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The altered metabolism of both deoxyadenosine (1) and adenosine (2) 
has been causally implicated in the severe combined immunodeficiency 
disease associated with congenital deficiency of the enzyme adenosine 
deaminase (adenosine aminohydrolase, EC 3.5.4.4, ADA). In this condi- 
tion, the pathway of deamination of deoxyadenosine to deoxyinosine and 
adenosine to inosine is unavailable (3). In the presence of exogenous ADA 
inhibitors such as 2’-deoxycoformycin (2’-DCF), adenosine inhibits growth 
of human lymphocytes in vitro, whereas deoxyadenosine results in 
cytotoxicity (4). Adenosine has been quantitated in human plasma and 
urine (5-8) but deoxyadenosine has to date been detected only in urine 
(8,9). To better understand the roles of adenosine and deoxyadenosine 
under various conditions, we have developed a rapid method for their 
analyses in plasma. Following barium hydroxide and zinc sulfate treat- 
ment, which extracted the adenine nucleosides from plasma without de- 
grading them, deoxyadenosine and adenosine were separated by 
reverse-phase high-pressure liquid chromatography (HPLC). 

MATERIALS AND METHODS 

[U-14C]adenosine (559 G/mole) and [U-14C]deoxyadenosine (505 Ci/ 
mole) were obtained from Amersham Corporation (Arlington Heights, 
Ill.). The stock solutions were diluted 1:2000 (v/v) with water prior to use 
to give final concentrations of 45 and 25 nM of adenosine and 
deoxyadenosine, respectively. Nonradioactive adenosine, deoxyade- 
nosine, inosine, and deoxyinosine and calf intestine ADA (2350 U/ml) 
were obtained from Sigma Chemical Company. 
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Plasma extraction procedure. The extraction procedure used is a mod- 
ification of the method of Somogyi (IO) and was performed at room 
temperature. Duplicate 500 ~1 plasma samples were mixed with 1180 ~1 of 
the diluted [i4C]adenosine or [14C]deoxyadenosine; 200 ~1 were removed 
and analyzed for radioactivity. Then 200 ~1 of 150 mM Ba(OH), was 
added. After 1 min, 320 ~1 of 150 mM ZnSO, was added to give a final 
volume of 2000 ~1. The samples were vortexed, the precipitate was 
allowed to settle for 3 min, and the tubes were centrifuged at 5OOg for 3 
min. The supernatant was carefully decanted and was suitable for analysis 
without further purification. In order to prepare the samples for peak 
identification as described below, 1 IO-p1 aliquots of the sample were 
treated either with 10 ~1 of 130 mM Na, EDTA or with 10 ~1 of ADA 
diluted 1: 10 (v/v) with 130 mM Na, EDTA. EDTA was used to chelate the 
free Zn2+ in the extract and completely reversed the inhibition of ADA by 
this ion: 200 ~1 of the supernatant was also analyzed for radioactivity. 

Recovery of the labeled nucleosides was quantitative and no quench 
corrections were necessary. 

Adenosine and deoxyadenosine were quantitated by high-pressure liq- 
uid chromatography using solvent delivery pumps (Model 6000 A), double 
beam uv detector operating at a fixed wavelength of 254 nm (Model 440), 
and reverse-phase (PBondapak C18, 30 cm x 4 mm) column fron Waters 
Associates (Milford, Mass.). Separation of the nucleosides in 100 ~1 of 
sample was accomplished at ambient temperature by isocratic elution 
using a solvent composed of 50 mM KH,PO,-10% methanol (v/v), pH 
4.5. The flow rate was 2.0 mUmin, resulting in a back-pressure of approx- 
imately 2900 psi. Fractions were collected at specified times after passing 
the detector and were analyzed for radioactivity. 

RESULTS 

The separation of adenosine and deoxyadenosine and their deamination 
products inosine and deoxyinosine is shown in Fig. 1. In the range of 0- 10 
pg per injection, the peak uv absorbance of the adenine nucleosides 
increased linearly with the amount injected (Fig. 2). The lower limit of 
detection for adenosine and deoxyadenosine using this method was ap- 
proximately 100 nM. Following extraction, samples were stable for 
greater than 2 weeks at 4°C. 

Application. We studied plasma samples from patients being treated 
with the ADA inhibitor 2’-deoxycoformycin. Following inhibition of sys- 
temic ADA activity in one representative patient, both adenosine and 
deoxyadenosine were readily detected (Fig. 3a). Adenosine, but not 
deoxyadenosine, could also be detected using standard perchloric or 
trichloroacetic acid extractions (11). although some samples still retained 
unidentified compounds which obscured analysis (data not shown). 
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FIG. 1. Separation of inosine, deoxyinosine, adenosine, and deoxyadenosine (26.7 ng of 
each in water) using HPLC as described under Materials and Methods. Times from injection 
to peaks are noted in mimsec. Fractions were collected at the following intervals: fraction 1 
(inosine), 2:50-3:20; fraction 2 (deoxyinosine), 3:20-3:55; fraction 3 (a middle fraction) 
3:55-5:40: fraction 4 (adenosine), 5:40-6:50; and fraction 5 (deoxyadenosine), 6:50-B: 15. 

FIG. 2. Peak absorbance at 254 nm vs. amount of adenosine or deoxyadenosine in- 
jected. 

For definitive identification of the peaks with the retention times of 
adenosine and deoxyadenosine, we used the enzymatic peak shift tech- 
nique . The enzyme adenosine deaminase converts adenosine and 
deoxyadenosine to inosine and deoxyinosine, respectively. Thus, both 
the adenosine and deoxyadenosine peaks will move on the chromatogram 
following deamination. After the sample shown above in Fig. 3a was 
treated with ADA, we obtained the chromatogram shown in Fig. 3B. The 
absorbance in fractions 4 and 5 decreased markedly between Figs. 3a and 
b, because the adenosine (fraction 4) and deoxyadenosine (fraction 5) had 
been deaminated to inosine (fraction 1) and deoxyinosine (fraction 2), 
respectively. We were able to confirm that deamination was complete by 
demonstrating an appropriate shift in radioactivity in ADA-treated sam- 
ples containing the radiolabeled adenosine or deoxyadenosine internal 
standard (Table 1). Using the radioactive peak shift, complete deamina- 
tion was confirmed in all samples following ADA treatment. 

Figure 4 shows plasma deoxyadenosine and adenosine levels for 8 days 
following deoxycoformycin therapy in the patient referred to above. This 
complex pattern of plasma adenine nucleosides represents the net balance 



182 KOLLER ET AL.. 

TABLE 1 
ENZYMATK SHIFTOF RADIOLABELED ADENOSINE AND 

DEOXYADENOSINEINTERNALSI-ANDARDS 
___~~_ ~__~~ ..-. 

Fraction” 
Internal __- 
standard I 2 3 4 5 

[“‘CIAdo cpm 
Before ADA 40 45 38 1738 52 
After ADA 1704 49 43 36 28 

[“CldAdo 
Before ADA 46 112 40 ‘9 990 
After ADA 33 1016 37 32 35 

-. --- -- -. ---~.- 

u Fractions correspond to those shown in Fig. I. 

between de HOW production of nucleosides, degradation of nucleic acids, 
and altered metabolism and excretion subsequent to the drug-induced 
block in nucleoside degradation via ADA. 

DISCUSSION 

Deoxyadenosine is a direct precursor of dATP, the nucleotide which 
accumulates in and is presumably toxic to lymphoid cells in congenital 
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FIG. 3. (a) Chromatogram of extracted plasma in a patient being treated with an 
adenosine deaminase inhibitor. (b) Sample treated with exogenous adenosine deaminase for 
enzymatic peak shift identification. Extraction of adenosine 98.7%. deoxyadenosine 98.6%. 

FIG. 4. Composite plasma deoxyadenosine (top) and adenosine (bottom) for 8 days 
following systemic inhibition of ADA. Patient treated with 1 m&kg 2’-deoxycoformycin on 
Day 0. 
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ADA deficiency. Thus, the most direct measure of the adequacy of 
enzyme replacement therapy (12) in this disease may be the determination 
of plasma deoxyadenosine levels. Not until deoxyadenosine is lowered to 
a nontoxic concentration could one expect a therapeutic response to this 
mode of intervention. Similarly, when toxicity to lymphoid cells is the 
goal of therapy, as in the treatment of acute leukemia with the ADA 
inhibitor 2’-deoxycoformycin, an increment in plasma deoxyadenosine 
levels should correlate with the therapeutic response (13). Therefore, a 
simple deoxyadenosine and adenosine assay is presently of therapeutic 
importance in clinical medicine. 

This analysis of plasma deoxyadenosine and adenosine using reverse- 
phase HPLC offers features which are similar to methods previously used 
(5-S). Rapid analysis can be achieved with sensitivity and specificity. The 
results are quantitative and other uv-absorbing constituents of plasma do 
not interfere with the assay. Minimal sample preparation is required prior 
to chromatography, and since an isocratic elution mode was used, there is 
no delay between analyses. Thus, plasma can be prepared for HPLC 
within 10 min and adenosine and deoxyadenosine levels determined and 
confirmed within an hour. Serum samples are equally easy to assay. 

The advantages of this method over a similar method for the analysis of 
adenosine (7) are twofold. First, the recovery of each nucleoside from the 
extraction procedure can be calculated on each sample by means of the 
radiolabeled internal standard. Second, the completeness of deamination 
can be confirmed for each peak. Confirmation of complete deamination is 
important for the measurement of deoxyadenosine and adenosine in the 
presence of ADA inhibitors such as 2’-deoxycoformycin or zinc. Incom- 
plete deamination will cause an underestimation of nucleoside levels. 

This method offers a major additional advantage over those previously 
suggested for the determination of plasma deoxyadenosine (7,8), in that it 
avoids acid extraction while providing a clear supematant. Deoxy- 
adenosine is extremely labile at low pH (14-17), and decomposes to ade- 
nine and deoxyribose after acid extraction. Therefore, it is not sur- 
prising that previous attempts to detect deoxyadenosine in the plasma 
of ADA-deficient patients yielded undetectable levels (8). This method 
should greatly facilitate the measurement of deoxyadenosine and 
adenosine in plasma so that therapeutic manipulations involving these 
nucleosides can be more easily ‘accomplished. 

SUMMARY 

We have developed a method for the simultaneous measurement of 
deoxyadenosine and adenosine in human plasma. A barium hydroxide- 
zinc sulfate extraction procedure circumvented acid precipitation and 
preserved the deoxyadenosine. Deoxyadenosine and adenosine were 
separated using reverse-phase high-pressure liquid chromatography and 
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their identities were confirmed by the enzymatic peak shift technique. A 
radioactive internal standard was used to measure extraction efficiency 
and to prove completeness of enzyme treatment for the peak shift tech- 
nique. This assay is sensitive to 100 nM of either nucleoside in plasma and 
can be completed within 1 hr. This technique can be used to quantitate 
plasma deoxyadenosine and adenosine in patients with congenital 
adenosine deaminase deficiency or in patients being treated with ADA 
inhibitors. 
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