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ABSTRACT

Determination methods for purine and pyrimidine bases, nucleosides, nucleotides and related compounds using analytical capiltary
isotachophoresis are reviewed. First, the isotachophoretic characterization of these compounds, as well as methods for sample prep-
aration prior to analysis, and the different ways of detecting unknown substances in complex biological systems are described. Then
applications of isotachophoretic unalysis in medical diagnosis and biomedical research are reviewed. In particular, the analysis of
purines, pyrimidines, nucleosides and related compounds in blood und serum for the diagnosis and treatment of inherited diseases and
cancer is described. Selected applications of nucleotide analysis in biomedical research using diffcrent tissuc extracts are also reviewed,
and some examples of nucleotide-dependent enzymic reactions. which were perfermed by means of analyticul isotachophoresis, are
presented.

CONTENTS
LISt OF aBBIeVIATIONS ..o i o e e o e e e et e e e e e 58
o INEFOAUCHION i oot e e e e n e e e e e 59
1.1. Basic principles of Sotachophoresis o 59
1.2. Biosynthesis and degradation of nucleic acid constituents 59
2. Isotachophoretic characterization of nucleic acid constituents 61
2.1. Nucleortides ... 61
2.2, Nucleosides and purine and pyvrimidine bases 62
2.3, Nucleic acid constituent-relaled substances 63
3. Determination of nucleic acid constituents in biological samples by analytical capillary 1sotachophores 44
3.1. Identification of nucleic acid constituents in complex systems 64
3.2, Sample preparation for isotachophoresis 06
3.3. Delermination of nucleic acid constituents in urine and blood samples a7
3.3.1.  Analysis of inborn errors of purine and pyrimiding metabolismy ..o 67

* Corresponding author.

(378-4347/93/524.00 i 1993 Elsevier Science Publishers B.V. All rights reserved



S8

3.3.2. Determination of nucleic acid conslituents in cancer diagnosis and therapy ... .

3.3.3. Other determinations of nucleic acid constituents in blood samples

3.4. Determination of nucleic acid constituents in different biological materials

4. Nucleic aeid constituents and related substances as substrates for enzymic reactions
5. Miscellaneous applications
6. Conclusion .............

G. Bruchelt et al. | J. Chromatogr. 618 (1993} 57-77

R O IIICES . e ettt ier e erree e et et e ses et e e e e et en e e et e st eebe ey the s the s ket L e et s e b s e R b ans s ane s Ee et b2 e et s a2 ab s e te e e oe e oo eeeteen

LIST OF ABEREVIATIONS

2'5'A
ADA
ApdA
2.5A-PDE
A-PRT

2.5’ A-synthetase

BAP
BES

C

DMD
5-dFUR
EPPS
5-FdUMP
5-FU
GlcUA
HEPES
HG-PRT
HPLC
HPMC
IMP

ITP

LE

NAC
PAP
PAPS
PCA
PNP
pNP
pNPS
RNase
SCID
SV-PDE
TE
UDPGIcUA
UDP-HexNAc
uv

X0

2".5"-Oligoadenylates

Adenosine deaminase

Diadenosine 5,5",p!,p*-tetraphosphate
2’,5'-Oligoadenylate phosphodiesterase

Adecninc phosphoribosyltransferase
2’,5'-Oligoadenylate synthetase

Bacterial alkaline phosphatase
N,N-Bis-(2-hydroxylethyl)-2-aminoethanesulphonic acid
Conduclivity

Duchenne muscle discase
5"-Deoxy-5-fluorouridine
N-Hydroxyethylpiperazinepropanesulphonic acid
5-Fluorodeoxyuridylate

3-Fluorouracil

Glucurenic acid
N-2-Hydroxyethvlpiperazine-N’'-2-ethanesulphonic acid
Hypexanthine-guanine phosphoribosyltransferase
High-performance liquid chromatography
Hydroxypropylmethyl cellulose

Inosine monophosphate

Isotachophoresis

Leading electrolyte

Nugleic acid constituent

Adenosine 3',5°-diphosphate

Adenosine 3'-phosphate 5'-phosphosulphonate
Perchloric acid

Purine nucleoside phosphorylase

4-Nitrophenol

4-Nitrophenyl sulphate

Ribonuclease

Severe combined immunodeficiency disease
Snake venom phosphodiesterase

Terminating clectrolyte

UDP-glucuronic acid

UDP-N-acetylhexosamine

Ultraviolet

Xanthine oxidase

6%
70
10
71
73

74



G. Bruchelt et al. | J. Chromatogr. 618 (1993) 57-77
1. INTRODUCTION

The determination of nucleic acid constituents
(NACs) by capillary analytical isotachophoresis
(I'TP) is one of the most successful areas of appli-
cation of this powerful analytical method. Many
reports appeared between 1970 and 1980, and
these have been reviewed [1,2]. Virtually all of the
main nucleotides, nucleosides and purine/pyrimi-
dine bases have been characterized by analytical
capillary ITP. Unfortunately, although accepted
as a very precise analytical method, TTP has nev-
er reached the popularity and wide distribution
of high-performance liquid chromatography
{(HPLC) or, more recently, capillary zone electro-
phorcsis [3].

In this review some of the principal early in-
vestigations and some new applications of ITP
for the analysis of NACs will be discussed. NACs
are defined here as purine and pyrimidine nucleo-
tides, nucleosides and bases that are compounds
of RNA and DNA. Furthermore, NAC-related
compounds, such as their precursors or degrada-
tion products, NAC-related therapeutics, and
substances that are structurally related to them
without being NACs in the strict sense of the
word will also be considered.

1.1. Basic principles of isotachophoresis

The theory of ITP and the different types of
equipment for I'TP analysis have been reviewed
in several articles and books [4-11]. Therefore,
only the most basic features of this method will
be briefly summarized. Separations are carried
out in small capillaries using a discontinuous
electrolyte system consisting of a leading electro-
Iyte (LE) and a terminating electrolyte (TE). The
LE has the highest mobility of all ions, and the
TE the lowest. Usually, 1-10 ul of the sample is
injected between the LE and the TE zones and
allowed to be separated. In order to help prevent
diffusion of the separated sample zones, sub-
stances such as methylcellulose are included to
enhance the viscosity. ITP analysis is performed
at constant current. Since the separated zones
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will experience different electric field strengths,
there is an eflicient counteraction of diffusion,
leading to sharp zone boundaries (zone-sharpen-
ing effect). According to Kohlrausch’s law [12],
the lengths of the separated homogeneous sample
zones are a function of the LE concentration. De-
pending on the concentration of the LE electro-
lyte, the compounds to be separated will be cither
concentrated or diluted. Consequently, com-
pounds present in only small amounts can be de-
tected more easily in complex mixtures than in
most other separation procedures (concentrating
cffect).

NAC show a strong absorption at 254 (and
280) nm, therefore the homogeneous zone
lengths can be measured easily by column-inte-
grated ultraviolet {UV) detectors. The limit for
quantification of samples i1s ca. 50 pmol using UV
zone-length measurements [14]. Under certain
conditions, it may also be possible to quantitate
very small amounts of NACs, which do not fill
the UV slit completely, by estimating the peak
height. Arlinger [13] reported that the detection
limit for ATP by measuring UV absorption at
254 nm (slit width: 0.2 mm) was ca. 25 pmol at an
LE concentration of 0.01 M, and a few picomoles
at 0.0005 M. Wielders and Everaerts {14] estimat-
ed very small amounts of ADP by the addition of
acetate, which formed a mixed zone with ADP
under distinct LE/TE conditions; the fine UV
peak within the acetate zone, representing ADP,
could be estimated by integration.

1.2. Biosynthesis and degradation of nucleic acid
constituents

Fig. 1a and b give a simplified overview of the
main steps of biosynthesis and degradation of
NACs (according to ref. 15). All the purine and
pyrimidine bases, nucleosides and nucleotides of
these metabolic pathways can be determined by
analytical capillary ITP. Some of the NACs that
have often been analysed by [TP (see below) are
specially mentioned in order to facilitate their lo-
calization within the metabolic pathways.



77

G. Bruchelt et ul. ; J. Chromatagr. 018 (1993) 57

60

(dINY <« umuape) (1Y) aswaajsuraAsoquoydsoyd aumape ssdays paaagqumuu aseaun = |1 (Q¥) Isupixo
BUTYIULY = (3] PUE 6 (L AJDH) ssetapsuendsoquoydsoyd suuend-sunuexodiy = ¢ pue £ aseupwmop ouiiend — ¢ (NJ) asepiogdsoyd apsoapnu suund = ¢
PUR ¢ (W Q) oSRULLIRAP duIsouape = ¢ sdoyg ssapnoapnu aurpiunidd pue suund jo s{eaiied (§72) 988AJRS PUR (§]°6'9"S F'£) UOTRPTRIFIP DY) Jo dwoyds payyduug
() ~irydsoydorid--jAsoquoydsoyd-¢ = Jd-1-Ud 'osejAxoqiriop oedpnoie = g aspisuenjssoquoydsoyd swloro = | xdalg “saseasp JAYI0 10 SI0LD
WIoquU JO SISOUTRIP 24 UL 9J01 YT 07 123dsal yjow paziseydua a1e sdajs [BIU2 5W0g sIsaiuAsorq aproapnu surpiwisd puw suund jo awayds paygndung () ' 8y

dIDV JId1 mE%J d1LVP
wroyuRy
-

i:zﬁﬁo‘u?w‘:;?‘:a _ . nAu _u/Wo —_— nvn |
1 | N 0
N A 'y 'Y —
H hod TN | danp —d1op dLDPe-daop dave
{100 I'y ! dALP
@w:::dmx aunpuexed{y
0 uJ\\.o , o daD dav
| ——— ' ~ [
% A/z U 5) & Jz: dHNP
0 ~ i 0
! d{I0 —» 41D :\n:&
o
2 t (v) t YNy _
sutnEny sUlsou] ddnp dHAN === dL0*" = JLDEdND dWV
ﬂ\\mi/_ \m)/v h/y ﬂﬂl/
. () J
@ FAisouens SMUepy  <Fmmmm== pyisouspy B
t
‘ W ! ] dNI
AWD ‘dIRN & dND AWV [Emmm W] ﬁ.t.s_J. -
S2pT03ToNY JulpruIIs :‘mmu:oﬁﬁ‘% q v :n\fj M w_”,

t
d-g-suIprjodn t
@# apnpajanuoqu
plo¥ anouq {ozeprutouimy - g

A&!.._q

»
g
3\2

° Lz.w\..x

T +
1 t
1 g ~ 11 ug
% t
F.ﬁxim?i-?oz«mm«u__ [[dLY + d—g-asogni]|

mwtﬁom_o::lmEEECh&_ Wmﬁﬁomdozaéwcﬁsi
- - e -

B



G. Bruchetr et al. | J. Chromatogr. 618 (1993) 57-77

2. 1ISOTACHOPHORETIC CHARACTERIZATION OF NU-
CLEIC ACID CONSTITUENTS

In this section, some of the conditions com-
monly used for the separation of nucleotides, nu-
cleosides and purine and pyrimidine bases by ITP
in synthetic mixtures are presented. In many
cases, these LE/TE systems can also be used di-
reclly for analysis in biological systems. How-
ever, it may be advantageous to optimize the sep-
aration conditions for distinct biclogical sam-
ples, depending on the substances of interest.
Some recommendations for the choice of a suit-
able operating system for the separation of
NACs are given in refs. 1 and 2.

2.1. Nucleotides

Separation of 5'-substituted mono-, di- and tri-
phosphates of adenosine, guanosine, uridine and
cytidine (and of cAMP and 2',3"-cyclic CMP), us-
ing 5 mM HCI (adjusted to pH 3.89 with f-ala-
ninc) as the LE and 5 mM caproic acid as the TE,
has been described [2]. The compounds could be
characterized by their UV absorption at 254 nm
(Fig. 2).

The separability of these substances with re-
gard to optimal pH conditions was delermined
by Beckers and Everaerts [16] by measuring the
thcrmal step heights in dillerent electrolyte sys-
tems. Fig. 3 shows that separation improved
when the pH of the chosen system was lower.
However, at low pH the analysis time will be pro-
longed. The original measurements shown in Fig.
3 werc carried out using 0.01 M HCI as the LE
with different counter-ions in order to get the de-
sired pH values (pH 3.4, adenosine; pH 3.7,
o-naphthylamine; pH 4.2, aniline; pH 4.6, ani-
line; pH 5.0, pyridine: pH 6.0, histidine; pH 7.0,
imidazole). Because adenosine, a-naphthylamine
and aniline show a strong UV absorption at 254
nm, Kopwillem [17] suggested the use of other.
non-UV-absorbing counter-ions (pH 3.4-4.2,
p-alanine; pH 4.6-5.0, creatinine). Under these
conditions analyses can be carried out using UV
detection at 254 nm, the preferential detection
method for NAC analysis in ITP. For reasons of
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IFig. 2. Separation eof thirteen nucleotides in a synthetic mixture
(CAMP ca. 4.5 nmol, all others ca. 1.5 nmol) on a 63-cm capil-
tary. For the LE/TE system see the text. (From LKB Isulacho-
phorests News No. |, 1977, cited in ref. 2)

clarity, the step-heights of a given compound
measured at different pH values are connected by
lines in Fig. 3. However, this interpolation is not
absolutely correct because the different counter-
tons used for adjusting the pH also influence net
mobility [17].

Bours ez al. [18] later extended these analyses
of synthetic nucleotide mixtures. They analysed
twenty-two  5'-nucleotides and four nicotin-
amide-adenine dinucleotides using different
spacers by recording the UV absorption at 254
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Fig. 3. Influence of pH on the separability of ¢ytidine phosphates
(CTP, CDP, CMP), adenosine phosphates (ATP, ADP, AMP),
guanesine phosphates (GTP, GDP, GMP) and uridine phos-
phates (UTP, UDP, UMP), measured by registration of step
heighis. Sequence of step heights: nucleoside triphosphates <
nucleoside diphosphales < nucleoside monophosphates. (From
ref. 16.)

TABLE 1
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nm (LE, 0.005 M HCl-aminobutyric acid
(GABA), pH between 4 and 5; TE, 0.005 M ca-
proic acid, pH 5). The sequence of mobility and
the extinction coeflicients of these nucleotides at
254 nm were determined and are presented in Ta-
ble 1.

2.2. Nucleosides and purine and pyrimidine bases

Oerlemans et al. [19] separated a mixturc of
seventeen purine and pyrimidine derivatives with
the help of non-UV-absorbing spacers {Fig. 4).
Because nucleosides and bases lack the highly
charged phosphate groups, electrolyte systems
with higher pH values arc necessary for ITP of
these compounds. The authors used 0.005 Af
HCl-ammediol (pH 8.35) as the LE, 0.02 M
f-alanine, adjusted to pH 10.4-10.5 with Ba
(OH),, as the TE. UV absorption at 254 nm was
used as the detection system. The mixture to be
separated was composed of the following sub-
stances (where the numbers in parentheses indi-
cate the positions in the tachogram in Fig. 4): the

ELECTROPHORETIC ORDER AND EXTINCTION COEFFICIENTS OF 5-NUCLEOTIDES AND NICOTINAMIDE ADE-

NINE DINUCLEOTIDES

Order Nucleotide  Amount? L Order Nucleotide Amount” B e
(nmol) (nmol)
1 uUTP 1.82 13.04 13a FAD 1.2] 3223
2 TTP 1.82 11.05 14 CDP 218 11.96
3 ITP 1.81 16.29 15 NADP 1.27 18.68
4 oTP 1.70 2118 16 NADH 1.41 16,47
5 ATP 1.81 21.38 17 cGMP 2,57 30.78
6 uUDP 2.13 14.96 I8 UmMp 21 19.85
7 TDP 2.14 12.96 19 TMP 273 16.45
8 1DbP 202 17.33 20 IMP 2.00 19.78
9 cTP 1.82 7.34 21 GMP 2.46 28.34
10 GDP 2.05 25.60 22 cAMP 2.68 30.75
11 NADPH 1.20 14.19 23 AMP 2.63 3003
12 UDPG 1.64 11.21 24 NAD 1.51 22.93

13 ADP 217 25.58 25

“ Amount injected, 2.01 + 0.48 nmol (mean + S.D.).

CMP 272 13.27
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Fig. 4. Analysis of 4 mixture of scventeen nucleosides, purine
and pyrimidine bases and related compounds absorbing at 254
nm and eight non-UV-absorbing spacers (2.7,9,11,15,18,20,23);
ca. 1.5 nmol of each compound were used. Substances and con-
ditions for ITP are indicated in the text. (F'rom ref. 19.)
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purine nucleosides guanosine (22), inosine (16)
and xanthosine (8); the purines guanine (21}, ade-
ninc (24), xanthine (4), hypoxanthine (14), 3-
methylxanthine (10), 1,3-dimethylxanthine (theo-
phylline) (13), 3.7-dimethylxanthine (theobro-
mine) (25), uric acid (the final product of purine
melabolism in humans) (3) and its degradation
product allantoin (12), which is formed in the ur-
lcase reaction and is not a purine. Furthermore,
allopurinol (19). an analogue of hypoxanthine,
and its oxidation product oxopurinol (6), were
included. Allopurinol, a substrate and inhibitor
of xanthine oxidase, is used in the therapy of gout
because it inhibits formation of uric acid (see Fig.
1). The pyrimidines orotic acid (1) and uracil (17)
were also present in this mixturc. Additionally,
substances that were non-absorbing at 254 nm
were included in order to better separate the pyri-
midines and purines (spacers: aspartic acid (2),
N, N-bis-(2-hydroxyecthyl)-2-aminoethanesul-
phonic acid (BES) (7), N-2-hydroxyethylpipera-
zine-N'-2-ethanesulphonic acid (HEPES) (9), N-
hydroxyethylpiperazinepropanesulphonic  acid
(EPPS) (11), 1-methylhistidine {(13). histidine
(18), 3-methylhystidine (20) and «-alanine (23).
The ribonucleosides guanosine, uridine and
thymidine were separated using 0.005 M HCl-
ammediol (pH 8.6) as the LE and ¢-aminocaproic
acid as the TE. Cytidine and adenosine werc sep-
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arated using 0.005 M potassium acetate -acetic
acid (pH 5.2) as the LE and f-alanine as the TE.
The purine bases xanthine and guanine and the
pyrimidine bases uracil and thymine were sep-
arated using 0.005 M HCI-Tris (pH 7.8) as the
LE and fi-alanine as the TE. Cytosine and ade-
nine were separated using 0.005 A potassium
acetate—acetic acid (pH 5.2) asthe LE and 0.01 A/
a-alanine as the TE. Thermal step-heights and
UV detection at 280 nm were used in all these
investigations as detection systems (data from
LKB-Application Laboratory, Bromma, Swe-
den, presented in ref. 2, pp. 302-303).

2.3. Nucleic acid constitueni-related substances

The I'TP characterization ol some nucleotide-,
nucleotide-, purine- and pyrimidine-related sub-
stances has already been described in Sections 2.1
and 2.2, although they are not NACs in a strict
sense of the word. Among them were the nucleo-
tide analogous compounds NAD(P)", NAD
(P)H, ¢cAMP, ¢cGMP and UDP-glucuronic acid
(Table 1) and the purine analogous compounds
allopurinol, oxopurinol, thcophylline and theo-
bromine (Fig. 4). Furthermore, 1TP analyses of
some other derivalives have been reported, such
as the cytostatic drugs 5-fluorouracil [20.21], 5'-
deoxy-5-fluorouridine {22] and arabinofuranosyl-
cytosine triphosphate [23] (see Section 3.2.2).

Analysis of some oligonucleotides (di-, tri- and
tetrameric forms of 2, 5"-oligoadenylates) by cap-
illary analytical ITP has been described [24,25].
These oligoadenylates (pppA2'pSA,
PPPAZ'PS A2 PSA, pppA2pSA2pSA2pSA),
which are generated by the action of interferon in
some virus-infected celles [26], are characterized
by connection of their adenosine residues via
phosphodiester bridges in the unusual 2,5 posi-
tion (Fig. 5). They contain cither triphosphate
groups on Lheir 3-end (2°,5"-oligoadenylates) or
not (2',5-oligoadenylate corcs). Using Ampho-
lines as spacers, the separation of the di-, tri and
tetrameric forms of 2',5-oligoadcnylatc cores
from each other was possible, but not of the tri-
and tetrameric forms of the S'-triphosphates
(Fig. 6).
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Fig. 5. Structures of 2',5"-oligoadenylates (dimeric form, pppA2'pS‘A, or pppApA) and 2’ 5 -oligoadenylate cores (dimerie form.

A2'pS'A, or ApA).

Summarizing the results obtained by analysis
of complex synthetic mixtures, it can be stated
that ITP proved to be a very powerful separation
technique for nucleotides as well as for nucleo-
sides and purine and pyrimidine bases. The sep-
aration systems of these synthetic mixtures can
also be used for the investigation of biological
samples. However, depending on the substances
of interest, the separation conditions, especially
the choice of the most suitable LE/TE system,
have to be adapted to individual problems. In
contrast to the analysis of nucleotides, analytical
capillary I'TP is less suitable for the separation of
oligonucleotides. For analysis of these NACs, the
related technique of capillary zone electrophore-
sis is much more successful [27].

The following sections deal with the applica-
tion of analytical capillary ITP to the determina-

tion of nucleotides, nucleosides and pyrimidine/
purine bases in different fields of medicine and
biology.

3. DETERMINATION OF NUCLEIC ACID CONSTITU-
ENTS IN BIOLOGICAL SAMPLES BY ANALYTICAL
CAPILLARY ISOTACHOPIIORESILS

3.1. Identificarion of nucleic acid constituents in
complex systers

A wide array of methods can be used for iso-
tachophoretic detection and quantification of
NACs in complex synthetic mixtures and in bi-
ological malerial. In many cases the column-in-
tegrated detection systems allow dircet identifica-
tion and quantification of the substances of in-
tercst. They can be identified by comparing the
thermal step-heights or the conductivity signals

PPPAPAPADA +
PPPAPADA
¢l w s Cr\ApApApA Pohoh Ao
wv uv
time time

Fig. 6. Tachograms of a mixiure of ATP, ADP, AMP and the trimeric and tetrameric forms of 2'.5'-oligoadenylates (pppApApA,
PPPPAPAPA), and of the dimeric, trimeric and tetrameric 2'.5"-oligoadenvlate cores (ApA, ApApA, ApApApA) in the presence of
spacers (polyamino-polycarboxylic acids, ampholines). The LE was 0.01 M HCl=j-alanine (pH 3.89); the TE was 0.01 A caproic acid,
A UV detector sel at 254 nm and a conductivity detector were used. Only the oligoadenylate cores could be separated.
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(a more sensitive method) with those of pure sub-
strates. The strong UV absorption of NACs at
254280 nm was most suitablc for characteriza-
tion, especially when the analyses were carried
out in the presence of non-UV-absorbing spacers
(see Fig. 4). In some cases imporant information
may be obtained by performing the analyses us-
ing UV detection at 254 nm and at 280 nm. This
procedure was success{ully applied to the identifi-
cation of nucleoside mono-, di- and triphos-
phates and related compounds in synthetic mix-
tures and mollusc extracts [28], in liver extracts
[29] and to the identification of purines and pyri-
midines in urine samples [30].

Radiolabelled NACs were identified after [TP
separation by collecting the separated substances
on a cellulose acetale strip by means of the Ta-
chofrac system [31]. After passing thc detection
units, the separated ions are pushed out of the
capillary via a T-tube using a counter-flow of LE.
The substances are transferred onto the moving
cellulose acetate strip, allowing an exact correla-
tion between the peak pasitions registered at the
column-integrated detectors and at the strip. Us-
ing this system, studics concerning the metabo-
lism of [*H]orotic acid in liver cells [32] or the
metabolism of [*°S|sulphate and [*H]glucosa-
mine in human fibroblasts were performed [33].
Recently, an on-column radiometric detector
based on solid scintillation counting was con-
structed allowing the registration of *C-labelled
NACs with a detection limit of ca. 16 Bg [34]. In
combination with a conductivity detector, studies
on '*C-labelled CTP have been carried out. This
detection system may allow some biotransforma-
tion studies of radiolabelled NAC precursors and
metabolites in a more convenient way than with
the Tachofrac system.

Another procedure commonly used for identi-
fication of unknown NACs consists of repeating
the analysis using the same sample. but spiked
with the substance of interest. Only the zone
length of the respective substance will be en-
larged. In contrast, the suspected substance can
often be identified in a complex mixture by re-
peating the analysis after treatment with an en-
zyme that metabolizes this compound. The signal
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of the substance in question disappears and, un-
der appropiate conditions, even the product sig-
nal may become visible in the tachogram. This
method has been widely used for the identifica-
tion of different purine metabolites in urine sam-
ples [19]. Addition of xanthine oxidase (XQ) led
to a decrease of hypoxanthine and xanthine, but
to an increase of uric acid (see Figs. 1 and 4);
addition of purine nucleoside phosphorylasc
(PNP), which converts xanthine into xanthosine
and hypoxanthine into inosine, led to a decrease
of xanthine and hypoxanthine, but to an increase
of the zone lengths ol xanthosine and inosine;
adenine was localized after trcatment with ade-
nine phosphoribosyltransferase (A-PRT), which
converted it into AMP. Following addition of ur-
icase, uric acid disappeared and its non-UV-ab-
sorbing {at 254 nm) reaction product allantoin
appeared.

Although recording of the UV signal at 254 or
280 nm is the preferrcd method for the detection
of NACs in ITP, it is sometimes difficult to get
scparate signais ol two compounds because of
their very similar extinction coefficicnts. The use
of spacers that do not absorb at 254 or 280 nm
may then allow separation of the individual com-
pounds, provided that their net mobilities arc
sufficiently different. In the case of very similar
mobilities it may be advantageous to change the
LE/TE syslem in order to get a clear separation
(see Fig. 2). However, cspecially in complex mix-
tures where a high number of compounds arc to
be scparated, it may be better not to change an
optimized LE/TE system. Then, identification
and gquantification of two compounds in a mixed
zone can be assessed by enzymic conversion of
one of these compounds. Anhalt and Holloway
[35] reported that adenosine-2-monophosphate
and adenosine-3-mionophosphate, which [orm
mixed zones, could be analysed quantitatively af-
ter treatment with 3'-ribonucleotide phosphohy-
drolase. Another example is shown in Fig. 7:
Apd4A (diadenosine 5°,5,pl.p*-tetraphosphate)
and ATP have almost identical extinction coeffi-
cients at 254 nm, and form mixed zones [0.01 A7
HCl—f-alanine (pH 3.89) as the LE; 0.01 M g-ca-
proic acid as the TE and, therelore, cannot be
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Fig. 7. Identification of ATP and diadenesine 5,5"-p* p* elraphosphate (Ap4A) n a mixed zone by treatment with | LU. of bacterial
alkaline phosphatasc (BAP) for L h at 37°C. As shown in the insets, ATP [ATP — adenosine + 3 P (inorganic phosphate)] is a substrate
of BAP, but Ap4A is nol. The ATP zone represents the mixed ATP-Ap4A zonc minus the remaining Ap4A zone after trealment with
BAP. The square area highlights contamination (by Ap3A" of the commercial ATP-ApdA mixture. The LE/TE system was us

described in Fig. 6.

analysed separately. However, bacterial alkaline
phosphatase (BAP, EC 3.1.3.1) specifically con-
verts ATP into phosphate and adenosine (which
cannot be detected in this LE/TE system), where-
as Ap4A is not used as a substrate. Therefore,
both compounds can be estimated qualitatively
and quantitatively after treatment with BAP.

Sometimes, it is not possible to obtain separate
zones of two compounds, ¢.g. 1- and 2-naphthyl
glucuronides formed in the UDP-glucuronyl-
transferasc reaction

UDP-glucuronic acid + naphthol — naphthyl
glucuronide + UDP

are not separable. However, the compounds have
different UV extinctions and a quantification of
both compounds was possible at pH 3.5 because
the naphthyl glucuronides formed a uniformly
mixed zone. A prerequisite for their quantifica-
tion was the fact that both substances showed
identical zone lengths per unit of sample [36].

3.2. Sample preparation for isotachophoresis

Sample preparation pricr to I'TP analysis is of-
ten much lcss laborious than for other analytical
procedures. Many purines and pyrimidines can
be estimated directly in diluted urine and, in

some cases, also in serum. For the determination
of nuclcotides in biological material, proper tis-
sue extraction is a crucial step because of the high
turnover rate of many nucleotides. Among the
extraction media reported are methanol, metha-
nol-EDTA, methanol perchlori¢ acid and per-
chloric acid (PCA). Reijenga et al. [37] compared
a methanol extraction procedure in the presence
and absence of EDTA with PCA extraction. The
nucleotides ATP/ADP, GTP/GDP/GMP, UTP/
UDP and IMP were analysed. The tetal recovery
of nucleoside tri- plus diphosphates was almost
equal for methanol with (14.8 nmol/ul) and with-
out (14.8 nmol/ul) EDTA but significantly lower
than for PCA (33.2 nmol/pl). Furthermore, the
total triphosphate/diphosphate ratios were lower
for methanol alonc (1.04) than for the methanol-
EDTA group (1.43), indicating that enzymic de-
composition occurs in the absence of EDTA. In
these experiments (using a preparation of Nassa-
rius reticulatus as the biological source) the PCA
procedure gave the best recovery of nucleotides.
The experiments described were carricd out using
the column-coupling method [38,39]. which al-
lows analysis in the presence of the high ionic
strength associated with the PCA extraction pro-
cedure. This method is hased on the use of two
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capillaries, a wider one (0.8 mm 1.D.), in which
the ([ast) pre-separation step is carried out, and a
narrower onc (0.2 mm 1.D.), in which the final
separation and analytical detection occur. At the
connection of both capillaries a bifurcation block
- - equipped with a side channel with an auxiliary
electrode — is integrated, allowing the elimina-
tion of the zones of ballast. With this equipment,
a high sample load is possible, and high ratios of
sample constituents are tolerated. The column-
coupling method offers great advantages in ITP
analysis. It enables the determination of samples
with high ionic strength, e.g. PCA extracts. It
may be that in other ¢ases the mcthanol-EDTA
method is more suitable than PCA extraction, es-
pecially if no column-coupling system is avail-
able. Furthermore, PCA may lead to some hy-
drolysis of nucleoside triphosphates [40]. Wo-
ledge and Reilly [41] used the methanol-EDTA
procedure for determination of nucleotides and
other metabolites in muscle extracts. For un-
known biological samples the best way is obvi-
ously to test different extraction procedures prior
to analysis. The most important methods for
preparation of biological sumples were recently
reviewed [42).

3.3. Determination of nucleic acid constituents in
urine and blood samples

3.3.1. Analysis of inborn errors of purine and pyri-
midine metabolism

Several inborn errors of the purine metabolism
are known. Patients suffering from these dissases
have abnormal levels of differcnt purine metabo-
lites in their urine and serum: Lesch—Nyhan syn-
drome patients show elevated uric acid levels due
to decreased activity of hypoxanthine-guaninc
phosphoribosyltransferase ~ (HG-PRT, EC
2.4.2.8) [43]. This leads to a diminished resynthc-
sis of GMP and IMP from hypoxanthine and
guanine in the salvage pathway (see Fig. 1). Oth-
er inborn errors of the purine metabolism are due
to decreased activities of adenine phosphoribo-
syltransferase (A-PRT, EC 2.4.2.7), leading to
abnormal levels of 2,8-dihydroxyadenine [44], of
xanthine oxidase (EC 12.32) (abnormal levels of

a7

xanthine and hypoxanthine) [45], and of purine
nucleoside phosphorylase (PNP, EC 2.4.2.1) (ab-
normal levels of deoxyguanosine and deoxyine-
sine) [45]. Defective adenosine deaminase (ADA,
EC 3.5.4.4) (abnormal levels of deoxyadenosine,
detectable as adenine after acid hydrolysis) [46]
leads to a selective killing of lymphocytes, result-
ing in severe combined immunodeficiency disease
(SCID). Inborn errors are also known in pyrimi-
dine metabolism, e.g. indicated by elevated levels
of orotic acid due to decreased activities in oroti-
dine-3'-phosphate  pyrophosphorylase and of
orotidine-5'-phosphate decarboxylase [47] (see
Fig. 1}.

Simmonds et o/, [48] and Sabota er al. [30] have
successfully investigated these metabolites in di-
luted urine samples of paticnts suffering from the
respective diseases by analytical capillary ITP:
the method was considered to be superior for
these investigations to HPLC analysis.

Oerlemans et af. [19] carried out analyses in
patients with Lesch-Nyhan syndrome. The ele-
vated levels of uric acid were characterized in di-
luted urine samples. Addition of spacers that do
not absorb at 254 nm were included in order to
improve the separation of the different com-
pounds (scc Fig. 4). Uric acid. which is present in
high concentration even in hormal persons, tends
to precipitate in Lesch-Nyhan patients, leading
to gout and uric acid stone formation. (Uric acid
as well as xanthine, oxalate, phosphate and cys-
tine in urinary stones were determined by analyt-
ical capillary ITP using two different LE/TE sys-
tems [49].) Thercfore, patients are treated with
allopurinol, an inhibitor of xanthine oxidase.
Conscquently, uric acid levels drop and xanthine
and hypoxanthine increasc. Fig. 8 shows a urine
sample from a Lesch—Nyhan patient before and
after treatment with allopurinol (separation in
the absence of spacers). The different compounds
were identified according to the methods de-
scribed in Section 3.1. Since allopurinol is ox-
idized by xanthine oxidase, oxipurinol can also
be detected in the tachogram.

The inborn errors described above are charac-
terized by the fact that the respective enzyme de-
fect is expressed in all tissues. Urine and serum
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0.002 M B-alanine—Ba(OH), (pH 10.4 10.5). {From ref. 106.)

samples can be used for detection. In some other
diseases, however, the enzyme defect may be re-
stricted Lo certain ccll types: therefore, the respec-
tive tissuc material has to be investigated for its
characterization. An example of this is the Du-
chenne muscle disease (DMD) [50,51], an X-
chromosome-linked degenerative diseasc that is
invariably fatal by around age 25. In muscle ex-
tracts from patients suffering from this discase
almost no adenine nucleotides are present com-
pared with normal persons, as shown in Fig. 9.

3.3.2. Determination of nucleic acid constituenis in
cancer diagnosis and therapy

Buhl e/ /. [52] measured the urine excretion of
hypoxanthine, xanthine, pscudouridine, methyl-
guanidine, l-methylhypoxanthine and orotic
acid in nude mice heterotransplanted with a hu-
man mesothelioma. The modified purines 7-
methvlguanidine and 1-methylhypoxanthine as
well as pseudouridine occur in tIRNA. Owing to

an increased tRNA turnover [53] and an in-
creased degree of tRNA methylation [54] in
many types of cancer, the urinary excretion of
these modifed purine and pyrimidine compounds
is considerably increased, because they are not
subject to further catabolism or to metabolic re-
incorporation. Especially elevated levels were ob-
served in paticnts with various forms of leukemia
as well as with Hodgkin’s disease [55,56], and in
solid tumours [57]. They have been found to be a
sensitive parameter to tumour proliferation in vi-
vo and as a convenient follow-up control to judge
the success of chemo/radiotherapy and surgery.
ITP analysis showed that the urine levels of
pseudouridine and hypoxanthine, xanthine, 7-
methylguanine and 1-methylhypoxanthine were
increased in mesothelioma-bearing nude mice.
The dctermination of hypoxanthine and pseu-
douridine proved to be a uscful marker of tu-
mour expansion. The levels of both substances
normalized during chemotherapy. It was con-
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cluded that the determination of pseudouridine
may be suitable as a follow-up parameter during
cancer therapy. Using 0.005 M HCl-2-amino-2-
methyl-1,3-propanediol (pH 9.8) as the LE and
20 mM p-alanine-Ba(OH), (pH 10.5) as the TE,
analysis was carried out in urine samples without
any pretreatment.

Another cxample of the analysis of NAC-relat-
ed substances in cancer therapy by ITP was re-
ported by Gustavsson and co-workers [20,21].

They determined 5-fluorouracil (5-FU) in serum.
5-FU 15 a widely distributed chemotherapeutic
drug [58], which is operative after metabolic con-
version into 3-fluorodeoxyuridylate (5-FdUMP)
by inhibition of thymidylate synthase. S-FdUMP
irreversibly inhibits thymidylate synthase, there-
by preventing formation of dTMP from dUMP.
The aim of the ITP study was to find a method
that allows the determination of serum levels of
5-FU in order to adapt an optimal therapy to
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individual persons. Serum was pretreated by
anion exchange and 5-FU was eluted with formic
acid. After evaporation the dry samplc was dis-
solved in water [LE, 0.005 M HCI Tris {pH
7.45); TE, 0.04 M glycine-Ba(OH), (pH 9.4).
Samples from patients were measured before and
after therapy, with a recovery rate of 82%. A si-
multaneous determination of xanthine was pos-
sible using the same method. Because in tumour-
bearing individuals purine turnover is clevated,
additiona! information may be drawn from these
data.

These investigations were later extended by the
determination of 5'-deoxy-3-fluorouridine (3-
dFUR) [22]. This substance showed antineoplas-
tic activity against several tumours in rodents
[59,60]. Compared with 5-FU, a dramatic reduc-
tion in host toxicity was observed. Using 0.005 M
HCI -hydroxypropylmethyl cellulose (HPMC)
(pH 8.4) as the LE and 0.04 M glycine-Ba(OH).
(pH 9.4) as the TE, simultaneous determination
of 5-FU and 5-dFUR in pretreated plasma sam-
ples was possible using non-UV-absorbing
spacers.

3.3.3. Other determinations of nucleic acid constit-
uents in blood samples

Theophylline {(1,3-dimethylxanthine) is a bron-
chodilator and, therefore, widely used in the
treatment of asthma. Its therapeutical effect de-
pends on its serum concentration. For the detec-
tion of the small therapeutical theophyliine lev-
els, the peak-height method {13] was used. Prior
to analysis, serum was deproteinized by polyeth-
ylene glycol, and 1TP was carried out using gly-
cylglycine and serine as spacers [61]. Alternative-
Iy, ITP analysis was performed in ultrafiltered se-
rum using serine and bicine as non-absorbing
spacers [62]. Theophylline was also determined
using conductometric detection [63].

Hypoxanthine, a marker of tissue hypoxia, was
measured in the serum of normal persons and in
umbilical blood, after deproteinization and ion-
exchange chromatography [64].

Uric acid was determined in serum samples
without any samplc pretreatment using the col-
umn-coupling technique [65]. The amount of uric
acid bound to serum proteins was estimated by
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comparing ultrafiltered and non-ultrafiltered
samples: ca. 153% of uric acid bound to pooled
serum proteins with a molecular mass exceeding
25 000.

Nucleotides have been determined in the cellu-
lar compounds of blood by analytical capillary
ITP. Different nucleotides at concentrations
down to 50 pmol have been determined in lyo-
philized acctonitrile—water extracts of human red
blood cells, mononuclear phagocytes and plate-
lets [66].

Talbot [67] used the ATP (as well as lactate,
phosphate and diphosphoglycerate) concentra-
tion of erythrocyles as a blood storage param-
eter. A decrease of ATP levels was ohserved in
patients with ancmia and in aged erythrocytes
[68].

Another study was carried out to determine
nucleotides in lymphocytes [69]. The particular
aim of this investigation was to study the influ-
cnce of y-radiation (30 Gy) and hyperthermia on
the NAD™ pool: y-radiation causes DNA-strand
breaks, a process associated with the activation
of poly(ADP-ribose) polymerase. This enzyme
transfers poly(ADP-ribose) residues to histones
and other proteins, thereby consuming NAD™ as
a substrate [70]. Consequently, the NAD* pool
dropped significantly aftcr y-radiation, but recov-
ered to the original level within 5 h. In contrast,
recovery was only small under hyperthermic con-
ditions.

3.4. Determination of nucleic acid constituents in
different biological materials

In contrast to nucleosides and their respective
bases, nucleotides are found almost exclusively
inside the cells. They have been determined in
different tissue extracts. ITP investigations on
nucleotides carried out before 1980 were re-
viewed by Holloway and Liistorfi [1].

Many experiments have been performed in or-
der to characlerize the nucleotide content of mus-
cle tissues of humans [40,71,72], frogs [73.74],
pigs [75], rats [76] and even in the body wall mus-
culature .of the lugworm Arenicola marina |77).
Using muscle biopsies from pigs, Van Bennekom
et al. [75] found that the amount of IMP (as wcll
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as creatine phosphate, creatinc and lactate) can
be used as a diagnostic parameter for susceptibil-
ity to malignant hyperthermia, a complication in
anaesthesia with a high mortality rate [78]. In an-
other investigation, P NMR spectra of rabbit
portal vein, urinary bladder, and taenia coli
smooth muscles were investigated for ATP, phos-
phocreatine and phospho monoester. These sub-
stances were analysed in parallel in tissuc extracts
by ITP. Phosphocreatine/ATP ratios were found
to be similar in both systems, whereas ADP and
inorganic phosphate levels were found to be
much lower in tissue extracts [79].

Nucleotides have been investigated not only in
muscles, but also in many other tissues. Perez et
af. [76] measured ATP and ADP levels in mus-
cles, heart, liver, kidney and lung of rats. The
highest levels were in skeletal and smooth mus-
clles, and the lowest in the kidncy and lung.

A number of interesting experiments have been
performed by Eriksson er af. [29]. In rat liver.
nucleotides were determined by recording the UV
ahsorption at 254 and 280 nm. Twenty-four dif-
ferent nucleolides (and ascorbic acid) could be
clearly detected. Quantitative determinations
were carried out of ATP (3000 nmol/g wet liver
tissue), ADP (715), AMP (160} and UTP (360).
Eriksson and Strath [80] established optlimal
methods for liver sampling in order to prevent
nucleotide decomposition during tissue prepara-
lion, and observed that UDP-GlcUA levels de-
creased after diethyl ether and divinyl ether nar-
cosis [80].

Eriksson [81] also measured the base composi-
tion of rat liver RNA. Extracted liver was hydro-
lysed with 0.3 M KOH, and the 2’(3'}-monophos-
phates formed were determined by capillary ITP
using the column coupling method. In agreement
with other assays, a G + C/U + A ratio of 0.75
was found in DNA-like RNA and ol 1.64 in ribo-
somal-type RNA.

By using the Tuchofrac technology, different
investigations were carried out with radiolabelled
nucleotide precursors as well as with substrates
that interact with uridine nucleotides. The effect
of 5-fluoroorotic acid on early labelling of nucle-
otides in white rats was investigated in the pres-

I

ence of [*HJorotic acid [32). Radiolabelled UTP,
UDP-GlcUA, UDP, UMP, UDP-Hex and UDP-
HexNAc were identilied on the cellulose acetate
strip.

In cultured human fibroblasts, the incorpora-
tion of [*H]glucosamine into UDP-N-acetylhex-
osamine, as well as of [*°S}sulphate, leading to
the formation of 3’-phosphoadenosine-5'-phos-
phosulphate (PAPS) was determined [32]. Treat-
ment with the glucocerticoid budesonide led to
an increase of the UDP-N-acetylhexosamine
pool. The rate of equilibration of [H]glucosa-
mine with the UDP-N-acetylhexosaminc pool
was decreased by glucocorticoid treatment [82].

Nucleotide ITP analysis was also used for
many other applications, for example in studies
concerning age-related changes in different parts
of the lenses of the eye [83,84], in a development
study using mollusc Nassarius reticulatus [23], in
food technology to evaluate the best storage con-
ditions for frozen carp muscles [85], and to follow
the nucleotide release of microorganisms after
treatment with voltage pulse and ultrasonic treat-
ment [86]. The results of these investigations usu-
ally correspondend well with those of other es-
tablished methods. In many cases ITP analysis
allowed the simultaneous estimation of many dif-
tferent nucleotides and metaboelically related com-
pounds, such as inorganic phosphate, lactate or
creatine phosphate, in a single run.

4, NUCLEIC ACID CONSTITUENTS AND RELATED
SUBSTANCES AS SUBSTRATES FOR ENZYMIC REAC-
TIONS

First experiments concerning the use of analyt-
ical capillary ITP for enzymic determinations us-
ing NAC as substrates have been carried out by
Kopwillem [87] and Everaerts and Verheggen
[88]. They investigated the two-step enzymic con-
version of glucose into 6-phosphogluconate as
model system to demonstrate the separability of
thc involved ions ATP, ADP, NADP*,
NADPH, glucose-6-phosphate and 6-phospho-
gluconate.

Many well established photometric assays exist
for the determination of enzymes that usc NAD
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{P) (H) or ATP as substratcs. Howcver, in some
cases, the use of 1TP for the determination of
NAC-dependent enzymic reactions may be supe-
rior to photometric methods, because several
substrates and products of an enzymic reaction
can be monitored at the same time. This is impor-
tant in complex biclogical systems, for example,
il one substrate is simultaneously metabolized by
different enzymes. The simultaneous cstimation
of the enzymically generated products may offer
additional information concerning the rclative
activities of the enzymes in the reaction mixture,
The group ol Holloway performed several inves-
tigations concerning the use of NAC and related
compounds as substrates for enzymic determina-
tion using capillary I'TP. They investigated in de-
tail the enzymic reaction of UDP-glucuronate
with different substrates using microsomes
[89,90]. UDP-glucuronatc is both the substrate
of UDP glucuronyltransferase (EC 2.4.1.17),
which Lranslers glucuronate to many xenobiotics
and endogencous toxins:

UDPGIcUA + A-OH — A-GlcUA + UDP

and of a non-specific nucleotide pyrophosphatase
(EC 3.6.1.9), which splits UDP—glucuronate into
UMP and glucuronate-1-phosphate:

UDPGIcUA — UMP + GlcUA-1-P

Most of the standard assays for UDP glucuro-
nyltranslerase activily tuke no account ol the loss
of UDP-glucuronate through phosphatase activ-
ity. By using paracetamol as glucuronide aceept-
or, il could be shown that this substrate was me-
tabolized slowly hy UDP glucuronyltranslerase
of rat liver microsomes, therefore, the pyrophos-
phatase activity became more important. With
the help of ITP both activities could be dcter-
mined simultancously. Based on the substances
identified by I'TP it was further concluded that an
additional phosphatasc activity was present in
the reaction mixture, which finally led to the dis-
appearance of UDP, UMP and GlcUA-1-P (Fig.
10). Because in conventional assays the hydrolyl-
ic pathways were often not considered to be part
of the glucuronidation reaction. false results oc-
curred. ITP proved to be an excellent method for
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the complete analysis of this system. Further-
more, the turnover rate of different substrates
(e.g. p-nitrophenol, 4-methylphenol, 1-naphthol
and 2-naphthol) in the glucuronidation reaction
could be estimated simultaneously [91,92]. As al-
ready mentioned (see Section 3.1), a special tech-
nique has been used for the determinaticn of the
glucuronidation products of 1- and 2-naphthol,
since they form inscparable mixed zones in the
tachogram.

The determination ol phenolsulphotransferase
(EC 2.8.2.1), which catalyses the transter of sul-
phate Lo phenolic hydroxy groups, is another ex-
ample of the usc of TP in the analysis of complex
enzymic reactions [93]. The usual photometric as-
say. which 1s normally carried out in the “reverse
reaction”, was compared with the ITP proce-
dure. In this assay, adenosine 3'.5'-diphosphate
(PAP) and 4-nitrophenyl sulphate (pNPS) are
converted into adenosine 3'-phosphate 3'-phos-
phosulphonate (PAPS) and 4-nitrophenol (pNP).
Subscquently, transfer of sulphate groups from
PAPS to different phenolic acceptor molecules
was followed by ITP, leading to the regeneration
o PAP. ITP analysis proved to be superior Lo the
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photometric assay, which detects only the forma-
tion of pNP. A recently introduced ITP method
allowed the simultaneous determination of glu-
curonidation and sulphation (as well as gluta-
thione conjugation). In contrast to other tech-
niques, the ITP method could be carried out di-
rectly without any additional analytical steps
[94].

ITP was also used to investigate the activity of
adenylate kinase (EC 2.7.4.3), which converts
two molecules of ADP into AMP and ATP. Us-
ing both physiological substrates and substrate-
analogous compounds, these investigations
showed that the enzyme required ADP as phos-
phate donor, whereas the specifity of the phos-
phate acceptor was found to be less strict [95].

In another study, the specificity and kinetic
characteristics of different enzymes (3'-nucleoti-
dase, EC 3.1.3.8; 5'-nucleotidase, EC 3.1.3.5; nu-
cleotide pyrophosphatase, EC 3.6.1.9) for differ-
ent nucleotides (ATP, ADP, AMP, adenosine
2'.5'-diphosphate, adenosine 3°,5'-diphosphate,
adenosine 2’-monophosphate, adenosine 3'-
monophosphate, adenosine 5°-phosphosulphate)
have been investigated [96].

Analytical capillary ITP was used for the de-
termination of 2',5'-oligoadenylate synthetase
(2".5'A-synthetase) [25], and 2',5"-oligoadenylate
phosphodiesterase (2',5'A-PDE) [24]. Both en-
zymes are part of the so-called 2-5A system,
which can be induced in virus-infected cells by
interferon [26]. Interferon stimulates the synthe-
sis of 25" A-synthetase which generates 2',5'-oli-
goadenylates (2°,5'A) from ATP after binding to
partially double-stranded virus RNA. Trimeric
and tetrameric forms (see Fig. 6) are the most
important 2’,5-oligoadenylates: they activate a
latent RNase, which splits preferentially the sin-
gle-stranded regions of the partially double-
stranded RNA [97]. Consequently, synthesis of
the respective proteins is inhibited. This revers-
ible reaction is stopped by a 2,5 A-PDE, which
splits 2',5-oligoadenylates into AMP and ATP
[98], thereby leading the RNase back to its in-
active form. The formation and degradation of
2',5"-oligoadenylates (trimeric form as an exam-
ple) are shown below:

73

2,5 A-synthetase .

3 pppS'A
(3 ATP)
pPpPpS'AZpS' A2 pS’A + 2 pp
(2°,5'A-trimer + 2 pyrophosphate)
PPpS A2'pS A2'pS'A . 2WA-PDE >

(2',5' A-trimer)
pPPPSA + p'A + p'A
(ATP + 2 AMP)

2',5'A-synthetase acitivity in lysates of interfe-
ron-treated mononuclear blood cells was deter-
mined by monitoring the consumption of ATP
[25]. 2',5'A-PDE activity was followed by the
degradation of A2'p5'A2'pS’A (or ApApA). En-
Zyme assays were carried out using snake venom
phosphodiesterase (SV-PDE, EC 3.1.4.1), which
is known to have 2',5'A-PDE activity, and in ly-
sates of mononuclear blood cells.

The determination of 2°,5’A-PDE activity by
analytical capillary ITP proved to bhe superior to
many other reported methods [99]. Fig. 11 shows
as an example the time course of the degradation
of ApApA after 5 and 60 min incubation time
with 0.04 1.U./ml SV-PDE. Beside unmetabo-
lized ApApA, ApA and small amounts of AMP
are detectable after 5 min. After 60 min, ApApA
is completely degraded to inorganic phosphate
and adenosine (not visible under the test condi-
tions) because of the additional 5'-exonuclease
activity of SV-PDE. The metabolites in these ta-
chograms were identified by comparison with
pure substrates.

In summary, ITP proved to be an excellent
method for the determination of special enzymes
that use nucleotides and their analogucs as sub-
strates. The method often allows the simultane-
ous determination of different reactions that fre-
quently occur in parallel in complex biological
systems.

5. MISCELLANEOUS APPLICATIONS
Analytical capillary ITP has often been used

for purity control of commercially available
NACGs. Frequently, significant levels of impuri-
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Tig. 11. Time course of the degradation of ApApA (3 mAf) by incubation with 0.04 L.U./ml snake venom phosphodiesterase at 37°C,
leading finally at 60 min to inorganic phosphate and adenosine (not visible in the LE/TE system). The LE was 0,01 M HCl f-alanine
(pH 3.89); the TE was 0.01 M caproic acid. After 5-min incubation, as well as unmetabolized ApApA. it was possible to detect inorganic
phosphate. AMP and ApA by comparison with the respective pure substrutes. (From ref. 24.)

ties could be detected, often in contrast Lo the
manufacturer’s data (e.g., ADP contaminated
with AMP and ATP) [100], UDP (contaminated
with UMP [101], 2',5-oligoadenylate cores
(A2'p5 A2, A2pS A2 pYA,
A2'pSA2'pSA2'pS A) [24,25] and ApdA, Fig. 7).
Capillary analytical 1TP, equipped with an inte-
grated radio detector, has been used for quality
control of *C-labelled nucleotides: contamina-
tions with CDP, CMP and unknown compounds
could be detected [34].

Another application for analytical capillary
ITP was the control of the synthesis of nucleotide
analogous compounds, among them N°-(6-ami-
nohexyl)carbamoylmethyl-ATP and N°-(6-ami-
nohexylcarbamoyimethyl-NAD {102]. The puri-
ty of other synthezised NAD ™ derivatives (8-bro-
mo-NAD *, N1-(2-aminoethyl} NAD" and N'-
(3-chioro-2 hydroxy-propylNAD™ was investi-
gated by Buret and Cox [103].

Single nucleotides are well suited to analysis by
analytical ITP, but oligonucleotides are not. The
differences in net mobilities of oligonucleotides
with similar numbers of bases are often too small
for them to be separated. For example, as shown
in Fig. 6, separation of the dimeric, trimeric and
tetrameric [orms of 2°,5-oligoadenylate corcs
was possible, but not of the corresponding 5'-tri-
phosphates. Oligoadenylates with cven small dif-
ferences in their number of bases can be success-
[ully analysed by a rclated method, capillary zone

electrophoresis [27]. However, preparative carricr
ITP has been used for the complete recovery of
DNA fragments (ranging [rom oligonucleotides
up to 20 000 base pair fragments) from agarose
and polyacrylamide gels [104].

6. CONCLUSION

Nucleotides, nucleosides and purine and pyri-
midine bases and their analogues are among the
most suitable substrates for analysis by capillary
ITP. The strong UV absorption of purines and
pyrimidines at 254 nm aliows convenienl, sensi-
tive and reproducible analyses using only small
amounts of samples. Comparisons between ana-
Iytical capillary ITP and many other established
methods (HPLC, fluorimetric and photometric
assays, microbial analysis or *'P NMR spectros-
copy) consistently confirmed the high quality of
NAC determinations by I'TP. In many cases, I'TP
analysis proved to be superior, because the sub-
stance of interest and a number of related metab-
olites could be estimated simultancously. The
method is flexible, because LE/TLE systems can
easily be adapted Lo a special scparation prob-
lem. Furthermore, the preparation of biological
samples prior to analysis is often more conve-
nient in ITP than in comparable methods. By us-
ing ITP systems with column-coupling, the anal-
ysis of sample constituents even in unfavourable
extraction systems such as PCA is further facil-
itated.
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Despite these advantageous features, analyti-
cal capillary ITP is not a widely used analytical
technique. For routine analysis in medical lab-
oratories, many other methods are available
which are similarily sensitive and accurate, but
easier and faster to perform. However, for some
special problems in medical diagnosis, the high
specificity and sentivity of TP may be of benefit.
In particular, the analysis of purine and pyrimi-
dine metabolites in patients with inborn errors, in
diseases in which cellular energy supply cannot
be maintained [105], or in the determination of
NAC-related antimetabolites in cancer diagnosis
and therapy, may well be susceptible to this tech-
nigue.

For research problems that deal with nucleo-
tide metabolism, ITP is a powerful method. Fur-
thermore, for some problems in the expanding
field of gene technology (e.g. purity-control stud-
ies), capillary analytical ITP may also be helpful.
However, in oligonucleotide research and in
many other related arcas, capillary zone electro-
phoresis is increasingly the method of choice.
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