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Abstract—The formation of the NAD and NADP analogues of nicotine and cotinine in vitro by the
NAD glvcohydrolase-catalyzed exchange reaction suggested that such compounds (and the related
mononucleotides) might also be produced in animals receiving the alkaloid or its metabolite. Since
only sensitive and specific analytical methods could detect small amounts of the nicotine and ¢otinine
analogues in the presence of the naturally occurring and abundant NMN, NAD and NADP com-
pounds, radioimmunoassays were developed and used for this purpose. In rabbits injected with cotinine,
cotinine nucleotide analogues were found at pmole levels/g of wet tissue in extracts from liver, kidney
and tung. In both liver and lung extracts, cotinine mononucleotide was identified as the major product.
Cotinine nucleotides were also found in the tissues of rabbits injected with nicotine. The rapid metabo-
lism of nicotine to continue in vive probably contributes to the sparsity of the nicotine analogues

in tissue extracts from these animals.

We have described the formation of nicotinamide
adenine dinucleotide analogues of nicotine and
cotinine {its major metabolite) by the NAD glycohyd-
rolase (NADase, EC 3.2.2.5)-catalyzed exchange reac-
tion [1-3]. When incubated with a rabbit liver micro-
somal fraction, these NAD analogues [(nicotine)AD
and {cotinine)AD}I] and NADP analogues {(nico-
tine}JADP and {cotinine)ADP] were hydrolyzed to the
corresponding mononucleotides [{nicotine)RP and
{continine}RP] [3]. The mononucleotides were rela-
tively stable to further hydrolysis, e.g. 80 per cent of
the original (cotinine)RP was recovered when incu-
bated with a rabbit liver extract for 18 hr.

In order to determine whether any correlation
exists between the formation of these nucleotide ana-
logues in vive and clinical problems that may be
related to cigarette smoking, it is essential that ana-
lytical methods for their detection and estimation be
available. Radioimmunoassay is a highly specific, sen-
sitive and simple analytical method which is being
used to guantitate a variety of compounds in physio-
logical fluids and tissues [4-6]. This method has
proven especially useful for the analysis of com-
pounds which occur in small amounts {pg to ng
range} in the physiological fluids and tissues of human
subjects.
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{ The Abbreviations used in the text: (nicotine}AD, nico-
tine adenine dinucleotide; (nicotine)ADP, nicotine adenine
dinucleotide phosphate; {nicoting)RP, nicotine mononuc-
feotide; {cotinine}AD, cotinine adenine dinucieotide;
{cotinine)ADP, cotinine adenine dinucleotide phosphate;
and (cotinine)RP, cotinine mononucleptide.

In this paper we describe the development of radio-
immunoassays for the detection and estimation of
nicotine and cotinine nucleotide analogues. We have
used these procedures to investigate nucleotide ana-
logue formation in the tissues of rabbits injected with
nicotine and cotinine. A preliminary report of this
work has been presented [7].

MATERIALS AND METHODS

Materials. The nucleotide and riboside analogues
of nicotine and cotinine were prepared as described
{1-3]. Bovine serum albumin (BSA} was purchased
from Reheis Chemical Co., Chicago, IL, U.S.A,, and
i-ethyl-3-{dimethylaminopropyljcarbodi-imide (CDD
was obtained from the Ott Chemical Co., Muskegon,
M, USA.

Preparation of conjugates for immunization. CDI
{10 mg) was added to {nicotine)RP or (cotinine)RP
{10 mg) and BSA (5 mg) dissolved in 0.1 ml H,O. The
reaction mixture (pH 7.0-7.2) was kept in the dark at
25° overnight. It was then diluted to 0.3 ml with buffer
©.14M NaCl-001M Tris-HCl, pH72), passed
through a Sephadex G-50 column (1.2 x 30cm) and
eluted with the same buffer. Fractions of the void
volume with a high absorbance at 280 nm were
pooled (total 3 ml). From spectral measurements, the
concentration of protein was 1.8 mg/ml. Since small
amounts of [*H]mononucleotides were used in the
synthesis of the immunizing conjugate, the degree of
coupling could be estimated by radioactivity measure-
ments and was found to be approximately 4 moles
hapten/mole of BSA.

Tmmunization. The mononucieotide-BSA conju-
gates obtained after Sephadex G-50 chromatography
were mixed with an equal volume of complete
Freunds adjuvant. The emulsion mixture (1.25ml}
was injected into the toe pads and leg muscle of four
New Zealand albino rabbits. After 6 weeks, the ani-
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mals were given booster injections and bled 1 week
later. Antibodies with the properties required to de-
velop specific and sensitive radioimmunoassays were
obtained after the second course of injections.

Labeled hapten. ([*H]nicotine)AD and ([*H]co-
tinine)AD were prepared from [*H]nicotine and
[*H]cotinine (sp. act. 2.4 Ci/m-mole) by incubating
these compounds with 3mg NAD and 8 mg of pig
brain NADase in 0.5 ml of 0.05 M sodium phosphate
buffer, pH 7.4. After 1 hr at 37°, the reaction was
stopped by placing the tube in a boiling water bath
for 3min. The denatured protein was removed by
centrifugation, and the clear supernatant solution
diluted to 15 ml with H,O and chromatographed on
an anion exchange resin. After washing the column
with an excess of H,O, a linear buffer gradient
{(100ml H,O to 100ml of 0.2M formate buffer,
pH 3.6) was appiied. Fractions that contained (nico-
tine)AD or (cotinine)AD were combined and lyphi-
lized. The residue was dissolved in a small amount
of H,O and stored at —20°. These preparations un-
dergo large dilutions prior to use in the radioim-
munoassay procedure and therefore need not be
desalted. Since the antibodies produced from rabbits
immunized with the nicotine or cotinine mononucleo-
tide-BSA conjugate bind the homologous NAD ana-
logue and mononucleotide equally well, the tritiated
NAD analogues were used as the labeled antigens
in the radioimmunoassays.

Radioimmunoassay procedures. The double antibody
technique was used to separate free labeled antigen
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from antibody-bound labeled antigen. The conditions
of the assay are similar to those described previously
[8]. Labeled hapten (0.1ml, approximately
15,000 cpm} and 0.1 ml of serially diluted inhibitor
standard (or 0.1 m! of diluted tissue extract) were in-
cubated for 1hr at 37° with 0.1 ml of rabbit antisera
(diluted 1/1000 for anti-cotinine nucleotide and 1/200
for anti-nicotine nucleotide). Normal rabbit serum
(0.1 ml of 1/50 dilution) was then added to each tube
as carrier to ensure the completeness of the immune
precipitation. The hapten—antibody complex was pre-
cipitated by the addition of 0.1 ml of goat anti-rabbit
y-globulin previously titered to give complete precipi-
tation of the y-globulin. After standing overnight at
4°, the tubes were centrifuged, decanted and carefully
wiped. The precipitates were dissolved in 0.2ml of
0.1 N NaOH and transferred to scintillation fluid, and
the radioactivity was determined in a liquid scintilla-
tion spectrometer. When no inhibitor was present, ap-
proximately 2200 cpm was precipitated with the anti-
nicotine nucleotide and 2500 cpm by the anti-cotinine
nucleotide sera. Approximately 200 cpm was precipi-
tated non-specifically in the presence of normal rabbit
serum.

The results obtained in the analysis of crude
extracts are expressed as nucleotide equivalents/g of
wet tissue since the antisera cannot differentiate
between the homologous mononucleotide, NAD, or
NADP analogue (see Table 1). After separation by
chromatographic procedures, the individual ana-
logues can be quantitated.
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Fig. 1. (A} Inhibition of the ([>H]nicotine)AD-{antinicotine nucleotide) binding by various nicotine
derivatives. (B) Inhibition of the ([*H]cotinine)JA D-{anti-cotinine nucleotide) binding by various cotinine
derivatives. The radioimmunoassay procedure is described in Materials and Methods.
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Table 1. Inhibition of the nicotine nucleotide and cotinine nucleotide antigen—
antibody reactions

Amount required for 50 per cent inhibition (nmoles)

([*H] nicotine)AD-

([*H] cotinine)AD-

Compound (anti-nicotine nucleotide)  (anti-cotinine nucleotide)
(Nicotine)AD 0.010 10.0(45.8%)*
(Nicotine)ADP 0.013

(Nicotine)RP 0.017 10.0(38.4%)*
Nicotine-ribose 0.320

Nicotine 10.0 (14.7%)*

(Cotinine)AD 10.0 (45.2%)* 0.008
(Cotinine)ADP 0.008
(Cotinine)RP 10.0 (42.8%)* 0.010
Cotinine-ribose 0.450
Cotinine 10.0(19%,)*
NAD 10.0(3.6%)* 10.0 (0%)*
NMN 10.0 (4.6%,)* 10.0(0%,)*
Nicotinamide 10.0(0%) 10.0(0%)*

* Per cent inhibition at 10.0 nmoles.

RESULTS

Antibodies specific for the NMN, NAD and NADP
analogues of nicotine or cotinine were produced in
rabbits immunized with nicotine or cotinine
mononucleotide-BSA conjugates. Antibodies that
could bind ([*H]nicotine)AD or ([*H]cotinine)AD
were produced in all the animals. Those that pos-
sessed good specificity and sensitivity were used in
the radioimmunoassays for the nicotine nucleotides
and cotinine nucleotides.

The inhibition of binding of ([3H]nicotine)AD to
anti-nicotine nucleotide sera by varying amounts of
nicotine derivatives is shown in Fig. 1A and Table

1. The inhibition of the anti-cotinine nucleotide reac-
tion by cotinine derivatives is shown in Fig. 1B and
Table 1. In each case, the homologous mononucleo-
tide, NAD and NADP analogues were the most effec-
tive inhibitors and had almost equal activities (10-
17 pmoles of the nicotine analogue and 8-10 pmoles
of the cotinine analogues were required for 50 per
cent inhibition of the homologous antigen-antibody
reactions). Barring the occurrence of secondary reac-
tions during the assay procedure, these results would
indicate that the conformation of the nicotine (or
cotinine) nucleotide moiety is similar in the NMN,
NAD and NADP analogues. Despite the size of the
adenosine moiety, it is not preventing the nicotine

Table 2. Nicotine and cotinine nucleotide analogues in the tissues of rabbits injected
with nicotine or cotinine*

Liver Lung Kidney Heart
Compound Rabbit

Administered No. Nic Cot Nic Cot Nic Cot Nic Cot
Nicotine 1 16 160 10 33 14 66 06 1.6
2 21 58 05 16 06 46 05 16

3 16 48 36 29 16 35

Cotinine 4 10 270 08 100 06 86 12 36
5 14 480 22 350 25 125 12 30

6 14 400 25 105 23 155 11 36

Control NR1 26 32 05 15 10 36 15 25
NR2 23 38 05 05 10 36 20 35

NR3 20 36 05 05

* New Zealand albino rabbits were injected daily (i.v.) with 0.5ml saline which
contained either 5 gmoles nicotine or 50 umoles cotinine (higher doses of nicotine
could not be used due to the toxicity of the alkaloid). The control rabbits were not
injected. After 23 days, the rabbits were killed and tissues were removed, rapidly
frozen and stored at —70°. To prepare the extracts, chopped tissue (10 g) and nicotin-
amide (5mM added to inhibit NADase activity) were homogenized in 20 ml of cold
water in a Sorvall Omni-Mixer. The homogenate was then poured with stirring into
a tube which contained 20 ml of boiling water. After heating in a boiling water bath
for 2min, the protein precipitate was removed by centrifugation and washed once
with 20ml H,O. The supernatant fractions were pooled and applied to a column
containing Dowex 1 formate resin (1.5 x 10 cm). The column was washed with 50 ml
H,0 and then with 75ml of 0.2 M formate buffer, pH 3.6. The buffer wash was
collected and lyophilized. The residue was dissolved in 2ml H,0 and desalted on
a Sephadex G-10 column eluted with 0.05 M NH,HCO;. The effluent was lyophilized
and redissolved in an appropriate amount of H,O for radioimmunoassay. Values
are expressed as pmoles of nucleotide equivalents/g wet tissue.
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or cotinine mongnucleotide moiety from reacting
fully with the antibody. The phosphate group con-
tributes to the binding energy; compared to the
mononucleotides, the ribosides must be present at 30-
to 40-fold higher concentrations to give 50 per cent
inhibition of their respective antigen—antibody reac-
tions. The alkaloids are essentially inactive; less than
20 per cent inhibition is observed with 10 nmoles
nicotine or cotinine.

The poor cross-reaction between these antibodies
and the naturally abundant NAD and NMN (Table
1) enabled us to use the antisera to detect the cotinine
nucleotide analogues in tissue extracts prepared from
rabbits which had been injected with nicotine or
cotinine \1ab1€ 4) Cotinine nucleotides were found
in the extracts of liver (23-44 pmoles of nucleotide
analogues/g of wet tissue corrected for background),
kidney (5-12 pmoles/g) and lung (9-34 pmoles/g) pre-
pared from the animals injected with cotinine
(50 umoles/day for 23 days). We had shown pre-
viously [1] that rabbit liver microsomes can be used
as a source of NADase for the coenzyme analogue
formation.

The formation of nucleotide analogues varies
among the individual rabbits. For example, the con-
centration of cotinine nucleotides in lung extracts
from cotinine-treated rabbits ranged from 9 to
34 pmoles (Table 2). Nucleotide analogues were not
detected in heart extracts. Analysis of tissue extracts
from normal rabbits shows that the background con-
tribution from the various organs was low and con-
stant.

The pyridine-ribose bond in NAD and NADP ana-
logues can be split by mild alkaline hydrolysis to yield
free pyridine derivatives [9]. In order to confirm the
presence of cotinine nucleotide analogues in tissues,
the liver extract from a cotinine-treated rabbit was
hydrolyzed and assayed for the nucleotide and the
metabolite (Table 3). The amount of free cotinine
produced as a result of the hydrolysis was equal to
the cotinine nucleotide present before hydrolysis.
There were no significant differences before and after
hydrolysis of an extract from a normal rabbit.

It should be stressed that the cotinine antiserum
used to quantitate the free metabolite is highly
specific and permits analysis of cotinine in the pres-
ence of the nucleotide analogues as well as the parent
alkaloid and several other metabolites [10]. The
results obtained by the use of two antibodies with
vastly different specificities provide strong evidence
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Table 4. Cotinine nucleotides in tissues of rabbits injected
with cotinine*
(Cotinine)RP (Cotinine)AD
Tissue (pmoles/g tissue) (pmoles/g tissue)
Liver 24 1
Lung 12 2.6

* Tissues from a rabbit injected with cotinine were hom-
ogenized and the nucleotides purified as described in Table
2. The Dowex 1 resin was washed with 50ml H,O, fol-
lowed by 50 ml of 0.05 M formate buffer (Fraction 1) and
then by 75ml! of 0.2 M formate buffer (Fraction 2). Each
fraction was lyophilized, desalted and assayed for cotinine
nucleotide by radioimmunoassay. Fraction 1 contained
(cotinine)RP, while Fraction 2 contained (cotinine)AD.

that the nucleotide analogues of cotinine rather than
those of other metabolites are present in the tissue
extracts.

We had previously shown that a mixture of authen-
tic (cotinine)ADP, (cotinine)AD and (cotinine)RP
could be separated by ion-exchange chromatography
[3]. When the liver and lung extracts from cotinine-
treated rabbits were chromatographed, the major por-
tion of the serological activity was recovered in the
{cotinine)RP fraction (i.e. with the 0.05M of formate
buffer eluant). The remainder of the activity (5-15 per
cent) chromatographed as (cotinine)AD (Table 4). The
high concentration of salt in the buffer required to
eluate (cotinine)ADP interfered with the assay of
small amounts of (cotinine)ADP since dilution to
achieve the ionic strength required for the antigen-
antibody reaction was not possible. Analysis for
(cotinine)ADP was therefore not carried out. How-
ever, since the recovery of the serological activity in
the (cotinine)AD fractions was complete, it is unlikely
that appreciable quantities of this analogue were also
present. With the naturally occurring compounds,
NAD is far more abundant in tissues than NADP
[11]. If a similar ratio exists among the analogues
so that the quantities of (cotinine)AD known to be
present are indicative of the quantities of
(cotinine)ADP that might be expected, then the detec-
tion of the latter compound would be difficult.

DISCUSSION

Rabbits were immunized with conjugates prepared
by covalently linking the mononucleotide analogues
of nicotine or cotinine to BSA with carbodi-imide.

Table 3. Cotinine and cotinine nucleotides in rabbit liver extracts before and after alkaline hydrolysis*

Cotinine-treated rabbits

Control rabbits

Before After Before After
hydrolysis hydrolysis Difference hydrolysis hydrolysis Difference
Cotininet 11.3 42.6 +31.3 1.4 0.5 -09
Cotinine nucleotide} 35.8 35 —323 5.0 55 +0.5

* Before hydrolysis, aliquots of the concentrated liver extract from a rabbit injected with cotinine and from a control
rabbit (Table 2) were diluted and assayed for both cotinine and cotinine nucleotides by the radioimmunoassay procedures.
After hydrolysis, aliquots (0.2 ml) of each concentrated liver extract were heated in a boiling water bath for 5 min
with 0.12ml of I N NaOH. The pH was adjusted to 7 with 1 N HCI at 0°, and the solution diluted to an appropriate
volume and assayed as described for the unhydrolyzed samples.

+ Measured in pmoles/g tissue.

t Measured in pmoles of cotinine nucleotide equivalents/g wet tissue.
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This procedure was similar to that used by Halloran
and Parker [12,13] to couple mono-, oligo- and
polynucleotides to proteins. Evidence that phospho-
amide bonds were formed between the terminal phos-
phate groups of the nucleotides and amino groups
of the protein was presented by these workers.

The specificities of our antisera are consistent with
this mode of binding. The alkaloids appear to be
completely exposed in the immunizing conjugates and
contribute significantly to the binding energy required
for the hapten-antibody interaction. The structural
differences that exist between (nicotine)RP and
(cotinine)RP are clearly recognized by the antibodies.
For example, while 50 per cent inhibition of the bind-
ing of ([*H]nicotine)AD to anti-nicotine nucleotide
is obtained with 10 pmoles (nicotine)AD, 100 pmoles
(cotinine)AD is inactive. The combining sites of the
antibodies encompass both the ribose and phosphate
groups. Compared to the mononucleotides, the ribo-
sides are only about 3 per cent as effective in inhibit-
ing the homologous reactions. Free nicotine and
cotinine do not inhibit significantly even when very
large concentrations are used (see Table 1).

(Cotinine)RP is the major nucleotide analogue
present in tissues of rabbits injected with cotinine.
Since the anti-cotinine nucleotide sera cannot differ-
entiate between (cotinine)RP, (cotinine)AD and
(cotinine)ADP, the combination of ion-exchange
chromatography followed by immunochemical analy-
sis was used to identify and quantitate the nucleo-
tides. Analysis with an anterisum specific for cotinine
served to confirm the identity of the product released
after alkaline hydrolysis of the pyridine-ribose bond.

Cotinine nucleotide analogues were also found in
rabbits injected with nicotine. The fact that nicotine
is rapidly converted to cotinine in animal tissue may
account for these findings [14,15]. Similar results
have been reported in the study of 3-acetylpyridine-
treated rabbits. The NAD analogue could not be
detected in the liver extracts presumably because
3-acetylpyridine is rapidly metabolized to nicotinic
acid in liver [16].

Small amounts of material reactive with the anti-
nicotine-nucleotide sera were found in lung extracts
from one of the nicotine-treated rabbits and in the
lung and kidney extracts prepared from the cotinine-
treated rabbits. It is possible, although it has never
been reported, that cotinine can be reduced to nico-
tine in lung and kidney. However, before we can con-
clude that nicotine nucleotides are present, the serolo-
gically reactive material must be analyzed further.
This was possible with the cotinine nucleotides since
they formed in larger amounts. In these studies, the
amount of nicotine given to the rabbits as a single
injection was limited by the toxicity of the alkaloid.
The cotinine rabbits received ten times the dose of
nicotine. However, since nicotine is so rapidly meta-
bolized to products that are less toxic [17, 18], it
might be possible to administer much larger quanti-
ties of drug over the course of many hours and thus
favor the production of nicotine analogues.

The procedure used to extract the tissues (liver,
lung, heart and kidney) prior to radioimmunoassay
is not applicable to the preparation of brain samples,
because the high lipid content interferes with the ion-
exchange chromatography. Alternative purification
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procedures are being developed to study analogue
formation in this tissue. Since NADase transglycosi-
dic activity in brain is high [19] and since nicotine
has been found to accumulate in rat brain shortly
after the intravenous injection of radioactive nicotine
[20], the formation of nucleotide analogues of nico-
tine or its metabolites in brain could be significant.
Especially noteworthy is the suggestion that the toxi-
city of 3-acetylpyridine is due to the formation of the
NAD analogues in the nervous tissue [16].

The formation of NAD and NADP analogues in
vivo has been reported by many laboratories [16,
21-22]. However, to our knowledge, the formation
of mononucleotides has not been extensively studied.
One major difference between our studies and others
dealing with nicotinamide nucleotide analogue forma-
tion is that our animals received the pyridine deriva-
tives (i.c., nicotine and cotinine) on a daily basis for
approximately 3 weeks to simulate in some degree
the exposure a habituated smoker would have to
these compounds.

Although the molecular events leading to nicotine
toxicity have not yet been described, nucleotide ana-
logues of this alkaloid and its metabolites may be
involved. For example, the formation of nucleotide
analogues may be implicated in the teratogenic effect
of nicotine [23). Pyridine derivatives, such as 3-acetyl
pyridine and 6-aminonicotinamide, which can form
NAD analogues by the NADase exchange reaction,
have been shown to produce specific developmental
defects in the chick embryo [24, 25].

In smokers, cotinine has a much longer half-life
in the bloodstream than nicotine (i.e. 1-2 days, com-
pared to 30-60min) and is present in much larger
concentrations (up to 650 ng/ml of sera) [10,26].
After an individual has smoked 1-2 cigarettes, blood
levels of nicotine can approach 60-70 ng/ml of sera
for short periods of time [26-28]. With relatively high
levels of cotinine continuously present in the blood-
stream of habituated smokers and with the levels of
nicotine peaking many times during the day depend-
ing on individual smoking habits, the formation of
nucleotide analogues in smokers is a distinct possibi-
lity. Once the presence of these analogues in human
tissues is clearly established, their implication in dis-
eases associated with smoking will be sought.
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