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Abstract: Glutamate dehydrogenase (GHD) synthesizes some RNAs that regulate mRNA abundance in response to the 

environment. The connection of gene expression and drug metabolism by the GDH-synthesized RNA has not been dem-

onstrated experimentally. The regulation of the mRNAs encoding the drug-metabolizing enzymes was studied by northern 

hybridization using the GDH-synthesized RNAs as probes. The mRNAs encoding cytochrome P-450 reductase, UDP-

glucosyltransferase, alternative oxidase, and ABC-transporters were upregulated by the administered ATP+UTP+GTP. 

Also superoxide dismutase and GSH S-transferase were upregulated by administered ATP. The untreated control, GTP, 

and UTP did not upregulate any of the mRNAs. The mRNAs encoding the enzymes were coordinately regulated at the 

molecular level. All the enzymes are also active in drug detoxication in mammals. Photometric assays of enzyme activi-

ties confirmed that the enzymes were present at levels proportional to their respective encoding mRNAs as detected by the 

GDH-synthesized RNA probes. Genetic code-based nucleic acid probes were partially accurate in detecting the mRNAs 

encoding the enzymes. Therefore, GDH-synthesized RNAs are important genetic metabolic probes for the screening of 

mRNAs encoding the drug metabolizing enzymes. Nucleoside triphosphates and analogs are antihypertensives, antineo-

plastics, antiarrhythmics, antimetabolites, antiviral agents etc and they induce GDH isomerization.  

Keywords: Glutamate dehydrogenase-synthesized RNA, nucleotides, periodic sequence repeats, mRNA abundance, cyto-
chrome P450, GSH S-transferase. 

INTRODUCTION 

 Drugs and xenobiotic chemicals are metabolized by an 
array of enzymes [1, 2, 3]. Structure-activity relationships of 
drug metabolizing enzymes and their substrates are impor-
tant research approaches in drug metabolism and transport 
[4]. It is important to incorporate metabolism research early 
in the pre-clinical drug screening process because poor 
pharmacokinetics account for a high proportion of clinical 
failures of drugs. Pre-clinical metabolic screening of a poten-
tial drug is also an expensive process because of public de-
mand that the benefits and side effects be fully known prior 
to marketing of a drug. The novel fields of RNAi and trans-
genic animal modeling are fast-forwarding the pace of toxi-
cological studies. These issues call for continued develop-
ment of innovative methodologies in the pharmacokinetic 
pre-clinical screening of potential drugs.  

 Genetic code-based nucleic acid probes and primers have 
supported the remarkable breakthroughs made by hybridiza-
tion and polymerase chain reaction (PCR) techniques in ge-
netic and genomic research. Since genetic code-based probes 
and primers are not necessarily metabolic in origin, the re-
sults derived from molecular biology experimentation in 
which they are utilized in the analyses may or may not repre-
sent the physiological conditions studied. Furthermore, the 
pharmacokinetics of a potential drug is not yet predictable 
with much accuracy because the combination of enzymes 
under a specified state of ill-health that are upregulated to  
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metabolize the drug is regularly changing. Therefore, there is 
need to develop specific genetic metabolic approach, differ-
ent from the conventional genetic chemical approach for 
studying the responses of genes and diseases to administered 
drugs. Drug metabolism is generally treated in three phases 
[5]. Phase I enzymes modify the drug molecules by oxida-
tion, dealkylation, and hydroxylation. Phase II enzymes con-
jugate the drugs to glutathione, sulfate, or carbohydrates. 
The phase III enzymes transport or clear-out the modified 
drugs. Metabolic transformations of structurally related 
drugs are influenced by many variables including enzyme 
isoforms, cell types, age, physiology, gender etc [6, 7, 8]. 
Although drugs are designed to target specific macromole-
cules, no universal genetic metabolic process that connects 
drug metabolism, disease and genes has been described. This 
has hampered the rapid development of new drugs using the 
wealth of bioinformatics knowledge now available [9]. The 
molecular relationships between adverse drug reactions [10] 
and many disease conditions that are exacerbated by genetic 
variations and single-nucleotide polymorphisms [11] have 
not been clearly understood. Therefore, it is important to 
understand the universal biological process that connects 
drug metabolism, disease conditions and genes. This calls for 
studies on drug metabolism at the molecular level in con-
junction with pharmacokinetic studies. The template-
independent synthesis of RNA by glutamate dehydrogenase 
(GDH) [12,13] in response to xenobiotic chemicals could be 
part of the universal biological process that links gene ex-
pression, drug metabolism and disease.  

 The isomerization of GDH is initiated by the fragmenta-
tion of some of its subunit polypeptides upon the binding of 
nucleophilic drugs to the active site lysine residue to form 
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dead-end enzyme-substrate complexes [14]. The active site 
lysine residue is first activated for nucleophilic attack by 
Schiff base formation with -ketoglutarate. Nucleophiles 
with negative reduction potentials induced more fragmenta-
tion of GDH than nucleophiles with positive reduction po-
tentials [15]. Thus, GDH isoenzyme population is a bio-
marker system for monitoring cellular redox changes. Nu-
cleophilic substrates (nucleoside triphosphates) possessing 
both binding and polymerization groups were polymerized to 
RNA [16]. Therefore, the RNA synthetic activity of GDH 
was discovered in the course of the enzyme purification and 
kinetics experimentation [15,17]. The RNA synthetic activity 
is dependent on the enzyme’s hexameric subunit structure 
because when the hexamer was dissociated in the absence of 
substrates, the aminating and deaminating oxidoreductase 
activities were retained, but the RNA synthetic activity was 
lost. These properties differentiated GDH from other en-
zymes including aldolase [18], acetoacetate decarboxylase 
[19], aminolevulinic acid dehydratase [20], DNA glycolase 
[21], and acetylserine sulfhydrylase [22] that depend on the 
formation of Schiff base reaction intermediate. Nucleophile-
mediated fragmentation of the GDH subunit polypeptides 
was followed by de novo biosynthesis of replacement poly-
peptides, thus giving rise to a new population of isoenzymes 
[17]. The primary structure of the RNAs synthesized by the 
enzyme is dependent on the subunit compositions and their 
arrangements in the hexameric isoenzymes [23]. Therefore, a 
new population of RNA was synthesized by the enzyme each 
time another drug was administered. Short sequences (3-30 
nucleotides) of GDH-synthesized RNAs share homology 
with many mRNAs including those encoding NADH dehy-
drogenase (respiration), ribosomal proteins (translation), 
proteasome ATPase, UDP-glucosyltransferase, chitinase, 
acetyl-CoA carboxylase, lipoxygenase etc [12] thus indicat-
ing a possible role of the enzyme in the regulation of drug 
metabolism. Results from northern hybridization studies in 
which the GDH-synthesized RNAs were used as probes sug-
gested their involvement in the reprogramming of the abun-
dance of mRNAs, and in the coordinate regulation of catabo-
lism and anabolism [18]. It is not yet possible to detect early 
signs of unfavorable drug metabolism by analysis of the tar-
get mRNAs [5] because cellular expression levels vary con-
siderably from one gene to another [24] and the genetic 
code-based nucleic acid probes utilized in the hybridization 
are unable to discriminate and/or integrate hybridization sig-
nals with reference to mRNA concentrations. Hairpins, loops 
and other secondary structural conformations in the mRNAs 
are the major culprits because they tend to limit the optimal 
hybridization of probes/primers to target sites in the mRNA. 
Therefore novel metabolic and interdisciplinary approaches 
are needed in order to synthesize appropriate nucleic acid 
probes requisite for gaining deeper insights into the regula-
tion of drug metabolism and similar complex biological 
processes.  

 The aim of this project was to develop genomic meta-
bolic nucleic acid probes for monitoring the changes in the 
abundance of mRNAs encoding the drug-metabolizing en-
zymes in their responses to administered drugs. Nucleotides 
are structurally and metabolically related. Also, some of their 
analogues are HIV and viral DNA reverse transcriptase in-
hibitors [25] antihypertensives, antineoplastics, antiarrhyth-
mics, antimetabolites etc and they induce GDH isomeriza-

tion. Their pharmacokinetics and detoxication by the drug-
metabolizing enzymes have not been studied extensively 
[26]. We report that in the metabolism of nucleoside triphos-
phates, the GDH-synthesized RNAs upregulated the mRNAs 
encoding NADPH-cytP-450 reductase (CPR), superoxide 
dismutase (SOD), and GSH S-transferase (GST) thus dem-
onstrating the connection of genes, drug metabolism, and the 
environment. 

MATERIALS AND METHODS 

 Treatment of experimental organism (Arachis hypogaea 
L. cv. Valencia seedlings) with the drugs, purification of 
GDH isoenzymes, synthesis of RNA by GDH, cDNA syn-
thesis, differential display sequencing gel fractionation, 
structural and functional characterization of the RNAs side-
by-side with total RNA, and cloning were as described be-
fore [12, 23].  

Northern Blot Analysis 

 Total RNA was extracted from the control and treated 
seedlings using the acidic phenol/chloroform method [27] 
and were further cleaned-up with QIAGEN total RNA puri-
fication kit (QIAGEN, Valencia, CA, USA). Equal amounts 
(10 g) of total RNAs were loaded and electrophoresed on 
2% (w/v) agarose gels and photographed to verify quality 
and accurate normalization for quantity and equality of RNA 
loading. RNA was electro-transferred with Trans-Blot SD 
cell (Bio-Rad, Hercules, CA) from the electrophoresed gel 
onto Brightstar-Plus nylon membranes (Ambion, Foster City, 
CA, USA) and immobilized to the membrane by oven heat-
ing at 85 

0
C for 2h. Electro-transfer was continued to a sec-

ond nylon membrane to verify completeness of the total 
RNA transfer. 

 For the preparation of probes from the GDH-synthesized 
RNAs, the cDNAs inserted in pCR4-TOPO vector were am-
plified by PCR from the plasmids (10 ng) using T7 forward 
and T3 reverse primers (1 M each), [

32
P]dATP (3000 

Ci/mmol, 10 mCi/mL, 2 L), dCTP/dGTP/TTP mix (50 
mM, 2 L), Taq polymerase (1 U), in a final volume of 30 

L. Amplification was for 35 cycles (95 
0
C for 60 seconds, 

55 
0
C for 30 seconds, and 72 

0
C for 60 seconds), followed by 

final extension incubation at 72 
0
C for 10 min. Unincorpo-

rated nucleotides were removed from the labeled cDNA by 
Sephadex G50 chromatography. 

 The first and corresponding second nylon membranes 
with immobilized total RNA were prehybridized with UL-
TRAhyb buffer (Ambion, Foster City, CA, USA) at 68 

0
C 

for 30 min, and hybridized with 
32

P-labeled cDNA as probes 
overnight at 68 

0
C. The membranes were washed separately 

for 15 min at 42 
0
C to remove unbound probes, followed by 

another wash for 15 min at 68 
0
C to remove loosely bound 

probes, the wash solution being NorthernMax low stringency 
solution (Ambion, Foster City, CA, USA). The blots were 
exposed to X-ray film with intensifying screens at -80 

0
C for 

autoradiography. The band intensities were digitalized using 
UN-SCAN-IT gel digitizing software (Silk Scientific, Inc., 
Orem, Utah, USA). The digital intensities were normalized 
with the band of the control seedlings mRNA as the base line 
of 1 instead of zero [13]. For the upregulated mRNAs, the 
band intensities were rated on a scale of 1(normal band in-
tensity) to 10 (highest band intensity) per blotted membrane. 
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For the downregulated mRNAs, the band intensities were 
rated on a scale of -10 (lowest band intensity) to 1 (normal 
band intensity) per blotted membrane.  

Enzyme Extraction and Assays 

 Freshly harvested seedlings (10g) were homogenized 
with 80 ml of phosphate buffer (50 mM potassium phosphate 
containing 10% glycerol, 1 mM dithiothreitol, and 0.1 mM 
EDTA) pH 7.6. The homogenate was frozen at -80 

0
C, 

thawed at 4 
0
C in order to fracture the mitochondria. Cellular 

debris was removed by centrifugation (20,000 x g for 1 h at 
2 

0
C). The pellet was discarded, but the supernatant was dia-

lyzed for 36 h against 5 changes of 50mM potassium phos-
phate buffer (pH 7.6) each change being 5 L to remove me-
tabolites. The dialyzed extract was centrifuged (5000 x g for 
30 min at 4 

0
C) to remove insoluble materials. The CPR and 

SOD activities of the extract were assayed with nitrotetra-
zolium bromide (MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) as the substrate [28, 29]. Con-

Table 1. cDNAs of Some Total RNA Fragments and of the GDH-Synthesized RNAs Used as Probes for the mRNAs Encoding the 

Drug Metabolizing Enzymes 

Fragment 1 (synthesized by GDH): 

TCGANATTACTGNNCGTAAGCGCACGCAGNGGNTTTGTTTAAGTCAGATGTGAAATCCCCNGGGCTCA ACCTGGGAACTGCATCTGA 
TACTGGCAAGCTTGAGTCTCGTAGAGGGGGGTAGAATTCCAGGTGTAGC GGTGAAATGCGTAGAGATCTGGAGGAATACCGGTGG 
CGAAGGCGGCCCCCTGGACCAACACTGACGC TCAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCC 

TAAACGATGTC AACTTGGAGGTTGTGCCCTTGAGGCGTGGCTTCCGGAGCTAACGCGTTAAGTCGACCGCCTGGGGAGTACGGCCGCA 
AGGTTAAAACTCCAAGGAATTGACGGG 

Fragment 2 (synthesized by GDH): 

TTAACGCGTTAGCTTCGATACTGCGTGCCAAATTGCACCCAACATCCAGTTCGCATCGTTTAGGGCGTGGACTACCAGGGTATCTAATCC  
TGTTTGCTCCCCACGCTTTCGTGCCTCAGTGTCAGTGTTGGTCCAGGTAGCTGCCTTCGCCATGGATGTTCCTCCTGATCTCTACGCATTTCA  
CTGCTACACCAGGAATTCCGCTACCCTCTACCACACTCTAGTCGCCCAGTATCCACTGCAGTTCCCAGGTTGAGCCCAGGGCTTTCACAAC  

GGACTTAAACGACCACCTACGCACGCTTTACGCCCAGTAATTCCGAGTAACGCTTGCACCCTTCGTATTACCGCGGCTGCTGA 

Fragment 3a (synthesized by GDH): 

TCGANATTACTGGGCGTAAGCGTGCGTCTAGNTGGNTCNTNTTTAAGTCCGATTGTGAAAATGCCCTGGGCTCNACCTGGGAACTGCATC  
TGGATACTGGGCGACTAGAGTGTGGTAGAGGGTAGCGGAATTCCTGGTGTAGCAGTGAAATGCGTAGAGATCAGGAGGAACATCCATG  

GCGAAGGCAGCTACCTGGACCAACACTGACACTGAGGCACGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCC  
TAAACGATGCGAACTGGATGTTGGGTGCCATTTGGCACGCATTATCGAAGCTAACGCGTTAAGTTCGCCGCCTGGGGAGTACGGTCGCA  

AGACTGAAACTCAAAGGAATTGACGGNNA 

Fragment 3b (from total RNA, homologous to fragment #3a): 

TCGNNNATTACTGGGNNNAAGCGCAGCGCNAGGCGGTTNTTGNTTAAGTCACGATGTGAAATCCCCTGGGCTCAACCTGGGAACTGCAT  
CTGATACTGGCAAGCTTGAGTCTCGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGGTGG 
CGAAGGCGGCCCCCTGGACGAAGACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCG  

TAAACGATGTCGACTTGGAGGTTGTGCCCTTGAGGCGTGGCTTCCGGAGCTAACGCGTTAAGTCGACCGCCTGGGGAGTACGGCCGC  
AAGGTTAAAACTCAAAGGAATTGACGG 

Fragment 4 (synthesized by GDH): 

GCTGGTAAGGNTGGNCTTTAAGTCCGTTGTGAAAGCCTGGGCNCCNTCTAGANGANCTGCAGTGGAACTGGGCGACTANAGTGTGCCCA  
TANGGTCCCGGAATTCCTGGTGTAGCAGTGAAATGCGTATAGATCAGGAGGAACNTCCATGGCGAAGGCAGCTACCTGGANCANCACTG  
ACACTGAGGCACGAAAGCGTGGGGAGCCAACAGGATTAGATACCCTGGTAGTCCCCGCTCTAAACGATGCNAATT 

Fragment 5a (synthesized by GDH): 

GGGGCTTAACGATTCGCCCTTATGAGTCCTGACCGAGAACGGCATTGATAGCGATGAGTCCTGACCGACAACGGCATTGATAGCGAT 
GAGTCCTGACCGAGAACGGCATTGATAGCGATGAGTCCTGACCGACAACGGCATTGATAGCGATGAGTCCTGACCGAGAACGGCAT 
TGATAGCGATGAGTCCTGACCGAGAACGGCATTGATAGCGATGAGTCCTGACCGACAACGGCATTGATAGCGATGAGTCCTGAC 

CGACAACGGCATTGATAGCTATGAGTCCTGACCGAGAACGGCATTGATAGCGATGAGTCCTGACCGACAACGGCATTGATAGCGA  
TGAGTCCTGACCGACAACGGCATTGATAGCGATGAGTCCTGACCGACAACGGCATTGATAGCATGAGTCCTGACCGACAACGGCA 

TTGATAGCGATGAGTCCTGACCGGGTACGCAGTCTACGAGACCAGT 

Fragment 5b (from total RNA, homologous to probe #5a): 

ACTTCAGCTACGATTCGCCCTTATGAGTCCTGACCGAGAACGGCATTGATAGCGATGAGTCCTGACCGACAACGGCATTGATAGCGA  
TGAGTCCTGACCGACAACGGCATTGATAGCGATGAGTCCTGACCGAGAACGGCATTGATAGCGATGAGTCCTGACCGATGGTTCA  

CGGGATTCTGCAATTCACACCAAGTATCGCATTTCGCTACGTTCTTCATCGGGTACGCAGTCTACGAGACCAGTAA 

Fragment 6 (synthesized by GDH): 

ACAGCAGCTACGATTCGCCCTTTGAGTCCTGACCGAGAATGGCATTGATAGCGATGAGTCCTGACCGACAACGGCATTGATAGCGA  
TGAGTCCTGACCGACAACGGCATTGATAGCGATGAGTCCTGACCGACAACGGCATTGATAGCGATGAGTCCTGCCCGGGTACGCAGTC 

TACGAGACCAGTA 

Fragment 7 (rRNA from total RNA): 

CGAGAACTGGCGATGCGGGATGAACCGGAAGTCGGGTTACGGTGCCCAACTACGCGCTAACCTAGACCCCACAAAGGGTGTTGGTCGACT  
TCCATGACCACCGTCCTGCTGTCTTAATCGACTTCCATGACCACCGTCCTGCTGTCTTAATCGACTTCCATGACCACCGCCCTGCTATCT  

TAATCG 
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tinuous photometric measurements at A610 with MTT were 
carried out using 0.9 ml of mixture as follows: 13 mol MTT 
in 0.1 M potassium phosphate buffer (pH 7.6) and 0.25 ml of 
enzyme extract containing 1.0 – 5.0 mg protein ml

-1
. Read-

ings were taken (NanoDrop ND-1000 spectrophotometer) 
every other min for 10 min. Then 0.1 ml of 0.5 mM NADPH 
solution in 0.1 M potassium phosphate buffer (pH 7.6) was 
added, and photometric readings were recorded for another 
10 min. An extinction coefficient of 11.3 mM

-1
 cm

-1
 was 

used to calculate the number of moles of MTT converted to 
the blue-formazan min

-1
 mg

-1
 protein [30] in the absence of 

NADPH (SOD activity) and in the presence of NADPH 
(CPR activity). Blank assays without MTT but with enzyme 
extract, and with MTT but without enzyme extract were also 
performed. Positive controls in the CPR and SOD assays 
with added 30 nmol NADPH-CPR (Invitrogen, Carlsbad, 
CA, USA) per assay were performed. Assays were repeated 
four times on two extracts of enzymes from each treated 
seedlings, and the means were calculated. 

RESULTS  

GDH-Synthesized RNAs 

 The GDH-synthesized RNA fragments that shared se-
quence homology with the mRNAs encoding some of the 
drug metabolizing enzymes had sequence repeats (Table 1) 
because their primary structures are dependent on the subunit 
compositions of the hexameric isoenzymes [23]. GDH has a 
non-allelic gene structure [31] consisting of three different 
subunit polypeptides. The gene (GDH1) encoding the more 
acidic subunits (A, and ) is heterozygous, and co-dominant; 
and the gene (GDH2) encoding the less acidic subunit ( ) is 
homozygous [32]. The binomial distribution pattern of the 
28 GDH hexameric isoenzymes [33] is a protein population 
array that displays the subunit relationships. Accordingly, 
the primary structures of RNAs (Table 1) synthesized by the 
charge isomers mimicked the subunit compositions and rela-
tionships among the isoenzymes. The NCBI BLAST 2 se-
quences alignment algorithm [34] showed that isoenzymes 
with similar subunit compositions (A3 3, 3 3, A3 3 etc) syn-
thesized RNAs (fragments 1, 3a, and 4) that shared extensive 
plus/plus strands sequence similarities. Isoenzymes with 
calibrated similarities in their subunit compositions (A4 , 
A3 2, A2 2 2, A2 3 etc) synthesized RNAs (fragments 5a 
and 6) that shared repeated overlapping plus/plus strands 
sequence similarities. Isoenzymes with opposite subunit 
compositions ( 5 , 5, A5  etc) synthesized RNAs (RNA 
fragments 1, 2, and 3a) that shared plus/minus strands se-
quence similarities. Therefore GDH-synthesized RNAs, 
similar to their corresponding isoenzymes are isomeric 
RNAs. Their isomeric sequence characteristics distinguished 
them from transcribed RNA. The relationship between GDH 
subunit composition and the RNA synthesized suggested that 
each subunit polypeptide possessed positional specificity and 
orientation in the hexameric isoenzyme. Their positional 
specificity is in agreement with the massive change in the 
structure and loss of catalytic activity consequent upon the 
dissociation of the hexamer [35]. The network of repeated 
overlapping sequence similarities among the GDH-
synthesized RNA thus offered a basis for verifying the fidel-
ity of the enzyme in the synthesis of RNA. The sequence 
similarities were also instrumental to the ability of the RNA 
to coordinately reprogram the abundance of mRNAs [23] in 

agreement with the signal integration and discrimination 
property of GDH [15,17]. The sequence overlaps conferred 
strong specificity on the GDH-synthesized RNA as probes 
for detecting mRNAs.  

Application of GDH-Synthesized RNA in Drug Metabo-
lism 

 The BLAST searches as done before [12, 23] showed 
that the listed GDH-synthesized RNAs matched known-
function genes (Table 2) encoding the phases I, II, and III 
drug-metabolizing enzymes. A comparison of the sequences 
(Table 1) with their putative functions (Table 2) showed that 
the drug-related GDH-synthesized RNAs were derivatives, 
permutations, inversions, transpositions, repeats or rear-
rangements involving RNA fragment #1 or # 5a. The two 
common frames of sequences were in agreement with the 
isomeric nature of the GDH-synthesized RNAs.  

 Northern blotting was preferred to microarray and/or 
PCR techniques because the GDH-synthesized RNAs were 
multi-target probes that required the fractionation of the 
mRNAs prior to probing [23]. Northern analysis performed 
to verify the interaction of GDH-synthesized RNA with the 
several putative targets in mRNAs displayed multiple bands 
(Figs. 1-5). In each northern blot, the band patterns and in-
tensities of the control peanut total RNA were taken as the 
baseline [36]. The Northern bands were distinct and compact 
without any smearing, thus confirming that the total RNA 
preparations were free from ribonuclease degradation. Fur-
thermore, the rRNA bands were present as evidenced in the 
photographed gels thus confirming that total RNA prepara-
tions used were free of any degradation. The duplicate north-
ern analyses using each cDNA of GDH-synthesized RNA 
gave identical banding patterns thus confirming reproducibil-
ity of the northern reactions. The second nylon membrane 
onto which the total RNAs were trans-blotted gave no bands 
after hybridization to labeled probes thus confirming com-
pleteness of total RNA transfer to the first membrane. 
mRNAs encoding some housekeeping enzymes were not 
applied as controls because northern results in which GDH-
synthesized RNA were used as probes tended to suggest that 
such mRNAs were also subject to environmental repro-
gramming of their abundance (unpublished results). There-
fore the important reference control was the total RNA of the 
untreated control seedlings since their GDH isoenzyme 
population pattern was superseded by those of the treated 
seedlings [37]. The abundance (Table 3) of the mRNAs de-
tected by the Northern analysis (Figs. 1-5) showed dramatic 
reprogramming in response to each drug. Changes in redox 
potentials induced by the drugs (nucleoside triphosphates) 
determined the extent of GDH isomerization and of the 
RNAs the isoenzymes synthesized [36,37]. 

 Probe #1 shared sequence homologies with two mRNAs: 
~ 1,800 bases long encoding CPR, and ~6,000 bases long 
encoding indole acetic acid (IAA) inducible protein. The 
mRNA encoding CPR was most upregulated (10-fold) by the 
application of 3NTPs. The single nucleotide treatments 
(ATP, CTP, GTP, UTP), and the control did not induce the 
mRNA thus emphasizing the similarities in the nucleotide 
structures and suggesting that they were slowly metabolized. 
CPR is rated as the most ubiquitous mechanism for drug 
detoxication [38, 39] because it can perform a wide spectrum 
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Table 2. cDNA of RNA Fragments and their Putative Functions 

RNA Fragment Putative Function Accession # 

1. Indole acetic acid inducible genes 

Cytochrome P450 reductase 

X68218.1 

AF123602.1 

2. Transcriptional factor 

Superoxide dismutase 

AB182945.1 

AY642137.1 

3a. Translational factor 

Alternative oxidase 

AJ132231.1 

EF187463.1 

4 Translational factor 

GSH S-transferase 

AJ13223.1 

AF243366.1 

5a. ABC transporters 

Acid lipase 

BK001008.1 

AY360221.1 

6. Proton pump 

ATPase 

Flavonoid biosynthesis gene 

Y09815.1 

NM115208.3 

AF210617.1 

7. 28S rRNA gene AY049041.1 

 

 

 

 

 

 

 

 

 

Fig. (1). Northern blot with fragment 1 (IAA inducible protein and cytP-450) as probe: Equal amounts (10μg) of total RNAs from the control, 

and from NH4Cl, ATP, 3NTPs, CTP, GTP, UTP, ATP+UTP, GTP+CTP-treated peanuts were electrophoresed through 2% agarose gel, trans-

blotted on to nylon membrane, followed by screening with 
32

P-labelled cDNA of the probe. The membrane was washed with low stringency 

solution and autoradiographed. Band {1} is the mRNA encoding auxin inducible protein; and band {2} is the mRNA encoding cytP-450. 

 

 

 

 

 

 

 

Fig. (2). Northern blot with fragment 2 (transcription factor and SOD) as probe: Equal amounts (10μg) of total RNAs from the control, and 

from 4NTPs, Chitosan, ATP, NH4Cl, 3NTPs, CTP, GTP, UTP, ATP+UTP, GTP+CTP-treated peanuts were electrophoresed through 2% aga-

rose gel, trans-blotted on to nylon membrane, followed by screening with 
32

P-labelled cDNA of the probe. The membrane was washed with 

low stringency solution and autoradiographed. Band {1} is the mRNA encoding transcription factor; band {2} is the mRNA encoding SOD. 

of reactions including N-oxidation, sulfoxidation, epoxida-
tion, N-, S-, and O-dealkylation, peroxidation, deamination, 
desulfuration, and dehalogenation [40]. Plants possess func-
tionally active CPR [41]. Pharmacokinetic screening of po-
tential drugs is focused mainly on the inducible mammalian 
CPR [42, 43]. Therefore, the results presented hereunder are 
relevant in plants as they are in animals. Nucleotides are 

signaling molecules [7] and the sources of biological energy 
[8]. Also, some of their analogs are antiviral agents, anti-
hypertensives, antineoplastics, antiarrhythmics, antimetabo-
lites etc. Therefore, suppression of the mRNA encoding CPR 
by GDH-synthesized RNA in plants could be an important 
model for the identification of potential drug candidates. 
Administered as mixes (ATP plus UTP, GTP plus CTP, 
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Fig. (3). Northern blots with fragments 3a (from GDH-synthesized RNA) and fragment 3b (from total RNA) homologous to mRNAs for 

translation factor and AOX as probes: Equal amounts (10μg) of total RNAs from the control, and from 4NTPs, 4NTPs+NH4Cl, NH4Cl, ATP, 

3NTPs, CTP, GTP, UTP, ATP+UTP, GTP+CTP-treated peanuts were electrophoresed through 2% agarose gel, trans-blotted on to nylon 

membrane, followed by screening with 
32

P-labelled cDNA of the probe. The membrane was washed with low stringency solution and autora-

diographed. Band {1} is the mRNA encoding ribosomal protein; band {2} is the mRNA encoding AOX. 

4NTPs, NH4
+
 plus 4NTPs), the drugs elicited CPR-mediated 

detoxication responses (Fig. 1) thus emphasizing the meta-
bolic importance of the synergistic structural complementar-
ity between the purine and pyrimidine nucleotides. CPR is 
considered as a housekeeping enzyme because of its low 
level in many mammalian tissues. The gene encoding the 
enzyme also lacks ‘TATA’ and ‘CCAAT’ boxes in the pro-
moter sequence similar to several genes encoding house-
keeping enzymes [44] whose expressions are not readily 
modulated by inducers [45]. However, the abundance of its 
mRNA was readily modulated by NTPs (Fig. 1) thus demon-
strating the limits of its suitability as a stable control tran-
script in differential gene expression studies [41]. The 
~6,000 bases mRNA (Fig. 1) encoding the IAA-inducible 
protein was not further analyzed because its abundance did 
not affect the abundance of the mRNA encoding CPR. IAA-
inducible protein regulates plant growth [46]. Except the 
control and the UTP treatment, all the other treatments pro-
moted the growth of the seedlings. The cellulose contents 
were also lowest in the control and the UTP-treated seed-
lings [47] in agreement with the relative abundance of the 
mRNA encoding the auxin-inducible protein (Fig. 1). The 
level of CPR protein was assayed in terms of NADPH-
mediated reduction of MTT. The mixes of NTPs induced 
higher activities of the enzyme as compared with the control 
and single NTP treatments (Table 4). Therefore the enzyme 
kinetics results agreed with the Northern blot results.  

 Probe #2 shared homology with the mRNAs ~770, and 
9,000 bases long encoding copper/zinc superoxide dismutase 
isoenzyme 2 (SOD2), and homeobox transcriptional protein 
respectively. Copper/Zinc SOD is a ubiquitous enzyme in 
the cytosol and chloroplast, and it catalyzes the dismutation 

of the superoxide anion into hydrogen peroxide and molecu-
lar oxygen [48]. It is one of the most important antioxidative 
enzymes. The mRNA encoding SOD2 was most upregulated 
by ATP as compared with the control, 4NTPs, and the com-
bined ATP plus UTP administrations that displayed normal 
induction of the mRNA. The different response of the 
mRNA encoding SOD2 to the administered ATP could have 
been due to the suppression of the mRNA encoding CPR. 
The downregulation of the mRNA encoding SOD2 in the 
GTP plus CTP, 3NTPs, GTP, UTP, and CTP treated peanuts 
relative to the untreated control signified the prevalence of 
adverse pharmacokinetic conditions for the enzyme. Gener-
ally, there were reciprocal relationships between the levels of 
the mRNAs encoding CPR and SOD2 (Table 3). This was 
due to the plus/minus strands sequence similarity between 
probes 1 and 2. The regulation of the abundance of the two 
mRNAs was therefore attributable to the GDH-synthesized 
RNA.  

 The level of SOD protein was assayed in terms of the 
oxidation of MTT (Table 4) by superoxide anion [29]. The 
results showed that only ATP-treated peanut had the highest 
activity of the enzyme. Therefore the mRNA encoding 
SOD2 was correctly identified in the northern blot using the 
GDH-synthesized RNA fragment #2 as the probe (Table 3). 
The confirmation of the abundance of mRNAs (Table 3) by 
the activities of the enzymes (Table 4) bring about a strong 
appreciation of the metabolic consequences of the GDH-
synthesized RNAs as proposed earlier [23, 47] because the 
enzyme encoded by a mRNA suffered a loss-of-activity fol-
lowing the degradation of the mRNA by the homologous 
RNA that was synthesized by GDH. When the GDH did not 
synthesize the RNA, then the mRNA was not degraded, and 
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there was no loss-of-activity by the enzyme. The advantage 
of GDH was that whereas the photometric assays of CPR 
and SOD2 could not detect the coordinate regulation of the 
enzymes, the GDH-synthesized RNA easily offered the mo-
lecular basis of the coordinate regulation, an important reac-
tion in drug metabolism research. Therefore, it was very in-
cisive to conduct pharmacokinetic experimentation in con-
junction with molecular biology research. 

 Superoxide free-radicals [49] are produced in tissues as 
an adverse response of metabolism to drugs. Cu/Zn SOD of 
plants are similar to bovine erythrocyte Cu/Zn SOD in pos-
sessing high catalytic efficiency and 2 atoms of Cu and Zn 
per molecule [50]. This structure is consistent with the 
mechanism of action of disproportionation which implies the 
alternative reduction and reoxidation of the enzyme metal 
(Cu

2+
) during successive interaction with O2

-
 radicals [51]. 

Mutations in the Cu/Zn SOD gene account for approximately 
25% of familial amyotrophic sclerosis (ALS). Up to 105 
different mutations have been identified in the SOD gene. 
Studies on the abundance of the mRNA encoding the SOD 
using GDH-synthesized probes could further illuminate the 
targets of the small molecules that induce the mutations [52]. 
Therefore, plant SOD results could be applied as a model to 
understand potential drug targets in mammalian systems; 
especially the upregulation of the mRNA encoding SOD2 by 
GDH-synthesized RNA could be important in ALS drug 
screening. Mammalian GDH also synthesizes RNA (unpub-
lished result), but they have not been sequenced. The ho-
meobox transcript was upregulated in the drug treatments 
where SOD2 was downregulated thus confirming [46] that 
adverse pharmacokinetics and oxidative stress caused the 
over-expression of transcriptional activity.  

 Probe #3a (Table 1) shared homology with the mRNAs 
~6,500, and 2,700 bases long encoding ribosomal proteins 
(translational factor), and alternative oxidase 2a (AOX2a) 
respectively. The mRNA encoding AOX2a was upregulated 
in the CTP and 3NTPs treatments but it maintained normal 
abundance in the control and the other NTP treatments (Fig. 
3a) thus suggesting that the AOX2a activity complemented 
the activities of CPR and SOD2. This complementary action 
was attributable to the extensive plus/minus strand sequence 
similarity (Table 1) between probes 1, 2 and 3a, and empha-
sizing the usefulness of the GDH-synthesized RNA in drug 
metabolism research. As a negative control, fragment #3b 
(Table 1) isolated from total RNA lane in the differential 
display sequencing gel, and sharing low (83%) sequence 
similarity with probe #3a was used as a northern probe (Fig. 
3b). The northern band patterns for the mRNA encoding 
AOX2a (Fig. 3a and 3b) were similar qualitatively but re-
markably different quantitatively because the total RNA-
derived probe detected only about 20% of the mRNA encod-
ing AOX2a in the CTP-treated seedlings. This and other in-
adequacies also observed in the detection of the abundance 
of the mRNA encoding the ribosomal protein emphasized 
the limitation of genetic code-based nucleic acid probe in 
hybridization assays of mRNA [53]. The results of the Blast 
2 sequences alignment between fragments 3a and 3b dis-
played 4 gaps and 51 mismatches which introduced the 
flexibility that enabled the GDH-synthesized RNA to inter-
act fully with its target mRNA to give maximum hybridiza-
tion signals despite the impediment created by mRNA sec-
ondary structures. Because the genetic code-based probe 3b 

matched the target mRNA perfectly, it was rigidly unable to 
flip around mRNA secondary structures with the conse-
quence that its hybridization signals were lower than ex-
pected and substantially inaccurate [24]. The mRNA encod-
ing the translational factor was regulated independent of that 
encoding the AOX2a in the 4NTPs and ATP treatments, but 
they were at normal abundance in the control, GTP, com-
bined ATP plus UTP, combined GTP plus CTP, and UTP 
treatments thus further suggesting that these treatments elic-
ited unfavorable pharmacokinetics that induced catalytic 
RNA synthesis by GDH. The results presented above could 
apply as a model for mammals because AOX-dependent 
cyanide-resistant l electron transport operates in mammalian 
mitochondria [54] where the enzyme remains inactive until 
triggered by pyruvate [55].  

 Probe #4 (Table 1) shared homology with mRNAs ~850 
and 6,500 bases long encoding glutathione S-transferase 
(GST) type II (phase II enzyme), and translational factor 
respectively (Fig. 4). The mRNAs encoding the GST and 
SOD were upregulated in the 4NTPs and ATP treatments in 
which AOX2a was downregulated, but were downregulated 
in 3NTPs and CTP treatments in which the mRNAs encod-
ing AOX2a was upregulated (Table 3). Similar reciprocal 
relationships in the abundance of the mRNAs encoding the 
GST and CPR were also found. Therefore, like the mRNA 
encoding AOX2, that encoding GST responded positively to 
ATP administration. These results showed that the abun-
dance of the mRNAs encoding the phase I enzymes was co-
ordinately regulated by GDH-synthesized RNA. Further-
more, the abundance of the mRNA encoding GST (phase II) 
was coordinately linked to the abundance of the mRNAs 
encoding the enzymes of phase I by GDH-synthesized RNA. 
The GDH-synthesized RNA that was homologous to the 
mRNA encoding UDP-glucosyltransferase [47] shared se-
quence similarities with the GDH-synthesized RNAs that 
were homologous to the mRNAs encoding CPR, SOD, 
AOX2a, and GST (Table 1). The abundance of the mRNAs 
encoding UDP-glucosyltransferase (phase II) was recipro-
cally reprogrammed with respect to the mRNA encoding 
GST consequent upon 4NTPs, ATP, 3NTPs, GTP plus CTP, 
GTP, and CTP administrations [47]. Plant GSTs show a high 
degree of structural homology to animal GSTs [56]. They 
function to protect the cell from oxidative damage by 
quenching reactive molecules (pesticides, drugs, and car-
cinogens) with the conjugation of GSH [57]. However, they 
are known to possess broad substrate specificities [58]. As is 
common in GDH, there are also tissue location differences in 
GST. The GST purified from rat liver microsome was stimu-
lated eightfold by the treatment with N-ethylmaleimide and 
fourfold with iodoacetamide; whereas the soluble enzyme of 
rat liver cytoplasm was not affected by such sulfhydryl-
blocking agents [59]. The phase II enzymes were coordi-
nately regulated at the molecular level by GDH-synthesized 
RNA. Assays of GSTs are major experimental activities in 
the pharmacokinetic screening of potential dermatological 
drugs [60]. Therefore, the results derived from plant GST 
could be applied as a model for drug screening in mammal-
ian studies. These reprogramming of mRNA abundance sug-
gested that GDH catalyzed the biological processes that con-
nected gene expression, drug metabolism, and the environ-
mental conditions.  
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 Probe #5a (Table 1) shared homology with the mRNAs 
~6,300 and 1,600 bases long encoding ATP-binding cassette 
(ABC) transporters and acid lipase respectively (Fig. 5a). 
ABC superfamily of transporters (phase III) participate in the 
excretion of xenobiotics and antifungal agents [61]. NTPs 
and analogs are substrates of various transporters [25]. The 
mRNA encoding the transporters was consistently upregu-
lated by most of the nucleotide treatments compared with the 
control, thus confirming the excellence of the NTPs as trans-
porter substrates for efficient salvage and detoxification [37]. 
The nucleotide treatments (4NTPs, GTP plus CTP, 3NTPs, 
ATP, and CTP) that upregulated the abundance of the 
mRNAs encoding the phases I and II enzymes also upregu-
lated the abundance of the mRNAs encoding ABC transport-
ers (Table 3). As a negative control, fragment #5b (Table 1) 
isolated from total RNA lane in the differential display se-
quencing gel, and sharing very high (>97%) sequence simi-
larity with probe #5a was used as a northern probe (Fig. 5b). 
Fig. (5) again illustrated the superiority of genetic metabolic 
nucleic acid probes over genetic code-based nucleic acid 
probes in hybridization screening because fragment 5b 
shared 11 times plus/plus strands overlapping repeats with 
fragment 5a. The northern band patterns for the mRNAs en-
coding ABC transporters and acid lipase in the two Figures 
were remarkably different, with probe #5b being unable to 
detect any of the target mRNAs in the 3NTP and GTP-
treated seedlings. There were also reciprocal differences in 
the abilities of the two probes to detect the two target 
mRNAs in the 4NTP, ATP, NH4

+
, CTP, ATP+UTP, 

GTP+CTP-treated and the control seedlings suggestive of 
the limited ability of probe #5b to hybridize to the target 
mRNAs due most probably to mRNA secondary structures. 
Figs. (5a and 5b) demonstrated that despite the fact that the 
two probes hybridized to the same section of the target 
mRNA, the GDH-synthesized RNA was exceedingly more 
efficient than the genetic code-based probe in the detection 
of the mRNA abundance. This was due to probe #5a being 
an eleven times overlapping repeat, it had higher probability 
to hybridize to the target mRNA by overcoming mRNA sec-
ondary structures. Hairpins, loops and other intramolecular 
base pairing in mRNA are some of the major factors that 
minimize the stability of duplexes in northern hybridization 
[24]. The eleven overlapping repeats permitted fragment #5a 
to flip around secondary structures in the mRNA and to 
achieve optimal hybridization signal/sensitivity as compared 
with fragment #5b. Therefore, the GDH-synthesized RNA 
(metabolism-based probe) was more able than the total RNA 

fragment (genetic code-based probe) to integrate and dis-
criminate the signals for the regulation on mRNA abun-
dance. The mRNAs encoding the ABC transporters and acid 
lipase were absent from the UTP-treated seedlings (Fig. 5). 
Uracil is the most oxidized pyrimidine base. Therefore, UTP 
treatment could have induced GDH to synthesize RNA 
fragment 5a which then degraded the mRNAs encoding the 
ABC transporters and acid lipase. Short fragments of RNA 
about 25 nucleotides in length, diagnostic of mRNA silenc-
ing phenomenon, have been detected in the total RNA of 
peanut seedlings whose GDH was actively synthesizing 
RNA [23].  

 Many drugs are hydrophobic and can pass through cell 
membranes. Hydrophobic drugs are susceptible to active 
efflux so that they maintain lower concentrations in the cells. 
All eukaryotic genomes encode several gene families capa-
ble of encoding multi-drug resistance functions, among 
which the ABC transporters are the largest. There are 49 
human [62], 30 yeast, and 57 fly ABC transporter sequences 
in GenBank. ABC transporter is a single protein that specifi-
cally recognizes several structurally distinct classes of com-
pounds and catalyzes their efflux from the cell. It is a highly 
conserved gene family [63]. ABC transporter assays are ma-
jor experimental activities in pharmacokinetic screening of 
multidrug and breast cancer resistance drugs [64, 65]. There-
fore, the regulation of the mRNA encoding the plant ABC 
transporter reported above could be relevant to drug metabo-
lism research in human tissues. The mRNA encoding the 
acid lipase was not studied further because it did not corre-
late with changes in the fat contents of the seedlings [66]. 
Lipase is an indicator of renal and pancreatic dysfunction. 
The inability of fragment 5b to detect the mRNA encoding 
the enzyme in the 3NTP, and GTP treatments further illus-
trated the limitations of genetic code-based nucleic acid 
probes in diagnostic clinical screening of disease conditions. 
Therefore generally, the GDH-synthesized RNAs regulate 
metabolism. They could most practically be useful in the 
pre-clinical molecular and pharmacokinetic screening of the 
drug metabolizing enzymes because the results spill over to 
facilitate the clinical research proper.  

 Probe #6 shared homology with three mRNAs. The high 
molecular weight mRNA (~12,500 bases long) encoding p2-t 
protein (flavonoid biosynthesis), the 4,500 bases long 
mRNA encoding pleiotropic drug resistance 9 protein (AT-
Pase) coupled to transmembrane movement of substances, 
and the 800 bases long mRNA encoding the transmembrane 

 

 

 

 

 

 

Fig. (4). Northern blot with fragment 4 (translation factor and GST) as probe: Equal amounts (10μg) of total RNAs from the control, and 

from 4NTPs, Chitosan, ATP, NH4Cl, 3NTPs, CTP, GTP, UTP, ATP+UTP, GTP+CTP-treated peanuts were electrophoresed through 2% 

agarose gel, trans-blotted on to nylon membrane, followed by screening with 
32

P-labelled cDNA of the probe. The membrane was washed 

with low stringency solution and autoradiographed. Band {1} is the mRNA encoding ribosomal protein, band {2} is the mRNA encoding 

GST. 
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Fig. (5). Northern blots with fragment 5a (from GDH-synthesized RNA) and fragment 5b (from total RNA) homologous to mRNAs for ABC 

transporter and acid lipase as probes: Equal amounts (10μg) of total RNAs from the control, and from 4NTPs, 4NTPs+NH4Cl, NH4Cl, ATP, 

3NTPs, CTP, GTP, UTP, ATP+UTP, GTP+CTP-treated peanuts were electrophoresed through 2% agarose gel, trans-blotted on to nylon 

membrane, followed by screening with 
32

P-labelled cDNA of the probe. The membrane was washed with low stringency solution and autora-

diographed. Band {1} is the mRNA encoding ABC transporter, and band {2} is the mRNA encoding acid lipase. 

 

Table 3. Effects of Nucleotide Solutions on the Abundance of mRNAs Encoding the Drug Metabolizing Enzymes. GDH-

Synthesized RNA Fragments were Used as Probes 

Treatments of Seedlings ATP 4NTP 4NTP/NH4
+
 NH4

+
 CTP 3NTP GTP Control G+C A+U UTP 

Phase I: 

 Cyt P450 reductase 

 Superoxide dismutase 

 Alternative oxidase 

 

1 

10 

1 

 

7 

5 

1 

 

8 

nd 

8 

 

1 

1 

1 

 

1 

1 

10 

 

10 

1 

10 

 

1 

1 

1 

 

1 

1 

1 

 

4 

1 

1 

 

4 

3 

1 

 

1 

1 

1 

Phase II: 

 GSH S-Transferase 

 UDP-Glucosyltransferase 

 

10 

6 

 

10 

3 

 

nd 

4 

 

1 

3 

 

1 

5 

 

1 

10 

 

1 

7 

 

1 

1 

 

-1 

4 

 

1 

4 

 

-1 

1(ref) 

Phase III: 

 ABC Transporters 

 ATPase 

 Proton pump 

 

10 

3 

8 

 

8 

8 

5 

 

6 

nd 

nd 

 

2 

1 

-2 

 

4 

10 

2 

 

8 

1 

-2 

 

2 

6 

4 

 

1 

1 

1 

 

5 

5 

1 

 

1 

1 

1 

 

-1 

1 

-2 

Processes Supporting 

Drug metabolism: 

 Transcription* 

 Translation+ 

 Translation  

 

 

1 

8 

6 

 

 

1 

10 

8 

 

 

nd 

10 

nd 

 

 

1 

8 

6 

 

 

8 

5 

10 

 

 

10 

7 

10 

 

 

1 

1 

6 

 

 

1 

1 

1 

 

 

4 

1 

6 

 

 

4 

1 

1 

 

 

1 

1 

-1 

Notes: nd is not determined; ref is [47]. 

*using fragment 2 as probe; + using fragment 3a as probe;  using fragment 4 as probe. 
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proton pump (Figure not shown).There were extensive se-
quence similarities between probes 5a and 6 (Table 1). 
Therefore, those drug treatments (4NTPs, ATP, and GTP) 
that upregulated the mRNA encoding ABC transporters also 
upregulated the abundance of those mRNAs encoding AT-
Pase, and proton pump and vice versa thereby creating a 
coordinated reprogramming of the abundance of the mRNAs 
encoding the phase III enzymes. The reiterated sequence 
homologies between the GDH-synthesized RNA and the 
mRNAs encoding the drug metabolizing enzymes consti-
tuted further biochemical basis for their application as probes 
in drug screening assays. 

 As a general quality control for the probes and the total 
RNA used in the northern assays, fragment #7, isolated from 
the total RNA lane on the differential display sequencing gel, 
and which shared sequence homology with 28S rRNA, was 
used as a probe. All the treatments gave a single band, the 
28S rRNA (Fig. 6). The band was not smeared proving that 
the total RNA preparations were not degraded. Furthermore, 
fragment #7 did not share sequence homology with any 
fragments used as probes thus proving that they were not 
rRNA in origin.  

Support of Drug Metabolism by Translation and Tran-
scription 

 GDH-synthesized RNA probe #2 was homologous to the 
mRNA encoding homeobox protein (transcriptional factor) 
[67] in addition to the mRNA encoding SOD2 (Fig. 2). The 
abundance of the mRNA encoding the transcriptional factor 
was reciprocally reprogrammed with respect to the mRNA 
encoding SOD2 (Table 3). GDH-synthesized RNA probe 
#3a was homologous to the mRNA encoding ribosomal pro-
teins (translational factors) in addition to the mRNA encod-
ing AOX2a (Fig. 3). But the abundance of the mRNA encod-
ing AOX2a was upregulated or suppressed with the mRNA 
encoding the translational factors (Table 3). GDH-
synthesized RNA probe #4 was also homologous to the 
mRNA encoding some ribosomal proteins (translational fac-
tors) in addition to the mRNA encoding GST (Fig. 4). The 
abundance of the mRNA encoding the translational factors 
was reciprocally reprogrammed with respect to the mRNA 
encoding GST (Table 3). These results showed that drugs 
that downregulated the abundance of the mRNA encoding 
the transcriptional factor upregulated the mRNAs encoding 
the translational factors and vice versa. Therefore, translation 
and transcription supported the drug detoxication reactions; 
the reactions of the GDH-synthesized RNAs being part of 
the processes that connected drug metabolism, transcription 
and translation.  

Periodic Sequence Repeats 

 The GDH-synthesized RNAs displayed internal molecu-
lar rhythms. In probe 5a (homologous to the mRNAs encod-

ing ABC transporters and acid lipase), the repeating se-
quence rhythm (TGAGTCCTGACCGAGAACGGCATT-

GATAGCGA) was 32 nucleotides long, and it was repeated 
13 times. The repeated sequence consisted of three segments 
(7, 16, and 9 nucleotides long) each of which was preceded 
by the trinucleotide TGA. This repeated periodicity of the 
three sections in the same sequential order, demonstrated the 
astounding fidelity of GDH in RNA synthesis. Also, the 
GDH-synthesized RNA #4 that was homologous to the 
mRNAs encoding the flavonoid biosynthetic enzyme, ribo-
somal protein S3, and NADH dehydrogenase [23] consisted 
of 5 end-to-end repeats of the 32-nucleotide unit CGG 
CATTGATAGCGATGAGTCCTGACCGACAA. GDH-
synthesized RNA #1 that was homologous to the mRNA 
encoding acetyl-CoA carboxylase [44] was a 5.5 times end-
to-end rhythm of the 32-nucleotide unit GAGTCCTGAC-
CGAGAACGGCATTGATAGCGAT. What could be the 
essence of the periodic end-to-end sequence repeats? GDH 
isoenzyme consists of six subunit polypeptides. The rhyth-
mic sequence repeats may represent the stepwise cooperation 
in concert, of the GDH catalytic sites to synthesize the RNA. 
These end-to-end sequence repeats are the unique structural 
features of the GDH-synthesized RNAs, and constitute fur-
ther evidence that the RNAs were not contaminants. GDH-
synthesized RNAs regulated the abundance of several 
mRNAs. When the GDH-synthesized RNA downregulated 
the abundance of an mRNA, the concentration of the end-
product of the metabolic pathway or the enzyme activity was 
simultaneously decreased [23, 47, 66]. Therefore, there is 
direct cause-effect relationship in the mechanism of GDH-
synthesized RNA. The repeating units in the GDH-
synthesized RNAs may therefore be the convergent molecu-
lar rhythms that coordinate the metabolic pathways being 
controlled, and thereby linking gene expression, metabolism 
and the environment. The convergent periodicity of the re-
peats confirmed the potential utility of the RNA as genomic 
metabolic probe in drug metabolism research. 

DISCUSSION  

 Results presented above showed that short (3-32 nucleo-
tides) sequences in mRNAs were repeated many times in the 
sequences of GDH-synthesized RNAs. Such repeats also 
characterized the probes used for studying the reprogram-
ming of mRNAs encoding the enzymes of fat and cellulose 
metabolic pathways [47, 66], and also of general metabolism 
[23]. Besides the control without any drug treatment, there 
were positive environmental controls (NH4Cl, chitosan, 
4NTPs+NH4Cl), and negative control probes (from total 
RNA) in the experimentation. The positive environmental 
controls were the best-documented biochemical regulators 
(inducers) of GDH isomerization [16, 66] their combined 
effects on the isomerization being synergistic or additive, but 
not antagnostic (Table 3) in the signal integration and dis-
crimination functions of the enzyme [15]. Therefore, their 

Table 4. Cytochrome P-450 and Superoxide Dismutase Activities ( mol MTT min
-1

 mg
-1

 Protein) of Extracts of Peanut Seedlings 

Treatments of Seedlings ATP 4NTP CTP 3NTP GTP Control G+C A+U UTP 

Cyt P450 3.3±0.4 6.0±0.7 3.37±0.4 7.8±0.7  3.9±0.4 2.9±0.3 3.3±0.2 3.4±0.3 2.6±0.3 

SOD 2.1±0.2 0.8±0.1 0.3±0.01 0.4±0.04 0.5±0.02 0.7±0.08 0.9±0.1 1.3±0.1 0.5±0.04 
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ability to reprogram the mRNA abundance relative to the 
untreated control was predictable based on the GDH isoen-
zyme population pattern they were known to induce [66]. 
From the GDH isoenzyme patterns induced by nucleoside 
triphosphates [66], the less positive the reduction potential of 
a nucleotide, the higher the number of GDH isoenzymes 
induced by the nucleotide, and the higher also was the prob-
ability that the abundance of the mRNAs encoding the drug-
metabolizing enzymes would be upregulated, indicative of 
favorable pharmacokinetics. Conversely, the more positive 
the reduction potential of a nucleotide, the fewer the number 
of GDH isoenzymes induced, and the higher was the prob-
ability that the abundance of the mRNAs encoding the drug-
metabolizing enzymes would be normal or downregulated, 
indicative of unfavorable pharmacokinetics. These relation-
ships could serve as a model for predicting the pharmacoki-
netic properties of potential drug candidates at an early stage 
in drug development, and thus minimize costly clinical trials 
[68].  

 GDH-synthesized RNA probes gave higher hybridization 
signals as compared with homologous probes (negative con-
trols) isolated from total RNA. Therefore, unlike the genetic 
code-based nucleic acid probes, GDH-synthesized RNAs 
(metabolism-based nucleic acid probes) are metabolically 
designed to interact optimally with mRNA targets by flip-
ping around mRNA secondary structures. From the above 
results, the environment and the drug metabolism were con-
nected by the isomerization of GDH. Also, the RNAs syn-
thesized by the GDH isoenzymes connected mRNA abun-
dance and drug metabolism. Therefore, gene expression, the 
environment (diseases) and the drug molecules were con-
nected by the RNA synthetic activity of GDH. These genetic 
metabolic connections may now accelerate the pace of drug 
screening and discovery by increasing the application of mi-
croarray technique in the identification of the consortium of 
enzymes that may degrade a given drug (pharmacokinetics), 
the group of enzymes that may be suppressed by a given 
drug; and the explanation of adverse drug reactions, genetic 
polymorphisms in terms of changes in mRNA abundance; 
streamlined molecular screening of disease conditions, and 
simplification of gene expression data analysis. The results 
of the photometric assays of peanut enzyme activities proved 
that the SOD and CPR enzyme activities were present at the 
levels proportional to their respective encoding mRNAs as 
detected by the GDH-synthesized RNA probes. These results  
 

on peanut CPR, SOD, AOX, GSH S-transferase, UDP-
glucosyltransferase, ABC transporters, etc suggest that plants 
could be excellent organisms for the environment-wide 
screening of potential drug candidates thereby minimizing 
the cost of drug discovery research. The huge volume and 
multi-dimensionality of data derived from genome-wide ex-
pression analysis using genetic code-based nucleic acid 
probes may not be amenable to statistical tools of analyses 
because of the incompleteness of such hybridization reac-
tions [69]. Since GDH is a mitochondrial enzyme present in 
eukaryotic organisms, and it integrates and discriminates 
metabolic signals, the application of the GDH-synthesized 
RNA probes in drug metabolism research has wide poten-
tials. 

CONCLUSION 

 Administered nucleotides induced changes in the iso-
merization and RNA synthetic activity of GDH. Northern 
analysis using the GDH-synthesized RNAs as probes 
showed that the administration of ATP induced the maxi-
mum upregulation of the mRNAs encoding SOD2, GST, and 
ABC transporters; administration of CTP upregulated the 
abundance of the mRNAs encoding GST, AOX2a, proton 
pump, and ABC transporters; whereas administration of GTP 
and UTP similar to the untreated control did not induce the 
upregulation of the drug-metabolizing enzymes. But the 
3NTPs mix (ATP + UTP + GTP) upregulated the mRNAs 
encoding CPR, AOX2a, and UDP-glucosyl transferase. 
GDH-synthesized RNA probes gave higher hybridization 
signals than the homologous genetic code-based probes thus 
suggesting that the former could interact strongly with their 
mRNA targets despite secondary structures in the mRNA. 
Photometric assays confirmed that the CPR and SOD en-
zyme activities were proportional to the mRNA levels de-
tected by the GDH-synthesized RNAs. Therefore, the GDH-
synthesized RNAs were specific probes for studying drug 
metabolism. All the enzymes studied are important in pre-
clinical pharmacokinetic studies. The GDH-synthesized 
RNAs displayed internal periodic sequence repeats. The 
RNAs that were homologous to the mRNAs encoding the 
drug-metabolizing enzymes shared extensive sequence simi-
larities. Therefore, the environment, gene expression, and 
drug metabolism were linked by GDH. These metabolic ge-
netic connections could diversify and accelerate the pace of 
probe preparation, drug screening, and drug discovery. 

 

 

 

 

 

 

 

 

 
Fig. (6). Northern blot with fragment 7 (from total RNA) homologous to rRNA as probe: Equal amounts (10μg) of total RNAs from the con-

trol, and from 4NTPs, Chitosan, ATP, NH4Cl, 3NTPs, CTP, GTP, UTP, ATP+UTP, GTP+CTP-treated peanuts were electrophoresed 

through 2% agarose gel, trans-blotted on to nylon membrane, followed by screening with 
32

P-labelled cDNA of the probe. The membrane 

was washed with low stringency solution and autoradiographed. The band is 28S rRNA.  
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