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Abstract:

Insecticide resistance is a growing problem in the control of mosquito vectors. Increase
in insecticide detoxification by heme-containing cytochrome P450 monooxygenases (P450s) in
insects has been thought to promote resistance to insecticides, i.e. deltamethrin pyrethroid
compound. Plant compounds that have both insecticidal activity and synergistic action with
insecticides, due to inhibition of insect detoxification enzymes, could be a source for insect
vector control. Previous investigations indicated CYP6AA3 and CYP6P7, isolated from
deltamethrin-resistant Anopheles minimus malaria mosquito, play role in pyrethroid resistance.
Enzymatic assays and 3-(4, 5-dimethylthiazol-2-y-1)-2, 5-diphenyltetrazolium bromide (MTT)
cytotoxicity assays support the role of CYP6AA3 and CYP6P7 in metabolisms of pyrethroids.
Thus the mosquito enzymes, CYP6AA3 and CYP6P7 could be a model for finding of natural
compounds with inhibitory potential against pyrethroid detoxification enzymes. We report
development of in vitro fluorescence-based and MTT cytotoxicity assays using P450-expressing
Spodoptera frugiperda (Sf9) cells for rapid screening of inhibitory compounds and synergistic
effect of inhibitors with pyrethroid insecticides, respectively. Since there has been no known
crystal structure available for insect P450s, we have built homology model of CYP6AAS3 in an
attempt to increase our understanding of molecular mechanisms underlying binding site toward
insecticides and inhibitors. We have screening 7 crude plant extracts including Calotropis
procera, Citrus reticulata, Stemona spp., Curcuma longa rhizomes and leaves, Derris trifoliata,
Andrographis paniculata and Rhinacanthus nasutus. We found that C. longa rhizomes and
leaves, D. trifoliata, A. paniculata and R. nasutus contained high inhibitory activities against
both enzymes. Due to complexity of compounds in C. longa, we could not identify compounds
that possess inhibition effects. Nevertheless at least three purified naphthoquinone esters isolated
from R. nasutus and two polyoxygenated flavones specific to Andrographis sp. were found
possessing inhibitory effect against mosquito P450 enzymes. These compounds comprising
chromane ring acted synergistically with pyrethroid toxicity based on cell-based assays.
Moreover preliminary results of larvicidal tests on Aedes aegypti mosquitoes of plant extracts
were in agreement of inhibitory potency against mosquito detoxification P450 enzymes. Results
obtained will thus be beneficial to implement effective resistance management of mosquito
vector.
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UNAALD

sWalasan1s: BRG5380002
a < o Gg; aaa I~
galassms: madnsnsduselfisenvesienluailalalasuii 450 2asgenmzlazans
ANAINNY
YA v o o
AmEE IV LUATFING

FA9ENENTIANTT WIANA JAUNTAN  AMAITITUAT AANLIFFAT WRIINLFUNRAR

HTsmanmInTdianiy Ay MAATUAT AUANINAAAT U INIAUY T
21913INTINAA §INH MAITTUAN AT ANEIENFAT ARINBRBYIN
A3 WINOWIR IIZNLIWIND sonuiingemaasluana uningaoafios
szazialasints: Jaw1ow 2553 — WoBN1AN 2556
UNAALD

‘ﬂ“l]ﬁ]ﬂufﬂiﬂﬁ]Eﬂ‘%lﬂ!!,llﬁﬂqluENW1kaﬂu{|ﬂlﬂ1ﬁ1ﬂﬂlﬁ®ﬂﬁ'ﬂ'f]ﬂﬂuﬂiw"lﬂﬂi"’ll@\‘lﬂﬂ !‘H@\‘lflﬂﬂﬂﬂllfﬂi

uﬁmﬂaﬂﬁummu‘lw Cytochrome P450 monooxygenase (P450s) mmﬂﬂmmummmﬂmmmu ﬁﬂwﬂ’ﬂﬂﬁﬂﬂlﬂﬂ
miﬂammmumm U A5IAARUNNTY (deltamethrin) 11ag a13 103 Nn3088 (pyrethroid) ﬂTiGl‘Hﬁ’ﬁﬂiuﬂE)’U"lﬂﬂW"h’
muqmmﬂummmnmm 1az uqmﬁlumﬁmuﬂi ANTNINLNINWNAY mmiﬂh“lumimmum‘nmmmm1
uuaﬂmaﬁmmmﬂﬂﬂummi‘wNmmamu"lmumﬂmmmﬂumimfuﬂmi‘wmﬂﬂmmmm muu msdsznou
mamﬁmﬁaumﬂﬁflumimmummammmnmaﬂﬂ mﬂmﬁﬁnymauwmuiWUﬂ u'lyi CYP6AA3 uaz
CYP6P7 mgﬂumullcnw"lﬂmﬂmnuﬂam (Anopheles minimus) wmwuﬂfmummfmﬂa@ammummmammmu
mmmmﬂumiﬂﬂmmnmaﬂum uﬂﬂmﬂummla:Jmfl”lmmmiﬁﬂ‘y1na“lﬂmimmwumLaullqmmﬁm LazHa
910 3-(4, 5-dimethylthiazol-2-y-1)-2, 5-diphenyltetrazolium bromide (MTT) cytotoxicity assays @i1Ie uuwmmm
wu'lyi CYP6AA3 uaz CYP6P7 Tumsmiialnsnsosd mﬂmauaﬂnmu wu'lwi CYP6AA3 uaz CYPGP7 m
amnsodnduduuuulumsanmna lnmsdidamsiy - wazdumensise ﬂamm‘ﬁﬁmmmqmﬂumiﬂuEN
mi‘VINWWUENL@u‘lﬁ]m‘l’l!ﬂﬂ?ﬂlmﬂﬂmimﬁ]ﬂqu‘ﬂiﬂﬂﬂ mﬂuﬂ°lumiﬂummiﬂswnaummiimmmqmiuma
ﬂummsmqmmamu%u "lﬂﬂﬂwmuwu 2 ’J‘ﬁﬂ@i%mﬂuﬂ in vitro fluorescence-based Fuilu33fiazain 1A%
uag mwﬂummwwmﬁLﬁiutmﬁmmmsmmimnu"1W§mﬂﬂﬂ AIUNATIA MTT cytotoxicity assay Iagldiwad
Spodoptera  frugiperda (S19) «mﬂumaammummummﬁmaaﬂmamu"lmu P450s  Wudunuylumsanmn
mmMﬂ'lumlﬂuasﬂﬂaﬂﬂﬂimiNmmmu"lw P450s UBILNDY mummumaawm CYP6AA3 uaz CYP6P7 EX
'lﬂaﬂaswuu Lwaﬁﬂmﬂallﬂms‘mwwuamu"lqm“lumsmwmmnmm @1aamuﬁﬂ‘uWﬂa"lﬂmiﬂummwmm
ﬂlmmﬂmmamu"lw uanmﬂu miﬁﬂym'lml1miﬂummiﬂﬁwnaumquﬂumsﬂummiﬂwmﬂlmm 2
mu"lclfmmmiaﬂﬂ;umww 7 ila ldun dusn (Calotropis procera), auhqu (Citrus reticulate), TUDUNYDYIN
(Stemona spp.), VUUFY (Curcuma longa) Tudwveand wagly, oovuay (Derris wrifoliata), Wnzateles
(Androgmphm paniculata) g NOINUL (Rhmacanthus nasutus ) MNMIFANBINLN miﬁﬂﬂmmmnm““lmm
Uy, aoutoy, vhne mfﬂ%i HAZNDINUL ﬂi“ﬂﬂu“lﬂma’cmﬂi“nmmaJtm‘ﬁ“1um§a‘ummivmmﬂmma
aouon Lo wammsﬁﬂmu‘nﬂw"lﬂmimammltmﬂumiﬂummwmummmu%u P450s Slumvlﬂmsamq
"oy 3 ¥l laun naphthoquinone esters wwn“lﬂmﬂﬂmwuﬂm oy polyoxygenated flavones “]Nlﬂufﬂiﬂi ﬂE)“lJ‘I/lll
mmmmwﬂuwwswna Andrographis ﬁm‘wmuﬂi APUAIY chromane ring «Jmnmum“lumammqm“lwnu"lws
n308A MNmﬂmuuﬁvuﬂi‘“ﬂaumaﬁﬁﬂi ﬂauwv'uclfau m'lummmﬁ UIﬂiQﬁ‘iN"llfNﬁﬁﬂi ﬂﬁmmqwﬂu
ﬂﬁEJ‘]JENﬂTi‘VIW\ﬂWIlENLEJuUlGIﬁJ‘VNﬁENllﬂ uaﬂmﬂu wamiﬁﬂymJamummﬂuﬂiwammwiumsmwanuwm
Y00 (dedes aegypti) ﬂ’JfJ?ﬁﬁﬁ’ﬂﬂmﬂwﬁvﬁﬂﬂﬂﬁmﬂ‘uﬂi ﬁmmwiumwummﬁmﬂﬂmiwmmmu”lw P450s
mwamﬂﬂmnmiﬁﬂmm ziuilse IEJ‘]MG]ﬂﬂﬁuﬂﬂ%ﬂumiﬂ’J‘]_IﬂlJEJWlﬂE]GIE]EﬂGJHLLlJTcN@E]hlﬂ

aian Tolalasuil 450 Twsnsead msduguen o 15vimauniu a1l



Executive Summary

Insecticide resistance is a growing problem in the control of mosquito vectors. Increase in
insecticide metabolisms by heme-containing cytochrome P450 monooxygenases (P450s) in insects
has been thought to promote resistance to insecticides, i.e. deltamethrin pyrethroid compound. While
medicine and effective vaccine are not yet available, a method to control vector-borne diseases
including malaria, dengue fever and recently the re-emerging Chikungunya infection, has been using
space-spraying with synthetic chemical insecticides (such as organophosphates and pyrethroids) to
control mosquito vectors. Long-term insecticide use has caused insecticide resistance in mosquitoes.
Plant compounds that have both insecticidal activity and synergistic action with insecticides, due to
inhibition of insect detoxification enzymes, could be a source for resistance management of mosquito
vector control.

Previous investigations indicated CYP6AA3 and CYP6P7, isolated from deltamethrin-
resistant Anopheles minimus malaria mosquito, play role in pyrethroid resistance. Enzymatic assays,
homology modeling of enzymes, and 3-(4, 5-dimethylthiazol-2-y-1)-2, 5-diphenyltetrazolium
bromide (MTT) cytotoxicity assays support the role of CYP6AA3 and CYP6P7 in metabolisms of
pyrethroids. Thus the objective of this study is to investigate the inhibitory effect, mode of inhibition,
and structure of plant compounds against mosquito P450s activities using An. minimus CYP6AA3
and CYP6P7 as model enzyme. In this study we developed in vitro fluorescence-based and MTT
cytotoxicity assays using P450-expressing Spodoptera frugiperda (Sf9) cells for rapid screening of
inhibitory compounds and synergistic effect of inhibitors with pyrethroid insecticides, respectively.
Since there has been no known crystal structure available for insect P450s, we have built homology
model of CYP6AAZ to increase our understanding of molecular mechanisms underlying binding site
toward insecticides and inhibitors. Plants that possess insecticidal/mosquitocidal activity are
chosen and used in this study. Upon accomplishment of screening 7 crude plant extracts including
Calotropis procera, Citrus reticulata, Stemona spp., Curcuma longa rhizomes and leaves, Derris
trifoliata, Andrographis paniculata and Rhinacanthus nasutus, we found that C. longa rhizomes and
leaves, D. trifoliata, A. paniculata and R. nasutus contained high inhibitory activities (LDs, value
within 20 pg/ml range) against both enzymes. Further successful purification of plant compounds
revealed that at least three purified naphthoquinone esters of R. nasutus and two polyoxygenated
flavone compounds specific to Andrographolide sp. were found inhibitory effect against both
mosquito P450 enzymes and act synergistically with pyrethroid toxicity based on cell-based assays.
These compounds shared chromane ring with hydrophobic nature that could efficiently inhibited
mosquito P450 enzymes. Results of Ae. aegypti larvicidal tests with plant extracts were in agreement
with inhibitory effects on mosquito enzymes. Knowledge gained on these plant compounds and
structure, and on inhibition against P450 mosquito enzyme will thus be beneficial to implement

effective control and resistance management of mosquito vectors.
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INTRODUCTION

Mosquito-borne diseases such as dengue fever and recently the re-emerged
Chikungunya infection, and malaria caused by Aedes aegypti and Anopheles sp. mosquito
vectors remain important diseases in the tropical countries including Thailand. For instance
50 to 100 million dengue infections are reported, while medicine and efficient vaccine are
not yet available (WHO, 2006). In Thailand, 40% increased dengue infections were found
from 2006 to 2007, and an additional 16% increase found from 2007 to 2008 (WHO, 2008).
A strategy is to control the mosquito vectors by use of synthetic chemical insecticides.
However, insecticide resistance to chemical insecticides is on the rise. One of the resistance
mechanisms has been suggested to be due to the insects’ increased metabolism of
insecticides through bio-transformation by detoxification enzymes (Marcombe et al, 2009).
While organophosphate resistance has been shown linked to elevated nonspecific esterases
and P450s activities (Feyereisen, 1999), pyrethroid resistance is suggested to be primarily
conferred by elevated cytochrome P450 enzymes (P450s) activities (Feyereisen, 1999). A
strategy of resistant management control could be the targeting on resistance mechanism to
overcoming resistance first, followed by use of existing insecticides. The compound that can
inhibit P450s activities will be of interest for use as synergist of pyrethroid insecticide which
has been widely used via household spraying in resistance management. The synergist such
as piperonyl butoxide (PBO), P450 inhibitor, has been tested as mixture with pyrethroids and
showed synergistic action against Ae. aegypti (Fakoorziba et al, 2009; Kumar et al, 2002;
Vijayan et al, 2007). But toxicity test has shown that it is acutely toxic to rodents
(Piyachaturawat et al. 1983, Scott 1996, Daware et al. 2000, Bhardwaj et al. 2002). The
synergist that also contains insecticidal activity, particularly with different mode of action
from insecticide could be used more effectively in dealing with mosquito resistant
populations and at the same time could kill mosquitoes. Botanical compounds have been
discovered to comprise insecticidal activity, but the Kinetics and mechanism of inhibition on
mosquito detoxifying enzymes have not been comprehensively investigated. Nowadays,
numerous plants have been reported that possess insecticidal activities (Kamaraj et al 2009;
Kuppusamy and Murugan 2010; Govindarajan and Sivakumar 2012; Komalamisra et al 2005;
Rongsriyam et al, 2006; Shaalan et al, 2005). Plants commonly found in Thailand and
comprise insecticidal/mosquitocidal activities include Calotropis procera (Rak), Citrus

reticulata (Som Keaw Wan), Curcuma longa (Khamin Chan), Derris trifoliata (Tao Thob Thab),



Rhinacanthus nasutus (Thong Phan Chang), Andrographis paniculata (Phah Talai Jone) and
Stemona sp. (Non Tai Yak) have shown insecticide activities with high potency.

In this study we used the CYP6AA3 and CYP6P7 isolated from pyrethroid-resistant
Anopheles minimus mosquito strain that have been shown ability to metabolize deltamethrin
(Boonseupsakul et al, 2008; Kaewpa et al, 2007) as model mosquito P450 enzyme in this
study. The cytochrome P450 monooxygenases (P450s) constitute a superfamily of
membrane-bound heme-containing enzymes that are involved in metabolisms of endogenous
compounds such as pheromones and exogenous compounds such as insecticides. This study
is to test botanical compounds, found distributed in Thailand and have shown insecticidal
activity that inhibit CYP6AA3 and CYP6P7 P450 activity. Homology models of both
CYP6AA3 and CYP6P7 were to be constructed to increase an understanding of the
pyrethroid metabolisms and inhibition. In order to increase the effectiveness of synergism, the
inhibitory mechanism of compounds that inhibit P450s in mechanism-based manner (irreversible
inhibition) is essential. Mechanism-based P450 inactivation usually involves covalent
modification of heme and/or the active site amino acid residue of enzyme, thus inhibiting the
enzyme irreversibly and rendering the enzyme inactive. For P450 enzymes to be active after
being inhibited, P450 enzymes must be replaced by newly synthesized protein and thus making
mechanism-based inhibition more efficient than reversible inhibition (Kalgukar et al, 2007).
Thus this study also determined mode of inhibition of inhibitory compounds obtained.
Knowledge of inhibition activity of different compound structure on the two CYP6s will
lead to understanding of P450s that involve in pyrethroid metabolism. Information gained
from this study can be applied in vector resistant management program and vector control in
Thailand. Since most plant extracts are degradable, thus use of botanical insecticide as
insecticide synergist may reduce use of chemical insecticides without introduction of new
risk to human health. Eventually, botanical blends that contain both synergistic action and
different modes of insecticidal action could be used safely for mosquito control program in
the future.

The goal of this project is to obtain plant compounds that has inhibitory effects
against CYP6AA3 and CYP6P7 and could be used as insecticide synergist in control of
mosquito vectors using Spodoptera frugiperda (Sf9) insect cell model. The objectives of this

study are:



. Development of system to determine inhibition of test compounds against CYP6AA3
and CYP6P7 using in vitro fluorescence-based reconstitution enzymatic assays

. Development of cell-based inhibition assay to determine synergism of plant
compounds with insecticide toxicity using Sf9 insect cell model

. Construction of CYP6AA3 and CYP6P7 homology models

. Determination of plant extracts in vitro that have inhibitory effects on CYP6AA3 and
CYPG6P7 enzymes

. Determination of the extracts that show inhibition effect on CYP6AA3 and CYP6P7

. Purification and determination of the chemical structure of the compounds with

inhibitory effect

10



MATERIALS AND METHODS

1. Chemicals

Benzyloxyresorufin, cypermethrin, leupeptin, nicotinamide adenosine diphosphate
reduced form  (NADPH), 1,2-dilauroyl-rac-glycero-3-phosphocholine  (DLPC),
phenylmethylsulfonyl fluoride (PMSF), dimethyl sulfoxide (DMSO), a-naphthoflavone,
piperonyl butoxide (PBO) were purchased from Sigma-Aldrich (St. Louis, MO), and 3-(4, 5-
dimethylthiazol-2-y-1)-2, 5-diphenyltetrazolium bromide (MTT) from USB (Cleveland, OH).
Analytical grade hexane, ethyl acetate (EtOAc), ethanol, methanol, diethyl ether and high
performance liquid chromatography (HPLC) grade acetonitrile were supplied by RCI
Labscan (Bangkok, Thailand).The Spodoptera frugiperda (Sf9) insect cell line and SF-900 II
SFM culture media were provided by Invitrogen (Carlsbad, CA).

2. Expression of Anopheles minimus CYP6AA3, CYP6P7 and NADPH-dependent
cytochrome P450 reductase (CPR) enzyme

Expression of CYP6AA3 and CYP6P7 were carried out using baculovirus-mediated
insect cell expression system in Sf9 cells as previously described (Kaewpa et al., 2007). The
recombinant P450-baculovirus was produced by insertion of either CYP6AA3 or CYP6P7
cDNA into pBacPAKS transfer plasmid vector (BD Biosciences, Palo Alto, CA), and co-
transfected with a linearized BacPAKG6 viral DNA into Sf9 cells. The resulting recombinant
virus was used for expression of enzymes. To express CYP6AA3 and CYP6P7 enzymes, Sf9
cells were infected with recombinant P450-baculovirus containing either CYP6AA3 or
CYP6P7 at multiplicities of infection (MOI) of 3 and cells were cultured in SF900-11
medium (Invitrogen) at 28°C. Heme-albumin was added at 24 h post-infection and cells
were harvested at 70-80 h post-infection. Cells were resuspended in sodium phosphate buffer
pH 7.2 containing 1 mM EDTA, 0.5 mM PMSF, 5 ug/ml leupeptin, 0.1 mM DTT, and 20%
glycerol, and subjected to microsome preparation using differential centrifugation as
described (Boonseupsakul et al., 2008). The microsomal pellet was resuspended in buffer
containing 150 mM KCI and 1% Triton X-100, prior to centrifugation at 10,000 x g for 10
min. The solubilized microsomal proteins from membrane fraction was collected and kept at
-80°C.

For a P450 enzyme to function, it requires the membrane-bound NADPH-dependent

cytochrome P450 reductase (CPR) enzyme as redox partner by passing a pair of electrons

11



from NADPH through CPR to P450. Thus in the P450 enzymatic assays in vitro, assay
system comprise a reconstitution assay reaction comprising P450 enzyme and CPR, and
DLPC is served as lipid support. The double mutant membrane-bound CPR enzyme
(L86F/L219F-fnAnCPR) that could efficiently increased CYP6AA3-mediated enzymatic
activity (Sarapusit et al., 2010) was used for P450 reconstitution enzyme assays in this study.
The double mutant membrane-bound CPR was expressed in Escherichia coli XL1-blue cells
under the same condition as the wild-type enzyme described by Kaewpa et al. (2007). The
expression of enzyme was induced by addition of IPTG, and the cultured were grown for 64
h at 28°C, 160 rpm. Cells were harvested and resuspended in 50 mM sodium phosphate
buffer pH 8.0 containing 300 mM NaCl, 0.2 mM PMSF and 20% glycerol. Cells were
disrupted by sonication, before subjected to centrifugation at 10,000 x g for 30 min and
100,000 xg for 90 min to separate membrane fraction. The pellet of membrane protein was
resuspended in buffer containing 0.5% CHAPS and subjected to purification using Ni*-
NTA metal affinity chromatography. The fraction containing purified protein with 6xHis-
tagged were pooled, dialyzed, and concentrated with Centriprep YM-30 centrifugal filter
devices (Millipore, Billerica, MA) for further use in the reconstitution assay with P450
enzyme.

To improve electron transfer from CPR to cytochrome P450 enzyme, we recently
have tested the use of rat CPR in place of mosquito CPR in the reconstitution reaction.
Mutations of the An. minimus CPR enzyme have also been constructed during the granting
period and tested for reconstitution enzymatic assays of mosquito CYP6AA3 enzyme. The
results revealed that the rat CPR enzyme could more effectively transfer electron to
CYP6AA3 and CYP6P7 enzymes than any An. minimus CPR mutant constructs. The results
have also been published (Sarapusit et al, 2013 in Appendix). We thus have used rat CPR in

the screening of plant extracts.

3. Construction of CYP6AA3 homology model

Amino acid sequences of CYP6AA3 (GenBank ID: AANO05727.1), CYP6P7
(GenBank: AAR88141.1) were aligned against protein structures deposited in Brookhaven
Protein Data Bank (PDB) [Berman et al, 2000] using PSI-BLAST. Crystal structures of
ligand-free CYP3A4 (1TQN), CYP2C8 (1PQ2), and CYP2C9 (10G2) were templates and
their sequences were top-ranked identical to target P450. Comparative modeling of the three
enzymes was performed using restrained-based approach implemented in MODELLER9v6

(Sali and Blundell, 1993). Multiple amino acid sequence alignment of template structures
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was performed using SALIGN module in MODELLER9v6, and subsequently aligned
individually with target enzyme. Heme coordinate of the constructed model was obtained
from CYP3A4 (1TQN) and positioned in target as in 17TQN template. The resulting three-
dimensional models of CYP6AA3 and CYP6P7 were sorted according to scores of discrete
optimized protein energy scoring function (Shen and Sali, 2006). The knowledge-based
conditional probabilities for the residue specific all-atom probability discriminatory function
(RAPDF) in RAMP suite was used to discriminate native structure from incorrectly-folded
structures (Samudrala and Moult, 1998). The refined model was determined their
distribution of phi and psi angles using ProSAII (Sippl, 1993; Wiederstein and Sippl, 2007)
and Procheck (Laskowski et al, 1993).

4. Plant materials and preparation of crude plant extracts

Derris trifoliata (leaves & stems), Rhinacanthus nasutus (leaves & stems), Curcuma
longa (rhizomes), Citrus reticulate (seeds), Andrographis paniculata (leaves & stems), and
Stemona spp (roots) were purchased from traditional medicine market (Bangkok, Thailand).
Curcuma longa leaves were collected from Samutsakorn province and leaves of Calotropis
procera were collected from Nongkhai province, Thailand. Plants were extracted as
previously described (Komalamisra et al., 2005) with some modification. Briefly dried plant
parts were cut into small pieces and ground in homogenizer. Ground material from each
plant was macerated in 900 ml of 95% ethanol at room temperature. The ethanol extract of
each plant was filtered through filter paper (Whatman no.1), and filtrate was extracted twice
using the same procedure. All filtrates from extractions were combined and solvent removed
by evaporation at 45°C under reduced pressure using rotary evaporator. Crude ethanol
extracts and aliquots of 200 mg/ml stock solution of crude ethanol extract of each plant
(dissolved in DMSO) were kept at -20°C until used.

5. Purification of plant compounds.

R. nasutus extract: The dry R. nasutus material was homogenized, macerated in
95% ethanol to obtain ethanol extract, and further partitioned with n-hexane and ethyl
acetate (EtOAC), yielding n-hexane, EtOAc and aqueous extracts. Stepwise gradient elution
of each n-hexane extract was conducted in a chromatography column containing silica gel
using a n-hexane/EtOAc/ methanol solvent system (see Pethuan et al 2012 in Appendix for

yields). Fractions that showed potent inhibition activities were subjected to analysis by high
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performance liquid chromatography (HPLC) and thin layer chromatography (TLC) as
described (Pethuan et al 2012). The three purified compounds were subjected to NMR
analyses and their chemical structures elucidated by comparing *H- and **C-NMR spectral
data with those previously reported (Sendl et al. 1996, Wu et al. 1998).

A. paniculata extract: Extraction was preformed according to Rao et al (2004) with
modification. Briefly, air-dried parts of A. paniculata were ground, macerated in ethanol at
room temperature, filtered, and fractionated with n-hexane and EtOAc. Among these
fractions, only n-hexane contained potent inhibition activity against CYP6AA3 and
CYP6P7. The residue from chloroform was separated by silica gel column chromatography
using n-hexane-EtOAc stepwise gradient elution to give five fractions 1-5. Fraction 1: n-
hexane, Fraction 2: n-hexane-EtOAc (8.5:1.5), Fraction 3: n-hexane-EtOAc (7:3), Fraction
4: n-hexane-EtOAc (1:1), Fraction 5. EtOAc. Among these, fraction 4 showed potent
inhibition and was subjected to TLC using n-hexane-diethyl ether (4:6, vol:vol) as mobile
phase.

The sub-fractions from TLC which showed inhibitory effect on P450 enzymes were
subjected to analysis by HPLC. HPLC gradient was initiated from 50% acetonitrile (ACN)
in water (vol:vol) to 60% ACN over 5 min, 60% ACN was held for 10 min, followed by
100% ACN for 10 min before returning to 50% ACN over 10 min and final equilibration
with 50% ACN for 30 min with flow rate of 1.5 ml per min. Two purified compounds,
namely AP-hex 1 and AP-hex 2, were obtained and are in the process of chemical structural
determination by NMR analyses. However preliminary identification by electrospray
ionization source equipped with tandem mass spectrometer (ESI-MS/MS) suggested that
both compounds are polyoxygenated and methoxylated flavones based on patterns of ionized
mass fragmentation previously described (Kuroyanagi et al, 1987; Jayakrishna et al, 2001;
Rao et al, 2004.)

D. trifoliata extract: The dry D. trifoliata material was homogenized, macerated in
95% ethanol to obtain ethanol extract, and further partitioned with n-hexane and EtOAc,
yielding n-hexane, EtOAc and aqueous extracts. Purification of compounds from n-hexane
and EtOAc fractions through silica gel column chromatography, TLC and HPLC followed
conditions described with R. nasutus extract.
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6. Fluorescence-based inhibition assay of CYP6AA3 and CYP6P7

Fluorescence-based assay was first developed by screening for fluorescent
compounds that act as substrate of both enzymes. Fluorescent substrates dissolved in
dimethylsulfoxide were benzyloxyresorufin, ethoxyresorufin, methoxyresorufin, and
penthoxyresorufin. The assay was performed in 50 mM Tris-HCI buffer pH 7.5, in a total
volume of 500 pl. The reaction was initiated by addition of NADPH to a final concentration
of 1 mM. Resorufin production was measured for 5 min at Aex = 530 and Aer, = 590 Nnm using
RF-5301 PC spectrofluoro-photometer (Shimadzu, Kyoto, Japan). The amount of resorufin
product was calculated referring to the resorufin standard curve. Results revealed that
benzyloxyresorufin could best be used as substrate probe for inhibition assays.

Inhibitory effect of crude plant extracts against the metabolic activities of CYP6AA3
and CYP6P7 was determined by performing in vitro reconstitution assays using
benzyloxyresorufin as substrate probe. The membrane fraction containing either CYP6AA3
or CYP6P7 were incubated with the purified CPR, benzyloxyresorufin substrate at the
concentration approximately Ky, value (2 uM for CYP6AAS3 and 0.5 uM for CYP6P7), and
different concentrations of plant extracts/compounds dissolved in DMSO (1% final
concentration). The ICsy values of plant extracts/fractions/compounds were determined
graphically by nonlinear regression analysis of logarithm of test compound concentrations
against the relative residual enzyme activity using GraphPad Prism 5 (GraphPad Co. Ltd.,
USA). Enzyme activities in the presence of test compounds were compared to reaction with
DMSO as vehicle control. When tested with silica and HPLC eluted fractions, inhibition of
CYP6AA3 and CYP6P7 was performed with a final concentration of 10 pg/ml of each

fraction.

7. NADPH and time-dependent inhibition assay

NADPH-dependent inhibition of P450 activity was investigated to preliminarily
determine whether plant extracts exhibit mechanism-based inhibition characteristic. Assays
were performed by preincubating various concentrations of each plant extract/compound
with enzyme in the presence of NADPH for 30 minute, prior to addition of
benzyloxyresorufin substrate. After pre-incubation, aliquots of the incubated mixture were
withdrawn and diluted 5-fold with fresh reaction mixture followed by determination of
enzymatic activities. 1Csp values of each extract/compound were calculated and were

compared between reactions pre-incubating with and without NADPH. An indication of
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mechanism-based inhibition is the ICs shift to lower range in the assay pre-incubation with
NADPH (Fowler and Zhang, 2008).

Time-dependent inhibition of P450 activity was investigated to determine
mechanism-based inhibition by plant extracts/compounds. Assays were performed by pre-
incubation of various concentrations of each extract with P450 enzyme for 20, 40, 60 min in
the presence of NADPH or absence of NADPH prior to addition of benzyloxyresorufin
substrate, and 1Csp values of extracts were calculated. The indication of mechanism-based
inhibition is the 1Csy shift to lower range in pre-incubation with inhibitor in the presence of

NADPH compared with co-incubation assay (Fowler and Zhang 2008).

8. Inhibition of NADPH-dependent Cytochrome P450 reductase (CPR) enzymatic
activity by plant extract

Inhibition effect of plant extracts against CPR activity was assayed by determining
cytochrome c reduction activity of CPR in the presence of different concentrations of plant
extracts. The reaction was performed as previously described (Sarapusit et al., 2010). The
reaction was initiated by addition of saturated amount of NADPH and cytochrome c. The
NADPH-dependent cytochrome ¢ reduction was measured as a change in absorbance at 550
nm (extinction coefficient of 21 mM™cm™) using HP8453 UV-visible spectrophotometer
(Agilent Technologies, Palo Alto, CA). Cytochrome c reduction rate of the reaction treated
with vehicle control (DMSO) was arbitrary set as 100% activity. CPR activities in the
presence of plant crude extracts were expressed as relative percent activity of vehicle control

reaction.

9. NADPH oxidation

Several 1,4-naphthoquinone derivatives are known to stimulate oxidation of NADPH
as 1,4-naphthoquinones undergo reduction by CPR, possibly forming superoxide radical
(Kumagai et al 2012), and could modulate mosquito CYP6AA3 and CYP6P7. To see this
effect, test of reduction of rhinacanthins which are 1,4-naphthoquinone esters by CPR was
performed in the presence of CPR and was measured by the decrease in absorbance at 340
nm, based on oxidation of NADPH, using an extinction coefficient of 6.26 mM™*cm™ as
described (Kostrzewa-Nowak et al 2012).
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10. Determination of Inhibition Kinetics

Apparent K; values and modes of inhibition were determined from enzymatic assays
with various concentrations of benzyloxyresorufin substrate (0.75, 1.5, 3, or 4.5 uM for
CYP6AA3 and 0.25, 0.5, 1, or 2 uM for CYP6P7) conducted with different concentrations
of purified plant compounds. Mode of inhibition on each enzyme activity of each purified
compound was estimated graphically from a double reciprocal plot of velocity against
substrate concentrations (Lineweaver-Burk plot), K; values were calculated via second plots
of the slopes from Lineweaver-Burk plots versus inhibitor concentrations.

The kinetics constant for mechanism-based inhibition of plant compounds was
determined from time-dependent assay by varying compound concentrations and pre-
incubation times. A logarithm of the percentage of the remaining activity was plotted against
pre-incubation time and the slope of the lines was obtained from linear regression analysis.
The apparent inactivation rate constants (kons) were taken from the slope of the line (-Kops).
The maximal inactivation rate constant (kinac) and the inhibitor concentration required for
half-maximal rate of inactivation (K;) were calculated from double reciprocal plots of Kgps

versus inhibitor concentrations by linear regression analysis using GraphPad Prism 5.

11. Evaluation of cytotoxicity of plant extracts/compounds by MTT assays and cell-

based inhibitory effects of plant extract against P450s

This assay was developed to test whether pyrethroid cytotoxicity could be
determined and whether cells expressing pyrethroid metabolizing P450s could protect insect
cells from pyrethroid toxicity. CYP6P7- or CYP6AA3-expressing cells and control Sf9 cells
were used and cell-based inhibition assays were performed as reported (Duangkaew et al
2012b and Pethuan et al 2012 in Appendix). The 50% lethal concentration (LCsp) was
evaluated from the plot of percentage of cell viability against different concentrations of
each pyrethroid. To determine inhibitory activity of plant extracts/compounds, MTT assays
were performed with cypermethrin pyrethroid insecticide in the presence of each plant
extract. Control Sf9 cells, CYP6AA3-, and CYP6P7-expressing cells were treated with
selected doses of each extract/compound followed by treatment with various concentrations
of cypermethrin (12.5-500 uM). Concentration of extracts causing 10-20 percent mortality in
Sf9 control cells was used. Cytotoxicity of cypermethrin was determined by MTT assay and
LCso values compared between cells treated with cypermethrin alone and presence of plant

extract, after normalization with cells treated with DMSO vehicle. Data was statistically
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analyzed using a one-way analysis of variance (ANOVA) with Tukey’s multiple comparison
tests. Results with P < 0.05 were considered to be significantly different.

12. Larvicidal bioassay

Larvicidal activity of plant crude extracts was evaluated using batches of 20 third
instar lavae in 100 ml water. Five replicates were set up for each concentration. Mortality
rate was obtained after overnight exposure at room temperature LCs values were obtained

using log-probit software.
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RESULTS AND DISCUSSION

1. Development of inhibition assays against CYP6AA3 and CYP6P7

CYP6AA3 and CYP6P7 cytochrome P450 proteins and NADPH-cytochrome P450
reductase (CPR), the P450 redox partner were expressed and used in enzymatic assays.
Fluorescence-based enzymatic activities of both CYP6AA3 and CYP6P7 were developed for
ease of further inhibition study using fluorescence substrate rather than pyrethroid substrate
that require HPLC analysis. We tested the assay system to determine mode of inhibition
against both enzymes wusing known inhibitors including o-naphthoflavone, J3-
naphthoflavone, xanthotoxin, bergapten, piperonyl butoxide and piperine. We found that
compounds we chose for inhibition studies exhibited all types of inhibitions, such as
mechanism-based inhibition, uncompetive inhibition, and mixed-type inhibition (see detail

in Duangkaew et al 2012b, Appendix).

1.1. Expression of CYP6AA3, CYP6P7 and CPR proteins

The enzyme assay system relies on measurement of cytochrome P450 (P450) activity
through reconstitution assay system. The catalytic activities of all P450s require CPR as their
redox partner enzyme. Both CYP6AA3 and CYP6P7 expression was carried out using
baculovirus-mediated Spodoptera frugiperda (Sf9) insect cell expression system as
previously described in Boonsuepsakul et al (2008). The baculovirus containing either
CYP6AA3 and CYP6P7 cDNA were used to infect Sf9 insect cells for production of
CYP6AA3 and CYP6P7 enzymes. The P450 proteins with the expected molecular weight of
58.8 kDa were detected by SDS-PAGE analysis in the microsome of Sf9 cells infected with
baculovirus-P450s compared to the parent Sf9 cells.

The membrane-bound CPR enzyme was expressed in E. coli XL1-blue and the
membrane fraction was separated by ultracentrifugation and subjected to purification with
Ni?+-NTA affinity column and analyzed by SDS-PAGE analysis

1.2. In vitro reconstitution of CYP6AA3 and CYP6P7 enzymatic activities with
fluorescence substrates

To characterize for potential fluorogenic substrate probe and for use in inhibition
studies of CYP6AA3 and CYP6P7, four resorufin fluorogenic substrates containing different

alkyl groups including benzyloxyresorufin, ethoxyresorufin, methoxyresorufin, and
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penthoxyresorufin were screened. Result revealed that both CYP6P7 and CYP6AA3 could
metabolize benzyloxyresorufin and ethoxyresorufin, with higher specific activities toward
benzyloxyresorufin than ethoxyresorufin, while there was absence of activities against
methoxyresorufin and penthoxyresorufin (Figure 1, Duangkaew et al 2012b). Thus
benzyloxyresorufin (BzR) was selected for use as substrate in further inhibition assays.

The kinetic parameters (Kn, and Vmax) were investigated in order to determine the
concentration range of BzR that will be used in inhibition assays. By performing steady-state
kinetic study of CYP6P7- and CYP6AA3-mediated benzyloxyresorufin O-benzylation
(BROD) reaction, results showed that K, value of CYP6P7 and CYP6AAS against BzR was
0.49+0.1 uM and 1.92+0.24 pM, respectively.

Figure 1. Specific activities of CYP6AA3 and CYP6P7 toward resorufin derivatives:
benzyloxyresorufin  (BzR), ethoxyresorufin (ER), methoxyresorufin (MR), and
penthoxyresorufin (PR). Data are mean = SD of triplicates.

2. Construction of CYP6AA3 and CYP6P7 homology models

We have successfully built on model structures of CYP6AA3 and CYP6P7. The
model was constructed based on crystal structures of CYP3A4 (1TQN), CYP2C8 (1PQ2)
and CYP2C9 (10G2) human P450s that involve in pyrethroid metabolism using multiple

amino acid sequence alignment strategy. Candidate predicted models of both mosquito
P450s were selected based on the consensus judgment of DOPE and RAPDF scores that
discriminate native structures from those misfolded. ProSA z-score and Ramachandran plot
analysis support reasonable quality of CYP6AA3 model. Figure 2 shows overall conserved
P450 folds found in CYP6AA3 and CYP6P7 models, such as helices D, E, I, J, Kand L, and
cysteine-pocket attaching heme. But both model structures are different in geometry of their

active-site cavities and differences in their substrate access channels are prominent (Figure 2,
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Lertkiatmongkol et al, 2011). The CYP6AA3 model has a large active site while CYP6P7
has a restrained narrow opening to the heme prosthetic group (Figure 2).

A

Figure 2. Overall fold of CYP6AAS3 (A) and CYP6P7 (B) homology models. Each a-
helices and B-sheets are labeled. The heme group is in the middle of the structure.
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Figure 3. Predicted active sites extending to enzyme surface of CYP6AA3 (A), CYP6P7
(B). Active sites were calculated using VOIDOO. I-helices of CYP6AA3, CYP6P7 are
depicted in cartoon, spanning across heme. Caption in each figure corresponds to molecular
surface view of each access channel. CYP6AA3 and CYP6P7 both display oval shape of
access opening.

The predicted enzyme model structures were used for molecular docking with
insecticides (including pyrethroids, carbamate and organophosphate shown in figure 4) and
compared with results of in vitro enzymatic assays reported by Duangkaew et al, 2011a. The
large active site of CYP6AA3 allows the enzyme to accommodate multiple conformations of
pyrethroids such as deltamethrin (figure 5) resulting in multiple products as previously
detected (Boonseubsakul et al, 2008). The constrained pocket of CYP6P7 is consistent with
that CYP6P7 shows restricted substrate access toward pyrethroids than CYP6AAS. For
example, with CYP6P7 model we could explain that the limited ability of CYP6P7 to
metabolize A-cyhalothrin due to its bulky trifluoromethyl group and unable to fit into the
restrained pocket of CYP6P7. In contrast A-cyhalothrin can fit in large CYP6AAS3 cavity,
consistent with detected CYP6AAS activity toward A-cyhalothrin (Duangkaew et al, 2011a).
Moreover the predicted hydrophobic interface in the active-site cavities of CYP6AA3 and
CYP6P7 may contribute to their substrate selectivity against carbamate and organophosphate
insecticides that are more hydrophilic than pyrethroids (figure 5), as both enzymes could not

metabolize carbamate and organophosphate (Duangkaew et al, 2011a).
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Figure 4 Insecticide chemical structures. Substrate pyrethroids shown are
deltamethrin (A) and A-cyhalothrin (B). Non-substrate insecticides docked in this study are:
propoxur, a type of carbamate insecticide (C); chlopyrifos, a type of organophosphate
insecticide (D)

Figure 5. Binding modes of deltamenthrin, chlorpyrifos and propoxur in active site of
CYP6AA3. CYP6AASI exhibited multiple binding modes of deltamethrin positioning close
to heme iron: geminal-dimethyl group (A), 5-phenoxybenzyl carbon (B), 4’-phenoxybenzyl
carbon (C). In contrast chloripyrifos (D, organophosphate) and propoxur (E, carbamate) non-
substrate insecticides move away from CYP6AA3 heme center.

All together the model structures of CYP6AA3 and CYP6P7 generated in this study
have allowed us to better understand the different substrate preferences between these P450
enzymes and the predictions based on our docking studies are consistent with experimental
results of pyrethroid metabolism mediated by P450 enzymes. The differences in size also

corresponded to K; values of inhibitory compounds such as rhinacanthin B (see Section 3.3)
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in that CYP6AA3 may better accommodate rhinacanthin B than CYP6P7 resulting in
metabolites through catalysis process that inhibit both enzyme in a mechanism-based
irreversible inhibition pattern. These models should have the potential to be used in the
investigation of candidate P450 inhibitors that have potential for use in the control of the

mosquito vector and the spread of malaria.

3. Fluorescence-based CYP6P7 and CYP6AAS3 inhibition assay and CPR inhibition

assay
3.1. Selection of plant extracts possessing inhibitory effects against CYP6AA3 and

CYP6P7

Plant materials were extracted by maceration with 95% ethanol to obtain crude
ethanolic extracts. Yields of plant extract ranged from 3.25 to 22.93% w/w of dried starting
materials. To investigate the effect of plant ethanol extracts on catalytic activity of
CYP6AA3 and CYP6P7, P450-mediated BROD was conducted with various concentrations
of extracts. Assays were performed by incubating enzyme mixture with BzR substrate
together with each plant extracts. P450 activities were calculated as percentage of the
remaining activity and plotted against concentrations of extract and 1Cso value for each of
plant extracts determined. The results shown in Table 1 indicated that of the extracts,
rhizome of C. longa showed the strongest inhibition effect with 1Csy value of 1.9 pg/ml for
CYP6AA3 and 0.89 pg/ml for CYP6P7. Extracts from A. paniculata, C. longa leave, R.
nasutus and D. trifoliata inhibited both P450s nearly in the same range of 1Cs values (4-20
pg/ml). CYP6AAS3 was inhibited by Stemona spp. and C. procera extract efficiently than
CYP6P7 (1.6- to 2-fold lower of 1Csq value, respectively). Much less inhibitory effect against
BROD activity mediated by CYP6AA3 and CYP6P7 was observed with extract from seed of
C. reticulata with 1Csp > 100 pg/ml.

NADPH-dependent inhibition assay was performed by pre-incubating each crude
extract with the enzyme mixture for 30 minutes in the presence of NADPH before addition
of BzR substrate prior to start of reactions. Inhibition effects of each plant extract in the
assay against CYP6AA3 and CYP6P7-BROD activity are summarized in Table 1. Upon
comparison of 1Csy values between incubation with and without NADPH, the D. trifoliata
extract showed NADPH-dependent inhibition activities against both enzymes indicating a

typical mechanism-based inhibition characteristic. The remaining plant extract shown in
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Table 1 did not exhibit mechanism-based inhibition pattern. It could be noted that C. longa
(leave and rhizome), D. trifolata, A. paniculata and R. nasutus comprise high inhibitory
activities against both CYP6AA3 and CYP6P7, with low LCsg values (within range of <20
ug/ml). Thus D. trifoliata, A. paniculata and R. nasutus were further chosen for inhibition
studies. Further study was not performed with C. longa leaves and rhizomes due to
complication of numerous compounds/ and or the inhibitory candidates were existed in tiny

amount.

Table 1. IC5 values for NADPH-dependent inhibition of P450s-mediated BROD activities

by plant extracts

Plant extracts/ pure CYP6AA3 (ug/ml) CYP6P7 (ug/ml)
compounds Co-incubation  Pre-incubation ~ Co-incubation  Pre-incubation

Calotropis procera 253+3.1 22.8+0.9 38.0+6.2 30.0+£3.1
Citrus reticulata 136.2 £17.7 243.1+57.7 143.2 +32.2 123.0 £ 29.7
Curcuma longa-leave 148 £1.7 124+16 115+25 12.7+4.4
Curcuma longa-rhizome 1.9+ 0.4 1.6+£0.2 0.89+£0.16 0.95+0.23
Derris trifoliata 18.9+2.6 6.7+0.8 144 +31 10.5+£0.79
Rhinacanthus nasutus 18.8 £ 2.44 214+33 14.7+0.29 13.8+ 0.79
Stemona spp. 66.3 9.7 595+ 8.6 107.0+ 214 69.1+£9.9
Andrographis paniculata 8-08+0.02 6.05+0.03 10.32+0.23 10.26+0.26

ND: Not determined

3.2. Inhibition of CPR enzymatic activity by crude plant extracts

Inhibition study of CYP6AA3 and CYP6P7 by plant crude extracts revealed that all
extracts have inhibition effect toward both CYP6AA3 and CYP6P7 activities. However, it is
possible that P450s inhibition could be due to inhibition of CPR enzyme that plays an
important role in P450-mediated reaction. Therefore, the effect of plant crude extracts
toward CPR activity was evaluated. As shown in Figure 6, there was no apparent inhibition
effect toward CPR activity observed for all plant crude extracts. Effect of crude extract from
C. longa rhizome could not be determined because it absorption spectrum was interfered
with spectrum of reduced cytochrome c. Thus it could be summarized that inhibitory effects

of crude plant extracts were due to inhibition on CYP6AA3 and CYP6P7 enzymes.
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Figure 6. Inhibition of CPR enzymatic activity by plant extracts at concentrations of 0 pug/mi
(M), 12,5 pg/ml (), 25 pg/ml (E=3), 50 pg/ml (£4), 100 pg/ml (B=), and 200 pg/mi
(X).Values are means + SD of two replicated experiments.

3.3. Inhibition of CYP6AA3 and CYP6P7 by R. nasutus, A. paniculata and D.
trifoliata compounds

R. nasutus: To obtain R. nasutus plant compounds, stepwise gradient elution of each
n-hexane extract was conducted in a silica gel chromatography column using an
hexane/EtOAc/ methanol solvent system. This provided six fractions; fr. 3 and fr. 4 showed
potent inhibition activities and were subjected to analysis by HPLC. Four major absorption
peaks at 254 nm were obtained. The two peaks at retention time, 18.3 min and 19.3 min,
(figure 7) that were associated with inhibition effect were identified by NMR analysis as

rhinacanthn-B and rhinacanthin-C, respectively.

Figure 7. HPLC chromatogram of silica fraction from R. nasutus hexane (RH) fraction, the
eluate was monitor at 254 nm. The inlet figure represents inhibition of CYP6AA3 and
CYPG6P7 by the HPLC peaks at concentration 10ug/ml of each peak. Each column represents
the means £ SD of duplicate experiments.
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Inhibition assays employed fluorescent-based reconstitution enzymatic assay using
benzyloxyresorufin fluorescent compound as substrate. Both rhinacanthin-B and -C
compounds ran on thin layer chromatography (TLC) using n-hexane-diethyl ether (6:4, v/v)
as mobile phase at retardation factor (Ry) values of 0.59 and 0.7 respectively. The ethyl
acetate fraction (400 mg) was separated by TLC and HPLC. The compound collected from
HPLC at retentime 10.01 min and showed inhibitory effect against both P450s was identified

as rhinacanthin-A. The structural formula of rhinacanthin-A, -B, and -C are shown in figure
8.
A. B.
a o o
SO COCeT T
O (s]
o [s]

C.
(o] o]
OH
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Figure 8. Chemical structures of rhinacanthin-A (A), rhinacanthin-B (B), and rhinacanthin-
C (C).

Inhibition studies using time-dependent inhibition assay, by means of pre-incubation
of enzyme mixture with each test extract/compound for 0 and 30 min in the presence of
NADPH prior to addition of benzyloxyresorufin substrate, was performed with CYP6AA3
and CYP6P7 expressed in baculovirus-insect cell expression system. This was to primarily
determine whether inhibition of R. nasutus extracts/constituents followed a mechanism-
based inhibition pattern. Inhibition of crude ethanol extract of R. nasutus did not differ
dramatically against BROD mediated by mosquito CYP6AA3 and CYP6P7 enzymes (Table
2). However, significant increase in inhibition by the n-hexane fraction against both enzymes
occurred when pre-incubation time was increased to 30 min, a characteristic of mechanism-
based inactivation. The ethyl acetate fraction inhibited CYP6AAS3 with higher potency than
CYP6P7 with the ICs, for the latter shifting to a lower range. It should be noted that there
was no inhibitory activity against enzymatic activity of CPR-mediated cytochrome c
reduction to 200 pg/ml of crude ethanolic extract (data not shown), suggesting inhibition

effect was not attributable to CPR redox partner enzyme.
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Table 2. 1Csy values of purified compounds, fractions and ethanol extract of R. nasutus and
test compounds in inhibition against BROD of CYP6AA3 and CYP6P7

Sample

ICs0? (ng/ml)

CYP6AA3

Co-incubation

Pre-incubation

CYPGP7

Co-incubation

Pre-incubation

Ethanol extract 18.78 +2.44  21.44+330° 14.63+0.29  13.82+0.79"
n-hexane fraction 12.25 +0.98° 6.33 + 0.54° 15.44 + 2.43° 6.74 + 1.52°
EtOAcC fraction 6.20 + 0.14° 5.89+0.46° 1470 +1.07°°  7.75+0.49"¢
Aqueous fraction >100 N.D.? >100 N.D.°
Rhinacanthin-A (uM) 9.15+0.23" 859 +0.21° 351440091  6.41+0.91°°
Rhinacanthin-B (uM) 2.39+0.28"°  0.29 +0.05° 3.69+0.07°°  0.67+0.01°
Rhinacanthin-C (uM) 10.64+0.84  10.10+0.76 9.56 + 0.27 8.92+0.10
a-Naphthoflavone (uM)  0.37 + 0.06° 0.38 + 0.06" 290+0.27  3.03+0.45°
PBO (M) 9.91+0.81%  4.04+0.31°% 31.77+321%° 16.22 +1.81%

& Each value represents mean + SD of triplicate tests

®Significant differences between enzymes, P < 0.05

¢ Significant differences between co-incubation and pre-incubation, P < 0.05
¢ Values obtained from Duangkaew et al. 2011a

®N.D., not determined

Mosquito enzymes, CYP6AA3 and CYP6P7, were inhibited by rhinacanthin-A, -B
and —C, but differed in their modes of action. Rhinacanthin-B inhibited both enzymes in a
mechanism-based manner, while rhinacanthin-A reversibly inhibited CYP6AAS3 in the
mixed-type manner with K; values of 5.11 uM (table 2) and irreversibly inhibited CYP6P7
(Figures 9 and 10). In contrast, rhinacanthin-C noncompetitively inhibited CYP6AA3 with a
Ki value of 7.95 uM, and competitively inhibited CYP6P7 with a K; value of 7.32 uM
(Figure 11).
rhinacanthin-B is time-, concentration-, and NADPH-dependent irreversible pattern.

In particular the mechanism-based inhibition of rhinacanthin-A and
Efficiency of enzyme inactivation from the ratio of kinaet to K; by rhinacanthin-A was 3.71
min.nM™ for inhibition of CYP6P7, and efficiency by rhinacanthin-B on CYP6AA3 was
96.07 min.nM™ and on CYP6P7 was 32.94 min"-.nM™, indicating that rhinacanthin-B has
higher inhibition potency than rhinacanthin-A. R. nasutus extracts do not possess inhibition
activity on CPR-mediated cytochrome c reduction, suggesting the inhibition effect was on

mosquito P450 enzymes
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of inhibition on CYP6AA3 (A) and CYP6P7 (B) were performed as described in Fig. 2B.
Each point represents the mean + SD of triplicate experiments.
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Figure 11. Lineweaver-Burk plots of CYP6AA3- or CYP6P7-mediated BROD in the
presence of rhinacanthin-C. Inhibitions of CYP6AA3 (A) and CYP6P7 (B) are shown. Each
point represents the mean + SD of triplicate experiments.

NADPH oxidation: Rhinacanthins A, B, C are 1,4-naphthoquinone esters and thus
might stimulate oxidation of NADPH as 1,4-naphthoquinones undergo reduction by CPR,
possibly forming superoxide radical (Kumagai et al 2012), and could modulate CYP6AA3
and CYP6P7. To see this effect, CPR in the presence of NADPH and each of 40 uM
rhinacanthins A-C was carried out and molar absorption change of NADPH oxidation was
measured. The results revealed that rhinacanthins B and C did not accelerate NADPH
oxidation by CPR, suggesting no interference of electron transfer from CPR to CYP6AA3
and CYP6P7 by both compounds. Hence inhibition by rhinacanthin B and C was due to
inhibitory effect of CYP6AAS3 and CYP6P7 enzymes. In contrast rhinacanthin A evidently
showed accelerated NADPH oxidation by CPR with a high K, value of 33.65 uM,

suggesting no interference with electron transfer to mosquito P450s.

A. paniculata: Among fractions, crude ethanol and hexane fractions of A. paniculata
showed the largest inhibitory effect on CYP6P7 and CYP6AA3 with 1Cs, values of 2 pg/mi
for CYP6P7 and 10 pg/ml for CYP6AAS. There was no inhibition activity in EtOAc and
aqueous fractions. The n-hexane fraction was further subjected to silica column
chromatography using n-hexane-EtOAC step gradients to give five fractions, with fraction 4
comprised potential inhibition activity. Further purification suggested that compounds AP-
hex1 and 2 exerted potent inhibition effects against both mosquito P450s. The efficacy of
each compound was determined by 1Csq value shown in Table 3. Identification of AP-hex1
and 2 is underway via NMR. However primary ESI/MS data suggested that both compounds
have the polyoxygenated flavone structures as shown in Figure 12. Since A. paniculata
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comprises andrographolide as major component, we thus tested inhibition with this

compound. The ICs, value suggest that andrographolide does not inhibit both mosquito
P450s (unreported data).

Table 3. ICs values of extracts and compounds from A. paniculata

ICso (g/ml)
Sample CYP6P7 CYP6AA3
Co-incubation Pre-incubation Co-incubation Pre-incubation
Ethanol extract 10.32+0.23 10.26+0.26 8.08+0.02 6.05+0.03
Hexane fraction 6.20+0.15 5.75%0.07 5.02+0.26 2.57+0.05
EtOAcC fraction 42.07+0.57 35.94+0.59 16.57+0.09 15.01+0.33
Agqueous fraction >100 ND >100 ND
AP-hex-1 2.61+0.17 2.40+0.14 2.16+0.56 0.89+0.14
AP-hex-2 2.99+0.05 2.68+0.23 2.31+0.02 1.18+0.04

Figure 12. Core structure of polyoxygenated flavone with methyl groups being attached at
various positions in A. paniculata

As shown in Table 3, both AP-hex-1 and AP-hex-2 apparently exhibited mechanism-based
inhibition against CYP6AA3. The mechanism-based inhibition against CYP6AA3 was
confirmed as both compounds inhibited in time-, concentration-, and NADPH-dependent
manner (data not shown). Inhibition against CYP6AA3 by AP-hex-1 and AP-hex-2 was
irreversible. of 5.8 and 6.7 uM, respectively. Conversely inhibition by AP-hex-1 and AP-
hex-2 was reversible with apparent K; values against CYP6P7 of 6.81 and 5.5 pM,
respectively, corresponding to the approximately equal 1Cs values shown for CYP6P7 in
Table 3.
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D.trifoliata: Bioassay-guided fractionation suggested that the n-hexane and EtOAc
fractions contained potent inhibition activity, however further purification suggested that
inhibition might be due to rotenone and derivatives (data not reported). Further

investigations are underway.

4. Cytoxicity assays

4.1. Development of MTT cytoxicity assays

We have established cell-based MTT cytotoxicity assays to further determine
inhibitory effects of compounds on CYP6AA3-mediated or CYP6P7-mediated
detoxification activity using Sf9 cells that express CYP6AA3 or CYP6P7. The method is
based on the rationale that a deltamethrin insecticide is cytotoxic to Sf9 cells (i.e. inhibition
of mitochondrial complex 1) causing cell mortality. Thus treatment of cells with cytotoxic
insecticide compounds in cytotoxicity assays can cause cell mortality unless cells possess
ability to detoxify insecticides, which in this case the mosquito CYP6AA3 and CYP6P7
enzymes could protect insect cells from deltamethrin cytotoxicity. Further addition of plant
compounds that are CYP6AA3 and CYP6P7 inhibitors might abolish their cytoprotective
capability.

As shown in Figure 13, MTT assays revealed capabilities of both enzymes in
specifically protecting Sf9 cells against test pyrethroids (permethrin, cypermethrin, and
deltamethrin) but not other insecticide groups such as chlorpyrifos (organophosphate
insecticide) and propoxur (carbamate). These results comply with results of enzymatic
assays. The MTT assay system could thus be used as a cell-based screening of plant

inhibitory compounds against both P450s.
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Figure 13. Viability of CYP6P7-expressing Sf9 cells (o), CYP6AA3-expressing Sf9 cells
(o) and parental Sf9 cells (A) upon incubation with various insecticides. The LC50 values
of C. procera, C. reticulata, C. longa, D. trifoliate, R. nasutus, A. paniculata and Stemona
spp were 55.02, 454.8, 11.67, 2.86, 7.56, 18.43 pug/mL, respectively

4.2. Effect of rhinacanthin-A, -B, and -C on susceptibility to cypermethrin in P450-
expressing cells

Crude ethanol extract, rhinacanthin-A,-B, and -C significantly decreased
cypermethrin LCso values in cells expressing mosquito P450s (Table 4), as a result of
synergistic action of R. nasutus compounds with cypermethrin cytotoxicity. Two
compounds, a-naphthoquinone and PBO, that showed high inhibitory potency against

CYP6AA3 and CYP6P7 were also used for comparison with rhinacanthins.
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Table 4. Effect of R. nasutus extract and compounds on cypermethrin susceptibility of Sf9,
CYP6AA3- and CYP6P7-expressing cells

Cells Treatment LCso? (ULM) SR® Ratio®
Sf9 cells Cypermethrin 130.7 +8.13%¢ - -
+ Ethanol extract 173.4+13.7% 0.79 NA
+ Rhinacanthin-A 123.0+5.52° 1.06 NA
+ Rhinacanthin-B 107.6 £3.89° 1.21 NA
+ Rhinacanthin-C 20.3+0.01%¢ 6.44 NA
+ a-Naphthoflavone 162.4 +9.42°  0.80 NA
+ PBO 1449 +11.3° 0.90 NA
CYP6AA3- Cypermethrin 397.9+16.7%° - -
expressing cells + Ethanol extract 61.8 +2.30%¢ 6.44 8.15
+ Rhinacanthin-A 1252 +3.08° 3.18 2.99
+ Rhinacanthin-B 46.1+0.19°¢ 8.63 7.13
+ Rhinacanthin-C 9.3+0.95% 42.78 6.64
+ a-Naphthoflavone 162.7 +1.08° 2.45 3.06
+ PBO 182.7 £13.2%¢ 217 2.4
CYP6P7- Cypermethrin 402.4 + 42.5%¢ - -
expressing cells + Ethanol extract 126.1 +6.10% 3.19 4.04
+ Rhinacanthin-A 137.9 £ 4.45% 2.92 2.75
+ Rhinacanthin-B 33.3+£2.37% 12.08 9.98
+ Rhinacanthin-C 11.0 + 0.63%¢ 36.58 5.68
+ a-Naphthoflavone 1785+ 145" 2.25 2.80
+ PBO 209.6 +14.3%¢ 1.92 2.13

& Each value is mean + SD of triplicate experiments.

® Synergism ratio: LCso cypermethrin alone/LCso cypermethrin in the presence of inhibitors.
¢ Synergism ratio for P450-expressing cells after normalization with Sf9 cells.

¢ Significant difference between cypermethrin alone and with inhibitors, P < 0.05

® Significant difference of each treatment between Sf9 and P450-expressing cells, P < 0.05
NA, not applicable

It should be noted that rhinacanthin-C has a synergistic effect on cypermethrin
cytotoxicity in the control uninfected Sf9 cells, but this was not prominent for rhinacanthin-
A and rhinacanthin-B. We thus normalized percent cell viability of P450-expressing cells
upon treatment with cypermethrin and each of rhinacanthin compounds with that of Sf9
parent cells. Synergistic ratios of rhinacanthin-B and rhinacanthin-C with cypermethrin

cytotoxicity on P450-expressing cells was approximately 6-10 folds higher than Sf9 cells
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and 2-4 folds higher than those obtained from a-naphthoflavone and PBO inhibitors. This is
consistent with results of in vitro inhibition assays in that rhinacanthin-B possessed higher
inhibitory effect than rhinacanthin-C. Synergism of rhinacanthin-A with cypermethrin
cytotoxicity was much less than that with rhinacanthin-B and C and was comparable to those

of a-naphthoflavone and PBO inhibitors.

4.3. Effect of AP-H1 and AP-H2 isolated from A. paniculata on susceptibility to
cypermethrin in P450-expressing cells

As shown in Table 5, hexane and ethyl acetate, including the two purified
compounds significantly decreased cypermethrin LCsp values in cells expressing mosquito
P450s, as a result of synergistic action of A .paniculata compounds with cypermethrin

cytotoxicity.

Table 5. Effect of A .paniculata extracts and compounds on cypermethrin susceptibility of
Sf9, CYP6P7-, and CYP6AA3-expressing cells

Cells Treatment LCs0? (LM) SR

Sf9 cells Cypermethrin 150.3+0.57 -
+Hexane extract 99.6+0.23 1.5

+EtOAC extract 49.66+1.15 3

+AP-hex-1 149.6+0.57 1

+AP-hex-2 140.3£1.15 1

CYPG6P7-expressing  Cypermethrin 442.0+2.28 -
cells +Hexane extract 93.4+0.57 4.73
+EtOAC extract 148.3+2.88 2.98
+AP-hex-1 93.0+5.19 4.75
+AP-hex-2 120.3+0.50 3.68

CYP6AA3- Cypermethrin 393.3+5.77 -
expressing cells +Hexane extract 50.0£1.73 7.86
+EtOAC extract 81.0+1.52 4.85
+AP-hex-1 74.16x1.04 5.30
+AP-hex-2 46.0+1.73 8.55

& Each value is mean + SD of triplicate experiments.
b Synergism ratio: LCs cypermethrin alone/LCso cypermethrin in the presence of inhibitors.
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Together data of in vitro enzymatic inhibition assays, cell-based assays and larvicidal
studies (Section 4.4) suggest that rhinacanthus nasutus and A .paniculata could be potential
candidate for development of synergistic compounds for mosquito control in the future.

4.4. Larvicidal bioassays

Larvicidal assays showed that crude extracts of C. longa showed significant larvicidal
activity with 1C50 value of 79.24 mg/L, while A. paniculata of 213 mg/L. D. trifoliata
showed 11% mortality at 500 mg/L, C. procera at 5% mortality at 500mg/L. C. reticulata
and Stemona spp. appeared no detectable larvicidal activity up to 300 mg/L. The data are
correlated to the cytotoxicity of crude extracts against insect cells and enzymatic inhibition
results, except D. trifoliata and Stemona spp. Due to insufficient amount of purified

compounds obtained we did not perform tests with inhibitory compounds.

36



CONCLUSION

We have developed in vitro fluorescence-based and MTT cytotoxicity assays using
P450-expressing Spodoptera frugiperda (Sf9) cells for rapid screening of inhibitory
compounds and synergistic effect of inhibitors with pyrethroid insecticides, respectively. We
have built homology model of CYP6AAS3 in an attempt to increase our understanding of
molecular mechanisms underlying binding site toward insecticides and inhibitors. Screening
of 7 crude plant extracts including Calotropis procera, Citrus Reticulata, Stemona spp.,
Curcuma longa rhizomes and leaves, Derris trifoliata, Andrographis paniculata and
Rhinacanthus nasutus, we found that C. longa rhizomes and leaves, D. trifoliata, A.
paniculata and R. nasutus contained high inhibitory activities against both enzymes. Due to
complexity of compounds in C. longa, we could not identify compounds that possess
inhibition effects. Nevertheless at least three purified naphthoquinone esters isolated from R.
nasutus and two polyoxygenated methoxylated flavones specific to Andrographis sp. were
found possessing inhibitory effect against mosquito P450 enzymes. Judging from the
purified inhibitory compounds obtained it could be concluded that naphthoquinone ring or
chromane ring could contribute significantly to inhibition against mosquito P450 enzymes.
These compounds acted synergistically with pyrethroid toxicity based on cell-based assays.
Moreover preliminary results of larvicidal tests on Aedes aegypti mosquitoes of plant
extracts were in agreement of inhibitory potency against mosquito detoxification P450
enzymes. Results obtained will thus be beneficial to implement effective resistance
management strategies of mosquito vector control. However, further studies on insecticidal
mode of action and effects on other non-target organisms and environment of these plant

compounds are needed for practical use as mosquito control.
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effect on environments, they can be further developed for practical use in vector control.
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Cytochrome P450 monooxygenases are involved in insecticide resistance
in insects. We previously observed an increase in CYP6P7 and
CYP6AA3 mRNA expression in Anopheles minimus mosquitoes during
the selection for deltamethrin resistance in the laboratory. CYP6AA3 has
been shown to metabolize deltamethrin, while no information is known
for CYPG6P7. In this study, CYP6P7 was heterologously expressed in the
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expression system. The expressed CYP6P7 protein was used for
exploitation of its enzymatic activity against insecticides after recon-
stitution with the An. minimus NADPH-cytochrome P450 reductase
enzyme in vitro. The ability of CYP6P7 to metabolize pyrethroids and
insecticides in the organophosphate and carbamate groups was compared
with CYP6AA3. The results revealed that both CYP6P7 and CYP6AA3
proteins could metabolize permethrin, cypermethrin, and deltamethrin
pyrethroid insecticides, but showed the absence of activity against
bioallethrin (pyrethroid), chlorpyrifos (organophosphate), and propoxur
(carbamate). CYP6P7 had limited capacity in metabolizing h-cyhalothrin
(pyrethroid), while CYP6AA3 displayed activity toward h-cyhalothrin.
Kinetic properties suggested that CYP6AA3 had higher efficiency in
metabolizing type I than type II pyrethroids, while catalytic efficiency of
CYPG6P7 toward both types was not significantly different. Their kinetic
parameters in insecticide metabolism and preliminary inhibition studies
by test compounds in the flavonoid, furanocoumarin, and methylene-
dioxyphenyl groups elucidated that CYP6P7 had different enzyme
properties compared with CYP6AA3. © 2011 Wiley Periodicals, Inc.

Keywords: cytochrome P450; pyrethroid; CYP6P7; CYP6AAS; kinetic study

INTRODUCTION

Cytochrome P450 monooxygenases (P450s or CYPs) constitute a superfamily of heme-
containing monooxygenases that play roles in the metabolisms of endogenous and
exogenous compounds, including insecticides (Feyereisen, 1999). In insects, increased
expression level of P450s, leading to enhanced detoxification of insecticides, is
suggested to play a role in insecticide resistance (Feyereisen, 1999; Scott, 2008). A link
between insecticide resistance, high level of monooxygenase activity, increased P450
expression, and ability of P450s to metabolize insecticides has been noted in various
insects. For instance, an increase in CYP6D1 mRNA and protein expression level has
been observed in the Learn Pyrethroid Resistant (LPR) strain of Musca domestica, and
CYP6D1 microsomal enzyme has been shown to metabolize pyrethroids at a higher
level in LPR strain than the susceptible strain (Wheelock and Scott, 1992; Tomita et al.,
1995; Zhang and Scott, 1996). Overexpression of CYP6BQ9 and CYP6P3 in association
with pyrethroid resistance has been reported in deltamethrin-resistant strain of
Tribolium castaneum and permethrin-resistant field Anopheles gambiae mosquitoes,
respectively, and heterogously expressed enzymes of CYP6BQY and CYP6P3
demonstrate activities in pyrethroid metabolism (Miiller et al., 2008; Zhu et al., 2010).

Anopheles minimus is one of the primary malaria vectors in Thailand. We previously
selected a laboratory strain of An. munimus species A for deltamethrin resistance
(Chareonviriyaphap et al., 2002). We observed elevated enzyme activities of mixed
function oxidases in the resistant mosquitoes, suggesting that P450s could act as a
primary route of insecticide detoxification (Chareonviriyaphap et al., 2003). Further
studies demonstrated that, among the CYP6 P450 cDNA fragments obtained, CYP6P7,
CYP6PS, and CYP6AA3 genes were overexpressed in deltamethrin-resistant mosqui-
toes (Rongnoparut et al., 2003; Rodpradit et al., 2005). The increase in CYP6P7 and
CYP6AA3 transcripts was correlated with increased resistance to deltamethrin in
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mosquitoes during selection, while there was no such correlation observed for CYP6P8
(Rodpradit et al., 2005). The results suggested that both CYP6P7 and CYP6AA3 might
play a role in deltamethrin resistance. However, the fold of increase in CYP6P7 and
CYP6AA3 transcripts was different (Rodpradit et al., 2005). Thus, the knowledge of
catalytic activities and differences between CYP6P7 and CYP6AA3 in insecticide
metabolism may provide a better understanding of insecticide detoxification
mechanisms in this mosquito. We previously cloned and expressed the functional
CYP6AA3 protein via baculovirus-mediated insect cell expression system and
CYP6AA3 showed ability to metabolize deltamethrin in vitro (Kaewpa et al., 2007;
Boonsuepsakul et al., 2008). In this study, we expressed CYP6P7 in Sf9 insect cells via
baculovirus-mediated expression and investigated CYP6P7 enzymatic activity in
insecticide metabolism after reconstituting it with An. minimus NADPH-cytochrome
P450 reductase (CPR) in a NADPH-regenerating system in vitro. The ability of
CYP6P7 in metabolizing pyrethroids and insecticides in the organophosphate and
carbamate groups was compared with CYP6AA3. The results revealed that CYP6P7
and CYP6AA3 were capable of metabolizing both types I and II pyrethroids with
different substrate preference, but no detectable activity against test organophosphate
and carbamate compounds was observed. Kinetic properties and results of preliminary
inhibition studies indicated that CYP6P7 was different from CYP6AA3.

MATERIALS AND METHODS

Materials

The chemical compounds, including deltamethrin, permethrin, cypermethrin,
A-cyhalothrin, bioallethrin, chlorpyrifos, propoxur, benzyloxyresorufin, ethoxyresorufin,
methoxyresorufin, penthoxyresorufin, 1, 2-didodecanoyl-rac-glycero-3-phosphocholine
(DLPC), glucose-6-phosphate, leupeptin, nicotinamide adenosine diphosphate reduced
form (NADPH), nicotinamide adenosine diphosphate (NADP™), phenylmethylsulphonyl
fluoride (PMSF), dimethyl sulfoxide, o-naphthoflavone, B-naphthoflavone, 5-methoxy-
psolaren (bergapten), 8-methoxypsoralen (xanthotoxin), piperonyl butoxide (PBO),
piperine, and glucose-6-phosphate dehydrogenase (G6PDH) enzyme, were purchased
from Sigma-Aldrich (St. Louis, MO). The organic solvents, including acetonitrile (ACN)
and ethyl acetate, were of high-performance liquid chromatography (HPLC) grade,
obtained from Fisher Scientific (Fair Lawn, NJ). The Sf9 insect cell line and SF-900 II
SFM culture media were from Invitrogen (Carlsbad, CA).

Cell Culture and Baculovirus-Mediated Expression of P450s

Expression of CYP6AA3 protein via baculovius-mediated expression in Sf9 cells was
prepared following the protocol of Kaewpa et al. (2007). Production of recombinant
baculovirus for the expression of CYP6P7 was carried out as previously described
(Kaewpa et al., 2007). Briefly, CYP6P7 ¢cDNA isolated from deltamethrin-resistant An.
minimus (Rodpradit et al., 2005) was subcloned into the transfer vector pBacPAKS (BD
Biosciences, Palo Alto, CA), and co-transfected with linearized BacPAK6 viral DNA into
S19 cells cultured in SF900 IT SFM media at 28°C. For the expression of CYP6P7
protein, Sf9 cells were infected with the CYP6P7 expressed virus (2.5 x 10% plaque-
forming units/ml) at multiplicities of infection of 3 (Kaewpa et al., 2007). The infected
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cells were harvested at 70-80 hr after infection and resuspended in sodium phosphate
buffer pH 7.2 containing 1 mM EDTA, 0.5 mM PMSF, 5 pg/ml leupeptin, 0.1 mM DTT,
and 20% glycerol, and were subjected to microsome preparation using differential
centrifugation as described (Boonsuepsakul et al., 2008). The CYP6AA3 or CYP6P7
expressed protein in membrane fraction was observed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and P450 content was measured by
reduced-CO difference spectrum analysis according to Omura and Sato (1964).

In Vitro Reconstitution of CYP6P7 and CYP6AA3 Enzymatic Activities Against
Insecticides

The in vitro reconstitution assays in the presence of insecticide substrate were
performed as previously described with some modifications (Kaewpa et al., 2007). In
brief, membrane fraction containing 10 pmol of either CYP6P7 or CYP6AA3 was
reconstituted with purified An. minimus CPR in the ratio of 3:1 in enzymatic assays
(Kaewpa et al., 2007). Insecticides used in the assays included type I pyrethroid
(bioallethrin and permethrin), type II pyrethroid (cypermethrin, deltamethrin, and
A-cyhalothrin), carbamate (propoxur), and organophosphate (chlorpyrifos) com-
pounds. The reconstituted P450-reductase system was assayed at 30°C in the presence
of DLPC, NADPH-regenerating system (0.6 mM NADP™, 6 mM glucose-6-phosphate,
2mM MgCls, 1U of G6PDH), and 80 pM of insecticide in the total volume of 250 pl.
Reaction was initiated by the addition of NADPH-regenerating system. Bioallethrin
(100 uM) was used as an internal standard and was added after the reaction was
terminated with 30 ul of 2 N HCI at different time points. When testing enzyme activity
with bioallethrin as a substrate, deltamethrin was used as an internal standard. The
remaining substrate was extracted with 750 pl ethyl acetate, and the extract was dried
under a stream of Ny gas, dissolved with ACN before subjected to HPLC analysis using
C18-reverse phase column (Nova-Pak®™C18 4 uM 3.9 x 150 mm; Waters, Milford, MA).
HPLC gradient was initiated at 50% ACN in water (v/v) for 5 min, a linear gradient
from 50 to 100% ACN over 3 min, 100% ACN was held for 8 min, followed by a linear
gradient returning to 50% ACN over 3 min, and final equilibration with 50% ACN for
6 min. Unmetabolized insecticide and internal standard peaks were monitored by UV
detection at 220 nm. The substrate peak area in each reaction was compared with that
of time zero. The enzyme activity was determined as substrate disappearance/min/
pmol P450. Each of reconstitution experiments was performed in three independent
repetitions and internal standard was used for normalization among reactions. Control
reactions were performed including reactions without NADPH, in the presence of
PBO (P450 inhibitor), and using parental Sf9 membrane.

In Vitro Reconstitution of CYP6P7 and CYP6AA3 Enzymatic Activities With Fluorescent
Substrates

The P450-mediated O-dealkylation reaction of each of resorufin derivatives (10 uM
final concentration) was performed in 50 mM Tris-HCI buffer pH 7.5, in a total
volume of 500pl. Membrane fractions containing either CYP6P7 or CYP6AA3
(~25 pmol each) were used and enzymatic activities were assayed after reconstituted
with purified CPR in the ratio of 3:1. Fluorescent substrates dissolved in dimethyl
sulfoxide (1% final concentration) were benzyloxyresorufin, ethoxyresorufin, methoxy-
resorufin, and penthoxyresorufin. Each reaction was initiated by the addition of
NADPH to a final concentration of 1mM. Resorufin product was measured at
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Aex =530 and Aep = 590 nm using RF-5301 PC spectrofluorophotometer (Shimadzu,
Kyoto, Japan). The amount of resorufin product was calculated referring to the
resorufin standard curve. Rate of resorufin formation was expressed as pmol
resorufin/min/pmol P450.

Steady-State Kinetic Parameter Analysis

To obtain the steady-state kinetic parameters (K,, and V.,), reaction rates were
measured under linear conditions using different substrate concentrations ranging
from 0 to 320uM for permethrin, 0-640puM for deltamethrin, A-cyhalothrin, and
cypermethrin, and 0-16 pM for benzyloxyresorufin. The kinetic parameters K,, and
Vmax were determined from the plot of substrate concentrations vs. initial velocity (Vo) by
fitting experimental data to the Michaelis—-Menten equation, using nonlinear regression
analysis of GraphPad Prism 5 (GraphPad Software Inc., San Diego, CA). The catalytic
efficiency, defined as Vy./Km, was calculated from the estimated K, and V. values.

Fluorescence-Based CYP6P7 and CYP6AA3 Inhibition Assay

In this study, we used benzyloxyresorufin as a substrate for preliminary studies of
CYP6P7 and CYP6AA3 inhibition assays. Reaction conditions were performed as
described for fluorescence reconstitution assays. Inhibitors tested were o-naphtho-
flavone, B-naphthoflavone, xanthotoxin, bergapten, PBO, and piperine. Assays were
carried out by incubating benzyloxyresorufin substrate at the concentration
approximately K, value (0.5 uM for CYP6P7 and 2 pM for CYP6AA3) in the presence
of different concentrations of individual test inhibitors dissolved in dimethyl sulfoxide
(1% final concentration). Inhibitory effect of each compound at each concentration was
calculated as percent relative inhibition compared with the vehicle control reaction.

Time- and NADPH-dependent inhibition activity of test compounds against
benzyloxyresorufin-O-debenzylation (BROD) activities of CYP6P7 and CYP6AA3 was
preliminarily investigated as a primary indication of mechanism-based inhibition.
Assays were performed by pre-incubating enzyme with various concentrations of test
compounds in the presence or absence of NADPH for 30 min before the addition of
benzyloxyresorufin. The ICj, values were determined and compared between
reactions pre-incubating with and without NADPH. An indication of mechanism-
based inhibition is the ICjy, shift to lower range in the assay pre-incubating with
NADPH (Fowler and Zhang, 2008). Type of inhibition and apparent inhibition
constant K; were determined if the test inhibitor gave reversible inhibition pattern.
Various concentrations of inhibitors and substrates were used for the generation of
Lineweaver-Burk plots using GraphPad Prism 5. Type of inhibition was determined
graphically from Lineweaver—-Burk plots. The K; values were obtained via secondary
plots of the slopes from Lineweaver—Burk plots.

RESULTS

Characterization of CYP6P7 and CYP6AA3 Activities in Insecticide Metabolism

The An. minimus CYP6P7 protein was successfully expressed in St9 insect cells via
baculovirus-directed expression system. Total P450 content calculated from the
characteristic spectrum was approximately 200-300 pmol per milligram membrane
protein, and membrane preparation of the functional CYP6P7 was used for the
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reconstitution of enzymatic assays as previously described (Boonsuepsakul et al.,
2008). In this study, we examined CYP6P7 enzymatic activity against insecticides
commonly used in mosquito vector control programs and agricultural practices in
Thailand (Chareonviriyaphap et al., 1999; Thapinta and Hudak, 2000; Vector Borne
Disease Annual Report, 2002-2003). These included type I and type 1I pyrethroids,
(bioallethrin, permethrin, A-cyhalothrin, cypermethrin, and deltamethrin), organo-
phosphate (chlorpyrifos), and carbamate (propoxur) insecticides. As shown in Figure 1,
CYP6P7 could metabolize both type I and type II pyrethroids, namely permethrin,
cypermethrin, and deltamethrin, while there was no detectable enzyme activity against
bioallethrin and A-cyhalothrin using methods described in this study. In parallel, there
was an absence of CYP6P7 activity toward chlorpyrifos and propoxur. The absence of
CYP6P7 activity in the reactions without NADPH and in the presence of PBO (P450
inhibitor) indicated that the detected enzyme activities in insecticide metabolism were
due to the cytochrome P450 CYP6P7 protein (unreported data). When tested these
insecticide compounds with CYP6AA3, the results demonstrated that CYP6AA3 could
metabolize all test pyrethroids except bioallethrin. Similar to CYP6P7, there was
absence of CYP6AA3 activity in chlorpyrifos and propoxur degradation. The
cypermethrin consumption rate of CYP6P7 was higher than CYP6AA3, whereas its
permethrin consumption rate was lower than CYP6AA3 (Fig. 1).

Kinetic Analysis of CYP6P7 and CYP6AA3 Enzymes

The steady-state kinetics of CYP6P7 in metabolizing pyrethroids were investigated at
various substrate concentrations and compared with CYP6AA3. The apparent K, Vinax
and catalytic efficiency (Vimax/Km) were determined from the best nonlinear fit of data to
the Michaelis-Menten equation (r°>0.9). As shown in Table 1, the catalytic efficiency
(Vinax/Km) values of CYP6P7 for permethrin, cypermethrin, and deltamethrin were not
significantly different. On the other hand, CYP6AA3 could metabolize type I
pyrethroid permethrin with significantly higher efficiency than all type II pyrethroids.
The better catalytic efficiency of CYP6AA3 toward permethrin was contributed by both
its lower K, and higher Vy,,x values than toward type II pyrethroids.
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Figure 1. The CYP6P7- and CYP6AA3-mediated insecticide metabolism. The reconstitution assays were
performed using 80uM final concentration of each insecticide substrate. Insecticide metabolisms were
measured and expressed as percent substrate depletion over 30 min of incubation. Values are mean +SD of
three replicated experiments.
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Table 1. Kinetic Constants for CYP6P7- and CYP6AA3-Mediated Pyrethroid Metabolism

CYP6P7" CYP6AA3"
Co,”lpounds Km (MM) V)II(IX[) VNI(IX/K”I KI’I (/’tM) Vmﬂ,xh V)II(IX/K”I

Type I pyrethroids
Permethrin 69.74105  65.7+1.6  0.96+0.13  41.0485 1242412  3.03+0.34°
Type I pyrethroids
Cypermethrin ~ 97.34+6.4 833476  0.86+£0.05  70.0+7.1 40.0+7.1  0.5740.04
Deltamethrin 78.3+2.9 55.3+5.7  0.75+0.05  80.2+2.0 60.2+3.6  0.75+0.03
A-Cyhalothrin N.D.¢ N.D.¢ N.D.¢ 78.347.0 60.7+1.1  0.78+0.06

“Values are mean +SD of three replicated experiments.

bVlm,X was measured as pmol substrate disappearance/min/pmol P450.

“Significant differences between V. /Ky, values of CYP6AAS in pyrethroid metabolisms, as determined by one-way
ANOVA Tukey’s multiple comparison test (P <0.05). All V,,,/Kp,, values of CYP6P7 in metabolizing pyrethroids
were not significantly different.

IN.D., not determined.
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Figure 2. Specific activities of CYP6P7 and CYP6AAS3 toward resorufin derivatives (A) and Michaelis-Menten
plot of CYP6P7- and CYP6AA3-BROD activities (B). The resorufin derivatives are benzyloxyresorufin (BzR),
ethoxyresorufin (ER), methoxyresorufin (MR), and penthoxyresorufin (PR). Data are mean +SD of triplicates.

Metabolism of the Fluorescent Substrates

To characterize for potential fluorogenic substrate probe and for use in inhibition
studies of CYP6P7 and CYP6AA3, four resorufin fluorogenic substrates containing
different alkyl groups including benzyloxyresorufin, ethoxyresorufin, methoxyresorufin,
and penthoxyresorufin were screened. Both CYP6P7 and CYP6AA3 could metabolize
benzyloxyresorufin and ethoxyresorufin, with higher specific activities toward
benzyloxyresorufin than ethoxyresorufin, while there was absence of activities against
methoxyresorufin and penthoxyresorufin (Fig. 2A). Thus, benzyloxyresorufin was
used as a substrate in inhibition studies. From kinetic studies, CYP6P7 could
metabolize benzyloxyresorufin with approximately twofold higher efficiency than
CYP6AA3, contributed by low binding constant to benzyloxyresorufin (Fig. 2B).

Analysis of CYP6P7 and CYP6AA3 Enzyme Inhibition

To further characterize CYP6P7 and CYP6AA3 enzymes, we used known P450
inhibitors with different structures to compare their inhibition profile against these two
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Table 2. ICsy Values for Inhibition of CYP6P7- or CYP6AA3-Mediated BROD Activities

ICso (uM)*

CYPG6P7, pre-incubation CYPG6AA3, pre-incubation

Inhibitor (—) NADPH (+) NADPH (—) NADPH (+) NADPH
Flavonoid

a-Naphthoflavone 2.90+0.27 3.03+0.45 0.3740.06 0.38+0.06

B-Naphthoflavone 17.25+3.67 33.35+9.90 19.22+3.13" 34.44+5.95"
Furanocoumarin

Bergapten 52.76+6.77" 114.00+11.81° 93.77+10.87" 170.30+ 16.88"

Xanthotoxin 33.77+3.54" 78.95+10.04" 51.04+2.15 52.17+2.86
MDP compound

PBO 31.77+3.21° 16.22+1.81° 9.91+0.81° 4.04+0.31°

Piperine 52.8646.92" 3.48+0.36" 15.26+1.21° 4.86+0.79"

“Values are mean+SD of triplicate experiments.
l’Signiﬁcant differences between (—) NADPH and (+) NADPH, P <0.05, Student’s {-test.

P450s. The compounds included flavonoids (a- and B-naphthoflavone), furanocou-
marins (bergapten and xanthotoxin), methylenedioxyphenyl, or MDP-containing
compounds (PBO and piperine). To initially examine whether test compounds
could inhibit both P450s in a mechanism-based inhibition pattern, the experiments
were carried out by pre-incubating each test compound with the enzyme mixture in
the presence or absence of NADPH for 30 min before the addition of benzyloxy-
resorufin substrate. Both PBO and piperine showed time and NADPH-dependent
inhibition activities against both enzymes, indicating a typical mechanism-based
inhibition characteristic (Table 2). CYP6P7 was less efficiently inhibited by PBO
than CYP6AA3.

Among all test inhibitors, a-naphthoflavone had the most potent inhibitory
activity against both enzymes, and it inhibited CYP6P7 with ICs, and K; values
higher than CYP6AA3 (see Table 2, Fig. 3). The 1Cjo values of a-naphthoflavone
against both enzymes were similar under pre-incubations with and without
NADPH. The CYP6P7 activity was inhibited by bergapten and xanthotoxin more
efficiently when pre-incubated without NADPH than in the presence of NADPH.
This was observed by the significantly higher ICs, value shift on pre-incubations
of bergapten and xanthotoxin with NADPH. For CYP6AA3, the significantly higher
1C5¢ value shift was observed for B-naphthoflavone and bergapten, but not for
xanthotoxin.

Differences in higher IC5, value shift of xanthotoxin observed between CYP6P7
and CYP6AA3 prompted us to further investigate type of enzyme inhibition by
xanthotoxin compared with bergapten and, in addition, to a-naphthoflavone which is
the most potent inhibitor. Study of type of inhibition was performed and Line-
weaver—Burk plots are shown in Figure 3. The K; values shown in Figure 3 were
comparable to 1Cs5( values in Table 2. The results elucidated that a-naphthoflavone
could uncompetitively inhibit both enzymes, while bergapten inactivated both enzymes
in a mixed-type inhibition pattern. The difference in type of inhibition was noted for
xanthotoxin as it uncompetitively inhibited CYP6AA3 enzyme, while inhibition against
CYP6P7 was mixed type.
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Figure 3. Lineweaver-Burk plots for the inhibition of CYP6P7- or CYP6AA3-BROD activities by
a-naphthoflavone (I) bergapten (1I), and xanthotoxin (III). Data are means of triplicate experiments.

DISCUSSION

In this study, the role of CYP6P7 and CYP6AA3 in the metabolisms of type I and
type II pyrethroids, organophosphate, and carbamate was investigated. The
reconstitution enzymatic assays measuring substrate depletion revealed that both
CYP6P7 and CYP6AA3 could metabolize pyrethroids but were incapable of degrading
test organophosphate and carbamate compounds, suggesting that both enzymes could
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play a role in detoxification of pyrethroids in mosquitoes in vivo. The ability of both
enzymes in metabolizing permethrin, cypermethrin, and deltamethrin may partly rely
on the presence of phenoxybenzyl group in the alcohol moiety of substrate (see Fig. 1).
This is accentuated by that CYP6P7 and CYP6AA3 lacked enzymatic activities toward
bioallethrin and more structurally distant chlorpyrifos and propoxur insecticides,
determined by methods used in this study. A clear difference existed between CYP6P7
and CYP6AA3 activities as demonstrated by the absence of CYP6P7 activity in
degradation of A-cyhalothrin, while CYP6AA3 could metabolize A-cyhalothrin with
similar kinetic values as for deltamethrin. The presence of CFs- at the dihalovinyl
groups in the acid moiety of A-cyhalothrin (see Fig. 1) could be responsible for the
absence of CYP6P7 enzyme activity.

CYP6P7 could metabolize pyrethroids with values of catalytic efficiency not
significantly different between the two pyrethroid types. In contrast, CYP6AA3 was
more active toward type I than type II pyrethroids, similar to human CYP2C19 and
rat CYP2C6, in having higher rate of eliminating permethrin than A-cyhalothrin and
cypermethrin (Scollon et al., 2009). Moreover, CYP6P7 and CYP6AA3 metabolized
deltamethrin with similar efficiency (an equal value of 0.75), but were 5- to 10-fold less
efficient than human CYP2C8 and CYP2C19 as well as rat CYP2C6 and CYP2C11
(values range from 4.2 to 6.9, Godin et al., 2007).

Both CYP6P7 and CYP6AA3 enzymes possess K, values either higher or in the same
range as other insect P450s, but they have better capacity in metabolizing pyrethroids
than other insect P450s, attributed by their higher rate of pyrethroid degradation. For
instance, A. gambiae CYP6P3 has higher affinity for deltamethrin (K, = 5.9 pM) but its
low Vinax value (1.8 min~'; Miiller et al., 2008) makes CYP6P3 approximately two to
threefolds less efficient than An. munimus enzymes. In Helicoverpa zea, CYP6BS, co-
expressed with house fly CPR in baculovirus expression system, has K, values in the
same range as CYP6P7 and CYP6AA3, but its efficiency in degrading cypermethrin is
approximately three to sixfold lower than those reported herein (Li et al., 2004). Higher
P450 turnover rate could be due to efficient catalytic site of P450s or due to high electron
transfer rate through CPR redox partner. For example, CYP6AB3v2 can metabolize
imperatorin substrate at a rate of about threefold faster than the CYP6AB3v] variant
form, due to higher NADPH consumption rate (Mao et al., 2007).

The ability of CYP6P7 and CYP6AA3 in metabolizing pyrethroids lends support to
their role in deltamethrin detoxification in An. minimus (Rodpradit et al., 2005).
Consistently, CYP6P8 protein, expressed via baculovirus-mediated expression system,
did not show detectable activity against pyrethroids with the methods used
(unreported data). Thus, sequence similarity may not contribute to functions of
P450 enzymes, since CYP6P7 has higher amino acid identity to CYP6P8 (61% identity)
than to CYP6AA3 (40% identity) but the metabolic capacity toward insecticides of
CYP6P7 is more related to CYP6AA3 than CYP6PS. An example is shown in H. zea that
CYP6B8 and CYP321A1 proteins share only 32% primary sequence identity, but both
can metabolize cypermethrin (Li et al., 2004; Sasabe et al., 2004; Rupasinghe et al.,
2007). It could imply that three-dimensional structures of active sites of insect
P450s may play a role in their substrate selectivity rather than sequence similarity
among enzymes.

The fluorescence alkyloxyresorufins have been reported as substrates for several
P450s (Scott et al., 2000; Mclaughlin et al., 2008). In this study, An. minimus CYP6P7
and CYP6AA3 could metabolize benzyloxyresorufin that contains planar aromatic
benzene ring substituted group more efficiently than ethoxyresorufin that contains
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substituted hydrocarbon chain. CYP6P7 has higher affinity to benzyloxyresorufin than
CYP6AA3, emphasizing differences in metabolic capability between these two
enzymes. Using benzyloxyresorufin as substrate, we characterized the inhibition of
CYP6P7- and CYP6AA3-BROD activities using known P450 inhibitors of different
structures. The MDP-containing compounds (PBO and piperine) have been shown
inhibiting human, rat, and insect P450s via mechanism-based inhibition (Scott et al.,
2000; Bhardwaj et al., 2002; Correia and Ortiz de Montellano, 2005; Subehan et al.,
2006). In this study, PBO and piperine also displayed mechanism-based inhibition on
CYP6P7 and CYP6AA3. However, CYP6P7 was three to fourfold less susceptible to
mechanism-based inhibition by PBO than CYP6AA3. Similarly, a-naphthoflavone was
eight times less potent against CYP6P7 than CYP6AA3. In other insect P450s,
a-naphthoflavone exhibited strong inhibitory effect against An. gambiae CYP6Z2-
BROD activity with the IC;, value of 0.007 uM (Mclaughlin et al., 2008) and against
housefly CYP6D1- methoxyresorufin-O-demethylation activities (MROD) activity with
the IC5y value of 0.28uM (Scott et al., 2000), a value approximately similar to
CYP6AA3. In B-naphthoflavone, the position of the naphthyl group could account for
approximately five to sevenfold lower inhibitory eftect against CYP6P7 and CYP6AA3
than a-naphthoflavone.

It appears that both bergapten and xanthotoxin exhibited low inhibitory effect
against both P450s. Moreover, pre-incubation with bergapten and xanthotoxin in the
presence of NADPH decreased their inhibition effect on CYP6P7 activity, but only
bergapten decreased the inhibition effect on CYP6AA3. Similar reduction of inhibition
was observed for phenacetin and diclofenac, for example, against CYP1A2 and
CYP2C9 activities, respectively (Yamamoto et al., 2002). Since phenacetin and
diclofenac are also substrates of CYPIA2 and CYP2C9, respectively, thus it explains
the reduced inhibitory effect of these compounds against P450 activities (Yamamoto
et al., 2002). Further study of CYP6P7 and CYP6AA3 activities with bergapten in the
absence of benzyloxyresorufin substrate to determine whether it could behave as
substrate could help explaining the results of this study.

We further analyzed the type of inhibition and compared between CYP6P7 and
CYP6AA3. It appears that xanthotoxin uncompetitively inhibited CYP6AA3, implicat-
ing that xanthotoxin could reversibly bind the CYP6AA3-benzyloxyresorufin
complex. In contrast, xanthotoxin inhibited CYP6P7 in a mixed-type inhibition
pattern, suggesting that it could competitively interact with free CYP6P7 at or near
benzyloxyresorufin binding site and noncompetitively bind to the allosteric site (Segal,
1975; Correia and Ortiz de Montellano, 2005). Such inhibition results emphasize
differences of CYP6P7 and CYP6AA3 properties.

The results obtained in this study address that CYP6P7 and CYP6AA3 may partly
share structural properties that influence overlapping but different substrate
specificity and catalytic efficiency. Moreover inhibition studies revealed that both
CYP6P7 and CYP6AA3 were differently inhibited by test inhibitors. Taken together, it
could imply that different properties of CYP6P7 and CYP6AA3 may be advantageous
to An. minimus by their working together in detoxifying insecticides. Nevertheless, the
results of this study do not exclude the possibility that other P450s in this mosquito
could play role in insecticide detoxification. However, how CYP6P7 and CYP6AA3
have a redundancy of metabolizing overlapping set of pyrethroids and how
they contribute to actual detoxification in An. mimimus in vivo are not known.
Finally, the results obtained from this study could contribute to better control of this
mosquito vector.
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Abstract. Cytochrome P450 monooxygenases (P450s) are enzymes known to metabolize a
wide variety of compounds including insecticides. Their overexpression leading to enhanced
insecticide detoxification could result in insecticide resistance in insects. The increased
mRNA expression of two P450 genes, CYP6P7 and CYP6AA3, has been previously observed
in laboratory-selected deltamethrin-resistant Anopheles minimus, a major malaria vector in
Southeast Asia, suggesting their role in detoxification of pyrethroids. In this study CYP6P7
and CYP6AA3 were expressed in insect Spodoptera frugiperda (Sf9) cells via baculovirus-
directed expression system. Insecticide detoxification capabilities of Sf9 cells with and
without expression of CYP6P7 or CYP6AA3 were evaluated using 3-(4,5-dimethyl-thiazol-2-
yD)-2,5-diphenyltetrazolium bromide (MTT) assays. The results revealed that CYP6P7- or
CYP6AA3-expressing cells showed significantly higher cytoprotective capability than parental
Sf9 cells against cytotoxicity of pyrethroids including permethrin, cypermethrin and
deltamethrin. Such cytoprotective effect was not observed for bioallethrin (pyrethroid),
chlorpyrifos (organophosphate) and propoxur (carbamate). Moreover, expression of CYP6AAS,
but not CYP6P7, could protect cells against A-cyhalothrin cytotoxicity. In MTT assays upon
co-incubation with piperonyl butoxide (P450 inhibitor), cytoprotective ability of CYP6P7 and
CYPG6AAS against deltamethrin was diminished, implying that pyrethroid detoxification was
due to activities of P450 enzymes. Insecticide detoxification capabilities of CYP6P7 and
CYP6AAS observed from MTT assays were correlated to their pyrethroid metabolizing activities
observed from in vitro reconstitution enzymatic assays. Thus MTT assays using cells
expressing P450 enzymes of interest could be primarily used to determine detoxification
activities of enzymes against cytotoxic insecticides.

INTRODUCTION

Control of mosquito vectors relying on
applications with chemical insecticides is
an important strategy in preventing
transmission of vector-borne diseases,
including malaria. Pyrethroid insecticides
are currently used worldwide in agriculture
and for vector control, however long-term
extensive use of insecticides has been a
major cause of development of insecticide
resistance among mosquito populations
(Coleman & Hemingway, 2007). Con-
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sequently, resistance can lead to reduced
efficacy of vector control programme.
Pyrethroid resistance in mosquito vectors of
malaria has been reported in several
countries in Africa and Southeast Asia,
including Thailand (Charoenviriyaphap et al.,
1999; Bortel et al., 2008; Munhenga et al.,
2008; Cuamba et al., 2010; Matowo et al.,
2010).

Cytochrome P450 monooxygenases
(P450s) comprise a superfamily of enzymes
that catalyze metabolisms of endogenous
and xenobiotic compounds, including



insecticides (Feyereisen, 1999). Examina-
tions of various insects have suggested
involvement of P450s in resistance to
different insecticides, by virtue of enhanced
expression of P450s and thus increased
detoxification of insecticides. (Feyereisen,
1999). Overexpression of P450s has been
observed in several pyrethroid resistant
insects such as increased expression of
CYP6D1 has been found in pyrethroid
resistant Musca domestica (Tomita et al.,
1995), CYP6P3 and CYP6MZ2 in multiple
pyrethroid resistant Anopheles gambiae
(Djouaka et al., 2008).

Anopheles minimus is one of malaria
vectors in Southeast Asia, including Thailand,
Loas, Cambodia, and Vietnam. We previously
determined that P450 enzymes might act
as a primary route of deltamethrin detoxi-
fication during laboratory selection for
deltamethrin resistance in An. minimus
(Chareonviriyaphap et al., 2003). In parallel
during selection, increased mRNA
expression of CYP6P7 and CYP6AA3 was
observed (Rongnoparut et al., 2003,
Rodpradit et al., 2005). Thus CYP6P7 and
CYPG6AAS could be implicated to play a role
in detoxification of deltamethrin in this
mosquito.

Pyrethroids are known to commonly
target on sodium channels of nervous
system. Other toxic effects of pyrethroids
toward cells include causing DNA damage,
inhibition of mitochondrial complex I, and
induction of reactive oxygen species
(ROS) accumulation (Gassner et al., 1997;
Villarini et al., 1998; Naravaneni et al., 2005;
Patel et al., 2007). Cytotoxic effects of
organophosphate and carbamate insecti-
cides have also been reported such as
oxidative stress, alteration of mitochondria
function (Swann et al., 1996; Schmuck &
Mihail, 2004; Maran et al., 2010). Thus
treatment of cells with cytotoxic insecticides
in cytotoxicity assays can cause cell
mortality unless cells possess ability to
detoxify insecticides. This is supported by
that Spodoptera frugiperda (Sf9) insect cells
expressing CYP6AA3 have significantly
higher cell viability upon treatment with
deltamethrin than cells without CYP6AA3
expression in MTT cytotoxicity assay,

suggesting that CYP6AA3 could detoxify
deltamethrin in Sf9 cells (Boonsuepsakul
et al., 2008).

In this study, we further employed
MTT cytotoxicity assays to investigate
detoxification capability of Sf9 cells
expressing CYP6P7 or CYP6AA3 against
pyrethroid, organophosphate and carbamate
insecticides that are commonly used in
Thailand. Enzymatic assays of CYP6P7 and
CYP6AA3 against insecticides were
performed and compared to results obtained
from MTT assays.

MATERIALS AND METHODS

Chemicals

The chemical compounds including
deltamethrin, permethrin, cypermethrin, A-
cyhalothrin, bioallethrin, chlorpyrifos,
propoxur, leupeptin, phenylmethylsulphonyl
fluoride (PMSF), dimethyl sulfoxide (DMSO),
and piperonyl butoxide (PBO) were
purchased from Sigma-Aldrich (St. Louis,
MO). 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were
purchased from USB (Cleveland, OH).

Cell culture and baculovirus-mediated
insect cell expression of P450 proteins

The Sf9 insect cell line and SF-900 II SFM
culture media were purchased from
Invitrogen (Carlsbad, CA), and Sf9 cells were
cultured in SF900 II serum-free media at
28°C. The recombinant baculovirus, either
containing CYP6AA3 or CYP6P7, was
produced following manufacturer’s
instruction as previously described (Kaewpa
et al., 2007). Briefly, CYP6P7 or CYPGAAS3
cDNA isolated from deltamethrin resistant
An. minimus (Rongnoparut et al., 2003,
Rodpradit et al., 2005) was subcloned into
the transfer vector pBacPAKS (BD Bio-
sciences, Palo Alto, CA), co-transfected with
alinearized BacPAKG viral DNA into Sf9 cells.
The resulting recombinant virus, upon
purification, was used in the expression of
enzymes. For cytotoxicity assays, Sf9 cells
were infected with CYP6P7 or CYP6AA3
recombinant virus at multiplicity of infection
(moi) equal to 1. After 72 hours post-infection,
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cells expressing CYP6P7 or CYP6AA3 were
harvested and seeded onto 24-well plate for
cytotoxicity assays. These conditions
followed the methods described by Kaewpa
et al. (2007) and Boonsuepsakul et al. (2008).
Expression of P450 proteins was detected by
sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE).

Expression of P450s for in wvitro
enzymatic activity assay was performed as
described by Boonsuepsakul et al. (2008). In
brief, Sf9 cells were infected with either
CYPG6P7 or CYP6AA3-expressed virus at
moi equal to 3. The infected cells were
harvested at 70-80 hours post-infection and
resuspended in sodium phosphate buffer pH
7.2 containing 1 mM EDTA, 0.5 mM PMSEF,
5 ng/ml leupeptin, 0.1 mM DTT, and 20%
glycerol. The harvested cells were lysed and
subjected to differential centrifugation,
resulting in microsomal pellet which was
solubilized in sodium phosphate buffer pH
7.2 containing 150 mM KCI and 1% (v/v)
Triton X-100. The microsomes of Sf9 cells
infected with either CYP6P7 or CYP6AAS3
recombinant virus were used in enzymatic
reconstitution assays as described in Kaewpa
et al. (2007). The expressed proteins in
microsomal fractions were observed by SDS-
PAGE and total P450 content was measured
by reduced-CO difference spectrum analysis
according to Omura & Sato (1964).

Cell treatment and MTT cytotoxicity
assays

Cytotoxicity effect of insecticides evaluated
by MTT assays was performed as previously
described (Boonsuepsakul et al., 2008).
Insecticides used in this study included
bioallethrin, cypermethrin, chlorpyrifos,
deltamethrin, permethrin, propoxur and A-
cyhalothrin. We previously used cells
infected with baculovirus containing
BacPak6 viral DNA as control in parallel with
uninfected parental S9 cells, and both control
cells showed same response to deltamethrin
(Boonsuepsakul et al., 2008). In this study we
thus used only uninfected Sf9 cells as control
in MTT assays, and cells treated with DMSO
solvent alone was a negative control.
CYP6P7- or CYP6AA3-expressing cells and
control Sf9 cells were seeded at 2 x 10° cells
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per well in 24-well culture plates. Cells were
allowed to attach to wells for 3 hours,
insecticides ranging from 0.1 to 500 nM final
concentrations were subsequently added
into each well and cells were left exposing to
each insecticide for 72 hr. When insecticides
were used at higher concentration than
500 pM, they were precipitated in culture
media, particularly for pyrethroids. Thus
concentrations of pyrethroids over 500 1M
were not evaluated in MTT assays. Following
insecticide treatment, culture media were
removed and each well was washed twice
with Luckhoff’s buffer (132 mM NaCl, 3.5 mM
KCI, 1 mM CaCly, 0.5 mM MgCl,, and 20 mM
HEPES). Cell viability was determined using
MTT assay. This was accomplished by
addition of 200 pl MTT solution (5 mg/ml in
Luckhoff's buffer) and further subjected to
4-hour incubation at 28°C. Subsequently,
MTT solution was removed and DMSO was
added to dissolve the purple formazan
precipitate formed by activity of
mitochondrial enzymes in live cells
(Mosmann, 1983). The absorbance of
formazan product was measured at 540 nm
using Multiskan EX microtiter plate reader
(Thermo Labsystems, Finland). Cell viability
upon incubation with each insecticide was
expressed as percentage of viable cells
relative to cells treated with DMSO solvent
alone which was assigned as 100% viability.
The value of 50% lethal concentration (LCs)
was evaluated from the plot of percentage of
cell viability against different concentrations
of each insecticide. Higher LCg, value
represents higher ability to survive toxicity
of insecticides.

In enzyme inhibition study, cells were co-
incubated with 100 pM deltamethrin and PBO
(known P450 inhibitor) at concentrations of
0.1, 1 and 10 pM (in each case the final
concentration of DMSO in media was 1%).
This range of PBO concentrations was less
than LDy, value (25 nM) of PBO against Sf9
cells pre-determined by MTT assays (data
not shown). Inhibition of P450s by PBO was
measured as cell survival against delta-
methrin cytotoxicity in the presence of PBO,
after normalization with that of cells treated
with PBO only. Each MTT assay measuring
cytotoxic effect of insecticides and



measuring inhibitory effect by PBO was done
in triplicate.

In vitro insecticide metabolism by
CYP6P7 and CYP6AA3

The in vitro reconstitution assays in the
presence of insecticide substrate were
performed as previously described (Kaewpa
et al., 2007). Briefly reconstitution reactions
were carried out at 30°C in 0.1 M sodium
phosphate buffer pH 7.2 in the presence of
10 pmol of either CYP6P7 or CYP6AA3 and
was reconstituted with purified An. minimus
NADPH-dependent cytochrome P450
reductase (P450 redox partner) in the ratio
of 3:1, 80 nM of test insecticide, and NADPH-
regenerating system. Internal standard
(bioallethrin) and remaining of insecticide
at each reaction time were analyzed by HPLC
analysis and peaks were monitored by UV
detection at 220 nm. The substrate peak
area at each time point was calculated as
percentage of remaining residual substrate
compared to that of time zero which was
assigned to be 100%. When bioallethrin was
a substrate, deltamethrin was used as internal
standard. To determine metabolisms
mediated by CYP6P7 and CYP6AAS3, amount
of each insecticide consumed at each
incubation time was calculated as percentage
of depletion of each insecticide compared
to the initial amount at time zero. Each of
reconstitution experiments was performed in
triplicate and internal standard was used for
normalization. Control reactions were
performed by incubating reactions without
NADPH-regenerating system, and reaction
using microsome of uninfected Sf9 cells.

Statistical analysis

Data were statistically analyzed by GraphPad
Prism version 5 (GraphPad Software Inc., San
Diego, CA) using ANOVA with Tukey’s
Multiple comparison test. Results with p <
0.05 were considered to be significantly
different.

RESULTS

In this study, cytotoxicity of insecticides was
examined with Sf9 insect cells, with and

296

without expression of CYP6P7 or CYPGAAS,
using MTT cytotoxicity assays. CYP6P7 and
CYP6AA3 were expressed via baculovirus-
directed expression system. The results
revealed higher cell viability against
cytotoxic effects of permethrin, cypermethrin
and deltamethrin in CYP6P7- or CYP6AAS3-
expressing cells than parental Sf9 cells for
all given insecticide concentrations (Figure
1B-D). This is demonstrated by 5- to 13-fold
higher LCy, values observed in CYP6P7- and
CYP6AAS3-expressing cells than control Sf9
parental cells. It could be noted that response
to A-cyhalothrin cytotoxicity was different
between cells expressing CYP6P7 and
CYPG6AAS3, as demonstrated by 3.7-fold higher
LCyyvalue observed in CYP6AA3-expressing
cells than in CYP6P7-expressing cells and
parental Sf9 cells (Figure 1E). Upon
treatment with bioallethrin, chlorpyrifos, and
propoxur, percentage of cell viability of
CYP6P7- and CYP6AAS3-expressing cells and
LCs, values were similar to control Sf9 cells
(Figures 1A, F, and G).

In order to determine whether increased
cell survival against pyrethroid cytotoxicity
found in cells expressing CYP6P7 or
CYP6AAS3 was due to activity of P450s, we
assayed deltamethrin cytotoxicity in the
presence of different concentrations of PBO,
P450 inhibitor. Decrease of cell viability
against deltamethrin cytotoxicity was
observed when cells expressing CYP6P7 and
CYPG6AAS3 were treated with increasing
concentrations of PBO (Figure 2). Since PBO
also possessed cytotoxic effect against Sf9
cells (see Materials and Methods section),
thus percent cell viability of P450-expressing
cells shown in Figure 2 was obtained after
normalization with that of cells treated with
PBO only. Percentage of cell survival against
deltamethrin of CYP6P7- or CYP6AAS-
expressing cells in the presence of 10 ptM
PBO was significantly decreased, compared
to those without PBO (p<0.05). In Sf9 control
cells, after normalization, percentage of cells
surviving deltamethrin cytotoxicity
remained similar throughout treatment with
different PBO concentrations (Figure 2).

Enzymatic activities of CYP6P7 and
CYP6AAS3 against pyrethroid, organo-
phosphate, and carbamate insecticides were
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Figure 1. Viability of CYP6P7-expressing Sf9 cells (®), CYP6AA3-expressing Sf9 cells () and parental
Sf9 cells (A) upon incubation with various insecticides. Percentage of cell viability was measured
using MTT cytotoxicity assays as described in Materials and Methods. Data are means + S.D. of three
replicated experiments. Asterisk (*) represents the value significantly different from control cells (p
< 0.05, one-way ANOVA, Tukey’s Multiple Comparison Test)
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Figure 2. Effect of deltamethrin on viability of cells expressing CYP6P7, CYP6AAS3, and parental
Sf9 cells in the presence of PBO. Cells were co-incubated with deltamethrin and PBO, and
percentage of cell viability after normalization with that treated with PBO only was obtained as
described in Materials and Methods. Data are means + S.D. of three replicated experiments
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Figure 3. Plot of the time course of insecticide depletion mediated by CYP6P7 (A) and CYP6AA3 (B)
enzymes using in vitro reconstitution assays, performed as described in Kaewpa et al. (2007).
Degradation of insecticide mediated by CYP6P7 and CYP6AAS3 was calculated as percentage of
insecticide consumed in the reactions at each incubation time compared to time zero, after normalization
with internal standard. Data are means + S.D. of triplicate experiments

investigated using CYP6P7- or CYPGAA3
reconstituted with their redox partner
enzyme, the NADPH-dependent cytochrome
P450 reductase. As shown in Figure 3 CYP6P7
and CYP6AAS3 showed enzymatic activities
toward permethrin, cypermethrin and
deltamethrin, but no detectable activities

were observed with bioallethrin, chlorpyrifos,
and propoxur. Moreover, in contrast to
CYPG6AA3, CYP6PT7 had undetectable enzyme
activity in metabolizing A-cyhalothrin. These
results were thus in agreement with the ability
of CYP6P7 and CYP6GAAS in protecting cells
against cytotoxic effects of test insecticides.
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DISCUSSION

The results of this study showed that
expression of CYP6P7 and CYP6AAS3 could
help protecting insect Sf9 cells from cyto-
toxicity of several pyrethroids. Presence of
PBO diminished CYP6P7- and CYP6AA3-
mediated cytoprotection of Sf9 cells against
deltamethrin cytotoxicity, suggesting that
cytoprotection against pyrethroids was
due to CYP6P7 and CYP6AA3 enzymes.
Moreover, results from MTT cytotoxicity
assays corresponded to those of in vitro
reconstitution enzymatic assays. In this study
we detected cytotoxic effect of PBO against
S19 cells, PBO toxicity has also been reported,
as it causes tumors and adverse effects in
laboratory rodents (Takahashi et al., 1997,
Okamiya et al., 1998).

As shown in this study, Sf9 parental cells
were susceptible to cytotoxicity of test
insecticides with LCg, values less than 50 pM.
Sensitivity of insect Sf9 cells to cytotoxic
effects of compounds such as fungal
metabolites (Fornelli et al., 2004), pyridalyl
insecticide (Saito et al., 2005) have been
reported. Thus susceptibility of Sf9 parental
cells to insecticide cytotoxicity observed in
the present study is advantageous to
determining capability of P450 enzymes in
detoxifying insecticides. Capability of P450
in detoxifying cytotoxic xenochemicals were
previously reported using insect cells
expressing P450 enzyme via baculovirus-
directed expression (Grant et al., 1996).
Moreover Sf21 cells expressing human
CYP1A1 were used to investigate toxicity of
naphthalene (Greene et al., 2000).

The results of this study revealed that
CYP6P7 and CYP6AAS3 could function in
metabolizing of permethrin, cypermethrin,
and deltamethrin, however role in
metabolisms of bioallethrin, chlorpyrifos
and propoxur was not observed. Thus
abilities of CYP6P7 and CYP6AAS3 in
detoxifying pyrethroids support their role
in conferring deltamethrin resistance in
An. minimus mosquito (Rodpradit et al.,
2005). A difference was noted in that while
CYP6AA3 showed metabolic activity and
cytoprotective activity against A-cyhalothrin,
these capabilities were not observed for
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CYP6P7. The results thus indicated
differences in properties of these two
enzymes.

A characteristic of P450s that has been
noted is their variation in substrate specificity
such as a single P450 could metabolize more
than one substrate (Scott, 1999). In vitro
metabolisms of insecticides by insect P450s
have been reported such as ability of CYP6P3
of An. gambiae in metabolizing more than
one pyrethroid substrates including
deltamethrin and permethrin (Mfller et al.,
2008), and CYP6D1 of M. domestica in
metabolisms of deltamethrin and cyper-
methrin (Wheelock & Sc