
SUMMARY 

The chromatographic parameters affecting the reversed-phase high-perform- 
zmce liqnid chromatogcaphk (HPLC) separation of nmjor and modified nucleosides 
with a gEondap& C,s c&mm have been sh&ied. This investigation has resulted in 
the 33PI.C separation of eighteen nuckosides in a single amlysis. The parameters 
studied include: the mobile phase flow-rate, pH, methanol concentration, c&mm 
temperature and injection volume. Each parameter was investigated individually to 
observe the ef&ct on the chromatographic behavior of the nucleosides. The relation- 
ships which we have established for the elution of the nucleosides as a function of the 
respective parameters investigated can be used to predict their separation. 

From these experiments, the chromatographic conditions for the separation 
of urinary nuckosides were optimized usin g both isocratic and step gradient con- 
ditions- The step gradient system is more suitable for determining the nuckoside 
composition of WA hydrolysates, and the complete separation of the major ribo- 
and deoxyriionucleosides can be accomplished. Also, we have studied the storage 
stability of urismy nuckosides, and have looked for nucleotides and oligonucleotides 
in normal and citncer patient urine and found none. In addition, we report a rapid 
isocratic system for the separation of ~$3 and @A. 

A most sign&ant aspect of this research is the determination of the effect!, of 
various chromatographic parameters on the reversed-phase ZDXC separation of the 
nuckosides. These tidings provide great flexiiility in the analysis of nucleosides in 
that these data form a guide for finding optimaI comIitions for ~uckoside separations. 

This chromatography is of importance in the accurate detesmination of tRNA 
composition, eqecklly to scientists investigating tRNA biosynthesis, fknction and 
sequence, and also for investigations OIL the purity of RNA and DNA isolations, and 
research on DNA and its m&ation. 
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Rorek and Kerr’ have d&s atypical tRNAs and their origin in neophtstic 
ceils. Modifications of the major nucieoddes occur by the addition of methyl groups 
from Sadenosyl methionine to specific base residues by specific methyltransferase 

e=Fnes 14 after the synthesis of tie macromoIecuIe5-‘. In tumor cells. tRNA aethyl- 
transferases arc hyperactive and differ quahtatively from those present in normal 
tissue?, but they are apparentIy normal inbeni~ tumors9. Such evidence would seem 
to indicate that either the enzymes or the tRNAs themsehes have some control over 
a3 growth and./or prolifer-tion. Modified nucieosides arc found in the urine of both 
normal and cancerous anima!s and hum-arts xo-16_ As there seems to be no mechanisms 
for reincorpomtion of these modified nucleosides into tRNA, the levels of these 
nucfeosides in urine reflect the extent of modi&ation as well as a measure of the 
turnover rate of tRNA _ I3 Therefore, quantitation of modified nucleosides in urine 
could indicate chan_~ in the tRNA profile during differentiation or tumor induction. 
Advantage has ‘been taken of these excretion products to search for biologic markers 
of caner. Such markers would either be indicative of the presence of cancer or it 
would paralfel changes in tumor mass and be useful as a management guide to 
therapy*3**z. Much research has been published on studies of tRNA structure, bio- 
synthesis and functiotP_ 

Earlier methods of analysis of nucteosides include separations from urine 
using cztiontichange iso!ation followed by silver nitrate precipitation of purines and 
twc&imensiond pavr chr. .mato_mphy , lo two-dimensional cellulose paper or thir- 
layer cetlulose platesI and auion exchange coupled with two-dimensional paper 
chromato_mphy or paper efectrophoresis”. These methods are laborious and of 
reMi>-ely low sensitivii;ty_ 

!%paration of nucIeic acid components by column ion-exchange chromato- 
_gapliy was demonstrated by Cohn3 5t about the same time that Moore and SteirP 
introduced the separatiot technique for annno acids_ Even though excellent work has 
been reported by _4nderso#, Uziel et aLt3, KirkIandX~‘5, Horvath andco-workerss*27, 
Scott et ~2.~ and others, the ion-exchange chromatography of nucleic acid compo- 
nents has not flourished as has the area of ionexchange chromatography of amino 
acids The ion-exchange chromato_~phic analysis of nucleic acid components has 
been hampered by lack of sensitivity and Iength of analysis time. 

More recent metho& xvhich have been applied to a variety of biological 
samples, include high-pressure cation-exchange chromatographF”‘, anionexchange 
and ion+xcfusion chromatograp,y b 31--y, _-liquid chromatography (GLC)354r, high- 
pressure Squid chromatographp*“, thin-layer chromato_mphf5*+6 and reversed- 
p&e high-performance Iiquid chromatomphy (HPLC)4749. The thin-layer chro- 
mato_mphic (TLC) method from Randerath and Randen&& and others*6, does not 
have the selectivity, efEciency of separation and reliability of quantitative measure- 
ment as given by reversed-phase HPLC. However, their method uses tritium labeling 
and hquid scintiliation countirg of the TLC spots and thus has hi& sensivity. Gehrke 
and co-viorkers363d have used GLC for both nucleosides and bases. Although GLC 
possesses good sensitivity, it requires extensive pur&ation of the samples and deriva- 
‘tization cf the compounds before chromatography. High-performance anion-exchange 
chromatography has been applied to urine and tRNA hydroiysates-, but this 
method requires an analysis time of ca. sixteen hours. 

._ 
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Reversed-phase HPLC offers simplicity and speed which are not available 
with GLC or other modes of chromatography_ Molecules over a range-of polarity 
cazl be separated by changing the solvent strength, pH, and temperature of the column. 
In 1975 Suits and Gehrke’7 reported for the first time a reversed-phase HPLC method 
for the separation of nucleic acid bases and modified nucIeosides. Our later investi- 
gations and the work of Harhvick and Brow@ suggzst that the versatility of this 
chromatographic method would be most useful in molecular bioio_gy and cancer 
research involving studies of the major and mod&xi nucleosides. 

This research presents the fundamental parameters of nucieoside chromato- 
graphy by reversed-phase HPLC by evahrating the general effects of fiow-rate, pH, 
polarity of solvent and column temperature. On the basis of the data presented, a 
method for the quantitative analysis of nucleosides in urine was deveioped**51 and is 
currently being used in our laboratories as a comprehensive and reliable method with 
emphasis on studies of the composition of tRNAs2 and the excretion of modified 
ribonucleosides by patients with different types of car~cep-~. 

EXPERIMENTAL 

The chemicals, buffers, standard solutions, chromatographic columns and 
other apparatus used were the same as described by Gehrke et QI_~‘, Davis et al_*‘, and 
details of the enzymatic hydrolysis of tRNA are presented by Gehrke et ~1.~‘. 

RESULTS AND DJSCU!XSION 

ETect of flowrate 
A study was made to evaluate the effect of flow-rate on the performance of 

reversed-phase HPLC separation of the nucleosides, using uridine and guanosine as 
typical molecules. Performance was evaluated in terms of height equivalent to a 
theoretical plate (HETP), capacity factor (k’), the separation factor (a), and resolution 
(R)_ The data are presented in TabIe I. Over the range of 0.1 to 5.0 ml/mm, the k’ 

2nd a values did not change. The resolution decreased by about l/2, from 10.24 to 
5.00, while the HETP in creased for both uridine and guanosine by factors of approxi- 
mately 4. A fiow-rate of I.0 ml/min was found to produce a satisfactory separation of 
the eighteen nucfeosides within a reasonable time. Plots of log HETP vs. log p for three 
selected nucleosides, at temperatures of 25 and 40”, are presented in Fig. 1. Lmear 
relationships were obtained at fiow-rates from 1.0 to 2.5 ml/min., 

Plots of peak height vs. flow-rate are presented in Fig. 2 for G. The linear 
relationship for the product (area x flow-rate) vs. fiow-rate shows that the equation 
of area x flow-rate = a constzmt_ T&CS means that the area measureme-at is inde- 
pendent of column efficiency, HETP, and is directly proportional to the residence 
time of the chromatographic band in the flow cell, thus area is inversely proportional 
to flow-rate. 

The relation between peak height and flow-rate is the result of eiution band 
broadening as flow increases. Hence, the peak height is directly proportional to 
cohunn efliciency. The plot of peak height vs. ffow-rate can be used as a more COQ- 
venient and accurate method to study the relation between column efficiency and 
flow-rate than ffie traditional Van Deemter plot, 
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Eflect of pH 
fig. 3 presents a plot of adjusted retention times, t;C, of seventeen ndeosides 

as a fuaction of the pH of the snob& p!mse (0.01 M N&H2p0, bu%kr containing 
5% methanol). Those nokxx&s with pK values below pH 4.0 and abave 8.0 showed 
I.it?k ckange in mention time with a ckange of DH, whereas, those molec&s with 
pK va.Iues bemrec;l PI-I 4.0-8.0 did change ret.e&on times to a considerable extent. 
pu’otably, sn%, n%Z, E&A, A and sn’G showed appreciable changes and their pi: 
m.hes are 8.7,~2.3, i&3.5 and 7. I, respe&vely. Although mq gave the most drastic 
change, no literature values of its pk:valces were av-able. The Iatter would be pre- 
dieted from obswation and tkeorysS to be arolind pH 6 on tke b&s of its cbromzfo- 
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Frk. 3. Effect of bufzir pH on HPLC retention times of nucleosides. 

graphic behavior over the observed pH range. An investigation performed without 
methanol in the b&r sofution (Fig. 4) shows similztr pH e&as. However, a some- 
what di@erent elution order was observed with these two mobile phase strengths. On 
the basis of this study the optimum pH for this group of compounds should be 5.00 
or 6.25. 

Eflect of nze&moZ concentration on ehrim of the nucleosidks 
The effect of methanol in the beer was evaluated at pH 5.0 as this pH 

provided a good separation of nucleosides with and without metban01 present. A 
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G-I A EX- cf in&r pH on HPLC rrrsntion times of n-h. 

retzntion time of appro_xkately one hour w-as used as a practical limit to evaluate 
the coizpomds at various m&band concentrations_ 

The information in Fig_ 5 was used to establish zn importmt parameter in 



opUg the scpwtion offhe nuckosides. A plot of the log of the adjusted retention 
time tx methand comxn~ion produced a near linear reJation&ip. Further, by 
dividing the ad.. retention time ofeach nuckoside at each methzol concentration 

@‘3r% erlburol by the adjusted retention time at 0% methanol (t’&,s mem0ls it was 
found that the eighteen nucleosidcs could be divided into four groups, with each 
nuckosideineachgrouphavingavery SidZmethanOl=~&ti@fatiFmd&g 

in very low G and relative sta.ndz+.rd deviation @SD) vakes, zs seen in Table II. The 
methano~dectivity fzctor(MSF) expresses the retedon of a nucleoside as a hnction 
of methanol concentration, and is the ratio of the adjjrrsted retention time for a 
parti& nuckoside at a given methanol concentration to the adjusted retention 
time of that same nuckoside without methanol. 

TABLE IL 

EFFECC OF MlXEMNOL ON THE REKKK-lVE ELU’IZON OF NUCLEOSIDES 

Group A: p, C, U, AICAR, T, SCU; Group B: msC, I, G; group C: rn%, mEI, m*G. a&C, mzG, 
A; group D: m%, dG, rnw. 

GroqA,n=6 
.z 1.00 0.834 0.633 0.434 0.293 _0.230 
0 0.0052 0.0039 0.074 0.019- 0.011 
=D(O%I 0.63 1.56 3.20 6.46 4.57 

Group&n= 3 
f 1.m 0.807 0.588 0.367 0.248 0.170 
ci 0.0028 0.0074 omm oBO4O o.cm6 
=D(O%I 0.35 1.25 0.54 1.63 0.34 

GrcupC.n=6 
f 1.00 0.784 OSSZ 0.334 0.2L7 0.147 
Q o.txl6s o.oQ!?O 0.0108 0.0093 O.tXX36 
RSD CA 0.86 1.62 3.22 4.29 5.86 

Gr0qD.n = 3 
- x 1.00 0.765 O.sL9 0.298 0.187 0.122 

d 0.0021 0.085 0.005s 0.0030 oJJO35 
MD <%I 0.27 1.65 P.94 1.60 2.84 . 

l 3XufIkc pH 5.07.O.Ot M ~HJ!Qe 

This shows that the efkct of methanol on the retention of nucleosides ia each 
group is very similar as changes in the meEbano1 concentration vfiE not change their 
u values, Comfersely, changes in the methanol concentr&ion will greaGy a&ct the 
a values of nu&osides belonging to difEenmt groups. A gmpbic presentation of the 
foargroupsis givenin Fig.6. Thisis impon2mtinfomation fortheprediction of 
nncleoside~onwhenusingmobilep~ofdiff~~methanoIcamposition. 



The cheuxical and physical pr~perfies common to those nucleosides within a group, 
and th&r difkences between groups are not understood. Were these factors knovm, 
the prediction of the HPLC separation of a broad range of mo!ecuIes would be 
possi‘ok. 

Efiect of ttmpzature on tke elrrtion of tke nucZeosCi2.s 
The effea of temperature from 25 to 55” on the reteztion time of eighteen 

nuckosides was investigated and is shown in Fig- 7_ The mobility of all the nuckosides 
increastd i3s a Iinear function over the temperature range studied. 

Temperature also plays a signikznt role in the separation of the nuckosides, 
as seen in Table HI and Fig. 8. As seen in Table ILI, a similar treatment of the elution 
data as ‘ckiid the methanol selectisity factor study was conducted. in this case, the 
eighteen nuckosides could be divided into three groups, based on their (t’&-/(t’&- 
vaIues, whkh we have designated as the temperatuz se!!vi~ factor. These data 
indicate that the mokcular size directly correl!ates with the efEct of temperature Gn 
t&e e&ion of tie nncIeosides_ Group I is composed of smaller mokcules than those 
in groups I3 and Iii, In addition, @M%y of the nuckosides is also a contriiuting 
fmor. The efEkct of temperahrre on these groups is graphic&y presented in Fig- S- 

As seen in Fig_ 7, a log plot of the adjusted retention times vs. tempxature 
gives a 5near relation for all the nuckosides studied. This r&tiun can be expre5scd 
by the cqucltion, log (t’& =K=~tC,w~t’Ristheadjusted~tiontime,Tis 
the tempxature and C is a constant, for the &at 25”. &is a temperatnre c&Ecient 
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TABLE Iii 

EFFECT OF TEMPERATUEE ON TEE RELATIVE ELUTXON OF NUCLEOSIDES 
Group I: Q% m%Z, U. m’A, AICAR, msC. T, s’U, a&Z; group II: m$G, m’1; group III: m’G, G, I, 
m’G, m’G, A. 

2s 33 35 40 45 50 55 

Tmature selectivity factor = (t ‘a) pl[t ‘n) e 

Group Z, n = 9 
f 
Q 

=D (-4 

Group ZiZ, n = 6 
P 

1.00 0.864 0.782 0.672 0.586 0.519 0.445 
0.079 0.016 0.022 0.026 0.035 0.030 
0.92 2.LO 3.31 4.4s 6.77 6.67 

1.00 0.844 

:EY 
1.00 0.824 0.70101 0.578 0.476 0.405 

0.0046 o.QO59 O.W68 O.Nl9 0.009 
0.56 0.85 1.18 1.93 233 

0.724 0.605 
0.0021 0.0021 
0.290 0.350 

0.519 

:E 
0.434 0.375 
0.0028 o.oaQ7 
0.65 Qltz9 

:zz 
3.81 

. 
which is a charxteristic of each nuckoside. The Kr values are very similirr for certain 

nuckosid~, and those nucIeosides which have very simik I& value-s can be divided 
into three groups as seten in Table HI. We fel that KT is a~ important cfiromatographic 
factor which to our knowkdgs bzs not been studied. The effect of temperature on 
the separation of the components of a mixture could be predicted if the Kr v&e.s of 
each amponent in the sample mixture were known. 



TEMPERATURE, *C 

Gl a sepaiatc study, it was sboprn that tke coIumIl dkiency was signi6cantIy 
increzsed for thk UI& reversed-phase c&umn with increasing temperatures, as seen in 
Fig_ 1. This change Is iii part due to a decreaxd vkasity. 

Samp!iag considerations were ti~estigated from the trace arxd~sis standpoint 
as it was antici_bated that reversed-phase HPLC of modified nuckosides could be 
used for their an&ysis & ;RNA_ The eEkcs of sample voIume on EEIYP and resolution 
are presented in Figs 9 end 10, reqcctively. Sample volume injected bad no appreci- 
able e&c& up to ICXQ & on the HETP of most of the nuckosides investigated at 
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Fig_ IO. Jx-ece of inmffn vorzme on rescation of nrrcleosides. Biser: 0.01 h.f Ns&I#o& pH 5.0, 

O%methanaL 

a flow-rate of 1 ml/min. On studying three pairs of nucleosides which eiuted closely, 
no significant change in resolution was observed when the volume injected was less 
than 500 ptl (Fig. 10). The resolution of the better retained pairs was afkcted fess 
by sample volume. Therefore, with medium to large capacity factors, large sample 
vohrmes of diIute solutions do not adversely affect column performance 

Optihiazt~~o~ of nucleoside sepmdons 
Based on our earlier described studies, we have deveroped four sets of chro- 

matographic parameters for the reversed-phase HPLC separation of nuckosides. 
These include (a) an improved isocratic method, (b) a rapid method for TJJ, (c) a two 
buffer step-gradient tiethod and (d) a rapid method for mfG These four methods are 
now described- 

Earlier we publishedsX experimental conditions for a single column isocratic 
q.xn-ation of seventeen nucleosides in less than 1 h. Our improved method for the 
‘socratic separation (a) and analysis of urinary nucleosides is presented for standards 
n Fig. 11. and urine in Fig. 12. By elevating the temperature to 35” and doubling the 
~~iumn length to 680 mm, we obtained a more eEcient separation than presented 
zxlieer5’ of the known urinary nucleosides from unidentified components present in 
tie. 

In addition, our routine analysis of nucleosides in urine has been improved by 
he use of &bromoguanosine (WG) as the internal standard. This internal standard 
httes at a ckar portion of the chromatogram, thus eliminating any separation 
uoblems which woufd occur as a result of small changes in the separation charac- 
eristics of the column. A furtlrer improvement in the rehabihty of the method is 
.chieved with absorption measurements at 254 and 280 nm_ Thus, false elevations of 
sucleosides by coelution of orher components are detectable. The molar absorbance 
&ios of nucleosides at 2.54 and 280 nm under these conditions are given in Table IV. 
iowever, the separation of tp in some urine samples is not optima& as unknown 
omponents with this molecule. Therefore, a rapid method (b) for the analysis 
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of only v was developed to overcome this probleaP_ Tkus, to obtain a complete 
profile of urinary mtcleosides under isocratic conditions, two ckromatograpkic 
analyses are required_ 

A still more efiicient separation of urinary nuc~eosides was achieved Ising a 
two btier step-gradient eMion (c)_ Fi g. 13 shows the separation of seventeen 
nucleosides with BPG as the internal standard. The use of tkis ckromatograpkic 
system gives a CompIete analysis of nucleosides in urine and is demonstrated in 
Fig. 14. 

Tke higk selectivity of this chromatography system is again demonstrzted in 
tke separation of the corresponding major riio- and deoxyribonucfeosides (Fig. 15). 
These Izrge molecules are mukiftmctional and have a diEerence of only one kydroxyl 
group for a kydrogen, however, complete separaion was easiiy achieved. En research, 
this chromatography will be most useful in verifymg tke cross contamiaation of 
EWA and DNA isolates, and can be used for tke composition analysis of DNAS. 

One approach to the study of potential biologic markers of cancer kas been 
to study tke turnover rate of tR.NA. As m;Ci is unique to tRNA, a rapid method for 
tke a.naIysis of m$S in urine would be nse%l in studying tRNA turnover rates. A 
rapid isaxztic separation of nqrG (d) &om a numker of other nucleosides is shown 
in Fig- 16. Tke chromztograpkic conditions p-ted in Fig. 16 were the ox& con- 
ditions we kave found which separate m$G from mcmWU_ The eMion position of 
PA is also presented. The analysis of a urine sample for m?$Z w&k this rapid chro- 
matographic system is shown in Fig_ 17. For this analysis to be performed conxctly, 
the pEZ of the elation buf&r must be precisely adjusted to 4.2Q. At a pH of 5.1 the 
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Fe. 15. Etewmed-pW HPLC separatian of major dea~ibo- and n2sonucIeosides. Sample: 
stana c~ 1.0 nmoks. Canditions as in Fa. 13. Detection: 254 run, 0.02 a.u.fs. (upper trace), 
280 nm, 0.02 ;tu.fs. (!ows ti-au%)_ 

peak shown by an arrow caelutes with m$G. A pH of 4.2 is the only pH for which 
inziG was completely separa’kd from the other components in urine. 

In our study of nuckosides as potential biologic markers of cancer, it was 
~ecessay to determine the stability of the nucleosides in urine during storage. Fresh 
urke sampks were collected, pooled and divided into 0.5~ml aliquots. Duplicate 
independent analyses were made to de-e the original concentration of each 
nuckoside, then aliquots were stored zt Herent temperatures and pH for varioy 
periods of time as noted in Table V. A number of analyses were made during each 
storage _oeriod, but as no sig&ica~t variations in the nucleoside concentrations were 
observed, except for adC, ody the original values and the values for the samples 
stored the longest period of tirue are presented in the table. The concentration of 
ac4C changed on day one and was s&ificantXy recked on storage of urine at a pH 
of 9-5 at -2W_ The value for m*G was reduced on storage at room temperature for 
7 days. 

Arudysii of raine for k-ibmideotides 
Another kW3stigation was made to determine if signWant levels of n%o- 

nuckotides are excreted in the urine, or if there are dif6erences in the excretion 
patterns of nuc&otides between normal irtdividuak and cancer patients. The con- 
czm~tioas of the nuckosides Ln a poofed sample of urine from zzormzl subjects were 



TABLE v 
STORAGE STABILiTY OF NUCLEOSIDES IN URNE 
1 = Frah urbq prior to storage; 2 = saxed at room tcmpcsatxizx, 7 days, physiological pH; 3 = 
staredat -Z.O=, 28 days. ph>xiobgbl pH; 4 = storai at --ma, 28 days, ph+alogical pH; 5 = 
stuxd ilf --zoo, 6 c&s, pH 95. 

I 2 3 4 

169 174 166 162 162 
7.8 7.4 79 8.0 63 
454 4_35 4.47 4-41 424 
8.7 s-4 S9 S-6 8.4 
4.37 4-23 432 4.18 3.89 

10.6 9.1 EO_O 10.7 262 
255 1.88 260 266 244 
7.8 79 7-S 7-6 7.7 

5 



tied; the czhrmatigram is shower h Fig. 14. A seprate &iqmt of&is urine 
was treated witk nucleate P-i and bacterlaf a.&aEne phasphatase to cowert &go- 
nuckotides and rmckotide monophosphates to nucIeosid&. Analysis of this _ 
ee hydra&md wine gave the same mxckoside values as obtained from 
tfte analysis of the w&e&ed sample. To veri@ the hydrorysis procedure_ calf liver 
FRNA was added to zn &quot of the urine, the urine was then enzymaticafy hydm- 
Eyzed and anaIyzetd_ The cbrosnatogmu obtained is shown in Fig. 28, demcmstrating 
the eEieuess of the hydrolysis procedure_ 1denticzl RS&S were obtained kx~ 
pookd samples from ovaian cancer patients, showing ~10 oligomzkotides or EIucIeo- 
tide monophosphates were excreted by these patient_ 

I--BUFFER A -1 BUFFER B I 
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Fii 1s. stcpgradicat xevcwd-phase HPEC scp%atiorr of twckosides and tRNA added to urine. 
Sampk: 2S5plpa~kxiovarian canaxpatieaturine. Canditiom ancl detection as in Fii_ 13. 

fn this research we describe the chromatography of nuckmides and ilhxtrate 
theusefuIness andve~~~ofreversed-p~HPECfoFtlzemeaswementofmajoF 
and msdiiied nuckosides Za biological samples. We investigated a number of chro- 
matogsapbic parameters and established relationships with respect to the chromate- 
graphy~~~of~enucleosides- 



on the other hani& changes in these parameters will greatly dter the separation 
facbrs for nucieosidcs in difkeot groups This is an important fkiing w&i& C~ET be 
used in predic&xg the separation of mxkosides. Also, the degree of ionizations of 
nucbsid=s is dire&y related to t&e pH of the s&vent and is zn impmtant f-or 
a&&q the e&ion charactkstics. The effkct of pH on the retention pro6Ie of 
nccieusides yieMs s&&&ant information toward the sektion of optimm separation 

CUd.iti~llS_ 

13rced on this new inform&ion, we established a set ofexperimental conditions 
for the kocratic and skp-gradient reversed-phase HPLC chromatography and qnanti- 
tative measurement of the major and modified nuckosides in biological substanazs_ 
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