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SUMMARY

An in vivo plant screen that allows for the analysis of
exogenously applied substrates against transgenic
Arabidopsis lines overexpressing individual cyto-
chrome P450s has been developed. By deploying
this screen with a subset of 91 P450s, we have iden-
tified an original substrate for members of the
CYP82C subfamily. The therapeutic compound
8-methoxypsoralen was hydroxylated by plants over-
expressing CYP82C2 or CYP82C4, forming 5-hy-
droxy-8-methoxypsoralen. Additionally, plants fur-
ther modified this product to create a glycosylated
compound, likely the compound 5-O--D-glucopyra-
nosyl-8-methoxypsoralen. The discovery of adducts
of therapeutic compounds demonstrates the poten-
tial of this biocatalysis screening approach to create
compounds that may be of pharmacological value.
Additionally, this platform provides a means to ex-
pand the general knowledge base of P450 enzyme/
substrate combinations and may provide valuable
tools for a vast array of biocatalytic and bioremedia-
tion processes.

INTRODUCTION

Cytochrome P450s are heme-containing proteins responsible
for a vast array of oxidative reactions involved in detoxification
and biosynthetic pathways. Comprising one of the largest
superfamilies of enzymes, over 7700 unique, named P450
sequences have been identified (http://drnelson.utmem.edu/
CytochromeP450.html), and the numbers are likely to continue
to climb rapidly as more genomes are sequenced. About one-
third of the P450s identified to date have been found in plants,
indicating much greater diversity than that seen in vertebrates
or microorganisms. In fact, a typical plant genome contains sev-
eral hundred P450s (Arabidopsis has 246 functional genes; rice
contains 356 real genes [Nelson et al., 2004]), whereas a typical
vertebrate genome possesses less than 100 (humans have 57
functional P450s [Nelson et al., 2004]), and a typical microorgan-
ism genome may contain less than 10 (Saccharomyces cerevi-
siae has 3 [Nelson et al., 2004]).

P450s catalyze most of the oxidation reactions in plant me-
tabolism, including hydroxylation, epoxidation, dealkylation,
dehydration, isomerization, and carbon-carbon bond cleavage
(Kahn and Durst, 2000; Werck-Reichhart et al., 2002). Many of
these P450-catalyzed reactions are carried out in a stereospe-
cific and regiospecific manner, which contributes to the enor-
mous structural diversity seen in plant secondary metabolism.
Although many P450s have been identified, there are relatively
few that have been functionally characterized and whose native
substrates are known. Therefore, it is of great interest to deter-
mine what substrates these enzymes can modify in order to
annotate genes and to more clearly elucidate the biosynthetic
pathways of phenylpropanoids, terpenoids, alkaloids, and other
secondary metabolic pathways in plants.

Biocatalytic processes in the pharmaceutical and chemical
industries have exploited the stereospecific and regiospecific
capabilities of enzymes to overcome limitations in modern syn-
thetic chemistry methods (Duport et al., 1998; Picataggio et al.,
1992; Bezalel et al., 1996). The number and diversity of plant
P450s will expand the set of tools available for biocatalytic
processes for the production of chemicals, intermediates, and
products in the pharmaceutical and chemical industries. In addi-
tion, plant P450s may have utility in the production of new
compounds from known chemical scaffolds, in bioremediation,
or in improved plant defense. In order to gain a better under-
standing of this potential, it is necessary to establish a knowledge
base of successful P450/substrate combinations, and to include
both native and non-native substrates in this evaluation.

It is a daunting task to determine the substrates and products
of these enzymes. Much work has been done to identify specific
P450s in targeted reaction pathways (Chau and Croteau, 2004;
St-Pierre and De Luca, 1995; Tian et al., 2004). However, in
Arabidopsis alone, there are still only 41 of 246 P450s (17%)
with information on their known biochemical functions (Schuler
et al., 2006). Adding to the challenge is the fact that some
P450s act on a single substrate at alternate positions, whereas
some P450s can hydroxylate several different substrates
(Schuler and Werck-Reichhart, 2003). We have available a col-
lection of over 15,000 Arabidopsis lines, each overexpressing
a single gene. Using this proprietary resource, we made a selec-
tion of 91 P450s representing 47 subfamilies to be utilized in our
experiments. Here, we report an in vivo screening method using
a set of Arabidopsis seedlings overexpressing individual P450s
to determine potential substrates for P450s. The plant in vivo
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Figure 1. The Structures of 8-Methoxypsoralen, 1; 5-Hydroxy-8-Me-
thoxypsoralen, 2; and 5-O-3-D-Glucopyranosyl-8-Methoxypsoralen, 3

system described here has the advantage of not only identifying
substrates previously unknown to be modified by plant P450s,
but also captures further modifications by endogenous second-
ary metabolic pathway genes, which could create even further
novel chemistry.

Using this plant in vivo screen, a set of 50 compounds was
tested against one panel of 45 P450s, and an additional 51
chemicals, for a total of 101, were screened against a second
panel of 46 P450s. The complete list of 91 P450s used in the
screen is found in the Supplemental Data available with this arti-
cle online. Using this plant in vivo system, we identified 8-me-
thoxypsoralen (8-MOP) (Figure 1, compound 1) as a substrate
for members of the CYP82C subfamily. Further studies with a
yeast expression system confirmed this activity. In both plants
and yeast overexpressing CYP82C2 or CYP82C4, a hydroxyl
group is added to the 5 position of 8-MOP, creating 5-hydroxy-
8-methoxypsoralen (Figure 1, compound 2). In plants, the newly
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Figure 2. The Reaction Catalyzed by CYP73A5
This enzyme converts cinnamic acid to p-coumaric acid.

introduced hydroxyl group is the site of additional glycosylation,
presumably via the action of a yet to be identified endogenous
glycosyltransferase that subsequently adds a sugar moiety to
the 5 position, thus producing the 8-methoxypsoralen glycoside
that has been tentatively identified as the compound, 5-O-8-
D-glucopyranosyl-8-methoxypsoralen (Figure 1, compound 3).
The biocatalytic conversion of 8-methoxypsoralen by CYP82C-
subfamily enzymes is only one fully characterized example of
many bioconversions identified in our screening panels encom-
passing 91 P450s. The diversity of P450s and other biosynthetic
enzymes inthe Plant Kingdom provide arich supply of biocatalytic
diversity. Such enzymes may provide the keys to the catalysis of
a vast array of valuable chemical reactions and can provide new
resources for biotechnological applications in the future.

RESULTS

Plant In Vivo Screen Development

An in vivo plant assay was developed to easily screen substrates
of interest against 91 Arabidopsis transgenic lines, each over-
expressing a different P450 gene. Initial method development
was conducted by employing the well-characterized enzyme
CYP73A5 (cinnamate-4-hydroxylase [C4H]), which is known to
convert cinnamic acid to p-coumaric acid in one of the early
steps of phenylpropanoid and lignin biosynthesis (Figure 2)
(Urban et al., 1994; Pierrel et al., 1994). Under our experimental
conditions, a transgenic line overexpressing CYP73A5 con-
verted cinnamic acid (m/z = 147 [M+H]*) (Figure 3A) to coumaric
acid (m/z = 163 [M+H]*) (Figure 3C). This product was absent in
a control sample that did not contain any substrate (Figure 3E).
The assay system and associated LC/MS detection method
was capable of detecting nanogram amounts of substrate and
product, and both the media and the plant tissue contained the
product (data not shown). Without the benefit of overexpression
(OE), the wild-type level of endogenous CYP73A5 under these
conditions was not sufficient to produce a detectable amount
of product. This may be due to the fact that, with a few excep-
tions, plant P450s have low and/or cell-specific expression
patterns that do not allow for accumulation of a significant
amount of products (Duan and Schuler, 2006). Additionally, there
is likely coordinate expression and tight control of metabolic
precursors under wild-type conditions. A second model P450
line used in the method development was a transgenic plant
line overexpressing CYP84A1 (ferulate 5-hydroxylase [F5H]).
This enzyme is known to hydroxylate a number of substrates,
with coniferaldehyde believed to be the best substrate
(Humphreys et al., 1999). In our assay system, plant lines overex-
pressing CYP84AT1 in the presence of 1 mM coniferaldehyde
(m/z=177 [M+H]*) accumulated a new peak at m/z =193 [M+H]*,
consistent with the addition of a hydroxyl group (Figure 3D). This
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Figure 3. LC/MS Analysis of Model Experiments Demonstrating
Successful Hydroxylation Using Characterized P450s

(A-F) The left column of chromatograms displays data from a CYP73A5 OE
line, whereas the right column displays data from a CYP84A1 OE line.

(A and B) Single ion chromatograms of m/z = 147, the cinnamic acid substrate,
and m/z = 177, the coniferaldehyde substrate, respectively.

(C and D) Single ion chromatograms of m/z = 163 and m/z = 193, the hydrox-
ylated products.

(E and F) Single ion chromatograms of m/z = 163 and m/z = 193 of plants that
were not exposed to substrate.

peak was absent in a control sample that did not contain any
substrate (Figure 3F). Once experimental conditions were es-
tablished and validated by employing these well-characterized
P450s, the more extensive screen was established and run.

As the masses of each substrate were known, it was possible
to develop rapid liquid chromatography/mass spectrometry (LC/
MS) methods to specifically detect the masses of predicted
products based on the known structural conversions of P450s.
Additionally, with the wealth of secondary metabolic enzymes
present in plants, it was possible and quite likely that further
functionalization (such as methylation or glycosylation) could
occur at the newly created hydroxyl group(s). In an attempt to
capture and identify this additional diversity, selected ion chro-
matograms (SICs) were created for masses corresponding to
the predicted products of 18 different chemical modifications,
including such reactions as simple hydroxylation (+16 amu),
demethylation (=14 amu), and more complicated reactions
such as a hydroxylation followed by glycosylation (+178 amu).
A data analysis tool developed in house allowed for quick anal-
ysis of all data, and for the comparison of each single ion chro-
matogram to that of the wild-type Arabidopsis Wassilewskija
(Ws-2) control exposed to the same substrate. The screen was
qualitative, seeking peaks above the level of the baseline estab-
lished by the Ws-2 control. Many peaks of interest were identi-
fied in the screen; out of the 100 substrates tested, 8 compounds
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Figure 4. LC/MS Analysis from the Plant In Vivo Screen Using 8-MOP
as the Substrate

(A-F) The left column of chromatograms displays data from the CYP82C2 OE
line, whereas the right column displays data from a Ws-2 control.

(A and B) Single ion chromatograms of m/z = 217, the 8-MOP substrate.

(C and D) Single ion chromatograms of m/z = 233, the appropriate mass for
a hydroxylated product.

(E and F) Single ion chromatograms of m/z = 395, the appropriate mass for
a hydroxylated product that has been subsequently glycosylated.

resulted in products that were present in a primary screen and in
a subsequent confirmation screen. These 8 were in addition to
those resulting from the successful tests done with the lines
overexpressing CYP73A5 and CYP84A1 that are described
above as part of the screening method development. One of
the substrates that provided positive results was 8-methoxyp-
soralen (8-MOP, 1).

Plant In Vivo Screen Using 8-MOP as the Substrate

After a 1 day incubation of the transgenic line bearing the
CYP82C2 gene in the presence of 1 mM 8-MOP, there was still
a significant amount of substrate present in extracts of the seed-
lings and media, detected at m/z = 217 [M+H]* (Figures 4A and
4B). However, there was a significant new peak at m/z = 233
[M+H]*, consistent with the addition of a hydroxyl group in the
CYP82C2 OE line when compared with the wild-type Ws-2
control seedlings (Figures 4C and 4D). This peak was unique to
Arabidopsis bearing the CYP82C2 gene; no other plant lines in
the panel of 91 OE lines generated this peak. Furthermore, a sec-
ond, new peak at m/z = 395 [M+H]* was identified in the OE line,
consistent with the subsequent addition of a glycosyl group
(Figures 4E and 4F). The relative elution positions of the new
peaks were also consistent with the increases in polarity of the
proposed compounds. These data were generated by using
a mixture of seeds from five separate transformation events.
Each of these events was then tested individually by using the
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Figure 5. LC/MS Analysis from Yeast in Vivo Tests Using 8-MOP as
the Substrate

(A-D) The left column of chromatograms displays data from yeast overex-
pressing CYP82C2, whereas the right column displays data from a CRS905
empty vector control.

(A and B) Single ion chromatograms of m/z = 217, the 8-MOP substrate.

(C and D) Single ion chromatograms of m/z = 233, the mass of the hydroxylated
product.

plant in vivo screen. Four out of the five events showed posi-
tive results, displaying the new peaks at m/z = 233 [M+H]* and
m/z = 395 [M+H]*, whereas event #1 failed to show any activity
(data not shown).

Yeast In Vivo Tests Using 8-MOP as the Substrate

In order to be able to produce metabolites quickly, easily, and in
large quantities for purification, we explored a yeast OE system.
The CYP82C2 cDNA construct was expressed in WAT11 yeast
(Pompon et al., 1996), and a similar in vivo assay was conducted.
Figure 5 displays the SICs for the substrate (Figures 5A and 5B)
and the hydroxylated product (Figures 5C and 5D) in yeast bear-
ing the Arabidopsis CYP82C2 gene as compared with an empty
vector control. Yeast expressing CYP82C2 also produce the
peak at m/z = 233 [M+H]*. Not surprisingly, subsequent glyco-
sylation was not seen in the yeast expression system; the ion
at m/z = 395 [M+H]* was not detected in either sample (data
not shown). In both the plant and yeast in vivo systems, the prod-
uct was found not only in the plant tissue or yeast pellet, but was
identified in the media, indicating that the product was partially
excreted. In vitro tests with membranes isolated from this yeast
strain supported the in vivo data (data not shown).

LC/MS/MS and NMR Analyses of Products

To gain further information on the nature of the products, LC/MS/
MS was performed on samples from both the plant and yeast
CYP82C2 OE lines to look for common fragmentation patterns

m/z

140 160 180 200 220 240 260

m/z

Figure 6. LC/MS/MS Analysis of the 8-MOP Substrate and Its
Adducts

(A-E) The left column displays spectra from Arabidopsis, whereas the right
column displays data from yeast, both overexpressing CYP82C2.

(A and B) LC/MS/MS fragmentation pattern of m/z = 217.

(C and D) LC/MS/MS fragmentation pattern of m/z = 233.

(E) LC/MS/MS fragmentation pattern of m/z = 395.

in the substrates and products. Figures 6A and 6B show the frag-
mentation pattern of the MOP substrate (m/z = 217) found in the
Arabidopsis and yeast samples, respectively. The most abun-
dant fragment ions are at m/z = 202 (—15), at 189 (—28 amu),
at 185 (—32 amu), and at 173 (—44 amu). Figures 6C and 6D
display the fragmentation patterns of the product at m/z = 233
found in the plant and yeast samples. These masses show com-
mon patterns with that of the 8-MOP substrate, including ions at
m/z =218 (—15 amu), at m/z = 205 (—28 amu), and at m/z = 173.
Only the plant sample contained the unique ion at m/z = 395,
and its only fragment ion was at m/z = 233, consistent with the
loss of the sugar moiety (Figure 6E). These data provided more
conclusive evidence that the ion at m/z = 233 represents a
hydroxylated form of 8-MOP and the ion at m/z = 395 is a glyco-
sylated form of 8-MOP. Both the yeast and plant systems gen-
erated the same hydroxylated metabolite, providing further
evidence that CYP82C2 is the sole enzyme responsible for the
activity.

Nuclear magnetic resonance (NMR) data were acquired to
conclusively determine the exact positions and structures of
the newly added substituents. The proposed hydroxylated prod-
uct (m/z = 233) was easily isolated from 1L of culture of the yeast
strain bearing the CYP82C2 gene. After methanol extraction and
fractionation, the purified peak was analyzed by 'H-NMR and
compared with the results from the substrate (1). Five reso-
nances were identified in the "TH-NMR spectrum of the proposed
hydroxylated product (four methine doublets at 3 8.32, & 7.76,
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d7.08, 8 6.20, and one methyl group at 5 4.05), thus verifying the
addition of a hydroxyl group to compound 1. 2D-NMR revealed
two 'H-'H COSY relationships between resonances at 3 7.76
and d 7.08 as well as at 3 8.32 and 3 6.20, confirming that the
hydroxyl group was added at C-5, resulting in 5-hydroxy-8-me-
thoxypsoralen (2). The glycosylated adduct was scaled up,
extracted, and purified from transgenic Arabidopsis seedlings
bearing the CYP82C2 gene. The 'H-NMR spectrum of this prod-
uct revealed four methine doublets (5 8.54, & 7.80, & 7.30, and
d 6.33) for the psoralen ring structure, seven protons (3 4.50,
5 3.85, 8 3.73, 3 3.58, 3 3.46, d 3.44, & 3.28) for a sugar moiety,
and one methoxy group at & 4.19. Compared with the "H-NMR
spectrum of compound 2, two methine resonances at & 7.80
and 3 7.30 in the furan ring and at 3 8.54 and  6.33 in the pyran
lactone ring remained; therefore, the sugar moiety was present
at C-5. The large coupling constants of the anomeric proton at
d 4.50 (J = 8.0 Hz, H-1") and the C-2 proton at d 3.58 (J = 8.0
Hz, 7.0 Hz, H-2") indicated that the C-1, C-2, and C-3 protons
were all axial. The NMR data, together with the fact that a majority
of plant Family 1 glycosyltransferases, which modify small
molecules, use UDP-glucose in the transfer reaction (Lim and
Bowles, 2004), indicated that 5-O-B-D-glucopyranosyl-8-me-
thoxypsoralen (3) is the most likely product of this secondary
reaction in plants.

Analysis of Related P450s

Seedlings overexpressing CYP82C4 and CYP82F1, two related
P450s, were also available in our larger collection of Arabidopsis
OE lines, and these were tested in the plant in vivo system. Plants
overexpressing CYP82C4, an isoform of CYP82C2, were in fact
able to hydroxylate and subsequently glycosylate 8-MOP, and
the products accumulated at similar levels to that of the
CYP82C2 OE line (data not shown). However, extracts from
seedlings overexpressing CYP82F1, a P450 from a different sub-
family, did not contain a modified form of 8-MOP. Similar results
were found when these same P450s were overexpressed in yeast
WAT11; CYP82C4 hydroxylated 8-MOP, whereas CYP82F1 did
not (data not shown). The related P450, CYP82C3, was repre-
sented in our original panel of 91 lines; however, it was found to
have a non-natural point mutation resulting in an incomplete
protein and thus did not show activity with the 8-MOP substrate.
Based on the high homology between the CYP82C isoforms
(91%-92% identical), itis likely that a functional CYP82C3 protein
may be capable of hydroxylating 8-MOP as well.

Segregation analysis was performed on Arabidopsis lines
overexpressing CYP82C2 and CYP82C4 to determine the copy
number of the transgenes they contained. The resulting ratio of
BASTA-resistant to BASTA-insensitive individuals clearly indi-
cated that the transgenes were present in a single copy in all
transgenic events. In addition, RT-PCR was performed in order
to confirm the OE of the CYP82C2 and CYP82C4 genes (Supple-
mental Data).

DISCUSSION

An in planta method to identify putative substrates for P450
enzymes has been established and validated by screening a sub-
set of 91 Arabidopsis P450s. This method can be applied to
a broader set of P450 enzymes and potentially to other biosyn-

thetic enzyme families to provide biocatalytic reagents that can
be employed in a variety of pharmaceutical, chemical, bioreme-
diation, and other industrial processes, and to expand the
general knowledge base of plant secondary metabolism. Use
of a plant-based screen has the advantage of exposing the intro-
duced enzyme, substrate, and product(s) to related endogenous
enzymes that would not be present in other model systems like
yeast. The presence of endogenous enzymes may be valuable
by further metabolizing the products of the introduced enzyme,
as in the production of 5-O-B-D-glucopyranosyl-8-methoxy-
psoralen (3) described here, thus increasing the opportunities
to identify novel structures and further elucidate biosynthetic
pathways. There is increasing evidence that P450s are often
associated with metabolons (Ralston and Yu, 2006), and, as
such, the presence of endogenous enzymes may be necessary
for catalytic efficiency of the introduced P450. Finally, on a
more practical level, by using a plant system one avoids potential
complications of heterologous protein OE like variations in codon
usage.

One result from these initial experiments identified 8-MOP as
a substrate for CYP82C2 and CYP82C4 from Arabidopsis.
8-MOP is a furanocoumarin, or psoralen, that is primarily found
in plants belonging to the Apiaceae and Rutacea families. Fura-
nocoumarins are likely part of the chemical defense systems of
plants, functioning as phytoalexins, and are toxic to a wide variety
of organisms, including fungi, bacteria, insects, and mammals
(Berenbaum and Zangerl, 1996). The biosynthesis of furanocou-
marins can be induced by various stresses, including fungal
infection (Tietjen et al., 1983), insect herbivory (Zangerl and Be-
renbaum, 1990), and atmospheric pollution (Dercks et al., 1990).

Furanocoumarins are able to intercalate with DNA, and some
members of this structure class have been found to have thera-
peutic effects, most notably 5-methoxypsoralen (bergapten,
5-MOP) and 8-MOP. 8-MOP and 5-MOP are photosensitizers
(Pathak et al., 1981) and have been administered orally prior to
UVA irradiation in order to augment the phototherapy treatment
for psoriasis and vitiligo (Honingsmann et al., 1979; Hann et al.,
1991). Furanocoumarins have also been implicated in food-
drug interactions; for instance, furanocoumarins present in
grapefruit juice effect the bioavailability of certain drugs by inhib-
iting human CYP3AA4. In fact, 5-MOP was shown to be the most
potent inhibitor of CYP3A4 (Ho et al., 2001).

It is intriguing that the CYP82C2 and CYP82C4 enzymes can
use 8-MOP as a substrate since Arabidopsis has not been
reported to produce furanocoumarins. The CYP82 family has
not yet been assigned to a metabolic pathway in Arabidopsis;
their true endogenous substrates are currently unknown,
although one might conclude from these data that their sub-
strates may have some structural similarities to 8-MOP or that
this pathway is only induced under environmental or stress
conditions that have yet to be studied. Members of the CYP82
family have only been identified in dicots thus far; the CYP82C
subfamily is restricted to three species, Glycine max (soybean),
Populus trichocarpa (black cottonwood), and Arabidopsis thali-
ana (http://drnelson.utmem.edu/CytochromeP450.html). Sev-
eral CYP82-family members have been found to be expressed
in response to wounding or other stress elicitors (Frank et al.,
1996; Takemoto et al., 1999). Only one member of the CYP82
family has been characterized and acts on a known substrate.

Chemistry & Biology 75, 149-156, February 2008 ©2008 Elsevier Ltd All rights reserved 153


http://drnelson.utmem.edu/CytochromeP450.html

CYP82E4v1, identified in tobacco, was found to function as a
nicotine demethylase, converting nicotine to nornicotine
(Siminszky et al., 2005).

The plant P450 screening platform described here has been
used to identify 8-MOP as a substrate for Arabidopsis
CYP82C2 and CYP82C4, leading to the formation of both 5-hy-
droxy-8-methoxypsoralen (2) and a glycosylated form of 5-hy-
droxy-8-methoxypsoralen (3). It is possible that adducts of
pharmacologically active compounds, like 8-MOP, formed in
this screen could lead to new therapies or those with greater ef-
ficacy. Although the application of P450s to industrial processes
has been relatively limited thus far, there is no doubting their po-
tential. There is significant and promising progress in the applica-
tion of this impressive class of enzymes (Bernhardt, 2006). Even
the identification of enzymes that function at low catalytic rates
could be very valuable, as the identified enzyme activities could
be optimized in whole-cell or cell-free systems, and the enzymes
could be engineered for greater catalytic activity or greater spec-
ificity via directed evolution or chimeragenesis (Bernhardt, 2006;
Gillam, 2005; Valetti and Gilardi, 2004). Recent advances in tech-
nology like the use of nanodiscs (Duan and Schuler, 2006) and
modified oxygen biosensors (Olry et al., 2007) may be helpful in
characterizing identified P450s and their variants.

Much still needs to be done in order to identify the endogenous
and non-native substrates that the vast array of plant P450s are
capable of acting on, but such work will provide a wealth of infor-
mation on plant secondary metabolic pathways and will help
expand the utility of this large superfamily of enzymes in many
new biocatalytic processes for the production of chemicals,
intermediates, and products in the pharmaceutical and chemical
industries. The number and diversity of plant P450s and other
biosynthetic enzymes combined with the screening platforms
in plants and yeast described herein will expand the set of tools
available for such work.

SIGNIFICANCE

Although some effort has gone into the identification and
classification of the thousands of P450s known to exist in
nature, much work still needs to be done to determine the
potential substrates utilized and the products generated
by this varied and versatile class of enzymes. An in vivo plant
screening platform that allows for the analysis of potential
substrate/P450 interactions has been developed. One
example demonstrated here is the identification of a sub-
strate, 8-MOP, for members of the CYP82C subfamily, en-
zymes whose natural substrates were unknown. In addition
to the hydroxylation provided by the P450s themselves, the
plants were found to further modify this product to create
a glycosylated compound, likely the compound 5-O-§-D-
glucopyranosyl-8-methoxypsoralen. This platform utilizing
sensitive analytical chemistry techniques demonstrates
the ability to identify novel adducts of therapeutic com-
pounds, thus providing important information that could
lead to the development of other novel compounds of phar-
macological value. In addition, specific enzymes that prove
to be useful biocatalysts in such processes as bioremedia-
tion and fine chemical synthesis may be discovered.
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EXPERIMENTAL PROCEDURES

Transgenic Plant Construction

The Arabidopsis ecotype used throughout was Wassilewskija (Ws-2). General
plant handling and transformation protocols followed standard procedures
(Weigel and Glazebrook, 2002). CRS338, the vector used for creating the plant
transgenic lines, was constructed by modifying CRS301 (Schneeberger et al.,
2005). The BstXI sites of CRS301 were destroyed by digesting the vector with
BstXI, treating the ends to create blunt ends, and ligating the vector back
together. A 35S:hYFP:OCS modular cassette with BstXI tails surrounding
hYFP was created in a second vector, A7SK, and was subsequently moved
into the modified CRS301 construct. Finally, the hYFP was removed via diges-
tion with BstXI, and a BstXlI-tailed lacZ stuffer sequence was ligated in from
pUC18. This final vector was digested with BstXl, releasing the LacZ insert,
which was replaced with Arabidopsis P450 inserts.

Yeast Construction

A new vector, CRS905, was created to overexpress the Arabidopsis P450s in
yeast. The first step in creating CRS905 was to replace the GAL promoter of
pYES3 (Lu et al., 1997) with the PGK promoter; then, a stuffer sequence
containing forward and reverse BstXI sites was inserted into the multicloning
site. Lastly, the LacZ gene was subcloned between the two BstXI sites. This
final vector was digested with BstXI, releasing the LacZ insert, which was
replaced with Arabidopsis P450 inserts. The P450 inserts were generated
via two methods. The first method involved digestion of the original plant
CRS338 vectors containing the cDNAs of the P450s of interest with BstXI
and ligation of this insert with cut CRS905. The second method involved
amplification of the P450 of interest from either a wild-type Arabidopsis
cDNA library or from cDNA generated via RT-PCR from RNA isolated from
plants overexpressing the P450 of interest, using primers containing BstXI|
linkers for ligation into the cut CRS905 vector. The Saccharomyces cerevisiae
strain WAT11, a derivative of W303-1B (MATa; ade2-; his3-11, —15;
leu2-3, —112; ura3-1; can®: cyr*), was transformed with isolated plasmid
(Elble, 1992) and was selected on AHC+Trp/Dextrose plates. This strain
expresses ATR1, the Arabidopsis NADPH-P450 reductase (Pompon et al.,
1996). AHC+Trp growth media consisted of 0.17% yeast nitrogen base,
0.5% ammonium sulfate, 1% casamino acids, 0.003% adenine sulfate,
0.002% tryptophan, 0.788% Tris-HCI, and either 2% dextrose or galactose,
and included 2% Bactoagar for plate media. Yeast were grown at 28°C.

Arabidopsis In Vivo Assay

For each transgenic line in the primary screen, seeds from all available trans-
formation events were mixed together to form a single sample pool represent-
ing one P450 OE line. In confirmation screens, the seeds from each individual
event were tested separately. Arabidopsis seeds were surface sterilized with
a 25% (v/v) bleach solution containing 0.1% (v/v) Triton X-100 for 5 min and
stored at 4°C until use. Approximately 25 seeds were added per well, and
each experiment included Ws-2 and no seedling (media only) controls. Plants
were grown in 24-well microtiter plates containing 1.25 ml % x MS media with
slow shaking in a 22°C chamber under long daylight (16 hr light, 8 hr dark) con-
ditions. The seedlings were allowed to germinate and develop for 7 days. Sub-
strate was prepared as a 100 mM stock in DMSO and was added to each well
to a final concentration of 1 mM. The seedlings were incubated in the presence
of substrate for 24 hr at 22°C, and the wet tissues were subsequently lysed via
bead homogenization by using a QIAGEN TissueLyser and 1.5 ml tubes. The
crushed tissue was extracted with 1 ml MeOH for 1 hr at 37°C with shaking.
After centrifugation at 15,500 x g for 3 min, the supernatants were moved to
glass tubes containing the media from the microtiter wells. A total of 1 ml hex-
ane was added to the aqueous MeOH extracts, and the tubes were vortexed.
The mixtures were equilibrated for 15 min, and then centrifuged at 3,200 x g
for 15 min. The top hexane layers were discarded, and the remaining extracts
were dried overnight in a Savant AES2010 SpeedVac. Each sample was resus-
pended in 150 ul MeOH, sonicated in a water bath to assist resuspension, and
filtered through a 0.45 um syringe filter (Alltech) before analysis by LC/MS.

Yeast In Vivo Assay
Yeast were inoculated into 500 pl AHC+Trp/Dextrose media in a 96-well deep-
well plate and incubated for 3 days at 28°C before being diluted 1:50 into 500 pl

154 Chemistry & Biology 15, 149-156, February 2008 ©2008 Elsevier Ltd All rights reserved



Chemistry & Biology

Biocatalysis Screen Produces Products

AHC+Trp/Galactose. After a 24 hr incubation, 5 pl 100 mM 8-MOP was added,
and the cultures were allowed to incubate for another 24 hr. Yeast were lysed
via glass bead lysis (425-600 um, Sigma). The samples were extracted with the
addition of 500 pl MeOH and incubation at 37°C for 1 hr with shaking. The plate
was centrifuged at 800 x g for 5 min, and the supernatant was collected for
analysis by LC/MS.

Analytical LC/MS Methods

The yeast samples were separated and analyzed on an Alliance HT 2795 HPLC
system connected to a Micromass ZMD single quadrupole mass spectrometer
(Waters) with an XTerra MSC4g 5 um 2.1 x 20 mm IS column (Waters) and
a gradient solvent system of H,O + 0.1% formic acid in MeOH + 0.1% formic
acid (95:5 held for 0.2 min, followed by a gradient from 95:5 to 5:95 over 1.3
min, followed by a return to initial conditions and a hold for 2 min; total run
length of 3.5 min with a flow rate 0.5 ml/min). For method development of
the plant screens using cinnamic acid and coniferaldehyde as substrates,
the plant extracts were separated and analyzed on an Alliance HT 2795
HPLC system connected to a Micromass ZMD single quadrupole mass spec-
trometer (Waters) with an XTerra MS C4g 5 pm 2.1 x 50 mm column (Waters)
and a gradient solvent system of H,O + 0.1% formic acid (95%-5%) and
acetonitrile + 0.1% formic acid (95:5 held for 1 min, followed by a gradient
from 95:5 to 5:95 over 6 min, followed by a return to initial conditions over 2
min and a final hold at initial conditions for 1 min; total run length of 10 min
with a flow rate 0.5 ml/min). In the initial plant screens, the plant extracts
were separated and analyzed on a Finnigan Surveyor Plus HPLC system
connected to a Finnigan LCQ Deca Max XP ion trap mass spectrometer
(Thermo Electron Corp.), using the same column and gradient settings as
described above. Subsequent analysis of plant tissue and of all plant and yeast
fractions generated during purification procedures was done similarly, but with
one exception: acetonitrile was replaced by MeOH.

NMR Analysis

NMR experiments were performed in CDzOD and CDCl; by using the residual
proton signals as reference standards (3 3.31 for CD3OD and dy 7.26 for
CDCl;). "H-NMR data were obtained at room temperature on a Bruker Avance
600 MHz spectrometer operating at 600.01 MHz.

Isolation of Hydroxylated Product and NMR Analysis

The hydroxylated product of 8-MOP (2) was easily scaled up in yeast. 1 L
AHC+Trp/Galactose media was inoculated with WAT11 bearing CYP82C2
that had been grown to saturation in AHC+Trp/Dextrose. The cultures were
incubated at 28°C with shaking for 1 day. A total of 1 ml 500 mM 8-MOP
prepared in DMSO was added to the flask, for a final substrate concentration
of 500 puM. The culture was incubated for another 3 days. Yeast culture media
was transferred to a round-bottom flask. The media were removed by rotoeva-
poration, and the resulting residue was resuspended in 20 ml MeOH. The
MeOH suspension was transferred to a 50 ml centrifuge tube, and the sample
was centrifuged for 1 hr at 1,800 X g. The supernatant was transferred to
a round-bottom flask and removed by rotoevaporation, yielding 6.5 g crude
dry extract. Solid-phase extraction of this material on a Cg Extract-Clean
column (Alltech) with a block gradient of H,O/MeOH resulted in 150 mg in
the 25% H,0O/MeOH fraction. This fraction was further separated by using
aC4g5 1m 250 x 10 mm column (Phenomenex) with a gradient solvent system
of HyO + 0.1% formic acid (65%-0% in 28 min) in MeOH + 0.1% formic acid
(flow rate 2.0 ml/min, detection at 300 nm) to yield three major peaks. Subse-
quent LC/MS analysis confirmed that peak 2, eluting at 22.2 min, was the
target compound (2) and that peak 3, eluting at 22.5 min, was the substrate
(1). Compound 2 was obtained as a white, amorphorous solid; UV (MeOH) A
max: 315 nm; LRAPCIMS m/z = 232.19 ((M+H]"); "H-NMR & 8.32 (1H, d,
J =10 Hz, H-4), 3 7.76 (1H, d, J = 2Hz, H-2'), 5 7.08 (1H, d, J = 2 Hz, H-3'),
36.2 (1H, d, J = 10 Hz, H-3), 3 4.05 (3H, s, -OCH3).

Isolation of Glycosylated Product and NMR Analysis

Four 24-well microtiter plates of Arabidopsis seedlings overexpressing
CYP82C2 were grown, and substrate was added as per the standard plant
in vivo assay described above. Seedlings from each 24-well microtiter plate
were transferred into a 145 ml mortar, ground thoroughly with a pestle, and
transferred into a 50 ml centrifuge tube; the substance was rinsed with

MeOH for final volume of 35 ml. Tubes containing crushed seedlings were
placed in a sonication bath (Branson 2510) for 30 min at room temperature,
then chilled in ice-water for 5 min; this cycle was repeated six times. Tubes
were then shaken at ambient temperature overnight. The extraction mixture
was vacuum filtered through a coarse sintered glass funnel and filter paper
(Whatman); the filtrate was reduced to <2 ml by rotary evaporation, resus-
pended with 15% acetonitrile, frozen, and lyophilized to dryness. The dry
extract was dissolved in MeOH for semipreparative HPLC (Waters 600), by
using the following chromatographic conditions: a C1g 5 um 150 x 10 mm
column (Alltech Alltima); solvent A, H,O + 0.1% formic acid; solvent B,
MeOH + 0.1% formic acid; flow rate of 1.5 ml/min; monitoring at 308 nm. Three
major peaks eluted with a gradient of 20%-80% B in 30 min. The presence of
the glycosylated product in the first two peaks was verified by analytical LC/
MS. Fractions for peaks 1 and 2, eluting at 26.0 min and 27.2 min, respectively,
were pooled and reduced to <5 ml by rotary evaporation. The concentrated
peaks were mixed with 15% acetonitrile, frozen, and lyophilized to dryness.
Peak 2 was redissolved in MeOH and further separated by using a gradient
of 40%-50% B in 35 min, yielding the purified glycosylated product at 20.7
min. Compound 3 was obtained as a white, amorphorous solid; UV (MeOH)
A max: 308 nm; LRAPCIMS m/z = 395.07 (M+H]*); "H-NMR & 8.54 (1H, d,
J =10 Hz, H-4), 3 7.80 (1H, d, J = 2Hz, H-2), 3 7.30 (1H, d, J = 2.3 Hz, H-3'),
56.33 (1H, d, J = 10 Hz, H-3), 5 4.50 (1H, d, J = 8.0 Hz, H-1'), 3 4.19 (3H, s,
-OCHj), 3 3.85 (1H, dd, J = 12 Hz, 2.1 Hz, H-6"), 8 3.73 (1H, dd, J = 12 Hz,
4.0 Hz, H-6"), 3 3.58 (1H, dd, J = 8.0 Hz, 7.0 Hz, H-2"), 5 3.46 (1H, m, H-4"),
3 3.44 (1H, m, H-3"), 3 3.28 (1H, m, H-5").

Segregation Analysis

Arabidopsis lines overexpressing CYP82C2 or CYP82C4 were subjected to
segregation analysis to determine the copy number of the transgenes they
contained. Approximately 200 seeds from 5 separate events from each line,
along with a Ws-2 control, were sterilized and plated onto % x MS + 200 pl/l
5.78% BASTA (glufosinate ammonium, Farnam Companies) media. The plates
were incubated at 22°C in long daylight conditions for 11 days. The seedlings
were scored, and the ratio of BASTA-resistant to BASTA-sensitive strains was
determined.

SUPPLEMENTAL DATA

Supplemental Data include the complete list of 91 P450s used in the plant in
vivo screen as well as details on RT-PCR performed in order to confirm the
overexpression of the CYP82C2 and CYP82C4 genes and are available at
http://www.chembiol.com/cgi/content/full/15/2/149/DC1/.
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