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ABSTRACT

BIOCHEMICAL CHARACTERIZATION OF Β-GLUCOSIDASE-MEDIATED
CATABOLISM OF FLAVONOL BISGLYCOSIDES IN ARABIDOPSIS
THALIANA
Jonathon Roepke

Advisor:

University of Guelph, 2015

Gale G. Bozzo

Kaempferol- and quercetin 3-O- -glucoside-7-O- -rhamnoside (K3G7R and
Q3G7R, respectively) are major flavonol bisglycosides that accumulate in vegetative
organs of Arabidopsis thaliana in response to dual abiotic stresses (i.e., nitrogen
deficiency and low temperature, NDLT). However, these metabolites are lost during a 5
day recovery from NDLT. Typically, catabolism of related chemicals relies on glucosidase (BGLU) action. Major losses of K3G7R, Q3G7R, flavonol 3-O-β-rutinoside7-O-α-rhamnosides and flavonol bisrhamnosides coincided with an approximate 250%
spike in extractable Q3G7R BGLU activity within 2 days of NDLT recovery. QTOFMS/MS analysis identified quercetin 7-O- -rhamnoside (Q7R) as the Q3G7R
hydrolysate. A phylogenetic analysis of all 47 Arabidopsis glycoside hydrolase family 1
members identified a clade consisting of BGLU12 -17 inclusive that were most similar to
BGLUs from other plant species known to utilize isoflavonoid -O-glucosides, chemicals
that are structurally similar to flavonol bisglycosides. A 300% higher level of BGLU15
transcripts was apparent within 1 day of recovery from NDLT; lower or negligible
changes in expression were evident for the remaining BGLUs. Recombinant thioredoxin-

His6-tagged mature BGLU15 was expressed in Escherichia coli and purified to apparent
homogeneity. A comparison of a wide spectrum of O-linked -glucosides revealed that
recombinant BGLU15 preferentially hydrolysed the 3-O- -glucoside of Q3G7R and
K3G7R; flavonol 3-O- -glucosides were also used, albeit with lower efficiency. Real
time quantitative PCR revealed that T-DNA inactivation lines bglu15-1 and bglu15-2
contained negligible BGLU15 transcripts and cell-free leaf extracts of the bglu15
mutants had severely reduced Q3G7R hydrolysis relative to wild-type (WT) plants.
UHPLC-DAD-MSn revealed that levels of K3G7R, Q3G7R and quercetin 3-O- glucoside remained elevated during the recovery period in leaves of bglu15 relative to
WT plants. Moreover, losses of flavonol 3-O- -rutinoside-7-O- -rhamnosides and
kaempferol bisrhamnoside were evident during the recovery phase, regardless of whether
BGLU15 was present. With respect to catabolite production, a transient increase in
kaempferol 7-O-α-rhamnoside (K7R) was apparent with recovery, but this change was
slightly reduced in bglu15 mutants. Together, all biochemical data indicate that BGLU15
is essential for flavonol 3-O- -glucoside and 3-O- -glucoside-7-O- -rhamnoside
catabolism in Arabidopsis. This information is important for genetic engineering or
traditional breeding strategies aimed at limiting flavonol losses in commercially
important horticultural and agricultural commodities.
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CHAPTER ONE - GENERAL INTRODUCTION

Flavonols are phytochemicals consisting of a flavonoid skeleton (i.e., C6-C3-C6),
and their diversity is mainly due to the degree of hydroxylation and glycosylation of the
aromatic ring moieties. The predominant forms, flavonol glycosides, are derived from
phenylalanine with a series of lyase, isomerization, oxidation, hydroxylation and
glycosylation steps (Lillo et al., 2008; Falcone Ferreyra et al., 2012). The transfer of
sugar moieties to the parent flavonol molecule requires uridine diphosphate (UDP)-sugar
dependent glycosyltransferase (UGT) activities (Yonekura-Sakakibara et al., 2007, 2008).
Several flavonol UGTs are known for plants, including the model plant Arabidopsis
thaliana Heynh., and transcriptional upregulation of these glucosyltransferases and
rhamnosyltransfereases accompanies the assembly of flavonol conjugates, including
bisglycosides of two flavonols, kaempferol and quercetin (Lillo et al., 2008). The precise
role of flavonols (including their glycosides) in plants is unclear, although evidence
suggests their involvement in protecting aerial organs from UV-light damage,
sequestration of reactive oxygen species, modulation of polar auxin movement, and
defence against herbivory (Agati et al., 2007; Maloney et al., 2014; Onkokesung et al.,
2014; Orozco-Nunnelly et al., 2014; Yin et al., 2014). Also, several pre-clinical studies
demonstrate that flavonol glycosides are pharmacologically active as antioxidants, antiinflammatory, anti-cancer, neuroprotective and cardioprotective agents (Burda and
Oleszek, 2001; Losclazo et al., 2009; Calderón-Montaño et al., 2011; Wahyuni et al.,
2011); thus, it seems plausible that plant-derived flavonols may reduce the risk of chronic
1

diseases in humans. Flavonols glycosides are highly available in vegetative (e.g., onion,
kale, broccoli) and fruit (e.g. pepper, tomato, cranberry, sea buckthorn berry) tissues
(Bhagwat et al., 2014).
In crucifers, like Arabidopsis thaliana, flavonols exist predominantly as
bisglycoside conjugates (e.g., quercetin 3-O- -glucoside-7-O- -rhamnoside, Q3G7R)
(Vallejo et al., 2004; Saito et al., 2013). Their presence in vegetative tissues is dependent
upon coordinated transcriptional regulation and activity of biosynthetic steps in response
to abiotic stresses, such as mineral deficiency, chilling and UV light (Coronado et al.,
1995; Lea et al., 2007; Lillo et al 2008; Larbat et al., 2012). Furthermore, a synergistic
increase in kaempferol 3-O- -glucoside-7-O- -rhamnoside (K3G7R) and Q3G7R, as
well as other bisglycosides, occur in Arabidopsis during exposure to simultaneously
applied abiotic stresses such as nitrogen deficiency and low temperature (NDLT) (Olsen
et al., 2009); similar metabolic phenomena are evident in NDLT-stressed tomato plants
(Løvdal et al., 2010). In vegetative tissues of Arabidopsis the concentrations of flavonol
conjugates (e.g., Q3G7R) range from 0.4 to 28 nmol g-1 fresh matter (FM) (Nakabayashi
et al., 2009). Flavonol preservation in plants, including their edible parts, is not solely
dependent upon biosynthetic processes as losses on the order of 1-35% per day are
typical, including during postharvest handling and processing (Price et al., 1997;
Dietrych-Szostak and Oleszek, 1999; DuPont et al., 2000; Makris and Rossiter, 2001;
Vallejo et al., 2003; Olsen et al., 2009). Moreover, degradation of these phytochemicals
is also evident with plant growth and development; flavonol bisglycosisde losses on the
order of 19-35% per day are apparent in Arabidopsis following the transfer of NDLT2

acclimated plants to nitrogen sufficiency and high temperature (NSHT) (Olsen et al.,
2009). Enhanced levels of flavonol bisglycosides may be achieved by minimizing their
degradation in planta, processes that are little understood relative to biosynthetic
mechanisms. Transient increases in deglycosylated flavonoids are described for
vegetative tissues, including soybean, onion, white lupin and alfalfa (Graham, 1991;
Takahama and Hirota, 2000; Hsieh and Graham, 2001; Piślewska et al., 2002;
Naoumkina et al., 2007). In these aforementioned examples, the disappearance of
flavonol and/or related flavonoid metabolites is largely dependent upon hydrolytic
removal of one or more O-β-linked sugars (e.g., glucose) from the flavonoid skeleton by
a β-glucosidase (BGLU).
In plants, BGLUs belong to the glycoside hydrolase (GH) family 1 of enzymes,
which includes representatives from the legumes with substrate specificity for flavonoid
glycosides, including isoflavone conjugates (chemicals that are somewhat similar to
flavonol bisglycosides). There are 47 GH family 1 members in Arabidopsis (Xu et al.,
2004); biochemical properties are known for a small number of these, including BGLUs
specific for abscisic acid (ABA) conjugates (BGLU18 and -33; Lee et al., 2006; Xu et
al., 2012), monolignol glucoside (BGLU45 and -46, Escamilla-Treviño et al., 2006),
scopolin (BGLU21-23, Ahn et al., 2010) and glucosinolates (BGLU34-39, Barth and
Jander, 2006; Andersson et al., 2009). The remaining Arabidopsis BGLUs are yet to be
tested for their capacity to hydrolyze flavonol conjugates, but a recent phylogenetic
analysis suggests that BGLU17 is similar to an isoflavone conjugate hydrolase from
soybean roots and Thailand rosewood (Suzuki et al., 2006). As isoflavonoid compounds
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are chemically related to flavonol bisglycosides, it seems plausible that BGLU17 could
be pivotal in their hydrolysis. Moreover, BGLU17 is part of group 2 in the Arabidopsis
GH family 1, which also consists of BGLU12-16 (Xu et al., 2004); none of these have
been characterized at the biochemical or functional level.
In this thesis, I tested the hypothesis that flavonol bisglycosides in Arabidopsis
are catabolized by BGLU activity during recovery from abiotic stress. In Chapter 3,
changes in flavonol bisglycosides profiles were monitored in whole Arabidopsis plants as
a function of NDLT exposure and recovery there from using Ultra High Performance
Liquid Chromatography-Diode Array Detector-Mass Spectroscopy (UHPLC-DAD-MSn)
analysis. Moreover, cell-free extracts from these same time course samples were used for
in vitro hydrolase High Performance Liquid Chromatography-Diode Array Detector
(HPLC-DAD)-based assays. The extracts were incubated with a known amount of the
flavonol bisglycoside, Q3G7R, a substrate that was biocatalytically synthesized using
bacteria metabolically engineered for its production in the presence of exogenously
supplied quercetin 3-O-β-glucoside (Q3G). The hydrolysate formed in these assays was
identified by QTOF-MS/MS. A phylogenetic comparison of previously characterized
flavonoid glucoside BGLU(s) and Arabidopsis thaliana GH family 1 BGLUs was used to
narrow the list of putative flavonol bisglycoside BGLU candidates. Real time quantitative
polymerase chain reaction (RT-qPCR) was used to assess whether BGLU12-17 transcript
levels changed with NDLT recovery. BGLU15 was cloned from Arabidopsis cDNA; a
hexahistidine-thioredoxin-tagged recombinant protein was expressed and purified from
Escherichia coli using immobilized metal affinity chromatography. The recombinant
4

BGLU15 enzyme was used to determine kinetic parameters in the presence of various
glycosides, including the apparent Vmax, Km and specificity constant (kcat/Km) as a means
of defining the preference for physiologically relevant substrates. These findings
indicated that BGLU15 has a high preference for flavonol 3-O-β-glucoside-7-O-αrhamnosides, resulting in the in vitro production of flavonol 7-O-α-rhamnoside.
In Chapter Four of this thesis, two independent T-DNA insertional inactivation
lines for BGLU15 (bglu15-1 and bglu15-2) were analyzed for biochemical phenomena
related to flavonol bisglycoside catabolism in order to establish if BGLU15 is
functionally relevant for their degradation. A preliminary experiment was performed with
wild type (WT; Columbia-0, Col-0) plants only to assess the expression of BGLU15 in
roots, leaves, or both organs under NDLT and following transfer to NSHT conditions for
5 days (d). For this, cDNA was prepared from total RNA from leaves and roots of plants
sampled during NDLT exposure and recovery (plants exposed to continual NSHT were
used as a control) and used for RT-qPCR analysis of changes in BGLU15 transcript
abundance. Thereafter, three separate time course experiments (under conditions outlined
above) were performed for both bglu15 mutants and WT Arabidopsis plants. Plants were
sampled periodically during the recovery period and frozen pulverized leaf powder to
extract total RNA. The total RNA was used to prepare cDNA and was analyzed by RTqPCR to monitor the levels of BGLU15 expression. Enzyme extraction and HPLC-based
assay of Q3G7R hydrolysis activity were conducted to assess the impact of the mutated
BGLU15 gene on changes in this activity as a function of NDLT recovery. Finally, all
samples were subjected to a methanolic extraction and analyzed by UHPLC-DAD-MSn

5

to quantify changes in flavonol bisglycosides and their monoglycoside counterparts,
including their proposed catabolites flavonol 7-O-α-rhamnosides.

6

CHAPTER TWO - LITERATURE REVIEW
The following literature review provides a synopsis of flavonols in plants,
including biosynthesis of quercetin and kaempferol bisglycosides in response to abiotic
stress, their purported physiological roles and evidence for catabolic processes in plants,
with an emphasis on the potential role of BGLU activity.

2.1. FLAVONOL CHEMISTRY AND BIOACTIVITY
Flavonols are a sub-class of phenylalanine-derived chemicals known as flavonoids.
Flavonoids also include the sub-classes anthocyanidins, flavanonols, flavanols,
flavandiols, flavanones, flavones, and isoflavonoids (Fig. 2.1). All flavonoids consist of
two aromatic rings (denoted as A and B) fused by a heterocyclic C ring; sub-classes are
distinguished by the degree of C ring oxidation. In plants, flavonoids are involved in
photoprotection, stress tolerance, biotic defence, and hormone movement. Notably,
anthocyanin pigments in flowers and fruit are important for pollinator and seed disperser
attraction, respectively (Tattini et al., 2000; Stewart et al., 2001; Sasaki and Takahashi,
2002; Lahtinen et al., 2004; Schaefer et al., 2004; Buer et al., 2010; Tatsimo et al., 2012;
Nakabayashi et al., 2014; Onkokesung et al 2014). The different flavonoid classes are not
evenly distributed throughout the plant kingdom, as discussed below.
Quercetin 3-O- -rutinoside (also known as rutin) from garden rue was the first
flavonol identified from plants, a discovery made in 1842 (Beal, 1949, ref. within). To
date, approximately 350 quercetin conjugates have been described across the plant

7

Figure 2.1. Flavonoid Chemistry. (A) Flavonoids consists of two aromatic rings (A and
B) linked together by a 3-carbon bridge generating a heterocyclic C-ring. Positionspecific atom numbering is provided. (B) Chemical structures of flavonoid sub-classes
and (C) two representative flavonols, kaempferol and quercetin.
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kingdom (Harborne and Baxter, 1999), and species-specific chemical diversity is
afforded by one or more of the following processes: hydroxylation methylation
acylation and, glycosylation (Falcone Ferreyra et al., 2012). With respect to flavonol
aglycones, kaempferol is hydroxylated at the 4’-position, whereas quercetin is
hydroxylated at both the 3’- and 4’-positions (Figure 2.1). A large proportion of flavonol
species are conjugated to one or more sugars (hexose or pentose type), resulting in
enhanced solubility in aqueous milieus relative to their more hydrophobic aglycone
precursors (Lim and Bowles, 2004). Glycosylation is a prerequisite for storage in
metabolically inactive cellular compartments (i.e., vacuoles and cell wall), resulting in
decreased bioactivity, whereas their aglycones are involved in biological processes in
planta (Strack et al., 1988; Murphy et al., 2000; Zhao et al., 2011). Flavonol glycosides
serve multiple roles in planta including UV-filters, antioxidants, polar auxin transport
inhibitors, and insect deterrents (Agati et al., 2007; Agati and Tattini, 2010; Mutha et al.,
2013; Fornalé et al., 2014; Nakabayashi et al., 2014; Yin et al., 2014). UV protection by
flavonol glycosides is associated with absorbance in the 240-400 nm UV/visible light
range, which exhibits two characteristic absorption maxima at 300-380 nm and 240-280
nm, denoted as band I and II, respectively (Mabry et al., 1970). UV and photosynthetic
active radiation induce higher levels of flavonol glycosides in Phillyrea latifolia L.,
grape, Ligustrum vulgare L., Arabidopsis, Tilia platyphyllos Scop., and pea (Tattini et al.,
2000; Kolb et al., 2003; Agati et al., 2009; Demkura and Ballaré, 2012; Majer et al.,
2014; Siipola et al., 2015).
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The epidermis of plant leaves is rich in flavonols and their related phenylpropanoid
hydroxycinnamic acids (e.g., sinapate esters; Sheahan, 1996), which increase with
seedling age and UV irradiation and appear to shield photosynthetic tissues (i.e.,
mesophyll) from the potential damaging effects of sunlight (Burchard et al., 2000). More
recent evidence reports that the levels of quercetin glycosides in both the epidermis and
mesophyll are higher in sun than shade leaves of L. vulgare (Agati et al., 2009).
Moreover, non-destructive spectroscopic analysis of Centella asiatica L. demonstrated
that UV-B exposure increases the levels of epidermal kaempferol- and quercetin 3-O-βglucosides within 7 d, a metabolic occurrence more pronounced in young than old leaves
(Bidel et al., 2015). Arabidopsis mutants impaired in the biosynthesis of both
hydroxycinnamic acids and flavonols are sensitive to UV light; however, the effect is
more dramatic in hydroxycinnamic acid-deficient mutants (Li et al., 1993; Landry et al.,
1995). The response of hydroxycinnamic acids levels associated with UV exposure
appears to be species specific (e.g., increases in A. thaliana, no changes in L. vulgare, and
declines in Vitis vinifera L.), whereas flavonol glycoside levels are enhanced, regardless
of species (Kolb et al., 2003; Agati and Tattini, 2010; Demkura and Ballaré, 2012). The
effect of UV light can be further complicated by photoperiod, temperature, and altitude in
natural environments (Jaakola and Hohtola, 2010). More recent research on field-grown
pea at northern latitudes (i.e., Finland) indicates that whole leaf and epidermal
accumulation of flavonol conjugates is most likely due to perception of solar blue light
(Siipola et al., 2015). Photoprotection afforded by flavonol derivatives could be related to
their capacity to sequester cell damaging reactive oxygen species associated with abiotic
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stresses (Agati et al., 2007; Nakabayashi et al., 2014). Under high light intensity, an
increase in flavonol glycoside levels is inversely proportional to singlet oxygen
accumulation (Agati et al., 2007). Additional roles of flavonol bisglycosides as
modulators of polar auxin transport and abiotic stress response (i.e., mineral deficiency
and chilling) are discussed in section 2.3.
In addition to their biological roles in planta, consumption of plant-derived flavonols
by humans is linked to reduced incidences of chronic diseases including cardiovascular
diseases, osteoporosis, neurodegenerative diseases, and cancers (McCullough et al., 2012;
Welch et al., 2012; Batra and Sharma, 2013; Dajas et al., 2013). Epidemiological
research has linked quercetin-rich diets with reduced risk of renal cancer in elderly men
(50-69 yrs in age) from southwestern Finland (Wilson et al., 2009), and in vitro studies
have provided direct evidence for apoptosis in flavonol-treated breast and ovarian cancer
cells (Luo et al., 2010; Deng et al., 2013). Furthermore, oral administration of kaempferol
reduces symptoms of Parkinson’s disease in mice; notably, a reduction in abnormal
motor function is associated with increased antioxidant levels (Li and Pu, 2011). Thus, a
prophylactic effect of flavonol consumption and increased health benefits for humans is
possible.
Fruits and vegetables are primary sources of flavonol glycosides for the human diet.
The average daily flavonoid intake by adults in the United States is 190 mg, with
approximately 7% of this is in the form of flavonols (Chun et al., 2007). In the North
American diet, some of the highest total flavonol levels in a standard serving (100 mg
FM) are provided by the following: blueberry, 11 mg; cranberry, 21.6 mg; elderberry,
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32.4 mg; sea buckthorn berry, 45.9 mg; capers, 493 mg; arugula leaves, 42.8 mg; broccoli
heads, 11.1 mg; swiss chard leaves, 18.9 mg; cilantro leaves, 52.9 mg; kale, 69.4 mg;
onion bulb, 21-46.6 mg; and radish leaves, 78.1 mg (Bhagwat et al., 2014). Notably,
these flavonols can be non-uniformly distributed in edible plant parts as total quercetin
concentration is 100-900% higher in outer than inner lettuce leaves (Crozier et al., 1997).
Despite the presence of a wide range of flavonols in edible plant parts, dramatic losses
occur during postharvest handling and processing. For examples, there is 46%
degradation of kaempferol glycoside occurs in endive following 7 d of postharvest
storage at 1 C (DuPont et al., 2000), 50% loss of quercetin conjugates in onion bulb due
to drying prior to storage (Price et al., 1997), and approximately 75% disappearance in
quercetin 3-O-β-rutinoside (rutin) from buckwheat grains during processing (DietrychSzostak and Oleszek, 1999). Thus, a better understanding of flavonol metabolism,
including the underlying mechanisms for in planta degradation, is required to preserve
flavonols in edible plant food.

2.2. FLAVONOL BIOSYNTHESIS IN PLANTS
Flavonol accumulation occurs in organ- and tissue-specific patterns, notably in
response to the regulation of plant growth by ethylene and auxin, and environmental
perturbations, including UV exposure, mineral deficiency, chilling, drought and pathogen
attack (Christie et al., 1994; Dixon and Paiva, 1995; Landry et al., 1995; Razal et al.,
1996; Akiyama et al., 2002; Miura et al., 2005; Buer et al., 2006; Lea et al., 2007:
Naoumkina et al., 2007; Peng et al., 2008; Falcone Ferreyra et al., 2010; Lewis et al.,
12

2011; Grunewald et al., 2012; Nakabayashi et al., 2014). The genetic components
governing the structural and regulatory elements of flavonol biosynthesis are well known
for the model plant, Arabidopsis, as several mutants are available with visual effects on
seed coat (e.g., transparent testa, tt; Falcone Ferreyra et al., 2012). Like all
phenylpropanoids, flavonols are derived from the elimination of ammonia from
phenylalanine via phenylalanine ammonia lyase (PAL), yielding cinnamate, which is
subsequently oxidized by a P450 cinnamate 4-hydroxylase (C4H) and conjugated to coenzyme A in the presence of p-coumaroyl-CoA ligase (4CL) (Ehlting et al., 1999; Vogt,
2010) (See Fig. 2.2 for biosynthetic pathway). The product, p-coumaroyl-CoA, is the
precursor for the diverse phenylpropanoids occurring in nature, including flavonoids,
lignin, acylated polyamines, aurones, stilbenes and phenylpropanoid esters (Vogt et al.,
2010). Biosynthesis of the flavonoid skeleton requires chalcone synthase (CHS)mediated condensation of p-coumaroyl-CoA with three malonyl-CoA moieties, followed
by cyclization, isomerization and hydroxylation yielding the dihydroflavonol,
dihydrokaempferol (Shirley et al., 1995; Pelletier and Shirley, 1996; see Figure 2.2 for
the complete pathway, including enzymes and metabolic intermediates).
Dihydrokaempferol is the immediate precursor for flavonol synthase (FLS)-mediated
production of kaempferol; alternatively, it can also be converted to dihydroquercetin by
flavonoid 3’-hydroxylase (F3’H) (Pelletier et al., 1997; Schoenbohm et al., 2000).
Quercetin formation from dihydroquercetin also requires FLS activity.
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Figure 2.2. Arabidopsis flavonoid biosynthetic pathway. Reactions for flavonol
aglycone biosynthesis are presented in the non-shaded region, and enzymatic steps
leading to the formation of related flavonoids are shown in the grey region. The
biosynthetic enzymes are indicated with solid black arrows, whereas processes involving
more than one enzyme are indicated with dashed arrows. Enzyme abbreviations are
denoted as follows: 4CL, p-coumaroyl-CoA ligase; C4H, cinnamate 4-hydroxylase; CHI,
chalcone isomerase; CHS, chalcone synthase; DFR, dihydroflavonol 4-reductase; F3H,
flavanone 3- -hydroxylase; F3′H, flavonoid 3′-hydroxylase, FLS, flavonol synthase;
PAL, phenylalanine ammonia lyase; UGTs, uridine diphosphate glycosyltransferases.
The corresponding transparent testa (tt) mutants for select biosynthetic steps are shown
in italics. This scheme was adapted from Falcone Ferreyra et al. (2012).
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Arabidopsis tt mutants have been central to deciphering the biological relevance
of flavonoid (including flavonol, flavonone, anthocyanin and proanthocyanidin)
biosynthetic enzymes (Shirley et al., 1992; Walker et al., 1999; Peer et al., 2001;
Kitamura et al., 2004; Buer and Djordjevic, 2009). For example, Arabidopsis mutants
defective in CHS and chalcone isomerase (tt4 and tt5, respectively) contain lower levels
of kaempferol glycosides and less leaf biomass following exposure to UV-B and high
light intensity than do WT plants (Li et al., 1993; Misyura et al., 2012). Moreover,
kaempferol formation in Arabidopsis is dependent upon UV-B light-inducible expression
of F3H and FLS (Pelletier and Shirley 1996; Pelletier et al., 1997) (Fig. 2.2, Table 2.1).
Interestingly, a mutant (tt7) defective in flavonoid 3’-hydroxylase (F3′H; Fig. 2.2), the
enzyme converting dihydrokaempferol to dihydroquercetin, lacks quercetin glycosides
and is sensitive to UV-B damage (Ryan et al., 2001). No differences in levels of
kaempferol glycosides or hydroxycinnamic acid esters are apparent between UV-Btreated and WT plants, indicating that quercetin glycosides provide more UV-B
protection than kaempferol glycosides. The flavonol aglycones are further modified by
UGTs yielding a number of flavonol bisglycosides in Arabidopsis. Chemical diversity of
flavonols is due to differential glycosylation at the 3’ and 7’ hydroxyl-positions by the
coordinated expression of early biosynthetic genes with genes encoding UGT activity,
and in Arabidopsis leads to the accumulation of flavonol bisglycosides in vegetative and
reproductive tissues (Table 2.1). The following section reviews the biochemical
mechanisms underlying flavonol glycosylation and its biological significance in
developing plants, with a particular emphasis on abiotic stress.
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Table 2.1. Flavonol Glycoside Constituents of Arabidopsis thaliana.
Flavonol derivatives were isolated via acidified methanolic extraction and identified by
HPLC-MS, NMR, high performance thin layer chromatography and GC-MS (Peer et al.,
2001; Jones et al., 2003; Tohge et al., 2005; Stobiecki et al., 2006; Kachlicki et al., 2007;
Yonekura-Sakakibara et al., 2007; Yonekura-Sakakibara et al., 2008 Nakabayashi et al.,
2009; Stracke et al., 2010b).
Compound
Flavonol Monoglycosides & Diglycosides
Kaempferol 3-O-β-glucoside (K3G)
Quercetin 3-O-β-glucoside (Q3G)
Kaempferol 3-O-α-rhamnoside
Quercetin 3-O-α-rhamnoside

Research Highlights

Quercetin 7-O-α-rhamnoside (Q7R)

Cold-stressed rosette leaves
Cold-stressed rosette leaves
Silique (> 1 cm)
Silique (> 1 cm), cotyledonary node, whole
plant
Whole plant

Kaempferol 3-O-β-glucosyl-O-β-glucoside

Inflorescence, silique (< 1 cm)

Quercetin 3-O-β-glucosyl-O-β-glucoside

Inflorescence, siliques (< 1 cm)

Flavonoid Bisglycosides
Kaempferol 3-O-α-rhamnoside-7-O-α-rhamnoside
(K3R7R)
K3G7R

Quercetin 3-O-α-rhamnoside-7-O-α-rhamnoside
(Q3R7R)

Rosette and cauline leaves, stem,
inflorescence, siliques (< 1 cm), seedling roots
(+light), whole plant
Rosette and cauline leaves, stem,
inflorescence, siliques (< 1 cm), seedling roots
(+light) , whole plant
Inflorescence, siliques (< 1 cm), whole plant,
seedling roots (+light), stem

Q3G7R

Leaves, inflorescence, stem, siliques (< 1 cm),
seedling roots (+light) , whole plant

Quercetin 3-O-α-rhamnoside-7-O-β-glucoside
(Q3R7R)
Kaempferol 3-O-α-rhamnosyl-β-glucoside-7-O-αrhamnoside

Siliques (>1 cm)

Kaempferol 3-O-β-glucosyl-β-glucoside-7-O-αrhamnoside
Quercetin 3-O-α-rhamnosyl-β-glucoside -7-O-αrhamnoside
Kaempferol 3-O-α-rhamnosyl-β-glucosyl-βglucoside-7-O-α-rhamnoside

Rosette and cauline leaves, stem,
inflorescence, siliques (< 1 cm), seedling roots
(+light), whole plant
Leaves
Leaves, inflorescence, stem, siliques (< 1 cm),
seedling roots (+light), whole plant
Leaves
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2.3. FLAVONOL GLYCOSYLATION IN ARABIDOPSIS THALIANA
Flavonol glycosides are synthesized on the cytosolic face of the endoplasmic
reticulum and are predominately stored in the vacuole (Hrazdina et al., 1980; Zhao and
Dixon, 2010) and the cell wall (Strack et al., 1988; Agati and Tattini, 2010). In
Arabidopsis, flavonol glycosylation involves the step-wise addition of glucose, rhamnose
and/or arabinose, to the 3-O- and 7-O-positions of quercetin, kaempferol and
isorhamnetin (Yonekura-Sakakibara et al., 2008; Nakabayashi et al., 2009; Saito et al.,
2013). The chemical structures of 35 different flavonol conjugates identified in
Arabidopsis have been determined by a combination of HPLC-MS- and NMR-based
approaches (Table 2.1). Briefly, all isorhamnetin conjugates and flavonol
arabinosides are floral in origin, whereas leaf tissues are enriched in kaempferol
bisglycosides and quercetin counterparts and are ubiquitous throughout the plant;
flavonol 3-O- -rutinosides-7-O- -rhamnosides, flavonol 3-O- -glucoside-7-O- rhamnosides and flavonol 3-O- -rhamnoside-7-O- -rhamnoside accumulate in stressed
leaves (Table 2.1; Olsen et al., 2009). The accumulation of flavonol bisglycosides with
stress is consistent with their purported physiological role as antioxidants and
photoprotectants.
The Arabidopsis genome contains 120 separate UGTs (Bowles et al., 2006).
Although early in vitro work demonstrated that 29 different recombinant UGTs utilize
quercetin to varying degrees, more recent biochemical evidence indicates that flavonol
glycosylation in Arabidopsis requires the concerted action of six flavonol-specific UGTs
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(Lim, et al., 2004; Gachon et al., 2005; Yonekura-Sakakibara et al., 2007; YonekuraSakakibara et al., 2014; Figure 2.3). However, only five UGTs are functionally important
for conjugating glycosyl groups to either the 3-O- or 7-O-positions of quercetin and
kaempferol skeleton, whereas the sixth is involved in the conversion of flavonol 3-Oglucosides to flavonol 3-O-β-diglucosides. Flavonol-utilizing UGTs include a UDPrhamnose: flavonol-3-O-rhamnosyltransferase (UGT78D1; Jones et al., 2003), a UDPglucose: flavonoid 3-O-glucosyltransferase (UGT78D2; Tohge et al., 2005), a UDPglucose: flavonol-3-O-glycoside-7-O-glucosyltransferase (UGT73C6; Jones et al., 2003),
a UDP-arabinose: flavonol 3-O-arabinosyltransferase (UGT78D3; Yonekura-Sakakibara
et al., 2008), a UDP-rhamnose: flavonol 7-O-rhamnosyltansferase (UGT89C1;
Yonekura-Sakakibara et al., 2007), and a flavonol 3-O-glucoside:2 -Oglucosyltransferase (UGT79B6; Yonekura-Sakakibara et al., 2014).
The functional relevance of the flavonol UGTs has been demonstrated via
metabolite profiling of their respective knockout mutants. The ugt78d2 knockout mutant
lacks bisglycosides derived from K3G, but there is no effect on flavonol 3-O- rhamnoside-7-O- -rhamnoside (Tohge et al., 2005). In addition, ugt78d3 mutants are
deficient in flavonol 3-O- -arabinoside-7-O- -rhamnoside (Yonekura- Sakakibara et al.,
2008). Unlike WT plants, ugt78d1 and ugt89c1 mutants do not produce flavonol
bisglycosides containing 7-O- -rhamnose (Jones et al., 2003; Yonekura-Sakakibara et
al., 2007). Moreover, the ugt89c1 knockout lacks flavonol 3-O-glycosides, suggesting
sequential rhamnosylation at the 7-O-position is critical for enhanced stability of these
flavonol bisglycosides (Yonekura-Sakakibara et al., 2007). Arabidopsis
19

Flavonol

UGT78D1

Flavonol 3-O- -rhamnoside

UGT89C1

UGT78D2

Flavonol 3-O-β-glucoside

UGT89C1

Flavonol 3-O- -rhamnoside- Flavonol 3-O-β-glucoside-

7-O- -rhamnoside

7-O- -rhamnoside

UGT78D3

Flavonol 3-O- -arabinoside

UGT89C1

Flavonol 3-O- -arabinoside-

7-O- -rhamnoside

Figure 2.3. Schematic representation of the diversity of the various UDP-sugar
dependent glucosyltransferase steps in Arabidopsis thaliana. For the flavonol
structure, kaempferol is represented by R=H; quercetin is represented by R=OH.
Abbreviations: UGT78D1, UDP-rhamnose:flavonol-3-O-rhamnosyltransferase;
UGT78D2 UDP-glucose:flavonoid 3-O-glucosyltransferase; UGT78D3, UDParabinose:flavonol 3-O-arabinosyltransferase; UGT89C1,UDP-rhamnose:flavonol 7-Orhamnosyltansferase.
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ugt78d1/ugt78d2 double knockout mutants are flavonol deficient, implying that flavonol
aglycones are unstable or feedback inhibit flavonol biosynthesis (Yin et al., 2012).
Flavonol rhamnoside biosynthesis is dependent upon the cellular availability of UDPrhamnose, and the presence of UDP-rhamnose synthase activity. Rhamnose synthase
(i.e., rhm1) mutants possess a lower level of of flavonol 3-O- -rhamnoside-7-O- rhamnosides throughout the plant than the WT, although elevated levels of quercetin and
kaempferol 3-O-β-glucosides are detectable in flowers (Yonekura-Sakakibara et al.,
2008). Unlike the metabolic phenotype of the aforementioned ugt78d1/ugt78d2 double
knockout mutants, flavonol 3-O-monoglycosides occur in rhm1 flowers in the absence of
further modification processes.

2.3.1. Physiological role of flavonol bisglycosides in modulation of polar auxin
transport
The phytohormone, indoleacetic acid (IAA), is a naturally occurring auxin that is
produced in the shoot apical meristem and then transported basipetally in the stem.
However, IAA moves both basipetally and acropetally in roots (Buer and Muday, 2004).
IAA gradients mediate embryogenesis, tropism, and organogenesis (Vanneste and Friml,
2009). IAA is transported between adjacent cells by cellular uptake and efflux
transporters (Luschnig, 2002). The IAA efflux carriers are found at the basal end of cells
(Luschnig, 2002; Peer et al., 2004). Flavonols serve as endogenous inhibitors of IAA
movement in plants and are discussed below.
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Arabidopsis mutants that are impaired in flavonol biosynthesis can have altered IAA
phenotypes. The tt4 (see Fig. 2.2) mutant is flavonol-deficient and like IAA-impaired
mutants displays reduced apical dominance and a greater number of lateral roots (Brown
et al., 2001). Polar IAA transport is 100% greater in tt4 than WT and the phenotype can
be rescued by chemical complementation with naringenin, a downstream product of CHS
(Brown et al., 2001). Moreover, an Arabidopsis tt3 mutant has elevated levels of
flavonols and reduced IAA transport (Peer et al., 2004).
Both flavonol aglycones and their glycosides inhibit IAA efflux; however, identifying
those that are physiologically relevant has been difficult. Competitive binding assays with
Cucurbita pepo L. cell-free extracts reveals that flavonols compete with the synthetic
indoleacetic acid inhibitor naphthylphthalamic acid for the same binding site on the IAA
efflux transporter; flavonol glycosides are less effective than aglycones (Jacobs and
Rubery, 1988). Using a flavonoid-specific tissue staining procedure, Peer et al. (2001)
showed that quercetin is localized to the plasma membrane at the basal end of the plant
cells, implicating flavonol aglycones as possible modulators of IAA efflux.
Unfortunately, this staining procedure distinguishes different flavonoid classes based on
specific fluorescence emission profiles, but it is unable to discriminate between flavonol
aglycone and their glycosides (Zifkin et al., 2012, Supplementary Information).
Flavonol aglycones are rarely found in Arabidopsis tissue, although accumulation
occurs during specific developmental stages in the root distal elongation zone, a 5-10 mm
region near the root tip (Buer et al., 2013). With root maturation (between 5- and 7-d
post-germination), the majority of these flavonol aglycones disappear (Peer et al., 2001).
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Since flavonol aglycones are rare in plants, the effects of flavonols on IAA are most
likely mediated by their glycosides, which predominate in most plant tissues.
IAA and flavonol glycosides form a decreasing gradient from the shoot apical
meristem downwards in Arabidopsis stems (Peer et al., 2001). In addition, IAA induces
the expression of F3′H via the transcription factor WRKY23, producing a local IAA
maximum by inhibiting polar IAA transport (Grunewald et al., 2012). Flavonol
accumulation prevents lateral shoot growth from axillary buds and promotes apical
dominance in Arabidopsis. However, there is also evidence for modulation of polar IAA
transport by flavonol bisglycosides. An Arabidopsis mutant, rol1, which is compromised
in the production of UDP-rhamnose, the sugar donor for flavonol rhamnosides, has an
altered flavonol bisglycoside profile (Ringli et al., 2008). Specifically, the mutant
produces higher K3G levels at the expense of flavonol 3-O- -rhamnoside-7-O- rhamnosides; this metabolic phenotype is associated with elevated IAA levels, hyponastic
cotyledons, defective trichome morphology and aberrant pavement cell shape (Ringli et
al., 2008). Conversely, a loss-of-function mutant ugt78d2 which contains only flavonol 3O- -rhamnoside-7-O- -rhamnosides, is 50% shorter than the WT, forms more axillary
stems, and has a delayed gravitropic response (Yin et al., 2014). Moreover, exogenous
application of K3R7R to Arabidopsis inhibits polar IAA transport assays in a dosedependent manner (Yin et al., 2014). More importantly, flavonol aglycones are not
detectable in the ugt78d1/ugt78d2 double knockout mutant (Yin et al., 2012). Overall, it
seems that flavonol bisglycosides are involved in modulating IAA movement in
Arabidopsis.
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2.3.2. Abiotic stress and flavonol bisglycoside accumulation in plants
Abiotic stress-induced accumulation of flavonols is dependent upon
transcriptional regulation of the biosynthesis pathway. Microarray analysis shows
differential induction of flavonol biosynthesis genes in Arabidopsis in response to high
light intensity, and nitrogen and phosphate deficiencies (Lillo et al., 2008). Cultivation of
Arabidopsis seedlings under nitrogen deficiency for 2 d results in a

2-fold increase in

PAL, 4CL, F3H and F3’H expression; other biosynthetic genes are minimally affected
(Scheible et al., 2004). Also, vegetative rosette stage Arabidopsis grown with 10 mM
nitrate and then subjected to sub-optimal nitrate (3 mM) for 7 d displays 12-, 7-, 16- and
29-fold increases, respectively, in CHS, CHI, F3H and F3’H expression relation to plants
cultivated with continual 10 mM nitrate; the increases are associated with a 7.5-fold
increase in total quercetin glycoside concentration (Peng et al., 2008). Similarly, a 10fold increase in the level of quercetin 3-O- -rutinoside is correlated with concerted upregulation of PAL, C4H, and 4CL gene expression in tobacco under limiting nitrate (0.2
mM) (Fritz et al., 2006). Conversely, nitrogen limitation has no impact on phenylalaninederived lignin and hydroxycinnamic acid levels in Arabidopsis seedlings, despite an
increase in flavonol bisglycosides (Scheible et al., 2004).
Flavonol-dependent UGT genes are coordinately upregulated with early flavonol
biosynthesis genes during abiotic stress (Lillo et al., 2008; Peng et al., 2008). Under
nitrogen deficiency, the expression of Arabidopsis flavonol UGTs, UGT78D2 and
UGT89C1, increases 2- and 2.8-fold, respectively (Lillo et al., 2008). Nitrogen deficiency
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promotes the accumulation of flavonol glycoside concentration in Arabidopsis, tomato,
apple, tobacco, and alfalfa (Coronado et al., 1995; Strissel et al., 2005; Fritz et al., 2006;
Lea et al., 2007; Lillo et al., 2008; Olsen et al., 2009; Løvdal et al., 2010), and the
quercetin glycoside to kaempferol glycoside ratio increases from 0.6 to 2.6 after 11 d of
nitrogen-deficient growth (Stewart et al., 2001). Other research has investigated that
impact of a combination of abiotic stresses such as transient nitrogen deficiency (0 mM
nitrate for 4- and 7- d) and varying temperatures (5 to 30°C) on the levels of flavonol
bisglycosides, including flavonol 3-O- -rutinoside-7-O- -rhamnosides, flavonol 3-O- glucoside-7-O- -rhamnosides and flavonol 3-O- -rhamnoside-7-O- -rhamnosides
(Olsen et al., 2009). Under nitrogen deficiency, the concentrations of the three quercetin
bisglycoside species are highest when plants are grown at 10°C, whereas the levels of
K3Ru7R and K3G7R are highest at 5°C, and K3R7R is highest at 15°C. Similarly, the
levels of flavonol glycoside in tomato plants tend to increase in response to nitrogen
deficiency and high light intensity (Løvdal et al., 2010). It is evident that flavonol
bisglycosides accumulate with abiotic stress and the magnitude of this change is stress
specific.

2.4. FLAVONOL GLYCOSIDE CATABOLISM IN PLANTS
The loss of flavonol bisglycosides in Arabidopsis is coincident with the decreased
expression of flavonol biosynthetic genes, suggesting the involvement of catabolic
processes. The transfer of NDLT-acclimated Arabidopsis to NSHT (i.e., 15-30 C)
conditions corresponds to a 40 to 60% decrease in flavonol bisglycosides occurs within 2
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d, a phenomenon associated with 2- to 15-fold decrease in PAL activity (Olsen et al.,
2009). Similarly, the levels of quercetin 3-O- -rutinoside and kaempferol 3-O- rutinoside decline by 81% and 77%, respectively, one d following the transfer of
nitrogen-limited tomato plants to nitrogen-sufficient rock wool (Larbat et al., 2012).
These losses are coincident with reduced expression of flavonol biosynthetic genes,
including PAL, CHS, F3H, F3’H and FLS. Alternatively, hyper-accumulation of
kaempferol bisglycosides in a cinnamate 3’-hydroxylase mutant reduced epidermal
fluorescence8 (ref8) of Arabidopsis disappear following dexamethasone induction in
mutants transformed with a complementary cinnamate 3’-hydroxylase (Kim et al., 2014).
Moreover, losses in these flavonol bisglycosides coincide with degradation of pcoumaroyl esters in the ref8 mutant, phenomena that are absent in the WT (Kim et al.,
2014). Although the aforementioned studies provide strong support for flavonol
bisglycoside loss, enzymatic processes contributing to this change remain unknown.
Previous studies have described the loss of flavonols and related flavonoids (e.g.,
isoflavonoids), together with the accumulation of degradation products and elevated
BGLU activity (Muhle et al., 1976; Takahama and Hirota, 2000; Tranchamind et al.,
2010). Apart from Arabidopsis, degradation of the glycosides of flavonol and their
related flavonoids occurs in other vegetative plants in response to elevated temperature,
nutrient status, and postharvest handling (DuPont, et al., 2000; Larbat et al., 2012). There
is evidence for localized accumulation of deconjugated flavonoids (flavonols, flavones,
and isoflavonoids) in soybean (Graham, 1991; Hsieh and Graham, 2001), chickpea
(Hösel and Barz, 1975), onion (Takahama and Hirota, 2000), rye (Anhalt and
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Weissenböck, 1992), white lupin (Piślewska et al., 2002), tartary buckwheat (Suzuki et
al., 2007), and barrel clover (Naoumkina et al., 2007). In these plant species, the spike in
flavonoid aglycone concentrations coincides with an induction in flavonoid glycosidespecific BGLU activity. Pioneering research with radiolabeled compounds demonstrated
that flavonols with O-linked β-glycosides are hydrolyzed in planta (Muhle et al., 1976).
[14C]-K3G fed to plant suspension cell cultures (including parsley, garbanzo bean, mung
bean, and soybean) is converted to [14C]-glucose and subsequently to 14CO2, implying a
hydrolytic step. Supplied kaempferol 7-O-β-[14C]-glucoside also yields [14C]-glucose, but
its subsequent conversion to CO2 is up to 80% less than the utilization of kaempferol 3O-β-glucoside (Muhle et al., 1976). The higher rate of 14CO2 formation with kaempferol
3-O-β-[14C]-glucoside than kaempferol 7-O-β-[14C]-glucoside implies that the latter
compound is hydrolyzed by an alternative enzyme.
To date, senescing onions represent the most complete studied system providing
evidence for a pathway of flavonol catabolism in plants. The flesh and dry outer layers of
onion bulbs possess high levels of quercetin 3-O-β-glucoside-4’-O-β-glucoside and
quercetin 4’-O-β-glucoside, which are co-localized with BGLU and peroxidase activities
(Takahama and Hirota, 2000). Interestingly, the levels of flavonol bisglycoside and
BGLU activities are severely reduced or absent in senescent tissues (Takahama and
Hirota, 2000; Suzuki et al., 2005). Similarly, in tartary buckwheat, the youngest leaves
contain the highest quercetin 3-O-β-rutinoside concentration and quercetin 3-O-βrutinoside BGLU activity (Suzuki et al., 2005). In senescing onion, flavonol glycoside
catabolites (quercetin, 2,4,6-trihydroxybenzoic acid, and 3,4-dihydoxybenzoic acid) and
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flavonol peroxidase activity are present within the senescent peel (Takahama and Hirota,
2000), suggesting a spatial separation of flavonol bisglycoside catabolism. Peroxidases
are enzymes that use H2O2 as an electron acceptor and flavonol as the electron donor, and
may serve as the biochemical link between flavonol deglycosylation and accumulation of
oxidative catabolites, steps necessitating BGLU-mediated hydrolysis of parent flavonol
bisglycosides.

2.5. PHYLOGENETIC AND BIOCHEMICAL CHARACTERISTICS OF PLANT
-GLUCOSIDASES
2.5.1. Classification of BGLUs within the glycoside hydrolase superfamily
BGLUs are hydrolytic enzymes that can cleave O-linked β-glycosidic bonds from
bisglycosides and/or monoglucosides of small molecules rendering their respective
monoglycosides and aglycones (EC 3.2.1.21); in addition, the term BGLU also refers to
enzymes hydrolyzing S-linked β-glycosidic bonds (EC 3.2.3.1; myrosinases or
thioglucosidase). These enzymes belong to the GH superfamily, which includes glucosidases, -mannosidases, -galactosidases, -glucuronidases, -xylosidases, 6phospho- -glucosidases, (1→4) -glucanases, -hexoaminidases, some of which are
involved in starch metabolism, cell wall synthesis, and hydrolysis of small molecule
glycoside conjugates (Henrissat et al., 2001). GH classification is based on similar
protein tertiary structure (Bourne and Henrissat, 2001). Of the 133 known GH families
annotated in the Carbohydrate-Active Enzymes database
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(http://www.cazy.org/Glycoside-Hydrolases.html; Lombard et al., 2014), seven of these
contain BGLUs, specifically GH families 1, 3, 5, 9, 17, 30 and 116 (Henrissat and
Davies, 1997). The GH1 family is one of the largest groups and includes representation
from 33 sequenced embryophyte genomes with as many as 86 (i.e., Malus x domestica
Borkh.) and as few as 13 (i.e., Physcomitrella patens Hedwig) putative members
(Ekstrom et al., 2014). In contrast, fewer GH1 gene representatives are predicted for
algae and non-plant eukaryotes (Xu et al., 2004; Ekstrom et al., 2014), suggesting that
these embryophyte gene products are critical for the transition from aquatic to land
environments.

2.5.2. Identification of BGLU active site residues and substrate binding specificity
All BGLUs have a (

)8 barrel tertiary structure and as a consequence the

stereochemistry of the anomeric carbon is retained during catalysis, hydrolyzing -linked
sugars into -glucose and aglycones (Henrissat and Davies, 1997). The amino acids of
the BGLU active site include conserved amino acids for catalysis, glucose binding and
aglycone binding. Typically, two catalytic glutamate residues are found within two
conserved motifs, TFNEP and (I/V)TENG (Henrissat and Davies, 1997; Rye and
Withers, 2000; Chuankhayan et al., 2007). The (I/V)TENG motif glutamate binds to the
anomeric carbon of the glucoside forming an enzyme-substrate complex, while the
glutamate of the TFNEP motif protonates the glucoside-bonded oxygen of the aglycone.
Thereafter, a water molecule hydrolyzes the enzyme-substrate complex yielding glucose and the free enzyme (Rye and Withers, 2000). The double displacement
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mechanism preserves stereochemistry of the anomeric carbon. As an exception, in
myrosinases the TFNEP motif is replaced by TINQL, thus changing the biochemical
properties from an O- -glucosidase to an S- -glucosidase (Czjzek et al., 2001). Amino
acid substitution of the (I/V)TENG motif has a more dramatic effect on glycoside
specificity as the LSENG motif found in Hordeum vulgare L. ( MANNOS1) and
Arabidopsis (BGLU44) results in

mannosidase activity (Xu et al., 2004; Hrmova et al.,

2006).
The active site residues involved in glucose binding by BGLU have been
identified by X-ray crystallography (Barrett et al., 1995; Czjzek et al., 2000; Barleben et
al., 2007), and found to be conserved across kingdoms (Sanz-Aparacio et al., 1998). The
glucose-binding pocket is sequestered within the active site, while the aglycone portion is
orientated towards the protein surface (Czjzek et al., 2000). A comparison of crystal
structures belonging to five different plant BGLUs identified 10 conserved amino acids
critical for glucose binding (Barleben et al., 2007). Most notable are the amino acids that
are conserved across kingdoms, including a glutamine that is required for bidentate
hydrogen bonds between O3 and O4 and a conserved glutamate that is required for
bidentate hydrogen bonding between O4 and O6 (Sanz-Aparacio et al., 1998; Barleben et
al., 2007). These bidentate interactions allow the amino acids to bind to hydroxyls that
are both equatorial and/or axial, enabling the enzyme to discriminate between different
sugar isomers (Vyas, 1992). The conservation of specific amino acid residues involved
in glucose binding allows BGLUs to have stringent substrate specificity towards
glucosides rather than other glycosides.
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Of the biochemically characterized plant BGLUs, hydrolytic specificity exists for
hormone glucosides (Brzobohatý et al., 1993; Falk and Rask, 1995; Lee et al., 2006; Xu
et al., 2012; Himeno et al., 2013), aroma glycosides (Mitzutani et al., 2002; Sarry and
Gunata, 2004), defence-related hydroxynitrile glucosides (Hock-Hin and Hin-Cheow,
1992; Li et al., 1992; Czjzek et al., 2000; Barth and Jander, 2006), and conjugates of
monolignols, isoflavonoids, coumarins, flavones and anthocyanidins (Hösel and Barz,
1975; Hösel and Todenhagen, 1980; Dharmawardhana et al., 1995; Escamilla-Treviño et
al., 2006; Suzuki et al., 2006; Naoumkina et al., 2007; Ahn et al., 2010). Overall, the
broad aglycone substrate utilization across all plant BGLUs is due to the multiple amino
acid substitutions of four extended loops near the opening of the active site (Czjzek et al.,
2000). These amino acid substitutions enable BGLUs to recognize specific substrates and
discriminate between different glucoside conjugates (Verdoucq et al., 2004). This
substrate discrimination allows BGLUs to catalyze specific biochemical reactions.

2.5.3. Biochemical and transcriptional regulation of BGLUs in plants
BGLU proteins occur throughout the plant cell, including the apoplast,
chloroplast, endoplasmic reticulum, mitochondria, peroxisome, cytoplasm, plasma
membrane and vacuole (Minic et al. 2008). For example, the use of differential
centrifugation has demonstrated that dhurrin BGLU and strictosidine BGLU are
associated with the chloroplast and vacuole, respectively (Thayer and Conn 1981;
Stevens et al., 1993). Additionally, Arabidopsis ABA-glucoside BGLU and Lupinus
albus L. isoflavone 7-O- -glucoside BGLU are apoplastic as these activities are enriched
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in intercellular wash fluid preparations (Dietz et al., 2000; Piślewska et al., 2002).
However, modern techniques including green fluorescent tagged proteins (GFP) and
fluorescent microscopy are now used to confirm the subcellular localization of BGLUs.
A GFP-tagged GmICHG BGLU localizes to the apoplast and is spatially separated from
vacuolar isoflavone glucoside conjugates (Suzuki et al. 2006). Alternatively, Medicago
truncatula Gaertner the isoflavonoid glucoside BGLU (G1) is targeted to the nucleus,
whereas BGLU (G4) localizes to the cytoplasm (Naoumkina et al., 2007), implying
different biological roles. Lastly, Arabidopsis BGLU23 and BGLU18 are targeted to the
endoplasmic reticulum (ER); however, for BGLU18 this subcellular compartmentation is
evident only after wounding, whereas BGLU23 is always present in this organelle
(Nagano et al., 2005; Yamada et al., 2009). BGLUs are often physically separated from
their physiological substrates at the sub-cellular and tissue level (Gus-Mayer et al., 1994;
Bones and Rossiter 1996; Dietz et al., 2000).
There are two mechanisms that can bring the components together: (i) transport
across an organellar membrane; or (ii) tissue maceration/damage (Schroeder and
Nambara, 2006; Morant et al., 2008). For example, ABA-glucoside is stored in the
vacuole and/or apoplast and is transported into the cytosol where it comes in contact with
the BGLU to release bioactive ABA (Dietz et al., 2000; Schroeder and Nambara, 2006).
Alternatively, the second mechanism occurs when an herbivore chews on a leaf, the two
components can come together to activate the phytoanticipant (Morant et al., 2008). In
either case the spatial separation limits BGLU hydrolysis and conversion of an inactive
glycoside to a bioactive compound.
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An alternative biochemical control for BGLU activity is protein: protein
interactions which render higher order complexes polymers larger than 1000 kDa (GusMayer et al., 1994; Eriksson et al., 2002; Nagano et al., 2005). Polymerization is
promoted by BGLU-aggregating factor (BGAF; also known as myrosinase binding
protein; or -glucosidase binding protein, PBP) (Esen and Blanchard, 2000; Eriksson et
al., 2002; Ahn et al., 2010), carbohydrate-binding proteins with homology to jacalins and
lectin-type proteins (Eriksson et al., 2002; Nagano et al., 2005). The BGAF/BGLU
interaction is pH dependent and is optimal at a BGLU:BGAF molar ratio of 1:2 to 1:3
(Esen and Blanchard, 2000; Ahn et al., 2010). BGLU polymers are formed with the
dehydration of Arabidopsis tissues, increasing BGLU activity up to 4-fold (Lee et al.,
2006). Conversely, a BGLU null phenotype from Zea mays L. is associated with the
presence of a BGAF; the BGLU:BGAF aggregate does not have BGLU activity, but
activity can be regained when the aggregate dissociates (Esen and Blanchard 2000).
Alternatively, transgenic Brassica napus L. expressing an antisense construct for
myrosinase binding protein does not have differences in BGLU activity nor susceptibility
to herbivory compared to non-transgenic plants, despite the inability of transgenic plants
to form aggregates (Eriksson et al., 2012). The precise role for the BGAF aggregate
initiation is not known, but it is a mechanism to stimulate BGLU activity.
BGLUs are transcriptionally controlled in a tissue and/or developmental manner
(Xu et al., 2004; Opassiri et al., 2006). Developmental regulation is known for BGLUs in
fruit tissue such as Prunus serotina Ehrhart (Zheng and Poulton, 1995), Olea europaea L.
(Koudounas et al., 2015) and Fragaria x ananassa (Weston) Duchesne ex Rozier cv
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Albion (Li et al., 2013). The expression of the strawberry ABA-glucoside BGLU are
elevated 300-fold during berry development (Li et al., 2013). Additionally, the expression
of another hormone glucoside conjugate BGLU converting zeatin-glucoside into zeatin
increases with seed maturation (Falk and Rask, 1995). Alternatively, BGLUs with
redundant biochemical function are differentially expressed in response to low phosphate,
elevated sodium chloride, methyl jasmonate, 2,4-dichlorophenoxyacetic acid and
mannitol (Malboobi and Lefebvre 1997; Ahn et al., 2010). In addition, BGLUs are
induced by pathogen elicitors, wounding or methyl jasmonate (Piślewska et al., 2002;
Naoumkina et al., 2007; Yamada et al., 2009; Opassiri et al., 2010). The increase in
BGLU transcripts after wounding allows the release of phytoanticipants (Naoumkina et
al., 2007) at the wound site and enables site-specific protection contrary to the preemptive phytoanticipants that are activated after herbivory. Considering the large number
of BGLUs in plants and their developmental- and stress-specific gene expression, it
seems likely that each enzyme plays a role in plant survival and has a positive impact on
plant fitness.

2.5.4. Identification of putative flavonol bisglycoside BGLU(s) from Arabidopsis
thaliana
The Arabidopsis genome contains 47 GH1 family BGLUs which are
phylogenetically organized into 10 groups: 1) BGLU1-11; 2) BGLU12-17; 3) BGLU1825; 4) BGLU26-27; 5) BGLU28-32; 6) BGLU33; 7) BGLU34-39; 8) BGLU40-42; 9)
BGLU43-44; and, 10) BGLU45-47 (Xu et al., 2004). An additional phylogenetic
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comparison predicted group 2, 3, 7 and 10 BGLUs are involved in defense, biotic and
abiotic stress, glucosinolate degradation and lignification, respectively, whereas the other
BGLUs have no predicted biological role (Xu et al., 2004). Biochemically characterized
Arabidopsis BGLUs include myrosinases (BGLU34-39), monolignol glucoside BGLUs
(BGLU45 and -46), scopolin BGLUs (BGLU21-23), glucosinolate BGLU (BGLU26),
ABA-glucoside BGLU (BGLU18 and -33) and an acyl-glucose dependent anthocyanin
glucosyltransferase (BGLU10) (Lipka et al., 2005; Barth and Jander, 2006; EscamillaTreviño et al., 2006; Lee et al., 2006; Bednarek et al., 2009; Ahn et al., 2010; Xu et al.,
2012; Chapelle et al., 2012; Miyahara et al., 2013). A phylogenetic comparison of in
silico translated GH1 amino acid sequences from these Arabidopsis and rice revealed 10
distinct clades, two clades unique to Arabidopsis (Opassiri et al., 2006). One of these
Arabidopsis-specific clades contains myrosinases (Seshadri et al., 2009); to date, these
enzymes activities are specific to the Brassicaceae (Bones and Rossiter, 1996), and are
absent in other plants. The second clade contains BGLUs with various functions,
including hormone homeostasis (Lee et al., 2006; Xu et al., 2012) and secondary
metabolism (Ahn et al., 2010). However, members from groups 2, 5, 8 and 9 have not
been biochemically characterized and may contain BGLU(s) involved in flavonol
bisglycoside catabolism.
Flavonoid glucoside BGLU activity occurs in legumes such as alfalfa, chickpea,
soybean and Thailand Rosewood, as well as the non-legumes tartary buckwheat and
onion (Hösel and Barz, 1975; Takahama and Hirota, 2000; Piślewska et al., 2002; Suzuki
et al., 2006; Toonkool et al., 2006; Naoumkina et al., 2007; Suzuki et al., 2007).
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However, cloning and biochemically characterization is only described for flavonoid
glucoside BGLUs from legumes (Suzuki et al., 2006; Toonkool et al., 2006; Naoumkina
et al., 2007); these enzymes prefer to hydrolyze legume-specific isoflavone 7-O-βglucosides and flavone glucosides, and flavonol glycosides or anthocyanins are not used
(Hösel and Barz, 1975; Suzuki et al., 2006; Naoumkina et al., 2007). As isoflavone
glucosides are somewhat structurally similar to flavonol glucosides, it is likely that
flavonol bisglycoside BGLU(s) are homologous to isoflavone glucoside BGLUs.
A phylogenetic comparison of known plant secondary metabolite BGLUs has
revealed isoflavonoid glucoside BGLUs from Glycine max L. and Dalbergia
cochinchinensis Pierre cluster with an Arabidopsis GH1 group 2 member, BGLU17
(Suzuki et al., 2006). In Arabidopsis, group 2 consists of six members BGLU12-17, but
none have been biochemically characterized (Xu et al., 2004). As isoflavonoid glucosides
are absent in Arabidopsis, the possibility remains that BGLU17 or another group 2
member is involved in catabolism of flavonol bisglycosides in Arabidopsis.

2.6. CONCLUDING REMARKS
In summary, flavonol bisglycosides in Arabidopsis disappear during recovery from
abiotic stress, such as NDLT. Biochemical mechanisms underlying their losses are unknown.
Catabolism of structurally related isoflavonoid conjugates in legume species relies on BGLU
action. Putative BGLUs with phylogenetically similar to these legume BGLUs exist within
the Arabidopsis GH protein family 1. The following hypothesis was investigated: flavonol

bisglycosides in Arabidopsis are catabolized by BGLU activity during recovery from
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abiotic stress. To test this hypothesis, plants sampled during recovery from NDLT were used
for biochemical analyses. Here, flavonol bisglycoside levels were determined by UHPLCDAD-MSn, Q3G7R-dependent BGLU activity was assayed in cell-free extracts by reversephase high performance liquid chromatography (HPLC), and BGLU transcript levels were
monitored by RT-qPCR. A recombinant BGLU15 was biochemically characterized as it was
highly expressed during the recovery phase. The functional relevance of BGLU15 for
flavonol bisglycoside catabolism was verified by a biochemical screen of T-DNA insertional
inactivation mutants for this gene.
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CHAPTER THREE - ARABIDOPSIS -GLUCOSIDASE BGLU15
ATTACKS FLAVONOL 3-O- -GLUCOSIDE-7-O- -RHAMNOSIDES

This chapter was re-formatted from the following publication:
Roepke J. and Bozzo G.G. (2015) Arabidopsis -Glucosidase BGLU15 attacks flavonol
3-O- -glucoside-7-O- -rhamnosides. Phytochemistry 109: 14-24.
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3.3. ABSTRACT
K3G7R and Q3G7R are major flavonol bisglycosides accumulating in
Arabidopsis with synergistic abiotic stresses (i.e., NDLT). However, these molecules
disappear rapidly during recovery from NDLT. Typically, catabolism of related
chemicals relies on BGLU action. Evidence for flavonol 3-O- -glucoside-7-O- rhamnoside BGLU activity is provided here. Major losses of Q3G7R and K3G7R
coincided with an approximate 250% induction in flavonol 3-O- -glucoside-7-O- rhamnoside BGLU activity within 2 d of NDLT recovery, relative to plants cultured
under NSHT (control). QTOF-MS/MS established the product of Q3G7R hydrolysis in
the presence of Arabidopsis cell-free extracts was Q7R. A phylogenetic analysis of the
Arabidopsis GH1 family 1 identified BGLU15 (At2g44450) and five other members that
cluster with Fabaceae hydrolases known to attack isoflavones and isoflavonoids and
somewhat structurally related to flavonol 3-O- -glucoside-7-O- -rhamnosides. RTqPCR analysis established a 300% higher expression of BGLU15 within 1 d of the
recovery from NDLT relative to control plants; lower or negligible changes in expression
were evident for the remaining BGLUs. Recombinant thioredoxin-His6-tagged mature
BGLU15 protein was expressed in Escherichia coli and purified to homogeneity. A
comparison of a wide spectrum of -glucosides showed that recombinant BGLU15
preferentially hydrolysed the 3-O- -glucosides of flavonols, but does not attack quercetin
3-O- -rhamnoside, quercetin 3-O-β-galactoside or rutin. BGLU15 displayed the highest
catalytic efficiency for Q3G7R and K3G7R yielding their respective 7-O-rhamnosides as
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products; flavonol 3-O-glucosides were also attacked, albeit with lower efficiency.
Together, it appears that the loss of flavonol 3-O- -glucoside-7-O- -rhamnosides in
Arabidopsis is dependent upon the enzyme-mediated cleavage of the 3-O- linked
glucose moiety.

3.4. INTRODUCTION
Flavonols are biologically active as antioxidants, inhibitors of polar IAA
movement and sunscreens in plants (Harborne and Williams, 2000; Buer et al., 2010;
Agati et al., 2012; Nakabayashi et al., 2014). Plant-derived flavonols occur as glycoside
conjugates of phenyl benzopyrane or C6-C3-C6 aglycone skeletons, like kaempferol and
quercetin (Fig. 3.1), and are structurally similar to flavones and isoflavones (Harborne
and Williams, 2000; Marais et al., 2006; Yonekura-Sakakibara et al., 2008; Saito et al.,
2013). Arabidopsis accumulates 35 different flavonol glycosides in an organ-specific
manner, although the bisglycosides K3G7R and Q3G7R occur in all organs studied
(Yonekura-Sakakibara et al., 2008; Saito et al., 2013). Their formation is dependent upon
the sequential addition of glucose at the 3-hydroxy position of either aglycone by a UDPglucose flavonol 3-O-glucosyltransferase, and subsequent rhamnosylation at the 7hydroxy position by a UDP-rhamnose-dependent flavonol 7-O-rhamnosyltransferase
(Jones et al., 2003; Yonekura-Sakakibara et al., 2007; Roepke and Bozzo, 2013).
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Figure 3.1. Hydrolysis of kaempferol 3-O-β-glucoside-7-O-α-rhamnoside (K3G7R)
and quercetin 3-O-β-glucoside-7-O-α-rhamnoside (Q3G7R) by -glucosidase from
Arabidopsis thaliana yielding kaempferol 7-O-α-rhamnoside (K7R) and quercetin 7O-α-rhamnoside (Q7R).

The levels of end-products of flavonol biosynthesis increases in vegetative plant
tissues subjected to a single abiotic stress, including UV light, nitrogen deficiency, and
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chilling (Coronado et al., 1995; Stewart et al., 2001; Lea et al., 2007; Lillo et al 2008;
Larbat et al., 2012). Moreover, simultaneous exposure to low temperature (5-10 C) and
nitrogen deficiency synergistically enhances flavonol glycoside levels in Arabidopsis and
tomato (Olsen et al., 2009; Løvdal et al., 2010). K3G7R and Q3G7R concentrations
increase approximately 7- and 51-fold, respectively, following transfer of 21-d-old
Arabidopsis plants to nitrogen-free fertilization regime at 10 C for 7 d relative to
nitrogen-sufficient growth at 20 C; four additional flavonol bisglycosides are also
affected, albeit to lower degrees (Olsen et al., 2009). However, flavonol glycosides
readily undergo turnover on the order of 1 to 35% per day in planta in response to
alterations in temperature, nutrient status and postharvest handling (DuPont et al., 2000;
Olsen et al., 2009; Kim et al., 2014). An Arabidopsis mutant that no longer express pcoumaroyl shikimate 3′-hydroxylase has been shown to hyper-accumulate K3G7R and
related conjugates (Kim et al. 2014). By contrast, transformation of this mutant with this
gene under the control of a chemically-inducible promoter results in rapid depletion of
kaempferol glycosides when plants are treated with dexamethasone (Kim et al., 2014).
These results imply that uncharacterized endogenous flavonoid turnover mechanisms are
responsible for these observations. Moreover, disappearance of K3G7R, Q3G7R, as well
as their 3-O- -rhamnoside-7-O- -rhamnoside and 3-O- -rutinoside-7-O- -rhamnoside
counterparts occurs during recovery of WT Arabidopsis from synergistic nitrogen
depletion and low temperature stresses; interestingly, flavonol bisglycoside degradation is
associated with a dramatic decline in transcript levels of positive regulators of the
flavonol biosynthesis pathway, including PAP1, PAP2, GL3 and MYB12 (Olsen et al.,
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2009). Together, these studies imply catabolism of flavonols, including K3G7R and
Q3G7R in Arabidopsis.
Catabolic turnover of flavonol 3-O- -glucoside-7-O- -rhamnosides seems
plausible as hydrolysis of related flavonols (e.g. rutin, also known as quercetin 3-O-βrutinoside) occurs across species from diverse kingdoms, including senescing onion bulbs
and abiotic-stressed tartary buckwheat; moreover, their disappearance is coincident with
an increase in -glucosidase (BGLU; EC 3.2.1.21) activity (Takahama and Hirota, 2000;
Suzuki et al., 2005; Ketudat Cairns and Esen, 2010; Tranchimand et al., 2010). BGLUs
are involved in hydrolytic cleavage of a -O-linked sugar (e.g., glucose) conjugated to an
aglycone or an oligosaccharide (Ketudat Cairns and Esen, 2010). To date, most
biochemically characterized plant BGLUs known to attack -O-linked sugars are
encoded by GH1 genes; their polypeptide sequences contain two well conserved active
site glutamate residues within separate TF/LNEP and I/VTENG motifs that coordinate
nucleophilic attack of the anomeric carbon of the sugar, followed by proton donation to
the aglycone leaving group (Barrett et al., 1995; Xu et al., 2004; Ketudat Cairns and
Esen, 2010).
In Glycine max, deconjugation of structurally related isoflavone 7-O- -glucosides
is facilitated by a root BGLU with specificity for these substrates, a step that may be
critical for secretion of the aglycone into the rhizosphere to facilitate microbial
interactions (Suzuki et al., 2006). Similarly, reduced levels of isoflavone conjugate and
accumulation of the antimicrobial medicarpin are coincident with enhanced gene
expression of four BGLUs in Medicago truncatula; their recombinant proteins display
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substrate specificity against isoflavone and/or flavone conjugates (Naoumkina et al.,
2007). Phylogenetic analysis determined that both Fabaceae enzymes cluster with
flavonoid-utilizing BGLUs belonging to GH1, including a Thailand rosewood seed
enzyme specific for dalcochinin 8-O- -D-glucoside and cyanogenic glucoside BGLUs
(Naoumkina et al., 2007). These findings are in agreement with previous research where
phylogenetic analysis of all 47 Arabidopsis GH1 genes identified a sub-family comprised
of BGLU12 to 17, inclusive, which clusters with plant defense and flavonoid utilizing
BGLUs from other organisms (Xu et al., 2004; Morant et al., 2008). Moreover, the
lineage of this clade is distant from other Arabidopsis GH1 BGLUs speculated to be
involved in lignin biosynthesis where they are associated with monolignol glucoside
hydrolysis (Escamilla-Treviño et al., 2006), myrosinases for the activation of
glucosinolates (Andersson et al., 2009), hydrolases of abscisic acid glucoside yielding the
bioactive phytohormone abscisic acid (Lee et al., 2006; Xu et al., 2012), and scopolin
hydrolases (Ahn et al., 2010).
Thus, the possibility remains that one of these Arabidopsis BGLUs may
participate in flavonol 3-O- -glucoside-7-O- -rhamnoside hydrolysis in response to
abiotic stress recovery. To test this hypothesis, flavonol 3-O- -glucoside-7-O- rhamnoside BGLU activity (Fig. 3.1) and levels these compounds in Arabidopsis were
monitored following transfer from NDLT to NSHT. In addition, expression of candidate
BGLU genes by RT-qPCR was investigated to identify a candidate inducible by abiotic
stress recovery. On the basis of transcript analysis, BGLU15 was expressed in a bacterial
expression system and catalytic efficiency parameters of the recombinant enzyme were
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established. These findings suggest that BGLU15 is involved in flavonol 3-O- glucoside-7-O- -rhamnoside hydrolysis.

3.5. MATERIALS AND METHODS
3.5.1. Biochemical reagents
Q3G7R and K3G7R, respectively were prepared from Q3G and K3G by
biocatalysis as described previously (Appendix A, see Supplementary Materials and
Methods). Additional purification of K3G7R was required as described in Appendix A,
(Supplementary Materials and Methods). Esculetin, esculin, isorhamnetin, isorhamnetin
3-O- -glucoside, K3G, naringenin 7-O- -glucoside, phloretin, phloridizin, quercetin 3O- -galactoside, Q3G, and quercetin 3-O- -rhamnoside were purchased from
Extrasynthese (Genay, France). Kaempferol, quercetin and quercetin 3-O- -rutinoside
were purchased from Indofine Chemical Company (Hillsborough, NJ, USA). Unless
mentioned elsewhere, all other materials were from Sigma-Aldrich (Oakville, ON,
Canada).

3.5.2. Plant materials and growth conditions
Arabidopsis thaliana (L.) Heynh. (accession Columbia-0) seeds attained from
Lehle Seeds (Round Rock, TX, USA) were sown on nutrient-free Sunshine Mix# 2/LB2
soil (Sun Gro Horticulture Canada Ltd) fertilized with a modified Hoagland’s nutrient
solution. The nutrient solution contained 14 mM nitrate (6 mM KNO3, 4 mM Ca(NO3)2),
10 mM KH2PO4, 2 mM MgSO4, 1 mM FeNaEDTA, 20 µM H3BO3, 4 µM MnCl2•4H2O,
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0.4 µM ZnCl2, 0.2 µM MoO3 and buffered with 0.5 mM MES/NaOH (pH 6.1). Plants
were cultivated in an environment-controlled chamber at 21°C with 16 h light/8 h dark
regime and a photosynthetic photon flux density of 180 µmol•m-2•s-1 for 29 d. Herein,
plants grown under the aforementioned temperature and nutrient regime are referred to as
NSHT. Nutrient solution was replenished at 8, 15 and 22 d after planting, and watered
when required. On the 29th day, half of the plants were fertilized with nutrient solution in
the absence of nitrate (6 mM KCl and 4 mM CaCl2 substituted for nitrate on an equimolar
basis), transferred to a separate controlled environment chamber at 10°C constant
temperature, and cultivated under the aforementioned light regime. Plants left under this
condition for 7 d are referred to as NDLT. As a control, the remaining plants were
maintained under NSHT for the same period. On the 36th day after planting, both NDLT
and NSHT plants were transferred to one of two chambers set at 21 C, and cultivated
under NSHT for an additional 5 d. This experiment was repeated twice more in different
chambers. For all time course experiments, plants (10 individuals per treatment) were
harvested periodically between day 29 and 41 after planting. Soil was removed from
harvested plants and after approximately 15 min the plant tissue was flash frozen in liquid
nitrogen at stored at -80°C. The tissue was pulverized with a mortar and pestle under
liquid N2 prior to storage of the powder at -80°C for future RNA, enzyme and metabolite
analyses.

3.5.3. Flavonol bisglycoside extraction and UHPLC-DAD-MSn
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For each treatment replicate, flavonol extracts were prepared from frozen
Arabidopsis tissue powder (100 mg) by extraction with five volumes of MeOH: AcOH:
Milli-Q H2O (9:1:10, v/v/v) containing 20 μM naringenin 7-O-glucoside (internal
standard) in an ultrasonication bath for 1 min, rotated on an orbital shaker (AdamsTM
Nutator; Becton, Dickinson and Company, Franklin Lakes, NJ, USA) at ambient
temperature for 20 min, and centrifuged at 10000g for 10 min. The pellet was reextracted twice as described above, and supernatants from each successive extraction
were pooled and dried under vacuum with a speedvac. The metabolite residue was
redissolved in 200 μL of Milli-Q H2O: CH3CN: HCO2H (90:10:0.1:, v/v/v) and passed
through a 0.45 m PTFE syringe filter (Mandel Scientific Company Inc., Guelph, ON,
Canada) prior to UHPLC-DAD-MSn analysis.
Flavonol extracts (20 L per injection) were used for analysis on a Dionex
UltiMate 3000 UHPLC (Thermo Scientific) coupled to a Bruker AmaZon SL MSn and
separated on a Poroshell 120 C-18 column (150 x 4.6 mm; 2.7 m; Agilent Technologies,
Mississauga, ON, Canada). Metabolites were eluted with a linear gradient of 5-100%
solvent B (CH3CN:HCO2H, 100:0.1) at a flow rate of 0.4 mL min-1. The gradient profile
(% B in solvent A1; MilliQ H2O: HCO2H , 100:0.1) was performed as follows: 5% B, 05 min; 5-100% B, 5-35 min; 100% B, 35-40 min. DAD analysis of flavonol bisglycosides
was performed at 360 nm. For metabolite identification, the masses of the eluted
compounds were detected with an AmaZon SL ion trap mass spectrometer interfaced
with electrospray ionization and analyzed in the negative ion mode. The drying gas flow
was set at 1 L min-1 with nebulizer pressure at 35 psi. Drying gas temperature was set to
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300°C and capillary voltages of 4 kV. The capillary exit of the source was tuned to -140
V and the end plate was offset by -500 V. Eluted masses were scanned in the range 701000 m/z and a maximum acquired time of 200 000 s. The ion trap was set to auto
MS/MS, fragmenting the two most abundant precursor ions. Peak areas corresponding to
flavonol bisglycosides were detected at an absorbance of 360 nm and compared to known
amounts of an authentic Q3G standard. Recovery of the internal standard naringenin 7-Oβ-glucoside was calculated on the basis of MS detection of its parent ion 433 m/z against
known amounts of an authentic standard (100 to 4000 pmol).

3.5.4. -Glucosidase (BGLU) assays
For each experimental treatment replicate, frozen powder of Arabidopsis tissues
(1 g) was homogenized in three volumes of ice-chilled extraction buffer. The extraction
buffer was 100 mM sodium citrate (pH 5.0) containing 1 mM EDTA, 12 mM mercaptoethanol and 10 mM ascorbate. The homogenate was filtered through miracloth
and centrifuged for 10 min at 10000g for at 4°C. The supernatant was desalted on a PD10
column (GE Healthcare Life Sciences; Mississauga, Ontario, Canada) equilibrated with
the same buffer and used for BGLU assays. The total protein was estimated by dyebinding (Bradford, 1976), using bovine serum albumin as the standard.
BGLU activities were measured at 30 C; product formation was linear with
respect to assay time and protein. For assays of Arabidopsis tissues (Assay A), reaction
mixtures consisted of 100 μL of desalted extract (93 to 237 μg protein) and 5 μL of 10
mM Q3G7R (105 μL total assay volume). By contrast, recombinant BGLU15 (0.12-0.3
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μg; Assay B) was incubated in a final volume of 200 μL consisting of 100 mM Na-citrate
(pH 5.0), and hydrolysis was measured in the presence of varying substrate
concentrations (5 to 500 μM, unless stated otherwise). All assays were initiated by the
addition of enzyme preparation. As a control, mixtures were prepared without the
addition of enzyme to correct for any spontaneous hydrolysis. Reaction mixtures were
incubated for up to 20 min and 5 h, for recombinant BGLU15 and Arabidopsis tissue
extracts, respectively, and terminated by flash freezing with liquid N2. An equal volume
of H2O-saturated n-BuOH was added to the frozen enzyme assays to partition the
substrate and product away from the remaining assay components. The partitioning
procedure was repeated twice more; organic fractions were pooled and dried under
vacuum prior to HPLC analysis.
Dried residue of the BGLU reaction products was resuspended in 100 L H2O:
CH3CN: HCO2H (90:10:0.1:, v/v/v); 5 L injections were analysed with an Aglient 1200
HPLC coupled to a DAD and separated on a Kinetex pentafluorophenyl column
(100x4.6 mm, 2.6 m Phenomenex, Torrence, CA) as described previously (Roepke and
Bozzo, 2013). For assays with p-nitrophenyl -D-glucoside, the acid form of the product
p-nitrophenol was detected at 320 nm; the aglycone of phloridizin was detected at 280
nm. Peaks corresponding to all other substrates and their products were detected at 360
nm. In all cases, peak areas and retention times of the products were compared to known
amounts of authentic standards of the liberated aglycone of the compound. For K3G7R
and Q3G7R assays, determination of peak areas of their hydrolysates was made against
known amounts of kaempferol and quercetin, respectively, as authentic standards for
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K7R and Q7R are not available. For kinetic efficiency determinations using physiological
and alternative substrates, apparent Vmax and Km were calculated from Michaelis-Menten
plots using Sigma Plot 12.3 Enzyme Kinetics Module.

3.5.5. Structural analysis of Q3G7R hydrolysate
To determine the structural properties of the enzyme product of Q3G7R
hydrolysis, the reaction containing 476 μM of the substrate was scaled up to 10 mL,
assayed and prepared for HPLC as described above. An HPLC strategy was used for
maximal resolution and purification of the hydrolysate (20 μL injections) on a Zorbax
Stable Bond C18 column (250 x.4.6 mm, 5 m Agilent Technologies) coupled to an
Agilent 1200 HPLC system linked to a diode array detector (DAD) and a fraction
collector. The hydrolysate was eluted with a gradient of solvent B (as described in section
3.5.4.) in Solvent A2 (CH3CN: HCO2H: MilliQ H2O, 10:0.1:90) as follows: 2-20% B, 015 min; 20% B, 15-20 min; 20-30% B, 20-30 min; 30-100% B, 30-40 min; 40-50 min
100% B, at a flow rate of 1.0 mL min-1. The reaction substrate and product were detected
at 360 nm, and absorbance spectra were analysed over the range 230-600 nm. The
hydrolysate was eluted at a retention time of 26.5 min and fractions comprising the whole
peak were collected. The analysis was successively performed an additional seven times;
their respective eluates were pooled, dried under vacuum, and redissolved in CH3CN:
H2O (1 mL, 1:1, v/v) prior to QTOF-MS/MS analysis as described previously (Roepke
and Bozzo, 2013). Direct infusion of the product [M-H]- at 447.25 was subjected to
collision-induced dissociation 25 eV for 15 min using a scan time of 2 s and interscan
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delay of 0.1 s; data were processed with the Masslynx v.4 software provided with the
instrument.

3.5.6. RNA isolation and RT-qPCR analysis of BGLUs
High quality total RNA was extracted from frozen Arabidopsis plant powder (1 g)
using a previously described method (Zarei et al., 2011). The isolated RNA was analyzed
for quality and integrity using standard procedures (Sambrook et al., 1989). Total RNA
was treated with DNase I and first-strand cDNA was prepared from total RNA (1 g)
with the Superscript RT III kit and oligo-d(T) according to the manufacturer’s protocol
(Invitrogen Life Technologies, Burlington, ON, CA). A 2 μL aliquot representing a 20fold dilution of the cDNA was used as a template for RT-qPCR. Primers for RT-qPCR
were designed by Primer Express v.3 (Applied Biosystems, Life Technologies,
Burlington, ON, CA); RT-5’ and RT-3’ primer sequences and amplicon length for each
of BGLU12, BGLU13, BGLU14, BGLU15, BGLU16, BGLU17, BGLU37, BGLU45 and
the reference gene, elongation factor- (ELF- ) (Nicot et al., 2005) are provided in Table
3.1. All treatment replicates were assayed in duplicate, and PCR efficiency ranged from
91-108%; the efficiency range also included cases (e.g., BGLU13 and BGLU14) where
primers were tested with genomic DNA prepared from rosette stage plants. RT-qPCR
analysis was performed on an iQ5 iCylcer (Bio-Rad; Mississauga, ON, Canada); and 20
L reaction containing Bio-Rad SYBR Green and 20 pmol of each primer was used for
amplification. RT-qPCR conditions were one cycle at 95 C for 1 min followed by 40
cycles at 95 C for 10 s and 55 C for 30 s. Gene expression data of each BGLU gene were
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compared to ELF- and analyzed according to the 2-

Ct

method (Livak and Schmittgen,

2001).

3.5.7. Heterologous expression and purification of recombinant BGLU15
BGLU15 cDNA (GenBank BX818939) was obtained from the French Plant
Genomics Resource Center. Analysis of the nucleotide sequence with Signal P4.1
(www.cbs.dtu.dk/services/signalP/) predicted a cleavage site between positions 22 and
23; we therefore decided to produce the mature protein, BGLU15 22. Briefly, forward
(5' G AGC TCC AAC AAC AAC TCT TCA ACA CCT AAA) and reverse (3' AAG CTT
TCA ATC GTT TTT CTT TTC ATT CAA TAA CTT T) primers were used to amplify
22BGLU15 with 5’ SacI and 3’ HindIII restriction sites and cloned into pGEM-T
(ProMega, Madison, WI, USA) using standard techniques (Sambrook et al., 1989).
The pGEM-T- 22BGLU15 construct was digested with SacI and HindIII and ligated into
corresponding sites of pET32b, yielding recombinant enzymes with an N-terminal His6
tag. The pET32b- 22BGLU15 construct was confirmed by sequencing, transformed into
E. coli Origami 2 (DE3) competent cells and cultured on Luria-Bertani medium
containing ampicillin and streptomycin (50 mg L-1 each) and tetracycline (10 mg L-1) at
37°C until the A600 reached mid-logarithmic growth phase. Following induction with
isopropyl β-D-thiogalactoside (0.1 mM final concentration), pET32b- 22BGLU15
transformants were incubated at 20°C and shaken at 200 rpm for 4 h. Cells from 6 L
cultures were pelleted by centrifugation at 3000g for 10 min at 4°C, flash frozen in
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Table 3.1. Primers used for RT-qPCR analysis
Gene

Arabidopsis Forward Primer (5' 3')
GI

Reverse Primer (5' 3')

Amplicon
Length
(bp)

53

BGLU12 At5g42260

GAGCCAATGTTAAGGGATTCTTTG

GCCCGTTGCCCATTCAA

62

BGLU13 At5g44640

GGGCAACGGGCTACTCAGT

CTCTTACGTCCATCGTTGAAATCC

64

BGLU14 At2g25630

AAACGTTAAGGGCTTTTTTGCA

GTGTACCCCGATGCCCATT

63

BGLU15 At2g44450

GGATTTTTCGCATGGTCGTT

CCGGACCGTGTATCCCATT

60

BGLU16 At3g60130

GATGGACGTAAGAGGTATCTGAAGAA CATGCGCTCCCTTCAACAA

67

BGLU17 At2g44480

GATACGGATTGGTCTACGTTGATTT

AAATGATGGTACCAAAGAGCAGAAC 79

BGLU37 At5g25980

GCAAGGCCATCAAGGAGAAG

TCCCCAAGAGACCAAACAAAGT

61

BGLU45 At1g61810

CCGCCGCAACACCAA

TAGTGCGGCGGAGAACGT

53

TGACAGGCGTTCTGGTAAGGA

CCAGCGTCACCATTCTTCAA

63

ELF-

At5g60390

liquid N2 and stored at -80°C prior to protein purification.
All extraction steps were performed at 0-4 C. Frozen cellular material was
resuspended in 40 mL of 50 mM sodium phosphate (pH 8.0), 30 mM imidazole, 500 mM
NaCl, 10 % (v/v) glycerol, 1% (v/v) TritonX-100, 1 mM phenylmethanesulfonyl fluoride,
1x Sigma Protease Cocktail, 1 mM EDTA and 0.01 mg mL-1 soybean trypsin inhibitor.
Resuspended cells were lysed via ten 30 s pulses at 30% power using a Sonic
Dismembrator (Model FB-120, Fisher Scientific) and then centrifuged at 10000g for 20
min. The supernatant was passed through a 0.45 µm filter (polyvinylidene fluoride,
PVDF; Millex –HV, Millipore) and absorbed at 1 mL min-1 onto a 1 mL HisTrapTM HP
column (GE Healthcare) connected to an ÄKTA FPLC system and pre-equilibrated with
buffer A (50 mM sodium phosphate, pH 8.0, 30 mM imidazole, 500 mM sodium
chloride, 10 % [v/v] glycerol, 1 mM phenylmethanesulfonyl fluoride). The column was
washed until the A280 decreased to baseline. The recombinant thioredoxin-His6-BGLU15
was eluted from the HisTrapTM HP with a linear gradient of 0-50 mM imidazole (10 mL),
followed by a second linear gradient of 50-500 mM imidazole (20 min, fraction size = 2
mL). Fractions of a major A280 peak eluting between 194 and 284 mM imidazole were
pooled, brought to 20% (v/v) glycerol, divided into 180 µL aliquots, flash frozen in
liquid N2 and stored at -80°C until used for activity assays. Protein was estimated by the
Bradford method as described above. The recombinant protein preparation was analyzed
by SDS-PAGE and PVDF membrane immunoblotting was performed using standard
protocols (Bozzo et al., 2006; Laemmli, 1970); all gels were 10% acrylamide. For
immunoblotting, PVDF membrane was probed with a primary antibody (His-probe
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mouse monoclonal immuoglobulin G; Santa Cruz Biotechnology, Dallas, TX), followed
by a secondary antibody (alkaline phosphatase-tagged anti-mouse immunoglobulin G;
Sigma-Aldrich), and antigenic polypeptides visualized with an alkaline conjugate
substrate kit (Bio-Rad) according to the manufacturer’s protocols. Prior to its use in
BGLU assays, the recombinant BGLU15 preparation was applied to a PD SpinTrapTM G25 desalting column (GE Healthcare) pre-equilibrated with 100 mM Na-citrate (pH 5.0)
and collected by centrifugation at 800g for 2 min. The purified recombinant BGLU15
preparation was stable for at least 8 months when frozen.

3.6. RESULTS AND DISCUSSION
3.6.1. Evidence for flavonol 3-O-β-glucoside-7-O-α-rhamnoside hydrolysis in
Arabidopsis during abiotic stress recovery
Pioneering research by Olsen et al. (2009) showed that dramatic and rapid losses
in flavonol bisglycosides occur in Arabidopsis during the recovery of rosette stage plants
from synergistic abiotic stress. However, the biochemical mechanism driving these losses
is unclear. Here, older plants (at 29 d after planting) relative to the aforementioned study
were subjected to 0 mM nitrate at 10 C (NDLT) for 7 d. Thereafter, NDLT plants were
fertilized with 14 mM nitrate and transferred to 21 C (NSHT). Acidified methanol
extracts of whole plants were profiled for flavonol bisglycosides levels, specifically
K3G7R and Q3G7R. K3G7R and Q3G7R concentrations were augmented 2.4- and 29.3fold, respectively, by the end of the NDLT treatment (Fig. 3.2A). Within 2 d of the
transfer of NDLT-treated plants to NSHT, K3G7R and Q3G7R levels were reduced by
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33- and 56%, respectively. After an additional 3 d of NSHT recovery, concentrations of
these bisglycosides declined to levels available prior to application of synergistic abiotic
stress. Similar changes in the concentrations of putative flavonol 3-O-α-rhamnoside-7-Oα-rhamnosides, kaempferol and quercetin 3-O-β-rutinoside-7-O-α-rhamnosides with
respective molecular masses of 740.3 and 756.3 were apparent (Appendix A, see
Supplementary Figure S3.2). Notably, peaks identified as flavonol 3-O-β-rutinoside-7-Oα-rhamnosides are consistent with nomenclature devised by Olsen et al. (2009), although
the possibility remains for their identification as flavonol 3-O-β-neohesperidoside-7-O-αrhamnosides (Yonekura-Sakakibara et al., 2008; Saito et al., 2013) since UHPLC-DADMSn technology yields identical ion fragments for either conjugate.
Kim et al. (2014) established that minor degradation of kaempferol bisglycosides
occurs during the development of the rosette habit stage in Arabidopsis when cultivated
under non-stressed conditions. No such phenomena were observed here, as flavonol
bisglycoside levels remained low and stable under constant NSHT (control; Fig. 3.2B).
On the whole, the findings herein confirm the degradative phenomena described by Olsen
et al. (2009). More importantly, disappearance of K3G7R and Q3G7R coincided with a
244% transient increase in Q3G7R hydrolase activity within 2 d of recovery from NDLT
(Fig. 3.2A). Within 3 d of the transfer of NDLT-acclimated plants to NSHT, average
Q3G7R hydrolysis activity approximated 39 pmol mg protein-1 min-1 or 56 nmol d-1;
these activities are in excess of the apparent reduction in the Q3G7R (80 nmol) pool
during this period (based on assumption 1 g of fresh matter (FM) yields 1 mg of
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Figure 3.2. Evidence for Q3G7R hydrolyzing activity from cell-free Arabidopsis
extracts is coincident with the loss of flavonol 3-O- -glucoside-7-O- -rhamnosides
during synergistic abiotic stress recovery. (A) Plants were maintained under 0 mM
nitrate at 10 C (NDLT; represented as the grey-shaded portion of the time course) for 7 d.
Thereafter, plants were supplied with 14 mM nitrate and maintained at 21 C (NSHT;
represented as the non-shaded portion of the time course) for 5 d. (B) As a control, plants
of similar age were left under continual NSHT. K3G7R and Q3G7R concentrations were
determined by UHPLC-DAD-MSn analysis of acidified methanolic extracts. A360 peak
areas for Q3G7R (retention time= 16.3 min) and K3G7R (retention time= 16.9 min) were
compared to known amounts of Q3G and corrected for amount of fresh matter used for
the extraction. MSn analysis confirmed the identity of K3G7R with an [M-H]-1 parent ion
of 593.2 and fragment ions of 447.2, 431.2 and 285.1; Q3G7R analysis revealed a parent
ion of 609.2 and fragment ions of 463.2, 447.2 and 301.1. Q3G7R hydrolysis rate reflects
the amount of product formed following 5 h incubation with Arabidopsis enzyme
preparations using assay A and their analysis by HPLC-DAD (see Experimental).
Reaction rates are expressed as pmol quercetin equivalents min-1 mg protein-1. For all
plots, each datum represents the mean

SE of three separate experiments.

58

extractable protein). Hydrolytic activity was relatively stable during NDLT and in NSHT
control plants, and never higher than 22 pmol mg protein-1 min-1 under the precise assays
conditions outlined here (Fig. 3.2B). HPLC analysis of the in vitro Q3G7R hydrolysis
indicated a product eluting at a retention time of 13.3 min, which was not evident in
assays performed without the Arabidopsis cell-free enzyme preparation (Fig. 3.3A). No
Q3G was produced in these in vitro reactions, suggesting the absence of -rhamnosidase
activity under the aforementioned assay conditions. Fungal-derived -rhamnosidases
hydrolyse flavonoids with -linked sugars, like naringin (Manzanares et al., 2007), but
these activities are relatively unknown in plants.
QTOF-MS/MS analysis of the Q3G7R hydrolysate identified a molecular mass of
448.2, which is 162 mass units less than that of Q3G7R (Appendix) indicating the loss of
a non-reducing terminal glucose moiety; collision-induced dissociation spectra of this
parent ion yielded an [M-H]- fragment of 301.1, which corresponded to the loss of a
rhamnose moiety (Fig. 3.3B). Together, these data indicate Q7R was released from
Q3G7R in vitro in the presence of an enzyme preparation from Arabidopsis plants
recovering from abiotic stress. Q7R is a rare natural product, occurring in the herbal
medicine plant Hypericum japonicum Thunb. and most recently detected in field-grown
Arabidopsis (Ishiguro et al. 1991; Nakabayashi et al., 2009). Q7R is a bona fide
catabolite as there is no evidence for its direct formation from quercetin in planta. The
only known flavonol 7-O-rhamnosyltransferase, AtUGT89C1, displays no preference for
quercetin; moreover, flavonols are attacked primarily by flavonol 3-Oglycosyltranferases yielding glycoside intermediates, like Q3G and quercetin
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Figure 3.3. Analyses of hydrolysate produced in the preparation of flavonol 3-O-βglucoside-7-O- -rhamnoside -glucosidase from Arabidopsis plants. (A) HPLC-DAD
analysis of product (inset) formed from incubation of Q3G7R (52.4 nmol) in 105 μL
reaction mixture for 5 h at 30 C plus or minus enzyme (grey line and black line,
respectively). The retention times of substrate and product are indicated. The inset shows
the product peak on a 9.8–fold magnified A360 scale. (B) QTOF-MS/MS of the pooled
Q3G7R hydrolysate performed in the negative ion mode implies a molecular mass of
448.2.
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3-O- -rhamnoside (Jones et al., 2003; Tohge et al., 2005; Yonekura-Sakakibara et al.,
2007). These findings prompted investigations to identify the gene and the enzyme
governing flavonol 3-O- -glucoside-7-O- -rhamnoside hydrolysis in Arabidopsis.

3.6.2. Phylogenetic and transcript analyses of Arabidopsis BGLUs
As these data implicated the involvement of BGLU activity in the hydrolysis of
Q3G7R, the Arabidopsis genome was queried for BGLUs with similarity to flavonoidutilizing enzymes. An updated and comprehensive phylogenetic comparison of GH
family 1 translated sequences (including biochemically characterized enzymes) using a
maximum likelihood approach confirmed a clade consisting of BGLU12 (At5g42260),
BGLU13 (At5g44640), BGLU14 (At2g25630), BGLU15 (At2g44450), BGLU16
(At3g60130), and BGLU17 (At2g44480) clustered with hydrolases exhibiting a
pronounced specificity for flavonoids, including a Thailand rosewood seed dalcochinase,
an enzyme specific for isoflavonoid conjugates, chemicals that are structurally somewhat
similar to flavonols (Fig. 3.4). Although most GH1s target monoglucosides or
disaccharides, an Arabidopsis enzyme with catalytic preference for the 3-hydroxy
conjugated glucose of flavonol 3-O-β-glucoside-7-O-α-rhamnosides seems likely as
evidence exists for a Costus speciosus Specht BGLUs attacking bisglycosides, like
furostanol glycosides, yielding spirostanol glycosides (Inoue and Ebizuka, 1996). The
current phylogenetic analysis confirmed that the Arabidopsis clade was highly related to
the C. speciosus furostanol (bis)glycoside 26-O-β-glucosidase, a pattern consistent with a
previous phylogenetic analysis of Arabidopsis GH1 enzymes (Xu et al., 2004). Moreover,
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of all 47 Arabidopsis BGLUs, BGLU12, -13, -14, -15, -16, and - 17 were the most
proximal to recently characterized isoflavone BGLUs from soybean and barrel clover
(Suzuki et al., 2006; Naoumkina et al., 2007); these putative BGLUs were
phylogenetically distant from lineages consisting of BGLUs specific for monolignol
glucosides, abscisic acid conjugates, glucosinolates, alkaloids and scopolin.
BGLU transcript levels during NDLT recovery relative to control plants were assessed
using a RT-qPCR approach. Gene expression analysis identified a 300% greater transient
peak in BGLU15 expression at 1 d after the transfer of NDLT-treatments to NSHT
relative to control plants (Fig. 3.5). Similarly, simultaneous up-regulation of BGLU12
and BGLU16 was apparent in response to NDLT recovery, although respective transcript
levels were 148 and 68%- higher than in control plants. For all aforementioned BGLUs,
transcript abundance remained unchanged during the 7-d NDLT period relative to control
plants. BGLU17 expression was minimally affected by NDLT or recovery therefrom; no
BGLU13 and -14 transcripts were detected, although primers were able to amplify
respective fragments from genomic DNA. It is noteworthy that the BGLU15 pattern of
induction, albeit 1 d in advance, coincides with the pattern of in vitro Q3G7R BGLU
activity in response to NDLT recovery; in addition, this transient accumulation of
BGLU15 transcript may coincide with the 90- to 99.9% depletion in flavonol biosynthesis
transcripts described by Olsen et al. (2009). As negative controls, the expression patterns
of biochemically-characterized BGLU37 and BGLU45 were monitored, as both are
phylogenetically distinct from flavonoid hydrolases. BGLU45 is a monolignol glucoside
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Figure 3.4. Phylogenetic tree of amino acid sequences of Arabidopsis and other plant
glycoside hydrolase family 1 BGLUs. The unrooted tree was constructed with
maximum likelihood method in MEGA 6.06 (Tamura et al., 2013), following multiple
protein sequence alignment with ClustalW (www.genome.jp/tools/clustalw; Larkin et al.,
2007). The numbers shown at each node of the tree are representative of percent support
values greater than 60 obtained by bootstrap analysis using 1000 replicates. BGLUs
shown in black represent biochemically and/or functionally characterized enzymes;
Biochemically characterized flavonoid glycoside-utilizing enzymes are represented in
blue. Arabidopsis (displayed in red font) and rice (Oryza sativa, Os) amino acid
sequences are as designated by Xu et al. (2004) and Opassiri et al. (2006), respectively;
where applicable, their biochemical function is provided in square brackets. For amino
acid sequences of BGLUs from other plant species used for the alignment, their
corresponding GenBank

accession numbers are provided in parentheses as follows:

isoflavone conjugate-hydrolyzing BGLU (Glycine max, BAF34333); non-cyanogenic
BGLU (Cicer arietimum, CAG14979); linamarase (Trifolium repens, CAA40058);
BGLU G1 (M. truncatula, ABW76286); BGLU G2 (M. truncatula, ABW76287); BGLU
G3 (M. truncatula, ABW76288); BGLU G4 (M. truncatula, ABW76289); prunasin
hydrolase (Prunus serotina, AAF34650); amygdalin hydrolase (Prunus serotina,
AAA93234); furostanol glycoside 26-O- -glucosidase (Cheilocostus speciosus,
BAA11831); furcatin hydrolase (Viburnum furcatum, BAD14925); -primeverosidase
(Camellia sinensis, BAC78656 ); dalcochinin 8'-O- -glucoside BGLU (Dalbergia (Fig
3.4 con’t)cochinchinensis, AAF04007); linamarase (Manihot esculenta, AAB22162);
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alkaloid BGLU (Carapichea ipecacuanha, BAH02544); raucaffricine BGLU (Rauvolfia
serpentina, AAF03675); strictosidine BGLU (Rauvolfia serpentina, CAC83098);
cardenolide 16-O-glucohydrolase (Digitalis lanata, CAA38854); myrosinase (Brassica
napus, CAA42775); myrosinase (Raphanus sativus, BAB17226); thioglucoside
glucohydrolase (Sinapis alba; CAA42534); coniferin -glucosidase (Pinus contorta,
AAC69619); dhurrinase (Sorghum bicolour, AAC49177); cytokinin glucoside glucosidase (Zea mays, CAA52293); -glucosidase (Secale cereale, AAG00614);
avenacosidase (Avena sativa, AAD02839); -glucosidase (Hordeum vulgare,
AAA87339); hydroxynitrile glucoside-cleaving -glucosidase D2 (Lotus japonicus,
ACD65510); hydroxynitrile glucoside-cleaving -glucosidase D4 (L. japonicus,
ACD65509); hydroxynitrile glucoside-cleaving -glucosidase D7 (L. japonicus,
ACD65511). Accessions numbers for re-annotated amino acid sequences of putative M.
truncatula BGLUs described by Suzuki et al. (2006) are as follows (ascribed a lower case
for putative gene with similar names): M. truncatula BGLU D2a (AES76414); M.
truncatula BGLU D2b (XP_003597509); M. truncatula BGLU D4a (XP_003620203);
M. truncatula BGLU D4b (AES67734); M. truncatula BGLU D4c (XP_003589430); M.
truncatula BGLU (AES67732). The bar at the bottom of the diagram represents the scale
(0.2 substitutions per site) implemented to draw the branches.
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Figure 3.5. Analysis of relative Arabidopsis BGLUs expression patterns. Plants were
maintained under 0 mM nitrate at 10 C (NDLT; represented as the grey-shaded portion
of the time course) for 7 d. Thereafter, plants were resupplied 14 mM nitrate and
transferred to 21 C (nitrogen sufficient and high temperature, NSHT; represented as the
non-shaded portion of the time course) for 5 d. Expression levels were determined by
RT-qPCR as indicated under Materials and Methods. For each BGLU gene, data are
expressed as the fold change in NDLT treatments (before and after transfer to NSHT)
relative to control at that time (continuous NSHT) conditions (2mean

SE of three separate experiments.
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Ct

). Data represent the

specific hydrolase involved in lignification within inflorescence stems (EscamillaTreviño et al., 2006). Interestingly, an approximate 180% increase in levels of BGLU45
transcripts was evident by day 7 of the NDLT period; prior research indicates lignin
deposition coincides with abiotic stress, including exposure to low temperature
(Srivastava et al., 2006; Moura et al., 2010). Transcript levels of BGLU37, a myrosinase,
and BGLU45 were not enhanced by the 5 d recovery period (Fig. 3.5). This is not
unexpected as myrosinases cleave thioglycosides (e.g. glucosinolates) and not β-O-linked
substrates (Andersson et al., 2009); various mutants of BGLU45 display altered coniferin
content with only minor changes in other phenylpropanoid pathway derivatives (Chapelle
et al., 2012). Moreover, both are confined to specialized cell or tissue boundaries not
known to participate in flavonol metabolism (Andréasson et al., 2001; Chapelle et al.,
2012); thus, it is unlikely that either is involved in flavonol 3-O- -glucoside-7-O- rhamnoside degradation.

3.6.3. Recombinant BGLU15 displays preference for flavonol 3-O- -glucoside-7-O-rhamnosides
Focus was placed upon biochemical characterization of BGLU15, as it was the most
highly expressed BGLU in response to recovery according to the RT-qPCR approach. A
diverse array of biochemically characterized BGLUs has been expressed in E. coli
including Rauvolfia serpentina L. alkaloid BGLUs, an aroma- yielding primeverosidase from tea, a Pinus contorta Douglas coniferin-utilizing enzyme, and most
importantly the soybean isoflavone conjugate-hydrolyzing enzyme (Dharmawardhana et
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al., 1995; Warzecha et al., 2000; Gerasimenko et al., 2002; Mizutani et al., 2002; Suzuki
et al., 2006; Nomura et al., 2008). Recombinant BGLU15 was expressed in E. coli
Origami 2 (DE3) cells with N-terminal thiroedoxin-His6 tags and the soluble protein was
purified by immobilized metal affinity chromatography. SDS-PAGE and immunoblots
probed with a His6-antibody indicated the final recombinant BGLU15 was purified to
apparent homogeneity and contained a single major band containing a His6-tag, identical
to the predicted molecular mass of 72.6 kDa (Fig. 3.6). A final yield of 453 ± 27 g
(mean ± SE of three separate enzyme preparations) of purified thioredoxin-His6-BGLU15
was attained per liter of bacterial culture. Rice and soybean BGLUs fused to a
thioredoxin molecule are highly active (Opassiri et al., 2006; Suzuki et al., 2006).
Although a recombinant rice salicylic acid β-D-glucoside BGLU fused to thioredoxin
displays reduced hydrolytic activity relative to the native protein, both used similar
substrates (Himeno et al., 2013). Tag removal with an endoprotease can yield
compromised activity due to long incubation periods and non-specific cleavage (Arnau et
al., 2006); thus, thioredoxin was not cleaved from the recombinant BGLU15 preparation
prior to its use in biochemical assays.
A comparison of hydrolysis activity across a broad pH range indicated that
recombinant BGLU15 had optimal activity at pH 5 (Appendix A, see Supplementary
Figure S3.3). The pH optimum is typical of other plant BGLUs, including scopolin
hydrolases, a dalcochinase from Dalbergia cochinchinensis and a soybean isoflavone
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Figure 3.6. Analysis of BGLU15 recombinant expression and purification. SDSPAGE (A) and immunoblot analysis (B) of the expression and purification of the mature
recombinant BGLU15 from E. coli Origami (DE3) cells. The left-hand lane on each
gel/blot contains the size in kDa of molecular mass standards. Each lane was loaded with
5 μL of the sample mixed with 5 μL of 2x sample dye. The immunoblot was probed with
an anti-His6 antibody.
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conjugate hydrolase (Srisomsap et al., 1996; Suzuki et al., 2006; Ahn et al., 2010); acidic
pH optimum of the latter fits with its localization to the apoplast. In fact, proteome
analyses of suspension cell cultures identified BGLU15 as a loosely bound cell wall
protein (Borderies et al., 2003), suggesting it too may be confined to the apoplast. All
remaining biochemical assays were performed at pH 5.
In order to identify aglycone specificity of BGLU15, comparison of in vitro
activities of the recombinant enzyme towards various natural plant-derived compounds
was conducted as indicated in Fig. 3.7. Discontinuous in vitro assays at a fixed substrate
concentration (500 M) demonstrated recombinant BGLU15 hydrolyzed K3G7R and
Q3G7R with high rates relative to all other substrates tested, followed by 29-54% lower
activities in the presence of the monoglucosides isorhamnetin 3-O- -glucoside, K3G,
and Q3G. As expected, activity was displayed in the presence of the artificial substrate,
p-nitrophenyl-β-D-glucoside, albeit 34% lower relative to K3G7R, a phenomenon
consistent with other plant BGLUs (Inoue and Ebizuka, 1996; Escamilla-Treviño et al.,
2006; Suzuki et al., 2006; Naoumkina et al., 2007; Nomura et al., 2008; Ahn et al., 2010;
Zhou et al., 2012). The rate of hydrolysis of the coumarin esculin was 15% that of
K3G7R; this is not unexpected as high specificity for esculin is rare among plant BGLUs,
including three hydrolases known to cleave the related plant-derived chemical scopolin
(Ahn et al., 2010). The dihydrochalcone conjugate, phloridzin or phloretin 2′-Oglucoside, was not hydrolysed by recombinant BGLU15. Phloridzin is prominent in apple
trees, including fruit, and is attacked by mammalian BGLUs (Gosch et al., 2010; Ketudat
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Figure 3.7. Substrate utilization efficiency of recombinant BGLU15. For each
substrate, in vitro activity was measured at 500 M using Assay B; each assays were
incubated for 10 min and products detected by HPLC-DAD. Reaction rates are expressed
as percentage of that calculated for K3G7R (100% = 0.96 mol min-1 mg protein-1) ± SE
of three separate recombinant protein preparations.
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Cairns and Esen, 2010), although not widely used by plant enzymes, including a
Thailand rosewood seed dalcochinin 8 -O-β-D-glucoside BGLU (Hösel and Barz, 1975;
Svasti et al., 1999). Together, biochemical screening of various natural products revealed
that BGLU15 preferred flavonols.
To determine the relative substrate utilization for glycoside linkages, BGLU15
activity was tested towards β- and α-linked conjugates of quercetin, as a compromise for
not testing other bisglycosides due to the unavailability of milligram quantities of pure
flavonol bisrhamnosides (e.g., Q3R7R) and flavonol 3-O-β-rutinoside-7-O-α-rhamnoside.
BGLU15 displayed no preference for non-glucose conjugates as there was negligible
activity for the 3-O- -galactoside, 3-O- -rutinoside (rutin) and 3-O- -rhamnoside of
quercetin (Fig. 3.7). The lack of activity for substrates consisting of α-rhamnose or βrutinose conjugated to the 3-hydroxy position of quercetin suggests that flavonol
bisrhamnosides or flavonol 3-O-β-rutinoside-7-O- -rhamnosides are unlikely
physiological substrates. This is not uncommon, as monolignol glucoside hydrolases
display specificity for -linked O-glucosides of o- and p- nitrophenyl and natural plantderived compounds, but not for other glycosides (Escamilla-Treviño et al., 2006).
For the most effectively utilized kaempferol and quercetin substrates, kinetic
parameters of their hydrolysis by recombinant BGLU15 were probed further, along with
the artificial substrate p-nitrophenyl-β-D-glucoside; in all cases, the relationship between
substrate concentration and velocity was hyperbolic (Appendix A, see Supplementary
Figure S3.4 for Michaelis-Menten and Hanes-Woolf plots of K3G7R and Q3G7R
hydrolysis). BGLU15 demonstrated a low apparent Km for flavonol glycosides in the
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range of 36-60 M (Table 3.2). This is not without precedent as other plant BGLUs
display high affinities for physiologically relevant substrates, including the soybean
isoflavone conjugate hydrolase with Kms for 7-O-(6 -O-malonyl-β-D-glucosides of
daidzein and genistein in the range of 19 to 25 M (Suzuki et al., 2006), and a flavonol 3O-β-heterodisaccharidase from dried aerial tissues of common buckwheat with Kms for
kaempferol 3-O-β glucoside and K3G7R of 50 and 60 M, respectively (Baumgertel et
al., 2003). BGLU15 demonstrated preference for flavonol 3-O-β-glucoside-7-O-αrhamnosides, as kinetic parameters (kcat /Km) for K3G7R and Q3G7R were 67-200%
higher relative to their 3-O-β-monoglucoside counterparts. QTOF-MS/MS confirmed that
recombinant BGLU15 action on K3G7R and Q3G7R released K7R and Q7R,
respectively; the latter was similar to the Q3G7R product identified from in vitro assays
of cell-free Arabidopsis enzyme preparations. Preferential hydrolysis of flavonol 3-O-βglucoside-7-O-α-rhamnosides suggests a biological role for BGLU15 as the initial step
promoting the loss of these compounds in response to abiotic stress recovery,
potentially resulting in the formation of smaller catabolite molecules. However, the
flavonol bisglycosides are protected from futile degradation as they tend to accumulate in
the central vacuole (Zhao and Dixon, 2010), whereas BGLU15 is loosely associated with
the cell wall (Borderies et al., 2003). This implies a requirement for vacuolar efflux of
flavonol bisglycosides, a hitherto unknown mechanism that is also postulated for
isoflavone conjugate hydrolysis (Suzuki et al., 2006).
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Table 3.2. Substrate saturation kinetics for recombinant BGLU15. Apparent kinetic parameters were determined using a
routine HPLC-based assay at varying substrate concentrations (Assay B); hydrolysis of p-nitrophenyl β-D-glucoside was tested
in the range of 0.25-30 mM. All values are the means ± standard error of three separate preparations of the recombinant
enzyme. For most substrates, the amount of UV-Vis detected reaction product was confirmed by co-chromatography with
known amounts of an authentic standard. Peak areas of Q3G7R and K3G7R reaction products eluting at 13.3 and 13.7 min,
respectively, were compared against known amounts of their aglycones; K3G7R and Q3G7R assay products were collected,
and identified as K7R and Q7R, respectively by QTOF MS/MS. kcat was calculated assuming that the molecular weight of the
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recombinant BGLU15 subunit was 72.6 kDa.
Substrate

Product

Km
M

Vmax
mol min-1 mg protein-1

kcat
s-1

kcat/ Km
s-1mM-1

K3G7R

K7R

51 ± 1

1.08 ± 0.02

1.30 ± 0.02

25.8 ± 0.3

Q3G7R

Q7R

36 ±2

0.89 ± 0.04

1.10 ± 0.03

31.7 ± 1.2

K3G

Kaempferol

60 ± 2

0.76 ± 0.26

0.92 ± 0.03

15.4 ± 0.7

Q3G

Quercetin

52 ± 4

0.47 ±0

0.57 ±0

10.6 ± 0.5

p-Nitrophenyl β-D-glucoside

p-Nitrophenol

2592 ± 88 3.37 ± 0.06

4.08 ± 0.07

1.6 ± 0.3

Catabolism of flavonol glycosides (i.e., rutin) is well documented in fungi
whereby quercetin formed via hydrolysis yields phloroglucinol carboxylic and
protocatechuic acids following the concerted action of an oxygen-dependent quercetinase
and esterase activities (Tranchimand et al., 2010). Similarly, accumulation of quercetin
oxidation products, 3,4-dihydroxybenzoic acid and 2,4,6-trihydroxyphenylglyoxylic acid,
occurs during drying of the outer scales of senescing onions, a phenomenon dependent
upon sequential hydrolysis of quercetin 3,4 bisglucoside by BGLU activities (Takahama
and Hirota, 2000). Thus, the possibility remains that flavonol 7-O-rhamnosides produced
by BGLU15 are hydrolyzed further to quercetin by an unknown α-rhamnosidase, and
subsequently oxidized during abiotic stress recovery. Alternatively, BGLU15-mediated
turnover of flavonol bisgylcosides may have important consequences for plant growth
and development. Hyper-accumulation of kaempferol bisgylcosides, including K3G7R,
in an Arabidopsis mutant deficient in the lignin biosynthesis enzyme p-coumaroyl
shikimate 3′-hydroxylase is associated with dwarfism; transformation of the mutant with
a chemically inducible form of this enzyme confers a rapid loss of flavonol bisgylcosides,
followed by renewed stem inflorescence development due to increased lignin deposition
(Kim et al., 2014).

3.7. CONCLUSIONS
A wide array of evidence points to the involvement of BGLU activity in the rapid
degradation of flavonol 3-O-β-glucoside-7-O-α-rhamnosides during abiotic stress
recovery, including: (1) in vitro hydrolysis of Q3G7R yielding Q7R in the presence of
enzyme preparations from recovering Arabidopsis tissues; (2) a transient increase in this
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hydrolytic activity within 2 d of NDLT recovery; (3) a comparable transient change in
BGLU15 transcripts; and (4) preferential hydrolysis of K3G7R and Q3G7R by the
recombinant enzyme among all substrates tested. The functional importance of this
hydrolase in flavonol 3-O-β-glucoside-7-O-α-rhamnoside catabolism in response to
abiotic stress recovery might be addressed with a comprehensive metabolite and activity
analysis of BGLU15 T-DNA insertion mutants. It is expected that absence of flavonol 3O-β-glucoside-7-O-α-rhamnoside BGLU activity would result in enhanced K3G7R
and/or Q3G7R levels. These mutants may be useful to investigate whether flavonol 3-Oβ-glucoside7-O-α-rhamnoside restricts shoot growth via polar IAA transport inhibition,
as has been demonstrated for Arabidopsis kaempferol bisrhamnoside hyper-accumulator
mutants (Yin et al., 2014).
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CHAPTER FOUR - BGLU15 IS ESSENTIAL FOR DEGRADATION OF
FLAVONOL 3-O- -GLUCOSIDE-7-O- -RHAMNOSIDES AND FLAVONOL 3-O-GLUCOSIDES IN ARABIDOPSIS THALIANA
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4.3. ABSTRACT
Flavonol bisglycosides accumulate in illuminated photosynthetic organs in
response to abiotic stress, including simultaneous environmental perturbations (i.e.,
NDLT), but disappear with recovery from NDLT. In Arabidopsis thaliana, the
At2g44450 gene product (BGLU15) has -glucosidase activity, hydrolyzing the -linked
glucoside bond of flavonol 3-O- -glucoside-7-O- -rhamnoside and flavonol 3-O- glucosides, forming flavonol 7-O-α-rhamnosides and flavonol aglycones, respectively. A
transient 280-330% increase in At2g44450 transcript levels was apparent in WT leaves
within 1 d of recovery from NDLT, whereas transcript levels were marginal and
unchanged in roots. Analysis of At2g44450 T-DNA insertional inactivation lines
(bglu15-1 and bglu15-2) revealed negligible levels of BGLU15 transcripts in any tissues.
In addition, leaves of both bglu15 mutants contained negligible flavonol 3-O-βglucoside-7-O-α-rhamnoside hydrolase activity, whereas this activity increased by 223%
within 2 d of NDLT recovery in WT plants. UHPLC-DAD-MSn revealed that levels of
Q3G7R, K3G7R and Q3G were high and relatively unchanged in leaves of bglu15
mutants during recovery from NDLT, whereas rapid losses were apparent in WT leaves.
Moreover, losses of two flavonol 3-O- -rutinoside-7-O- -rhamnosides and K3R7R were
evident during recovery from NDLT, regardless of whether BGLU15 was present. A
spike in a K7R occurred with stress recovery, regardless of germplasm. The presence of
this metabolite in the BGLU15 mutants suggests a contribution from hydrolysis of
K3Ru7R and/or K3R7R by hitherto unknown mechanisms. Thus, BGLU15 is essential
for catabolism of flavonol 3-O- -glucoside-7-O- -rhamnosides and flavonol 3-O- glucosides in Arabidopsis.
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4.4. INTRODUCTION
Flavonol bisglycosides are plant secondary metabolites with many proposed
physiological roles in planta, including antioxidant activity (Majer et al., 2014), UV-C
protection (Orozco-Nunelley et al., 2014), inhibition of polar IAA transport (Yin et al.,
2014), and as communication signals with insects (Sasaki and Takahashi, 2002;
Onkokesung et al., 2014). As many as 17 different flavonol bisglycosides exist in the
plant, Arabidopsis, and are present in all organs tested including seeds, leaves, roots,
flowers, and stems (Saito et al., 2013). Bisglycosides of kaempferol and quercetin are
derived from the phenylpropanoid pathway and many of the regulatory and biosynthetic
genes are coordinately induced with mineral deficiencies, light intensity and low
temperature, including the enzymes required for their conjugation to sugar moieties (Lillo
et al., 2008; Peng et al., 2008; Stracke et al., 2010a). Leaf flavonol bisglycosides include
3-O- -rutinoside-7-O- -rhamnosides (also known as 3-O-β-neohesperidoside-7-O-αrhamnosides) and 3-O- -glucoside-7-O- -rhamnosides of quercetin and kaempferol, and
kaempferol 3-O- -rhamnoside-7-O- -rhamnosides; their concentrations are elevated in
response to high light intensity, nitrogen deficiency and low temperature (Olsen et al.,
2009; Majer et al., 2014). Their bisglycosides are produced by successive glycosylation
steps. The aglycones are first modified by a UGT, UGT78D2, rendering a flavonol 3-Oβ-glucoside product; alternatively, UGT78D1-mediated rhamnosylation of these
aglycones yields flavonol 3-O-α-rhamnosides (Jones et al., 2003; Tohge et al., 2005).
Flavonol 3-O- -rutinosides also occur (Olsen et al., 2009), but a rhamnosyltransferase
that conjugates rhamnose to the 6’’-O-position of the glucoside of either K3G or Q3G
remains unknown. Subsequently, these flavonol 3-O-glycosides are rhamnosylated at the
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7-O-position by UGT89C1 (Yonekura-Sakakibara et al., 2007), yielding flavonol
bisglycosides. This abiotic stress-induced accumulation of flavonols bisglycosides is
most likely associated with their antioxidant properties and capacity to minimize damage
from reactive oxygen species (Majer et al., 2014; Nakabayashi et al., 2014).
Although flavonol glycosides serve as protective compounds during abiotic stress,
degradation is evident upon removal of abiotic stress. Flavonol glycoside losses are
evident during plant development, post-harvest storage, and processing (Dietrych-Szostak
and Oleszek, 1999; DuPont et al., 2000; Takahama and Hirota, 2000; Suzuki et al., 2007).
Similarly, flavonol glycoside losses in tomato following supply of nitrate to
nitrogendeficient soils coincide with the decreased expression of flavonol biosynthetic
genes (Larbat et al., 2012). In vegetative tissues of Arabidopsis NDLT elevates flavonol
bisglycoside concentration; however, a 57-83% loss in the flavonol bisglycoside levels
occurs after 5 d of nitrogen repletion and return to warmer temperature (Olsen et al.,
2009; see Section 3.6.1). Disappearance of flavonol glycosides is associated with
increased -glucosidase (BGLU) activity (Takahama and Hirota, 2000; Suzuki et al.,
2007); in Arabidopsis, BGLUs belong to GH1 protein family, which consists of 47
members. A recent survey identified a clade (BGLU12-17) with phylogenetic similarity
to flavonoid-utilizing BGLUs from legume (see section 3.6.2.). Moreover, expression
analysis revealed that a spike in BGLU15 transcript and Q3G7R hydrolysis activity
occurred together with the rapid loss of flavonol 3-O- -glucoside-7-O- -rhamnosides
during recovery from NDLT (see section 3.6.1.). In vitro biochemical analysis revealed
that the recombinant Arabidopsis BGLU15 preferred the -linked 3-O-glucoside from
flavonol 3-O- -glucoside-7-O- -rhamnosides and flavonol 3-O- -glucosides over other
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glycosides (see section 3.6.3.). As other Arabidopsis-derived flavonol bisglycosides (e.g.,
flavonol 3-O-β-rutinosides-7-O-α-rhamnosides) were not tested in the previous study, it
is not known whether BGLU15 is involved in their hydrolysis. However, it is not yet
known whether BGLU15 is functionally important for catabolism of flavonol
bisglycoside, specifically flavonol 3-O-β-glucoside-7-O-α-rhamnosides during recovery
from abiotic stress.
Here, two separate T-DNA inactivation lines of BGLU15 were used to test the
hypothesis that BGLU15 is essential for the catabolism of flavonol 3-O- -glucoside-7-O-rhamnosides during recovery from abiotic stress in Arabidopsis. RT-qPCR was used to
evaluate BGLU15 expression in the T-DNA mutants. In addition, Q3G7R-dependent
BGLU assays were performed to determine the impact of BGLU15 gene inactivation on
this extractable hydrolase activity as a function of recovery period. Finally, UHPLCDAD-MSn was used to assess the functional importance of BGLU15 for the catabolism
of flavonol 3-O- -glucoside-7-O- -rhamnoside, as well as other flavonol bisglycosides,
including flavonol 3-O- -rutinoside-7-O- -rhamnosides and flavonol 3-O- -rhamnoside7-O- -rhamnosides.

4.5. MATERIALS AND METHODS
4.5.1. Biochemical reagents
Q3G7R and K3G7R, respectively, were prepared from Q3G and K3G by
biocatalysis as described previously (Appendix A, see Supplementary Materials and
Methods). K3G, naringenin 7-O- -glucoside and Q3G were purchased from
Extrasynthese (Genay, France). Kaempferol and quercetin were from Indofine Chemical
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Company (Hillsborough, NJ, USA). Unless mentioned elsewhere, all other materials
were from Sigma-Aldrich (Oakville, ON, Canada).

4.5.2. Plant materials and growth conditions
BGLU15 T-DNA homozygous mutants (T2 progeny) were obtained from the
Arabidopsis Biological Resource Center (Columbus, OH, USA); additional details on
each T-DNA insertion line are provided in section 4.5.3. Seeds of A. thaliana (L.)
Heynh. (accession Columbia-0, Col-0) served as the WT germplasm and were obtained
from Lehle Seeds (Round Rock, TX, USA).
Plants were grown as described previously (see section 3.5.2), with the following
modifications. Briefly, WT and bglu15-1 and bglu15-2 T-DNA mutant lines were
separately sown (eight plant per cell pack); for each line, 32 cell packs were sown. The
cell packs were randomly distributed amongst 12 trays prior to the NDLT stress period
(six cell packs per tray; 100 mL cell-1); each tray contained two cell packs each of WT,
bglu15-1 and bglu15-2 plants, and these were co-cultivated under NSHT conditions. On
the 29th day after sowing, half of these trays containg all three lines were transferred to
NDLT conditions while the remaining plants were cultivated under NSHT. On the 36th
day after sowing the NDLT-treated plants were transferred to NSHT for 5 d. Control
plants were maintained continuously under NSHT. For each time course experiment,
plants were removed from soil at the 9th h of the photoperiod on day 0, 1, 2, 3, 4 and 5 of
NDLT recovery, and leaves immediately separated from roots. The bulk soil was
immediately removed by hand and the roots were washed with water to remove residual
soil and debris. The separated leaf and root materials were flash frozen under liquid N2,
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and pulverized with a mortar and pestle prior to storage at -80°C for future RNA, enzyme
and metabolite analyses.

4.5.3. Genomic DNA isolation and T-DNA insertion analysis
At2g44450 mutants (Salk 049848C and Salk 095129, herein designated as
bglu15-1 and bglu15-2) were identified in the Salk Arabidopsis (ecotype Columbia-0,
Col-0) T-DNA insertion collection (Alonso et al., 2003). Homozygous mutants were
confirmed by PCR using gene-specific primers located 5′ and 3′ of the T-DNA insertion
(At-s1-5′ and At-s1-3′ for bglu15-1; At-s2-5′ and At-s2-3′ for bglu15-2) and the T-DNAspecific primer SalkLBb1.3. As a positive control, PCR was also performed with genespecific primers only in the presence of genomic DNA from WT Col-0 plants. Primer
sequences are provided in Appendix B (see Supplementary Materials and Methods, Table
S3.1). Genomic DNA was isolated from leaves of WT (control), bglu15-1 and bglu15-2
plants as previously described (Montiel et al., 2011), and was used as a template (800 ng)
for PCR. PCR reactions with Platinum® Taq DNA Polymerase High Fidelity (Life
Technologies, Burlington, ON, CA) were incubated at 94°C for 5 min, followed by 30
cycles of: 94°C for 45 s; 56°C for 30 s; 68°C for 90 s; and finally 68°C for 10 min. PCR
products were separated with 1% (w/v) agarose gel and gel-purified PCR products were
subcloned into pGEM®-T Easy (Promega, Madison, WI, USA). Plasmids were purified
by standard procedures (Sambrook et al., 1989) and the T-DNA insertion site was
confirmed by sequencing the amplicon from mutant homozygotes.
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4.5.4. RT-qPCR analysis of BGLU15
RNA was isolated from frozen pulverized leaf tissue (pool of five plants), cDNA
prepared and analyzed by RT-qPCR as described under Section 3.5.6, with the following
modifications. A 2 μL aliquot representing a 5-fold dilution of the cDNA was used as a
template for RT-qPCR. Transcript abundance of BGLU15 was compared to the
Arabidopsis gene (Arabidopsis GI, At5g60390) encoding for elongation factor- (ELF). For each experiment, all treatment replicates were assayed in triplicate.

4.5.5. -Glucosidase (BGLU) assays
Q3G7R BGLU assays were performed as essentially as described in section 3.5.4
with the following modifications. Cell-free extracts were prepared from frozen pulverized
leaf material. Assays of cell-free leaf extracts (95 to 277 g protein) together with 360
M of Q3G7R (in 100 L final volume) were incubated for 6 h at 30°C, and reactions
products partitioned in water-saturated butanol. The butanol partitioning was repeated
twice more. The pooled butanol layers were dried to residue and resuspended in 50 L of
MilliQ H2O; MeCN: HCO2H; (90:10:0.1); a 10 L aliquot was injected and analyzed by
HPLC-DAD (see Section 3.5.4).

4.5.6. Leaf metabolite extraction and UHPLC-DAD-MSn
Frozen pulverized leaf tissue (100 mg) was methanol extracted and analyzed by
UHPLC-DAD-MSn essentially as described in section 3.5.3. Flavonol bisglycosides,
flavonol monoglycosides and sinapate esters from the UHPLC-DAD-MSn analysis were
identified with MS parent and fragment ion patterns and/or co-chromatography with
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authentic standards (See Table 4.1). For quantification purposes, flavonol bisglycosides
absorbance at 360 nm was compared to a linear range of co-chromatographed Q3G
standard; the signal intensity of the molecular ion for flavonol monoglycosides and
sinapate esters was compared to the molecular ion of an authentic Q3G standard.
Authentic sinapate conjugate standards were unavailable.

4.6. RESULTS
4.6.1. Genomic Analysis of BGLU15 T-DNA Inactivation Lines
In order to determine if BGLU15 is functionally relevant for catabolism of
flavonol 3-O-β-glucoside-7-O-α-rhamnoside and related bisglycosides, changes in this
hydrolase activity and flavonol concentrations were monitored in Arabidopsis plants
harbouring a mutated At2g44450 (BGLU15) gene as a function of the recovery period.
For this, two separate Arabidopsis T-DNA insertion lines were identified in the SALK
collection, specifically SALK_049848C and SALK_095129 (Alonso et al., 2003), and
herein designated as bglu15-1 and bglu15-2, respectively (Fig. 4.1A). Sequencing of
PCR-amplified products confirmed that the bglu15-1 has a T-DNA insertion in intron 3 at
nucleotide 687 of BGLU15; for bglu15-2, insertion in exon 7 at nucleotide 1343 of
BGLU15 (Fig. 4.1B). No PCR products were attained when genomic DNA from either
bglu15-1 or bglu15-2 was incubated with primers designed to amplify 1015 and 1129 bp
portions of BGLU15 respectively; however, these primers amplified the expected gene
product when WT genomic DNA was used in the PCR reaction.
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4.6.2. Transcript profiling of bglu15 T-DNA knockout plants
RT-qPCR analysis of two independent time course experiments revealed a 280 to
330% spike in BGLU15 transcripts within leaves of Arabidopsis by day 1 of the recovery
from NDLT (Fig. 4.2). BGLU15 transcripts levels were negligible and not affected by
either treatment in both of the bglu15 mutants. Thereafter, leaves were used to test the
impact of insertional inactivation of the BGLU15 gene (At2g44450) on transcript
abundance during NDLT recovery. RT-qPCR analysis of leaves revealed negligible
transcript levels in both bglu15 mutants as a function of the recovery period (Fig. 4.3A);
in addition, transcripts were minimal or undetectable in plants cultivated under
continuous NSHT conditions (Fig. 4.3B). In contrast, a transient 3.3-fold accumulation
in BGLU15 transcript levels was apparent in WT plants by day 1 of the recovery. On the
whole, RT-qPCR analysis revealed bglu15-1 and bglu15-2 lines as knockouts for this
flavonol 3-O-β-glucoside-7-O-α-rhamnoside BGLU gene.

4.6.3. Q3G7R BGLU activity in cell-free leaf extracts during abiotic stress recovery
In order to determine whether BGLU15 is functionally important for flavonol 3O-β-glucoside-7-O-α-rhamnoside BGLU activity in Arabidopsis, desalted cell-free
enzyme extracts were prepared from leaves collected from bglu15-1, bglu15-2 and WT
plants sampled during NDLT recovery, and assayed for Q3G7R hydrolysis by HPLCDAD analysis (see section 3.5.4.). Q3G7R BGLU activity was elevated 223% in leaves
of WT plants 2 d after their transfer from NDLT to NSHT conditions (Figure 4.4A); the
extractable activity was relatively stable for plants left under continual NSHT conditions
for the same time period (Fig. 4.4B). Conversely, this activity was negligible in both
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Table 4.1. UHPLC-DAD-MSn identification of flavonol glycosides and sinapate esters
Retention Time
(min)

Parent Ion
(m/z)

Fragment Ion
(m/z)

Q3Ru7R2

15.4

755

609, 447, 301

K3Ru7R2

15.8

739

593, 431, 285

Q3G7R1

16.4

609

463, 447, 301

K3G7R1

17.1

593

447, 431, 285

K3R7R2

17.8

577

431, 285

Q3G1

18.1

463

301

K3G 1

19.1

447

285

Kaempferol 3-O- -rhamnoside3

20.1

431

285

Q7R1

20.1

447

301

21.5

431

285

Sinapoyl-(S)- malate

19.1

339

223, 164, 133

1-O-Sinapoyl- -glucoside4

16.3

385

247, 223

1,2-Bis-O-sinapoyl- -glucoside5

20.5

591

223, 367

Compound
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K7R1
4

1

Identified via co-chromatography with an authentic standard. All other compounds were identified on the basis of their MS parent

and fragment ion data and compared to the scientific literature. 2 Nakabayashi et al.(2009), 3 Yonekura-Sakakibara et al. (2008),
Horai et al.(2010), 5 Schymanski and Neumann (2013).
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Figure 4.1. Schematic representation of T-DNA mutated BGLU15 (At2g44450) gene
in two separate Arabidopsis insertional inactivation lines, bglu15-1 and bglu15-2.
(A) For both mutant lines, introns and exons are represented as solid lines and black
boxes, respectively. The positions of the start and termination codons, T-DNA insertion,
and primers used to identify homozygous mutants (in Col-0 ecotype) relative to WT are
indicated for both bglu15 insertional inactivation lines. (B) Agarose gel analysis of PCR
products amplified from genomic DNA representing leaves of WT and homozygous
bglu15 mutants using the primer pairs indicated See Appendix B Supplementary
Materials and Methods) for primer sequences. PCR analysis revealed the amplification
of a fragment consisting of T-DNA in both bglu15-1 and bglu15-2 when a primer 3’ of
the T-DNA insert and the SalkLBb1.3 primer were used. As a positive control, a
BGLU15-specific fragment (1045 and 1179 bp, for reactions containing Ats1-5’/Ats1-3’
and Ats2-5’/At-s2-3’, respectively) was evident in the presence of WT genomic DNA. In
contrast, PCR analysis of bglu15-1 and bglu15-2 in the presence of these gene-specific
primers confirmed the absence of a fragment corresponding to At2g44450. No DNA
represents PCR analysis performed in the absence of genomic DNA to confirm primer
pairs did not yield a non-specific amplicon. PCR product size (base pairs) is indicated
below each band.

92

bglu15-1 and bglu15-2 lines, regardless of treatment and recovery period. Q3G7R BGLU
activity detected in these mutants was never higher than 6% of the activity detected in
WT leaves.

4.6.4. UHPLC-DAD-MSn analysis of flavonol bisglycosides, flavonol monoglycosides
and sinapate conjugates in leaves during abiotic stress recovery
UHPLC-DAD-MSn analysis was used to identify whether flavonol bisglycosides
are catabolized in Arabidopsis bglu15 mutants (Fig. 4.5). Five major flavonol
bisglycosides occur in Arabidopsis leaves (Stracke et al., 2010a); these include K3G7R,
Q3G7R, K3Ru7R, Q3Ru7R and K3R7R. Analysis of flavonol bisglycoside
concentrations as a function of recovery from NDLT revealed that leaf concentrations of
K3G7R and Q3G7R remained elevated in the bglu15-1 and bglu15-2 plants over the 5-d
period (Fig. 4.5A). In contrast, dramatic losses of these flavonol 3-O-β-glucoside-7-O-αrhamnosides were apparent in WT plants following the transfer of NDLT-acclimated
plants to NSHT; K3G7R and Q3G7R concentrations decreased by 28.9 nmol g FM-1 d-1
and 50.2 nmol g FM-1 d-1, respectively. Degradation of other NDLT-inducible flavonol
bisglycosides (Olsen et al., 2009), such as K3Ru7R, Q3Ru7R and K3R7R was on the
order of 19.8 to 47.0 nmol g FM-1 d-1 per day in bglu15-1 and bglu15-2 leaves following
the transfer of NDLT-acclimated plants to NSHT. This phenomenon was similar to that
observed for WT plants. Moreover, flavonol bisglycoside levels in plants subjected to
continuous NSHT were lower and unchanged in both WT and bglu15 plants (Fig. 4.5B).
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Figure 4.2. Analysis of relative BGLU15 transcript abundance in WT Arabidopsis
leaves and roots. Plants (29 d old) were cultivated under 0 mM nitrate at 10°C (NDLT;
represented as the grey-shaded portion of the time course day 0 to 7. Thereafter, plants
were supplied with 14 mM nitrate and transferred to 21°C (NSHT; represented as the
non-shaded portion of the time course) for 5 d. Data are expressed as fold change in
NDLT treatment (before and after transfer to NSHT) relative to control (continuous
NSHT) conditions (2-ΔΔCT). Relative transcript levels in leaves (closed symbols) and roots
(open symbols) are shown for two separate time course experiments; experiment 1 and 2
are represented by circles and squares, respectively. Each datum represents (pool of 10
plants) the mean of three technical replicates of RT-qPCR determinations.
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Figure 4.3. Relative BGLU15 transcript abundance in WT and bglu15 mutant
Arabidopsis leaves during recovery from NDLT; A and continuous cultivation under
NSHT; B. Plants were maintained under 0 mM nitrate at 10 C (NDLT; represented as
the grey-shaded portion of the time course prior to day 0 of recovery) for 7 d. Thereafter,
plants were supplied with 14 mM nitrate and maintained at 21 C (NSHT; represented as
the non-shaded portion of the time course) for 5 d. BGLU15 transcript abundance was
normalized to elongation factor alpha (2-ΔCT). For each experimental replicate (pool of
five plants), RT-qPCR reactions were performed in triplicate. Data represents the mean
SE of three separate experiments. WT Col-0 (closed squares); bglu15-1 (open circles);
bglu15-2 (closed circles).
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Figure 4.4. Q3G7R hydrolysis activity in cell-free enzyme extracts of WT and bglu15
mutant Arabidopsis leaves during recovery from NDLT; A and continual
cultivation under NSHT; B. Plants were maintained under 0 mM nitrate at 10 C
(NDLT; represented as the grey-shaded portion of the time course prior to day 0 of
recovery) for 7 d. Thereafter, plants were supplied with 14 mM nitrate and maintained at
21 C (NSHT; represented as the non-shaded portion of the time course) for 5 d. Q3G7R
hydrolysis rates reflects the amount of product formed following 6 h incubation with
Arabidopsis cell-free extracts as described under Materials and Methods. The hydrolysis
rates are expressed as pmol quercetin equivalents min-1 mg protein-1. Data represent the
mean ± SE of three experimental replicates. WT Col-0 (closed squares); bglu15-1 (open
circles); bglu15-2 (closed circles).
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In addition to monitoring changes in flavonol bisglycoside concentrations,
UHPLC-DAD-MSn analysis was used to determine the impact of the absence of BGLU15
activity on flavonol monoglycoside concentrations, including the respective catabolites of
K3G7R and Q3G7R, K7R and Q7R (Fig. 4.6). On the whole, flavonol monoglycoside
levels were two orders of magnitude lower than those observed for flavonol
bisglycosides. Although Q3G levels in Arabidopsis leaves were relatively lower, a loss
on the order of 179 pmol g FM-1 d-1 was apparent in WT leaves. Conversely, quercetin 3O-β-glucoside concentrations remained elevated throughout the 5 d recovery period in
bglu15-1 and bglu15-2 plants. With respect to other detected monoglycosides,
kaempferol 3-O-α-rhamnoside concentrations decreased with recovery time, regardless of
germplasm. In WT plants, a transient 63% increase in K7R concentration was evident by
the second day of recovery; a similar change was apparent in leaves of bglu15-1 plants,
although a smaller spike in this catabolite was observed for bglu15-2 during the same
period. No Q7R, K3G or flavonol aglycones were detected in the leaves, although their
authentic standards were detectable with UHPLC-DAD-MSn.
The UHPLC-DAD-MSn analysis of the methanolic extracts described here
identified three additional compounds, with MS molecular ion and MS2 fragmentation
pattern uncharacteristic of flavonols.These were identified as three sinapate esters:
sinapoyl-(S)-malate; 1-O-sinapoyl- -glucoside/4’-O-sinapate- -glucoside; and, 1,2-bisO-sinapoyl- -glucoside (Table 4.1). Sinapoyl-(S)-malate levels were stable for all plants,
regardless of treatment. (Appendix B, see Supplementary Figure S4.1). Alternatively,
levels of 1-O-sinapoyl- -glucoside/4’-O-sinapate- -glucoside and 1,2-bis-O-sinapoyl- glucoside within leaves were higher on day zero of the recovery than in plants grown
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Figure 4.5. Changes in flavonol bisglycoside concentrations in WT and bglu15
mutants Arabidopsis leaves during recovery from NDLT; A and continual
cultivation under NSHT; B. Plants were maintained under 0 mM nitrate at 10 C
(NDLT; represented as the grey-shaded portion of the time course prior to day 0 of
recovery) for 7 d. Thereafter, plants were supplied with 14 mM nitrate and maintained at
21 C (NSHT; represented as the non-shaded portion of the time course) for 5 d. Acidified
methanol extracts were analyzed with UHPLC-DAD-MSn. For individual flavonol
bisglycosides, peak areas at A360 were compared to known amounts of a cochromatographed quercetin 3-O-glucoside standard and corrected for amount of fresh
matter used for extraction. Q3G7R and K3G7R were identified on the basis of cochromatography with authentic standards; the remaining flavonol bisglycosides were
annotated based on their MSn fragmentation patterns. Data represent the mean ± SE of
three experimental replicates. The grey-shaded region of the time course prior to day 0 of
the recovery period represents a portion of the NDLT stress exposure period. WT Col-0
(closed squares); bglu15-1 (open circles); bglu15-2 (closed circles).
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under continuous NSHT. In WT plants sinapoyl- -glucoside/4’-O-sinapate- -glucoside
decreased 828 pmol g FM-1 d-1 and similar losses were evident in leaves of both
bglu15mutants. Additionally, a disappearance rate on the order of 445 pmol g FM-1 d-1
was evident for 1,2-bis-O-sinapoyl- -glucoside during the recovery period; similar losses
were evidenced in both bglu15 mutants. Levels for all three sinapate esters were stable
when plants were continuously cultivated under NSHT.

4.7. DISCUSSION
Flavonol bisglycosides levels in plant tissues are enhanced by low temperature
environments, and further increases occur when combined with limiting nitrogen (Olsen
et al., 2009). However, flavonol bisglycoside losses up to 57-83% occur after nitrogen
repletion and return to 21°C for 5 d; their disappearance is associated with a spike in
extractable Q3G7R hydrolase activity (see Section 3.6.1.). Our previous research
established that this loss was associated with a transient increase in BGLU15 transcripts.
Here, rosette leaves and roots were separated to determine if changes in BGLU15
transcript levels during recovery from NDLT occurs in an organ-specific pattern. RTqPCR analysis revealed that the NDLT-inducible change in BGLU15 transcript
abundance was leaf specific (Fig. 4.2). Organ-specific expression of stress-inducible
genes is not without precedent, as Arabidopsis leaves and roots share less than 0.5% of
co-expressed genes in response to cold, salinity, and osmotic stress (Kreps et al., 2002).
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Figure 4.6. Changes in flavonol monoglycoside concentrations in WT and bglu15
mutant Arabidopsis leaves during recovery from NDLT; A and continual cultivation
under NSHT; B. Plants were maintained under 0 mM nitrate at 10 C (NDLT;
represented as the grey-shaded portion of the time course prior to day 0) for 7 d.
Thereafter, plants were supplied with 14 mM nitrate and maintained at 21 C (NSHT;
represented as the non-shaded portion of the time course) for 5 d. Acidified methanol
extracts were analyzed with UHPLC-DAD-MSn and individual flavonol monoglycosides
were quantified based on the intensity of the parent ion (m/z), expressed as Q3G
equivalents and corrected for amount of fresh matter used for extraction. Q3G and K7R
were identified via co-chromatography with authentic standards. Kaempferol 3-O-αrhamnoside (K3R) was annotated based on its MSn fragmentation pattern. The data
represent the mean ± SE from three separate experimental replicates. The grey-shaded
area of the time course prior to day 0 of the recovery period represents a portion of the
NDLT stress exposure period. WT Col-0 (closed squares); bglu15-1 (open circles);
bglu15-2 (closed circles).
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The immediate biological or physiological role of BGLUs is difficult to assess
with T-DNA knockout plants as these plants tend to lack a growth-related phenotype
under non-stress conditions (Chapelle et al., 2012; Xu et al., 2012; Miyahara et al., 2013).
However, when the plants are challenged by abiotic or biotic stress, effects on growth
and/or altered metabolic profiles tend to occur (Sherameti et al., 2008; Xu et al., 2012;
Miyahara et al., 2013). Here, bglu15 mutants challenged with dual abiotic stresses
contained similarly high levels of the leaf flavonol bisglycosides, regardless of the nature
of conjugation, at the end of the stress period (day 0 of recovery; Fig. 4.5A); levels for
the five bisglycoside species were dramatically lower and stable under continuous NSHT.
Moreover, in either case, concentrations for these metabolites on day 0 of the recovery
were similar to those in WT leaves. However, upon recovery from NDLT, flavonol 3-O-glucosides-7-O- -rhamnoside levels remained elevated and unchanged in the bglu15
mutants, but decreased in the WT leaves. The lack of flavonol 3-O-β-glucoside-7-O-αrhamnoside catabolism in BGLU15 insertional inactivation mutants is in agreement with
previous research demonstrating recombinant BGLU15 prefers K3G7R and Q3G7R over
other flavonol conjugates (see Section 3.6.3.). Similarly, very little BGLU15 activity was
detected in the presence of quercetin 3-O-β-rutinoside or quercetin 3-O-α-rhamnoside;
natural bisglycoside derivatives were not tested. UHPLC-DAD-MSn analysis of bglu15
mutants revealed a rapid loss of flavonol 3-O- -rutinosides-7-O- -rhamnosides and
K3R7R, which was consistent with the trend in WT leaves. Thus, it appears BGLU15 is
functionally relevant for the catabolism of K3G7R and Q3G7R in Arabidopsis, but not
other stress-inducible bisglycosides.
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With respect to the disappearance of all other bisglycosides, alternate hydrolases
could be involved. There are 133 known GH families, but only two of them are
potentially relevant, including GH family 5 and GH family 28, which contain members
with -rutinosidase and -rhamnosidase activities, respectively (Ekstrom et al., 2014;
Lombard et al., 2014). The GH28 family has 67 members in A. thaliana; however, many
of the genes in this family are annotated as pectic lyase-like (Ekstrom et al., 2014). A
transcriptome analysis of plants recovering from abiotic stress might be useful to identify
previously uncharacterized GH genes that are co-expressed with BGLU15, including
putative -rutinosidase as the A. thaliana GH5 family only has 13 members (Ekstrom et
al., 2014).
Flavonol 3-O-glycosides predominate in floral tissue and seeds (YonekuraSakakibara et al., 2008; Routaboul et al., 2012); however, in this study metabolite
profiling via UHPLC-DAD-MSn revealed low levels of these compounds within
methanolic leaf extracts. At the beginning of the recovery period, kaempferol 3-O-αrhamnoside and quercetin 3-O-β-glucoside concentrations were dramatically higher than
those detected in leaves subjected to continuous NSHT, regardless of the presence of
BGLU15 (Fig. 4.6). In addition, losses for both of these metabolites were apparent in WT
leaves during recovery. Together, these metabolic changes are indicative of an impact of
NDLT stress. In contrast, the levels of Q3G remained elevated in the bglu15 mutants,
and losses in kaempferol 3-O-α-rhamnoside occurred despite the insertional inactivation
of the BGLU15 gene. Although levels of Q3G are two orders of magnitude lower than
their flavonol bisglycoside counterparts, it is apparent that this compound is a
physiological substrate for BGLU15. Flavonol 3-O- -glucosides are known to
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accumulate in leaves when UDP-rhamnose biosynthesis is impaired (Ringli et al., 2008).
The flavonol 3-O- -glucosides are most likely metabolite precursors of the flavonol 3-O-glucoside-7-O-a-rhamnosides that accumulate due to a limiting supply of UDPrhamnose during NDLT stress.
K7R and Q7R are rare flavonol glycosides with the former occurring in sea
buckthorn berries, Cinnamomum osmophloem Kanehira twigs, Hibiscus cannabinus
L.leaves, and Bryophyllum pinnatum Lamarck (Chen et al., 2007; Chua et al., 2008; Rho
et al., 2011; Tatsimo et al., 2012). Very little is known about flavonol 7-O- -rhamnoside
metabolism; however, biochemical analyses indicate that flavonol 7-O- -rhamnosides
are formed from flavonol 3-O-β-glucoside-7-O-α-rhamnosides in assays containing either
cell-free Arabidopsis extracts or recombinant BGLU15 (see Chapter Three). Here, a
transient spike in K7R concentrations in WT leaves sampled during the recovery was
observed, suggesting that this is an in planta catabolite. K7R was not eliminated in
bglu15 mutants, suggesting that it may also be a catabolite of K3Ru7R and/or K3R7R as
both were lost following the transition of NDLT-acclimated plants to NSHT. Q7R is
described for Hypericum japonicum and field-grown Arabidopsis (Ishiguro et al., 1991;
Nakabayashi et al., 2009). However, the concentration of Q7R in Arabidopsis is very low
(150 g kg-1) relative to most other flavonols (Nakabayashi et al., 2009). Although
Q7Rwas undetected in leaf extracts analyzed here, previous in vitro biochemical evidence
indicates that it too is a catabolic product of BGLU15-mediated hydrolysis of Q3G7R
(See Section 3.6.3.). Moreover, flavonol 7-O-rhamnosyltransferase AtUGT89C1 prefers
flavonol 3-O-β-glucosides as substrates, whereas their aglycones are minimally used
(Yonekura-Sakakibara et al., 2007). Similarly, ugt78d1 ugt78d2 double mutants impaired
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in flavonol 3-O-glycoside biosynthesis do not accumulate flavonol 7-O- -rhamnosides
(Yin et al., 2012). The transient accumulation of K7R and the lack of Q7R accumulation
imply that flavonol 7-O- -rhamnosides are rapidly catabolized. It is possible that a
hitherto unknown flavonol 7-O- -rhamnosidase cleaves flavonol 7-O- -rhamnosides
forming their aglycones, but kaempferol and quercetin were not detected here. Moreover,
α-rhamnosidases are not known to occur in plants.
In vitro study of a recombinant Arabidopsis PRN1 demonstrates it has quercetin
dioxygenase activity, as the absorption maximum for quercetin shifts from 380 to 400 nm
(Orozco-Nunnelly et al., 2014). However, classical substrate utilization studies have not
been performed for PRN1. Previous biochemical characterization of a PRN1 orthologue
from Aspergillus flavus determined that substrate specificity is dependent on the presence
of 2,3-double bond, 3-hydoxyl group and 4-keto group (Oka et al., 1972). These three
characteristics are present in both flavonols and flavonol 7-O- -rhamnosides, so it is
possible that PRN1 may utilize both physiologically relevant substrates. Overall, it is
apparent that physiologically BGLU15 is involved in the catabolism of flavonol 3-O- glucoside-7-O- -rhamnosides and flavonol 3-O- -glucosides, but not other flavonol
bisglycosides, flavonol monoglycosides or sinapate glucose esters. It is likely that other
GHs or esterases are involved in their catabolism (Fig. 4.7).
The catabolism of flavonol bisglycosides by BGLU15 with the removal of abiotic
stress may be critical for renewed growth and development. Kaempferol 3-O-αrhamnoside-7-O-α-rhamnoside accumulation in an ugt78d2 mutant has been linked to a
reduction in shoot polar IAA transport and a stunted phenotype (Yin et al., 2014).
Additionally, flavonol deficiency occurs in Arabidopsis plants lacking various flavonol
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biosynthesis transcription factors, including WRKY23 or MAX1; these mutations are
associated with an increase in the synthesis of IAA transporters, the polar transport of
IAA, and axillary bud outgrowth (Lazar and Goodman, 2006; Grunewald et al., 2012).
Although the presence of flavonol bisglycosides is associated with altered IAA transport,
it is unknown whether flavonol bisglycoside catabolism, including BGLU15, is required
to prevent this biological phenomenon.
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Figure 4.7. Flavonol bisglycoside catabolism in Arabidopsis. Metabolism is separated
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CHAPTER FIVE- GENERAL DISCUSSION

Plant secondary metabolites including flavonol bisglycosides are often found in
low abundance and in complex mixtures in plant tissues. Flavonol bisglycoside are
associated with promoting human health and medicinal activities. However, their hyperaccumulation can impact plant growth and development. A better understanding of their
metabolism, including degradative biochemistry, and physiological roles in planta is
pivotal to development of cultural practices, traditional breeding, and/or biotechnological
strategies to enhance their levels in plant.

5.1. PUTATIVE PHYSIOLOGICAL ROLES OF FLAVONOL BISGLYCOSIDE
CATABOLISM
Flavonol bisglycosides are metabolically active compounds which accumulate
with abiotic stress and are associated with protective roles, as evidence exists for
sequestration of reactive oxygen species associated with abiotic stress that would
otherwise promote lipid peroxidation and cellular damage (Agati et al., 2007;
Nakabayashi et al., 2014). Although exposure of vegetative tissues to abiotic stress,
including NDLT, culminates in the build-up of flavonol bisglycosides in Arabidopsis
(Olsen et al., 2009; see Section 3.6.1.), it is unknown whether the levels of oxidative
stress metabolites are dissipated. In addition to their antioxidant properties, flavonol
bisglycoside accumulation restricts polar IAA movement, and thus is negatively
correlated with stem diameter and length (Besseau et al., 2007; Yin et al. 2014). The
accumulation of flavonol bisglycosides during periods of abiotic stress could suppress
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plant growth by inhibiting polar IAA transport, and hence IAA-mediated cell elongation
and growth. During periods of abiotic stress it is beneficial for the plant to allocate
resources to cellular protection and maintenance rather than growth of new tissue.
However, it seems plausible that with removal of the stress normal growth and
development can be re-established by eliminating the flavonol bisglycoside-mediated
inhibition of IAA movement. Thus, catabolism of flavonol 3-O- β-glucoside-7-O-αrhamnosides by BGLU15-mediated hydrolysis in Arabidopsis could play a role in growth
re-initiation following stress.
A correlation between flavonol bisglycoside accumulation and IAA growth
inhibition is evident in the Arabidopsis T-DNA knockout ugt78d2 (Yin et al., 2014).
These flavonol 3-O-glucosyltransferase-impaired mutants hyper-accumulate flavonol 3O- -rhamnoside-7-O- -rhamnosides and exhibit reduced primary inflorescence length
relative to WT plants. The IAA efflux transporters are located in the plasma membrane
(Luschnig, 2002), wherease flavonol bisglycosides reside in the vacuole and cell wall
(Hrazdina et al., 1982; Strack et al., 1988; Agati and Tattini, 2010; Zhao and Dixon,
2010), and appear to be spatially separated IAA efflux transporters. Moreover, proteomic
evidence points to BGLU15 being loosely associated with the cell wall/apoplast
(Borderies et al., 2003). In either case, it is apparent that flavonol bisglycosides are
transported by a hitherto unknown mechanism from the vacuole to the plasma membrane
to affect IAA efflux, and beyond to interact with BGLU15. This subcellular separation
between BGLU activity and physiological substrates is not without precedent, as
glucosylation of small molecules is also a pre-emptive mechanism to inactivate
compounds and store them until an herbivore or pathogen is encountered (Morrissey and
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Osbourn 1999; Ross et al., 2001). An isoflavone conjugate-hydrolyzing BGLU from
soybean roots is targeted to the apoplast, and is physically separated from its vacuolarlocalized substrate (Suzuki et al., 2006), a mechanism that may promote secretion of the
liberated product to the rhizosphere. Additionally, glucosinolates and myrosinases (the
enzymes involved in the breakdown of glucosinolates) are stored in different cell types
and interact upon leaf damage by herbivores (Bones and Rossiter 1996; Morant et al.,
2008). Hormone homeostasis of ABA is also regulated by spatial separation of ABAglucoside and ABA-glucoside BGLU. ABA-glucoside is stored in the vacuole and/or
apoplast and is transported into the cytosol where it interacts with BGLU to release
bioactive ABA (Dietz et al., 2000; Schroeder and Nambara, 2006). Spatial separation of
glucosides and BGLUs appears to be a common mechanism to control the turnover of
glucoside conjugates.

5. 2. GLYCOSIDE HYDROLASES THAT MAY BE INVOLVED IN THE
HYDROLYSIS OF FLAVONOL 3-O- -RUTINOSIDE-7-O- -RHAMNOSIDES
AND FLAVONOL

SRHAMNOSIDES

Flavonol bisglycoside profiling with UHPLC-DAD-MSn demonstrated that
flavonol bisglycosides including flavonol 3-O- -glucosides-7-O- -rhamnosides, flavonol
3-O- -rutinosides-7-O- -rhamnosides, and flavonol 3-O- -rhamnosides-7-O- rhamnosides, which accumulate during NDLT, are lost during recovery from this stress.
However, BGLU15 is only involved in the hydrolysis of -O-linked glucosides of
flavonol 3-O- -glucoside-7-O- -rhamnosides and flavonol 3-O- -glucosides, suggesting
that at least three additional GHs are required for further processing of flavonol 3-O-β114

glucoside-7-O-α-rhamnoside catabolites (i.e., K7R), as well as metabolites not used by
BGLU15 (i.e., kaempferol 3-O-β-rutinoside-7-O-α-rhamnoside). Most likely, this would
involve hydrolytic action by separate -rutinosidase and -rhamnosidase activities. The
-rutinosidase could be a member of the GH family 5, the only family known to contain
enzymes with rutin-hydrolyzing activity (Mazzaferro et al., 2010). Similarly, only one
GH family, specifically GH family 28 consists of representatives with -rhamnosidase
activity. Currently, it is not known whether a single or multiple enzymes are involved in
the regiospecific hydrolysis at the 3-O- and 7-O-positions of flavonols. Additionally, it
remains to be established whether the flavonol dioxygenases, like Arabidopsis PRN1,
utilizes flavonol 7-O- -rhamnosides in addition to flavonol aglycones. Nonetheless,
BGLU15 is the first identified gene in flavonol bisglycoside catabolism and coexpression analysis of NDLT recovering plants represents a promising strategy towards
identifying these additional hydrolases

5.3. POSSIBLE ROUTES OF FLAVONOL AGLYCONE CATABOLISM
The identification of the additional enzymes involved in flavonol aglycone
catabolism is essential to determining the physiological role of flavonol bisglycosides. To
date, it is known that the catabolism of plant and fungal flavonol aglycones involves a
dioxygenase (E.C. 1.13.11.24) that cleaves the 2,3-double bond of the flavonol aglycone
to form a depside (Fetzner et al., 2012). In microbes, the depside is hydrolyzed by an
esterase (E.C. 3.1) yielding two hydroxybenzoic acids (Tranchimand et al., 2010).
Degradation of hydroxybenzoic acids has been well described for prokaryotes, but very
little is known about hydroxybenzoic acid catabolism in plants. In prokaryotes, one
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possible catabolic route of hydroxybenzoic acids involves an oxidative decarboxylation
forming a catechol (Bosch et al., 1999), which is further oxidized by a dioxygenase (E.C.
1.13.11.1) to yield an acyclic six carbon organic acid that can ultimately be converted to
the primary metabolite acetyl-CoA (Parales and Harwood, 1993; Cámara et al., 2007).
Assuming that benzoic acid catabolism is conserved between prokaryotes and plants
these additional enzymes could be identified by analyzing genes that are co-expressed
with BGLU15.

5.4 OVERVIEW OF THE POTENTIAL FUNCTION OF THE OTHER BGLUS IN
GH FAMILY ONE
Two additional BGLUs, BGLU12 and BGLU16, were also identified as possible
flavonol bisglycoside BGLUs on the basis of increased expression during recovery from
NDLT (Section 3.4.2); however, the near complete elimination of flavonol 3-O- glucoside-7-O- -rhamnoside hydrolase activity in bglu15 T-DNA mutants suggests that
co-expressed BGLU12 and BGLU16 are likely not involved in their catabolism. The
possibility remains that one or both of these BGLUs is/are required for catabolism of
other NDLT stress-inducible glucoside conjugates which disappear with stress removal.
Possible physiological substrates include sinapate 1-O-sinapoyl- -glucoside, 1,2-bis-Osinapoyl- -glucoside or anthocyanins (Olsen et al., 2009; see Section 4.6.4.).
Alternatively, one of these BGLUs may use the major anthocyanin cyanidin 3-O-[2 -O(6 -O-(sinapoyl) xylosyl) 6 -O-(p-O-(glucosyl)-p-coumaroyl) glucoside] 5-O-(6

-O-

malonyl) glucoside and/or a derived catabolite (Tohge et al., 2005). The intermediates in
anthocyanin catabolism are not known, but it can be presumed to be very complex due to
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the high degree of substitution for this anthocyanin. The limited availability of authentic
substrates for BGLU12 and BGLU16 impedes the biochemical characterization of these
enzymes.
The biochemical properties for many of the enzymes in the Arabidopsis GH
family 1 are unknown (Section 4.4.2; Figure 4.4). Analysis of the two archetypal BGLU
catalytic motifs TFNEP and (I/V)TENG revealed that only seven of 47 members contain
both motifs; moreover, members contain only TFNEP, while 23 consist solely of
(I/V)TENG (Appendix C, see Supplementary Table S6.1.). The most divergent sequence
motifs belong to members BGLU1-11 and BGLU34-38. Strikingly, these BGLUs have
been biochemically characterized as acyl-glucose dependent glucosyltransferase and
myrosinases, respectively. They are not traditional BGLUs hydrolyzing small molecule
-O-glucosides to aglycones and -glucose. The sequence divergence of these motifs
may help to elucidate the biochemical function of these BGLUs. Notably, BGLU25 does
not have a catalytic glutamate in the I/VTENG motif, but rather a VTGNG.
Consequently, BGLU25 may be a pseudogene or has an alternative reaction mechanism
than all other Arabidopsis BGLUs.

5.5. FUTURE EXPERIMENTS
In the short term, identifying the tissue localization of BGLU15 would provide
valuable additional information for the physiological role of this enzyme in flavonol
bisglycoside catabolism. In situ hybridization could be used to identify which cell type(s)
are involved in flavonol bisglycoside catabolism. It is likely that BGLU15 is expressed
within the same tissue as the flavonol bisglycoside biosynthetic genes as no information
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for the transfer of these compounds exists. Once this has been established in situ
hybridization could be used as a criterion to screen gene candidates.
Secondly, the sub-cellular localization of BGLU15, as well as the accumulation
site of flavonol 7-O- -rhamnosides, could be useful to identify novel genes in flavonol
bisglycoside catabolism. Proteomics experiments (Borderies et al., 2003) and web-based
subcellular localization tools (e.g., SUBA, Heazlewood et al., 2007) suggest that
BGLU15 is targeted to the cell wall/apoplast. Fluorescent microscopy of fluorescent
tagged-BGLU15 could be used to confirm targeting of BGLU15 to the cell wall/apoplast.
If this is indeed the case, catabolites like flavonol 7-O- -rhamnosides could also reside in
these extracellular spaces. The subcellular localization of the metabolites requires the use
of cell fractionation techniques, including harvesting of intracellular wash fluids coupled
with UHPLC-DAD-MSn. Moreover, if BGLU15 and flavonol 7-O- -rhamnosides are colocalized to the cell wall, it is possible that the next step in the catabolic route of flavonol
bisglycosides is also present in the cell wall/apoplast
Long-term research objectives include determining the physiological role of
flavonol bisglycoside catabolism in plants. This would be facilitated by biochemical and
functional characterization of Arabidopsis -rutinosidase and -rhamnosidase required
for catabolism of flavonol 3-O-β-rutinoside-7-O-α-rhamnosde and flavonol
bisrhamnosides. Thereafter, the corresponding single T-DNA mutants for each activity
could be screened to assess the impact on catabolism of the aforementioned
bisglycosides. Generating a bglu15/ flavonol 3-O-β-rutinoside-7-O-α-rhamnoside βrutinosidase/ flavonol bisrhamnoside α-rhamnosidase triple mutant could be used to
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determine the impact of complete inhibition of flavonol bisglycoside catabolism on polar
IAA movement and plant architecture
Additionally, the orthologues of BGLU15 can be identified in other plant species
such as fruit and vegetable crops. Enhanced levels of flavonol bisglycosides and/or
related metabolites could be enhanced by traditional breeding whereby cultivars with a
null allele for BGLU15 gene would be selected. Apart from breeding, flavonol
bisglycoside levels of commercially important food commodities could be enhanced for
consumer consumption via alteration of cultural practices known to promote degradation.
This approach would prevent the significant losses of flavonol bisglycosides typically
observed during post-harvest storage and processing, ultimately leading to fruits and
vegetables with high levels of these health-promoting phytochemicals.
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APPENDICES
APPENDIX A: ARABIDOPSIS -GLUCOSIDASE BGLU15 ATTACKS
FLAVONOL 3-O- -GLUCOSIDE-7-O- -RHAMNOSIDES

Supplementary Materials and Methods: Biocatalysis and purification of K3G7R
Q3G7R was synthezied bioctalytically according to a previously published protocol
(Roepke and Bozzo, 2013; see Supplementary Fig. S3.1). K3G7R was also produced with
the same methodology and purified thereafter, but with some modifications. Briefly,
following LH-20 chromatography, HPLC-DAD analysis indicated that the product of
biocatalysis contained a co-eluting contaminant (spectral properties were not typical of
the substrate, kaempferol 3-O-β-glucoside), most likely bacterial in origin. Further
purification of K3G7R was performed with thin layer chromatography. The product of
biocatalysis was applied to an 1 cm origin on a silica gel 60 F254 (10 x 20 cm; EMD
Chemical Inc, Gibbstown, NJ, USA) plate and developed using a solvent of
chloroform:methanol:water (65:45:12). K3G7R (Rf=0.48) was scraped from the plate,
eluted successively with four 1 mL aliquots of methanol and dried under vacuum.
Structural properties of the biocatalysis product were verified by QTOF-MS/MS, onedimensional and two-dimensional NMR analyses as described previously (Roepke and
Bozzo, 2013). Briefly, QTOF-MS/MS revealed that the molecular mass of the product
was 594. Collision induced dissociation spectra of the parent ion yielded [M-H]fragments of 447.1, 431.1 and 285.0 corresponding to the respective loss of a rhamnose, a
glucose and both sugars, suggesting that the identity of the analyte was K3G7R.
Heteronuclear multiple bond correlation (HMBC) spectra established a correlation
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between the C-7 of kaempferol and the H6 and H8 aromatic protons of the kaempferol A
ring. Moreover, the C-7 of kaempferol correlated with the H1’’’anomeric proton of
rhamnose. The HMBC spectra confirmed the attachment of rhamnose to the 7-O-position
of kaempferol 3-O-β-glucoside (Supplementary Table S3.1).
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Supplementary Figure S3.1. Structural properties of Q3G7R. (A) Quadrupole TOFMS/MS of the Q3G7R produced via biocatalysis as performed in the negative-ion mode
implies a molecular mass of 610.2. (B) NMR structural characterization of Q3G7R 1H,
13

C HMBC spectral map used for demonstrating the interaction between the rhamnose

unit and quercetin backbone of Q3G7R. (C) Structural representation of key HMBC
interactions (denoted by arrows).
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Supplementary Table S3.1. 1H and 13C NMR spectral data for K3G7R.
Position

13-

C

1-

H
(proton #, multiplicity;JH,H in
Hz)

HMBC correlations
(H→ C)

2

156.62

H2’ H6’

3

133.33

4

181.87

5

164.62

6

99.42

7

161.52

8

95.29

9

157.51

10

105.24

1'

123.91

2'

130.90

8.08 (1H, d, 2.2, 7.2, H-2’)

H6’

3'

115.42

6.86 (1H, d, 2.2, 7.2, H-3’)

H5’

4'

160.30

5'

115.42

6.86 (1H, d, 2.2, 7.2, H-5’)

H3’

6'

130.90

8.08 (1H, d, 2.2, 7.2, H-6’)

H2’

1''

100.82

5.45 (1H, d, 7.7, H-1’’)

2''

74.22

3.18 (1H, d, 9.1, H-2’’)

3''

77.65

3.04 (1H, d, 9.1, H-3’’)

4''

69.82

3.61 (1H, m, H-4’’)

5''

76.30

3.19 (1H, m, H-5’’)

6''

60.79

3.53 [A] (1H, d, 11.8, H-6’’)

6.39 (1H, d, 2.2, H-6)
H6 H8 H1’’’
6.78 (1H,d, 2.2, H-8)

H3’ H5’

H2’ H3’, H5’ H6’

3.19 [B] (1H, m, H-6’’)
1'''

98.38

5.53 (1H, d, 1.9, H-1’’’)

2'''

70.27

3.04 (1H, m, H-2’’’)

3'''

69.82

3.07(1H, dd, 3.5, 9.5, H-3’’’)

4'''

71.65

3.27 (1H, d; 9.5, H-4’’’)

5'''

70.07

3.82 (1H, m, H-5’’’)

6'''

17.95

1.11 (3H, d, 6.1, H-6’’’)

The data were recorded with DMSO-d6 at 600 MHz.
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H1’’’
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Supplementary Figure S3.2. Evidence for flavonol bisglycoside loss Arabidopsis
during abiotic stress recovery. (A) Plants were maintained under 0 mM nitrate at 10 C
(nitrogen deficiency and low temperature, NDLT; represented as the grey-shaded portion
of the time course) for 7 d. Thereafter plants were resupplied 14 mM nitrate and
maintained at 21 C (NSHT; represented as the non-shaded portion of the time course)
for 5 d. (B) As a control, plants of similar age were left under continual NSHT. Flavonol
bisglycoside concentrations were determined by UHPLC-DAD-MSn analysis of acidified
methanolic extracts. A360 peak areas for quercetin 3-O-β-rutinoside-7-O- -rhamnoside
(Q3Ru7R, retention time= 15.3 min), kaempferol 3-O-β-rutinoside-7-O- -rhamnoside
(K3Ru7R, retention time= 15.7 min), quercetin 3-O- -rhamnoside-7-O- -rhamnoside
(Q3R7R, retention time= 17.1 min) and kaempferol 3-O- -rhamnoside-7- O- rhamnoside (K3R7R, retention time= 17.7 .min) were compared to known amounts of
Q3G and corrected for amount of fresh matter used for the extraction. MSn analysis
revealed the identity of Q3Ru7R with an [M-H]-1 parent ion of 755.3 and fragment ions
of 609.2, 447.2, and 301.1; [M-H]-1 parent ion of 739.3 and fragment ions of 593.2, 431.1
and 285.1corresponded to K3Ru7R. Moreover, MSn analysis confirmed the identity of
Q3R7R with an [M-H]-1 parent ion of 593.2 and fragment ions of 447.2, and 301.1;
K3R7R analysis revealed a parent ion of 577.2 and fragment ions of 431.1 and 285.1. For
all plots, data represent the mean

SE of three separate experiments.
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Supplementary Figure S3.3. Dependence of recombinant BGLU15 activity on assay
pH. Activity was measured using assay B in the presence of sub-saturating
concentrations (2 mM) of p-nitrophenyl-β-D-glucoside and a 15-min incubation period.
For the pH profile, assays were buffered in 50 mM solutions of different biological
buffers, including citric acid - Na-citrate (closed circles), MES (open circles), and
Na2HPO4 - NaH2PO4 (closed inverted triangles). In all cases, assay products were
quantified by HPLC-DAD and peak areas of the product compared against known
amounts of p-nitrophenol. All values represent the mean ± SD of three independent
determinations using a typical recombinant BGLU15 preparation.

148

149

Supplementary Figure S3.4. Michaelis-Menten and Hanes-Woolf plot analyses of
BGLU15 activity. Activity was measured using assay B, various concentrations of
K3G7R (A) and Q3G7R (B) and a 10-min incubation period. In either case, assay
products were quantified by HPLC-DAD and peak areas (13.3 min for Q3G7R,
hydrolysate and 13.7 min for K3G7R, hydrolysate) compared against known amounts of
its aglycone (quercetin for Q3G7R, product and kaempferol for the K3G7R, product).
QTOF-MS/MS revealed structural properties of the Q3G7R hydrolysate were equivalent
to those described for assays using Arabidopsis enzyme preparations; Q7R was the
reaction product. For the K3G7R hydrolysate, QTOF-MS/MS revealed a molecular mass
of 432.1, which is 162 mass units lower than that of K3G7R. Collision-induced
dissociation spectra of this parent ion yielded an [M-H]- fragment of 284, which
corresponded to the loss of rhamnose. Together, these data confirm K7R to be the
product of K3G7R hydrolysis. For each flavonol 3-O-β-glucoside-7-O- -rhamnoside,
the main graph represents the velocity versus substrate concentration plot with mean ±
SE of three separate recombinant enzyme preparations; inset is a Hanes-Woolf plot of the
mean values. For each enzyme preparation, assays were performed in triplicate.
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APPENDIX B: CHAPTER FOUR – BGLU15 IS ESSENTIAL FOR
DEGRADATION OF FLAVONOL 3-O- -GLUCOSIDE-7-O- -RHAMNOSIDES
AND FLAVONOL 3-O- -GLUCOSIDES IN ARABIDOPSIS THALIANA
Supplementary Materials and Methods
Table S4.1. Primers used for genomic DNA analysis of At2g44450 T-DNA
insertional inactivation mutant
Primer

Primer sequence (5' 3')

At-s1-5

5 - GAC TTA CAC AAT CTC GGC ACC- 3

At-s1-3

5 - AAG GAG GTG CTC ATG AAG ATG- 3

At-s2-5

5 - AAA CAA ACC TGT GAC ACT GGC- 3

At-s2-3

5 - GAA TCA ACC AGG CTG GTA TTG-3

Salk-LBb1.3

5 -ATT TTG CCG ATT TCG GAA C-3
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1,2-Bis-Sinapoylglucose
-1
(pmol g FM )
4500

3000

1500

1,2-Bis-Sinapoylglucose
-1
(pmol g FM )

Sinapoylglucose
-1
(pmol g FM )
6000

3000

Sinapoylglucose
-1
(pmol g FM )

Sinapoylmalate
-1
( pmol g FM )
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Supplementary Figure S4.1. Changes in sinapic acid ester concentrations in WT and
bglu15 mutant Arabidopsis leaves during recovery from NDLT; A and continual
cultivation under NSHT; B. Plants were maintained under 0 mM nitrate at 10 C
(NDLT; represented as the grey-shaded portion of the time course prior to day 0) for 7 d
Thereafter, plants were supplied with 14 mM nitrate and maintained at 21 C (NSHT;
represented as the non-shaded portion of the time course) for 5 days. Acidified methanol
extracts were analyzed with UHPLC-DAD-MSn and individual sinapic acid esters were
quantified based on the intensity of the parent ion (m/z) expressed as quercetin 3-Oglucoside equivalents and corrected for amount of fresh matter used for extraction.
Sinapic acid esters were tentatively annotated based on their MSn fragmentation pattern.
The data represents the mean ± SE from three separate experimental time courses. The
grey-shaded area of the time course prior to the recovery period represents a portion of
the NDLT stress exposure period. WT Col-0 (closed squares); bglu15-1 (open circles);
bglu15-2 (closed circles).
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APPENDIX C: CHAPTER SIX - GENERAL DISCUSSION
Supplementary Table S6.1: Comparison of Arabidopsis thaliana BGLU catalytic
sequence motifs
BGLU
ID
BGLU1
BGLU2
BGLU3
BGLU4
BGLU5
BGLU6
BGLU7
BGLU8
BGLU9
BGLU10
BGLU11
BGLU12
BGLU13
BGLU14
BGLU15
BGLU16
BGLU17
BGLU18
BGLU19
BGLU20
BGLU21
BGLU22
BGLU23
BGLU24

TFNEP
Motif
TINEA
TINEA
TINEA
TINEA
TINEA
TINEG
KINEA
TINEA
TINEA
TINEA
TINEV
TLNEP
TLNEP
TLNEP
TLNEP
TLNEP
TINEP
TFNEP
TFNEP
TFNEP
TFNEP
TFNEP
TFNEP
TFNEP

(I/V)TENG
Motif
ILENG
ILENG
ILENG
ILESA
ILENG
----ILENG
ILENG
ILENG
ILENG
ILENG
ITENG
ITENG
ITENG
ITENG
ITENG
VTENG
IAENG
ITENG
ITENG
IMENG
IMENG
IMENG
IMENG

BGLU ID
BGLU25
BGLU26
BGLU27
BGLU28
BGLU29
BGLU30
BGLU31
BGLU32
BGLU33
BGLU34
BGLU35
BGLU36
BGLU37
BGLU38
BGLU39
BGLU40
BGLU41
BGLU42
BGLU43
BGLU44
BGLU45
BGLU46
BGLU47

TFNEP
Motif
TINEP
TMNEP
TLNEP
TINEP
TINEP
TINEP
TFNEP
TFNEP
TFNEP
TLNQP
TLNQP
TLNQP
TINQL
TINQL
TINQL
TFNEP
TFNEP
TLNEP
TFNEP
TFNEP
TLNEP
TINEP
TFNEP

(I/V)TENG
Motif
VTGNG
ITENG
ITENG
IKENG
VKENG
IKENG
ITENG
ITENG
IMENG
ITENG
ITENG
IPSDS
VTENG
VTENG
ITENG
ITENG
ITENG
ITENG
LSENG
LSENG
ITENG
ITENG
VTENG

A multiple protein sequence alignment was prepared with ClustalW in MEGA v 6.06.
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