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A new column, Dionex AS4A, (polystyrenedivinylbenzene matrix) used

for the separation of ribonucleotides and deoxyribonucleotides for the first

time, and previously used for ion analysis was found superior to

conventional silica columns because it separates ribonucleotides and

deoxyribonucleotides. Resolution of dGTP was not possible with the Dionex

column and CTP and GDP often co-eluted. Using conventional silica columns,

monophosphates separated from diphosphates and diphosphates from

triphosphates. Using the new Dionex column resolves all three

simultaneously. The Dionex column resolved nucleotides with sharper peaks

than silica columns, and the longer its retention time the better was the

resolution. This Dionex column is stable, with 80 runs possible without

cleaning while resolving ribonucleotides and deoxyribonucleotides to the

picomole level.
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CHAPTER I

INTRODUCTION

Nucleotides serve two general functions in the cell; they

play key roles in many metabolic reactions and act as precursors of the

nucleic acids. Metabolic pools of nucleotides and ribonucleic acids are

constantly being synthesized and degraded. The purine and pyrimidine

nucleotides are continuously broken down to free bases and ribose and

deoxyribose-1 -phosphates. These free bases and ribose

deoxyribose-1 -phosphates are required for salvage pathways to rebuild

nucleotides. Nucleotides can also be synthesized de novo from ribose

phosphates and other common metabolic intermediates. In addition, ribose

phosphates can be synthesized from glucose or metabolized by the reactions

of the pentose phosphate pathway (Fig. 1-4). There is a constant attrition

of bases due to the fact that purines and pyrimidines contribute to the

synthesis of common metabolic intermediates (Fig. 1).
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Fig. 2. Biosynthesis of pyrimidine nucleotides. Genetic symbols for
enzymes are: pyrA, carbamoyl phosphate synthase; pyrB, aspartate
transcarbamoylase; pyrC, dihydroorotase; pyrD, dihydroorotate
dehydrogenase; pyrE, orotate phosphoribosyl transferase; pyrF, rotate
phosphoribosyl transferase; pyrG, CTP synthetase; pyrH, UMP kinase; argl,
ornithine transcarbamoylase; and, ndk is nucleoside diphosphokinase.
Abbreviations used are: OMP, orotidine 5'-monophosphate; UMP, uridine
5'-monophosphate; UDP, uridine 5'-diphosphate; UTP, uridine
5'-triphosphate; and, CTP, cytidine 5'- triphosphate.
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Fig. 3. Pathways for the utilization of pyrimidine bases and nucleosides and
their subsequent interconversions. Genetic symbols for the enzymes are
underlined and as follows: , uracil phosphoribosyl transferase; UI&,
uridine phosphorylase; gn.. 5 cytosine deaminase; pyrG, CTP synthetase; at
nucleoside diphosphokinase; QyrId, UMP kinase;.Qm , CMP kinase.
Abbreviations used are: CR, cytidine; C, cytosine; UR, uridine; and, U, uracil.
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Fig. 4. Metabolism of pyrmidine bases and nucleosides in E. coli and
Salmonella typhimurium.. Abbreviations used are: dCMP, deoxycytidine
5'-monophosphate; CMP, cytidine 5'-monophosphate; UMP, uridine
5'-monophosphate; dUMP, deoxyuridine 5'-monophosphate; dTM P,
deoxythymidine 5'-monophosphate; CdR, deoxycytidine; UdR, deoxyuridine;
TdR, (deoxy)thymidine; PRPP, 5-phosphoribosyl-1-pyrophosphate; T,
thymine; CR, cytidine; C, cytosine; UR, uridine; and, U, uracil.. Gene symbols
used are: , g, uracil phosphoribosyl transferase;..dt, uridine phosphorylase;
.2a, cytosine deaminase; pyrG, CTP synthetase; nd1, nucleoside
diphosphokinase; pyrH, UMP kinase; mt, CMP kinase.
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In the past thirty years, purine and pyrimidine metabolism in

microorganisms has been studied extensively (Moat & Friedman, 1960;

O'Donovan & Neuhard, 1970). Since intracellular purine and pyrimidine

nucleotide pools control the individual biosynthetic pathways producing the

substrates for RNA (UTP, CTP, ATP, and GTP) and DNA (dTTP, dCTP, dATP,

and dGTP), accurate measurement of the endogenous nucleoside

triphosphates could serve as a diagnostic tool for the estimation of

microbial growth rate. Moreover, GTP/ATP ratios (Karl, 1978) might also be

a means of assessing growth rates in organisms that do not form colonies or

readily lend themselves to conventional growth rate measurements.

High performance liquid chromatography (HPLC) is both rapid and

sensitive and provides the high degree of resolution necessary to detect and

quantitate compounds in complex biological samples. As a research tool,

HPLC has been successfully applied to such problems as detecting

nucleotides (Maybaum et al.,1980) and cyclic nucleotides (Krstulovic et

aL.,1 979) in tissue extracts and determining alterations in blood nucleotides

or metabolite levels in human disease states (Hartwick etaL,1979; Payne et

a.,1 981). Abnormally high quantities of purine nucleotides in erythrocytes

have been shown to be associated with two types of congenital hemolytic

anemia as well as in lead poisoning and abnormally high amounts of cytidine

diphosphate choline and cytidine diphosphate ethanolamine affect the

synthesis or turnover of phospholipids giving rise to membrane instability

(Angle et aL,1985).

Measurement of endogenous ribonucleotide and deoxyribonucleotide

pools has been revolutionized by the development of HPLC (Glaser, 1986).
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The major emphasis so far has been refining HPLC procedures for nucleotide

separation (Brown,1 973; Assenza & Brown,1 983; Hancock & Sparrow,1 984;

Boulieu & Bory, 1985). The two most commonly employed separation

techniques are reverse-phase chromatography on octydecylsilica resins

(Horvath et al.,1977; Hoffman & Liao, 1977) and ion exchange

chromatography on microparticulate anion-exchange resins (Hartwick &

Brown, 1975; McKeag & Brown, 1978). Even though reverse-phase

chromatography provides greater sensitivity and more rapid analysis

compared to any ion exchange chromatographic method currently available,

it lacks the selectivity necessary for the analysis of the many closely

related nucleotides present in cell extracts (Reiss et al,984).

Furthermore, very little effort (Chen et al,1 977) has been made in

developing extraction procedures for the detection and quantitation of low

levels of nucleotide pools in microorganisms (Dutta, 1986).

Many separation methods have been applied to nucleic acids and their

degradation products. There are numerous techniques available for the

separation and quantification of nucleic acid related substances (Chargaff &

Davidson, 1972; Colowick & Kaplan, 1957). These methods may be classified

as: 1) non-chromatographic analysis, 2) enzymatic analysis, and 3)

chromatographic analysis. Chromatographic analysis depends on the

differential migration of compounds in a two phase system. The mobile

phase, the solvent, which is composed of a liquid or a gas exerts force to

move the sample mixture through a stationary phase, the sorbent, which is

composed of a liquid or solid. This has given rise to two methods. 1)

Planar chromatography in which the stationary phase assumes a planar
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arrangement in the form of a sheet or thin film. The mobile phase migrates

by means of capillary action. Representatives of this method include paper

chromatography and thin layer chromatography. 2) Column chromatography

contains a stationary phase that is either a solid packing material, a solid

support that is coated with a sorbent layer or a gel packed into a tube.

Column chromatography includes gas chromatography, ion exchange

chromatography and liquid chromatography. Liquid chromatography has

developed into HPLC with its variations that include ion exchange HPLC, size

exclusion HPLC, ion paired HPLC and reversed phase HPLC. Figure 5 outlines

these various methods (Dutta, 1986).

Issues pertinent to choosing a method of separation for nucleic acids

are: 1) the process for preparation, 2) the amount of material available

and the amount of material required for a procedure, 3) the size of the

chain lengths in the initial sample, and 4) the number of fractions required.

An additional concern in selecting separation techniques is the nature of the

nucleic acid, RNA or DNA.

Techniques for isolation and analysis of units smaller than one

nucleotide include paper chromatography, paper electrophoresis, thin layer

chromatography, and column chromatography. Paper chromatography is much

slower than paper electrophoresis, but the equipment costs are lower and

more than one sample can be run at a time. Thin layer technology is in

general faster and more sensitive than paper methods. HPLC uses the same

principles as conventional liquid chromatography. However, analysis times

are reduced by using very high flow rates. HPLC is particularly well suited

to nucleotide separations because of their high extinction coefficients at
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254 nm which allow simple ultraviolet detectors to be used. HPLC is most

useful where a large number of samples need to be analyzed. Separation

times are reduced by approximately one order of magnitude over

conventional liquid chromatography (Gould & Mathews, 1976).

The analytical separation of nucleobases, nucleosides, nucleotides,

and other purine and pyrimidine derivatives has long played an important

role in biochemistry. As in column chromatography, ion exchangers have

been chosen as stationary phases for the thin-layer chromatographic

investigation of nucleic acid components. Most of the coatings used for the

thin-layer chromatographic separation consist of polyethyleneimine

cellulose (PEI cellulose) or of organic ion-exchange resins. Buffered

aqueous eluents, to which salts have been added and whose pH's have been

adjusted to certain values, are often utilized as mobile phases. With the aid

of partition chromatography, it is possible to separate nucleotides by using

cellulose coatings with alcohol-water mixtures (Jost & Hauck, 1983).

Conventional ion-exchange resins often consist of cross-linked

polystyrene to which acidic (-S0 3 H3 , -COOH) or basic (-NH 3+, -NR3+) groups

have been attached. The basic groups are used in cation-exchange resins and

the acid groups are used in anion-exchange resins (Helfferich, 1962).

It is assumed that exchanging ions are in chemical equilibrium with

the column resin. Of course the equilibrium constant of a given column

depends upon the nature of the resin and the relative concentrations of the

separating ions and the eluent. Different ions will pass through a particular

column at different rates. Ions with lesser affinity exit earlier.

Conventional ion exchange has many applications described in the literature
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(Rieman & Walton, 1970). One limitation of conventional ion exchange are

detectors. Unless the exiting ion has a directly measurable property such as

light absorption, some kind of chemical work-up is necessary for continuous

effluent monitoring. One possible choice for direct monitoring is ionic

solution conductance, but the small change in an ion of interest might be

immeasurable in the large conductance of a typical eluting substance.

The basic concepts employed in ion chromatography (IC) are virtually

the same as in other chromatographies. Resolution (R) is equal to the

difference between band centers (V2-V1) of the elution peaks divided by the

average base width, 1/2 (W1+W2). Baseline resolution is defined as 1.5. A

value greater than 1.5 indicates that the two peaks are distinct from one

another. A smaller value would indicate that the peaks overlap and

computations would not be reliable. However the peak could still be

identified visually.
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R= (V2- V1) / 1/2(W1I+ W2)

1 2

W W2

The diagrammatic representation of the resolution
equation.

Fig. 6. The origin of the resolution equation.

IC method development is similar to that for other analytical

procedures. Concentrated samples are diluted to concentration levels

within the range of the equipment. Samples too dilute for conventional

analyses are concentrated using available ion-exchange concentrator

columns (Dionex). Parts-per-billion analyses for anions such as Cl~, NO3 ,

PO4 3-,and S) 4
2- have become routine using concentrator columns. These

procedures are readily adaptable for use with other ions. Particulates can

be removed by using disposable filters between the point of injection and

the separator column. Solids can be dissolved and diluted as necessary. Air
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samples and vapors from Schoniger combustions are trapped in an

appropriate solvent and diluted as necessary. Thus solids, liquids, and gases

are readily analyzed by IC using appropriate solvents and procedures.

Choosing the eluent for use in IC involves balancing the eluting power

and eluent concentration with the selectivities of the sample ions for the

separator resin. Selecting an eluting ion that has about the same affinity

for the resin as do the sample ions insures sufficient residence time in the

separator column. The difference in affinities between the eluent and

sample ions should not be greater than a factor of 10 for reasonable

efficiency. Eluent concentration can be increased for shorter residence

time or decreased for longer residence time. A variety of eluents for IC

have been investigated. Using these systems the elution order for anions is

usually small monofunctional organic acids first, followed by monovalent

anions, difunctional organic acids, divalent anions, trivalent and

trifunctional organic anions,and metal oxides (MacDonald, 1981).

Most quantitation of nucleotides is done by HPLC using ion exchange

and reverse phase columns. Notice that in Figure 5 most of these columns

are silica based. Silica gel phases have a limited pH range, a short lifetime,

and sometimes suffer an irreversible adsorption of a solute; therefore,

efforts have have turned toward improving the chromatographic properties

of polymer-based phases such as poly(styrenedivinylbenzene). A packing

material which can withstand high pressure drops, yield efficient

separation and be cleaned by either acid or base is highly desirable. A

strong cation-exchange phase has been developed by surface sulphonation of

poly(styrenedivinylbenzene) (Yang et al.,1985). The coating of
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poly(styreriedivinylbenzene) with quaternary ammonium salt has been

successful in developing an anion system (Cassidy & Echuk, 1982). These

poly(styrenedivinylbenzene) beads obtained by covalent bonding of neutral

hydrophilic groups to the surface of porous poly(styrenedivinylbenzene) have

the main advantages of polystyrene (ion-free and high chemical stability)

but are not hydrophobic (a liability when dealing with biological samples)

(Yang & Verzele, 1987).

Nucleotides possess either a positive charge due to protonation of the

nucleic acid base, or a negative charge due to the dissociation of the

phosphate group; therefore, both cation and anion-exchange chromatography

can be utilized for separation. Anion-exchange chromatography seems to

give better selectivity than cation for closely related nucleotides.

Because it determines the effective charge on the nucleotide, pH of

the mobile phase is the most important variable in determining the

selectivity of an ion-exchange system. The ionic strength normally has

little effect on selectivity, but it does alter retention times by competing

with ionic solutes for charged sites on the packing. The ionic strength

needed is specific for the packing material used (Henry et al,1 973).

Since pH is the most important variable that can be manipulated to

effect separation, it is helpful to understand how this variable operates on

nucleotides. Nucleotides include both a nucleic acid base and a phosphate

ester rendering them susceptible to changes in charge created by various pH

concentrations, especially near the pK of the base. The first proton of the

phosphate group dissociates around pH 3 to give the compound an anionic

character. The base part of the molecule can accept a proton to form a
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zwitterion and effectively neutralize the negative charge produced by the

dissociation of the phosphate. This gives rise to excellent selectivities for

nucleotides in the pH range of 3.0 to 4.5. Nucleotides derived from cytidine

and adenosine have pK values in the pH region 3.0 to 4.5, so that their

effective charge and also their retention changes markedly when pH is

varied in this range (Henry et aL.,1973).

The column used in this study had characteristics that suggest it

would have the capacity to act as both an anionic and cation-exchanger (Fig.

7). The sulfonated beads with their negatively charged attachment sites

attract a protonated base while the aminated beads attract a dissociated

phosphate group. Since the two types of beads are held together with ionic

forces there is no reason to believe their attractions are static. A

zwitterion may be held between the two, allowing for even better resolution

when longer retention times are used.
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Fig. 7. Dionex AS4A column structure. Sulphonated
polystyrenedivinylbenzene beads attatched to aminated latex beads.
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The present project involved a) evaluation of a modified

polystyrenedivinylbenzene based column packed by Dionex (Sunnyvale, CA)

for separation and quantitation of ribonucleotides and deoxyribonucleotides;

b) exploring the effects of various concentrations of buffers on the

separation of nucleotides; c) adapting this HPLC procedure for the

separation of a number of ribonucleotides and deoxyribonucleotides as in a

single gradient elution or isocratic development; and, d) the separation and

quantitation of the ribonucleotide and deoxyribonucleotide pools in bacterial

samples.



CHAPTER 11

MATERIALS AND METHODS

Chemicals and Reagents

Nucleotides, trichloracetic acid ( TCA), and tri-n-octylamine were

purchased from Sigma Chemical Company (St. Louis, MO); monobasic

ammonium phosphate from Mallinckrodt Inc. (Paris, KY); and,

1,1 ,2-trichloro-1,2,2-trifluoroethane (Freon) from Eastman-Kodak Company

(Rochester, NY). All other chemicals were of analytical grade and from

Fisher Scientific (Fair Lawn, NJ).

Bacterial Strain

American Type Culture Collection wild-type Escherichia cofi Luria

strain B was used in this study.

Growth Medium

Bacterial cells were grown in M9 minimal medium containing in one

liter of distilled, deionized water: Na2HPO4 , 6g; KH 2 PO4 , 3g; NaCl, 0.5g;

NH4CI, 1g; glucose (0.2% w/v), 2 ml 1M MgSO4 -7H20; and, 0.1 ml of 1M

CaCI2 -

Growth of Bacteria

All cultures were grown at 370C in a Lab Room Controlled

Environmental Room (Labline Instrument, Inc., Melrose Park, 11). Liquid

cultures were incubated in Klett Erlenmeyer flasks (Kontes; Vineland, NJ) in
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a G10 gyratory shaker (New Brunswick Sci. Co.; Edison, NJ) set at 120

revolutions per minute. The turbidity was measured every 30 minutes with

a photoelectric Klett-Summerson colorimeter, using a green filter No. 54

and recorded as Klett Units (KU), where 1 KU = 1 x1 07 cells m~1.

Extraction of Nucleotides from Bacterial Cultures

Volumes of 80 ml of bacterial culture with a density of 100 KU were

harvested and centrifuged at 40 C at 12,000 x g for 2 minutes. The

supernatant was decanted and the cell pellet washed twice in minimal

medium. The cell pellet was used for nucleotide extraction.

TCA Extraction Procedure

One ml of ice-cold 6% TCA (w/v) was added to the cell pellet,

vortex-mixed for 2 minutes and allowed to stand at 40 C for 30 minutes

before further centrifugation at 12,000 x g for 10 minutes. The clear

supernatant was neutralized with ice-cold Freon-amine. The Freon-amine

sample mixture was

vortex-mixed for 2 minutes and then allowed to separate for 15

minutes at 40C. The top aqueous layer containing the nucleotide

extract was removed, filtered through a 0.45 pm ACRO LC13 filter

(Gelman Sciences, Ann Arbor, MI, U.S.A.) and frozen at -200C until

analyzed.

Chromatic Apparatus and Equipment

The HPLC equipment (Waters Assoc., Milford, U.S.A.) consists of

two Model 510 pumps, a Model 680 automated gradient controller, a

U6K injector, and a Model 481 LC spectrophotometer. Nucleotides

were detected by monitoring the column effluent at 254 nm with a
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sensitivity fixed at 1 V absorbance units full scale (a.u.f.s.).

Separations were performed on a Dionex AS4 column (Dionex Corp.,

Sunnydale, CA). The column was stored in 150mM NaOH (pH 13). The

column was prepared for use by equilibration in water, then 1 M NaOH

(pH 14); water; 1 M HCI (pH 0.5); water; and, then allowing solvent to

equilibrate in the column for 10-14 hours. The elution buffers used

included: 1) H20 to KH 2 PO4; 2) KH 2 PO4 , pH 3.5 to KH2 PO4, pH 4.5; 3)

0.5 M NH 4 H2 PO4 , pH 4.0; 4) 0.005 M NH4 H2 PO4, pH 3.5 to 0.5 M

NH4 H 2 PO4 , pH = 4.7; 5) 0.005 M NH 4 H 2 PO4, pH 3.5 to 0.5 M NH 4 H 2 PO4

with 0.5 M KCI, pH 4.0; and, 6) 0.005 M NH 4 H 2 PO4, pH 3.8 to 0.5 M

NH 4 H 2 PO4, pH = 4.7.

Nucleotide samples (100pgl) obtained from bacteria, as

previously described, were injected into the column. Different

gradient patterns of eluent A to eluent B were tried. The flow-rate

was maintained at 1.5 ml min 1 and analysis performed at ambient

temperature. Peaks were integrated on a Water's Data Integrator 740

and a Cole-Parmer dual pen chart recorder. The sample peaks were

identified by comparing retention times of appropriate standards.

The concentration of the sample was calculated by comparing its peak

height to the standard for which the concentration was known (1 mM)

and expressed as micromoles (g dry wt)f1 . The HPLC equipment

(Waters Assoc., Milford, U.S.A.) consists of two Model 510 pumps, a

Model 680 automated gradient controller, a U6K injector, and a Model
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481 LC spectrophotometer. Nucleotides were detected by monitoring

the column effluent at 254 nm with a sensitivity fixed at 1 V

absorbance units full scale (a.u.f.s.).

Calculations

The mole (g dry wt)<l for all nucleotides were computed as follows:

- xoCxM- x -1
St Vi Dw

where Sa = peak height of sample, St = peak height of standard, C= g

compound in standard/molecular weight of compound, V = total volume of

extract, Vi = volume of extract injected and D w = dry weight (Dutta &

O'Donovan, 1987).

Resolution was calculated as follows:

RN= (V 2 -V) / 1/2(W1 + W2 )

where R = resolution and is equal to the difference between band centers

(V 2-V1) of the elution peaks divided by the average base width, 1/2

(W1 +W2).
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R= (V2 - V1) / 1/2(WI + W2)

1 2

W W2

The diagrammatic representation of the resolution
equation.

Fig. 8. Schematic representation of the important aspects used in
resolution calculations.

K' was calculated as follows:

K' = (V 1 -V 0) / V0

where K' is a measureof retention, V1 is the component of interest and V0

is the dead volume. Since the flow rate is equal to the flow rate times the

retention time (VI = f x t), this equation can also be expressed in terms of

retention times, providing the flow rate is constant; K' = (t - to) / to.
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K'a= (V1 -Vo)/Vo

K' = (t1 - to ) / to

ti
t

01

The diagrammatic representation of the K' equation.

Fig. 9. Schematic representation of the important aspects used in K'
calculations.



CHAPTER I11

RESULTS

In the initial phase of these studies a major question

was to accomplish a mobile phase that would produce highly resolved

chromatographs of ribonucleotides and deoxynucleotides. The column

used was an Dionex AS4A. Initial studies were carried out using

standard mixtures of ribonucleotides and deoxynucleotides to resolve

this problem. The following outlines some of the techniques

employed. a) As suggested (Dionex Corp., Technical Literature) a

buffer of 0.5 M KH2 PO4 was prepared. A major problem was

adjustment of pH to 4.5. No sample was run. b) A gradient of H 20 to

0.5 M KH 2 PO4 was used. Run times were changed using

trial-and-error until the nucleotide peaks were well separated. The

peaks were identified by using internal standards. The nucleotides

eluted in the following order and their K' values are shown (Table 1

and 2): CMP, UMP, AMP, GMP, CDP, UDP, ADP, CTP, GDP, UTP, ATP, GTP.

The resolutions (R) (Table 3) were generally greater than 1.5 with R =

1.5 being defined as baseline resolution. There were no detectable

solvent fronts. c) A gradient of 0.02 M KH 2 PO4, pH 3.5 to 0.5 M

KH 2 PO4 , pH 4.5 was used. The nucleotides eluted in the following

order and their K' values are shown in Table 1: CMP, UMP, AMP, GMP,

CDP, UDP, ADP, CTP, GDP, UTP, ATP, GTP. With the exception of the

27
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ADP, CTP, and GDP triplet all of the peaks were separated with R

values well above 1.5. ADP, CTP, and GDP peaks were visually

distinguishable, but could not be quantitated. d) A gradient of H2 0

to 0.5 M NH4 H2 PO4, pH 4.0 was used. The nucleotides eluted in the

following order (Fig. 10): CMP, UMP, AMP, GMP, CDP, UDP, ADP, CTP =

GDP, UTP, ATP, GTP. The R values were less than 1.5 for CMP and UMP;

and, CTP was not separated at all from GDP. e) 0.5 M NH 4 H 2 PO4 , pH

4.0 was used isocratically. Peaks were not identifiable because of a

lack of resolution. Calculations of K' and R were not made. f) A

gradient of 0.005 M NH 4 H2 PO4 , pH 3.5 to 0.5 M NH 4 H 2 PO4, pH 4.7 was

used. The ribonucleotides eluted in the following order (Figures 11

and 12) and their K' values are shown in Table 1: CMP, UMP, AMP, GMP,

CDP, UDP, ADP, CTP = GDP, UTP, ATP, GTP. While eleven of the twelve

nucleotide peaks were visually identifiable, many peaks had R values

less than 1.5. A solvent peak occurred with this buffer system. g) A

gradient of 0.005 M NH4 H2 PO4 , pH 3.5 to 0.5 M NH 4 H 2 PO4 and 0.5 M

KCl, pH 4.0 was used. The nucleotides eluted in the following order

(Fig. 13 and 14) and their K' values are shown in Table 1: CMP, UMP,

AMP, GMP, CDP, UDP, ADP, CTP = GDP, UTP, ATP, GTP. R values are

shown in Table 3; the gradients used provided R values that varied

from very useful (Rd) to unsuitable (Rb). h) A gradient of 0.005 M

NH 4 H2 PO4, pH 3.8 to 0.5 M NH 4 H 2 PO4 , pH 4.7 was used. The resolution

of most of the peaks were greater than 1.5. Except for ATP and GTP

and ADP, CTP, and GDP all of the peaks were well separated, most
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with R values well above 1.5.

i) A gradient of 0.005 M NH4 H 2 PO4 and .25 M KCI to 0.5 M NH4 H 2 PO4

and 0.5 M KCI was used. The nucleotides eluted: CMP, UMP, AMP,

GMP, CDP, UDP, ADP, CTP, GDP, UTP, ATP, GTP. All of the peaks were

separated with R values generally greater than 1.5. j) A gradient of

0.005 M NH 4 H2 PO4 , pH 3.5 to 0.5 M NH 4 H 2 PO4 , pH 4.7 was used. The

deoxynucleotides eluted in the following order and their K' values are

shown in Table 2: dCMP, dTMP, dAMP, dGMP, dCDP, dCTP, dADP, dGDP,

dTDP, dTTP, dATP. The resolution is generally greater than 1.5,

except for dADP, dGDP, and dTDP which are not well-defined. dGTP

does not appear in the standard run, but it does appear in the internal

standard run (location is marked by arrow, Fig. 15 and 16). k) Finally

in order to illustrate the application of this column, 100 l of an E

coli extract was run (Fig. 17) and compared with another run using

Partisil Sax column (Fig. 18). Comparison of the yield of different

nucleotides shows the AS4A column is better with very sharp peaks

as are seen in Figure 17 than Partisil Sax (Fig. 18 and 19). However,

as can be seen in Figure 17, CTP coelutes with UTP. There is a large

"mesa-like" peak appearing at about 10 minutes that probably

contains diphosphate sugars (Fig. 17).
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TABLE 1. K' Values of the twelve ribonucleotide standards used in this
work.

Compound Abbreviation K'a K'b KIc Kid

Cytidine 5'-monophosphate CMP 07.85 00.33 00.95 00.72
Adenosine 5'-monophosphate AMP 10.07 02.48 04.64 04.93
Uridine 5'-monophosphate UMP 08.23 01.40 03.79 01.72
Guanosine 5'-monophosphate GMP 10.39 04.63 05.97 05.49
Uridine 5'-diphosphate UDP 13.22 07.95 08.31 07.81
Cytidine 5'-diphosphate CDP 11.86 05.62 07.48 07.22
Adenosine5'-diphosphate ADP 17.21 11.23 11.80 11.27
Guanosine 5'-diphosphate GDP 18.46 11.61 12.31 11.67
Uridine5'-triphosphate UTP 20.22 13.57 13.55 12.75
Cytidine 5'-triphosphate CTP 17.21 12.14 12.31 11.67
Adenosine 5'-triphosphate ATP 24.50 18.59 18.52 17.63
Guanosine 5'-triphosphate GTP 25.62 19.45 19.15 18.13

a H20 to 0.5 M potassium phosphate
b Potassium phosphate 0.02 M (pH 3.5) to 0.5 M (pH 4.5)
c Ammonium phosphate 0.005 M (pH 3.7) to 0.5 M (pH 4.7)
d 0.005 MI ammonium phosphate and 0.5 M ammonium phosphate with 0.5 M

potassium chloride
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TABLE 2. Retention times of the twelve ribonucleotide standards used in
this work.

Compound Abbreviation A B C D
Cytidine 5'-monophosphate CMP 07.85 00.72 00.33 00.95
Uridine 5'.monophosphate UMP 08.23 01.72 01.49 03.79
Adenosine 5'-monophosphate AMP 10.07 04.93 02.48 04.65
Guanosine 5'-monophosphate GMP 10.39 05.49 04.63 05.97
Cytidine 5'-diphosphate CDP 11.86 07.22 05.62 07.48
Uridine 5'-diphosphate UDP 13.22 07.81 07.95 08.31
Adenosine 5'-diphosphate ADP 17.21 11.27 11.23 11.80
Guanosine 5'-diphosphate GDP 18.45 11.67 11.61 12.31
Cytidine 5'-triphosphate CTP 17.20 11.67 12.14 12.31
Uridine5'-triphosphate UTP 20.22 12.75 13.57 13.55
Adenosine5'-triphosphate ATP 24.50 17.63 18.59 18.53
Guanosine 5'-triphosphate GTP 25.62 18.13 19.45 19.15

A H20 to 0.05 M potassium phosphate
B Potassium phosphate 0.005 M (pH 3.5) to 0.5 M (pH 4.5)
C 0.005 M potassium phosphate and 0.5 M potassium phosphate with 0.5 M

potassium chloride
D Ammonium phospate 0.005 M (pH 3.7) to 0.5 M (pH 4.7)
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TABLE 3. The resolution of selected ribonucleoside peaks.

Compound Abbreviation Ra Rb Rc Rd

Cytidine 5'-monophosphate CMP --- ---
Uridine 5'-monophosphate UMP 1.0 5.0 1.5 0.5
Adenosine 5'-monophosphate AMP 8.0 4.0 3.3 6.3
Guanosine 5'-monophosphate GMP 1.0 2.0 1.0 5.0
Cytidine 5'-diphosphate CDP 4.7 4.6 6.0 1.0
Uridine 5'-diphosphate UDP 3.5 3.0 4.4 8.7
Adenosine 5'-diphosphate ADP 9.0 11.3 6.5 1.0
Guanosine 5'-diphosphate GDP 1.6* 6.0 3.5 13.0
Cytidine 5'-triphosphate CTP 1.0* +++ 1.0* 2.7*
Uridine 5'-triphosphate UTP 2.6 2.0 5.3* 1.0*
Adenosine 5'-triphosphate ATP 8.0 12.0 13.3 1.5
Guanosine 5'-triphosphate GTP 2.0 1.0 2.0 5.2

+++ CTP and GDP formed only one peak.
* denotes peaks that are inverted as to order.
a H2Oto0.5M KH 2PO4

b 0.005 M NH4PO4 , pH 3.5 to 0.5 M NH 4 PO4 and 0.5 M KC, pH 4.0
c E. coil cell extract; 0.005 M NH 4 PO4 , pH 3.5 to 0.5 M NH4 PO4 and 0.5 M

KCI, pH 4.0
d .005 M NH4 PO4, pH 3.5 to 0.5 M NH 4 PO4 and 0.5 M KC, pH 4.0
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TABLE 4. K' values of the twelve deoxyribonucleotide standards used in
this work. Mobile phase used was potassium phosphate 0.005 M (pH 3.5) to
0.5 M (pH 4.5).

Compound Abbreviation K'

Deoxycytidline 5'-monophosphate dCMP 2.31
Deoxythymidine 5'.monophosphate dTMP 3.62
Deoxyadenosine 5'-monophosphate dAMP 5.55
Deoxyguanosine 5'-monophosphate dGMP 5.92
Deoxycytidine 5'-diphosphate dCDP 7.70
Deoxythymidine 5'-diphosphate dTDP 8.23
Deoxyadenosine 5'-diphosphate dADP 11.51
Deoxyguanosine 5'-diphosphate dGDP 11.85
Deoxycyticline 5'-triphosphate dCTP 12.18
Deoxythymidine 5'-triphosphate dTTP 13.49
Deoxyguanosine 5'-triphosphate dGTP 18.41
Deoxyadenosine 5'-triphosphate dATP 19.54
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TABLE 5. Retention times of the twelve deoxyribonucleotide standards
used in this work. Mobile phase used was Potassium phosphate 0.005 M (pH
3.5) to 0.5 M (pH 4.5).
Compound Abbreviation Retention

Deoxycytidine 5'-monophosphate dCMP 1.72
Deoxythyrnidine 5'-monophosphate dTMP 2.72
Deoxyadenosine 5'-monophosphate dAMP 5.93
Deoxyguanosine 5'-monophosphate dGMP 6.49
Deoxycyticine 5'-diphosphate dCDP 8.22
Deoxythynidine 5'-diphosphate dTDP 8.81
Deoxyadenosine 5'-diphosphate dADP 12.27
Deoxyguanosine 5'-diphosphate dGDP 12.67
Deoxycyticine 5'-triphosphate dCTP 12.67
Deoxythymidine 5'-triphosphate dTTP 13.75
Deoxyadenosine 5'-triphosphate dATP 18.63
Deoxyguanosine 5'-triphosphate dGTP 19.13
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TABLE 6. Yield of nucleotides
columns.

from E. coli (pmole g/DW) using different

Abbreviation

Cytidine 5'-monophosphate
Adenosine V-monophosphate
Uridine 5'-monophosphate
Guanosine 5'-monophosphate
Uridine 5'-diphosphate
Cytidine 5'-diphosphate
Adenosine 5'-diphosphate
Guanosine 5'-diphosphate
Uridine 5'-triphosphate
Cytidine 5'-triphosphate
Adenosine 5'-triphosphate
Guanosine 5'-triphosphate

CMP
AMP
UMP
GMP
UDP
CDP
ADP
GDP
UTP
CTP
ATP
GTP

Partisil Sax

1.01
2.30
6.93
1.03
0.43
0.51
4.20
0.93
2.04
1.01
3.04
1.02

* Not detectable.

Compound AS4A

1.49
2.23
4.19
2.13
1.40
1.93
3.20
1.01
2.71
*

3.79
1.10
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Fig. 10. Ribonucleotide standard run using H20 to 0.5 M NH4 H2 PO 4 .
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Fig. 11. Ribonucleotide standard run using 5 mM NH 4 H 2 PO4 , pH 3.8 to 0.5 M
NH 4 H:2PO4, pH 4.7
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Fig. 12. Ribonucleotide standard run using 5 mM NH4H 2PO4 , pH 3.8 to 0.5 M
NH 4 H2 PO4 , pH 4.7
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Fig. 13. Ribonucleotide standard run using 5 mM NH4 H 2 PO4 , pH 3.8 to 0.5 M
NH4 H2 PO4 with 0.5 M KC, pH 4.0
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Fig. 14. Ribonucleotide standard run using 5 mM NH4 H2 PO4 , pH 3.8 to 0.5 M
NH4 H2 PO4 with 0.5 M KC, pH 4.0. Same buffers as used in Fig. 13, but the
gradient is different.
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Fig. 15. Deoxyribonucleotide standard run using 5 mM NH4H2PO4 , pH 3.8 to
0.5 M NH4 H2 PO4 , pH 4.7. Arrow indicates location of dGTP peak in internal
standard runs.
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Fig. 16. Deoxyribonucleotide standard run using 5 mM NH4 H 2 PO4 , pH 3.8 to
0.5 M NH4 H 2 PO4 , pH 4.7. Arrow indicates location of dGTP peak in internal
standard runs.
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Fig. 17. E. coli cell extract run in the AS4A column using 5 mM NH4 H2 PO4
with 0.25 M KCl to 0.5 M NH 4 H2 PO4 with 0.5 M KC.
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Fig. 18. E. coli cell extract run in the Partisil Sax column.
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Fig. 19. Nucleotide standard run in the Partisil Sax column.
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CHAPTER IV

DISCUSSION

Presently, most quantitation of endogenous nucleotide pools is
performed by HPLC using ion exchange and reverse phase columns. While
most of these columns are silica based, in the future there is a need for
columns containing other types of packing materials. Silica gel phase
columns have a limited pH range, a short lifetime, and sometimes adsorb
solutes irreversibly. Because of these factors efforts have been directed
at improving the chromatographic properties of polymer-based phases

such as poly(styrenedivinylbenzene). The present project was undertaken
for the purpose of evaluating a new packing material which can

withstand high pressure drops, yield efficient separation and be cleaned
by either acid or base. A packing material of interest is the porous,
highly cross-linked poly(styrenedivinylbenzene). The

poly(styrenedivinylbenzene) beads are obtained by covalent bonding of
neutral hydrophilic groups to the surface of porous
poly(styrenedivinylbenzene). These beads maintain the advantages of
polystyrene namely being ion-free with high chemical stability while no
longer being hydrophobic, an incompatible trait for most biological

samples (Yang and Verzele, 1987). These porous, highly cross-linked

poly(styrenedivinylbenzene) phases appear to provide much excellent

access to the exchanger function of the packing material. A strong
cation-exchange phase has been developed by surface sulphonation of

56
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poly(styrenedivinylbenzene) (Yang et al, 1985) while the coating of

poly(styrenedivinylbenzene) with quaternary ammonium salt has been

successful in developing an anion system (Cassidy & Elchuk, 1982).

When changing from one resin to another some conditions must be

changed to achieve optimal results. There are several useful guidelines

for determining which parameter should be changed (Horvath,1967; Uziel,

1968; Cohn, 1949; Burtis, 1970). In our study the following parameters

were adjusted:

1) pH of the buffer: A gradient of 0.02 M KH 2 PO4 , pH 3.5 to 0.5 M

KH2 PO4 , pH 4.5 was used. In all cases except for ADP, CTP, and GDP, the

peaks had resolutions of greater than 1.5, indicating that for nine of the

12 nucleotides tested this buffer could be used for purification and

quantitation. As for the ADP, CTP, and GDP it would be appropriate for

detection only.

2) 'The ionic strength: Figures 10, 11, and 12 demonstrate this

concept. A gradient of H20 to 0.5 M NH4 H2 PO4, pH 4.0 was used (Fig.

10). CTP and GTP were not separated by this gradient system while

CMP and UMP were not resolved to be useful for computations. A

gradient of 0.005 M NH 4 H2 PO4 , pH 3.8 to 0.5 M NH4 H2 PO4 , pH 4.7 was

used (Fig. 11 and 12). The higher initial concentration of NH4 H2 PO4

was responsible for the increased resolution of the monophosphates.

This provided a system where CMP and UMP peaks are sufficiently

resolved to be computed. CTP and GTP were not separated in either

ammonium phosphate system.
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3) Gradient elution program: In Figures 11 and 12 a slight

change in the gradient program increased the separation of peaks in

Figurel2.

4) Carrier flow rate: For this project flow rates were

constant at 1.5 ml mirf1 .

5) Exchanging ion: A gradient of 5 mM NH4 H2 PO4 , pH 3.5 to

0.5 M NH4 H2 PO4 and 0.5 M KC, pH 4.0 was used. The resolution of all

the peaks except ATP and GTP was greater than 1.5 indicating that

this buffer would be appropriate for identification and separation of

all ribonucleotides except for ADP, CTP, and GDP (Fig. 13 and 14).

When a gradient of 5 mM NH 4 H2 PO4, pH 3.5 to 0.5 M NH4 H 2 PO4, pH 4.7

was used (Figurel1) (the same system, but without the KC) the

resolution of peaks was better. The GDP and CTP still were not

separated, but the addition of an extra exchanging ion had obvious

effects. In the case of the buffer, 0.5 M KH2 PO4 the resolution of

many peaks was not as good as the NH4 H2 PO4 systems, but the GDP

and CTP could be identified. In the isolation of six nucleotides this
buffer would be useful, but for CMP, UMP, AMP, GMP, ADP, and CTP the
usefulness of this buffer would be limited to detection. The low

resolution of these peaks make computations unreliable and

separations would not be pure (Kirkland, 1971).

The Dionex AS4A column was used in this project. Run times were

adjusted using trial-and-error until the nucleotide peaks were

appropriatley separated. The peaks were identified by using internal
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standards. The resolutions (R) of the peaks were calculated, with R =

1.50 as baseline resolution. Using only one buffer is advantageous

because of simplicity, economics, and the reduced risk of peaks caused
by solvent fronts.

Gradient or stepwise elution involves the change of solvent

composition during separation in such a way that solvent strength

increases from the beginning to the end of separation. In this way the K'

value of each eluted band is approximately optimal during its movement

through the column. As a result gradient elution provides unsurpassed

resolution per unit time for a wide-range of samples, and this advantage

over other techniques becomes more pronounced as the ratio of K' values
for the last-eluted and the first-eluted bands increases. When this ratio
exceeds a value of about 100, gradient elution and repeated separation
are the only useful techniques. After separation by gradient elution, the
column must be regenerated by washing away the last traces of the
solvent gradient: therefore, it follows that nongradient elutions are
time-saving since a regeneration cycle is avoided. In this project
gradients were required and regeneration times made the procedure much
more time-consuming. With gradient elution, detection sensitivity is
maximized for late eluting bands (Kirkland, 1971). This concept is
illustrated in Figure19.
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Fig. 19. Standard deviation versus K' indicating that the longer the retention
time, the more reproducible the results. These data were obtained using 5
mM NH 4 H2 PO4 to 0.5 M NH4 H 2 PO4 and 0.5 M KCI.

Separations by liquid chromatography depend on both the

stationary phase and the mobile phase, in other words, the column and

the solvent. Recent developments in HPLC have been strongly influenced

by column technology. However, the solvent plays a crucial role in

maximizing the performance of the procedure and the new column
technology imposes new requirements on the solvent. The selection of
the right solvent takes on great importance. In this project adjustments

were made in the solvent ionic strength, pH, and ion exchanger.

Clearly the Dionex AS4A column is useful for evaluation of
nucleotide-containing samples. Its compatibility with several different
buffers to identify and isolate nucleotides imparts flexibility, a

characteristic always valued in the laboratory.

In summary a column was evaluated for its usefulness in methods
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to scan the intracellular contents in a straightforward way. The
information gleaned will also be useful in other areas, such as: (1)
characterization of unknown nucleotides; (2) purification of nucleotides;
(3) identification of modified nucleotides and studying their occurrence
in tRNA and other nucleic acids; (4) resolution and identification of
highly phosphorylated nucleotides such as RNA caps and the
interferon-related 2',5'-linked oligonucleotides; (5) study of purine and
pyrimidine nucleotide biosynthesis; (6) monitoring the in vivo

metabolism of base and nucleoside analogues (this can be especially
useful with cancer chemotherapy agents); (7) determination of the mode
of action of drugs; (8) study of the in vivo metabolism of nucleotide
precursors used to synthesize the cell envelope and other polymers such
as glycogen and poly(ADP-ribose); (9) establishment of the substrate
specificity of nucleases and nucleotidases; (10) observation and
measurement of nucleotide pool changes under varying growth conditions
or in mutant strains; (11) observation of the kinetics of metabolic
changes in virus-infected cells; and , (12) definition of metabolic
changes that occur during cell transformation, differentiation or
development.
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