

 

3.2.11 Co-immunoprecipitation Assays of P. trichocarpa SDX proteins 

The SDX crude protein extract obtained as described above for enzyme activity 

assays was used for coimmunoprecipitation (or reciprocal co-immunoprecipitation). To 1.5 

mL of SDX crude protein extracts, Triton X-100 was added to a final concentration of 1%, 

and the mixture was chilled for 1 hr at 4 °C with gentle shaking, then held at 4 °C overnight 

with 40 μL primary antibodies (anti-PtrC4H1, -PtrC4H2 or -PtrC3H3 antibodies) with 

shaking. The subsequent coimmunoprecipitation with 30 μL Dynabeads protein G 

(Invitrogen), elution, SDS-PAGE gel separation and Western blot analysis using anti-C4H1, -

C4H2 or -C3H3 antibodies were performed as described above. 
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3.3  Results 

 

3.3.1 Xylem Proteins Mediate 4-Hydroxylation of Cinnamic Acid and 3-Hydroxylation of 

Both 4-Coumaric and 4-Coumaroyl Shikimic Acids 

To investigate 4- and 3-hydroxylation pathways in monolignol biosynthesis of P. 

trichocarpa, we first characterized SDX total protein extracts for these hydroxylation 

reactions using several cinnamic acid derivatives as substrates. Cinnamic acid was rapidly 

converted into 4-coumaric acid together with a lag phase for the production of caffeic acid 

(Fig. 3.2a), suggesting that cinnamic acid is first 4-hydroxylated into pcoumaric acid, which 

is then 3-hydroxylated into caffeic acid (Fig. 3.1). Both products accumulated over a reaction 

period of 12 hr (Fig. 3.3). The product identity was corroborated by LC-MS/MS using 

selected reaction monitoring (Table 3.2). These results support the presence of the 4- and 3-

hydroxylation reactions in the plant. We also detected endogenous cinnamic, 4-coumaric, and 

caffeic acids in the SDX extract (Fig. 3.3). To further verify the specificity of these 

hydroxylation reactions, we used stable-isotope-labeled substrates and validated the reactions 

using LC-SRM. 4-[
13

C8]Coumaric acid (4-[U-ring-
13

C6, β,γ-
13

C2]coumaric acid) was 

effectively 3-hydroxylated into [
13

C8]caffeic acid ([U-ring-
13

C6, β,γ- 
13

C2]caffeic acid) by 

SDX total proteins (Fig. S2). When incubated with the same protein extracts, [β,γ-

13
C2]cinnamic acid was converted into 4-[β,γ-

13
C2]coumaric and [β,γ-

13
C2]caffeic acid (Fig. 

3.2b and c). The conversion was authenticated based on the SRM detection of multiple 
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product ions specific to the [β,γ-
13

C2]-labeled enzyme reaction products (Fig. 3.2c and Table 

3.2). These [β,γ-
13

C2]-labeled species co-eluted with endogenous/natural species (Fig. 3.3). 

Together these plant protein reactions and the presence of endogenous cinnamic acid 

derivatives demonstrate a hydroxylation pathway from cinnamic acid to caffeic acid through 

4-coumaric acid. 

 

 

Figure 3. 2. P. trichocarpa SDX total protein extracts mediate two hydroxylation pathways. (a) Time course of 

the accumulation of 4-coumaric and caffeic acids from SDX total proteins mediated conversion of cinnamic 

acid. Products were verified and quantified by LC-UV based on authentic compounds. Each data point is the 

mean ± SE (n = 3). (b and c) SDX total proteins mediate hydroxylation of [β,γ-
13

C2]cinnamic acid into 4-[β,γ-
13

C2]coumaric and [β,γ-
13

C2]caffeic acids. The heavy atoms, side-chain Cβ and Cγ, are indicated. (b). LC-SRM 

chromatograms of the reaction mixture prior to (t = 0 hr) (B) and after 12 hr (c) incubation with SDX proteins. 

No reaction products were detected at t = 0 hr. At t = 12 hr, four product ions specific to the two [
13

C2]-labeled 

enzyme reaction products were detected by SRM. The substrate peak is highlighted in grey. *A contaminating 

species sharing an SRM transition for [β,γ-
13

C2]caffeic acid. (d) Reaction rates of cinnamic acid 4-

hydroxylation, 4-coumaric acid 3-hydroxylation and 4-coumaroyl shikimic acid 3-hydroxylation. Data represent 

means and SEs (n = 3).   
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                          Table 3. 2 SRM transitions monitored 

Compounds 

Natural [
13

C2]-labeled [
13

C8]-labeled 
CE 

(V) Precursor 

(Product) 

Precursor 

(Product) 

Precursor 

(Product) 

Cinnamic 

acid 

149.1131.0 151.1133.0 na 11 

149.1103.0 151.1104.0 na 20 

149.1 151.177.0 na 34 

149.151.0 151.151.0 na 48 

          

p-Coumaric 

acid 

165.1147.0 167.1149.0 173.1155.0 11 

165.1119.0 167.1120.0 173.1126.0 20 

*165.191.0 167.191.0 173.197.0 20 

165.165.0 167.165 173.169 35 

          

Caffeic acid 

181.1145.0 183.1147.0 189.1153.0 18 

181.1 183.1136.0 189.1142.0 23 

181.1117.0 183.1118.0 189.1124.0 23 

181.189.0 183.189.0 189.195.0 23 

*This transition was also used to monitor the internal standard, 2-

hydroxycinnamic acid. 
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Figure 3. 3 P. trichocarpa SDX total protein extracts mediate a 4- and 3-hydroxylation pathway from cinnamic 

acid to caffeic acid through 4-coumaric acid. 4-Hydroxylation of exogenously supplied cinnamic acid (100 μM) 

into p-coumaric acid (A) and caffeic acid (B) were monitored over the course of a 12 hour reaction period. The 

extracted ion chromatograms were normalized according to the intensity of the internal standard 2-

hydroxycinnamic acid. The normalized abundance of each time point was measured in triplicate and corrected 

(via subtraction) to the t=0 time point in order to produce the plots shown. (C-H) Extracted ion chromatograms 

are shown for the 12 hour reaction of 100 μM [β,γ-
13

C2]cinnamic acid with SDX protein extracts. SRM traces 

for the natural (endogenous) (C, E, and G) and [
13

C2]-labeled (D, F, and H) acids are both shown. The peak 

corresponding to [β,γ-
13

C2]caffeic acid was magnified 10-fold to allow for better visualization. The 

identity/presence of both p-[β,γ-
13

C2]coumaric and [β,γ-
13

C2]caffeic acids reaction products was confirmed by 

the detection of multiple characteristic product ions (via SRM, Table S1) and by co-elution with their 

corresponding natural compounds 
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Figure 3. 4 P. trichocarpa SDX total protein extracts catalyzed 4-hydroxylation of 4-[
13

C8]coumaric acid (4-[U-

ring-
13

C6, β,γ-
13

C2]coumaric acid) into [
13

C8]caffeic acid ([U-ring-
13

C6, β,γ-
13

C2]caffeic acid). Extracted ion 

chromatograms are displayed showing the detection of (A) endogenous caffeic acid and (B) the reaction product, 

[
13

C8]caffeic acid. Confirming the identity of the [
13

C8]caffeic acid is the detection of multiple product ions by 

SRM specific to that species (right panel), as well as its co-elution with the natural/endogenous compound. (C) 

A control reaction with no substrate was run in parallel and no [
13

C8]-labeled reaction product was detected.  

 

 

The SDX total proteins had no 3-hydroxylation activity with 4-coumaroyl-CoA, 4-

coumaraldehyde, or 4-coumaryl alcohol (Fig. 3.1), but effectively 3-hydroxylated 4-

coumaroyl shikimic acid into caffeoyl shikimic acid (Fig. 3.1 and 3.2d). The conspicuous 3-

hydroxylation rates for 4-coumaroyl shikimic acid and for 4-coumaric acid (Fig. 3.2d) 

support the existence of 3-hydroxylation at both 4-coumaroyl shikimic acid and 4-coumaric 

acid levels for monolignol biosynthesis in P. trichocarpa. Based on the genome sequence and 

gene specific transcript abundance,
6,12

 PtrC4H1, PtrC4H2 and PtrC3H3 are likely to be the 
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P450 monooxygenases for the 4- and 3-hydroxylation described above. To confirm this 

expectation, we first tested whether PtrC4H1, PtrC4H2 and PtrC3H3 are ER resident proteins. 

 

3.3.2 PtrC4H1, PtrC4H2 and PtrC3H3 Are Located in the ER of P. trichocarpa SDX Cells 

We used fluorescent fusion proteins to reveal the subcellular location of PtrC4H1, 

PtrC4H2 and PtrC3H3. We constructed expression vectors containing the full-length SDX 

PtrC4H1, PtrC4H2, or PtrC3H3 cDNA sequences
6 

fused at the C-terminus with an sGFP 

coding sequence.
23 

Each of the hydroxylase fusion sequences, driven by the CaMV 35S 

promoter, was introduced into P. trichocarpa SDX protoplasts by PEG-mediated transfection. 

Each of the fusion proteins exhibits a fluorescent pattern suggesting ER localization (Fig. 

3.6). Ro et al.
24

  also demonstrated the ER localization of a P. trichocarpa x P. deltoides C4H, 

the ortholog of PtrC4H1, in transgenic A. thaliana. The subcellular localization of C3H had 

not been previously determined. We co-transfected P. trichocarpa SDX protoplasts with a 

35S-PtrC3H3-sGFP fusion construct and an mCherry ER marker plasmid (ABRC stock 

number CD3-959) and demonstrated that the C3H3-sGFP fusion protein was co-localized 

with the ER marker (Fig. 3.5). The fluorescent patterns of C4H1-sGFP, C4H2-sGFP, and 

C3H3-sGFP (Fig. 3.6) compared with that of the ER marker (Fig. 3.5) reveals that C4H1, 

C4H2, and C3H3 are ER resident proteins in P. trichocarpa SDX cells. 
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Figure 3. 5 PtrC3H3 subcellular localization with ER marker. 

 

 

 

 

Figure 3.6 GFP-based protein localization demonstrates that PtrC4H1, PtrC4H2, and PtrC3H3 are ER resident 

proteins. (A) PtrC4H1, (B) PtrC4H2 and (C) PtrC3H3 were C-terminally fused to sGFP and expressed in P. 

trichocarpa SDX protoplasts, and each of the fusion protein expressed a reticular GFP pattern. 
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3.3.3 PtrC4H1, PtrC4H2 and PtrC3H3 Recombinant Protein Activities Suggest Protein-

Protein Interactions Regulate Two Hydroxylation Pathways 

We next used a yeast expression system to produce PtrC4H1, PtrC4H2, and PtrC3H3 

recombinant proteins to characterize their hydroxylation activities. Microsomes containing 

PtrC4H1 and PtrC4H2 recombinant proteins catalyzed the conversion of cinnamic acid into 

4-coumaric acid with different Km but similar Vmax/ Km values (Table 3.3). PtrC3H3 

recombinant protein had no 3-hydroxylation activity with either cinnamic or 4-coumaric 

acids. In P. trichocarpa, PtrC3H3 has the highest protein sequence identity (85%) with the A. 

thaliana C3H. The yeast recombinant protein encoding this A. thaliana C3H also had no 

activity with 4-coumaric acid, but it efficiently 3-hydroxylated 4-coumaroyl shikimic acid 

(km = ~7 mM) with a remarkable enzyme turnover number (kcat = ~600 min
-1

).
8
 In sharp 

contrast, the yeast recombinant PtrC3H3 protein exhibited low activity with 4-coumaroyl 

shikimic acid (Table 3.3). However, we detected a significant level of the 4-coumaroyl 

shikimic acid 3-hydroxylation activity in P. trichocarpa SDX total protein extracts (Fig. 2d). 

These results suggest that a different or more complex cytochrome P450 system may be 

involved in the 3-hydroxylation of 4-coumaroyl shikimic acid in P. trichocarpa. In mammal 

P450 systems, monooxygenation reactions frequently involve protein-protein interactions.
16, 

18-20
 To test if such interactions are involved in our case, we first mixed independent 

microsomes from recombinant PtrC3H3 and PtrC4H yeast strains to assay 4-coumaroyl 

shikimic acid 3-hydroxylation activity, but found that such activity remained the same. We 

then co-expressed different combinations of PtrC4H1, PtrC4H2, and PtrC3H3 (i.e. 
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PtrC4H1+PtrC4H2, PtrC4H1+PtrC3H3, PtrC4H2+PtrC3H3 and PtrC4H1+PtrC4H2 

+PtrC3H3) in yeast to investigate their hydroxylation reactions (Table 3.3). Western blot 

analysis showed that the quantities of each target hydroxylase in the microsomes expressing 

the hydroxylase alone and in the microsomes co-expressing the target and other recombinant 

hydroxylases are similarly abundant (Fig. 3.7). Therefore, differences between individual 

activities and co-expressed activities are not due to different levels of specific protein 

quantity. The differences provide evidence for assembly of a functional microsomal protein 

complex that is not formed by mixing individual preparations of microsomes. The co-

expressed PtrC4H1+PtrC4H2 recombinant protein exhibited 2- to 10-fold decreases in Km 

and 6- to 40-fold increases in Vmax with cinnamic acid compared to the individual 

recombinant proteins. The  

 

Table 3. 3 Kinetic properties of PtrC4H1, PtrC4H2, PtrC3H3, and their complexes.  
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enzymatic efficiency (Vmax/ Km) increased at least 70-fold as co-expressed recombinant 

protein. The co-expressed PtrC4H1+PtrC3H3 proteins catalyzed cinnamic acid 4-

hydroxylation 80-fold more effectively than did PtrC4H1alone, whereas PtrC4H2+PtrC3H3 

had a nearly 100-fold increase in 4-hydroxylase activity with cinnamic acid compared to 

PtrC4H2 alone. PtrC4H1+PtrC4H2+PtrC3H3 had the lowest Km with cinnamic acid and 125- 

and 110-fold increases in enzymatic efficiency when compared to C4H1 and C4H2 

respectively. As expected, C3H3 has no 4-hydroxylation activity. While neither of these 

three hydroxylases alone had any 3-hydroxylase activity with 4-coumaric acid, co-expressed 

PtrC4H1+PtrC3H3, PtrC4H2+ PtrC3H3, or PtrC4H1+PtrC4H2+PtrC3H3 3-hydroxylated 4-

coumaric acid into caffeic acid at a low but significant rate. The enzymatic activity of 

PtrC3H3 was most dramatically affected when coexpressed with PtrC4H. Recombinant 

PtrC4H1+PtrC3H3 exhibited a nearly 500-fold increase in Vmax/Km for 3-hydroxylation of 4-

coumaroyl shikimic acid into caffeoyl shikimic acid compared to PtrC3H3 alone (Table 3.3). 

The increase for PtrC4H1+PtrC4H2+ PtrC3H3 was over 6,500-fold. All three acids 

(cinnamic, 4-coumaric and 4-coumaroyl shikimic acids) are substrates for 

PtrC4H1+PtrC4H2+PtrC3H3, supporting the results from plant protein extracts for two 

hydroxylation pathways, one through 4-coumaric acid to caffeic acid and one through 4-

coumaroyl shikimic acid to caffeoyl shikimic acid (Fig. 2.1). 
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Figure 3. 7 PtrC4H and PtrC3H amount in yeast expression system. PtrC4H1, PtrC4H1 and PtrC4H3 protein 

quantity was relatively identified by western blot with (a)Anti-PtrC4H1, (b) Anti-PtrC4H1,and (c) Anti-

PtrC3H3 antibodies. In (a) Lane :1 PtrC4H1 expressed in yeast. Lane 2: PtrC4H1+PtrC4H2 co-expressed in 

yeast. Lane 3:PtrC4H1+PtrC3H3 co-expressed in yeast. Lane4: PtrC4H1+PtrC4H2+PtrC3H3 co-expressed in 

yeast. In (b) Lane :1 PtrC4H2 expressed in yeast. Lane 2: PtrC4H1+PtrC4H2 co-expressed in yeast. Lane 

3:PtrC4H2+PtrC3H3 co-expressed in yeast. Lane4: PtrC4H1+PtrC4H2+PtrC3H3 co-expressed in yeast. In (c) 

Lane :1 PtrC3H3 expressed in yeast. Lane 2: PtrC4H1+PtrC3H3 co-expressed in yeast. Lane 

3:PtrC4H2+PtrC3H3 co-expressed in yeast. Lane4: PtrC4H1+PtrC4H2+PtrC3H3 co-expressed in yeast. 

 

 

We observed highly efficient enzymatic activity when either one of the three 

hydroxylases was co-expressed with one or two other hydroxylases, but not when it was 

expressed alone or in a mixture of microsomes containing individual hydroxylases. These 

results suggest that these coexpressed proteins are assembled in the same membrane system 

and function through protein-protein interactions. We then used co-immunoprecipitation and 
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affinity purification-quantitative MS to verify these interactions in yeast recombinant 

microsomes, and BiFC, chemical crosslinking and reciprocal Co-IP to authenticate these 

interactions in P. trichocarpa SDX cells. 

 

3.3.4 Co-immunoprecipitation Supports Recombinant C4H1/C3H3 Protein Complexes in 

Yeast Microsomes 

To test for an interaction of C4H and C3H we co-expressed the full-length PtrC3H3 

and a C-terminal His-tagged full-length PtrC4H1 (PtrC4H1His) in yeast. Lysates of the 

transformed cells were incubated with a monoclonal anti-His antibody. The process should 

Co-IP the attached PtrC3H3, if there is a PtrC4H1/C3H3 complex. Total proteins from 

PtrC4H1His+PtrC3H3 expressing cells gave a PtrC3H3-specific protein signal with the 

expected PtrC3H3 molecular mass in a western blot using C3H3-specific antibodies (Fig. 

3.8a, lane 1). When these total proteins were incubated with anti-His antibody followed by 

protein G/magnetic bead-based affinity purification, PtrC3H3 became highly enriched in the 

Co-IP compared to total protein extracts (Fig. 3.8a, lane 2). To verify that this C3H3 signal 

was not due to non-specific binding between the PtrC4H1His+PtrC3H3 complex and protein 

G, lysates from cells co-expressing PtrC4H1His+PtrC3H3 were only incubated with protein 

G/magnetic beads, followed by SDS-PAGE and western blotting. PtrC3H3 was not detected 

in the anti-His immunoprecipitates (Fig. 3.8a, lane 3). We also expressed PtrC3H3 alone in 

yeast cells, from which lysates were incubated with anti-His antibodies followed by protein 

G/magnetic bead-based affinity purification. PtrC3H3 was not detected in the 
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immunoprecipitate (Fig. 3.8a, lane 4). These results support the formation of recombinant 

C4H/C3H complexes in yeast membranes. 

 

 

 

 

Figure 3. 8 PtrC4H and PtrC3H form protein complexes in yeast microsomes. (A) Western blot analysis using 

anti-PtrC3H3 antibodies. Antibody specificity was verified (see Fig. 5B below). Proteins from yeast cells 

coexpressing PtrC3H3 and PtrC4H1His without (lane 1) or with (lane 2) anti-His antibody pull-down followed 

by protein G-based affinity purification, or from yeast cells coexpressing PtrC3H3 and PtrC4H1His and 

incubated with the protein G-based magnetic beads only (no anti-His antibody) (lane 3), or from yeast cells 

expressing PtrC3H3 alone and treated with anti-His antibody and protein G-based affinity purification (lane 4). 

(B) Affinity purification-quantitative MS analysis represented by a scatter plot of the average NSpC obtained 

across all biological replicates (3 each) for the affinity purified target (PtrC3H3+PtrC4H1His) and control 

(PtrC3H3+PtrC4H1) samples and technical replicates (3/sample). Only proteins with an average of 5 or more 

total spectral counts were considered and spectral counts were normalized (SI Materials and Methods). The 

dotted lines represent an arbitrary 2.5-fold cutoff commonly used (31, 32, 34). Other than PtrC3H3 and 

PtrC4H1, only one yeast protein (proteinase B) was enriched in the affinity purified protein pool. The overall 

sequence coverage (% amino acids within the identified peptides relative to the annotated protein) of PtrC3H3 

and PtrC4H1 are 42.7% and 30.5%, respectively. 
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3.3.5 Fusion-Tagged Affinity Purification and Quantitative MS Verifies a C4H1/C3H3 

Protein Complex 

To further verify a C4H/C3H protein complex, we co-expressed 

PtrC4H1+PtrC3H3His yeast recombinant protein, a reciprocal combination of the bait and 

prey as described above, and affinity purified it for MS. If C4H1 and C3H3 form a complex, 

the PtrC3H3His-based affinity purification should pull down both PtrC4H1 and PtrC3H3His. 

After lysing cells co-expressing the PtrC4H1+PtrC3H3His construct or control cells 

(PtrC4H1+PtrC3H3 lacking the His-tag), the proteins were affinity purified by nickel 

microbeads and then trypsin digested for nanoLC-MS/MS label-free (spectral counting) 

proteomic analysis. Spectral counting is a widely used method for quantifying relative 

changes in protein abundance.
25-27

 The average normalized spectral counts (NSpC) obtained 

for each protein in the affinity purified pull down from cells co-expressing PtrC4H1 and 

PtrC3H3His were plotted against the NSpC obtained from the control (Fig. 3.8b). The 

majority of proteins did not change concentration in both preparations. Both PtrC3H3 and 

PtrC4H1 were uniquely enriched in cells co-expressing PtrC4H1 and PtrC3H3His. The 

protein affinity purification coupled with quantitative mass spectrometry strongly confirms a 

PtrC4H1/C3H3 complex. 
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3.3.6 BiFC Demonstrates That PtrC4H1, PtrC4H2, and PtrC3H3 Take Part in Multiprotein 

Complexes in the ER of P. trichocarpa SDX Cells 

To test whether protein complexes from C4H and C3H exist in planta during 

lignification, we used BiFC to analyze interactions between PtrC4H1, PtrC4H2, and PtrC3H3 

in P. trichocarpa SDX. Different combinations of two plasmids, each containing a target 

protein fused to one of two complementing segments of YFP, YFPN (amino acids 1-155) and 

YFPC (amino acids 156-239), were co-transformed into P. trichocarpa SDX protoplasts. 

Reticular fluorescence patterns were observed when PtrC4H1- YFPN was co-expressed with 

either PtrC4H2- YFPC (Fig. 3.9a or PtrC3H3- YFPC (Fig. 3.9b), or when PtrC4H2- YFPN 

was co-expressed with PtrC3H3- YFPC (Fig. 3.9c). The fluorescence was not detected when 

YFP fragments were not complementary through the expression of PtrC4H1-YFPN, 

PtrC4H2- YFPN or PtrC3H3- YFPC alone (Fig. 3.9d-f). As another control, P. trichocarpa 

PtrCAld5H2
6
 fused to YFPC did not show fluorescence with any of the complementary 

YFPN fragments fused to PtrC4H1 or PtrC4H2 (Fig. 3.9g and h). These control experiments 

also suggest that CAld5H and C4H function independently. We confirmed that both 4- and 3-

hydroxylation are independent of CAld5H by co-expression of PtrCAld5H2+PtrC4H1, 

PtrCAld5H2+PtrC4H2 and PtrCAld5H2+PtrC3H in yeast, and demonstrated that the 

coexpression had no effect on the reaction rate of the individual hydroxylases. Overall, BiFC 

indicated the formation of all possible heterodimeric complexes from PtrC4H1, PtrC4H2 and 

PtrC3H3, and thus a multiprotein complex of all three proteins, in the ER of P. trichocarpa 

SDX cells. 
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3.3.7 Chemical Crosslinking and Reciprocal Co-immunoprecipitation Confirm 

Multiprotein Complexes of C4H1, C4H2, and C3H3 in SDX. 

To provide further evidence for a multiprotein complex of the three target 

hydroxylases, we carried out chemical crosslinking of proteins in P. trichocarpa SDX cells. 

Chemical crosslinking has been widely used for stabilization of membrane protein-protein 

interactions.
28

 The SDX protein extract containing intact membranes was incubated with the 

crosslinker dithiobis[succinimidyl propionate] (DSP) and the resulting proteins were directly 

analyzed by Western blotting using anti-C4H1, -C4H2 or -C3H3 antibodies. Antibody 

specificity was validated against yeast recombinant proteins (Fig. 3.9i). PtrC4H1, PtrC4H2 

and PtrC3H3 signals were detected, respectively, in protein masses with a similar molecular 

size that is larger than an oligomer containing one molecule of each of these three 

hydroxylases (Fig. 3.9j), supporting a PtrC4H1/C4H2/C3H3 complex in P. trichocarpa SDX. 

    To further verify multiprotein complexes of the three hydroxylases, we used PtrC4H1-, 

PtrC4H2- and PtrC3H3-specific antibodies to carry out reciprocal Co-IP in P. trichocarpa 

SDX protein extracts and to analyze associated protein complexes by western blotting (Fig. 

3.9k). Co-IP captures intact protein complexes with stable or strong protein interactions. 

Both PtrC4H1 and PtrC4H2 (Fig. 3.9k, lanes 1 and 2) were detected in the 

immunoprecipitates pulled down by the Anti-PtrC4H1 antibody, verifying a binding between 

PtrC4H1 and PtrC4H2. Reciprocally, the Anti-PtrC4H2 antibody co-immunoprecipitated 

PtrC4H1 (Fig. 3.9k, lane 3), confirming the binding of PtrC4H2 and PtrC3H3 by Anti-

PtrC4H2 antibodies (Fig. 3.9k, lanes 4 and 5) demonstrated a strong interaction of PtrC4H2 
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and PtrC3H3, and the interaction was validated by reciprocal Co-IP of these two proteins by 

Anti-C3H3 antibodies (Fig. 3.9k, lanes 4 and 6). Reciprocal Co-IP of PtrC3H3 and PtrC4H1 

using Anti-PtrC3H3 (Fig. 3.9k, lanes 7 and 8) and Anti-PtrC4H1 (Fig. 3.9k, lane 9) 

antibodies corroborated binding of PtrC3H3 and PtrC4H1. All these three proteins were 

immunoprecipitated by the antibody to any one of these proteins (Fig. 3.9k, lanes 1, 2, and 9; 

lanes 3, 4, and 5; lanes 6, 7 and 8). Anti-His antibodies did not immunoprecipitated any of 

these hydroxylase proteins. These results are direct evidence for in vivo protein complexes of 

Ptr4H1/C4H2, PtrC4H1/C3H3, PtrC4H2/C3H3, and PtrC4H1/C4H2/C3H3 in P. trichocarpa 

SDX. 

  The results with plant protein reactions, kinetics of recombinant proteins, affinity 

purification-quantitative MS, BiFC, chemical crosslinking, and reciprocal  Co-IP provide 

strong evidence for multiprotein complexes of PtrC4H1, PtrC4H2 and PtrC3H3 that function 

in the 4- and 3-hydroxylation of cinnamic acids. The enzymatic activities of the complexes 

support two pathways for 3-hydroxylation. 
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Figure 3.9 PtrC4H1, PtrC4H2, and PtrC3H3 form multiprotein complexes in the ER of P. trichocarpa SDX 

cells. (A to H) BiFC of multiprotein complexes of PtrC4H1, PtrC4H2, and PtrC3H3 in P. trichocarpa SDX 

protoplasts. Complemented YFP signal in reticular patterns in cells where PtrC4H1-YFPN was cotransformed 

with either PtrC4H2-YFPC (A) or PtrC3H3-YFPC (B), or PtrC4H2-YFPN with PtrC3H3-YFPC (C). No YFP 

signal was observed when cells were transformed with PtrC4H1-YFPN (D), PtrC4H2-YFPN(E) or PtrC3H3-

YFPC (F) alone, as the negative control. No YFP signal was observed in cells cotransfromed with PtrC4H1-

YFPN and PtrCAld5H2-YFPC (G) or PtrC4H2-YFPN and PtrCAld5H2-YFPC (H), as other controls. (I) 

Western blot for specificity of anti-PtrC4H1, -PtrC4H2 and -PtrC3H3 antibodies. (J) Chemical crosslinking 

reveals oligomerization of PtrC4H1, PtrC4H2, and PtrC3H3 in P. trichocarpa SDX cells. Western blotting of 

DSP-crosslinked SDX proteins with anti-PtrC4H1, -PtrC4H2 or -PtrC3H3 antibodies showing the presence of 

each of the hydroxylases in an oligomeric protein complex. (K) Reciprocal coimmunoprecipitation of PtrC4H1, 

PtrC4H2, and PtrC3H3 in P. trichocarpa SDX using multiple antibodies. SDX total protein extracts (Triton X-

100 treated, SI Materials and Methods) were incubated with anti-PtrC4H1, -PtrC4H2 or -PtrC3H3 antibodies, 

and the immunoprecipitates were SDS-PAGE separated and analyzed by western blotting using protein-specific 

antibodies (antibody’s name is shown below the lane number). For example, lane 1 shows the anti-PtrC4H1 

antibody hybridizing signal of PtrC4H1 in the immunoprecipitate pulled down by anti-PtrC4H1 antibodies.  
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3.4 Discussion 

 

Most cellular processes are carried out by interacting proteins assembled as 

multiprotein complexes.
29

 Protein complexes were postulated in monolignol biosynthesis, 

based primarily on studies of enzymatic activities of PAL and C4H in plant homogenates.
30, 

31
 The enzyme activities of both PAL, a cytosolic protein, and a membrane associated C4H 

were detected in microsomes from tubers of potato (Solanum tuberosum), cotyledons of 

cucumber (Cucumis sativus) and hypocotyls of buckwheat (Fagopyrum esculentum). These 

results led to the suggestion that the cytosolic PAL activity detected in microsomes should 

come from a PAL/C4H protein complex anchored to the ER.
30-32

 Using fluorescence 

resonance energy transfer (FRET), Achnine et al.
33

 demonstrated that monolignol pathway 

PAL and C4H are colocalized in microsomes of tobacco leaf protoplasts, but are separated by 

approximately 80 Å. Evidence for a more direct PAL/C4H complex is lacking. All other 

protein complexes suggested for monolignol biosynthesis were less well supported and 

hypothetical. In this study, we showed that PtrC4H1, PtrC4H2, and PtrC3H3 form all three 

possible heterodimers and a heterotrimer (PtrC4H1/C4H2/C3H3) likely to be involved in 

monolignol biosynthesis. We also carried out the enzymatic characterization of these P450 

hydroxylase protein complexes. An important biological consequence of protein complex 

formation is the alteration (activation or inhibition) of the activity of the constituent 

enzymes.
16, 19, 20, 34

 In our case, complex formation drastically activated the reaction rates of 
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the constituent enzymes (Table 3.3). The effect is most dramatic for the 

PtrC4H1/C4H2/C3H3 trimer with 4-coumaroyl shikimic acid. PtrC3H3 requires interaction 

with C4H to function. The resulting complexes have increased activity, more than the sum of 

its constituents, new functions and provide regulation of hydroxylation in monolignol 

biosynthesis. The dimer PtrC4H1/C4H2 mediates cinnamic acid 4-hydroxylation, while  

PtrC4H1/C3H3 and PtrC4H2/C3H3 catalyze 4-coumaroyl shikimic acid 3-hydroxylation 

(Table 3.3) providing one type of 3-hydroxylation flux leading to caffeoyl shikimic acid (Fig. 

3.1). The trimer PtrC4H1/C4H2/C3H3 mediates both 4- and 3- hydroxylations of three 

cinnamic acid derivatives (cinnamic,4-coumaric and 4-coumaroyl shikimic acids), leading to 

an additional 3-hydroxylation path to caffeic acid (Fig. 3.1). 

While the protein complex formation observed suggests a mechanism for metabolic 

channeling, our biochemical evidence does not support this within the C4H/C3H3 complex. 

In metabolic channeling
35

 a reaction product of one enzyme is transferred (channeled) to the 

next enzyme as its substrate (the channeled intermediate) without equilibrating with the bulk 

solution. If metabolic channeling took place in C4H/C3H complexes, 4-coumaric acid, the 

“channeled intermediate”, would not diffuse from the complex into solution nor would 

exogenously supplied 4-coumaric acid enter the complex. In contrast, C4H/C3H recombinant 

complexes (PtrC4H1/C3H3, PtrC4H2/C3H3, and PtrC4H1/C3H3/C4H2) converted 

exogenous 4-coumaric acid into caffeic acid (Table 3.3), demonstrating that 4-coumaric acid 

can freely enter the complexes for conversion. 
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In SDX, the metabolite transfers associated with the 4-hydroxylation of cinnamic acid 

and 3-hydroxylation of 4-coumaric acid are also accomplished by an aqueous diffusion 

process. [β,γ-
13

C2]Cinnamic acid undergoes 4- and 3-hydroxylations by SDX protein extracts, 

yielding the intermediate 4-[β,γ-
13

C2]coumaric acid and the end product [β,γ-
13

C2]caffeic acid. 

Both the intermediate and end product were detected in the reaction solution (Fig. 3.2c). 

Using LC-SMR, we identified free endogenous cinnamic, 4-coumaric and caffeic acids in 

SDX extracts (Fig. 3.3 a-c, e and g), further arguing against a metabolic channeling 

mechanism. In fact, all 24 monolignol biosynthetic intermediates
6 

can be detected in the SDX 

extracts. Monolignol biosynthetic intermediates are often substrates for other 

phenylpropanoid pathways, e.g. flavonoids and lignans,
36

 and as regulators of the metabolic 

flux within monolignol biosynthesis.
9, 37, 38

 

We also showed the first evidence for the physical interaction of C4H and C3H 

proteins forming complexes in microsomal membranes using a yeast recombinant protein 

expression system (Fig. 3.8a and b), SDX protoplasts (Fig. 3.9a-c), and native SDX plant 

proteins (Fig. 3.9j and k). Reciprocal Co-IP of the multiprotein complexes provides strong 

and direct evidence of an intimate association of the three hydroxylases. DSP crosslinking 

indicated that the maximal distance between the two interacting proteins is 12 Å, the length 

of the spacer arm in DSP bridging the two proteins. The combined results of enzyme activity 

characterization, reciprocal Co-IP, quantitative MS analysis, DSP chemical crosslinking, and 

BiFC, suggest the formation of stable C4H/C3H related dimeric and trimeric protein 

complexes in microsomes of SDX cells for monolignol biosynthesis during wood formation 
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in P. trichocarpa. There is much more to learn about protein complex formation for the 

enzymes of monolignol biosynthesis. Complex formation may change the activity and/or 

specificity of enzymes in the pathway. These regulatory mechanisms need to be revisited 

using a quantitative systems approach. The combination of enzyme kinetics, BiFC and co-

immunopurification coupled with quantitative MS provides a powerful approach for such 

investigations. 
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CHAPTER 4: 

Large Multienzyme Complex in Monolignol 

Biosynthesis 

 

4.1 Introduction 

Lignin biosynthesis has been studies for decades. However the path of metabolites 

grid in the monolignol biosynthesis is still not resolved.
1
 Biosynthesis starts from a common 

amino acid, phenylalanine, and ends up with three main products: H, G and S monolognols. 

Ten enzyme families are involved in monolignol biosynthesis.
2
 Some enzymes in the 

pathway have broad substrate specificity. For example, Ptr4CL3 and Ptr4CL5 in our study 

(chapter 2), show high activity to convert 4-coumaric, caffeic and ferulic acid to their CoA 

thioesters. Cald5H is able to add a 5’ hydroxyl group on to coniferyl aldehyde or coniferyl 

alcohol.
3
 A model built by applying all the necessary enzyme kinetic and inhibition constants 

is unable to explain the metabolite flux in the tissue of plant in the monolignol synthesis 

pathway.
4
 This suggests that protein complexes plays an important role in the pathway

4 
and 

makes enzymes act differently from their behavior in vitro. 

Regulation of protein activity is important in biological processes. Protein interaction 

networks increase the cellular regulation and responses to the environmental conditions.
5
 A 
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flavonoid biosynthesis protein complex was been proposed in 1974
6
, and supposed by some 

extend studies.
6-9

  

More evidences has been presented to support the membrane associated multiprotein 

complex for flavonoid biosynthesis.
8-10

 However, no large multiprotein complex has been 

reported for monolignol biosynthesis pathway. In chapter 2 and chapter 3, two kinds of 

protein complexes in the monolignol biosynthesis enzyme families have been introduced: the 

Ptr4CL3/4CL5 protein complex and the PtrC4H1/C4H2/C3H3 protein complex. Besides 

these two protein complexes, more enzymes could form complex in the monolignol pathway.  

In tobacco, using fluorescence resonance energy transfer (FRET), PAL was co-localized with 

C4H and could form a metabolite channel.
11

 However, the result also pointed out that the 

connection between PAL and C4H is not tight.
11

 Also FRET does not provide direct evidence 

for the protein-protein interaction due to the long detection distance of FRET. Current 

evidence supports a PtrC4H1/C4H2/C3H protein complex (chapter 3), a Ptr4CL3/4CL5 

protein complex (chapter 2) and PAL/C4H protein interaction.
11

 These protein complexes 

only involve two or three enzymes in the complex. Here we present evidence for group of 

proteins in a single protein complex of the monolignol biosynthesis pathway. We provide 

evidences based on in vitro reconstitution, chemical crosslinking, BiFC, and Co-IP to 

identify the multienzyme complex. The protein complex includes both the Ptr4CL3/4CL5 

protein complex and the PtrC4H1/C4H2/C3H3 protein complex together, with PAL and HCT.  

The multienzyme complex together may provide a different basis for metabolic regulation in 

monolignol biosynthesis.  
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4.2  Materials and Methods 

 

4.2.1 SDX Crude Protein Extraction and Membrane Protein Isolation 

SDX total crude protein extraction was carried out as before .
13

  Briefly, 3g of SDX 

tissue was added into 15ml extraction buffer.
13

 After homogenization, cell debris was 

removed by centrifuge at 3,000 x g for 15 min. The crude protein fraction was used for 

further enzyme activity assays, chemical crosslinking, and Co-IP experiments.  

To separate membrane binding proteins from soluble protein in the crude extract, we 

used ultracentrifugation to separate the microsomal fraction from soluble SDX protein. 5ml 

of crude extract (protein concentration 1µg/µl) was loaded into ultracentrifuge tubes, and 

spun at 100,000 x g for 2hr. The microsomal fraction formed a pellet at the bottom of the 

ultracentrifuge tube. 500 µl resuspension buffer (50 mM Tris pH=7, 20% glycerol) was used 

to resuspend and then to homogenize microsomal proteins.  

 

4.2.2 P. trichocarpa SDX Protoplast Preparation and Transfection for Subcellular Protein 

Localization, BiFC Analysis, and Fluorescent Protein Imaging 

Protoplast preparation and BiFC experiments followed the steps in CHAPTER 2 and 

CHAPTER 3.   
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4.2.3 Chemical Crosslinking of SDX Proteins 

DSP (Thermo Scientific) was used as the crosslinker for the SDX total protein 

crosslinking. 80 µl of SDX total protein (concentration: 1 µg/µl) was added with 20 µl of 20 

mM DSP to reach the final concentration 2mM. The crosslinking reaction was kept at 4°C 

for 2 hr and terminated by adding Tris-HCl pH 7.5 for a final concentration of 50 mM.  The 

crosslinked SDX protein was incubated with 2x SDS buffer for 30 min at 37 °C, then loaded 

on SDS-PAGE for western blot analysis.  

 

4.2.4 SDX Crude Protein Co-IP 

The native SDX protein Co-IP was performed using protein specific antibodies to pull 

down the target protein complex. 10µl Triton X100 was added in 990µl of total crude SDX 

protein 30 µl antibody and 30 µl of dynabeads Protein G (Invitrogen) were then added into 

the mixture. The crude protein, antibody, and protein G beads were mixed well and shaken 

gently at 4°C for 10 hr. The beads were washed with the 1ml lysisX buffer
13 

3 times to 

remove non-specific binding proteins.  Then proteins pulled down by the beads were eluted 

by adding 30µl 2x SDS sample buffer and boiled for 10 min. Eluted proteins were run on 

SDS-PAGE and transferred to membrane for western blot analysis. 

 

4.2.5 Enzyme Reaction Condition and HPLC Aanalysis 

The enzyme activity assay and HPLC analysis followed our lab protocol,
 14

 Total and 

microsomal fractions of native SDX proteins and pulled down proteins were used for the 
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enzyme activity assay. To increase the protein activity, we used a 10kD cutoff membrane 

(Amicon 10kD, Millipore) to concentrate the SDX total crude protein from15 ml to 4 ml. 20 

ul of concentrated SDX protein was used for enzyme activity assays. Enzyme activity assays 

were done at 20ºC, pH 7 for 1hr. The reactions were quenched by adding 5 ul of 3M 

trichloroacetic acid, followed by spinning down the denatured protein. Supernatant was 

injected 80 μl onto 4.6 × 150mmZorbax SB-C18 column (Agilent). HPLC analysis was 

carried out as described before,
14

 Compounds were quantified and identified using the UV 

spectrum and retention time and compared  authentic compounds.  

 

4.2.6 In vivo Reconstitution of a Protein Complexs: 

Purified recombinant proteins (PtrC4H1, PtrC4H2, PtrC3H3, Ptr4CL3, Ptr4CL5, 

PtrPAL1-5, PtrHCT1, and PtrHCT6) were used for reconstitution.  The recombinant protein 

production and purification were followed previous report.
15

  In the reconstitution system we 

mix 1,2-dierucoyl-sn-glycero-3-phosphocholine (DEPC, Avanti) : 1,2-dilauroyl-sn-glycero-

3-phospho choline (DLPC, Avanti) at a ratio 9:1 to serve as the membrane system.  The 2 mg 

phospholipid was then dissolved in 1ml potassium phosphate buffer (pH=7, 50mM). To 

convert the phospholipid to a membrane form, the phospholipid lipid solution was sonicated 

1.5 min on ice and frozen in liquid nitrogen immediately. The frozen solution was thawed at 

room temperature. Purified recombinant protein and Triton X100 (0.02% final concentration) 

were added to the membrane solution and followed by gentle shaking at 4⁰C for 4 hr to 

reconstitute the protein complex. 0.4 mg SM2 beads (Bio Rad) were gradually added into the 
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membrane solution to remove detergent. After detergent had been removed, we collected the 

membranes by ultracentrifugation (270,000 x g, 1hr). A solution of 50mM Tris pH 7, 20% 

glycerol was used to resuspend and homogenize the membrane and membrane bound 

proteins. 
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4.3  Results 

 

4.3.1 Microsomal Protein Assays Indicate a Membrane Bound Protein Complex 

  In monolignol biosynthesis, C3H, C4H and Cald5H are co-localized with the ER 

structure.
3, 13 

Previous studys showed that the flavonoid synthesis enzyme complex is 

anchored to the ER by binding to the cytochrome P450 hydroxylase.
7
 To identify the protein 

complex for monolignol biosynthesis, we investigated the enzyme activities in SDX 

microsomal fraction of wild type P. trichocarpa. In SDX microsomes, we detected PAL, 

C4H, C3H, Cald5H, 4CL, and HCT activities (Fig. 4.1). In the total protein fraction, we 

detected activity of all 10 enzyme families. In the microsomal fraction, we can detect PAL, 

4CL, HCT, C4H, C3H and Cald5H enzyme activities.   

 

 

Figure 4.1 Enzyme activities in the SDX microsomal fraction. Total SDX protein activity of each enzyme 

family was set at 100%. Enzyme activities in the microsomal fraction were compared with total protein 

activities.  C4H, C3H and Cald5H expressed almost the same activity in the microsomal fraction and total 

protein. PAL, 4CL and HCT had 8 to 20 % activity in the microsomal fraction. 
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  In Fig 4.1, PAL, 4CL, HCT, C4H, C3H and Cald5H enzyme activity was compared 

to the activity of total SDX protein. C4H, C3H and Cald5H had similar activity in total 

protein and microsomal proteins. 4CL, PAL and HCT activities in microsomes were about 

1/5 of the activity in the crude extract. PAL, 4CL and HCT proteins are not anchored to the 

ER membrane due to lack of membrane binding domain. Detection of PAL, 4CL, and HCT 

activity in the microsomal fraction suggested that PAL, 4CL, and HCT bind to cytochrome 

P450 hydroxylases, as in the  flavonoid biosynthesis protein complex. PAL, 4CL, and HCT 

also may associate with C3H, C4H or Cald5H.  

 

4.3.2 Chemical Crosslinking Reveals a Large Protein Complex in Native SDX Protein 

Chemical crosslinking can covalently link protein complex members together, thus 

facilitating detection of a protein complex without disruption. We used chemical crosslinking 

to show that PAL, C4H, 4CL, C3H, and HCT are also in the complex. DSP was used as a 

chemical crosslinker to connect all the members. SDX crude protein was mixed with DSP on 

ice for crosslinking. After the reaction terminated, Anti-PtrC4H1 antibody was used to pull 

down PtrC4H1 and the associated proteins. The pulled down protein sample was run on 

SDS-PAGE followed by western blot analysis. Different enzyme specific antibodies served 

as probes on the western blots (Fig. 4.2). By immunoprecipitation of PtrC4H1, we can detect 

PtrC4H1, PtrC4H2 and PtrC3H3, which confirms our previous results for a of 

PtrC4H1/C4H2/C3H3 protein complex (chapter 3). We can also detect PAL, 4CL and HCT 
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enzymes in the crosslinked sample.  By SDS-PAGE, all the crosslinked proteins on the 

western blot showed the same high molecular weight, which implies that PAL, 4CL, C4H, 

C3H and HCT stay together after chemical crosslinking. Besides, PAL, 4CL, C4H, C3H and 

HCT, other monolignol biosynthesis enzymes (COMT, CCOMT, CAD, CCR and Cald5H) 

were also detected in the crosslinked PtrC4H1 pulled down samples (Fig. 4.2), which implies 

an larger complex maybe involved.  

 

 

Figure 4.2 SDX native protein crosslinking: SDX native protein was crosslinked and pulled down by Anti-

PtrC4H1 antibody. The pulled down proteins was detected by different antibody. (a) Anti-Ptr-C3H3 antibody 

detection. (b) Anti-PtrC4H1+Anti-PtrC4H2 detection. (c) Anti-PtrPAL1-5 detection. (d) Anti-

PtrHCT1+PtrHCT6 detection. (e) Anti-Ptr4CL3+Anti-Ptr4CL5 detection. (f) Anti-PtrCAD1+Anti-PtrCAD2 

detection. (g) Anti-PtrCCR detection. (h) Anti-PtrCOMT detection. (i) Anti-PtrCCOMT detection. (J) Anti-

Cald5H1+Anti-Cald5H2 detection. Lane 1: total SDX crosslinked protein. Lane 2: SDX crosslinked protein 

pulled down by Anti-PtrC4H1. Lane 3: SDX crosslinked protein pulled down by pre-immune serum. 
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Figure 4.3 Proposed structure of PAL/C3H/C4H/4CL/HCT protein complex  

 

 

4.3.3 BiFC Demonstrates that PAL, C3H, C4H, 4CL, and HCT are Involved in a 

Multiprotein Complex in the ER of SDX Cells 

To test the hypothesis that PAL, C3H, C4H, 4CL, HCT may form a protein complex, 

we used BiFC to identify protein-protein interactions between any two of the proteins in P. 

trichocarpa SDX protoplast cells. Base on previous work on flavonoid complexes,
10, 12

 we 

proposed that PAL, C4H, C3H, 4CL, and HCT complex sequence is HCT->4CL->C4H-

>C3H->PAL (Fig. 4.3). BiFC successfully identified a PtrC4H1/C4H2/C3H3 protein 

complex (chapter 3). Here we again used BiFC to provide evidence for a large multiprotein 
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complex and also the arrangements of the proteins of the complex. First we transfected two 

plasmids into SDX protoplast to verify one by one protein-protein interactions. Ptr4CL3-

YPFN + PtrHCT1-YFPC, Ptr4CL3-YPFN + PtrHCT6-YFPC and Ptr4CL5-YPFN + 

PtrHCT6-YFPC gave positive signals (Fig. 4.4), which confirmed the interaction between 

4CL and HCT. The positive result of PtrC4H1-YFPC + Ptr4CL3-YPFN, and PtrC4H2-YFPC 

+ Ptr4CL3-YPFN confirmed the interaction of 4CL and C4H (Fig. 4.5).  The PtrC3H3 and 

Ptr4CL3 and Ptr4CL5 gave negative signals indicating no interaction between C3H and 4CL 

(Fig. 4.7).   The last test is PAL, C3H interaction. We identified the combinations of 

PtrPAL1-YFPN, PtrPAL2-YFPN, PtrPAL3-YFPN, PtrPAL4-YFPN, and PtrPAL5-YFPN 

with PtrC3H3-YFPC (Fig. 4.6). The BiFC result showed that PtrPAL2, PtrPAL3, PtrPAL4 

and PtrPAL5 can form protein a complex with PtrC3H3.   

 

 

Figure 4.4 Protein complex identification of 4CL/HCT in P. trichocarpa SDX protoplasts. BiFC of protein 

complex of (a)Ptr4CL3/PtrHCT1, (b) Ptr4CL3/PtrHCT6, and (c) Ptr4CL5/PtrHCT1 expressed YFP signals in  

cells. 
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Figure 4.5 Protein complex identification of 4CL/C4H in P. trichocarpa SDX protoplasts. BiFC of protein 

complex of (a)Ptr4CL3/PtrC4H1, (b) Ptr4CL3/PtrC4H2, and (c) Ptr4CL5/PtrC4H1 expressed YFP signals in  

cells. 
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Figure 4.6 Protein complex identification of PAL/C3H in P. trichocarpa SDX protoplasts. BiFC of protein 

complex of (a)PtrPAL1/PtrC3H3 (b) PtrPAL1/PtrC3H3, and (c) PtrPAL1/PtrC3H3, (d) PtrPAL4/PtrC3H3, and 

(e) PtrPAL5/PtrC3H3. PtrPAL2-5 with PtrC3H3 all expressed YFP signals in  cells. In contrast, PtrPAL1 with 

PtrC3H3 did not show YFP signal 
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By two construct BiFC results, we can confirm HCT-4CL, 4CL-C4H, C4H-C3H, and 

C3H-PAL protein-protein interactions. To further verify that all enzymes are together as one 

complex, we designed experiments that involved three proteins in the BiFC system. In order 

to identify protein complex of 4CL/C4H/C3H, three plasmid constructs, Ptr4CL3-YFPN, 

PtrC4H and PtrC3H3-YPFC, were co-transfected into the P. trichocarpa xylem protoplast 

cells.  The control experiment is using Ptr4CL3-YFPN and PtrC3H3-YPFC two plasmids to 

transfect into P. trichocarpa xylem SDX protoplast cells (Fig. 4.7a). The negative signal 

from the control showed 4CL cannot form complex with C3H protein. But when we 

transfected Ptr4CL3-YFPN, PtrC4H1, and PtrC3H3-YPFC, three constructs together, a 

positive signal was observed (Fig. 4.7b). The signal showed an ER like distribution. This 

result confirmed that 4CL links to C3H, via C4H.   

The same type of experiment verified the HCT/4CL/C4H protein complex.  PtrHCT1-

YFPC, Ptr4CL3, and PtrC4H1 -YPFN, were transformed into P. trichocarpa  SDX protoplast  

cells, and the control experiment was PtrHCT1-YFPC and PtrC4H1 -YPFN.  The control 

experiment gave a negative signal showing that PtrHCT1 and PtrC4H1 do not contact each 

other. In contracts, PtrHCT1-YFPC, Ptr4CL3, and PtrC4H1 -YPFN, gave a positive signal 

because of the HCT/4CL/C4H protein complex (Fig. 4.8a, b).  

The PAL/C3H/C4H protein complex was also verified by using PtrPAL2-YFPC, 

PtrC3H3 and PtrC4H1-YPFN constructs for BiFC. As a control, PtrPAL2-YFPC and 

PtrC4H1-YPFN were transformed into protoplast cells.  The control experiment gave no 
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signal showing that PAL and C4H do not interact. PtrPAL2-YFPC, PtrC3H3, and PtrC4H1-

YPFN gave a positive signal providing evidence for PAL/C3H/C4H protein complex (Fig. 

4.8c, d).  

We found positive results for HCT-4CL, 4CL-C4H, C4H-C3H, and C3H-PAL 

interactions in the two protein BiFC experiments, and positive results in HCT-4CL-C4H, 

4CL-C4H-C3H, and C4H-C3H-PAL in three protein BiFC experiments. Together these 

results  identify the existence of a PAL/C3H3/C4H1/C4H2/4CL/HCT protein complex. The 

BiFC results also gave us the evidence about the structure of the complex, which follows the 

sequence: HCT→4CL→C4H→C3H→PAL (Fig. 4.3).  

 

 

Figure 4.7 Three-protein BiFC of Ptr4CL3/C4H1/C3H3. (a) Model of the three-protein BiFC. 4CL3 and C3H 

protein complex only exists when C4H is presents.   (b) BiFC of Ptr4CL3 with PtrC3H3 resulted in no signal. (c) 

BiFC of Ptr4CL3, PtrC4H1 and PtrC3H3 expressed a YFP signal. 
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Figure 4.8 Three-protein BiFC of PtrHCT1/Ptr4CL3/PtrC4H1 and PtrPAL2/PtrC3H3/PtrC4H1. (b) 

PtrHCT1/Ptr4CL3/PtrC4H1 expressed YFP signal while (a) as control had negative signal. (a) and (b) 

confirmed PtrHCT1/Ptr4CL3/PtrC4H1 complex.  Of the PtrPAl2/PtrC3H3/PtrC4H1 showed YFP signal while 

(c) PtrPAL2-YFPN+PtrC4H1-YFPC showed negative signal as a control. Together (c) and (d), supports 

PtrPAL2/PtrC3H3/PtrC4H1 complex. 
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4.3.4 Co-IP Confirms Multiprotein Complexes of PAL/C3H3/C4H1/C4H2/4CL/HCT 

The third line evidence of the multiprotein complex uses Co-IP to pull down native 

SDX protein and identify existence of the complex in the plant. We used a wild type P. 

trichocarpa SDX total extract as the material and applied antibodies (Anti-PtrPal1-5, Anti-

PtrC4H1, Anti-PtrC4H2, Anti-PtrC3H3, Anti-Ptr4CL3, Anti-Ptr4CL5, and Anti-PtrHCT1 

and Anti-PtrHCT6 to perform Co-IP. The western blot results are shown in Fig. 4.9 and Fig. 

4.10.  Reciprocal Co-IP, as used in Chapter 2, was applied to identify the multiprotein 

complex. In each PAL, C4H, C3H, 4CL, HCT antibody pull down samples we were able to 

detect all the members (PAL, C4H, C3H, 4CL, HCT) on the western blots. Using PtrC4H1 + 

PtrC4H2 antibody to pull down native protein we identified 4CL, PAL, HCT, C3H , but not 

Cald5H, COMT, CCR, and CCOMT signals (Fig 4.9). By using Anti-Pr4CL3 + Anti-

Ptr4CL5 antibodies to perform immunoprecipitation, we detected PAL, HCT, C4H, and C3H. 

Using PtrC3H3 antibody to pull down, we detected 4CL, HCT, C4H, and PAL. Using 

PtrPAL1-5 antibody to pull down, 4CL, HCT, C4H, C3H were all detected. With the Co-IP 

data, we can identify the PAL/C3H3/C4H1/C4H2/4CL/HCT protein complex in native SDX 

protein.  

 

 

Figure 4.9 PtrC4H1 IP of SDX native protein. Antibodies used as western blot probe were showed above the 

figure. PAL, C4H, C3H, 4CL and HCT showed positive signals. Cald5H, CCR, COMT, CAD and CCOMT 

expressed negative signals verified these 5 proteins were not pulled down with PtrC4H1. 
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Figure 4.10 Reciprocal Co-IP of SDX native proteins. (a) Anti-PtrPAL1-5 pull down. (b) Anti-Ptr4CL3, -4CL5 

pull down. (c) Anti-PtrC3H3 pull down. (d) Anti-PtrHCT1, -PtrHCT4 pull down. Antibodies used as western 

blot probes are shown above the figure. PAL, C4H, C3H, 4CL and HCT signals can be detected in each 

antibody pull down result.   
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4.3.5 Down Regulation of Hydroxylase Resulted in Reduced Protein Complex 

Co-IP gives us strong evidence that the PAL/C3H3/C4H1/C4H2/4CL/HCT protein 

complex exist in the plants. To further support this, we knocked down the three ER binding 

proteins (PtrC4H1, PtrC4H2 and PtrC3H3) in transgenic plants of P. trichocarpa, and 

studied the enzyme activity.  

We used artificial RNAs
2
 to down regulate PtrC4H1 and PtrC4H2 genes 

simultaneously.  In the a10 construct (knockdown C4H1 and C4H2) lines, we measured the 

PtrC4H1 and PtrC4H2 mRNA expression levels to estimate the efficiency of the knockdown 

result (Fig. 4.11.a, and b).  We selected 3 lines (a10-9, a10-14, and a10-16) for protein 

complex studies. In each of the three transgenic lines, we extracted crude SDX protein and 

separated the microsomal fractions from total protein. The enzyme activities of the 10 

monolignol biosynthesis enzyme families (PAL, C4H, 4CL, HCT, C3H, COMT, Cald5H,  

CCR, CAD, and  CCOMT) were assayed as previously described.
14

 The enzyme activities in 

SDX total protein of transgenic plants compared with the wild type showed that C4H enzyme 

activity strongly decreased.  The C4H activity was decreased to 60%, 34%, and 28% in a10-9, 

a10-14, and a10-16 (Fig. 4.12a).  The result indicates that the knockdown PtrC4H1 and 

PtrC4H2 RNA level decreased C4H total protein activity in SDX tissue.  In a previous 

chapter, we discussed how C3H needs to cooperate with C4H to have full activity.  In the 

C4H knockdown lines, we observed C3H activity decreased to 24%, 12%, and 3% in a10-9, 

a10-14, and a10-16 (Fig. 4.12b). Cald5H did not take part in any protein complex formation. 

In the three C4H knockdown lines, the Cald5H activity was 98%, 100%, and 96% of wild 
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type (Fig. 4.12c), indicating Cald5H has no dependence C4H. Besides the cytochrome P450 

enzymes, the activities of the other seven monolignol biosynthesis enzyme families did not 

change in total protein extract (Fig. 4.13). The enzyme activities changed in the microsomal 

fraction.  4CL activity decreased in all a10 transgenic plants. In the three C4H knockdown 

lines, 4CL activity in the microsomal fraction decreased to 46%,  20%, and 59% (Fig. 4.13b). 

The result confirms that 4CL is attached to C4H in the membrane part.  HCT activity was 

also decreased in the microsomal fraction. In the three C4H knockdown lines, the HCT 

activity was decreased to 92%, 80%, and 80% (Fig. 4.13c). The reduction level was not as 

much as 4CL. The result still confirmed that HCT binds to the ER by associating with C4H 

in a protein complex.  

 

 

Figure 4.11 Transcription abundance of transgenic plants. (a) PtrC4H1 transcription level of a10 transgenic 

trees. (b) PtrC4H2 transcription level of a10 transgenic trees. (c) PtrC3H3 transcription level of i20 transgenic 

trees. (d) PtrC4H1, PtrC4H2, and PtrC3H3 expression level of i69 transgenic trees. 
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Figure 4.12 Hydroxylase activities of a10 transgenic trees.  (a) C4H, (b) C3H, (c) Cald5H protein activities 

were compared with wild type (WT). 
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Figure 4.13 Enzyme activities in microsomal and total protein fractions of a10 transgenic trees.  (a) PAL, (b) 

4CL, (c) HCT, (d) CCOMT, (e) COMT, (f) CCR, (g) CAD.  Enzyme activaty in microsomal fractions and the 

total protein extracts were compared with wild type (WT). 
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Figure 4.14 Enzyme activities of bead assay of a10 transgenic trees.  In a10 transgenic plants, proteins were 

pulled down by Anti-PtrC3H3 antibody and assayed (a) PAL, (b) 4CL, (c) HCT, (d) CCOMT, (e) COMT, (f) 

CCR, (g) CAD enzyme activities.  Enzyme activities were compared with wild type (WT). 
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Besides C4H knock down transgenic trees, we also produced PtrC3H3 knock down 

(i20) and PtrC3H3, PtrC4H1, and PtrC4H2 3-gene knockdown (i69) transgenic plants.  

Real-time PCR was used to identify the RNA transcript levels in the two constructs (Fig. 

4.11 c and d). For each construct, we selected 3 lines (i20-2, i20-5, i20-10, i69-4, i69-10, and 

i69-13) for further study. 

The ten monolignol enzyme family activities in both the total SDX protein fractions 

and the microsomal protein fractions were tested. In the total protein extracts, both i20 

(PtrC3H3 knock down) and i69 (PtrC3H3, PtrC4H1 and PtrC4H2 knock down) showed a 

clear decrease of C3H activity (Fig. 4.15b), consistent with real-time PCR resulst. The C4H 

activity was also reduced (Fig. 4.15a) in the three C3H knock down transgenic lines. Again, 

this confirms that C3H and C4H need to be together to be fully activated.  The Cald5H 

activity only changed in i69-4 (Fig. 4.15c), which is not strong enough to support an 

association between Cald5H and C3H or C4H.  

In the i20 transgenic plants (PtrC3H3 knock down lines), 4CL and HCT activities in 

total and microsomal fractions of the transgenic plants were almost the same as with the wild 

type. But in the three i69 transgenic plants (PtrC3H, PtrC4H1, and PtrC4H2 knock down), 

the activities of 4CL and HCT, although in the total protein extract, are close to the wild type. 

The activity was decreased in the membrane fraction (Fig 4.16). 4CL and HCT may not 

attach to PtrC3H3 but may attach to PtrC4H1/PtrC4H2. Also because the 4CL activity 

decreases more than HCT, 4CL may be closer to the membrane than HCT.  
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  PAL activity in the total protein fraction of wild type, i20, and i69 were close to each 

other, which means the total PAL protein level did not change in transgenic plants. But in the 

microsomal fraction of i20, the PAL activities were all lower than wild type. The activities 

were 80%, 63% and 36% compare to the wild type (Fig. 4.16a). The same reduction was 

observed in three i69 transgenic lines. The PAL protein in the protein complex appeared to 

associate with C3H on the membrane.  

COMT and CCR activities in i20, i69 and a10 transgenic lines showed no difference 

between the microsomal fraction and total protein activity. No activity of CCOMT and CAD 

were detected in the microsomal fractions of both wild type and transgenic trees.  The results 

indicate that COMT, CCOMT, CAD and CCR do not directly associate with C4H and C3H.  

 

 

Figure 4.15 Hydroxylase activities of i20 and i69 transgenic trees.  (a) C4H, (b) C3H, (c) Cald5H protein 

activities were compared with wild type (WT). 
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Figure 4.16 Enzyme activities in the microsomal and total protein fractions of i20 and i69 transgenic trees.  (a) 

PAL, (b) 4CL, (c) HCT, (d) CCOMT, (e) COMT, (f) CCR, (g) CAD.  Protein activities in microsomal fractions 

and total protein were compared with wild type (WT). 
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Figure 4.17 Enzyme activities on bead assay of i20 and i69 transgenic trees.  i20 and i69 transgenic plants total 

proteins were pulled down by Anti-PtrC4H1, -PtrC4H2 antibody and assayed (a) PAL, (b) 4CL, (c) HCT, (d) 

CCOMT, (e) COMT, (f) CCR, (g) CAD enzyme activities, were compared with wild type (WT).  
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4.3.6 Pull Down Protein Complex Activity Assays Indicate Protein Complex Structure 

In the three transgenic constructs,  we performed on bead protein activity assays to 

exam the protein complex structure. The experiment design is binding antibody on the 

protein G magmatic beads, then using the beads to pull down the protein complex from the 

SDX total protein of each transgenic tree. In different gene knockdown transgenic plants, we 

expect to see the beads bind different amounts of protein complex resulting in activities of 

different enzymes decrease in the immunoprecipitated samples. In the a10 and wild type P. 

trichocarpa SDX total protein, we used Anti-PtrC3H3 antibody to perform the pull down and 

then we tested the enzyme activities of the other seven enzyme families (PAL, 4CL, HCT, 

COMT, CCR, CAD, and CCOMT) . Due to immunoprecipitation experiment needs to 

remove membrane structure, so no activity would be detected for the three cytochrome P450 

enzymes. In a10 transgenic trees, if we pull down C3H, which allow us to pull down the  

PAL/C3H3/C4H1/C4H2 /4CL/HCT protein complex, enzymes that bind to C4H will be 

decreased in the pulled down fraction due to reduced C4H protein. Proteins binding to C3H 

would remain at the same level as the wild type. The anticipated result of using PtrC3H3 

antibody to pull down complex in a10 transgenic trees is that 4CL and HCT activity would 

decrease and PAL activity would remain the same. PAL activity in the a10 transgenic lines 

was almost the same as wild type, which supported the conclusion that PAL may not be 

linked to C4H directly (Fig 4.14 a).  4CL, and HCT activities can be detected on the beads in 

wild type, but decreased their activities in the a10 transgenic lines. The activities of other 
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enzyme families (COMT, CCR, CAD, and CCOMT) did not change or could not be detected 

in the a10 transgenic lines.  

In i20 transgenic trees, we used Anti-PtrC4H1 and Anti-PtrC4H2 to perform pull 

down.  Proteins associated with PtrC3H3 activity should decrease in the i20 pulled down 

samples. PAL activity decreased in i20 transgenic pull down samples, and the 4CL and HCT 

enzyme activities did not change compared to the wild type (Fig. 4.17 a, b, and c). The result 

points out that PAL is linked to PtrC3H3 and that 4CL and HCT are linked to 

PtrC4H1/PtrC4H2. 

Combining the data with the total, membrane fraction assays, and pull down on bead 

assays, we conclude that 4CL and HCT enzymes are attached to C4H with the sequence 

HCT-4CL-C4H. PAL attaches to C3H.  Combining the two sets of results and previous study 

that PtrC4H1/C4H2/C3H3 protein complex and the three proteins BiFC result, we concluded 

that there is a PAL/C3H3/C4H1/C4H2/4CL/HCT protein complex in the SDX of the native 

plants.  

 

4.3.7 Enzyme Reconstitution Built PAL/C3H3/C4H1/C4H2/4CL/HCT Protein Complex in 

vitro. 

Reconstitution is a way to verify existence of a protein complex by re-building the 

protein complex in vitro.
16

 A cytosolic proteins complex is easy to re-build, such as the 

Ptr4CL3/4CL5 protein complex (Chapter 2). Membrane proteins require folding the protein 
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structure on a membrane. The C4H1/C3H3 protein complex with PtrCPR2 (P. trichocarpa 

cytochrome P450 reductase 2) in the membrane was re-built in a reconstitution system. As 

the result, the enzyme activities of reconstitution for single PtrC4H1 or PtrC3H3 alone with 

PtrCPR2 were too weak to be detected (Fig. 4.18 a and b).  But when reconstitution of 

PtrC3H3, PtrC4H1 and PtrCPR2 proteins were added together, both PtrC3H3 and PtrC4H1 

activity were increased (Fig. 4.18 a and b). The result proved that PtrC4H1/C3H3 protein 

complex can successfully re-build in the reconstitution system.   

After verifying that the reconstitution system can work, we then used PtrHCT6, 

Ptr4CL3, Ptr4CL5, PtrC4H1, PtrC3H3, PtrPAL4, PtrPAL5 to build the protein complex. We 

first tried to reconstitute all the enzymes together, and to detect the enzyme activity with or 

without the PtrC4H1/C3H3 protein complex in the reconstituted system. Without the 

PtrC4H1/C3H3 protein complex, HCT, 4CL and PAL activities were very low. With the 

PtrC4H1/C3H3 protein complex, the HCT, 4CL and PAL activities were high (Fig. 4.18c). 

HCT, 4CL and PAL appear to be are able to attach to C4H1/C3H3 and thus stay on the 

membrane.  
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Figure 4.18 Enzyme reconstitution assays. (a), (b) reconstitution of PtrC4H1, and PtrC3H3 separately or 

together and assayed (a) C4H enzyme activity and (b) C3H enzyme activity.  Reconstitution of PtrC4H1 and 

PtrC3H3 together can enhance each enzyme activity. (c) PAL, 4CL, and HCT reconstituted on the membrane 

with or without PtrC3H3/PtrC4H1 protein complex. With the PtrC3H3/PtrC4H1 protein complex, PAL, 4CL 

and HCT expressed high activity on membrane structure.  
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4.4  Discussion 

 

4.4.1 PAL/C3H3/C4H1/C4H2/4CL/HCT Protein Complex is an ER Complex and Could be 

Dynamic  

It is important to regulate the lignin biosynthesis to control the components and 

quantity of the lignin in the plants. In this study, the PAL/C3H3/C4H1/C4H2/4CL/HCT 

protein complex was demonstrated by chemical crosslinking, BiFC and Co-IP. Evidence 

demonstrate the existence of the protein complex in vivo and in vitro. The protein complex 

subcellular localization was based on BiFC experiments. We can see the protein complex in 

BiFC result as an ER like signal (Fig. 4.7 and 4.8). In the complex, PtrC3H3, PtrC4H1 and 

PtrC4H2 are ER binding proteins.  The other enzymes are cytosolic enzymes and they are not 

able to bind on membrane structures.  Due to the three hydroxylases of the complex binding 

to the ER, the other members which link to C4H or C3H are also attached to the ER. 

Therefore, the PAL/C3H3/C4H1/C4H2/4CL/HCT protein complex is an ER binding protein 

complex. This can explain why we are able to detect 4CL, HCT and PAL activities in the 

microsomal fraction. Also knockdown of C4H or C3H results in 4CL, HCT, and PAL 

activities being decreased in the microsomal fraction. In the protein complex, PtrC3H3, 

PtrC4H1 and PtrC4H2 are the core of the portion complex, not only because the three 

proteins are in the middle of the complex but because also they bind the protein complex on 

the ER. 
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In wild type P. trichocarpa, PAL, 4CL and HCT protein activities in the microsomal 

fraction are 15 %, 20% and 4% of their total protein activities (Fig. 4.1). It is not clear 

whether the separation of the microsomal fraction from the total protein disrupts the 

PAL/C3H3/C4H1/C4H2/ 4CL/HCT protein complex, which could result in decreasing the 

protein activities in the microsomals. Instead, the data imply that not 100% of PAL, HCT and 

4CL proteins are in the membrane fraction which means not 100% of PAL, HCT and 4CL 

proteins are in the complex. In the Chapter 2 Ptr4CL3/4CL5 protein complex study, we 

showed that the Ptr4CL3/4CL5 is a dynamic protein complex. The free Ptr4CL3 and free 

Ptr4CL5 in SDX protein were detected by Co-IP with recombinant 4CL as probe. The same 

situation could apply to the PAL/C3H3/C4H1/C4H2/4CL/HCT protein complex.  The 

protein complex may not be a stable protein complex, and assembling the complex could be a 

major step in the regulation of monolignol biosynthesis.
17 

 

4.4.2 The PAL/C3H3/C4H1/C4H2/4CL/HCT Complex Provides a Deeper Understanding 

of Monolignol Biosynthesis 

Comparing the monolignol biosynthesis pathway with the protein complex structure 

(Fig. 4.3), the complex structure may follow the sequence of the pathway. The PtrC3H3, 

PtrC4H1 and PtrC4H2 could be considered as one large protein because the three proteins 

need to stay together to be fully functioned. The biosynthesis stars from PAL, which converts 

phenylalanine to cinnamic acid, and then PtrC4H1/C4H2/C3H3 converts cinnamic acid to 4-
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coumaric acid. 4-coumaric acid is then converted to 4-coumaroyl CoA by 4CL and to 4-

coumaric shikimic acid by HCT. The PtrC3H3/C4H1/C4H2 complex again adds a 3’ 

hydroxyl group at 4-coumaroyl shikimic acid to produce caffeoyl shikimic acid. In the last 

step, the caffeoyl shikimic acid is converted to caffeoyl CoA by HCT. The 

PAL/C3H3/C4H1/C4H2/4 CL/HCT protein complex is capable of introducing phenylalanine 

into the monolignol biosynthesis pathway and converts it into caffeoyl CoA. Therefore the 

complex initiates the monolignol biosynthesis and could facilitate the biosynthesis process of 

the caffeoyl CoA.   

The enzymes activities in the complex could be different
13, 18, 19

 , i.e. 

PtrC4H1/C4H2/C3H3 complex may increase conversion of 4-coumaric acid to caffeic acid in 

complex form (Chapter2).  Forming protein complex can not only increase the efficiency of 

synthesis of a metabolite, but it may better regulate the enzyme activity of the complex 

members.
9
  In the reconstitution assay, besides supporting that PAL/C3H3/C4H1/C4H2/ 

4CL/HCT protein complex is membrane bound, we also observed the enzyme activity 

changes (Fig. 4.19).  Enzyme activity changes in the complex will result in changes in the 

path of the metabolite flux. The change of enzyme activity from reconstitution may apply to 

the monolignol biosynthesis model, which combines enzyme quantity, metabolite quantity, 

enzyme kinetic and enzyme inhibition data. Incorporating the enzyme complex regulation in 

the model, can help us to further understand the behavior of the metabolite grid during 

monolignol biosynthesis. 
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Figure 4.19 4CL, HCT and PAL activities change in reconstitution assays. (a) 4CL reconstitutes with C3H/C4H 

complex resulting in decreasing activity, (b) HCT reconstitutes with the C3H/C4H complex resulting in 

increasing activity (c) PAL reconstitutes with C3H/C4H complex resulting in increasing activity. 

 

 

4.4.3 More Proteins May be Involve in The Monolignol Biosynthesis Protein Complex 

Chemical crosslinking is a general way to identify any potential protein complex. 

Compared to other methods for protein complex study, chemical crosslinking is able to detect 

both weak and strong protein-protein interactions.
20

 In the chemical crosslinking results, we 

detect all ten monolignol biosynthesis members in the complex (Fig. 4.2). But in Co-IP 

experiments, we did not detect Cald5H, COMT, CCOMT, CCR and CAD signals in the PAL, 

4CL, HCT, C4H, C3H pull down results. The result does not mean that Cald5H, COMT, 

CCOMT, CCR and CAD are not involved in the large protein complex, but it means that 

chemical crosslinking can lead to a different result from other experiments because chemical 

crosslinking can also capture weak protein-protein interactions.
20

 We used Cald5H as a 
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control to pull down SDX crude protein and in the western blots we applied Anti-PAL, 4CL, 

C4H, C3H, HCT for detection.  All the anti-body gave a negative result. The conflict 

between Co-IP and crosslinking results could be due to Cald5H, OMT, CCOMT, CCR and 

CAD not strongly or constantly attaching to the PAL/C3H3/C4H1/C4H2/4CL/HCT complex. 

Thus we detect Cald5H, OMT, CCOMT, CCR and CAD by crosslinking but not by Co-IP. 

The results suggest that more proteins may be involved in the PAL/C3H3/C4H1/C4H2/ 

4CL/HCT complex, but more efforts required verifying this possibility. 
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