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ABSTRACT

Nucleotides have been routinely supplemented to infant formulas due to
the important roles they play in metabolism and to replicate the higher
concentrations typically found in human milk. A method utilising anion
exchange solid-phase extraction clean-up and liquid chromatography was
developed for the rapid, routine determination of supplemented cytidine
5'-monophosphate, uridine 5-monophosphate, inosine 5-monophosphate,
guanosine 5-monophosphate, and adenosine 5-monophosphate in bovine
milk-based infant formula. Chromatographic analyses were performed
using a C;g stationary phase with gradient elution, UV detection, and
guantitation by an internal standard technique. A single-laboratory
validation was performed, with recoveries of 92-101% and repeatability of
1.0-2.3%. An extension study demonstrated the expansion in scope to a
wider range of different infant formula products including milk protein and
hydrolysate-based products, low and high fat products, soy protein-based
and elemental products, adult nutritional and infant formulations, in both

ready-to-feed and powder forms.

The development of a method to measure the total potentially available
nucleosides (TPAN) in human milk has made an important contribution to
further understanding the distribution of nucleosides and nucleotides. This
method was applied in a lactation study of bovine milk with colostrum and
milk samples collected from two herds over the course of the first month
post-partum, pooled within each herd by stage of lactation and the TPAN
concentrations were determined. Sample analysis consisted of parallel
enzymatic treatments, phenylboronate affinity gel extraction, and liquid
chromatography to quantify contributions of nucleosides, monomeric
nucleotides, nucleotide adducts, and polymeric nucleotides to the
nutritionally available nucleoside pool. Bovine colostrum contained high
levels of nucleosides and monomeric nucleotides, which rapidly decreased

as lactation progressed into transitional milk. Mature milk was relatively
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consistent in nucleoside and monomeric nucleotide concentrations from
approximately the tenth day post-partum. Differences in concentrations
between summer-milk and winter-milk herds were largely attributable to

variability in uridine and monomeric nucleotide concentrations.

The TPAN method was subsequently applied to the analysis of mature
bovine, caprine, and ovine milk. The contributions to TPAN from
polymeric nucleotides, monomeric nucleotides, and nucleotide adducts
were then calculated. Ovine milk contained the highest concentration of
TPAN (374.1 pmol dL™), with lower concentrations in caprine milk
(97.4 pmol dL™) and bovine milk (7.9 pmol dL™). Ovine milk contained the
highest concentrations of each of the different nucleoside and nucleotide

forms, and bovine milk contained the lowest.

A method for the simultaneous analysis of nucleosides and nucleotides in
infant formula using reversed-phase liquid chromatography-tandem mass
spectrometry was developed. Following sample dissolution, protein was
removed by centrifugal ultrafiltration. Chromatographic analyses were
performed using a C;g stationary phase and gradient elution, with mass
spectrometric detection, and quantitation by stable isotope Ilabelled
internal standard technique. A single laboratory validation study was
performed with recoveries of 80.1-112.9% and repeatability relative
standard deviations of 1.9-7.2%. The method was validated for the
analysis of bovine milk-based, soy-based, caprine milk-based and

hydrolysate-based infant formula.
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ANALYSIS OF NUCLEOSIDES AND NUCLEOTIDES IN MILK AND INFANT FORMULA

1. INTRODUCTION

In recent years, there has been considerable activity in the analysis of
bovine milk for bioactive factors that may confer significant improvements
to human health. Found in a wide concentration range, from parts per
billion to parts per million, these bioactive components influence the
physiological development of the neonate.

Nucleosides and nucleotides are a group of structurally related bioactive
components present that exhibit a diverse range of nutritional benefits to
infants. The presence of nucleotides in human and bovine milk as DNA
and RNA was established, with the concentration of RNA more than 20
times higher than DNA (Sanguansermsri et al., 1974). The nucleotide
content in milk and the health benefits these impart have been fertile
topics of research in recent years. The focus of this study is restricted to

ribonucleoside and ribonucleotides only, and excludes deoxyribose forms.

Due to the role nucleotides play in metabolism, and in order to resemble
more closely the nucleotide profile of human milk, infant formula (unless
otherwise specified, infant formula refers to bovine milk-based or whey-
based formulas) has been routinely supplemented with nucleotides.
However, nucleotide supplementation is still somewhat controversial,
particularly when fortified to levels equivalent to the total potentially

available nucleoside (TPAN) levels of human milk.

When manufacturing products for infant consumption, analytical methods
used to confirm product composition are held to a high standard. The
merit of an analytical method is demonstrated through a single laboratory
validation (SLV) study whereby a method is shown to be accurate, precise,
robust, and fit-for-purpose. Coupled with the commercial requirements for
rapid, high capacity sample throughput, there is a distinct need for an

accurate and precise rapid, analytical method for the routine product
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compliance analysis of nucleotides in a wide range of infant formula. A
robust method for the routine analysis of nucleotides was developed and
validated as part of this study. A description of this method and results
obtained from this research were summarised and presented at the 123rd
annual AOAC International conference in 2009 and subsequently
published in the Journal of AOAC International (Gill etal.,, 2010) (see
Appendix |, Appendix II).

The development of an analytical method to measure TPAN has been an
important contribution to further understanding the distribution of
nucleosides and nucleotides, which has important implications for infant
nutrition. With the increasing trend towards nucleotide supplementation of
infant formulas, it is surprising that an analysis of TPAN in bovine milk has
not previously been reported. Therefore, an analysis of TPAN in bovine
colostrum and milk as well as mature bovine, caprine, and ovine milk
forms a part of this study. A description of this method and results
obtained from this research were summarised and presented at the 124th
annual AOAC International conference in 2010 and subsequently
published in the International Dairy Journal (Gill etal., 2011; Gill et al.,
2012b) (see Appendix I, Appendix II).

In recent years, a number of separation modes have been coupled, either
online or off-line, to various mass spectrometric techniques in the analysis
of nucleosides and nucleotides in biological tissues and fluids. Currently,
few of these techniques have been applied to the analysis of milk and
infant formula. A part of this study includes the development, optimisation,
and validation of a liquid chromatography-mass spectrometry (LC-MS)
method for the simultaneous quantitation of nucleosides and nucleotides.
A description of this method and results obtained from this research were
summarised and subsequently published in Analytical Bioanalytical

Chemistry (Gill et al., 2013) (see Appendix I, Appendix II).
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2. LITERATURE REVIEW

2.1. Nucleotide Biochemistry

Nucleotides are compounds of critical importance to cellular function.
They operate as precursors to nucleic acids, as mediators of chemical
energy transfer and cell signalling, and as integral components of
coenzymes in the metabolism of carbohydrates, lipids, and protein (Carver
and Walker, 1995; Cosgrove, 1998; Yu, 1998).

2.1.1. STRUCTURE OF NUCLEOTIDES

Nucleobases are low molecular weight heterocyclic aromatic compounds
based on either a purine or pyrimidine structure; Figure la. These include
cytosine, thymine, uracil (pyrimidines) and adenine, guanine,
hypoxanthine, xanthine (purines). Nucleosides consist of a purine or
pyrimidine base attached via an N-glycosidic linkage to p-D-ribofuranose;
Figure 1b. Nucleotides are o-phosphoric acid esters of nucleosides
containing one to three phosphate groups on the ribose 2—, 3— or most
commonly 5—carbon. Cyclic nucleotides contain a phosphate group that is

bonded to two of the ribose hydroxyl groups forming a ring structure;

Figure 2.
(a) (b)
6 7 4 5 H
'NE N AN HO O
L X0 R4
3 1 HO ‘OH
purine pyrimidine B-D-ribofuranose

Figure 1. Structure and numbering of purine, pyrimidine and ribose
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The chemical behaviour of the polyvalent phosphate group, dominated by
its negative charge at physiological pH (5-7) and its chemical stability,
confers properties that make nucleotides suitable as building blocks within
genetic material (Westheimer, 1987). The presence of high-energy
phosphate bonds in adenosine triphosphate (ATP) provides a mechanism
whereby chemical energy can be stored and then liberated when needed
(Gropper et al., 2009).

2.1.2. PHYSICAL PROPERTIES OF NUCLEOTIDES

The acid-base behaviour of a nucleobase is the critical factor that
determines its charge, its tautomeric structure and the donation or
acceptance of protons. Cytosine and adenine are strongly basic and are
protonated at moderately acidic conditions. The dissociation constant for
this process is defined as in Equation 1. Uracil is weakly acidic and is
deprotonated in weakly alkaline conditions. The dissociation constant for
this process is defined as in Equation 2. Guanine and hypoxanthine are
intermediate compounds, and are protonated in strongly acidic conditions,

and are deprotonated in weakly alkaline conditions.

H*|[B .
-log [[—ng]l (Equation 1)

pKa = -log Ka

-log Ka = -log [%418@]1 (Equation 2)

PKa

Those nucleobases with amine groups, adenine, guanine and cytosine,
are protonated on the ring nitrogens rather than the free amine group.
The positions of (de)protonation and pK, values of nucleobases are given
in Figure 3. All of the nucleobases are uncharged from pH = 5-7, that is,

at physiological pH.

LITERATURE REVIEW 5
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Figure 3. Site and pKj, values for (de)protonation of nucleotides (adapted
from Bloomfield et al., 2000; Dawson et al., 1986)

Nucleobases are capable of undergoing tautomeric isomerisation as either
keto-enol or amine-imine equilibria. Spectroscopic analysis has shown
that the major nucleobases exist primarily (> 99.99%) in their keto or

amine forms (Blackburn et al., 2006).

The presence of the phosphate group in nucleotides has the effect of
making the ring nitrogen atoms more basic as illustrated by a higher pKj
value of the nucleotide compared to the corresponding nucleoside;
Table 1. The phosphate group of nucleotides possess two ionisable

protons. The pK, values of these are only slightly dependant on the

LITERATURE REVIEW 6
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nucleobases and position of the phosphate on the ribose sugar. The pK,
for the loss of the first and second proton from the phosphate group are ~1
and ~6-—7 respectively, and hence, the phosphate group carries a negative
charge at physiological pH. It is only at pH > 12 that a proton is removed
from the 2', 3'-diol of the ribose (Blackburn et al., 2006; Dawson et al.,
1986).

Table 1. Nucleoside and nucleotide pK, values

Base PKa
[site of (de)protonation] Nucleoside Nucleotide
adenine [N-1] 3.5 3.8
cytosine [N-3] 4.2 4.4
guanine [N-1, N-7] 1.6,9.2 2.4,9.4
uracil [N-3] 9.2 9.4
hypoxanthine [N-1, N-7] 1.2,8.9 15,89

2.1.3. NUCLEOTIDE METABOLISM

In tissues such as the gut and in the immune system in which cells are
rapidly turned over, there is a continuous requirement for production of
nucleic acids and their constituent nucleotides. To meet cellular demand,
nucleotides are supplied via de novo synthesis, the salvage pathway, and

dietary absorption (Boza and Martinez-Augustin, 2002).

2.1.3.1 Dietary Nucleotides

Nucleotides in the diet are ingested in the form of nucleoproteins,
polymeric nucleotides (nucleic acids), nucleotide derivatives, and
monomeric nucleotides. These are digested in the gastrointestinal tract by
proteases, nucleases, phosphatases and nucleotidases and are available

for absorption predominantly as nucleosides; Figure 4 (Gil etal., 2007,

LITERATURE REVIEW 7
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Quan et al., 1990; Sonoda and Tatibana, 1978; Thorell et al., 1996; Uauy
et al., 1994).

Nucleoproteins

proteases
v

Nucleic Acids

nucleases
phosphosesterases

v

Nucleotides Nucleotides

nucleotidases
phosphatases
v

Nucleosides > Nucleosides

nucleosidases

v

Purines and Pyrimidines Purines and Pyrimidines

v

NN

Intestinal Tract Intestinal Wall

Figure 4. Enzymatic digestion of nucleotides to nucleosides in the gut
(from Quan et al., 1990)

Only a small proportion of dietary nucleotides are incorporated directly into
nucleotide tissue pools, with the rest converted to uric acid and other
metabolites (Quan, 1992).

2.1.3.2 Purine Nucleotide Biosynthesis

The purine nucleotides are all derived from inosine 5'-monophosphate
(IMP) (Blackburn et al., 2006; Garrett and Grisham, 1999; McMurry and
Begley, 2005; NC-IUBMB, 2010). The initial step in de novo IMP

LITERATURE REVIEW 8
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synthesis is the formation of 5-phosphoribosyl a-diphosphate (PRPP) from
a-D-ribose 5-phosphate and ATP followed by multi-step formation of the

purine base; Figure 5

OH oPP glutamine PP,
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OH carboxylase OH [EC 6.3.2.6]
[EC4.1.1.21]
aminoimidazole carboxyaminoimidazole N-succinylo-5-aminoimidazole-
ribonucleotide (AIR) ribonucleotide (CAIR) 4-carboxamide ribonucleotide (SAICAR)
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Figure 5. Biosynthesis of IMP from ribose 5-~phosphate (from McMurray
and Begley, 2005; Garrett and Grisham, 1999)

LITERATURE REVIEW 9
NUCLEOTIDE BIOCHEMISTRY



ANALYSIS OF NUCLEOSIDES AND NUCLEOTIDES IN MILK AND INFANT FORMULA

The transfer of a diphosphate group from ATP to ribose-5-phosphate
forms the a-ribosyl pyrophosphate stereoisomer of PRPP. Glutamine
PRPP amidotransferase catalyses the subsequent transfer of an amine
group via condensation of glutamine, followed by removal of glutamate
from the product and involves an inversion of the configuration of the
substituent on the C-1 of the sugar, thereby establishing the

B configuration of the forthcoming nucleotide.

Glycinamide ribonucleotide (GAR) is formed by the nucleophilic acyl
substitution of glycine with phosphoribosylamine in a reaction catalysed by
GAR synthetase. Formylation of the amino group occurs via nucleophilic
acyl substitution reaction catalysed by GAR transformylase whereby a
formyl group is transferred from 10-formyltetrahydrofolate (10-formyl THF)
to form formylglycinamide ribonucleotide (FGAR).

The formation of the amidine formylglycinamidine ribonucleotide (FGAM)
by reaction of FGAR with ATP and ammonia (from glutamine) is catalysed
by FGAM synthetase. The formation of the imidazole ring to form
aminoimidazole ribonucleotide (AIR) is catalysed by AIR synthetase. In
vertebrates a single enzyme, AIR carboxylase, catalyses the addition of
CO, at the C-4 position of the imidazole ring giving

carboxyaminoimidazole ribonucleotide (CAIR).

The nucleophilic acyl substitution reaction of aspartate with CAIR to form
N-succinylo-5-aminoimidazole-4-carboxamide ribonucleotide (SAICAR) is
catalysed by SAICAR synthetase. Adenylosuccinate lyase catalyses the
elimination of fumarate from SAICAR to 5-aminoimidazole-4-carboxamide
ribonucleotide (AICAR). The AICAR transformylase catalysed addition of
a formyl group from 10-formyl THF to AICAR produces

N-formamidoimidazole-4-carboxamide ribonucleotide (FAICAR).

The final step in the synthesis of IMP is the cyclisation of FAICAR
catalysed by IMP cyclohydrolase. The de novo synthesis of IMP from

ribose 5-phosphate requires 7 moles of ATP equivalents, 2 moles of

LITERATURE REVIEW 10
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glutamine, 2 moles of formate (from 10-formyl THF), and 1 mole each of
glycine, aspartate, and CO; (Blackburn et al., 2006; Garrett and Grisham,
1999; McMurry and Begley, 2005; NC-IUBMB, 2010).

From the synthesis of IMP, there is a divergence of pathways converting
IMP to either adenosine 5-monophosphate (AMP) or guanosine
5'-monophosphate (GMP); Figure 6.
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H
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0
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synthetase
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H
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- 0}
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xanthosine guanosine
5’-monophosphate (XMP) 5-monophosphate (GMP)

Figure 6. Biosynthesis of GMP and AMP from IMP (from McMurray and
Begley, 2005; Garrett and Grisham, 1999)

The biosynthesis of GMP is a two-step process whereby C-2 of the inosine
moiety is oxidised, followed by a glutamine dependent amidotransferase
reaction replacing the oxygen with an amine group. AMP is also derived
from IMP in a two-step sequence whereby aspartate replaces the carbonyl
group of inosine, followed by elimination of fumarate (Boza and Martinez-
Augustin, 2002; Garrett and Grisham, 1999; NC-IUBMB, 2010).

Purine nucleoside di- and triphosphates are derived from corresponding
nucleotide monophosphates via phosphate transfer from nucleotide
triphosphates (frequently ATP) catalysed by nucleotide phosphate kinase
and nucleoside diphosphate kinase (NC-IUBMB, 2010).
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2.1.3.3 Regulation of Purine Nucleotide Synthesis

The first committed step in the de novo purine biosynthetic pathway is the
replacement of pyrophosphate at C-1 by an amine group from glutamine
catalysed by PRPP aminotransferase; Figure 7.

XMP adenylosucdinate

IMP
\ 5-phosph0rikjsylamy
\.T
5-phosphoribosylphosphate > metabolic pathways
——e feed back inhibition
ribose 5-phosphate feed forward activation

Figure 7. Feed back inhibition in purine synthesis (adapted from Garrett
and Grisham, 1999)

This step is regulated by allosteric control by feedback inhibition from
adenosine and guanosine nucleotides. Feedback inhibition occurs when
an enzyme catalysing an early step in the metabolic pathway is inhibited
by the end product of the pathway (Blackburn etal., 2006; Kornberg,
1974).

Biosynthesis of GMP and AMP is regulated to recognise which purine
nucleotide is in excess and which is in short supply, whereby, the
synthesis of AMP requires guanosine triphosphate (GTP) as a co-factor

and conversely GMP synthesis requires ATP. This regulation mechanism

LITERATURE REVIEW 12
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ensures that AMP and GMP are in equivalent abundance (Garrett and
Grisham, 1999; Kornberg, 1974).

2.1.3.4 Pyrimidine Nucleotide Biosynthesis

The pyrimidine nucleotides are all derived from uridine 5-monophosphate
(UMP). The synthesis of pyrimidines differs significantly from that of
purines in that the ring structure is assembled as a free base, not
assembled stepwise from PRPP. The biosynthetic pathway for
pyrimidines is less complex than that of the purines and begins with the
carbamoyl phosphate synthetase-ll (CPS-Il) catalysed formation of
carbamoyl phosphate from bicarbonate, ATP and ammonia (from

glutamine); Figure 8.

The nucleophilic acyl substitution reaction of carbamoyl phosphate and
aspartate, with phosphate as the leaving group forming carbamoyl
aspartate, is catalysed by aspartate carbamoyltransferase. Cyclisation
catalysed by dihydroorotase then forms dihydroorotate; this is
subsequently oxidised to orotate by dihydroorotate oxidase, a flavin-
dependent enzyme that uses coenzyme Q, as the ultimate electron
acceptor. The orotate phosphoribosyltransferase catalysed condensation
of orotate and PRPP with elimination of inorganic pyrophosphate fixes the
pyrimidine in the p-configuration to form orotidine 5'-monophosphate
(OMP). The final step in UMP synthesis is the decarboxylation of OMP;
catalysed by OMP decarboxylase. Cytidine 5-monophosphate (CMP) is
not formed directly from UMP but in a series of reactions via uridine
triphosphate (UTP) and cytidine triphosphate (CTP) (Boza and Martinez-
Augustin, 2002; Carver and Walker, 1995; Kornberg, 1974; McMurry and
Begley, 2005).
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synthetase Il H,N @) transferase 002 dihydroorotase
[EC 6.3.5.5] [EC2.1.3.2] O H [EC 3.5.2.3] dihydroorotate
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uridine [EC 2.2.4.10]
orotidine orotate

5’-monophosphate (UMP) 5-monophosphate (OMP)

Figure 8. Biosynthesis of UMP from glutamine and bicarbonate (from
McMurray and Begley, 2005; Garrett and Grisham, 1999)

UTP is derived from UMP via phosphate transfers from ATP catalysed by
nucleoside monophosphate kinase to give uridine diphosphate (UDP),
which in turn is phosphorylated to UTP by ATP in a reaction catalysed by
nucleotide diphosphate kinase. CTP is derived from amination of UTP
catalysed by CTP synthetase (Garrett and Grisham, 1999; Kornberg,
1974; McMurry and Begley, 2005).

The de novo synthesis of UMP from bicarbonate and glutamine requires 2
moles of ATP, and 1 mole each of aspartate and PRPP (Blackburn et al.,
2006; Garrett and Grisham, 1999; McMurry and Begley, 2005; NC-IUBMB,
2010).
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2.1.3.5 Regulation of Pyrimidine Nucleotide Synthesis

Regulation of pyrimidine synthesis is controlled in animals at the first step
through feedback inhibition of CPS-1l by UDP and UTP. ATP and PRPP
are allosteric activators, whereby accumulation of these pyrimidine
nucleotide precursors signals the need for more pyrimidine nucleotides;
Figure 9 (Garrett and Grisham, 1999; Kornberg, 1974).

UTP
A

Orotate

T
T
T

carbamoyl aspartate )
T — metabolic pathways

——e feed back inhibition

carbamoyl phosphate . .
)Tp P feed forward activation

HCO, + glutamate + 2ATP

Figure 9. Feed back inhibition in purine synthesis (adapted from Garrett
and Grisham, 1999)

2.1.3.6 The Salvage Pathway

Biosynthesis of nucleotides de novo is expensive energetically requiring
7 ATP equivalents per mole of IMP, and 4 ATP equivalents per mole of

UMP. Salvage and reuse of nucleotides is energetically more efficient
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than de novo synthesis and requires only 1 mole ATP equivalent per mole
UMP or IMP produced. The salvage pathway utilises nucleobases and
nucleosides scavenged from dietary sources or left over from cellular

metabolism; Figures 10-11.

RNA
GTP ATP
I de novo synthesis I
cGMP GDP & ADP cAMP

GMRe¢—— XMPg¢——— IMP «—» AMP

N N

guanosine xanthosine inosine +—» adenosine

1/ 1/ \I

guanine —> xanthine<— hypoxanthine

Figure 10. Purine salvage pathways (adapted from la Marca et al. 2006)

Salvage of nucleobases occurs via two mechanisms; one is the direct
conversion of a nucleobase to the corresponding nucleotide catalysed by
nucleotide pyrophosphorylase enzymes, and the other requires sequential
conversion of the nucleobase to the nucleoside catalysed by nucleotide
phosphorylase enzymes with subsequent phosphorylation of the

nucleoside catalysed by a nucleoside kinase enzyme (Chu, 1991).

Salvage of nucleotides occurs via the interconversion of nucleoside
mono-, di-, and triphosphates in reactions catalysed by nucleoside
monophosphate kinases and nucleoside diphosphate kinases. In addition,

base alteration via deamination of AMP—IMP, adenosine—inosine, and
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cytosine—uracil catalysed by specific enzymes readily occurs (Kornberg,
1974).

RNA

AN

CTP+——— UTP

L]

CDP UDP de novo
I I / synthesis
CMP UMP

|

cytidine — uridine

|

uracil

Figure 11. Pyrimidine salvage pathways (adapted from la Marca et al.
2006)

2.1.3.7 Purine Nucleotide Catabolism

Guanosine catabolism begins with GMP conversion by 5'-nucleotidase into
guanosine, which in turn is converted into guanine and ribose-1-phosphate
by purine nucleoside phosphorylase, with guanine converted into xanthine
by guanine deaminase. Adenosine nucleotides are degraded to
adenosine by 5'-nucleotidase. In mammals, adenosine is not cleaved to
its constituent base adenine, but is instead deaminated to inosine, with
subsequent cleavage of the ribose by purine nucleoside phosphorylase to
give hypoxanthine, which is oxidised to xanthine. The final step of purine
catabolism in primates is the oxidation of xanthine to uric acid, catalysed

by xanthine oxidase. In mammals other than primates, uric acid is
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oxidised by urate oxidase to allantoin and excreted; Figure 12 (Garrett

and Grisham, 1999; McMurry and Begley, 2005).
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Figure 12. Pathway of purine nucleotide catabolism to uric acid (from
McMurray and Begley, 2005; Garrett and Grisham, 1999)
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2.1.3.8 Pyrimidine Nucleotide Catabolism

Cytidine catabolism begins with cytidine deaminase catalysed hydrolytic
deamination to uridine. Unlike the purine nucleosides, pyrimidine
nucleosides undergo ring cleavage. The catabolism of uridine starts with
the cleavage of the ribose moiety yielding uracil, which after reduction by
NADPH to dihydrouracil, is then hydrolysed to the open-chain
B-ureidopropionate, with further hydrolysis and decarboxylation yielding
B-alanine, ammonia and carbon dioxide; Figure 13 (Garrett and Grisham,
1999; McMurry and Begley, 2005).
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Figure 13. Pathway of pyrimidine nucleotide catabolism to g-alanine (from
McMurray and Begley, 2005; Garrett and Grisham, 1999)
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2.2. Nucleosides and Nucleotides in Milk

Non-protein nitrogen accounts for approximately 20% of the total nitrogen
in human milk but only 2% in bovine milk (Atkinson et al., 1980; Donovan
and Lonnerdal, 1989). Nucleotides account for between 0.4% and 0.6% of
non-protein nitrogen content and between 0.10% and 0.15% of the total
nitrogen content of human milk. From 2-12 weeks post-partum, it was
found that as lactation advances, the contribution of nucleotide nitrogen to

total nitrogen in milk increases (Janas and Picciano, 1982).

The origin of nucleosides and nucleotides in milk; whether they diffuse
from the blood into the milk via the blood-milk barrier, or are actively
secreted from lactating cells or formed by post-secretory metabolic
processes in milk, has not yet been established (Liao etal.,, 2011;
Schlimme et al., 2000).

The major nucleotide-related compound in bovine milk is orotic acid, a
precursor in the synthesis of UMP, although it is not detected in human
milk (Gil and Sanchez-Medina, 1982; Gill and Indyk, 2007b; Indyk and
Woollard, 2004; Larson and Hegarty, 1979). Bovine milk orotic acid levels
increase as lactation progresses, beginning at very low levels in early
colostrum to over 200 umol hg™ in mid-season milk, before reducing in
late-season milk (Gill and Indyk, 2007b). This is in contrast to nucleoside
and nucleotide levels, which decline rapidly with lactation. High levels of
dietary orotic acid leads to severely fatty livers in rats, which appear to be
unique in this respect amongst a number of species studied. None of the
evidence suggests that orotic acid in milk poses a problem to human

consumers (Durschlag and Robinson, 1980).
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2.2.1. NUCLEOTIDES IN MILK

Nucleotides were first isolated from human milk by Deutsch and Nilsson in
1960, and since that time, at least 13 acid-soluble nucleotides have been
identified (Bohles et al., 1998). The expression of nucleotides is highest
immediately after parturition with a general trend of decreasing amounts
with advancing lactation and with levels stabilising by the third week of
lactation in both human and bovine milks (Gil and Sanchez-Medina, 1981,
Gill and Indyk, 2007b; Sugawara et al., 1995).

This pattern of high concentration in early colostrum followed by a rapid
decrease as lactation progresses is analogous to changes in
concentration of other bioactive components, such as immunoglobulin.
The presence of immunoglobulins in bovine colostrum provides passive
immunity to the newborn calf, until maturation of its own immune system
(Mehra et al., 2006). Elevated levels of nucleotides present in colostrum
may be due to their capacity to enhance immune response. Recently, it
was shown that dietary UMP affected the immune response of newborn
calves and may stimulate humoral and mucosal immunity (Mashiko et al.,
2009).

It has been generally reported that nucleotides are present in higher
amounts in human milk compared to bovine milk (Gill and Indyk, 2007b;
Oliveira et al., 1999; Sugawara et al., 1995). Qualitatively, there is a clear
difference in the nucleotide profile between mature human milk and
mature bovine milk, the former containing measurable levels of GMP, IMP,
UMP, CMP, and AMP, whereas the latter typically contains only CMP and
AMP. A survey of the free nucleotide levels that have been reported for
milk of both species shows a wide range of results that depend, at least in
part, on the various analytical methodologies utilised for quantitation;
Tables 2-3.
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Nucleoside diphosphates and nucleotide sugars also contribute to the
nucleotide pool in milks of both species (Gil and Sanchez-Medina, 1981,
1982; Janas and Picciano, 1982; Johke, 1963; Sugawara et al., 1995).
Significant levels of cytidine 5'-diphosphate (CDP), ranging from 6.95—
41.1 pmol dL™ were found in a recent study of breast milk from Taiwanese
women (Liao et al., 2011).

Cyclic nucleotides are also present in human milk although results
obtained show a wide range of concentrations from 0.1-0.7 nmol L™ and
0.01-0.15 nmol L™ for adenosine 3',5'-cyclic monophosphate (cCAMP) and
guanosine 3',5-cyclic monophosphate (cGMP), respectively. Levels of
cGMP were highest at the beginning of lactation and tended to decrease
over the first fortnight, whereas levels of cCAMP were relatively consistent
throughout (Skala et al., 1981).

The nucleotides levels in human milk are not consistent throughout each
day but have been shown to vary in a diurnal rhythm. This rhythmicity has
been reported in AMP, UMP, GMP concentrations (Sanchez et al., 2009),
and cGMP (Skala et al., 1981). It is hypothesised that elevated nucleotide

levels at night may induce sleep in infants (Sanchez et al., 2009).

2.2.2. NUCLEOSIDES IN MILK

Pyrimidine nucleosides are most abundant in mature bovine milk, whereas
human milk has significant amounts of both purines and pyrimidine
nucleosides; Tables 4-5. In both human and bovine milk the nucleoside
concentration decreases during the colostral phase and reaches a
constant level approximately three weeks post-partum (Schlimme et al.,
2000).
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In bovine milk, the levels of pyrimidine nucleosides are higher than purine
nucleosides. Uridine, while relatively high in early colostrum, decrease by
approximately two orders of magnitude within hours post-partum, whereas
cytidine reaches a maximum on the second day of lactation (Gill and
Indyk, 2007b).

Analysis of human and bovine milk by Schlimme et al. (1986a) found at
least 10 nucleosides: uridine, cytidine, N-1-methyladenosine, inosine, N-3-
methyluridine, N-1-methylinosine, adenosine, N-2-methylguanosine, N-2-

dimethylguanosine, and N-6-carbamoyl-threonyladenosine.

Cytidine, uridine, and adenosine are found at similar concentrations in
most analyses of human milk, whereas guanosine is at lower
concentrations and inosine was found only in one study (Liao et al., 2011).
Dietary, geographical, and seasonal variations are all likely to have a
significant influence upon nucleoside levels in the human milk (Liao et al.,
2011; Sugawara et al., 1995).

2.2.3. TOTAL POTENTIALLY AVAILABLE NUCLEOSIDES
IN MILK

Leach etal. (1995) developed a method to quantify TPAN sources of
human milk. The TPAN method simulates enzymatic conversion of the
various sources of nucleosides that occurs during digestion and
absorption and hence, has the advantage of reporting a more

representative result in terms of infant nutrition.

The TPAN concentrations were determined in milks of both European and
American women, with a mean concentration of 18.9 umol dL™* and
16.1 umol dL™, respectively (Leach etal., 1995). Similar results
(20.3 pmol dL™) were obtained in a TPAN study of milk from Asian women

(Tressler et al., 2003). Little variation or trends in TPAN concentrations
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were found over different stages of lactation in both studies (Leach et al.,
1995; Tressler et al.,, 2003). The level of TPAN in human milk is more
than twice the levels of nucleotides (Leach et al., 1995).

2.3. Nutritional Effects of Nucleotides

In times of rapid growth, the metabolic demand for nucleotides exceeds
the capacity of de novo synthesis or the salvage pathway, and dietary
sources of nucleotides may be essential for continued optimal metabolic
function (Yu, 1998). The role nucleotides play in infant nutrition has been
reviewed comprehensively by Carver and Walker (1995) and more
recently by Michaelidou and Steijns (2006), and by Schaller et al. (2007).
The role nucleotides play in the immune and gastrointestinal systems was

the focus of a recent review by Hess and Greenberg (2012).

2.3.1. IMMUNE RESPONSE

Nucleotide supplemented diets have been associated with enhanced
humoral and cellular immune function, both in vitro and in vivo (Jyonouchi,
1994). The addition of nucleotides to infant formula provides immunologic
benefits not available to unsupplemented infant formulas (Schaller et al.,
2007). In particular, dietary nucleotide supplementation may be important
for individuals at increased risk of acquiring infections such as infants,

especially those born prematurely (Carver and Walker, 1995).

Results reported from studies on the effect on serum immunoglobulin
levels in infants receiving infant formula supplemented with nucleotides
compared to those receiving unsupplemented formula are somewhat
mixed. Increased levels of serum immunoglobulin (Ig) A in healthy term

infants fed nucleotide-supplemented formula (n = 166) were reported by
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Yau et al. (2003). Navarro et al. (1999) reported elevated levels of plasma
IgA and IgM in a study of pre-term infants fed nucleotide-supplemented
formula (n=14). In contrast to these results, no differences between
infants fed nucleotide-supplemented or unsupplemented formula were
found in serum levels of IgA and IgG (n = 101) (Pickering et al., 1998), IgM
and IgE (n=166) (Yau etal., 2003), and plasma levels of IgG (n = 14)
(Navarro et al., 1999).

The effect of dietary nucleotides has been shown to promote an increase
in immune cell proliferation and may facilitate maturation in some
lymphocyte populations similar to that of breast-fed infants (n = 138) (Buck
et al., 2004). A study by Carver et al. (1991) reported that at two months
of age nucleotide-supplemented formula fed infants (n=138) had
significantly higher natural killer (NK) cell activity and interleukin-2 (IL2)
levels than those receiving unsupplemented formula. The difference
between the two groups was only temporary however, as by four months
of age no significant differences were found. No effect of nucleotide
supplementation on NK cell activity or IL2 levels was found in a similar
study of 7-week-old infants (n = 98) by Hawkes et al. (2006). A study of
nucleotides supplemented to soy based infant formula (n = 94) resulted in
no significant difference measured in NK cell levels in infants measured at
6, 7 and 12 months of age (Cordle etal.,, 2002). Unsupplemented
soy-based formula contains high endogenous nucleotide levels rendering
nucleotide supplementation unnecessary in contrast to bovine milk based
formula. The wide variation in individual results within these studies
makes conclusions difficult with respect to any effect of nucleotide

supplementation on NK and IL2 levels (Hawkes et al., 2006).

Infant responses to immunisation have been used to assess development
of the immune system. Infants fed nucleotide-supplemented formula had
increased Haemophilus influenzae type b (HiB) and diphtheria toxoid
humoral antibody responses. Antibody responses to tetanus and polio

immunisation were not enhanced by nucleotide supplementation
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(Pickering et al., 1998). Yau et al. (2003) however, found no increase in
the response to the HiB vaccine, but did measure an increased risk of
upper respiratory tract infections in infants fed nucleotide-supplemented
formula. Schaller et al. (2004) found a significantly higher response to
polio vaccine in nucleotide-supplemented formula fed infants (n = 138)

compared to unsupplemented formula.

Nucleotide-supplemented soy based infant formula (n =94) showed no
significant effect on childhood immunisation responses, as evidenced by
normal IgA and IgG levels, and normal responses to vaccine antigens
compared to breast-fed infants. This may be attributable to the relatively
high endogenous nucleotide levels in unsupplemented soy-based formula.
However, human milk/formula-fed infants had higher poliovirus neutralising

antibody at 12 months than soy-fed infants (Ostrom et al., 2002).

A study of diarrhoeal disease in infants from a low socioeconomic group
showed infants receiving nucleotide-supplemented formula (n=141)
experienced fewer episodes of diarrhoea, for a shorter duration, with fewer
first episodes (Brunser etal., 1994). Similar studies have also shown
significant reduction in the incidences and severity of episodes of
diarrhoea in infants fed nucleotide supplemented infant formula compared
to the non-supplemented formula (Pickering et al., 1998; Yau et al., 2003).
Not all studies have shown such effects, however. Neri-Almeida et al.
(2009) found that there was no therapeutic advantage during episodes of
acute diarrhoea from consuming nucleotide-supplemented infant formula

(n = 40) compared to unsupplemented formula.

A meta-analysis of 15 randomised clinical trials studies comparing
nucleotide-supplemented infant formula with non-supplemented formula or
breast milk has been reported (Gutiérrez-Castrellon et al., 2007). It was
concluded that nucleotide-supplemented infant formula was associated
with superior response to immunisation with the HiB vaccine, diphtheria

toxoid and oral polio vaccine. Additionally, episodes of diarrhoea were
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fewer and there was no difference in risk of upper respiratory tract

infections.

2.3.2. INTESTINAL MICROFLORA

In a comparison of faecal microflora of breast-fed infants and infants fed
either nucleotide-supplemented formula (n = 11) or fed unsupplemented
formula, breast-fed babies had significantly higher percentage of faecal
bifidobacteria and lower percentages of lactobacilli and enterobacteria
than either group of formula fed infants. Infants fed nucleotide-
supplemented formula had intermediate values that were closer to breast-
fed infants (Gil et al., 1986a). Conversely, a study by Balmer et al. (1994)
did not confirm these observations, finding more Escherichia coli and less
Bifidobacteria in nucleotide-supplemented infants (n = 32) than those fed
standard infant formula. In their review of prebiotics in human milk, Coppa
etal. (2006) concluded that based upon available research, prebiotic

effects of nucleotides are inconclusive.

Results from a more recent study of infants in the United Kingdom showed
an improved composition of gut microbiota in infants fed
nucleotide-supplemented formula (n=35), measured as the ratio of
Bacteroides-Porphyromonas-Prevotella  bacteria to  Bifidobacteria,
compared to the control formula, and similar to that of breast-fed infants
(Singhal et al., 2008). In contrast, a study on the effect of nucleotide
supplementation in dairy calves, found that nucleotide-supplemented
calves (n=23) had the highest incidence of detrimental bacteria
(Clostridium perfringens) and the lowest incidence of beneficial bacteria
(bifidobacteria) of the calves in the study (Kehoe et al., 2008).
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2.3.3. INTESTINAL GROWTH AND REPAIR

Uauy etal. (1990) found increased mucosal protein, DNA, and villous
height and disaccharidase activities in the intestine of weanling rats fed a
diet over a 2-week period supplemented with 0.8% w/w dietary
nucleosides (n =10). Moreover, Lopez-Navarro etal. (1996) report a
reduction in protein synthesis in the small intestine in rats fed nucleotide-
free diets (n =10). Following food deprivation dietary nucleotide intake
may accelerate normal intestinal response. Although the mechanism for
this is not known, it is possible that increased nucleotide levels enhance
DNA and RNA synthesis thereby enhancing cell growth and differentiation
(Ortega et al., 1995).

Dietary nucleotides may also be beneficial following intestinal injury with
improved intestinal histology and ultra structure (Bueno et al., 1994), and
increased DNA, lactase, maltase and sucrase activities (Nufiez etal.,
1990) in rats fed a nucleotide supplemented diet (n = 36) compared to rats
fed an unsupplemented diet following diarrhoea. Furthermore, healing of
small bowel ulcers in rats was promoted by nucleotide supplementation
(n=6-18), which may be attributable to increase in cell proliferation
(Sukumar et al., 1997).

The intestinal epithelium has a high cell turnover rate and hence requires
increased levels of nucleotides as precursors for nucleic acid synthesis
(Carver, 1999; Yu, 2002). Exogenous nucleotides may optimise tissue
function as endogenous supplies may limit nucleic acid synthesis,
particularly during periods of rapid growth, and during recovery from

mucosal injury (Carver, 1999).
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2.3.4. INFANT GROWTH

Weight gain was observed in weanling rats receiving a low-protein diet
supplemented with nucleotides compared to the control group, although
this data was unpublished (Gyoérgy, 1971). However, numerous clinical
studies on healthy infants have not demonstrated any detectable effect of
nucleotide supplementation on weight gain (Carver and Walker, 1995),
suggesting that under normal conditions de novo nucleotide synthesis is
sufficient to sustain normal growth (Cosgrove, 1998). However, a study of
term infants born severely small for gestational age (birth weight below the
5th percentile), demonstrated enhanced growth in weight, length, and
head circumference in the nucleotide supplemented formula group
(n=39). The improved growth was attributed to tropic effects of
nucleotides on the intestinal mucosa previously damaged by intrauterine

malnutrition (Cosgrove et al., 1996).

A study of severely malnourished infants showed that when fed infant
formula with an appropriate calorie and protein content, the impact upon
growth and other body composition indicators was favourable regardless
of whether nucleotides were supplemented (n=11) or not (Vasques-
Garibay et al., 2005).

2.3.5. LIPID METABOLISM

Supplementation of infant formula with nucleotides has been reported to
influence plasma lipoprotein concentrations, particularly in pre-term infants
(n =10) (Sanchez-Pozo et al., 1994). This differs from results obtained by
Villarroel et al. (1987), who found no effect of nucleotide supplemented
infant formula on serum lipoprotein levels in infants. Siahanidou et al.
(2004) showed pre-term infants fed nucleotide supplemented infant

formula (n=66) had significantly elevated high-density lipoprotein and
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decreased low-density lipoprotein serum levels compared with infants fed

unsupplemented formula.

Nucleotide supplementation has also been associated with an increase in
long-chain polyunsaturated fatty acids in plasma and erythrocytes in
preterm and term infants (DelLucchi etal., 1987; Gil et al., 1986b; Pita
etal., 1988) (n =19, 35, 18, respectively). However, other studies have
shown no increase in long-chain polyunsaturated fatty acids production in
erythrocytes in term and low birth-weight infants (Gibson etal., 2005;
Woltil et al., 1995) (n = 98, 37, respectively).

2.3.6. IRON ABSORPTION

Inosine and its metabolites, hypoxanthine, xanthine and uric acid positively
affect iron absorption in studies on rat intestine (n=3-6) (Faelli and
Esposito, 1970). lron is better absorbed from human milk than cow’s milk
(McMillan et al., 1977), and it has been suggested that the relatively large
component of nucleotides in human milk may have a biological effect on
iron absorption (Cosgrove, 1998; Janas and Picciano, 1982). However,
the addition of nucleotides is reported to have no effect on the iron status
of healthy-term infants fed low-iron formula (n=10) (Hernell and
Lonnerdal, 2002).

2.4. Infant Formulas

Human milk provides sufficient nourishment for growth as well as providing
unigue bio-immune factors for protecting infant health. Human milk is
therefore considered the “gold standard” for infant nutrition with breast-
feeding regarded as one of the most important measures in improving

child health (WHO, 1981). However, in cases where breast-feeding is not

LITERATURE REVIEW 34
INFANT FORMULAS



ANALYSIS OF NUCLEOSIDES AND NUCLEOTIDES IN MILK AND INFANT FORMULA

preferred, is not possible, or is insufficient, infant formulas are an
appropriate substitute to breast-feeding infants during the first year of life.
Infant formulas should be formulated to meet dietary needs and promote
optimal growth, as well as to minimise stress upon the infants developing

organ and enzymatic systems.

Infant formulas fall into one of four broad categories; (1) milk-based, (2)
whey-based, (3) milk-protein hydrolysates, and (4) soy-based. The
overwhelming majority of pediatric formulas are based on bovine milk or
whey, with goat milk-based formula maintaining a niche position in the
market. For infants that experience intolerance of milk-based formulas,
alternative products based on soy protein or milk-protein hydrolysates are
available (Packard, 1982).

2.4.1. NUCLEOTIDE SUPPLEMENTATION

As understanding of the nucleotide composition of bovine and human milk
has increased, manufacturers have endeavoured to modify the
composition of infant formulas to resemble human milk more closely.
Japan (1965) and Spain (1983) were the first countries to allow
supplementation of nucleotides to infant formula, with the United States
joining them in 1989 (Commission of the European Communities, 1991).
Since the early 1990’s, nucleotides have been routinely added to infant
formulas and to formulas manufactured specifically for pre-term infants
since 2002 (Adamkin, 2007). Due to the reported differences between
bovine and human milk nucleotide levels, infant formulas are increasingly
supplemented with nucleotides to levels equivalent to free nucleotide
concentrations in human milk, to a maximum concentration of
5 mg 100kcal™ (Aggett et al., 2003). While 12 nucleotides or more are
present in human milk, supplementation is limited to only GMP, AMP,
CMP, IMP and UMP in the form of the readily soluble sodium salts

(Commission of the European Communities, 1991).
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In recent years, numerous review articles have deliberated the evidence
for the efficacy of nucleotide supplementation in infant formulas upon
infant health (Adiv et al., 2004; Aggett et al., 2003; Agostini and Haschke,
2003; Alles et al., 2004; Bohles et al., 1998; Carver, 2003; Hamosh, 1997;
Klein, 2002; Motil, 2000; Riva et al., 2005; Schaller et al., 2007; Selimoglu,
2006; Yu, 2002). Despite the purported benefits of nucleotides in infant
nutrition, the supplementation of pediatric formulas with nucleotides is
controversial (Adiv etal., 2004; Lerner and Shamir, 2000; Quan etal.,
1990; Yu, 2002), as unequivocal clinical evidence supporting
supplementation is lacking (Hamosh, 1997; Lteif and Schwenk, 1998). To
date there have been no studies evaluating a dose-response relationship
between nucleotide concentrations in infant formula and positive effects in
infants (Niers etal.,, 2007) and more research is required into the
appropriate levels of nucleotide supplementation and to assess the
potential benefits (Yu, 2002). However, infant formula products are
currently considered safe when supplemented to levels equivalent to the
free nucleotide levels of human milk (Gutiérrez-Castrellon et al., 2007;
Riva et al., 2005).

A study by Rueda et al. (2002) was undertaken to analyse extracts from
an RNA-containing medium exposed to jejunal explants of weaning
piglets. Elevated levels of nucleosides found suggested that RNA present
in human milk is hydrolysed in the intestinal tract of the breast-fed infant.
This gives support to the argument that TPAN concentrations should be
considered when formulating nucleotide-supplemented infant formula.
The study by Leach etal. (1995) is cited as the rationale for advocating
higher levels of nucleotide-supplementation in infant formulas, and in
some respects has led to disagreement in determining the appropriate
level of nucleotide supplementation to infant formulas. |Initially, infant
formulas were supplemented to levels equivalent to free nucleotide
concentrations in human milk, to a maximum concentration of
5 mg 100kcal™ (Aggett et al., 2003). However, in recent years, fortification

of infant formulas with nucleotides to the upper range of TPAN levels in
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human milk (16 mg 100kcal™) has been approved in more than 30
countries (Aggett et al., 2003).

In 2004, the Codex Committee on Nutrition and Foods for Special Delivery
Uses asked the European Society for Pediatric Gastroenterology,
Hepatology, and Nutrition to coordinate the formation of an international
expert group (IEG) to find agreement on the optimum content of nutrients,
including nucleotides, in infant formulas. The IEG did not find sufficient
data to support the optional addition of nucleotides to levels higher than
5 mg 100kcal™, and therefore recommended this as the maximum total
content. The recommended limits for individual nucleotides were
2.5 mg 100kcal™ for CMP, 1.75 mg 100kcal™ for UMP, 1.5 mg 100kcal™
for AMP, 0.5 mg 100kcal™ for GMP, and 1.0 mg 100kcal™ IMP (Koletzko
et al., 2005).

Current regulations of nucleotide supplementation mandated by Codex
have been left in the hands of individual nations (Codex Alimentarius
Commission, 1981). The maximum limits for nucleotides in infant formula
defined by the IEG are recommended for use within European regulations
(European Commission, 2003). In Australasia, minimum limits have been
set and maximum limits for each individual nucleotide are as those
recommended above, curiously however, the limit for total nucleotides is
set at proposed TPAN limits of 3.8 mg 100kJ (16 mg 100kcal™,
11.2 mg hg™') (FSANZ, 2007). Currently, nucleotides are not a regulated
ingredient in infant formulas as specified in the US Code of Federal
Regulations (FDA, 2012).

In the future, it is possible that international agreement will lead to an
update of Codex regulations that includes nucleotides.  However,
coordinated international agreement on nucleotides has been hard to
achieve particularly since two of the major parties, the European Union
and the United States, have disparate views (Codex Alimentarius
Commission, 2006; European Commission, 2003; LSRO, 1998).
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2.4.2. ENZYMATIC DEGRADATION OF NUCLEOTIDES

Over 70 endogenous enzymes have been identified in milk and their
presence in milk arises from blood plasma through “leaky junctions”
between mammary cells, from secretory cell cytoplasm, from the milk fat
globule membrane (MFGM), and from somatic cells (Fox and Kelly, 2006).
Additionally, microbial contamination of milks introduces its own enzymes.
These enzymes, either endogenous or microbially introduced, can
influence the stability of nucleotide levels in dairy products. During infant
formula production there is a risk that exogenous nucleotides may be
degraded by endogenous milk enzymes if the latter are not inactivated by
heat prior to nucleotide introduction during manufacture; Figure 14.
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Figure 14. Time-temperature relationship of milk enzyme inactivation
(adapted from Federal Dairy Research Centre, 1999; Richardson and
Hyslop, 1985)

Alkaline phosphatase [EC 3.1.3.1] is a phosphomonoester hydrolase with
a wide range of substrate specificity, including nucleotides. Since its heat
stability profile is slightly higher than most pathogenic bacteria, residual
bovine milk alkaline phosphatase activity is used as an indicator of the

efficacy of pasteurisation. Although alkaline phosphatase may be
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inactivated initially, partial reactivation can occur after brief exposures to
temperatures of 80-180 °C followed by storage conditions of 4-40 °C
(Andrews, 1991; Shakeel-ur-Rehman etal.,, 2003). Bacterial
contamination of milk can result in the presence of microbial alkaline
phosphatase, which is more heat resistant than bovine milk alkaline
phosphatase (Karmas and Kleyn, 1990; Pratt-Lowe et al., 1987).

Acid phosphatase [EC 3.1.3.2] is also a phosphomonoester hydrolase and
although present in milk in significantly lower quantities, acid phosphatase
IS more resistant to heat treatment than alkaline phosphatase. However,
its substrate specificity is reportedly different from that of alkaline
phosphatase and it does not appear to hydrolyse aliphatic
phosphomonoesters such as adenosine 5-monophosphate (Andrews,
1991, Shakeel-ur-Rehman et al., 2003).

Another phosphomonoester hydrolase for which nucleotides are
substrates is 5-nucleotidase [EC 3.1.3.5]. Both alkaline phosphatase and
5'-nucleotidase are distributed in the MFGM (Andrews, 1991; Shakeel-ur-
Rehman et al., 2003). Gill and Indyk (2007b) suggested that given that
trace levels of intact, endogenous 5'-mononucleotides are found in raw
milk, they might be segregated from phosphomonoester hydrolase
enzymes in the MFGM, and hence protected as substrates from

dephosphorylation

In the analysis of nucleosides and nucleotides in human milk, Thorell et al.
(1996) reported partial transformation of CMP and UMP to cytidine and
uridine and of GMP and AMP to guanine and uric acid. The presence of
IMP reported in human milk by Janas and Picciano (1982) was postulated
to be an artefact of enzymatic deamination of AMP after sample collection
(Aggett et al., 2003; Gil and Rueda, 2000; Leach etal., 1995; Tressler
et al., 2003).

In a study of a retail sourced infant formula, the absence of supplemented

nucleotides, coupled with an increase in nucleoside levels above those
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normally expected in a bovine milk-based product, illustrated that
dephosphorylation of nucleotides to nucleosides during manufacture had
occurred (Gill and Indyk, 2007b). While equivalent nutritionally, integrity of
fortified nucleotides during manufacture is critical from a label claim and
quality control perspective. Further enzymatic degradation of nucleosides
in infant formulas could lead to a complete loss of nutritional value, or even
introduce potentially harmful compounds instead of nutritionally beneficial
ones. For example, dietary adenine has been shown to be nephrotoxic in
animals when fed at high levels (Brule et al., 1988; Story et al., 1977) and
hence the stability of supplemented AMP or adenosine should be
documented throughout infant formula manufacture and storage (Quan
et al., 1990).

2.5. Analysis of Nucleosides and

Nucleotides

Chromatographic analysis of nucleosides and nucleotides has been the
subject of review, the focus of which has been on analyses for clinical
(Fallon et al., 1987; Perrett, 1986; Werner, 1993) and genomic studies
(Brown et al., 2002). Methods for analysis of nucleosides and nucleotides
in milk have been reviewed by Gil and Uauy (1995) and more recently by
Gill and Indyk (2007a).

Due to the proliferation of nucleotide-supplemented infant formulas,
methods incorporating minimal sample preparation and rapid
chromatographic separations have been developed for routine product
compliance analysis. In general, the dominant strategy employed in
analysis of nucleosides and nucleotides in milk and infant formulas has
been protein removal by acid precipitation, with analysis of the crude
extract by high performance liquid chromatography (HPLC) with ultraviolet
(UV) detection.
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2.5.1. SAMPLE EXTRACTION

As milk is a highly complex biological fluid, some form of sample
preparation is mandatory to simplify the matrix and facilitate unambiguous
signal interpretation. Further precautions may need to be taken before
final analysis to ensure both signal fidelity and analyte integrity throughout
the analytical process. This is particularly critical in the analysis of raw
milk, as nucleotides are susceptible to enzymatic conversions from a
variety of endogenous enzymes (e.g., nucleotidases, nucleosidases, and
phosphatases), which can rapidly degrade target analytes. Therefore, it is
important that following sampling, such potential post-secretory conversion
of analytes be inhibited by inactivation of these enzymes immediately upon
sample collection by such methods as acid-addition or flash freezing.
Depending on the technique and the target analytes, prior separation of

cellular and serum material may also be needed.

2.5.1.1 Preparation of Crude Extracts

Extraction of nucleosides and nucleotides from milk is usually achieved
following initial protein precipitation with perchloric acid (PCA) or
trichloroacetic acid (TCA). Samples are then typically centrifuged and/or
filtered, followed by neutralisation of the acid. The use of PCA to obtain
protein-free extracts has the advantage that PCA does not absorb UV
light, although such extracts reportedly contain more residual
UV-absorbing material than TCA extracts (Herndndez and Sanchez-
Medina, 1981). PCA offers the advantage of removal of poorly soluble salt
KCIO, following neutralisation with KOH, however, occurrences of
spurious chromatographic peaks from buffer salts, and loss of nucleotides,

are risks following perchlorate precipitation (Werner, 1993).

The extraction performed by Kobata et al. (1962) consisted of the addition

of 2 M PCA. After centrifugation, the precipitate was washed with 0.2 M
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perchloric acid and the supernatants combined. Gil and Sanchez-Medina
(1981) utilised 1 M PCA and filtered the sample through glass wool after
centrifugation. Sow colostrum and milk were prepared for
chromatographic analysis using 0.6 M PCA by Mateo et al. (2004), and
this method was subsequently applied to canine milk and colostrum by
Tonini etal. (2010). The neutralisation of PCA was achieved with
potassium hydroxide (Gil and Sanchez-Medina, 1981; Janas and Picciano,
1982; Krpan et al., 2009; Mateo et al., 2004; Paubert-Braquet et al., 1992;
Perrin etal., 2001) or potassium carbonate (Oliveira etal.,, 1999) with
removal of precipitated potassium perchlorate. Samples for end-point
enzymatic analysis were adjusted to pH=7.4-8.0 with a 0.2 M
triethanolamine-0.16 M potassium carbonate solution (Gil and Sanchez-
Medina, 1981, 1982; Hernandez and Sanchez-Medina, 1981). Thorell
et al. (1996) removed PCA by extraction with an equal volume of 0.5 M

trioctylamine in 1,1,2-trichlorotrifluoroethane (Freon).

Johke and Goto (1962) used a 10% TCA solution to remove proteins from
cow milk and goat milk. After centrifugation, the protein residue was
homogenised, re-extracted, and the supernatants combined; the removal
of excess TCA was accomplished by multiple extractions with diethyl
ether. A similar procedure was performed in the analysis of samples of
human milk (Sugawara et al., 1995). In the analysis of baby foods and
infant formulas, a 3% TCA solution was used by Vifas et al. (2009). A 10—
20% TCA solution employed in the analysis of cyclic nucleotides was

neutralised with solid calcium carbonate (Skala et al., 1981).

For the extraction of nucleotides from hypoallergenic formulas, an
alternative protocol to the PCA extraction used for regular infant formulas
was adopted by Perrin et al. (2001), whereby 1 M hydrochloric acid was
added and the pH was adjusted to 7.0 with sodium hydroxide after

centrifugation.

Protein precipitation with acid, without neutralisation, offers the advantage

of a rapid, simplified sample preparation. However, there is potential for
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losses of nucleotides with long-term storage of the nucleotides in acid
(Perrett, 1986). Gill and Indyk (2007b) prepared milk extracts with 3%
acetic acid; the extracts were then centrifuged and filtered for immediate
chromatographic analysis, with recoveries of 95-105% being reported.
Boos et al. (1988) adjusted milk samples to pH = 4.0 with concentrated
formic acid, stored the samples at -20 °C for an unspecified time until
analysis, and reported recoveries of 95-104%.

In contrast to acid precipitation, alternative methods of deproteination have
been described. Tiemeyer et al. (1984) added sodium dodecyl sulfate to
bovine milk to a final concentration of 1%; the milk was mixed with
chloroform to eliminate proteins and lipids and centrifuged, and the upper
layer was sampled for analysis. Leach etal. (1995) added 1 M sodium
hydroxide to pooled milk samples and neutralised to pH = 7.0-7.5 with
hydrochloric acid. Topp etal. (1993) extracted fat from samples with
acetone:dichloromethane (9:1), discarded the supernatant, and extracted
nucleosides from the sediment with 70% ethanol. Proteins were then
removed by addition of acetone and the supernatant was concentrated by

rotary evaporator prior to analysis.

Physical removal of proteinaceous material in infant formulas by use of
centrifugal ultrafiltration (CUF) has been reported (Inoue etal.,, 2008;
Inoue et al., 2010). High molecular weight proteins and large peptides are
retained by a semi-permeable membrane but low molecular weight solutes
pass through the membrane. This technique offers an advantage over the
use of acid in that the risk of nucleotide loss in the protein removal step is
reduced. The disadvantages of this technique are that an evaluation of
analyte recovery is required and that the tubes tend to be expensive and

can significantly increase the cost of analysis per sample.

The preferred sample extraction technique depends on the aim of the
analysis. In the first instance, it is necessary to eliminate endogenous
enzyme activity, and second to simplify the sample matrix for further

analysis. For routine quantitation of nucleotides supplemented to infant
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formula, the addition of acid followed by centrifugation of precipitated
proteins is straightforward. However, the stability of stored nucleotides at
low pH is uncertain, therefore, acid neutralisation is advocated prior to
extract storage.

2.5.1.2 Extract Fractionation

Further purification of protein-free extracts prior to analysis has often been
recommended, and the early use of charcoal adsorption has been
reported (Kobata etal., 1962; Rashid, 1973). However, charcoal has
variable adsorption characteristics and alternative methods of purifying

extracts have been preferred in recent studies.

Phenylboronate Affinity Chromatography

The utilisation of a phenylboronate-modified affinity gel to improve the
chromatographic selectivity of nucleosides in urine has been described
(Davis etal.,, 1977; Uziel etal.,, 1976). The affinity gel contains a
phenylboronic acid bound to various solid supports via a meta-amino
group. The primary interaction of the phenylboronate functionality is the
binding of 1,2 cis-diols, such as those found on the C-2 and C-3 of the
ribose moiety of nucleosides. This effectively separates ribose forms of
nucleosides and nucleotides from similarly related molecules such as
deoxyribose forms and cyclic nucleotides, which lack the required 1,2
cis-diol moiety. Under alkaline conditions, nucleosides are selectively
retained as boronate complexes and released under acidic conditions;
Figure 15 (Liu and Scouten, 2000).

Secondary interactions such as hydrophobic effects, ionic interactions,
hydrogen bonding, and charge transfer interactions may also play a role in
promoting or retarding boronate cis-diol complex formation. The purines

tend to bind more strongly than pyrimidines, possibly due to hydrophobic
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effects (Liu and Scouten, 2000). Tuytten etal. (2007) illustrated that
retention on the boronate gel is affected by mechanisms in addition to cis-
diol complexation. The presence of an exocyclic amine group such as that
present in adenosine and guanosine increased retention. The lactam
functionality found in uridine or xanthosine gives rise to reduced retention,
postulated to be due the presence of an acidic proton, causing the
nucleoside to be negatively charged at moderately alkaline pH, leading to

electrostatic repulsion.

boronic acid
OH
/
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+OH + HIH,0
free cis-diol (ribose)
HO — R,
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complex with bound cis-diol

Figure 15. Mechanism of cis-diol bonding to boronate affinity gel (adapted
from Liu and Scouten, 2000)

The presence of negatively charged phosphate groups adjacent to the
ribose in nucleotides may reduce or prevent binding of the cis-diol
functionality to the gel due to ionic repulsion with negatively charged
tetrahedral boronate. The addition of divalent ions, such as Mg*, has
been used to mask the negative charge from the nucleotide phosphate

group and lessen this problem (Liu and Scouten, 2000).
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Using a commercially available phenylboronate gel, this technique was
applied to the analysis of human milk for the determination of nucleosides,
with variable recoveries of 58-96% (Topp et al., 1993), and TPAN, with
recoveries of 76-104% (Leach et al., 1995). Perrin et al. (2001) found the
phenylboronate gel to be unsuitable for use in the quantitative analysis of
infant formulas, as only partial recovery of GMP, UMP, cytidine,
guanosine, and uridine was achieved, from either infant formula or

standard solutions.

Reversed Phase Chromatography

In the analysis of hypoallergenic infant formulas containing partially
hydrolysed proteins, chromatographic analysis is more complicated due to
the co-elution of peptides under conditions that are suitable for the
separation of nucleotides. A solid phase extraction (SPE) clean up
procedure prior to chromatography was evaluated, and initial results
obtained with a Chromabond-C;gec column showed only unspecified
partial recovery of cytidine, guanosine, and adenosine, whereas uridine

was not retained on the column (Perrin et al., 2001).

Strata-X C;5 SPE cartridges were used by Contreras-Sanz et al. (2012) to
purify 12 nucleosides and nucleotides in urine and renal cells. A 25 mM
solution of ethanolamine was used to wash the cartridge and 30%
methanol in 25 mM ethanolamine was used as elution solvent. Recovery
was evaluated at three different pH values of ethanolamine solution
(pH =5.0, 6.0, 7.0). Optimal recovery was obtained at pH = 5.0 and this
pH was chosen for use in the final method. Excellent recovery was found
values ranged from 98.8% to 104.4%, with the sole exception of uridine,
which had recovery of 130.8%. The high recovery was rationalised as
being caused by a small peak eluting just prior to, but not resolved from,

uridine.
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Ion Exchange Chromatography

Early strategies described protein-precipitated milk extracts adsorbed on
to Dowex-1 (formate) columns, and elution with increasing concentrations
of formic acid, ammonium formate, or sodium formate to determine
acid-soluble nucleotides and nucleotide-sugars (Gil and Sanchez-Medina,
1981; Johke and Goto, 1962; Kobata et al., 1962). Subsequent removal of
formate was achieved by freeze drying (Gil and Sanchez-Medina, 1982),
by cation exchange (Johke and Goto, 1962), or by charcoal treatment
(Kobata et al., 1962).

More recently, a strong anion exchange (SAX) SPE column
(Chromabond-SB) was evaluated with a nucleotide-spiked infant formula,
with recoveries of individual nucleotides in the range of 92—-99%, and the
difference between duplicates of approximately 10% (Perrin et al., 2001).
The use of two SPE columns in series reduced the differences between
duplicates to approximately 1%, with an average recovery of 103%. This
study further evaluated SAX columns from different manufacturers, and
established that two Bakerbond quaternary amine columns in series were
optimal with repeatability of 0.8-2.7%, and recovery of individual

nucleotides ranging from 93—-113%.

2.5.2. CHROMATOGRAPHIC ANALYSIS

Milk of any mammalian species contains a complex mixture of nucleotides,
nucleosides, nucleobases, and related molecular species. Physico-
chemical analytical techniques rely on the unambiguous separation of

these analytes following preliminary crude fractionation of the sample.

Prior to the availability of HPLC systems, final analysis of nucleotides
obtained from crude extracts was performed by paper chromatography
(Hernandez and Sanchez-Medina, 1981; Johke and Goto, 1962; Kobata

etal., 1962), re-chromatography with a second low-pressure
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chromatographic separation, and paper electrophoresis (Kobata et al.,
1962). While gas chromatography (GC) and capillary electrophoresis (CE)
have been employed for the analysis of nucleosides and nucleotides, in
recent years, HPLC has become the dominant separation technique used.

2.5.2.1 Gas Chromatography

While chromatographic separation by GC is a rapid and sensitive
technique, nucleotides and nucleosides need to be converted to volatile

derivatives prior to analysis.

The analysis of 14 nucleosides and modified nucleosides in the urine of
cancer patients by gas chromatography-mass spectrometry (GC-MS) was
reported by Langridge et al. (1993). The nucleosides were isolated via a
two-step SPE extraction procedure by means of both C;s and
phenylboronate columns. Trimethylsilyl (TMS) derivatives of the extracted
nucleosides were prepared and analysed using a DB-5 capillary column

(30 m x 0.25 mm, 0.25 um film thickness) with helium as carrier gas.

2.5.2.2 Liquid Chromatography

One of the great advantages of HPLC, particularly reversed-phase liquid
chromatohraphy (RPLC) is the considerable number of parameters
available to modify separation. These parameters include altering the
mobile phase pH, organic solvent content, temperature, and buffer
concentration commensurate with the stability of the column. The
selection of buffer and its concentration are influenced by a number of

factors; the pH desired, buffer solubility, and effects on detection.

For UV, the buffer needs to be transparent at wavelengths suitable for

detection of the analyte. Where mass spectrometry (MS) detection is

LITERATURE REVIEW 48
ANALYSIS OF NUCLEOSIDES AND NUCLEOTIDES



ANALYSIS OF NUCLEOSIDES AND NUCLEOTIDES IN MILK AND INFANT FORMULA

used, compatible buffers are volatle to reduce maintenance and

instrument downtime.

Anion Exchange Chromatography

Anion exchange liquid chromatography is a suitable technique for the
separation of nucleotides through exploitation of the charged nature of the
phosphate moieties over the operating range of silica (pH =2-7). The
retention behaviour of nucleotides under ion-exchange chromatographic
conditions tends to be predictable, as the prevailing mechanisms are
largely electrostatic interactions between the negatively charged analyte
and the positively charged stationary phase. Thus, by varying pH, buffer
ions, and ionic strength, retention can be manipulated (Brown et al., 2002).

Separation of nucleotides (nucleoside mono-, di-, and triphosphates) of
adenosine, guanosine, inosine, xanthosine, cytidine, uridine, and
thymidine was achieved with an SAX column (Partisil 10-SAX) and an
acidic phosphate buffer gradient (Hartwick and Brown, 1975). This
method was also applied in the analysis of nucleotides (nucleoside mono-
and diphosphates) in human milk (Janas and Picciano, 1982). Isocratic
elution was used for the analysis of human milk by a similar approach, and
good separation of nucleotide was achieved (Paubert-Braquet etal.,
1992). Vinas et al. (2009), used a Tracer Extracil SAX and the mobile
phase was a sodium phosphate buffer (10 mM, pH = 3.5) which provided
high selectivity for four nucleotides, although the method was not applied

to the analysis of samples that included supplemented IMP.

Weak anion exchange chromatography was used for the analysis of a
nucleoside analogue by LC-MS (Shi etal.,, 2002). Satisfactory
chromatographic separation was achieved for the mono-, di-, and
triphosphorylated forms of B-D-2',3'didehydro-2',3'-dideoxy-5-
fluorocytosine. Inoue et al. (2008) used a Capcellpak-NH, column with a
50 mM phosphate buffer optimised at pH =4.0 for the analysis of the

nucleotides in infant formula. The column provides a mixed mode of

LITERATURE REVIEW 49
ANALYSIS OF NUCLEOSIDES AND NUCLEOTIDES



ANALYSIS OF NUCLEOSIDES AND NUCLEOTIDES IN MILK AND INFANT FORMULA

retention, which in addition to anion exchange properties, has significant
reversed-phase characteristics.

Reversed Phase Liquid Chromatography

With the development of robust stationary phases based on porous silica
and flexibility in mobile phase optimisation, RPLC, with or without the
addition of ion-pair reagents, has become the method of choice for the

analysis of nucleosides and nucleotides in milks.

Buffer pH affects analyte retention due to dissociation properties of
functional groups, and in its neutral form the analyte is better retained.
When pH is near (usually +1.5 pH units) the functional group pKj,
significant changes in retention are seen. The capacity of a buffer (ability
to resist changes in pH) is enhanced at higher concentrations leading to
more reproducible separations of compounds. Typically, buffer
concentrations range from 10-50 mM. Buffer solubility is important when
considering gradient separations since the addition of organic solvent can

lead to problems of buffer precipitation (Gloor and Johnson, 1977).

The separation of nucleotides by RPLC is somewhat limited with
conventional C;5 columns due to inherently poor interaction of the polar
analytes with the non-polar Ci;g phase resulting in poor retention and
resolution. However, by increasing the ionic strength and reducing the pH
through the addition of acidic phosphate buffer, nucleotide
monophosphates are adequately retained and resolved, with the order of
elution typically correlated with hydrophobicity. Organic solvents such as
methanol or acetonitrile added to phosphate buffer can facilitate improved
resolution (Fallon et al., 1987). Additionally, recent advances in column
technology, such as hybrid and polymer grafted columns and polar
embedded Cig phases, offer advantages of suppressed silanol activity,
phase stability under highly aqueous conditions, and unique selectivity
compared with conventional C;3 phases (Layne, 2002; Majors, 2004,

Majors and Przybyciel, 2002). In contrast, nucleosides lack the charged
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phosphate groups present in nucleotides and are therefore relatively well
retained on C;g phases.

Hypoxanthine, xanthine, guanine, uridine, cytidine, pseudouridine, GMP,
and CMP were determined in bovine milk using a p-Bondapak Cig column
with isocratic elution of a 0.01 M ammonium phosphate mobile phase
adjusted to pH =6.0 (Tiemeyer et al., 1984). Human milk was analysed
using a pu-Bondapak Cig column with a phosphate buffer:methanol:water
linear gradient. Detection of the nucleotides, nucleosides, and
nucleobases was possible, although baseline resolution was not always
achieved, and a second protocol was necessary to separate CMP from
orotic acid (Thorell etal.,, 1996). Quantitation of nucleosides and
methylated nucleosides in human milk was achieved with ternary elution
gradient of 10 mM ammonium phosphate buffer:methanol:acetonitrile
(Topp et al., 1993).

Derivatisation of nucleotides, nucleosides, and nucleobases has been
reported to improve both reversed phase separation and MS responses.
The analytes were derivatised by esterification of free hydroxyl groups
using either propionyl or benzoyl acid anhydride. The more hydrophobic
derivatives exhibited enhanced retention under reversed phase conditions

without the need for ion-pair reagents (Nordstrom et al., 2004).

Elevated nucleoside and modified nucleoside levels are important
biomarkers in cancer research, and hence the ability to accurately
measure, low nucleoside levels is of critical importance. Therefore, a
number of authors have developed methods using LC-MS for the analysis
of nucleosides and modified nucleosides in urine. Dudley et al. (2004) and
Bond et al. (2006) used a Spherisorb Cig column with 5 mM ammonium
acetate and methanol gradient mobile phase system. A similar analytical
chromatographic system was used by Cho etal. (2006), who also
incorporated a column switching technique in order to remove

interferences prior to detection.
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Nucleosides and nucleobases were analysed by LC-MS in Cordyceps
sinensis by Fan et al. (2006) using a Zorbax Eclipse XDB-C;5 column and
an ammonium acetate buffer:methanol gradient mobile phase system,
whereas, Guo et al. (2006) used a VP-ODS column with a higher (40 mM)

ammonium acetate buffer content for a similar analysis.

A reversed-phase gradient LC-MS method has been reported for the
analysis of GMP, AMP and the corresponding cyclic nucleotides. The
chromatographic separation of nucleotides is poor however, and the
selectivity of the MS detector was used to separately identify and quantify
components (Lorenzetti et al., 2007).

Gill and Indyk (2007b) developed a method for the simultaneous analysis
of nucleotides and corresponding nucleosides in human and bovine milks,
milk powders, and infant formulas using RPLC. The separation of
nucleotides was achieved predominantly based on increasing
hydrophobicity. The elution order for the corresponding nucleosides was
the same with the exception that guanosine and inosine were reversed.
This procedure used a polymer-grafted silica Gemini C;s column and
gradient elution with a phosphate buffer:methanol mobile phase,

facilitating the simultaneous analysis of nucleosides and nucleotides.

An investigation of RPLC for the analysis of infant formulas and baby
foods by Vifas et al. (2009) found that nucleotides were not retained on a
Zorbax Eclipse XDB-Cig column. This is hardly surprising however, since
the mobile phases consisted of phosphate buffers with 30-100%

acetonitrile.

An LC-MS method for the analysis of supplemented nucleotides in a range
of infant formulas was reported by Ren et al. (2011). A reversed phase
gradient from 100% mobile phase A (0.1% formic acid) to 100% mobile
phase B (acetonitrile) was selected (mobile phase transition over
7 minutes), with the best resolution achieved using a Symmetry Cig

column.
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With the commercial availability of ultra high performance liquid
chromatography (UHPLC), high-resolution separations with short run times
and low solvent consumption are readily available. This technique was
applied to the simultaneous analysis of 14 nucleosides and nucleobases in
fungi (Yang et al., 2007). Ranogajec et al. (2010) assessed the retention
of nucleosides and nucleotides on five different stationary phases. A
narrow-bore Synergy Hydro column was found to be the most efficacious
to obtaining sufficient resolution and yet maintaining a relatively short run-
time. This chromatographic method was then applied to the analysis of

mushrooms.

RPLC was applied to the analysis of nucleosides, nucleotides (nucleotide
5'-monophosphates, 3'-monophosphates, and 2'-monophosphates), and
nucleobases in animal feed supplements using an Atlantis T3 Cig column
with a mobile phase gradient using 0.1% formic acid and 100% methanol.
The resolution of analyte peaks was satisfactory, although significant peak

tailing was observed (Neubauer et al., 2012).

Ion-Pair Reversed Phase Liquid Chromatography

lon-pair reversed phase liquid chromatography (IPRPLC) has become the
prevalent technique for the analysis of nucleotides in milk and pediatric
products in recent years. Retention of nucleotides at the appropriate pH is
due to strong interactions between the anionic phosphate esters with
cationic ion-pair reagents (Brown etal., 2002; Werner, 1993). An
alternative description of the separation mechanism is the adsorption of
the positively charged ion-pair reagent onto the packing material,
rendering it similar to an ion-exchange column (Fung et al., 2001). At low
pH, the charge increases with the number of phosphate residues and
hence, in contrast to RPLC, nucleotide monophosphates elute first

followed by di- and triphosphates.

While IPRPLC offers significant advantages in chromatographic

separation, however when coupled to LC-MS, sensitivity may be
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compromised by ion suppression and source contamination. Additionally,
simultaneous detection of nucleosides and nucleotides using parallel
positive and negative ionisation is not possible due to suppression and
interference of added counter ions (Neubauer et al., 2012).

A Spherisorb Cjg column with tetrabutylammonium hydrogen sulfate
(TBAHS) as ion-pair reagent and gradient elution was used for the
analysis of nucleotides in dairy products (Ferreira etal., 2001; Oliveira
etal.,, 1999). Sugawara et al. (1995) used a Capcellpak C;5 column with
TBAHS for the analysis of nucleotides (nucleoside mono-, di-, and
triphosphates) in breast milk from Japanese women. A notable difference
in elution under this protocol was the early elution of adenosine
nucleotides, the late elution of which can, in other systems, be an
impediment in developing assays with shorter run times. A similar
chromatographic system was used in the analysis of breast milk from
Taiwanese women (Liao et al., 2011). Contreras-Sanz et al. (2012) used
TBAHS as ion-pair reagent with gradient elution of 12 nucleosides and

nucleotides from urine and renal cells.

Perrin et al. (2001) described a method based on isocratic elution with a
mobile phase incorporating tetrabutylammonium dihydrogen phosphate as
the ion-pair reagent, where two Nucleosil 120-Cig columns in series were
required for adequate resolution. A similar mobile phase was used by
Krpan et al. (2009), although only a single Cy5 column (Supelcosil LC-18T)

was sufficient to achieve the required separation.

Alternative ion-pairing salts with more volatility have been employed
successfully for MS detection. Tetrabutylammonium bromide was applied
in the analysis of cyclic nucleotides in rat brain (Witters et al., 1997). In
the analysis of nucleotide metabolites in bacteria, hexylamine was utilised
as the ion-pair reagent (Coulier et al., 2006). The LC-MS analysis of 11
nucleotides in rat tissues was achieved using dibutylammonium formate
(DBAA) as the ion-pair reagent (Klawitter et al., 2007). Seifar et al. (2009)
also used DBAA in the LC-MS analysis of nucleotides in cell cultures.
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Pentafluorooctanoic acid was used as the ion-pair reagent in the analysis
of Cordyceps militaris and C. sinensis by LC-MS (Yang et al., 2010).

The ion-pair reagent most commonly used in studies of nucleotides and
related compounds by LC-MS is N, N-dimethylhexylamine (DMHA)
(Auriola et al., 1997; Cai, 2001; Cai et al., 2002; Cordell et al., 2008; Fung
et al., 2001; Qian etal.,, 2004; Tuytten etal.,, 2002; Vifias etal., 2010).
Auriola et al. (1997) reported that a higher concentration of DMHA was
required to increase retention compared to typically used
tetrabutylammonium salts and that 10 mM DMHA was required to obtain
sufficient retention of nucleotides. Similar concentrations of DMHA were
found to be optimal by Qian et al. (2004) and Fung et al. (2001), 8 mM and
20 mM respectively, to obtain good peak shapes and sufficient resolution.
Reduced concentrations of DMHA were necessary when using capillary
(0.5 mm) C;3 columns (Cai etal.,, 2002). Concentrations of DMHA in
mobile phase below 0.5 mM have been shown to give poor retention of
nucleotides. Retention and peak shapes improved as DMHA
concentration increased from 0.5-5 mM with only minor improvements in
retention when the concentration was greater than 5 mM (Cordell et al.,
2008; Tuytten et al., 2002).

The effects of DMHA containing mobile phase and pH on retention times
and peak shapes on selected nucleotides were examined by Cordell et al.
(2008). Retention times generally decreased as pH decreased with peak
shape degradation at lower mobile phase pH with nucleotides barely
retained at pH = 3. A mobile phase of pH =7 was found to be optimal in
terms of retention, resolution, and peak shape and it is this pH which is
commonly used in chromatographic systems utilising DMHA as the ion-
pair reagent (Cai et al., 2002; Fung et al., 2001; Qian et al., 2004).

Vifias etal. (2009) investigated the use of IPRPLC for the analysis of
infant formulas and baby foods for nucleotides. A Zorbax Eclipse XDB-Cg
with  phosphate buffer (30 mM, pH=4.3) containing 0.03%
tetrabutylammonium hydroxide and different mixtures of acetonitrile (0—
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10%) was trialled. While the best separation was achieved with 100%
buffer, peaks were not completely resolved and peak tailing occurred.
Variation of conditions such as mobile phase pH from 3.5-6.5; stationary
phase, Zorbax Eclipse XDB-Cg; flow rate of 0.25-1.0 mL min™ did not

improve separation.

Yamaoka et al. (2010) analysed nucleosides and nucleotides in dietary
foods and beverages using LC-MS. An Acquity UHPLC HSS T3 column
was used with dimethylammonium acetate as ion-pair reagent in an
ammonium formate buffer and acetonitrile gradient. While good resolution
was obtained for the nucleosides, the nucleotides tended to co-elute
based on number of phosphate groups (i.e. the nucleotide
monophosphates closely eluted with each other, as did the di- and
triphosphate forms).  Before each injection, the column was pre-
conditioned using a solution containing 0.1% phosphoric acid and 100%
acetonitrile mixed 1:1. The pre-conditioning of the column is essential to
obtain efficient separation and good resolution of nucleotides. If this pre-
conditioning is not done, the peaks of nucleotides, especially triphosphate,
will become low and broad (Kaneko, 2011). Severe peak tailing of
phosphorylated compounds was investigated by Wakamatsu et al. (2005)
the cause postulated as the interaction of these compounds with stainless

steel components of the analytical system.

Hydrophilic Interaction Chromatography

Hydrophilic interaction liquid chromatography (HILIC) is a separation mode
where a polar stationary phase is enriched with a stationary water layer.
The more polar a solute, the more it associates with the stationary phase
and therefore the later it elutes. That is, retention is analogous to normal
phase chromatography and has been described as a “reversed reversed
phase” (Hemstrém and Irgum, 2006).

The analysis of nucleosides and nucleotides using HILIC offers a number

of advantages over RPLC and IPRPLC techniques, particularly when
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applied to LC-MS analyses. The high organic content of mobile phase
enhances spraying and desolvation, thereby increasing signal intensity.
The polar nucleotides are well retained without need for ion-pair reagents
that can complicate spectra, and there is less need for gradient elution,
thereby reducing the impact of variances of mobile phase on ion

suppression.

HILIC-MS has been applied to the analysis of nucleosides and
nucleotides.  Numerous water-soluble cellular metabolites including
nucleotides were analysed by HILIC-MS using an aminopropyl column
with ammonium acetate (pH = 9.45) and acetonitrile gradient. The polar
analytes were effectively separated prior to detection (Bajad et al., 2006).
The same column and mobile phase was used with a modified gradient by
Pucci etal. (2009), in the determination of a modified nucleotide,

2'-methylcytidine triphosphate, in rat liver.

The retention of a number of nucleoside mono-, di-, triphosphates and
nucleotide adducts was assessed using HILIC with a titania (TiO2) column.
It was found that ligand-exchange and HILIC retention mechanisms were
present and that HILIC was favoured at higher acetonitrile concentrations
(Zhou and Lucy, 2008).

Tuytten et al. (2008) describe an automated online SPE-LC-MS method
designed for high throughput clinical laboratories to measure modified
nucleosides biomarkers in urine. This method comprised a boronate

affinity clean up and HILIC separation followed by MS detection.

The separation of cAMP and ATP was achieved using a zwitterionic HILIC
column in an investigation of cAMP agonists (Goutier etal., 2010). In
method development, a column temperature of 20-50 °C was found not to
affect retention time of the analytes. The ammonium bicarbonate buffer
strengths were varied between 1-100 mM at a constant pH of 9.4, with

10 mM selected for final analysis.

LITERATURE REVIEW 57
ANALYSIS OF NUCLEOSIDES AND NUCLEOTIDES



ANALYSIS OF NUCLEOSIDES AND NUCLEOTIDES IN MILK AND INFANT FORMULA

The separation of 12 nucleobases and nucleosides was investigated using
HILIC by Marrubini et al. (2010). Two columns were evaluated, a TSK-gel
NH2-80 column and a ZIC-HILIC. The retention of the analytes was
studied by varying the ammonium formate concentration, the acetonitrile
content, the pH, and column temperature. The results obtained confirmed
the elution order of nucleobases and nucleosides based on their
hydrophobicity. Retention and peak shape were influenced by the
presence of ammonium formate at different concentrations with increasing
retention with increasing salt concentration. Variation in retention due to
the mobile-phase pH (3-5) affected the TSK-gel NH2-80 column more than
the ZIC-HILIC column. Column temperature subtly affected retention with
increasing temperature resulting in shorter retention times. Gradient
elution was necessary to achieve run times shorter than that possible with
isocratic elution, with the ZIC-HILIC column providing full resolution of the

12 analytes within a 60-minute run time.

Inoue et al. (2010) describe the application of a HILIC-MS method for the
analysis of nucleotides in infant formula. A TSK-gel NH,-100 column was
used with ammonium formate buffer and methanol gradient. CMP was

weakly retained under this system and GMP and IMP were not resolved.

Phenylboronate Affinity Chromatography

The development of an automated dual column system combining pre-
column affinity chromatography and RPLC for the analysis of nucleosides
in biological fluids has been reported. With the utilisation of an
m-aminophenylboronic acid substituted gel and column switching, online
dual column clean up and analysis of nucleosides in protein-free extracts

was achieved (Schlimme et al., 1986b).

Further development of this technique allowed for the analysis of
proteinaceous material such as milk (Boos et al.,, 1988; Schlimme and
Boos, 1990). With a novel bonded-phase material prepared by

immobilisation of phenylboronic acid to a size exclusion gel support, two
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different modes of separation based on size exclusion and affinity were
exploited and this technique was applied to the analysis of nucleosides in
human and bovine milks (Schlimme et al., 1997; Schlimme et al., 1996).
Martin and Schlimme (1997) reported the use of Ca?* and Mg®" ions
(50 mM) to reduce the influence of the nucleotide phosphate group in the
simultaneous analysis of nucleosides and nucleotides. The recovery of
AMP was highest (86—97%), but the recoveries of CMP, GMP, and UMP
were much lower and further method optimisation is required. Without the
incorporation of these cations, nucleotides remained unbound to the

column.

Porous Graphite Chromatography

The use of a porous graphite chromatography (PGC) coupled to MS was
used in the analysis of > 40 nucleotide and nucleotide sugars in Chinese
hamster ovary cells. The use of PGC alleviated the need for ion-pair
reagents, and satisfactory chromatographic performance was found by

treatment of the column with reducing agent and HCI (Pabst et al., 2010).

2.5.2.3 Capillary Electrophoresis

Nucleotides are readily analysed by CE as they are negatively charged
over a wide pH range. CE methods are generally considered to be faster
than comparable HPLC methods and use lower quantities of inexpensive
buffer salts rather than comparatively large quantities of organic solvents.
A review summarising CE analysis of nucleosides and nucleotides in food

matrices has been recently published (Chen et al., 2010).

The application of CE to analyse nucleotides has been primarily aimed at
clinical assays (Grob et al., 2003; Qurishi et al., 2002). The application of
CE to the analysis of nucleotides in human breast milk was reported by
Cubero et al. (2007).
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CE-MS has been used for the analysis of a wide range of metabolites of
Bacillus subtilis, including nucleosides and nucleotides (Soga et al., 2003).
A pressure assisted capillary electrophoresis (PACE) method was
developed and applied to the analysis of cellular cultures from Escherichia
coli (Soga et al., 2007). The PACE-MS technique used phosphate ions to
precondition the capillary to mask silanol groups and prevent the
adsorption of multi-phosphorylated analytes. A CE-MS method was
applied to the analysis of 12 nucleosides and nucleobases in Cordyceps
sinensis by Yang et al. (2007).

A CE-UV method was developed and applied to infant formula by Ding
et al. (2011). Excellent resolution of the five nucleotides was obtained with
a run time of 48 min. The accuracy of the method was evaluated by
comparison with a published RPLC method (Gill and Indyk, 2007b) and by
spiked recovery experiments. The results obtained for five different infant

formula samples obtained were similar for both methods (Table 6).

Table 6. CE and HPLC method comparison (from Ding et al., 2011)

Measured results (mg hg'l)

Sample  Method?®
AMP CMP GMP IMP UMP Total

CE 2.0 10.4 1.4 - 7.3 21.1

HPLC 1.9 12.3 1.7 = 8.4 24.3

CE 3.3 9.1 2.5 = 5.0 19.9

: HPLC 3.3 10.8 2.8 = 5.9 22.7
. CE 6.3 16.3 10.3 = 9.3 42.2
HPLC 6.5 18.3 15.3 = 10.0 50.1

CE 2.9 11.7 2.3 1.5 4.8 23.1

4 HPLC 3.1 12.4 2.3 1.6 5.5 24.8
c CE 2.4 4.1 —c 1.4 2.6 10.5
HPLC 2.8 4.4 1.0 1.8 3.5 13.5

& CE method of Ding et al., 2011

HPLC method of Gill and Indyk 2007b
Not detected

¢ Detected but lower than LOQ

b
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2.5.3. ULTRA-VIOLET DETECTION

Pyrimidines and purines readily absorb light in the UV range with
maximum absorbances typically between 240 and 270 nm (Cavalieri and
Bendich, 1948). However, since the chromatographic pattern of milk
extracts is frequently complex, characterisation of putative peaks by
retention time with detection at a single wavelength, is generally

insufficient for unambiguous identification.

The ratio of the absorbances at 254 and 280 nm, co-chromatography with
authentic standards, and enzymatic conversion, were used for
confirmation of peak identity of nucleic acid metabolites in bovine milk
(Tiemeyer et al., 1984). Characteristic peak shifting, or quenching, due to
pre-chromatographic chemical or enzymatic treatments can assist in the
identification of nucleosides and nucleotides. After a tentative
classification of a chromatographic peak, either a substrate-specific
enzyme or a reagent known to modify the target analyte selectively is
employed. The effect is seen in the subsequent chromatogram whereby
the putative peak disappears with the possible appearance of an
additional peak elsewhere. Pre-chromatographic modifications by
enzymatic (e.g., adenosine deaminase, purine nucleoside phosphorylase)
and chemical (e.g., periodate oxidation, Dimroth rearrangement, glyoxal
modification, etheno-derivatisation) treatments have been utilised in the
identification of nucleosides (Haink and Deussen, 2003; Schlimme et al.,
1997; Schlimme et al., 1996).

In recent years, photodiode array (PDA) detectors have been increasingly
employed for the detection and identification of nucleosides and
nucleotides in milk (Ferreira et al., 2001; Gill and Indyk, 2007b; Oliveira
etal., 1999; Perrin etal., 2001; Thorell etal.,, 1996). The ability to
discriminate different peaks over a range of wavelengths is particularly
beneficial, by comparison of putative peak spectra with those of authentic

compounds and in assessing the chromatographic peak spectral purity.
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The use of PDA detectors also offers the advantage of optimal wavelength
selection for multiple analytes, so that analyte absorption is maximised

and chromatographic interferences may be minimised.

2.5.4. MASS SPECTROMETRIC DETECTION

MS is a powerful analytical technique that can provide both structural
information of unknown compounds and can quantify known compounds.
MS can be connected online to a variety of separation techniques such as
GC, HPLC, and CE (El-Aneed et al., 2009).

lon sources are key components of the mass spectrometer that yield ions
from neutral atoms or molecules. Since different ion sources impart
different amounts of energy to molecules during ionisation, the choice of
ionisation mode is critical to the success of an experiment. A number of
ionisation techniques have been coupled to chromatographic techniques
to analyse nucleosides and nucleotides and the applications of these in

the early to mid 1990’s have been summarised by Esmans et al. (1998).

In recent years, LC-MS has become widely used for both research and
routine use in the pharmaceutical and related industries. Due to the
presence of one or more negatively charged phosphate groups, MS
detection of nucleotides is frequently performed in the negative mode.
However, detection in positive ion mode is used also, particularly for
IPRPLC chromatographic methods where [nucleotide-adduct]” ions are

abundant.
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2.5.4.1 Ionisation

Electron Ionisation

Electron ionisation (El) is the oldest and one of the most commonly used
lonisation techniques. Molecules are ionised and fragmented by El in a
reproducible manner and large databases of spectra of known compounds
are readily searchable. However, El is a harsh ionisation technique and is
unsuitable for complex biomolecules since the analytes are destroyed.
(El-Aneed et al., 2009).

Characteristic fragment ions of TMS derivatives of nucleosides were
obtained in the analysis of 14 nucleosides and modified nucleosides by
GC-MS (Langridge etal.,, 1993). Greater sensitivity and unambiguous
identification through characteristic fragmentation of product ions make
MS/MS preferable to flame ionisation detection for the analysis of
nucleosides by GC (Schram, 1998).

Electrospray Ionisation

Electrospray ionisation (ESI) is an extremely effective technique for
analysing polar compounds by MS. Charged droplets are formed by the
spraying of solution through an electrically charged needle, with
evaporation and coulombic repulsion leading to release of free ions into
the gas phase. Since ions are generated directly from samples in solution,
ESI is readily compatible with chromatographic separations such as CE
and HPLC (El-Aneed et al., 2009; Niessen, 1999).

Online chromatographic separation coupled to the sensitivity and
selectivity of tandem mass spectrometry (MS/MS) techniques is effective
when characterising complex mixtures that are difficult to analyse by
standard HPLC-UV analysis. The “soft” ionisation afforded by ESI allows
characterisation of non-volatile, thermally labile compounds with minimal
fragmentation (Choi et al., 2001; Niessen, 1999).
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In the LC-MS analysis of a nucleoside triphosphate analogue, ESI* was
used in order to overcome an interference found in ESI7, thereby
sacrificing sensitivity for selectivity (Shi et al., 2002); however, this method
suffers from compatibility problems between the LC and MS systems due

to the high ionic strength of the mobiles phases.

lon suppression LC-MS for the analysis of cyclic nucleotides in rat tissue
and plant leaves was found to be compatible with ESI (Witters et al.,
1996). Quantitation of cyclic nucleotides in samples achieved a limit of

detection (LOD) in the fmol range.

Analysis of propionyl and benzoyl derivatives of nucleotides, nucleosides
and nucleobases has shown that the derivatives possess better ionisation
and ESI responses due to increased hydrophobicity and higher surface
activity compared to the parent analyte. A lower background noise tends
to be found at higher molecular weights resulting in improved signal-to-
noise (S/N) (Nordstrom et al., 2004).

DMHA as an ion-pair reagent was used in the development of an LC-MS
method for the determination of 12 nucleotides, with ESI™ detection
(Tuytten et al., 2002). It was reported that a decrease in signal intensity of

the [M-H] ion was seen as the concentration of DMHA was increased.

ESI" is more complex due to a high background from protonated DMHA
and the presence of multiple adduct species (M+H*, M+Na®, M+K",
M+DMHA+H"), whereas this is not such a problem in ESI". While
sensitivity is reduced, since total ion content of each compound is spread
over a range of possible ions, the addition of the ion-pair reagent DMHA
allows the possibility of enhancing the signal by detecting more easily
ionised adduct ions that form between the ion-pairing agent and the
nucleotides. Cai et al. (2001) reported that the presence of DMHA ion-pair
reagent enhanced protonation of nucleotides thereby enhancing ESI*
sensitivity. This method was applied to the analysis of adenosine

nucleotides in cultured cells (Qian et al., 2004).
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The PACE-MS technique developed for the analysis of cellular cultures
(Soga et al., 2007) used phosphate during a pre-conditioning phase with
the nebuliser gas turned off to avoid contamination of the detector.
Preconditioning of an UHPLC-MS system with phosphate was also used
prior to the analysis of nucleosides and nucleotides (Yamaoka et al.,
2010).

Nucleosides in pork were analysed by UHPLC-MS/MS by Clariana et al.
(2010) with detection of adenosine in ESI" mode, and detection of other
nucleosides (guanosine, inosine, and uridine) in ESI™ mode. Quantitative

product ions were detected from the loss of neutral ribosyl [M-132] group.

Atmospheric Pressure Chemical Ionisation

Atmospheric pressure chemical ionisation (APCI) combined with ESI was
used to ionise analytes in a method to determine nucleotides in baby
foods (Vifas et al., 2010). While ESI is a gentler ionisation technique than
APCI and suited to polar compounds, the coupling of ESI and APCI allows
for a wider range of compounds to be ionised. In positive ionisation
modes, the spectra were more complex with high interference from the
DMHA ion-pair reagent in the mobile phase. Intensities of the molecular

ions were much higher in negative mode with lower background.

Inductively Coupled Plasma Ionisation

Inductively coupled plasma-mass spectrometry (ICP-MS) is a technique
for measuring elemental ions that are generated in hot plasma (6000—
8000°C). A CE-ICP-MS method was developed for the analysis of
nucleotides. The coupling of CE with ICP-MS requires a special interface
that introduces the sample to the plasma efficiently and does not degrade
resolution achieved by the capillary. Detection limits ranged from 0.036—
0.054 ug mL™ (phosphorus) and recovery ranged from 100-112% (Yeh
and Jiang, 2002).
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An LC-ICP-MS method was developed and applied to the analysis of
nucleotides (nucleoside 5-monophosphates, 3'-monophosphates, and 2'-
monophosphates) in animal feed supplements. Phosphorus was
measured as PO" by use of a dynamic reaction cell. Detection limits were
significantly lower (>1 order of magnitude) using this technique compared
to a complementary LC-MS/MS method (Neubauer et al., 2012).

Matrix-Assisted Laser Desorption Ionisation

Matrix-assisted laser desorption ionisation (MALDI) uses a pulsed laser to
generate ions from analytes embedded in an appropriate solid matrix.
MALDI is frequently coupled to a time-of-flight (TOF) detector and MALDI-
TOF-MS is popular for analysing both very large molecules as well as low
molecular weight compounds. Matrix interferences can be a problem in
the analysis of low molecular weight compounds by the MALDI technique
due to the similarity of molecular masses of the matrix compound and

analyte ions (Hess et al., 1998).

MALDI-TOF-MS has been applied to the analysis of nucleosides in urine.
The nucleosides were extracted by affinity chromatography with
phenylboronic acid gel, and then separated by either RPLC (Kammerer
et al.,, 2005) or CE (Liebich et al., 2005). The most suitable matrix with
high sensitivity was found to be 2,5-dihydroxybenzoic acid (DHB). For
measurements with a high mass accuracy a thin layer of
a-cyano-4-hydroxycinnamic acid saturated in acetone:ethanol 50:50 v/v
was used. Using a DHB matrix 18 nucleosides were determined with the
LOD from 0.1-10 pmol, with pyrimidines showing a higher LOD than

purines (Kammerer et al., 2005).
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2.5.4.2 Mass Analysers

After ions have been formed by an ion source, mass analysers separate
the ions by their mass-to charge ratio (m/z) and record relative

abundances.

In full-scan mode, a total ion current (TIC) plot records the total intensity
summed across the entire range of masses being detected at every point
in the analysis. A TIC chromatogram often provides limited information as
multiple analytes elute simultaneously, obscuring individual species.

Selected ion monitoring (SIM) is used to record the abundances of specific
ions instead of scanning the entire mass spectrum and is used in the
guantitative analysis of known compounds to improve sensitivity. Because
a narrow mass range is used to collect data, SIM is more selective than
full-scan TIC and since more time can be used to acquire a smaller mass

range, S/N is improved.

Quadrupole Mass Analyser

Quadrupole instruments consist of four parallel rods, which are connected
to direct current (DC) and radiofrequency (RF) generators. By altering the
DC and RF potentials, ions of certain m/z will be transmitted through the
mass analyser to the detector, whereas ions with different m/z will possess
a different trajectory and ultimately be eliminated prior to detection (El-
Aneed et al., 2009).

A drawback to using a quadrupole mass analyser is that it is a scanning
instrument; that is, it monitors a single m/z at any given time, which
becomes an issue when scanning across a wide mass range. Since
guantitative analyses involve the measurement of known compounds,
acquisition of a full mass spectrum is unnecessary, and increased signal

can be obtained if specific ions are monitored in SIM mode (Choi et al.,
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2001). Nucleotides and nucleotides in dietary food and beverages were

analysed with a single quadrupole analyser by Yamaoka et al. (2010).

A multiple reaction monitoring (MRM) experiment is accomplished by a
tandem mass spectrometer. In a triple quadrupole instrument, the first
guadrupole selects a specific precursor ion, filtering out other ions with
other m/z. The selected ions are then collided with a neutral gas in the
second quadrupole in a process called collision induced dissociation
(CID). Generated product ions are transferred into the third quadrupole
where only a specific m/z is allowed to pass to the detector, with all other
product ions filtered out. Thus, MRM mode works like a double mass filter,
and significantly increases S/N and selectivity. MRM is a powerful tool for
the identification of particular fragment ions in the determination of the
molecular structure of an unknown analyte and also provides confirmation

of identity of analyte parent ions of similar mass.

Triple quadrupole instruments are popular instruments that use a number
of different scanning modes, which can increase selectivity in studies of
known analytes in complex matrices, and can achieve unambiguous
identification of unknown analytes. Triple quadrupole mass analysers are
the most common detector type used in nucleoside and nucleotide
analysis (Cai, 2001; Cohen et al., 2009; la Marca et al., 2006; Lorenzetti
et al.,, 2007; Neubauer et al., 2012; Ren et al., 2011; Rodriguez-Gonzalo
etal.,, 2011; Seifar etal., 2009; Shi etal., 2002; Soga etal., 2003;
St Claire, 2000; Tuytten et al., 2002; Witters et al., 1997; Zhu et al., 2001).

Quadrupole Ion Trap Mass Analyser

Quadrupole ion trap mass analysers are highly sensitive instrument and
can attain very low detection limits. They consist of a circular ring
electrode and two end caps. lons are trapped and accumulated within the
ring and are sequentially ejected with each m/z measured. Alternatively, a
selected mass can be trapped and undergo CID from gas molecules within

the trap producing fragment ions which may be then ejected, or undergo
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further CID, producing further fragmentation. Quadrupole ion trap
instrumentation was used in the LC-MS/MS quantitation of nucleosides in
human urine (Lee et al., 2004).

Time of Flight Mass Analyser

A TOF mass analyser accelerates ions through a potential, before they
enter a free flight tube in which lighter ions travel faster than heavier ones
allowing m/z ratios to be measured by arrival times at the detector. In
contrast to a quadrupole instrument, a TOF mass analyser is not a
scanning instrument instead, the masses of all ions present are
determined, and therefore sensitivity is not limited by the mass range
making it suitable for qualitative applications (Choi et al., 2001).

A TOF mass analyser has been used in the analysis of nucleosides in
urine (Kammerer etal., 2005; Liebich etal.,, 2005), in the analysis of
nucleotide and nucleotide sugars (Pabst et al., 2010), in the determination
of 16 nucleosides and bases in marine organism extracts (Zhao etal.,
2011) and in the development of a method for analysis of nucleotides
(Tuytten et al.,, 2004), as well as the application of a method for the

analysis of nucleotides in baby foods (Vifias et al., 2010).

Ion Mobility Spectrometry

lon mobility spectrometry separates ionised molecules by their arrival time
at a detector. The ions traverse a drift tube held filled with a gas at
atmospheric pressure, rather than a vacuum. Separation in ion mobility

spectrometry occurs in response to ion size, ion shape, and ion charge.

An ion-mobility spectrometer was constructed and coupled to an ESI
source in the development of an ion mobility spectrometric method for the
determination of 16 nucleotides and nucleosides. Drift times and reduced
mobility of nucleotides and nucleosides were determined and detection

limits in the pmol range were reported (Kanu et al., 2010).
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2.5.5. ENZYMATIC ANALYSIS

An enzymatic assay for the determination of individual nucleotides and
total nucleotides was developed by Hernandez and Sanchez-Medina
(1981) based on the method of Keppler (Keppler, 1974). The method was
applied to the analysis of cow, goat, sheep (Gil and Sanchez-Medina,
1981), and human milks (Gil and Sanchez-Medina, 1982). Nucleotides
were released enzymatically from nucleotide pyrophosphates, nucleotide
diphosphates, and nucleotide diphosphate sugars by snake venom
phosphodiesterase and quantitatively reacted in a series of enzymatic
reactions with measurement of the lactate-dehydrogenase catalysed
stoichiometric decrease of NADH at 340 nm (AMP, CMP + UMP, GMP),
with UMP determined by enzymatic conversion to UDP-glucose. The
recovery of AMP, CMP, GMP, and UMP was estimated at 96% with
repeatability between determinations of less than 4%, comparing
favourably to an ion-exchange technique (Hernandez and Sanchez-
Medina, 1981).

Determination of UDP-glucose in milk extracts was performed by a
modification of the method of Keppler and Decker (1974), whereby an
increase in absorption at 340 nm, due to the stoichiometric reduction of
NAD" to NADH catalysed by UDP-glucose dehydrogenase, was
measured. UDP-galactose was determined by conversion to UDP-glucose
catalysed by UDP-glucose-hexose-1-phosphate uridylyltransferase in the
presence of glucose-1-phosphate. Free nucleotides were determined
similarly, but without the phosphodiesterase hydrolysis step. The recovery
of UDP-glucose and UDP-galactose was estimated at 97% with a standard
deviation between determinations of approximately 1 nmol mL™* of milk
(Hernandez and Sanchez-Medina, 1981).

While enzymatic techniques have been superseded by HPLC, enzyme-
based methods offer inherent advantages of analyte specificity, and aid in

the identification of the multitude of nucleoside and nucleotide related
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compounds. In the TPAN analysis of human milks, a number of enzymes
have been used to characterise the contributions of different molecular
nucleoside sources to infant nutrition. Polymeric nucleotides were
hydrolyzed with nuclease, nucleotide adducts were hydrolyzed with
pyrophosphatase, and nucleotides were dephosphorylated to nucleosides
with phosphatase. The enzymatic reactions employed in the TPAN
analyses are illustrated in Figure 16.

polymeric nucleotides
(RNA)

nucleotide adducts 07\ o

pyrophosphatase nuclease |
[EC 3.6.1.9] [EC 3.1.30.1]
alkaline
phosphatase
[EC 3.1.3.1]
nucleotides nucleosides

Figure 16. Enzymatic conversion of TPAN to free nucleosides
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In this manner, contributions from polymeric nucleotides, monomeric
nucleotides, nucleosides, and nucleotide adducts to TPAN were
separately estimated (Gerichhausen et al., 2000; Leach et al., 1995). The
recovery of nucleosides ranged from 76% for guanosine to 104% for
cytidine, with precision (as repeatability relative standard deviation) of
2.0% for cytidine, guanosine, and adenosine, and 3.6% for uridine (Leach
et al., 1995).

Luciferase catalyses the oxidative decarboxylation of b-luciferin, and,
when ATP is the limiting reagent, the photon count is proportional to the
ATP present. In bovine milk, ATP was measured enzymatically using the
luciferase-ATP reaction, with light detection by scintillation counter
(Richardson et al., 1980).

2.5.6. RADIOIMMUNOASSAY

The cyclic nucleotides cAMP and cGMP in milk were determined using a
radioimmunoassay technique. This assay is based upon competitive
binding between the cyclic nucleotide and an isotopically labelled
derivative for a specific cyclic nucleotide antibody (Skala et al., 1981,
Steiner et al., 1972.).

2.5.7. MICROBIOLOGICAL ASSAY

Larson and Hegarty (1977) described a microbiological assay for the
determination of orotic acid and pyrimidine nucleotides in ruminant milks.
This method is of limited applicability since only pyrimidine nucleotides are

measured and they were not individually differentiated.
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2.6. Method Validation

2.6.1. SYSTEM SUITABILITY

The aim of a chromatographic analysis is an optimum separation of the
analyte(s) from other components in the shortest time practicable. 1t is
essential that the chromatographic separation is functioning in a
satisfactory manner for accurate and precise data to be obtained.
Therefore, prior to validation experiments it should be established that the

HPLC system is suitable for carrying out a particular analysis.

A system suitability study defines a number of parameters used to assess
chromatographic performance that may be then evaluated against set
criteria. These parameters include resolution, tailing, retention factor,
theoretical plates count, and repeatability of peak response and retention
time (Bruce et al., 1998; CDER, 1994; Shabir, 2003).

2.6.1.1 Resolution

Well-separated peaks with little or no overlap are crucial for dependable
guantitative analysis. Resolution (Rs) is a measure of the separation of
two peaks and is therefore a critical parameter in assessing the suitability
of a chromatographic analysis. It is measured as a function of peak
retention times and peak widths. A resolution of 1.5 or greater is
acceptable, and a resolution of less than 1.0 is deemed not useable
(AOAC International, 2002).
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2.6.1.2 Retention Factor

The retention factor (k), also called the capacity factor, is a measure of the
retention of the peak of interest compared to a non-retained peak; that is
the ratio of time spent for a compound in the mobile phase to the time
spent in the stationary phase. Modifying the retention factor is readily
achieved by changing the mobile phase. In RPLC, non-polar eluents have
higher elution strength than polar eluents. Increasing the non-polar nature
of the mobile phase will elute peaks faster and decrease the retention
factor. Conversely, an increase in retention factor can be made by
increasing the polarity of the mobile phase. A peak should be resolved
from interferences in the void volume and a generally accepted value is
k'> 2 (CDER, 1994).

2.6.1.3 Theoretical Plate Number

Band broadening is the extent to which molecules spread over time within
the chromatographic system. A more efficient chromatographic system is
one that has less band broadening; this can be expressed numerically as
theoretical plate number (N). Larger values of N correspond to less band
broadening and narrower peaks. A generally accepted value for
theoretical plate number is for N > 2000. Since improvement in resolution
is a function of the square root of N, a large change in plate number is
required to make a small change in resolution. Therefore, increasing the
number of theoretical plates is often of less importance than increasing
selectivity and retention factor (CDER, 1994).

2.6.1.4 Tailing Factor

Minor peak tailing is a consequence of band broadening, and hence, the

trailing part of a peak tends to be wider than the front end. However,

LITERATURE REVIEW 74
METHOD VALIDATION



ANALYSIS OF NUCLEOSIDES AND NUCLEOTIDES IN MILK AND INFANT FORMULA

severely tailing peaks negatively affect the accuracy of quantitation due to
difficulties in integration. The determination of where a peak ends
becomes much more subjective and hence introduces a source of error in
peak area estimation. The tailing factor (Ts) is a measurement of peak
asymmetry and is calculated by comparing the relative distance of the
leading and trailing halves of the peak.

Significant peak tailing can be caused by number of reasons but is most
commonly due to sample solvent strength being stronger than the mobile
phase, silanol interaction with amines, adsorption of acidic compounds on
silica, or void volumes in the column. Once the cause of peak tailing is
identified, steps can be taken to minimise it. A recommended value for
acceptable peak tailing is T <2 (CDER, 1994).

2.6.1.5 Peak Retention Time/Area Repeatability

Numerous factors can affect a chromatographic system; these include
column temperature, mobile phase composition, injection volume, pump
flow, detector drift, data sampling rates, and even variance in the way
peaks are integrated. An assessment of peak area stability is performed
to determine whether the system is capable of reporting the same
response for the same concentration of analyte. Replicate injections of a
standard are analysed to determine the repeatability of peak response
(height or area) and retention time. A repeatability of less than 1% is
preferable (CDER, 1994).

2.6.2. SINGLE LABORATORY VALIDATION

Method validation is the process of proving that an analytical method is
acceptable for its intended purpose (Green, 1996). That is, an evaluation

of the method’s reliability must be determined by a validation procedure.
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Typically, SLV procedures usually involve linearity/range, precision,
accuracy, limit of detection/quantitation, robustness/ruggedness, and
specificity/selectivity studies (AOAC International, 2002; Bruce et al., 1998;
CDER, 2001; Eurachem, 1998; Green, 1996; Thompson et al., 2002).

2.6.2.1 Linearity

Quantitation requires an understanding of how instrument response varies
with concentration. By either internal or external standard technique, a
mathematical expression can be devised for calculating unknown analyte

concentrations in samples.

The correlation coefficient is widely used as an indication of a linear
relationship between two measurements (Bruce et al., 1998; Green, 1996;
ICH, 1996). However, it can be misleading as a measure of linearity and
hence, its use in not recommended and other tests for heteroscedacity are
preferred (Analytical Methods Committee, 1988). One of the simplest is a
residuals plot where the differences of nominal measured values and that
estimated by the calibration line are plotted as a function of concentration.
If no structure is seen and random noise is small, then the calibration can

be accepted (Bruce et al., 1998).

2.6.2.2 Confirmation of Identity

Matrix interferences are usually eliminated by sample extraction
procedures. However, residues from the sample matrix through sample
preparation procedures may still contain compounds that interfere with the
measurement. Where applicable, confirmation of analyte identification can
be achieved by comparison of the putative peak in the sample as
compared to an authentic standard with respect to retention time (LC),

spectral similarity and peak purity (PDA), detection of precursor
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(molecular) ion (MS), and detection of characteristic fragment ions
(MS/MS).

2.6.2.3 Precision

Repeatability is the smallest expected precision, whereby variability in
results is estimated for a single analyst, over a short time frame.
Intermediate precision is a useful measure of variability between analysts,
over extended time-scale, in the same laboratory. Reproducibility is the
largest expected precision, whereby, variation in results is estimated for
different analysts on different instruments, in different laboratories, on
separate days (Eurachem, 1998). Since reproducibility is measured over

different laboratories, its determination requires a collaborative study.

Several official guidelines give procedures for estimating precision (AOAC
International, 2002, 2004; CDER, 2001; Eurachem, 1998). The exact
procedures for determining repeatability vary, but the principle is the same.
A number of replicates are tested under repeatability conditions and is
usually expressed as standard deviation (SD) or relative standard
deviation (RSD).

The Horwitz ratio (HorRat) has been implemented by a number of
international technical and regulatory organisations to assess the
acceptability of precision of a particular method. The HorRat is a simple
parameter that indicates the suitability of a method by comparing the
reproducibility of the method to that of many other methods. The HorRat
may be applied to repeatability, although with less reliability. Typically, the
repeatability RSD is estimated as one-half to two thirds of reproducibility
RSD (Horwitz and Albert, 2006), with limits of 0.3-1.3, although extreme

values should be treated with caution (AOAC International, 2004).
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2.6.2.4 Accuracy

Accuracy of an analytical method is the closeness of agreement between
the accepted true value and the measured value and can be assessed
either as bias or recovery (Green, 1996; ICH, 1995; Snyder et al., 1997;
Thompson et al., 2002).

Method bias can be estimated by the analysis of a sample of known
concentration, for example a Certified Reference Material (CRM), which
can be obtained from standards organisations such as the National
Institute of Standards and Technology (NIST). Alternatively method bias
can be determined as bias against a method known to be accurate. This
is particularly valuable when the method used for comparison is a
reference method that has been assessed through a rigorous collaborative
study, such as those reference methods published by AOAC International.
The bias between methods is determined and a test for significance is
performed with the null hypothesis, that there is no difference between

methods, rejected if the p-value is less than 5%.

In a recovery study, a sample of similar composition to a routine sample is
analysed in its original state and after being spiked with a known amount
of analyte. An inherent problem with recovery studies as a measurement
of accuracy is that the introduced analyte may not behave in the same
manner through the analysis as analyte incorporated into the actual
samples. For this reason, good recovery may not necessarily be a
guarantee of accuracy, but poor recovery is certainly a guarantee of lack
of accuracy (Eurachem, 1998; Thompson et al., 2002). The acceptable
recovery range is dependent upon the sample concentration range and
the purpose of the analysis. As a guideline, acceptable limits have been
proposed by AOAC International (2002). In general, recoveries of less
than 60-70% require further improvement, and recoveries greater than

110% suggest a need for better separation.
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2.6.2.5 Robustness

A robustness trial is performed to assess the lack of influence of internal
factors on the measured results. The Youden ruggedness trial is an
efficient experiment design, where seven factors can be evaluated with
only eight analyses of one sample (AOAC International, 2002; Youden and
Steiner, 1975). The design is a two-level screening test in which the main
effects of the factors are evaluated. Higher order effects that are
confounded with the main effects cannot be estimated separately in this
design. Typically, in a robustness trial, only the main effects are of
concern and factor interactions can be considered negligible (Vander
Heyden et al., 2001).

The factors selected are those that are most likely to affect the analytical
results. They may not be limited to operational factors (explicit in the
written procedure), but also include environmental factors (implicit in most
procedures). Generally, factors are studied at two extreme levels, with the
interval between them equal to the likely variability that will occur during
normal application of the method. The choice of interval is a matter of
experience; it should be noted however, that the broader the interval, the
larger the probability that the factor will exhibit a significant effect.
Conversely, the smaller the interval, the more likely the factor is deemed
robust at that interval, but the more strictly it needs to be controlled during

method use (Dejaegher and Vander Heyden, 2007).

The results of a robustness trial can be interpreted both statistically and
graphically. Statistical analysis to identify critical effects consists of a
t-test, whereby the calculated effect is compared to a critical value at a
given level of statistical significance. Graphical interpretation can be
assessed by construction of a half-normal plot (measured effects vs.
rankit), whereby non-significant effects tend to fall on a straight line
through zero, while significant effects deviate from it (Vander Heyden
et al., 2001).
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2.6.2.6 Limits of Detection

When measuring samples at low levels it is important to know the lowest
concentration that can be detected by the method. The instrument
detection limit is based on visual evaluation of instrument output based on
S/N (LOD =3 x S/N; LOQ =10 x S/N). The method detection limit (MDL)
is a value that defines how easily measurements of an analyte can be
distinguished from background noise. The MDL procedure sets the
detection limit at the 99% confidence level, minimising false positive errors
and is based upon the variability, or precision, between sample replicates
run at identical concentrations (EPA, 1999; Su, 1998).
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3. RESEARCH

3.1. Nucleotide Analysis by LC-UV

Despite the quantity of published methods, there has been no official
internationally accepted reference method for the analysis of nucleotides
in milk and infant formulas. This situation has implications for international

trade where disputes are possible.

The aim of this study was to validate a simple, rapid, and robust method
for routine compliance testing of nucleotide-supplemented infant formula.
The method herein describes an SPE sample clean up that avoids the
prior need to remove protein, coupled with a binary gradient RPLC system.
Due to the multi-step nature of the analysis, the use of internal standard-
based quantitation provides additional confidence in analytical results.
This technique has been applied to the analysis of bovine milk-based,

caprine milk-based, soy-based, and hypoallergenic infant formula.

A description of this method and the results obtained from this research
were summarised and presented at the 123" annual AOAC International
conference in 2009 and subsequently published in the Journal of AOAC
International (Gill et al., 2010) (see Appendix |, Appendix II).

In September 2011, this method was reviewed by an expert review panel
(ERP) convened by AOAC International. Based on published SLV data as
compared with the standard method performance requirements (SMPR)
(Sullivan, 2012) established by the Stakeholder Panel on Infant Formula
and Adult Nutritionals (SPIFAN), this method was determined to be
acceptable and was approved for Official First Action status and identified
as AOAC Official First Action Method 2011.20 (AOAC International,
2012a; Gill et al., 2012a) (see Appendix II).
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AOAC appointed the author as Study Director to evaluate the performance
of the method in an SLV extension study against a set of infant formula
and adult nutritional products (SPIFAN kit) that were designed to represent
a wide range of different infant formula/adult nutritional products
commercially available. The SPIFAN kit covered intact protein and
hydrolysate-based products, low and high fat products, soy protein-based,
elemental products, used in adult nutritional (AN) and infant formulations,
in ready-to-feed (RTF) and powder forms.

In June 2012, an ERP evaluated the SLV extension data against the
SMPR and in March 2013, the method was chosen ahead of another
(AOAC International, 2012b; Inoue and Dowell, 2012) to continue to the
next phase of validation. This will require the determination of method
reproducibility via a multi-laboratory collaborative study in order to become
an AOAC Official Final Action Method.

3.1.1. EXPERIMENTAL

3.1.1.1 Apparatus

HPLC separation was carried out with an LC-20AT pump, an SIL-20A
sample injector unit equipped with a 50 uL injection loop, a DGU-20A5
degasser unit, a CTO-20AC column oven, and a SPD-M20A photodiode
array detector. LCSolutions software version 1.22 SP1 was used for

instrument control and data processing (Shimadzu, Kyoto, Japan).

Chromatographic separation was achieved with a Gemini Cig, 5 um,
4.6 mm x 250 mm column (Phenomenex, Torrance, CA). UV absorbances
for calibration standards were acquired with a model UV-1601
spectrophotometer (Shimadzu) with digital readout to 4 decimal places. A
Meterlab PHM210 Standard pH Meter (Radiometer Analytical, Lyon,
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France) was used for the determination of pH. Polypropylene centrifuge
tubes, 50 mL (Biolab, Auckland, New Zealand), 3 mL disposable syringes
(Terumo, Laguna, Philippines), and Minisart 0.2 um syringe filters with
cellulose acetate membranes (Sartorius, Gottingen, Germany) were used
for sample preparation.

SPE was performed on a Visiprep 12-port SPE vacuum manifold (Sigma-
Aldrich, St. Louis, MO) using Chromabond-SB polypropylene SAX SPE
cartridges, 6 mL x 1000 mg (Macherey-Nagel, Diren, Germany).

Prior to use, mobile phases were filtered and degassed using a filtration

apparatus with 0.45 um nylon filter membranes (AllTech, Deerfield, IL).

3.1.1.2 Reagents

AMP (2 99%), CMP disodium salt (= 99%), GMP disodium salt hydrate
(299%), IMP disodium salt (=298%), and UMP (=99%), thymidine
5'-monophosphate (TMP) disodium salt hydrate (=99%), and potassium
bromide (=99%), were purchased from Sigma-Aldrich. Potassium
dihydrogen phosphate, orthophosphoric acid, potassium hydroxide,
ethylenediaminetetraacetic acid (EDTA), sodium chloride (GR ACS grade
or equivalent), and methanol (HPLC grade) were supplied by Merck
(Darmstadt, Germany). Water was purified with resistivity = 18 MQ using

an E-pure water system (Barnstead, Dubuque, 1A).

A standardising buffer (KH,PO4, 0.25 M, pH = 3.5) was made by diluting
34.02 g of KH,PO, in 900 mL of water, adjusting the pH to 3.5 with
orthophosphoric acid, and then making the solution to 1 L. An extraction
solution (NaCl,1 M: EDTA, 5 mM) was made by dissolving 58.5 g of NaCl
and 1.9g of EDTA in 1L of water. A wash solution (KBr, 0.3 M) was
made by dissolving 3.57 g of KBr in 100 mL of water. The SPE eluent
(KH2PO4, 0.5 M, pH =3.0) was made by dissolving 6.8 g of KH,PO, in
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90 mL of water, adjusting the pH = 3.0 with orthophosphoric acid, and then
making the solution to 100 mL.

Mobile phase A (KH2POg4, 0.1 M, pH = 5.6) was made by dissolving 13.6 g
of KH,PO4 in 900 mL of water, adjusting the pH to 5.6 with KOH solution
(25% wl/v), and then making to 1 L with water. Mobile phase B consisted
of 100% methanol. As microbial growth often occurs in phosphate buffers
that contain little or no organic solvent at room temperature, the mobile

phase was made fresh daily.

3.1.1.3 Standard Solutions

Nucleotide stock standards were prepared as described previously (Gill
and Indykb, 2007), with concentrations measured using reported extinction
coefficients; Table 7. The extinction coefficient of TMP at the UV
absorbance maximum (Amax) Of 267 Nm was determined experimentally as
288.5dL gt cm™.

Table 7. Nucleotide extinction coefficients

Analyte Amax (NM) Ei%
AMP? 257 430.4
CMP? 280 398.0
GMP? 254 393.3
IMP? 249 357.3
UMP? 262 313.5
TMP 267 288.5

& From Gill and Indyk, 2007b

Stock standards were prepared by accurately weighing approximately
50 mg of each nucleotide into separate 50 mL volumetric flasks and
making to volume with water. The concentration of each nucleotide stock

standard was determined by diluting 1.0 mL of stock standard to 50 mL
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with standardising buffer and measuring the absorbance at the appropriate

Amax-

An intermediate standard solution of TMP was made by diluting 4 mL of
TMP stock standard into 50 mL of water. A mixed intermediate standard
solution of AMP, CMP, GMP, IMP, and UMP was made by diluting 2 mL of
each stock standard in a single 50 mL volumetric flask and making to

volume with water.

Assay calibration standards were prepared by diluting the two intermediate
standards with water to the required concentration. The calibration
standards contained a constant concentration of the internal standard
TMP (~3 pg mL™) and variable concentrations (~0.5-7 ug mL™) of CMP,
UMP, GMP, IMP, and AMP.

3.1.1.4 Sample Preparation

Approximately 1 g of infant formula powder was weighed accurately into a
50 mL centrifuge tube and dissolved in 30 mL of extraction solution,
1.0 mL of a TMP intermediate standard (~80 mg mL™*) was added, the
tube was capped and vortex mixed. The sample was allowed to stand for

10 min to hydrate before dilution to a final volume of 50 mL with water.

3.1.1.5 Solid Phase Extraction

For each sample, a single SPE cartridge was placed on an SPE vacuum
manifold. The columns were conditioned by elution with 4 mL of methanaol,
followed by elution with 2 x 5 mL of water. The cartridge was loaded with
4 mL of sample solution at a flow rate of <2 mL min™. The cartridge was
washed (wash solution, 4 mL) to remove interferences. The nucleotides

were then eluted (eluent solution, 4 mL) into a test tube. An aliquot of the
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eluent was filtered through a 0.2 um syringe filter into an autosampler vial

ready for analysis.

3.1.1.6 Chromatography

Chromatographic separation was achieved using a modification of the
procedure described previously (Gill and Indyk, 2007b). Gradients were
formed by low pressure mixing of two mobile phases, A and B, with
separation of nucleotides achieved using the procedure shown in Table 8.

Table 8. Gradient procedure for LC-UV method

Time Column Flow rate Phase composition®
_ temperature 4

(min) C) (mL min™) %A %B
0 20 0.5 100 0
5 20 0.5 100 0
14 20 0.5 90 10
15 20 0.5 80 20
35 20 0.5 80 20
36 20 0.5 100
50 20 0.5 100

& Mobile phase A = KH,PO,, 0.1 M, pH = 5.6
Mobile phase B = 100% methanol

3.1.1.7 Detection, Identification and Quantitation

The photodiode array detector acquired spectral data between 210 and
300 nm. Integration of peak area was achieved at specific wavelengths:
250 nm (IMP), 260 nm (AMP, GMP, and TMP), 270 nm (CMP and UMP).
A linear regression plot of the ratios of peak area against concentration for
each nucleotide relative to TMP was generated, and the nucleotide
contents in unknown samples were interpolated from this calibration curve;

Equation 3.
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(mg dL™) As L Wg 1000

(Equation 3)

where: Ayt = analyte (nucleotide) peak area
Ais = internal standard (TMP) peak area
L = linear regression slope of calibration curve
Cis
Vis
Ws = weight of sample (g)

concentration of internal standard in sample (ug mL™)
volume of internal standard in sample (ug mL™)

100 = unit conversion (from g™ to per hg™)

1000 = unit conversion (from ug to mg)

3.1.1.8 Modifications to Chromatography

As part of the extended SLV evaluation of this method with the SPIFAN Kkit,
minor modifications to the chromatographic procedure were made in the

following manner.

The potassium phosphate content in the mobile phase A was reduced,
(KH2PO4, 10 mM, pH =5.6), the column temperature and the flow rate
were increased, and a more gradual gradient transition to mobile phase B

was used; Table 9.

Table 9. Modified gradient procedure for LC-UV method

Time Column Flsie i Phase composition®
. temperature -

(min) C) (mL min™) %A %B
0 40 0.6 100 0
25 40 0.6 80 20
26 40 0.6 100
40 40 0.6 100

& Mobile phase A = KH,PO,, 10 mM, pH = 5.6
Mobile phase B = 100% methanol
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3.1.2. RESULTS AND DISCUSSION

3.1.2.1 Method Optimisation

Method optimisation consisted of adapting the sample preparation and
chromatographic conditions reported previously (Gill and Indyk, 2007b) to
accommodate a SPE step for the removal of non-nucleotide interferences,
thereby simplifying the chromatographic separation.

Both acid precipitation and CUF techniques to remove protein prior to SPE
were initially evaluated. Acid precipitation is a rapid and simple means of
removing caseins; however, the low pH of the sample extract may
negatively affect SPE retention unless the extract is first neutralised. CUF
removes all proteinaceous material above the molecular weight cut-off
(MWCO), and the sample remains at physiological pH. However, CUF
was found to be an unsatisfactory means of protein removal as it proved to
be time consuming, and it was difficult to obtain sufficient permeate for the

subsequent SPE step.

Based on these trials, the assumption that it was necessary to remove the
protein prior to the SPE was re-considered. The dissolution of a powder
sample in the high salt solution was found to be efficacious in producing a
uniform sample solution that, when applied directly to the SPE cartridge,
did not compromise the recovery of nucleotides. Residual milk protein
content in the eluent post-SPE clean up was equivalent to that of an acid-
precipitated sample and it is probable that some caseins precipitate and

are retained in the SPE cartridge upon addition of the low pH buffer.

The SAX cartridges contain quaternary amine anion-exchange sites, which
strongly attract the anionic phosphate moiety of nucleotides. In order to
remove the majority of interfering components in the sample, different

aqueous wash solutions, containing a variety of anions at a number of
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concentrations, were evaluated. Bromide ions were found to be most
effective in removing potentially interfering components, such as
nucleosides, orotic acid, and uric acid, while retaining nucleotides on the
cartridge.

In order to elute the nucleotides from the SAX cartridge, two options were
available. One option was to add sufficient acid to lower the pH to the pK,
of the nucleotide phosphate (~pH = 1), thereby neutralising the negative
charge and eluting the nucleotides for collection. However, in order to
protect the analytical column, neutralisation of the extract would be
required prior to HPLC analysis. Alternatively, the addition of anions that
have a high affinity for the quaternary amine and added at high ionic
strength could be utilised to elute the nucleotides. This was achieved by
the addition of 0.5 M phosphate in the eluent, which readily displaces

nucleotides bound on the SAX cartridge.

In complex samples that require multiple clean-up steps, internal standard
calibration is indispensable in compensating for variation of analyte
recovery. Internal standard calibration requires a known amount of the
selected compound to be added to each sample, blank and standard.
This is done to correct for potential variation of analyte recovery during
sample preparation steps. In the selection of an analogous compound
suitable for use as internal standard, it is vital that it behaves in a similar
manner as the analyte throughout all stages of the analysis. A calibration
curve is generated by plotting the ratio of the analyte response to the
internal standard response as a function of the concentration of the

standards.

The selection of TMP as an internal standard was supported by a number
of factors: structural similarity to analyte nucleotides, absence of
detectable quantities in infant formulas, retention under desired

chromatographic separation, and commercial availability.
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3.1.2.2 Method Performance

The use of phosphate as mobile phase buffer has been reported
previously (Gill and Indyk, 2007b) and is commonly used in RPLC and
IPRPLC methods (Krpan etal.,, 2009; Perrin etal.,, 2001; Vifas et al.,
2009). The optimal pH for a given mobile phase buffer is at pH % 1 unit of
the pKa. The mobile phase at pH =5.6 is outside the optimal range
(phosphate pKaz = 7.21) for use as buffer. However, the use of a number
of other buffers such as acetate and citrate was found to give poor peak
shape and poor repeatability of peak area and retention, a problem that
may be attributable to the interaction of stainless steel in HPLC instrument
with nucleotides (Tuytten et al., 2006; Wakamatsu et al., 2005). No such
problems were found when using phosphate as mobile phase and the
stability of retention time illustrates its suitability for use as a mobile phase
buffer.

System Suitability

Chromatographic performance was assessed by replicate analyses (n = 6)
of a mixed nucleotide standard; Table 10. An example of typical

chromatography is given in Figures 17-18.
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Performance within recommended guidelines was achieved, with the
exception of the retention factors for CMP and UMP (guideline > 2.0);
however, this was deemed acceptable because of uncompromised peak
integrity of these two compounds in all samples analysed.

Single Laboratory Validation

A single laboratory validation study was performed on the method and
results for linearity, precision, and detection limits are summarised in
Table 11.

Seven mixed standard nucleotide solutions covering the expected working
range were analysed in duplicate. Linearity of dose response was
confirmed by least squares regression analysis, with acceptable values
obtained for the correlation coefficient. Plots of standard residuals showed
no structure and only a small amount of random noise, further

demonstrating linearity; Figures 19-30.

Repeatability was determined by analysing duplicate pairs (n =10) of
nucleotide-supplemented bovine milk-based infant formula. Intermediate
precision was determined from replicate analyses (n =20) of the same
sample tested on five different days by two different analysts. The
precision was acceptable, as illustrated by repeatability HorRat of 0.2-0.6,

and an intermediate precision RSD of 3.1-9.4%.

The MDL was determined in accordance with EPA (1999) procedures.
The concentrations used to generate the MDL (0.52—-1.68 mg hg™) were
appropriate to estimate the MDL. The MDL’s obtained are approximately
an order of magnitude lower than the lowest levels measured in a

nucleotide-supplemented infant formula (Gill and Indyk, 2007b).
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Figure 19. LC-UV method: CMP linear regression plot
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Figure 20. LC-UV method: CMP residuals plot
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Figure 21. LC-UV method: UMP linear regression plot
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Figure 22. LC-UV method: UMP residuals plot
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Figure 23. LC-UV method: GMP linear regression plot
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Figure 24. LC-UV method: GMP residuals plot
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Figure 25. LC-UV method: IMP linear regression plot
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Figure 26. LC-UV method: IMP residuals plot
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Figure 27. LC-UV method: AMP linear regression plot
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Figure 28. LC-UV method: AMP residuals plot
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Figure 29. LC-UV method: TMP linear regression plot

10000 + o
5000 —+
<o
§ 0 : : : °© 1 > |
3 0 ¢ ¢ 5 10 15 20 25
é -5000 o
-10000 -+

Concentration (ug mL™1)

Figure 30. LC-UV method: TMP residuals plot

A robustness trial was performed using seven factors deemed to
potentially affect the results and which were evaluated at levels likely to
occur during normal use of the method. These were concentration of salt
in extraction solution (59 g L™, 58 g L), sample wait time (12 min, 8 min),
load volume (4.1 mL, 3.9 mL), wash solution (3.6 g dL™, 3.5 g dL ™), wash
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volume (4.1 mL, 3.9 mL), eluent solution (pH = 3.1, pH = 2.9), and eluent
volume (4.1 mL, 3.9 mL). The two factor levels were symmetric around
the nominal values from the described analytical procedure, with the
interval representing probable experimental error. The seven factors
assessed were: initial sample water volume (27 mL, 23 mL); vortex time
(40 s, 20 s); wait time (14 min, 6 min); centrifuge volume (4.2 mL, 3.8 mL);
centrifuge speed (4000 x g, 3000 x g); centrifuge time (70 min, 50 min);
and a dummy factor. Statistical and graphical interpretation of the results
shows that the method to be robust for these factors at the levels studied;
Figures 31-35.
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Figure 31. LC-UV method: CMP half-normal plot
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Figure 32. LC-UV method: UMP half-normal plot
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Figure 33. LC-UV method: GMP half-normal plot
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Figure 34. LC-UV method: IMP half-normal plot
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Figure 35. LC-UV method: AMP half-normal plot
Recovery was evaluated at three concentration levels for three different

sample matrices: bovine milk-based, soy-based, and hydrolysed milk

protein-based infant formula; Table 12.
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The recoveries measured were within the limits of 80-115% at the
10 ug g™* level recommended by the AOAC (Horwitz, 2002). Method bias
was assessed by testing replicate samples (n=12) of a nucleotide-
supplemented formula by the method described herein and by a method
published previously (Gill and Indyk, 2007b). No significant bias was
found, with p-values (a = 0.05) calculated to be 0.079, 0.529, 0.676, 0.341,
and 0.069 for AMP, CMP GMP, IMP, and UMP, respectively.

3.1.2.3 Nucleotides in Infant Formulas

The method was applied to a number of commercially available bovine
milk-based, hydrolysed milk protein-based, caprine milk-based, and soy
protein-based infant formulas; Table 13. The recoveries determined
against label claim were typically found to be > 100%, which is not
unexpected due to the practice of overage of fortified ingredients during
formulation and production. In the analysis of caprine milk-based infant
formula, the presence of significant levels of endogenous nucleotide

diphosphates was observed.

3.1.2.4 SLV Extension Study

Modified Chromatography System Suitability

Performance of the modified chromatographic system was assessed by
replicate analyses (n = 14) of a mixed nucleotide standard; Table 14. An
example of typical chromatography is given in Figures 36-37.
Performance within recommended guidelines was achieved, with the
benefits of better resolution between critical pairs of peaks (GMP and IMP,
TMP and AMP), an increase in retention of CMP, and an overall reduction
in total run time with less interfering peaks near TMP and AMP retention

times when compared with the original chromatographic procedure.
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Single Laboratory Validation Extension

Eight standards were prepared over the range specified in the Nucleotides
SMPR (Sullivan, 2012). Three replicate experiments were performed with

standards analysed in random order. The detector response was plotted

against concentration and regression analysis performed; Figures 38-49.
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Figure 38. LC-UV method extension: CMP linear regression plot
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Figure 39. LC-UV method extension: CMP residuals plot
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Figure 40. LC-UV method extension: UMP linear regression plot
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Figure 41. LC-UV method extension: UMP residuals plot
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Figure 42. LC-UV method extension: GMP linear regression plot
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Figure 43. LC-UV method extension: GMP residuals plot
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Figure 44. LC-UV method extension: IMP linear regression plot
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Figure 45. LC-UV method extension: IMP residuals plot
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