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SUMMARY 

The use of chloroacetaldehyde (CAA) as a potential precolumn fluorimetric 
labelling reagent for adenine compounds was examined in detail. The reaction kinet- 
ics was greatly influenced by parameters such as the pH, temperature and CAA 
concentration. These parameters were optimized with regard to the reaction yield. 
The resulting procedure for CAA derivatization of adenine compounds was found to 
be excellent for quantitative analysis. Because the CAA derivatives of the adenine 
compounds studied were markedly stable, precise quantitative results were easily 
obtained using high-performance liquid chromatography. CAA derivatives of the five 
adenine compounds, i.e., 1 ,N6-etheno-adenine, -adenosine, -adenosine 5’-monophos- 
phate, -adenosine S-diphosphate and -adenosine 5’-triphosphate were separated. The 
detection limits for the 1,N6-etheno derivatives were 0.5-1.7 pmol per lo-p.1 injection, 
Due to its simplicity, speed, sensitivity and selectivity, this procedure is recommended 
for use in studies on the metabolism and biology of adenine compounds. 

INTRODUCTION 

Purine and pyrimidine bases, nucleosides and nucleotides are not only compo- 
nents of nucleic acids and coenzymes, but also play a role as mediators of hormone 
action. The analysis of purine and pyrimidine compounds in biological materials is 
essential for understanding nucleic acid metabolism. With the advent of high-per- 
formance liquid chromatography (HPLC), precise determination and high resolution 
of these compounds was made feasible’-12. Notwithstanding this radical develop- 
ment, very little attempt has been made to develop detection procedures with high 
sensitivity and selectivity. Nevertheless, some results on the specific detection of ade- 
nine compounds and cytidine as fluorescent derivatives have been reported, wherein 
chloroacetaldehyde (CAA) was used as the fluorimetric labelling reagent13-19. The 
essential features of the reaction of CAA and the application of its derivatized nucleo- 
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tides and coenzymes to biological functions have been independently reviewed by 
Kost and Tvanov2’ and by Leonard’l. 

In this paper, data on the optimization of the CAA derivatization of adenine 
compounds and their chromatographic separation are presented. In addition, the first 
successful application of a method developed to measure adenine compounds in rat 
serum is described. 

EXPERIMENTAL 

Apparatus 
A Japan Spectroscopic (JASCO) Model 800-MP- 15 high-performance liquid 

chromatograph with a JASCO FP-210 spectrofluoro monitor was used. Chroma- 
tograms were recorded on a JASCO Model 805GI graphic integrator, while fluo- 
rescence spectra were obtained on a JASCO FP-770 spectrofluorometer. 

HPLC columns 
The properties of the following columns were examined: silica gel Finepak Sil 

(250 mm x 4.6 mm) and octadecylsilane-bonded silica gel Finepak Sil C18T-5 (re- 
versed phase, 250 mm x 4.6 mm) (both from JASCO); vinyl alcohol copolymers 
Asahipak GS-320H (dual mode of adsorption and gel permeation chromatography, 
250 mm x 7.6 mm) (Asahi, Tokyo, Japan). 

Chemicals 
Adenine (Ade), adenosine (Ado), adenosine 5’-monophosphate (AMP), adeno- 

sine 5’-diphosphate (ADP) and adenosine 5’-triphosphate (ATP) were obtained from 
Sigma (St. Louis, MO, U.S.A.), chloroacetaldehyde solution (40%, practical grade) 
from Wako (Osaka, Japan). All other chemicals used were of analytical grade from 
commercial sources. Standard solutions were freshly prepared by dissolving the care- 
fully weighed adenine compounds in distilled water to a concentration of 1 mg/ml. 
These standard solutions were diluted to the target concentrations in distilled water 
and stored at 4°C. 

Chromatographic conditions 
Separations were performed at a flow-rate of 1.0 ml/min at 40°C. The eluting 

solvents were: A, 0.2 A4 phosphate buffer (pH 5.0); B, 0.2 M phosphate buffer (pH 
5.0)-methanol(70:30, v/v). Elution was carried out for 5 min with solvent A, followed 
by solvent B for 25 min. The column effluent was monitored fluorometrically at an 
excitation wavelength of 290 nm and at an emission wavelength of 415 nm. 

Preparation of CAA derivatives 
A 0.1 M CAA solution was prepared by diluting a commercial chloroacetalde- 

hyde solution (40% CAA) in distilled water. Unless specified otherwise, the following 
procedure was used. To 100 ~1 of serum sample or 100 ~1 of diluted standard solutions 
in a reaction tube, 100 ~1 each of 0.2 M phosphate buffer (pH 5.0) and 0.1 M CAA 
were added. The reaction tube was stoppered hermetically and heated at 100°C for 30 
min. The pH of the reaction mixture after derivatization was 4.5. Thereafter the 
mixture was diluted to 2 ml by adding 1.7 ml of 0.1 A4 Tris-HCl buffer (pH 7.4) 
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resulting in a pH of 7.0. Immediately after dilution, an equal volume of water-sat- 
urated diethyl ether was added to the mixture to remove the excess of CAA by 
extraction. A 5-10 ~1 aliquot of the aqueous phase was injected into the HPLC 
system. 

Preparation of the sample fluid from rat serum 
Blood samples were obtained individually from eight male rats (age, 3 months; 

strain, Sprague-Dawley). After 2 h at room temperature, erythrocytes were removed 
from the collected blood by centrifugation at 1500 g for 10 min. The resulting serum 
was deproteinized using an equal volume of cold 12% trichloroacetic acid solution. 
After a 5-min incubation in an ice-bath, the mixture was centrifuged at 1500 g for 10 
min and the supernatant was collected. Trichloroacetic acid was removed using wa- 
ter-saturated diethyl ether. The supernatant was adjusted to pH 4.5 by titrating with 
0.1 M KOH. The protein-free supernatants were stored at - 20°C until analysis. 
Sample volumes of 100 ~1 of the protein-free supernatants were sufficient for analysis 
by the above-mentioned procedure. 

RESULTS 

Fluorescence spectra of 1,N6-etheno derivatives 
Standard samples containing 1 pg each of the l,N6-etheno derivatives of the 

adenine compounds were analyzed. The fluorescence spectra are given in Fig. 1. As 
can be deduced, all 1,N6-etheno derivatives exhibited similar fluorescence emission 
spectra patterns, however the fluorescence excitation intensities at 223 nm increased 
in the order of 1 ,N6-ethenoadenine, 1 ,N6-ethenoadenosine, 1 ,N6-etheno-AMP, 1 ,N6- 
etheno-ADP and 1 ,N6-etheno-ATP. For HPLC analysis, the fluorescence intensity 
was measured using excitation at 290 nm and emission at 415 nm for simultaneous 
analysis of the l,N6-etheno derivatives of the five adenine compounds. 

Excitation Emission 

350 350 400 450 500 

Wavelength (nm) 

Fig. 1. Fluorescence spectra of 1,N6-ethenoadenine (p ), 1,N6-ethenoadenosine (- - -), 1,N6-ethe- 
no-AMP (------), 1 ,N6-etheno-ADP ( - - ) and 1 ,N6-etheno-ATP (~ ~ ), Emission was measured at an 

excitation wavelength of 290 nm, while excitation was measured at an emission wavelength of 415 nm. 
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Separation of I,N6-etheno derivatives by HPLC 
Three columns were examined for their ability to separate 1,N6-etheno deriv- 

atives: Finepak Sil, $1 C18T-5 and Asahipak GS-320H. A significantly better sep- 
aration was obtained using the Asahipak GS-320H column. Hence, the latter was 
used throughout the present study and all results presented were obtained on this 
column. 

The separation of the l,N6-etheno derivatives of the adenine compounds is 
shown in Fig. 2A, while Fig. 2B shows the separation of non-derivatized adenine 
compounds as monitored by UV absorbance at 260 nm. The 1,N6-etheno derivatives 
were more sharply separated from each other vis-ci-vis the separation of the non- 
derivatized adenine compounds. 

The effect of the pH of the eluting solvents (see Experimental) on the separation 
of 1,N6-etheno derivatives was examined. Following an increase from pH 5 to 7, a 
worsening in the separation of each derivative was noted. A value of 5.0 was selected 
as the pH of the eluting solvents A and B, because of the good separation of the 
1,N6-etheno derivatives of five adenine compounds. 

Assay linearity and detection limit 
Calibration graphs were constructed by analyzing a series of serum samples 

containing adenine compounds of know concentrations. Each concentration was 
studied in triplicate. The fluorescence intensities, measured as peak areas, were linear 
over a range of detection limits up to 40 pmol per lo-,ul injection. The detection limits 
for 1 ,N6-ethenoadenine, 1 ,N6-ethenoadenosine, 1 ,N”-etheno-AMP, 1 ,N6-etheno- 
ADP and 1,N6-etheno-ATP were 1.7, 0.5, 0.6, 0.9 and 1.3 pmol per lo-~1 injection 
respectively, at a signal-to-noise ratio of about five. Conversely, the detection limits 
for non-derivatized adenine compounds monitored by UV absorbance at 260 nm 
were lo-30 pmol per lo-p1 injection. This is taken to indicate that the fluorimetric 
analyses were approximately lo- to 30-times more sensitive than the UV-monitoring 
method. 

1 I I , 
5 10 15 20 25 5 10 15 20 25 

Time (mid Time (mid 

Fig. 2. Chromatograms of 1,N6-etheno derivatives of adenine compounds (11.4 ng of each per IO-PI 
injection) (A) and of non-derivatized adenine compounds (49.4 ng of each per IO-/t1 injection) monitored 
by UV absorbance at 260 nm (B). Peaks: (A) 1 = 1.N6-etheno-ATP: 2 = l,N’-etheno-ADP; 3 = 1,N6- 
etheno-AMP; 4 = 1,N6-ethenoadenosine: 5 = 1,N6-ethenoadenine; (B) 1 = ATP; 2 = ADP; 3 = AMP; 4 

= adenosine; 5 = adenine. 
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Assay precision 
The intra-assay precision was determined by analyzing, on the same day, a set 

of five replicate serum samples containing various amounts of adenine compounds. 
The inter-assay precision was determined by analyzing serum samples containing 
various amounts of adenine compounds for 5 days over a period of 2 weeks. As 
regards the intra-assay precision, all coefficients of variation were below 4%; higher 
coefficients of variation were found for the inter-assay precision (2.7-g. 1%). 

Recovery 
The extraction recoveries of the adenine compounds were determined by com- 

paring the fluorescence intensities obtained by direct injection of 1,N6-etheno deriv- 
atives with those obtained after extraction of the spiked adenine compounds (10 
pg/ml) from rat serum. The extraction recoveries of Ade, Ado, AMP, ADP and ATP 
were 93.8 i- 5.1,92.2 f 6.1, 87.6 f 5.8, 91.4 f 5.6and 93.8 f 5.8% (mean f SD., 
n = 5), respectively. 

Efect of pH on the derivatization reaction 
To examine the effect of the pH in the reaction mixture on the reaction yield, 

standard samples containing 1 ,ug of each adenine compound in the reaction mixture 
were derivatized using 0.2 M phosphate buffers (pH 3.2-6.0) for pH adjustments. As 
shown in Fig. 3, the effect on the derivatization of pH values below 4.5 was small, 
however the fluorescence intensities decreased markedly above pH 4.5. 

EfSect of reaction temperature and reaction time on the derivatization yield 
The derivatization with CAA was carried out using the procedure described in 

the Experimental, except that the reaction temperature was varied from 60 to 120°C. 
A reaction temperature of 100°C was found to be the most effective. The effect of the 

Fig. 3. Effect of the pH in the reaction mixture on chloroacetaldehyde derivatization of adenine com- 
pounds. 0, 1 ,N6-Ethenoadenine; 0, 1,N6-ethenoadenosine; 0, l,N6-etheno-AMP; n , I,N6-etheno- 
ADP; A, 1,N6-etheno-ATP. Each point represents the mean of triplicate determinations of the flue- 
rescence intensity of each peak of the CAA derivative separated on the Asahipak GS-320H column. 
Chromatographic conditions similar to those in Fig. 2. 
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Fig. 4. Effect of reaction time at 100°C on chloroacetaldehyde derivatization of adenine compounds. For 
details see Fig. 3. 

reaction time at 100°C was examined over a period of 60 min. The results, Fig. 4, 
clearly indicate that the fluorescence intensities of 1 ,N6-ethenoadenosine and 1 ,N6- 
etheno-AMP increased with reaction time, whereas those of 1,N6-ethenoadenine, 
1,N6-etheno-ADP and 1,N6-etheno-ATP gradually decreased. Hence, for the simul- 
taneous analysis of the five adenine compounds, the derivatization was performed at 
100°C for 30 min. 

Eflect of CAA concentration on quantitative analysis 
The molar ratio of CAA to total adenine compounds was varied from 0.7 + IO2 

to 70 . 102. The total amount of adenine compounds present was always 0.018 pmol. 
A minimum molar ratio of 7 . IO2 of CAA to adenine compounds is required for 
quantitative analysis. When the ratio fell below this minimum the assay response 
always became non-linear. Therefore, samples containing high concentrations of ade- 
nine compounds had to be diluted prior to derivatization in order to ensure a linear 
response. 

Stability of CAA derivatives 
The stability of the derivatives as a function of pH was examined at pH 4.5 and 

7.0. The pH of the reaction mixture was adjusted by adding the appropriate buffer 
after the CAA derivatization reaction. The results obtained are shown in Fig. 5. At 
pH 4.5, 1 ,N6-etheno-AMP, 1,N6-etheno-ADP and 1 ,N6-etheno-ATP were stable 
throughout the investigation period, although 1,N6-ethenoadenosine underwent up 
to 40% decomposition within 7 days. During this time, the fluorescence response of 
1,N6-ethenoadenine increased by approximately the same percentages. At pH 7.0 
(Fig. 5B), the fluorescence intensity of 1 ,N6-ethenoadenosine increased slightly. Due 
to the rapid decomposition of 1 ,N6-ethenoadenosine at pH 4.5, the reaction mixture 
was adjusted to pH 7.0 immediately after the reaction. 
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Time (Day1 

Fig. 5. Stability of 1,N6-etheno derivatives of adenine compounds at pH 4.5 (A) and 7.0 (B). Details as in 

Fig. 3. 

Spec$city 
The reaction specificity was examined not only with the major bases, but also 

with their nucleosides and nucleotides. Under conditions similar to those used in this 
study, no fluorescent CAA derivatives were detected with guanine, cytosine, thymine 
and uracil, as well as with their respective nucleosides and nucleotides. 

Application to biological fluid 
Typical chromatograms showing analyses of CAA derivatives in serum samples 

with and without addition of standards prior to extraction and CAA derivatization 
are shown in Fig. 6A and B, respectively. Chromatograms showing analyses of non- 
derivatized serum samples with monitoring of the absorbance at 260 nm are given in 

I 4 I 

I f 
A_+__ 
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Fig. 6. Typical chromatograms of 1,N6-etheno derivatives (A) in a serum sample spiked with adenine 
compounds (10 ~1 of 1 mg/ml of each) prior to extraction and derivatization and (B) in a blank serum 
sample. Chromatograms obtained from analyses of non-derivatized serum samples with (C) and without 
(D) addition of adenine compounds by monitoring the UV absorbance at 260 nm are shown for compari- 
son. Peak notations are similar to those in Fig. 2. 
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TABLE I 

CONCENTRATIONS OF ADENINE COMPOUNDS IN RAT SERUM 

Compound Concenlrution 
(nmollml serum) 

Adenosine 2.21 f 0.79 
ADP 0.47 f 0.14 
ATP 0.41 f 0.14 

Fig. 6C and D. There was no interference by the matrix in the separation in chroma- 
togram A, although some interference was evident in the separation in chromatogram 
C. Ado, ADP and ATP were detected as l,N6-etheno derivatives in blank serum 
samples, as shown in Fig. 6B. Except for interference, no adenine compounds were 
detected by monitoring the absorbance at 260 nm, as shown in Fig. 6D. The concen- 
trations of adenine compounds detected in rat serum are summarized in Table I. The 
results are given as mean values f standard deviation for eight male rats, Ade and 
AMP were not detected by the method described. 

DISCUSSION 

In studies of nucleic acid metabolism, the microanalysis of nucleic acid compo- 
nents with high sensitivity and selectivity is required. 

To cite a few references, Secrist et aZ.‘4~‘5 found that fluorescent 1 ,N6-etheno 
derivatives of adenosine and its nucleotide were obtained by the reaction with CAA. 
Similarly, Barrio et ~2.” reported that cytidine reacted more rapidly with CAA when 
near pH 3.5, while 4.5 was the optimum pH required for reaction with adenosine. 
Also Kochetkov et ~1.‘~ have revealed a dependence of the selectivity of the CAA 
reaciion on pH. Moreover, Sattsangi et al. 22 have reported that the synthesis of the 
fluorescent N2,3-ethenoguanine by sterically hindering the reaction of CAA at N- 1 of 
the guanine ring. Yoshioka and Tamura” reported the determination of Ade, Ado, 
AMP and cyclic AMP as their l,N6-etheno derivatives by HPLC, using a porous 
polystyrene column. 

In the present study, we attempted to optimize the CAA derivatization and 
chromatographic separation of adenine compounds. Likewise, we have proposed a 
procedure having some advantages for the analysis of adenine and related com- 
pounds, as summarized below. (1) The 1,N6-etheno derivatives of the adenine com- 
pounds were distinctly separated from each other using an Asahipak GS-320H col- 
umn, as compared with the previous methodi7-19. Hence, simultaneous quantitative 
analysis of Ade, Ado, AMP, ADP and ATP was possible. The solid phase of the 
Asahipak GS-320H column is a hydrophilic hard gel composed of copolymers of 
vinyl alcohol. (2) The l,N6-etheno derivatives were deemed to be more stable at pH 
7.0, hence precise analysis was possible. Upon degradation of 1 ,N6-ethenoadenosine 
at pH 4.5, a gradual increase in the fluorescence intensity of 1 ,N6-ethenoadenine was 
observed. This seems to be caused by hydrolysis of 1 ,N6-ethenoadenosine by an acid, 
thereby yielding 1,N6-ethenoadenine. At pH 7.0, the fluorescence intensity of 1,N6- 
ethenoadenosine increased slightly. In this case, gradual dephosphorylation of 1 .N6- 
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etheno-AMP yielded 1,N6-ethenoadenosine. (3) The CAA derivatization was found 
to be specific for the adenine compounds. Although CAA derivatization of cytidine 
and guanine had been reported1 ‘,**, under the conditions used in this study, however, 
no fluorescent derivatives were detected with cytosine and guanine, as well as with 
their nucleosides and nucleotides. This discrepancy is apparently due to differences in 
the reaction conditions such as pH, temperature and CAA concentration. 

This study was primarily undertaken to develop an analytical method for mea- 
suring adenine compounds in biological materials. The significance of the concentra- 
tions of adenine compounds found in rat serum remains to be elucidated. Suffice it to 
say that the developed methodology should enhance not only the possibility of mea- 
suring other adenine compounds, but also the study of the metabolism and biological 
roles of adenine compounds. 
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