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ABSTRACT

4-coumarate:CoA ligase (4CL) activates hydroxycinnamates to their
corresponding CoA esters for utilization in the biosynthesis of phenylpropanoid end
products such as lignin and flavonoids. Multiple 4CL isoforms were found in all species
examined, and these isoforms were grouped into three classes by phylogenetic analysis.
Lignin biosynthesis-associated isoforms in angiosperms and gymnosperms segregated
into Class | and Class Ill, respectively. Non-lignin phenylpropanoid biosynthesis-
associated 4CLs of both angiosperms and gymnosperms clustered into Class Il. This
suggests that distinct 4CLs evolved before the divergence of spermatophytes. In vitro
enzyme kinetic analysis revealed a correlation between 4CL phylogenetic classification
and substrate selectivity. Homology modeling and site-directed mutagenesis identified
residue 302 in the substrate binding pocket as a major determinant of 4CL substrate
selectivity. Transgenic Populus over-expressing wild-type or mutant 4CLs with different

substrate selectivity exhibited distinct phenylpropanoid phenotypes. Unexpectedly, little



metabolic change was observed in the transgenic Populus over-expressing a loblolly pine
PtadCL1 or a Pta4CL1 domain-swap mutant. The weak transgenic effects were in
contrast to the significant metabolic changes in transgenic Populus expressing loblolly
pine Pta4CL3. One explanation for the distinct transgenic effects is that the backbone of
Pta4CL1, which shares low sequence identity with Populus 4CLs, may be incompatible
with the phenylpropanoid metabolons in Populus. Class Il Pta4CL3, on the other hand, is
evolutionary conserved with angiosperm 4CLs, and can exert an effect on Populus

metabolism.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

4CL and the phenylpropanoid pathway

4-coumarate:CoA ligase (4CL) catalyzes the ATP-dependent esterification of
phenylpropanoid hydroxycinnamates with co-enzyme A (CoA) (Hahlbrock and
Grisebach, 1970; Dixon et al., 2002; Vogt, 2010). The product thioesters are utilized in
downstream pathways for the biosynthesis of lignin monomers, flavonoids and a plethora
of taxon-specific UV protectants, antioxidants, insect deterrents, and fragrances (La
Camera et al., 2004; Vogt, 2010). Lignin is the second most abundant natural polymer on
earth behind cellulose (Davin and Lewis, 2005). It reinforces the cell wall matrix, and its
hydrophobicity is crucial to water transport in vascular plants. The various
phenylpropanoid end products, though classified as secondary compounds, are essential
for plant growth, reproduction, adaptation, and defense (Dixon et al., 2002; Humphreys

and Chapple, 2002; Vogt, 2010).

p-Coumarate (PA), caffeate (CA), ferulate (FA), and sinapate all serve as 4CL
substrates (Lindl et al., 1973; Gross et al., 1975; Stockigt and Zenk, 1975; Knobloch and
Hahlbrock, 1977). Catalysis is initiated when ATP and a hydroxycinnamate interact to
yield a hydroxycinnamoyl-adenylate intermediate (hydroxycinnamoyl-AMP) at the
expense of pyrophosphate (Gross and Zenk, 1974; Knobloch and Hahlbrock, 1975). In

the second step, a molecule of CoA reacts with the hydroxycinnamoyl-adenylate



intermediate, and the final products, hydroxycinnamoyl-CoA and AMP, are released.
Similar catalytic mechanisms are observed in all acyl-AMP forming enzymes, including
acyl-CoA synthetases, firefly luciferases, and the phenylalanine-activating domain (PheA)
of gramicidin S synthetase from Brevibacillus brevis (de Wet et al., 1987; Babbitt et al.,
1992; Conti et al., 1997). These enzymes belong to the superfamily of adenylate-forming
enzymes (Fulda et al., 1994; Schneider et al., 2003). Many structurally characterized
members of this superfamily exhibit similar overall folding patterns with a large N-
terminal and a small C-terminal domain. Within the N-terminal domain, two conserved
motifs (i.e. A3 and A6 motifs of PheA) flank the substrate binding domain. These
conserved motifs correspond to Box | (SSGTTGLPKGV) and Il (GEICIRG; Becker-
Andre et al., 1991; Fulda et al., 1994; Dieckmann et al., 1997) of 4CLs. The Box | motif
is highly conserved in 4CLs and some other adenylate-forming enzymes, and Box Il is
absolutely conserved in all 4CL proteins (Stuible et al., 2000). The contribution of these

two motifs to 4CL catalysis is still unclear (Stuible et al., 2000).

4CL In Vivo Function and Classification

Multiple 4CL isoforms were first identified in soybean cell suspensions by Lindle et
al. (1973). To date, all characterized angiosperm (eg. Arabidopsis, aspen, tobacco) and
gymnosperm species (eg. Spruce) express multiple isoforms (Lee and Douglas, 1996; Hu
et al., 1998; Ehlting et al., 1999; Lindermayr et al., 2002; Hamberger and Hahlbrock,
2004; Friedmann et al., 2007; Hamberger et al., 2007; Koutaniemi et al., 2007). Based on
their predicted amino acid sequences, angiosperm 4CL isoforms are assigned into two

major groups, Class I and Il, and gymnosperm 4CLs into Class Il (Chen, 2008) and a



third group, Class Il (Ehlting et al., 1999; Lindermayr et al., 2002; Saballos et al., 2012).
Within each Class, 4CL isoforms from different species often share similar tissue
expression patterns and substrate selectivity (Ehlting et al., 1999; Harding et al., 2002;
Lindermayr et al., 2002; Hamberger and Hahlbrock, 2004). Many Class | 4CLs exhibit
their highest in vitro catalytic efficiency with CA, while Class Il 4CLs exhibit maximum
catalytic efficiency using PA (Ehlting et al., 1999; Harding et al., 2002; Lindermayr et al.,
2002). Class | 4CLs, including ArabidopsisAt4CL1&2 and aspen Prt4CL1, are abundant
in lignifying tissues (Hu et al., 1998; Ehlting et al., 1999). Down-regulation of Class I
4CLs in transgenic Arabidopsis, tobacco, and aspen has led to reduced lignin content and
altered monolignol composition (Kajita et al., 1996; Lee et al., 1997; Hu et al., 1999).
Class | 4CLs have therefore been proposed to be involved in lignin biosynthesis.
Gm4CL1 and At4CL4 also encode Class | isoforms, and are most highly expressed in
stem/hypocotyls and root tissues (Lindermayr et al., 2002; Soltani et al., 2006). Gm4CL1
and At4CL4 exhibit a rarely observed capacity to utilize sinapate as a substrate in vitro
(Lindermayr et al., 2002; Hamberger and Hahlbrock, 2004). Based on their tissue
localization and substrate utilization patterns, At4CL4 and Gm4CL1 are thought to be
involved in the biosynthesis of both lignin and non-lignin phenylpropanoids (Lindermayr

et al., 2002; Hamberger and Hahlbrock, 2004).

Class Il 4CLs, including Ptr4CL2, At4CL3, and Gm4CL3 & 4, are more highly
expressed in green/soft tissues than in lignifying tissues (Hu et al., 1998; Ehlting et al.,
1999; Lindermayr et al., 2002). The strong affinity of Class Il 4CLs for PA in vitro
distinguishes them from Class | isoforms (Ehlting et al., 1999; Harding et al., 2002;

Lindermayr et al., 2002). Nonstructural phenolics such as flavonoids are typically



abundant in tissues where Class Il isoforms are preferentially expressed (Hu et al., 1998;
Ehlting et al., 1999; Winkel-Shirley, 2001; Lindermayr et al., 2002). The CoA thioester
of PA, p-coumaroyl-CoA (PA-CoA), is utilized along with malonyl-CoA to form
chalcone, the precursor of all flavonoids, and a metabolic link between Class Il 4CLs and
flavonoid biosynthesis (Ebel et al., 1974; Hahlbrock and Grisebach, 1979; Uhlmann and
Ebel, 1993; Harding et al., 2002). The Class Il gymnosperm-specific group is
phylogenetically distinct form Class | and Class 11, and loblolly pine Pta4CL1 and its
ortholog in radiate pine are the only isoforms that have been characterized in this group
(Voo et al., 1995; Zhang and Chiang, 1997; Ehlting et al., 1999; Wagner et al., 2009).
Similar to angiosperm 4CL isoforms in Class I, Pta4dCL1 is well expressed in lignifying
tissues, and down-regulation of the ortholog in P. radiata reduced lignin content (Wagner
et al., 2009). However, increased Pta4CL1 expression in N-deficient needles and root tips
suggests that Pta4CL1 may also have a role in non-lignin phenylpropanoid biosynthesis
(Chen, 2008). Catalytically, Pta4CL1, unlike the Class I or 1l angiosperm 4CLs that have
been characterized, exhibits little substrate selectivity between PA, CA, and FA (Zhang

and Chiang, 1997; Harding et al., 2002).

Phenylpropanoid Metabolic Channeling

In the widely accepted phenylpropanoid pathway model, the CoA-activation by
4CL is thought to occur with PA (Humphreys and Chapple, 2002; Vogt, 2010). The 4CL
product PA-CoA is then utilized to form CA-CoA via the combined action of
hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyltransferase (HCT) and p-

coumarate 3-hydroxylase (C3H; Humphreys and Chapple, 2002; Hoffmann et al., 2003;



Hoffmann et al., 2004). This scenario was supported by evidence that C3H exhibits weak
activity toward PA, but can efficiently 3-hydroxylate p-coumaroyl shikimate/quinate in
vitro to form the corresponding caffeoyl esters (Schoch et al., 2001; Franke et al., 2002;
Schoch et al., 2006). However, several stable-isotope feeding studies using explants of
Carthamus tinctorius and Robinia psudoacacia found that the free acid form of the major
hydroxycinnamates, including caffeate, ferulate and sinapate, occurs in vivo, and can be
CoA-activated and incorporated into syringyl lignin (Yamauchi et al., 2002; Tsuji et al.,
2003; Yamauchi et al., 2003; Sakakibara et al., 2007). This suggests the existence of
alternative pathways to the C3H-HCT model, involving 4CL activation of caffeate and
other free hydroxycinnamtes for lignin biosynthesis (Yamauchi et al., 2003; Sakakibara
et al., 2007; Umezawa, 2010). However, the in vivo evidence that lignin is actually

formed via the alternative (free acid) pathway is not yet available.

Metabolic channeling has been proposed to sequester intermediates and to provide
flux control in the central as well as various phenylpropanoid-dependent branch pathways
(Stafford, 1974; Rasmussen and Dixon, 1999; Winkel-Shirley, 1999; Achnine et al., 2004;
Jorgensen et al., 2005; Ralston and Yu, 2006). Among the phenylpropanoid enzymes,
members of the cytochrome P450 family, including cinnamate 4-hydroxylase (C4H),
C3H, and flavonoid 3’-hydroxylase (Maria Koch et al., 1995), are endoplasmic reticulum
(ER)-localized. In the central phenylpropanoid pathway, a protein-protein interaction
between phenylalanine ammonia-lyase (PAL) and C4H has been reported (Achnine et al.,
2004). This suggests that C4H may serve as the ER anchor of other phenylpropanoid
pathway enzymes to form a metabolon (Burbulis and Winkel-Shirley, 1999; Saslowsky

and Winkel-Shirley, 2001; Winkel, 2004; Ralston and Yu, 2006). Recently, 4CL and



HCT were found to exhibit a variety of protein-protein interactions with C4H and/or C3H
(Bassard et al., 2012). The detection of such interactions suggests that 4CL and other
phenylpropanoid enzymes participate in metabolic channeling. In addition, in vitro
interactions between Populus C4H and C3H were found to impact the affinity and
catalytic efficiency of CA formation from PA (Chen et al., 2011). This result supports the
idea that 4CL activation of both PA and CA are likely important in vivo, and that such
functional diversity by 4CL is dependent on metabolic channeling complexes, or

metabolons (Chen et al., 2011; Bassard et al., 2012; Chen et al., 2013).

4CL Protein Structure and Engineering

The catalytically important substrate-binding pocket residues of 4CL1 and 2 were
first identified in Arabidopsis (Stuible et al., 2000; Ehlting et al., 2001; Stuible and
Kombrink, 2001; Schneider et al., 2003). The major difference between At4CL1 and
At4CL2 was that At4CL2 exhibits low or no in vitro activity toward FA (Ehlting et al.,
1999). To identify the binding pocket residues that determine the substrate selectivity of
4CLs, domain swap experiment was conducted (Ehlting et al., 2001). The study narrowed
the putative substrate binding residues to within the region flanked by the two conserved
4CL motifs, Boxes | and Il. Replacing this region of At4CL2 with that of At4CL1
enabled the mutant At4CL2 to utilize FA (Ehlting et al., 2001). A homology modeling
approach using the PheA crystal structure was then used to identify the putative 4CL
substrate binding residues (Stuible and Kombrink, 2001). PheA, like 4CL, is a member of
the adenylate-forming enzyme superfamily, and its crystal structure was obtained in a

complex with AMP and phenylalanine, which is structurally similar to PA (Conti et al.,



1997; Stuible and Kombrink, 2001). From the 4CL and PheA sequence alignments, nine
putative 4CL substrate binding resides were identified (Stuible and Kombrink, 2001).
Replacing the methionine at position 293 with alanine or phenylalanine enabled At4CL2
to utilize FA, and similar effects were observed by replacing lysine at 320 with leucine or
alanine (Stuible and Kombrink, 2001). Furthermore, deletion of valine 356 enabled

At4CL2 to utilize both FA and sinapate as substrates (Schneider et al., 2003).

A bona fide 4CLcrystal structure, (Populus tomentosa Pto4CL1) in complex with
adenosine 5’-(3-(4-hydroxyphenyl)propyl phosphate (APP), to mimic a transitional
intermediate of the adenylate-forming step was recently published (Hu et al., 2010). Nine
residues involved in forming the hydrophobic substrate binding pocket (SBP) were
identified. The hydrophobic interaction between the SBP and the 4-hydroxyphenyl group
of APP is the major contributor of substrate binding, because only two residues, Ser-240
and Lys-303, may form hydrogen bounds with the substrate (Hu et al., 2010). The
distance (3.52 A) between Lys-303 and the 4-hydroxy group of APP suggested that only
weak H-bonding would be possible, and the role of Lys-303 in substrate binding was
predicted to be minor, compared to Ser-240 (Hu et al., 2010; Saballos et al., 2012).
Instead, residue 303 was suggested to be responsible for 4CL substrate specificity
(Saballos et al., 2012), and the sequence alignment of 4CLs from different species
showed that position 303 was the least conserved residue among the nine residues in the

SBP (Hu et al., 2010).



Populus and 4CL

Phenylpropanoid metabolism supports a highly diverse array of phytochemicals
among plant lineages (Boerjan et al., 2003; Tsai et al., 2006; Weng et al., 2010). In the
foliage of Populus, large amounts of non-structural phenylpropanoid derivatives,
including chlorogenic acids, condensed tannins and phenolic glycosides, are maintained
constitutively (Tsai et al., 2006; Harding et al., 2009). These constitutive pools also vary
in responses to disease and abiotic stresses, and are especially important for woody
species like Populus that face environmental fluctuations for several years before
reaching reproductive competence (Dixon et al., 2002; Jansson and Douglas, 2007).
Populus, compared with Arabidopsis and other herbaceous species, sustains more
vigorous secondary growth and lignin biosynthesis, and this makes Populus an important
model system for the study of wood chemistry and other wood properties (Jansson and
Douglas, 2007). The well-developed Populus transformation systems and availability of
growing genomic resources further qualify Populus as a model for in vivo gene function

analysis via reverse genetics (Fillatti et al., 1987).

The published genome sequence of Populus trichocarpa (Tuskan et al., 2006) and the
annotation of phenylpropanoid pathway genes (Tsai et al., 2006) have unveiled new
Populus 4CL gene sequences that have not been characterized. In addition, a new loblolly
pine 4CL gene, Pta4CL3, phylogenetically related to angiosperm Class Il 4CLs has
recently been identified (Chen, 2008). Characterization of the gymnosperm Pta4CL3 and
the newly identified Populus 4CLs may address questions about the evolution and

functional divergence of 4CL isoforms. 4CL mutagenesis in earlier studies identified the



residues that are important for 4CL catalysis toward FA, a relatively minor substrate for
angiosperm 4CLs (Stuible and Kombrink, 2001; Schneider et al., 2003). Substrate
selectivity for the predominant substrates, CA and PA, of Class | and Class Il 4CLs,
respectively, has not been investigated. 4CL in vivo function has been previously studied
through gene expression manipulation (Kajita et al., 1996; Lee et al., 1997; Hu et al.,
1999), but the focus was only on the lignin-associated isoforms. Characterizing the
metabolic consequences of transgenic Populus over-expressing 4CLs that have distinct
substrate selectivity will inform on the in vivo functions of different 4CLs. Together with
the published 4CL crystal structure, 4CL substrate specificity may be manipulated and

engineered with precision for in vivo studies of 4CL catalysis and metabolic control.

Dissertation Organization

The rest of this dissertation is organized into two chapters. Chapter 2 describes the
characterization of loblolly pine Pta4CL1 and Pta4CL3, using both biochemical and
transgenic approaches. Recombinant proteins were used for in vitro analysis of Pta4CL1
and Pta4CL3 substrate preference. Both genes were over-expressed in transgenic Populus
to investigate their in vivo functions. Chapter 3 presents the characterization of new
Populus Ptr4CL isoforms, using again biochemical and transgenic approaches, in
conjunction with domain swapping and/or site-directed mutagenesis to alter 4CL

substrate selectivity.
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CHAPTER 2
LOBLOLLY PINE CONIAINS PHYLOGENETICALLY DIVERGENT 4-
COUMARATE:COA LIGASES THAT CONFER DISTINCT METABOLIC

PHENOTYPES WHEN OVER-EXPRESSED IN POPULUS!

1Chen HY, Babst BA, Nyamdari B, Skyes R, Davis MF, Harding SA, and Tsai CJ. To be submitted to the Plant
Journal.
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Abstract

4-Coumarate:CoA ligase (4CL) catalyzes the formation of hydroxycinnamoyl-
CoA esters for biosynthesis of various phenylpropanoid metabolites in plants.
Phylogenetically distinct Class | and Class 11 4CL isoforms occur in angiosperms, and are
associated with lignin and non-lignin phenylpropanoid biosynthesis, respectively. In
contrast, the few experimentally characterized gymnosperm 4CLs that are associated with
lignin biosynthesis belong to the conifer-specific Class Ill. Loblolly pine (Pinus taeda)
was recently shown to harbor a new isoform Pta4dCL3 that is more closely related to
Class Il 4CLs than to other conifer (Class I11) orthologs. Like angiosperm Class 1l 4CLs,
Pta4CL3 transcript levels were higher in needles and roots than in developing xylem, and
its recombinant protein exhibited a substrate preference for p-coumaric acid. Ectopic
expression of Pta4CL3 in Populus led to significant changes in hydroxycinnamates-
conjugates, including an increase of cinnamoyl-quinate in the leaves. This suggested a
novel in vivo Pta4CL3 activity toward cinnamic acid. Pta4CL1-expressing transgenic
Populus, on the other hand, exhibited little change in soluble phenylpropanoids relative to
the wild-type control. This ‘silent’ metabolic phenotype may be ascribed to the
evolutionarily divergence of Class Ill Pta4CL1, which renders it incompatible with the
Populus metabolons for biosynthesis of phenylpropanoids. The evolutionarily conserved
Class Il Pta4CL3 can readily participate in the metabolic channeling, but exhibited

additional in vivo enzyme properties not predicted by in vitro assays.
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Introduction

Phenylpropanoids are plant-specific natural products that serve important functions
during plant growth, development and interactions with biotic and abiotic environments
(Vogt, 2010). They are synthesized from phenylalanine via the central phenylpropanoid
pathway steps catalyzed by phenylalanine ammonia-lyase (PAL), cinnamate 4-
hydroxylase (C4H) and 4-coumarate:CoA ligase (4CL; Dixon et al., 2002; Boerjan et al.,
2003). 4CL enzymes exhibit substrate affinities toward 4-coumaric acid and its
hydroxylated and/or methoxylated derivatives. The 4CL product hydroxycinnamoyl-
CoAs are then channeled into different phenylpropanoid branch pathways to give rise to a
diverse array of natural products, including lignin and flavonoids (Vogt, 2010). 4CL
therefore occupies an important branch point in the regulation of phenylpropanoid

metabolism.

4CL has been studied most extensively in angiosperms. It is encoded by a small
gene family in Arabidopsis (Ehlting et al., 1999; Hamberger and Hahlbrock, 2004),
Glycine (soybean; Lindermayr et al., 2002), Populus (Hu et al., 1998; Harding et al.,
2002; Hamberger et al., 2007), Nicotiana (tobacco; Lee and Douglas, 1996), and Oryza
(rice; Gui et al., 2011). These 4CLs are generally classified into two phylogenetic groups
(Fig. 2-1) that share moderate sequence homology (<65% amino acid identity; Cukovic et
al., 2001; Lindermayr et al., 2002; Hamberger and Hahlbrock, 2004). Several Class |
members have been associated with lignin biosynthesis based on transgenic or mutant
characterization (Kajita et al., 1996; Lee et al., 1997; Hu et al., 1999; Li et al., 2003).

Class | recombinant proteins (e.g., Arabidopsis At4CL1, At4CL2, aspen Ptr4CL1,
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soybean Gm4CL2) typically exhibited a substrate preference for caffeic acid (CA) over
p-coumaric acid (PA) or ferulic acid (FA) in vitro (Hu et al., 1998; Ehlting et al., 1999;
Harding et al., 2002; Lindermayr et al., 2002). Class Il 4CLs are thought to be involved
in biosynthesis of non-structural phenolics, such as flavonoids and phytoalexins, with
preferential expression in green/soft tissues (Hu et al., 1998; Ehlting et al., 1999;
Lindermayr et al., 2002). Unlike Class I isoforms, all biochemically characterized Class
I1 4CLs in Populus, Arabidopsis and soybean favor PA over CA or FA in vitro (Ehlting

et al., 1999; Harding et al., 2002; Lindermayr et al., 2002).

The gymnosperm loblolly pine (Pinus taeda) also contains two phylogenetically
distinct 4CL isoforms, Pta4CL1 and Pta4CL3 (Fig. 2-1; Voo et al., 1995; Zhong et al.,
1998; Chen, 2008). The xylem-abundant Class Il 4CL is encoded by two genes,
Pta4CL1 and Pta4CL2, with identical coding sequences but different introns (Zhang and
Chiang, 1997). Pta4CL1/2 is highly expressed in developing xylem, especially during the
formation of lignin-rich compression wood (Zhang and Chiang, 1997). It is also well
expressed in needles and roots (Chen, 2008). The predicted amino acid sequence is
phylogenetically distinct from that of the angiosperm 4CLs (Ehlting et al., 1999;
Lindermayr et al., 2002; Gui et al., 2011). Recombinant Pta4CL1 exhibits no apparent
substrate discrimination among PA, CA and FA (Harding et al., 2002). These findings led
to the proposition that Pta4CL1 may have a comparatively broad suite of functional
associations in pine stem (Voo et al., 1995; Zhang and Chiang, 1997; Harding et al.,
2002). RNAI silencing of a radiata pine (Pinus radiata) ortholog Pra4CL1 (sharing a
99.4% amino acid sequence identity with Pta4CL1) reduced lignin content in wood

(Wagner et al., 2009), supporting a role in lignin biosynthesis. Pta4CL3 is
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phylogenetically related to angiosperm Class Il 4CLs. The Pta4CL3 transcripts are
detected in needles and root tips, and essentially absent in xylem (Chen, 2008). The
function of Pta4CL3 was thought to be involved in flavonoid biosynthesis like other
angiosperm Class Il 4CLs (Ehlting et al., 1999; Harding et al., 2002; Lindermayr et al.,

2002). However, in vivo support for the function is still lacking.

The research presented in this chapter aimed to address the in vitro enzyme
properties and in vivo function of Pta4CL3. Consistent with the phylogenetic relatedness
of PtadCL3 to angiosperm Class Il 4CLs, Pta4CL3 exhibited a substrate utilization
pattern that is characteristic of Class 11 isoforms. This suggests an ancient origin of Class
Il 4CLs prior to the angiosperm-gymnosperm split during land plant evolution. While
Class Il 4CLs are relatively conserved between gymnosperm and angiosperm, the lignin-
associated Class | and 11 isoforms appear to have evolved separately. Ectopic expression
of Pta4CL1 and Pta4CL3 in Populus provided further support for their functional and
evolutionary divergence. Over-expression of the evolutionarily conserved Pta4CL3 in
Populus resulted in altered phenylpropanoid profiles, whereas similar manipulation with

Pta4CL1 had little impact on Populus metabolism.

Materials and Methods

Phylogenetic analysis

The amino acid sequences of representative 4CLs were subjected to phylogenetic

analysis using tools implemented in the Phylogeny.fr server (Dereeper et al., 2008). The
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work flow included multiple sequence alignment by MUSCLE (Edgar, 2004), alignment
refinement by Gblocks (Castresana, 2000), and phylogeny inference using the maximum
likelihood algorithm PhyML (Guindon et al., 2010), with Jones-Taylor-Thornton matrix
(Jones et al., 1992) as the substitution model and approximated likelihood ratio test
(aLRT) for branch support (Anisimova and Gascuel, 2006). The inferred tree in Newick

format was then imported into MEGAS (Tamura et al., 2011) for visualization.

Real-time Quantitative RT-PCR (gRT-PCR) analysis

Total RNA was extracted using the Plant RNA Reagent (Invitrogen). First-strand
cDNA synthesis was carried out using 2ug of total RNA, Oligo-dT primer, and
SuperScript I reverse transcriptase (Applied Biosystem). Gene-specific primers (Table 1)
were designed to span the coding sequence and/or 3’-UTR of Pta4CL1, Pta4CL3,
Ptr4CL1 and Ptr4CL2. Real-time PCR was performed with cDNA from 1.25 ng of total
RNA per reaction, using the Absolute QPCR SYBR Green Mix kit (ABgene) and the
Mx3000P real-time PCR system (Stratagene). MxPro software (Stratagene) was used to
assess specificity of amplifications. Duplicate analysis of two biological replicates was
performed for each sample. Relative transcript abundance was determined by the ACT
method (Tsai et al., 2006) using aspen ubiquitin-conjugating enzyme E2 and elongation

factor 1-B as housekeeping genes.

Recombinant Pta4CL1 and Pta4CL3 protein expression in E. coli

A recombinant Pta4CL1 expression construct was already available (Harding et al.,

2002). To create a recombinant Pta4CL3 construct, the coding sequence of Pta4CL3 was
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PCR-amplified with a 5> BamH 1 site introduced by primers (Table 1), TA-cloned into
pCRII and sequence-confirmed. A BamH | and Xho | restricted fragment was then
subcloned into pET-30a (Novagen) and transformed into E. coli strain Rosetta 2 (DE3)
pLysS for recombinant protein expression according to manufacturer’s instructions. The
His-tagged recombinant Pta4CL1 and Pta4CL3 was purified by Nickel resin (His-bind kit,
Novagen), desalted with Sephadex G25 in buffer containing 100 mM Tris-HCI pH 7.5,
100 mM NaCl, 5 mM MgCl,, 2.5 pg/ml leupeptin, 0.25 mM DTT, and 15% ethylene
glycol. The protein concentration was determined using the Bradford method (1976) with
bovine serum albumin (BSA) as standards. Protein samples were aliquoted and snap

frozen in liquid nitrogen prior to storage at -80°C.

Enzyme assays

Each enzyme assay reaction (100 pl) contained 100 ng of recombinant Pta4CL1 or
300 ng of recombinant Pta4CL3 in 100 mM Tris-HCI (pH 7.5), 2.5 mM MgCl,, 2.5 mM
ATP, and 5 pg BSA. Cinnamic acid, 4-coumaric acid (PA), caffeic acid (CA), or ferulic
acid (FA) were used as substrates, with concentrations ranging from 5 to 4000 uM.
Mixed-substrate assays contained 200 ng (Pta4CL1) or 400 ng (Pta4CL3) recombinant
proteins with equal-molar combinations of substrates from 5 to 120uM. Reactions were
initiated by addition of 0.2 mM coenzyme A, incubated at 30°C for 3 min and terminated
by heating at 95°C for 3 min. The 3 min incubation time was chosen from the linear
range of the reaction product vs. time catalytic curves in preliminary enzyme assays for

all substrates tested. After termination, the reaction mixtures were centrifuged at 15,000
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rpm for 15 min, and the supernatants analyzed immediately or snap-frozen in liquid

nitrogen and stored at -80°C until use.

The reaction products (10 ul) were analyzed using an Agilent 1200 HPLC coupled
to a 6220 time-of-flight mass spectrometer (HPLC-TOF/MS), equipped with a ZORBAX
Eclipse Plus C18 column (2.1 mm x 15 cm x 3.5 um, Agilent). Two mobile phase
solvents were used: mobile phase A was 2% acetonitrile and 98% water with 10 mM
formic acid (pH 7.0), while mobile phase B was 98% acetonitrile and 2% water. The
elution gradient was 11.8% (v/v) mobile phase B for 2 minutes, and increased from
11.8% to 15% over 5 minutes with a hold at 15% for 5 min, at a flow rate of 0.4 ml/min.
4CL products were detected by MS at m/z 100 to 1200. Reaction product quantification
was based on extracted ion chromatograms at m/z 898 for cinnamoyl-CoA, m/z 914 for 4-
coumaroyl-CoA, m/z 930 for caffeoyl-CoA, and m/z 944 for feruloyl-CoA. Calibration
curves were constructed using authentic CoA thioesters synthesized in vitro with
recombinant Pta4CL1, and purified by flash chromatography according to Meng and
Campbell (1997). Quantification of cinnamoyl-CoA was based on the calibration curve of

4-coumaroyl-CoA.

Populus transformation and transgenic plant characterization

The coding sequences of Pta4CL1 and Pta4CL3 were PCR amplified with an
introduced 5 Xba | site, TA-cloned into pCRII, sequence-confirmed and subcloned into
pB1121 binary vector at Xba | and BamH | sites. Both constructs were mobilized into
Agrobacterium tumefaciens strain C58/pMP90 using the freeze and thaw method

(Holsters et al., 1978). Transformation of hybrid poplar (Populus tremula x alba clone
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717-1B4) was performed as described by Han et al. (2000). PCR-positive transgenic lines
were further screened by gRT-PCR for transgene expression, using gene-specific
Pta4CL1 and Pta4CL3 primers (Table 2-1). Two transgenic events each, B16 and B22
for Pta4CL1-plants and H6 and H21 for Pta4CL3-plants, with the highest levels of

transgene expression were propagated by rooted cuttings.

Hydroponic nitrogen stress treatments

The hydroponic nitrogen stress experiments were conducted as described in Harding
et al. (2009). The rooted cuttings were transplanted into perlite pots for hydroponic
growth in aerated nutrient solution. Nitrate- (2 mM) and ammonium-nitrogen (0.5 mM)
were added daily, and the entire nutrient solution was replaced weekly. The pH of
nutrient solution was monitored and maintained at 4.5 to 5.7 by adding 10 M potassium
hydroxide or hydrochloric acid. After one month, the nitrogen level for the treatment
group was reduced from 2.5 mM (N+) to 0.125 mM (N-). After 15 days of treatment, leaf
plastochron index (LPI)-2, LPI-5, bark and xylem between internodes 16 and 21, and
actively growing root tissues were harvested in liquid nitrogen for molecular and

metabolite analyses.

Metabolite Profiling

Freeze-dried tissue powders (10 mg) were extracted with 315 ul of methanol and
200 upl of water containing 255 puM ortho-anisic acid, 127.5 uM adonitol, 1.3 mM
resorcinol, 400uM '*Cg-cinnamic acid and 700 pM of Ds-benzoic acid as internal

standards. After adding 165 pl of chloroform, the mixture was vortexed and sonicated in
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a 70°C water bath for 5 min, followed by centrifugation for 1 min. The supernatant was
transferred to a new tube and the residues re-extracted (without internal standards) once
more. A 700 pl aliquot of the combined extracts was evaporated to dryness in a speedvac
for solid phase extraction, and the remaining was saved for HPLC-MS/TOF analysis.
Vacuum-dried samples were resuspended in 10% methanol solution and incubated with
Advanta resin (Applied Separations) for 20 min with agitation. After the resin settled, the
extract was partitioned into relatively polar (bound) and less polar (unbound supernatant)
fractions. The polar metabolites that were bound to Advanta resin were eluted by 600 pl
acetonitrile. An aliquot of both Advanta-bound and unbound fractions was vacuum-dried
and resuspended in 5 pl pyridine that contained alkanes as retention index standards.
Methoxyamine hydrochloride and N-methyl-N-(trimethylsilyl)-trifluoroacetamide were
then used for derivatization as described in Jeong et al. (2004). GC-MS (Agilent 7890A
and 5975C) analysis conditions were as described (Jeong et al. 2004, Frost et al. 2012),
using a DB5-MS column (30 m x 0.25 mm x 0.25 mm, with a 10 m DuraGuard pre-
column, Agilent) and splitless injection (1 pl) with helium carrier gas at 1.2 ml/min. Mass
spectra were recorded at 3.21 scans/sec from 6.2 to 15 min with a scan range of m/z 50 to
500, and at 2.66 scans/sec after 15 min with a scan range of m/z 50 to 600. The spectral
data were searched against NIST, Agilent Fiehn GC/MS Metabolomics RTL Library, and
our in-house authentic standard library by AnalyzerPro (SpectralWorks). The alignment
of peaks from each sample was conducted by a custom web-based portal Metalab
(http://128.192.158.63/x/MetaLab/). The metabolites with confidence level over 70% and

presented in 80% of all samples were selected for further analysis.
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The unfractionated total extracts were analyzed by reverse phase HPLC-MS/TOF
using a ZORBAX Rapid Resolution High Throughput RRHT) column (4.6 x 50 mm, 1.8
um, Agilent). The separation gradient consisted of mobile phase A (97% water, 3%
acetonitrile, 0.1% formic acid) and mobile phase B (97% acetonitrile, 3% water, 0.1%
formic acid) as follows: 0-1 min 3% B, linear gradient to 17% B at 3 min, isocratic at
17% B to 5 min, linear gradient to 60% B at 9 min, and then linear gradient to 98% B at
11 min, at a flow rate of 1 ml/min. Metabolites were detected by DAD at 254, 280, and
310 nm, and by MS at m/z 100-1200. The parameters of MS/TOF were: negative mode,
gas temperature 350°C, drying gas 13 I/min, nebulizer pressure 60 psig, Vcap 3500 V,
and fragmentor 125 V. Data was processed by molecular feature extraction using
MassHunter Qualitative Analysis (Agilent). The resultant compound lists from different
samples were aligned by Mass Profiler, and peak areas obtained by MassHunter

Quantitative Analysis (Agilent), followed by manual curation.

The peak area of each metabolite was normalized to that of the internal standard
to obtain relative abundance values. The statistical significance between wild-type (WT)
and transgenic plants was assessed by R using the SLIM package (Wang et al., 2010).
The response ratio of each metabolite (transgenics over WT) was log2 transformed and
visualized as heatmaps using the HeatMapper Plus tool (http://bar.utoronto.ca/ntools/cgi-

bin/ntools_heatmapper_plus.cgi).

Metabolite identification

The unknown peak (m/z 321.098, RT 4.43 min) was predicted as cinnamoyl-

quinate by KNApSAck database. To further confirm its identity, the methanol extract of
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leaf LPI 5 from metabolic profile experiment was dried by centrivap and resuspended in
1/10 the original volume of methanol. The B-glucosidase from almond (Sigma) was first
dissolved in 20 mM NaOAc, pH5.0, and the B-glucosidase was added to the resuspended
sample. The glucosidase reaction was incubated at 37°C for 1 hr. The B-glucosidase
digestion yielded two highly abundant peaks (m/z 423.13 and 469.13) that overlapped
with the target peak, while the target peak was not affected (Fig. 2-2A). Additional
sample aliquot was used for fraction collection. The fraction collected sample that
contained enriched target peak was then alkaline hydrolyzed by 0.1 N NaOH for 1 hr at
room temperature and neutralized by 3M sodium acetate, pH 5.2. The target peak was
completely hydrolyzed after the treatment (Fig. 2-2B), indicating a possible ester
bounding (Lim et al., 2000). The hydrolyzed sample was analyzed by GC-MS, and the
presence of cinnamic acid (Fig. 2-2C; 64% confidence) and quinic acid (Fig. 2-2D; 82 %

confidence) was identified.

Crude protein extraction

The leaf (LPI 5) and xylem tissue harvested from the hydroponic experiment were
ground to a fine powder in liquid nitrogen. Approximately 250 ul of tissue powder from
individual plants or pooled from two biological replicates were used for crude protein
extraction, with 2 or 3 replicates from each genotype x treatment group. Two volumes of
ice-cold extraction buffer containing 100 mM Tris-HCI (pH7.5), 100 mM NaCl, 25 mM
ascorbate, | mM DTT, 2 pg/ml leupeptin, and 5% (w/v) polyvinylpolypyrrolidone were
added to the tissue aliquots. The samples were vortexed for 30 sec twice with a 30 sec

interval on ice, followed by 15 min centrifugation at 15000 g. The supernatant was
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desalted with Sephadex G-25 equilibrated in buffer containing 100 mM Tris-HCI (pH7.5),
5mM MgCL,, 0.1 mM DTT, 2.5 pug/ml leupeptin, and 15% ethylene glycol. The crude
protein concentration was similarly determined as for recombinant proteins. Samples
were snap-frozen in liquid nitrogen and stored at -80°C. The crude protein extract was
used for mixed substrate assays (100 uM equal molar of PA, CA, and FA) with the same
conditions as recombinant protein assays, except 30 ug of crude protein was used in each

reaction, and the reactions were incubated for 8 min.

Lignin analysis

The bark and developing xylem tissues were removed from the stem (internodes
16-21) of plants from the hydroponic experiment, and the remaining wood material was
air dried and ball-milled to a fine powder. The powder was used for lignin analysis by
Pyrolysis Molecular Beam Mass Spectrometry (PyMBMS) at the National Renewable
Energy Laboratory (NREL). A subset of vegetatively propagated WT, transgenic control
and Pta4CL1- (B16 and B22) and Pta4CL3- (H5 and H21) transgenic plants were grown
in soil pots. After the plants reached 5-6 feet in height, the woody stem between
internodes 26 and 40 was harvested, debarked and air-dried. The wood material was
processed by Wiley mill to pass through a 20-mesh screen. Lignin content was
determined by the Klason method according to Sluiter et al. (2010), using 200 mg of
extractive-free wood meal. Samples were hydrolyzed in 2 ml of 72% H,SO, for 1 hr with
gentle shaking, diluted to 4% H,SO, and autoclaved for 1 hr at 121°C. The acid soluble
lignin content of clarified hydrolysate was estimated by UV spectroscopy at 205 nm,

using an extinction coefficient of ¢ =110 L/g-cm. The acid-insoluble lignin residue was
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vacuum-filtered through a pre-weighed fiberglass filter and rinsed with water until the
filtrate was acid-free. The residue and filter set was oven-dried and weighed to obtain the
acid-insoluble lignin content. The sum of the acid soluble and acid-insoluble lignin is the

total lignin amount.

Condensed tannin analysis

The actively growing root tissue was processed to a fine powder in liquid nitrogen
and freeze-dried for condensed tannin analysis. About 10 mg of the powder was used for
MeOH extraction as described in Harding et al, (2005). The MeOH extract supernatant

was further extracted by 200 y | water, 200 « | chloroform, and 50 1 | hexanes, followed

by drying in a CentryVap. The dried supernatant and MeOH extract residue were

resuspended in 980 | of n-butanol-HCI (95% n-butanol and 5% 2M HCI) and 20 «|

ferriccammonium sulfate (2% ferric-ammonium-sulfate in 2 M HCI), followed by heating

at 95°C for 20 min. The soluble and residue-bound condensed tannins were estimated by

spectrophotometer based on Ass4 as previously described (Porter et al., 1985; Payyavula

et al., 2009).

Results

Biochemical characterization of recombinant Pta4CL1 and Pta4CL3

Recombinant Pta4CL1 exhibited similar substrate preference toward PA, CA, and

FA based on their K, values (Table 2-2). Its turnover rate (ko) was higher with FA than
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with PA and CA, resulting in a higher catalytic efficiency (kc./Km) toward FA. Pta4CL3,
on the other hand, had a lower K., and higher catalytic efficiency with PA than with CA
or FA, a feature that has been reported for several Class Il 4CL isoforms (Ehlting et al.,
1999; Harding et al., 2002; Lindermayr et al., 2002). Cinnamic acid was a relatively poor
in vitro substrate for either protein. The results revealed distinct kinetic properties of the
two recombinant proteins: while Pta4CL1 exhibited a broad substrate utilization pattern,

Pta4CL3 showed a substrate specificity toward PA (Table 2-2).

Our laboratory previously developed a mixed-substrate assay system for 4CL
proteins that reliably predicted patterns of potential substrate competition (Harding et al.,
2002). The broad substrate specificity of Pta4CL1 as revealed by kinetics analysis (Table
2-2) is consistent with its non-discriminating substrate utilization profile observed in
mixed-substrate assays (Fig. 2-3A), as reported by Harding et al. (2002). The average
CA-: PA-: FA-CoA product ratio was 1:1.3: 1.1. For recombinant Pta4CL3, PA-CoA was
the predominant product in three-substrate assays, with an average product ratio of
1:4.5:0.6 (Fig. 2-3B). Likewise, PA was preferred over CA or FA in two-substrate assays
(data not shown). In the absence of PA, CA was preferred to FA by recombinant
Pta4CL3 (Fig. 2-3C). These results are consistent with the competitive inhibition patterns
reported for the Class Il aspen Ptr4CL2 (Harding et al., 2002), and support the Kinetics
analysis (Table 2-2) that PA is the preferred substrate of Pta4CL3, followed by CA, with

FA being a relatively poor substrate.
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Ectopic expression of Pta4CL1 and Pta4CL3 in transgenic Populus

To investigate their functions in planta, the two pine genes were over-expressed
in Populus under control of the constitutive CaMV 35S promoter. Eight and nine
independent transgenic events were obtained for the Pta4CL1 and Pta4CL3 constructs,
respectively. The transgene expression was first examined in xylem by qRT-PCR (Figs.
2-4A & B). Three events from each transgenic group that showed high levels of
transgene expression were further analyzed for transgene expression in leaf (Figs. 2-4C
and D) and bark (Figs. 2-4E & F) tissues. Based on the data, two high expressers of each
transgenic group along with the WT were vegetatively propagated and subjected to

hydroponic N stress experiments.

4CL transcript levels were evaluated in leaf (LPI5), bark, xylem and root tissues
of WT and transgenic plants maintained under N-replete (N+) or low-N (N-). The
transcript levels of endogenous 4CL1 and 4CL2 were overall similar among WT and
different transgenic lines, suggesting the absence of non-target effects due to ectopic
expression of pine 4CL. In both leaf and bark tissues, the transcript abundance of
Pta4CL1 or Pta4CL3 transgene was 6- to 20-fold higher than that of the endogens (Figs.
2-5 & 2-6). In contrast to the situation in green tissues, the transgene transcript levels in
xylem and root tissues were more comparable to those of endogenous 4CL1 and/or 4CL2
(Figs. 2-7 & 2-8). The transcript levels of endogenous 4CLs and transgenes in N- treated
plants were trending higher than in N+ treated plants, but the relative abundance between

endogenous and transgenic 4CLs remained similar.
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To gauge the effects at the protein level, crude proteins were extracted from
leaves (LPI-5) and xylem of WT and transgenic plants for 4CL enzyme assays using
mixed substrates of PA, CA and FA. Total 4CL activity was calculated by the sum of PA-
CoA, CA-CoA and FA-CoA products, while the ratio of individual CoA thioester
products over the total was used to represent the substrate utilization patterns of 4CL
from different samples. The 4CL activity of WT leaves increased under N- growth (Fig.
2-9A), consistent with the transcriptional activation of the endogenous 4CL1 and 4CL2
by N stress (Fig. 2-5). This response was not observed in any of the transgenic lines, nor
were there consistent differences between WT and transgenics, except for Pta4CL3-H6
which showed a weakly significant (p= 0.052) increase under N+ conditions (Fig. 2-9A).
The substrate utilization patterns of leaf 4CL were not significantly changed among
genotypes grown under N+, but the Pta4CL3-H6 line showed a trend of increased
preference toward PA and a decrease toward CA, compares with wild-type (Fig. 2-9B).
This pattern of altered substrate utilization became statistically significant under N-
treatment (Fig. 2-9C). No difference in 4CL substrate utilization was observed for leaf
extracts derived the PtaC4L1-plants. The xylem extracts from all plants showed the
expected substrate preference for CA as reported (Harding et al. 2002), but there were no
N treatment or transgenic effects on 4CL activity or substrate utilization patterns (Fig. 2-

10).

Metabolite profiles of transgenic Populus in response to N treatments

Metabolite profiling revealed both genotypic and N stress-induced differences in

several classes of soluble phenylpropanoids (Fig. 2-11). The overall phenolic profiles of
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the Pta4CL1 transgenics differed little from those of the WT in all above-ground tissues
examined (sink and source leaves, bark and xylem), regardless of the N regime (Fig. 2-
11). In contrast, the Pta4CL3 transgenic lines showed considerable metabolic adjustments
relative to the WT, and the response was more pronounced under N-limitation. At the
tissue level, the metabolite differences were strongest in leaves and phloem, and
insignificant in xylem. Levels of free hydroxycinnamates and their glucose esters were
uniformly reduced in leaves and phloem of the Pta4CL3 transgenics, while several
hydroxycinnamoyl-quinate/shikimate esters increased (Fig. 2-11). Specifically, caffeoyl-
quinate/shikimate esters increased in bark, whereas cinnamoyl-quinate increased in sink
and source leaves. The occurrence of cinnamoyl-quinate, whose identity was confirmed
in the present study (Fig. 2-11), has never been reported in Populus before. Flavonoids
were the only soluble phenolics we detected that were similarly affected by both
transgenes. While kaempferol levels increased in stressed leaves and roots, catechin
levels decreased in leaves. Coniferyl alcohol and sinapyl alcohol changed little in all
tissues (Fig. 2-11). Most primary metabolites detected by GC-MS, including sugars and
amino acids, exhibited no significant difference between WT and either transgenic group

(data not shown).

In contrast to the above-ground tissues, roots from the Pta4CL1 and Pta4CL3
transgenic lines showed similar metabolite changes relative to WT (Fig. 2-11). The levels
of chlorogenic acids in transgenic roots were lower than those of WT, especially under
N-limitation, unlike the patterns observed in leaves and phloem. Levels of kaempferol
trended higher in both transgenic groups during N-limited growth, suggesting diversion

of phenylpropanoid intermediates into the flavonoid pathway under stress. To further test
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this idea, we also measured levels of condensed tannins (CTs), a major end product of the
flavonoid pathway in Populus roots (Tsai et al., 2006). Root CT levels did not differ
between genotypes under N-replete conditions (Fig. 2-12). However, CT levels increased
significantly under N stress in most transgenic lines but not WT. This resulted in
significant increases of CTs in the transgenic roots relative to the WT under N-limitation,

similar to the response of kaempferol.

Lignin analysis of transgenic Populus

The Klason lignin content, both soluble and insoluble, was not different between
WT and either transgenic group (Fig. 2-13).The lignin content and syringyl-to-guaiacyl
(S/G) lignin ratio were also analyzed by Pyrolysis Molecular Beam Mass Spectrometry
(PyMBMS). No significant lignin or S/G ratio difference was observed between WT and

transgenic groups.

Discussion

Our results showed that Pta4dCL1 and Pta4CL3 in loblolly pine, like those in
angiosperm species, are transcriptionally and catalytically distinct. Pta4CL1 and Pta4CL3
exhibited complementary expression profiles and contrasting substrate preferences that
are consistent with their distinct phylogenetic groupings. Pta4CL3 shared multiple
attributes with previously characterized Class Il 4CLs from angiosperms. These included
higher transcript abundance in foliar and root tissues than in lignifying xylem (Hu et al.,

1998; Ehlting et al., 1999) and an in vitro substrate preference toward PA (Hu et al., 1998;
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Hutzler et al., 1998; Ehlting et al., 1999; Lindermayr et al., 2002). Our findings suggest
that Class Il 4CLs are evolutionarily conserved among gymnosperms and angiosperms,

and likely share similar functions in non-structural phenylpropanoid metabolism.

The xylem-abundant Pta4CL1, on the other hand, exhibited a uniquely broad
substrate utilization pattern not found in other angiosperm 4CL isoforms involved in
lignin biosynthesis. This is consistent with the weak phylogenetic association (i.e., low
branch support) of Class | and Class Il 4CLs (Fig. 2-1), suggesting their divergent
evolution. Lignin composition is known to differ between gymnosperms and angiosperms,
with the former consisting primarily of G monolignols with low level of p-hydroxyphenyl
(H) units, and the latter containing predominantly G and S monolignols (Boerjan et al.,
2003). Whether the distinct characteristics of lignin-associated 4CLs in gymnosperms
(Class I1I) and angiosperms (Class 1) are linked to differential evolution of lignin

biosynthesis in these taxa is an interesting possibility to consider.

Previously, suppression of a Class Ill Pra4CL1 in radiata pine was shown to
decrease lignin accumulation in wood, with a concomitant increase of flavonoids or
flavonoid derivatives in bark (Wagner et al., 2009). The increase in flavonoids was
thought to be a redirection of phenylpropanoid metabolites in response to reduced lignin
pathway flux, and depend on a distinct 4CL member (Wagner et al., 2009) — presumably
the Pta4CL3ortholog. Given that Pta4CL1 and Pta4CL3 share 66% sequence identity at
the nucleotide level, the Pra4CL1RNAI construct was unlikely to affect expression of the
Pta4CL3ortholog. The two studies thus complement each other in support of two

functionally distinct 4CLs in gymnosperms.
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Ectopic expression of Pta4CL1 and Ptad4CL3 in transgenic Populus resulted in
different metabolic phenotypes in green (leaf and bark) tissues, consistent with their
distinct functions. An overall stronger effect was observed for the Pta4CL3-lines, with
the Pta4CL1-transgenics largely indistinguishable from the WT. The predominant
response in Pta4CL3-transgenics was the reduction of various hydroxycinnamates and
their glucose esters. However, levels of the abundant chlorogenic acids and related
hydroxycinnamoyl-quinate/shikimate esters were sustained or increased. This suggested
that PtadCL3 activity preferentially directed the phenylpropanoid pathway toward
maintaining the chlorogenic acid-related metabolite pool at the expense of the
hydroxycinnamate glucose ester pool. Of particular interest was the significant increase
of an unusual hydroxycinnamate conjugate, cinnamoyl-quinate, in leaves of Pta4CL3
plants. Two possible routes have been proposed for the synthesis of cinnamoyl-quinate,
via cinnamoyl-CoA or p-coumaroyl-quinate (Liu et al., 1995; Niggeweg et al., 2004;
Sonnante et al., 2010). Elevated 4CL activity could potentially increase the level of p-
coumaroyl-CoA and its quinate ester. However, enzymes that catalyze the reductive
dehydroxylation of hydroxycinnamoyl-quinate to cinnamoyl-quinate have yet to be
identified, making this route less likely. By contrast, the occurrence of cinnamoyl-CoA
and its derivatives has been reported in many species, including spinach, beet, soybean,
cactus and scots pine (Walton and Butt, 1971; Lindl et al., 1973; Fliegmann et al., 1992;
Liu et al., 1995). In fact, the occurrence of a trace amount of cinnamoyl-quinate was first
reported in potato tuber as a potential intermediate of chlorogenic acid biosynthesis (Levy
and Zucker, 1960). This supports the possibility that cinnamoyl-quinate may be derived

from cinnamoyl-CoA in the Pta4CL3transgenics.
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Cinnamic acid is a relatively poor substrate of 4CL in vitro, however, enzyme
activity in vivo may be modulated by interactions among substrates, enzymes or other
factors. In tobacco (Nicotiana tabacum), for instance, unknown macromolecules in the
crude extract affected the ability of recombinant Nt4CL1 and Nt4CL2 to utilize cinnamic
acid (Lee and Douglas, 1996). In another example, recombinant p-coumaroyl ester 3-
hydroxylase (C3H) is known to catalyze the 3-hydroxylation of p-coumaroyl-shikimate,
but not PA, in single-enzyme assays (Schoch et al., 2001; Chen et al., 2011). However, 3-
hydroxylation of PA becomes effective when recombinant Populus PtrC3H3 complexes
with cinnamate 4-hydroxylases PtrC4H1 and/or PtrC4H2 (Chen et al., 2011). 4CL and
hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyltransferase (HCT) are
enzymes that catalyze the lignin biosynthetic steps between C4H and C3H. Although
4CL and HCT are cytosolic, they can relocalize toward the endoplasmic reticulum (ER)
upon co-expression of C4H and/or C3H (Bassard et al., 2012). These findings suggest
that in vivo conversion of cinnamic acid by Pta4CL3 remains a possibility to account for

the increased cinnamoyl-quinate level in the Pta4CL3-transgenics.

The weak metabolic phenotype of the Pta4CL1-transgenics was unexpected. As
Pta4CL1 is structurally and kinetically divergent from both Class I and Class Il 4CLs, it
may not participate in the multi-enzyme metabolon formation and metabolic channeling
that normally involve Populus 4CLs, while the evolutionarily conserved Pta4CL3 may.
In addition, the recent reports of Achnine et al. (2004), Chen et al. (2011) and Bassard et
al. (2012) suggested the involvement of other phenylpropanoid enzymes in metabolic
channeling. Tobacco PAL1 and PAL2 exhibit differential affinities for association with

ER-localized C4H (Achnine et al., 2004). This suggests that different isoforms of the
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same gene family may have distinct involvement in the metabolons, and hence, in vivo
functions. Our results support the idea that Pta4CL3 functionally resembles the Class Il
4CL in Populus and participates in phenylpropanoid channeling. The more divergent
Pta4dCL1 may be less compatible for the multi-enzyme complexes, leading to the
observed ‘silent” metabolic phenotypes in transgenic Populus. Therefore, the in vivo roles

of 4CL isoforms may be different from expectations based on in vitro assays.
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Figure 2-1. Phylogenetic analysis of representative 4CLs using the full length amino acid
sequences. The classification is based on their enzyme Kkinetic properties and
phylogenetic relations. The tree was constructed using the Approximate Likelihood-Ratio
Test (aLRT) method implemented in the PhyML program, and moss Ppa4CL group was
used as the root. The isoforms presented with locus names were obtained from
Phytozome, and the others were derived from GenBank. The GenBank IDs are as follow:
PtadCL1, AAA92669; Pra4CL1l, ACF35279; Psi4CL1, ABR17998; Pma4CLl,
ACO40513; Ppad4CL1, ABY21308; PpadCL2, ABY21309; Ppad4CL3, ABY21310;
Ppa4CL4, ABY21311.
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Table 2-1. Primer Sequences. Sequences of primers that were used for cloning and real-
time RT-PCR.

Primer sequence
Cloning

F: AAGGATCCATTGAGGTACAGTCAGCTCC
R: TCATGCTTTGATTTCAACGG

F: ATTCTAGATGCCAACGGAATCAGAA

R: TCATTTTGCTGCCAGTCTGCTTC

F: ATGATTGAGGTACAGTCAGC

R: TCATGCTTTGATTTCAACGG

PtadCL3 (pET)

Pta4CL1 (pBI121)

PtadCL3 (PBI121)

gRT-PCR
DadCLL F: GATTTGAGAAGCAGAYTGGCAGCA
ta R: AGAGTGTAGGGCGTTGACAATCCA

DadCLa F: AAGGATTTGAGGGCGAAGCTCTCT

R: CCACCCTTACAGAGAAGCAGGAAT
SUACLL F: CCAGGCATATAACTGAAGA

R: TTGAATTACTCCATATGGCGACAGGAG
SUACL2 F: AATTCATTCCGTTAAATCTGCATT

R: CAGAATGATGGGTTTGTAGTAATT
Aspen ubiquitin- F: CTGAAGAAGGAGATGACARCMCCA
conjugating enzyme E2 R: GCATCCCTTCAACACAGTTTCAMG
Aspen elongation factor 1- | F: AAGAGGACAAGAAGGCAGCA

B R: CTAACCGCCTTCTCCAACAC
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Figure 2-2. Cinnamoyl-quinate confirmation. The target peak (m/z 321.098, RT 5.25 min)
cannot be digested by B-glucosidase but can be hydrolyzed by 0.1 N NaOH. (A) The
extraction ion chromatogram (EIC) showed the target peak (m/z 321.098) before (black)
and after (green) B-glucosidase treatment. (B) EIC indicated the target peak before (black)
and after (green) alkaline hydrolysis. (C) The head to tail fragmentation alignment of
cinnamate standard (red) and the library-matched cinnamate peak from the hydrolyzed
sample. (D) The quinate peak (blue) was identified in the hydrolyzed sample but not
found in control (black).
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Table 2-2. Enzyme kinetic properties of recombinant Pta4CL1 and Pta4CL3. The
indicated values are the mean + error range of two protein purification batches, each with
three technical replicates.

Enzyme Substrate Km Keat Keat! K
M st

cinnamate 1080.25+53.60 5.22+0.486 0.0048

Pta4CL1 4-coumarate 30.23+8.56 4.15+1.368 0.1373
caffeate 29.59+6.84 1.60£0.122 0.0541
ferulate 52.15+£2.00 14.99+0.084 0.2874
cinnamate 887.50+£201.38 0.27+0.023 0.0003

PtadCL3 4-coumarate 10.97+3.18 0.19+0.007 0.0173
caffeate 42.27+3.53 0.13+0.013 0.0031
ferulate 84.92+4.74 0.15+0.002 0.0018
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Figure 2-3. Representative chromatograms of CoA thioester products from mixed-
substrate enzyme assays with recombinant Pta4CL1 and Pta4CL3. Shown are UV
chromatograms (Abs 350 nm) resulting from three-substrate assay (PA+CA+FA) of
Pta4CL1 (A) and Pta4CL3 (B) with 100 uM (red), 40 uM (blue), or 10 uM (green) of
equal molar substrates.
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Figure 2-4. Screening of transgenic lines by gRT-PCR. The transcript levels of Pta4CL1
(grey) and Pta4CL3 (black) were analyzed in xylem (A and B), leaf (C and D), and bark
(E and F). The error bars indicates the standard deviation of two technical replicates.
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Figure 2-5. The transcription levels of endogenes and transgenes in leaf LP1 5 of wild
type and transgenic Populus. Two replicates of the N+_B22 group and three replicates of
all the other groups were used for the real-time RT-PCR analysis. The expression was
normalized to the geometric mean of elongation factorl-fp (EF1B) and ubiquitin-
conjugating enzyme E2 (UBCc) using the delta-CT method. Error bars indicate the
standard deviation of the biological replicates.
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Figure 2-6. The transcription levels of endogenes and transgenes in bark of wild type and
transgenic Populus. Two replicates of the N+ _B22 group and three replicates of all the
other groups were used for the real-time RT-PCR analysis. The expression was
normalized to the geometric mean of elongation factorl-g (EF1B) and ubiquitin-
conjugating enzyme E2 (UBCc) using the delta-CT method. Error bars indicate the
standard deviation of the biological replicates.
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Figure 2-7. The transcription levels of endogenes and transgenes in xylem of wild type
and transgenic Populus. Two replicates of the N+_B22 group and three replicates of all
the other groups were used for the real-time RT-PCR analysis. The expression was
normalized to the geometric mean of elongation factorl-f (EF1B) and ubiquitin-
conjugating enzyme E2 (UBCc) using the delta-CT method. Error bars indicate the
standard deviation of the biological replicates.
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Figure 2-8. The transcription levels of endogenes and transgenes in actively growing
roots of wild type and transgenic Populus. Two replicates of the N+_B22 group and three
replicates of all the other groups were used for the real-time RT-PCR analysis. The
expression was normalized to the geometric mean of elongation factorl-f (EF1B) and
ubiquitin-conjugating enzyme E2 (UBCc) using the delta-CT method. Error bars indicate
the standard deviation of the biological replicates.

56



(A) Total 4CL Activity (B) N+_Ratio

1.E-07 7.E-01
9.E-08 ON+ EN- T OwT OBi6
‘ 6.E-01
8 E.08 T 1 y]I_\ mB22 HH6
7.E-08 >-£01
b
o 6.E08 4.E-01
© 4
£ 5.E-08 it b
€ 4E-08 3.801 1 1 TIS
3.E-08 2.E-01 1
ity fd]
2.E-08
1.E-01 1
1.E-08 B e
0.E+00 = =
0.E+00 . . : ' '
He  H21 PA-COA  CA-CoOA  FA-CoA
(©) .
N-_Ratio
7.E-01
. aowT OB16
6.E-01 EB22 OH6
BH21
5.E-01
L 4E-01 T
g *
01
k|
2801 1
: i
LEOL 17 i
g i
i i
0.E+00 T : T 1

PA-CoA CA-CoA FA-CoA

Figure 2-9. 4CL mixed substrate enzyme assays using crude protein extracted from leaf
LPI 5. Total 4CL activity (A) was the sum of all hydroxycinnamoyl-CoA in each reaction.
The substrate utilization patterns of each transgenic line under N+ (B) and N- (C) were
presented by the ratio of the amount of individual product over total product amount. The
asterisk marks indicated statistical significance (p< 0.05) between the transgenic line and
the wild type control.
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Figure 2-10. 4CL mixed substrate enzyme assays using crude protein extracted from N+
treated xylem. Total 4CL activity (A) was the sum of all hydroxycinnamoyl-CoA in each
reaction. The substrate utilization patterns (B) of each transgenic event were presented by
the ratio of the amount of individual product over total product.
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Figure 2-11. The results of Pta4CL1 and Pta4CL3 transgenic lines presented in heat
maps. Five tissues, including young leaf, mature leaf, bark, root, and xylem were
analyzed by LC-MS/TOF and GC-MS. The fold change between transgenic events and
wild-type control of each compound was Log 2 transformed. Statistical significance of
metabolite level between the transgenic events and control was determined by pair-wise
comparison. Bold fonts and underlines indicate significant difference at p< 0.05.
Metabolite in grey color indicates the predicted results by searching KNApSAcK
database using the m/z or calculated molecular formula.
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Figure 2-12. Root condensed tannins (CTs) concentrations of each group in percentage
of dry weight were shown. Statistical significance (p <0.05) between regular nitrogen
(N+) and low nitrogen stress (N-) treatments of each genotypes as determined by t-test
and indicated by black asterisks. The white asterisks indicated the significant difference
between wild-type and transgenic lines that were under N- treatment.
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Figure 2-13. The soluble lignin, insoluble lignin, and total lignin content of wild-type

(WT717), negative transformant (WT_neg), Pta4CL1, and Pta4CL3 transgenic lines in
percent dry weight.
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CHAPTER 3
A KEY RESIDUE IN THE SUBSTRATE BINDING POCKET AFFECTS THE
SUBSTRATE SELECTIVITY OF 4-COUMARATE:COA LIGASES AND THE

PHENYLPROPANOID METABOLISM IN TRANSGENIC POPULUS"

1Chen HY, Mark PY, Zhang D, Wood Z, Harding SA, and Tsai CJ. To be submitted to New Phytologist.
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Abstract

4-coumarate:CoA  ligase  (4CL) mediates the CoA-activation of
hydroxycinnamates for their entry into lignin, flavonoid and other phenylpropanoid
biosynthetic pathways. Recombinant 4CL isoforms utilize various hydroxycinnamates in
vitro with distinct substrate specificity. 4CL isoforms from different species are
phylogenetically separated into three major clusters, and 4CLs within each cluster
generally exhibit similar substrate utilization patterns. Homology modeling was used to
aid identification of key residues that determine the substrate selectivity of 4CLs. Among
the nine residues predicted to form the hydroxycinnamate binding pocket, position 302 is
least conserved. Class | 4CLs typically feature lysine-302, while Classes 11 and 111 feature
leucine-302 and methionine-302, respectively. Mutagenesis studies confirm that position
302 is a major determining factor of 4CL substrate selectivity in vitro. Over-expressing
wild-type or mutant 4CLs with substrate preference toward p-coumarate (PA) or caffeate
(CA) in transgenic Populus caused distinct phenylpropanoid metabolite changes,
especially in bark. The different transgenic effects suggested that 4CL utilizes CA in vivo,
which contradicts the current phenylpropanoid pathway model with its emphasis on PA
as the sole 4CL substrate. Contrasting effects on metabolism were observed in two
transgenic lines that over-express domain swapped 4CL mutants. The mutants share the
same substrate binding domain, but in different backbone sequences. The importance of
the 4CL backbone to catalytic function was discussed and the findings offer preliminary

evidence that the backbone sequence influences 4CL function in vivo.
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Introduction

The central phenylpropanoid pathway of plants converts the amino acid
phenylalanine into a series of C6-C3 hydroxycinnamates (Bravo, 1998). CoA-activated
forms of these hydroxycinnamates are utilized for the biosynthesis of higher order
protective and structural end-products such as flavonoids and lignin monomers (La
Camera et al.,, 2004; Vogt, 2010). Conversion of hydroxycinnamates into their
corresponding CoA thioesters is mediated by multiple isoforms of 4-coumarate:CoA
ligase (4CL) with differing hydroxycinnamate substrate specificities (Hu et al., 1998;
Ehlting et al., 1999; Lindermayr et al.,, 2002; Hamberger and Hahlbrock, 2004;
Hamberger et al., 2007; Silber et al., 2008; Vogt, 2010; Gui et al., 2011). Based on their
amino acid sequences, angiosperm 4CLs are classified into two major groups, Class I and
Class Il (Ehlting et al., 1999; Lindermayr et al., 2002). Within each class, 4CL isoforms
usually have similar gene expression patterns and enzyme kinetic properties (Hu et al.,

1998; Ehlting et al., 1999; Lindermayr et al., 2002).

Class Il has fewer representatives than Class I, as only a single Class Il isoforms
generally occurs in the species characterized so far (Hamberger et al., 2007). Class 1l
isoforms are usually expressed most abundantly in green/soft tissues. These tissues are
replete with flavonoids which are biosynthesized via conjugation of CoA-activated p-
coumaric acid (PA) with several units of malonyl-CoA (Ebel et al., 1974; Hahlbrock and
Grisebach, 1979). The Class Il enzymes are well-suited for a role in flavonoid
biosynthesis since they exhibit a stronger substrate preference for PA than do the Class |

enzymes (Ehlting et al., 1999; Harding et al., 2002; Lindermayr et al., 2002). Multiple
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Class | 4CL isoforms usually occur in angiosperms. Some of these isoforms are highly
expressed in lignifying tissues, and they show high in vitro affinity toward caffeate.
Transgenic studies in various species confirm that Class | 4CLs function in lignin
biosynthesis (Kajita et al., 1996; Lee et al., 1997; Hu et al., 1999). Whereas most
angiosperm 4CLs fall into Class | and Class Il, loblolly pine Pta4CL1 and other conifer
4CL isoforms form a conifer-specific Class I1l. Pta4CL1 is well-expressed in lignifying
tissues and green/soft tissues (Chen, 2008). It is able to utilize 4-coumarate, caffeate, and
ferulate with equal catalytic efficiency (Zhang and Chiang, 1997; Harding et al., 2002).
Pta4CL1 may in fact be involved both in the biosynthesis of lignin monomers and of non-
lignin phenolics (Voo et al., 1995; Zhang and Chiang, 1997; Chen, 2008). Roles of Class
I and 11l 4CLs in lignin biosynthesis have been investigated in vivo using transgenic
tobacco, Arabidopsis, aspen and radiata pine (Kajita et al., 1996; Lee et al., 1997; Hu et
al., 1999; Anterola and Lewis, 2002; Wagner et al., 2009). There are no published reports

of Class Il 4CLs or their functional characterization in transgenic plants.

4CL catalyzes the ATP-dependent formation of a hydroxycinnamoyl-adenylate
intermediate from which the hydroxycinnamoyl moiety is then transferred to the
sulfhydryl group of coenzyme A (Fulda et al., 1994; Pietrowska-Borek et al., 2003). This
catalytic mechanism is characteristic of adenylate-forming enzymes (Babbitt et al., 1992).
The crystal structure of another adenylate-forming enzyme, the phenylalanine-activating
domain (PheA) of gramicidin S synthetase, has been resolved (Fulda et al., 1994; Conti et
al., 1997). With the available structure information, PheA was used as the early structural
model to identify putative 4CL substrate binding residues (Ehlting et al., 2001; Schneider

et al., 2003). By a domain swap strategy, the adenylate binding sites of Arabidopsis
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At4CL were localized to a region flanked by conserved 4CL motifs, Box | and Box Il
(Ehlting et al., 2001). The corresponding motifs, A3 and A6 in PheA and other peptide
synthetases, flank the substrate binding sites (Conti et al., 1997; Ehlting et al., 2001,
Schneider et al., 2003). Alignment of the At4CLs and PheA identified 9 residues that line
the substrate binding pocket (SBP), including two positions that exhibited variability
between At4CL isoforms (Stuible and Kombrink, 2001). Site-directed mutagenesis
showed that replacing the bulky residues lysine 320 (K320) and methionine 293 (M293)
of At4CL2 with less bulky residues resulted in a gain of activity toward ferulate and a
decrease toward caffeate (Stuible and Kombrink, 2001). The crystal structure of Populus
tomentosa Pto4CL1 in complex with a 4-hydroxycoumaroyl adenylate intermediate
mimic has recently been reported (Hu et al., 2010). The structure supports the idea that
nine amino acids are involved in hydroxycinnamate binding, though residues at only six
positions were predicted correctly in the Arabidopsis At4CL2 study (Stuible and
Kombrink, 2001). All nine residues can interact with the 4-hydroxyphenyl group of the
intermediate mimic by either their main or side chains (Hu et al., 2010). During catalysis,
the 4-hydroxyphenyl group of the adenylate-forming intermediate is stabilized by the
hydrophobic environment of the substrate binding pocket. The main chain of tyrosine 330
('Y330) and glycine 331 (G331) and the side chain of Y236 are in close proximity within
the SBP. While Y236 interacts with the substrate through H-bonding, Y330 and G331
form tight van der Waals interactions with the 4-hydroxyphenyl group of the substrate
mimic. The 4-hydroxyl group can H-bond with residue serine 240 (S240) and K303.
Among those nine residues of Populus tomentosa, K303 corresponds to Ptr4CL1 K302

and At4CL2 K320 (Stuible and Kombrink, 2001; Hu et al., 2010).
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For the present work, four new aspen 4CL isoforms, Ptr4CL3 through Ptr4CLS,
were identified based on the Populus genome sequence. Published crystal structure data
from PheA and Pto4CL1 were used to identify putative substrate binding residues of the
aspen Ptr4CLs. From sequence alignment and recombinant protein assays, position 302
exhibited the strongest influence on isoform-specific substrate utilization and was
targeted for mutagenesis studies. A series of mutant 4CLs was generated for both in vitro
enzyme assays and Populus transformation experiments. Mutations at residue 302
(Ptr4CL1 numbering) altered 4CL substrate preference. Transgenic Populus ectopically
expressing mutant 4CLs that represent the substrate preferences of Class | and Class Il

were produced, and transgenic effects were analyzed by metabolic profiling.

Materials and Methods

Recombinant Ptr4CL3, Ptr4CL4 and Ptr4CL5 protein expression in E. coli

The coding sequences of P#r4CL3, Ptr4CL4, and Ptr4CL5 were amplified by
PCR. Primers (Table 3-1) were designed to introduce a Kpn I site at the 5’ end without
the start codon. The amplified coding sequences were TA-cloned into pCRII and
sequenced. The cloned fragment was then excised using Kpn I and Xho I, subcloned into
pET-30a (Novagen), and transformed into E. coli strain Rosetta 2 (DE3) pLysS for
recombinant protein expression. Recombinant protein induction and purification steps

were described in Chapter two.
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Sequence alienment and 4CL phylogeny

The amino acid sequences of previously characterized aspen Ptr4CL1-2 (Hu et al.,
1998), newly identified Ptr4CL3-6, loblolly pine Pta4CL1 & 3 (Voo et al., 1995; Chen,
2008), Arabidopsis At4CL1-4 (Ehlting et al., 1999; Hamberger and Hahlbrock, 2004),
soybean Gm4CL1-4 (Lindermayr et al., 2002) and Populus tomentosa Pto4CL1 (Hu et
al., 2010) were aligned using the ClustalW program (Larkin et al., 2007) to identify the
putative substrate binding sites. The sequences of additional 4CL isoforms from various
species, including Medicago truncatula, Vitis vinifera, Eucalyptus grandis, Zea mays,
Sorghum bicolor, Brachypodium distachyon, Oryza sativa, Pinus radiate, Pinus
massoniana, and Picea sitchensis, were included for phylogenetic tree construction using
MUSCLE (Edgar, 2004), Gblocks (Castresana, 2000), PhyML (Guindon et al., 2010),
Jones-Taylor-Thornton matrix (Jones et al., 1992), and approximated likelihood ratio test
(@aLRT) (Anisimova and Gascuel, 2006), implemented in the Phylogeny.fr server

(Dereeper et al., 2008). The workflow was described in Chapter Two.

4CL mutagenesis and recombinant protein expression

4CL expression constructs pQE-Ptr4CLI and pQE-Ptr4CL2 (Hu et al., 1998;
Harding et al., 2002) were used for the introduction of point mutations at position 302
(Dongyan Zhang, unpublished work) using primers listed in Table 1. The domain-swap
mutants Hyb4CL1-a and Hyb4CL1-b were generated by replacing the putative substrate
binding regions of Pta4CL1 and Ptr4CL2, respectively, with the corresponding region of
Ptr4CL1 (Mark, 2002). The mutant 4CLs were cloned into pQE protein expression

vectors and transformed into E. coli host strain M 15 (Qiagen).
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Enzyme assays

Recombinant 4CL enzyme activities were measured following protocols
described in the Materials and Methods of Chapter Two. Single substrate enzyme assays
contained cinnamate (CiA), p-coumarate (PA), caffeate (CA), or ferulate (FA), and
substrate concentrations ranging from 5 to 5000 uM. Mixed-substrate assays included
equal-molar PA, CA, and FA, ranging from 5 to 500 pM. For single substrate assays, 100
ng (Ptr4CL4) or 300 ng (other 4CL) of recombinant proteins were used. For mixed-
substrate assays, 200 ng (Ptr4CL4) or 400 ng (other 4CL) were used. Except noted below,
assay products were analyzed by HPLC-MS/TOF and the kinetic properties were
determined as described in Chapter two. Products of the mutant 4CL single-substrate
assays were analyzed spectrophotometrically by UV-absorbance at wavelengths 333 nm
(PA-CoA), and 346 nm (CA-CoA and FA-CoA), and quantified using extinction
coefficients (PA-CoA, 21; CA-CoA, 18; FA-CoA, 19 cm-1mM-1; Gross and Zenk, 1966).
K., and Vi values were calculated by fitting the product formation data to Lineweaver-
Burk plots. The ke values were calculated using (kcat = Vinax/[E]r) where E was the

amount of protein (mole) assayed.

Populus transformation and transgenic plant characterization

Hyb4CL1-a, Hyb4CL1-b, and Ptr4CL2 sequences were cloned into the Xba I and
Kpn 1 restriction sites of binary vector pBI121, downstream of the CaMV 35S promoter
(S. Hubscher). The transformation constructs were mobilized into Agrobacterium
tumefaciens strain C58/pMP90, followed by co-cultivation with Populus explants as

described in Chapter two. Populus transformants were transferred to 1-gal pots
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containing potting mix (2:1:1 (v/v) topsoil: peat moss: perlite). Genomic DNA was
obtained from leaf tissue (Cheung et al., 1993) for PCR confirmation of positive
transformants. Transgene transcript levels were estimated by gRT-PCR of RNA from
leaves, xylem and bark using transgene-specific primers (Table 3-1). The two
transformation events with the strongest transgene expression for each construct were
selected for subsequent experiments. The selected events (transgenic lines) were A3 and
AT for Hyb4CL1-a; E26 and E27 for Hyb4CL1-b; and G8 and G9 for Ptr4CL2. The
selected lines were vegetatively propagated by rooted cuttings and maintained in a mist
chamber. After the cuttings regenerated, the mist was gradually decreased for the cuttings
to acclimate to the normal greenhouse conditions. Ten replicates of A3, A7, and G9; nine
replicates of E26 and E27; and four replicates of G8 were obtained for the hydroponic
nitrogen stress experiment. Plants were grown in ebb-and-flow hydroponic tubs under
greenhouse conditions as described in Harding et al. (2009). Supplemental lighting (400
W metal-halide lamps) was used to ensure a 16 h photoperiod. Plants were grown in
aerated nutrient solution containing nitrate- (2 mM) and ammonium-nitrogen (0. 5 mM)
which was replaced weekly. After a month long acclimation, the nitrogen level for the N
stress treatment group was reduced from 2.5 mM (N+) to 0.125 mM (N-). The treatment
was maintained for 14 days. The third youngest fully unfurled leaf, leaf plastochron index
2 (LPI 2), along with bark and xylem between internodes 7 and 12 were harvested, snap-
frozen in liquid nitrogen, and stored at -80<C. The tissues were ground to a fine powder in
liquid nitrogen. One aliquot of each sample was freeze-dried for metabolic profiling. For
lignin analysis, rooted cuttings of each selected transgenic event, wild type controls, and

the transgenic negative control (a PCR-negative transformant) were grown to a height of
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two meters in 5-gal pots containing soil mixture as described earlier. The stem between
internodes 26 and 40 was harvested, and the bark and the developing xylem tissue were

removed. The remaining wood was air-dried until use.

Metabolic profiling and lignin analysis

Freeze-dried tissue powders were used for metabolic profiling by HPLC-MS/TOF
and GC-MS as described in Material and Methods of Chapter two. For lignin analysis,
the previously air-dried wood tissue of pot-grown plants was ground to pass through a
20-mesh screen using a Wiley Mill (Thomas Scientific for the Wiley Mill). Soluble
extractives were removed by soxhlet extraction (Extraction Unit E-816, BUCHI) with
ethanol for 99 cycles. Klason lignin was analyzed as described in Chapter Two. The
syringyl-to-guaiacyl (S/G) lignin ratio was determined using Pyrolysis Molecular Beam
Mass Spectrometry (PyMBMS) at the Complex Carbohydrate Research Center (CCRC)

of the University of Georgia.

4CL structural homology modeling

The 3D structural coordinates of Pto4CL1 were downloaded from the Protein
Data Bank (accession number 3NI2). The automated modeling mode of SWISS-MODEL
program (Arnold et al., 2006) was used to create the 3D structural alignment model of
Ptr4CL1, Ptr4CL2, and various 4CL mutants. The proposed substrate binding model was
created with the help of Dr. Zachary Wood based on the crystal structure information of

Pto4CL1 (Hu et al., 2010) and the 4CL mutagenesis results from this study.
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Results

Characterization of four 4CL isoforms from Populus

Blast search against the Populus genome v3 (Phytozome; Goodstein et al.) , using
previously characterized Ptr4dCL1 (Potri.001G036900.1) or Ptr4CL2 (Ptori.
019G049500.1; Hu et al., 1998) as query, yielded the following new 4CLgenes: Ptr4CL3
(Potri.006G169700.1), Ptr4CL4 (Potri.018G094200.1), Ptr4CL5 (Potri.003G188500.1),
and Ptr4CL6 (Potri.006G169600.1). Ptr4CL4 and Ptr4CL5 are located on chromosomes
18 and 3, respectively. Ptr4CL3 and Ptr4CL6 are tandem duplicate on chromosome 6,
with a 98.7% identity (99.1% similarity) at the amino acid sequence level. All four new
4CLs clustered phylogenetically with Class | isoforms (Fig. 3-1). Ptr4CL5 is closely
related to previously characterized Ptr4CL1 in Class I-A, while the other three isoforms
clustered into a separate subclade, Class I-B. Recombinant proteins of each new 4CL
were produced, except Ptr4CL6, which is essentially identical to Ptr4CL3. Among the
three recombinant proteins, Ptr4dCL5 exhibited the strongest in vitro substrate selectivity
(Table 3-2). It did not utilize CiA, and it exhibited a Ky, differential of more than one
order of magnitude with respect to CA, PA and FA. Ptr4C 3 and 4 both utilized CiA and
exhibited only a 2-3 fold K, differential among the other three substrates. Ptr4CL4 was
less catalytically discriminating than Ptr4CL5, but both isoforms clearly exhibited
substrate preferences; Ptr4CL4 for PA, and Pt4CL5 for CA (Table 3-2). Ptr4CL3
exhibited comparatively weak substrate discrimination, both in terms of K, and catalytic
efficiency (kea/Km). These substrate preference patterns were also evident in mixed

substrate assays under conditions of equal-molar PA, CA, and FA (Fig. 3-2). Ptr4CL4
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exhibited much higher activity rates than the other aspen 4CL isoforms regardless of

substrate or assay condition (Table 3-2 and Fig 3-2).

The putative substrate binding sites of Ptr4CL1 and Ptr4CL2

The crystal structure of Pto4CL1 was used as a homology model for identifying
the substrate binding residues responsible for 4CL catalysis. Nine putative substrate
binding residues were identified and sequence alignment was used to map the
corresponding residues in the six aspen Ptr4dCLs as well as in 4CL isoforms from
Arabidopsis, soybean, and loblolly pine (Fig. 3-3). Position 302 (Ptr4CL1 numbering)
was found to exhibit the most variation, while the other positions were relatively
conserved. Leucine (L) occupies position 302 in all Class Il 4CL isoforms, while all
Class 11l members feature methionine (M) at that position. Various residues occupy
position 302 in the different Class | isoforms. Ptr4CL1, Ptr4CL5, and other isoforms in
Class I-A feature lysine (K) at that position. Class 1-B members Ptr4CL3 and Ptr4CL6
have M302, while L occupies position 302 in Ptr4CL4. Position 302 in aspen Ptr4CL1
and Ptr4CL2 isoforms was targeted for 4CL mutagenesis studies for several reasons. The
different residues at position 302 appear to segregate with enzyme substrate preference.
The L302-containing 4CL isoforms exhibit a preference for PA regardless of class, while
pine Pta4CL1 and aspen Ptr4CL3 (M302) exhibit poor substrate selectivity. K302-
containing isoforms (Ptr4CL1 and Ptr4CL5) have low K toward CA. Gm4CL1 is the
only characterized isoform with valine (V) at position 302, and Gm4CL1 exhibits a rarely
observed activity toward sinapate (Lindermayr et al., 2002). The homology model and

kinetic evidence are consistent with an important role for residue 302 in substrate
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utilization. Therefore, a strategy based on overlapping-PCR was utilized to replace K302
of Ptr4CL1 with L, M, or V; while L302 of Ptr4CL2 was replaced with K, M, or V. The
mutant 4CLs were cloned into pQE or pET expression vectors for recombinant protein

purification. The effects of the mutations on enzyme catalysis were analyzed in vitro.

Biochemical characterization of mutant Ptr4CL1 and Ptr4CL2

Single-substrate enzyme assays of the mutant 4CL1 enzymes revealed that Ky
values were affected, but ke, values were not (Table 3-3). Replacement of K302 with M
(K302M) had little effect on PA or CA catalysis, but replacement with L (K302L) or V
(K302V) increased PA and decreased CA catalysis, primarily through differential effects
on Ky, values for those substrates (Table 3-3). With increased K, toward CA, the catalytic
efficiency of K302L for CA decreased by half relative to the wild-type Ptr4CL1. Unlike
Ptr4CL1, the K302L, K302M or K302V mutants were all able to utilize FA as substrate.
These single substrate assay results were consistent with the mixed substrate enzyme
assays analyzed by LC-MS/TOF (Fig. 3-4). For the mixed substrate enzyme assays, the
average CA-: PA-: FA-CoA product ratio of each Ptr4CL1 mutant was 0.2: 1: 0.4
(K302L), 0.5: 1: 0.7 (K302M) and 0.2: 1: 1 (K302V); and the average product ratio of
wild type Ptr4CL1 was 4.8: 1: 0.4. Activities of the Ptr4CL2 mutants were low and could
not be measured using UV-spectrometry. The activities of Ptr4CL2 L302M and L302V
were weak but detectable using HPLC-MS/TOF. In mixed substrate assays, PA was the
preferred substrate for both Ptr4CL2 L302M and L302V, similar to wild-type Ptr4CL2
(Fig. 3-5). Four batches of recombinant Ptr4CL2 L302K were purified, and no activity

was detected.
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Characterization of mutant 4CLs generated by domain swapping

Two domain-swapped proteins, Hyb4CL1-a and Hyb4CL1-b, were designed by
replacing the sequence between Box | and Box Il of loblolly pine Pta4CL1 and aspen
PtrdCL2, respectively, with that of Ptr4CL1. Both recombinant proteins exhibited a
preference for CA over PA, and FA (Table 3-4). However, Hyb4CL1-b exhibited very
poor overall activity, and its catalysis of PA and FA was too weak to measure. The mixed
substrate assays indicated that both Hyb4CL1-a and Hyb4CL1-b exhibited stronger CoA-
esterification of CA than of PA (Fig. 3-6). The product CA-: PA-: FA-CoA ratio of
Hyb4CL1-a and Hyb4CL1-b was 2.2: 1: 0.3 and 2: 1: 0.5, respectively. The CA-
preference property of these two mutant 4CLs was similar to those of Ptr4CL1 and

Ptr4CL5 in Class I, and was not found in other Class of 4CL isoforms.

Ectopic expression of wild-type and mutant 4CLs in transgenic Populus

Hyb4CL1(-a and b), and Ptr4CL2 were selected as catalytic representatives of
Class I and Class 11 4CLs, respectively, for transformation into Populus under control of
the CaMV 35S constitutive promoter. Transgene expression in xylem (Fig. 3-7), leaf, and
bark (Fig. 3-8) of the putative transformants was assessed by qRT-PCR, and two high
expressing events of each transgenic group were selected for nitrogen stress experiments.
Transcript levels of endogenous Ptr4CL1 and Ptr4CL2 were similar in wild type and all
transgenic lines (Fig. 3-9 and 3-10). Endogenous Ptr4CL2 transcripts were more
abundant than Ptr4CL1 transcripts in leaf (Fig. 3-9), while Ptr4CL1 transcripts
predominated in xylem tissue (Fig. 3-10). In both N+ and N- treated leaves, transcript

levels of the Hyb4CL1-a and Ptr4CL2 transgenes were 2- to 11-fold higher than the
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levels of endogenous Ptr4CL2, while the transcript levels of Hyb4CL1-b were up to 32-
fold higher. In the xylem tissue, endogenous Ptr4CL1 and the transgenes were expressed

at similar levels.

Desalted crude protein extracts were obtained from LPI 5 lamina of N+ plants in
order to assay 4CL enzyme activity (Fig. 3-11). Total 4CL activity was significantly
increased in the Hyb4CL1-b_E26 transgenic line, trended higher in Hyb4CL1-b_E27 and
Ptr4dCL2_G8 lines, and did not change in other transgenic lines, compared to wild type.
Hydroxycinnamate substrate utilization patterns differed from the wild type in Hyb4CL1-
a and Ptr4CL2 transgenic lines but were not altered in Hyb4CL1-b transgenics. Extracts
from HYb4CL1-a_A7 and Ptr4CL2_G9 transgenic leaves exhibited stronger activity
toward PA and weaker activity toward CA. The PA-CoA/CA-CoA ratio was significantly
higher in Hyb4CL1-a_A3, Hyb4CL1-a_A7, and Ptr4CL2_G9 transgenic leaf extracts

than in wild type extracts.

Metabolic changes of wild-type and mutant 4CL transgenic Populus

Metabolite changes in young leaf, bark and xylem extracts from the various
treatment x line combinations were obtained by GC-MS and HPLC-MS/TOF. Genotype
and treatment effects on phenylpropanoid metabolism were readily observed (Fig. 3-12).
Among transgenic lines, the metabolic response of Hyb4CLl1l-a was least altered
compared to wild types. On the other hand, Hyb4CL1-b and Ptr4CL2 transgenic lines

exhibited considerable metabolite changes from the wild type, with the largest differences
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occurring in bark. The bark content of caffeoyl-quinate/shikimate esters was higher, and
of p-coumaric and o-coumaric acid glucose esters, lower, in Hyb4CL1-b and Ptr4CL2
transgenic lines, regardless of N-status (Fig. 3-12). The decrease in caffeic acid glucose
ester was most severe in the Hyb4CL1-b lines. The reduction of caffeic acid glucose ester
levels was also observed in leaf and xylem tissues of Hyb4CL1-b transgenic lines.
Catechin was higher in leaf and bark tissues of Hyb4CL1-b and Ptr4CL2 transgenics than
in wild types, but only in N+ plants. Fewer soluble phenylpropanoid metabolites were
detected in xylem than in leaf and bark tissues. The amounts of p-coumaric glucose ester
in Xylem of Hyb4CL1-b and Ptr4CL2 transgenic lines were higher compared to WT in

N+ plants, and lower compared to WT under N- conditions.

Lignin analysis of the transgenic Populus

Stem wood from pot-grown wild type and transgenic plants was used for lignin
content and syringyl-to-guaiacyl (S/G) lignin ratio analysis. Soluble and insoluble Klason
lignin content exhibited no statistical difference between genotypes (Fig 3-13). S/G lignin
ratio as determined by Pyrolysis Molecular Beam Mass Spectrometry (PyMBMS) also

did not differ between wild type and transgenic lines.

Discussion

New 4CL isoforms revealed correlations between residue 302 and substrate selectivity

A higher resolution phylogenetic analysis of 4CL proteins than before was made

possible by inclusion of new genes from Populus and various genome-sequenced taxa.
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Class 1 isoforms of Populus were divided into subclades Class I-A (Ptr4CL5 with
Ptr4CL1) and Class I-B (Ptr4CL3, Ptr4CL4, and Ptr4CL6). Recombinant Ptr4CLD5, like
its Class I-A paralog Ptr4CL1, exhibited lower K, toward CA than PA, and featured
lysine at position 302 (Hu et al., 1998; Harding et al., 2002; Lindermayr et al., 2002). In
contrast, substrate utilization patterns differed among Class 1-B 4CLs, although
Ptr4dCL3/6 and Ptr4CL4 were also derived from whole-genome duplication. The low
substrate selectivity of recombinant Ptr4CL3 was unique among all Populus isoforms and
similar to that of Class Il loblolly pine Pta4CL1 (Harding et al., 2002). Although
phylogenetically distinct, both Ptr4CL3 and Pta4CL1 feature methionine at the 302
position. Class I-B Ptr4CL4 exhibited a substrate utilization pattern like that of Class Il
Ptr4dCL2, with PA as the preferred substrate (Ehlting et al., 1999; Harding et al., 2002;
Lindermayr et al., 2002). Interestingly, like Class Il 4CLs, Ptr4CL4 also features a
leucine residue at position 302. With these newly characterized 4CLs, Class | features a
larger breadth of catalytically distinct 4CL isoforms than previously recognized. The
evolutionary implications of this will be interesting to pursue in future studies. The
findings also reinforced the notion that 4CL substrate utilization patterns may be strongly

conditioned by the amino acid residue at position 302.

Proposed model highlighting the role of residue 302 in substrate binding

Based on the crystal structure of Pto4CL1, the orientation of Ptr4CL1 substrate
binding pocket (SBP) residues K302, S239, and Q209 would permit hydrogen bonding
with the 4-hydroxyl group of PA (Fig. 12A; Hu et al., 2010). K302 is the least conserved

among the three residues, and H-bonding across its 3.52 A distance from the 4-hydroxyl
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group of the substrate would be weak (Hu et al., 2010; Saballos et al., 2012). K302 was
therefore predicted not to be essential for substrate positioning in the SBP but to be able
to influence substrate selectivity (Hu et al., 2010; Saballos et al., 2012). Our findings are
consistent with the hypothesis that substrate-specificity is indeed conferred by the residue
occupying position 302. In the Pto4CL1 structural model, a cavity near S239 at one end
of the SBP would accommodate the 4-hydroxyl group of the hydroxycinnamate substrate,
and in the case of CA, would facilitate H-bonding between the 4-hydroxyl group and
S239, and between the 3-hydroxyl group and K302 (Fig. 3-14B). With two H-bonding
interactions, CA would be more stabilized than PA in the SBP of Ptr4CL1. Replacement
of K302 with L or V (Fig. 3-14C & E) would eliminate the H-bonding between residue
302 and the 3-hydroxyl group of CA. Consistent with expectation, Ptr4CL1 K302L and
K302V mutations decreased CA catalysis while reducing Ky, with PA as the substrate.
Like L and V, M at position 302 also cannot H-bond with CA (Fig. 3-14D). However, the
flexible side chain of M may allow space for a water molecule to enter and form a
stabilizing H-bond with the 3-hydroxyl group of CA in the SBP. A large hydrophobic
cavity close to residue 302 may accommodate the M side chain, and permit such
movement. This M302 model offers a scenario consistent with the low substrate
selectivity observed for Ptr4CL1-K302M (Table 3). Similar substrate utilization patterns
were also observed in Pta4CL1 and Ptr4CL3, both of which feature M302. The least
preferred substrate of Ptr4dCL1, FA, carries a bulkier 3-methoxyl group that would be
expected to encounter steric interference in the cavity near K302. The lowest K, and the
highest catalytic efficiency toward FA among the three Ptr4CL1 mutants were exhibited

in the K302V mutant. The side chain of V is small, and compared to K, L, and M, would
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be expected to offer minimal steric interference to SBP accommodation of FA. The
flexibility of the side chain of M may negate steric interference from that bulky side

chain of FA and enable K302M catalysis.

Factors other than residue 302 that affect 4CL substrate selectivity

In contrast to the Ptr4CL1 mutants, the L302M and L302V mutants of Ptr4CL2
exhibited no change in substrate selectivity, indicating that other factors are also involved.
The hydroxycinnamate SBP in 4CL is mainly formed by hydrophobic groups, and
hydrophobic interaction other than H-bonding is the largest contributor to substrate
binding (Hu et al., 2010). Therefore, SBP size in addition to H-bonding could affect
substrate selectivity (Schneider et al., 2003; Hu et al., 2010). In addition, our alignment
revealed a potentially important difference at position 235 when comparing Ptr4CL1 and
Ptr4dCL2. This position was occupied by Y in Ptr4CL1 and Pto4CL1, and by
phenylalanine (F) in Ptr4L2. Conversion of Y235 of Pto4CL1 to Y235F led to a decrease
in activity toward CA, while its activity toward PA was not changed (Hu et al., 2010). It
was proposed that F235 made the binding of bulky substrates less thermodynamically
favorable. F235 disrupted the hydrogen bond between Y235 and V276 which could
destabilize (or simply weaken) substrate binding (Hu et al., 2010). This may explain the
inability of Ptr4CL2 L302M and L302V mutants to utilize bulkier (CA and FA)

substrates than PA.
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4CL backbone may affect catalysis and in vivo function

4CL product PA-CoA/CA-CoA ratios were higher in crude protein assays of leaf
extracts from Hyb4CL1-a transgenic lines than wild-type or Hyb4CL1-b transgenic lines.
This enhancement of PA-CoA activation in Hyb4CL1-a transgenic lines was not
expected based on in vitro assays of recombinant Hyb4CL1-a, and could imply an
interaction of some kind in the crude extracts that preferentially facilitates the CoA-
activation of PA. Interestingly in view of the crude protein in vitro assay results,
metabolic profiles were significantly changed in Hyb4CL1-b transgenics, but not
Hyb4CL1-a plants relative to wild-type. Specifically, there was a reduction of caffeoyl
glucose ester levels and an increase of caffeoyl-quinate levels in bark of Hyb4CL1-b
transgenic lines. The biosynthesis of caffeoyl glucose ester and caffeoyl-quinate are
thought to be mediated by glucose transferases (Mock and Strack, 1993) and 4CL
(Niggeweg et al., 2004; Sonnante et al., 2010), respectively. Therefore, the metabolic
changes in Hyb4CL1-b transgenics may be attributed to the relatively stronger Hyb4CL1-
b affinity toward CA than PA. However, this is not a strong argument in light of the very
poor in vitro activity of Hyb4CL1-b. Other hypotheses invoking pathway competition

and metabolon interactions may have to be tested in order to resolve the finding.

It is possible that the backbone structure itself may contribute to protein-protein
interactions with other phenylpropanoid enzymes to form metabolons that might
influence metabolic outcomes. To assess this possibility, 3D models of the 4CLs were
generated by SWISS-MODEL (Arnold et al., 2006) based on the crystal structure of

Pto4CL1 (Hu et al., 2010). Alignment of the Ptr4CL2 and Pta4CL1 3D structures showed
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that the major difference lies in the N-terminal region where Ptr4CL2 features a large
loop. Such structures can be involved in protein-protein interactions and may vary greatly
between isoforms and species (Dunker et al., 2008; Bellay et al., 2011). Several enzymes
in the phenylpropanoid pathway, including phenylalanine ammonia-lyase (PAL),
cinnamic acid 4-hydroxylase (C4H), and cinnamic acid 3-hydroxylase (C3H), were found
to form protein complexes (Achnine et al., 2004; Chen et al., 2011). A recent study
showed that 4CL can interact with C3H (Bassard et al., 2012). In the presence of C3H,
cytosolic 4CL was relocated toward endoplasmic reticulum (ER). Thus, 4CL isoforms
may interact with specific isoforms of other phenylpropanoid to form metabolons with
specific roles depending on tissue type or plant condition. Metabolon interactions with
altered 4CLs could conceivably result in activity losses which could complicate

interpretation of metabolic effects such as those observed in the case of Hyb4CL1-b.

Specific metabolon interactions may also be considered in order to understand the
expression ratios in shoots and roots of two closely related Class | isoforms. Ptr4CL5 can
CoA-activate CA with high efficiency in vitro as has been reported for Class | 4CLs that
are already known to be associated with lignin biosynthesis (Lee and Douglas, 1996;
Ehlting et al., 1999; Harding et al., 2002; Lindermayr et al., 2002). However, unlike those
4CLs, Ptr4CL5 is predominantly expressed in root (Anino, 2008), where biosynthesis of
products besides lignin but including suberin is important (Soler et al., 2007; Chen et al.,
2013). Whether Ptr4CL5 has a different in vivo function than Ptr4CL1 remains unclear.
In light of the growing number of reports on phenylpropanoid metabolons for
compartmentalizing 4CL functions (Achnine et al., 2004; Chen et al., 2011; Bassard et al.,

2012), it is possible that Ptr4CL1 and Ptr4CL5 in roots have metabolically distinct roles.
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Summary

While Class | 4CL appears to contain a number of functionally distinct members,
all Class Il isoforms are thought to be involved in non-lignin phenylpropanoid
biosynthesis and to prefer PA (Hu et al., 1998; Ehlting et al., 1999; Harding et al., 2002;
Lindermayr et al., 2002). These observations are consistent with the idea of a correlation
between 4CL function/role in vivo and substrate preference. Residue 302 in 4CL has been
considered to be non-essential for substrate binding (Hu et al., 2010) but was suggested to
be responsible for 4CL substrate specificity by Saballos et al. (2012). Results from this
study support the argument that residue 302 is involved in 4CL substrate selectivity.
Over-expressing Class I-A-like and Class Il 4CL isoforms in Populus led to metabolic
profile changes that reflected the importance of 4CL substrate selectivity to in vivo
function. The association of 4CL with C3H was reported recently by Bassard (2012).
Findings from the present investigation suggested that structural features of 4CL may
contribute to its participation in phenylpropanoid metabolic channeling. Findings from
transgenic Populus harboring both pine and domain-swapped 4CLs in the current study
were consistent with effects of 4CL protein structure on protein-protein interactions that

modulate its function in vivo.
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Figure 3-1. Phylogenetic analysis of 4CL isoforms from various species. Full length
amino acid sequences were used for the PhyML analysis. Approximate Likelihood-Ratio
Test was used to calculate the branch support. Jones-Taylor-Thornton matrix was used as
the substitution model. Ptr4CL3, 4, 5, and 6 are marked with closed circles, and Ptr4CL1
and 2 are marked in closed squares. The isoforms presented with locus names were
obtained from Phytozome, and the others were derived from GenBank.
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Table 3-1. Primer sequences. Sequences of primers used for cloning the wild type and
mutant 4CL genes and real-time RT-PCR.

Gene/Clone

Primer sequence

Gene

Ptr4CL1

F: ATGAATCCACAAGAATTCAT

: GAAGTTGCCAGGCATATAA

Ptr4CL2

: ATGATGTCCGTGGCCACGGTTGAGC
: GCCACAGCCACCACCATGTCCTAG

Ptr4CL3

: AAGGTACCGAGGCGGAAAATGATCA
: TTAATGAGGAAGATCGCCAG

PtraCL4

. AAGGTACCGAGGCCAATAAGGATCAAG
:CTAATGCTGGTTTTGCATATATGTCG

Ptr4CL5

: GGGGTACCGATACAATAACAAAGCAAAAAGAAG
:TTACTTTTGCAAACCACCTG

Ptr4CL1 K302L

: CTGTCTGGAGGGGCTCCATTG

Ptr4CL1 K302M

: ATGTCTGGAGGGGCTCCATTG
: GGAGCCCCTCCAGACATTATCATCCTCAAAGAAGACAGG

Ptr4CL1 K302V

: GTATCTGGAGGGGCTCCATTG
: GGAGCCCCTCCAGATACTATCATCCTCAAAGAAGACAGG

Ptr4CL2 L302K

: AAGTCAGGGGCTGCGCCACTG
: GTGGCGCAGCCCCTGACTTGACTACCCTGATCGAACTC

Ptr4CL2 L302M

: ATGTCAGGGGCTGCGCCACTG
: GTGGCGCAGCCCCTGACATGACTACCCTGATCGAACTC

Ptr4CL2 L302V

R
F
R
F
R
F
R
F
R
F
R: GGAGCCCCTCCAGACAGTATCATCCTCAAAGAAGACAGG
F
R
F
R
F
R
F
R
F
R

: GTATCAGGGGCTGCGCCACTG
: GTGGCGCAGCCCCTGATACGACTACCCTGATCGAACTC

Real-time RT-PCR

Ptr4CL1

CCAGGCATATAACTGAAGA
TTGAATTACTCCATATGGCGACAGGAG

Ptr4CL2 (WT)

AATTCATTCCGTTAAATCTGCATT
CAGAATGATGGGTTTGTAGTAATT

Hyb4CL1-a

AACCAGGTGCATGTGGAACTGTAG
GGAGCCACCTGGAAGCCCTTATATTT

Hyb4CL1-b

AACCAGGTGCATGTGGAACTGTAG
CGGCACCTGGAAGCCTTTGAATTT

Ptr4CL2

AGAAACGCAGAGCTCAAGGTC
CTAGGACATGGTGGTGGC

Aspen ubiquitin-conjugating enzyme E2

CTGAAGAAGGAGATGACARCMCCA
GCATCCCTTCAACACAGTTTCAMG

Aspen elongation factor 1-8

MO DD MDD DO DD T|D T

AAGAGGACAAGAAGGCAGCA

R: CTAACCGCCTTCTCCAACAC
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Table 3-2. Enzyme kinetic properties of recombinant Ptr4CL3, 4, and 5. The indicated
values are the mean £ error range of two protein purification batches, each with three

technical replicates.

Enzyme  Substrate K., Keat Koot Ky
uM St
cinnamate 1266.83+28.99 4.91+0.78  0.0039
4-coumarate 45,80+5.90 3.56+0.36  0.0780
PtracL3 caffeate 16.23+0.88 1.76+0.16  0.1084
ferulate 48.9+6.37 4.90£0.20 0.1002
cinnamate 1627.83+£108.19 29.69+1.43 0.0180
PtracCL4 4-coumarate 84.18416.54 52.86+17.73 0.6279
caffeate 142.63+43.65 56.02+12.47 0.3928
ferulate 189.53+34.98 69.33+23.08 0.3658
cinnamate - - -
4-coumarate 206.73+9.10 3.72+0.41  0.0180
PtraCL5 caffeate 29.77+10.37 2.23+0.78  0.0749
ferulate 473.55+29.86 4.76+1.42 0.0101
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Figure 3-2. Mixed substrate enzyme assays of Ptr4CL3, 4, and 5. Shown are EIC
chromatograms of CoA thioester products from mixed substrate enzyme assay with 50
UM (green), 100 uM (blue), and 500 uM (red) of equal molar substrates. CA-CoA: m/z
930.16, RT: 1.35 min; PA-CoA: m/z 914.16, RT: 1.88 min; FA-CoA: m/z 944.16, RT:
2.28 min.
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At4CL1 PYSSGTTGLPHGVMLTHKGLVTSVAQQVDGENPNLY FHSDDVILCVLPMFHIYALNS IMLCGLRVGAATILIMPKFEINLLLELIQRCKVIVAPMVPPIVLATA
At4CL2 PFSSGTTGLPHGVMLTHKGLVTSVAQQVDGENPNLY FNRDDVILCVLPMFHIYALNS IMLCSLRVGATILIMPKFEITLLLEQIQRCKVIVAMVVPPIVLATA
Ptr4CLl PYSSGTTGLPHGVMLTHKGLITSVAQQVDGDNPNLYFHSEDVILCVLPMFHIYALNSMMLCGLRVGASILIMPKFEIGSLLGLIEKYKVSTAPVVPPVMMATA
Ptr4CL5 PYSSGTTGLPHGVMLTHKGLITSVAQQVDGDNPNLYFHSEDVILCVLPMFHIYALNS IMLCGLRVGAATILIMPKFEIGSLLGLIEKYKVSIAPVVPPVMVATA
Gm4CL2 PYSSGTTGLPHGVMLSHKGLVTSTIAQQVDGDNPNLY YHCHDTILCVILPLFHIYSLNSVILCGLRAKATILIMPKFDINSLLALTHKHKVI TAPVVPPIVLATS
Ptr4CL3 PYSSGTTGLPHGVMLTHKGLVTSVAQQVDGENPNLY FHEKDVILCVLPLFHI¥SLNSVILLCGLRVGSAILIMQKFEIVTLMELVQKYKVT IAPFVPPVVLAVA
Ptr4CL6 PYSSGTTGLPHGVMLTHKGLVTSVAQQVDGENPNLY FHEKDVILCVLPLFHI¥SLNSVILLCGLRVGSAILIMQKFEIVTLMELVQKYKVT IAPFVPPVVLAVA
Ptr4CL4 PYSSGTTGLPHGVMLTHKGLVTSVAQQVDGENPNLYFHERDVILCVLPLFHI¥SLNSVILLCGLRAGSAILIMOKFETVSLMDIVQKYKVT IAPLVPPIFLATA
Gm4CL3 PFSSGTTGLPHGVVLTHKSLTTSVAQQVDGENPNLYLTTEDVLLCVLPLFHIFSLNSVILLCALRAGSAVLIMQKFEIGTLLELIQRHRVSVAMVVPPLVLALA
Gm4CL4 PFSSGTTGLPHGVILTHKSLTTSVAQQVDGENPNLYLTTEDVLLCVLPLFHIFSLNSVILCALRAGSAVLIMQKFEIGTLLELIQRHRVSVAMVVPPLVLALA
Ptr4CL2 PFSSGTTGLPHGVILTHKSLITSVAQQVDGEIPNLYLKQDDVVLCVLPLFHIFSLNSVILLCSLRAGSAVLIMOKFEIGSLLELIQKHNVSVAAVVPPLVLALA
At4CL3 PFSSGTTGLPHGVVLTHKSLITSVAQQVDGDNPNLYLKSNDVILCVLPLFHI¥SLNSVILLNSLRSGATVLIMHKFEIGALLDLIQRHRVT IAALVPPLVIALA
PtadCL3 PYSSGTTGLPHGVMLTHKGLVSSVAQQVDGENPNLYLHSEDVVLCVLPLFHIY¥SLNSVILLCSLRAGSAILIMHKFEIGSLLDLVQRFKVIVAPVVPPIVLAFA
Pta4dCLl PYSSGTTGLPHGVMLTHKGLVSSVAQQVDGENPNLYFHSDDVILCVLPLFHIY¥SLNSVILLCALRAGAATLIMQKFNLTTCLELIQKYKVIVAPIVPPIVLDIT
Gm4CL1 PFSSGTSGLPHGVMLSHKNLVTTIAQLVDGENPHQYTHSEDVLLCVLPMFHIYALNS ILLCGIRSGAAVLILQKFEITTLLELIEKYKVTVASFVPPIVLALV
At4CL4 PYSSGTTGLPHGVMITHKGLVTSIAQKVDGENPNINFTANDVILCFLPMFHIYALDALMLSAMRTGAALLIVPRFEINLVMELIQRYKVTIVVPVAPPVVLAFT
R Rt LR R R e A L K akk kkgkkkgakganak ik 1o Kpp ik : s L% LT
At4CL1 KSSETEKYDLSSIRVVKSGAAPLGKELEDAVNAKFPNAKLGQGYGMTEAGPVIAMS LGFAKEPFPVKSGACGTVVRNAEMKIVDPDTGDSLSRNQPEEICIRG
At4CL2 KSPETEKYDLSSVRMVKSGAAPLGKELEDAISAKFPNAKLGQGYGMTEAGPVIAMS LGFAKEPFPVKSGACGTVVRNAEMKILDPDTGDSLPRNKPGEICIRG
Ptr4CL1 KSPDLDKHDLSSLRMIKSGGAPLGKELEDTVRAKFPQARLGQGYGMTEAGPVIAMCLAFAKEPFDIKPGACGTVVRNAEMKIVDPETGVSLPRNQPEEICIRG
Ptr4CL5 KSPDLDKHDLSSLRMLKSGGSPLGKELEDTVRARFPQARLGQGYGMTEAGPVIAMCLAFAKEPFDIKPGACGTVVRNAEMKIVDPETGSSLPRNLPEEICIRG
Gm4CL2 KSPDLHKYDLSSIRVLKSGGAPLGKELEDTLRAKFPNAKLGQGYGMTEAGPVLTMSLAFAKEPIDVKPGACGTVVRNAEMKIVDPETGHSLPRNQSEEICIRG
Ptr4CL3 KCPVVDKYDLSSIRTVMSGAAPMGKELEDTVRAKLPNAKLGRGYGMTEAGPVLSMCLAFAKEPFEIKSGACGTVVRNAEMKIVDPDTGRSLPRNQAGEICIRG
Ptr4CL6 KCPVVDKYDLSSIRTVMSGAAPMGKELEDTVRAKLPNAKLGRGYGMTEAGPVLSMCLAFAKEPFEIKSGACGTVVRNAEMKIVDPDTGRSLPRNQAGEICIRG
Ptr4CL4 KSPVVDQYDLSSIRTVLSGAAPMGKELEDTVRAKLPNAKLGQGYGMTEAGPVIAMCLAFAKEPFEIKSGACGTVVRNAEMKIVDPETGDSQPRNKAGEICIRG
Gm4CL3 KNPMVADFDLSSIRLVLSGAAPLGKELVEALRNRVPQAVLGRGYGMTEAGPVLSMCLGFAKQPFPTKSGSCGTVVRNAELRVVDPETGRSLGYNQPEEICIRG
Gm4CL4 KNPMVADFDLSSIRLVLSGAAPLGKELEEALRNRMPQAVLGRGYGMTEAGPVLSMCLGFAKQPFQTKSGSCGTVVRNAELKVVDPETGRSLGYNQPEEICIRG
Ptr4CL2 KNPLEANFDLSSIRVVLSGAAPLGKELEDALRSRVPQAILGRGYGMTEAGPVLSMCLAFSKQPFPTKSGSCGTVVRNAELKVIDPETGRSLGYNQPEEICIRG
At4CL3 KNPTVNSYDLSSVRFVLSGAAPLGKELQDSLRRRLPQAILGRGYGMTEAGPVLSMSLGFAKEPIPTKSGSCGTVVRNAELKVVHLETRLSLGYNQPEEICIRG
Pta4dCL3 KNALVESYDLSSIRVVLSGAAPLGKELEDALRLRLPKATFGQGYGMTEAGPVLSMCLAFAKEPFPMKSGSCGTVVRNAQMKIIDPDTGTCLPYNQPEEICIRG
Pta4dCLl KSPIVSQYDVSSVRIIMSGAAPLGKELEDALRERFPKAIFGQGYGMTEAGPVIAMNLAFAKNPFPVKSGSCGTVVRNAQIKILDTETGESLPHNQAGEICIRG
Gm4CL1 KSGETHRYDLSSIRAVVTGAAPLGGELQEAVKARLPHATFGQGYGMTEAGP ~IATSMAFAKVPSKIKPGACGTVVRNAEMKIVDTETGDSLPRNKHGEICIIG
At4CL4 KSPETERYDLSSVRIMLSGAATLKKELEDAVRLKFPNAIFGQGYGMTESGT =VAKSLAFAKNPFKTKSGACGTVIRNAEMKVVDTETGISLPRNKSGEICVRG
* LKaRK ok o aKln s Kk p Kk ckARKRRAK LK a3 kik % KK KEKK KKK PR * kpexk . *

Figure 3-3. 4CL amino acid sequence alignment using the region between Box | and Box
Il (open boxes). The shaded positions are predicted substrate binding residues based on
Pto4CL1 homology modeling. The arrow indicates the residues at position 302.
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Table 3-3. Enzyme kinetic properties of recombinant Ptr4CL1, Ptr4CL2, and Ptr4CL1
mutant proteins. The indicated values are the mean * error range of two protein
purification batches each with three technical replicates. N/A indicated the values were

below the detection level of the UV-spectrometry.

Enzyme Substrate K., Keat Keat/ Kim
uM St 1/ S*uM
4-coumarate 120.69 + 24.62 3.3010.30 0.027
Ptr4CL1 caffeate 52.43+10.22 2.3310.33 0.044
ferulate N/A N/A N/A
4-coumarate 45.45+5.32 2.03+0.24 0.045
Ptr4dCL2 caffeate 328.31+£33.01 5.71+1.33 0.017
ferulate N/A N/A N/A
4-coumarate 80.91 +3.48 2.1810.29 0.027
Ptr4CL1 K302L caffeate 121.72+1.40 2.4010.42 0.020
ferulate 210.09 £19.70 2.4710.66 0.012
4-coumarate 128.75+17.85 7.2612.11 0.056
Ptr4CL1 K302M caffeate 63.46+2.76 3.0510.42 0.048
ferulate 93.89 +7.69 3.4710.27 0.037
4-coumarate 33.42+1.82 3.2410.31 0.097
Ptr4CL1 K302V caffeate 229.52 £67.13 6.89+2.10 0.030
ferulate 41.26£1.20 2.60+0.19 0.063
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Figure 3-4. Mixed substrate enzyme assays of Ptr4CL1mutants. Shown are EIC
chromatograms of CoA thioester products from mixed substrate enzyme assay with 50
UM (green), 100 uM (blue), and 500 uM (red) of equal molar substrates. CA-CoA: m/z
930.16, RT: 1.35 min; PA-CoA: m/z 914.16, RT: 1.88 min; FA-CoA: m/z 944.16, RT:
2.28 min.

94



AE -
. Ptrd4CL2
L302V

'l Ptr4CL2
1 L302M

R EEEEEEEEEEEEE
Courts () v5 Acuision ime vin)

AAA_

B EEEEEEEEEEEEEE
Count (') vs Acquisfon Time (min)

Figure 3-5. Mixed substrate enzyme assays of Ptr4CL2 mutants. Shown are EIC
chromatograms of CoA thioester products from mixed substrate enzyme assay with 50
UM (green), 100 uM (blue), and 500 uM (red) of equal molar substrates. CA-CoA: m/z
930.16, RT: 1.35 min; PA-CoA: m/z 914.16, RT: 1.88 min; FA-CoA: m/z 944.16, RT:
2.28 min.
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Table 3-4. Enzyme kinetic properties of recombinant Hyb4CL1-a and Hyb4CL1-b. The
indicated values are the mean + error range of two protein purification batches each with
three technical replicates. N/A indicated the values were below the detection level of the
UV-spectrometry.

Enzyme Substrate K K k.. /K

m cat cat m
uM St
4-coumarate 181.93 + 4.57 5.41+1.36 0.030
Hyb4CL1-a caffeate 43.05+ 5.53 1.84+0.13 0.043
ferulate 165.24 + 64.23 2.41+0.90 0.015
4-coumarate N/A N/A N/A
Hyb4CL1-b caffeate 235.43 + 15.06 12.89+0.98 0.055
ferulate N/A N/A N/A
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Figure 3-6. Mixed substrate enzyme assays of domain-swapped 4CLs. Shown are EIC
chromatograms of CoA thioester products from mixed substrate enzyme assay with 50
UM (green), 100 uM (blue), and 500 uM (red) of equal molar substrates. CA-CoA: m/z
930.16, RT: 1.35 min; PA-CoA: m/z 914.16, RT: 1.88 min; FA-CoA: m/z 944.16, RT:
2.28 min.
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Figure 3-7. The pre-screening of the transgenic lines by using qRT-PCR. The transcript
levels of the transgenes in the transgenic lines Hyb4CL1-a (A), Hyb4CL1-b (B), and
PtrdCL2 (C) were analyzed in the xylem tissues. For Hyb4CL-b and Ptr4CL2 panels,
PtrdCL2 _WT primers (black) amplified the endogenous Ptr4CL2 only, and Ptr4CL2
primers amplified both endogenous and transgenic Ptr4CL2 sequences. Pta4CL1 primers
were used to amplify the Pta4CL1 sequence on the 3° end of Hyb4CL1-a.
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Figure 3-8. The pre-screening of the transgenic lines by using qRT-PCR. The transcript
levels of the transgenes in the transgenic lines Hyb4CL1-a, Hyb4CL1-b, and Ptr4CL2
were analyzed in the leaf LPI 5 (A to C) and bark (D to F)tissues. Ptr4CL1 WT and
PtrdCL2 _WT primers were endogenous Ptr4CL1 and Ptr4CL2 specific. Ptr4CL1 and
PtrdCL2 primers amplified both endogenous and transgenic 4CL sequences. Pta4CL1

primers were used to amplify the Pta4CL1 sequence on the 3’ end of Hyb4CL1-a.
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Figure 3-9. The transcription levels of endogenous Ptr4CLs and transgenic 4CLs in leaf
LPI 5 of wild type and transgenic Populus. Two replicates of the 4CL2-G8 group and
three replicates of all the other groups were used for the real-time RT-PCR analysis. The
expression was normalized to the geometric mean of elongation factor 1-5 (EF1B) and
ubiquitin-conjugating enzyme E2 (UBCc) using the delta-CT method. Error bars indicate
the standard deviation of the biological replicates. Opened bars, N+ treated samples;
Closed bars, N- treated samples.

100



14 - 14 1
WT Hyb4CL1-a_A3
c 12 ON+ WT 121 O N+_A3
g 10 J BN- WT 10 | HN-_A3
[J]
S 8 A 8
o5
2 ¢ ]
E 4 A 4
Q
o 2 A 2 A
0 T T T 1 0 T . T
Ptr4aCL1 Ptr4aCL2 Hyb4CL1-a Hyb4CL1l-b Ptr4aCL1 Ptr4aCL2 Hyb4CL1-a
14 1 14 -
Hyb4CL1-a_A7 ., | HybacL1-b_E26
s 2 ON+_A7 ON+_E26
@ 10 - EN- A7 10 1 B N-_E26
2 _
s s 8
&5
g ° 6 1
B 4 - 4
]
e o )
0 T 0 A T T
Ptr4CL1 PtraCL2 Hyb4CL1-a Ptr4aCL1 Ptr4CL2 Hyb4CL1-b
14 - 14
Hyb4aCL1-b_E27 Ptr4CL2_G8
g 7 ON+_E27 2 CIN+_GB
'g 10 T 10 A Hl N-_G8
2 EN-_E27
8 8 1 8 1
&5
g 5] ° ]
B o4 41
]
< 2
0 . . 0 T T
PtracLl PtracL2 Hyb4CL1-b PtraCL1 PtraCL2 4cL2
14 A
PtraCL2_G9
< 12 1 ON+_G9
@ 10 B N-_G9
Q
8 8 ]
>
wl
o 6 7
2
B 4
Q
T M
0]
Ptr4aCL1 PtraCL2 4CL2

Figure 3-10. The transcription levels of endogenous Ptr4CLs and transgenic 4CLs in
xylem of wild type and transgenic Populus. Two replicates of the 4CL2-G8 group and
three replicates of all the other groups were used for the real-time RT-PCR analysis. The
expression was normalized to the geometric mean of elongation factor 1-5 (EF1B) and
ubiquitin-conjugating enzyme E2 (UBCc) using the delta-CT method. Error bars indicate
the standard deviation of the biological replicates. Opened bars, N+ treated samples;
Closed bars, N- treated samples.
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Figure 3-11. 4CL mixed substrate assays using crude protein extracted from leaf LPI 5.
Total 4CL activity (A) was the sum of all hydroxycinnamoyl-CoA in each reaction. The
substrate utilization pattern of each was presented by the ratio of each product amount
over total product amount. The asterisk marks indicated statistical significant (p< 0.05)
difference between the transgenic line and the wild type control.
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Figure 3-12. The metabolic profile results of Hybrid 4CL1-a, Hyb4CL1-b, and Ptr4CL2
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xylem were analyzed by LC-MS/TOF and GC-MS. The fold change between transgenic
events and wild-type control of each compound was Log 2 transformed. Statistical
significance of metabolite level between the transgenic events and control was
determined pair wise comparison. Bold fonts and underlines indicate significant
difference at p < 0.05. Metabolite in grey color indicates the predicted results by
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CHAPTER 4

CONCLUSIONS AND FUTURE WORK

Conclusions

Lignin biosynthesis-associated 4CLs in angiosperm and gymnosperm species
form two phylogenetically distinct clades known as Class | and Class Il1, respectively
(Ehlting et al., 1999; Chen, 2008). Based on the sequences of the newly characterized
aspen isoforms, Ptr4CL3-6, angiosperm Class | now contains two subclades. Class I-A
and I-B. In addition, loblolly pine Pta4CL3 becomes the first Class Il isoform
characterized from a gymnosperm (Fig. 2-1). The in vivo roles of the new Class I-B
isoforms, Ptr4CL3-6, remain uncharacterized, but there is variation in the in vitro
substrate preference among Class 1-B members and between Class I-B and I-A. In
addition, I-A and I-B isoforms exhibit spatially distinct gene expression patterns. Relative
to lignin biosynthesis-associated 4CLs, Class Il isoforms are more conserved between the
seed plants, and there has been less expansion of the family. (Kajita et al., 1996; Lee et al.,
1997; Zhang and Chiang, 1997; Ehlting et al., 1999; Lindermayr et al., 2002; Hamberger
and Hahlbrock, 2004; Chen, 2008; Wagner et al., 2009). However, functional
characterization of Class 11 4CLs is limited, especially in gymnosperm species (Hu et al.,
1998; Ehlting et al., 1999; Lindermayr et al., 2002). The isoforms in this group are
thought to support the biosynthesis of nonstructural phenylpropanoids rather than that of

lignin (Harding et al., 2002; Kao et al., 2002). Based on the identification of pine
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Pta4CL3 as a Class Il isoform, 4CL divergence was underway before the evolutionary
split of the angiosperm and gymnosperm lineages. The recently published Norway spruce
(Picea abies) and white spruce (Pieca glauca) genome sequences (Birol et al., 2013;
Nystedt et al., 2013) should facilitate further investigations of phenylpropanoid pathway

gene evolution of gymnosperms, as shown for 4CL in this study.

The structural basis for differing substrate selectivities among 4CL isoforms, and
the relevance of substrate utilization to phenylpropanoid metabolism were explored using
in vitro and in vivo approaches. A very large component of the in vitro substrate
selectivity bias was found to depend on a single binding pocket amino acid residue at
position 302. Manipulation of this residue by site-directed mutagenesis or via domain
swapping led to changes in substrate utilization patterns in vitro, especially in Ptr4CL1.
Amino acid substitutions at position 302 of Ptr4CL2 had little effect on substrate
specificity. Binding pocket size as well as a difference at position 235 between 4CL1 and
4CL2 may have contributed to the differential effectiveness of 302 substitutions in these
two isoforms. Over-expressing wild-type or mutant 4CLs in transgenic Populus affected
phenylpropanoid metabolism in ways that differed from expectations based on their in
vitro substrate utilization biases. Minor metabolic changes in vivo were observed in the
transgenic Populus over-expressing loblolly pine Pta4CL1 and Hyb4CL1-a, which is a
domain-swapped mutant of loblolly pine Pta4CL1 in which the substrate binding domain
was replaced by that of aspen Ptr4CL1. These results are consistent with the argument
that the 4CL substrate binding domain is not the sole determinant of 4CL function in vivo.
An emerging concept is that protein-protein interactions of various kinds modulate the

roles of enzymatic proteins in vivo (Winkel, 2004; Jgrgensen et al., 2005). A recent study
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identified a productive protein-protein interaction between 4CL and p-coumarate 3-
hydroxylase (C3H; Bassard et al., 2012). The findings are consistent with 4CL
participation in multi-enzyme metabolons that can modulate the efficiency and output of
metabolic pathways. Such metabolic channeling has been reported in several recent
studies (Achnine et al., 2004; Chen et al., 2011; Bassard et al., 2012). One interpretation
of the weak metabolic effect of over-expressing the hybrid 4CL is that there was a poor
association with the hypothetical metabolon. The backbone sequence may be essential for
successful integration with the phenylpropanoid metabolon. Due to the sequence
divergence between Pta4CL1 and Populus 4CLs (Voo et al., 1995; Hu et al., 1998), there

may be structural impediments to association of Pta4CL1 with the Populus metabolons.

While there were limited metabolic changes in Pta4CL1 transgenic lines, there
were metabolic changes in the Pta4CL3 transgenic lines. The unusual metabolite
cinnamoyl-quinate was detected at much higher levels in Pta4CL3 transgenic than in
wild-type plants. The biosynthesis of cinnamoyl-quinate requires the CoA-activation of
cinnamate (Liu et al., 1995), a poor in vitro substrate of all 4CLs. Pta4CL3 exhibited poor,
but better in vitro affinity with cinnmate than did the other 4CL proteins we tested. This
finding raises the possibility that certain 4CL isoforms utilize cinnamate in vivo. The in
vivo effect of 4CL CoA-activating cinnamate may reflect high levels of 4CL enzyme,
since the crude protein assay results indicated an elevated 4CL preference toward p-
coumarate in Pta4CL3 transgenics. However, Pta4CL3 exhibits low affinity in vitro
toward cinnamate, and cinnamate CoA-activation requires high substrate concentration
that is not observed in Populus tissues. Alternatively, the accumulation of cinnamoyl-

quinate may be considered in the context of metabolic channeling involving Pta4CL3 and
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the Populus metabolon. It is at least reasonable to suggest that with greater sequence
conservation among Class Il 4CLs than among Class | and 11l 4CLs, the loblolly pine
Pta4CL3 was able to interact in a productive way with the Populus metabolon. The
metabolons may lower the kinetic constraint of Pta4CL3 by preventing the dilution of

cinnamate in the cytosol (Jgrgensen et al., 2005).

Future Work

Our results suggested that the backbone sequence of 4CL may affect its function
in vivo. The interaction between 4CL and C3H was previously observed (Bassard et al.,
2012). To further test the hypothesis that the 4CL backbone sequence is involved in a
hypothetical protein-protein interaction with C3H, wild-type and mutant 4CLs can be
used for both in vitro and in vivo assays. With the published Pto4CL1 crystal structure
(Hu et al., 2010), the mechanism of the interaction between 4CL and C3H may be
illustrated by computational analysis. Phenylalanine ammonia-lyase (PAL), which
catalyzes the entry step of the general phenylpropanoid pathway, physically interacts with
C4H (Achnine et al., 2004), and the strength of the interaction differs between different
PAL isoforms. It would be interesting to explore the strength of interactions between
C3H and various 4CL native or mutant isoforms from different phylogenetic classes or
with altered sequences. Since 4CL classification is correlated with differential gene
expression in different tissues and in vivo functions, the result may further our
understanding of phenylpropanoid metabolism in distinct tissues. For the 4CL substrate

selectivity manipulation discussed in chapter three, position 235 may also play an
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important role in Ptr4CL2 substrate binding, and double mutations at position 235 and
302 in Ptr4CL2 may exert different effects on the substrate selectivity than single
mutations at position 302 alone. The proposed mutagenesis studies in Ptr4CL2 should
illustrate the substrate binding pocket difference between Ptr4CL1 and Ptr4CL2, and

enable the design of novel 4CLs for metabolic engineering.
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