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Abstract  20 

Insects utilize xenobiotic compounds to up- and down-regulate cytochrome P450 monooxygenases 21 

(P450s) involved in detoxification of toxic xenobiotics including phytochemicals and pesticides. G-22 

quadruplexes (G4)-forming DNA motifs are enriched in the promoter regions of transcription factors and 23 

function as cis-acting elements to regulate these genes. Whether and how P450s gain and keep G4 DNA 24 

motifs to regulate their expression still remain unexplored. Here, we show that CYP321A1, a xenobiotic-25 

metabolizing P450 from Helicoverpa zea, a polyphagous insect of economic importance, has acquired and 26 

preserved a G4 DNA motif by selectively retaining a transposon known as HzIS1-3 that carries this G4 27 

DNA motif in its promoter region. The HzIS1-3 G4 DNA motif acts as a silencer to suppress the 28 

constitutive and induced expression of CYP321A1 by plant allelochemicals flavone and xanthotoxin 29 

through folding into an intramolecular parallel or hybrid-1 conformation in the absence or presence of K+.  30 

The G4 ligand N-methylmesoporphyrin IX (NMM) strengthens the silencing effect of HzIS1-3 G4 DNA 31 

motif by switch its structure from hybrid-1 to hybrid-2. The enrichment of transposons in P450s and other 32 

environment-adaptation genes implies that selective retention of G4 DNA motif-carrying transposons may 33 

be the main evolutionary route for these genes to obtain G4 DNA motifs. 34 

Keywords: DNA secondary structure; plant allelochemicals; gene regulation; natural selection; silencer; 35 

signaling pathway; Helicoverpa zea  36 

  37 
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Introduction  38 

Cytochrome P450 monooxygenases (P450s) is a diverse class of detoxification enzymes found in all 39 

animals including insects.  They play important roles in metabolism and detoxification of xenobiotics 40 

including toxic phytochemicals and synthetic insecticides (Li et al., 2007).  To cope with the uncertainty 41 

and unpredictability of plant defense allelochemicals and insecticides, herbivorous insects have evolved a 42 

flexible regulatory system composed of various cis-acting elements (enhancers, silencers, insulators), 43 

trans-acting factors (transcription activators, co-activators, suppressors, co-suppressors) and upstream 44 

effectors, which enables them to continuously up- or down-regulate the expression levels of their 45 

xenobiotics-metabolizing P450s by perceiving and transducing the chemical signals (e.g. phytochemicals) 46 

from their host plants and/or environment (Li et al., 2007; Li and Ni, 2011; Li et al., 2021).  At least seven 47 

signaling pathways, including RTK (receptor tyrosine kinase) / MAPK (mitogen-activated protein 48 

kinases), GPCR (G protein-couple receptor) / CREB (c-AMP response element binding protein), GPCR / 49 

NF𝜅𝜅B (nuclear factor kappa B), ROS (reactive oxygen species) / CncC (Cap'n' Collar isoform C) / Keap1 50 

(Kelch-like ECH-associated protein 1), AhR (aryl hydrocarbon receptor) / ARNT (aryl hydrocarbon 51 

receptor nuclear translocator),  cytosol NR (nuclear receptor), and nucleus-located NR, have been 52 

implicated in xenobiotic induction of P450s (Li et al., 2021).  Alterations occurred in the cis-acting 53 

elements, transcription activator/co-activators, or upstream effectors of these signaling pathways can result 54 

in constitutive overexpression of P450s and, thus resistance to plant allelochemicals and/or insecticides 55 

(Pu et al., 2016; Kalsi and Palli, 2017; Li et al., 2019; Pan et al., 2019; Yang et al., 2020; Tang et al., 2020; 56 

Ma et al., 2020; Cheng et al., 2021).  However, little is known about the silencers, transcription 57 
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suppressor/co-suppressors, and the upstream effectors of the signaling pathways that suppress the 58 

expression of xenobiotic-metabolizing P450s (Li et al., 2021). 59 

G-quadruplexes (G4)-forming DNA motifs are enriched in the promoter regions of eukaryotic genes, 60 

particularly transcription factors and human oncogenes, and thus proposed to functions as cis-acting 61 

elements for up- or down-regulation of these genes (Du et al., 2007; Brooks et al., 2010; Wu et al., 2021).  62 

Unlike the typical DNA double-helix structure, G4 structures are four-stranded DNA secondary structures 63 

that are derived from G-rich motifs of G3+N1–7G3+N1–7G3+N1–7G3+ (G= guanine, N =any nucleotide) and 64 

composed of three layers of π-π stacked G-quartets by Hoogsteen base pairing (Huppert et al., 2008; Sauer 65 

et al., 2019; Balasubramanian and Neidle, 2009; Tippana et al., 2014; Lombardi et al., 2020; Spiegel et 66 

al., 2020).  Each G-quartet contains four guanines held by eight hydrogen bonds and coordinated with a 67 

central cation, such as K+ or Na+ (Bhattacharyya et al., 2016).  Depending on their sequence composition, 68 

loop length, stabling cation, and the presence of exogenous ligands, G4 DNA motifs can adopt parallel, 69 

anti-parallel or hybrid topology, which has a characteristic circular dichroism (CD) spectrum of one 245 70 

nm valley plus one 264 nm peak, one 260 nm valley plus one 295 nm peak, or one 245 valley plus two 71 

peaks at 270 and 295 nm, respectively (Tippana et al., 2014; Sabharwal et al., 2014; Villar et al., 2018).  72 

Among the oncogene promoter G4 motifs examined so far, most of them including the promoter G4 motifs 73 

of c-Myc, c-Kit, RET, Hif-1α, PDGF-A, hTERT, VEGF (Brooks et al., 2010), HoxC10 (Zhang et al., 74 

2018), and SNAIL1 (Wang et al., 2020) act as silencers to down-regulate the corresponding oncogenes.  75 

Only the promoter G4 motifs of BCL-2 (Brooks et al., 2010), BAP1 (Li et al., 2018) and ARID1A (Yan 76 

et al., 2020) functions as enhancers to up-regulate the three oncogenes.  It remains unclear whether and 77 
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how P450s of any species acquire and retain G4 motifs to adjust their expression in response to xenobiotic 78 

signals. 79 

CYP321A1 is a xenobiotic-metabolizing P450 capable of detoxifying plant allelochemicals 80 

(xanthotoxin, angelicin and α-naphthoflavone), insecticides (α-cypermethrin, aldrin and diazinon) and 81 

aflatoxin B1 in Helicoverpa zea, a polyphagous insect of economic importance (Sasabe et al., 2004; 82 

Rupasinghe et al., 2007; Niu et al., 2008).  CYP321A1 expression is constitutively low, but highly 83 

inducible in response to plant allelochemicals flavone and xanthotoxin but not insecticide cypermethrin 84 

(Sasabe et al., 2004; Zeng et al., 2007; Zeng et al., 2009; Wen et al., 2009).  Xanthotoxin and flavone, two 85 

structurally distinct allelochemicals with very different encounter rates by H. zea, share at least four 86 

common cis-acting elements including 1 essential element, 2 enhancers, and 1 silencer to regulate 87 

expression of this P450 gene (Zhang et al., 2010；Zhang et al., 2014).  The essential element is known as 88 

XRE-Fla or -Xan (xenobiotic response element to flavone or xanthotoxin) and has been functionally 89 

characterized, whereas the other three common elements are yet to be identified (Zhang et al., 2010；90 

Zhang et al., 2014). 91 

Here we chose CYP321A1 as a representative of P450s to address the general question of whether and 92 

how P450s obtain and keep G4 motifs to mediate their expression and to fill the knowledge gap in the 93 

silencer-mediated down-regulation of P450s.  Scanning the common silencer-containing region (-1218 to 94 

-1470) (Zhang et al., 2010；Zhang et al., 2014) inserted with a transposon called HzIS1-3 in the promoter 95 

of CYP321A1 (Chen and Li, 2007) revealed the presence of a putative G4 motif, which residues in HzIS1-96 

3 (thus referred to as HzIS1-3 G4 motif hereafter) and satisfies the G4 DNA consensus sequence G3+N1–97 

7G3+N1–7G3+N1–7G3+ (Lombardi et al., 2020; Spiegel et al., 2020).  Subsequent biophysical and luciferase 98 
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reporter assays proved that HzIS1-3 G4 motif adopted an intramolecular parallel or hybrid conformation, 99 

depending on the presence of K+ and the G4 ligand N-methylmesoporphyrin IX (NMM) (Sabharwal et al., 100 

2014; Yett et al., 2019), and acted as a silencer to suppress the constitutive and flavone- / xanthotoxin-101 

induced expression of CYP321A1.  Further population genomic / genetic analyses discovered that HzIS1-102 

3-inserted CYP321A1 alleles and the HzIS1-3-introduced G4 motif were selectively retained and 103 

constrained in the field populations of H. zea.  This represents the first report of P450 recruitment and 104 

retention of G4 motifs via transposons to regulate their expression. 105 

Materials and method 106 

Identification of HzIS1-3 G4 motif and estimation of the frequencies of HzIS1-3 G4-containing 107 

CYP321A1 alleles and genotypes in the field populations of H. zea and H. armigera 108 

The G-rich HzIS1-3 G4 motif was found by manual scanning of the silencer-containing region (-1470 109 

to -1218) of H. zea CYP321A1 promoter sequence (Zhang et al., 2010) for the presence of the G4 110 

consensus sequence motif G3+N1–7G3+N1–7G3+N1–7G3+.  The genome-wide RAD-seq read data of 53 H. zea 111 

and 119 H. armigera adults collected from 13 different locations covering the main soybean and maize 112 

producing areas in Brazil were downloaded from the NCBI SRA database (accession number: 113 

PRJNA615801).  Local BLAST searches (version 2.2.26) using H. zea CYP321A1 promoter sequence 114 

(Zhang et al., 2010) as the query were conducted to retrieve all the CYP321A1 promoter reads from each 115 

of the 53 H. zea RAD-seq read datasets and the 119 H. armigera RAD-seq read datasets.  All the obtained 116 

CYP321A1 promoter reads were then scanned for the presence of HzIS1-3 and HzIS1-3 G4 motif variants 117 

by BLAST search of the HzIS1-3 transposon inserted in H. zea CYP321A1 promoter (Zhang et al., 2010) 118 

against each of the obtained CYP321A1 promoter reads.  The numbers of HzIS1-3 G4 variants-contained 119 

CYP321A1 alleles and genotypes in each individual were recorded to calculate the frequencies of HzIS1-120 
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3 G4-containing CYP321A1 alleles and genotypes in the field populations of H. zea and H. armigera, 121 

respectively.  122 

Biophysical characterization of in vitro folded HzIS1-3 G4 oligonucleotide  123 

Four different biophysical assays were conducted to determine if HzIS1-3 G4 motif can fold into G4 124 

structures.  For circular dichroism (CD) spectrum analysis, the salt-free and HPLC (High Performance 125 

Liquid Chromatography)-purified wildtype HzIS1-3 G4 and mutant HzIS1-3 mG4 DNA oligonucleotides 126 

(Table S1 and Figure 1A) purchased from TSINGKE Biological Technology (Beijing, China) were 127 

dissolved in ddH2O to yield a stock solution of 100 μM, respectively.  Each oligonucleotide stock solution 128 

was further diluted to 10 μM in 10 mM Tris-HCl buffer (pH 7.0) supplemented with KCl at the 129 

concentration of 0 mM, 10 mM, 50 mM or 100 mM.  All the diluted solutions of the two oligonucleotides 130 

were folded by heating to 95 oC for 5 min in a 1.5 mL Eppendorf tube in water bath, slowly cooled to 131 

room temperature for ~8 h, and then used for CD spectrum analysis or storage at 4 oC.  The G4 ligand 132 

NMM was added into the folded HzIS1-3 G4 or HzIS1-3 mG4 oligonucleotide solutions at 1:1, 1:3 or 1:6 133 

molar ratio and the mixtures were incubated at room temperature for 10 min before CD spectrum test.  The 134 

CD spectra of the folded HzIS1-3 G4, HzIS1-3 mG4 and their mixtures with NMM were obtained at 25 °C 135 

on the Applied Photophysics Chirascan Circular dichroism spectrometer by using a quartz cuvette with 1 136 

mm optical path.  Data were collected from 220-320 nm using two scans at 100 nm/min, 1 s settling time 137 

and 1 nm bandwidth.  Buffer baseline was recorded using the same parameters and subtracted from the 138 

sample spectra before plotting.  139 

For native polyacrylamide gel electrophoresis (PAGE), the salt-free and HPLC purified wildtype 140 

HzIS1-3 G4 and 28 nt marker (Sangon Biotech, Shanghai, China) oligonucleotides (Table S1 and Figure 141 
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1A) were diluted to 5 μM in 10 mM Tris-HCl buffer (pH 7.0) supplemented with 100 mM KCl.  The two 142 

oligonucleotide solutions were denatured for 5 min in a 95 oC water bath, gradually chilled to room 143 

temperature for ~8 h, and then used for native PAGE.  The native PAGE of the folded HzIS1-3 G4 and 28 144 

nt marker solutions was run at 100 V on a 20% polyacrylamide gel in 1 × TBE (Tris-borate-EDTA) 145 

running buffer with 50 mM KCl at 4 oC.  The gel was stained with 10,000-fold dilution of SYBR Gold 146 

(Thermo Scientific, U.S.A) with TBE buffer.  The bands of the folded HzIS1-3 G4 and 28 nt marker 147 

oligonucleotides were detected by GelDoc XR+ (Bio-Rad) and quantified using Image Lab software. 148 

For nuclear magnetic resonance (NMR) spectroscopy, the salt-free and HPLC purified wildtype 149 

HzIS1-3 G4 and mutant HzIS1-3 mG4 DNA oligonucleotides were diluted to 100 μM in 10 mM 150 

K2HPO4/KH2PO4 pH 7.0 containing 100 mM KCl.  The two oligonucleotide solutions were heated to 95 151 

oC for 5 min, followed by cooling down to room temperature for ~8 h, and addition of 10% D2O.  Six 152 

hundred μL of the two solutions were then used to measure the 1D 1H NMR spectroscopy of HzIS1-3 G4 153 

and HzIS1-3 mG4 on a Bruker 600 MHz (BioSpin, Germany) with a mixing time of 300 ms using 154 

Watergate or Jump-and-Return water suppression technique.  A total of 512 scans were acquired for each 155 

spectrum of the two oligonucleotides with a relaxation delay of 2 s between scans.  NMR spectra were 156 

processed and visualized by MestReNova (mestrelab.com). 157 

For fluorescence turn-on assay of NMM by HzIS1-3 G4 and HzIS1-3 mG4, the two oligonucleotides 158 

were diluted to 20 μM in 10 mM Tris-HCl buffer (pH 7.0) supplemented with 100 mM KCl.  For 159 

fluorometric titration of HzIS1-3 G4, it was diluted to 15 μM in 10 mM K2HPO4/KH2PO4 pH 7.0 buffer 160 

supplemented with 100 mM KCl.  The two HzIS1-3 G4 and one HzIS1-3 mG4 solutions were folded by 161 

heating to 95 oC for 5 min, followed by slow cooling to room temperature for ~8 h.  The folded 162 
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fluorescence turn-on solutions of HzIS1-3 G4 and HzIS1-3 mG4 DNA were mixed with 3 μM NMM 163 

dissolved in 10 mM Tris-HCl buffer (pH 7.0) with 100 mM KCl at the NMM / HzIS1-3 G4 (or HzIS1-3 164 

mG4) ratios of 3μM : 3μM, 3μM : 6μM, 3μM : 9μM, and 3μM : 12μM, respectively.  The resultant NMM-165 

HzIS1-3 G4 and NMM-HzIS1-3 mG4 mixtures were incubated for 10 min at 30°C before fluorescence 166 

spectrum assay.  Likewise, the folded fluorometric titration solution of HzIS1-3 G4 was stepwise added 167 

into 3 μM NMM solution (10 mM K2HPO4/KH2PO4, pH 7.0, 100mM KCl) at the final concentrations 0, 168 

0.2, 0.5, 0.75, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 and 13 μM.  After each addition of the folded HzIS1-3 G4 169 

titration solution, the reaction mixture was allowed to equilibrate for 10 min at 30°C before fluorescence 170 

spectrum assay.  Fluorescence spectra of the above NMM-HzIS1-3 G4 and NMM-HzIS1-3 mG4 mixtures 171 

were taken at λex = 400 nm with 5 nm excitation and emission slit widths on a RF-5301PC 172 

spectrofluorophotometer (Shimadzu, Japan) at room temperature.  The ground-state dissociation constant 173 

Kd of the NMM-HzIS1-3 G4 complex was calculated according to equation 1 (Novikov et al., 2010).  174 

F([M]) is the fluorescence intensity of NMM with addition of the folded HzIS1-3 G4 oligonucleotide at 175 

the concentration of [M].  Fmin is the minimum fluorescence intensity, whereas Fmax is the maximum 176 

fluorescence intensity in this titration.  177 

log F([M])−Fmin
Fmax−F([M])

= nlog[M] − logKd                       Equation 1 178 

Functional characterization HzIS1-3 G4 in H. zea fat body cells 179 

Two pGL3-CYP321A1 promoter constructs were used to test if HzIS1-3 G4 acts as a silencer to 180 

suppress the basal, flavone- and xanthotoxin-induced expression of CYP321A1 in H. zea fat body cell line.  181 

The pGL3-CYP321A1 wildtype promoter construct P(-1470/-1) was made previously (Zhang et al., 2010).  182 

The pGL3-CYP321A1 G4 mutation promoter construct P(-1470/-1)-mG4 (Figure 1A) was made by PCR 183 
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amplification of the wildtype construct P(-1470/-1) using the G4 mutation primers HzeaCYP321-mG4F 184 

and HzeaCYP321-mG4R (Table S1), followed by transformation of the resultant PCR products into 185 

competent DH5α E. coli cells, and sequencing verification of the positive clones.  Plasmid PCR 186 

amplification of the P(-1470/-1) construct was performed in a 50 µL reaction containing 10 µL 5 × 187 

PrimeSTAR GXL Buffer, 1 µL PrimeSTAR GXL DNA polymerase (Takara, Dalian, China), 5 µL dNTP 188 

Mixture (2.5 mM each), 2.5 µL forward primer HzeaCYP321-mG4F, 2.5 µL reverse primer HzeaCYP321-189 

mG4R (Table S 1, 10 µM), 1 µL P(-1470/-1) plasmid (10 ng), and 28 µL double-distilled deionized water 190 

(ddH2O).  The PCR reaction conditions were as follows: 95 °C for 5 min, followed by 30 cycles of 98 °C 191 

for 10 s, 56 °C for 30 s, 68 °C for 5 min, and a final extension of 10 min at 68 °C.  Ten µL of the yielded 192 

PCR products were transformed into 100 µL competent DH5α E. coli cells (AlpaLife, Shenzhen, China).  193 

Positive clones were verified by sequencing (Sangon Biotech, Shanghai, China). 194 

H. zea fat body cell line BCIRL-HzFB33 were generously provided by Dr. Cynthia L. Goodman 195 

(BCIRL, USDA, ARS) and were cultured in Excell 420 insect serum-free medium (Sigma Chemical, St. 196 

Louis, MO, USA) at 28 °C.  All insect cell medium was supplemented with 10% fetal bovine serum 197 

(Gibco, Grand Island, NY, USA) and 1% penicillin/streptomycin (HyClone, Thermo Scientific, Logan, 198 

UT, USA).  199 

 H. zea fat body cells seeded onto a 24-well plate (1 × 106 cells/mL) for 24 h were co-transfected 200 

with the CYP321A1 promoter construct P(-1470/-1) or P(-1470-1)-mG4 (0.5 µg/well) and the internal 201 

renilla luciferase control reporter plasmid phRL-TK (Promega; 0.05 μg / well) for 6 h using GENE HP 202 

DNA Transfection Reagent (1 µL / well; Roche Applied Science, Indianapolis, IN, USA).  The 203 

transfection medium in each well was replaced with 1 mL of fresh medium containing 1 µL of methanol 204 
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(solvent control), 0.8 mM NMM (final concentration in wells: 0.8 µM), 2 mM NMM, 3 mM NMM, 4 mM 205 

NMM, 10 mM NMM, 18.5 mM flavone (Zhang et al., 2010), 18.5 mM xanthotoxin (Zhang et al., 2014), 206 

3 mM NMM + 18.5 mM flavone, or 3 mM NMM + 18.5 mM xanthotoxin.  The treated cells were cultured 207 

for another 48 h and then harvested.  The resultant cell lysates of each well were used to measure the 208 

firefly (Photinus pyralis) and renilla (Renilla reniformis) luciferase activities with the Dual-Luciferase 209 

Reporter Assay kit (Promega, Madison, WI, USA) on a luminometer (GloMax 20/20, Promega).  Each 210 

control or chemical treatment was repeated at least 3 times and each replicate used independently co-211 

transfected cells (i.e. at least 3 independent co-transfections).  The lysates of each well (replicate) was 212 

measured at least 3 times.  The relative firefly luciferase activity normalized against the renilla luciferase 213 

activity reported for each construct and chemical treatment represent the mean ± the standard error of at 214 

least 3 measurements of at least 3 biological replicates (3 × 3 = 9).  The induction folds reported are 215 

expressed as a ratio of the normalized chemical-induced firefly luciferase activity to the normalized basal 216 

firefly luciferase activity (methanol control). 217 

Statistical analysis 218 

Significant differences in the relative firefly luciferase activity among different chemical or dose (NMM) 219 

treatments of H. zea fat body cells transfected with the CYP321A1 promoter construct P(-1470/-1) or P(-220 

1470-1)-mG4 were analyzed by one-way analysis of variance (ANOVA), followed by Tukey's HSD tests 221 

for multiple comparisons (P < 0.05).  Significant differences in the relative firefly luciferase activity 222 

between two constructs [P(-1470/-1) vs. P(-1470-1)-mG4] or two chemical treatments [e.g. methanol vs. 223 

NMM, flavone vs. flavone + NMM, xanthotoxin vs. xanthotoxin + NMM] were analyzed by t-tests.  All 224 
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statistical analyses were performed using GraphPad Prism 5.0 software (GraphPad Software Inc., San 225 

Diego, CA, USA). 226 

Results 227 

Manual identification of the G-rich motif HzIS1-3 G4 in the promoter of CYP321A1  228 

Previous studies showed that plant allelochemicals flavone and xanthotoxin shared one common 229 

negative element (silencer) to mediate transcription of CYP321A1 (Zhang et al., 2010；Zhang et al., 2014).  230 

This common silencer was mapped to -1470 to -1218 in the promoter region of CYP321A1 (Zhang et al., 231 

2010；Zhang et al., 2014) (Figure S1).  To identify this silencer, we carefully examined this region and 232 

found a 28-bp G-rich motif, which is located from -1283 to -1256 and contains one G4 tract and three G3 233 

tracts separated by three linkers of 4-6 bp (Figure S1).  This G-rich motif conforms to the consensus 234 

sequence motif G3+N1–7G3+N1–7G3+N1–7G3+ (G= guanine, N =any nucleotide) which has a strong 235 

propensity to form into three layers of G tetrads called G-quadruplex (G4) by the Hoogsteen base pairing 236 

and regulate gene transcription (Tippana et al., 2014; Lombardi et al., 2020; Spiegel et al., 2020).  237 

Hereafter, we designated these four sets of G3/4 tracts motif as HzIS1-3 G4 because it is located between 238 

the two target site duplicates (TSD) sites of the transposon HzIS1-3 inserted in the CYP321A1 promoter 239 

(Figure S1). 240 

HzIS1-3 G4 folds into an intra-molecule G-quadruplex 241 

We used circular dichroism (CD) and 1H-NMR (nuclear magnetic resonance) spectroscopy to test if 242 

the synthesized HzIS1-3 G4 oligo (Figure 1A) actually folds into G4 structures in vitro.  CD spectroscopy, 243 

which has been widely employed to identify DNA conformations, including B-family of structures, A-244 

form, Z-form, guanine quadruplexes, triplexes and other less characterized structures (Kypr et al., 2009), 245 
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showed that HzIS1-3 G4 oligo in the buffer without potassium exhibited a negative peak at 240 nm and a 246 

positive peak at 260 nm (Figure 1B), which is a signature of parallel G4 folding.  Addition of potassium 247 

into the buffer shifted the CD spectrum from one negative peak at 240 nm and one positive peak at 260 248 

nm to one valley at 240 nm and two positive peaks at 260 (equal or higher than the 290 nm peak) and 290 249 

nm respectively (Figure 1B), which is the typical spectrum of (3+1) hybrid-1 G4 conformation (Kypr et 250 

al., 2009).  The greater the potassium concentration, the higher the 290 nm peak (Figure 1B).  When one 251 

guanine in each of the four G3/4 tracts was mutated to an adenine, as showed in the mutant HzIS1-3 G4 252 

oligo known as HzIS1-3 mG4 in Figure 1A, a typical DNA rather than G4 spectrum of a wide valley near 253 

260 nm plus a positive peak at 280 nm occurred (Figure 1C), indicative of disruption of G4 conformations. 254 

Consistent with the above CD spectra data, 1H-NMR spectroscopy of the wildtype HzIS1-3 G4 oligo 255 

detected several imino proton peaks of guanines at 10.48~ 11.7 ppm (Figure 1D upper panel), the signature 256 

feature of G4 structures (Dai et al., 2011; Ambrus et al., 2005).  In contrast, no imino proton peaks of 257 

guanines were detected at 10.0 ~ 12.0 ppm in 1H-NMR spectroscopy of the mutant HzIS1-3 mG4 oligo 258 

(Figure 1D lower panel).   259 

To determine if HzIS1-3 G4 oligo fold into intra- or inter-molecule G4 structures, native 260 

polyacrylamide gel electrophoresis (PAGE) was performed to compare the mobility of the 28-bp HzIS1-261 

3 G4 with a 28 bp DNA marker (Figure 1A).  The annealed HzIS1-3 G4 moved much faster than the 28 262 

nt DNA marker in the 1× TBE running buffer with 50 mM KCl (Figure 1E), demonstrating that HzIS1-3 263 

G4 oligo folded into an intra-molecule G4 structure in the buffer with potassium.  264 

HzIS1-3 G4 acts as a silencer to represses the basal and flavone- / xanthotoxin-induced expression 265 

of CYP321A1  266 
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If the intra-molecule G4 structure formed by the 28-bp HzIS1-3 G4 motif is the common silencer for 267 

the basal and flavone- / xanthotoxin-induced expression of CYP321A1 previously mapped to the -1470 to 268 

-1218 region (Zhang et al., 2010；Zhang et al., 2014), then the mutations that disrupt the HzIS1-3 G4 269 

intra-molecule G4 structure should enhance the basal and induced expression of CYP321A1.  To test this 270 

hypothesis, a set of two pGL3-CYP321A1promoter constructs, the wildtype HzIS1-3 G4 construct 271 

P(−1470/−1)-G4 and the mutant HzIS1-3 mG4  construct P(−1470/−1)-mG4 (Figure 1A and 2), were 272 

transfected into H. zea fat body cells and then induced with methanol (control), 18.5 µM of flavone, or 273 

18.5 µM of xanthotoxin for 48 h.  As expected, the mutant construct P(−1470/−1)-mG4 had significant 274 

higher basal (1.41 fold), flavone-induced (1.25 fold) and xanthotoxin-induced (1.33 fold) promoter 275 

activity than did the wildtype construct P(−1470/−1)-G4 (Figure 2) 276 

N-methyl mesoporphyrin IX strengthens the suppressive effect of HzIS1-3 G4 on the basal and 277 

flavone- / xanthotoxin-induced expression of CYP321A1  278 

Since N-methyl mesoporphyrin IX (NMM) (Figure 3A) is a common ligand for binding and 279 

stabilizing G4 structures (Sabharwal et al., 2014；Yett et al., 2019; Nicoludis et al., 2012), we tested if it 280 

also binds to HzIS1-3 G4 and affects the suppressive effects of HzIS1-3 G4 on the basal and induced 281 

expression of CYP321A1 by flavone and xanthotoxin.  Fluorescence titration assay showed that NMM (3 282 

μM) fluoresced weakly at 611 nm when excited at 400 nm, but its fluorescence was significantly enhanced 283 

upon the addition of HzIS1-3 G4 DNA in a dose-dependent manner, resulting in an 284 

equilibrium dissociation constant (Kd) of 4.18 (Figure 3B).  In contrast, no significant increase in NMM 285 

fluorescence was observed in the presence of 3-12 μM HzIS1-3 mG4 DNA (Figure 3C).  CD spectra 286 

revealed no impact of NMM on the parallel topology of HzIS1-3 G4 DNA in the absence of K+, but a 287 
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dose-dependent shift from the (3+1) hybrid-1 topology to (3+1) hybrid-2 topology (Gao et al., 2020; Liu 288 

et al., 2018) of HzIS1-3 G4 induced by NMM in the presence of 100 mM K+ (Figure 3D).  Dual luciferase 289 

assay uncovered that NMM significantly diminished the basal promoter activity of the wildtype construct 290 

P(−1470/−1)-G4 when NMM concentration was >2 μM but increased the basal promoter activity of the 291 

mutant construct P(−1470/−1)-mG4 only when NMM concentration was at 10 μM (Figure 4A).  Thus, we 292 

selected 3 μM, the same concentration used for the above fluorescence titration assay, to test NMM’s 293 

impact on the basal and induced expression of CYP321A1 by flavone and xanthotoxin.  As showed in 294 

Figure 4B, 3 μM NMM significantly reduced the basal and induced expression of the wildtype construct 295 

P(−1470/−1)-G4 by flavone and xanthotoxin, but had no impacts on the basal and flavone- / xanthotoxin-296 

induced promoter activity of the mutant construct P(−1470/−1)-mG4. 297 

Field frequency of HzIS1-3 G4-containing CYP321A1 alleles 298 

To examine if HzIS1-3 inserted in CYP321A1 promoter (Chen and Li, 2007) and HzIS1-3 G4 carried 299 

by HzIS1-3 are selectively retained and constrained in the field populations of H. zea and H. armigera, we 300 

calculated the field frequencies of the HzIS1-3-inserted and/or HzIS1-3 G4-containing CYP321A1 alleles 301 

and genotypes by blasting the promoter sequence of CYP321A1 (Figure S1) (Zhang et al., 2010；Zhang 302 

et al., 2014) against the genome-wide RAD-seq (Restriction site-associated DNA sequencing) read data 303 

of 53 H. zea and 119 H. armigera adults collected from 13 different locations in Brazil, which are 304 

publically available in the NCBI SRA database (accession number: PRJNA615801).  While all the 53 H. 305 

zea and 119 H. armigera adults had reads mapping to CYP321A1 promoter sequence, only 47 H. zea and 306 

89 H. armigera adults had reads mapping to the HzIS1-3 insertion site of CYP321A1 promoter (Table 1).  307 

None (0%) of the 89 H. armigera individuals with reads mapping to the HzIS1-3 insertion site of 308 
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CYP321A1 promoter had HzIS1-3-inserted and/or HzIS1-3 G4-containing CYP321A1 alleles (Table 1).  309 

By contrast, 100% of the 47 H. zea individuals with reads mapping to the HzIS1-3 insertion site of 310 

CYP321A1 promoter possessed two HzIS1-3-inserted and HzIS1-3 G4-containing CYP321A1 alleles (47 311 

× 2 alleles per insect = 94 alleles) (Tables 1 and 2), yielding a field frequency of 100% (94 / 94) for HzIS1-312 

3-inserted HzIS1-3 G4-containing CYP321A1 alleles.  Sequence alignment showed that 25 (26.6%) of the 313 

94 HzIS1-3-inserted HzIS1-3 G4-containing CYP321A1 alleles of H. zea (Table 2) had the same HzIS1-3 314 

G4 motif with the CYP321A1 allele we previously reported (Zhang et al., 2010；Zhang et al., 2014) 315 

(Figure S1), the other 69 alleles had a HzIS1-3 G4 motif with 1-3 SNPs (single nucleotide polymorphisms; 316 

indicated by red letters in Table 2).  Sixty of the 69 SNP-containing alleles had a functional HzIS1-3 G4 317 

motif since their SNPs were located in the three linker or loop regions, rather than in the 4 G tracts (Table 318 

2).  Only 9 alleles (9 / 94 = 9.57%) had SNPs that disrupt 1 of their 4 G-tracts, which may significantly 319 

diminish or abolish the suppressive effect of HzIS1-3 G4 motif on the expression of CYP321A1 based on 320 

our G-tract mutant [P(-1470/-1)-mG4] data (Figure 1-4).  Grouping all the 94 HzIS1-3-inserted HzIS1-3 321 

G4-containing CYP321A1 alleles into either G tracts-intact (G-tracts in Table 3) or -mutated (mG-tracts 322 

in Table 3) type yielded a frequency of 80.85% for the homozygous G-tracts / G-tracts genotype, 19.15% 323 

for the heterozygous G-tracts / mG-tracts genotype, and 0.0% for the homozygous mG-tracts / mG-tracts 324 

genotype (Table 3), respectively 325 

 326 

 327 

Discussion 328 
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The -1218 to -1470 region of the CYP321A1 promoter, which harbors a transposon known as HzIS1-329 

3 (Chen and Li., 2007), has been previously mapped to contain a common silencer for the basal and 330 

flavone- / xanthotoxin-induced expression of this P450 (Zhang et al., 2010；Zhang et al., 2014).  Since 331 

G4 DNA motifs often act as silencers to down-regulate the corresponding oncogenes (Brooks et al., 2010; 332 

Wang et al., 2020; Yan et al., 2020; Zhang et al., 2018), we were curious whether this silencer could be a 333 

G4 DNA motif.  To satisfy our curiosity, we scanned this region and detected a 28-bp G-rich motif 334 

matching the G4 DNA consensus sequence G3+N1–7G3+N1–7G3+N1–7G3+ (Lombardi et al., 2020; Spiegel et 335 

al., 2020) in HzIS1-3 (Figure S1).  Subsequent biophysical analyses proved that HzIS1-3 G4 motif indeed 336 

folded into multiple types of intramolecular G4 structures (Figure 1).  This is evidenced by HzIS1-3 G4 337 

motif’s band pattern on a native PAGE gel (Figure 1E), 1H-NMR spectrum (Figure 1D), and abilities to 338 

fold into a parallel G4 structure in the absence of K+, gradually transform into a (3+1) hybrid-1 G4 339 

structure with the increase of K+ concentration (Figure 1B-1C), and turn on / enhance NMM’s fluorescence 340 

at 611 nm (Figure 3B-3C).  The fact that disruption of HzIS1-3 G4 structures by mutation of the middle G 341 

to A in the four G runs of HzIS1-3 G4 motif (Figure 1A and 1C) significantly enhanced the basal and 342 

flavone- / xanthotoxin-induced expression of CYP321A1 (Figure 2) confirmed that HzIS1-3 G4 motif is 343 

the common silencer for the constitutive and flavone- / xanthotoxin-induced expression of CYP321A1.  344 

This represents the first characterized silencer for down-regulation of insect P450s, although herbivorous 345 

insects, like other animals, need and can up- and down-regulate their xenobiotics-detoxifying P450s (Li 346 

et al., 2021; Zhang et al., 2018; King-Jones et al., 2006; Li et al., 2017) to deal with the diversity and 347 

unpredictability of xenobiotic compounds (Li et al., 2007; Li and Ni, 2011; Li et al., 2021) while prevent 348 

wasting energies and resources from unnecessary overexpression of P450s (Kliot and Ghanim, et al., 2012).  349 
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Yet, all the research done so far have focused on enhancers that upregulate insect P450s (Li et al., 2021; 350 

Pu et al., 2016), and thus no single silencer has been identified for insect P450s.  351 

The questions that then arise include 1) whether the G4 motif-carrying transposon HzIS1-3 jumped 352 

into CYP321A1 promoter before or after H. zea evolved from H. armigera via a founder event around 1.5 353 

million years ago (Mallet et al., 1993; Behere et al., 2007); 2) if the HzIS1-3-inserted HzIS1-3 G4-354 

containing CYP321A1 alleles are selectively retained in the field populations of H. zea and H. armigera; 355 

and 3) is the transposon-introduced HzIS1-3 G4 motif, particularly its G-tracts, selectively constrained?  356 

The absence of HzIS1-3-inserted HzIS1-3 G4-containing CYP321A1 alleles in all the 89 examined H. 357 

armigera adults but presence in 100% of the 47 examined H. zea adults collected from 13 different maize- 358 

and soybean-growing regions of Brazil (Table 1) demonstrate that the G4 motif-carrying transposon 359 

HzIS1-3 inserted into CYP321A1 promoter after H. zea was established in the New World from its H. 360 

armigera founder stock and the resultant HzIS1-3-inserted HzIS1-3 G4-containing CYP321A1 alleles are 361 

then selectively retained and fixed in the field populations of H. zea.  The answer to the third question is 362 

positive since only 9.57% of the 94 HzIS1-3-introduced HzIS1-3 G4 motifs had just 1 of their 4 G-tracts 363 

substituted by just 1 SNP (called mG-tracts in Table 3) (Table 2).  Furthermore, none of the 47 H. zea 364 

individuals with two HzIS1-3-inserted CYP321A1 alleles were homozygous for mG-tracts (Table 3).  365 

Taken together, these data evince that HzIS1-3 G4 DNA motif is selectively retained and conserved to 366 

down-regulate CYP321A1 in H. zea but not in H. armigera.  367 

HzIS1-3 G4 motif’s silencing effect was further intensified in a dose-dependent manner by the 368 

commonly-used G4 ligand NMM (Figure 3-4).  This may be achieved by induction of a conformational 369 

switch from (3+1) hybrid-1 to parallel G4 structure by NMM.  On one hand, HzIS1-3 G4 motif could fold 370 
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into a parallel (without K+) or (3+1) hybrid-1 (with K+) G4 structure in vitro (Figure 1B-1C), but a (3+1) 371 

hybrid-1 G4 structure in H. zea cells and larvae since they always contain physiological concentration of 372 

K+.  On the other hand, NMM is able to transform both hybrid and anti-parallel G4 structures to parallel 373 

G4 structure (Perenon et al., 2020).  Alternatively, NMM may strengthen the silencing effect of HzIS1-3 374 

G4 motif simply by stabilizing the (3+1) hybrid-1 G4 structure of HzIS1-3 G4 motif since NMM also can 375 

bind and stabilize all three topologies of G4 structures (Sabharwal et al., 2014; Yett et al., 2019; Perenon 376 

et al., 2020).  It turns out that none of the above two hypotheses but the NMM-triggered conformational 377 

switch from (3+1) hybrid-1 to (3+1) hybrid-2 G4 structure is correct because NMM induced dose-378 

dependent concurrent increase of the 295 nm peak and decrease of the 260 nm peak (Figure 3D), rather 379 

than disappearance of the 295 nm peak or increase of the 295 nm peak alone.  This finding suggests that 380 

HzIS1-3 G4 motif can be used as a DNA target to design, screen and develop safe and cost-effective 381 

ligands for repressing transcription of the insecticide-detoxifying CYP321A1 (Sasabe et al., 2004; 382 

Rupasinghe et al., 2007; Niu et al., 2008).  The obtained small molecule ligands can mix with insecticides 383 

to increase field efficacy of insecticides and/or overcome CYP321A1-mediated insecticide resistance. 384 

G4 DNA motifs are selectively enriched in the promoter regions of transcription factors and 385 

oncogenes (almost all of them are transcription factors) (Du et al., 2007; Brooks et al., 2010; Wu et al., 386 

2021; Niu et al., 2018).  It remains an open question whether / how P450s and other environment-387 

adaptation genes obtain G4 DNA motifs in their promoter regions.  Our finding of CYP321A1’s acquisition 388 

and conservation of HzIS1-3 G4 DNA motif by selective retention of HzIS1-3 jumped into its promoter 389 

region (Table 1-3) not only represents the first discovery of G4 DNA motifs in the promoter regions of 390 

P450 genes, but also reveals an evolutionary route, i.e. retention of G4 motif-carrying transposons, for 391 
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P450s and other environmental adaptation genes to acquire G4 DNA motifs.  Because 1) xenobiotic-392 

metabolizing P450s and environmental adaptation genes in general are enriched with transposons (Chen 393 

and Li, 2007); 2) G4 DNA motif-enriched telomeres and transcription factors are evolutionarily originated 394 

from transposons (Mustafin, 2020); and 3) transposons often contains G4 DNA motifs and are thought to 395 

serve as vehicles for the genomic spread of G4 DNA motifs (Lexa et al., 2014; Kejnovsky et al., 2015), 396 

we speculate that selective retention of G4 motif-carrying transposons is probably the major way of 397 

acquiring G4 DNA motifs by xenobiotic-metabolizing P450s and other environmental adaptation genes.  398 

Future genome-wide scanning of the promoter regions of these genes for the presence G4 DNA motifs 399 

and G4 DNA motif-carrying transposons in multiple species will help resolve this speculation. 400 

Conclusions 401 

The current study shows that CYP321A1, a xenobitic-detoxyfying P450 in the cotton bollworm, has 402 

gained a G4 DNA motif by selectively retaining a transposon jumped into its promoter region to suppress 403 

its basal and phytochemical-induced expression.  This represents to our knowledge not only the first 404 

characterized silencer for down-regulation of insect P450s, but also the first discovery of acquisition of 405 

G4 DNA motifs by non-transcription factor genes via selective retention of G4 DNA motif-carrying 406 

transposons.  407 

 408 
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Table 1. The frequencies of HzIS1-3 insertion and HzIS1-3 G4 motif in the field populations of H. 557 
zea and H. armigera in Brazil  558 
Species Insects 

sequenced 
Insects with 
reads 
mapping to 
CYP321A1 
promoter 

Insects with 
reads mapped 
to the HzIS1-3 
insertion site of 
CYP321A1 
promoter 

Insects with CYP321A1 
promoter inserted with 
HzIS1-3  

Insects with 
CYP321A1 promoter 
inserted with HzIS1-3 
G4-carrying HzIS1-3  

Number Frequency 
(%) 

Number Frequency 
(%) 

H. armigera 119 119 
 

89 0    0 0 0 

H. zea  53 53 47 47     100 47    100 
  559 
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Table 2. HzIS1-3 G4-containing CYP321A1 alleles and their frequencies in 47 field individuals of H. 560 
zea  561 

HzIS1-3 G4 motif variants Number Frequency 
G tracts-intact alleles    
   GGGGTATCGGGTTGCCCGGGTAACTGGG 38 40.43% 
GGGGTATTGGGTTGCCCGGGTAACTGGG 25 26.60% 
GGGGTATTGGGATGCCCGGGTAACTGGG 3 3.19% 
GGGGTATCGGGTTGCCTGGGTAACTGGG 3 3.19% 
GGGATATTGGGTTGCCCGGGTAACTGGG 3 3.19% 
GGGGTAGCGGGTTGCCCGGGTACCTGGG 2 2.13% 
GGGTTATCGGGTTGCCCGGGTAACTGGG 2 2.13% 
GGGGTATTGGGTTGTCCGGGTAACTGGG 1 1.06% 
GGGGTATTGGGTTGCTCGGGTAACTGGG 1 1.06% 
GGGGTATCGGGTTGCCTGGGTAATTGGG 1 1.06% 
GGGGTATCGGGTTGACCGGGTAACTGGG 1 1.06% 
GGGGTATCGGGGTGCCCGGGTAACTGGG 1 1.06% 
GGGGGATCGGGTTGCCCGGGTAACGGGG 1 1.06% 
GGGATATTAGGTTCCCCGGGGAACTGGG 1 1.06% 
GGGATATCGGGTTGCCCGGGTAACTGGG 1 1.06% 
AGGGTATCGGGTTGCCTGGGTAACTGGG 1 1.06% 
Total 85 90.43% 
   G tracts-mutated alleles   
GTGGTATTGGGTTTCCCGGGTAACTGGG 1 1.06% 
GGTGTATTGGGTTGCCCGGGTAACTGGG 1 1.06% 
GGTGTATCGGGTTGCCCGGGTAACTGGG 1 1.06% 
GGAGTATTGGGTTGCCCGGGTAACTGGG 1 1.06% 
GGGGTATTGGATTGCCCGGGAAACTGGG 1 1.06% 
GGGGTATCGGGTTGCCCGGGTAACTGAG 1 1.06% 
GGGGTATCGGGTGGCCCGAGTAACTGGG 1 1.06% 
GGGGTATCGGGTTGCCCAGGTAACTGGG 1 1.06% 
GGGATATTAGGTTCCCCGGGTAACTGGG 1 1.06% 
Total 9 9.57% 

Note: The nts colored in red are the SNPs relative the wildtype HsIS1-3 G4 motif. 562 
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Table 3. The genotype frequencies of HzIS1-3 G4 motif in the 47 H. zea field individuals. 563 
G-tracts / G-tracts G-tracts / mG-tracts mG-tracts / mG-tracts 
Number    Frequency Number    Frequency Number    Frequency 
38         80.85% 9           19.15% 0           0.0% 

Note: G-tracts = G-tracts intact alleles: all the 4 G tracts of the HzIS1-3 G4 motif are intact (see Table 2); 564 
mG-tracts = G-tracts-mutated alleles: one of the 4 G tracts of the HzIS1-3 G4 motif has a SNP (see Table 565 
2). 566 
  567 
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Figure legends 568 

Figure 1. HzIS1-3 G4 oligonucleotide folds into an intramolecular (3+1) hybrid-1 G4 structure. 569 

(A) Sequence alignment of the HzIS1-3 G4, HzIS1-3 mG4 and 28 nt Marker.  (B) CD (circular dichroism) 570 

spectrum of the folded HzIS1-3 G4 oligonucleotide in the presence of 0-100 mM KCl.  (C) CD (circular 571 

dichroism) spectra of the folded HzIS1-3 G4 and its folded non-G4 mutant HzIS1-3 mG4 oligonucleotides 572 

in the presence of 100 mM KCl.  (D) Native polyacrylamide gel electrophoresis (PAGE) of the folded 573 

HzIS1-3 G4 and 28 nt marker oligonucleotides.  (E) 1H NMR spectra of the folded HzIS1-3 G4 and HzIS1-574 

3 mG4 oligonucleotides. 575 

Figure 2. Role of HzIS1-3 G4 in regulation of CYP321A1 expression. 576 

The data and error bars represent the means and standard errors of at least 3 measurements of at least  3 577 

independent transfection / chemical exposure replicates.  Values sharing different lower case [for 578 

P(−1470/−1)-G4], capital [ P(−1470/−1)-mG4], or capital letters with a prime (e.g. A’; fold induction) are 579 

significantly different at P < 0.05 (Tukey’s HSD tests).  Significant differences between the CYP321A1 580 

wildtype promoter construct P(−1470/−1)-G4 and the corresponding mutant construct P(−1470/−1)-mG4 581 

are depicted by an asterisk (*) at P < 0.05 (two sample T tests).  The sequence differences between the 582 

two constructs can be found in Figure 1A. 583 

Figure 3.  Impacts of the general G4 ligand NMM on the structure of HzIS1-3 G4.  584 

(A) Structure of NMM.  (B) Enhanced fluorescence intensity of 3 μM NMM caused by stepwise addition 585 

of the folded HzIS1-3 G4 oligonucleotide (final concentration: 0 ~ 13 μM). Kd = Equilibrium dissociation 586 

constant.  (B) NMM not caused fluorescence intensity chenaged when HzIS1-3 G4 mutation. (D) CD 587 

(circular dichroism) spectra showing HzIS1-3 G4 structure switches from (3+1) hybrid-1 topology in the 588 
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absence of NMM to (3+ 1) hybrid-2 topology in the presence of NMM at the HzIS1-3 G4 / NMM molar 589 

ratios of 1:1, 1:3 and 1:6, respectively.   590 

591 
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Figure 4.  Impacts of the general G4 ligand NMM on the function of HzIS1-3 G4.  592 

(A) Impacts of different concentrations of NMM on the basal promoter activities of the CYP321A1 593 
wildtype promoter construct P(-1470/-1)-G4 and the corresponding mutant construct P(-1470/-1)-mG4.  594 
(B) Impacts of 3 μM NMM on the basal, flavone- and xanthotoxin-inducec promoter activities of the 595 
CYP321A1 wildtype promoter construct P(-1470/-1)-G4 and the corresponding mutant construct P(-1470/-596 
1)-mG4.  The data and error bars in (A) and (B) represent the means and standard errors of at least 3 597 
measurements of at least 3 independent transfection / chemical exposure replicates.  Values sharing 598 
different lower case [P(−1470/−1)-G4], capital [ P(−1470/−1)-mG4], or capital letters with a prime (e.g. 599 
A’; fold induction) are significantly different at P < 0.05 (Tukey’s HSD tests).  For each promoter 600 
construct, significant differences between two different chemical treatments (e.g. methanol vs. NMM, 601 
flavone vs. flavone + NMM, xanthotoxin vs. xanthotoxin + NMM) are depicted by an asterisk (*) at P < 602 
0.05 (two sample T tests).  NS = no significant difference.  The sequence differences between the two 603 
constructs can be found in Figure 1A. 604 
  605 
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Figure 1 606 

 607 
  608 
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Figure 2 609 
 610 

 611 
 612 
  613 
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Figure 3 614 

 615 
 616 
  617 
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Figure 4 618 

 619 

  620 
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Supplemental information 621 

Table S1. Oligos used in this study. 622 

Experiment  Oligo Sequence (5' to 3') 

Plasmid construction 
HzeaCYP321-mG4F 

GAGTATTGAGTTGCCCGAGTAACTGAGTTG

AGGAGGTCAG 

HzeaCYP321-mG4R 
CTCAGTTACTCGGGCAACTCAATACTCCTT

GATTAGACTGG 

CD* / 1H NMR / PAGE HzIS1-3 G4 GGGGTATTGGGTTGCCCGGGTAACTGGG 

HzIS1-3 mG4 GGAGTATTGAGTTGCCCGAGTAACTGAG 

PAGE Marker 28nt AAAAAAAAAAAAAAAAAAAAAAAAAAAA 

* Circular dichroism 623 
  624 
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Figure S1 625 

 626 

Figure S1. Identification of HzIS1-3 G4 motif in H. zea CYP321A1 promoter. 627 

The nucleotides are numbered relative to the transcription start site (TSS) indicated by +1, with 628 

sequence upstream of it preceded by “−”.  The left and right boundaries of the two constructs 629 

used in this study or the boundaries of silencer-containing region previously mapped (Zhang et 630 

al., 2010；Zhang et al., 2014) are marked by an arrow and number below the corresponding 631 

nucleotides.  The TATA box, TSD, XRE-Fla, G tracts and HzIS1-3 G4 motif are underlined. TSD: 632 
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target site duplicate of the inserted transposon HzIS1-3 (Chen and Li, 2007); XRE-Fla: xenobiotic response 633 

element to flavone. 634 

 635 
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