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ABSTRACT

Deoxy-deazapurines (deaza-dNMPs) are incorporated into cellular DNA after administration of anti-neoplastic, anti-viral, or anti-
parasitic chemotherapy. Deaza-dNMPs are stable purine analogues and can be detected via 3*P-labeling cold DNA. Assay of analogue
incorporation and normal base composition is carried out by radiolabeling DNA with all four deoxynucleotides ({INMPs) through nick
translation. 3'-Monophosphate digest radiolabels representative dNMPs and deaza-dNMPs. Separation occurs in two-dimensional
polyethyleneimine—cellulose thin-layer chromatography, which resolves all dNMPs. The technique was applied to human placental and
calf thymus DNA, control and altered calf thymus DNA with cold stoichiometric replacement of deaza-dNMPs to include deoxy-
deazaadenosine, deoxy-deazaguanosine, and deoxy-deazainosine. Scintillation detection and densitometry both accurately reflect
dNMP content. This technique easily and quickly quantifies the low-molecular-mass deaza-dNMP analogues in DNA. Deaza-dNMP
uptake into DNA may reflect clinical chemotherapeutic efficacy and host toxicity. The assay may therefore serve as an early biochemical

dosimeter of drug effect and resistance.

INTRODUCTION

The cell maintains a number of strategies to
exclude the incorporation of nucleic acid adducts
and analogues into genomic DNA. Regardless,
through a number of natural and unnatural (ia-
trogenic) chemical and biochemical circumstanc-
es, the protective enzymatic pathways are over-
whelmed. Subsequently, normal DNA synthetic
enzyme systems insert deoxy-deazapurines (de-
aza-dNMPs) in place of their corresponding de-
oxypurines.
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We have developed a reproducible two-dimen-
sional thin-layer chromatographic (2D-TLC)
technique that identifies and separates deaza-
dNMPs. The applications of this technique to de-
tect deaza-dNMPs are many, but the most easily
appreciated and focused example is its utility in
cancer chemotherapy. Empirical techniques are
now employed to decide how much chemother-
apy a patient receives, e.g., body weight and sur-
face area. This negates both the sensitivity of the
tumor to the drug or the resistance of the patient
to complications. Also, patients vary in their abil-
ity to tolerate chemotherapies. This could result
in under- or overdosing patients. Further, che-
motherapies are expensive. This assay allows for
a tailor-made regimen to be employed by gauging
both host up-take or removal of adducts from a
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chemotherapy regimen by DNA repair. The
quantification of deaza-dNMPs in DNA — and
its ultimate toxicity — may be carried out by as-
saying lymphocytic DNA, sperm DNA, or by a
small tissue biopsy (the assay requires nanograms
of DNA, available from milligrams of tissue).
Further, tumor resistance or sensitivity to a drug
regimen can also be measured, based on drug up-
take into DNA or the drugs’ ability to measur-
ably damage DNA. Lastly, most anti-viral or an-
ti-parasitic regimens employ a similar chemo-
therapeutic strategy and can be assayed with this
technique.

Deazapurines are a disparate group of ana-
logues, of which this paper will not address. The
7-deaza compounds differ from the 3-deaza com-
pounds, which amongst themselves represent dif-
ferent classes of drugs. The deaza-dNMPs have a
number of novel functions. (1) They can serve as
enzyme inhibitors and can further diminish
DNA/RNA methylation [1]. (2) They are potent
anti-neoplastic, anti-viral [2], and anti-parasitic
agents, and cell viability is inversely related to
deaza-dANMP incorporation into DNA [3,4]. (3)
The deazapurines interfere with purine metabo-
lism alter ¢-AMP functions including cardiac
physiology (coronary vasodilatation, bradycar-
dia, and left ventricular contractility) [5], and can
inhibit intercellular adhesion molecule 1
(ICAM-1) [6]. (4) They replace their normal
bases in DNA, diminish Hoogsteen base pairing,
and enhance sequencing of GC rich regions and
genes [7]. (S) deaza-G (queuine) and deaza-A
(deazaneplanocin; tubercidin), which are incor-
porated into DNA/RNA, inhibit growth and
cause single-strand breaks [8-10]. (6) deaza-A al-
ters c-myc (up) and c-fos (down) expression [11].
(7) They are repair resistant [12] and interfere
with restriction enzyme cutting [13]. (8) deaza-dG
has a prolonged half-life, can enter the blood—
brain barrier, and Phase I studies (as the mesy-
late) [14,15] have begun in the USA [11]. (9) In
combination chemotherapy, deaza-purines may
diminish in vivo anti-cancer drug resistance [14].

The present 2D-TLC technique which enhanc-
es the ability to detect deaza-dNMPs is based on
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a technique that has been presented in detail [16].
The technique labels representative fractions of
all deoxynucleotides in DNA, in situ, affording
adduct and analogue detection. The TLC separa-
tion retains normal deoxynucleotides retention
values — which allows rapid visual assessment by
characteristic Ry values — of deaza-dNMPs con-
tent in DNA. This will subsequently allow a bet-
ter opportunity to characterize the quality of ex-
perimental DNAs as substrate, quantify endoge-
nous dNMPs, adducts and analogues in DNA,
and better monitor drug effect, resistance, and
host toxicity.

EXPERIMENTAL

Materials

Nucleic acids, enzymes, chromatographic sol-
vents and plates, reagents, kits, and equipment
were purchased and used from sources indicated
in previous publications [16-29]. All deaza-
dNMPs replaced nitrogen (N-7) for carbon at
position 7 (C-7).

Methods

Substrate DNA, 32P-labeling and nick trans-
lation methods for TLC analysis of formed DNA
adducts and analogues were as delineated in pri-
or publications and explained in detail [16-29].

For partial replacement of dNMPs by deaza-
dNMPs 2 ul of unlabeled deaza-dNMPs as the
cold triphosphate (1.8 - 10~% mol/ul) were added
to standard nick translation of calf thymus
DNA.

DNA includes freshly extracted human placen-
tal DNA and purchased calf-thymus DNA.

Ambis computer-assisted TLC scintillation
counting and Beckmann laser densitometry com-
puter-assisted analysis of the TLC XAR-S auto-
radiograms were carried out directly as indicated
in a prior publication [16]. All R values are pre-
sented as the consequent two-dimensional Ry
values {X,Y coordinates} and easily converted to
approximate Ry values by the formula (Rx— 1)/
19.
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Fig. 1. Control calf thymus DNA (24-h autoradiogram). Auto-
radiogram demonstrates, in clockwise position, the major bases
of DNA as their nucleotides: adenine (R, = 1.4,9.4), thymine
(Ry = 9.0,7.4), guanine (R, = 4.6,4.4), and cytosine (R, =
10.0,13.5).
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RESULTS

The results of the following TLCs are present-
ed and discussed to include: (1) freshly prepared
calf thymus and human placental DNA; (2) cold
stoichiometric replacement of deaza-dAMP for
dAMP; (3) replacement of deaza-dGMP for
dGMP; (4) replacement of deaza-dIMP for
dGMP; (5) densitometry versus scintillation
counting.

Control calf thymus or human placental DNA
Similar reproducible findings from earlier pub-
lications [16] for calf thymus DNA digest include
(Fig. 1) normal retention times of all radiolabeled
monophosphates to cold UV markers. Autora-
diogram demonstrates, in clockwise position, the
major bases of DNA as their deoxyribonucleo-
tides (Table I) adenine [retention factor is given
as a bi-coordinate location (Ry) X,Y (in cm) =
- 1.4,9.4], thymine (Rx = 9.0,7.4), guanine (Rxy =
4.6,4.4), and cytosine (Rx = 10.0,13.5). Our per-
centages of ANMP label of calf thymus DNA are
listed in tabular and graphic forms (Table I and

TABLE 1

DENSITOMETRY

Nucleotide Control DNA 7-Deaza-dATP 7-Deaza-dGTP 7-Deaza-dITP
Ry values

dAMP 1.4/9.4 1.5/9.5 1.5/10.0 1.5/10.0
dCMP 10.0/13.5 10.6/13.9 10.3/14.2 9.4/13.9
dGMP 4.6/4.4 4.4/3.8 4.6/4.0 4.5/4.1
dTMP 9.0/7.4 8.7/1.5 8.7/8.3 8.6/7.8
7-Deaza-dAMP - 1.6/14.8 - -
7-Deaza-dGMP - - 2.6/3.3 -
7-Deaza-dIMP - 3.7/5.8 - 3.2/6.9
Area (mm?)

dAMP 485 138 406 382
dCMP 421 260 297 250
dGMP 371 202 - -

dTMP 968 644 690 574
7-Deaza-dAMP - 403 - -
7-Deaza-dGMP - - 170 -
7-Deaza-dIMP - 267 - 401
Percent volume (AUmm? )

dAMP 31.44 3.16 31.99 27.41
dCMP 8.49 10.67 5.00 5.86
dGMP 14.04 493 - -

dTMP 46.02 45.82 48.22 47.16
7-Deaza-dAMP - 20.43 - -
7-Deaza-dGMP - - 14.73 -
7-Deaza-dIMP - 14.91 - 19.58
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Fig. 2. Tables I and II presented as histograms of DNA dNMPs and adduction. Densitometry (A) versus scintillation counts (B).

Fig. 2A). Deoxyuridylate exists after 24-h auto-
radiography which may represent an artefactual-
ly chemically altered product of dCMP, or is like-
ly real (Table II and Fig. 2B). Further, some vari-
ation in CPM exists due to differences in quench-
ing at lower counts. Lastly, densitometry inte-
grates area, and these numbers appear in Table I
and Fig. 2A.

Cold stoichiometric replacement of deaza~-dAMP
for dAMP (Fig. 34 and B as two-dimensional
autoradiogram and three-dimensional Ambis, re-
spectively; 24-h autoradiogram)

We have easily been able to detect deaza-
dAMP on our TLCs. Deaza-d AMP is easily in-
corporated into DNA and rapidly migrates to the

TABLE II
SCINTILLATION COUNTING (AMBIS)

front (densitometry Ry = 1.6,14.8; densitometry
percentage = 20.4% at highest millimolar sub-
stitution). Figs. 3A and B demonstrates our abil-
ity to easily detect these abnormal cold nucleo-
tides from normal. The addition of deaza-d AMP
after incorporation into DNA significantly com-
petes with AAMP labeling. Further, after the ad-
dition of deaza-dAMP, two “mouse ears™ appear
with characteristic Ry values that may represent
methylated deaza-dAMP species. Lastly, either
contamination or natural deamination of deaza-
dAMP resulits in the analogue or adduct (black
bordered five-pointed star; Rx = 3.2,6.9) contig-
uous to dGMP and represents deaza-dIMP. De-
aza-dAMP may readily deaminate more quickly
than dAMP.

Nucleotide Control DNA (%)  7-Deaza-dATP (%) 7-Deaza-dGTP (%) 7-Deaza-dITP (%)
dAMP 25701/29.2 3855/5.7 8906/25.6 15854/24.1
dCMP 11254/12.8 6392/9.4 5333/15.3 8598/13.1

dGMP 9303/10.6 4423/6.5 2476/7.1 2630/4.0

dTMP 41621/47.4 26605/39.1 14495/41.7 23080/35.1
7-Deaza-dAMP - 21073/31.0 - -
7-Deaza-dGMP - - 3565/10.3 -

7-Deaza-dIMP - 5672/8.3 - 15566/23.7
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Fig. 3. (A) Cold stoichiometric replacement of deaza-d AMP for dAMP. Deaza-dAMP is easily incorporated into DNA and rapidly
migrates to the front (densitometry R, = 1.6,14.8; densitometry percentage = 20.4% at highest millimolar substitution). Either
contamination or natural deamination of deaza-dAMP results in the analogue (black bordered five pointed star; R, = 3.2,6.9)
contiguous to dGMP and represents deaza-dIMP. (B) Cold stoichiometric replacement of deaza-d AMP for JAMP. The figure demon-
strates three-dimensional representation of Ambis S-scintillation counts for deaza-dAMP, deaza-dIMP and control dINMPs.
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Fig. 4. Cold stoichiometric replacement of deaza-dGMP for
dGMP. Deaza-dGMP has a unique autoradiographic chromato-
graphic pattern (densitometry R, = 2.6,3.3). Spots along the
“Y”-axis likely represent inorganic monophosphate moieties
(typically low R, values) or nucleic acid monopliosphates (high-
er R, values) with molecular weights in excess of 800.

Cold stoichiometric replacement of deaza-dGMP
for dGMP (Fig. 4)

Enzymatic insertion of deaza-dGMP is effi-
cient (14.73% in AUmm?) almost completely
obliterating dGMP’s autoradiographic spot at 24
h. Ambis detects significant counts of dGMP
(2476 dpm). Deaza-dGMP has a unique autora-
diographic chromatographic pattern (densitom-
etry Rx = 2.6,3.3). Few other confounding auto-
radiographic densities are evident.' Spots along
the “Y”-axis likely represent inorganic mono-
phosphate moieties (typically low Ry values) or
nucleic acid monophosphates (higher Ry values)
with molecular masses in excess of 600-800 Da.

Cold stoichiometric replacement of deaza-dIMP
Jor dGMP (Fig. 5)

Deaza-dIMP successfully competes for and al-
most completely replaces dGMP. Densitometric
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Fig. 5. Cold stoichiometric replacement of deaza-dIMP for
dGMP. R, measurements.of deaza-dIMP are 3.2,6.9. Ambis fur-
ther corroborates competition of deaza~-dIMP for dAAMP.

replacement of dGMP by deaza-dIMP is 19.58%

- further representing some competition for dAMP

— now reduced approximately 4% (almost 10%
overall) from expected. Rx measurements of dea-
za-dIMP are 3.2,6.9. Ambis both detects dGMP -
almost invisible by densitometry — with 4% de-
tectability (2630 dpm). Ambis further corrobo-
rates competition of deaza-dIMP for dAMP.

Densitometry versus scintillation counting ( Tables
Iand II)

Ambis correlated closely with densitometry,
but exceeded densitometry by 11% overall when
viewed by dNMP across DNA samples (inter-
DNA variability). Variability in analysis of
DNAs (all. INMPs in one DNA versus another
DNA) was much less and densitometry here ex-
ceeded Ambis by only 4%. Correlation coeffi-
cients still tend to be extremely small, yet very
significant (p < 0.001). Linear regression coeffi-
cients predict interchangeable results from densi-
tometry to Ambis.
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Other phosphates within the field may repre-
sent normal minor base nucleotides present in
DNA, e.g., normally methylated dNMPs, or ad-
ducts, by-products of oxygen stress. Autoradiog-
raphy not only demonstrates four primary spots,
but is accompanied by a specific ‘“fingerprint” for
each replaced deaza-dNMP.

DISCUSSION

Deoxynucleotide analogues are typically in-
troduced into DNA by the use of anti-metabolite
chemotherapies, e.g., halopyrimidines and de-
oxy-deazapurines. The present 2D-TLC tech-
nique can successfully quantify many dNMP ad-
ducts — any altered base in DNA — that occur
through environmental, dietary, oxygen stress,
aging processes. This TLC technique assesses
base composition and adduct formation. The
procedure requires labeling extracted cold DNA
(so no radioactivity is injected into the patient)
from a patient by “shot-gun” radioactive 5'-
phosphorylation of representative 32P-x-dNMPs
(deoxynucleotides). Subsequent 3'-monophos-
phate digests the DNA and “‘sister exchanges”
(transfers) a radioactive 32PO3 "to the neighbor-
ing cold nucleotide, now radioactively labelling
the cold DNA deoxynucleotides from the pa-
tient. Separation is easily and reproducibly car-
ried-out with 2D-TLC. Our experience with this
technique exceeds 2000 chromatograms with out-
standing and statistically significant reproducibil-
ity, e.g., Ry variation under 5%.

The clinical utilization of this technique is as a
measure of tumor drug resistance or extreme host
sensitivity to deaza-dNMPs. The assays would
occur after an initial course of chemotherapy,
followed by tumor biopsy to measure incorpora-
tion of deaza-dNMPs into its DNA. High uptake
of deaza-dNMPs into DNA would be predictive
of tumor sensitivity to the chemotherapy. Con-
versely, low DNA up-take of deaza-dNMPs in
the tumor/host microenvironment would imply
drug resistance (apparent: microenvironment
prevents uptake; or intrinsic: true drug resistance
by, e.g., gene amplification) many months before
clinical or radiographic indicators demonstrate
drug failure.
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Normal tissue, in particular lymphocytic
DNA, would measure acceptable host sensitivity.
A high uptake of deaza-dNMPs into normal tis-
sues would predict likely complications. Low up-
take of deaza-dNMPs into lymphocytic DNA
may indicate the possibility of tolerating higher
doses of chemotherapy, regardless of the pa-
tient’s weight, skin surface area, or body cell
mass considerations. This would better assure tu-
mor cell kill, and patient salvage. This schema
would represent a more focused, “tailor-made”
chemotherapy regimen designed for the individu-
al patient.

Deaza-dNMPs effects on DNA can occur at
the base level, within a sequence, in three-dimen-
sional conformation, and in DNA’s interaction
with regulatory proteins. The possibility exists
with the present technique to demonstrate une-
quivocal incorporation of deaza-dNMPs in
DNA, which have only been carried out previ-
ously with radiolabeled deazanucleic acids or
deaza-dNMPs [30]. Deaza-nucleoside analogues,
in many ways, are treated similar to normal nu-
cleosides. Deazanucleosides are converted to
their triphosphates by mouse leukocytes [31].
DNA containing 7-deaza-dG,AMP is resistant to
restriction enzyme cutting, in a similar way that
methylated DNA resists restriction digestion
[32,33].

Yet, differences in analogues chemistry from
normal nucleosides account for their toxicity.
Deaza-dNMPs may block salvage pathways, and
may be employed to enhance combination che-
motherapy [34]. Based on the deaza-dNMP’s me-
tabolic inhibition, tubercidin is a potent anti-ne-
oplastic and anti-parasitic [35] agent isolated
from culture filtrates of microorganisms [36].
These studies can also demonstrate cell-specific
drug resistance. Surprisingly, these altered nucle-
otides are also naturally synthesized since ana-
logues of 7-deaza-GMP (c7GMP) are present in
tRNA of prokaryotes and eukaryotes (queuo-
sine) [37]. Yet, deaza-dGMP does increase single-
strandedness as demonstrated by S; nuclease ac-
tivity.

Deaza-dNMPs are commonly employed in the
laboratory to diminish sequencing gel compres-
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sions that occur through Hoogsteen base pairing
in GC-rich genes. Further, these transmethyla-
tion inhibitors diminish Hoogsteen bonding and
ultimate GC compression making GC-rich gene
sequencing possible. Indeed, human N-myc has a
very high GC content (85%), as does Herpes sim-
plex virus type I, and bovine basic fibroblast
growth factor, and cannot be sequenced without
the addition of 7-deaza-dGMP [7]. Possible un-
anticipated interconversion of deazapurines for
alternative dNMPs other than intended may lead
to sequencing or restriction fragment errors. As
demonstrated in our results with deaza-dAMP,
deaza-dIMP is also present in DNA. Their esti-
mated replacement of normal dNMP sequences
is important to measure, since this may lead to
sequencing errors. These unique analogues may
have importance in protecting and preserving se-
quences from restriction enzymes in experimental
protocols. The present technique is therefore ad-
junctive in quantifying effects by calculating re-
placement of ANMPs with deaza-dNMPs.

The benefits of this TLC technique have been
outlined previously. In brief, they are [16]: (1) the
improved ability to radiolabel nucleotide adducts
versus standard post-labeling techniques; (2)
high-resolution on TLC: one employs a new TLC
plate with each TLC; (3) ease of technique with
“off-the-shelf”” materials; (4) excellent quantifica-
tion of low-molecular-mass adducts.

The TLC separation between the deaza-
dNMPs and standard dNMPs contrasts the mo-
bilities of C-7 versus N-7. Weakly C-7-adsorbing
moieties migrate farther. The TLC cellulose
binds N-7, better than C-7, since saturated hy-
drocarbons are poorly adsorbed. Adsorption is
highest for -COOH> -OH> -NH, > C-O0>
O-alkyl > —~CH3; for the lowest [38]. Also, tauto-
meric N-7 shifts by a transient rearrangement of
bonding may shift usual configuration [39]. These
chemical rearrangements further enhance and
contrast separations that effect C-7 versus N-7.

CONCLUSION

Our conclusions from these TLC studies are
that we can determine deaza-dNMP composition
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in genomic DNA or in kilobase size fragments or
motifs. The technique is able to measure DNA
chemotherapy analogue accumulation in tissues.
It offers a rapid test of tumor cell drug resistance
and host sensitivity, and may affect chemother-
apeutic regimen. Also, the assay serves as a mode
to quickly analyze incorporated deaza-dNMP
content in DNA fragments prior to sequencing.
The possibility of the application of this assay as
a marker of chemotherapeutic and metabolic
consequences of disease or chemical injury to tis-
sue samples and biopsy specimens is feasible.
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