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Abstract 
 

CHARACTERIZATION OF THE CYP97 AND HYD CAROTENE 
HYDROXYLASE ENZYMES 

 
 

by 
 

Rena F. Quinlan 
 

Advisor:  Professor Eleanore T. Wurtzel 
 
 

Vitamin A deficiency is a serious and widespread public health issue in  

developing countries.  Provitamin A carotenoids such as β-carotene have therefore 

recently attracted interest as important neutraceuticals.  Due to the nutritional value of 

carotenoids there is currently considerable interest in developing rational strategies 

for metabolic engineering of crops for enhanced carotenoid content.  Efforts to 

improve the provitamin A content of cereal endosperm in staple crops such as maize 

will require characterization of the carotene ring hydroxylases involved in controlling 

the conversion of provitamin A carotenes to non-provitamin A xanthophylls. 

 

Based on early modeling by (Cunningham and Gantt, 1998) the cytochrome 

P450 CYP97 and diiron HYD carotene hydroxylases were predicted to localize to 

chloroplast membranes to function in separate multi-enzyme complexes for the 

respective conversions of the provitamin A carotenes α- and β-carotene to the non-

provitamin A xanthophylls lutein and zeaxanthin.  To gain a better understanding of 

the respective roles of the CYP97 and HYD enzymes in these conversions, the 
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activities and localization/interaction of these enzymes were examined using both in 

vitro and in vivo approaches. 

 
Escherichia coli functional complementation systems were used to assess rice 

P450 CYP97A4 (β-ring hydroxylase) and CYP97C2 (ε-ring hydroxylase) as well as 

maize diiron HYD3 and HYD4 (β-ring hydroxylases) activities and substrate 

specificities.  Preliminary investigations examining CYP97 enzyme activity only via E. 

coli complementation showed that the CYP97A4 exhibits major activity toward β-rings 

to convert β-carotene to β-cryptoxanthin (pathway intermediate) as well as a low amount 

of zeaxanthin (pathway end-product).  In addition, this enzyme exhibited minor activity 

toward the ε-rings of ε-ε-carotene to convert this substrate to a low amount of 

lactucaxanthin (pathway end-product).  These studies also indicated that the CYP97C2 

appeared to be exclusively active toward the ε-rings of ε-ε carotene, converting this 

substrate to a low amount of lactucaxanthin; no activity toward the β-rings of β-carotene 

was detected for this enzyme.  

Subsequent complementation studies tested both individual and combined 

CYP97/HYD enzyme activities in E. coli accumulating both α- and β-carotene substrates.  

These studies demonstrated that the CYP97A4 and CYP97C2 enzymes function 

optimally when expressed together in the conversion of their preferred substrate α-

carotene to produce lutein.  Cells engineered to produce α- and β-carotene and which co-

expressed these enzymes generated almost 30% lutein (% total carotenoids); a roughly 

10-fold higher amount of lutein relative to zeaxanthin was observed.  In contrast, when 

expressed as individual enzymes the CYP97A4 and CYP97C2 showed suboptimal 
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activity (ie., no lutein produced; only approx. 14%, and 1% of the intermediates 

zeinoxanthin and α-cryptoxanthin generated respectively) regardless of substrate choice.  

In these cells, the CYP97A4, when expressed alone, preferred the β-carotene substrate to 

the α-carotene substrate generating a low amount of zeaxanthin (the monohydroxylated 

intermediate β-cryptoxanthin accumulated); the CYP97A4 was only moderately active 

toward the α-carotene substrate as only the intermediate zeinoxanthin accumulated (no 

lutein was produced). When expressed as an individual enzyme, the CYP97C2 was 

minimally active toward both α- and β-carotene substrates to respectively generate barely 

detectable amounts of the intermediates α-cryptoxanthin and β-cryptoxanthin.  

 

HYD3 + CYP97C2 and HYD4 + CYP97C2 combinations were also tested using 

this complementation system. Both enzyme combinations were moderately active toward 

α-carotene, respectively producing low amounts of lutein; although cells co-expressing 

the HYD3 + CYP97C2 appeared to be somewhat more active toward α-carotene than β-

carotene, generating a more than two-fold higher amount of lutein relative to zeaxanthin.   

When expressed as an individual enzyme, the HYD3 was preferentially active toward β-

carotene to convert this substrate to a low amount of zeaxanthin (end-product); this 

enzyme was only moderately active toward the α-carotene substrate as only the 

intermediate zeinoxanthin accumulated.  The HYD3 exhibited suboptimal activity in our 

complementation systems whether expressed alone or in combination with the CYP97C2.  

By contrast, the HYD4 functioned optimally when expressed as an individual enzyme. 
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This enzyme was preferentially active toward β-carotene and efficiently converted 

this substrate to zeaxanthin.   

This work also examined CYP97/HYD protein localization and protein 

interaction.  In vitro chloroplast import and in vivo GFP fusion assays confirmed that 

these enzymes are localized to chloroplasts.  In addition, import assays were used to 

determine the suborganellar locations of these enzymes, and in vivo Bimolecular 

Fluorescence (BiFC) assays were performed to assess protein-protein interaction.  Taken 

together, these studies demonstrated that the CYP97A4 and CYP97C2 enzymes are 

peripherally-associated to chloroplast membranes where they interact to form a 

heterodimer complex to function in the efficient conversion of α-carotene to lutein. It was 

expected that these enzymes, which functioned optimally together toward the α-carotene 

substrate in the E. coli complementation system, would interact and localize to the same 

location in the chloroplast membrane. These data also indicated that the HYD3 and 

HYD4 enzymes are integrally-bound to the chloroplast membrane where they interact to 

function in the conversion of β-carotene to zeaxanthin.  These enzymes were expected to 

localize to the same suborganellar location since they were both preferentially active 

toward the same substrate (ie., β-carotene) in the complementation system. In addition, 

BiFC analysis indicated that HYD4 formed a homodimer complex. 
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CHAPTER 1 
 

Introduction 

 
 
1.1 Carotenoids: background and significance 
 

Carotenoids are a large class of isoprenoid pigments found in plants, fungi, 

and bacteria.  More than 750 carotenoids have been characterized in nature thus far 

(Britton et al., 2004).  In plants these compounds function as essential structural and 

functional components of the photosynthetic apparatus. Specifically, carotenoids 

serve as light-harvesting pigments in photosynthesis and protect against 

photooxidative damage (Liang et al., 2006).  Plants also exploit the distinctive yellow, 

orange, and red pigments of carotenoids to attract pollinators and various agents 

involved in seed dispersal (Kato et al., 2004).  Carotenoids also serve as precursors to 

plant hormones such as abscisic acid (ABA) (Cuttriss et al., 2011) and apocarotenoids 

which function in stress and developmental responses (Walter et al., 2010).  In 

addition, these pigments are essential components of mammalian diets and have vital 

anti-oxidant and provitamin A activities (van den Berg et al., 2000; von Lintig, 2010).  

Vitamin A deficiency is a serious public health issue in developing countries  

and places up to 140 million children at risk every year for a variety of disorders 

including depressed immunological responses and increased susceptibility to 

infectious disease, as well as xerophthalmia and blindness (Sommer and Davidson, 

2002). Provitamin A carotenoids, such as β-carotene, have therefore recently attracted 

interest as important neutraceuticals.  Various plant-derived carotenoids have also 
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attracted attention for their potential as anticancer agents.  In addition, these 

compounds may play roles in preventing certain cardiovascular and eye diseases, and 

may serve to enhance immune system functions (Kopsell and Kopsell, 2006).  Due to 

the nutritional value of carotenoids there is currently considerable interest in 

developing rational strategies for breeding and/or metabolic engineering of crops for 

enhanced carotenoid content (Wurtzel et al., 2012).       

 

1.2 Carotenoid structure 

Carotenoids are C40 terpenoids that are derived from isoprene, and are 

synthesized by tail-to-tail linkage of two molecules of C20 geranylgeranyl 

diphosphate.  The polyene skeleton of carotenoids is the most structurally 

distinguishing feature, and consists of a long system of alternating conjugated double 

and single bonds in which the -electrons are delocalized along the entire length of 

the polyene chain; this feature is responsible for the characteristic molecular shape, 

light-absorbing properties, and chemical reactivity of carotenoids.  Geometric 

isomerization of the double bonds in the polyene chain of carotenoids generates either 

E-configurations (trans-configurations) or Z-configurations (cis configurations), 

depending on the arrangement of substituent groups (Britton et al., 1995). 

Carotenoids are divided into two groups; the carotenes (ie., β-carotene), which 

are non-oxygenated carotenoids that may be linear or possess cyclic hydrocarbons at 

one or both ends of the molecule, and the xanthophylls (ie., lutein), which are 

oxygenated derivatives of carotenes.  Carotenoids such as β-carotene and zeaxanthin, 
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serve as precursors to cleavage products including the hormone abscisic acid (ABA) 

and to other apocarotenoids (Walter et al., 2010; Cuttriss et al., 2011). 

 

1.3 Carotenoid precursor biosynthesis 

Plants have evolved two distinct pathways for the synthesis of isopentenyl 

diphosphate (IPP) and dimethylallyl diphosphate (DMAPP), the universal precursor 

compounds of all isoprenoids.  The well-characterized mevalonate (MVA) pathway, 

which is only found in fungi and animals, as well as in the cytoplasm of phototrophic 

organisms, generates cytosolic IPP, which is subsequently isomerized to DMAPP via 

IPP isomerase (IPPI).  In contrast, plastidial IPP and DMAPP are produced via the 

more recently described 2-C-methyl-D-erythritol 4-phosphate (MEP) (non-

mevalonate) pathway; this pathway is found in plant chloroplasts as well as in most 

bacteria (Schwender et al., 1996; Lichtenthaler et al., 1997; Orihara et al., 1997; 

Rodriguez-Concepcion and Boronat, 2002; Seemann et al., 2006). 

 The classical MVA pathway involves condensation of three units of acetyl-

CoA to generate 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA).  HMG-CoA 

is then reduced by 2 molecules of NADPH to yield mevalonic acid (MVA) 

(Lichtenthaler et al., 1997). 

The MEP pathway-derived precursors include the main photosynthetic 

pigments (ie., chlorophylls and carotenoids) as well as other important compounds 

involved in photosynthesis such as the plastoquinones, phylloquinones, and 
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tocopherols.  In addition, plant hormones such as gibberellins and abscisic acid 

(ABA) are synthesized from MEP-derived precursors (Rodriguez-Concepcion, 2010)    

The first reaction of the MEP pathway involves condensation of the glycolytic 

products pyruvate and glyceraldehyde 3-phosphate (GAP) by the deoxyxylulose 5-

phosphate synthase (DXS) enzyme to produce deoxyxylulose 5-phosphate (DXP).  

The next step of the pathway involves an intramolecular rearrangement and 

subsequent reduction of DXP via DXP reductoisomerase (DXR) to generate MEP, the 

first committed substrate of plastidial isoprenoid compounds.  MEP is then converted 

to hydroxymethylbutenyl diphosphate (HMBPP) in four enzymatic steps.  In the last 

step of the pathway, HMBPP reductase (HDR) then converts HMBPP into DMAPP 

and IPP (Carretero-Paulet et al., 2006).   

 

1.4 Carotenoid biosynthesis 

 The biosynthetic pathway including enzymatic steps and structures are 

depicted in Fig. 1-1. GGPP, which is the immediate precursor for carotenoid 

biosynthesis, is produced via the sequential addition of three molecules of IPP to one 

molecule of the IPP isomer, DMAPP; these reactions are catalyzed by GGPP 

synthase (Cuttriss et al., 2011; Wurtzel et al., 2012). 

 Head-to-head condensation of two molecules of GGPP form the colorless 

compound phytoene, which is the first C40 carotenoid of the pathway.  This reaction 

is catalyzed by the enzyme phytoene synthase (PSY).  Phytoene subsequentl

undergoes a series of four desaturation reactions which extend the conjugated double 

y 
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bond system that constitutes the chromophore in carotenoid pigments.  These 

desaturations therefore lead to the transformation of the colorless phytoene to the 

pink/red pigmented lycopene.  In plants, the four sequential desaturation reactions 

undergone by phytoene are catalyzed by two enzymes: phytoene desaturase (PDS) 

and ζ-carotene desaturase (ZDS) (Cuttriss et al., 2011).  In contrast, this entire process 

is performed by only one enzyme, CRTI, in bacteria. (Linden et al., 1991).   

 15-cis phytoene is converted to the pathway intermediates 9,15-cis 

phytofluene and 9,15,9′-tri-cis-ζ-carotene via two desaturation reactions performed by 

PDS.  The y9 allele from maize was identified as encoding a factor required for 

isomerase activity which functions in the dark or in dark-grown tissues in catalyzing 

the cis- to trans-conversion of the 15-cis-bond in 9,15,9′-tri-cis-ζ-carotene, the 

desaturation product of PDS, to generate 9,9′-di-cis-ζ-carotene (Li et al., 2007), the 

suitable geometrical isomer substrate for ζ-carotene desaturase (ZDS) (Beyer et al., 

1989).  This enzyme activity was termed Z-ISO (ζ-carotene isomerase) (Li et al., 

2007).  Mutational analysis subsequently led to the isolation of the Z-ISO gene in 

both maize and Arabisopsis.  This identification was based on the phenotype of 

Arabidopsis zic1 mutants which accumulated 9,15,9′-tri-cis-ζ-carotene in the dark.  

Functional complementation in E. coli also confirmed Z-ISO activity for both the 

maize and Arabidopsis Z-ISO gene copies (Chen et al., 2010).  

 The pathway continues with further desaturation of 9,9′-di-cis-ζ-carotene via 

ZDS to produce the intermediate 7,9,9′-tri-cis-neurosporene.  Cyclization of the 

downstream ZDS product tetra-cis lycopene cannot occur until it is converted to all-
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trans lycopene (Bartley et al., 1999).  Characterization of the tangerine tomato 

mutant led to the cloning and identification of the carotenoid isomerase gene 

CRTISO, which was the first isomerase associated with these desaturation steps 

(Isaacson et al., 2002; Isaacson et al., 2004; Kato et al., 2004).  It has been shown that 

CRTISO exclusively recognizes the products of ZDS and not those generated by PDS 

(Isaacson et al., 2004). These studies demonstrated that CRTISO functions in the 

conversion of 7,9,9′-tri-cis neurosporene to 9′-cis neurosporene and 7,9,7′,9′-tetra-cis 

lycopene to all-trans lycopene, however this enzyme is not involved in isomerization 

of the single 15 to 15′-cis double bond that is required for generating the acceptable 

ZDS substrate (Beyer et al., 1989; Bartley et al., 1999; Matthews et al., 2003).  In 

summary, lycopene biosynthesis requires a two-step desaturation by PDS, with 

subsequent isomerization of the 15-cis bond via Z-ISO, which generates the 

acceptable di-cis-ζ-carotene substrate for ZDS.  ZDS subsequently performs two 

desaturation steps in concert with CRTISO-mediated isomerization of each pair of 

double bonds generated by ZDS. 

 Photoisomerization of cis-carotenoids to trans-configured states may occur, 

particularly with respect to the central 15-15′-cis-double bond of phytoene, 

phytofluene, or zetacarotene (Bartley et al., 1999).  In the dark, poly-cis lycopene 

accumulated in Arabidopsis CRTISO null mutants (Park et al., 2002), and maize y9 

mutants conditioned accumulation of the 9,15,9′-tri-cis-ζ-carotene, the Z-ISO cis 

isomer substrate (Li et al., 2007).  Nevertheless, light only partially compensates for 

lack of Z-ISO activity, as demonstrated by mutant phenotypes (Li et al., 2007). 
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The cyclization of the linear compound lycopene is a major branch point in 

the carotenoid biosynthetic pathway.  The lycopene β-cyclase (LCYB) and lycopene 

ε-cyclase (LCYE) enzymes catalyze the formation of β- and ε-rings, respectively.  In 

plant carotenoids, two types of cyclic end groups (and derivatives thereof) are 

commonly found: β-rings and ε-rings.  Cyclization at both ends of lycopene by the 

action of LCYB produces β-carotene, while α-carotene synthesis requires the 

combined actions of both the LCYB and LCYE enzymes, which respectively add one 

β-ring and one ε-ring to the ends of the lycopene molecule.  In terms of the number of 

specific ring-additions, an exception has been found with the LCYE enzyme from 

lettuce, which is uniquely capable of adding ε-rings to both ends of lycopene to form  

ε-ε-carotene (Cunningham Jr. et al., 1996; Cunningham Jr. and Gantt, 2001). 

 Hydroxylation of the β- and ε-rings of the provitamin A carotenes leads to 

biosynthesis of non-provitamin A xanthophylls (ie., lutein and zeaxanthin).  

Zeaxanthin and lutein are produced from their respective β- and α-carotene precursors 

by the action of carotenoid β- and ε-hydroxylases, which add hydroxyl groups to the 

third carbon of carotene β- and ε-rings, respectively. In plants, β-ring hydroxylations 

may involve either diiron-type (HYDB) or cytochrome P450-type (CYP97A) β-

hydroxylases.  The diiron-HYDs have been well-characterized from a variety of 

organisms, including bacterial, algal, and plants species (Sun et al., 1996; Bouvier et 

al., 1998; Tian et al., 2003; Tian and DellaPenna, 2004; Vallabhaneni et al., 2009).  

CYP97C is a cytochrome P450  ε-ring hydroxylase which was identified via genetics-

based studies involving the A. thaliana lut1 mutant (Tian et al., 2004).  Arabidopsis 
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mutant studies subsequently indicated that CYP97A is a β-ring hydroxylase (Fiore et 

al., 2006; Kim and DellaPenna, 2006), and both CYP97A and CYP97C enzymes 

from rice were functionally demonstrated in E. coli (Chapter 2) (Quinlan et al., 

2007). 

Further oxygen additions via the enzyme zeaxanthin epoxidase (ZEP) convert 

zeaxanthin to epoxy-xanthophylls, such as antheraxanthin (an intermediate) and 

violaxanthin (Fig. 1-1)   These conversions are reversible; under high-light stress 

violaxanthin de-epoxidase regenerates zeaxanthin in a process that is commonly 

referred to as the xanthophyll cycle (Cunningham and Gantt, 1998). 

 

1.5  Carotenoid cleavage products: apocarotenoids 

Apocarotenoids are important signaling and accessory molecules that function 

in an array of biological processes.  Biologically important apocarotenoids include the 

plant hormone abscisic acid (ABA), and the visual molecule retinal (vitamin A).  

These compounds are formed via oxidative cleavage of carotenoid precursors such as 

β-carotene and zeaxanthin by the action of carotenoid cleavage dioxygenases (CCDs) 

(Auldridge et al., 2006; Schmidt et al., 2006).  

 The first CCD was identified via characterization of the ABA-deficient Vp14 

mutant from maize; the Vp14 gene product is a nine-cis-epoxy dioxygenase (NCED) 

involved in abscisic acid (ABA) biosynthesis in plants (Schwartz et al., 1997; Tan et 

al., 1997).  Vp14 is predicted to contain an N-terminal chloroplast targeting peptide 

sequence, and shares sequence homology with a Pseudomonas paucimobilis 
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lignostilbene dioxygenase that catalyzes an analogous oxidative cleavage (Cutler 

and Krochko, 1999).  

CCD family members share several characteristics.  They all require a Fe2+ for 

catalytic activity and harbor four conserved histidine residues thought to be involved 

in the coordination of iron-binding.  In addition, they contain a conserved carboxyl 

terminus peptide sequence which has been identified as a signature sequence for the 

CCD family (Auldridge et al., 2006).  Various different types of CCDs can be 

distinguished on the basis of their particular cleavage sites, since they exhibit a high 

degree of regio- and stereospecificity for specific double bond positions, which is in 

contrast to their frequently observed substrate promiscuity (Floss and Walter, 2009).  

For example, NCEDs can specifically cleave two 9-cis-epoxycarotenoids (ie., 

violaxanthin and neoxanthin) at their 11,12 double-bond positions.  Other CCDs from 

plants that cleave all-trans carotenoid substrates cleave the 9,10 bond in an 

asymmetrical fashion, or symmetrically cleave 9,10 (9′,10′) bonds, or 7,8 (7′,8′) and 

5,6 bonds in these substrates (Marasco et al., 2006).  A total of nine CCD genes in 

Arabidopsis have been identified based on sequence homology to maize VP14 (Tan et 

al., 2001). Of these genes, five AtNCEDs (2,3,5,6, and 9) are designated as nine-cis-

epoxycarotenoid dioxygenases (NCEDs) since they are specifically active toward 9-

cis-epoxycarotenoids and are involved in ABA biosynthesis, while the other four 

(AtCCD1, AtCCD4, AtCCD7, AtCCD8) cleave various trans-carotenoid substrates 

(Floss and Walter, 2009).   A number of studies have indicated that the carotenoid 

cleavage reaction is a key regulatory step with respect to controlling stress-induced 
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ABA biosythesis (Qin and Zeevaart, 1999). The expression of AtNCED3 in 

particular accounts for most of the stress-induced ABA biosynthesis in leaves; in 

contrast, the other four NCED genes are mainly regulated developmentally. 

AtNCED3, AtNCED5, AtNCED6, and AtNCED9, play roles in ABA synthesis in the 

developing seed.  AtNCED3 is predominantly expressed in seed maternal tissue, 

while AtNCED5 and AtNCED6 are expressed in male and female gametophytes just 

prior to fertilization, as well as in tissues of the endosperm and embryo (Auldridge et 

al., 2006). 

While the majority of CCDs/NCEDs have been shown to be plastid-localized, 

AtCCD1 acts in the cytosol to produce C13 and C14 apocarotenoids.  Of all the CCDs, 

CCD1 has been the best-studied due to its role in the generation of C13 

apocarotenoid-based flower scent and fruit and wine aroma compounds.  The 

cytosolic location of AtCCD1 is surprising given that the presumed carotenoid C40 

substrate is plastid-localized.  Gene-silencing studies involving mycorrhizal hairy 

roots of Medicago truncatula appeared to have solved this contradiction (Floss and 

Walter, 2009).  This work showed that there was an accumulation of C27 

apocarotenoids in mycorrhizal RNAi roots, which indicated that it is C27 rather than 

C40 derivatives which serve as the main substrates for CCD1 in planta.  These data 

suggest that there is a consecutive two-step process, in which another plastid-

localized CCD carries out the primary cleavage of C40 compounds to C27 

compounds, followed by export of the C27 cleavage product and additional cleavage 

by CCD1 in the cytosol to generate the final C13/C14 apocarotenoid end-products 
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(Floss and Walter, 2009).   In addition, in vitro analyses indicated that 

apocarotenoids were the main substrates of the rice OsCCD1 (Ilg et al., 2010). 

However, studies in strawberry (Fragaria ananassa) showed that FaCCD1 

expression levels correlated with a decrease in lutein content.  These data suggest that 

lutein (a C40 carotenoid and not a C27 cleavage product) could be the principle 

natural substrate of FaCCD1 (Garcia-Limones et al., 2008).  In addition, maize 

ZmCCD1 was demonstrated to efficiently cleave C40 carotenoids at the 9,10 position 

(Sun et al., 2008; Vogel et al., 2008).  Furthermore, high CCD1 expression levels 

associated with maize alleles of the dominant white cap1 (wc1) locus correlated with 

reduced endosperm carotenoids, and a maize inbred line containing high ZmCCD1 

copy number had concurrently low levels of carotenoids in endosperm; these data 

point to a possible gene dosage effect (Vallabhaneni et al., 2010).  The significant 

variation in maize carotenoid content and composition makes this crop an important 

genetic resource for the identification of favorable CCD1 alleles that promote 

retention of carotenoids in cereal endosperm (Wurtzel et al., 2012). 

 

  In addition to ABA, strigolactones are another group of carotenoid-derived 

phytohormones.   Strigolactones were previously identified as germination stimulants 

for parasitic weeds and as signaling compounds that play a role in promoting hyphal 

branching of arbuscular mycorrhizal fungi (Akiyama et al., 2005; Matusova et al., 

2005).  More recent studies suggest there are additional roles for strigolactones in root 

tissue.  A C18 Β-apo-13-carotenone known as “D′orenone” prevents root hair growth 
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by interfering with PIN-2-mediated transport of auxin.  The synthetic “D′orenone” 

is identical in structure to the predicted C18 apocarotenoid strigolactone precursor 

(Floss and Walter, 2009).  Biosynthesis of strigolactone is thought to start with β-

carotene and involve two consecutive cleavage steps in the plastid which are 

performed by CCD7 and CCD8 enzymes respectively.  The CCD8 cleavage product, 

which is a C18 compound (or a derivative thereof) is exported to the cytosol where it 

is predicted to serve as a mobile strigolactone precursor.  This precursor is further 

modified and subsequently transported to the shoot where it plays a role in the 

regulation of shoot branching (Floss and Walter, 2009).  Recent in vitro studies by 

Alder et al., (2012) showed that the iron-binding protein, D27, which is a β-carotene 

isomerase, catalyzes the isomerization of the 9,10 double bond in all-trans-β-carotene 

to generate 9-cis-β-carotene, which is cleaved by CCD7  at the 9′,10′ position to 

produce a 9-cis-configured aldehyde.  CCD8 introduces three oxygens into the 

aldehyde 9-cis-β-apo-10′-carotenal and carries out a molecular rearrangement, which 

links carotenoids with strigolactones to produce carlactone, a compound found to 

have strigolactone-like biological activities (Alder et al., 2012). 

  

1.6 Carotenoid pathway localization 

 

 Nuclear-encoded carotenoid enzymes are targeted to various plastids 

including chloroplasts, chromoplasts, and amyloplasts, and carotenoid biosynthesis 

occurs on a variety of architecturally-distinct plastid membranes such as thylakoids 
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and envelopes (Cuttriss et al., 2011).  The mechanisms controlling membrane 

targeting and metabolon assembly in different plastids are not well understood. 

Immunolocalization assays demonstrated that the pathway rate-limiting enzyme 

PSY1 localizes to amyloplast envelope membranes, which suggests that the envelope 

is the site of the carotenoid biosynthetic metabolon in these plastids (Li et al., 2008b).  

Proteomics studies also indicated that the Arabidopsis PDS, ZDS, CRTISO, lycopene 

β-cyclase (LCYB) and P450 β- and ε-ring hydroxylases (CYP97A and CYP97C), as 

well as zeaxanthin epoxidase (ZEP) localize to chloroplast envelope membranes, 

while PDS and ZEP were also found in thylakoid membranes, along with 

violaxanthin de-epoxidase (VDE) (Joyard et al., 2009).  As expected, these studies 

revealed that both ZEP and VDE are located in thylakoids membranes since both 

epoxidase and de-epoxidase activities would be required in the reactions of the 

xanthophyll cycle, which is involved in the non-photochemcial quenching of singlet-

excited chlorophyll in photosynthesis (Li et al., 2009). 

 In addition, biochemical evidence indicated that the chaperonins Hsp70 and 

Cpn60, whose expression is associated with carotenogenesis, may facilitate 

carotenoid enzyme localization in chromoplasts of daffodil flowers (Wurtzel, 2004).  

Moreover, carotenoids are known to be sequestered in lipid bodies known as 

plastoglobules during the transition of a chloroplast to a chromoplast (Tevini and 

Steinmuller, 1985).  Plastoglobuli may provide these pigments with some protection 

from light damage as carotenoids localized in these lipid structures appear to have 

higher light stability than carotenoids resident in chloroplast membranes (Merzlyak 
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and Solovchenko, 2002).  Carotenoids have also been shown to be sequestered in 

plastids as large sheets or crystals as demonstrated by studies of the cauliflower Or 

mutant, which exhibits an orange curd due to the accumulation of β-carotene in the 

plastids of this normally unpigmented tissue (Li et al., 2001; Lu et al., 2006). 

 In the nutritionally-important endosperm tissues of cereal crops such as maize, 

provitamin A carotenoids such as α- and β-carotene do not typically accumulate in 

amyloplasts, the plastids found in these tissues.  Rather, in diverse cultivars of maize, 

the dominant carotenoids in endosperm are either lutein or zeaxanthin, or a 

combination of the two (Wurtzel et al., 2012). Wheat seed amyloplasts were also 

found to accumulate mainly lutein (Hentschel et al., 2002; Howitt et al., 2009).   

 Other plastids which accumulate carotenoids include leucoplasts and 

etioplasts.  Trace levels of neoxanthin and violaxanthin accumulate in leucoplasts in 

root cells, which amount to less than 1% of the levels of these xanthophylls found in 

light-grown leaf tissue (Parry and Horgan, 1992).  Etioplasts (found in dark-grown 

seedlings), harbor rudimentary membrane structures known as prolamellar bodies, 

which accumulate carotenoids such as lutein and violaxanthin that play vital roles in 

LHC assembly and photoprotection in mature photosynthetic chloroplast membranes 

(Joyard et al., 2009). 

 

1.7  Carotenoid pathway regulation 
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 Carotenoid accumulation in plants is regulated by various environmental 

and developmental cues.  While no regulatory genes controlling carotenogenesis in 

any grass species have been characterized, it has been established that transcriptional 

regulation of the rate-limiting PSY in a variety of plant species is a major force 

driving carotenoid production (Wurtzel et al., 2012). 

 PSY is a single copy gene in Arabidopsis, but this enzyme is encoded by 3 

genes in maize and other cereals such as rice and wheat (Wurtzel et al., 2012).   

Although functionally redundant, the PSY paralogs exhibit unique tissue specificities 

and differentially respond to abiotic stimuli.  For example, while maize PSY1 drives 

endosperm carotenogenesis, it also plays a role in photosynthetic tissue where it is 

needed for carotenogenesis in the dark as well as for increased thermotolerance (Li et 

al., 2008b).  Maize PSY3 expression was shown to be strongly influenced by salt and 

drought stress in root tissue; elevated PSY3 transcript levels correlated with an 

increase in carotenoid flux and ABA in roots (Li et al., 2008a).  Rice PSY homologs 

exhibited similar responses (Welsch et al., 2008), which suggests that the maize data 

can be used to inform biofortification projects involving other cereals (Wurtzel et al., 

2012).  

 Changes in PSY transcript levels are most marked during plastid development 

and differentiation (ie., from etioplast to chloroplast).  During photomorophogenesis, 

PSY transcripts are up-regulated via a phytochrome-mediated (red-light) pathway 

(Welsch et al., 2000).  Arabidopsis mutant studies revealed that in dark-grown plants 

the transcription factor phytochrome interacting factor 1 (PIF1), down-regulates 
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carotenogenesis by repressing PSY gene expression.  Upon illumination, 

photoactivated phytochromes degrade PIFs during de-etiolation and PSY gene 

expression is subsequently induced, which leads to a rapid production of carotenoids 

in coordination with chlorophyll accumulation and chloroplast development (Toledo-

Ortiz et al., 2010). 

 While PSY has been demonstrated to be the major rate-limiting enzyme of the 

pathway, other biosynthetic steps were thought to likely influence the size of the 

carotenoid pool.  A maize germplasm diversity collection was analyzed to unveil 

other potential regulatory points in the pathway.  These studies aimed to determine 

whether pathway gene transcript levels correlated with carotenoid content.  Transcipt 

levels were statistically analyzed to identify gene family members that affect 

carotenoid content and composition as well as the time during endosperm 

development when this effect was observed  (Li et al., 2008b; Vallabhaneni et al., 

2009; Vallabhaneni and Wurtzel, 2009).  These studies led to the identification of 

new targets for endosperm carotenoid biofortification efforts.  A number of pathway 

bottlenecks for both carotenoid biosynthesis and for MEP precursor isoprenoid 

synthesis were identified in specific temporal windows of endosperm development.  

Transcript levels of genes which control steps that supply precursor isoprenoids 

including DXS3, DXR, HDR, and GGPPS1 positively correlated with carotenoid 

content in endosperm, while for carotenoid pathway enzymes, the transcripts of 

CrtISO, ZEP1, and ZEP2 inversely correlated with seed carotenoid content 
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(Vallabhaneni and Wurtzel, 2009); this is in contrast to the positive correlation of 

PSY1 transcripts (Li et al., 2008b; Vallabhaneni and Wurtzel, 2009). 

 The timing of expression for pathway controlling genes was shown to be a 

major factor in influencing carotenoid content.  In maize endosperm, carotenoids 

accumulate continuously from 10 days after pollination (DAP) on as maturation of 

the seed occurs (Li et al., 2008b).  Expression of MEP pathway genes which control 

steps that determine the supply of carotenoid pathway precursors correlated with 

carotenoid content at 25 DAP, while the carotenoid biosynthesis genes PSY1, CrtISO, 

and ZEP showed correlation earlier in development, at 20 DAP.  This temporal 

difference may be due to the fact that in later stages of development, several 

pathways, including the carotenoid biosynthetic pathway, compete for isoprenoid 

precursors (Vallabhaneni and Wurtzel, 2009). 

 Another important source of carotenoid pathway regulation is allelic variation.  

The relative activities of the LCYE and LCYB enzymes regulate flux at the branch 

point of the pathway by modulating the ratio of lutein (on the α-branch of the 

pathway) to that of the β-branch carotenoids.  Association analysis, linkage mapping, 

and expression analysis showed that variation at the LCYE locus resulted in changes 

in flux partitioning.  The identification of four polymorphisms that controlled 58% of 

the variation between α- and β- branch carotenoid accumulation facilitates the 

selection of alleles which lead to enhanced provitamin A content for improved 

varieties of maize (Harjes et al., 2008). 
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 Breeding strategies using select LCYE alleles to regulate increased flux 

through the β-branch of the pathway is only effective for generating crops with 

enhanced provitamin A content if there is a block in hydroxylation activity which 

leads to downstream non-provitamin A xanthophylls (ie., zeaxanthin).  A maize 

germplasm diversity collection generated by “metabolite sorting” was used to identify 

target β-carotene hydroxylase genes.  Two structurally distinct groups of 

hydroxylases (P450 CYP97 and diiron HYD) were found in maize to be encoded by a 

total of 8 genes (Vallabhaneni et al., 2009).  Transcript levels of the carotene 

hydroxylase encoded by the Hydroxylase 3 (HYD3) locus were found to negatively 

correlate with high β-carotene levels and positively correlate with zeaxanthin levels.  

HYD3 mapped close to a carotene quantitative trait locus (QTL).  A PCR assay was 

developed to rapidly genotype 51 maize lines in order to test whether HYD3 allelic 

variation could account for β-carotene variation in the maize germplasm collection.  

Three HYD3 alleles in the 51 lines explained 36% of the variation and 4-fold 

difference in absolute levels of β-carotene.  The identification of the HYD3 locus as 

being responsible for the carotene QTL associated with β-carotene accumulation was 

also confirmed by association and linkage population studies in maize (Yan et al., 

2010).  Temperate maize varieties were found to contain the most favorable alleles; 

these alleles will be bred into tropical maize germplasm with the goal of alleviating 

vitamin A deficiency in developing countries (Wurtzel et al., 2012). 

 A systems biology approach using global microarray expression correlation 

analysis aimed to examine the mechanisms that regulate carotenoid biosynthesis as 
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well as the mechanisms which coordinate this synthesis with that of other 

isoprenoid-derived compounds, including ABA.  These studies revealed that during 

later stages of seed development the coupled induction of the Arabidopsis carotene β-

hydroxylase genes βCHY1 and βCHY2, as well as ABA1 with ABA biosynthesis 

genes coincide with ABA accumulation which suggests that βCHY1 and βCHY2, and 

ABA1 may serve to drive pathway intermediates towards β-xanthophyll and 

ultimately ABA production during these developmental stages (Meier et al., 2011).  

These data concord with the reduced LCYE expression observed in dry seeds as well 

as with studies which show that Bchy1 Bchy2 double mutants have a reduced ability 

to generate ABA during drought stress (Tian et al., 2004).  The in silico analysis by 

Meier et al., (2011) further revealed that while there is reduced expression of βCHY1 

and βCHY2 and ABA1 during imbibition and in dark grown plants, there is rapid 

induction of their expression upon illumination with expression of  βCHY1 reaching 

levels greater than two fold higher than that of βCHY2.  The light-induced coupling of 

expression of these genes with other carotenoid pathway genes may point to the vital 

role they play in generating photoprotective β-xanthophylls (Meier et al., 2011). 

 

1.8 Two classes of carotene hydroxylases: CYP97 and diiron HYD 

As this dissertation focuses on the enzymes involved in carotene 

hydroxylation, the β- and ε-ring hydroxylases will be described here in more detail. 

 

1.8.1 Structural distinctions and mechanisms of action 
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As mentioned previously, there are two classes of structurally distinct 

carotene β-hydroxylases in plants.  β-ring hydroxylations may involve either non-

heme diiron or heme-containing cytochrome P450-type β-hydroxylases.  Diiron β-

ring hydroxylases in plants are predicted to contain four transmembrane helices as 

well as four conserved histidine clusters which bind iron.  The histidine residues 

coordinate the orientation of two iron atoms to form oxo-bridged diferric centers 

(Ryle and Hausinger, 2002), which are necessary for the formation of a substrate-

based alkyl radical.  The next step involves the hydroxylation of the substrate via an 

oxygen-rebound mechanism (Bertrand et al., 2005). 

In plants, cytochrome P450 monooxygenases are involved in the production of 

various compounds such as phenylpropanoids, lipids, and phytohormones.  Heme-

containing NADPH-dependent monooxygenases are typically involved in catalyzing 

region- and stereospecific oxygenations of a variety of structurally diverse substrates 

through a mechanism that involves the activation of molecular oxygen.  Due to their 

characteristic CO difference spectra with 450 nm Soret peaks, these hemoproteins are 

called cytochrome P450s (Inoue, 2004).  The P450 enzymes have a P450 domain, and 

conserved oxygen-binding and heme-thiolate-binding signatures.  The heme-thiolate-

binding domain binds a single heme group with one iron atom in the center (Chapple, 

1998; Danielson, 2002; Tian and DellaPenna, 2004).  P450 hydroxylations, like diiron-

type hydroxylations, are redox-sensitive.  These reactions produce a substrate based 

alkyl-radical which is trapped by the OH· from the iron atom (Woggon, 2005).    
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1.8.2 Xanthophyll biosynthesis 

 Xanthophylls or oxygenated carotenoids are enzymatically synthesized 

oxidation products of the carotene substrates α- and β-carotene.  Hydroxylation of the 

C3 and/or C3′ on one or both β-rings of β-carotene generates the intermediate β-

cryptoxanthin (β-β-carotene-3-ol) and zeaxanthin (β-β-carotene-3,3′-diol).  In 

contrast, hydroxylation of the ε-ring, β-ring, or both rings of α-carotene produces α-

cryptoxanthin (β- ε-carotene-3′-ol), zeinoxanthin (β- ε-carotene-3-ol) and lutein (β- ε-

carotene-3,3′-diol), respectively.  The carotenes with β-rings have provitamin A 

activity, whereas their hydroxylated β-ring products do not.  Since β-ring 

hydroxylation reduces vitamin A potential, β-hydroxylation activity is an important 

target for provitamin A biofortification projects (Cuttriss et al., 2011).  

Lutein biosynthesis may involve the two classes of hydroxylases.  

Modification of the β-ionone ring of α-carotene may be performed via either a P450 

or diiron-type β-ring hydroxylase, however ε-ring hydroxylation is catalyzed 

specifically by a P450 ε-hydroxylase.  The two β-ionone rings of β-carotene may also 

be hydroxylated by either a P450 or diiron-type β-hydroxylase to form zeaxanthin 

(Quinlan et al., 2007).  

It was generally thought that different enzymes catalyze  ε- and β-ring 

hydroxylations since the chirality of the hydroxyl group on the  ε-ring of lutein is 

opposite that of the hydroxyl group on the β-ring (Pogson et al., 1996; Sun et al., 

1996; Cunningham Jr. and Gantt, 1998).  An Arabidopsis non-heme diiron β-ring 

hydroxylase was first characterized via E. coli functional complementation studies by 
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(Sun et al., 1996). Subsequent genetic studies indicated that in Arabidopsis, two 

diiron-type hydroxylases (CHY1 and CHY2) primarily catalyze in vivo β-ring 

hydroxylations of β-β-carotenes (Tian and DellaPenna, 2004), while two heme-

containing cytochrome P450 hydroxylases (CYP97A3 and CYP97C1) were 

preferentially active toward the β- and  ε-rings respectively of β- ε carotenoids (ie., α-

carotene) (Kim and DellaPenna, 2006).  CYP97C1 (LUT1 locus) and CYP97A3 

(LUT5 locus) were identified from phenotypes of knock-out lut1 and lut5 mutants in 

Arabidopsis (Tian et al., 2004; Kim and DellaPenna, 2006).  In addition, enzyme 

activities for both CYP97A and CYP97C enzymes from rice were directly 

demonstrated in E. coli (Chapter 2) (Quinlan et al., 2007).   

Genetic studies involving Arabidopsis quadruple mutants which lack all 

CYP97/HYD carotene hydroxylases indicated that these enzymes possibly have some 

overlapping activities (Kim et al., 2009).  For example, triple mutants with only 

CYP97C1 (P450 ε-hydroxylase) or CYP97A3 (P450 β-hydroxylase) activity 

generated 74% and 6% of the WT levels of lutein.  This research group inferred from 

these data that CYP97C1 is significantly active toward both β- and ε-rings of the α-

carotene substrate, and that CYP97A3 also exhibits significant activity toward both 

the ε- and β-rings of α-carotene.  These observations are not in agreement with results 

of E. coli complementation studies described here which indicated that the CYP97A4, 

when expressed as an individual enzyme (not in combination with the CYP97C2) in 

α- and β-carotene accumulating cells was only moderately active toward the β-rings 

of α-carotene to generate the intermediate zeinoxanthin; no lutein accumulated in 
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these cells (Fig. 3-4) (Chapter 3).  In addition, the CYP97A4, when expressed 

alone in this complementation system, was preferentially active toward the β-rings of 

β-carotene to produce the end-product zeaxanthin (Fig. 3-4) (Chapter 3).  

Furthermore, the suggestion that the P450  ε-hydroxylase (CYP97C1) is efficiently 

active toward both β- and  ε-rings does not comport with the findings in E. coli, in 

which preliminary studies showed that the rice P450  ε-hydroxylase (CYP97C2) was 

exclusively active towards  ε-rings of  ε- ε-carotene (Fig. 2-6) (Chapter 2) (Quinlan 

et al., 2007); subsequent complementation studies indicated that when expressed as 

an individual enzyme the CYP97C2 was barely active toward both the ε- and β-rings 

of α- and β-carotene to generate barely detectable amounts of the intermediates α-

cryptoxanthin and β-cryptoxanthin respectively (Fig. 3-4) (Chapter 3); no lutein 

accumulated in cells expressing the CYP97C2 alone.  The apparent overlapping 

carotene hydroxylase activities observed in the Arabidopsis triple mutants may be due 

to pleiotropic effects with respect to the activities of other enzymes in the pathway.  

In addition, these results may point to the existence of an as yet unidentified 

additional carotene hydroxylase which could potentially compensate for the loss of 

CYP97A or CYP97C function in the triple mutants.  Perhaps this unknown 

hydroxylase interacts to form a protein complex with either the CYP97A or CYP97C 

enzyme which would significantly enhance their respective activities.  Furthermore, 

this unknown hydroxylase may require interaction with one or more of the other 

known missing carotene hydroxylases in the quadruple mutant for activity, which 

would explain the lack of hydroxylated products in these mutants.  The activities and 
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specificities, as well as the respective roles of the CYP97/HYD enzymes in 

metabolon biogenesis and substrate channeling in the carotenoid pathway are 

described in detail in chapter 3. 

Both maize and rice contain one gene each for CYP97A and CYP97C, 

respectively, and phylogenetic analysis suggests that both the maize and rice CYP97 

enzymes behave similarly (Chapter 2) (Quinlan et al., 2007; Vallabhaneni et al., 

2009).  Studies by Vallabhaneni et al., (2009) identified six unlinked paralogs which 

code for the diiron β-hydroxylases (HYD) in maize, while only three HYD genes have 

been identified in rice.  Of the six maize paralogs, HYD1 and HYD2 were found to be 

pseudogenes, while HYD3, HYD4, HYD5, and HYD6 code for enzymes that contain 

conserved hydroxylase domains and plastid-targeting signal peptide motifs.  Maize 

HYD3 and HYD4 were found to be syntenous with rice HYD1.  In addition, functional 

testing in E. coli, which successfully demonstrated function of CYP97A and CYP97C 

from rice as described previously, also showed that both HYD3 and HYD4 encode 

functional carotene β-hydroxylases (Vallabhaneni et al., 2009).   

Since hydroxylation the β-ionone rings of carotenes reduces vitamin A 

potential, β-hydroxylase activity is an important provitamin A biofortification target 

in cereal endosperm.  As described previously (section 1.7), favorable alleles of the 

HYD3 locus in maize were discovered in a large germplasm collection for predicting 

enhanced β-carotene composition (Vallabhaneni et al., 2009). 

 

1.8.3  Evolution 
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From an evolutionary standpoint, it is essential to consider the driving 

forces responsible for the emergence of the two distinct classes of carotene 

hydroxylases (P450- and diiron-type) in plants.  

β-xanthophylls (ie. zeaxanthin) are ubiqitous in nature, and are found in all 

photosynthetic eukaryotes as well as in many photosynthetic and non-photosynthetic 

prokaryotic organisms.  The diiron-type β-hydroxylases are thought to be primarily 

responsible for hydroxylation of β-carotene in these different organism groups.  In 

green plant lineage, two Arabidopsis diiron β-hydroxylase isozymes, as well as the 

Arabidopsis P450-type hydroxylases (CYP97A and CYP97C), were shown to have 

relatively strong expression correlation in photosynthetic tissues of non-stressed 

plants (Kim et al., 2009); this suggests that both the diiron- and P450-type 

hydroxylase most recent common ancestor shared a similar activity and was 

expressed in tissues that performed photosynthesis.  Double mutants for the diiron-

hydroxylase isozymes exhibited negatively impacted NPQ as well as Fv/Fm, which 

indicated that the diiron β-hydroxylase likely played a vital role in photoprotection for 

the diiron-hydroxylase containing ancestor and that an intense selection pressure was 

at work for retention of this function throughout evolution (Tian and DellaPenna, 

2001; Tian et al., 2003; Kim et al., 2009).   

α-xanthophylls (ie., lutein) are synthesized exclusively in green algae and 

plants, as well as in some red algae.  Lutein is the most abundant carotenoid in 

photosynthetic tissues of higher plants (Pogson et al., 1996; Galpaz et al., 2006).  The 

fact that lutein accumulates in higher plants and not in cyanobacteria suggests that 
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evolution of the P450 CYP97  ε- and β-ring hydroxylases post-date that of the 

diiron-type β-ring hydroxylase.  In addition, the conservation of α-xanthophyll 

biosynthesis during green algae and plant evolution indicates that powerful selection 

pressures were at work in the production and maintenance of the enzyme activities of 

the  ε-cyclase (LCYE) and P450-type β- and  ε-ring hydroxylases (CYP97A and 

CYP97C) which are required for α-xanthophyll synthesis (Kim et al., 2009). 

Lutein plays an essential role in the assembly of light harvesting complexes 

(LHC) in the photosynthetic apparatus (Pogson et al., 1998; Lokstein et al., 2002; 

Dall'Osto et al., 2006; Dall'Osto et al., 2007).  It is likely that the requirement for 

efficient photosystem structure and function would serve as the driving force for 

selection of P450  ε- and β-ring hydroxylase (CYP97-like) activity; this is in contrast 

to the photooxidation driven selection of the diiron-type β-ring carotene 

hydroxylases.  In Arabidopsis, double diiron hydroxylase mutants showed negatively 

impacted NPQ which suggests that these enzymes have a vital photoprotective 

function and that retention of this function in the diiron hydroxylase-containing 

ancestor was at work throughout evolution. (Tian and DellaPenna, 2001; Tian et al., 

2003; Kim et al., 2009).   

In higher plants, the CYP97 P450 hydroxylases are ubiquitously encoded by 

single copy genes whereas there are multiple genes encoding the diiron-type 

hydroxylases in many species, including representatives of both monocots and 

eudicots.  For example, in rice, as well as in Arabidopsis, there appear to be at least 

two diiron β-hydroxylases (Quinlan et al., 2007), and in maize there are 6 paralogs (2 
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functional and 4 pseudogenes) that code for the diiron β-hydroxylase enzyme 

(Vallabhaneni et al., 2009).  Phylogenetic analysis indicates that the diiron β-

hydroxylase gene duplications occurred relatively recently, after the monocot/dicot 

split (Kim et al., 2009). The products of these multiple diiron hydroxylase paralogs 

may be expressed in different tissues or in response to various environmental cues 

(Wurtzel, 2004; Castillo et al., 2005; Vallabhaneni et al., 2009).  Genetic studies by 

Galpaz et al., (2006) of the tomato white flower mutant (wf), revealed that the wf 

phenotype is caused by mutations in a chromoplast-specific diiron β-hydroxylase 

(CrtR-b2); this is the second of two diiron β-ring hydroxylases found in tomato.  The 

other diiron β-hydroxylase, CrtR-b1, is constitutively expressed in leaves.  The 

flower-specific diiron β-hydroxylase CrtR-b2 revealed by the wf mutation, as well as 

flower- and fruit-specific GGPPS, PSY, and LCYB enzymes together define a 

chromoplast-specific carotenoid biosynthetic pathway, which points to the important 

role of gene duplication in such specialized pathways.  This research group concluded 

that the duplication and preservation CrtR-b2, the second β-hydroxylase in tomato, 

was due to strong selection pressure for the generation of yellow pigments in flowers 

(Galpaz et al., 2006).  

 

1.9 The xanthophyll cycle 

 In order to respond effectively to ever-changing light conditions, plants have 

evolved a variety of regulatory mechanisms.  The xanthophyll cycle is of central 

importance in the regulation of photosynthesis to avoid photo-oxidative damage of 
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the photosynthetic apparatus due to the generation of reactive oxygen species under 

conditions of excess light . When plants absorb an excess of light energy that exceeds 

photosynthetic capacity, the xanthophyll violaxanthin, which is present in the 

photosynthetic apparatus, is reversibly de-epoxidized into zeaxanthin in the 

xanthophyll cycle.  The de-epoxidation of violaxanthin into zeaxanthin is catalyzed 

by the enzyme violaxanthin de-epoxidase (VDE) which is located in the thylakoid 

lumen.   Under conditions of high light, when energy input exceeds photosynthetic 

capacity, acidification of the thylakoid lumen activates VDE.  This results in a shift in 

the xanthophyll balance from violaxanthin, which functions in light-harvesting, 

toward zeaxanthin, which plays a central role in the dissipation of excess absorbed 

energy as heat.  When conditions allow for an increase in lumen pH (ie., low-light), 

zeaxanthin is converted back to violaxanthin via the action of zeaxanthin epoxidase.  

In this way the xanthophyll cycle is regulated so as to prevent unnecessary quenching 

of excitation energy in conditions of low light (Jahns and Holzwarth, 2012) 

 

   

1.10 Objectives 
 

The endosperm tissues of staple crops such as maize and rice are low in 

provitamin A content.  In the developing world, the consumption of carotenoid-poor 

cereals is associated with vitamin A deficiency which is a global health burden that 

places up to 140 million children at risk annually for visual impairment, blindness, 
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and other health problems (ie., depressed immunological responses) (Sommer and 

Davidson, 2002). 

 Efforts to improve the provitamin A content of cereal endosperm in staples 

such as maize will require elucidation of the mechanisms involved in controlling the 

conversion of provitamin A carotenes such as α- and β-carotene to non-provitamin A 

xanthophylls (ie., lutein and zeaxanthin).  In order to gain a better understanding of 

this conversion, the work described herein examined the activities and 

localization/interaction of both maize and rice representatives from the two known 

structurally distinct classes of carotene hydroxylases: the nonheme diiron-type 

hydroxylases from maize (HYD3 and HYD4) and the cytochrome P450-type 

hydroxylases CYP97A and CYP97C from rice.   

          
 
1.10.1 Hypotheses 
 

The P450 CYP97A and CYP97C enzymes are preferentially active on the β-ε 

“arm” of the carotenoid pathway to convert α-carotene to lutein.  The diiron HYD 

enzymes are preferentially active on the β-β “arm” of the pathway to convert β-

carotene to zeaxanthin. 

 
 
 
1.10.2 Specific aims 
 
 The goals of this research were to identify the optimal substrate(s) for the 

CYP97/HYD carotene hydroxylases, to determine whether any of the CYP97/HYD 

enzymes require an interacting partner enzyme for optimal activity, and to establish 
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their respective subcellular/suborganellar locations.  In order to achieve these aims, 

the following studies were conducted: 

 

(1)  Assessment of CYP97 activities and specificities (Chapter 2) 

  Preliminary investigations of the activities and substate specificites of the 

CYP97A4 and CYP97C2 enzymes were conducted via E. coli functional 

complementation assays which included substrates with only either β-rings (ie., β-

carotene) or  ε-rings (ie.,  ε- ε-carotene). 

 

(2)  Assessment of both individual and combined CYP97/HYD enzyme activities 

and specificities (Chapter 3) 

 The CYP97A4, CYP97C2, and diiron HYD3 and HYD4 enzymes were 

assayed individually, as well as in various combinations for their respective activities 

and specificities toward both α- and β-carotene substrates via bacterial functional 

complementation. 

 

(3) Investigation of CYP97/HYD subcellular/suborganellar locations (Chapter 3) 

 Both in vitro chloroplast import and in vivo GFP fusion assays were used to 

determine whether these enzymes are imported into chloroplasts.  In addition, import 

studies were performed to establish whether they form peripheral or integral 

associations with chloroplast membranes. 
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(4) Investigation of CYP97/HYD protein-protein interactions (Chapter 3) 

 Bimolecular Fluorescence Complementation (BiFC) assays were used to 

assess CYP97/HYD protein interactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 32
OPP

GGPP

PSY

PDS

PDS

Z-I

 
 
 

SO

ZDS

CRTISO

ZDS

CRTISO

15- cis phytoene

9,9',15-

 
 
 
 

 cis - carotene

9,15- cis phytofluene

9,9'- cis -carotene

7,9,9'- cis

 
 
 
 
 
 
 
 
 
 
 
 neurosporene
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-1.  Carotenoid biosynthetic pathway in plants.   
Figure prepared by Rena Quinlan.  Cited in:  (Matthews and Wurtzel, 2007) 
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CHAPTER 2 

Escherichia coli as a platform for functional expression of plant P450 carotene 

hydroxylases 

2.1 Abstract    

 Carotenoids and their derivatives are essential for growth, development, and 

signaling in plants and have an added benefit as nutraceuticals in food crops. Despite 

the importance of the biosynthetic pathway, there remain open questions regarding 

some of the later enzymes in the pathway. The CYP97 family of P450 enzymes was 

predicted to function in carotene ring hydroxylation, to convert provitamin A 

carotenes to nonprovitamin A xanthophylls. However, substrate specificity was 

difficult to investigate directly in plants, which mask enzyme activities by a complex 

and dynamic metabolic network. To characterize the enzymes more directly, cDNAs 

were amplified from a model crop, Oryza sativa, and functional complementation in 

Escherichia coli was performed to test activity and specificity of members of Clans A 

and C. This heterologous system will be valuable for further study of enzyme 

interactions and substrate utilization needed to understand better the role of CYP97 

hydroxylases in plant carotenoid biosynthesis.    

 
 
_________________________________________________________________________________ 
*This chapter was taken from:  Quinlan R.F., Jaradat T.T., Wurtzel, E.T. (2007) Escherichia coli as a 
 platform for functional expression of plant P450 carotene hydroxylases. Arch. Biochem. Biophys.    
458: 146-157 (www.sciencedirect.com) with permission from the publisher (Elsevier) 
 

 

http://www.sciencedirect.com/
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2.2 Introduction 

 

Carotenoids are an abundant class of isoprenoid compounds found in all 

plants where they are synthesized in plastids by nuclear-encoded enzymes. Their 

numerous roles in plant growth and development include functions as accessory 

pigments in photosynthesis and as photoprotectors (Fraser and Bramley, 2004; 

Wurtzel, 2004; DellaPenna and Pogson, 2006). Carotenoids such as -carotene and 

zeaxanthin, among others, serve as precursors to cleavage products including the 

hormone abscisic acid (ABA) (Milborrow, 2001) and to other apocarotenoids, some 

of which are gaining attention for their roles in internal and external signaling 

(Bouvier et al., 2003; Booker et al., 2004; Schwartz et al., 2004; Simkin et al., 2004; 

Castillo et al., 2005; Matusova et al., 2005; Moise et al., 2005). The importance of 

certain carotenoids in human health has led to efforts to breed or metabolically 

engineer carotenoid content and composition (Shewmaker et al., 1999; Mann et al., 

2000; Rosati et al., 2000; Ye et al., 2000).  

Plants are an important dietary source of provitamin A carotenoids; 

predictable efforts to use breeding of vitamin-rich crops to address human vitamin A 

deficiency will require elucidation of those mechanisms controlling conversion of 

provitamin A carotenes to nonprovitamin A xanthophylls. For example, in maize 

endosperm, there is wide variation in carotenoid content and composition (Kurilich 

and Juvik, 1999; Islam, 2004) making this tissue a target for improvement of 

carotenoid content and provitamin A levels (Wong et al., 2002; Wong et al., 2004; 
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Wurtzel, 2004).  Like maize, wheat is another of many crops in the Poaceae that 

exhibit diversity in yellow seed color and are attractive breeding targets for 

manipulating endosperm carotenoids (Parker et al., 1998; Zhang et al., 2005). 

Endosperm carotenoids are synthesized and accumulate on amyloplast envelope 

membranes whereas in chloroplasts, carotenoids are found on envelope and thylakoid 

membranes. Targeting of carotenoid enzymes to specific plastid membranes and 

metabolon biogenesis/maintenance are poorly understood phenomena, especially 

given that many carotenoid enzymes are encoded by single copy genes and are 

destined for multiple suborganellar locations. Moreover, there is limited 

understanding of how pathway intermediates are channeled to downstream products 

including photosynthetic pigments or signaling molecule apocarotenoids.  

 In all plants, the biosynthesis of carotenoids begins with the formation of the 

40-carbon phytoene, followed by desaturation steps leading to synthesis of lycopene, 

after which point the pathway diverges to form either -carotene (having two rings) 

or -carotene (having one -ring and one -ring) (Fig. 2-1).  Further hydroxylation of 

the carotenes leads to biosynthesis of the xanthophylls. For example, hydroxylation of 

the C3 and/or C3′ on one or both -rings of -carotene leads to -cryptoxanthin (,-

carotene-3-ol) and zeaxanthin (,-carotene-3,3′-diol). In contrast, hydroxylation of 

the -ring, β-ring, or both rings of -carotene generates -cryptoxanthin (,-

carotene-3′-ol), zeinoxanthin (,-carotene-3-ol), and lutein (,-carotene-3,3′-diol), 

respectively (Cunningham Jr. and Gantt, 1998). The carotenes with -rings have 
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provitamin A activity, whereas their hydroxylated -ring products do not (von 

Lintig and Vogt, 2004).  

In plants, the hydroxylation of provitamin A carotenes to form non-provitamin 

A xanthophylls is thought to be mediated by two structurally distinct classes of mixed 

function oxygenases. The first class of hydroxylases is comprised of the -ring non-

heme diiron monooxygenases. Members of this class were identified from a wide 

range of bacterial, algal, and plant species (Sun et al., 1996; Bouvier et al., 1998; Tian 

and DellaPenna, 2004). Plant diiron -ring hydroxylases contain four transmembrane 

helices and four conserved iron-binding histidine clusters.  Histidine residues in these 

clusters coordinate the orientation of two iron atoms to form oxo-bridged diferric 

centers (Ryle and Hausinger, 2002), which are involved in the formation of a 

substrate based alkyl-radical and the subsequent hydroxylation of the substrate via an 

oxygen-rebound mechanism (Bertrand et al., 2005). Enzyme activity of the diiron -

ring hydroxylases has been demonstrated in an E. coli functional complementation 

system (Sun et al., 1996). The second class consists of P450 enzymes from the 

CYP97 clan, which on the basis of genetic evidence, are hypothesized to hydroxylate 

carotene - and - rings, respectively (Tian et al., 2004; Kim and DellaPenna, 2006). 

These predicted  P450 heme-thiolate hydroxylases contain a single transmembrane 

anchoring sequence, typical of other eukaryotic P450 enzymes (Chapple, 1998; 

Danielson, 2002). In addition, each enzyme has a P450 domain, a conserved oxygen 

binding signature, and a conserved heme-thiolate binding signature that binds a single 

heme group with one iron atom in the center (Chapple, 1998; Danielson, 2002; Tian 
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and DellaPenna, 2004). Similar to diiron hydroxylation reactions, P450 

hydroxylations are also redox-sensitive and involve the formation of a substrate based 

alkyl-radical that is immediately trapped by the HO• from the iron atom (Woggon, 

2005). A major limitation for the genetic evidence used to support substrate 

specificity of the CYP97 carotene hydroxylases is that biochemical profiling of 

mutants is complicated by poorly understood compensatory mechanisms, including 

changes in transcriptional activity of genes encoding other carotenoid biosynthetic 

enzymes such as the nonheme diiron carotene hydroxylases, which may ultimately 

impact pathway flux (Tian et al., 2004; Kim and DellaPenna, 2006).  

Progress in characterizing the full complement of enzymes and identifying the 

corresponding genes has been significantly advanced with use of  E. coli to 

functionally test activity of the membrane bound carotenoid pathway enzymes, an 

approach adopted by the carotenoid community [e.g. (Misawa et al., 1990; Sun et al., 

1996; Sandmann et al., 1999; Matthews and Wurtzel, 2000; Isaacson et al., 2002; 

Gallagher et al., 2004)]. The bacterial system could potentially provide a simple 

platform to manipulate and study the CYP97 carotene hydroxylases. Therefore, 

cDNAs were isolated from Oryza sativa, a representative member of the Poaceae, and  

E. coli complementation was used to demonstrate activity and investigate carotene 

ring specificity of the putative P450 β- and ε- ring hydroxylases. Since only a subset 

of P450 enzymes function in E. coli, the widely used heterologous bacterial system 

was not necessarily a feasible approach. (Bak et al., 1998; Naur et al., 2003; Schuler 

and Werck-Reichhart, 2003).  This work demonstrates that these members of the 
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CYP97 clan function in E. coli and indicates that this system will be valuable in 

further dissecting the structural basis for ring specificity and other molecular 

applications. Given that -ring hydroxylation is alternatively possible with either 

CYP97 or diiron enzymes raises the question of which are the appropriate 

genes/enzymes to choose as breeding targets or in metabolic engineering of this 

pathway; whether it is to achieve enhanced levels of endosperm provitamin A 

carotenoids in food crops, or increased abiotic and/or biotic resistance in plants in 

general. 

 

2.3 Results 

 

2.3.1 Phylogenetic analysis 

 Among all known CYP97 P450 enzyme family members, three distinctive, yet 

closely related, clans (i.e., A, B, and C) can be discerned (Nelson et al., 2004). The 

amino acid alignment and phylogenetic tree construction for a selection of thirteen 

protein sequences from seven different plant species (monocots and dicots) is in 

agreement with the three clans designation (Fig. 2-2A). Clan A and C enzyme 

sequences are more closely related with three blocks of amino acid sequence 

insertions that differentiate members of Clan B from those in Clans A and C (Fig. 2- 

2B). Block 1 is about 100 residues downstream of the P450 domain; blocks 2 and 3 

are 37 aa apart and located between the oxygen- and heme thiolate-binding 

signatures.  Members of the CYP97 clan, Clan B, do not have any functionally 
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demonstrated representatives and as shown in the sequence comparisons, are more 

distant from Clans A and C. Clan B sequences do possess a potential chloroplast-

targeting sequence (Emanuelsson et al., 1999) and transcripts are present in shoots as 

reflected by ESTs, suggesting localization in chloroplasts as predicted for Clan A and 

C enzymes. Clan B homologs are found in angiosperms (Fig. 2-2), in Ginkgo biloba 

(AAT28222) and the diatom, Skeletonema costatum (AAL73435) (Yang et al., 2003). 

This taxonomically broad distribution suggests that Clan B enzymes may function in 

all plants rather than catalyzing synthesis of taxon-specific metabolites. 

To test carotene hydroxylase activity of Clan A and C enzymes, sequences 

that were most closely related to Arabidopsis LUT1 (CYP97C1) were identified using 

the genome of Oryza sativa, a representative of the Poaceae, and amplified cDNAs 

from O. sativa L. cv Nipponbare leaves. The O. sativa AK065689 and AK068163 

cDNAs, correspond to CYP97C2 (P450 HydE, putative -ring carotene hydroxylase) 

and CYP97A4 (P450 HydB, putative -ring carotene hydroxylase). They encode 

conceptually translated proteins sharing 84% and 76% similarity (excluding the non-

conserved transit peptide sequences) with the A. thaliana CYP97C1 (LUT1) and 

CYP97A3 (LUT5) (Kim and DellaPenna, 2006) candidates for -ring and -ring 

hydroxylases. Rice CYP97A4 and CYP97C2 map to chromosomes 2 and 10, 

respectively. CYP assignment of rice clones is based on BLAST searches using the 

Rice P450 BLAST Server, which implements the standardized system of cytochrome 

P450 nomenclature (Nelson et al., 2004).   

  

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=47498772
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=18479135
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=32975707
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=32978181
http://132.192.64.52/blast/P450.html


 40

2.3.2 P450 DNA sequence analysis 

The O. sativa CYP97A4 (P450 HydB) is comprised of 15 exons and 14 

introns, while the CYP97C2 (P450 HydE) gene consists of 10 exons and 9 introns 

(Fig. 2-3A, B). All intron boundaries are consistent with the conserved 5′-AG  and 3′-

GT flanking element rule (Hanley and Schuler, 1988). The CYP97C2 cDNA is 

described in the NCBI GenBank # AK065689 as a 1876 bp long cDNA with a 1683 

bp open reading frame (ORF), a 104 bp 5′- untranslated region (5′-UTR), and an 89 

bp 3′-UTR (Kikuchi et al., 2003). The CYP97A4 cDNA (GenBank #AK068163) is 

indicated as a 4217 bp long cDNA with a 1929 bp ORF, a 53 bp 5′-UTR, and a 2235 

bp 3′-UTR (Kikuchi et al., 2003). However, analysis of AK068163 cDNA and 

corresponding genomic sequence (GenBank # NT_107182) support a 2414 bp full-

length cDNA with a 1929 bp ORF, an 88 bp 5′-UTR, a 397 bp 3′-UTR with 

conserved near-upstream element (NUE; poly-A addition signal), far upstream 

element (FUE), and terminal “Pyr(T)A” poly-A site (Fig. 2-3C) (Kozak, 1987; 

Rothnie, 1996; Zhao et al., 1999). The modified full-length cDNA structure (Fig. 2-

3C) is based on the finding that several rice 3′-end ESTs map around the proposed 

poly-A addition site, whereas there are no ESTs that map to the 3′-end of the model 

presented by Kikuchi and coworkers (Kikuchi et al., 2003).  

 

2.3.3 Conserved domain characteristics of the CYP97C2 and CYP97A4 amino 

acid sequences 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=32978181
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=32978181
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=50953595
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Significant E values from PSI- and PHI-BLAST searches against the 

conserved domain database (CDD) at NCBI confirm that CYP97C2  and CYP97A4  

are P450 proteins (Marchler-Bauer et al., 2005). The conserved heme-thiolate-binding 

signature (FXXGXXXCXG) in plants corresponds to Phe
488

-Ser-Gly-Gly-Pro-Arg-

Lys-Cys-Val-Gly
497

 in CYP97C2 and to Phe
534

-Gly-Gly-Gly-Pro-Arg-Lys-Cys-Val-

Gly
543

 in CYP97A4 and as compared with those of other related plant enzymes (Fig. 

2-3D). The underlined conserved cysteine in each of these motifs is an essential 

residue since it contributes the thiol group, which is the fifth ligand that binds the iron 

atom in these hemoproteins.  Similarly, near the middle of the P450 conserved 

domain, a conserved oxygen binding signature (A/G)GX(D/E)T(T/S) is detected with 

the corresponding amino acid sequence of Ala
361

-Gly-His-Glu-Thr-Thr
366

 for the 

CYP97C2 and Ala
402

-Gly-His-Glu-Thr-Ser
407

 for the CYP97A4 (Fig. 3D) and as 

compared with those of other related plant enzymes.  The underlined threonine in 

these respective sequences is involved in the binding of an oxygen molecule, which is 

essential for catalysis.  

The overwhelming majority of eukaryotic P450 heme-thiolate enzymes are 

membrane bound through an anchoring trans-membrane helix. Conversely, all P450s 

in prokaryotes are cytosolic. CYP97C2 is predicted to be a 62.1 kDa (561 residue) 

preprotein with a 40 residue N-terminal transit peptide that is cleaved upon import to 

yield a chloroplast-localized 57.8 kDa, 521 residue, mature protein (Emanuelsson et 

al., 1999).  CYP97A4 is predicted to be a 69.9 kDa (643 residue) preprotein 

containing a 41 residue N-terminal transit sequence that is removed upon chloroplast 
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import to yield a chloroplast-localized 65.9 kDa, 602 residue, mature protein. In 

addition, both enzymes harbor a trans-membrane helix sequence at the N-terminus of 

the P450 domain, as predicted by the HMMTOP server (Tusnady and Simon, 1998) 

to membrane anchor the mature P450 protein. 

 

2.3.4 Heterologous expression of CYP97 genes in E. coli and substrate specificity 

CYP97A4.  For functional testing of -ring carotene hydroxylase activity, E. 

coli cells were engineered as described in the methods to produce the β-carotene (-

carotene) substrate, which contains two -rings for potential hydroxylation. For 

testing of a Clan A enzyme (a putative -ring carotene hydroxylase), the full-length 

rice CYP97A4 cDNA (including its putative transit sequence) was amplified and 

cloned into pCOLADuetTM-1.  The resulting construct was introduced into the -

carotene-accumulating cells. Accumulated pigments from transformed cells with or 

without the cDNA (Fig. 2-4A-e and 2-4A-d) along with standards for β-carotene 

(Fig. 2-4A-c, peak 3) and hydroxylated products, -cryptoxanthin (one hydroxylated 

ring, Fig. 2-4A-b, peak 2) and zeaxanthin (two hydroxylated rings, Fig. 2-4A-a, peak 

1) were analyzed by HPLC. Extracted pigments were identified based on HPLC 

retention times (Fig. 2-4A) and spectra (Fig. 2-4B) matching those of authentic 

standards. As seen in Figure 2-4A-e, only the doubly transformed cells accumulated 

-cryptoxanthin (peak 2) and zeaxanthin (peak 1), in addition to the substrate β-

carotene (peak 3). Cells that lacked the CYP97A4 cDNA did not have any 

hydroxylated -carotene derivatives (Fig. 2-4A-d).  
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The effect of culturing temperature and IPTG concentration was then tested 

on CYP97A4 hydroxylation activity in E. coli.  At 21°C and 10 mM IPTG, ~62% 

hydroxylated product accumulated, of which 52% was -cryptoxanthin 

(monohydroxy intermediate) and 10% was zeaxanthin (di-hydroxy product) (Fig. 2- 

5A), a combined equivalent of 36% total hydroxylated -rings (Fig. 2-5B). Increasing 

the culturing temperature from 21°C to 37°C increased production of -carotene 

substrate but reduced the amount of hydroxylated products by 20% at 5 mM IPTG 

(data not shown) and by 40% at 10 mM IPTG (Fig. 2-5). Initial attempts using 

overnight cultures grown at 37 °C and lower concentration of IPTG (i.e., 0.4 mM and 

1 mM) did not result in accumulation of detectable xanthophylls. Interestingly, the 

ratio of -cryptoxanthin (one hydroxylated ring) to zeaxanthin (two hydroxylated 

rings) decreased from 5:1 for growth at 21°C to almost equimolar amounts for growth 

at 37°C.  In summary, CYP97A4 is more effective at lower temperature (21°C) when 

expressed in E. coli, an organism having optimal growth at 37°C. 

 CYP97C2.    Subsequent assays tested whether a Clan C enzyme, a putative 

-ring carotene hydroxylase, could utilize the -ring substrate. The rice CYP97C2 

cDNA was similarly amplified and cloned, missing only 7 codons of the predicted 40 

residue transit sequence, into pCOLADuetTM-1.  This construct was introduced into 

-carotene accumulating cells; the pigment profile was compared with that obtained 

from CYP97A4 double transformed cells as above. The HPLC chromatogram (Fig. 2-

6A, left panel, bottom) shows that when CYP97C2 was introduced into -carotene 

accumulating cells, -carotene substrate (peak 3) was the sole accumulating pigment 
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as seen in the control (Fig. 2-6A, left panel, top, peak 3) and no hydroxylated 

products were detected. In comparison, introduction of CYP97A4 cDNA resulted in 

the mono- and di-hydroxylated products (left panel, middle, peaks 1 and 2). 

In contrast, if the CYP97C2 cDNA was introduced into cells engineered with 

-ring substrates δ-carotene and ε,ε-carotene (Fig. 2-6A right panel, top, peaks 6 and 

7), it was observed that CYP97C2 did confer hydroxylation of -rings. This was seen 

by accumulation of the more polar peaks including lactucaxanthin, a di-hydroxylated 

product (Fig. 2-6A, right panel, bottom, peak 4) with retention time and 

corresponding spectrum matching the authentic lactucaxanthin standard 

chromatographed in the same HPLC system (Fig. 2-6B). Hydroxylated products 

accumulated only when cells were grown at 37°C and not at lower temperatures (data 

not shown). When the -ring hydroxylase CYP97A4 was introduced into cells with 

the -ring substrates, there was a barely detectable amount of accumulated 

lactucaxanthin (Fig. 2-6 right panel, middle, peak 4).  Spectra corresponding to the 

small bumps seen in the control (empty vector) do not match those for peak 4 nor for 

any carotenoid. Therefore, lactucaxanthin is only detected when the plant enzymes 

are present.  These results demonstrate that the Clan A enzyme hydroxylates carotene 

- rings and has weak activity towards carotene -rings while the Clan C enzyme only 

hydroxylates carotene -rings. 

 

2.4 Discussion 
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2.4.1 Phylogenetic analysis of CYP97 genes 

Predictive metabolic engineering or marker-based breeding of enhanced 

provitamin A levels depends on controlling conversion of provitamin A carotenes to 

non-provitamin A xanthophylls in endosperm and other tissues. To assess this 

conversion requires that there is a means to investigate activities and specificities of 

the putative hydroxylase enzymes. This work focused on the recently discovered 

CYP97 family encoding P450 enzymes for which enzyme activities have been 

implied but never demonstrated. An enzyme tree of CYP97 P450 enzymes was first 

constructed to identify candidate sequences for - and -ring hydroxylases in rice, a 

member of the Poaceae and representative of many agronomically important crops. 

Enzymes clustered into three clans, A, B, and C, and appeared to be encoded by 

single copy genes based on the finding that in each case, only one orthologous 

sequence was found in each of four different plant species, two being among the most 

exhaustively sequenced genomes (i.e., A. thaliana and O. sativa).  

 

2.4.2 Functional complementation results integrated with earlier genetic studies 

These studies involved the isolation of cDNAs encoding both β- and ε-ring 

hydroxylases in the Oryza sativa CYP97 family and demonstrated that E. coli cells 

were suitable for expression of functional enzymes to allow testing of substrate 

specificity.  A preliminary examination of substrate specificity was conducted with 

regard to β- and ε-ring-containing substrates.  Using E. coli functional 

complementation, it was demonstrated that a Clan A enzyme, CYP97A4, is a -ring 
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carotene hydroxylase with some minor activity towards -rings. This minor -ring 

activity of the Clan A enzyme likely contributes to the residual lutein that 

accumulated in Arabidopsis plants carrying a lut1 null allele that blocks expression of 

a Clan C -ring hydroxylase (Kim and DellaPenna, 2006). The phenotype of the null 

lut1 allele also indicates that the minor -ring activity observed in the E. coli system 

is consistent with minor activity in the plant; almost no lutein accumulates in the null 

mutant and therefore the minor activity of the Clan A enzyme is indeed minor and 

cannot compensate for the Clan C deficiency.  Studies on the nonheme diiron -ring 

hydroxylases also showed the enzymes to display some activity towards - rings (Sun 

et al., 1996). Given this observation in two structurally distinct enzymes (the P450 

and diiron -ring hydroxylases) suggests that this plasticity may be a function of the 

relationship between the extracted hydrogen and the configuration of the double bond 

in the -ring as compared to the -ring (Tian et al., 2004). 

Previous knockout mutagenesis in A. thaliana of the two genes encoding non-

heme diiron -carotene hydroxylases and one encoding the -ring hydroxylase 

(LUT1, a Clan C enzyme) (Tian et al., 2003) led the authors to suggest that the LUT1 

-ring hydroxylase may be active towards -rings. Using E. coli, it was shown that a 

Clan C enzyme, CYP97C2, lacked detectable activity towards -rings. Therefore, 

these results do not support the hypothesis that further reduction in -ring 

hydroxylation caused by a lesion in Lut1 triple mutants compared to defects in the 

diiron enzymes alone, is attributed to a defect in the Clan C enzyme (which did not 

exhibit such activity under the conditions tested). Therefore, the observation in the 
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triple mutant must have some other explanation. One possibility is that the Clan C 

and A enzymes form a complex, and interference in the expression of one affects 

expression/stability of the other, and hence the additional impact on -ring 

hydroxylation activity in the triple mutants. 

When comparing the activity of the rice enzymes in E. coli, it was noted that 

the carotene -ring hydroxylation mediated by the Clan C enzyme was weak. One 

possibility is that the -ring substrate (one or two -rings) is not the best substrate as 

suggested by biochemical profiles of plant CYP97 mutants. Arabidopsis mutants 

defective in a Clan C -ring hydroxylase (lut1) conditioned accumulation of 

zeinoxanthin (hydroxylated -ring of -carotene) while plants defective in a Clan A 

-ring hydroxylase (lut5) accumulated -carotene and not -cryptoxanthin 

(hydroxylated -ring of -carotene) which would be expected if the available Clan C 

-ring hydroxylase could accept -carotene directly. These combined observations 

suggest that the preferred in planta substrate of the Clan C -ring hydroxylases is 

zeinoxanthin (the mono-hydroxylated -ring) and that the enzymes function in an 

ordered manner with the Clan A enzyme hydroxylating the carotene -ring to produce 

zeinoxanthin followed by the Clan C enzyme hydroxylating the -ring (Fiore et al., 

2006; Kim and DellaPenna, 2006). Therefore, Clan C enzyme activity in E. coli 

might be improved with another substrate, the monohydroxylated -ring of -

carotene (zeinoxanthin) and/or association with the Clan A enzyme. Enhancement of 

Clan C activity, by co-expression of the Clan A enzyme needed to produce 
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zeinoxanthin, is now testable given demonstrated utility of the E. coli platform to 

express each individual enzyme.  

It was also observed that expression of the Clan A enzyme in E. coli led to 

significant accumulation of -cryptoxanthin, even when different conditions were 

tested; this compound is not usually found in Arabidopsis, although it is found in 

other tissues of other species such as maize (Islam, 2004). While this work 

demonstrated hydroxylation of -rings in E. coli by Clan A enzymes using -carotene 

(two -rings), the Clan A enzyme might prefer -carotene (mixed -ring and -ring) 

as the substrate. Therefore, the E. coli platform will be valuable in testing different 

types of substrates and combinations of enzymes. 

 

2.4.3 What other factors are required for successful function in E. coli? 

P450 enzyme activity is generally predicated on availability of an electron 

donor partner (Bernhardt, 2006). Such partners include NADPH flavodoxin 

reductases of various forms that are found in plant plastids, among other locations, 

and which function as electron carries for photosynthetic and nonphotosynthetic 

processes such as sterol and fatty acid biosynthesis (Carrillo and Ceccarelli, 2003; 

Ceccarelli et al., 2004). In  E. coli, a bacterium which lacks P450 enzymes, 

flavodoxin: NADPH flavodoxin reductase can serve as a replacement for the natural 

redox partner to facilitate function of some plant P450 enzymes but not others 

(Jenkins and Waterman, 1994; Carrillo and Ceccarelli, 2003). For example, sorghum 

CYP71E1, required for cyanogenic glycoside biosynthesis, could both function in 
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vivo in E. coli using the E. coli flavodoxin: NADPH flavodoxin reductase or 

reconstituted in vitro with a plant NADPH cytochrome P450 reductase (Bak et al., 

1998). In comparison, CYP79B2, an enzyme required for indole glucosinolate 

biosynthesis in Arabidopsis, functioned in E. coli only with support of the plant 

reductase (Mikkelsen et al., 2000) as found in other cases (Schuler and Werck-

Reichhart, 2003). The CYP97 Clan A and Clan C enzymes were functional in E. coli 

because they could accept electrons from the endogenous E. coli flavodoxin reductase 

(Jenkins and Waterman, 1994; Carrillo and Ceccarelli, 2003). 

 

2.4.4 Why is CYP97 carotene hydroxylase activity suboptimal in E. coli? 

Hydroxylase activity of the CYP97 enzymes in E. coli could be improved 

over the modest conversion of monohydroxylated intermediate to di-hydroxylated 

product.  In addition to substrate choice as mentioned above, another factor that might 

limit enzyme activity might be the basal level expression of the endogenous 

reductase. Bacterial flavodoxin reductase, encoded by E. coli fpr, is induced about 

twenty-fold from basal levels as part of a global response to oxidative stress that is 

mediated by the soxRS regulon (Liochev et al., 1994; Krapp et al., 2002). In the 

absence of such induction, reductase expression may limit activity of the plant CYP. 

Other possible enhancements might include optimization of codon usage of the plant 

cDNA and/or removal of upstream plastid targeting sequences.  However, 

posttranslational modification (e.g. glycosylation) is an unlikely prerequisite since the 

CYP97 enzymes did function in E. coli.   
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2.4.5 What is the structural basis for enzyme specificity? 

Understanding the structural basis for - and -ring specificity as 

demonstrated here will require modeling in combination with directed enzyme 

evolution.  Modeling alone is insufficient to predict structural determinants of activity 

as seen in the characterization of other P450 enzymes. For example, directed 

evolution of Bacillus subtilis CYP102A2 enhanced its activity towards fatty acids and 

other aromatic substrates; affected amino acids were remote from the active site and 

unpredicted from modeling on related crystal structures to affect substrate specificity 

(Axarli et al., 2005). The E. coli platform used here will be valuable in addressing the 

issue of substrate specificity as well as to produce the protein crystals needed to 

elucidate a three dimensional structure of these crucial enzymes.   

There are some recently described bacterial and fungal genes that encode 

P450 carotene ring hydroxylases.  CrtS, is a 62.63 kDa (5.75 pI) fungal P450 that 

hydroxylates -carotene to form astaxanthin. However, it is unrelated to the plant 

enzyme (Alvarez et al., 2006). A P450 -ring hydroxylase gene was also found in the 

carotenoid-containing thermophilic bacterium, Thermus thermophilus and the crystal 

structure has been solved (Yano et al., 2003). The location of this single P450 gene on 

the thermophile’s megaplasmid suggests that the gene may have been acquired 

through horizontal transfer and perhaps conferred some advantage to heat stress. The 

bacterial gene encodes a 44 kDa (9.72 pI) enzyme in comparison to the predicted 

mature 66 kDa (5.44 pI) plant Clan A enzyme (Blasco et al., 2004; Henne et al., 

2004), though they share 21% similar residues and cluster in a neighbor-joining tree 
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(Inoue, 2004). While the plant and bacterial enzymes are sufficiently different, and 

perhaps cases of convergent evolution, they both functioned in E. coli.  

 

2.4.6 Metabolic engineering in plants- challenges 

From the results shown here and from prior studies, it is evident that higher 

plants contain one P450  ε-carotene hydroxylase that mediates carotene -ring 

hydroxylation and two structurally distinct (P450 and diiron) -ring hydroxylases, 

both of which catalyze hydroxylation of carotene -rings leading to xanthophyll 

formation. A fundamental issue to address is how do the P450 and non-P450 enzymes 

contribute to metabolon structure(s) whose biogenesis may be differentially 

controlled whether the pathway is located on the envelope or thylakoid membranes; 

each location leads to intermediates and products with multiple roles in plant 

development and physiology.  In addition, how do these enzymes contribute to 

biogenesis and control of a pathway that also diverges to form alternate end-products, 

one via -carotene (the carotenoid with highest provitamin A value) and the other via 

-carotene? Indeed, to develop rational strategies for metabolic engineering of 

specific carotenoids such as the provitamin A -carotene or any other of the 

numerous carotenoids found in nature, will require a deeper understanding of how 

these hydroxylases participate in metabolon biogenesis and substrate channeling.  

In rice, as in Arabidopsis, in addition to CYP97C2, there appear to be at least 

two nonheme diiron -carotene hydroxylases (GenBank #XM_473611, AK060559). 

Further investigation of their suborganellar membrane localization will help to 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=50928166
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=32970577
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elucidate the specific roles of these -ring hydroxylase classes on envelope and 

thylakoid membrane carotenoid biosynthetic pathways. Structurally they are unique: 

the diiron -ring hydroxylases contain four transmembrane helices causing the 

enzymes to embed in the membrane while the P450 hydroxylases are peripheral 

membrane enzymes due to their single transmembrane anchoring sequence. Other 

structural distinctions seen in the enzymes are their isoelectric points (pI); the pI of 

the mature rice Clan A enzyme is 5.44, while the rice diiron enzymes are 6.98 and 

9.04. Given the differences in enzyme structure and membrane association, the 

enzymes may respond differentially to pH gradients that form across the thylakoid 

lumen at high light irradiance (lumenal pH 5/stromal pH 8).  If, as is the case of the 

xanthophyll cycle de-epoxidase enzyme, activities of the carotene hydroxylases are 

pH-dependent, localization/orientation on the thylakoid membranes may be critical. 

At high light irradiance, acidification of the thylakoid lumen activates membrane 

association of the violaxanthin de-epoxidase, an enzyme having a pI of 4.57 (Bugos 

and Yamamoto, 1996), to convert violaxanthin to zeaxanthin, a product which 

dissipates the high light energy; in the dark violaxanthin accumulates. Perhaps diiron 

carotene -ring hydroxylases function in the dark or on different plastid membranes 

(including envelope) for apocarotenoid biosynthesis, while P450 -ring hydroxylases 

are light activated or function on the thylakoid membranes in association with the 

photosynthetic apparatus. 

If on the other hand, the two structurally distinct carotene hydroxylases exist 

on the same membrane system, it is compelling to consider how they contribute to 

 



 53

metabolon biogenesis and substrate channeling. Early modeling of Cunningham 

(Cunningham Jr. and Gantt, 1998) portrayed separate complexes for production of -

carotene and -carotene, precursors of lutein and zeaxanthin, respectively. However, 

some observations agree and others conflict with this model and suggest that the 

enzymes might play some compensatory role. For example, in studies of potato tuber 

endosperm, overexpression of a bacterial phytoene synthase gene led to increases in 

lutein and -carotene but not in zeaxanthin (Ducreux et al., 2005). The result suggests 

that there were adequate levels of the P450 CYP97 -ring and -ring activities to 

accommodate the increased pathway flux to lutein. However, the Clan A P450 -ring 

hydroxylase was not accessible for hydroxylation of the -carotene needed to produce 

zeaxanthin which suggests that cells were limited for specific -carotene hydroxylase 

activity required for zeaxanthin biosynthesis, presumably that of the nonheme diiron 

enzyme. Therefore, despite the fact that these studies demonstrate that the P450 Clan 

A enzyme could utilize -carotene as a substrate in E. coli, it may be that the enzyme 

is not in a biochemical context to utilize this substrate in potato tuber. Our 

interpretation of the potato experiments is that they support Cunningham’s view of 

separate submetabolons for the -carotene and -carotene sides of the pathway. 

However, if the Clan A enzyme cannot compensate for the diiron enzyme, then one 

would predict that a Clan A knockout would affect lutein accumulation only and not 

that of the -carotene derived xanthophylls. This was not the case for the Arabidopsis 

lut5 (Clan A)  mutation which caused both reduced lutein and -carotene derived 

xanthophylls (Kim and DellaPenna, 2006), thus suggesting that the Clan A enzyme is 
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not limited to -carotene derived hydroxylation activity but may also play a role in 

hydroxylation of -carotene. In another example, a double T-DNA knockout of the 

two genes encoding Arabidopsis diiron hydroxylases conferred no increase in -

carotene, an increase in lutein, and reduced -carotene derived xanthophylls (Tian et 

al., 2003). Given that -carotene was not increased and -carotene derived 

xanthophylls were not completely eliminated, suggests that the P450 Clan A enzyme 

could partially compensate for the missing diiron enzymes to catalyze synthesis of 

zeaxanthin from -carotene. Interestingly, the double knockout in the diiron enzymes 

did affect lutein levels in the seed, suggesting that differences in plastid membranes in 

the seed and in the leaf may be associated with different mechanisms with respect to 

compensation between the P450 CYP97 and diiron -ring hydroxylases. In summary, 

the literature holds conflicting examples regarding interchangeability between the 

P450 Clan A and diiron carotene -ring hydroxylases. Plant mutations may have a 

pleiotropic effect on expression of other genes in the pathway, thereby confusing the 

interpretation of the resulting biochemical profile. Moreover, the observations made 

in Arabidopsis leaves may not translate to similar effects in cereal endosperm where 

plastid structure and gene family structure is different (Gallagher et al., 2004; 

Wurtzel, 2004). However, despite individual limitations, with the combined use of the 

bacterial system reported here, together with the plant genetic studies, it is possible to 

derive a deeper understanding of plant carotenogenesis.   

 

2.5 Conclusion 
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In conclusion, this work demonstrated feasibility of the E. coli system as a 

platform to assess substrate specificity for representative members of the CYP97 A 

and C clans. This heterologous system will be valuable for further study and 

manipulation of these enzymes. The roles and topologies of the carotenoid 

metabolons are still an open question and important topics of research in identifying 

components that may be key targets for metabolic engineering of either “arm” of the 

carotenoid biosynthetic pathway.  For example, to confer accumulation of the 

pathway intermediate, -carotene, would necessitate a block in -carotene 

hydroxylase expression/ activity. At this point, it is not possible to predict the 

appropriate class of enzyme target, the P450 or the diiron. Future elucidation of 

components of such complexes will be especially significant for metabolic 

engineering of enhanced levels of carotenes, given that -carotene and -carotene 

have provitamin A activity, whereas their hydroxylated xanthophyll products 

zeaxanthin and lutein do not.   

 

2.6 Materials and Methods 

 

2.6.1 Phylogenetic and sequence analyses 

Nucleotide and corresponding protein sequences, highly similar to the putative 

CYP97A4 coding mRNA from Oryza sativa L. (AK068163) (Kikuchi et al., 2003), 

were obtained using BLAST analyses from all available public databases in NCBI 

GenBank and Institute of Genomic Research (TIGR) gene indices: CYP97A3 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=32978181


 56

(#AAL25587), CYP97B3 (#AAL32753), CYP97C1 (#AAR83120)  (Tian et al., 

2004), and CYP86A1 (#NM_116260) from Arabidopsis thaliana (L.) Heynh.; 

CYP97B4 (#XP_464306) and  CYP97C2 (#AK065689) from Oryza sativa L.; 

#BJ234910 and #CA501638 from Triticum aestivum; # TC69886,  #TC76166 and 

#BM816653 from Hordeum vulgare L.; CYP97B1; synonym CYP97A2 (#Z49263) 

from Pisum sativum L. (Baltrusch et al., 1997); CYP97B2 (#AAB94586) and 

#TC228439 from Glycine max (L.) Merr. (Siminszky et al., 1999); #BQ971938 from 

Helianthus annuus L.; #BE552887 from Zea mays L.; #TC101515 and #TC109838 

from Medicago truncatula Gaertn; and #BT012891 from Lycopersicon esculentum 

Mill.   

Protein sequences were screened for chloroplast targeting signal peptides 

using two prediction algorithms: GENOPLANTE™ PREDOTAR (Predotar for 

Prediction of organelle targeting sequences) at http://genoplante-

info.infobiogen.fr/predotar/ and ChloroP 1.1 Server at 

http://www.cbs.dtu.dk/services/ChloroP/ (Emanuelsson et al., 1999). Rice protein 

sequences were compared against the P450 database at 

http://132.192.64.52/blast/P450.html using the P450 blast server. Prior to alignment, 

protein sequences were truncated to include the P450 conserved domain (CD) and 

exclude the chloroplast targeting sequence. Boundaries of conserved cytochrome 

P450 domains were identified using NCBI Conserved Domain Search tool (RPS-

BLAST). Amino acid sequences were aligned by ClustalW, and a neighbor-joining 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=16648793
http://www.ncbi.nih.gov/entrez/viewer.fcgi?db=protein&val=17065198
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=40218379
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=30678623
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=50905635
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=32975707
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=20051556
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=24992598
http://www.tigr.org/tigr-scripts/tgi/tc_report.pl
http://www.tigr.org/tigr-scripts/tgi/tc_report.pl?species=barley&tc=TC146359
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=19152667
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=1360117
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=2738996
http://www.tigr.org/tigr-scripts/tgi/tc_report.pl?species=soybean&tc=TC228439
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=22389459
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=9794579
http://www.tigr.org/tigr-scripts/tgi/tc_report.pl?species=soybean&tc=TC228439
http://www.tigr.org/tigr-scripts/tgi/tc_report.pl?species=soybean&tc=TC228439
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=47104306
http://genoplante-info.infobiogen.fr/predotar/
http://genoplante-info.infobiogen.fr/predotar/
http://www.cbs.dtu.dk/services/ChloroP/
http://132.192.64.52/blast/P450.html%20using%20the%20P450
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tree was constructed with a 500 bootstrap replication support using MEGA3 

software (Kumar et al., 2001). 

 

2.6.2 Total RNA extraction and Isolation of cDNAs 

Total RNA was extracted from Oryza sativa L. cv Nipponbare (japonica) 

leaves (approx. 6 weeks old) using the RNeasy Plant Mini Kit (Qiagen Inc., Valencia, 

CA).  Approximately 2 µg of total RNA, in a 20 µl reaction, was used for cDNA 

synthesis using the SuperScript™ First-Strand Synthesis System for RT-PCR kit 

(Invitrogen Corporation, Carlsbad, CA). GenBank #AK068163 has a 1929 bp ORF 

between nucleotide number 54 and 1982.  Genbank #AK065689 has a 1683 bp ORF 

between nucleotide number 105 and 1787. Gene specific primers, with terminal 

EcoRI and XhoI restriction sites, (forward, 5′-CCG GAA TTC A
54

TG AGC TCA 

GCG ACG TCA GTG AGT
77

-3′ and reverse, 5′-ACC GCT CGA GT
1985

C AGA TTC 

GAG TTG CTG AGA CTT G
1962

-3′, MWG-Biotech Inc., Oaks Parkway, NC) were 

used to amplify the full-length coding sequence of CYP97A4 (#AK068163) (Kikuchi 

et al., 2003).  The coding sequence (excluding the first 21 bp) of CYP97C2 

(#AK065689) was amplified using gene specific primers with terminal EcoRI and 

XhoI restriction sites, (forward, 5′-CCG GAA TTC C105CG TCC CGT GCG TAC 

CAT TC124 -3′ and reverse, 5′-ACC GCT CGA G1793TC ATC TGG ACC CAC TGA 

GTG CA1774-3′, MWG-Biotech Inc., Oaks Parkway, NC) (50).  50 µl reactions each 

contained 4 µl cDNA, 1 µl of each primer (20 µM), 19 µl H2O, and 25 µl of a master 

mix (50mM MgCl2, 10mM dNTP mix, 50 units/ml Taq polymerase, 2X PCR buffer) 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=32978181
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=32975707
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=32978181
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=32975707
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(Promega Corp., WI). Amplification conditions were: 1 cycle, 95°C, 3 min; 40 

cycles, 95°C, 30 sec, 58.1°C, 40 sec, 72°C 2 min; 1 cycle, 72°C, 8 min.   

 

2.6.3 Construction of expression vectors and functional analysis 

The CYP97A4 (#AK068163) and CYP97C2 (#AK065689) sequences 

amplified as above were subcloned in-frame into EcoRI and XhoI sites of the 

pCOLADuet™-1 vector (Novagen, WI), renamed pRT-A4 and pTR-C2, respectively. 

For testing of -ring substrate specificity, constructs were transformed into E. coli 

BL21 (DE3) cells (Novagen, WI) harboring pAC Β-O4 which confers β-carotene 

accumulation (Sun et al., 1996).  pRT-A4 and pTR-C2 ORFs were also introduced 

into E. coli BL21 (DE3) cells carrying the pACCRT-EIB (Cunningham Jr. et al., 

1993) and plasmid y2 (Cunningham Jr. et al., 1996) which carries the Arabidopsis 

lycopene  ε cyclase, which together confer accumulation of lycopene and δ-carotene 

(ε,ψ-carotene), along with some ε-carotene (ε,ε –carotene) (minor 

product)(Cunningham Jr. et al., 1996). For carotenoid analyses, saturated cultures in 

LB medium were diluted 100-fold into 25 ml fresh medium in 250 ml flasks, then 

grown in the dark at 300 r.p.m. at 21°C, 28°C, or 37°C (cultures containing pTR-C2 

were grown at 37°C) until O.D. 0.6 at which point they were induced with 10 mM 

IPTG (unless otherwise noted) and further cultured for a total of three days. 

 

 2.6.4 Extraction of carotenoids from E. coli cells, HPLC separation and 

identification 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=32978181
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=32975707
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Carotenoids were extracted in ethanol:ether (1:2 v/v), essentially, as 

described (Davison, 2002) Bacterial cell pellets were extracted in 10 volumes of the 

ethanol:ether mix using a Dounce homogenizer, incubated at room temperature for 5-

10 minutes, and centrifuged at 10,000g. Supernatants were frozen at -80°C for 30 

minutes, centrifuged at 10,000g at 4°C, supernatants dried under nitrogen gas, 

dissolved in HPLC mobile phase, and stored at -20°C. 

Separation was carried out using a Waters HPLC system equipped with a 

2695 Alliance separation module, a 996 photodiode array detector, a column heater, a 

fraction collector II,   Empower software (Millipore, Franklin, MA), and a Nucleosil 

5 C18 (5 μm, 250 x 4.6mm) column with a Nucleosil C18 (5 μm, 4 x 3.0 mm) guard 

column (Phenomenex, Torrance, CA), mobile phase of 100 parts acetone: 4 parts 

water, column flow rate of 0.6 ml/min, and sample and column temperature of 30 ± 

5°C. Peaks were identified on the basis of retention times/spectra matching those of 

authentic standards (INDOFINE Chemical Company, Inc., Sommerville, NJ), and 

standards purified from bacteria expressing genes encoding carotenoid biosynthetic 

enzymes (Cunningham Jr. et al., 1996). Authentic lactucaxanthin, purified from 

Lactuca sativa leaves (Siefermann-Harms et al., 1981) and distinguished as a novel 

HPLC peak in comparison to a maize leaf profile, exhibited a spectrum matching 

reported values (Britton et al., 2004). Identification of ε,ε-carotene and lactucaxanthin 

were confirmed by comparison with reported λmax (wavelength of maximum 

absorption) spectral values (Britton et al., 2004) and comparison to standards 

chromatographed in the identical system. For quantification of extracted metabolites, 
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data were collected at max for individual metabolites and integrated peak areas 

calculated. 
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Figure 2-1. Schematic illustration of the cyclohexene ring hydroxylation in - 
and -carotene. Conversion of lycopene to -carotene requires lycopene -cyclase 
(LcyB) alone, while conversion of lycopene to -carotene requires lycopene - and -
cyclases (LcyE). Formation of the hydroxylated xanthophylls zeaxanthin and lutein is 
mediated by two separate stereospecific - and -ring hydroxylases. In hydroxylation 
of -carotene, the two hydroxylases may act in the reverse order shown, to yield the 
mono-hydroxy intermediate -cryptoxanthin, in which the -ring is hydroxylated. 
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Figure 2-2. Comparison between the conserved P450 domain of the three clans 
in the CYP97 family. A, A rooted neighbor-joining tree was constructed using the 
fatty acid -hydroxylase (CYP86A1) from A. thaliana as an outgroup. Numbers 
adjacent to branches are bootstrap values supporting the presented final tree. Average 
identities among clans are shown in table in comparison to pair wise comparisons 
between A. thaliana and rice sequences, which are enclosed in parentheses. B, Three 
sequence blocks distinguish members of Clan B from those in Clans A and C are 
shown in excerpts from the alignment of the conserved P450 domains 
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 A A 
 1.0 Kbp1.0 Kbp1.0 Kbp

CYP97A4  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Conserved Domains 
 

       Oxygen-binding    Heme-binding 
             Clan C 

                     CYP97C2 (O. sativa)             AGHETT      FSGGPRKCVG 
            CYP97C1 (A. thaliana)           AGHETT      FSGGPRKCVG 
           TC69886 (H. vulgare)             AGHETT      FSGGPRKCVG 
            

           Clan A 
            CYP97A4 (O. sativa)                AGHETS      FGGGPRKCVG 
           CYP97A3 (A. thaliana)             AGHETS      FGGGPRKCIG 
             TC76166 (H. vulgare)            AGHETS      FGGGPRKCVG 
             

 
Figure 2-3. Gene structure and P450 domains of CYP97 Clan A and C enzymes.  
A and B, Gene structures for rice CYP97A4 and CYP97C2, respectively. Open boxes 
indicate exons; C, Revised cDNA structure of CYP97A4 cDNA. The transcribed 
cDNA is a predicted 2414 bp fragment with an 88 bp 5′-UTR, a 1929 bp ORF, and a 
397 bp 3′-UTR with conserved NUE, FUE, and poly-A site; D, Comparison of 
conserved oxygen and heme-binding domains for  CYP97 Clan A and C enzymes of 
rice compared with those in other plant species.  
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Figure 2-4. Functional complementation of putative -ring hydroxylase 
CYP97A4 cDNA in cells accumulating -carotene. Bacterial cells were grown at 
21°C and extracted pigments were separated by reversed phase HPLC. A, 
Chromatograms showing elution profiles: (a-c) authentic standards: 1, zeaxanthin; 2, 
β-cryptoxanthin; 3, β,β-carotene; (d) extracts from E. coli BL21 (DE3) cells 
accumulating β,β-carotene; (e) extracts from cells in (d) that were additionally 
transformed with the CYP97A4 cDNA. Peak numbers and identities in (d) and (e) 
correspond to those in (a-c). B, Spectral profiles of standards (solid line) shown in (a-
c, peaks 1-3) are superimposed on corresponding spectra (dashed line) obtained from 
peaks 1-3 shown in (e). 
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Figure 2-5. Effect of temperature on product distribution and CYP97A4 enzyme 
activity in vivo. A, Increasing the culturing temperature from 21°C to 37°C shifts the 
ratio of -cryptoxanthin (one hydroxylated -ring) to zeaxanthin (two hydroxylated 
-rings) from 10:1 to ~1:1. B, Overall % hydroxylation activity of CYP97A4 
decreases from 35% at 21°C to 15% at 37°C.   
 
 
 
 
 
 
 
 
 



 66

 
 

A  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-6. Substrate specificity of P450 carotene hydroxylases. A, E. coli cells 
engineered to accumulate carotenes with β rings (left panel) or ε-rings (right panel) 
were further transformed with test plasmids encoding CYP97A4 (putative β ring 
hydroxylase) or CYP97C2 (putative ε-ring hydroxylase). HPLC chromatograms (left 
panel, 450 nm; right panel, 470 nm) show composition of accumulating carotenoid 
substrates and products. Left panel, E. coli cells transformed with pAC Β-O4 
(control) plus indicated test gene; Right panel, E. coli cells transformed with 
pACCRT-EIB+y2 (control) plus indicated test gene. Peaks: 1=zeaxanthin, 2=β-
cryptoxanthin, 3=β,β-carotene, 4=lactucaxanthin, 5=lycopene, 6=δ-carotene, 7=ε,ε-
carotene. B, Spectrum of peak 4 product of CYP97C2 (dashed line) overlayed with 
spectrum of authentic lactucaxanthin (solid line) chromatographed under identical 
conditions.  
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CHAPTER 3 
 

 
Synergistic interactions between carotene ring hydroxylases drive lutein 

formation in plant carotenoid biosynthesis 
 
       
3.1 Abstract 

Lutein and zeaxanthin are non-provitamin A dihydroxy xanthophylls that are 

produced from their respective provitamin A carotene precursors by the action of 

cytochrome P450-type (CYP97) and diiron-type (HYD) carotenoid β- and ε-

hydroxylases.  In order to gain a better understanding of the respective roles of the 

CYP97 and HYD enzymes in this conversion, E. coli functional complementation 

assays were used to examine individual as well as combined enzyme activities and 

specificities, as well as in vitro chloroplast import and in vivo GFP fusion assays to 

assess subcellular/suborganellar locations for the monocot CYP97A4 (β-carotene 

hydroxylase) and CYP97C2 ( ε-carotene hydroxylase), and for the HYD3 and HYD4 

β-carotene hydroxylase enzymes.  In addition, in vivo Bimolecular Fluorescence 

(BiFC) assays were performed to test for protein interaction.  This work demonstrated 

that the CYP97A4 and CYP97C2 interact and function optimally when expressed 

together in an E. coli functional complementation system to efficiently convert α-

carotene to lutein.  These studies also demonstrated interaction between HYD3 and 

HYD4 to form a heterodimer, and the HYD4 was shown to form a homodimer 

complex.    

*This chapter is being prepared for journal submission: 
Rena F. Quinlan1, Maria Shumskaya1, Louis M.T. Bradbury, Jesús Beltrán, Edward J. Kennelly, 
Chunhui Ma, and Eleanore T. Wurtzel (2012) Synergistic interactions between carotene ring 
hydroxylases drive lutein formation in plant carotenoid biosynthesis.  1co-first author  
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 Furthermore, HYD4 functioned optimally when expressed individually to 

efficiently convert β-carotene to zeaxanthin in a bacterial complementation system.  

In vitro import studies also indicated that the CYP97 and HYD enzymes respectively 

form peripheral and integral associations with the chloroplast membrane. Taken 

together, these data offer new insights into the activities and specificities of the 

CYP97 and HYD enzymes as well as their respective roles in metabolon biogenesis 

and substrate channeling on the separate α- and β-carotene “arms” of the carotenoid 

pathway for the conversion of provitamin A carotenes to non-provitamin A 

xanthophylls.  These insights will prove valuable in advancing the development of 

rational strategies for metabolic engineering and/or breeding efforts aimed at 

enhancing provitamin A levels in cereal crops. 

 

3.2 Introduction 

 Carotenoids are a large class of isoprenoid pigments which are synthesized by 

all photosynthetic organisms, as well as some bacteria and fungi (Britton et al., 2004).  

In plants, carotenoids have essential roles in growth and development which include 

functions in light-harvesting in photosynthesis and protection against photooxidative 

damage (Jahns and Holzwarth, 2012).  In addition, carotenoids such as β-carotene and 

zeaxanthin serve as precursors to various apocarotenoids including the phytohormone 

abscisic acid (ABA) and strigolactones which respectively function in regulating seed 

dormancy and in mediating symbiotic root/mycorrhizal fungi associations (Cuttriss, 
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2011).  Furthermore, these apocarotenoids play roles in biotic and abiotic stress 

signaling pathways (Walter et al., 2010; Cao et al., 2011) . 

 Among the roughly 600 carotenoids found in nature, about 50 are obtained in 

the human diet.  Some important physiological functions associated with these 

compounds include their activities as antioxidants and anti-cancer agents (van den 

Berg et al., 2000; von Lintig, 2010).  In addition, carotenoids (ie., β-carotene) serve as 

precursors to nutritionally-essential compounds such as vitamin A, while the 

nonprovitamin A xanthophylls lutein and zeaxanthin are thought to aid in the 

prevention of light-induced retinal damage (von Lintig, 2010).    

Efforts to improve the provitamin A content of cereal endosperm in staple crops 

such as maize will require elucidation of the mechanisms involved in controlling the 

conversion of provitamin A carotenes such as α- and β-carotene to non-provitamin A 

xanthophylls (ie., lutein and zeaxanthin).  Xanthophylls are a class of oxygenated 

carotenoids that function in light-harvesting, photoprotection, and assembly of the light 

harvesting antenna complexes of photosynthetic membranes (Pogson and Rissler, 2000).  

The xanthophylls zeaxanthin and lutein are derived from their respective carotene 

precursors by the action of β- and  ε-ring hydroxylase enzymes which add hydroxyl 

groups to the third carbon of carotene β- and ε-rings, respectively (Fig. 3-1) (Tian et al., 

2003).  Synthesis of lutein requires the hydroxylation of both the β- and ε-rings of α-

carotene, while zeaxanthin biosynthesis involves hydroxylation of both β-rings of β-

carotene (Fig. 3-1).   
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The cytochrome P450 CYP97 and diiron HYD enzymes, on the basis of 

both genetic and biochemical evidence, are hypothesized to function in carotene ring 

hydroxylation, to convert provitamin A carotenes (ie., α- and β-carotene) to 

nonprovitamin A xanthophylls (ie., lutein and zeaxanthin) (Sun et al., 1996; Fiore et 

al., 2006; Kim and DellaPenna, 2006; Quinlan et al., 2007).  Arabidopsis genetic 

studies suggested that carotene β-ring hydroxylations were carried out by both a 

P450-type CYP97A enzyme as well as by diiron-type β-hydroxylases (HYD), while 

hydroxylations of  ε-rings were performed by a P450-type CYP97C enzyme (Tian et 

al., 2004; Fiore et al., 2006; Kim and DellaPenna, 2006).  Enzyme activities were also 

directly demonstrated for the rice CYP97A4 and CYP97C2 via E. coli 

complementation assays which showed that the CYP97C2 is specific for ε-rings while 

the CYP97A4 is primarily a β-ring hydroxylase, with minor activity towards  ε-rings 

(Quinlan et al., 2007), as had previously been shown for the diiron-type β-

hydroxylases(Sun et al., 1996).  

Recent Arabidopsis genetic studies involving quadruple mutants which lack 

all CYP97/HYD enzymes indicated that in triple mutants containing only the 

CYP97C enzyme, 74% of lutein was generated.  These genetic studies point to the 

CYP97C enzyme as being strongly active toward both the β- and ε-rings of α-

carotene to efficiently convert this substrate to lutein (Kim et al., 2009).  These results 

do not agree with earlier E. coli complementation studies which indicated that the 

CYP97C enzyme is exclusively an epsilon-ring hydroxylase; no activity toward β-

rings was detected for this enzyme (Chapter 2) (Quinlan et al., 2007).  Subsequent 
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complementation assays indicated that the CYP97C enzyme was only marginally 

active toward β-rings (Chapter 3).  While genetic studies offer some insights into 

enzyme activities, there are limitations with this approach.  It is difficult to investigate 

substrate specificities and enzyme activities directly using genetics-based assays, 

since mutations may have a pleiotropic effect on expression of other pathway genes, 

rendering an interpretation of the resulting biochemical profile problematic. 

There remain open questions regarding CYP97 and diiron HYD enzyme activities 

and specificities, as well as with respect to the roles of these enzymes in the regulation of 

metabolite flow in the carotenoid pathway.   It has been suggested that “metabolic 

channeling” of carotenoid intermediates in plastids may be facilitated by the simultaneous 

binding of membrane-anchored multi-enzyme protein complexes which would allow for 

more efficient processing of intermediates (Inoue, 2006).  The fact that wild type 

Arabidopsis leaf tissue accumulates lutein (Pogson et al., 1996), and not the mono-

hydroxylated intermediates α-cryptoxanthin (one hydroxylated  ε-ring) or zeinoxanthin 

(one hydroxylated β-ring) points to a channeled flow of substrates in the pathway which is 

likely mediated by efficient multienzyme complexes in plastid membranes.  Early studies 

by Lutzow and Beyer (1988) support the idea of the existence of multi-enzyme complexes 

in the carotenoid pathway.  This research group described the so-called phytoene synthase 

(PSY) complex, which is a peripherally-membrane associated system, as consisting of at 

least two enzymes: geranylgeranyl diphosphate synthase (GGPPS) and PSY.  In addition, it 

has been suggested that the membrane-associated phytoene desaturation process is 

mediated by the enzymes PDS and zeta-carotene desaturase (ZDS), which are thought to 
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closely interact, since there is no accumulation of the zeta-carotene intermediate in 

vivo (Lutzow and Beyer, 1988; Bonk et al., 1997). 

Cunningham and Gantt proposed a hypothetical model which described a 

multienzyme carotenogenic complex in the thylakoid membranes and stroma of plant 

plastids (Cunningham Jr. and Gantt, 1998)  This model was primarily based on studies 

which indicated that the active forms of PSY and PDS are either peripherally or tightly 

associated with internal membranes of plastids (Al-Babili et al., 1996; Schledz et al., 1996).  

In addition, further support for this model was obtained via bioinformatics predictions 

based on amino acids sequences for the lycopene β- and  ε-cyclases (LCYB and LCYE, 

respectively) and carotene β- and  ε-hydroxylases which suggested that these enzymes are 

associated with plastid membranes (Cunningham Jr. et al., 1996; Sun et al., 1996; Tian et 

al., 2004).  Furthermore, in vitro chloroplast import studies have investigated the 

suborganellar localization of PSY, PDS, and LCYB (Bartley et al., 1991; Bonk et al., 1997; 

Mann et al., 2000). Recent proteomics studies however challenge the prevailing paradigm 

with respect to membrane localization of many of the carotenoid enzymes.  It had 

previously been established that carotenoid pigments are part of the photosynthetic 

apparatus in the thylakoid membrane where they play roles in light-harvesting and 

photoprotection (Hirschberg, 2001).  However, proteomics analyses indicated that many of 

the enzymes involved in carotenoid biosynthesis that were thought to be located on 

thylakoid membranes were actually found to be associated with envelope membranes 

(Joyard et al., 2009).  
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Though the individual pathway enzymes are known, there remains a major 

gap in understanding with respect to the nature of protein interactions and complexes 

involved in mediating carotenogenesis.  The presence of enzyme complexes combined with 

the general absence of intermediates in the carotenoid pathway  (Maudinas et al., 1977; 

Camara et al., 1982; Kreuz et al., 1982; Al-Babili et al., 1996; Bonk et al., 1997; Lopez et 

al., 2008) suggests that multi-enzyme complexes (metabolons) in plastid membranes may 

mediate the conversion of the provitamin A carotenes α- and β-carotene to the 

nonprovitamin A xanthophylls lutein and zeaxanthin.  The biogenesis and maintenance of 

these putative metabolons in different plastids during various developmental processes (ie., 

photomorphogenesis) are poorly understood phenomena.  In order to gain some insights 

into the mechanisms governing these phenomena the interactions and synergies of the 

CYP97A/CYP97C and HYD enzymes were examined.  Both in vitro and in vivo 

approaches were used to examine the activities and specificities of the rice CYP97A4 and 

CYP97C2 and maize HYD3 and HYD4 enzymes, as well as their respective 

subcellular/suborganellar locations.  In addition, these studies investigated whether any of 

these enzymes interact to form either heterodimer or homodimer complexes in vivo. 

 

3.3 Results    

 

3.3.1 Testing of CYP97 and HYD enzyme activities and substrate specificities via 

functional complementation 
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Based on earlier modeling by (Cunningham and Gantt, 1998) it was 

predicted that the CYP97 and diiron HYD enzymes respectively exist as separate 

complexes on the α-carotene (β-ε) and β-carotene (β-β) “arms” of the carotenoid 

pathway for the production of lutein and zeaxanthin.  Preliminary investigations into 

the activities and substrate specificities of the CYP97A4 and CYP97C2 enzymes via 

E. coli complementation were previously conducted using cells accumulating 

substrates with either only β-rings (ie., β-carotene) or  ε-rings (ie.,  ε-ε-carotene) 

(Chapter 2) (Quinlan et al., 2007), however these studies lacked cells accumulating 

the putatively preferred CYP97 substrate α-carotene.  These studies demonstrated that 

the CYP97A4 enzyme was active toward the β-rings of β-carotene, converting this 

substrate to a modest amount of the end-product zeaxanthin.  It was evident that 

CYP97A4 activity was suboptimal however as the mono-hydroxylated intermediate 

β-cryptoxanthin accumulated in these cells.  CYP97A4 also showed minor activity 

toward the ε-rings of ε-ε-carotene, to produce a low amount of lactucaxanthin. The 

CYP97C2 showed modest activity toward the ε-rings of  ε-ε-carotene, converting this 

substrate to a low amount of lactucaxanthin.  No β-ring hydroxylation activity toward 

the β-carotene substrate was detected in cells expressing the CYP97C2 (Chapter 2) 

(Quinlan et al., 2007). 

It was unknown whether the suboptimal activity observed for the CYP97 

enzymes in the earlier complementation system was due to the lack of a partner 

enzyme which may be required for optimal activity, or whether the low enzyme 

activity was due to the unavailability of their putatively preferred substrate α-
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carotene, as these assays included only either β-carotene or ε-ε-carotene 

accumulating E. coli.  In order to address these issues, the studies described here 

investigated the activities of the CYP97 and diiron HYD enzymes when expressed 

individually as well as in various combinations in E. coli accumulating both α- and β-

carotene.  Accumulated carotenoids and standards for lutein, zeaxanthin, β-

cryptoxanthin, and α- and β-carotene were analyzed via HPLC; α-cryptoxanthin and 

zeinoxanthin were analyzed by LC-MS. 

When CYP97A4 and CYP97C2 were co-expressed in α- and β carotene 

accumulating E. coli, there was significant conversion of the α-carotene substrate to 

generate approximately 29% (% of total carotenoids) of the dihydroxy end-product 

lutein (one hydroxylated β-ring and one hydroxylated  ε-ring of α-carotene) (Fig. 3-1, 

3-5, table 3-4), while only approximately 3% (% of total carotenoids) of the end-

product zeaxanthin (two hydroxylated β-rings of β-carotene) accumulated  (Fig. 3-1, 

3-5, table 3-4).  α- and β-carotene accumulating cells transformed with an empty 

vector (control) did not generate any hydroxylated products (Fig. 3-5, table 3-4).   

In contrast, when expressed as an individual enzyme, the CYP97C2 was only 

barely active toward both the α- and β-carotene substrates, respectively producing 

only roughly 0.7% and 1% (% of total carotenoids) of the pathway intermediates α-

cryptoxanthin (one hydroxylated  ε-ring of α-carotene) and β-cryptoxanthin (one 

hydroxylated ring of β-carotene) (Fig. 3-1, 3-4, table 3-3).  While previous 

complementation assays did not detect any β-ring hydroxylation activity for the 
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CYP97C2 (Chapter 2) (Quinlan et al., 2007), it should be noted that double the 

amount of culture volume was used in these current assays (refer to Materials and 

Methods).   

For identification of α-cryptoxanthin and zeinoxanthin LC-MS analysis was 

performed.  The cryptoxanthin isomers all have the same mass (m/z 552.4); when 

subjected to positive ionization, the mass is 552.4 + 1 including the proton added; 

thus the m/z when positively ionized is 553.4 (M+H+).  It is not possible to 

distinguish between α-cryptoxanthin and zeinoxanthin on the basis of HPLC retention 

time or absorption spectra.  However, compounds with an allylic hydroxyl group, 

such as α-cryptoxanthin, readily lose water when positively ionized, whereas 

compounds with non-allylic hydroxyl groups (ie., zeinoxanthin) do not (Kim and 

DellaPenna, 2006).  LC-MS analysis confirmed a major ion fragment with a mass of 

535.4 (M+H+-H2O) for α-cryptoxanthin.  Based on this loss of water, it is apparent 

that its single hydroxyl group is bound to the ε-ring of α-carotene; therefore this 

compound is α-cryptoxanthin (Fig. 3-6). 

  When expressed individually, the CYP97A4 was moderately active toward the 

β-rings of α-carotene to generate approximately 14% (% of total carotenoids) of the 

intermediate zeinoxanthin (one hydroxylated β-ring of α-carotene); no activity 

towards the ε-ring of α-carotene was detected and no lutein accumulated (Fig. 3-1, 3-

4 , table 3-3).  LC-MS analysis confirmed an m/z value of 553.4 (M+H+) for 

zeinoxanthin in agreement with its formula (Fig. 3-6).  In addition, when expressed 

alone, the CYP97A4 was more active towards the β-carotene substrate than α-
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carotene, as shown by the accumulation of the end product zeaxanthin (roughly 3% 

of total carotenoids) (Fig. 3-4, table 3-3), however enzyme activity was suboptimal 

as significantly more of the β-hydroxylated intermediate β-cryptoxanthin was 

generated (approximately 17% of total carotenoids).   Taken together, these data 

suggest that the CYP97A4 and CYP97C2 enzymes function optimally when 

expressed together on the α-carotene (β-ε) “arm” of the carotenoid pathway to 

efficiently convert the α-carotene substrate to lutein. 

Combinations of HYD3 + CYP97C2, and HYD4 + CYP97C2 were similarly 

assayed for enzyme activity in α- and β-carotene accumulating E. coli.  Cells 

harboring the HYD3 + CYP97C2 combination accumulated 5% lutein and approx. 

2% zeaxanthin (% of total carotenoids) (Fig. 3-5, table 3-4), while cells containing 

HYD4 + CYP97C2 produced only roughly 1.6% lutein and 3% zeaxanthin (Fig. 3-5, 

table 3-4).  When compared with the efficient conversion of the α-carotene substrate 

to lutein observed in cells expressing CYP97A4 + CYP97C2, neither HYD + 

CYP97C2 combination showed strong activity toward the α-carotene substrate; in 

both cases (HYD3 + CYP97C2 and HYD4 + CYP97C2), only a relatively low 

amount of lutein accumulated.  There was however, a roughly two–fold higher 

amount of lutein relative to zeaxanthin produced in cells co-expressing the CYP97C2 

+ HYD3 combination indicating that CYP97C2 activity is moderately enhanced when 

this enzyme is co-expressed with the HYD3.  When expressed individually in cells 

accumulating either β-carotene only or both α- and β- carotene, the HYD4 efficiently 

converted the β-carotene substrate to approximately 29% and  31% zeaxanthin (% of 
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total carotenoids) (Fig. 3-2, 3-4, tables 3-1, 3-3).  However, when co-expressed 

with the CYP97C2 in α- and β- carotene accumulating E. coli, the HYD4 exhibited 

markedly reduced activity toward the β-carotene substrate, generating only roughly 

3% zeaxanthin (% of total carotenoids), although this was nearly two-fold higher than 

the amount of lutein generated (Fig. 3-5, table 3-4).  By contrast, the HYD3 enzyme 

was not very active when expressed either individually or in combination with the 

CYP97C2 in cells accumulating a β-carotene substrate.  The HYD3 conferred 

hydroxylation of the β-rings of β-carotene to generate roughly 1% of the end-product 

zeaxanthin when expressed individually (Fig. 3-2, 3-4, tables 3-1, 3-3) and 2% 

zeaxanthin when expressed in combination with the CYP97C2 in these cells (Fig. 3-

5, table 3-4).  In addition, the HYD3 exhibited moderate activity toward the β-rings 

of the α-carotene substrate in these cells, generating approximately 3% of the 

intermediate zeinoxanthin (when expressed alone) (Fig. 3-4, table 3-3) versus 

roughly 8% zeinoxanthin (when co-expressed with the CYP97C2) (Fig. 3-5, table 3-

4).  When expressed as individual enzymes, neither the HYD3 nor the HYD4 were 

able to convert the α-carotene substrate to the dihydroxy end product lutein; only 

moderate amounts of the β-hydroxylated intermediate zeinoxanthin accumulated (Fig. 

3-4, table 3-3).  Together, these data indicate that the HYD3 and HYD4 enzymes are 

preferentially active on the β-β (β-carotene) “arm” of the carotenoid pathway to 

convert β-carotene to the end-product zeaxanthin.  HYD4 functions most efficiently 

as an individual enzyme, while there was no marked difference observed for HYD3 

activity whether this enzyme was expressed alone or in combination with the 
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CYP97C2.  In addition, CYP97C2 activity was moderately enhanced when this 

enzyme was co-expressed with the HYD3. 

 

3.3.2 In vitro protein localization studies 

 

3.3.2.1 Chloroplast import assays 

Functional complementation in E. coli showed that the CYP97A4 and 

CYP97C2 enzymes function optimally when expressed together on the α-carotene 

side of the carotenoid pathway to convert the α-carotene substrate to lutein, while the 

HYD3 and HYD4 enzymes show preferential activity on the β-carotene side of the 

pathway to convert β-carotene to zeaxanthin.  In light of these data, it would be 

expected that the CYP97A4 and CYP97C2 enzymes localize to the same 

subcellular/suborganellar location; as would be predicted for the HYD3 and HYD4. 

The CYP97 and diiron HYD enzymes are nuclear-encoded and are predicted 

to be imported into chloroplasts, where they function in carotenoid biosynthesis 

(Hirschberg, 2001).  In addition, the bioinformatics server Chlorop predicted these 

enzymes to each contain a chloroplast targeting signal peptide.  In order to 

experimentally determine the subcellular and suborganellar locations of these 

enzymes chloroplast import assays were performed.  Isolated pea chloroplasts were 

competent for the in vitro import of recombinant CYP97 and HYD 35S-methionine 

radio-labelled preproteins which were produced using a coupled reticulocyte in vitro 

transcription/translation system.  Chloroplasts harboring imported proteins were then 
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re-isolated and subjected to thermolysin treatment in order to distinguish between 

proteins that were peripherally bound to the outer chloroplast envelope and those that 

had been imported and thus crossed the envelope membrane.  As shown in Figure 3-

7, the CYP97 and HYD proteins were protease-resistent, confirming import of these 

proteins into chloroplasts.  SDS-PAGE analysis indicated that the CYP97A4 and 

CYP97C2 proteins were synthesized as precursors of about 69 kDa and 62 kDa, and 

then processed to approximately 64 and 59 kDa (Fig. 3-7, table 3-5) indicating transit 

peptide lengths of 5 and 4 kDa, respectively, which are roughly consistent with 

predicted values (Table 3-5).  As shown in Figure 3-7, table 3-5, the HYD3 and 

HYD4 were synthesized as preproteins of roughly 35 and 34 kDa, and the processed 

proteins migrated to approximately 31 and 27 kDa respectively, indicating transit 

peptides of approximately 4 and 6 kDa.  The observed transit peptide length of 

approximately 6 kDa for the HYD4  is roughly consistent with the predicted value 

(Table 3-5), however, the 4 kDa transit length observed for the HYD3 conflicts with 

the predicted value for this enzyme (Table 3-5); a prediction inaccuracy could 

explain this discrepancy.  

In order to determine whether the imported CYP97 or HYD proteins are 

peripherally or integrally associated with the membrane, chloroplasts containing 

imported proteins were hyptonically lysed and fractionated into supernatant and pellet 

(membrane) fractions.  The pellet fractions were then treated with alkaline to test 

whether any of these proteins were still associated with the membrane.  As shown in 

Figure 3-7, most of the CYP97A4 and CYP97C2 proteins were dissociated from the 
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membrane upon alkaline treatment, indicating that these proteins are peripherally 

associated with the chloroplast membrane.  In addition, a majority of the CYP97A4 

protein was found in the soluble fraction, which also suggests that the protein is 

peripherally membrane-bound (Fig. 3-7).  As a soluble control, the thylakoid lumen 

tpsOE16::GFP (Marques et al., 2003) was used; most of this protein as expected was 

contained in the soluble fraction (Fig. 3-7).  These results corroborated with 

HMMTOP server predictions which indicated that the CYP97A4 and CYP97C2 

enzymes each contain only a single transmembrane anchoring domain, which would 

only allow for a peripheral association with the membrane.  These studies also 

indicate that the HYD3 and HYD4 proteins show a stronger association with the 

membrane than the CYP97 enzymes; HYD membrane fractions were still intact after 

treatment with alkaline (Fig. 3-7) suggesting an integral membrane association for 

these enzymes.  The light-harvesting complex protein (LHCP), which is known to 

bind integrally to thylakoid membranes (Tan et al., 2001), was used as an intergral 

membrane control (Fig. 3-7).  These data obtained from assays involving the HYD 

enzymes are concordant with earlier chloroplast import studies which showed that the 

diiron carotene β-ring hydroxylase from citrus (CitChyb) is integrally-bound to the 

chloroplast membrane (Inoue et al., 2006).  In addition, HMMTOP predictions also 

indicated that the HYD3 and HYD4 enzymes each harbor four transmembrane helices 

which would render them significantly lipophilic, thereby enabling these enzymes to 

embed integrally in the chloroplast membrane. 
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Taken together, these studies indicate that, as expected, the CYP97A4 and 

CYP97C2, as well as the HYD3 and HYD4 enzymes which respectively have similar 

activities and specificities, localize to the same suborganellar/subcellular locations.    

   

3.3.3 In vivo protein localization and protein interaction studies   

 

3.3.3.1 GFP fusion assays 

 As described previously, the CYP97 and HYD enzymes were predicted by 

ChloroP to contain chloroplast targeting sequences that would enable these proteins 

to localize to chloroplasts.  Chloroplast import assays confirmed import of these 

proteins in vitro.  In order to confirm import in vivo, GFP fusion assays were 

performed. 

The CYP97A4, CYP97C2, and HYD3 and HYD4 proteins were respectively 

fused to the GFP protein.  Protoplasts were isolated from either etiolated or green leaf 

maize tissue and transformed with these GFP protein fusion constructs via 

Polyethylene Glycol (PEG) mediated transformation.  Transformed protoplasts were 

examined by confocal microscopy.  The GFP fluorescence observed in Figures 3-8 

and 3-10 co-localized with chlorophyll autofluorescence to confirm that the CYP97 

and diiron HYD enzymes are localized to chloroplasts (Fig. 3-8 and 3-10). 

GFP fluorescence in protoplasts isolated from both etiolated and green tissues 

showed distinct patterns for the CYP97 and HYD protein fusions.  In protoplasts 

transformed with the CYP97A4 and CYP97C2 GFP fusions GFP fluorescence 

 



 83

appeared to be more diffuse than that observed with transformants harboring the 

HYD3 and HYD4 GFP fusions, which appeared to cluster in more discrete patches 

within the chloroplast (Fig. 3-8 and 3-10).  The diffuse pattern of GFP fluorescence 

observed with the CYP97 enzymes is similar to the pattern observed with the GFP 

soluble control (Fig. 3-8 and 3-10), which would be expected due to the more soluble 

nature of the CYP97 enzymes.  These observations are consistent with results of our 

import experiments as well as with HMMTOP predictions as described previously.  

The more discrete clusters of GFP fluorescence observed with the diiron HYD 

enzymes point to these proteins as being less soluble, which is concordant with the 

import data as well as with bioinformatics (HMMTOP) server predictions with 

respect to these enzymes.  In protoplasts isolated from etiolated tissues in particular, 

both HYD3 and HYD4 GFP fusion fluorescence also accumulated in a ring at the 

chloroplast boundary suggesting envelope localization (Fig. 3-8B).  The Toc34 

protein was used as a chloroplast envelope control (Chen and Schnell, 1997); as 

expected, Toc34 GFP fusion fluorescence accumulated at the boundary of the 

chloroplast. 

 

3.3.3.2 Bimolecular Fluorescence Complementation (BiFC) assays 

As stated previously, one of the main goals of these studies was to determine 

whether any of the CYP97 and diiron HYD enzymes require an interacting partner 

enzyme for optimal activity.  Bacterial complementation studies indicated that the 

CYP97A4 and CYP97C2 enzymes function optimally when expressed together to 
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efficiently convert α-carotene to lutein, however, there remained the open question 

as to whether these enzymes physically interact to form a heterodimer in planta.     

In order to address this question, Bimolecular Fluorescence Complementation 

(BiFC) assays were performed, in which various combinations of CYP97/HYD 

proteins were tested for protein-protein interaction.  The BiFC assay involves fusions 

of putative interacting proteins to non-fluorescent N-terminal (nYFP) and C-terminal 

(cYFP) fragments of the yellow fluorescent protein (YFP); if there is interaction 

between the two proteins, they bring together the non-fluorescent fragments thereby 

allowing for a restoration of fluorescence.   These nYFP and cYFP sequences were 

introduced into sets of pSATN vectors (Citovsky et al., 2006).  

Various combinations of the CYP97A4, CYP97C2, HYD3, and HYD4 

enzymes were C-terminally fused to the N- and C-terminal halves of the YFP protein; 

the resulting constructs were transiently co-expressed in maize protoplasts from both 

etiolated and green leaf tissue and examined using confocal microscopy. 

These studies demonstrated interaction for the CYP97A4 and CYP97C2 

enzymes in protoplasts isolated from etiolated maize leaf tissue (Fig. 3-9).  It was 

expected that the CYP97 enzymes would interact to form a heterodimer complex 

given that they functioned optimally when co-expressed in the conversion of α-

carotene to lutein in the E. coli system; when expressed as individual enzymes, the 

CYP97A4 and CYP97C2 exhibited suboptimal activity.  In addition, the HYD4 

formed a homodimer complex in protoplasts isolated from both etiolated and green 

leaf tissues (Fig. 3-9 and 3-11).  As seen with the complementation studies, the 
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HYD4 functioned optimally when expressed individually in both β-carotene only 

and α- and β-carotene accumulating E. coli to convert β-carotene to the end-product 

zeaxanthin (Fig. 3-2 and 3-4).  Thus, it is reasonable to postulate that the robust 

enzyme activity observed with the HYD4 is due to this enzyme’s ability to form a 

homodimer complex for the efficient conversion of the β-carotene substrate to 

zeaxanthin.  The homodimer formation observed with the HYD4 was the only 

interaction demonstrated in protoplasts isolated from both etiolated and green leaf 

tissues.   

Interestingly, the HYD3 and HYD4 enzymes also interacted to form a 

heterodimer in protoplasts isolated from etiolated leaf tissue (Fig. 3-9).  It was not 

feasible to test combined HYD3 and HYD4 enzyme activities in the E. coli system as 

it would be impossible to discern individual enzyme activities in this case.   

These studies did not indicate any homodimer formations for CYP97A4, 

CYP97C2, or HYD3, and no heterodimer complexes were observed for the 

CYP97A4 + HYD3, CYP97A4 + HYD4, CYP97C2 + HYD3, or CYP97C2 + HYD4 

combinations tested in these assays (Fig. 3-12, Tables 3-6 and 3-7). 

In all cases where protein interaction was observed, YFP fluorescence co-

localized with chlorophyll autofluorescence to confirm that these interacting enzymes 

are localized to chloroplasts. The ChrD protein from cucumber was also used as a 

control for both subcellular localization and protein interaction; ChrD is known to 

form homodimer complexes in plastids (Libal-Weksler et al., 1997) (Fig. 3-9 and 3-

11).  As seen with the GFP fusion assays, YFP fluorescence exhibited a diffuse 
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pattern throughout the chloroplast in assays demonstrating CYP97A4 and 

CYP97C2 interaction, in keeping with the soluble nature of these enzymes, while 

YFP fluorescence associated with the diiron HYD interactions appeared to be less 

diffuse, due to their less soluble nature.  In protoplasts isolated from both etiolated 

and green leaf tissues, the HYD3 + HYD4 heterodimer and HYD4 homodimer 

complexes appeared to localize to the chloroplast boundary (Fig. 3-9B and 3-11B), 

indicating that these complexes are bound to the envelope membrane.  However, as 

seen with the HYD GFP fusions expressed in protoplasts isolated from light grown 

tissue, envelope localization for the HYD4 homodimer complex was not as obvious; 

fluorescence was mainly observed in discrete patches within the chloroplast (Fig. 3-

11). 

 

3.4 Discussion 

 

The development of rational strategies for metabolic engineering and/or 

marker-based breeding efforts aimed at enhancing provitamin A levels in cereal crops 

will require a better understanding of the mechanisms involved in controlling the 

conversion of provitamin A carotenes to non-provitamin A xanthophylls.  In order to 

gain a better understanding of this conversion, these studies investigated the activities 

and localization/interaction of both maize and rice representatives from the two 

known structurally distinct classes of carotene hydroxylases: the nonheme diiron-type 

 



 87

hydroxylases from maize (HYD3 and HYD4) and the cytochrome P450-type 

hydroxylases CYP97A and CYP97C from rice.   

 

3.4.1 E. coli functional complementation data integrated with earlier genetic 

studies 

Functional complementation assays involving α- and β-carotene accumulating 

E. coli demonstrated that the CYP97A4 and CYP97C2 enzymes function optimally 

when expressed together and are preferentially active toward the α-carotene substrate 

for the production of lutein, while the diiron HYD enzymes are preferentially active 

toward the β-rings of β-carotene to convert this substrate to zeaxanthin.   

The E. coli complementation studies described here, together with previous 

complementation assays which involved cells that accumulated substrates with either 

β-rings only (ie., β-carotene), or  ε-rings rings only (ie.,  ε- ε-carotene), indicated that 

when expressed as individual enzymes, CYP97A4 and CYP97C2 activities were 

suboptimal, regardless of substrate choice (Chapter 2) (Quinlan et al., 2007).  As 

shown in this current work, when expressed individually in α- and β-carotene 

accumulating E. coli, the CYP97A4 was unable to convert the α-carotene substrate to 

the pathway end-product lutein; only the monohydroxylated intermediate 

zeinoxanthin accumulated.  These results do not comport with previous genetic data 

involving Arabidopsis quadruple mutants which lacked all CYP97/HYD genes; 

enzyme activities were inferred based on the phenotype of double and triple mutants.  

Triple mutants containing only the CYP97A enzyme accumulated 6% of WT lutein 
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levels (Kim et al., 2009).  It’s possible that another as yet unknown carotene 

hydroxylase exists which could be compensating for the loss of CYP97C activity in 

the triple mutants.  In addition, it’s also possible that this unknown carotene 

hydroxylase requires interaction with one of the other known CYP97 and/or HYD 

enzymes for activity, which would explain the lack of hydroxylated products in 

quadruple mutants lacking the other four known carotene hydroxylases. 

It was also observed that, when expressed individually, the CYP97C2 was 

barely active toward the α-carotene substrate in E. coli.  These results conflict with 

the aforementioned Arabidopsis genetics studies, which indicated that triple mutants 

containing only the CYP97C enzyme generated 74% of WT lutein (Kim et al., 2009).  

The genetic data point to the CYP97C enzyme as being efficiently active toward both 

the β- and ε-rings of α-carotene, which was not observed in the complementation 

systems described here.  These E. coli studies indicated that the CYP97C2, when 

expressed as an individual enzyme in α- and β-carotene accumulating E. coli, was 

only marginally active toward both the ε-rings of α-carotene and the β-rings of β-

carotene, to respectively produce very low amounts of the intermediates α-

cryptoxanthin and β-cryptoxanthin.  The triple mutant phenotype may be better 

explained by activity of an additional endogenous P450 carotene hydroxylase which 

may require interaction with the CYP97C for activity.  Moreover, the mutant studies 

indicated that the diiron HYD enzyme cannot adequately compensate for lack of 

CYP97C activity, as double mutants containing only the two Arabidopsis HYD 
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enzymes (BCH1 and BCH2) generated only very low levels of lutein (approx. 1% 

of WT lutein levels) (Kim et al., 2009). 

It can be inferred from these complementation studies that the enhanced 

CYP97C2 activity observed when this enzyme is co-expressed with the CYP97A4 in 

α- and β-carotene accumulating E. coli may in part be due to the ability of the 

CYP97A4 to accept the α-carotene substrate directly to produce zeinoxanthin, the 

putatively preferred CYP97C2 substrate.  Similarly, the moderately enhanced 

CYP97C2 activity observed when this enzyme was co-expressed with HYD3 is likely 

also due to the ability of HYD3 to hydroxylate the β-ring of α-carotene first to 

generate the intermediate zeinoxanthin.  These results are in agreement with earlier 

genetic studies involving Arabidopsis CYP97 mutants.  These studies showed that 

mutants lacking a functional CYP97C enzyme (lut1) conditioned accumulation of the 

monohydroxylated intermediate zeinoxanthin, while plants defective in CYP97A 

(lut5) activity generated accumulation of α-carotene rather than the intermediate α-

cryptoxanthin which would be expected if the CYP97C enzyme was active toward the 

α-carotene substrate (Kim and DellaPenna, 2006).  These genetic studies, together 

with our E. coli complementation data, suggest that zeinoxanthin is the preferred 

CYP97C substrate, and that hydroxylation of α-carotene occurs in an ordered manner 

with the CYP97A hydroxylating the β-ring of α-carotene first to produce 

zeinoxanthin, which is then subsequently converted to the end-product lutein by the 

action of the CYP97C enzyme. 
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3.4.2 Protein localization and interaction studies integrated with functional 

complementation data 

Earlier modeling described separate multi-enzyme complexes for the 

respective conversion of α- and β-carotene to lutein and zeaxanthin (Cunningham and 

Gantt, 1998).  The functional complementation assays performed in this current work 

showed that in α- and β-carotene accumulating E. coli the CYP97A4 and CYP97C2 

enzymes function optimally when expressed together to efficiently convert their 

preferred substrate, α-carotene to lutein.  The diiron HYD3 and HYD4 enzymes were 

respectively preferentially active toward β-carotene to convert this substrate to the 

end-product zeaxanthin.  In addition, the HYD4 functioned optimally when expressed 

as an individual enzyme for the efficient conversion of β-carotene to zeaxanthin.  

From these data, as well as the earlier hypothetical model for the existence of separate 

carotenogenic complexes described by Cunningham and Gantt (1998), it was 

reasonable to postulate that the CYP97A4 and CYP97C2 enzymes function in a 

membrane-bound topologically coordinated heterodimer complex on the α-carotene 

(ε-β) “arm” of the carotenoid pathway to efficiently channel the α-carotene substrate 

towards production of the end-product lutein.  By contrast, the preferential activity 

towards the β-carotene substrate observed with the diiron HYD enzymes suggested 

that these enzymes function optimally on the β-carotene (β-β) “arm” of the pathway.  

In addition, when expressed as an individual enzyme in E. coli accumulating a β-

carotene substrate, the HYD4 in particular appeared to be robustly active, which 

suggested that this enzyme may function optimally in a homodimer complex in the 
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chloroplast membrane to efficiently convert the β-carotene substrate to the end-

product zeaxanthin.  Furthermore, given their respective activities and specificities, as 

well as the previously described bioinformatics predictions by Chorop and 

HMMTOP, it was also expected that these two separate classes of carotene 

hydroxylases (CYP97 vs. HYD) would localize to chloroplasts, but form different 

associations with the chloroplast membrane. 

To test these scenarios, both in vitro and in vivo approaches were used to 

examine CYP97 and diiron HYD protein localization and protein interaction.   

Bimolecular Fluorescence (BiFC) assays demonstrated that, as predicted, the 

CYP97A4 and CYP97C2 enzymes localize to chloroplasts and interact to form a 

heterodimer complex in planta.  In vitro import studies also revealed that these 

soluble proteins are both peripherally associated with the chloroplast membrane; 

since these enzymes interact and together operate mainly on the α-carotene “arm” of 

the carotenoid pathway, a similar membrane association for these enzymes was 

expected. 

This interaction between CYP97A4 and CYP97C2 appears to be required for 

optimal enzyme activity as the E. coli studies imply.  Indeed, combined observations 

based on data from both E. coli complementation and protein interaction studies with 

respect to these two enzymes parallel those found in planta as it has been established 

that lutein accumulates in Arabidopsis leaf tissue, whereas the intermediates α-

cryptoxanthin and zeinoxanthin do not (Pogson et al., 1996).  These data point to a 

channeled flow of substrates mediated by an efficient CYP97 heterodimer complex 
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on the α-carotene side of the carotenoid pathway.  Interaction between the 

CYP97A4 and CYP97C2 would facilitate channeling of the α-carotene substrate by 

allowing the enzymes to simultaneously be brought into close proximity to the β- and 

ε-rings of the substrate.  The CYP97A4 is hypothesized to hydroxylate the β-ring of 

α-carotene first to generate zeinoxanthin, the preferred CYP97C2 substrate.  The 

CYP97C2, by virtue of being constrained in a heterodimer complex with the 

CYP97A4, would then be in close proximity to the other end of the zeinoxanthin 

substrate which has an ε-ring available for hydroxylation; the CYP97C2 would then 

be in the proper orientation to efficiently confer hydroxylation of this ε-ring and 

convert this intermediate to the end-product lutein. 

Similarly, the HYD4 enzyme, which was demonstrated via BiFC to form a 

homodimer complex, would be capable of simulataneouly hydroxylating the two β-

rings at either end of β-carotene.  Thus, this enzyme, which showed such robust 

activity when expressed as an individual enzyme toward the β-carotene substrate in 

our E. coli system, would, in the form of an integrally membrane-bound homodimer 

complex function to efficiently hydroxylate both β-rings of β-carotene thereby 

effectively channeling this substrate toward the production of the end-product 

zeaxanthin. 

Interestingly, the HYD3 and HYD4 enzymes were also shown to interact to 

form a heterodimer complex.  Transcript profiling indicated that the HYD3 and 

HYD4 are expressed at similar levels in maize leaf and root tissue (Vallabhaneni et 

al., 2009).  Similar transcript levels would lead to eqi-molar amounts of HYD3 and 
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HYD4 protein which would facilitate efficient interaction between these two 

proteins. In addition, both enzymes were demonstrated via in vitro import to be 

integrally associated with the chloroplast membrane; this result is in agreement with 

previous chloroplast import studies which showed that a citrus diiron carotene β-ring 

hydroxylase (CitChyb) was integrally-bound to the chloroplast membrane (Inoue et 

al., 2006).  It was expected that the HYD3 and HYD4 would share the same 

subcellular/suborganellar location given their similar activities and specificities as 

demonstrated by the E. coli complementation system, as well as by previous genetic 

and biochemical analyses (Sun et al., 1996; Tian et al., 2003; Tian et al., 2004).  

Together, these studies indicate that the HYD3 and HYD4 enzymes form an 

integral association with the chloroplast membrane where they function in a 

heterodimer complex on the β-carotene side of the carotenoid pathway for the 

efficient channeling of the β-carotene substrate toward production of the pathway 

end-product zeaxanthin.   

 Complementation studies indicated that CYP97C2 activity was moderately 

enhanced when this enzyme was co-expressed with the HYD3 in α- and β-carotene 

accumulating E. coli (lutein accumulation was greater than 2-fold higher than 

zeaxanthin).  This increase is relatively modest in comparison to the nearly 10-fold 

higher amount of lutein relative to zeaxanthin observed with cells co-expressing the 

CYP97A4 and CYP97C2.  No interaction was observed between CYP97C2 and 

HYD3 via BiFC analysis.  In terms of pathway metabolon assembly, the HYD3 and 

CYP97C2 enzymes would not be expected to be topologically coordinated partners, 
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given their predicted and experimentally determined differences with respect to 

membrane association (ie., integrally vs. peripherally-bound), as well as the fact that  

complementation studies indicated that these two structurally distinct classes of 

enzymes function optimally on the separate α-carotene and β-carotene sides of the 

carotenoid pathway for the production of lutein and zeaxanthin respectively.  The 

modestly higher levels of lutein produced relative to zeaxanthin in the case of the 

CYP97C2 + HYD3 combination was likely due to the availability of the preferred 

CYP97C2 substrate, zeinoxanthin, which was generated by HYD3 activity towards 

the β-ring of α-carotene, rather than any protein interaction.  HYD4 was also 

somewhat active toward the β-ring of α-carotene, which would make zeinoxanthin 

available for CYP97C2 ε-ring hydroxylation, however, only a low amount of lutein 

(roughly 1.6%) accumulated in cells co-expressing both HYD4 and CYP97C2.  In 

addition, when co-expressed with the CYP97C2, HYD4 activity was severely 

inhibited; only a low amount of zeaxanthin was generated (approximately 3%).  It’s 

possible that the inhibited HYD4 activity observed may be due to substrate 

competition.  The CYP97C2 was shown to have minor activity towards the β-rings of 

β-carotene, as shown (Fig. 3-2 and 3-4).  In the case of cells co-expressing CYP97C2 

and HYD4, perhaps the CYP97C2 was binding to one of the β-rings of β-carotene but 

was not functioning efficiently in the hydroxylation of the ring, thus, the normal 

“bind and release” mechanism was impaired due to lack of proper β-ring 

hydroxylation function of the CYP97C2.  The CYP97C2 enzyme may subsequently 

not have been released from the β-ring thereby occupying the site and preventing the 
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HYD4 from binding; this would necessarily inhibit HYD4 activity in the 

conversion of β-carotene to zeaxanthin. As stated previously, the HYD4 functioned 

optimally when expressed as an individual enzyme in the E. coli system; its ability to 

form a homodimer appears to enhance its activity toward β-carotene.  By contrast, 

BiFC studies indicated that the HYD3 does not form a homodimer; its inability to 

form such a complex is likely responsible for the suboptimal activity observed toward 

the β-carotene substrate in our complementation assays. 

     

3.4.3 BiFC studies involving protoplasts isolated from either etiolated or green 

leaf tissue 

BiFC studies involving the use of protoplasts that had been isolated from 

etiolated  maize leaf tissue demonstrated interactions between CYP97A4 and 

CYP97C2, as well as  HYD3 and HYD4 (to form heterodimers).  Transcript assays  

indicated that both the maize CYP97A and CYP97C, as well as the maize HYD3 and 

HYD4 gene pairs are similarly expressed in maize leaf tissue (although there was 

somewhat less similarity observed between CYP97A and CYP97C transcript levels) 

(Vallabhaneni et al., 2009).  Similar transcript profiles in leaf tissue for both sets of 

enzymes would be expected given their respective heterodimer formations in 

protoplasts isolated from maize leaf tissue.  

Although the HYD3 interacted with the HYD4 in protoplasts isolated from 

etiolated leaf tissue, no HYD3 homodimer formation was observed in protoplasts 

isolated from either of the two types of leaf tissue used.  Transcript assays by 
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Vallabhaneni et al., (2009) showed that HYD3 is more highly expressed in maize 

endosperm (which contains amyloplasts, not chloroplasts) than in any other tissue, 

including leaf tissue.  In addition, these studies indicated a positive correlation 

between HYD3 transcript levels and zeaxanthin accumulation in maize endosperm; 

that is, the higher the transcripts, the greater the level of zeaxanthin production, as 

would be expected from an increase in HYD3 hydroxylation activity.  While no 

homodimer formation was observed for the HYD3 in protoplasts isolated from either 

etiolated or green leaf tissue, perhaps in endosperm, the HYD3 forms a homodimer 

complex on the amyloplast membrane for the efficient conversion of β-carotene to 

zeaxanthin.  In addition, transcript profiling also indicated that both HYD3 and HYD4 

are expressed in endosperm, although respective transcripts were at markedly 

dissimilar levels (HYD3 transcripts were much higher than HYD4 transcripts in this 

tissue) (Vallabhaneni et al., 2009).  While interaction was demonstrated between 

HYD3 and HYD4 in protoplasts isolated from etiolated tissue, it’s possible that these 

enzymes also form a heterodimer complex in endosperm amyloplasts; such an 

interaction may enhance HYD enzyme activities thereby compensating for the 

relative lack of HYD4 expression in this tissue; this heterodimer complex on the 

amyloplast membrane would facilitate an efficient conversion of β-carotene to 

zeaxanthin in maize endosperm.    

 Interestingly, only the HYD4 was able to form homodimer complexes in 

protoplasts isolated from both etiolated as well as green leaf tissues; these results 

point to the possibility that the HYD4 is able to promiscuously associate with a wider 
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variety of plastid membranes.  Unlike green leaf tissue protoplasts, which would 

contain thylakoid membranes, protoplasts isolated from etiolated leaf tissue would 

have a membrane architecture that is somewhat similar to that of amyloplasts which 

lack internal membrane structures such as thylakoids.  The ability of the HYD4 to 

form associations with various types of plastid membranes would facilitate an 

interaction between the HYD4 and the HYD3 in endosperm amyloplast membranes.  

Indeed, these studies showed that the HYD3 was able to interact with the HYD4 in 

protoplasts isolated from etiolated maize leaf tissue; such protoplasts would have a 

similar membrane structure to that of amyloplasts.  In addition, while the proteomics 

analyses of  Joyard et al., (2009), as well as the localization studies described in this 

work indicated that the CYP97 and HYD proteins repectively localize to the 

chloroplast envelope, it’s possible that under certain stress conditions (ie., high-light), 

the HYD4 also localizes to thylakoid membranes where it forms a homodimer 

complex to function in the efficient production of zeaxanthin which has been shown 

to play a vital photoprotective role in the photosynthetic apparatus. Thylakoid 

membrane association of the downstream enzyme violaxanthin de-epoxidase (VDE), 

which converts violaxanthin to the photoprotective xanthophyll zeaxanthin, is 

activated by high-light induced acidification of the thylakoid lumen (lumenal pH 5/ 

stromal pH 8).  While the isoelectric point (pI) of the mature HYD4 (pI 9.51) is 

markedly different to that of the VDE enzyme (pI 4.57), perhaps, given its integral 

association with the chloroplast membrane, the HYD4 is less sensitive to either 

lumenal or stromal pH than the peripherally membrane-bound CYP97A enzyme (pI 
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5.44).  Thus, in such high-light conditions, the HYD4 would be capable of forming 

an association with the thylakoid membrane for the production of zeaxanthin, a 

carotenoid required for the dissipation of high-light energy. 

 Given that both classes of cartotene hydroxylase enzymes appear to localize to 

envelope membranes yet their respective hydroxylated end-products lutein and 

zeaxanthin play vital roles in LHC assembly and photoprotection respectively in 

thylakoid membranes (Pogson et al., 1998; Lokstein et al., 2002; Dall'Osto et al., 

2006; Dall'Osto et al., 2007) raises the question as to what trafficking mechanisms are 

involved in transporting these enzymes and/or metabolites to the thylakoid 

membrane.  These poorly understood phenomena are further complicated by the fact 

that the CYP97A and CYP97C enzymes are coded for by single-copy genes which 

may apparently be targeted for multiple suborganellar locations.     

 Previous electron microscopical data has indicated that plastid-generated lipid 

bodies referred to as plastoglobules, which typically contain galactolipids, 

plastoquinones, and carotenoids (Greenwood et al., 1963), are associated with the 

stromal surfaces of both thylakoid and inner chloroplast membranes (Kessler et al., 

1999), and more recent studies suggested that plastoglobules may be involved in the 

trafficking of inner chloroplast envelope enzymes and/or metabolites to the thylakoid 

membrane (Vidi et al., 2006).  Specifically, these latter studies by Vidi et al., (2006) 

point to the plastoglobule as being the site of the tocopherol cyclase (VTE1) reaction 

of vitamin E synthesis; the VTE1 substrate 2,3-dimethyl-5 phytyl-1, 4-hydroquinol, 

an inner envelope protein is transferred from the inner envelope to the plastoglobule 
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where the cyclase reaction takes place.  VTE4 (γ-tocopherol methyl transferase) 

completes α-tocopherol biosynthesis, however this enzyme was not found in 

plastoglobules; thus the final methylation step does not occur in these lipid bodies.  

Therefore plastoglobules may not only be the site of tocopherol cyclase activity, but 

may serve as trafficking vehicles for tocopherol biosynthetic intermediates.  Taken 

together, these data indicate that in addition to providing a transport pathway, 

plastoglobules are dynamic, metabolically active structures. 

 Similarly, plastoglobules may serve to transport the CYP97/HYD enzymes 

and/or their hydroxylated products lutein and zeaxanthin from the chloroplast 

envelope to the thylakoids.  In addition, given that these lipid bodies have been 

demonstrated to have metabolic functions, it is possible that at least a portion of the 

carotenoid metabolites targeted for the thylakoid membrane, such as lutein and 

zeaxanthin, are synthesized in plastoglobules rather than on the chloroplast envelope. 

 Another possible mode of enzyme/metabolite transport may involve envelope-

derived vesicles.  It has been established that biogenesis and maintenance of 

thylakoids is largely dependent on metabolites such as galactolipids and carotenoids, 

which are mainly synthesized on the inner chloroplast envelope (Douce, 1974; Joyard 

et al., 1980).  Early electron microscopic studies described vesicular structures in 

chloroplasts (von Wettstein, 1958; Muhlethaler and Frey-Wyssling, 1959), and more 

recent data has indicated that vesiculation of the envelope inner membrane may 

provide a transport pathway for inner envelope derived lipids to the thylakoids  

(Carde et al., 1982; Hoober et al., 1991; Morre et al., 1991).  Inhibitor studies 
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presented definitive evidence for the existence of a protein (phosphatase-

calmodulin)-mediated vesicular transport system that connects the inner-envelope and 

thylakoid membranes in chloroplasts (Westphal et al., 2001).  In addition, mutational 

analysis in Arabidopsis involving the deletion of a single gene VIPP1 (vesicle-

inducing protein in plastids 1) which codes for the VIPP1 protein involved in the 

budding of vesicles from the inner envelope, showed that the lack of vesicle 

generation in these mutants is paralleled by the inhibition of thylakoid development.  

These data indicated that VIPP1 may be involved in a vesicle trafficking system that 

links the chloroplast inner envelope and thylakoid membranes (Kroll et al., 2001). 

 It’s also possible that these envelope-derived vesicles may be involved in 

transporting the CYP97/HYD enzymes and/or their hydroxylated products lutein and 

zeaxanthin from the envelope to the thylakoids.  Further study will be required in 

order to fully elucidate the specific mechanisms involved in the trafficking of 

carotenoid enzymes and/or metabolites between chloroplast membranes. 

 

3.5 Conclusion 

 Taken together, these data represent a coherent set of studies that offers new 

insights into the roles of the two separate classes of carotene hydroxylase enzymes 

involved in the conversion of provitamin A carotenes to non-provitamin A 

xanthophylls.  This seminal body of work lays the foundation for further 

investigations into the roles and topologies of the putative carotenoid metabolons, and 

should provide a solid knowledge base for the development of rational strategies for 
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metabolic engineering and/or breeding to improve provitamin A carotenoids in 

cereal endosperm. 

 

 

3.6 Materials and Methods 

 

3.6.1 Cloning of CYP97A4, CYP97C2, HYD3, and HYD4 into pCOLADuet and 

pCDFDuet vectors 

The CYP97A4 (#AK068163) and CYP97C2 (#AK065689) ORFs were amplified 

from rice cDNA and cloned into the pCOLADuetTM-1 vector (Novagen), and 

resulting constructs were respectively named pRT-A4 and pTR-C2 as described 

previously (Chapter 2) (Quinlan et al., 2007).  The CYP97C2 ORF was amplified 

from pTR-C2 using the following primers with terminal NdeI and Acc65I restriction 

sites:   (forward): 5′- ACCG CAT ATG GCC GTC CCG TGC GTA C – 3′, (reverse): 

5′-GAGA GGT ACC TCA TCT GGA CCC ACT GAG- 3′.  The HYD3 

(#BM382572/AY844958) ORF was amplified from pTHYD3 (Vallabhaneni et al., 

2009) using the following primers with terminal EcoRI and HindIII restriction sites: 

(forward):  5′-GAGA G AAT TCC ATG GCC GCC GCG ATG A-3′, (reverse):  5′-

ACCG AAG CTT CTA GAA CTC ATT TGG CAC A-3′, and gene specific primers 

with terminal EcoRI and HindIII restriction sites  (forward 5′- GAGA G AAT TCA 

ATG GCC GCC GGT CTG T-3′ and reverse 5′- ACCG AAG CTT TCA GAT GGT 
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CCG GCC G-3′) were used to amplify the HYD4 (#BG320875/AY844956) ORF 

from pTHYD4 (Vallabhaneni et al., 2009) 

 PCR conditions to amplify the CYP97C2 ORF, HYD3 and HYD4 ORFs 

were as follows:  20 μl reactions contained 1μl plasmid DNA, 1 μl of each primer (20 

μM), and 17 μl of a Platinum PCR Supermix High Fidelity master mix, 1.1X (2.4 mM 

MgSO4, 220 mM dNTPs, 22 U/ml complexed recombinant Taq DNA polymerase, 

Pyrococcus species GB-D thermostable polymerase, and Platinum Taq Antibody; 

66mM Trid- SO4 (pH 8.9) and stabilizers) (Invitrogen Corp.).  Amplifications 

conditions for CYP97C2: 1 cycle, 95° C, 3 min; 40 cycles, 95° C, 45s, 58° C, 45s, 

72° C, 2:00 min; 1 cycle, 72° C, 10 min.   

 

3.6.2 Construction of expression vectors and functional analysis 

CYP97C2 was cloned in frame into the NdeI and Acc65I sites (MSC2) of the 

pCDFDuet-1 vector (Novagen) and renamed pRQ-C2.  HYD3 ws cloned in frame 

into the EcoRI and HindIII sites of the pCOLADuetTM-1 vector and renamed pRQ-

H3.  HYD4 was cloned in frame into the EcoRI and HindIII sites of the pCOLADuet 

TM-1  vector and renamed pRQ-H4.  For testing of substrate specificity for individual 

enzymes, pRT-A4 (carries the CYP97A4 ORF), pRQ-C2 (carries the CYP97C2 

ORF), pRQ-H3 (carries the HYD3 ORF) or pRQ-H4 (carries the HYD4 ORF) were 

respectively transformed into E. coli BL21 (DE3) cells (Novagen) harboring either 

pACΒETA-At only, which confers β-carotene accumulation (Cunningham et al., 

2007), pACCRT-EIB (which confers accumulation of lycopene) (Cunningham et al., 
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1993) + plasmid y2 (Cunningham Jr. et al., 1996) (which carries the Arabidopsis 

lycopene ε-cyclase); together these constructs confer accumulation of δ- and ε-ε-

carotene, or pACBETA-At + plasmid y2, which together confer accumulation of α- 

and β- carotene (Cunningham et al., 2007).  For testing of substrate specificity for 

enzyme combinations the pRT-A4 + pRQ-C2, pRQ-C2 + pRQ-H3, and pRQ-C2 + 

pRQ-H4 constructs were co-transformed into E. coli BL21 (DE3) cells harboring  

both pACBETA-At + plasmid y2 which together confer accumulation of α- and β- 

carotene.  For carotenoid analyses, saturated cultures in LB medium were diluted 50-

fold into 50 ml fresh medium in 500 ml flasks, then grown in the dark at 250 rpm at 

37°C until OD 0.6 at which point they were induced with 10 mM IPTG and further 

cultured for a total of three days.  

 

3.6.3 Extraction of carotenoids from E. coli cells, HPLC and LC-MS analysis 

50 ml cultures were centrifuged at 3,500 rpm for 10 min. Bacterial cell pellets 

were extracted in 5 ml of methanol using a Sonicator (Vibra Cell), and centrifuged at 

3,500 rpm for 10 min. to pellet disrupted cells.  Supernatants were transferred to 100 

ml Pyrex flasks and evaporated under nitrogen gas.   Once dried, 300 µl of Methanol 

was added to dissolve samples.  Samples were then frozen at -80°C for 30 minutes, 

centrifuged at 14,000 rpm at 4°C, and the supernatants transferred to HPLC vials 

(Waters).   

Separation was carried out using a Waters HPLC system equipped with a 

2695 Alliance separation module, a 996 photodiode array detector, a column heater, a 
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fraction collector II,  Empower software (Millipore, Franklin, MA), and a 

Develosil C30 RP-Aqueous (5 μm, 250 x 4.6mm) column (Phenomenex, Torrance, 

CA), with a Nucleosil C18 (5 μm, 4 x 3.0 mm) guard column (Phenomenex, Torrance, 

CA), with mobile phase consisting of mixtures of acetonitrile:methanol:water 

(84:2:14 v/v/v (A) and methanol:ethyl acetate (68:32 v/v (B), with a gradient to 

obtain 100% B at 60 min (flow rate 0.6 ml/min), 100% B at 71 min with flow rate 

changing to 1.2 ml/min, followed by 100% A (flow rate 1.2 ml/min) at 110 min.  

Peaks were identified on the basis of retention times/spectra matching those of 

authentic standards (INDOFINE Chemical Company, Inc., Sommerville, NJ).  All 

data were collected at lambda max of 450nm.  

LC-MS was performed on a Waters 2695 HPLC equipped with a 2998 PDA 

detector coupled to a Waters LCT Premiere XE Time of Flight (TOF) Mass 

Spectrometer system using electrospray ionization in positive ion mode.  Separation 

was performed using a Develosil C30 RP-Aqueous (5 μm, 250 x 4.6mm) column 

(Phenomenex, Torrance, CA), with mobile phase consisting of mixtures of 

acetonitrile:methanol:water (84:2:14 v/v/v (A) and methanol:ethyl acetate (68:32 v/v 

(B), with a gradient to obtain 100% B at 60 min (flow rate 0.6 ml/min), 100% B at 71 

min with flow rate changing to 1.2 ml/min, followed by 100% A (flow rate 1.2 

ml/min) at 110 min.    

 

3.6.4 Cloning of CYP97A4, CYP97C2, HYD3, and HYD4 into the pTnT vector 
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The CYP97A4 ORF from rice was amplified from pRT-A4 via PCR using 

the following primers with terminal XhoI and XbaI restriction sites:  primer 2175 

(forward): 5′-ACCG CTC GAG GCC ACC ATG AGC TCA GCG ACG TCA GTG AGT 

G -3′, primer 2176 (reverse): 5′-GAGA TCT AGA TCA GAT TCG AGT TGC TGA GAC 

TTG C-3.′  The CYP97C2 ORF was amplified from rice cDNA using the following 

primers with terminal XhoI and XbaI restriction sites:  primer 2140 (forward): 5′- GAGA 

CTC GAG AAT CCA TCT CGA ATC CCT AGC– 3′,  primer 2168 (reverse): 5′-ACCG 

TCT AGA TCA TCT GGA CCC ACT GAG TG- 3.′  Primers with terminal XhoI/XbaI 

restriction sites used to amplify the maize diiron HYD3 and HYD4 ORFs from  pTHYD3 

and pTHYD4 respectively were: primer 2163 (forward): 5′- ACCG  CTC GAG GCC ACC 

ATG GCC GCC GCG ATG ACC-3′, primer 2164 (reverse): 5′-GAGA TCT AGA CTA 

GAA CTC ATT TGG CAC ACT -3,′ and primer 2165 (forward): 5′-ACCG CTC GAG 

GCC ACC ATG GCC GCC GGT CTG TCC-3,′ primer 2166 (reverse): 5′-GAGA TCT 

AGA TCA GAT GGT CCG GCC GAT T-3.′ 

PCR conditions to amplify the CYP97A4, CYP97C2, maize HYD3 and maize 

HYD4 ORFs from were as follows:  20 μl reactions contained 1μl plasmid DNA, 1 μl 

of each primer (20 μM), and 17 μl of a Platinum PCR Supermix High Fidelity master 

mix, 1.1X (2.4 mM MgSO4, 220 mM dNTPs, 22 U/ml complexed recombinant Taq 

DNA polymerase, Pyrococcus species GB-D thermostable polymerase, and Platinum 

Taq Antibody; 66mM Trid- SO4 (pH 8.9) and stabilizers) (Invitrogen Corp.).  

Amplifications conditions for CYP97A4: 1 cycle, 95° C, 3 min; 40 cycles, 95° C, 45s, 

58° C, 45s, 72° C, 2:30 min; 1 cycle, 72° C, 10 min.   
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CYP97A4, CYP97C2, maize HYD3 and maize HYD4 were cloned in 

frame into the XhoI and XbaI sites of the pTnT vector (Promega) and respectively 

named pTnT-A4, pTnT-C2, pTnT-H3, pTnT-H4. 

 

3.6.5 Chloroplast Isolation 

Chloroplasts used in import assays were isolated from 10-14 day old pea 

plants as described by (Bruce et al., 1994).  Approx. 25g of leaves were homogenized 

at 4°C with a blender in 75ml of cold grinding buffer (50mM HEPES pH 8, 0.33M 

sorbitol, 1mM MgCl2, 1mM MnCl2, 2mM Na2EDTA pH 8, 0.1% BSA, 0.1% Na-

ascorbate) by 3-5 bursts of 1s each. All further operations were performed on ice 

using cold buffers. The homogenate was filtered through 2 layers of cheesecloth and 

1 layer of Nylon mesh (60 µm) and the filtrate was centrifuged at 2000 g for 2 min. 

Pellets were carefully resuspended in 1ml of grinding buffer and overlaid on top of 

two 36 ml Percoll gradients (prepared by centrifugation of 50% Percoll (Sigma) in 

grinding buffer, 40000 g, 30 min, 4°C), and centrifuged at 12000 g, 11 min, 4°C. 

Intact chloroplasts in the lower band were gently collected with a pipette, washed 

with 3 volumes of import buffer (50mM HEPES pH 8, 0.33 M sorbitol) and then 

pelleted at 2000 g, 2 min, 4°C. Washed intact chloroplasts were resuspended in 

import buffer to yield chloroplast concentration of 0.5 mg/ml and kept on ice until 

use.  

 

3.6.6 In vitro chloroplast import 
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The plasmid constructs previously described (pTnT-A4, pTnT-C2, pTnT-

H3, pTnT-H4) were used as templates for in vitro transcription/translation performed 

with the TnT Coupled Reticulocyte Lysate System (Promega) in the presence of [35S]-

methionine according to the manufacturer’s instructions.   

 Reaction mixtures were prepared containing purified chloroplasts (0.5 mg/ml), 1X 

import buffer, 4mM methionine, 4 mM ATP, 4 mM MgCl2, 10 mM KAc, 10 mM NaHCO3 

and 10 µl of reticulocyte lysate translation product in a total volume of 150 µl. Reactions 

mixtures were incubated for 25 min at 25°C in light. Import reactions were stopped by 

adding 500 µl of 1X import buffer and samples were centrifuged at 800 g for 2 min at 4°C to 

obtain pellet of intact chloroplasts. Pellets were resuspended in 200 µl import buffer, 

supplemented by 1mM CaCl2 and each reaction mixture was divided into two equal aliquots. 

Thermolysin was added to one of the two aliquots to a concentration of 125 ng/ul and 

incubated for 30 min at 4°C. The reaction was terminated by addition of EDTA to a 

concentration of 10 mM. For fractionation experiments after import reaction intact 

chloroplasts were washed twice with import buffer, then diluted with HL buffer (10 mM 

HEPES-KOH, 10 mM MgCl2, pH=8); the total mixture was frozen in liquid nitrogen/thawed 

3 times, and then centrifuged (16 000 g, 20 min). Alkaline treatment of membrane fractions 

were performed with 200 mM Na2CO3, pH>10, 10 min on ice, and pellets containing treated 

membranes were separated from the supernatant by centrifugation (16 000 g, 20 min). All 

fractions including soluble, membrane, and purified membrane pellets were analyzed by 

SDS-PAGE.  Radiolabelled protein bands were visualized using a Storm Phosphoimager 

(Amersham Biosciences). A prestained molecular weight marker (Benchmark Pre-stained 
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protein ladder, Invitrogen) was included on each gel and used to determine the 

sizes of the radiolabeled bands. 

 

3.6.7 Cloning of CYP97/HYDs into pUC35S-sGFP-Nos vectors 

The CYP97A4 ORF was amplified from pRT-A4 via PCR using the following 

primers with terminal XbaI and BamHI restriction sites:  (forward): 5′-  ACCG TCT 

AGA ATG AGC TCA GCG ACG TCA GTG AG-3′ and (reverse): 5′- GAGA GGA 

TCC GAT TCG AGT TGC TGA GAC TTG CC-3′, the CYP97C2 ORF was 

amplified from pGEMT-C2 (pGEM®T-Easy vector (Promega) harboring full-length 

cDNA of CYP97C2) via PCR using the following primers with terminal XbaI and 

BclI restriction sites (forward):  5′- ACCG TCT AGA  ATG GCC GCC GCC GCC 

GCC GCC GCC-3′ and (reverse):  5′- 

GAGATGATCATCTGGACCCACTGAGTGCAAAATCAG-3.′  Gene-specific 

primers with terminal XbaI and BamHI restriction sites (forward): 5′- ACCG TCT 

AGA ATG GCC GCC GCG ATG ACC-3′ and reverse 5′- GAGA GGA TCC GAA 

CTC ATT TGG CAC ACT CT-3′ were used to amplify the full-length coding 

sequence of HYD3 via PCR from the pRQ-H3 vector.  The HYD4 ORF was 

amplified from the pRQ-H4 vector via PCR using the following primers with XbaI 

and BamHI restriction sites (forward): 5′-ACCG TCT AGA ATG GCC GCC GGT 

CTG TCC-3′ and (reverse): 5′-GAGA GGA TCC GAT GGT CCG GCC GAT TCG-

3.′  
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PCR conditions to amplify the CYP97A4, CYP97C2, maize HYD3 and 

maize HYD4 ORFs from were as follows:  20 μl reactions contained 1μl plasmid 

DNA, 1 μl of each primer (20 μM), and 17 μl of a Platinum PCR Supermix High 

Fidelity master mix, 1.1X (2.4 mM MgSO4, 220 mM dNTPs, 22 U/ml complexed 

recombinant Taq DNA polymerase, Pyrococcus species GB-D thermostable 

polymerase, and Platinum Taq Antibody; 66mM Trid- SO4 (pH 8.9) and stabilizers) 

(Invitrogen Corp.).  Amplifications conditions for CYP97A4 and CYP97C2: 1 cycle, 

95° C, 3 min; 35 cycles, 95° C, 30s, 58° C, 45s, 72° C, 2:30 min; 1 cycle, 72° C, 10 

min.   

CYP97A4, CYP97C2, HYD3, and HYD4 were cloned in frame into the XbaI 

and BamHI (or BclI) sites of the pUC35S-sGFP-Nos vector (based on pUC35S-GUS-

Nos and pBIG121 vectors) (Okada et al., 2000) and respectively named A4-GFP, C2-

GFP, H3-GFP, H4-GFP.   

 

3.6.8 Cloning of CYP97/HYDs into BiFC vectors 

For cloning into the pSAT 2236 vectors (Citovsky et al., 2006): 

The CYP97A4 ORF was amplified from the pRT-A4 vector via PCR using 

the following primers with terminal XhoI and EcoRI restriction sites: (forward): 5′-

ACCGCTCGAGGCAACAATGAGCTCAGCGACGTCAGTGAG-3′, (reverse): 5′-

GAGAGAATTCGATTCGAGTTGCTGAGACTTGCC-3′.  The CYP97C2 ORF was 

amplified from pGEMT-C2 (pGEM®T-Easy vector (Promega) harboring full-length 

cDNA of CYP97C2)  via PCR using the following primers with terminal XhoI and 
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EcoRI restriction sites: (forward)  5′-ACCG CTCGAGATGGCCGCCGCCGCC 

GCCGCCGCC-3′ and (reverse) GAGAGAATTC 

TCTGGACCCACTGAGTGCAAAATCAG-3.′   The HYD3 ORF was amplified 

from the pRQ-H3 vector using the following primers with terminal XhoI and EcoRI 

restriction sites: (forward): 5′- ACCGCTCGAGATGGCCGCCGCGATGACC -3′ 

and (reverse) 5′-GAGAGAATTCGAACTCATTTGGCACACT CT- 3′. The HYD4 

ORF was amplified from the pRQ-H4 vector using the following primers with 

terminal XhoI and EcoRI restriction sites: (forward): 5′-ACCGCTCGAGATGGCC 

GCCGGTCTGTCC-3′ and (reverse): 5′-GAGAGAATTCGATGGTCCGGCCGAT 

TCG-3′. 

For cloning into the pSAT 1476 vectors (Citovsky et al., 2006): 

 The CYP97A4 ORF was amplified from the pRT-A4 vector via PCR using 

the following primers with terminal XhoI and EcoRI restriction sites: (forward): 5′-

ACCG CTCGAG ATG AGC TCA GCG ACG TCA GTG AG-3′ and (reverse): 5′- 

GAGA GAA TTC GAT TCG AGT TGC TGA GAC TTG CC-3′.  The CYP97C2 

ORF was amplified from pGEMT-C2 (pGEM®T-Easy vector (Promega) harboring 

full-length cDNA of CYP97C2) via PCR using the following primers with terminal 

NcoI and EcoRI restriction sites: (forward): 5′-ACCGCCATGGCCGCCGCCGCC-3′ 

and (reverse): 5′-GAGAGAATTCTCTGGACCCACTGAGTGC-3′.  The HYD3 ORF 

was amplified from the pRQ-H3 vector via PCR using the following primers with 

terminal BspHI and EcoRI restriction sites: (forward): 5′- ACCGTCATGA 

TGGCCGCCGCGATGACCAG and (reverse): 5′- GAGA GAA TTC  
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GAACTCATTTGGCACACTCTGGC-3′.  The The HYD4 ORF was amplified 

from the pRQ-H4 vector via PCR using the following primers with terminal BspHI 

and EcoRI restriction sites: (forward): 5′- ACCG TCA TG A 

TGGCCGCCGGTCTGTCCGG -3′ and (reverse): 5′- GAGA GAA TTC 

GATGGTCCGGCCGATTCGCG-3′. 

PCR conditions to amplify the CYP97A4, CYP97C2, maize HYD3 and maize 

HYD4 ORFs from were as follows:  20 μl reactions contained 1μl plasmid DNA, 1 μl 

of each primer (20 μM), and 17 μl of a Platinum PCR Supermix High Fidelity master 

mix, 1.1X (2.4 mM MgSO4, 220 mM dNTPs, 22 U/ml complexed recombinant Taq 

DNA polymerase, Pyrococcus species GB-D thermostable polymerase, and Platinum 

Taq Antibody; 66mM Trid- SO4 (pH 8.9) and stabilizers) (Invitrogen Corp.).  

Amplifications conditions for CYP97A4 and CYP97C2: 1 cycle, 95° C, 3 min; 35 

cycles, 95° C, 30s, 58° C, 45s, 72° C, 2:30 min; 1 cycle, 72° C, 10 min.   

CYP97A4, CYP97C2, HYD3, and HYD4 were cloned into the XhoI and 

EcoRI sites of pSAT vector 2236 (pSat4(A)-nEYFP-N1) (Citovsky et al., 2006), and 

respectively named A4_2236, C2_ 2236, H3_2236, H4_2236.  

 CYP97A4 was cloned into the XhoI and EcoRI sites of pSAT vector 1476  

(pSAT6-cEYFP-N1) (Citovsky et al., 2006) and named A4_1476.  CYP97C2 was 

cloned into the NcoI and EcoRI sites of the pSAT vector 1476 (pSAT6-cEYFP-N1) 

and named C2_1476, and HYD3 and HYD4 were respectively cloned into the BspHI 

and EcoRI sites of the pSAT vector 1476 (pSAT6-cEYFP-N1) and named H3_1476 

and H4_1476. 
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3.6.9 Isolation and transformation of maize protoplasts 

 Isolation and transformation of maize protoplasts were performed according 

to (Sheen, 1991; van Bokhoven et al., 1993) with modifications. Maize var. B73 

plants were grown in the dark at 26°C for 12 days (12 h day, 12 h night in an Avantis 

growth chamber (Conviron)). Middle parts of 2nd leaves of 20 plants were cut into 

razor thin sections and transferred to 500 ml Erlenmeyer flask containing 50 ml of 

Ca/Mannitol solution (10mM CaCl2, 0.6M Mannitol, 20mM MES pH 5.7) to which 

was added 1% cellulase (Trichoderma viride), 0.3% pectinase (Rhizopus sp.) (Sigma), 

5mM β-mercaptoethanol (Sigma), and 0.1% BSA (Sigma). Vacuum was applied for 5 

min followed by shaking at 60 rpm at RT in the dark for 3 hours. The supernatant was 

filtered by 60 µm nylon mesh, and collected in a 50 ml Falcon centrifuge tube. 

Protoplasts were pelleted at 60g for 5 min at RT and then washed with 25 ml 

Ca/Mannitol solution (repeated 3 times). Protoplasts were aliquoted into portions of 

106 in 150 µl. To each reaction 10 µg of ice-cold plasmid DNA was added. 

Protoplasts were then mixed with 500 µl of polyethylene glycol solution (40% PEG 

6000, 0.5M Mannitol, 0.1 M Ca(NO3)2) for 10 seconds followed by addition of 4.5 

ml of Mannitol/MES solution (15 mM MgCl2, 0.1% MES, pH 5.5, 0.5M Mannitol) 

and incubated at RT for 25 min. The suspension was then centrifuged at 60 g for 5 

min at RT and the supernatant was discarded. The sediment was washed with 

Ca/Mannitol solution and pelleted at 60 g for 5 min at RT.  The supernatant was 

discarded and protoplasts were re-suspended in 1 ml Ca/Mannitol solution. 

 



 113

Protoplasts were transferred to a 24 well plate and incubated overnight at 25°C 

under dim light. Transformational efficiency for protoplasts was 80-90%. 

.  

3.6.10 Confocal microscopy 

Transient expression of GFP, YFP and RFP fusion proteins was visualized 

using a DM16000B inverted confocal microscope with TCS SP5 system (Leica 

Microsystems CMS, Germany).  Oil or water immersion objective (63X) was used in 

all cases.  A 488 nm argon laser was used to excite the fluorescence of GFP and 

chlorophyll and a 543 laser was used to excite RFP.  Chlorophyll autofluorescence 

was detected between 664 and 696 nm, and GFP fluorescence was detected between 

500 and 539 nm and always confirmed by recording the emission spectrum by 

wavelength scanning (lambda scan) between 500 and 600 nm with a 3-nm detection 

window.  The RFP fluorescence was detected between 600 and 650 nm, and emission 

spectrum confirmed by scanning between 570 and 700 nm.  A 514 nm line of argon 

laser was used to excite the fluorescence of YFP, and the emission spectrum was 

detected and confirmed by lambda scan between 524 and 575 nm. 

LAS AF software (Leica Microsystems CMS, Germany) was used for image 

acquisition.  Images were obtained by combining several confocal Z-planes. 
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Figure. 3-1.  Carotene hydroxylases convert provitamin A carotenes (ie., β- and α-
carotene) to non-provitamin A xanthophylls (ie., lutein and zeaxanthin).  Enzymes: 
CYP97A, P450 β-hydroxylase; CYP97C, P450 ε-hydroxylase; HYDB, diiron β-
hydroxylase. Conversion of lycopene to β-carotene requires lycopene β-cyclase (LCYB) 
alone, while conversion of lycopene to α-carotene requires lycopene β- and ε-cyclases 
(LCYE).  Conversion of lycopene to δ-carotene (intermediate) and ε,ε-carotene requires 
LCYE. Formation of the hydroxylated xanthophylls zeaxanthin, lutein, and 
lactucaxanthin is mediated by two separate stereospecific β- and ε-ring hydroxylases 
(CYP97/diiron HYD).  
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Figure 3-2.  Functional complementation of CYP97/HYD enzymes in cells 
accumulating -carotene.  Extracted pigments were separated by reversed phase 
HPLC.  E. coli cells engineered to accumulate a carotene with β-rings (β-carotene) 
were further transformed with test plasmids encoding HYD3, HYD4, CYP97A4, or 
CYP97C2.  HPLC chromatograms (450 nm) show composition of accumulated 
substrates and products.  Control, empty pColaDuet; z, zeaxanthin; βcr, β-
cryptoxanthin; βc, β,β-carotene  
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Figure 3-3. Functional complementation of CYP97/HYD enzymes in cells 
accumulating ε-ε-carotene.  Extracted pigments were separated by reversed phase 
HPLC.  E. coli cells engineered to accumulate a carotene with ε-rings (ε-ε-carotene) 
were further transformed with test plasmids encoding HYD3, HYD4, CYP97A4, or 
CYP97C2.  HPLC chromatograms (450 nm) show composition of accumulated 
substrates and products. Control, empty pColaDuet; Lac, lactucaxanthin; Lyc, 
lycopene; δc, δ-carotene, εεc, ε-ε-carotene 
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Figure 3-4. Functional complementation of CYP97/HYD enzymes in cells 
accumulating α- and -carotene.  Extracted pigments were separated by reversed phase 
HPLC.  E. coli cells engineered to accumulate carotenes with β-rings (β-carotene) only as 
well as both α- and β-rings (α-carotene) were further transformed with test plasmids 
encoding HYD3, HYD4, CYP97A4, or CYP97C2.  HPLC chromatograms (450 nm) 
show composition of accumulated substrates and products.  Control, empty pColaDuet; 
Z, zeaxanthin; Zei, zeinoxanthin; αcr, α-cryptoxanthin; βcr, β-cryptoxanthin; cβ, 13-cis 
β-carotene; αc; α-carotene; βc, β-carotene 
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Figure 3-5. Functional complementation of CYP97/HYD enzyme combinations in 
cells accumulating α- and -carotene.  Extracted pigments were separated by reversed 
phase HPLC.  E. coli cells engineered to accumulate carotenes with β-rings (β-carotene) 
only as well as both α- and β-rings (α-carotene) were further transformed with the 
following combinations of test plasmids: HYD3 + CYP97C2, HYD4 + CYP97C2, and 
CYP97A4 + CYP97C2.  HPLC chromatograms (450 nm) show composition of 
accumulated substrates and products.  Control, empty pColaDuet;  L, lutein; Z, 
zeaxanthin; Zei, zeinoxanthin; βcr, β-cryptoxanthin; cβ, 13-cis β-carotene; αc; α-
carotene; βc, β-carotene 
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1: TOF MS ES+    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-6. Mass traces corresponding to the major quasimolecular ions (or 
fragmented ion) for carotenoid extracts from E. coli accumulating α- and β-
carotene.  A-H were separated via HPLC and peaks identified as in (Kim and 
DellaPenna, 2006). A, CYP97C2 + HYD4, B, CYP97C2 + HYD3, C, CYP97C2 + 
CYP97A4 (peaks labeled zei, FIG. 3), D; CYP97C2 (peak labeled αcr, FIG. 2) E, 
HYD4; F,  HYD3;  G, CYP97A4 (peaks labeled zei, FIG. 2). H; mass trace of β-
cryptoxanthin standard. The masses of the major quasimolecular ions (or fragmented 
ion) for the indicated carotenoids are: zeinoxanthin ([MH+] = 553.4), β-cryptoxanthin 
([MH+] = 553.4), α-cryptoxanthin ([MH+-H2O] = 535.4).  
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Figure 3-7.  Chloroplast import assays of CYP97 and diiron HYD proteins.  
Isolated pea chloroplasts were used for in vitro import of 35S-methionine radio-
labeled protein precursors. Chloroplasts harboring imported proteins were then re-
isolated and subjected to thermolysin treatment to distinguish between proteins that 
were peripherally bound to the outer chloroplast envelope, and those that had been 
imported and thus processed to remove the transit peptide. The mature proteins 
appear as protease-resistant forms (arrow), confirming import of these proteins into 
chloroplasts. Chloroplasts containing imported proteins were hyptonically lysed and 
fractionated into soluble and membrane fractions. The pellet fractions were then 
treated with an alkaline buffer to remove peripherally-associated membrane proteins. 
Purity of fractions was determined by import and fractionation analysis of a  
chloroplast lumen protein, tpsOE16::GFP (Marques et al., 2003) and integral 
membrane-bound protein, LHCP (Tan et al., 2001). SDS-PAGE analysis indicated 
that the CYP97A4 and CYP97C2 were synthesized as precursors of about 69 kDa and 
62 kDa, and then processed to 64 and 59 kDa respectively. HYD3 and HYD4 were 
synthesized as precursors of roughly 35 and 34 kDa, and processed to 31 and 27 kDa 
respectively.  P, translation products; I, imported protein; (+), thermolysin treatment; 
S, soluble proteins; M, membrane proteins; MA, alkaline-treated membrane fraction. 
 
 

 
 
 

P    I    +   M MA   SkDa 

50 

64 

98 

CYP97C2 CYP97A4 CYP97C2 
kDa

80
P   I    +    S   M  MA 

50

60

HYD3 
P    I     +   S  M  MAkDa 

20 

30 

40 40

30

20

kDa P     I    +   S  M  MA 

HYD4 

20 

40 

30 

kDa P     I     +    S    M 

tpsOE16::GFP 

P     I    +   S  M  MA 

LHCP 

20

30

40
kDa

P    I    +   M MA   SkDa 

50 

64 

98 
kDa

80
P   I    +    S   M  MA 

60

50

HYD3 
P    I     +   S  M  MAkDa 

20 

30 

40 40

30

20

kDa P     I    +   S  M  MA 

HYD4 

20 

40 

30 

kDa P     I     +    S    M P     I    +   S  M  MA 

LHCP 

40
kDa

30

20

 



 122

 
 
 DARK A 

 
GFP  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 3-8. A, GFP protein fusion studies involving protoplasts isolated from etiolated 
(dark-grown) maize leaf tissue.  Scale bar = 10µm. Envelope localization indicated by 
arrows.  Controls: Toc34 (34 kDa outer membrane transport complex protein) (Chen and 
Schnell, 1997), LHCP (integral thylakoid membrane protein) (Tan et al., 2001); GFP, 
Chlorophyll, and Merge indicate GFP fluorescence, chlorophyll autofluorescence, and the 
superposition of both fluorescent signals, respectively.  B, magnified images to show 
envelope localization (indicated by arrows) for HYD3::GFP and HYD4::GFP protein 
fusions. 
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Figure 3-9 .  A, BiFC detection of protein-protein interaction in protoplasts isolated from 
etiolated (dark-grown) maize leaf tissue.  Scale bar = 10µm. Envelope localization 
indicated by arrows. Control: ChrD protein from cucumber is known to form homodimers 
in plastids (Libal-Weksler et al., 1997); BiFC, Chlorophyll, and Merge indicate YFP 
fluorescence, chlorophyll autofluorescence, and the superposition of both fluorescent 
signals, respectively.  B, magnified images to show envelope localization (indicated by 
arrows) for HYD3 + HYD4 and HYD4 + HYD4 interacting proteins. 
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Figure 3-10. A, GFP protein fusion studies involving protoplasts isolated from green 
(light-grown) maize leaf tissue.  Scale bar = 10µm. Controls: Toc34 (34 kDa outer 
membrane transport complex protein) (Chen and Schnell, 1997), LHCP (integral thylakoid 
membrane protein) (Tan et al., 2001), Plastoglobule (Plastoglobulin PGL-2 protein); GFP 
(or RFP), Chlorophyll, and Merge indicate GFP or RFP fluorescence, chlorophyll 
autofluorescence, and the superposition of both fluorescent signals, respectively. 
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Figure 3-11.  A, BiFC detection of protein-protein interaction in protoplasts isolated from 
green (light-grown) maize leaf tissue.  Scale bar = 10µm. Envelope localization indicated 
by arrow.  Control: ChrD protein from cucumber is known to form homodimers in plastids 
(Libal-Weksler et al., 1997); BiFC, Chlorophyll, and Merge indicate YFP fluorescence, 
chlorophyll autofluorescence, and the superposition of both fluorescent signals, 
respectively.  B, magnified images to show envelope localization (indicated by arrows) for 
HYD4 + HYD4 interacting proteins. 
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Figure 3-12. BiFC studies demonstrating no protein interaction for the indicated 
CYP97/HYD combinations tested using protoplasts isolated from both etiolated (dark-
grown) and green (light-grown) maize leaf tissue.  Scale bar = 10µm. Negative results 
show only chlorophyll autofluorescence. 
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Table 3-1.  % Major products in β-carotene accumulating E. coli 
 
   zeaxanthin          β-cryptoxanthin 
 
CYP97A4   11.08 ± 1.21            26.19 ± 0.53   
CYP97C2   N.D             0.78 ± 0.12 
HYD3   1.54 ± 0.35            11.30 ± 2.11  
HYD4   29.34 ± 3.86            24.14 ± 1.92 
Empty vector control  ND   ND 

 
Carotenoids are expressed as a percentage of total carotenoids.  Each value is the mean result of  
3 replicates ± SD.  ND, not detectable. 
 
 
Table 3-2.  % Major products in ε-ε-carotene accumulating E. coli 
 
   lactucaxanthin 
 
CYP97A4   6.30 ± 1.19     
CYP97C2   4.61 ± 0.29  
HYD3   6.26 ± 1.29   
HYD4   6.21 ± 0.94   
Empty vector control  ND 

 
Carotenoids are expressed as a percentage of total carotenoids.  Each value is the mean result of  
3 replicates ± SD.  ND, not detectable. 
 
 
Table 3-3.  % Major products in α- and β-carotene accumulating E. coli 
 
   zeaxanthin       α-cryptoxanthin         zeinoxanthin          β-cryptoxanthin 
 
CYP97A4   3.38 ± 0.27 ND       13.63 ± 2.97                    16.76 ± 2.14 
CYP97C2   ND  0.71 ± 0.21           ND                       1.14 ± 0.30 
HYD3   1.07 ± 0.36 ND        2.84 ± 0.92          5.07 ± 1.73  
HYD4   30.74 ± 1.85 ND        23.03 ± 2.72                   24.03 ± 0.36 
Empty vector control  ND  ND            ND                                   ND 

 
Carotenoids are expressed as a percentage of total carotenoids.  Each value is the mean result of  
3 replicates ± SD.  ND, not detectable. 
 
 
Table 3-4.  % Major products in α- and β-carotene accumulating E. coli 
 
          lutein     zeaxanthin     α-cryptoxanthin     zeinoxanthin    β-cryptoxanthin 
 
CYP97A4 + CYP97C2             28.99 ± 2.90      2.98 ± 0.44                       ND                       7.86 ± 1.28                13.32 ± 1.90 
HYD3 + CYP97C2                5.00 ± 0.70      2.09 ± 0.10           ND                 7.59 ± 2.42                11.90 ± 0.70 
HYD4 + CYP97C2                1.58 ± 0.14      3.16 ± 0.13           ND                      3.49 ± 0.47                17.93 ± 1.57 
Empty vector control                      ND            ND                             ND                            ND                            ND 

 
Carotenoids are expressed as a percentage of total carotenoids.  Each value is the mean result of  
3 replicates ± SD.  ND, not detectable. 
 

 



 128

Table 3-5. Predicted vs. calculated chloroplast target peptide (CTP) values 
 
 

 

  
Precursor/mature 
kDa 

Transit 
kDa 

Observed 
residues  

Predicted 
residues 

Predicted 
kDa 

Predicted 
unprocessed 
kDa 

Predicted 
mature 
kDa 

Predicted 
Transit 
kDa 

HYD3     34.9/30.96 3.9 36  69 7.6 
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Table 3-6.  CYP97/HYD combinations tested for protein interaction  
                   via BiFC (protoplasts isolated from etiolated tissue) 
 
   CYP97A4   CYP97C2    HYD3    HYD4 
CYP97A4                                       
CYP97C2                                       
HYD3                                       
HYD4                                       
 indicates protein interaction between tested combination 
 indicates no protein interaction between tested combination 
 
 
 
Table 3-7.  CYP97/HYD combinations tested for protein interaction  
                   via BiFC (protoplasts isolated from light-grown tissue) 
 
   CYP97A4   CYP97C2    HYD3    HYD4 
CYP97A4                                       
CYP97C2                                       
HYD3                                       
HYD4                                       
 indicates protein interaction between tested combination 
 indicates no protein interaction between tested combination 
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CHAPTER 4 
 
 

Summary and future perspectives 
 
 
 
4.1 Summary 
 

In these studies, the activities and localization of the CYP97 and HYD 

carotene hydroxylases were investigated using both bacterial complementation as 

well as in vitro/in vivo localization/interaction assays.  The well-studied diiron HYD 

β-carotene hydroxylases had previously been characterized from a wide variety of 

organisms (Sun et al., 1996; Bouvier et al., 1998; Tian and DellaPenna, 2004).  More 

recently, the CYP97A (β-hydroxylase) and CYP97C ( ε-hydroxylase) enzyme 

activities and substrate specificities had been inferred based on genetic data (Tian et 

al., 2004; Kim and DellaPenna, 2006) and their respective activities were directly 

demonstrated in E. coli, as described in this work (Chapter 2), (Quinlan et al., 2007).  

The E. coli functional complementation assays demonstrated that the CYP97A4 is 

primarily a β-ring hydroxlase, with minor activity toward ε-rings, while the 

CYP97C2 appeared to be exclusively active toward ε-rings (Chapter 2), (Quinlan et 

al., 2007).  These complementation studies were preliminary however, in that they 

included cells accumulating only either β-carotene or ε- ε-carotene substrates; these 

assays lacked cells accumulating the putatively preferred CYP97 substrate α-

carotene.  In addition, it was unknown whether any of the CYP97/HYD enzymes 

required an interacting partner enzyme for optimal acitivity or whether they localized 

to the same subcellular/suborganellar locations.  The presence of enzyme complexes 
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as well as the general absence of intermediates in the carotenoid pathway 

(Maudinas et al., 1977; Camara et al., 1982; Kreuz et al., 1982; Al-Babili et al., 1996; 

Bonk et al., 1997; Lopez et al., 2008) led to the prediction that the CYP97 and HYD 

enzymes localize to chloroplast membranes where they function in separate 

multienzyme complexes to respectively convert α- and β-carotene to lutein and 

zeaxanthin.  

Here, via combined E. coli functional complementation and in vitro/in vivo 

import and Bimolecular Fluorescence Complementation (BiFC) studies, the 

CYP97A4 and CYP97C2 enzymes were shown to function optimally when expressed 

together and that they interact to form a heterodimer complex in a peripheral 

association with the chloroplast membrane to efficiently convert their preferred 

substrate α-carotene to lutein (Chapter 3).  When expressed as individual enzymes in 

these complementation systems CYP97A4 and CYP97C2 activities were suboptimal 

regardless of substrate choice (ie., ε-ε-carotene, α-carotene, or β-carotene substrates).  

Given their similar activities and specificities it was expected that the CYP97A4 and 

CYP97C2 enzymes would interact and localize to the same subcellular/suborganellar 

locations for the efficient channeling of the α-carotene substrate toward production of 

lutein. 

These complementation assays also showed that the diiron HYD3 and HYD4 

enzymes are preferentially active toward β-carotene (Chapter 3), as had been 

previously demonstrated via both biochemical and genetic studies (Sun et al., 1996; 

Tian and DellaPenna, 2004).  When expressed as an individual enzyme in α- and β-
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carotene E. coli, the HYD4 functioned optimally to efficiently convert β-carotene 

to zeaxanthin.  However, co-expression with the CYP97C2 appeared to significantly 

lower HYD4 activity.  HYD3 activity was suboptimal whether this enzyme was 

expressed alone or in combination with the CYP97C2.  In vitro import assays showed 

that the HYD3 and HYD4 enzymes localize to chloroplasts and are integrally-bound 

to the membrane (Chapter 3).  In addition, in vivo BiFC studies demonstrated 

interaction for the HYD4 enzyme which forms a homodimer, while the HYD3 and 

HYD4 enzymes were shown to form a heterodimer complex (Chapter 3).  It is 

reasonable to postulate that the robust enzyme activity observed with the HYD4 

toward β-carotene in the complementation assays is due to the ability of this enzyme 

to form a homodimer complex for the efficient channeling of the β-carotene substrate 

toward production of zeaxanthin.  By contrast, the low enzyme activity observed with 

the HYD3 may be due to the fact that this enzyme does not form a homodimer 

complex.  Interestingly, the HYD3 interacted with the HYD4 in protoplasts isolated 

from etiolated maize leaf tissue to form a heterodimer; transcript assays showed that 

these enzymes are expressed at similar levels in both leaf and root tissue. Together, 

these data imply that the HYD3 and HYD4 interact in these tissues for the channeling 

of β-carotene toward generation of zeaxanthin.   

 In addition, transcript assays indicated that HYD3 is expressed in maize 

endosperm tissue, and a direct correlation was shown between an increase in HYD3 

transcripts and an increase in zeaxanthin accumulation in endosperm.  HYD4 is also 

expressed in maize endosperm, albeit at much lower levels than HYD3 (Vallabhaneni 
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et al., 2009).  Given that the HYD3 was able to form an association with the 

HYD4 in membranes of protoplasts isolated from etiolated tissue, which in terms of 

membrane architecture would be similar to amyloplasts in that they both lack 

thylakoids, as well as the fact that the HYD3 showed elevated transcripts in 

endosperm, which contain amyloplasts, it is possible that the HYD3 forms a 

homodimer complex in endosperm amyloplasts for the efficient conversion of β-

carotene to zeaxanthin.   

 Recent proteomics studies (Joyard et al., 2009), as well as the localization 

studies described in this work (Chapter 3) respectively indicated that the CYP97 and 

HYD enzymes are localized to chloroplast envelope membranes.  Interestingly, while 

protein interaction was demonstrated for the CYP97A4 + CYP97C2, HYD3 + HYD4, 

and HYD4 + HYD4 combinations in maize protoplasts isolated from etiolated leaf 

tissue, the only interaction observed in protoplasts isolated from green tissue was for 

the HYD4 which formed a homodimer.  The ability of the HYD4 to form such a 

complex in protoplasts isolated from both types of tissues may be due to the capacity 

of this enzyme to associate with different types of plastid membranes since unlike 

protoplasts isolated from etiolated tissue, green leaf tissue protoplasts would also 

contain thylakoid membranes.  Although the GFP fusion assays described here 

indicated that the HYD enzymes are localized to the envelope (Chapter 3), it is 

possible that under certain conditions, such as high-light stress, that the HYD4 can 

also form a homodimer in association with thylakoid membranes for the effective 
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channeling of β-carotene to zeaxanthin, a xanthophyll known to play a major role 

in photoprotection of the photosynthetic apparatus in these membranes. 

  

4.2 Future Perspectives 

While this research offered some insights into the activities and specificities 

of the CYP97 and diiron HYD enzymes with respect to their respective roles in the 

separate metabolons on the α- and β-carotene “arms” of the carotenoid pathway, the 

roles and topologies of the carotenoid metabolons have yet to be fully elucidated.  

Predictive metabolic engineering of the carotenoid pathway for enhanced provitamin 

A content will require a better understanding of the mechanisms controlling the 

localization of multi-enzyme complexes in plastids with different membrane 

structures.  Given that plastids have different membrane architectures, it is expected 

that there are both tissue- and plastid-specific differences with respect to targeting of 

pathway metabolons to plastid membranes.  Metabolons targeted to chloroplasts 

would have a choice in forming membrane associations with either envelope or 

thylakoid membrane structures; this would not be the case with amyloplasts, which 

only contain envelope membranes.  The carotenoid pathway is localized on both 

envelope and thylakoid membranes, (Vishnevetsky et al., 1999; Joyard et al., 2009)  

which suggests that the pathway may have membrane-specific functions.  These 

phenomena are not well understood and are further complicated by the fact that many 

carotenoid pathway enzymes are coded for by single-copy genes that may potentially 

be targeted for multiple suborganellar locations.  If the single-copy encoded CYP97A 
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and CYP97C enzymes only localize to chloroplast envelope membranes, as 

indicated by the protemics studies of Joyard et al., (1999) to convert α-carotene to 

lutein, the question arises as to what mechanisms are involved in the trafficking of 

enzymes and/or metabolites such as lutein to the thylakoid membrane since this 

xanthophyll is essential for LHC assembly in these membranes (Pogson et al., 1998; 

Lokstein et al., 2002; Dall'Osto et al., 2006; Dall'Osto et al., 2007).  Similarly, if the 

HYD enzymes localize to chloroplast envelope membranes, as suggested by the 

localization studies described here (Chapter 3), yet the hydroxylated product 

zeaxathin is required for photoprotection of the photosynthetic apparatus in thylakoid 

membranes  (Goss et al., 2008; Arnoux et al., 2009; Jahns and Holzwarth, 2012), the 

same question with respect to transporting of either the HYD enzymes or the essential 

metabolite zeaxanthin to thylakoid membranes applies.  Further investigations into 

these trafficking mechanisms will be required for a more complete understanding of 

carotenoid metabolon biogenesis/maintenance in various plastid membrane structures. 

Finally, it should be noted that while provitamin A carotenoids, such as β-

carotene, play a vital role in maintaining human health, other non-provitamin A 

carotenoids have been shown to have important health benefits.  The non-provitamin 

A xanthophyll lutein, for example, has been shown to aid in the prevention of retinal 

damage due to light exposure (von Lintig, 2010).  While the maize Hydroxylase3 

locus has been identified as an important provitamin A biofortification target in cereal 

endosperm (Vallabhaneni et al., 2009), CYP97A and CYP97C activities have been 

shown to be of central importance for the efficient conversion of α-carotene to the 
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nutritionally-valuable non-provitamin A carotenoid lutein in E.coli (Chapter 3).  

The successful expression of these enzymes in bacteria is potentially promising for 

the economically feasible production of lutein on an industrial scale. 
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Appendix 1:  A first-authored publication related to this dissertation1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

_______________________1 

1This appendix is a publication of Quinlan et al., (2007) Arch Biochem Biophys. 458: 146-
 157, (www.sciencedirect.com) with permission from the publisher (Elsevier) 

 

http://www.sciencedirect.com/
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Appendix 2:  A co-authored publication related to this dissertation2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

_______________________ 
2This appendix is a publication of Vallabhaneni et al., (2009) Plant Physiol. 151: 1635-1645, 
(www.plantphysiol.org) with permission from the publisher (American Society of Plant 

 Biologists) 
 

 

http://www.plantphysiol.org/
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Appendix 3:  Plasmids used in this study and laboratory clone records 

 

Clone Name Wurtzel 

Database # 

Brief Description Insert 

Size 

(bp) 

Accession # / 

Reference 

Chapter 

pACCRT-EIB 8 Erwinia crt cassette  

(crtE, crtI, crtB).   

3.8Kb (Cunningham 

et al., 1993) 

2,3 

y2 399 Arabidopsis LCYE 1575 U50738/ 

(Cunningham 

et al., 1996) 

2,3 

pACBETA-04 17 E. herbicola crtEIB + 

Arabidopsis LCYB + ipp 

isomerase 

4.2Kb (Sun et al., 

1996) 

2 

pRT-A4 438 Rice P450 β-hydroxylase 1932 AK068163/ 

(Quinlan et 

al., 2007) 

2,3 

pTR-C2 392 Rice P450 epsilon-hydroxylase 1686 AK065689/ 

(Quinlan et 

al., 2007) 

2,3 

pGEMT-C2 664 Rice P450 epsilon-hydroxylase 1725 AK065689 3 

pRQ-C2 432 Rice P450 epsilon-hydroxylase 1686 AK065689 3 

pRQ-H3 644 Maize diiron β-hydroxylase 3 960 BM382572 3 

pRQ_H4 645 Maize diiron β-hydroxylase 4 930 BG320875 3 

pTHYD3 203 Maize diiron β-hydroxylase 3 1.2Kb BM382575/ 

(Vallabhaneni 

et al., 2009) 

3 

pTHYD4 299 Maize diiron β-hydroxylase 4 1.38Kb BG320875/ 

(Vallabhaneni 

3 
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et al., 2009) 

pACBETA-At 437 E. herbicola crtEIB + 

Arabidopsis LCYB 

11.3Kb (Cunningham 

et al., 2007) 

3 

pTnT-A4 433 Rice P450 β-hydroxylase 1932 AK068163 3 

pTnT-C2 434 Rice P450 epsilon-hydroxylase 1725 AK065689 3 

pTnT-H3 435 Maize diiron β-hydroxylase 3 960 BM382572 3 

pTnT-H4 436 Maize diiron β-hydroxylase 4 930 BG320875 3 

prLHCP 293 LHCP (integral thylakoid 

membrane protein) 

1993 (Tan et al., 

2001)  

3 

16/EGFP 295 tpsOE16 ::GFP (chloroplast 

lumen protein) 

N/A (Marques et 

al., 2003) 

3 

A4_GFP 640 Rice P450 β-hydroxylase 1932 AK068163 3 

C2_GFP 641 Rice P450 epsilon-hydroxylase 1686 AK065689 3 

H3_GFP 642 Maize diiron β-hydroxylase 3 960 BM382572 3 

H4_GFP 643 Maize diiron β-hydroxylase 4 930 BG320875 3 

pUC35S-Toc34-sGFP-

Nos 

569 34 kDa outer membrane 

transport complex protein 

933 (Chen and 

Schnell, 

1997) 

3 

pUC35S-LHCP-sGFP-

Nos 

567 Major chlorophyll a/b-binding 

polypeptide  

800 (Tan et al., 

2001) 

3 

p-SAT-M-PGL-RFP 564 Plastoglobulin PGL-2 957 BT039786_1 3 

A4_2236 486 Rice P450 β-hydroxylase 1932 AK068163 3 

C2_2236 574 Rice P450 epsilon-hydroxylase 1686 AK065689 3 

H3_2236 489 Maize diiron β-hydroxylase 3 960 BM382572 3 

H4_2236 488 Maize diiron β-hydroxylase 4 930 BG320875 3 

A4_1476 573 Rice P450 β-hydroxylase 1932 AK068163 3 

C2_1476 487 Rice P450 epsilon-hydroxylase 1686 AK065689 3 

H3_1476 575 Maize diiron β-hydroxylase 3 960 BM382572 3 

H4_1476 576 Maize diiron β-hydroxylase 4 930 BG320875 3 
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ChrD_1476 662 Cucumber ChrD protein 564 DQ117526/ 

(Libal-

Weksler et al., 

1997) 

3 

ChrD_2236 663 Cucumber ChrD protein 564 DQ117526/ 

(Libal-

Weksler et al., 

1997) 

3 

ChrD_2485 490 Cucumber ChrD protein 564 DQ117526/ 

(Libal-

Weksler et al., 

1997) 

3 

ChrD_3038 491 Cucumber ChrD protein 564 DQ117526/ 

(Libal-

Weksler et al., 

1997) 

3 

pCOLADuet-1 395 Expression vector (Novagen) 3719  2,3 

pCDFDuet-1 431 Expression vector (Novagen) 3781  3 

pTNT 340 Expression vector (for in vitro  

transcription/translation) 

(Promega) 

2871 AF479322 

 

 

3 

pUC35S-sGFP-Nos 326 Expression vector 4500 (Okada et al., 

2000) 

3 

pSAT-1476 (pSAT6-

cEYFP –N1) 

572 Expression vector 4378 (Citovsky et 

al., 2006) 

3 

pSAT-2236 

(pSAT4(A)-nEYFP –

N1) 

423 Expression vector 4378 DQ169003/ 

(Citovsky et 

al., 2006) 

3 
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WURTZEL LAB  
CLONE INFORMATION 

 
Date Today:__2 /_10_/ 07                                       Entered into database yes: 8_/ no  
          (MONTH) / (DAY)/ (YEAR)              
CLONE NAME: pACCRT-EIB, updated RQ 
  
 
Lab Clone Number/Name: _pACCRT-EIB_____Alternate name(s): _________________ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression_____x___________Non-expression________________ 
 
New GenBank Accession: ______________Original GenBank Accession: ____________ 
 
Clone Description: Confers accumulation of lycopene.  Contains  Erwinia cassette genes crtE, 
crtI, crtB 
 
Constructed by:  _________________________________________Date rec′d_______ 
Purified by: ____________________________________________________ 
DNA Location (-20oC) Box Number: ___6__Position: ____E8__Conc. _0.5 µg/µl 
      Tube labeled as: ________________________________________ 
Strain Location (-80oC)  Box Number: _____15___________Position___C7,C8___ 
      Tube labeled as: _pACCRT-EIB______ Strain:  BL21(DE3)________________ 
 

 
 
Cited in journal: Cunningham Jr. FX et al., (1993) FEBS Lett 328:130-138 

 
Lab Notebook to reference: ___Book 5_______Date: ___2-2-07_____________ 

Original clone name (if different): __________________________ 

 
Organism source of gene: _Erwinia uredovora___Variety________________ 

 
Cloning vector used: __pAC184__Vector size: 4.26Kb___Insert size: 3.8Kb __________ 

 
Antibiotic markers:  _____amp; ______tet; ___x___chloramphenicol;_____other  (_____) 

 
Restriction enzyme(s) to release insert: ________________ 

 
Sequence verified: yes___x__no______        Junction verified: yes__x____no______ 

GenBank sheet attached: Yes_____No_____ 
Hybridization results attached: Yes____ No____ 
Other: 
(attach additional information here i.e. cartoon, VectorNTI details, sequence) 
 
 
 

       
Depositor′s Name: __Rena Quinlan_____ 
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WURTZEL LAB  
CLONE INFORMATION 

 
Date Today:_08_/15_/_07                                        Entered into database yes: 399_ / no _ 
                       (MONTH)  /  (DAY)/     (YEAR)              
CLONE NAME:  y2 (Arabidopsis LCYe cDNA), updated RQ 
  
 
Lab Clone Number/Name: __y2______Alternate name(s):  pAtLCYe__ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression______x___________Non-expression________________ 
 
New GenBank Accession: ______________Original GenBank Accession: U50738___ 
 
Clone Description: y2 carries the Arabidopsis LCYe gene (epsilon-cyclase) which confers the 
accumulation of delta-carotene. 
Refer to Cunningham paper: Plant Cell 8(9): 1613-1626, 1996 
Also refer to Kieber paper:  Cell 72: 427-441. 1993.  Kieber paper describes which enzymes 
release LCYe insert 
 
Constructed by:  Dr. Cunningham______________________Date rec′d_2/1/05__ 
Purified by: ____________________________________________________ 
DNA Location (-20oC) Box Number: __6__Position: _E3_____Conc. _60 ng/µl 
      Tube labeled as: _y2_______________________________________ 
Strain Location (-80oC)  Box Number: ___16________Position___E6, E7________ 
      Tube labeled as:   y2______ Strain: _DH5α________ 
 

 
 
Cited in journal: Plant Cell 8(9): 1613-1626, 1996 and Cell 72: 427-441 

 
Lab Notebook to reference: ____Rena (Book 5)___   Date: ___6/21/07_____________ 

Original clone name (if different): __________________________ 

 
Organism source of gene: _Arabidopsis thaliana________Variety________________ 

 
Cloning vector used: pBluescript SK-__Vector size: _2960 bp     Insert size: _1575 bp___ 

 
Antibiotic markers:  __x__amp; ______tet; ______chloramphenicol;______other   

 
Restriction enzyme(s) to release insert: _EcoRV/NotI_____________ 

 
Sequence verified: yes_x____no______        Junction verified: yes___x___no______ 

GenBank sheet attached: Yes_____No___ 
Hybridization results attached: Yes____ No___ 
Other: 
(attach additional information here i.e. cartoon, VectorNTI details, sequence) 

       
Depositor′s Name: _Rena Quinlan______ 
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WURTZEL LAB  
CLONE INFORMATION 

 
Date Today:_08_/_21_/97 _                                        Entered into database yes: 17_ / no __ 
         (MONTH) / (DAY)/ (YEAR)              
CLONE NAME:  pAC-BETA-04, updated RQ 
  
 
Lab Clone Number/Name: __pAC-BETA-04_____Alternate name(s): _______________ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression      x                  Non-expression______________ 
 
New GenBank Accession: ______________Original GenBank Accession: ____________ 
 
Clone Description:  
Accumulates β-carotene; has ipp isomerase to give deeper color. 
 
Constructed by:  __Dr. Cunningham________________________Date rec′d_______ 
Purified by: ____________________________________________________ 
DNA Location (-20oC) Box Number: _6_____Position: A9__Conc. _32 ng/µl 
      Tube labeled as: _pAC-BETA-04_______________________________________ 
Strain Location (-80oC)  Box Number: __15__Position__A4______________ 
      Tube labeled as: _ pAC-BETA-04_________ Strain: __BL21 (DE3)_________ 

 
 
Cited in journal:  J. Biol. Chem 271: 24349-24352, 1996 

 
Lab Notebook to reference: _________________________Date: ________________ 

Original clone name (if different): __________________________ 

 
Organism source of gene: Erwinia uredovora and H. pluvialis (IPP)       Variety__ 

 
Cloning vector used: _pACYC 184_____Vector size: __4.2 Kb__Insert size: __________ 

 
Antibiotic markers:  _____amp; ______tet; __x ___chloramphenicol;____other  (_____) 

 
Restriction enzyme(s) to release insert: ___Hind III_____________ 

 
Sequence verified: yes__x___no______        Junction verified: yes___x___no______ 

GenBank sheet attached: Yes_____No_____ 
Hybridization results attached: Yes____ No____ 
 
Other: A cDNA encoding an isopentenyl pyrophosphate (IPP) isomerase in the green alga Haematococcus 
pluvialis was excised from the library cloning vector (pBluescript SK +) with BamHI and KpnI sites of the 
pTrcHis A (invitrogen).  Digestion of the resulting plasmid with EcoRV and KpnI produces a fragment of 2.0 
Kb containing the H. pluvialis IPP isomerase downstream of the strong bacterial trc promoter.  This fragment 
was cloned in the blunted HindIII site of pAC-BETA to produce pAC-BETA-04. 
 

       
Depositor′s Name: __Rena Quinlan_______ 
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WURTZEL LAB  
CLONE INFORMATION 

 
Date Today: 5/12/09                                         Entered into database yes_438_ / no ___ 
     (MONTH) / (DAY)/ (YEAR)              
CLONE NAME: pRT-A4 (rice P450 beta-hydroxylase (CYP97A4)) 
  
 
Lab Clone Number/Name:    pRT-A4__                         Alternate name(s): _P450 HYDB___ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression________x_________Non-expression________________ 
 
New GenBank Accession: ______________Original GenBank Accession: AK068163 
 
Clone Description: Two primers (forward1018 and reverse 1019) were used to amplify the 
CYP97A4 (AK068163) ORF.  EcoRI and XhoI restriction sites were added to primers 1018 and 
1019, respectively.  The amplified CYP97A4 ORF and pColaDuet vector were cut with both 
restriction enzymes (EcoRI and XhoI).  Resulting fragments were ligated and co-transformed with 
pAC BETA-04 into BL21 (DE3) cells for expression. 
Primer 1018:  5′-CCG GAATTC ATGAGCTCAGCGACGTCAGTGAGT-3′ 
                                    EcoRI site 
Primer 1019:  5′-ACCG CTCGAG TCAGATTCGAGTTGCTGAGACTTG-3′ 
                                       XhoI site 
Constructed by:  Tahhan Jaradat and Rena Quinlan__      Date rec′d_______ 
Purified by: _______Rena Quinlan_____________________________ 
DNA Location (-20oC) Box Number: _6   Position: _H1____Conc. _0.2µg/µl 
      Tube labeled as: __pRT-A4______________________________________ 
Strain Location (-80oC)  Box Number: __18_    Position__E6_____________ 
      Tube labeled as: __pRT-A4 ______________ Strain: _BL21 (DE3)___ 
 

 
 
Cited in journal:  

 
Lab Notebook to reference: _Rena-Book 3__ Date: _3/29/05_____________ 

 
Organism source of gene: __Oryza sativa___________Variety:_Nipponbare_______ 

 
Cloning vector used: pCOLADuet-1_____Vector size: _3719bp  Insert size: 1932bp 

 
Antibiotic markers:  _____amp; ______tet; ___X___chloramphenicol;___x__other  (Kan) 

 
Restriction enzyme(s) to release insert: _EcoRI/XhoI_______________ 

 
Sequence verified: yes_x___no______        Junction verified: yes___x___no______ 

GenBank sheet attached: Yes_____No_x____ 
Hybridization results attached: Yes____ No___x_ 
Other:  (attach additional information here i.e. cartoon, VectorNTI details, sequence) 
  
 

      Depositor′s Name: __Rena Quinlan____ 
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WURTZEL LAB  
CLONE INFORMATION 

 
Date Today: 11/22/05                                     Entered into database yes: 392 / no___  
                  (MONTH)  /  (DAY)/  (YEAR)              
CLONE NAME:  pTR-C2 (rice P450 epsilon-hydroxylase (CYP97C2)) 
  
 
Lab Clone Number/Name: pTR-C2_           Alternate name(s):  ___P450 HYDE 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression______x__________Non-expression________________ 
 
New GenBank Accession: ______________Original GenBank Accession:  AK065689 
 
Clone Description:  
Two primers (forward 1024 and reverse 1017) were used to amplify the CYP97C2 (AK065689) 
cds.  EcoRI and XhoI restriction sites were added to primers 1024 and 1017, respectively.  The 
amplified AK065689 cds and pColaDuet vector were cut with both restriction enzymes (EcoRI and 
XhoI).  Resulting fragments were ligated and co-transformed with pACCRT-EIB (accumulates 
lycopene) and Y2 (accumulates delta-carotene) into BL21 (DE3) cells for expression. 
Primer 1024: 5′- CCG GAA TTC CCG TCC CGT GCG TAC CAT TC -3′ 
                                     EcoRI site 
 Primer 1017: 5′- ACCG CTCGAG TC ATC TGG ACC CAC TGA GTG CA -3′ 
                                        XhoI site 
Constructed by:  Tahhan Jaradat and Rena Quinlan__      Date rec′d_______ 
Purified by: _______Rena Quinlan_____________________________ 
DNA Location (-20oC) Box Number: _6   Position: _B2_____Conc. _0.2µg/µl 
      Tube labeled as: __pTR-C2_____________________________________ 
Strain Location (-80oC)  Box Number:  _15_    Position:____B6___________ 
      Tube labeled as: __pTR-C2_____Strain: __BL21 (DE3)_ 
 

 
Lab Notebook to reference: _Rena-Book 3__ Date: _3/29/05_______________ 

Original clone name (if different): __________________________ 

 
Organism source of gene: __Oryza sativa___________Variety:_Nipponbare_______ 

 
Cloning vector used: pCOLADuet-1_____Vector size: _3719bp  Insert size: 1686bp 

 
Antibiotic markers:  _____amp; ______tet; ______chloramphenicol;______other  (Kan) 

 
Restriction enzyme(s) to release insert: _EcoRI/XhoI_______________ 

 
Sequence verified: yes_x___no______        Junction verified: yes___x___no______ 

GenBank sheet attached: Yes_____No_x____ 
Hybridization results attached: Yes____ No___x_ 
Other: (attach additional information here i.e. cartoon, VectorNTI details, sequence) 
 
 
 

       
Depositor′s Name: __Rena Quinlan____ 
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WURTZEL LAB  
CLONE INFORMATION 

 
Date Today: 08/22/08                                        Entered into database yes:  664 / no ____ 
                  (MONTH)  /  (DAY)/  (YEAR)              
CLONE NAME:  pGEMT-C2 (rice P450 epsilon-hydroxylase (CYP97C2))   
  
 
Lab Clone Number/Name: pGEMT-C2_        Alternate name(s):  P450 HYDE 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression________________Non-expression________x________ 
 
New GenBank Accession: ______________Original GenBank Accession:  AK065689 
 
Clone Description: Two primers (forward 2138 and reverse 2139) were used to amplify the 
CYP97C2 (AK065689) entire ORF plus 39bp of 5’ UTR from rice cDNA, and the amplified product 
was ligated into the pGEMT-Easy (Promega) vector.  The resulting construct was then 
transformed into TOP10F’ cells. 
 
Primer 2138: AAT CCA TCT CGA ATC CCT AGC                                    
Primer 2139: TCA TCT GGA CCC ACT GAG TG 
                                         
Constructed by:  __Rena Quinlan__      Date rec’d_______ 
Purified by: _______Rena Quinlan_____________________________ 
DNA Location (-20oC) Box Number: _  7  _ Position: _I6_____Conc. _0.15µg/µl 
      Tube labeled as: __pGEMT-C2_____________________________________ 
Strain Location (-80oC)  Box Number:  _17_    Position:____H1___________ 
      Tube labeled as: __pGEMT-C2_____Strain: __TOP10F’_ 
 

 
 
Cited in journal:  

Lab Notebook to reference: _Rena-Book 7__ Date: _8/03/08_______________ 

Original clone name (if different): __________________________ 

 
Organism source of gene: __Oryza sativa___________Variety:_Nipponbare_______ 

 
Cloning vector used: pGEMT-Easy_____Vector size: _3015bp  Insert size: 1725bp 

 
Antibiotic markers:  __x__amp; ______tet; ______chloramphenicol;______other   

 
Restriction enzyme(s) to release insert: ________________ 

 
Sequence verified: yes_x___no______        Junction verified: yes___x___no______ 

GenBank sheet attached: Yes_____No_x____ 
Hybridization results attached: Yes____ No___x_ 
Other:  (attach additional information here i.e. cartoon, VectorNTI details, sequence) 
 

       
Depositor’s Name: __Rena Quinlan____ 
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WURTZEL LAB  
CLONE INFORMATION 

 
Date Today: 5/12/09                                         Entered into database yes_432_ / no ____ 
      (MONTH)/(DAY)/(YEAR)              
CLONE NAME:  pRQ_C2 (rice P450 epsilon hydroxylase (HYDE))  
  
 
Lab Clone Number/Name: pRQ-C2                                    Alternate name(s):_CYP97C2 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression______x__________Non-expression________________ 
 
New GenBank Accession: ______________Original GenBank Accession:  AK065689 
 
Clone Description:  
Two primers (forward 2370 and reverse 2371) were used to amplify the CYP97C2 ORF (minus 
21bp of CTP) from rice cDNA.  NdeI and Acc65I restriction sites were added to primers 2370 and 
2371, respectively.  The amplified CYP97C2 ORF (minus 21bp of CTP) and pCDFDuet vector 
were cut with restriction enzymes (NdeI and Acc65I).  Resulting fragments were ligated and co-
transformed with pRT-A4 (contains rice P450 HYDB) pAC-BETA-At (accumulates β-carotene) and 
y2 (accumulates delta-carotene) into BL21 (DE3) cells for expression. 
Primer 2370: 5′- ACCG CAT ATG GCC GTC CCG TGC GTA C – 3′ 
                                         NdeI 
 Primer 2371: 5′- GAGA GGT ACC TCA TCT GGA CCC ACT GAG- 3′ 
                                        Acc65I 
Constructed by:  Rena Quinlan__     _____________Date rec′d_______ 
Purified by: _______Rena Quinlan_____________________________ 
DNA Location (-20oC) Box Number: _6   Position: _G6_____Conc. _0.37µg/µl 
      Tube labeled as: __pRQ-C2_____________________________________ 
Strain Location (-80oC)  Box Number:  _18_    Position:____E1___________ 
      Tube labeled as: __pRQ-C2____Strain: __BL21 (DE3)_ 
 

 
Lab Notebook to reference: _Rena-Book 8__ Date: _4-8-09_______________ 

 
Organism source of gene: __Oryza sativa___________Variety:_Nipponbare_______ 

 
Cloning vector used: pCDFDuet-1_____Vector size: _3781bp  Insert size: 1665bp 

 
Antibiotic markers:  ____amp; ______tet; ____chloramphenicol;___X___other  (Streptomycin) 

 
Restriction enzyme(s) to release insert: _NdeI/Acc65I______________ 

 
Sequence verified: yes__x  _no______        Junction verified: yes__x___no______ 

GenBank sheet attached: Yes_____No_x____ 
Hybridization results attached: Yes____ No___x_ 
Other:  (attach additional information here i.e. cartoon, VectorNTI details, sequence) 
  
 

       
Depositor′s Name: __Rena Quinlan____ 
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WURTZEL LAB  
CLONE INFORMATION 

 
Date Today: 05/20/08                                               Entered into database yes: 644 / no ____ 
     (MONTH)/(DAY)/(YEAR)              
CLONE NAME:  pRQ_H3 (maize diiron beta-hydroxylase 3) 
  
 
Lab Clone Number/Name: pRQ_H3                  Alternate name(s):__________________ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression______x__________Non-expression________________ 
 
New GenBank Accession: ______________Original GenBank Accession:  BM382572 
 
Clone Description:  
Two primers (forward 1940 and reverse 1941) were used to amplify the BM382572 cds.  EcoRI 
and HindIII restriction sites were added to primers 1940 and 1941, respectively.  The amplified 
BM382572 cds and pCOLADuet vector were cut with both restriction enzymes (EcoRI and 
HindIII).  Resulting fragments were ligated and transformed into BL21 (DE3) cells. 
(1940) Forward:  GAGA G AAT TCC ATG GCC GCC GCG ATG A 
       EcoRI 
(1941) Reverse:  ACCG AAG CTT CTA GAA CTC ATT TGG CAC A 
                              HindIII 
Constructed by:       Rena Quinlan__      Date rec′d_______ 
Purified by: _______Rena Quinlan_____________________________ 
DNA Location (-20oC) Box Number: _9   Position: _J5_____Conc. _0.08µg/µl 
      Tube labeled as: __pRQ_H3_________________________________ 
Strain Location (-80oC)  Box Number:  _20_    Position:____E10___________ 
      Tube labeled as: _pRQ_H3____________Strain: __BL21 (DE3)_ 
 
 

 
Lab Notebook to reference: _Rena-Book 6__ Date: _04/18/08_______________ 

Original clone name (if different): __________________________ 

 
Organism source of gene: __Zea Mays___________Variety:_B73______ 

 
Cloning vector used: pCOLADuet-1_____Vector size: _3719bp  Insert size: 960bp 

 
Antibiotic markers:  _____amp; ______tet; ______chloramphenicol;______other  (Kan) 

 
Restriction enzyme(s) to release insert: _EcoRI/HindIII_______________ 

 
Sequence verified: yes_x___no______        Junction verified: yes___x___no______ 

GenBank sheet attached: Yes_____No_x____ 
Hybridization results attached: Yes____ No___x_ 
Other:  (attach additional information here i.e. cartoon, VectorNTI details, sequence) 
  
 

       
Depositor′s Name: __Rena Quinlan____ 
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WURTZEL LAB  
CLONE INFORMATION 

 
Date Today: 05/20/08                                        Entered into database yes: 645  / no ____ 
       (MONTH)/(DAY)/(YEAR)              
CLONE NAME:   pRQ_H4 (maize diiron beta-hydroxylase 4) 
  
 
Lab Clone Number/Name: pRQ_H4                  Alternate name(s):__________________ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression______x__________Non-expression________________ 
 
New GenBank Accession: ______________Original GenBank Accession:  BG320875 

Clone Description:   
Two primers (forward 1932 and reverse 1933) were used to amplify the BM382572 cds.  EcoRI 
and HindIII restriction sites were added to primers 1932 and 1933, respectively.  The amplified 
BG320875 cds and pCOLADuet vector were cut with both restriction enzymes (EcoRI and HindIII).  
Resulting fragments were ligated and transformed into BL21 (DE3) cells. 
(1932) Forward:  5′- GAGA G AAT TCA ATG GCC GCC GGT CTG T-3′ 
                EcoRI 
(1933) Reverse:  5-′ ACCG AAG CTT TCA GAT GGT CCG GCC G -3′ 
                          HindIII 
Constructed by:       Rena Quinlan__      Date rec′d_______ 
Purified by: _______Rena Quinlan_____________________________ 
DNA Location (-20oC) Box Number: _9   Position: _J6_____Conc. _0.05µg/µl 
      Tube labeled as: __pRQ_H4_________________________________ 
Strain Location (-80oC)  Box Number:  _20_    Position:____F1___________ 
      Tube labeled as: _pRQ_H4____________Strain: __BL21 (DE3)_ 
 
 
 

Lab Notebook to reference: _Rena-Book 6__ Date: _04/18/08_______________ 

 
Organism source of gene: __Zea Mays___________Variety:_B73______ 

 
Cloning vector used: pCOLADuet-1_____Vector size: _3719bp  Insert size: 930bp 

 
Antibiotic markers:  _____amp; ______tet; ______chloramphenicol;______other  (Kan) 

 
Restriction enzyme(s) to release insert: _EcoRI/HindIII_______________ 

 
Sequence verified: yes_x___no______        Junction verified: yes___x___no______ 

GenBank sheet attached: Yes_____No_x____ 
Hybridization results attached: Yes____ No___x_ 
Other:  (attach additional information here i.e. cartoon, VectorNTI details, sequence 
 

       
Depositor′s Name: __Rena Quinlan____ 
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WURTZEL LAB 

CLONE INFORMATION 
 

Date Today:  05/08/2008                                                  Entered into database : 203 
 
Clone Number/Name:  pTHYD3                             
Lab Clone Number/Name: __pTHYD3______Alternate name(s):  Carotene Hydroxylase 3 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression______x___________Non-expression________________ 
 
New GenBank Accession: ______AY844958________Original GenBank Accession:   BM382575___ 

Clone Description:  
The maize HYD3 cDNA, dervived from the BM382575 plasmid, was excised by restriction digestion with 
EcoRI and Not1 and cloned into the corresponding sites of the pET23c. This construct complements the 
pAC-Beta-04 successfully. 
Constructed by:  C.E.Gallagher 
Purified by: C.E.Gallagher 
Storage Location (-20oC) Box Number:     6        Position:   A2                  Conc.   1.0_ug/ul 
      Tube labeled as:    pTHYD3 
Storage Location (-80oC)  Box Number:  14               Position:  A2 
      Tube labeled as:    pTHYD3                                     Strain:  E.coli Nova Blue 
 

 
 
Cited in journal:  

 
Lab Notebook to reference:  C.E.Gallagher, Note book 2 Page 140 

Original clone name (if different): __________________________ 

 
Organism source of gene: Maize B73     

 
Cloning vector used:     pET23C            Vector size: 3.6 kb       Insert size:  1.2  kb  

 
Antibiotic markers:  amp  

 
Restriction enzyme(s) to release insert:  EcoRI/Not1 

 
Sequence verified: yes          Junction verified: yes 

GenBank sheet attached: Yes_____No__x___ 
Hybridization results attached: Yes____ No__x__ 
Other: 
(attach additional information here i.e. cartoon, VectorNTI details, sequence) 
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WURTZEL LAB 
CLONE INFORMATION 

 
Date Today:  05/08/2008                                                       Entered into database 299 
 
Clone Number/Name:  pTHYD4                             
Lab Clone Number/Name: __pTHYD4______Alternate name(s):  Carotene Hydroxylase 4 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression______x___________Non-expression________________ 
 
New GenBank Accession: ______AY844956________Original GenBank Accession:   BG320875___ 
Clone Description:  
The maize HYD4 cDNA, dervived from the BG320875 plasmid, was excised by restriction digestion with 
EcoRI and XhoI and cloned into the corresponding sites of the pET23c. This construct complements the 
pAC-Beta-04 successfully. 
Constructed by:  Nicholas Licciardello 
Purified by: Nicholas Licciardello 
Storage Location (-20oC) Box Number:     6        Position:   A1                  Conc.   1.0_ug/ul 
      Tube labeled as:    pTHYD4 
Storage Location (-80oC)  Box Number:  14               Position:  A1 
      Tube labeled as:    pTHYD4                                     Strain:  E.coli Nova Blue 
 

 
 
Cited in journal:  

 
Lab Notebook to reference:  Nicholas Licciardello note book#3 June 4, 2004 

Original clone name (if different): __________________________ 

 
Organism source of gene: Maize CO328     

 
Cloning vector used:     pET23C            Vector size: 3.6 kb       Insert size:  1.38  kb  

 
Antibiotic markers:  amp  

 
Restriction enzyme(s) to release insert:  EcoRI/XhoI 

 
Sequence verified: yes          Junction verified: yes 

GenBank sheet attached: Yes_____No__x___ 
Hybridization results attached: Yes____ No__x__ 
Other: 
(attach additional information here i.e. cartoon, VectorNTI details, sequence) 
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WURTZEL LAB  
CLONE INFORMATION 

 
Date Today:_08_/_15_/07 _                                      Entered into database yes: 437 / no __ 
                       (MONTH)  /  (DAY)/     (YEAR)              
CLONE NAME:  pAC-BETA-At 
  
 
Lab Clone Number/Name: __pAC-BETA-At_____Alternate name(s): _______________ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression      x                  Non-expression______________ 
 
New GenBank Accession: ______________Original GenBank Accession: ____________ 
 
Clone Description:  
Accumulates β-carotene using the Erwinia herbicola carotenoid pathway cassette genes (except 
the lycopene β-cyclase is from Arabidopsis).  A 1.8 kb NotI-NotI fragment containing LCYb 
(lycopene β-cyclase) of A. thaliana was excised from pAtLCYbSK, blunted, and inserted in HindIII-
digested, Klenow-blunted pAC-LYC (Refer to Cunningham paper: Eukaryot Cell 6: 533-545, 2007. 
Also refer to Cunningham paper: The Plant Cell 8: 1613-1626 for reference to crt cassette from E. 
herbicola 

Constructed by:  __Dr. Cunningham_________________Date rec′d__6/21/07_____ 
Purified by: ___Rena Quinlan__________________________________________ 
DNA Location (-20oC) Box Number: ___6___Position: E2__Conc. _0.15 ng/µl 
      Tube labeled as: ___ pAC-BETA-At ___________________________________ 
Strain Location (-80oC)  Box Number: __16__Position__F5,F6______________ 
      Tube labeled as: _ pAC-BETA-At ______Strain: __BL21 (DE3)___ 

 
 
Cited in journal: Eukaryot Cell 6: 533-545, 2007 

 
Lab Notebook to reference: __Rena (Book 5)________Date: ___6/21/07_____________ 

Original clone name (if different): __________________________ 

 
Organism source of gene: Erwinia herbicola and Arabidopsis thaliana     Variety__ 

 
Cloning vector used: _pACYC 184_____Vector size: _11.3 Kb__Insert size: _LCYB CDS=1506bp 

 
Antibiotic markers:  _____amp; ______tet; __x ___chloramphenicol;____other  (_____) 

 
Restriction enzyme(s) to release insert: _Cannot release insert (it was Klenow-blunted) – refer to 

Cunningham paper: Eukaryot Cell 6: 533-545, 2007_____________ 

 
Sequence verified: yes__x___no______        Junction verified: yes______no______ 

GenBank sheet attached: Yes_____No____ 
Hybridization results attached: Yes____ No___ 
Other: 

       
Depositor′s Name: _Rena Quinlan____ 
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WURTZEL LAB  

CLONE INFORMATION 
 

Date Today: 5/11/09                                         Entered into database yes: 433 / no __ 
    (MONTH) / (DAY)/ (YEAR)              
CLONE NAME: pTnT-A4 (rice P450 beta-hydroxylase (CYP97A4)) 
  
 
Lab Clone Number/Name: pTnT-A4__                     Alternate name(s): P450 HYDB 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression________x_________Non-expression________________ 
New GenBank Accession: ______________Original GenBank Accession: AK068163 

Clone Description:  Two primers (forward 2175 and reverse 2176) were used to amplify the 
CYP97A4 ORF from pRT-A4.  XhoI (+ Kozak sequence) and XbaI restriction sites were added to 
primers 2175 and 2176, respectively.  The amplified CYP97A4 ORF and pTNT vector were cut 
with both restriction enzymes (XhoI and XbaI).  Resulting fragments were ligated and contruct was 
used as a template for in vitro transcription/translation using either TNT Coupled Reticulocyte 
Lysate or TNT Coupled Wheat Germ Extract systems. 
 
Primer 2175: 5′-ACCG CTC GAG GCC ACC ATG AGC TCA GCG ACG TCA GTG AGT G -3′   
                                          XhoI     Kozak seq.                                                   
Primer 2176: 5′-GAGA TCT AGA TCA GAT TCG AGT TGC TGA GAC TTG C-3.′   
                                         XbaI 
Constructed by:      Rena Quinlan__                Date rec′d_______ 
Purified by: _______Rena Quinlan_____________________________ 
DNA Location (-20oC) Box Number: _6   Position: _G7____Conc. _0.8µg/µl 
      Tube labeled as: __pTnT-A4______________________________________ 
Strain Location (-80oC)  Box Number: __18_    Position__E2_____________ 
      Tube labeled as: __pTnT-A4______________ Strain:  TOP10F′__ 
 

 
Lab Notebook to reference: _Rena-Book 7__ Date: _9/14/08_______________ 

Original clone name (if different): __________________________ 

 
Organism source of gene: __Oryza sativa___________Variety:_Nipponbare_______ 

 
Cloning vector used: pTNT____Vector size: _2871bp  Insert size: 1932bp 

 
Antibiotic markers:  ___X__amp; ______tet; ______chloramphenicol;______other   

 
Restriction enzyme(s) to release insert: _XhoI/XbaI_______________ 

 
Sequence verified: yes_x___no______        Junction verified: yes___x___no______ 

GenBank sheet attached: Yes_____No_x____ 
Hybridization results attached: Yes____ No___x_ 
Other: (attach additional information here i.e. cartoon, VectorNTI details, sequence) 
 

       
Depositor′s Name: __Rena Quinlan____ 
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WURTZEL LAB  
CLONE INFORMATION 

 
Date Today: 5/11/09                                         Entered into database yes: 434 / no ____ 
 (MONTH)  /  (DAY)/     (YEAR)              
CLONE NAME: pTnT-C2 (rice P450 epsilon-hydroxylase (CYP97C2)) 
  
 
Lab Clone Number/Name:     pTnT-C2                                 Alternate name(s): P450 HYDE 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression________x_________Non-expression________________ 
New GenBank Accession: ______________Original GenBank Accession: AK065689 

Clone Description:  Two primers (forward 2140 and reverse 2168) were used to amplify the 
CYP97C2 ORF (plus 39bp 
of 5′ UTR) from rice cDNA.  XhoI and XbaI restriction sites were added to primers 2140 and 2168, 
respectively.  The amplified CYP97C2 ORF (plus 39bp of 5′ UTR) and pTNT vector were cut with 
restriction enzymes XhoI and XbaI.  Resulting fragments were ligated and contruct was used as a 
template for in vitro transcription/translation using either TNT Coupled Reticulocyte Lysate or TNT 
Coupled Wheat Germ Extract systems. 
Primer 2140: 5′- GAGA CTC GAG AAT CCA TCT CGA ATC CCT AGC– 3′ 
                                 XhoI        
Primer 2168: 5′- ACCG TCT AGA TCA TCT GGA CCC ACT GAG TG- 3′ 
                                  XbaI 
Constructed by:      Rena Quinlan__                Date rec′d_______ 
Purified by: _______Rena Quinlan_____________________________ 
DNA Location (-20oC) Box Number: _6   Position: _G8____Conc. _0.38µg/µl 
      Tube labeled as: __pTnT-C2______________________________________ 
Strain Location (-80oC)  Box Number: __18_    Position__E3_____________ 
      Tube labeled as: __pTnT-C2______________ Strain:  TOP10F′__ 
 

  
Lab Notebook to reference: _Rena-Book 7__ Date: _9/5/08_______________ 

Original clone name (if different): __________________________ 

 
Organism source of gene: __Oryza sativa___________Variety:_Nipponbare_______ 

 
Cloning vector used: pTNT____Vector size: _2871bp  Insert size: 1725 bp 

 
Antibiotic markers:  ___X__amp; ______tet; ______chloramphenicol;______other   

 
Restriction enzyme(s) to release insert: _XhoI/XbaI_______________ 

 
Sequence verified: yes_x___no______        Junction verified: yes___x___no______ 

GenBank sheet attached: Yes_____No_x____ 
Hybridization results attached: Yes____ No___x_ 
Other: 
(attach additional information here i.e. cartoon, VectorNTI details, sequence) 
  

       
Depositor′s Name: __Rena Quinlan____ 
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WURTZEL LAB  
CLONE INFORMATION 

 
Date Today: 5/11/09                                         Entered into database yes: 435__ / no ____ 
                       (MONTH)  /  (DAY)/     (YEAR)              
CLONE NAME: pTnT-H3 (maize diiron beta-hydroxylase 3) 
  
 
Lab Clone Number/Name:     pTnT-H3                     Alternate name(s): maize HYD3 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression________x_________Non-expression________________ 
New GenBank Accession: ______________Original GenBank Accession: BM382572 

Clone Description:  Two primers (forward 2163 and reverse 2164) were used to amplify the 
maize HYD3 ORF from the pSLIP vector.  XhoI (+ Kozak sequence) and XbaI restriction sites 
were added to primers 2163 and 2164, respectively.  The amplified maize HYD3 ORF and pTNT 
vector were cut with restriction enzymes XhoI and XbaI. Resulting fragments were ligated and 
contruct was used as a template for in vitro transcription/translation using either TNT Coupled 
Reticulocyte Lysate or TNT Coupled Wheat Germ Extract systems. 
 
Primer 2163: 5′- ACCG  CTC GAG GCC ACC ATG GCC GCC GCG ATG ACC -3′ 
                                            XhoI     Kozak seq.                                                                        
 Primer 2164: 5′-GAGA TCT AGA CTA GAA CTC ATT TGG CAC ACT -3′ 
                                           XbaI 
Constructed by:      Rena Quinlan__                Date rec′d_______ 
Purified by: _______Rena Quinlan_____________________________ 
DNA Location (-20oC) Box Number: _6   Position: _G9____Conc. _0.2µg/µl 
      Tube labeled as: __pTnT-H3______________________________________ 
Strain Location (-80oC)  Box Number: __18_    Position__E4_____________ 
      Tube labeled as: __pTnT-H3______________ Strain:  TOP10F′__ 
 

  
Lab Notebook to reference: _Rena-Book 7__ Date: _9/5/08_______________ 

Original clone name (if different): __________________________ 

 
Organism source of gene: __ Zea mays __________Variety:_    B73_______ 

 
Cloning vector used: pTNT____Vector size: _2871bp  Insert size: 960 bp 

 
Antibiotic markers:  ___X__amp; ______tet; ______chloramphenicol;______other   

 
Restriction enzyme(s) to release insert: _XhoI/XbaI_______________ 

 
Sequence verified: yes_x___no______        Junction verified: yes___x___no______ 

GenBank sheet attached: Yes_____No_x____ 
Hybridization results attached: Yes____ No___x_ 
Other: 
(attach additional information here i.e. cartoon, VectorNTI details, sequence) 
 
 
 

       
Depositor′s Name: __Rena Quinlan____ 
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WURTZEL LAB  

CLONE INFORMATION 
 

Date Today: 5/11/09                                         Entered into database yes: 436__ / no ___ 
 (MONTH)  /  (DAY)/     (YEAR)              
CLONE NAME: pTnT-H4 (maize diiron beta-hydroxylase 4) 
  
 
Lab Clone Number/Name:     pTnT-H4                     Alternate name(s): maize HYD4 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression________x_________Non-expression________________ 
New GenBank Accession: ______________Original GenBank Accession: BG320875 

Clone Description:  Two primers (forward 2165 and reverse 2166) were used to amplify the 
maize HYD4 ORF from the pBluescript SK (-) vector.  XhoI (+ Kozak sequence) and XbaI 
restriction sites were added to primers 2165 and 2166, respectively.  The amplified maize HYD4 
ORF and pTNT vector were cut with restriction enzymes XhoI and XbaI. Resulting fragments were 
ligated and contruct was used as a template for in vitro transcription/translation using either TNT 
Coupled Reticulocyte Lysate or TNT Coupled Wheat Germ Extract systems. 
 
Primer 2165: 5′-ACCG CTC GAG GCC ACC ATG GCC GCC GGT CTG TCC-3′ 
                                          XhoI     Kozak seq.  
Primer 2166: 5′-GAGA TCT AGA TCA GAT GGT CCG GCC GAT T-3.′ 
                                           XbaI 
Constructed by:      Rena Quinlan__                Date rec′d_______ 
Purified by: _______Rena Quinlan_____________________________ 
DNA Location (-20oC) Box Number: _6   Position: _G10____Conc. _0.25µg/µl 
      Tube labeled as: __pTnT-H4______________________________________ 
Strain Location (-80oC)  Box Number: __18_    Position__E5_____________ 
      Tube labeled as: __pTnT-H4______________ Strain:  TOP10F′__ 
 

 
Lab Notebook to reference: _Rena-Book 7__ Date: _9/5/08_______________ 

Original clone name (if different): __________________________ 

 
Organism source of gene: __ Zea mays __________Variety:_    B73_______ 

 
Cloning vector used: pTNT____Vector size: _2871bp  Insert size: 930 bp 

 
Antibiotic markers:  ___X__amp; ______tet; ______chloramphenicol;______other   

 
Restriction enzyme(s) to release insert: _XhoI/XbaI_______________ 

 
Sequence verified: yes_x___no______        Junction verified: yes___x___no______ 

GenBank sheet attached: Yes_____No_x____ 
Hybridization results attached: Yes____ No___x_ 
Other: 
(attach additional information here i.e. cartoon, VectorNTI details, sequence) 

       
Depositor′s Name: __Rena Quinlan____ 
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WURTZEL LAB  
CLONE INFORMATION 

Date Today:_07 _16_ 03_  
      (MONTH)/  (DAY)/     (YEAR)          

 
 

Clone Number/Name:     prLHCP 

 
Constructed by:      __Dr. Kenneth Cline____________________ 
Purified by:             __Dr. Kenneth Cline ____________________ 
Date constructed:    __________/_____/_ ____  

     (MONTH)/               (DAY)/              (YEAR)           
Storage Location-  

Box Number: ____7_________ Position: _____A2_______ 
 
Clone description: Please refer to the attached papers. 

 

 

 
Cited in journal: Plant J, 2001, 27(5):373-382 

 
Cloning vector used:____unknown______________      Vector size:     ________ 

 
Organism source of gene: ____Pea_________       Insert size:    ___1993bp_____  

 
Restriction enzyme(s) to release insert:______unknown ______________________     

 
Lab Notebook to  

 
Concentration:____1g/l _____________________ 

 
E. coli Antibiotic markers:  -X-amp;  __tet;  _ chloramphenicol;  __ other  

(_____________) 

 
Strain Transformed into:  Top10, Box 15, D6 

Cartoon of construct: 
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WURTZEL LAB  

CLONE INFORMATION 
Date Today:_07 _16_ 03_  

      (MONTH)/  (DAY)/     (YEAR)          
 

 

Clone Number/Name:     16/EGFP 

 
Constructed by:      __Dr. JP Marques____________________ 
Purified by:             __Dr. JP Marques____________________ 
Date constructed:    __________/_____/_ ____  

     (MONTH)/               (DAY)/              (YEAR)           
Storage Location-  

Box Number: ____7_________ Position: _____A5_______ 
 
Clone description: Please refer to the attached papers. 

 

 

 
Cited in journal:  Mol Genet Genomics, 2003,269(3):381-387. 

 
Cloning vector used:____pBSCM13 ______________      Vector size:     ________ 

 
Organism source of gene: ____Spinach_________       Insert size:    ________  

 
Restriction enzyme(s) to release insert:______unknown ______________________     

 
Lab Notebook to 8/17/3 

 
Concentration:_________________________ 

 
E. coli Antibiotic markers:  -X-amp;  __tet;  _ chloramphenicol;  __ other  

(_____________) 

 
Strain Transformed into:  Top10, Box 15, D9 

Cartoon of construct: 
 
 
' 
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WURTZEL LAB  
CLONE INFORMATION 

 
Date Today: 03/16/11                               Entered into database yes: 640_ / no ___ 
       (MONTH)/(DAY)/(YEAR)              
CLONE NAME:  CYP97A4::GFP (Green Fluorescent Protein vector with CYP97A4) 

 
Lab Clone Number/Name:   A4::GFP       Alternate name(s): _________________ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression________x_________Non-expression________________ 
 
New GenBank Accession: _______Original GenBank Accession: AK068163 (CYP97A4) 

Clone Description: Two primers (forward 2634 and reverse 2635) were used to amplify the 
CYP97A4 ORF.  XbaI and BamHI restriction sites were added to primers 2634 and 2635, 
respectively.  The amplified CYP97A4 ORF and the pUC35S-GFP-Nos vector were cut with XbaI 
and BamHI.  Resulting fragments were ligated and transformed into TOP10F′ cells.  pUC35S-GFP 
contains the N-terminus of the Green Fluorescent Protein (GFP).  This plasmid produces an in-
frame fusion of the protein of interest to the N-terminus of GFP. 
2634  Forward:   ACCG TCT AGA  ATG AGC TCA GCG ACG TCA GTG AG   
                 XbaI       
2635 Reverse:   GAGA GGA TCC GAT TCG AGT TGC TGA GAC TTG CC 
                                          BamHI 
Refer to Okada et al., 2000, Plant Physiol, 122:1045-1056 
Constructed by:  ____Rena Quinlan_____________                    Date rec′d__________   
Purified by: _______Rena Quinlan________________________________ 
DNA Location (-20oC) Box Number: __9_____Position: _J1___Conc. ___0.2__µg/µl 
      Tube labeled as: __A4_GFP__________ 
Strain Location (-80oC)  Box Number: _____20____Position_____E6______ 
      Tube labeled as: __A4_GFP_____ Strain: TOP10F′___ 
 

 
 
Cited in journal: Okada et al., 2000, Plant Physiol, 122:1045-1056 

 
Lab Notebook to reference: _Rena (book 9)_______Date: _____1/19/10_____ 

Original clone name (if different): __________________________ 

 
Organism source of gene: _Oryza sativa______Variety__Nipponbare_________ 

 
Cloning vector used:  pUC35S-GFP-Nos _Vector size: _3500bp_Insert size: 1932bp___ 

 
Antibiotic markers:  __X__amp; _____tet; ____chloramphenicol;______other  (__) 

 
Restriction enzyme(s) to release insert: ____XbaI/BamHI____ 

 
Sequence verified: yes__X__no______        Junction verified: yes___X__no______ 

GenBank sheet attached: Yes_____No__x__ 
Hybridization results attached: Yes____ No__x__ 
Other:  (attach additional information here i.e. cartoon, VectorNTI details, sequence) 

      Depositor′s Name: __Rena Quinlan___ 
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WURTZEL LAB  
CLONE INFORMATION 

 
Date Today: 04/30/11                               Entered into database yes:_641_ / no ___ 
       (MONTH)/(DAY)/(YEAR)              
CLONE NAME:  CYP97C2::GFP (Green Fluorescent Protein vector with CYP97C2) 
 
Lab Clone Number/Name:   C2::GFP       Alternate name(s): _________________ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression________x_________Non-expression________________ 
 
New GenBank Accession: _______Original GenBank Accession: AK065689 (CYP97C2) 

Clone Description: Two primers (forward 2879 and reverse 2880) were used to amplify the 
CYP97C2 ORF.  XbaI and BclI restriction sites were added to primers 2879 and 2880, 
respectively.  The amplified CYP97C2 ORF was cut with XbaI and BclI and the pUC35S-GFP-Nos 
vector was cut with restriction enzymes XbaI and BamHI. (CYP97C2 ORF contains a BamHI site - 
therefore BcII was used instead since both BamHI and BclI have the same overhang).  Resulting 
fragments were ligated and transformed into TOP10F′ cells.  pUC35S-GFP contains the N-
terminus of the Green Fluorescent Protein (GFP).  This plasmid produces an in-frame fusion of the 
protein of interest to the N-terminus of GFP. 
2879 Forward:   ACCG TCT AGA  ATGGCCGCCGCCGCCGCCGCCGCC  

    XbaI   
2880 Reverse:   GAGA TGATCA  TCTGGACCCACTGAGTGCAAAATCAG 

                BclI      
Refer to Okada et al., 2000, Plant Physiol, 122:1045-1056 

Constructed by:  ____Rena Quinlan_____________                    Date rec′d__________   
Purified by: _______Rena Quinlan________________________________ 
DNA Location (-20oC) Box Number: __9_____Position: _J2___Conc. ___0.5__µg/µl 
      Tube labeled as: __C2_GFP__________ 
Strain Location (-80oC)  Box Number: _____20____Position_____E7______ 
      Tube labeled as: __C2_GFP_____ Strain: TOP10F′___ 
 

 
 
Cited in journal: Okada et al., 2000, Plant Physiol, 122:1045-1056 

 
Lab Notebook to reference: _Rena (book 10)_______Date: _____4/14/11____ 

 
Organism source of gene: _Oryza sativa______Variety__Nipponbare_________ 

 
Cloning vector used:  pUC35S-GFP-Nos _Vector size: _3500bp_______Insert size: 1686bp___ 

 
Antibiotic markers:  __X__amp; _____tet; ____chloramphenicol;______other  (__) 

 
Restriction enzyme(s) to release insert: ____XbaI/BclI____ 

 
Sequence verified: yes__X__no______        Junction verified: yes___X__no______ 

GenBank sheet attached: Yes_____No__X__ 
Hybridization results attached: Yes____ No____ 
Other: (attach additional information here i.e. cartoon, VectorNTI details, sequence) 

      Depositor′s Name: __Rena Quinlan_ 
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WURTZEL LAB  
CLONE INFORMATION 

 
Date Today: 03/16/11                               Entered into database yes: 642_ / no ___ 
       (MONTH)/(DAY)/(YEAR)              
CLONE NAME:  HYD3::GFP (Green fluorescent protein vector with HYD3) 
 
Lab Clone Number/Name:   HYD3::GFP       Alternate name(s):  H3_GFP_____ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression________x_________Non-expression________________ 
 
New GenBank Accession: _______________Original GenBank Accession: BM382572 (HYD3) 

Clone Description: Two primers (forward 2638 and reverse 2639) were used to amplify the HYD3 
ORF.  XbaI and BamHI restriction sites were added to primers 2638 and 2639, respectively.  The 
amplified HYD3 ORF and the pUC35S-GFP-Nos vector were cut with XbaI and BamHI.  Resulting 
fragments were ligated and transformed into TOP10F′ cells.  pUC35S-GFP contains the N-
terminus of the Green Fluorescent Protein (GFP).  This plasmid produces an in-frame fusion of the 
protein of interest to the N-terminus of GFP. 
2638 Forward :   ACCG TCT AGA  ATG GCC GCC GCG ATG ACC 
   XbaI       
2639 Reverse:   GAGA  GGA TCC GAA CTC ATT TGG CAC ACT CT 
                        BamHI          
Refer to Okada et al., 2000, Plant Physiol, 122:1045-1056 
Constructed by:  ____Rena Quinlan_____________                    Date rec′d__________   
Purified by: _______Rena Quinlan________________________________ 
DNA Location (-20oC) Box Number: __9_____Position: _J3___Conc. ___0.2__µg/µl 
      Tube labeled as: __H3_GFP__________ 
Strain Location (-80oC)  Box Number: _____20____Position_____E8______ 
      Tube labeled as: __H3_GFP_____ Strain: TOP10F′___ 
 

 
 
Cited in journal: Okada et al., 2000, Plant Physiol, 122:1045-1056 

 
Lab Notebook to reference: _Rena (book 9)_______Date: _____2/4/10_____ 

Original clone name (if different): __________________________ 

 
Organism source of gene: _Zea mays______Variety:__B73_________ 

 
Cloning vector used:  pUC35S-GFP-Nos _Vector size: _3500bp____Insert size: 960bp___ 

 
Antibiotic markers:  __X__amp; _____tet; ____chloramphenicol;______other  (__) 

 
Restriction enzyme(s) to release insert: ____XbaI/BamHI____ 

 
Sequence verified: yes__X__no______        Junction verified: yes___X__no______ 

GenBank sheet attached: Yes_____No__X__ 
Hybridization results attached: Yes____ No____ 
Other: (attach additional information here i.e. cartoon, VectorNTI details, sequence) 

       
Depositor′s Name: __Rena Quinlan____ 

 



 184

WURTZEL LAB  
CLONE INFORMATION 

 
Date Today: 03/16/11                                 Entered into database yes: 643 / no___  
    (MONTH)/(DAY)/(YEAR)              
CLONE NAME:  HYD4::GFP (Green fluorescent protein vector with HYD4) 

 
Lab Clone Number/Name:   HYD4::GFP       Alternate name(s):  H4_GFP________ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression________x_________Non-expression________________ 
 
New GenBank Accession: _______________Original GenBank Accession: BG320875 (HYD4) 

Clone Description: Two primers (forward 2640 and reverse 2641) were used to amplify the HYD4 
ORF.  XbaI and BamHI restriction sites were added to primers 2640 and 2641, respectively.  The 
amplified HYD4 ORF and the pUC35S-GFP-Nos vector were cut with XbaI and BamHI.  Resulting 
fragments were ligated and transformed into TOP10F′ cells.  pUC35S-GFP contains the N-
terminus of the Green Fluorescent Protein (GFP).  This plasmid produces an in-frame fusion of the 
protein of interest to the N-terminus of GFP. 
2640 Forward:   ACCG TCT AGA  ATG GCC GCC GGT CTG TCC 
                          XbaI        
2641 Reverse:    GAGA GGA TCC GAT GGT CCG GCC GAT TCG 
                BamHI 
Refer to Okada et al., 2000, Plant Physiol, 122:1045-1056 
Constructed by:  ____Rena Quinlan_____________                    Date rec′d__________   
Purified by: _______Rena Quinlan________________________________ 
DNA Location (-20oC) Box Number: __9_____Position: _J4___Conc. ___0.2__µg/µl 
      Tube labeled as: __H4_GFP__________ 
Strain Location (-80oC)  Box Number: _____20____Position_____E9______ 
      Tube labeled as: __H4_GFP_____ Strain: TOP10F′___ 
 

 
 
Cited in journal: Okada et al., 2000, Plant Physiol, 122:1045-1056 

 
Lab Notebook to reference: _Rena (book 9)_______Date: _____2/4/10_____ 

Original clone name (if different): __________________________ 

 
Organism source of gene: _Zea mays______Variety:__B73_________ 

 
Cloning vector used:  pUC35S-GFP-Nos _Vector size: _3500bp____Insert size: 930bp___ 

 
Antibiotic markers:  __X__amp; _____tet; ____chloramphenicol;______other  (__) 

 
Restriction enzyme(s) to release insert: ____XbaI/BamHI____ 

 
Sequence verified: yes__X__no______        Junction verified: yes___X__no______ 

GenBank sheet attached: Yes_____No__X__ 
Hybridization results attached: Yes____ No____ 
Other:  (attach additional information here i.e. cartoon, VectorNTI details, sequence) 

      Depositor′s Name: __Rena Quinlan__ 
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    WURTZEL LAB  
CLONE INFORMATION 

Date Today: 03/03 / 10                                                                                              Entered into database #569 
                       (MONTH)  /  (DAY)/     (YEAR)              

CLONE NAME:           pUC35S-Toc34-sGFP-Nos 

 
Lab Clone Number/Name:                        Alternate name(s):   
Clone type: Genomic:   
                     cDNA:  Expression                Non-expression  
 
New GenBank Accession:                       Original GenBank Accession:   
 
Clone Description: A full copy of Toc34 (34 kDa outer membrane transport complex protein from P. sativum) without a 
stop codon was amplified from pToc34 (Chen et al., 1997, JBC 272(10): 6614-6620) ) with a forward primer 2579, 
containing XbaI site, and a reverse primer 2580, containing BamHI site, and inserted into pUC35S-sGFP-Nos vector, 
digested with XbaI/BamHI, giving pUC35S-Toc34-sGFP-Nos plasmid. 
2579: 5’ ATCTCTAGAATGGCTTCACAACAACAAACTGTTCG 
2580: 5’ ATCGGATCCCTTCCGATCACCTACATCGCGAGTC 
Constructed by:   M. Shumskaya                                           Date rec’d 08/28/09 
Purified by:          M. Shumskaya  
DNA Location (-20oC) Box Number:     50       Position:  D7    Conc. 0.4 µg/µl 
      Tube labeled as:    Toc34-GFP 
Strain Location (-80oC)  Box Number:          51          Position   C5 
      Tube labeled as:                          Toc34 GFP                       Strain:   
 
 
Cited in journal:  

Lab Notebook to reference:       Maria                        Date:    08/11/09 

Original clone name (if different):   

 
Organism source of gene:            P.sativum                     Variety  

 
Cloning vector used:                           Vector size:  4500bp    Insert size:  933 bp  

 
Antibiotic markers:   amp  

 
Restriction enzyme(s) to release insert:  XbaI/BamHI  

 
Sequence verified:         yes   Junction verified: yes 

GenBank sheet attached:  No  
Hybridization results attached: Yes____ No____ 
Other: 
(attach additional information here i.e. cartoon, VectorNTI details, sequence) 
Toc34-GFP with 2436 primer 
Ngccatccnctatccttcgcagacccttcctctatataaggaagttcatttcatttggagagaacacgggggactctagaatggcttcacaacaacaaactgttcgtgaatggtcaggaatcaatacattcgctcctgctacacagactaagt
tgcttgaactcttgggaaaccttaaacaagaggatgtgaactccttaaccatacttgtgatgggaaaaggtggcgttgggaagtcttcaactgtgaactccatcattggagaaagggtggtttcaattagtccctttcagtctgaagggccaag
acctgttatggtgtcacgatcaagggcaggttttacattgaacattatcgacactcctggtcttattgaagggggatacatcaatgatatggcgcttaatataataaaaagtttccttctggacaagaccatagatgttctgctttacgtggaccgc
ttagatgcgtatcgagtagacaacttggataagttagtcgccaaagctataactgatagttttggcaaaggaatatggaacaaggctatagtagcactcacacatgcccaattctctccaccagatgggttgccttatgatgaattcttctctaa
aagatccgaggctctcttgcaagttgtaagatcaggtgcctccttaaagaaggatgctcaggcttctgacattcctgttgttttgatcgagaatagtgggagatgcaacaaaaatgacagtgatgaaaaggttcttccaaatgggattgcatg
gattcctcatctagtccaaacaatcacagaagttgcattgaacaaaagtgaatctatttttgttgacaagaatttgattgacggaccgaatccaaatcaagagaggaaaattatggattcctctcatatttgctctacaatacttgttcctcncga
agccaatagaagcnctaatcaggagagactttgctactgnaacaaaccacctggggan 

Toc34-GFP with 2437 primer 
ctttngngataggaagagggtcnccaaccncntngtaaagaagcntnntngagtnctctncgccgggtccaaaganggncccccccccgngnnnttgggaaaaaaaggnttccaccnctntcaaagcaagggatgatgngnnttt
tccctgactaggggatgangcncaatcccatttcttngcaagacccttcnctatntaaggaagttcatttcatttggggagaacncggggnctcttgaatggcttccccaccaacaacctgttcgtgaatggtcaggaatccaaacattcgct
cntgctacacagactaagttgcttgaactcttggggaaccttaaacaagaggatgtgaactccttacccatacttgtgatgggaaaaggtggcgttgggaagtcttcaactgtgaactccatcattggagaaaggggtggtttcaattagtcc
ctttcagtctgaagggccaagacctgttatggtgtcacgatcaagggcaggttttacattgaacattatcgacactcctggtcttattgaagggggatacatcaatgatatggcgcttaatataataaaaagtttccttctggacaagaccatag
atgttctgctttacgtggaccgcttagatgcgtatcgagtagacaacttggataagttagtcgccaaagctataactgatagttttggcaaaggaatatggaacaaggctatagtagcactcacacatgcccaattctctccaccagatgggtt
gccttatgatgaattcttctctaaaagatccgaggctctcttgcaagttgtaagatcaggtgcctccttaaagaaggatgctcaggcttctgacattcctgttgttttgatcgagaatagtgggagatgcaacaaaaatgacagtgatgaaaag
gttcttccaaatgggattgcatggattcctcatctagtccaaacaatcacagaagttgcattgaacaaaagtgaatctatttttgttgacaagaatttgattgacggaccgaatccaaatcagagaggaaaattatggattcctctcatatttgctc
tacaatacttgttcctcgcgaagccaatagaagcactaatcaggagagacattgctactgaaacaaaaccagcatgggagactcgcgatgtaggtgatcggaagggatccatggtgagcaagggcgaggagcgtcaccggg 

 
 

       
Depositor’s Name: M. Shumskaya  
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WURTZEL LAB  

CLONE INFORMATION 
 

Date Today: 07/27 / 09                                  Entered into database #567 
                       (MONTH)  /  (DAY)/     (YEAR)              

CLONE NAME:           pUC35S-LHCP-sGFP-Nos 

 
Lab Clone Number/Name:                        Alternate name(s):   
Clone type: Genomic:   
                     cDNA:  Expression                Non-expression  
 
New GenBank Accession:                       Original GenBank Accession:   
 
Clone Description: A full copy of LHCP (major chlorophyll a/b-binding polypeptide from P. sativum) without a stop codon 
was amplified from prLHCP (Tan et. al, 2001, Plant J 27: 373-382) with the forward primer 2419, containing XbaI site, and 
a reverse primer 2420, containing BamHI site, and inserted into pUC35S-sGFP-Nos vector, digested with XbaI/BamHI, 
giving pUC35S-LHCP-sGFP-Nos plasmid. 
2419: 5’ ATCTCTAGAATGGCCGCTTCATCC 
2420: 5’ ATCGGATCCCTTTCCGGGAACAAAGTTGGTAGC 
Constructed by:   M. Shumskaya                                           Date rec’d 08/28/09 
Purified by:          M. Shumskaya  
DNA Location (-20oC) Box Number:     plasmid box 7      Position:  B7    Conc. 2 µg/µl 
      Tube labeled as:    B7, pUC35S-LHCP-GFP-Nos 
Strain Location (-80oC)  Box Number:       51             Position   D8 
      Tube labeled as:                              LHCP GFP                   Strain:  Top10 
 

 
 
Cited in journal:  

 
Lab Notebook to reference:       Maria                        Date:    08/28/09 

Original clone name (if different):   

 
Organism source of gene:            P.sativum                     Variety  

 
Cloning vector used:                           Vector size:  4500bp    Insert size:  800 bp  

 
Antibiotic markers:   amp  

 
Restriction enzyme(s) to release insert:  XbaI/BamHI  

 
Sequence verified:         yes   Junction verified: yes 

GenBank sheet attached:  No  
Hybridization results attached: Yes____ No____ 
Other: 
(attach additional information here i.e. cartoon, VectorNTI details, sequence) 
LHCP-GFP with 2436 primer 
gtnagcnatcccactatccttcgcagacccttcctctatataaggaagttcatttcatttggagagaacacgggggactctagaatggccgcttcatcatcatcatccatggctctctcttctccaaccttggctggcaagcaactcaagctgaa
cccatcaagccaagaattgggagctgcaaggttcaccatgaggaagtctgctaccaccaagaaagtagcttcctctggaagcccatggtacggaccagaccgtgttaagtacttaggcccattctccggtgagtctccatcctacttgact
ggagagttccccggtgactacggttgggacactgccggactctctgctgacccagagacattctccaagaaccgtgagcttgaagtcatccactccagatgggctatgttgggtgctttgggatgtgtcttcccagagcttttgtctcgcaacg
gtgttaaattcggcgaagctgtgtggttcaaggcaggatctcaaatctttagtgagggtggacttgattacttgggcaacccaagcttggtccatgctcaaagcatccttgccatatgggccactcaggttatcttgatgggagctgtcgaaggt
taccgtattgccggtgggcctctcggtgaggtggttgatccactttacccaggtggaagctttgatccattgggcttagctgatgatccagaagcattcgcagaattgaaggtgaaggaactcaagaacggtagattagccatgttctcaatgt
ttggattcttcgttcaagctattgtaactggaaagggtcctttggagaaccttgctgatcatcttgcagacccaggtcaacaacaatgcatgggtcatatgctaccaactttgttcccggaaaggggattcatggntgaagcaangggcgaag
aactgtttcacccgggggtggtgnccattcctggtcgagctgggannggnnancgtaaaacggccncaanttcaaccgtgttccggcgagggggnagggcgatnccccctacgnnaagcttgaccctgaaattcatntggcncaac
gggaaancttgcccgggccctggnccaacccnngggacccctttacctangggggggangggtttagccgcttccccgaaaaantaaaaanncaatttttaaatcccccngcccnaaggtnntnccagaag 
  
 

       
Depositor’s Name: M. Shumskaya 
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WURTZEL LAB  

CLONE INFORMATION 
 

Date Today: 01/31 / 11                                                                                     Entered into database yes__#564                                     
CLONE NAME:           p-SAT-M-PGL-RFP 
CLONE TYPE:            cDNA clone in vector for  transient expression in plant protoplasts 

New GenBank Accession:                       Original GenBank Accession:  BT039786_1 
 
Clone Description: A full copy of maize plastoglobulin PGL-2 gene  without a stop codon was amplified from clone 
ZM_BFc0045D12 (ordered from maize stock collection in http://www.genome.arizona.edu/orders/ ) with a forward primer 
3020, containing EcoRI site, and a reverse primer 3017, containing  site  BclI and extra G to clone the PGL protein in frame 
with following  RFP, and inserted into vector pSAT6(A)-RFP-N1-pchrD-cuc (3038) (obtained from Rena Quinlan), which 
was digested with same restrictases to remove chrD sequence from the vector, giving plasmid pSAT-M-PGL-RFP. 
3020: 5’ atcGAATTCatggcgtcctccgcgttcctcaacg 
3017: 5’ atcTGATCAggtatagaagagtacttccc 
Constructed by:   M. Shumskaya                                           Date rec’d 02/23/10 
Purified by:          M. Shumskaya  
DNA Location (-20oC) Box Number:     50       Position:  D1   Conc. 100 ng/µl 
      Tube labeled as:    PG2-RFP  
Strain Location (-80oC)  Box Number:         51           Position   D7 
      Tube labeled as:      PG2-RFP                               Strain:   
 
 
Cited in journal:  

Lab Notebook to reference:       Maria                       Date:    02/23/10 

Original clone name (if different):   

 
Organism source of gene:            Zea mays                    Variety B73 

 
Cloning vector used:     pSAT6(A)-N1-RFP                      Vector size:  4534 bp    Insert size:  957 bp  

 
Antibiotic markers:   amp  

 
Restriction enzyme(s) to release insert:  EcoRI/BclI 

 
Sequence verified:         yes   Junction verified: yes 

GenBank sheet attached:  No  
Hybridization results attached: Yes____ No____ 
Other: 
(attach additional information here i.e. cartoon, VectorNTI details, sequence) 
M-PGL-RFP with 2619 primer 
nnnnnnnnnnnnttcnnttggagaggacgtcgagagttctcaacacaacatatacaaaacaaacgaatctcaagcaatcaagcattctacttctattgcagcaatttaaatcatttcttttaaagcaaaagcaattttctgaaaattttcacc
atttacgaacgatagagatctcgagctcaagcttcgaattcatggcgtcctccgcgttcctcaacgctctcgtcctccgatcgccatcaccgtcgctctcgtcctcgtctaaccgccgcagcaccggcgccttcgcgttcccgaacccaccgc
gcttcccatgcctgcgttctgcgcgtcgactcgtccttgcgagggcggcggcagcgccggcgccgggcgatggccccgaggacgagtgggggccggagcccgagggcggttccgctgtcacgggggccgcggtggcggaggcgc
cggaggcgagagaggtcgcggagctcaaggcgcagctaaaggacgcgctgtacggcacggagcggggcctgcgggcgtccagcgagtcacgagccaaagtgctggagctcatcacgcagctcgagacgcgcaaccccacgc
cggctcctacggaggcgcttacgctccttaacgggaagtggatcctcgcgtacacatcattttcccaactattcccactattggggtttggtaatctgcctcagctggtgaaggtggaggaaatatcacaaaccattgattctgagaacttcac
agtgcaaaactgtatcaagttttcaggacctttggctacaacctcagttgccactaatgcaaaatttgaaattagaagccccaagcgtgtgcagatcaaatttgatgaagggattgttggtacaccacagttgaccgactccattgtgctacca
gagaagtttgagttatttggacagaacatcgacctgagtccactgaaaggcatattttcttccatcgaaaatgcagcatcctcggttgcaaagaccatatctgagcagcctccgctcaaaataccgatcaggannnannatgctgaatcnn
ngnngcttacnannntaccttgncgaananctcnnntnntccannngcgatggcagcannatctttnnnctnnnnnnnnggnantacnnnttcnnnnnnnnatcctganngnntncnnncnangncntcatcnagnnnnnnan
gnnntncnnggnnnnnnnngnnnnnnnnnnnnnnnnnnnnnnnnnnaantnnnnngggnnnnnnggnnnannnnn 

M-PGL-RFP with 3016 primer 
nnnnnnnnnnnnntcgcnatcaccgtcgctctcgtcctcgtctaaccgccgcagcaccggcgccttcgcgttcccgaacccaccgcgcttcccatgcctgcgttctgcgcgtcgactcgtccttgcgagggcggcggcagcgccggcg
ccgggcgatggccccgaggacgagtgggggccggagcccgagggcggttccgctgtcacgggggccgcggtggcggaggcgccggaggcgagagaggtcgcggagctcaaggcgcagctaaaggacgcgctgtacggcac
ggagcggggcctgcgggcgtccagcgagtcacgagccaaagtgctggagctcatcacgcagctcgagacgcgcaaccccacgccggctcctacggaggcgcttacgctccttaacgggaagtggatcctcgcgtacacatcattttc
ccaactattcccactattggggtttggtaatctgcctcagctggtgaaggtggaggaaatatcacaaaccattgattctgagaacttcacagtgcaaaactgtatcaagttttcaggacctttggctacaacctcagttgccactaatgcaaaat
ttgaaattagaagccccaagcgtgtgcagatcaaatttgatgaagggattgttggtacaccacagttgaccgactccattgtgctaccagagaagtttgagttatttggacagaacatcgacctgagtccactgaaaggcatattttcttccat
cgaaaatgcagcatcctcggttgcaaagaccatatctgagcagcctccgctcaaaataccgatcaggacaaacaatgctgaatcgtggttgcttacgacataccttgacgaagagctcntctccagaggcgatggcagcagcatctttgt
gctgttcaaggagggaagtactcttctatacctgatcctgatggcctcctccgagnacgtcatcaaggagttcatgcgcttcaagnngcgcatgnagggctcgtgaacggnnacnagttnnagntcnagggccgaggncnaaggnnn
nncnnnnnngggcnnccnnnannnnnnncnnaaggnnnncnnggnngccccnnnncntnnccnngnnntctgtnccnnnnnnncnagnnnngctccaggnnnnnnnnnancnn 

 
       

Depositor’s Name: M. Shumskaya  

 



 188

 WURTZEL LAB  
CLONE INFORMATION 

 
Date Today:  _10/__05_/_09                                        Entered into database yes 486_ / no ___ 
               (MONTH)/(DAY)/(YEAR)              
CLONE NAME: A4_2236 (Bimolecular fluorescence complementation vector with CYP97A4)  
 
Lab Clone Number/Name: _ A4_2236 __Alternate name(s): _______ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression_______x_________Non-expression_______________ 

New GenBank Accession____Original GenBank Accession: AK068163 (CYP97A4), DQ169003 (pSAT4(A)-nEYFP-N1)_ 
 
Clone Description: Two primers (forward 2455 and reverse 2456) were used to amplify the CYP97A4 ORF.  
XhoI and EcoRI restriction sites were added to primers 2455 and 2456, respectively.  The amplified CYP97A4 
ORF and pSAT4(A)-nEYFP-N1vector were cut with both restriction enzymes (XhoI and EcoRI).  Resulting 
fragments were ligated and transformed into TOP10F′ cells.  pSAT4(A)-nEYFP-N1contains the N-terminus of the 
Yellow Fluorescent Protein (EYFP).  This plasmid produces an in-frame fusion of the protein of interest to the N-
terminus of EYFP. 
 
 
2455 Forward:   ACCG CTC GAG ATG AGC TCA GCG ACG TCA GTG AG   
                                          XhoI 
2456 Reverse:   GAGA GAA TTC GAT TCG AGT TGC TGA GAC TTG CC 
                                          EcoRI 
Refer to Citovsky et al., (2006) J. Mol. Biol. 362, 1120-1131. 
 
Constructed by:  _____Rena Quinlan_______________Date rec′d _______ 
Purified by: _ Rena Quinlan___________________________________________________ 
DNA Location (-20oC) Box Number: __6_______Position: _I2____Conc. _0.6 µg/µl 
      Tube labeled as: __A4_2236________________________________ 
Strain Location (-80oC)  Box Number: _18_____  Position: ____G2________________ 
      Tube labeled as: __A4_2236______________ Strain: __TOP10F′______________ 
 
 
Cited in journal: J. Mol. Biol. (2006) 362, 1120-1131. 

Lab Notebook to reference: __Rena (Book 9)______Date: __7/30/09_____ 

Original clone name (if different): _______________________ 

 
Organism source of gene: _Oryza sativa_____________  Variety:__Nipponbare_____ 

 
Cloning vector used: pSAT4(A)-nEYFP-N1_  Vector size: 4378 bp_ Insert size: _1932 bp____ 

 
Antibiotic markers:  __x__amp; ______tet; ______chloramphenicol;______other  (_____) 

 
Restriction enzyme(s) to release insert: _XhoI and EcoRI__ 

  
Sequence verified: yes___x__no______        Junction verified: yes___x___no______ 

GenBank sheet attached: Yes_____No_____Hybridization results attached: Yes____ No____ 
Other: Further details on pSAT4(A)-nEYFP-N1clone can be found at: 
http://maize.lehman.cuny.edu/LabResources/CloneBook/pSATvectors/list of pSAT Plasmids ver5.xls  
For 5′ Junction sequencing use the TL primer: tccttcgcaagacccttcctc 
 
    
 
 
                                                                                                                            Depositor’s Name: Rena Quinlan 

CYP97A4 nYFP

2455 2456 

CYP97A4 

Bglll XhoI 1.93 Kb 
EcoRI 

vector 
nYFP
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     WURTZEL LAB  
CLONE INFORMATION 

 
Date Today:  _7/__05_/_10                                        Entered into database yes: 574 / no ___ 
               (MONTH)/(DAY)/(YEAR)              
CLONE NAME: C2_2236 (Bimolecular fluorescence complementation vector with CYP97C2) 

Lab Clone Number/Name: _C2_2236 __Alternate name(s): _______ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression_______x_________Non-expression________________ 
New GenBank Accession: ______________Original GenBank Accession: AK065689 (CYP97C2) 

Clone Description: Two primers (forward 3025 and reverse 3026) were used to amplify the CYP97C2 ORF.  
XhoI and EcoRI restriction sites were added to primers 3025 and 3026, respectively.  The amplified CYP97C2 
ORF and pSAT4(A) -nEYFP-N1 vector were cut with both restriction enzymes (XhoI and EcoRI).  Resulting 
fragments were ligated and transformed into TOP10F′ cells. pSAT4(A) -nEYFP-N1 contains the N-terminus of the 
Yellow Fluorescent Protein (EYFP).  This plasmid produces an in-frame fusion of the protein of interest to the N-
terminus of YFP. 
 
 
 
3025 Forward:   ACCG  CTC  GAG  ATG GCC GCC GCC GCC GCC GCC GCC  

                              XhoI  
3026 Reverse:   GAGA  GAA TTC  TCTGGACCCACTGAGTGCAAAATCAG 

             EcoRI    
Refer to Citovsky et al., (2006) J. Mol. Biol. 362, 1120-1131. 
Constructed by:  _____Rena Quinlan_______________Date rec′d _______ 
Purified by: _ Rena Quinlan___________________________________________________ 
DNA Location (-20oC) Box Number: __6_______Position: _J1____Conc. _0.1 µg/µl 
      Tube labeled as: __C2_2236________________________________ 
Strain Location (-80oC)  Box Number: _17_____  Position: ____E6________________ 
      Tube labeled as: __C2_2236._____________ Strain: __TOP10F′______________ 
 
 
Cited in journal: J. Mol. Biol. (2006) 362, 1120-1131. 

Lab Notebook to reference: __Rena (Book 10)______Date: __6/27/10_____ 

Original clone name (if different): _______________________ 

 
Organism source of gene: _Oryza sativa_____________  Variety:__Nipponbare_____ 

 
Cloning vector used: pSAT4(A) -nEYFP-N1 _  Vector size: 4378 bp_ Insert size: _1686bp____ 

 
Antibiotic markers:  __x__amp; ______tet; ______chloramphenicol;______other  (_____) 

 
Restriction enzyme(s) to release insert: _XhoI and EcoRI__ 

  
Sequence verified: yes__x___no______        Junction verified: yes___x___no______ 

GenBank sheet attached: Yes_____No_____Hybridization results attached: Yes____ No____ 
Other: Further details on pSAT4(A)-nEYFP-N1 can be found at:  
http://maize.lehman.cuny.edu/LabResources/CloneBook/pSATvectors/list of pSAT Plasmids ver5.xls  
(attach additional information here i.e. cartoon, VectorNTI details, sequence) 
For 5′ Junction sequencing use the TL primer: tccttcgcaagacccttcctc 
 
 
 
                 Depositor’s Name:  Rena Quinlan 
  

nYFPCYP97C2

CYP97C2 

3025 3026 

Bglll XhoI EcoRI 
1.69 Kb 

Vector nYFP
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      WURTZEL LAB  
CLONE INFORMATION 

 
Date Today:  _10/__05_/_09                                        Entered into database yes_489 / no ___ 
               (MONTH)/(DAY)/(YEAR)              
CLONE NAME: H3_2236 (Bimolecular fluorescence complementation vector with diiron HYD3 beta-hydroxylase) 
 
 
Lab Clone Number/Name: _ H3_2236 __Alternate name(s): ______ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression_______x_________Non-expression________________ 

New GenBank Accession: Original GenBank Accession: BM382572 (maize HYD3), DQ169003 (pSAT4(A)-nEYFP-N1)_ 
Clone Description: Two primers (forward 2467 and reverse 2468) were used to amplify the diiron HYD3 ORF.  
XhoI and EcoRI restriction sites were added to primers 2467 and 2468, respectively.  The amplified HYD3 ORF 
and pSAT4(A)-nEYFP-N1vector were cut with both restriction enzymes (XhoI and EcoRI).  Resulting fragments 
were ligated and transformed into TOP10F′ cells.  pSAT4(A)-nEYFP-N1contains the N-terminus of the Yellow 
Fluorescent Protein (EYFP).  This plasmid produces an in-frame fusion of the protein of interest to the N-terminus 
of EYFP. 
 
 
 
2467 Forward :   ACCG CTC GAG ATG GCC GCC GCG ATG ACC 
   XhoI       
2468 Reverse:   GAGA GAA TTC  GAA CTC ATT TGG CAC ACT CT 
                        EcoRI          
Refer to Citovsky et al., (2006) J. Mol. Biol. 362, 1120-1131. 
Constructed by:  _____Rena Quinlan_______________Date rec′d _______ 
Purified by: _ Rena Quinlan___________________________________________________ 
DNA Location (-20oC) Box Number: __6_______Position: _I4____Conc. _0.1 µg/µl 
      Tube labeled as: __H3_2236______________________________ 
Strain Location (-80oC)  Box Number: _18_____  Position: ____G4________________ 
      Tube labeled as: __H3_2236______________ Strain: __TOP10F′______________ 
 
 
Cited in journal: J. Mol. Biol. (2006) 362, 1120-1131. 

Lab Notebook to reference: __Rena (Book 9)______Date: __7/30/09_____ 

Original clone name (if different): _______________________ 

 
Organism source of gene: _Zea mays____________  Variety:__B73____ 

 
Cloning vector used: pSAT4(A)-nEYFP-N1_  Vector size: 4378 bp_ Insert size: _960 bp____ 

 
Antibiotic markers:  __x__amp; ______tet; ______chloramphenicol;______other  (_____) 

 
Restriction enzyme(s) to release insert: _XhoI and EcoRI__ 

  
Sequence verified: yes__x___no______        Junction verified: yes___x___no______ 

GenBank sheet attached: Yes_____No_____Hybridization results attached: Yes____ No____ 
Other: Further details on pSAT4(A)-nEYFP-N1clone can be found at: 
http://maize.lehman.cuny.edu/LabResources/CloneBook/pSATvectors/list of pSAT Plasmids ver5.xls  
For 5′ Junction sequencing use the TL primer: tccttcgcaagacccttcctc 
 
 
 
 
                                                                                                                         Depositor’s Name:  Rena Quinlan        

nYFPHYD3 

2467 2468 

0.96Kb 
Bglll EcoRI XhoI 

Vector 
nYFPHYD3 
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       WURTZEL LAB  
CLONE INFORMATION 

Date Today:  _10/__05_/_09                                                        Entered into database yes_488 / no ___ 
               (MONTH)/(DAY)/(YEAR)              
CLONE NAME: H4_2236 (Bimolecular fluorescence complementation vector with diiron HYD4 beta-hydroxylase) 
  
 
Lab Clone Number/Name: _ H4_2236 __Alternate name(s): _______________ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression_______x_________Non-expression________________ 
New GenBank Accession: Original GenBank Accession: BG320875 (maize HYD4), DQ169003 (pSAT4(A)-nEYFP-N1)_ 
 
Clone Description: Two primers (forward 2469 and reverse 2470) were used to amplify the diiron HYD4 ORF.  
XhoI and EcoRI restriction sites were added to primers 2469 and 2470, respectively.  The amplified HYD4 ORF 
and pSAT4(A)-nEYFP-N1vector were cut with both restriction enzymes (XhoI and EcoRI).  Resulting fragments 
were ligated and transformed into TOP10F′ cells.  pSAT4(A)-nEYFP-N1contains the N-terminus of the Yellow 
Fluorescent Protein (EYFP).  This plasmid produces an in-frame fusion of the protein of interest to the N-terminus 
of EYFP.  
 
 
 
2469 Forward:   ACCG CTC GAG  ATG GCC GCC GGT CTG TCC 
                       XhoI         
2470 Reverse:    GAGA GAA TTC  GAT GGT CCG GCC GAT TCG 
              EcoRI 
Refer to Citovsky et al., (2006) J. Mol. Biol. 362, 1120-1131. 

Constructed by:  _____Rena Quinlan_______________Date rec′d _______ 
Purified by: _ Rena Quinlan___________________________________________________ 
DNA Location (-20oC) Box Number: __6_______Position: _I5____Conc. _0.1 µg/µl 
      Tube labeled as: __H4_2236_________________________________ 
Strain Location (-80oC)  Box Number: _18_____  Position: ____G5________________ 
      Tube labeled as: __H4_2236______________ Strain: __TOP10F′______________ 
 
 
Cited in journal: J. Mol. Biol. (2006) 362, 1120-1131. 

Lab Notebook to reference: __Rena (Book 9)______Date: __7/30/09_____ 

Original clone name (if different): _______________________ 

 
Organism source of gene: _Zea mays____________  Variety:__B73____ 

 
Cloning vector used: pSAT4(A)-nEYFP-N1_  Vector size: 4378 bp_ Insert size: _930 bp____ 

 
Antibiotic markers:  __x__amp; ______tet; ______chloramphenicol;______other  (_____) 

 
Restriction enzyme(s) to release insert: _XhoI and EcoRI__ 

  
Sequence verified: yes___x__no______        Junction verified: yes___x___no______ 

GenBank sheet attached: Yes_____No_____Hybridization results attached: Yes____ No____ 
Other: Further details on pSAT4(A)-nEYFP-N1clone can be found at: 
http://maize.lehman.cuny.edu/LabResources/CloneBook/pSATvectors/list of pSAT Plasmids ver5.xls  
For 5′ Junction sequencing use the TL primer: tccttcgcaagacccttcctc 

nYFPHYD4

 
 
 
 
                                                     Depositor′s Name:  Rena Quinlan 

2469 2470 

HYD4 

Bglll 

vector 

XhoI EcoRI 0.93 Kb 

nYFP
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      WURTZEL LAB  
CLONE INFORMATION 

Date Today:  _7/__05_/_10                                                         Entered into database yes:  573 / no ___ 
               (MONTH)/(DAY)/(YEAR)              
CLONE NAME: A4_1476 (Bimolecular fluorescence complementation vector with CYP97A4) 
 
 
Lab Clone Number/Name: _ A4_1476 __Alternate name(s): _______ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression_______x_________Non-expression_______________ 
New GenBank Accession: ______________Original GenBank Accession: AK068163 (CYP97A4)_ 
Clone Description: Two primers (forward 3023 and reverse 3024) were used to amplify the CYP97A4 ORF.  
XhoI and EcoRI restriction sites were added to primers 3023 and 3024, respectively.  The amplified CYP97A4 
ORF and pSAT6-cEYFP-N1vector were cut with both restriction enzymes (XhoI and EcoRI).  Resulting fragments 
were ligated and transformed into TOP10F′ cells.  pSAT6-cEYFP-N1produces an in-frame fusion of the C-
terminus of the protein of interest to the N-terminus of C-terminal half of YFP. 
 

 
 

 
3023 Forward:   ACCG C TCG AG   ATG AGC TCA GCG ACG TCA GTG AG   
              XhoI          
3024 Reverse:   GAGA GAA TTC GAT TCG AGT TGC TGA GAC TTG CC 
                                          EcoRI 
Refer to Citovsky et al., (2006) J. Mol. Biol. 362, 1120-1131. 
Constructed by:  _____Rena Quinlan_______________Date rec′d _______ 
Purified by: _ Rena Quinlan___________________________________________________ 
DNA Location (-20oC) Box Number: __6_______Position: _I9____Conc. _0.2 µg/µl 
      Tube labeled as: __A4_1476________________________________ 
Strain Location (-80oC)  Box Number: _17_____  Position: ____E5________________ 
      Tube labeled as: __A4_1476______________ Strain: __TOP10F′______________ 
 
 
Cited in journal: J. Mol. Biol. (2006) 362, 1120-1131. 

Lab Notebook to reference: __Rena (Book 10)______Date: __6/27/10_____ 

Original clone name (if different): _______________________ 

 
Organism source of gene: _Oryza sativa_____________  Variety:__Nipponbare_____ 

 
Cloning vector used: pSAT6-cEYFP-N1_  Vector size: 4378 bp_ Insert size: _1932 bp____ 

 
Antibiotic markers:  __x__amp; ______tet; ______chloramphenicol;______other  (_____) 

 
Restriction enzyme(s) to release insert: _XhoI and EcoRI__ 

  
Sequence verified: yes__x___no______        Junction verified: yes___x___no______ 

GenBank sheet attached: Yes_____No_____Hybridization results attached: Yes____ No____ 
Other: Further details on pSAT6-cEYFP-N1clone can be found at: 
http://maize.lehman.cuny.edu/LabResources/CloneBook/pSATvectors/list of pSAT Plasmids ver5.xls  
For 5′ Junction sequencing use the TL primer: tccttcgcaagacccttcctc 
 
 
 
 
 
                                             Depositor′s Name:  Rena Quinlan 
 

cYFPCYP97A4

3023 3024 

CYP97A4 

XhoI EcoRI 
1.93 Kb 

vector 
cYFP

BglII 
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     WURTZEL LAB  
CLONE INFORMATION 

Date Today:  _10/__05_/_09                                                        Entered into database yes: 487_ / no __ 
               (MONTH)/(DAY)/(YEAR)              
CLONE NAME: C2_1476 (Bimolecular fluorescence complementation vector with CYP97C2) 
 
Lab Clone Number/Name: _C2_1476 __Alternate name(s): _______ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression_______x_________Non-expression________________ 

New GenBank Accession: ______________Original GenBank Accession: AK065689 (CYP97C2) 

Clone Description: Two primers (forward 2459 and reverse 2460) were used to amplify the CYP97C2 ORF.  
NcoI and EcoRI restriction sites were added to primers 2459 and 2460, respectively.  The amplified CYP97C2 
ORF and pSAT6 -cEYFP-N1 vector were cut with both restriction enzymes (NcoI and EcoRI).  Resulting 
fragments were ligated and transformed into TOP10F′ cells.  pSAT6-cEYFP-N1 generates fusion of C-terminus of 
tested protein to N-terminus of the C-terminal half of Yellow Fluorescent Protein (EYFP).   
 
 
 
 
2459 Forward:   ACCG CC ATG G CC GCC GCC GCC GCC 

                              NcoI 
2460 Reverse:   GAGA GAA TTC  TCTGGACCCACTGAGTGC 
             EcoRI          
Refer to Citovsky et al., (2006) J. Mol. Biol. 362, 1120-1131. 
Constructed by:  _____Rena Quinlan_______________Date rec′d _______ 
Purified by: _ Rena Quinlan___________________________________________________ 
DNA Location (-20oC) Box Number: __6_______Position: _I3____Conc. _2.4 µg/µl 
      Tube labeled as: __C2_1476________________________________ 
Strain Location (-80oC)  Box Number: _18_____  Position: ____G3________________ 
      Tube labeled as: __C2_1476_____________ Strain: __TOP10F′______________ 
 
 
Cited in journal: J. Mol. Biol. (2006) 362, 1120-1131. 

Lab Notebook to reference: __Rena (Book 9)______Date: __7/30/09_____ 

Original clone name (if different): _______________________ 

 
Organism source of gene: _Oryza sativa_____________  Variety:__Nipponbare_____ 

 
Cloning vector used: pSAT6 -cEYFP-N1 _  Vector size: 4378 bp_ Insert size: _1686bp____ 

 
Antibiotic markers:  __x__amp; ______tet; ______chloramphenicol;______other  (_____) 

 
Restriction enzyme(s) to release insert: _NcoI and EcoRI__ 

  
Sequence verified: yes___x__no______        Junction verified: yes___x___no______ 

GenBank sheet attached: Yes_____No_____Hybridization results attached: Yes____ No____ 
Other: Further details on pSAT6 -cEYFP-N1 can be found at:  
http://maize.lehman.cuny.edu/LabResources/CloneBook/pSATvectors/list of pSAT Plasmids ver5.xls  
For 5′ Junction sequencing use the TL primer: tccttcgcaagacccttcctc 
 

CYP97C2 cYFP

 
 
 

 
 
                                                                            Depositor′s Name:  Rena Quinlan 
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WURTZEL LAB  
CLONE INFORMATION 

Date Today:  _7/__05_/_10                                                         Entered into database yes: 575 / no ___ 
               (MONTH)/(DAY)/(YEAR)              
CLONE NAME: H3_1476 (Bimolecular fluorescence complementation vector with diiron HYD3 beta-hydroxylase) 
  
 
Lab Clone Number/Name: _ H3_1476 __Alternate name(s): ______ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression_______x_________Non-expression________________ 

New GenBank Accession: ______________Original GenBank Accession: BM382572 (maize HYD3)_ 

Clone Description: Two primers (forward 2846 and reverse 2847) were used to amplify the diiron HYD3 ORF.  
BspHI and EcoRI restriction sites were added to primers 2846 and 2847, respectively.  The amplified HYD3 ORF 
and pSAT6-cEYFP-N1vector were cut with both restriction enzymes (BspHI and EcoRI).  Resulting fragments 
were ligated and transformed into TOP10F′ cells.  pSAT6)-cEYFP-N1produces an in-frame fusion of the C-
terminus of the protein of interest to the N-terminus of the C-terminal half of YFP. 
 
 
 
2846 Forward :   ACCG TCA TG A TGGCCGCCGCGATGACCAG 
              BspHI  
2847 Reverse: GAGA GAA TTC  GAACTCATTTGGCACACTCTGGC 
            EcoRI  
Refer to Citovsky et al., (2006) J. Mol. Biol. 362, 1120-1131. 
Constructed by:  _____Rena Quinlan_______________Date rec′d _______ 
Purified by: _ Rena Quinlan___________________________________________________ 
DNA Location (-20oC) Box Number: __6_______Position: _J2____Conc. _0.15 µg/µl 
      Tube labeled as: __H3_1476______________________________ 
Strain Location (-80oC)  Box Number: _17____  Position: ____E7________________ 
      Tube labeled as: __H3_1476______________ Strain: __TOP10F′______________ 
 
 
Cited in journal: J. Mol. Biol. (2006) 362, 1120-1131. 

Lab Notebook to reference: __Rena (Book 10)______Date: __6/27/10_____ 

Original clone name (if different): _______________________ 

 
Organism source of gene: _Zea mays____________  Variety:__B73____ 

 
Cloning vector used: pSAT6-cEYFP-N1_  Vector size: 4378 bp_ Insert size: _960 bp____ 

 
Antibiotic markers:  __x__amp; ______tet; ______chloramphenicol;______other  (_____) 

 
Restriction enzyme(s) to release insert: _BspHI and EcoRI__ 

  
Sequence verified: yes__x___no______        Junction verified: yes___x___no______ 

GenBank sheet attached: Yes_____No_____Hybridization results attached: Yes____ No____ 
Other: Further details on pSAT6-cEYFP-N1clone can be found at: 
http://maize.lehman.cuny.edu/LabResources/CloneBook/pSATvectors/list of pSAT Plasmids ver5.xls  
For 5′ Junction sequencing use the TL primer: tccttcgcaagacccttcctc 

cYFPHYD3 

 
 
 
 

                                                                                                                     Depositor’s Name:  Rena Quinlan 
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       WURTZEL LAB  
CLONE INFORMATION 

Date Today:  _7/__05_/_10                                                           Entered into database yes: 576 / no __ 
               (MONTH)/(DAY)/(YEAR)              
CLONE NAME: H4_1476 (Bimolecular fluorescence complementation vector with diiron HYD4 beta-hydroxylase) 
  
 
Lab Clone Number/Name: _ H4_1476 __Alternate name(s): _______________ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression_______x_________Non-expression________________ 
New GenBank Accession: ______________Original GenBank Accession: BG320875 (maize HYD4), _ 

Clone Description: Two primers (forward 2848 and reverse 2849) were used to amplify the diiron HYD4 ORF.  
BspHI and EcoRI restriction sites were added to primers 2848 and 2849, respectively.  The amplified HYD4 ORF 
and pSAT6-cEYFP-N1vector were cut with both restriction enzymes (BspHI and EcoRI).  Resulting fragments 
were ligated and transformed into TOP10F′ cells.  pSAT6-cEYFP-N1 produces an in-frame fusion of the C-
terminus of the protein of interest to the N-terminus of the C-terminal half of YFP. 
 
 
 
2848 Forward :   ACCG TCA TG A TGGCCGCCGGTCTGTCCGG 
               BspHI  
2849 Reverse: GAGA GAA TTC GATGGTCCGGCCGATTCGCG  
            EcoRI 
 
Refer to Citovsky et al., (2006) J. Mol. Biol. 362, 1120-1131. 
Constructed by:  _____Rena Quinlan_______________Date rec′d _______ 
Purified by: _ Rena Quinlan___________________________________________________ 
DNA Location (-20oC) Box Number: __6_______Position: _J3____Conc. _0.2 µg/µl 
      Tube labeled as: __H4_1476_________________________________ 
Strain Location (-80oC)  Box Number: _17_____  Position: ____E8________________ 
      Tube labeled as: __H4_1476______________ Strain: __TOP10F′______________ 
 
 
Cited in journal: J. Mol. Biol. (2006) 362, 1120-1131. 

Lab Notebook to reference: __Rena (Book 10)______Date: __5/14/10_____ 

Original clone name (if different): _______________________ 

 
Organism source of gene: _Zea mays____________  Variety:__B73____ 

 
Cloning vector used: pSAT6-cEYFP-N1_  Vector size: 4378 bp_ Insert size: _930 bp____ 

 
Antibiotic markers:  __x__amp; ______tet; ______chloramphenicol;______other  (_____) 

 
Restriction enzyme(s) to release insert: _BspHI and EcoRI__ 

  
Sequence verified: yes__x___no______        Junction verified: yes__x____no______ 

GenBank sheet attached: Yes_____No_____Hybridization results attached: Yes____ No____ 
Other: Further details on pSAT4(A)-nEYFP-N1clone can be found at: 
http://maize.lehman.cuny.edu/LabResources/CloneBook/pSATvectors/list of pSAT Plasmids ver5.xls  
For 5′ Junction sequencing use the TL primer: tccttcgcaagacccttcctc 

cYFPHYD4

 
 
 
 
                                                                                                               Depositor’s Name: Rena Quinlan 
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WURTZEL LAB CLONE INFORMATION 

 
Date Today:  _2/__02_/_10                                        Entered into database yes:  662 / no ___ 
               (MONTH)/(DAY)/(YEAR)              

CLONE NAME: ChrD_1476 (Bimolecular fluorescence complementation vector with ChrD) 
  
 
Lab Clone Number/Name: _ ChrD_1476 __Alternate name(s): _______ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression_______x_________Non-expression________________ 
 

New GenBank Accession: ______________Original GenBank Accession: DQ117526 (ChrD)_ 
 
Clone Description: Two primers (forward 2758 and reverse 2757) were used to amplify the ChrD ORF from ChrD_2485 vector. 
The ChrD protein from Cucumber is known to form dimers and localize to plastids.  NcoI and EcoRI restriction sites were added 
to primers 2758 and 2757, respectively.  The amplified ChrD ORF and pSAT6-cEYFP-N1vector were cut with both restriction 
enzymes (NcoI and EcoRI).  Resulting fragments were ligated and transformed into TOP10F’ cells.  pSAT6-cEYFP-N1 
produces an in-frame fusion of the C-terminus of the protein of interest to the N-terminus of C-terminal half of YFP. 
 

 
 

 
2758 Forward: ACCG CC ATG G CTATGTCCGCAGCTCAC   
         NcoI          
2757 Reverse:   GAGA GAA TTC AAGCACAGCTATTGCATCAATTTC 
                                          EcoRI 
 
Refer to Libal-Weksler et al., (1997) Plant Physiology, 113: 59-63 
 
Constructed by:  _____Rena Quinlan_______________Date rec’d _______ 
Purified by: _ Rena Quinlan___________________________________________________ 
DNA Location (-20oC) Box Number: __7_______Position: _I4____Conc. _0.4 µg/µl 
      Tube labeled as: __ChrD_1476________________________________ 
Strain Location (-80oC)  Box Number: _17_____  Position: ____I1________________ 
      Tube labeled as: __ChrD_1476______________ Strain: __TOP10F’______________ 
 
 
Cited in journal: J. Mol. Biol. (2006) 362, 1120-1131, and Plant Physiology (1997), 113: 59-63 

Lab Notebook to reference: __Rena (Book 9)______Date: __2/2/10_____ 

 
Organism source of gene: _Cucumis sativus_____________  Variety:___________________ 

 
Cloning vector used: pSAT6-cEYFP-N1_  Vector size: 4378 bp_ Insert size: _564 bp____ 

 
Antibiotic markers:  __x__amp; ______tet; ______chloramphenicol;______other  (_____) 

 
Restriction enzyme(s) to release insert: _NcoI and EcoRI__ 

  
Sequence verified: yes__x___no______        Junction verified: yes___x___no______ 

GenBank sheet attached: Yes_____No_____ 
Hybridization results attached: Yes____ No____ 
Other: Further details on pSAT6-cEYFP-N1clone can be found at: 
http://maize.lehman.cuny.edu/LabResources/CloneBook/pSATvectors/list of pSAT Plasmids ver5.xls  
For 5’ Junction sequencing use the TL primer: tccttcgcaagacccttcctc 
 
 
 
 
 
 Depositor’s Name: Rena Quinlan 
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WURTZEL LAB CLONE INFORMATION 

 
Date Today:  _02/__02_/_10                                                                Entered into database yes:  663_ / no ___ 
               (MONTH)/(DAY)/(YEAR)              

CLONE NAME: ChrD_2236 (Bimolecular fluorescence complementation vector with ChrD) 
  
 
Lab Clone Number/Name: _ ChrD_2236 __Alternate name(s): _______ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression_______x_________Non-expression________________ 
 

New GenBank Accession___Original GenBank Accession: DQ117526 (ChrD), DQ169003 (pSAT4(A)-nEYFP-N1)_ 
 
Clone Description: Two primers (forward 2756 and reverse 2757) were used to amplify the ChrD ORF from ChrD_2485 vector. 
The ChrD protein from Cucumber is known to form dimers and localize to plastids.  XhoI and EcoRI restriction sites were added 
to primers 2756 and 2757, respectively.  The amplified ChrD ORF and pSAT4(A)-nEYFP-N1vector were cut with both restriction 
enzymes (XhoI and EcoRI).  Resulting fragments were ligated and transformed into TOP10F’ cells.  pSAT4(A)-nEYFP-
N1contains the N-terminus of the Yellow Fluorescent Protein (EYFP).  This plasmid produces an in-frame fusion of the protein 
of interest to the N-terminus of EYFP. 
 
 
 
 
2756 Forward: ACCG CTC GAG ATGGCTATGTCCGCAGCTCAC 
                                         XhoI 
2757 Reverse:  GAGA GAA TTC AAGCACAGCTATTGCATCAATTTC  
                                        EcoRI 
Refer to Libal-Weksler et al., (1997) Plant Physiology, 113: 59-63  
Constructed by:  _____Rena Quinlan_______________Date rec’d _______ 
Purified by: _ Rena Quinlan___________________________________________________ 
DNA Location (-20oC) Box Number: __7_______Position: _I5____Conc. _0.3 µg/µl 
      Tube labeled as: __ChrD_2236________________________________ 
Strain Location (-80oC)  Box Number: _17_____  Position: ____J1________________ 
      Tube labeled as: __ChrD_2236______________ Strain: __TOP10F’______________ 
 

 
 
Cited in journal: Plant Physiology, (1997) 113: 59-63 and  J. Mol. Biol. (2006) 362, 1120-1131. 

Lab Notebook to reference: __Rena (Book 9)______Date: __2/2/10_____ 

Original clone name (if different): _______________________ 

 
Organism source of gene: _Cucumis sativus_____________  Variety:________________ 

 
Cloning vector used: pSAT4(A)-nEYFP-N1_  Vector size: 4378 bp_ Insert size: _564 bp____ 

 
Antibiotic markers:  __x__amp; ______tet; ______chloramphenicol;______other  (_____) 

 
Restriction enzyme(s) to release insert: _XhoI and EcoRI__ 

  
Sequence verified: yes___x__no______        Junction verified: yes___x___no______ 

GenBank sheet attached: Yes_____No_____ 
Hybridization results attached: Yes____ No____ 
Other: Further details on pSAT4(A)-nEYFP-N1clone can be found at: 
http://maize.lehman.cuny.edu/LabResources/CloneBook/pSATvectors/list of pSAT Plasmids ver5.xls  
For 5’ Junction sequencing use the TL primer: tccttcgcaagacccttcctc 
 
    
 
 
                                                            Depositor’s Name: Rena Quinlan                    
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WURTZEL LAB CLONE INFORMATION 
 

Date Today:  _10/__05_/_09                                        Entered into database yes_490 / no _ 
          (MONTH)/(DAY)/(YEAR)              
CLONE NAME: ChrD_2485 (Bimolecular fluorescence complementation vector with chrD) 
  
 
Lab Clone Number/Name: ChrD_2485    _Alternate name(s) pSAT6(A)-RFP-N1-pchrD-cuc: _____ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression_______x_________Non-expression________________ 
 
New GenBank Accession: ______________Original GenBank Accession: ______________________ 
 
Clone Description:  The cucumber chrD gene (pchrD-cuc) was PCR-amplified and cloned into the Sal1-BamH1 
sites of pSAT6(A)-mRFP-N1 producing pSAT6(A)-RFP-N1-pchrD-cuc.  This construct can be used for RFP (Red 
Fluorescence Protein) expression of unprocessed chrD. 
 
For 5’ Junction sequencing use the TL primer: tccttcgcaagacccttcctc 
 
Refer to Citovsky et al., (2006) J. Mol. Biol. 362, 1120-1131 and Libal-Weksler et al., (1997) Plant Physiology, 113: 59-63 
 
Further details on pSAT6(A)-RFP-N1-pchrD-cuc can be found at: 
http://maize.lehman.cuny.edu/LabResources/CloneBook/pSATvectors/list of pSAT Plasmids ver5.xls  
Constructed by:  _____Dr. Citovsky______________Date rec’d _9/8/09______ 
Purified by: _ Rena Quinlan___________________________________________________ 
DNA Location (-20oC) Box Number: __6_______Position: _I6____Conc. _0.1 µg/µl 
      Tube labeled as: __ChrD_ 2485______________________________________ 
Strain Location (-80oC)  Box Number: _18_____  Position: ____G6________________ 
      Tube labeled as: __ChrD_2485______________ Strain: __TOP10F’_____________ 
 

 
 
Cited in journal: J. Mol. Biol. (2006) 362, 1120-1131. 

Lab Notebook to reference: __Rena (Book 9)______Date: __9/17/09_____ 

Original clone name (if different): _______________________ 

 
Organism source of gene: _Cucumis sativus____________  Variety:_________________ 

 
Cloning vector used: _  Vector size: 4378 bp_ Insert size: ___564bp____ 

 
Antibiotic markers:  __x__amp; ______tet; ______chloramphenicol;______other  (_____) 

 
Restriction enzyme(s) to release insert: _Sal1 and BamH1__ 

  
Sequence verified: yes_____no___x___        Junction verified: yes______no___x___ 

GenBank sheet attached: Yes_____No_____ 
Hybridization results attached: Yes____ No____ 
Other: Further details on pSAT6(A)-RFP-N1-pchrD-cuc can be found at: 
http://maize.lehman.cuny.edu/LabResources/CloneBook/pSATvectors/list of pSAT Plasmids ver5.xls  
(attach additional information here i.e. cartoon, VectorNTI details, sequence) 
 
For 5’ Junction sequencing use the TL primer: tccttcgcaagacccttcctc 
 
  

       
Depositor’s Name: _Rena Quinlan_______  
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WURTZEL LAB CLONE INFORMATION 
 

Date Today:  _10/__05_/_09                                        Entered into database yes_491 / no ___ 
               (MONTH)/(DAY)/(YEAR)              
CLONE NAME: ChrD_3038 (Bimolecular fluorescence complementation vector with chrD) 
  
 
Lab Clone Number/Name: __ ChrD_3038 _   Alternate name(s): pSAT6(A)-RFP-N1-pchrD-cuc _ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression_______x_________Non-expression________________ 
 
New GenBank Accession: ______________Original GenBank Accession: ______________________ 
 
Clone Description:  The cucumber chrD gene (pchrD-cuc) was PCR-amplified and cloned into the Sal1-BamH1 
sites of pSAT6(A)-mRFP-N1 producing pSAT6(A)-RFP-N1-pchrD-cuc.  This construct can be used for RFP (Red 
Fluorescence Protein) expression of unprocessed chrD. 
Refer to Citovsky et al., (2006) J. Mol. Biol. 362, 1120-1131. 
 
For 5’ Junction sequencing use the TL primer: tccttcgcaagacccttcctc 
 
Further details on pSAT6(A)-RFP-N1-pchrD-cuc can be found at: 
http://maize.lehman.cuny.edu/LabResources/CloneBook/pSATvectors/list of pSAT Plasmids ver5.xls  
Constructed by:  _____Dr. Citovsky______________Date rec’d _9/8/09______ 
Purified by: _ Rena Quinlan___________________________________________________ 
DNA Location (-20oC) Box Number: __6_______Position: _I7____Conc. _0.77 µg/µl 
      Tube labeled as: __ ChrD_3038______________________________________ 
Strain Location (-80oC)  Box Number: _18_____  Position: ____G7________________ 
      Tube labeled as: _ChrD_3038______________ Strain: __TOP10F’ 
 

 
 
Cited in journal: J. Mol. Biol. (2006) 362, 1120-1131. 

Lab Notebook to reference: __Rena (Book 9)______Date: __9/17/09_____ 

Original clone name (if different): _______________________ 

 
Organism source of gene: _Cucumis sativus____________  Variety:_________________ 

 
Cloning vector used: _  Vector size: 4378 bp_ Insert size: __564bp____ 

 
Antibiotic markers:  __x__amp; ______tet; ______chloramphenicol;______other  (_____) 

 
Restriction enzyme(s) to release insert: _Sal1 and BamH1__ 

  
Sequence verified: yes_____no______        Junction verified: yes______no______ 

GenBank sheet attached: Yes_____No_____ 
Hybridization results attached: Yes____ No____ 
Other: Further details on pSAT6(A)-RFP-N1-pchrD-cuc can be found at: 
http://maize.lehman.cuny.edu/LabResources/CloneBook/pSATvectors/list of pSAT Plasmids ver5.xls  
(attach additional information here i.e. cartoon, VectorNTI details, sequence) 
 
For 5’ Junction sequencing use the TL primer: tccttcgcaagacccttcctc 
 
  

       
Depositor’s Name: _Rena Quinlan_______ 
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WURTZEL LAB  
CLONE INFORMATION 

 
Date Today:__11_/_16 /_05_                                        Entered into database yes 395 / no __ 
                       (MONTH)  /  (DAY)/     (YEAR)              
CLONE NAME:  pCOLADuet-1 
  
 
Lab Clone Number/Name: ____pCOLADuet-1____________Alternate name(s): ______ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression_____x_____________Non-expression_____________ 
 
New GenBank Accession: ______________Original GenBank Accession: ___________ 
 
Clone Description:  pCOLADuet-1(purchased from Novagen) is designed for the coexpression of 
two genes.  This vector contains two MCS (each with a T7 promoter, lac operator, and rbs).   
 
 
Constructed by:  __________________________Date rec’d_2/26/05__ 
Purified by: ____________________________________________________ 
DNA Location (-20oC) Box Number: __6___Position: _A8____Conc. _0.5 µg/µl 
      Tube labeled as: _pCOLADuet-1_______________________________________ 
Strain Location (-80oC)  Box Number: __15________Position____A8 & A9___________ 
      Tube labeled as: pColaDuet-1/DH5α__ Strain: __DH5α_________________ 
 

 
 
Cited in journal:  

 
Lab Notebook to reference: ___Rena (Book 3)__________Date: ___3/29/05_________ 

Original clone name (if different): __________________________ 

 
Organism source of gene: ________________________Variety:______________ 

 
Cloning vector used:____________Vector size: _3719 bp__Insert size: ____________ 

 
Antibiotic markers:  ____   amp; ______tet; ______chloramphenicol;__x__other: (_Kan_) 

 
Restriction enzyme(s) to release insert: ________________ 

 
Sequence verified: yes_____no___x___        Junction verified: ______no___x___ 

GenBank sheet attached: Yes_____No__x___ 
Hybridization results attached: Yes____ No__x__ 
Other: 
(attach additional information here i.e. cartoon, VectorNTI details, sequence) 
  
 

       
Depositor’s Name: __Rena Quinlan_____ 
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WURTZEL LAB  
CLONE INFORMATION 

 
Date Today:__6_/_16 /_08_                                        Entered into database yes  431 / no __ 
                       (MONTH)  /  (DAY)/     (YEAR)              
CLONE NAME:  pCDFDuet-1 
  
 
Lab Clone Number/Name: ____pCDFDuet-1____________Alternate name(s): ______ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression_____x_____________Non-expression_____________ 
 
New GenBank Accession: ______________Original GenBank Accession: ___________ 
 
Clone Description:  pCDFDuet-1(purchased from EMD (Novagen) is designed for the 
coexpression of two genes.  This vector contains two MCS (each with a T7 promoter, lac operator, 
and rbs).  The vector also carries the CloDF13-derived CDF replicon, lacI gene and streptomycin/ 
Spectinomycin resistence gene. 
 
Constructed by:  __________________________Date rec’d_6/10/08__ 
Purified by: ____________________________________________________ 
DNA Location (-20oC) Box Number: __6___Position: _H2____Conc. _0.1 µg/µl 
      Tube labeled as: _pCDFDuet-1_______________________________________ 
Strain Location (-80oC)  Box Number: __17________Position____B3 & B4___________ 
      Tube labeled as: pCDFDuet in TOP10F’__ Strain: __TOP10F’_________________ 
 

 
 
Cited in journal:   

 
Lab Notebook to reference: ___Rena (Book 6)__________Date: ___6/10/08_________ 

Original clone name (if different): __________________________ 

 
Organism source of gene: ________________________Variety:______________ 

 
Cloning vector used:____________Vector size: _3781 bp__Insert size: ____________ 

 
Antibiotic markers:  ____   amp; ______tet; ______chloramphenicol;__x__other: (Streptomycin) 

 
Restriction enzyme(s) to release insert: ________________ 

 
Sequence verified: yes_____no___x___        Junction verified: ______no___x___ 

GenBank sheet attached: Yes_____No__x___ 
Hybridization results attached: Yes____ No__x__ 
Other: 
(attach additional information here i.e. cartoon, VectorNTI details, sequence) 
  

       
Depositor’s Name:  Rena Quinlan_____ 
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WURTZEL LAB  
CLONE INFORMATION 

 
Date Today:__01/12_/__ 04_                                Entered into database yes_340__ / no ___ 
                       (MONTH)  /  (DAY)/     (YEAR)              
CLONE NAME:           pTnT Vector 

 
Lab Clone Number/Name: _________________Alternate name(s): _________________ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression________x_________Non-expression________________ 
 
New GenBank Accession: ______________Original GenBank Accession: _AF479322__ 
 
Clone Description: The pTnT vector is designed for the expression of cloned genes using in vitro 
expression systems.  pTnT contains both SP6 and T7 polymerase promoters which are adjacent 
to the MCS.  Protein from cloned gene of interest can be expressed in vitro using an SP6- or T7-
based, in vitro coupled transcription/translation system.  pTnT contains a 5’ Beta-globin leader 
sequence and a poly (A)30 tail which should enhance expression. The vector also has a T7 
terminator sequence. 
 
Constructed by:  ____________                                          Date rec’d__________   
Purified by: _______________C. Zhu________________________________ 
DNA Location (-20oC) Box Number: ___7_____Position: ___D1___Conc. ___0.1__µg/µl 
      Tube labeled as: ____pTnT Vector_____________ 
Strain Location (-80oC)  Box Number: _______15______Position______E1____ 
 
 
     Tube labeled as: ___pTnT________ Strain: _______Top10F’______ 

 
 
Cited in journal:  

 
Lab Notebook to reference: _________Zhu___________Date: ______10/16/3_____ 

Original clone name (if different): __________________________ 

 
Organism source of gene: ___________________Variety___________ 

 
Cloning vector used: _________Vector size: _2871bp__   Insert size: _____ 

 
Antibiotic markers:  __X__amp; _____tet; ____chloramphenicol;______other  (__) 

 
Restriction enzyme(s) to release insert: _____ _____ 

 
Sequence verified: yes__X__no______        Junction verified: yes___X__no______ 

GenBank sheet attached: Yes_____No__X__ 
Hybridization results attached: Yes____ No____ 
Other: 
(attach additional information here i.e. cartoon, VectorNTI details, sequence) 
 

 
Depositor’s Name: C. Zhu 
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WURTZEL LAB  

CLONE INFORMATION 
 

Date Today:__03/03/ 04_                                Entered into database yes_326__ / no ___ 
                       (MONTH)  /  (DAY)/     (YEAR)              
CLONE NAME:           pUC35S-sGFP-Nos 

 
Lab Clone Number/Name: _________________Alternate name(s): _________________ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression_________________Non-expression________________ 
 
New GenBank Accession: ______________Original GenBank Accession: ____________ 
 
Clone Description: Using BamHI and EcoRI cut pUC35S-GUS-Nos and pBIG121 (Okada et al., 
2000, Plant Physiol, 122:1045-1056), then ligation and transformation. 
 
 
Constructed by:  _____C. Zhu_____                                          Date rec’d__________   
Purified by: _______________C. Zhu________________________________ 
DNA Location (-20oC) Box Number: ___7_____Position: ___D4___Conc. ___0.3__µg/µl 
      Tube labeled as: ____pUC35S-sGFP-Nos_____________ 
Strain Location (-80oC)  Box Number: ______15____Position_____B6______ 
 
 
     Tube labeled as: ___ pUC35S-sGFP-Nos _____ Strain: ____Top 10____ 

 
 
Cited in journal: (Okada et al., 2000, Plant Physiol, 122:1045-1056) 

 
Lab Notebook to reference: ________Zhu___________Date: _____1/4/3_____ 

Original clone name (if different): __________________________ 

 
Organism source of gene: ______________Variety___________ 

 
Cloning vector used: _________Vector size: _3500bp__   Insert size: __1000bp___ 

 
Antibiotic markers:  __X__amp; _____tet; ____chloramphenicol;______other  (__) 

 
Restriction enzyme(s) to release insert: ____BamHI/EcoRI____ 

 
Sequence verified: yes__X__no______        Junction verified: yes___X__no______ 

GenBank sheet attached: Yes_____No__X__ 
Hybridization results attached: Yes____ No____ 
Other: 
(attach additional information here i.e. cartoon, VectorNTI details, sequence) 
 
 
 

       
Depositor’s Name:  C. Zhu__________ 
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WURTZEL LAB  

CLONE INFORMATION 
 

Date Today:  _05/__01_/_08                                        Entered into database yes: 572_ / no ___ 
               (MONTH)/(DAY)/(YEAR)              

CLONE NAME: pSAT 1476 (pSAT6-cEYFP –N1) (Bimolecular fluorescence complementation vector) 
  
 
Lab Clone Number/Name: _ pSAT6-cEYFP –N1 __Alternate name(s): _1476_____ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression_______x_________Non-expression________________ 
 

New GenBank Accession: ______________Original GenBank Accession: __ 
 
Clone Description: This plasmid produces an in-frame fusion of the C-terminus of the protein of interest to the N-terminus of of 
the C-terminal half of YFP.  When co-expressed with fusion of another tested protein to the N-terminal half of YFP produces 
YFP fluorescence if both proteins interact.  Expression cassette can be transferred into PIPspI of ppzp-RCS-based binary 
vectors.  Using these rare cutting nucleases, different combinations of the BiFC expression cassettes can be transferred from 
the pSATN BiFC vectors into the T-DNA region of Agrobacterium binary plasmids.  
 
For 5’ Junction sequencing use the TL primer: tccttcgcaagacccttcctc 
 
Refer to Citovsky et al., (2006) J. Mol. Biol. 362, 1120-1131. 
 
Further details on clone can be found at: http://maize.lehman.cuny.edu/LabResources/CloneBook/pSATvectors/list of pSAT 
Plasmids ver5.xls  

Constructed by:  _____Dr. Citovsky_______________Date rec’d _4/30/08______ 
Purified by: ____________________________________________________ 
DNA Location (-20oC) Box Number: __6_______Position: _I8____Conc. _0.2 µg/µl 
      Tube labeled as: __1476__________________________________ 
Strain Location (-80oC)  Box Number: __17____  Position: ____E4_______________ 
      Tube labeled as: ___1476_____________ Strain: ___TOP10F’_____________ 
 

 
 
Cited in journal: J. Mol. Biol. (2006) 362, 1120-1131. 

Lab Notebook to reference: __Rena (Book 6)______Date: __4/30/08_____ 

Original clone name (if different): _______________________ 

 
Organism source of gene: __________________    Variety________________ 

 
Cloning vector used: pUC18 derivative_  Vector size: 4378 bp_ Insert size: _792 bp____ 

Note:  The insert includes N-terminus of EYFP (524bp) + MCS (58bp) + CaMV 35S terminator (210bp) (refer to Methods in 

Citovsky et al., (2006) J. Mol. Biol. 362, 1120-1131  

 
Antibiotic markers:  __x__amp; ______tet; ______chloramphenicol;______other  (_____) 

 
Restriction enzyme(s) to release insert: _NcoI/BamHi___ 

  
Sequence verified: yes__x___no______        Junction verified: yes__x____no______ 

GenBank sheet attached: Yes_____No_____ 
Hybridization results attached: Yes____ No____ 
Other: Further details on clone can be found at: http://maize.lehman.cuny.edu/LabResources/CloneBook/pSATvectors/list of 
pSAT Plasmids ver5.xls  
(attach additional information here i.e. cartoon, VectorNTI details, sequence) 
For 5’ Junction sequencing use the TL primer: tccttcgcaagacccttcctc 
 

       
Depositor’s Name: _Rena Quinlan_______ 
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WURTZEL LAB  
CLONE INFORMATION 

 
Date Today:  _05/__01_/_08                                        Entered into database yes_423 / no ___ 
               (MONTH)/(DAY)/(YEAR)              

CLONE NAME: pSAT-2236 (pSAT4(A)-nEYFP–N1) (Bimolecular fluorescence complementation vector) 
  
 
Lab Clone Number/Name: _ pSAT4(A)-nEYFP –N1 __Alternate name(s): _2236_____ 
Clone type: Genomic: _________________________ 
                   cDNA:  Expression_______x_________Non-expression________________ 
 

New GenBank Accession: ______________Original GenBank Accession: _DQ169003_ 
 
Clone Description: Contains the N-terminus of the Yellow Fluorescent Protein (EYFP).  This plasmid produces an in-frame 
fusion of the protein of interest to the N-terminus of EYFP.  In the pSATN(A) vectors the N1 fusion MCS lacks the ATG codon, 
allowing the user to use the tested gene’s own ATG as a start codon.  Expression cassette can be inserted as an AgeI-NotI 
fragment into the pSAT4 series of vectors in which the expression cassettes are flanked with a rare-cutting endonuclease (I-
SceI).  Using these rare cutting nucleases, different combinations of the BiFC expression cassettes can be transferred from the 
pSATN BiFC vectors into the T-DNA region of Agrobacterium binary plasmids.  
 
For 5’ Junction sequencing use the TL primer: tccttcgcaagacccttcctc 
 
Refer to Citovsky et al., (2006) J. Mol. Biol. 362, 1120-1131. 
 
Further details on clone can be found at: http://maize.lehman.cuny.edu/LabResources/CloneBook/pSATvectors/list of pSAT 
Plasmids ver5.xls  
Constructed by:  _____Dr. Citovsky_______________Date rec’d _4/30/08______ 
Purified by: ____________________________________________________ 
DNA Location (-20oC) Box Number: __6_______Position: _F3____Conc. _0.2 µg/µl 
      Tube labeled as: __2236__________________________________ 
Strain Location (-80oC)  Box Number: __16____  Position: ____I5,I6_______________ 
      Tube labeled as: ___2236_____________ Strain: ___TOP10F’_____________ 
 

 
 
Cited in journal: J. Mol. Biol. (2006) 362, 1120-1131. 

Lab Notebook to reference: __Rena (Book 6)______Date: __4/30/08_____ 

 
Organism source of gene: __________________    Variety________________ 

 
Cloning vector used: pUC18 derivative_  Vector size: 4378 bp_ Insert size: _792 bp____ 

Note:  The insert includes N-terminus of EYFP (524bp) + MCS (58bp) + CaMV 35S terminator (210bp) (refer to Methods in 

Citovsky et al., (2006) J. Mol. Biol. 362, 1120-1131  

 
Antibiotic markers:  __x__amp; ______tet; ______chloramphenicol;______other  (_____) 

 
Restriction enzyme(s) to release insert: _see note below___ 

Note: The pSATN(A) vectors do not have the NcoI site (to release insert) and its resident ATG codon at the beginning of the 

MCS.  Refer to Citovsky et al., (2006) J. Mol. Biol. 362, 1120-1131. 

  
Sequence verified: yes__x___no______        Junction verified: yes___x___no______ 

GenBank sheet attached: Yes_____No_____ 
Hybridization results attached: Yes____ No____ 
Other: Further details on clone can be found at: http://maize.lehman.cuny.edu/LabResources/CloneBook/pSATvectors/list of 
pSAT Plasmids ver5.xls  
(attach additional information here i.e. cartoon, VectorNTI details, sequence) 
For 5’ Junction sequencing use the TL primer: tccttcgcaagacccttcctc 
 Depositer’s Name: Rena Quinlan 
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