
SUMMARY 

High-pi?fi0- liquid chromatograpbic (HPLC) assay for determining 
tissue pools of uridine, deoxynridine, cytidine, deoxycytidine, ad thymidine mono-, 
di-, and triphosphates is presented. The method utilizes anion-exchange and, after 
conversion of rmdeotides to nucleosides by acid phosphatase, reversed-phase chro- 
matography on a preparative column with UV detection at 254 and 280 nm. The 
yield of &is procedure is 80 -& 2% with a sensitivity limit of LOO pmole nucfeotide 
per sample. A sensitivity of 10 pmole can be achieved for each compound by rechro- 
matograpbing appropriate nucleoside fractions on analytical columns. The recovery, 
including this step, is 66 j= 7%. The assay is reproducible and highly selective, with 
a lower sensitivity limit of apprczximately 0.1 pM using 1.50-250 mg (wet weight) 
tissue samples. Nuckotide pools have been determined in &lb/c mouse liver and in 
mouse lymphoma (S-49) cell cuIture, the latter with and without addition of 5- 
tIuorouracil (IFUra) to the medium- Data obtained with this assay are similar to 
those using a&ernative methodologies. Observed depletion of d?XP pools and ex- 
pansion of dUMP and dCXP pools after 5-F&a treatment are in agreement with 
published observations. Pools of dUDP and dUTPwere not detectable (C 10 pmole/ I@ 
cells) in any tissue sample. These data illustrate the utility of the present method in 
stud-g actions of pyrimidine antimetabolites. 

LNTRODUCTION 

Pyrimidine and pusine Enononuckotide metabolism consists of a--complex 
network of biochemical pathways essential to the function and reproduction of ceils. 
Perturbation of this tightly controlled substrate pattern by genetic alter&ions or 
anrimetabolite trea_tient leads to changes in cell fkctioz~ and, potentially, to cell 
toxicity by largely unknown meclranismsl. Clearly, it is desirable to measure changes 
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throughout the mouonucleotide metabolism network iz2 order to invfzstigate the 
m&la?&ms Ieading tc cell damage. 

Numerous assay procedures have been developed for probing ftee pyrimidine 
and ptine nuckotide tissue pools, including high-performance liquid chromato- 
graphy (TTD?LC)Z*~. However, none of these published methods is capable of detecting 
ali of the major r&o- and deoxyribonucieotides at physiological concentrations. 
Failun~ to develop a comprehensive analytical approach has been due to the large 
numb of naturaily occwring r&o- and deoxyribonuckotides (= 30 major nucleo- 
tides), chemical simihrity of the nuckotides, a broad range of physiological coneen- 

- tratioa fkom mM to below @f leAs, and the presence of chemically rezated interfer- 
ing endogenous substrates. While chromatographic separation and detection of 
practically all major mononucleotides in one single step has been achieved using a 
mixture of pure standards’, such tihniques are not applicable to the assay of tissue 
samples dne to interfereace by normal tissue constituents_ 

We report here an -HPLC-W assay system for the complete analysis of 
p_yrimidiue ni and deoxyribonucleotide pools in tissue samples with a sensitivity 
of approximateiy 0.1 FM, which is sufficient to detect phpidogicd levels of pyrim- 
idine deoxyribonuckotides_ The assay (fiutline in Fig- f) uses a combination of 
HPLC separations with enzymatic hydrolysis of nucleotides to nucleosides. Its appii- 
crbility to biologic4 samples has been demonstrated by measuring pyrimidiue 
nucleotide pcok in two divergent sa~~pks, i.e. in mouse liver and in cultured cells. 
Furthermore, we have observed poo!-size changes in cells following exposure to 
S-f3~orouracil(5-~Flka), thus establishing the utility of the assay for studying mecha- 
nisms of cytotoxicity of pyrimidine antimetaboks. 

Nucieotide and nuckoside standard samples, and all other reagents, were of 
analy,tical grade. Radioactive nucleotides, purchased as ammonium salts from 



Amersham @.di@o& HI., U.S.A.) were [5-~$xridine 5’-monophosphafe (W-IX&P), 
!+a& 1X2 CimnoE, I s&i/d waW*hol (1 :I), and [5_3rzl&ytkline 5’-mono- 
pfiosphate @%cMP), SpzicL 13.0 ci/nlmor, 0.8 mci/ml water-ethanol (1 :r;. WOEking 

sdutions of these compounds were prepared by a 1000-fold dilution with water. The 
purity of%-UMP and 3EE-CMP were verik%d prior to each experiment by chromate- 
graphic means. Acid phosphatase (orthophosphoric monoester phosphohydrolase; 
EC 3.1.3.2) type IV, from potatoes, was purchased as a Iyopbilized powder at an 
activity of 1.7 HJ./mg fEOll3 Sigma (St_ Louis, MO., U.S.A.). 

KPLC analysis was performed OQ a liquid chromztograph (Waters Assoc., 
word, Mass.. U.S.A.) equipped with a Model U6K injector, a Model 440 dual- 
wavelength (254/280 nm) UV absorbance detector, a Model 660 sclvent programmer, 
and two Model M6OQO-A pumps. 

Aminex A-29 anion-exchange resin (s~e-divinyl henzme beads, 5-8 pm 
diameter) was obtained from Bio-Rad Labs. (Richmond, Calif., U.S.A.) and con- 
ditioned according to Kaym~_ This resin was slllrry packed in pH s-2,25 m&z sodium 
citrate at 8000 p.s.i., into a stainless-steel chromztographic column, 30 cm x 4 mm 
I.D. (prepared by Varian Aerograph, Walnut Creek, Calif., U.S.A.). The column was 
fitted with an outer jacket and connected to a circulating water bath for chromato- 
graphy at elevated temperatures. The following HPLC columns were obtained pre- 
packed: (1) an analytical @?ondapak Cls reversed-phase column, 30 cm x 3.9 mm 
I.D. (Waters Assoc.); (2) a preparative LiChrosorb RP-18 reversed-ohase column, 
25 cm x 10 mm I-D_ (Altex, Berkeiey, Calif., U.S.A.), and a Part& 10/25-SCX 
cation-e~change column, 25 cm x 4.6 mm I.D. (Whatman, Clifton, N.J., US A.). 
The average particle diameter of each of these columns is 10 pm. 

Chromatographic conditions 
Aminex A-29 &on ex&nzge_ Solvent A: 25 mM sodium citrate, pH 8.2, 

1.5 m&Z NaN3; solvent B: 5OQ m&f sodium citrate, pH 8.2, 1.5 mM NaN,; fiow 
program: isocratic elution with solvent A at 0.3 ml/min for initial 35 min followed 
by a linear gradient, maintaining total flow-rate of 0.3 ml/min, reaching 100 % solvent 
B in 2 h; temperature: 50”. 

Prepmative Rg-18 reversed phase. Solvent C: Methanol-water (O-1:99.9); 
solvent D: acetonitril*water (2.O:gS.O); flow-rate: 7.0 ml/min; temperature: 
ambient. 

tiyZic& C,, reversed phase. Solvent E: 10 mM N&&PO,, pH 3.Ckacetonitrile 
(99.5fi.5); solvent F: 10 m&f sodium acetate, pH 4.7~acetonitrile (97.5:2.5); flow- 

fate: 2.5 ml/min; temperature: ambient_ 
Adyticd c&km exchange. Solvent G: 5 mM N&&PO,, pH 3.0; flow-rate: 

1.0 ml/m& temperature: ambient. 

Cell cdture sample preparatfotz 
Wild type s49 mouse fibroblast cells were grown in Dulbecco’s modified 

Eagle’s medium with 10% fetal calf serum from au initial density of le cells/ml. 



Cells were incubated in a totai voium& of IO0 mP cubme medium for 72 h at 37” in 
the absence or presence of 0.67 &K 5-FUra which inhibits cell growth by 50% under 
these coEditions. %?Ura disa ppearance from the medium was found to be negligible 
over the incubation period. After the ccl1 cuiturcs were centrifug& the pellet, CCQ- 
Going 1-3-W cells, v+as washed witb ice-cold phosphate buffered saline, and the 
s~nsion centrifuged again. The resuhaut pellet was homogeuizd in six volumes 
of ic,pccId 0.4 N IYCIO, for 15 sec. Precipitates and cell debris were removed by 
centrifugation at tC!Wg for 5 mm at 4” and the resultant supernatant was extracted 
wi’L;I an equaI vohrme of a cold freshly prepared solution of 0.5 M tri-u-octylamiue iu 
Freoc ‘iF (I ,I,2trichloro-I ,2,2-triBuoroethane), to remove HCIO, (ref. 5). Extraction 
of a wide &ety of nucleotides from bioiogicai specimens was shown to be quanti- 
tat& by this me&&. The aqueous Iayer (PH 4-6) was removed and lyophilited. Just 
prior to injection onto the A-29 CaIrrmrt, the entire sample was reconstituted with 
,100 iri water. 

firer sampie preparation 
Maie Balb/c mice, Berkeley strain, (a 20 g) were sacrif&d by cervical dis- 

articulation and the entire liver (= 1.2 g) immediately (~20 set) excised and frozen 
in liquid nitrogen_ The frozen iiver was ground into a coarse gravel and homogenizd 
in six volumes of ice-cold OA N HCI0,. This homogenate was extracted and lyophilized 
anal~ogously to the S-49 homogenate. The dried extract was reconstituted with water 
to give a solution corresponding to I m g liver (wet weight)/+ (a 1.2 ml), including 
IO0 $1 of each of 3H-UMP and 3H-CMP working solutions_ A 2X?@ ahquot of this 
sotution, equivalent to 250 mg liver, was used for each amlysis. 

Amiiwx A-&Y chromcztography 
Samples were injected onto the cohxmn and ehned using the gradient system 

described earlier. This procedure represents a minor modification of an HPEC 
analysis of nuckotides on Aminex -4-28 suggested by Khym4 in which we employ an 
iso-pH elution and use a resin of smaller particle size. Fractions were collected as 
SEOFM in Fig. 2, using the position of AMP as a marker to adjust for small variations 
in retention times between runs- These fractions were lyopbilized in preparation for 
phosphatase trentment- 

Sepcuaticn of pyrimidne nudeode monophosphutes from p)‘rimidine nudeosi&s 
This procedure is necesmry only wheu samples contain appreciable amounts 

of endogenous nucleosides. Fractions which may include endogenous pyrimidine 
nucieosides (A-29-1 and A-29-2) ivere reconstituted with Z ml water and injected onto 
the preparative reversed-phase coiumn, using solvent C as the eluenL Efhuent was 
colltzted between 1 and 3 mm after injection, which iucluded all of the nucleotides 
of interest and excluded the re’&ed nudeosides. The nucleotide-containing fractious 
were concentrated to 1 mi on a hot plate under a stream of nitrogen, not exceeding a 
temperature of 65”, and subsequently treated in the same way as the other A-29 
fractions. 

Phaspti&zse conversion of mdeotides to mdeosides 
Dried nudeotide factious were reconstituted with 1 ml water, except for 
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Fig. 2. (a) Arndx A-29 chnxnatogram of n&tide S.auti& (approx. 10 mole each, except for 
dUTP and dTFP which were substantially degraded during storage), detaszd by UV zksmbmce 
at Wnm, The eight fiactions collected for phasphatase treabnent are indicated at the top of the 
figure. 6) Amkx A-29 cbromatogram of S-49 (m;eated) ceil exkactm 

fraction 6 from Am&x A-29, which was brought to 2 ml and then split into two 
equal portions for separate analysis of Thy- and cytcontaining nucieotides. To each 
fraction was added 25 pl glacial acetic acid and 250 ~1 of a solution of acid phos- 
phatase (10 I.U./ml water)_ The tubes were sealed, mixed and incubated at 37” for 
30 min, after which they were immersed in a 95” sand bath for 15 min. Precipitated 
prote%s were removed by cemrifugation. 

~?~&y.sii of resuhg ribonucleclsicies and cEeoxyribomccleosz2e.v by preparative reversed- 
phase diromatogmpby 

A preparativmize CO~III was neeciecl because of the high salt concentration 
of the samples, which saturates analyticai six cohmns. Prior to injection of the 
entire supematant obtained at the end of the phosphastase step, 50 ~1 of 58 % NH&M 
was add& to each of the Cytxx&ainkg solutions, in order to stabilize retention 
times of the nucleosides. The mobile phase used for duting Ura- and Q&containing 
nuckosides was solvent C; sotvent D was used for efution of thymidine. The sepa- 
rated tibo- and deoxyriinuckosides were monifored by W absorbance at 254 and 
280 nm, with a sensitivity of 100 prn0I.e~ per injection. E higher seas&iv&y was needed, 



iildividual nudkoside #tiactiosls were couected and dried on a kot plate under a strcanl 

of nitrogen, without exceeding temperaturr of 65”. 

Individual nucieoside fractions were qusntitated using analytical coIumns 
coupled withduai wavelength UY absorbance detection at 254 and 280 run. Dried 
fractions from the pmpamtive step were dissolved in 250 4 ofsolvent E (for Cyd, Urd 
and dUrd) or solvent F (for dlihd), injected onto a @kmlapak Cls analyticai cohmm, 
and ehited xvi*Ql the same solvent as used for reco~stitition. Deoxycytitie was 
analyzed on a cationexcha9ge HPLC coiumn, using solvent G for reconstitution 
and efution from tke column due to interferences cn tke reversed-phase column at 
Eow dtoxycytidine levels_ Absorbance at 254 and 280 run was monitored and the 
254-2%) ratio of each pea4 of interesi was compared to tkat of authentic material to 
confirm the identity and homogeneity of tkese peaks. Representative examples of 
tkcsc data arc given in Fig. 4. The amount of nucleoside recovered was determined 
by measuring tke peak height and using an external standard curve. Absorbance at 
280 nm was used for quantitation of Cyt nucleosides and at 254 nm for Ura and Thy 
nucIeoGdti_ 

De!efntinutibn of nucleotidh azwlysi3 yields 
Known amounts of all pyrimidine nucleotides were carried &rough tke entire 

analytical proozdurc and recoveries &e&-mined by comparing amounts of nucleosides 
rc~~vc~-ed to amounts of corresponding nucleotides present at tke start of anaiysis- 
Due to tke varying degree of purity of tke nucleotide standards, recovery measure- 
ments were performed with ‘H-UMP ami 3H-CMP as tracers added to dried liver 
extracts. W&s containing Cyd and Urd derived from CMP and UMP were collected 
and concentrated to I ml. To each of tkcse was added 10 ml Aquasoio and tke sam- 
ples were anaiyzed for tritium on a Searie Mark HI liquid scintillation counter- After 
ccmection for quenching tke amounts of 3H-Urd and %SCCd derived from ‘H-UM? 
and 3H-CMP were determined for eack run. The average recovery was 80 & 2% for 
nuchosides eluting from tke reversed-pkase preparative column. Nucleoside recovery 
including the analytical step fur kigk sensitivity was 66 i. 7%. 

In this paper we present a method for determining levels of ah endogeno$ 
pyrimiciine ribo- and deo~ibonucleoside mono-, di-, and tripkospkates, in biological 
samples- The acid-solubti cck extract is first applied to an Aminex A-29 auion- 
exchange coIumn, and eight fractious are collcctcd as shown in Fig_ 2a- Each of tkese 
fractions us~ualiy contains one ribonuckzotide and the corresponding deoxyribonucleo- 
tide_ The fractions are tken *-ted witk acid phospkam and ihe resulting ribu- and 
deoxyribonucIeosides are separated asd quantitated by a preparative rev&-phase 
cchnn with dual-wavelength (254/280 nm) UV detection (see Fig. 3) Tke prepar- 
ative column is rcqu&d SIB eliminate the hrrgc qrrantities of salt co&cted in A-29 
fractions, wkick overload smaii:r analytical columns. A minimnm of 100 pmole of 
nu&coside is measurable in this way. 
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FG. 3. Prepa&k rwessed-pk cbromatogram of nucleosides derived from nuckotides in S-49 
ceil ex&acL Amounts of nuckoside show-n axe: Urd, 0.700 mnole (from UMP), dUrd, 0.572 nmole 
(from dUMP}, Cyd, 39 mnok <from CDP)> dCyci, 0293 nmok (fkom dCDP) and dlihi, 0.376 nmok 
(fkom dT-fP). 

If a lo-fold increase in sensitivity is needed, the nucleosides eluted from the 
preparative reversed-phase column may be collected, concentrated, and reinjected 
onto an analytical reversed-phase column (see Fig. 4). Lcw levels of deoxycytidine 
were measured on a cation-exchange column due to an interference on reversed-phase 
columns. The minirnm detectable amount of nucleoside at this step is 10 pmole. 

2 
2 
0 

c 2% 

LA_ 280 

2 
2 
2 
4 
0 

a 

I t 

dThd 

01 234 01234560123.4567 
t.min 

FG. 4. Analytkat revcrsd-ph thromatcgram 05 nuckosides derkd from n-a&&ides in Sl9 azll 
exWacB. Amounis of ntiides &ova are: Vi& 60.1 nmok @Torn UTP), dUr& 1.08 nmoIe @mm 
dUMPh and diihd, 0.109 nmok (from &TDP). Absorbance ratios (254/280 sun) for &se pc&s are 
3.33, 3.15 and 1.41, while those of correspanding scadxds are 3.07,3.00 and 1.48, respeaively. . 



All of t&e d&a pi=seWzd here wcrc obtaiued uSug the high-seusitivity step, 
although, iu routic practice, the preps~tive reversed-phase chromatogrzphy is the 
fkiI step, if n&kotide IeveIs se above 100 pmole per sample. 

Pre&iim and spec@ciV of site me&d 
Tabk I shows the results of the aIIalj* of three ideutical aiiqiots of the acid- 

SoIcbk extract of one E?alb/c mouse liver. Vie present thes data as a demoustration 
of tie precision of the p-t zs&tial m&hod, and not 2s estimates of the rip t&o 
nuckoride pook ii~ mouse liver, since it is probable thzt some conversion of tri- 
phosphates to m~~ophosphates ocuzred dukg excision of the iiver’. The staudzrd 
d&&or, #or the ciCterk~&i~Q of ZIY &XII IHI&O~~& mge~ from 3 % to 15 y&, the 

awxage befQg 7.3 %. 
Peals representkg resukant nu&osides were ideutikd by their retention 

VO!CIE, and their homogeneity was confirmed by comlzrisig the 254-280 nm ab- 
sorption razio to that of an appropriate stamkd. Using these criteria, the assay was 
spe&c for 211 pyrimidiue nucleotides. Examples of these data are given in Fig- A 
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Pyimidine nucJ.cotide pool sins are gives in Table 11 for S-49 cells growu with 
ir wi&out 0.67 ,uM FUra. These data represent the average of two control and two 
experimental cell culture Basks. While all of the nisi&3Side pools were uuchaugeci 
with FUra treatmeut, there were cuusiderable ctiges iu the deoxyribouuckotide 
levels Thymidiue QuCieotides were depressed by about 50x_ while deoxycytidine 
nrrcfeaides and dUMP were elevated sharply_ dIJDP and dUTP were no& detectzble 
(-c IO pmole/ l@ ce!ls) in either case. The rise in dUMP and fall in thymidke uuckotide 
pools are CEXIS~~~ with thymidylate syuthetase m iuhibitiot, although the failure 
of dTkd to preveut growth iuhibitiou under these couditiou~ iudicates that Ts 
bloc&de is not the gnu=& limiting eveut: TTile &asp rise in deoxyqtidiue m&&ides 
has beeu observed previously iu a ~imik cell li&, although the causes aud sigrScauce 
of this ChQg= SC QOt CkS. 



N~cIati& COJttd FUra 

urn 
UDP 

CDP 
CFP 

1.52 (0.30; 1.39 (0.84) dUMP 
10.8 (7.4) 8.0 (0.4) dUDP 
56 (2) 56 (14) dUTP 
0.84 (0.25) I.17 (0.54) dCMP 
2.09 (1.32) 2.08 (0.26) dCDP 

16.6 (3.5) 18.1 (4.0) dCliP 

dTDP 
dTTP 

to.01 
to.01 

to.01 
0.034 (0.010) 
0.17 (0.09) 
1.81 (0.5) 
0.052 (0.035) 
0.34 (0.25) 
1.99 (0.20) 

0.80 (0.02) 
to.01 

to.01 
0.16 (0.02) 
0.74 (0.15) 
7.2 (0.5) 
0.015 (O.cw) 
0.078 (0_046) 
1 .a9 (0.40) 

Comparison of tke present metkod with existing metkods 

The present method gives results which are quite consistent with those ob- 
tained using other tec~ques oable III). The primary advantage of the present assay 
is its flexible and comprehensive scope, allowing simultaneous determination of any 
or alI endogenous nucleotides’, as well as nucleotide derivatives of administered 
drugs. For example, we project the use of the method for studying nucleotide pool 
size changes following various treatments with tluoropyrirnidine antimetabolites, 
simultaneously monitoring levels of ribonucleoside tiphospbates, deoxyribonucleoside 
triphos@tes, dUMP, FdUMP and FUFP. Using currently available techniques, this 
study would entail tie application of four or five different methods. 

TABLE m 
A COMPARiSON OF RESULTS IN THIS STUDY WJIH LITERATURE VALUES OB- 
TAINED BY OTEIER MIXEIODOLOGIES 

Ndeoti& 2-&e of .?rethod Refmence 

lhir stdy Previous study 

56 69.3 Anionexchange i 10 
W abxbaxe 

dCliP 1.81 1.58 DN.4 Template 11 
diTP 1.99 1.87 DNA Ternplate 11 
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l ‘Ihe appr0ach presented hfxe has been adapted to produce a comprehensive purine nucleotide 
assay, With only minor nlodSc&ons*. 
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