
A simple nucleotide analyser was constiucted from commercially available 
components. A 20 cm x 0.4 cm I.D. column of peflicular anion exchanger operating 
at approximately 20 p.s.t. was found to perform identic&ly witi published methods 
using high-pressure equipment. The eluant was monifored using a variable-wavelength 
W monitor. A very simple device for producing variable gradients was employed. 
The nueclotide analyser was trouble free to operate and the results were both linear 
and reproducible. Applications to the rapid analysis of nucleotides and the high- 
sensitivity analysis (approx. IO pmoles) ef cyclic 3’,5’-adenosine moxophosphate and 
cyclic 2’,3’-guanosin= mor_ophosphate and tissue nucleotides are described. 

Mode= hip-pe~~zmanc~~~gh-resolutian liquid chromatography (HPLC) has 
developed rapidly over the Iasst few years with the introduction of high-efiiciency 
packings. improved detectors, and improved understanding of the processes involved. 
Commencing some few years earlier and generally following an independent course, 
the automated amino acid analyser has been developed into the specialised liquid 
ehromato@aphic (L@) system ‘par excelbnce”. Much of the work on amino a&d 
chromatography, although appkabb to LC in general, has been overlooked in the 
recent @&F&I of HPLC. En order to study nucleotide metibolism in cells, accurate 
quantitation of nucfeotide concentrations was required. Therefore, a nucleotide 
analyser simpler &SI tie preseWy available commerciaf models has been developed 
by emplaying pti-incipks originatly outlined for amino acid analysis. 

Present nticleotide analysers (for review, see ref. I), developed from tie work 
of Horva& eg ~5’ on pellicuk resins, Qpicaily employ sWess-skel columns of up 

c Abbreviations:~hMP. ADP, ATP, GMP. GDP, GTP = adencsine and guanosine S’-mono-, 
Y-di- and S-tipErosp&ks, respechely; CAMP = cyclic 3’,S*aderosine monoplzosphate; CGMP = 
C&C t’,~*-z+auosine monophosphate; CMP, CDP = @dine S-mono- and S-diphaspbte; TMP, 
TDP =: de0x$thykidiue S’-~OFIO- ad S’-diphosphate; NXD, N_&UX? = nicatktamkie-tienine 
d&~~Ieotidz and pImspha+~; U&4!?-UDP = uridine S-mans- and Y-dipbospbate; IMP = irmshe 
S-m~ophosphate; TC4 = fricH~rozc&z acid. 



tc 3 m in Itingth and 1 of 2 mm I.D. and develop pressures up t6 3ooO p.sX at flow- 
ra&& of I n@mi~. In order to utilize. previously existing low-pressure equipment f~grn 
an au&o acid ana1yser as a nuc:eotide anagyser, a sysem whkh &xx&es at su~stan- 
tidy lower pressures was desirable. Mondino”, foilowing experimental studies on the 
rob of coIumn dimensions in amino acid analy& stated that provided the tirrect 
volume of resin for the seI;aratlon under investigation was employed, the resolution 
and the sensiti-vity of the system were apparently independent of the wfumn dimen- 
sions. It was therefore decided to investigate if this principle could also be applied to 
nuclectide analysis. 

Using the dimensions of the nucleotide analyser of Biown4, i.e., a 3 IE. x I mm 
c&nnn of pell;cular anion exchanger as typical, a n~cleotide andyser with a column 
of the same volume (e.g., 2.35 ml) but only 20 cm x 4 mm I.D. has been cons*Jcted 
and evaluated. 

A 20 cm x 4 mm I.D. glass cohunn (.Toblin,, (+ Stone, Great Britain) was dry 
packed with AS-Pellionex-SAX (Reeve Angel Scientific, Maidstone, Great Britain) to 
a height of I9 cm. No top column sinter was employed but the resin bed was Fro- 
tected by two layers of glass Ebre fiiter paper_ The column was fitted with a septum 
injector and was maintained at constant temperature by a circuIating water jacket. 
AlI column fittings were obtained from JobIing. 

A Milton Roy mirtipump was initially empIoyed but for high-sensitivity work 
(below 0.05 a.u.f.s.) the pulse-damped version was used. 

The column eluant was nor&red by a CE212 variable-wavelength LN 
monitor (Cecil Instruments, Cambridge, Great Britain) equipped with a H3-pl flow 
cell and a CE213 auto-range unit, which reducec off-scale peaks by set factors back 
onto the recorder scale. The output from the monitor was recorded on a Servoscribe 
poteniiometric recorder which possessed facilities for expansion up to 0.05 mV f-s-d. 
For high-sensitivity work the output of the CE212 monitor was filtered using a simple 
RC filter as described by BrookeP. The cohunn base was connected to the flow cell 
by the shortest possible length (25 cm) of(3.3 mm I.D. PTFE tubing, The conductivity 
of the column eluant was- monitored by a simple flow cell consisting of two I-cm 
pieces of 2 IG stainless-steel needle slparated by a sleeve of rigid polythene tubing so 
that there was a gap of approximately 5 mm between ths two pieces. Leads ftom the 
two pieces of stainless steel were fed to a simple battery-operated conductivity meter 
(Model CM25 WPA; Saffron, Waiden, Great Britain) and when necessary the output 
was recorded on a O-IO mV recorder. When required, the cbtumn eluant was coC 
lected using a time-based faction wliector (Chemfab, Hford, Essex, Great Britain), 
the sample tray of which was modsed to accept 6-d plastic scintillation tubes 
(Steriiiu, Teddington, Great Britain). 

The construction of the gradient former used in &is method is dewed in Fig. 1. 
It &nsistr of a ffe&le leng& of solid polythene tubing suldtiched between two- L&cm 
squares of l/S-in. pers_aex sheet separated on three sides by 0.7 x 10 cm lengths of 
l@Xn. perspex. The whole, i@.ziu&g the rower end ofthe tubi&~a.s &rr$y seakd 
with -plastic cement. Two 2-mm hoIeswere drilled to take sm& Ieagths of PTe 



189 

4mmOO.polythene 

tubing y n 

Fig 1. Cons&ruction OF the grrrdient fomer. The body is composed of ‘/a-in. perspex sheet. 

tubing, as shown. A Technicon micro-T piece was connected to the two outlets by 
lengths of autoanalyser tubing. In order to prevent an initial unbalanced loss from 
the high-concentration chamber, it was found necessary to restrict the flow from that 

chamber by the use of narruwer-bore tubing, as shown. The gradient producecl was 
approximately identical with the shape of the plastic curve. This could be 
straightened by a gentie pull at the free end and then moved ro any required shape 
by application of gentle pressure on the top surface of the tubing with a stiR piece of 
suitable metal rod. The tubing formed 2 water-tight seaI hetween the two chambers. 
For future reference the shape of any particu!2~ gradient could be marked on the 
outer surface of the gradient former. In order to avoid too much disturbance to the 
gradient is was convenient to fill the high-concentration chamber using a syringe, the 
needle being inserted into the chamber. The working capacity vf the gradient former 
described was approximately 22 ml. The gradient formx was z-iounted in a vertical 
position with the liquid level horizontal. 

In operation the connection between the T piece and the high-concentration 
chamber was sealed by 2 clip on the polythene tubing and low-concentration chamber 
buffer alone was pumped until the column was equilibrated. Both chambers were 
then filled to the starting level and the gradient started by removing the clip. No 
mixing chamber was required as sufficient mixing was provided by the action of the 
pump. The gradient so formed was fcund to he ve_ry reproducible. 

In order-to m%nize the dead time between the opening of the gradient former 
2nd the tival of the gmdient at the top ofthe resin bed, the shortest necessary lengths 
of 0.58 mm ED. FTFE connecting tubing were employed. The dead vohune of the 
system was determined by injecting 2 sampfe Qf concentrated sodinm chloride solution 
onto the cokmn, immediately sting the gradient and measuriig the time between 



xhe i&ected peak-and the appearaneocf the gradient on‘tfre e~nduktivity meter.%& 
dead vchnne was caleulate&tc be I.i.ml; _ : 

chernic;rls 
_ . 

AI1 commercia1 sampIes of potassium dihydrogen phopham or chloride 
tested were found to possess high UV absorption below 27O~nm and this prevented 
satkfa@ory opadions of a gradient elation system a& high sensitivity. En order to 
utiiize *the high sensitivity of the detectcr, it was necesszq to pu&yLbctb s+s .by re- 
cryst&satim of labor ator grade reagents_ The potassinm chJoride wa&recrystahised 
twice in the normal manner. As the UV absorbing impurities occurring in the p_hos- 
phate are concentrated in the crystak-the supernatant obtained after cr$Zabisation 
was further concentrated and reerys+khised. This was repeated pnti a satisfaetcry 
material had been obtained. Another source of serious basehne rise was trackd to UV 
absorbing material in the de-ion&d water of the laboratory and therefore only 
freshly~ de-ionised water was employed. 

Standard soktions (3 m&f) of nucleotides (S&ma, St. Louis, MO;, U.S.A.) 
were prepared in de-icnised water 2nd stored at -20”. Suitable ccnpcsite scluticns 
(approx. 0.5 mM) were prepared for use when required. 

Because of the increasing salt concentrations with gradient elution in order to 
prevent unstable mixtures, it was found necessary to use an emufsifymg scintilfant for 
radioactivity counting. 2.5 ml of UniscIve I (Koch-Light, CoInbrook; Great Britzzin~ 
was added directly to the column eluant fractions (approx. I ml) collected in the e-ml 

_ scintillation tubes. The counting efkiency of this mixture did not vary with the sait 
ooncentration and was found to be 60%. 

Samples (up to 30~1) could be satisfactorily injected dire&y onto the resin 
‘bed without stopping the Bow using standard microWe -syringes (WE, London, 
Great Britain) equipped with 7-cm needles sleeved so that the tip just reached the top 
of the resin bed. For the gradient elution of nucleotides the flow-rate was usrraIZy22 

ml~h-r and the pressure generated was then below the 20 p.s.i. mark on the pressure 
gauge of the pump. At these very low pressures diBicoky with air bubbls in the eeh 
was encounte_ied and to overcome this the whole system was back pressured (to 40 
p.s.i.) using 2 Screw clip to compress the poQthene tubing between the monitor and 
the conductivity cell. Regenerzticn of the cclumn~ could be accomplished in a Few 
minutes by simply increasing the pump mre to about 70 i;zf/h vr*ithout creeting exces- 
sive pressures. The column could also be cleaned by direct injection of 5004 of I LW- 
hydrochloric acid into *he system. The pump was nsedin 2 parti&$ &mped mode 
only. Peak areas were measured by the heigl&multipried by half-widthmethod. 

After about forty chromatograms the septum and the @ask fibre tikrs were 
changed. Resolution was found to slowly deteriorate, par$ietiar~y -when biological 
sampks were beinganaiysed_md after two months (Le., 206 runs) the cohunn was 
emptied 2nd the p2cking cleaned. The top third of the packig, tibich was us&&y 
s+t.ed ncticeebly brcwn,.w;zs rejected and the remainder yes clean& v&h E Mpctas- 
slum hydroxide, followed by water, I M hy&cM~oric acid, yater, and finally a&one 
before ahowing it-to dry. The coIumn was then repacked using new- resinto repIzie 
the Iosses. ‘FIGS procedure: was found to. rest&~ the resolving Qcver__of the c$umu 
dompbtely. 



E~muse df the diEc&ies associated wit& the reprodrrction of gradients, the 
p*enf system _was in&&$ evaluated by compzrison of isocratic elution cbmmato- 
grams with those of o&G aut%~rs using Eong-cohmm high-pressure techniques. 

-Fig. 2 shows the se+afion of tie adenosise nucleotides using a single bufier 
of 0.38 mole/l KH,pO, pH 4.2 on the 2Qkm colamn maintained at SY. At the Eow- 
rate of 55 ml/b the pressure developed was 50 p.s.i. The separation a&ieved was 
identical ti& tint pubfished by Butis ef al. (Fig. i of ref. 6) using a 3 m x 1 mm I.D. 
eoluqn of peEcnlar anion exchanger at a pressure of 2600-3WQ p.s.i. Although the 
pump was not working in its f&y damped mode, the peak-to-peak baseline noise at 
254 B.EI did not exceed 3 x IO-” a.~. 
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Fig. 2. Separ&on of adenosine nucleotides. Cohm.11~20 cm x 4 mxn E.D. ; resin, AS-PeUionex-SAX; 
eheiig 0.38 mok/l K&l?& pH 42; fiaw-rate7 55 ml/h; pressure, 50 ps.i_; temperature, SOa; ample 
volume, ItIt& detection, 254 X&IL 

.An i&id attempt to em&&e the work of Brooker’ on cyclic nucEeoticfe anAys& 
was unsuccessfrA due to corrosion of the polypropylene colrrmn components by dilute 
acid._However, a 9.2 M K&PO4 buPGer was found to be capzbft- of sepmtig CAMP 
and CGMP in approxinately 19 min (Fig. 3)_ Brooke? also demonstrated the applica- 
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Fig. 3. Separation of e&k rucleotides. Equipment, as for Fig. 2. Efuent, 0.2 It5 I&PC& pH 4.2; 
flow-rate, 20 ml/h; pressure, approx. 20 p.s.i.; temperature, arnbienc; sample, 203 pmoies of both 
cAMP and &MP; detection, 2.54 nm 0.01 a.u.fs. 

Fig. 4. Separation of 10 pmoles of cyclic AMP. Conditions, as for Fig. 2, except 0.001 a.u.f.s. (re- 
corder O-l mV f.s.d). 

tion of high-pressure nucleotide analysis td the determination of CAMP in the range 
of IO-100 pmoles by thermostating the Bow cell and filtering the monitor- wtput_to 
remove baselirkncise. Fig. 4 illustrates the operation of the present system at O.QOI 
a.u.f.s. The column waz operated attt Mom temper&we, a simpler procedure than 
thermosbting the flow -cell, and the monitor output was fed through a 3QMCohm 
resistark to the recorder (rang2 O-1 mV f.s.d.). The peak-to-peak noise-was reduced 
f I 3 x 1W5 a-u. and II) pmoles of &4MP cpuld be quantitated as shown. 

No single buffer system is able to separate the cornpte$,nncIeotidz content of 
cell extracts satisfticictoriiy a@for this Furpose various gradientshave heen employed. 
Fig. 5 iF..lustrates the degree of separation obtainable by the present system using the 
simple gradient device &djusted to give an approxititely linear gradient from MHW 
M KH,PO, pl3 6.5 to 0.18 M KH,Pe, f 0.13 M KCE pH 4.5. As shoti, the slmul-- 
taneous separation of at Ieast nine nucliotides coul@ be easily ac~~ved. A mixed 
phosph~te-cfrloride bu.fTer. wti found +zce.s~_ te reduce tile base&e Ritz due@ LTV 

,-_ -- ~. 
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Fig 5. Separation ctf nuckotide standards. Equipnznt, as for Fig. 2. Gradient, O.CH-? M K&PO, 
pH 6.5 to 0.18 M E&PO, + O-13 M KC1 pH 4.2; flow-rate, 22 ml/h; temperature, 75’; sarnpfe, 
3 nrnoles of each nucleotide; pressure, approx. 20 p.s.i.; detection, 254 nm. 

absorbing impurities to levels consistent with reasonable sensitivity, even so a rise of 
O.OZ-O.02 a.u_ was unavoidable. 

For good separation of the mortonucleotides in the early part of the chroma- 
togram it was necessary to keep the de2d volume of the system to a minimum and to 
raise the kiti& pEf to &5_in order to position IMP between AMP aud GMP. The form 
oftbe gradient could be easily modified to affect most separations, e.g., careful adjusf- 
ment in the middle portion was required to resolve NADP from ADP in eq&rocyte 
analyses. The flow-rate was adjusted to give good resolution while allowing analysis. 
and re,oeneration to be completed in approximately 1 h and so enabling up to eight 
tiafySes to be performed per day. The fow-rate for this system was 22 ml/h. 

The efkct of a number of operating parameters, e.g., flow-rate, temperature, 
eluant compa&ion, and pH OQ the gradient elution of nucbotides was investigated. 
Similar results to those previously repozted for long+Aumn st~dies~-~ were obtained. 
The optimrun temperature for the AS-Pelliqrtex-SAX resin was found to be ‘1’5”; 
sampksize, sIthong& slightly aEe&iing resolution of complex standard mixtures, did 
not s&@kmtiy aEit ardyses of biologicA samples; inje&on VO~WES of up to 30 
~1 were rout.ineIy employed. - 
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TEzeusc-of the& low press&&is not ent&y w&out problems. In particular, whereas 
bigh’pressures tend to keep dissofved air in solution, in the present system air bubbles 
ca? develop is the &I~ but this is easily~cured as mentioned. Simifar bubbles could 
occasiondiy form in the pumping chamber of.the pump and thereby stightly reduce 
the ffow-de. Et was important to check the ffow-Iate and when necessary adjust it 
before each rurr_ As the peak width when measured in mibimetres is dependent on the 
flow-rate for &XX&& pezk areas the ff ow must be co&ant. 

The usual methods of generating g&ients in LC when only relatively small 
volumes are mvolved are either two pumps and a mixing chamber system2 or electronic 
gradient makers. T&e present _-diem device is probably more flexible-than the two- 
pump system and ccrtairrly cheaper than either system. With care the gradien: could 
be adjusted to achieve most separations in a reproducible manner. The capacity of 
the gradient former can of course be varied by changes in the dimensions of the 
components. Although due to surface tension effects and differences in flow charac- 
teristics from the two chambers the present small device does not entirely obey simple 
theory when using low vofumcs, it does enable reproducible gradients to be generated 
both _simp!y and cheaply. 

A major inconvenience in the present system is the need to purify the bufXer 
chemicals before use. Although ShmuklerS reported that the WV absorbing im- 
purities coufd be removed by passage down an anion-exchange column, repeated 
attempts to duplicate this method for the present study were unsuccessful and tedious 
recrystalhsation procedures had to be used. Even when an acceptable baseline was 
achieved baseline rises and artifacts could still resuit from a number of sources. The 
qua&y of the deionised water has already ‘been mentioned; equally important is the 
condition of the resin, the top filter paper, and the septum. Due attention to these 
factors was found necessary to be able to run routinely at 0.1 a.u.f.s. or less. ~Most 
commercial samples.of nucleotides, in particular the less common ones, were found 
to be relatively impure (some asp tow as 90%) when subjected tc high-sensitivity 
analysis. NucIeofide analysis and probably HPLC in general often requires both 
standards and reagents which are purer than those presently commercially avaiiable. 

The employment of a variable-wavelength monitor offers particufar advantages 
over the-tied-wavelen@h units currently used. The ability to monitor at wavelengths 
other than 254 nm has beeiz employed in this laboratory to study the metabolism of 
tbiol-substituted purines, e.g., 6-mercaptopurine, which absorb strongly in the 3OO- 
340 nm region. SimlarIy, the use of wavelength shifts can be of use as an aid to 
ide&ification of peaks, e.g., the AMP/IMP pair can be resolved by measuring the 
250/2&I ratio of the peaks. The chromatogram can either be run twice, one at each of 
the two wavelengths, or the chromatogram can be stopped when thecentre of the 
peak fills the cell and measurements can be made at the two wavelengths. Similar 
baseline measurements before or after the peak are also required- 

Morrdinsj offered no theoretical interpretation for his observations using a 
cor~stant volume of crushed Amber&e ER-120 over a column length change from 
21.~Lf cm. Recently Rao &aLg have employed the same pelhcular resin @S-SAX) as 
used in the preserntstudy in 2 column 1 ~fr x f-7 mm (volume = 2.27 ml) with results 
ve?y &xzitaf to those obtained- in this study. Very simifar results have~therefcre been 

-obtG~~& us~g_cohmm~ of 3 m, I m,-and 19 cm, but of the same volume. The present 
study in&&tes that at least--v&h pehicuiar anion exchangers at constant column 



vohune a Iength change-by a factor of i 5 from 3-m to 26 cm doe% net appezir to eEecr 
reesohrtior~ Many studies have related such parameters aS cobxmn kri_@h and Cohrniu 
diameter to the eEcienC~ of the$tromatographic separation but as ~yet n& f&l study 
of fen@ and diameter at constant cofumn volume appears to bzve been perfkxed. 
Because this apprs to offer a possihIe sohition to the probEems of high pressure in 
chromatographic systems, a full study using a variety of p&5&g materialsappears 
warranted. The only limitation cn such a ktudy at present would be the possibiliw 
that the “i&nite diameter efEct” of Knox and ParcberlO would apply to some but 
not all the column iengtbs. It would also appear that the use of the term “plate 
height” would be misleading in this situation. For although the colum& appezn to 
possess the same resolution, i.e., have an equal number of pIa@, the column length 
and therefore the plate beigbt differs by a factor of 15. 

The present system has been shown to be as reproducible as the previous bigh- 
pITssure systems, having a coefkient of variation of Iess than 4% on standard soiution 
of AMP, ADP and ATT compared with 3 % reported bye Brow&for AMP and 2% 
5.9x, depending on the nucleotide reported by Rao et -czI.~. The reproducibility of 
physiological extracts was fo=und to be somewhat lower. 

Recently a new class ofanion-exchange pa&ings, the microparticuiar chemically 
bonded resins, which oEer impcoved performance over the pebicular resins, have been 
applied to nucieotide analysis by Hartwick and Brow&‘. Operating at room tempera- 
tUie in a 25 X 0.46 cm column these newer packings require relatively high pressures 
( e.g., RX!0 p.s.i.) tc produce shorter anaIysis times. The optimum column dimensions 
with these packings for nucleotide analysis remain to be investigated. 
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