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ABSTRACT

Isocratic HPLC methods using whatman Partisil 10 SAX

and’ SCX columns have been developed for determination of
flavor—onhanwing nucleotides (é;‘GMP and 5'-IMP) and other
nucleoside monophosphates and their corresponding nucleod
sides. The prdcedure??used in analysis of nucleotides

consisted of sample extraction with cold pérchloric acid

.PCA), and removal of starch by addition of methanol and.

centrifugation. Prior to injeotion®nto an HPLC system, the

PCA was removed from the "extract by treatment with

tri-n-octylamine-Freon 113 solution. With a strong ahion
excﬁange column (SAX) and a mobile phase of 3% methanol in 8

mM KH,PO, (solution pH 4.15), the nucleosige-S'—monophos—

phates and the 2'- and 3'-isomers &6f GMP were well resolved.

The méthod was applied .for analysis of the free

.
nucleotide content of vegetables, for assaying the activity

of vegetable enzymeé involved. i1n formation and degtadation
~ -
& R
of nucleotides, and for determining nucleotide constituents
&
of vegetable RNA, TﬁTk%eeQ\\LYegetables were studied,
including representatives of flowerhead, fruity, leafy,

séed, step/shoot and tuberous vegetables, and mushrooms.

Studies on éharacterizat}gn of vegetable nuclease and

ribonuclease (RNase) were carried out by preparation of’

.
crude enzyme powders, of which potato crude enzymes from

v > . '
both cytoplasm and cell wall were further purified. Puri-
AV
fication of cytoplasmic enzyme was achieved by applying the

crude enzyme solution on a gel filtration column, and cell

1

L
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wall enzyme was fractionated using ammonium sulfate, gel
filtration column and .ion—exchange cﬁromatography. TQF
aztivities of both crude vegetable and purified QPtato
nucleases ‘exhibited high (65-75°C) temperature optima,

L
. L4 -
whereas RNases showed lowar optimal temperatures (50-60°C).

The nuclease and 3'-nucleotidase activity resided in the
same protein of both cytoplasmic and cell wall enzymes
isolated from potato tubers. Purified cell wall nuclease
showed its preference in hydrolysis of RNA for forﬁation of
purine nucleotides. The ffee nucleotide conteﬁt of nav
vegetables was low, .but the level increased ma;keafy in
cooked vegetables due to enzymatic hydrolysis of endogenous
RNA. Differences in the levels of 5'-nucleotides wgre
observed qn‘steamed vegetables. Of two flavor nucleotides,
5'-IMP and 5'-GMP, o;ly 5'-GMP was found in vegetables. The
5'-GMP derived from ‘enaogenous RNA durimg steam cooking
ranged from 0% (cabbage) to 44% (shiitake mushroom) of total
o ) :

X

nucleotides.
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* 1. INTRODUCTION

High petrtformance liqgquid chromatography (HPLC)Y has been

b

5
n&é}lable to analytical researchers since the beginnind of

th&ﬁ;&ﬁ’@'s (1,27, Separati1on  methods tor nucleilc acad
vuﬂsixtuents were then developed rapidly with this powerful
technique [3 5].

This Study was designed to develop a seriles ot HPLC
methods f{or the analysis ot nuclelc acid related substances.
The methods developed were applled 1n assaying the enzyme
activitlies 1nvolved 1n formation and deqgradation of nucleo-

. ¢
ti1de manophosphates. The major objective was to maximize the
amount ot natural flavor nuc leot ides, especlally
gUdﬁbSlﬂe 5' -monophosphate (5" -GMP), n processing of
vegetables.

Several papers have been published during the course of
this study. This thesis 1s presented 1n the "paper format’,
following quidelines of the Faculty of Graduaté tudies and
Research, University of Alberta. Since publis!ejaapers have
to be somewhat "condensed versions”, this chapter provides

the detailed background information for the subjects

involved.

1.1 Nucleic Acids and their Constituents

Nucleic acids and their related enzymes are of immense
" biological 1importance in all living cells. There are two
groups of nucleic acids, differentiated by the carbohydrate

preseng. Those which contain B-D-ribose are generally known

. ~



as ribonuclerc acids  (RNA's), while those containing
B D2 déoxyribose are deoxyribonuclerc acids (DNA's). Both
RNA and DNA are polymers composed ot monomeric units called
nucleotides, thus a nuclei1c acid 1s also a po-lynucleotlde.
Nucleic acids are long  chaln, high molecular we l1ght
polymers. A short chain polymer 1s referred to as an oligo-
nucleotide (Greek oligo, “few”) [6].

At one time, 1t was assumed that RNA was the
characteristic nucleic acid of plants and DNA that of
animals. It 1s now clear that plants and animals each have
both types of nucleic acids. RNA 1s found principqlly in the
cytoplasm, although small amounts are found in the nucleus,
nucleolil and chromosomes. DNA 1s found predominantly 1n the
nucleus. The ea;T}ér supposition resulted from the fact that
animal cells used ‘in experiments had been ones with
predominant nucleil and little cytoplasm, while the reverse
'was true of plant cells [7].

Both* RNA and DNA contain four different heterocyclic
bases which are the dérivatives of pyrimidine and purine

compounds possessiqg aromatic character., Purine may 1tself

be regarded as a derivative of pyrimidine by fusing together

N »

N ’ L . .
a pyrimidine and an 1imidazole ring. Two purine bases,
adenine and guanine, and the pyrimidine cytosine are common

to both RNA and DNA, whereas uracil and thymine are the

r

respective second pyrimidines in RNA and DNA. Chemical

structures of pyrimidine, purine and the major base
c . ‘
components of nucleic acids are shown in Figure 1.1,

-~
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Figure 1.1. Chemical structures of .pyrimidine, purine and
the major base constituents ofﬁmeleic acids.
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Table 1. 1: Some of the Important Minor Bases in RNA

1-Methyladenine
2-Methyladenine
6-Methyladenine ~ ~
6.6-Dimethyladenine
o-Isopentenyladenine
2-Methylthio-6-isopentenyladenine
6-Hydrfoxymethylbutenyladenine
¢-Hydroxymethylbutenyl-2-methylthioadenine
1-Methylguanine
2-Methylguanine
2,2»Dhnclhylguaninc
7-Methylguanihe
2,2,7-Trimethylguanine

" Hypoxanthine
1-Methylhypoxanthine
Xanthine .
6-Aminoacyladenine

Dihydrouracil
5-Hydroxyuracil
5-Carboxymethyluracil
S-Methyluracil (thymine)
5-Hydroxymethyluracil

2 Thiouracil
3-Methyluracil
5-Methylamino-2-thjouracil
S-Methyl-2-thiouracil
5-Uracil-5-hydroxyacetic acid
3-Methylcytosine '
4-Methylcytosine

5-Methylcytosine

5-Hydroxymethylcytosine
2-Thiocytosine
4-Acetylcytosine

Source: ref. 8.



In addition to the common bgses mentioned above, a
large number of pyrimidine derivatives called minor bases
occur 1n°small amounts ih some nucleic acids (Table 1.1).
Minor bases are especially iﬁportant in transfer RNA's,
which may contain up to 10% of these components [8].

All pyrimidine and purine bases of nucleic acids aYre
colorless, crystalline compounds. They are slightly soluble
in water, but are readily soluble in either dilute acid or
alkali. They are generally insoluble 1in organic solvents.

- The stropngly <characteristic ultravicolet absorption = of
nucleic acid constituenés in the region of 250 to 280 nm is
vgry useful for the detection ofy pyrimidine and purine
contaihing compounds using uv detectors in liquid-
chromatography [QL. &

A nucleoside 1s composed of one nitrogenous hetero-
cyclic base and one pentose, a D-ribése for Fibonucleoside
and a D—2~deoxyribose for‘deogyribonucleoside. The p.ntose
1s joined to,;he base by a B-N-glycosyl bond between chrbpn
atom 1 of the pentosq§and nitrogen atom 1 of the pyrimidine
base or nitrogen atom 9 of the purine base. The numbering
systems for the pyrimidine andlpprine follow tﬂe conventions
for the bases. The carbon atoms of the carbohydrate are
numbered with primes to distinguish them ftom the atoms of

, the heterocyclic base. -

N
A nucleotide is a combination of a nucleoside and one
or more molecules of phosphoric acid. The attachment of the

phosphate group(s) is of considerable importance. It can be



an ester linkage with carbon atoms 2', 3°
carbon atoms 3' or 5' 1in deoxyribose, giving 2’-; 3'- and
5'-ribonucleotides, qu 3'- and 5'-deoxyxibonucleotides. A
nucleot}de 1s named in sequence by a combinalion of the name
of ffs.corresponding nucleoside, t position) of the attach-

»

ment of phosphate group to t the number of

phogﬁhate groups. Figure 1.2\illustrates/the structure of a
base, its nucleoside and 'nucleo

The 5'-ribonucleotides can be distinguished from their
2'- and 3'—isomefs and from the deoxynucleotides by the fact
that they are susceptible to periodate oxidation owing to
the presence of the cis-diol group [10,11],” as shown in
Figure 1.3.

All common ribonucleotides and deoxyribonucleo;ides
Qécur in natural biological systems as 5'-phosphate esters
[#2]), including 5'-mono-, di- and triphosphates. In addition
to the 5'—nucleotidg§, some cyclic nucleotides have been
found in cells. Among these nucleotiags, well .tnbwn as
enzymatic intermediates, are nucleoside 2':3'-cyclic
monophosphates (2':3'-cyclic nucleotides). These «cyclic
nucleotiges and ribonucleoside-2'- and -3'-monophosphétes‘
are the products of ribonucIease catalyzing the degradation
of RNA [6]. These low molecular weight compounds ére called.
"acid soluble nucleotides" as -they are soluble in _cold
dilute solutions of perchloric acid (PCA) and trichloro-
acetic acid (TCA) commonly used to kill and extract cells.

Polynucleotides containing more than about ten monomerg are
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Figure 1.2,  Structure of guanosine-5'-monophosphate
(5'-GMP), showing the base and nucleoside components of the
nucleotide. ’
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Table 1.2:  The pKa Values of Nucleic Acid Constituents

AN

Type Compound pKagr pKa, pKa, pKa,

Bases: ‘
Adenine 415 9.80
Cytosine 4.60 12.16 B
Guanine . 330 920 123
Thymine v.82 - 2
Uracil ' ‘ v.45

Nucleosides: ) .
Adenosine ' » 35 12.5
Cytidine ’ 4.2 12.5
Guanosine v 16 L 92 123
Uridine 92 12.5
Deoxyadenosine 3.8°
Deoxycytidine 43 >13.0
Deoxyguanosine 2.40 9.40
Thymidine | 9.8  >13.0

Nucleoudes: . . . ’

* Adenosine-2'-phosphate 3.81 6.17
Adenosine-3'phosphate : 3.6-3.7 592
Adenosine-5'-plosphate 09 .37 62-64
Cytidine-3'-phosphate . 43 - 6.04
Cytidine-5'-phosphate 0.8 4.2 © 6.0
Guanosine-2'-phosphate ’ 221 ' 9.56
Guanosine-3'-phosphate ’ 23 9.42 \7
Guanosine-5'-phosphate 0.7 24 6.0 9.3

 Uridine-3'-phosphate  * . 5.88 9.43
Uridine-5*-phosphate - 10 .59 94
Deqgyguanosine-5'-phosphate 29  64r 97

* Thymidine-5'-phosphate 6.5 10.0

Sougce: refs. 14 and 15.
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insoluble 1in cold diluted PCA and TCA [13].

The nucleotides, nucleosides and bases are strongly
acidic, neutral and weakly basic compounds, respectivély.
These diétinct chemical properties: of the nucleic acid

constituents are of importance in chemical analysis using

lon-exchange chromatography. Ionization constants of the
nucleic' acid constituents are summarized 1in Table 1.2
[14,15]. ¢

The two types of nucleic acids, RNA and DNA, share a
number of chemical and physical properties. ‘In both the
successive nucleotide units are covalently linked by
pho;phodiester bridges formed between the 5'-phosphoryl
group of one nucleotide and the 3'-hydroxyl group of the
adjacent nucleotide (Figure 1.4). The presentation of poly-
pnucleotide chains by complete formula is clumsy, thus short-
hand designations of the chains are in common use. As shown
Bn Figure 1.4, the base is identified by a single-letter

code (N in- general, or specifically A, C, G, T, U). One

“yconvention utilizes a vertical line and a diagonal slash to

repregent the sugar unit, with phosphodiester bonds being

represented by the Fetter P 'between the 3'- and 5'-slashes.

A simpler representation uses pN 0 symbolize 5'-mono-

Vs

phosphonucleotide and~N§ to irepresenty 3'-compound. A poly-

nucleotide is then written as Cctession of pN notations,
reading left to eright from the 5'- to the 3'-terminus
[(8,16]." For «cyclic nucleotides, the representation may

utilize the . symbol ftyclic-P or >P to indicate a
ot »

-
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2':3'-phosphoryl group. Thus, G-cyclic-P or G>P denotes
guanosine-2':3'-cyclic monophosphage (2':3'-G™MP) [8].

,In all living cells RNA is generally foﬁnd to have a
mpch lower molecular wefght than DNA. The three main types
of RNA are ribosomal RNA (rRNA), transfer RNA (fRﬁA).and
messenger RNA \(mRNA). Each occurs in multiple molecular
forms, resulting in different molecular weights. Transfer
RNA's have molecular weights as low as 23 kdal, and
ribosomal RNA's are of higher molecular weight,(up to 103

kdal), accounting for 80% of the total RNA's [8].

1.2 Degradation of Nucleic Acids and Nucleotides _

1.2.1 Chemical hydrolysis of nucleic acids o f v

Acid hydrolysis of RNA or DNA yields its constituent

bases, phosphoric ac}d and ribose or deoxydNbose.
The behavior of RNA in alkaline solution differs

markedly from that of DNA. Alkaline digestion of RNA (e.gq.

0.1 M NaOH, 25°C) yields’a mixture of 2'~ and 3'-ribonucleo-

side phosphates. The reattion occurs successively “via

. .
formation of the intermediate 2':3'-cyclic |nucleotides
|

(Figure 1.5). DNA is stable in basic solution under the

conditions that hydrolyze RNA since ‘DRA lacks the

2'-hydroxyl group required for intramolecular catalysis

(171, | - ,
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Figure 1.5. Alkaline digestion of RNA, showing the formation
of intermediate cyclic nucleotides and their breakdown to a
mixture of 2'- and 3'-riborucleotides [17].



1.2.2 Enzymatic hydrolysis of nucleic acids

The sugar moieties in the primary structures of RNA and
DNA . are the méjor difference between these two classes of.
nucleic acids. On this basis, several enzymes which act
specifically on RNA or DNA can be distinguished.

The definition of a :;uclease" 1s én enz}me which
cleaves a phosphodiester bond of a polynbcleotide chain in
‘both RNA and DNA (i.e. no preference for tpe natute of sugar-
moiety). A "ribonuclease" (RNase) is an énzyme that
hydrolyzes specifically RNA, and a "deoxyribonuclease"
{DNase) 1is one that acés exclusively on DNA. In qgstrict
sense, a phosphodiesterase is any enzyme which splits a bond

‘, .
involving diesterified phosphate, thereby inclgging RNases

and DNases. However, a phosphodiesteraée is not specific in
hydrolyéis of only nucleic acids, i.e. it does not cleave
only a nucleotidyl bond [18;22].

Like other depolymerizing eniymes, nucleic ~ acid
‘hydrolyzing-enzymes can be divided into two groups based on
“the point of attack. Those that split the polymer at thé
terminal boﬁds,oéither 3'- or 5’-terminus,'are'known.ds exo-
enzymes. The enao—enzymes attack i@terphosphédiester bonds
of‘nuclgié acids.

The’3'-5'-phosphod}ester bonds of nucleic acids can be
cleaved to yield 3'-nucleotides‘[22] Qr 5'-nucleotides [23],
dé;ehdrng upon the character of thé specific enzyme. Those
enzymeS»wﬁich hydrolyzé’the 3'=linkage are refgrted’to as

.5'-huc1eotide formers, whereas -~those that split the’



S o linkage  are called 3 nucleotide formers. The general
enzymat 1&~ reaction ot these two  types  of nuc‘leé;ses 15
(W umima 1ced 1n Figure 1.6,

The mechanism of KNase hydraolysis of RNA has k})m‘n well
studaied (24, 29). In general, the reactlon occurs by 1nitial
depolymerization which 1nvolves a nucleophilic attack of the
oxygen of the ' hydroxyl group of one nucleotide on the
electrophilic phosphorus atom of the adjacent nucleotide. As
a result, intermediate 2 :3" ‘cycdic phosphate estex‘s\ are
forhed. The tormation of this intermediate 1s similar to the
tirst step 1n alkaline hydrolysis [17] (see section 1.2.1).
The opening ot the 2':3'-cyclic phosphate esters 1s the
second step of the same RNase catalyzing reaction, giving
3" -ribonucleot 1des (Figure 1.7). Some RNase's can not.-
perform the ring opening step, or they do so at a very slow
rate, such that the 2':3'-cyclic phosphate accumulates

: AL
{21,26}. The enzymat}c reaction as shown 1n step I, Eiguf&
: (i

1.7 1s a transfer of a phosphoryl group, not a hydrolytic

~

L4

reaction. Thus, the RNases possessing this ability are
referred to as nucleotidyl-transferases and their specific
name depends on preference for either purine or éyrimidine
base [21£26-28]. -

Three types of RNase have been classified [21]:

(1) Ribonucleate nucleotido-2'-transferase (cyclizing)

[EC 2.7.7.17] has no specificity for the base. This Rype of

RNase forms all four 2':3'-cyclic nucleotides.

-~
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Figure 1.6. Nonspecific nucleases that hydrolyze both DNA

and RNA.
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Hydrolysis of RNA cataiyzeﬁ by RNase.

Figure 1.7.



AY

(2) Ribonucleate pyrimidine nucleotido-2'-transferase
(cyclizing) [EC‘ 2.7.7.16) specifically attacks at the;
5" linkage near the pyrimidine base, forming intermediate
2" 3 cycldé pyrimidine)nucleotides.

(3) Ribonucleate guanine nucleotido-2'-transferase
(cyclizing) [EC 2.7.7.26] splits the P-O bonds by formation
of 2':3'-cyclic intermediates with only guanine.

The plant RNases, 1in general, show a preference for
phosphodiester bonds involving the guanine base [28]. Among
the many RNases 1i1dentified, 1t 1is likely khat pancreatic
RNase is the most studied [(25]. Enzymes related to plants,
especlally vegetable picleic acids, are not as extensively
studied for theilr properties and structures, There are
relatively few examples in the literature in which there 1is

in-depth study of vegetable nucleases “and/or ribonucleases.

Heowever, some ical reviews on plant nucleases have

appeared [20,29, Properties of pladt nucleic acid

hydrolyzing enzymes are summarized in Table 1.3.

1.2.3 EnZymatic hydrolysis of nucleotides

Phosphoric monoester hydrolases are eﬂiymes fouqF
widely in biological systems [18]. They -are generally
subclassed into three groups, phosphatases [31-35] and>3'-
and 5'-nucleotidases [36,5;\L\5hospﬁatase is a non-specific
phosphomonoesterase that hydrSTYzes. all phosphomonoester
bonds, 'whereas 3'- and 5'-nucleotidases are phosphatases

specific fc>.rh hydrolysis of a phosphoric bond i:(«

\
'

AN
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3"-nucleotides and 5'-nucleotides, respectively [36]. Hen¢ge,
the phosphatases and 5'-nucleotidases are considere
undesirable;»phosphomonoesterases\ witR regard to fia;or
nucleotides (see section 1.3). Prodﬁcts of phosphomono-
esterases are the nucleosides and phosphoric acids shown 1in

Figure 1.8.

1.3 Flavor Nucleotides

‘ During the 1950's, several discoveries on
charactefistic flavor activity of purine 5'-nucleotides 1led
to such compounds becoming important in fthe food industry
[38]. 1t was found that, among the t%/;e/isomers of 1nosine
monophosphate (IMP), only 5'-IMP possessed flavor activity.
As .early as 1913 thé fhajor flavoring substance of dried
bonito extract was thought to be the histidine salt of IMP
[39]. Almost fift} years later, however, histidine was
proved not to be necessary for the flavor action of 5'-IMP,.
The absolute requirement for a nucleotide to have flavor
activity is that it must be a 3'-purjine ribonucleotide with"
a hydréxyl (or keto, its tautomeric form) group at the
6-position [40,41]. Guanosine-5'-monophosphate (5'-GMP) and
xanthosine-5'-monophosphate (5'-XMP) were also recognized as
compounds .possessing similar aétivity to that of 5'-IMP,
Meanwhile, 5'-GMP was found to be the major savory (flavor
enhancing) constituent of Jépanese mushroom (shiitake) [40].
Adenosine-5'-moriophosphate (5'-A¥P) -contains a 6-amino

group, resulting in reduction of flavor activity. Thus,



o Base

i
BO—F-OH,C Base
OH
HO OH
HO OH
Base -
HOH,C +
. *H; PO,
9) OH . .
0=|P—OH N )
OH '

° kY

Figure 1.8. Hydrolysis of nucleotides catalyzed by phospho-
monoesterases.
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5'-AMP was less active 1n flavor -enhancement when compared
with 5'-XMP, 5'-IMP and S5'-GMP. .

The latter three 6-hydroxy-purine 5'-ribonucleotide
monophosphat€s are known as the "flavor nucleotides™ [42].
They differ chemically by the substitution at position 2
with OH, H and NH,, respectively (Figure 1.9). Among the
three -flavor ‘nucleotides, 5'-XMP has not been produced
commercially because its flavor activity. tf\gess than that
of 5'-IMP and 5'-GMP. The flavor activity of 5'-GMP is 2.3-4
fimes greater than that of 5'-1IMP [42].

Due to the synergistic taste effect of the flavor
nucleotides with monosodium glutamate (MSG), 5'-IMP and
5'-GMP have been manufactured and applied to food as flavor
enﬁancers throughout the world. The flavor nucleotides are
recoénized ~as  GRAS  ("generally recognized as safe")
substances, and were approved by Japanese Food Adéitive
Petitions and the US Food and Drug Administration in the
early 1960's. Molecular theorx of flavor nucleotides was

_reviewed by Kuninaka [42], and their toxicologicai aspects
were discussed by Kojima [43].

Both 5'-IMP and 5'-GMP occur naturally in foolls [44].
"The 5'-IMP 1is usually rich in animal foods, especially in-
animal muscle. Furthermore, 5'-IMP is derived mainly from
the reéction of deaminase catalyzed h&drolysis of 5'-AMP
[45,46]. Several sea foods_are‘rich in AMP rather than IMP,

probably because of a lack of AMP deaminase [44,47].



H
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GMP : X = NH,
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XMP : X = OH
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{

- Figure 1.9. Chemical structures of the flavor nucleotides.
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Table 1.4 Ribonucleoude Content of Vegetables

Vegetable

5-AMP  5-CMPR  5'§MP 5-IMP

Green asparagus 38
White asparagus 24
(Green onion 0.9
[ettuce 09
Tomato 10.4
Green bean 1.8
Cucumber 0.5
White radish 1.3
Onion (round) : 0.8
Bamboo sprout 1.1
Bean sprout - 23 -
Green bell pepper 4.0
Egg plant 2.6
Spinach . 44
Chinese cabbage 0.6
Sweet pbtato ' 2.7
Green pea (dried) 15.5
Japanese “shiitake" (mushroom 54.9
Lentinus edodes) [fresh]
Shiitake (dried) 106.9
White mushroom + 113
Potato tuber (cooked)® - 3.0

1.9
1.3
0.0
0.0
0.5
Trace
Trace
Trace
Trace
0.5
0.0

294

55.6

|

24\

Extractuon using Boiling Water

Trace

Trace
0.0
Trace
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.5

‘28.1

146.7
Trace
2.1

Nucleotide (mg/ 1(X)g)

0.0
0.0
0.0
Trace
0.0
0.0
0.0
Trace
Trace
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.5
0.0

0.0
0.0

5-UMpP

1.9
2.6
0.4
0.9
22
13
0.6
1.4
0.5
1.3
0.7

37.6

111.2
6.4
2.1

Source: refs. 48 and 251
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Vegetables have not been found to contain 5'-IMP (Table
1.4). Nevertheless, 5'-GMP, along with the other three major

nucleotide constituents of RNA, have been found in some

LT

vegetables which were extracted using “the boiling-water
extraction method [48]. Experiments to fblIOw the change of
nucleotides 1n asparagus and Japanese shiitake dried
mushroom during cooklng were carried out by Teramoto et al.

"[49]. The rate of increase of 5'-nucleotides was reported to

~ L . ’ .
be maximized at cértain temperatures, then dec®easing
Y YRR :
. PR R . .
quickly when F mperature increased continuously (Table

g

1.5). This leé tdisuggestions that the nucleotides, found
were the products of enz}matic degradation of intracellular
RNA [44,39-51]. The specific enzymes invofved in production
of wvegetable flavor nucleotides, however, have not been
studied intensively.

The potato 1s an 1important agricultural product of
Canada>and its province of Alberta. The net income per year
of potatoes averages ;@O0,000,000 in Canada [52] and
$27,000,000 in Alberta [53]. Optimization of natural flavor
nucleotides in potatoes through understanding of the enzyme
characteristics 1involved in their formation was the major
objective of this research. Potato tubers were studied in
depth for their nucleotide contents and the properties of
both cytoplasmfc and cell wall bound enzymes involved in
formation/degradation of nucleotides. The nucleotide
contents of potato under various pfocessing conditiopns were

also studied.
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Table 1.5:  Effect of Temperature on the Formation of Nucleotides in Vegetables during
Heating in Water - Extraction using Cold Perchloric Acid
Heating Total 5-nucleotides Total 3"-nucleotides
(¢ mol/g dry basis) ‘o (1 mol/g dry basis)
Shiitake Asparagus Shiitake Asparagus
mushroom mushroom
30°C, 5 min . 1.47 - 0 -
50°C, 477 0.86 0 0.14
60°C , 16.60 0.93 0 0.14
70°C, 13.90 . 0.72 0 0.25
80°C, 980 0.51 0 0.28
100°C, " - 4.16 0.42 0 0.21
Fresh (not heated) 1.97 ’ 0.25 0 0.05

Source: r’ef. 49.
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Furthermore, other common vegetables, 1i1ncluding bean
sprouts, green beans, green bell peppers, broccoli, cauli-
flower, cabbage, asparagus, sweet potatoes, radishes,
Japanese mushrooms and white and oyster mushrooms, were
) \
studied for nucleotide contents and -temperature effects on

their nuclease and RNase activities. The data. provided a

general overview of vegetable nucleotides and the enzymes

involved in their formation. Tu meet these objectives, .

analytical methods have been estaBLished\And are described

in the following chapters.
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2. SIMULTANEOQOUS LIQUID CHROMATOGRAPHIC DETERMINATION OF
RIBONUCLEOSIDE-5'-MONOPHOSPHATES AND THEIR ISOMERS IN POTAT?

TUBERS

2.1 Introduction
!

. : \
Ribonucleoside-5'-monophosphates are found in most
foods of animal and plant q(ﬂgin [1]. Among thevﬂscleotides

degraded from ribonucleic ‘acid (RNA), gquanosine-5'-mono-

phosphate (5'-GMP) is found to be a powerful flavor

enhancer, while adenosine—S'-Qpnophosphate (5'-AMP) with its

6-amino group, 1s a lesser flavor potentiator [2]. However,

it is well known that, in the presence of a deaminase,’

5'-AMP 1s readily_-conveQFed\ to 1inosine-5'-monophosphate
N

(5'-IMP), which is a strong\{)avor enhancer. In vegetables

5'-GMP and 5'-IMP are present in lesser qQuantity than other

hucleotides such as cytidine—S'—monopﬁosphate (5'-CMP),

uridine-5'-monophosphate (5'-UMP) or 5'-AMP [1]. Solms and

Wyler [3] reported that the ribonucleoside-5'-monophosphates
present in cooked potatoes are due to degradation of RNA
during tuber cooking. The methods so far used for detection

and quantitation of nucleotides in food are prone to

A
interference and are time consuming [4-7]. \K\

With the advent of liquid chromatography (LC) excellent

new methods were developed for nucleotide determination.
Several methods have been described for separation of a

mixture of nucleotides using various LC systems [8-12], but
I B . I %
' Published in/J. Chromatogr. 363 (1986) 361-371,

34
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most of these separations were accomplished on "model
systems"” consisting mostly of a mixture of pure compounds.
Se;eral attempts have been made to develop an LC method'{or
nucleotide deteqﬁiqbtion in food [13-16] and for biological
research [9,10,17;19]. Recently, a revie@ of the use of LC
in nWcleic écia research was given by Brown [20].

Separation by gradient elution 1s the commonly used LC
method. A high concentration of salt buffer 1s often needed
in the gradient elution method, which can shorten the
analytical column life and 1increase the analysis time
because of the need to reequilibrate the column to the
initial conditions. )

The extraction of nucleotides prior to LC analysis has
been discussed by several authors [8,13,19]). Perchloric acid
(PCA) or trichloroacetic ggid are usually applied to,
precipitate proteins. Subsequently, the acids are removed by
neutralization with potassium hydroxide or by an amine.

This chaptef describes a modified extraction method
using PCA to extract nucleotides from raw and steam-cooked
botatoes, followed by removal of soluble starfch, protein,
and PCA by applying methanol and an octylamine-Freon
solution.. In addition, an isocratic LC method for the
simultaneous analysig of ribonucleoside-5'-monophosphates

and .2'- and 3'-isomers of AMP and GMP 1in potatoes 1is

. presented.
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2.2 Materials and Methods

i~
<

.

2.2.1 Apparatus and chemicals

\

2.2.1.1 LC system

The LC system consisted of a‘Beckman Model 1i10A pump, a
50 uL Rheodyne loop quector, a Data Control Spectromonitor
IIT (Model 1204A, with the UV detector set to 254 nm), a
Hewlett-Packard Model 3388A integrator, a Whatman 25 cm x
4.6 mm 1.d. Partisil SAX column protected by a 7 cm x 2.1 mmm
1.d. guard column contad4ning pellicular anion exchaéger and
by an additional 25~cm X 4.6 mm i.d. pre-injector column
(Solvecon) containing silica gel.

LC-grade water was ©prepared by reverse osmosis
(Milli-RO) and purified additionally by Milli-Q system
(Miliipore, Bedford, MA).‘Methanol ahd potassium dihydrogen
phosphate were LC grade. Tri-n-octylamine (98%) was supplied
by Aldrich (Milwaukee,' WI) and Freon 113 by Terochem
(Edmonton, AB). A solution of 0%5 M tri-n-octylamine in
Freon 113 was freshly prepared prior to the extraction step.
All !other common solvents or chemi%als used were of
analytical gréde. A
2.2.1.2 Standards

All nucleotides used as standards we;e obtained from
Sigmpée~ (St. Louis, MO). Standard compounds were dissolved in
water as a stock solution (1 mg/mL)% Lower concentrations

were freshly prepared by dilugion using methanol-water (1:2,
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v/v) as solvent.

2.2;1.3 LC separétion conditions

The mobilé phase wused was 3% -methanol in 0.€08 M
phosphate solution adjusted to pH 4.15 with phosphoric acid.
The solution was prepared fresh daily and, after degassﬁng,
was used for LC analysis at ambient temperature with a flow

rate of 1.5 mL/min.

2.2.2 Sample preparation

2.2.2.1 Potatoes

Russet Burbank, Norgold Russet, Norland, Pontiac,
Kennebec and Shepody cultivars grown in Southern and Central
Alberta were used.

The tubers were stored at 4°C and prior to analysis
were reconditioned at 20°C for® one week. They were kindly
provided by Dr. W. Andrew (Department of Plant Science,
University of Alberta,’ Edmonton), the Edmonton Potato

Growers Association and 1&S Produce Ltd., a 1local food

processor. ®
t

2.2.2.2 Nucleotide e;traction

Peeled potato tubers were diced (0.2 x 0.2 cm) and
mixed thoroughly to provide a uniform sample. To about 10 g
of taw potata sample was added 10 mL of pre-cooled (4°C) 0.5
M PCA in order to prevent browning and other enzymatic

reactions. Steam~-cooked potatoes were prepared under

pressure at 100°C for 30 min. The heating was stopped
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abruptly by immersing the glass beaker with sample in an ice
bath. All samples were prepared at least in duplicate.
The raw or cooked potatoes were transferred to a 50 mL

]

cohtain?r of a Sorvall-Omni mixer. Pre-cooled 0.5 M PCA
solution ,of about five times the volume of the sample was
then added, followed by homogenization for 30-60 s with the
container cooled in an ice bath. The total weight of the
slurry obtained was recorded. An aliquot of close to 20 g
was transferred to a 50 mL polypropylene eentrifuge tube
which was then cooled in 1ice and 10 mL of pre—coolea
methanol was added. The resulting PCA-potato-methanol slurry
was mixed vigorougly and centrifuged at 12,000 x g for 10
min at 4°C. The supernatant was collected. The residue was
re-extracted with 10 mL 0.5 M PCA and 5 mL methanol, again

centrifuged, and the supernatants combined. The volume was

then made up to 50 mL at room temperature,

2.2.2.3 Treatment of the acid-methanol extract

The procedure adopted to remove PCA from the agqueous
nucleotide samples was that dfveloped by Khym [21] as later
applied by Chen et al. [8)‘and Riss et al. [19].; In our
léboratory, it was used by Currie et al. [13] for nucleotide,
extraction from meat samples. A 0.5 M tri-n-octylamine-Freon
113 solution (solution A) was used to remove PCA from the
aqueous nucleotide extract.

Supernatant and solution A in equal volumes were
thoroughly mixed in a screw cap test tube fot 2 min using a

Vortex mixer. The content was then centrifuged at 800 x g to
/
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promote layer separation. Three layers were clearly
separated, with the top water layer having a pH of 5.0 and
containing all the nucleotides. An aliquot of this layer was

then i1njected into the LC column.

2.2.2.4 Calculation

The concentration of potato nucleotides waé calculated
using eilther peak area or peak height of the effluent as
determined at 254 nm. The calculation 1is based on both wet

and dry potato bases as follows:

(50 G)

_ B
A=c D TFw

where A is the potato nucleotide content in ug/g; B the peak
area or height of sample; C the peak area or height of
standard; D the nucleotide concentration in wug/mL in the
standard soJution; F the weight (g) of the PCA-potato slurry
aliquot; G/the total weight (g) of PCA-potato slurry; and H
the wei (é) of potato sample on fresh or dry basis.

In the above calculation no volume correction was
required for the PCA extraction with tri-n-octylamine-Freon
113 since the agueous volume containing the nucleotides did
not | change during extraction. This was confirmed
experimentally with standards and is shown in the recovery

data of Table 2.6.
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2.3 Results and Discussion

As shown in Figure 2.1 and Tables 2.1-2.3, isocratic LC
elution separates the four major ribonuclepside-S'—monopﬁos—
phates of RNA in addition to 5'-1MP and 2'- and 3'-isomers
of AMP and GMP. The complete procedure, which#included the
extraction step, required only 75 miéutes. The possible
interfering compounds, such as deoxyribonucleoside-5'- and
3' -monophosphates, and cyclic phosphate esters (2':3'- and
3':5'-ribonucleoside esters), were injected into the LC and
found to'have different retention times (Tables 2.1-2.3).
The _correspbnaing nucleosides and free bases were eluted
right after the solQent peak. However, as can be seen in
Tables 2.1—2.3,52'- and 3'-CMP had very similar retention
times to 2'~-AMP. Also, the rdtention times of these three
compounds were close to tha; of 3'—UMP, such that an
accurate quantitation of 2'-AMP was not possible. Attempts
were made to separate these compounds,, including changes in
potassium phosphate solution molarity, pH, and the methanol
to solution'ratio, but without success,

The use of 0.01 M phosphate solution of pH 4.0,
contgéning 10% methanol, brought about an overlap of 3'- and
'SWEEﬁP isomers. In the same mobile Ehase system, but without
methanol, 5'-CMP and 5'-UMP remained unresolved. The etfects
on resolution of the compounds assayéd of changing solution
molarities from 0.007 M to 0.02 M, ratios of methanol to

solution from 1.5 to 15% and pH from 3.60 to 4.50 were

systematically examined. The* optimum phosphate' solution

! o



Table 2.1:  Retention Times of Ribonucleotdes recorded by the Qutlined Liquid
Chromatography Procedure

Nucleotide Retention thne (min)
5-CMP 114
5'—UMP} 14.3
5-AMP 17.8
5'-IMP 215
2-UMP 22.1
3-UMP 233
2'-AMP 239
3-CMP 240
2'-CMP 244
3-AMP " ' T T ' 26.5
5-GMP ’ 35.8
3-GMP 39.8
2'-GMP 432

In this and the following Tables, the separation conditions are ash shown in Fig. 2.1.
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Table 2.2: Retention Times of Deoxynucleotides recorded by lhc Outlined Liquid
Chromatography Procedure

-
Deoxynucleotide Retention time (min)
_ . .
5'-dCMP ‘ : 10.1
 5.TMP 13.1
3'-dCMP 15.5
3" TMP | 16.7
5-dAMP , " 19.6
3-dAMP . : ' 19.9
3-dGMP 260
5'-dGMP . - : . 359
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Table 2 3- Retenuon Times ot Cvehe Nucleotdes recorded by the Outhined Liquid
Chromatography Procedure

- -

Nucleotude Retenuon tume (min)
~

2.3 UMp X3

203 CMP X4

35 UMP ﬁ 8.5

35 CMP K5

23 AMP _ 89

3.S-AMP ’ 9.2 .

23 GMP - 10.5

X 5.GMP ' 110

- =
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Figure 2.1. Liquid chromatogram of nucleotide standard
solution. Peak identities: 1 = 5'-CMP (3 ug/mL); 2 = 5'-UMP
(3 ug/ml); 3 = S'-AMP (3 ug/mL; 4 = 5'-IMP (0.6 ug/mL); 5 =
2'-AMP (0.6 wg/mL); 6 = 3'-AMP (0.6 ug/mL); 7 = 5'-GMP (3
ug/mL); 8 = 3'-GMP (3 wug/mL);- and 9 = 2'-GMP (3 ug/mL.
Solvent system: 0.008 M phosphate solution (pH 4.15)
containing 3% methanol. Flow rate: 1.5 mL/min.

[



molarity was 0.008 M at pH 4.15. Changes 1n mobile phase pH
resulted 1n several unresolved peaks (see Figures 2.2 and
2.3). The optimum ratico of methanol t9 solution was 3%
(v/v). The nucleotides c¢ould not be well resolved 1if
R

methanol was omitted.

Further contlrmation ot the assignment of nucleotide
1somers found 1h potatoes was achieved by periodate

.~ '

ox1datilon. égdition of an excess of sodium periodate to the
sarple extract, followed by 1njection into the LC column,
removes ribonucleo§15éi\:*phosphates, the C¢is-diol sugars of
which are susceptible to oxidation, while 2'- and 3’ -ribo-
nucleotide peaks are retained (Figure 2.4). <7 . |

A linear response of peak areas or peak heights at 254
nm was obtained for all nucleotides (TaSle 2.4). The
detection limits given are for peaks for which the height
was at least twice that of the noise level. Table 2.5
presents the data for potato nucleotides when measured at
three wavelengths. The absorbance ratios at these wave-
lengths and particularly those of 250/260 and 280/260 *nm
were equal to thosefobtained for pure nucleotides. except for
2'-AMP. As 'already stéted, this peak was partly co-eluted
with 2'- and 3'-CMP and 3'-UMP.

The high content of starch in potato parenchyma tissue
was gelatinized éuring steam cooking. Such gelatinized, and
partly leached-cut and solubii}zed starch interfered with

the extraction procedure. Several extraction methods were

examined to maximize the efficiency of nucleotide recovery.
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Figure 2.2. Liquid chromatogram of nucleotide standard
solution. Peak identities: 1 = 5'-CMP; 2 = 5'-UMP; 3 =
5'-AMP; 4 = 5'-IMP; 5 = 2'-AMP; 6 = 3'-AMP; 7 = 5'-GMP; 8 =
3'-GMP; and 9 = 2'-GMP. Solveht system: 0.008 M phosphate
solution (pH 4.40) containing 3% methanol. Flow rate: 1.5
mL/min. C



Figure
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Figure 2.4. Liquid chromatogram of nucleotides .extracted
from steam-cooked potato cv. Pontiac. (B) Potato extract
prior to and (A) after oxidatigon with periodate. Peak
identities: 1 = 5'-CMP; 2 = UMP; 3 = 5'-AMP; 4 =
unidentified; 5 = 2'-AMP: 6 = -AMP: 7 = 5'-GMP; 8 =
3'-GMP; and 9 = 2'-GMP,
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Table 2.4: Nucleotdes: Lineanty of Peak Arca and Height Measurements (at a
Concentraton Range of 0.52 10 5.0 ppm)

A
Nucleotde Correlatnon coefficient
Peak area Peak height

Regression Correlauon Regression Correlation

equation b coeflicient equation b coefticient
2'-AMP y=224x+ 003 09999 Y =7.45x - 029 09998
3-AMP y=175x - 072 09999 Y =561x-040 0.9999
5-AMP y=172x+ 001 09999 Y =758x-0.11 09998
5-CMP y=934x+ 030 09999 Y =490x +033  0.9998
2'-GMP y=19.6x - 445 09991 Y =314x-0.13  0.9985
3-GMP y=137x+ 239 0.9993 Y =288x+029 09998
5-GMP y=143x+ 124 09999 Y =322x-0.16 0.9993
5-IMP y=146x + 040 09999 Y=567x-013 0999
5-UMP y=140x- 0.18 09999 = Y =755x+0.15 0.9999

-

Detection limits are 100 ppb, except for 2'-, 3'- and 5'-GMP's, where detection limits
are 200 ppb.

2 Alevel of 0.5 ppm was the lowest limit which provided reproducibte results.

b x = Concentration of standard solution (ug/mL)
y = Peak area (mm?); Y = peak height (mm). .
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Table 2.5:  Nucleotides (ppm) present in Steam-Cooked Potato ¢v. Shepody measured at
Various Wavelengths

Nucleoude Wavelength (nm)
254 264 274 ”
2'-AMP 79 8.4 12.6
3-AMP 6.5 6.5 6.5
5'-AMP 16.6 17.0 16.8
5-CMP 199 19.6 20.3
2'-GMP ' 7.8 8.0 7.8
3-GMP 13.5 13.7 13.9
5'-GMP 20.1 20.6 20.4

5-UMP 20.6 20.1 - 20.6
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A modification of the extraction procedure developed by Khym
[21} proved to be suitable. Khym's procedure uged an
amine-Freon solution to remove PCA from the sample extract.
However, with cooked potato samples, removal of starch was
necessary prior to PCA removal. Thus the modified extraction
method developed involved the addition of methanol to the
homogenized potato-PCA slurry. Methanol addition removed the
solubilized starch ffom the agueous nucleotide phase and,
efter centrifugatigﬁf ‘provided a clear and transpa;ent
supernatant. If methanol was omitted, the supernatant was
opague, as was the nucleotide extract obtained after
amine-Freon treatment.

| The possibility of interferences by potato tuber
constituents other than starch was aiso investigated.

The contents of reducing sugars, glucose and fructose,
and of sucrose 1n tubers were found at harvest time to be
0.80+0.14 and 3.35*0.14 g/100 g dry matter, respectively.
The ﬁubers stored for three months had an increased content
of reducing sugars, an average of 1.2820.17, while the
sucrose cogtent decreased to 0.60:0.10 g/100 g dry matter
[22]). These sugars were extracted along with the nucleotides
and were eluted at the solvent front.

The major organic acids of potato were oxalic, citric,
malic, fumaric and pyroglutamic acids. Citric acid was
predominant, and its content was three- t® four-times higher

than malic acid, the second major acid in the tuber [23].

These acids were mostly eluted at the solvent front and the
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absorbance above 220 nm was low, while at 254 nm it was
non—existeﬁt. Pyroglutamic acid was eluted at a retention
time (tp) of 9.7 min, and wds detected only at levels well
above those found in tubers.

The major phenolic acids present in potatoes were
chlorogenic and caffeic acids, while other phenolic acids
were presenf in traces. The high absorbing chlorogenic acid
was eluted at (tg) = 13.3 min and did not interfere with the
determination of ribonucleotides; however, in deoxy-
nucleotide separation it co-eluted with the peak of 5'-TMP.

The major free_amino acids of potato, extracted along
with the nucleotides, were aspartic and glutamic acids.
These acidic amino acids were present in raw tubers at
resEective levels\ofi28.5 and 20.3 mg/g dry matter, while in
steam-cooked samples the amounts were lowered to 23.0 and
.5 mg/q dry matter, respectiveiy [24). In our HPLC system,
these acids were eluted at (tg) = 9.3 min (aspartic) and 6.5
min (glutamic), amd their detection limit at 254 nm was 10
mg/mL. This limit is much higher than the average 0.4 mg/mL
of acids found in. potato extract. Thus, these amino acids
did‘not affect the détermination of nucleotides.

The neutral and pglar aromatSc amino acids, such as
tyrosine, pbenyla}éqine and“trthoﬁhan, Ead high abi?rbirces
at 254 nm, hoyever, along with other neuzral and basic amino
acids‘!they were not retained in the strong anion-efchénge

column and eluted at the solvent froént.
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t\
Table 2.6:  Nucleotide Recoveries from Steam-Cooked Potatoes, cv. Pomia%‘
j
Nucleotide Added Content originally Total found "‘Recovery @
(1g) present in potato C(ug) (%)
(ug)
2-GMP 100 59.5 157.3 98
150 58.7 2111 101
200 59.0 258.3 100
3-GMP 100 91.9 192.0 100
150 90.8 2452 103
b 200 91.2 294 8 102
5-GMP 100 74.6 172.7 98
150 73.6 2299 104
200 74.0 280.5 103
5-UMP b 100 68.1 171.5 103
150 67.2 223.6 104
200 67.6 276.0 104
W )

3 Recovery % = (found - content originally present) / (amount added) x 100.

e

L
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Table 2.7:  Precision Analysis in a Steam-Cooked Potato, cy. Kennebec

Nucleotde Content in ppm on fresh weight basis
Replicate

" 1 s 2 3 4 Mean SD
3-AMP 7.0 7.0 7.1 6.9 7.0 0.07
S-AMP 7.1 . 7.4 7.0 7.4 7.2 0.18
5'-CMP 9.2 9.0 9.2 94 92 0.13
2'-GMP 14.9 14.6 14.6 14.8 14.7 0.17
3'-GMP 27.2 26.9 26.8 27.1 27.0 0.17
5'-GMP 5.0 " 5.0 5.1 5.1 5.0 0.05
2-UMP 2.0 2.1 2.0 21 2.1 0.07

5-UMP 10.5 10.3 10.8 10.6 10.6 0.20
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Recovery data an;?the precision of analysis reéults using
J steam-cooked potatoes are 1llustrated by some data given in

Tables 2.6 and 2.7. Both analyses were performed on portions

of a single tuber carried through the entire extraction

procedure for eﬂif/ehalysis. They provided a proof that no

nucleotide was lost by starch adsorption and/or interaction
, with potato proteins, .

Since heat treatment at acidic conditions may bring
about isomerization of 2'- and 3'-isomers into an equimolér
mixture of these 1isomers for both purine ahd pyrimidine
ribonucleotides [25,26] and thus provide a source of error,
pure 2'-AMP and '2'—GMP; and 3'-AMP and 3'—GM§>’((standard
solutions were subjected to the &ame heat (;;eatment as
potatoes. Their standard solutions were boiledjfor 30 min in
0.05 M phosphate buffer (pH 6.0, close to Ehe pH of
potatoes). After this treatment, ‘the ugual extraction
procedurev was followed and the Theat-treated standard
solutions eyere examined by LC. These data revealed that no
isomer interconversion occurred.

The contents of nucleotides in five commeréially-growﬁ
potato cultivars are presented in Tables 2.8 and 2.9. In all
cultivars, after steém cooking, the amount of 5'-GMP was
muéh higher than that found in raw tubers. Along with
5'-GMP, its 2'- and 3'-isomers were alsb detected in the
cooked potatoes. In -all cultivars 5'-IMP ‘coﬁld not be

detected. The 2'- and 3'-isomers were present in cooked but

not in raw potatoes, indicating thermal and/or enzymatic

»
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Table 2.8:  Nucleotide Cont®nt (ppm/dry matter) found in some Raw Potato Cultivars,
grown tn Southern and Central Alberta

. ‘ . a
Nucleotde Potato cultrvar'

~
T :
Kennebec Norgold Russet ~ Norland Pontiac  Russet Burbank

5-AMP 85.0 972, 76.2 ”5.0 12.0
5-GMP. 172 & 14.3 16.0 - nd b nd
5-UMP 68.6 193.6 312 45.6 150.6

i

3 Moisture contcnts% were as follows Kennebec, 80; Norgold Russet, 80; Norland
81; Pontiac, 81 and Russet Burbank, 78.

b nd: Not dctccted due 10 below the detection limit.
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Table 29 Nucleoude Content (ppavdry matter) found m some St€am ( «mk(d Potato
- ( uluv.xr\ grown n Southern and Cgotral Alberta
é o .
. . _‘\ \
Nucleotde Potato culuvar s
Kennebec Norgold Russet Norland Pontac Russet Burbank
X
T AMP 125 189 - _BS 270 134
5TAMP 480 745 805 940 861
ST OCMP 39.0 1159 749 678 865
2 GMP 87.3 a6 7 317 523 26.6
FGMP 1125 97.4 711 103.0 1109
“GMP Stle 65.5 67.6 925 823

S
5-UMP 94 4 141.5 98.8 928 140.6
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breakdown of the tuber RNA. Further study of this breakdown

1s 1n proqgress,

2.4 Conclusion ’*

The procedure used 1n this study provides a rapid and
accurate analysils tor nycleotides in raw and cooked
potatoes. An 1socratic LC method was developed which

1nvolves simultaneous determination of ribonucleoside-5'-

monophosphates and the 2° and 3'-isomers of AMP and GMP.
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~ gssay of multiple enzyme activities [1,5].

3. LIQUID CHROMATOGRAPHIC ASSAY FOR POTAT@ TUBER NUCLEASE

AND RIBONUCLEASE®

3.1 Introduction
Plants contain several enzymes which hydrolyzed
ribonucleic acid (RNA) [1]. They are either ribonucleases,

which are specific for RNA as a substrate, or nucleases,
which exhibit no specificity for the pentose moiety. The
action of these enzymes on the endogenous plant RNA ylelds a
variety of nucleotide products, one of which 1s the flavor
potentiator 5'-GMP [2,3].

The methods commonly used for assayiﬁa nucleases and
RNases are the spectrophotometric determination of acid-
soluble hydrolysis products, the guantitation of released
inorganic phosphate, or the direct spectrophotometric assay
with RNA or synthetic 2':3'-cyclic monophosphates as enzyme

substrates [1,4]. These methods are time consuming, prdbne to

interference, and are not suitable for the simultaneous

1

-

Liquid chromatography'(LC) has shown 1ts versatilityAin
nucleic acid research and several enzymes acting on nucleic
adids have been studi;d using high performance 1liquid
chﬂématography (HPLC) [5]. These 1include” 5'-nucleotidase
(641, adenosine /deaminase [8], purine nucleoside éhos-
phorylase [9], i§;F
Q. .

nicotinate phosphoribosyltransferase

+ flblished in J. Chromatogr. 388 (1987) 189-199.
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This report describes rapid and accurate HPLC methods
for the assay of potaio tuber -nuclease and RNase. These
assays are based on measuring the formation of nucleoside
2':3"-cyclic monophosphate products for RNase activity and
S'-ribo- or 5'-deoxyribonucleotides for nuclease acitivity.
These assays have been used for extensive characterization
of potato tuber nuclease and RNase 1n order to obtain
information"for the optimized production of the flévor

enhancer 5'-GMP 1in commercial potato processing. T
3.2 Experimental

3.2.1 Materials

All standard compounds and the followinj substrates
were supplied by Sigma (St.‘ Louis, MO): ~yeasf RNA, calf
thymus DNA, sodium salts of adenosine, cytidine, guanosine
and uridine, 2':3'-cyclic monophosphétes, potassium salts of
5'-isomers of polyadenylic, polycytidylic, polyéuanylic and .
polyuridylic acid. HPﬁC-grade . methanol and potassium
phosphate wer: supplied by bjisk'ler Scientific (Fair Lawn,
NJ). LC-grade water was prepafed' Ey reverse Osmosis
(Milli-RO) and further purified by using a Milli-Q”system
(Millipore, Bedford, MA). All other solvents and chemicals

were reagent grade.
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3.2.2 LC system
Two HPLC systems were used, a Beckman Model 110 pump
(Beckman Instr., Fullerton, CA) with a Laboratory Data
Control spectromonitor II1 UV detector,. and/or a Bio-Rad
. Model 1330 pump (Bio-Rad, Richmond, CA) with 1~Bio~Rad Model
1305 wvariable wavefength detector. Both systems were
egquipped with 50 uL Rheodyne lgpp injectors. The detectors
\]bwere set at 254 nm unless otherwise stated. Quantitation was
performed electronically with a Hewlett-Packard 3388A
integrator. A Whatman Partisil SAX column (25 cm x 4.6 mm
1.d.) was used for the separation of nucleotides; the column
‘ being protected by a 7 ém X 2.1 mm 1.d. guard column
contailning a pelliculae anion éxchanger and.by a 25 cm x 4.6
mm 1.d. pre-injector column (Solvecon) containing silica
gél.
T
3.2.3 LC separation conditions
Ths mobile 'phase for the {socratic analyéis wés 8 mM
potass'ium phosph‘a?{e solution of pH 4ygl5, containing 3% ‘(v/v)
methanol‘>[3]: .Ichratic mode at ambient temperature was

employed; the flow' rate was 1.5 mL/min}

/

3.2,4 Enzyme isolation

Enzym;s were isolated from peeled potafoes cv. Pontiac,
grown commercially 1in Southern Alberta. The extraction
procedure was a modificétion of the methods of Dumelin and

Solms [11i/93d Nomura et al.. [12]. éeeledopotato tubers. (300
]
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g) were treated with four volumes of precooled (4°C) buffer
(50 mM sodium citraté, pH 6.0, containing 2 mM cysteine) and
were homogenized 1n a Waring biender. The homogenate was
filtered under suction through 4 layers of cheese cloth.
Gravity sedimentation of the starch granules was
accomplished by storing the filtrate at 4°C for 12 h. The
clear supernatant was collected by decantation and freeze-
dried at -5°C in an RePP Model Freeze Dryer (The Virtis Co.,
Gardiner, NY). This provided a pale-yellow powder of crude
enzymes. For further purificat&on, 3 g of the powder was
dissolved in 20'mL LC water, centrifuged at 10,000 x g and
10 aniof the supernatant was loaded on a Sephadex G-100
column, 72 x 2.5 cm i.d. (Pharmacia, Uppsala, Swedeh), which
was pre-equilibrated with LC water. Fractionation was
achieved by using LC water with the effluent being monitored
at 280 nm. Fractions of 3 mL/tube were collected with a flow
rate of 5 mL/h. All these purification steps were performed
at 4°C. Fractions 68-84 and 85-108 were combined as
preparations.I and 1I, respectively, as il}ustrated by Qe

¥

separation’ profile (peaké 1 and II) shown i Figure 3.1, e

- -
preparations were freeze-dried and stored at 4°C until use.

Enzyme prepa;ati;n I (peak I) exhibited both nuélease and -’
3'-nucleotidase activity,, while preparation II (peak 1II)
possessed ah RNase’ (nucleotido-2'-transferase) cycliziﬁg
activity. These enzyme preparations were used in all assays

1 4
given in this study.
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Figure 3.1. Sparation profile of potato tuber crugde enzymes ~
“on a Sephadex G-100 column.
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3.2.5 Enzymatic reactiaon assay
I
After a prior optimization study of jthe reaction

conditions, the following buffers were employed: 0.1 M
Tris-HCl, pH 6.5, for nuclease, and 50 me potassium

phosphate, pH 5,5, for RNase activity. Enzymefsolutibn (200

|

uL, 1 mg/mL) was pipetted into a 100 x 10/ mm test tube
containing 1 mL buffer. This was followed by[200 ul of the

substrate solu;ion (2 mg/mL). The tube was sealed, mixed by
’ N

vortexing and incubated at B80°C (nuclease) anf 52°C (RNase).
| .

The reaction was terminated by transferring the test tube to

.

an 1ce bath, adding 200 uL of 8 mM zinc chlofide and heating\
the contents in -a*® boiling water bath for 12 min. This
ensured complete pyecfpitatiop of the prdtein., After the
samples were cedtfifugedbfor 5 min at 6/000 Xx g and the
supernatant was passed thgeugh a 0.4?/ um 'HA-Millipore
filter, 50 wL of thé clarified solUtion’wes 1n]ected into
the LC system. In blanks Fun 51multaneously, the enzyme

solution was replaced by 200 uL buffer.
. [ ‘ } “

Guqnosine~5'—moﬁophosghate (S“GMP)Sand guanosine-2':3'-

cyciic monophosphate (2':3'—Gﬁ§) were selected as markers
for the'end products of the reac;io; of nuclease andARNase}
respectively;:The markers were locaFed on the chromatogreﬁe
based on their retention times, and were quanéitated'.by
comparison of the peak heights with standards ipjected

before and after the sample.

One unit of .enzyme act vzty was de£1ned as é*e amount:

of enzyme forming -one - nanom le e£~proTuc¢mper minute- under.

v la

i

1
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the assay conditions described. Protein concentrations were
estimated with Bio Rad protein assay, which'is based on a
method described by Bradford [13] that uses bovine serum
albumin as a standard. Absorbance readings were taken at 595
nm on a Beckman Model DU-8 spectrophotometer.

»

3.3 Results and Discussion

3.3.1 LC separatipn‘
The LC sepa;ation of nucleotides described previously
[{3,14] wa; f?und to be SUitablé for the enzymatic assay of
nuclease and RNase, since the products of nuclease activity
(ribonucleoside-5'-monophosphates) were well resolved.(rom
the products .of RNase (nuéleotido—2’-transférésé)/gcti@ity
(cyclic 2':3'-nucleotides) (Figure 3.2). Aiso, all three
isomers of a given base (2'-, 3'- and 5'-nucleotides) and
the cofresponding cyclic form are well resolved from one
another, which allowed honitoring of the action of RNase on’
specific substrates such as yeast RNA, polyA,A polyC, polyG
and‘polyU. Quantitatidn of GMP's: (5'-GMP for nuclefe ‘and
\2':3’-GMP for -RNase) pf‘ovic‘led an insight into the
| tompetitive reactions, whic’h occur ih the presence of the
same substrate (RNA). The 'li'quid chromafograms o¥ the
products of RNA incubated separately with n.ué'lease, (enz'yn;e
Qrepargt_zion I) and RNase (preparation II) ‘are shown in
Fiqures'3.3’and 3.4. The unlabelled peaks in Figure 3.4 \;rere
- - - due to the -impurities present” in commercial yeast 'RNA. 'No‘t‘

A}
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Figure * 3.2. - Liquid “chrométogram of nucleotides used as
standard. LC conditions: ‘see text. Peak identities: 1 =
cyclic 2':3'-CMP; .2 = cyclic 2':3'-UMP; 3 = 'cyclic
2':3'-AMP; 4 cycllc 2"3"GMP' 5 = 5'-CMP; 6 = §5'-UMP; 7 =
5'-AMP; 8 = 2'-AHP' 9 = 3'-AMP; 10 = 5'-GMP; 11 = 3'-GMP;

~,and 12 =" 2'-GMP. Concentration used: jcyclic hucléotides™and ~

2'- and 3'-AMP 1 ug/mL others 5 ug/mL



69

-

Figure 3.3. Chromatogram of RNA solution treated with potato
tuber RNase. Assay conditions: a mixture of 2 mg RNA .and 200
ug enzyme in 50 mM potassium phosphate buffer pH 5.5 was
incubated at 52°C.for 10 min. LC separation cenditions as in
Figure 3.2. Peak identities:-1 = cyclic 2':3'-CMP + cyclic
2':3'-UMP;. 2 = cyclic 2':3'-AMP; and 3 = cyclic 2':3'-+GMP.

—_— .
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all preparations had these 1mpurities; rheylcould be readily

removed by dialysis. > 5

3.3.2%reliminary buffer optimization assays

It has been shewn that, while the levels of nucleotides
in raw potatoes are low, homogenization and heating result
in enhanced nucleotide production which can be correlated
with nuclease and RNase activity [11,15], Thisbprovided a
basis tor the rapid selection of the most suitable bufters
tor ,the two enzymes prior to HPLC assay. Peeled petato (10
g) was homogenized with three volumes sf buffer or salt.
solutions and steamed for 30 min. Following perchloric acid
(PCA) extraction, LC analyéis was used to monitor
5" nucleotides for gquantitation of nuclease activi;y, and
2" ang\B'—nuCIeoside monophosphates for RNase actiyity.‘The
latter products result from the acid-catalyzed ring %pening
of nycleoside 2':3"-cyclic monoShosphates produced 1n RNase-

catalyzed Teaction.

-

Phosphate buffer in a range of 10 to 500 mM was found
to inhibit nuclease and promote RNase activity (Table 3.1),

while Tris-HCl at the same molarity and pH when campared to

IS

phosphate buffer inhibited RNase and promoted nuclease
activity (Table 3.2). Sodium or potassium cations did not

significantly affect the enzyme activities. Therefore, all

-

subsequent assays were carried out in Tris-HCl buffer to

follow nuclease activity and potassium phosphate buffer for

-

RNase activity. *,
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Table 3.1 Content (ppm) of Nucleotdes in Potatoes
Nucleoude KHZI"( ), / KHHPO, Concentration (pH 6 ), moles
00l 002 05 0.1 ()2 1S

3 AMP b 7 68 821 10 35 8 84 9 49 929
2 GMP 9K 10.46 . 12.01 11.40 11.91 11.73
I GMP 18 83 19 60 2299 21.01 2211 19 11
5 AMP 753 867 6 30 S 10 359 1.20)
5.CMP 210 - 231 220 110 0.00 0.00
5-GMP 483 5.39 4 46 308 1.87 .50
SUMP 233 2 46 26

6 200 165 151

4 The peeled tubers were slurmied 1n various concentrations of phosphate buffers and
then steam cooked

> The 2'- and 3-isomers are the end products of the ring opening of the
corresponding 2:3"-cychic nucleoudes during PCA extraction [3].
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Table 320 Buffer Opunuzation Assay #
. Solunon (0.1 M, pH 6.0)
o . » —
Nucleotde 1{2() Tris-HCL Po(assiurﬁ Sodium Sodium - KC(Cl NaC'l
(control) phosphate -~ phosphate  citrate
J'C/:Mpb, 245 283 420 . 433 : 2.46 2.77
3INAMP 6.49 7.76 8.21 9.12 8.79 7.54 7.73
2-GMP 6.26 7.68 9.65 10.35 6.94 7.01 7.94
3.GMP 1196 1476 1686 18.88 1365 1423 1491
5-AMP 1595 12.77 6.14 . 6.21 11.21 14.76 16.11
5 CMPp 6.23 7.93 1.02 ~ .75 2.48 7.79 847
5-GMP - 1210 9.61 291 3.17 6.16 11.22 12.04
<
S-UMP 6.74 ,6.52 1.71 1.47 3.65 7.52 7.38

2 Nucleotide levels (ppm) are related to RNase and nuclease activities: The peeled
potato tubers were slurried in salt solutions and then steam cooked.

b Phe 2'- and 3'-isomers are the end-products of the rihg opcning‘ of the
corresponding 2":3'-cyclic nucleotides during PCA extraction (3]. a
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3.3.3 LC optimization assay

The activity of nuclease and Rﬁase ;as linear 1in the
range of 10 to 500 wg of enzyme using RNA as a substrate.
Therefore, 200 wug (0.2 mL of 1 mg/mL enzyﬁe solution) was
selected for all incubation assays. For this concentration
product formation was proportional withktime up to 30 min of
incubation. For convenience a 10-min reaction time wag used.

The ‘optimum pH range for RNase was 4.5-6.0. Hence, pH
5.5 was chosen for assaying this enzyme. The optimum pH for
nuclease was 6.5 (Figure 3.5), in agreement wi&h previously
reported values [12].

The effect of temperature on the activities -of nuclease
and RNase is shown in Figure 3.6. The Bptimal temperatures
found were 80°C for nuclease cand 52°C for RNase.

R )
Consequently, these temperaturgs were chosen for the enzyme

assay. ' 4

3.3.4 Enzyme characterization

Specific activities (units/mg protein) were 8.73 for
ﬁuclease (prepugstion 1) and 16.4 for RNase (p;eparation
I1). The Michaelis-Menten "constants (K ) were estimated
under the assay conditions outlined above. A program based
on the- statistical method of Wilkinson [17] was used for
data analysis. The K, values for nuclease and RNase were

39.9+4.8 .(ug, yeast RNA) and 119.0+0.3 (ug, yeast RNA),

respectively. Substrate at a level of, 400 ug .was used since

at higher concentrations the formation of oligohucleotide

a0
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products required  éxtensive washing for column re-
equilibration. -
g & ‘
The effect of various ions on nuclease activity was

measured in a concentration rangé of 1 to 10ij (Table 3.3).
Chloride ion_added as sodium chloride'¢t lb mM ka level
usually applied in food processing) decreased the nuclease

‘activity by 13%. Monosodium glutamate (MSG), a flavor
enhancer used exteﬁsively in food industry, was found to be
a éood‘promoter f&r nuclease. In its presence the enzymes
produceg more 5'-GMP. lDue to a synergistic taste effect
between -5'-GMP and MSG, there would be a 1large flavor
improvement of food. |

As previously reported [16], EDTA was foumi\té be a

s

strong inhibitor of potato nuclease. The initial activity of
£he enzyme decreased to 17% in the presence of 1 mM EDTA.
However, EDTA promoted the activity‘of RNase (Table--3.3).
Sincg both nﬁ lea;& and RNase are present in potato tubers
A;kd since both‘\wilize the same’ substrate (RNA),‘But since
nuclease forms the 5'-nucleotide flavor enhancer, ghté//\
‘sﬁggested that cauti should be exercised by the food
industry in the use of chelating ageﬁtsi in order to prevent ‘
£he loss of nuclegse activitf.

The nuclease activity (enzymé preparation I) wusing
variou;,polynucleétides as substrates isfpresgntgd in Table
3.4. As measured by the formation of .nucleoside-5'-monophos-
phate; the relative hydrolysis ‘raﬁeé were: "polyU > polyA >
RNA > polyC > pblyG > DNA. Thié corroboréteg the earlier

¢

hd -
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fable 33 Eiteet of some Aptons, Cations, Glutamate and EDTA on the Activities of
Potatg Nucledase apd RNase

Additions Molanty Relative Activity (%) ®
Py Nuclease RNase
Blank ‘ . 100 ’ 100
' ~
NaH,PO, Ix 1073 91 g
NaHSO; 1x 1073 57
NaCl 10x 1073 87
LiCl 10x 103 97
“~f
Na-Glutamate 10 x 1073 128
MnCl, 1x103 38
ZnCly ©1x 107 . 0 0
MgCl, qx107 122 S =
, EDTA 1x103 17 133
1x10% 50 o122

2 For nuclease activity, addition to @1 M Tris-HCI buffer pH 6.5; for RNase activity-
additjon to 50 mM potassium-phosphate buffer pH 5.5, using yeast RNA as 1
substrate. ‘

/
b A mean of two replicates which did not differ by more than 2%.

e _ o
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Table 3.4:  Action of Potato Nuclease on Various Homo- and Native Polynuclc%tidcs

Substrate Relauve actvity (%)‘L
O - -

Poly A : 129

Poly C - ; 65

Poly G 12

Poly U : 310

Native DNA : i (9

RNA ’ 100 .

L

-

a A mean of two replicates which did%oﬁffer by more than 2%.
' X

.
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results by Nomura et al. [12].
RNase gcgivity with various polynucleotide sUbstrafes
ii presented in Table 3.5, The relative reaction rates were
pdlyu > RNA > polyC > poliﬁ > polyG. This enzyme, like
nu;iease, preférentially h;arolyzes lpolyU. After 10 min
incubation at 52°C 1in 50<mM 8E3§phate buffer (pH 5.5), the
-only reaction - products found were cyclic pﬁcleoside
_2':3'—monophospha§es,(Figure 3.7a). This 1is in accérd ;ith
the generally acéepted treaction mechanism ?Lr RNase
[4,18—20], which suggests that initial depolymerization of
RNA occur$ by nucleopghilic attaék of the 2’~QH group on the
adjacentb 3’-phosphoryl group, résult@ng in 2':3'—eyciic

. L)

phosphates. These cyclic intermediates are then slowly

hydrolyzed to Fhe corresponding 3'-nucleotides.

However, = as shown in Table 3.6, after prolonged
) - N
incubation at 37°C, both 2?-\and 3"-nucleotides were formed

in non-stoichiometric amounts from all gyclit substrates. .
After 20 h, bétween 0.7% (2’:3'—CMP):énd 1.8% (2':3'-AMP)
hydrolysis occyrred.- Under identical - conditigns the
hyarolysis of.;blanké Qithout enzyme was .negligible. The
RNase—catalyzedlhydrolysi; rates- for cycﬁ{? nﬁcleotidgs as
substrakes were 2't3'-aAMP > 2'":3'-UMP > 2':3'-GMP >
2':3'TCMP. Hydrolysis éroduct ratios were 16% of 2'- and 84%
of 3'-isomer for AMP and GMP. Cyclic ﬁMP provided 23% and
77%, respectively. We attribute the ‘émall amounts of the
2'-isomers to the actiéﬁ of residual phosphodiesterase in

tuber RNase: preparation [11], since pure RNase forms only
P -~
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Table 3.5:  Potato RNase Activity towards Various Polynucleotides

»

81

Substrate - . Relative acﬁvity (%) a
Poly. A 43

Poly C 60

Poly G 17 .
Poly U 454"

RNA 100

a A mean of two replicates which did not differ by more than 2%.



—
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Figure 3.7. Chromatograms of a reaction mixture of RNA and
potato RNase incubated as in Figure 3.3. (a) Reaction
mixture without additional treatment; (b) after the reaction
mixture was treated .with PCA. Peak identities: 1 = cyclic
2':3"'-CMP + cyclic 2':3'-UMP; 2 = cyclic 2':3'-AMP; 3 =
cyclic 2':3'-GMP; 4-7 = 2'- and 3'-nucleotides of adenine,
cytosine and uracil; 8 = 3'-GMP; and 9 = 2'-GMP. The
presence of ‘cyclic nucleotides prior to PCA treatment (a)
and their disappearance with concomitant production of their
2'- and 3'-nucleotides after PCA treatment (b) are readily
revealed.
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\
" nucleoside phosphates.,
7
In previous studies- we prteported that cooked potatoes
contain 00 and 3 nucleotides and 1t owas assumed that theat

presence was due to encymatic breandown of potato tuber RNA
[LﬁQ]. These products arise from the cleavage ot cyclic
oy nuvlvutldYs formed by RNase . However , as t he
temperature of the tuber 1ncreased during cooking, RNase was
denatured (Figure 31.6) and thus could not catalyze the next
-«
reactron stage (ring c{envage). Thus we concluded that PCA
used 1n the extraction Step of the tubers 1s primarily
responsible for the occurrence of 2F and 3" -1somers 1n the
extracts, 1n accordance with aAqueral findinq>that strong
acids or bases hydrolyze cyclic nucleotides [21]. This |is
1

supported by chromatograms of substrates 1ncubated by RNase
with (Fiqure 3.7b) and without (Figure 3.7a) subsequent PCA
treatment. As seen 1n Figure 3.7b, the formation of 1somers
15 accompanied by a concomitant diggppearance'oi the peaks
for cyclic nucleotides.

It 1s kndwn that other enzymes are present 1n potato
tuber which are involved 1in the breakdown of 5'-nucleotides
such as 5'-nucleotidase with a mol. wf. of 50 kdal [22] and
phosphatéses with a mol. wt. of about 96 kdal [23). These
enzymes were not present in our enzyme preparations since
they‘ﬁére unretained on the Sephadex gel column and hence
were removed 1in the purification step. However, during

potato processing, the 5'-nucleotides produced by nuclease

might be hydrolyzed by these enzymes into nucleosides which
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are not flavoer potentiators. Nevertheless, the advantages of
potato processing at a temperature close to 80°C should be
“malntained, since both 5 nucleotidase and phosphatases are,
like RNase, heat labile encyihes [‘11,22]. Therefore, rapid
heat transter to tuber cells would 1nactivate all three
undesirable enzymes while the activity of nuclease would be
enhanced t. 'eave the phosphodiester bond of RNA. Thus,
higher amounts of 5'~GMP,\the endogenous flavor nucleotide
ot processed potatco, wmuldlbe generated.
3.4 Conclusion

The determination of the activities of potato RNase )
and nuclease (B) by LC has a number of advantages over
conventional methods, including the simultaneous assay of
both activities. Enzyme product analysis can be done
accurately within 12 and 45 min for A and B, respectively.

Nuclease and RNase ’activities were determined by
measuring $'-GMP and cyclic 2':3'-GMP, as enzymatic reaction
lend products. The former enzyme was Yound to be important
for potato processing since 1t generated the flavor-
enhancing nucleotide, 5'-GMP. On the other hand, RNase had a
much lower optimal temperature activity, providing only

~—

2':3'-cyclic nucleotides in its first stage of activity; in

the second stage it provided 3'-nucleotides at a very slow

reaction rate. Neither of these products 1s a flavor
4

enhancer.

k]
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The results of this work support the processing of
potatoes at  highe: temperatures (80°C) to enhance the
formation  of flavor potentiator, 5' - GMP, by nuclease -

e
catalyzed hydrolysis of tuber RNA. Such temperatures promote
nuclease activity and reauce the activity of the 5 nucleo-

tidase, phosphatases [11] and RNase, as proved by this

study.
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4. HIGH PERFORMANCE LIQUID CHROMATOGRAPHIC ASSAY OF POTATO
"TUBER 3'-NUCLEOTIDASE’
>

4.1 Introduction N R

Ed

. . . . b‘
The sepdration of the constituents of nucleic acids by

A

high performance liquid chromatographfv(HPLC) in blomedical
- S '
research has been reviewed extensively [1,2,3]. However,

Robinson [4] emphasized that geneTalizat}on!‘l’efiVéa- from

«

animal\\and/or microorganism assay may not be extended to
higher plants such as fruits and vegetableg;

In our study on the enzymétic cleavagé of nucleic acids
Tnh vegetables, we have recently developed an HPLC method for
assayihg the activities of potato nuclease and RNase [5]. In
this report; we describe an HPLC method for guantitating
potato tuber 3'-nucleotidase activity. This enzyme cagalyzes
the‘hydrolysis of nucleoside-3'-monophosphates and is
commonly assayed by measuring liberated inorganic phosphate
[6]. Methods using isocratic ée’versed-phase HPLC have been
reported for the related 5'-nucleotidase enzyme  in human
erythrecytes and blood plasma [7,8]. However, in t’he
analy;is of blood piasha, the only substrates and products
measured were pyrimidine-5'-nucleotides and their
deoxy-analogs. 3'-b£ucleotidase.exhibits broad substrate
specificity, acting'preferentia}lf on the purine nucleotide
3'7AMP‘and on pyrimidine nucleotides [9]. The HPLC method . .

reported in-this study is rapid, accurate and has been used

4
[+]
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for the . characterization of potato 3'-nucleotidase
propertiés, including substrate specifjcity, pH and
temperatare optima, and for some potential ‘inhibitor

evaluations.

4.2 Experimehtal
4.2.1 Chromatographic equipment \

The HPLC system cogsistgd of a Model 1330 pump
(Bio-Rad, Richmond, CA), a Bio—Raq, Model 1305 Avériable:
wavelength detector and a 50 wuL fixeé volume Rheodynelsample
injector 1loop. A Whatman Partisil SCX coiumh (Whatman,
Cliftonl'NJ), 250 x 4.6 mm i.d. was used for the separation
of nucleosides; this column was used in ‘conjunctimn with‘a
70 x 2.1 hm 1.d. guard column containing a pellicular cation®
exchanger and a 250 x 4.6 mm.i.d. pre-injector silica gel
column (Whatman, Solvecop). The absogbance o& nucleosides

was monitored at 254 nm and peak gquantitation was performed

with a Hewlett-Packard 3388A integrator (HewléttfPagkard,

-~ N 4

Avondale, PA). . .

¢

4.2.2 HPLC separation conditions

Ths mobile.lbhase was 10 mM potassium phosphate
solution, PH 3.60, fil;ergd Vthrqugh a 0.45 um Milliﬁb}e
membrane- and degassed. Isocratic elution atr ambieng

temperature was carried out at a flow rate of 1.5 mL/min.

2
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4.2.3 Materials

All standards aﬁd substrates were obtained from Sigma
(St.’ Louis, MO), and HPLC-grade .sodium acetate and potaésigm
dihydrogen phosphate from Fisher Scientific (Fair Lawn . NJ).
Water for HPLC was purified by reverse osmogis (Mil11-RO) and
further purified by using a Milli-Q System (Miilipore Co.,
Bedford, MA). All other chemicals were analytical-reagent
gra&e.[ ’ : .
4.2.4 Enzyme purification ”

Partiaily purified 3';nucleotidase was prepared by a
ﬁodification of literature methods [9,10] from'peeled potato
tubers, cv. Pontiac, grown commercially in Southern Alberta.
Isolation steps included diced tuber homogenization in 50 mM
sodium citrate buffer (pH 6.0) contajning 2 mM cysteine,
homogenate filtration and starch graviFy sedimentation,
followed by chromatography of the clarified supernatant on a°
Sephadex G-400 column [5].
4.2.5 Enzyme assay conditions ?7

Assay mixtufgs contained 200 ug enzyme' and 500 ug of
substrate in a total volume ok 1.4 ml 0.1 M sodium acetate
buffer (pH 6.5) in 100-x 10 mm test tu?es. Samples were
incubated at 70°C and .the reaétion was terminated by
transferring the tubes to an ice bath, adding 200 uL of 8mM
ziné chloride sblution’;nd heating in a boiling-water bath

v - - A
for 12 min, In blanks run simultaneously, the enzyme
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4

solution was replaced with buffer. All samples and blanks

‘were then diluted 5-fold with HPLC-grade water, filtered

s

through a 0.45 uﬁ Millipore membrane and an aligquot 1njected
into the HPLC s%ﬁtem. Adenosine was used as a marker for the
end-product of éhe reaction of 3'-AMP and 3'-nucleotidase.
The corresponding nucleosides oonther substrates were used
as markers to follow the action of 3'-nucleotidase on

various nucleotides. Markers were identified by retention

times and were quantitated by comparison with peak heights

of standards (diluted (jn 20 mM sodium acetate buffer)

injected before and after sample separations.

One unit of enzyme was defined as the amount formfng 1

»,

nmole of adenosine per minute. Protein concentrations were

estimated with the Bio-Rad assay kit based on Bradford's

method [11], using bovine serum albumin as a standard. The
specific activity of potato tuber 3'-nucleotidasé-was 100
units/mg brotein. Sodium-dé@ecyl sulfate paiyacrylamide gel
electropheresis (SﬁS—PAbE) molecular weight determinations
were carried out using the ;xf!%in 11 slab cell (Bio-Rad
Labs.), casting discontinuous gels consisting of resolving
and stacking gels and applying the discpntinuous~ buffer
system of Laemmli [12]. Protein standard markers covering a
molecular weight range of ]4.3 (1ysoz§me) to 45.0 (albumin)

kdal were supplied by Sigma.
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4.3 Results and Diséussion
: ) \

4.3.1 HPLC separation
Reversed-phase HPLC 1s widely used in the analysis of
nucleosides and nucleobases -[13—17]. However, aéséy of
nucleotidase activity by ion-exchange methods still .shows
its power when cat?on-exchange columns are applied. In the
previ;us work [18), a Whatman SGX column and 10 mM potassium
phosphate solution of pH 3.60 were wused for "the HPLC
géparation of 5'-GMP, 5'-IMP and their corresponding
nucleosides égd bases. This system wés successfully applied
for assaying the activity of 3'-nucleotidase. All isomers of
ribo- and 'déoxyribonucleotides were well separated  from
their cor;%sponding nucleosides.\‘The ‘retention times "of
nucleotide substrates and their  corresponding nuclebside
products, are shown in Table 4.1 and the linear relationships
and detection limits for étaﬁaard nucleosides are giQen in
Table 4.2. A typical chromatogram of an incpbation mixture
of 3'-AMP and 3'-nucleotidase is shown'in Figure 4.1. The
precision of tﬁe method was demonstrated by, K five fully
repe;ted analyses of the activity on 3'-AQP, which provided

12.95+0.03 enzyme units. ‘'

Enzyme-catalyzed product formation was linear uplto 30

min incubation time, and a 10 min reaction time was chosen

-

‘for convenience. The optimal pH for 3'-nucleotidase was 6.5

(Figure 4.2), in ¢ontras£ to pH 8 as reported by Nomura et

al. [9]. The qptimal temperature' for a 10 min indubatiop

¢ o x
* 4 *

.‘_‘ ’ \ o

- 7

e

&

-
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Table 4.1 Retention Tiunes of Nucleotude Substrates and corresponding Nudcoxxdc
l’roducls of 3-Nucleoudase-Catalyzed Hydrolysm

Type * Retention time (min)
Nucleotide 2 Substrate ‘ Product (nucleoside)
Aminonucleotides  2-AMP 2.12 430
N 3 AMP 210 4.30
5'-AMP , 2.12 ‘ 4.30
3'-dAMP 2.15 5.36
5-dAMP 2.33 5.36
‘ S 2-CMP 2.30 \ 492 ’
3-CMP 2.24 . 4.92
5-CMP *2.21 492
5'-dCMP 2.37 -~ 6.68
™ S,
Oxonucleotides 2'-GMP 1.64 2.47
. 3-GMP 1.63 2.47
5-GMP 1.65 - 2.47
5'-dGMP’ 1.71 2.79
&,
2'-UMP T 161 2.29
. 3-UMP 1.60 / 2.29
5-UMP 160 2.29
5-TMP 1.63 2.61
2 The above table also provides data for 2'- and 5'-nucleotides since they might be
useful for further studies of other potato tuber phosphomonoesterases (2'- and
5'-nucleotidases as well as phosphatases). .
v ‘ . don - N “

ANKS



Table 4.2: Lineanty of Pcak\Hci ght Measurements for Nucleosides in the Concentration

Range of 0.050-10.0 pg/mL

-

95

Type Nucleoside Correlation Regression-  Detectien
. coefficient equation limit (ppb)
7 ,

Ribonugleosides .  Adenosine 0.9999 y= 910x-432 20
- Cytidine . 09999 y'= 445x 20 ‘

Guanosine 0.9997 y=_927x +72 10

Uridine 0.9999 y = 1316x + 41 10

Dioxyribonuclé_osidcs Deoxyadenosine 0.9999 y =-662x - 27 20

J Deoxycytidine 0.9999) y= 330x-14 20

DeoxyguanosSine  0.9997 y = 1168x + 129 10
Thymidine 0.9999 y = 1264x - 12 10 <

* 2@ x = Concentration of standard solution (tg/mL) v

y =-peak height

- -
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@) L \i;__ A(b)LJ KJL_.

P———— | pe——

0 S(min) 0o 5 )

Figure 4.1. Chromatograms of the incubation solutions; of
3'-AMP a bstrate (a) without (blank) and (b) with potato
tuber 3'-nucleotidase. Peaks: 1 = 3'-AMP; 2 = adenosine.

7/
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" Figure 4.2. Effect of pH on tuber 3'-nucleotidase actﬁvity.
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ﬁiﬂme was between 70 79°C (Figure 4.3), and 70°C was used tor
2 AN

&ny subsequent characterications., A decrease 1N the
Sgsﬁqidfe 3" AMP concentration and a concomitant increase 1n
aéenwuxno levels as the reaction end product was linear for
an enzyme concentration range of 0 800 ug (Figure 4.4). The
Michaeli1s Menten constant (K. tor 3T -AMP undet OuUr
conditions was 0.9 uM compared with 0.72 uM (37°C, pH 7.0,
Tris HCl) reported by Suno et a/. [19]. A program based on
the statistical method of Wilkinson J20)] was applied for
data «de1ySiS. For all other nucleotides, 500 ug ot
substrate was used, which was 2.6 times the K_ of potato
ruber 3'-nucleoti1dase when 3' -AMP was used as a substrate.
Higher concentrations of substrate caused tailing of the

nucleotide peaks and overlapping wlth t'he product

nucleosides, causing difficulties in qQquantitation.

N 7
&
4.3.2 Substrate specificity of 3'-nucleotidase’

Substratwe specificity data for thig enzyme are
summarized 1in Table 4.3. As can be seen from the results,
the enzyme was essentially free of 5'-nucleotidase activity.
The enzyme lacked phosphomonoesterase activity on pyrimidine
2'-nucleotides, -while it slowly hydrolyzed the phosphomono--
ester linkage at the 2'-position of purine nucleotides.
Effective hydrolysis of nucleoside-3'-monophosphates of all
four bases demonstr;ted the enzyme's action specificity as a
3'-nﬂéiebtidase. The relative rates of hydrolysis of

.

3'«ribonucleotides were 3'~-AMP > 3'-UMP > 3'-GMP > 3'-CMP,

i -
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Table 4 3: Aclign—o( Potato Tuber 3 Nucleotidase on Vanous Nucleoudes

-

-
*

S Substrate I Relatve acuvity !
Type . Nucleoude (%)
Ribonucleotides 2 AMP 31
2.CMP 0.0
N 2'-GMP \ 53
2" UMP 11
I-AMP 100.0
~ 3-CMP 235
3.GMP o 423
3-UMP 542

5'-AMP ’ 31 7

3 5-CMP ' . 0.7
5'-GMP 1.7
5-UMP : —13
- Deoxyribonucleotides - 3-dAMP - ‘ 13.3
| 5"dAMP ‘\\\ 6.8
5'-dCMP ’ 33
5'-dGMP 24
5'-dTMP 1.4

8 (alculation is based on the corrcspondmg amount of nucleoside in nanomolcs
formed during incubation for 10 min at“70°C. The result is expressed as percentage’
of the amount of adenosine formed in the enzyme-catalyzed reaction with 3'-AMP as

. substrate. The data are means of two replicates thh did not differ by more than

o~ 2%.
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corroborating the data reported by Nomura et al. [9]. The
hydrolysis rate of deoxyadenosine-3' monophosphate (3'-dAMP)
was much lower than that of 3'-AMP (Table 4.7), suggesting
that the enzyme's active site requlres the presence of a
2'-hydroxy group. The potato tuber 3' nﬁcleotidase actiJity
was associated with tuber nuclease activity. The two
activities c?uld not be Separafed by Séphadex column
fractionation or by SDS-PAGE. Both enzyme activiéies resided
within a single band of a molecular weight close to‘34.2
kdal. Nomura et al. [9) attempted to separate the two
;ctivities by i1on-exchange Chromatography on phosphocellu-
lose; DEAE-cellulose and DEAE-Sephadex at pH 5 and 92.
Nevertheless, the énzyme acti&ities were always co-eluted.
These attempts suggest that both enzyme activities reside
within the same protein molecule. The enzfme specificity
from | potato  tuber is, not an exception. Th best

characterized nuclease from mung bean sprouts has an e ly

active 3'~nuc1eotid&§e activity [21,22].

4.3.3 Effects of some ions and food additives

The effects-on potato 3'-nucleotidase‘activity of some
1ons and additives used .in food processing were tested from
0.1 to 100 mM (Table 4.4). Chloride ion added a5 NaCl (10
mM) had almost no influence, while glutamate and sulfite
promoted 3‘.—n;1cleotidase activity. The chelator EDTA. was
found to be a strong inhibitor. At a concentration of 1 mM

1t decreased the activity of nucleotidase.to 25% of the
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)
Table 4.4: Effect of some Anions, Cations, Glutamate and EDTA on the Acuvity of Potato
3'-Nucleotidase

Addrive Concentration Relative activity versus
(mM) 3'-AMP substrate (%) 2
Control ' 100
NaH,PO, 10 53
NaH,PO, 100 i 17
NaHSO, 10 151
NaCl 10 : 98
Licl . _ 10 100
Na-glutamate 10 . 115 .
MnCl, ‘ 1 90
ZnCl, 1 10
MgCl, 1 106
EDTA’ 1 25 -
0.1 62
e A4

2 The data are means of two replicates which did not differ by more than 2%,
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control. Phosphate ion and zinc <chloride were also
inhibitory, but 1 mM magnesium chloride ha¥d little (6&)
effect on enzyme activity. Similarly, I mMs manganese

chloride had g 10% inhibitory effect, whereas 10 mM lithium
chloridq\ had no effect. The flavor-enhancing nucleotide
5' -GMP i}hibited 3'-nucleotidase activity; for incubations
cont®ining 50 wug of 3'-AMP as substrate, the activity
decreased by 23% in the presence of 600 ug of 5' -GMP (Figure

»

4.5).

4.3.4 Multiple*substraté assay
As the nucleosides of the oxo and amino groups and also
,ri;o- and deoxyribonucleosides were well resolved from one
another (Table 4.1), a multiple-substrate assay could be
performed. Figure 4.6 demonstrates an example of a
two:substrate assay in which equimolar *concentrations of
3'-AMP and 5'-dAMP were included in the incubation mixture.
;.4 Conclusions .
i An HPLC method wusing an -‘ion-exchange Partisil SCX
column was developed for | assayiné botato tuber
3'-nucleotidase activity. This method was accurate and
rapid, The 3'-nucleotidase was associated with tuber
nuclease activity: in the 1isolated and purifiéd' enzyme
preparations (see Chapter 3) and was found to be specific~

for the 3'-phosphomonoester bond. The method presented can

also be wused’ fq; the simultaneous assay of purine or
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*

Figure 4.5. Inhibition of 3'-nucleotidase activity with
5'-GMP. Incubation mixture of tuber 3'-nucleotidase (200 Jg)-
contained (a) 3'-AMP (50 Mg) and 5'-GMP (600 Hg) and (b) only
3'-AMP (50 pg). Peaks: 1 = 5'-GMP; 2 = 3'-AMP; 3 =
adenosine.

.-
-
’ e
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0 S 0 5 (min)

Figuré 4.6. Chromatograms of an incubation mixture of (a)
two substrates, 3'-AMP and 5'-dAMP .(both 500 ug) with potato

tuber 3'-nucleotidase, and (b) standard solution of
adenosine (8 ug/mL). and deoxyadenosine (4 ug/mL) in 20 mM
sodium -acetate buffer. Peaks: 1 = 3'-AMP + 5'-dAMP; 2 =

adenosine; 3 = deoxyadencsine.

14
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pyrimidine ribo- and deoxyra Ieotides as 3'-nucleotidase

\/\'
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5. CHARACTERIZATION OF CELL WALL BOUND NUCLEASE AND
RIBONUCLEASE FROM POTATO TUBER®*
’

5.1 Introduction

The céll wall 1s a distinct plant component which
contains a variety of enzymes {1,2) as well as RNA [3].
Several hydrclases have been identified in plant cell walls,
includingsinvertases; glucahéses, pectin methflesterase and
'galaéturonasesP].The pectic enzymes have been the most
intensively studied, since they are responsible for changes
in vegetable teftdre during blanching in food processing
[5,6].

The only potato tuber celil wall enzymes that -Hale been
characterized are phosphatases [7] ang\pectin methylesteéase
[6,8]. The existence of cell wall bougé enzymes involved in
formation of nucleotides has not been proven. To provide
better knowledge about these enzymes and their possible
differences with previously studied cytoplasmic enzymes (see
Chapters 3 and 4), {n this chapter the isolaFion and céa;ac-_
terization of ceyl wall bound nuclease andeNase of potaip

k |
tuber are presented.

5.2 Materials and Methods
All standard compounds” and the following substrates
wvere obtained from Sigma Chemical Co. (St. Louis, MO): yeast’

tRNA, calf thymus DNA, potassium salts of polyadenylic

e ——————— S “d
* Agric. Biol. Chem. (in press).

o ) 109 | o :“
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(polyA; Mol. weight 0.2x1.0 Mdal), polycytidylic (polyC;
Mol. weight 0.2~1.0 Mdal), polyguanylic (polyG; Mol. weight
0.14~0.40 Mdal), and polyuridyiic (polyU; Mol. weight =0.1

o

Mdal) 'acids. HPLC-grade methanol and potassium dihydgpgen

phosphate were from Fisher Scientific (Fair Lawn, NJ).
Ammon i um sulfate, special enzyme grade, was . from
Schwarz-Mann (Cambridge, MA). Sephadex G-200 and

DEAE-Sephadex A-50 were from Pharmacia Fine Chemicals
(Uppsala, Sweden). A protein assay kit, with bovine serum
\albumin as a standard, was from Bio-Rad Labs. (Richmond,
CA). HPL(Y-grade water used in all experiments was prepared
by reverse osmosis (Milli-RO) and further purified by using

a Milli-Q system (Millipore, Bedford, MA).

5.2.1 Enzyqf isolation and purification

All isolation and purification steps were carried out
at 4°C unléss otherwise statéd. Glaséwqre was autoclaved for
30 min at 121°C  prior to use, to inactivate any

contaminating RNases.

s

5.+2.2 Cell wall isolatio;

Potato ceII walls were isolated by a combinafion of the
methods described by Moledina et al. [6], Sugawara et al.
7] anQ~Harris [10]. Peeled potato tubers, cv. Pontiac, 5
kg, were blended with/25 L cold 0.1% isoascorbic acid using
a Waring glendef. The potato slurry was washed thoroughly

with tap water, in a bag” made up of four layers- of cheese

- «
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cloth, unti1l free of Starch as determined by the absence of
starch-iodine - blue complex and as monitored by polarized
light miéroscopic examination. To ensure that all of the
cells were broken, the residue was re—homoéenized with two
volumes of 0.1% isoascorbic acid using a Sorvall Omni-mixer,
washed with distilled water, and filtered through a Buchner
funnel containing two layers of 5 um mesh nylon. The yield
.of wet cell walls from 5 kg of potato tubérs was 311 g, with

a molsture content of 82.4%, determined using an AOAC method

(11].

’ .
5.2.3 Enzyme solubilization and ammonium sulfate

fractionation )

The wet ceil walls were suspended overnight in 6 L of 1
M NaCl. The 1ionically-bound enzymes were released and
filtered from cell walls using a Buchner funnel as described
- above (see section 5.2.2). The residue was washed several
times with a total volume of 1 L of 1 M NaCl. fhe fiISrates
were pooled,u_énd' solid ammgnium sulfaﬁe was addgd with
gentle stirring to 30% saturatiqn.gThe suspenhsion was left
to settle Bvérnight. The precipitate removed by centrifuga-
tion (10,000 x g, 20 mi'n) and-the sbpernatant was brought’to
80%~satbratjon.by the addition of solid ammpnium»sulfatg.
After nstandiné OVe;ﬁight, the yelloyish-white precipitate
was coiletted by .centfifugation for 20 min at 10,060‘x q,
d;ssoived in 100 mL of 1 M NaCl ang dialysed against 4 L of

Milli-Q water with one change. The precipitate that formed .

. !
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was rﬁﬁ%ved by centrifugation at 17,000 x g tor 20 min and
the supernatant was freeze dried at 5°C. The yield of crude

enzyme powder was 1.60 g.

5.2.4 Gel fi1ltration

The lyophilized <¢rude enzyme powder, .60 g, was
dissolved 1n 16 ml ot ;0 mM Tri1s-HCl buffer, QH 7.1,
centrifuged at 10,000 x g tor }5 min, and the supernatant
applied to a 2.5 x 100 cm column of Sephadéx G-200 which was
equilibrated with the same buffer. The column was eluted at
a tlow rate ot 0.1 mL/min, and 1.5 mL. fractions were

collected.

5.2.5 DEAE-Sephadex A-50 (1)

Fractions 231-320 from the Sephadex G 200 column were

oW

pooled and dialyséd against 2°x 4 L of 10 mM Tris-acethte
buffer pH 7.5, and concentrated to 118 mL 1n an wultra-
filtration cell equipped with a PM-10 membrane. The
concéntrated solution was applied to a 2.5 x 20 cm column of
DEAE-Sephadex A-50 equilibrated with 10 mM Tris-acetate
buffe’i, pH 7.5. The ;olumn was eluted 1n a stepwlse fashion,
using‘180 mL buffer containing 0.1 M NaCl, thé% increasing

salt in 0.1 M increments up to 0.5 M, at a flow rate of 0.45

mL/min; 10 mL fractions were collected.
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N\
5.2.6 DEAE-Sephadex A-50 (I1) -
Fractions 49 54, which eluted at 0.2 M NaCl fgrom the
first DEAE Sephadex A-50 column, were pooled, concentrated
by ultrafiltration to about o ml. and 1.5 mlL of thils enzyme

solution was rechromatographed on a 2.5 x 20 om DEAE-
Sephadex A-50 column which was eguilibrated with 10 mM
Tris acetate buffer, pH 7.5, containing 0.15 M NaCl. Elution
was carried but isocratically with the same buffer solution,

at a flow rate of 0.45 mL/min, and 5 mL fractions were

collected.

5.2.7 Standard enzyme assay

Nuclease activity was determined by a modification of
the previously described method [9]. Incubation mixtures
(0.8 mL,~containing 0.3 mL enzyme solution and 0.5 mL of
yeast RNA solution, 0.8 mg/mL Tris-HCl buffer of 0.1 .M, pH
7.5), were incubated at 70°C for 30 min. Reaction was
terminated by immersing the mixture 1in an 1ice> bath and
adding 0.16 mL of 3 M perchloric acid (PCA). The
unhydrolysed RNA and protein which precipitated were removed
by centrifugation at 7,000 x g for 10 min. The supernatant
solution, which contained the nucleotide reaction produgts,
~was pipetted into a centrifuge tube, mixed with an equal
volume of 0.5 M Freon-octylamine and subjected to HPLC
analysis on a Whatman Pagtisil 10 SAX column as previously

described [9,12].



Mixtures of nucleotide standards of known concentration
were extracted in duplicate using PCA and Freon-octylamine
1n £he same manner as employed {br the nuclease aésay. The
standard extracts were 1njected 1nto the HPLC system and the
recevery was estimatsd by comparison with “the standard
solutions idnjected directly 1nto the HPLC system. Peak
heights were {inear for nucle;tides in the concentration

y

range of 0.5 to 5 wug/mb 1in this HPLC system [12]. The
nucleotides \produced after enzyme incubations were
guantitated by comparison of their peak heights with the
average of peak heights of standards injected before and
after the sample. One unit of nuclease activity 1s defined
as the amount of enzyme producing one nanomole of 5'-GMP per
minute from yeast RNA.

For RNase assays, incubation mixtures (0.7 mL; contain-
ing 0.3 mL of enzyme solution and 0.4 mL of yeast RNA, I
mg/mL, dissolved 1in 0.! M potassium phosphate buffer, pH
5.50) were incubated at 65°C for 30 min. Reaction was
terminated by adding 0.1 mL of 8 mM zinc chloride golutiqn
and . boiling the incubation mixture for 15" min. RNase
activity was detegmined by monitoring 2':3'-cyclic GMP

€
formation by HPLC with a Partisil 10 SAX column as described
previously [9]. One unit of RNase activity is defined as the
amoupnt of enzyme producing one nanomole of 2':3'-cyclic GMP
per minute. e - '

Protein concentrations were es;imated using a Bio-Rad

protein assay which was based on the Bradford method [13],
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. . . D oo
using bovine serum albumin as a standard. Specific activity

of enzymes was expressed as units per milligram of protein.

5.2.8 Substrate specificity
Calt thymus DNA, vyeast RNA, polyA, polyC, polyG and

polyU (400 ug) were used as substrates under the standard
N
assay conditions. The nucleasde substrate specificities were

established by measuring the formation of 5'-dGMP from DNA,

Ay « . ’ .
5'-GMP from RNA and the corresponding 5'-nucleotides from

the homopolymers: The 2':3'-cyclic GMP from RNA and the

S

corresponding 2':3'-Cyclic nucleotides from the homopolymers
were measured to follow the action of RNase on ﬂ’ese

substrates.

5.2.9 Kinetic studies
Steady-state kinetic studies for hydrolysis of yeast

RNA by cell wall nuclease were determined by guantitative

.

analysis of the 5'-GMP formed for various concentrations of

yeast RNA. Measurements for RNase were carried out using two
r ~

sobstrafes, yeast RNA and polyA. In this case, 2':3'-cyclic
GMP and 2':3'-cyclic AMP were quantitated as the RNase
reaction end products. The Michaelis-Menten parameter$ V ..

and K were estimated using a computer,program based on the

method described by Wilkinson [14].
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5.2.10 Polyacrylamide gel electrophoresis

SDS-PAG electrophoresis was carried out using an SE-200
N i

small slab cell (Hoefer Scientific Instruments, San

Francisco, CA), casting discontinuous gels consisting of a

LN

stacking and resolving gel and applying the discontinuous

_ _buffer system of Laemmli [15]. Protein standard markers

covering a molecular weight range of 14.2 (a-lactalbumin,
bovine milk) to 45.0 (egg albumin) kdal were supplied by

v

_Sigma. _ - .

$S.3 Results ”\\\\”
5.3.1 Effects of extraction procedure on nucleotide recovery
Table 5.1 demonstrates quantitati;e recovery for all
nucleotides examined under the same condigions of extraction
and HPLC analysiy) used in the enzyme assays. This ensures
that the nucleotides produced by the nuclease were not lost
in the extraction step. The use of PCA exhibits some
advantages in HPLC assay of enzyme activity. First, the
reaction was stopped by addition of PCA. Second, the
undigesté& polynucleotide and protein were precipitated and
removed. Only acid-soluble nucleotides were extracted and
injected into the HPLC. This enables the HPLC column

lifetime to be prolonged as these negatively-charged long-

chain polymers are not tetained.
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Table 5.1:  Recovery of Nucleotides using Freon-Octylaming Extraction
(Average of two Extracts) -

Nucleoude Amount added Amount Found Recovery
(hg/ml) (ng/ml) (%)
2'-AMP 0.4 0.39 98
2'-GMP \ 1.0 1.01 ., - 101
3-AMP 0.4 0.38 ’ 96
3-GMP 20 1.94 97 L
5'-AMP 2.0 1.94 - 97
.5-CMP 2.0 : , 196 . 98
5-GMP 20 1.92 96

5'-UMP 2.0 2.02 101
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5.3.2 Enzyme purification

The elution profile of tge Sephadex G-200 column 1is
shown 1n Fiéure 5.1. Different fractions were pooled and
assayed for nuclease and RNase activity. In all fractions,
nuelqase and cyclizing RNase activities, as well as
nucleotidase an nucleosidase activities, can be estlimated
by measﬁring the various end products, 1.e. nucleotides,
nucleosides or bases appearing on the HPLC cgromatograms
from SAX (nucleotides) or SCX (nucleosides and badges)
columns. Some of these results are presented in Tables 5.2
and 5.3. Further .purLfication and characterization of
enzymes in fractions 231-320 (Figure 5.J) was carried out
for comparision with the low molecular weight cytoplasmic
enzymes described previously [9].

The DEAE-Sephadex A-50 chromatographic separation of
the pooled f}actions from the G-200 column gave four peaks
(Figure 5.2). HRLC assay of the enzyme fractions showed low,
. non-base specific nuclease and cyclizing RNase ab{}vity in-
peak 1. There was negligible nuclease and RNase activity in
peaks II and III. The 5'-nucleotide-forming nuclease with
preferential specificity for purine bases was found in peak
1V, along with RNase'activity. Several chromatographic tech-
nigques were attempted to separate the nuclease and ﬁNase
activities, including gel filtration (Sephadex G-75) and
cation-exchange chromatography (phosphocellulose and

Sephadex CM-50). These did not effectively separate the

enzymes. Peak IV was therefore rechromatographed on a DEAE-
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Figure 5.2. DEAE-Sephadex A-50 column‘-jchromatography of
pooled fractions 231-320 collected from a preliminary’
purification on a Sephadex G-200 column. Enzyme solution
loaded on the column was separatB8 by using isocratic mode
and step-wise gradient starting with 10 mM Tris-acetate
buffer (pH 7.5); increments of 0.1 M NaCl were applied at
every 180 mL up to 0.5 M NaCl. The elution was monitored at
280 nm at a flow rate of 0.45 mL/min. A volume of 10 mL per
fraction was collected.
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Sephadex A-50 column. The nuclease activity eluted
predominantiy in fractions 24-29 and the RNase activity
started in fraction 30 (Figures 5.3 and 5.4). Fractions
24-29 were pooled and us&d for subsequent nuclease charac-
terizations, while fractions 37-50 were pooled and used for
RNase characterizations. The results of the overall

purification steps for nuclease enzyme are summarized in

Table 5.4.

5.3.3 Properties of cell wall nucleases

5.3.3.1 Mé&ecular weight _ Ny

SDS-PAGE of pooleé ffactions 49-54 (peak 1V) of the
first DEAE-Sephadex A-50 column showed two protein bands,
corresponding to the nuclease and RNase enzymes., The
molecular weights of these proteins were estimated to be
37.6 and 36.3 kdal (aigure 5.5). The lower molecular weight
protein band \corresponded to that of the RNase’ bifd of
pooleé fractions 37-50 of the second DEAE-Sephadex A-50

column which was concentrated and run® in the same gel
' r

»

system.

o

5.3.3.2 Effect of pH and temperature

The nuclease' exhibits a broad pH optimum, from 6.5 to
7.5. The pH optimum of the RNase was 4.5 (Figure 5.6). The
temperaturz activity cuEves of the cell wall‘enzymes are
shown in Figure 5.7. The temperature’ optimum of the RNase
’Jés 65°C, that for nuclease was 70°C. Although, at these

»
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Figure 5.3. Additional DEAE-Sephadex A-50 column
chromatography of pooled fractions 49-54 collected after
purification on DEAE-Sephadex A-50 column (I). The enzymes
vere separated isocratically wusing 0.15 M NaCl in 10 mM
Tris-acetate buffer (pH 7.5) monitored at 280 nm with a flow
rate of 0.45 mL/min, collecting 5 mL/fraction. (e), nuclease
activity; (®), RNase activity, and (...), Ajgqg-

\
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o 10 20 - 30 40 - SOMin -

Figure 5.4. Liquid chromatograms of assay solution with the
enzymes recovered from fractions 27 (A), 29 (B) and 31 (C)
“after the second pyrification on a DEAE-Sephadex A-50
column. Peak identification: 1 = 5'-CMP; 2 = 5'-UMP; 3 =
5'-AMP; 4 = 5'-GMP; and 5 = 3'-GMP.. The purity of nuclease
activity in fractions 24-29 is demonstrated by the absence
of 3'- and 2'-GMP on A and B chromatograms. )
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Table S Punthicauon ot Cell Wall Bound Potajo Tuber Nuclease

-

Step Total protwemn Specific acuvity Total untts
(mg) (untts / mg protein)

Crude extract 8227 a

Ammonium sulfate, 80% sat 7341 a

Sephadex G-2(0) 2497 2.40 6()

DEAE-Sephadex A 50 (D 0 106 399 42

ﬂ'i/\rascpmdcx A SO (1D 0 008 3290 26

4 Nuclease units could not be accurately estimated since these fractions contained
phosphomonoesterases, nucleosidases and even oxo-nucleases (1.e. high molecular

W)nghl nucleases, around 70 - 100 kdel),
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Albumin, egg (45 kdal)
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« . Glyceraldehyde-3-phosphate dehydrogenas.v
- 30 (36 kdal)
= 3 Carbonic anhydrase
o (29 kdal)
é’ Trypsinogen (24 kdal) °
. 4  Trypsin inhibitor (20.1 ®
L kdal) (-Lactalbumin (14,2 kdal)
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Figure 5.5. SDS-PAGE used for determination of the purity
and molecular weight of cell wall bound nuclease and RNase.
A: gel separation band of pooled fractions of 1) 231-320
Sephadex G-200 column; 2) 49-54 from DEAE-Sephadex A-50
column I and 3) 37-50 from DBAE-Sephadex A-50 column II. B:
standard curve (semilog plot of relative mobility ' vs
molecular weight of proteifA markers) used for determination
of molecular weights of nuclease and RNase. Protein
standards were run simultaneously with cell wall ~ bound

enzymes.
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Figue 5.6. Effect of pH on the activity of cell wall bound
nucled¥se (o) and RNase (®). The buffer solutions used were:
0.1 M sodium acetate, pH 4.0-6.5 for nuclease and 0.1 M
potassium phosphate, pH 4.0-6.5 for RNase activity assay,
respectively. In the range of pH 7.0-9.0, both enzymes were
assayed in 0.t M Tris-HCl buffer.
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Figure 5.7. Effect of temperature ohqthe activity of cell
wall bound nuclease (®) and RNase (w),
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temperatures, the enzymes might exist as an eqQuilibrium

~

between the native and .reversibly/irreversibly denatured
forms, a lower temperature was not used for routine
analysis. As exemplified in Figure 5.7, at 40°C there is a
tive-fold decrease in RNase activity, whereas nuclease
activit$ is close to zero. The choice of usfng high optimal

temperatures was favored since they arfe close to those of a

blanching step used 1n potato processing. *

5.3.3.3 Inhibitors . , //
&
The effects of a variety of fdg@ additives and heavy
‘/

metal 1ons are presented 1n Table 5.5.~2f+* and Ccu'’ are

°

strong inhibitors of both the nuclease and RNase, while Mg**

and glutamate, at 10 mM did not show significant effect on

. !
either enzyme. Their effect| on enzyme activities at higher
concentrations warrants furkther .study. Citrate, phosphate,

+

Mn ? and EDTA 1nhibited the nuclease. @cwevep,VFhe‘RNase

++
and

activity was sfimulated strongly by phosphape, Mn
EDTA, hile citrate did not show a significant effect on
this enzyme. Of the other food additives, pyrophosphaté
completely destroyed the nuclease activity, while 45% of the
RNase Ftt{xjty was lost in the presence of the same a?phnt “
of this anion; nitrate and sulfite did not affec? the

/

&
nuclease activity but both inhibited RNase.

5.3.3.4 Substrate specificity

4

The purine ribonucleoside-5'-monophosphates 5'-AMP and

5'-GMP are the major products o¢f the cell wall nuclease

¢ <

N
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Table 5.5: Effect of Varnious lons z&d EDTA on Nuclease and RNase Activity ?

Addiuve

Concentration Relative Actvity (%)
M) Nuclease RNase
Control (none) 100 100
Na-glutamate 10 82 103
Na-citrate \ V10 21 95
y
AN 1
NaNOy \/;10 104 74
NaHSO4 10 95 39
NaH,POy4 10 51 120
Na-Pyrophosphate 10 0 55
CuSOy4 1 0*
ZnCly 1 0 0
MnCl, 1 20 116
MgCly 1 92 108
EDTA ) 1 17 \ 153

2 The results are means of two replicates which did not differ by more than 2%.
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Table 5.6:  Action of Cell Wall Nuclease on Various Native and Homo-polynucleotides

Substrate Product f'ormcd Yield 4 Relauve
(5'-nucleotide) - - : activity (%) b
nmole To
RNA AMP 3.55 035 -
CMP 295 0.27
GMP 4.14 0.42 100
UMP 1.22 0.11
DNA dAMP 0.99 0.09
dGMP 0.69 ©0.07 17
Poly A " AMP 2.76 - 027 67
Poly C CMP 1.85 0.17 45
Poly G GMP € 095 010 23
. Poly U UMP 9.00 0.83 217

-

2 The results are means of two replicates which did not differ by more than 2%. -

b Percent based on the weight of the substrate used and the weight of nucleotide
formed under the standard assay conditions.
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hydrolysis of yeast RNA, (Table 5.6). The percentage of the
individual mononucleotides shown in Table 5.6 was calculated
based on the amount of each nucleotide: formed 1in the
incubation mixture per initial weight of the polynucleotide
used as a substrate. The cell wall nuclease hydrolysed DNA
at a much slower rate than RNA. The rate of liberation of
mononucleotides from their corresponding homopolymers 1s, in
decreasing .order, polyU, polyA, polyC and polyG. We
attribute the difference in homopolymer hydrolysis rates
reléti?e to RNA to differences in the chain lengths of these
substrates. It has been reported that the shorter the chain
length of the homopolymer, the faster the rate of hydrolysis
[16].

Results for cell wall bound RNase (Table 5.7) rgvealed
that the rate of cyclic 2':3'-GMP formation is close to that
of éell wall bound nuclease. The libera:?;n of fhe mono-
nufleotides from their homopolymers is, in decreasing order,
polyU, -polyA, polyC, and polyG, i.e. the same as for
nuclease, but in molar yields 3-t€?es less, except .for
"~ polyU, which had a yield 3—t%wes,hi9her than for nuclease

enzyme.

5.4 Discussion )

Several different cell wall enzymes that degrade RNA
could be -detected by our HPLC alsay method. The 5'-GMP-
forming enzyme-is the mo§% important in flavor nucleotide

research since 5'-GMP exhibits flavor-enhancing ‘activity,
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Table 5.7: Acton of Cell Wall RNase on Various Native and Homo -polynucleoudes

Substrate

RNA

Poly A
Poly C
Poly GG
Poly U

Product formed

(2:3"-cyclic nucleotide)

GMP
AMP
CMP
GMP
UMP

.7 Yield?

Relauve

Activity (%) P

100
40
10

7

732

4. The results were means of duplicate measurements which did not differ by more

than 2%.

&

b Percent based on the weight of the substrate used and the weight of nucleotide
formed under the standard assay conditiops.
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particularly synergistically with monosodium glutamate [17].
We have previously 1solated and cﬁaracterized a
5'-nucleotide-forming nuclease and an RNase which forms
2'13"QXC11C nucleotides from the c&toplasm of potato tubers
[(9]. In the present gﬁudy, we have isolated and
characterized a corresponding nuclease and RNase from the
cell walls of potato tubers. In food processing it is
desirable to optimize ghe activity of ghe nuclease and
minimize that of RNase which competes for endogenous RNA;'
The cell wall nuclease was found to be accompanied by
3'-nucleotidase ‘activity (see Chapter; 6). This has been
confirmed for cytoplasmic nucleases in potato tubers [9,18],
tea leaves [19], pea seeds [20] and other plant materials

+

[21,22]. Both zn"" and EDTA are strong inhibitors of the
cytoplasmic [9] and cell wall enzymes.

Both cytoplasmic and cell wall bound enzymes exhibited
optimal activity at a neutral pH, however, the cell wall
enzyme showed a broad pH-activity curve (Figure 5.6). The
temperature optimum of cell wall nuclease was lower than
that of cytoplasmic nuclease (70°C andn80°C, respectively).
The cell wall enzyme differed from the potato tuber
.cytoplasmic nuclease with rgspéct to its molecular weight,
377 kdal (cell wall) and 34.2 kdal' (éytoplasmic) (see
section 4.3.2), and also substrate specificity. The
Michaelis-Mente? constasts, K;, of‘ thel cell wall and
cytoplasmic nucleases 'e:e 60 ug and 40 ug, respectively,

when yeast RNA was used as a substrate.
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In a homogeneous form, without any contaminating RNase
activity (fractions 24-29 of DEAE-Sephadex A-50 11I), the
nuclease activity was lost rapidly during storage at 4°C in
Tris-acetate buffer pH 7.5. Under these conditions, the
activity was lost after one week of storage.

The cell wall RNase is an acidic enzyme with pH optimum
of 4.5, while that of cytoplasmic RNase is 5.5 [9]. The
former exhibited a broad temperature optimum and its optimal
tempe;ature was higher than that of cytoplasmic enzyme, 65°C
(cell wall) and 55°C (cytoplasmic). The molecular weights of
the RNases were 3652 kdal (cell wall) and 19.2 kdal
(cytoplasmic). When yeast RNA was used as a substrate, the
K, s of cell wall and cytoplasmic RNase were 242 and 119 ug,
respectively. Both RNases were promoted by EDTA and
phosphate anion.

As mentioned above, the nuclease enzyme reported 1is
just one of several classes " of nucleases isolated from
potato tubef cell walls. Since there are several common
properties of plant nucleases from different sources [21],
the properties of the cell wall nuclease are similar not
only to the potato tuber cytoplasmic enzyme but also to all
bf the other cytoplasmic plant nucleases studied to date
[9,18-22]), The differences in pH and temperature optima and
substrate specificity as well as inhibition by a number of
cations and/or anions suggest that the cell w;ll bound g

nuclease and the cytoplasmic nuclease [9] are two distinct

enzyme species.
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Thus, it can be aﬁSumed that éell wall nucieas¢~is as
important as cytoplasmic enzyme for production of 5'-GMP in
potato processing. Led%hiqg of’S'—GMP to the watér during
blanching (commonly used in manufactur of *French fries),
the occurrence ahd exteﬁg of which i; upplemented by data
in the Appendix (Chapter 10,. Tables 10.6 and 10.7),
partially results from the action of cell wall nuclease

hydrolysing cell wall RNA.

5:5 Conclusion

Two different enzymes, a nuclease and a ribonuclease
(RNase) have been isolated from the cell walls of potato
tubers. For the nuclease, §=purification of 1370 fold was
achieved by fractionation with ammonium sulfate and
chromatography oh Sephadex G-200 ‘and DEAE-Sephadex columns.
The purified nuclease hydrolysed both RNA and DNA, yielding
primarily puri&e 5'-nucleotides. The ribonuclease did not
cleave DNA\;nd the hydrolysis of RNA produced 2':3'-cyclic
ngéﬁeotides as Aproéucts. Both enzymes were completeiy

P

ippibited by Cu** and 2n**, while EDTA was an inhibitor and

promotor‘df the nuclease and RNase, respectively. The cell
wall- eﬂzyme;~ were differenttf ffom the corrgbponddng

cytoplasmic,Enzymes previéusly charactexrized (CHaptersl3 and
" 4) with respect” to pH-and temperature. ¢ptima and molecular
. N . PR

weights,.
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6. DIFFERENCES BETWEEN CYTOPLASMIC AND CELL WALL BOUND

3" -NUCLEOTIDASE OF POTATO TUBERS®

6.1 Introduction
Encymes which specitarcally hydrolyse the phosphoryl
L]

group of & 3" nucleotide ate reterred to as 3 nucleo

ti1dases. These enzymes exi1st predominantly 1n the plant

kingdem, and several have en 1denti1tied from a varilety of
plants [1]. The '5'nucleo§ase activity has been found to
be associated with proteins of plant nuclease [2] and
2':3" cyclic phosphate diesterase of microéxganxsms [3].

The earlier studies [4,5) on characterization of
cytoplasmic nuc lease 150lated from potato tubdrs
.corroborated these reports. Since cell walli 1s a distinct
plant component, the nucleases bound to cell wall of potato
tubers have been 1isolated and studied ftor the}r properties
in order to optimize the vegetable processing conditions
[6]. The isolated <cell wali nuclease also exhibits
3'-nucleotidase activity. This character differentiates 1t
from that of cytoplasmic 3'-nucleotidase and i, described in

this chapter.

*Presented at 30th Annual Conference of the Canadian
Institute of Food Science and Technology (Hamilton, 1987):
Biotechnology.
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6.2 Materials and Methods
The 1solation and puraification of cytoplasmic and cell
wall bound 3" nucleotidases essentially followed the
procedure described  i1n Chapters 3 and 5. Peeled potato
tubers cv. Pontilac grown in Southern Alberta were used as
the enzyme source. Two  procedures were applied for
preparation of enzymes. Cytoplasmic 3'-nucleotidase was
prepared by homogenization, filtration and starch removal by
gravity sedimentation, followed by gel filtration of the
clarified supernatant on a Sephadex G-1'00 column wusing
puritied water as eluent [4] (Figure 6.1). The cell wall
bound 3'~nucleo;idase preparation included cell wall
isolation by repeated blending and removal of starch g;
extensive washing, followed by filtration. The residue, free
of starch and unbound protein, was suspended in 1 M NaCl
overnight and.filtered. The filtrate containing cell wall
bound enzymes was fractionated by precipitation with 30-80%
*ammonium sulfate, followed by chromatography on a Sephadex
G-200 column, ion-exchange chroma;ography on a DEAE-Sephadex
A-50 column and, finally, rechromatography on a DEAE-
Sephadex A-50 column [6]. The 1isolation and purification
procedurgs are summarized in Figures 6.2 and 6.3.
Th; enzyme assay mixture (1.3 mL) consisted of 1 mL of
0.1 M sodium acetate buffer pH 6.50, 3'-AMP (0.2 mL of 2.5
mg/mL solution) and enzyme solution (cytoplasmic enzyme, 0.2

mL of a solution of 1 mg/mL in sodium acetate buffer 0.1 M,

pH 6.50; cell wall bound enzyme, 0.2 mL of pooled fractions

—
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Flow diagram of isolation of cytoplasmic
tubers.
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PEELED POTATOES

l - - - A 1% lsoascorbic acid
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Figﬁre 6.2. Flow diagram of isolation of cell-wall enzymes
from potato tubers.
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CRUDE ENZYME POWDER
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l | "“m
&
FRACTIONS 231 320 -
DEAE-SHEPHADEX A-50 COLUMN SEPARATION 1
(10mM Tris-acetate buffer, pH 7.5)

{
¢

FRACTIONS 49-54

(é,‘x

v

DEAE-SHEPHADEX A-50 COLUMN SEPARATION I
(0.15M NaCl in 10mM Tris-acetate buffer, pH 7.5)

i {7
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¢

Figure 6.3. Flow diagram of purification of cell wall crude
enzymes from potato tubers.
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24-29 from DEAE-Sephadex A-50 <column II). Following
incubation at 70°C for 10 min, the reactgon was terminated
by boiling the mixture for 12 min. Then the mixture was
diluted, centrifuged at 5,000 x g for 10 min; a;d an aliquot
of 20-50 uL clear supernatant injected into the HPLC system.
One enzyme unit was defined as an am@unt of 3'-nucleotidase
producing one nanomole of adenosine from 3'-AMP per minute.

Assays of 3'-nucleotidases were carried out by using an .
isocratic HPLC method [5] in whfch a Whatman SCX cblumn and
10 mM potassium dihydrégen phosphate';olution adjustea to pH
3.60 byAaddition of phosphéric acid were used in separation
of the substrate (3'-AMP) and the prodhct (adenosine). The
optimal conditgons for 3'-nucleotidase assay were reported
previously [5] and the procedure 1is summarized diéé?aq:
matically in Figure 6.4. Nucleotide substrates ang
nucleoside products were monitored by UV detection at 254 nm
and quantitated electronically using a digitgl integrafor.
6.3 Results ﬁnd Discussion

Fi,gufe 6.5 illustrates a typical chromatogram of
incubated enzyme mixture.

The optimal pH and temperature - for 3'-nucleotidase
activifies are shown in Figures 6.6 and 6.7, respectively.
Both cytoplasmic and cell wall bourd 3'-nucleotidases had
the same pH optimum [6.50). Both enzymes exhiblted hiéh
optimal temperature activity (65-75°C), aléhough the cyto-

plasm‘ic 3'-nucleotidase possessed - slightly higher

%
i
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+ i
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- .Figure 6.4. Optimal conditions for assay of 3'-nucleo-

tidases. /
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1

Figure 6.5. Typical chromatograms of 'the scell” wall
3'-nucleotidasé, the assay mixture (A) and blank (B). Peak
d?ignation: 1 = 3'-AMP; 2 = adenvsine.
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temperature activity than the enzyme bound to cell wall.

The effects of some common food additives, metal ions
and a chelating agent (EDTA) are shown in Table 6.1.
Inhibitors of «cell wall 3'-nucleotidase were citrate,
sulfite, phosphate and pyrophosphate anions, whereas sulfite
enhanced the activity of cytoplasmic enzyme. The flavor
enhancer monosodium glutamate promoted both enzyme
activities. Glutamate, at a level of 10 ﬁM, ingreased the
cytoplasmic and cellwall 3'-nucleotidase activities to 115
and J25% of contfol values, respect{vely. Manganese cation
was an effective inhibitor of the cell wall enzyme. In the
presence of 1 mM MnClZ, 40% activity was lost, whereas at
the same concentration the cytoplasmic enzyme lost only 10%
activity. Magnesium ion strongly enhanced the activity of
cell wall 3’~nuc1eotidase. Thus, with 1‘ mM  MgCl, its
activity increased to 173% of the control wvalue. The
chelating agent EDTA, és well as heavy metal ions such as
zinc #nd copper, were strong inhibitors of both cytoplasmic
and cell wall 3'-nucleotidases. |

Of the 17 nucleoigdes tested as substrates, 3'-AMR was
hydrolyzed most rapidly by both enzymes (Table 6.2). The
relative rate of ‘hydrolysis of 3'-ribonucleotides by the
cytoplasmic enzyme was 3'-AMP > ?'—UMP > 3'-GMP > 3'-CMP,
and that of the cell wall bound enzyme 3'-AMP > 3'-GMP >
3'-UMP. > 3'-CMP. The geil wall bound 3'-nucleotidase

exhibited specificity for purine nucleotides. It was devoid

of activity for 2'- and S5'-ribonucleotides. On the other
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3y

Table 6.1:  Effect of Some Anions, Cations, and EDTA on the Activity of Potato Tuber

3"-Nucleotidases

Addiuve Concentration Relative activity (%)a
(mM) e
Cytoplasmic Cell wall bound

Na-Citrate 10 Ce— 44
Na-Nitrate 10 — 116
NaHS0, 10 151 50
Nin PO, - 10 53 69
Na-Pyrophosphate 10 — 1
Na-Glutamate 10 115 125
“NaCl 10 98 —
LiCl ) 10 100 —
MnCl, 1 90 60
MgCl, 1 106 173
ZnCl, " 10 3
CuSO, - 1 — : 3
EDTA 1 yA 30
Control P — 100 100

™

2 The data are averages of two determinations which did not differ by more than 2%.

\

® Incubation mixture, 1.4 ml in all tests, containing 500ug of 3'-AMP as substrate, .
purified enzyme solution, assay compound, all in 100 mM Na-acetate / acetic acid
solution pH 6.50. The result is expressed as a percentage of the amount of
adenosine formed in the control assay, which consisted of enzyme substratc and

buffer alone.
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Substrate Relative acuvity % :
Type - Nucleoude Cytoplasmig Cell wall bound
Ribonucleoudes 2-AMP 3.1 0.0
2'-CMP 0.0 0.0
2'-GMP 5.3 0.0
2-UMP ) 1.1 0.0
3-AMP 100.0 100.0
3.CMP 23.5 3.0
3-GMP 42.3 327
3-UMP: 54.2 25.2
5-AMP 3.1 0.0
5-CMP 07 0.0
& 5'-GMP 1.7 0.0
5-UMP 1.3 0.0
Deoxyribonucleotides 3'-dAMP 13.3 —
5-dAM 6.8 —
5-dC 3.3 —
5-dGMP . 2.4 —
5'-dTMP 1.4 ' —

2 Calculation is based on the amount of the corresponding nucleoside, in nanomoles,
fornfed from 500 pg of a given nucleotide at 70°C for 10 min, while the result is
expressed as percentage of the amount of adenosine formed in the enzyme-catalyzed
reaction with 3'-AMP as a substrate. The data are averages of two determinations
which did not differ by more than 2%.

Y
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N
hand, the cytoplasqic enzyme SQYwed activities on 2'- and
5'-ribonucleotides and 3'- and 5!'-deoxyribonucleotides. This
might be attribdted to other phosphomonoesterases present in
our cytoplasmic enzyme preparation.

Both the cytoblasmic and cell wall bound potato tuber
3'-nucleotidase activities have been associated witﬁ the
nuclease.activiﬁy, namely the ability to hydrolyze RNA and
DNA [4,6]. It was suggested that the two, activities
(3'—nucleotidaée and nuclease) resiéé in the same protein
[7] as was found®in many other plant nucleases [2,8,9].
Their molecular weights were 33.3% kdal (cytoplaémic enzyme)
[4,7) and 37.6 kdal (cell wall enzyme) [6]. |

" A "
6.4 Conclusion

Extensive characterization of cytoplasmic and cell wall
bound 3'—nucleo§§dases isolated from potato tubers (cv.
Pontiac) have Béen carried out by applying a n;vel HPLC
technique. Enzymes.frqm‘poth sources possessed the same pH
optimum (6.5), while tﬁe temperature optima of cytoplasmic
and cell wall bound 3'-nucleotidases were 75 and 70°C,
respectively. Additional inhibition = and substrate
specificity.studies and the differeﬁce in molecular weight
stronglytsugéested that 3'-nucleotidase present in potaté

‘tuber actually consists of two distinct enzyme species.

-
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7. RAPID E.’SVZ\YMATICﬂ'lPLC DETERMINATION OF THE CONTENT OF
MAJOR NUCLEOTIDES IN VEGETABLES®
) J
7.1 Introduction

Flowery, fruity, lgéfy or tuberous vegetables, such as
broccol1, cabbage, cauliflower or sweet potatoes, 1n the raw
state contaln a very low level of free nucleotides. This
level increased markedly after blanching and/or steam
cooking due to enzymatic breakdown of the endogenous tissue
RNA [1]. Several enzymes have been found to be invoived in
the degradation of RNA 1n plant tissue 1in general, forming
purine and pyrimidine nucleotides [2,3].

The 1mportance of the presence of nucleotides 1n
vegetables 1s two-fold. Firstly, 5'—guanosin€3ﬂ5nophosphate
(5'-GMP) 1is a flavor enhancer which surpasses monoscdium
glutamate 1n potency and, secondly, iow purine base content
in vegetables 1s a dietary recommendation for $etabolic
disturbances such as gout [4-6]. It has been suggested that
the total suﬁption of nucleic acid, from all dietary
sources, should not exceed 4 g/day [7].

Determinatioh of free puring bases and nucleotides and

1

’ . . . o . ' ' . _
those bound in nucleic acid, in general, and in some low

purine. content vegetables and other food stuffs, -in

partiéul’ar, is difficult and the available data are
L
conflicting and inconsistent [5]. Despite their relevance to

food «flavor and human nutrition, datAa on the con‘&nt of

[ — - = - - — -

: . '
‘Agric. Biole . {in presss. .

WP . ) -
i K ¥ ; .
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free- and nucleic acid 1ncorporated nucleotideg, the latter
being the major precursors of free nucleotides 1n processed
vegetables, ar& scanty.

Data on vegetable nucleotides (see Chapter 8) have
shown tH;t free nucleotide contents of raw vegetables are
much less than found 1n cooked vegetables. This chapter
reports a rapid method tor determination of the four major
nucleotides incorporated 1n RNA. White potato was chosen for
the study since 1its high starch content makes this vegetable

the most cumbersome to analyze.
7.2 Materials and Methods

7.2.1 Reagents
Lyophilized pure nuclease P1 (nucleate 5'-nucleotido-
hydrolase 3'-phosphohydrolase, EC. 3.1.30.1) from
Penicillium ci;Pinum [8,9] was provided by Yamasa Shoyu Co.
Ltd. (Choshi, Chiba, Japan). Standard nucleotides and
baker's yeast RNA were from Sigma Chem. Co. (St. Louis, MO).
Yeast RNA was also prepared by appl}ing the prbceduré of
Crestfield et al. (10]. HPLC-grade potassium dihydrogen
pphosphate and methanol were from Fisher Scientific (Fair
~Lawn, NJ). Tri-h-octylamine (98% purity) was from Aldrich
Chem. Co. (Milwaukee, WI) and Freon 113 from Terochem Labs.
Ltd. (Edmonton, Alta). A fresh solution of 0.5 M

tri-n-octylamine 1in Freon 113 was prepared before use.

HPLC-grade water was prepared by reverse osmosis (Milli-RO)

-

L

. 1 'S ,
.
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and purified additionally by Milli-Q system (Millipore,
Bedford, MA). All other reagents were of analytical grade.
@
7.2.2 HPLC system and separation conditions

The HPLC system consisted of a Bio-Rad Model 1330 pump
(Bio Rad, Richmond, CA), a 20 uL Rheodyne lodp injector, a
Whatman 250 x 4.6 mm 1.d. Partisil 10 SAX anionic column
protected by a 70 x 2.1 mm i.d. guard column containing
pellicular anion exchanger, packed by us, and by a 250 x 4.6
mm 1.d. pre-injector column (Whatman Solvecon) containing
silica gel, with a Bio-Rad Model 1305 variable wavelength
detector set at 254 nm and a Hewlett Packard Model 3388A
integrator.

The ‘optimized HPLC separation conditions were as
described in Chapter 2, with 3% methanol in 8 mM potassium
dihydrogen phosphate‘ solution (adjusted to' pH 4.15 by
phosghoric ~acid) as an eluent. Isocratic elution of
nucleotides wasicarried out at room temperaturé at an eluent
flow rate of 1.5 mL/min. |

']
7.2.3 Vegetable
. .‘Potato ‘tubeﬂg\ cv. Shepody (sp. gr. 1.081; average
starch content 71.6%) were used throughout this study. They
were grown commercially under irrigation in Southern Alberta
and were provided by I & S Produce ‘3 Ltd. (Edmonton,
Alta). Potato starch ge%atin@z;tion onset was atk56°C‘§nd,

end 65°C, and the size of the ﬁajority of the grains was
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either below 38 um (52%) or between 38-53 um (42%). The
amylose content was 21.4%. Starch swelling power was 86 (at
65°C) and 102 (at 70°C), while its solubility was 18% (at

65°C) and 21% (at 70°C).

7.2.4 Isolation of tuber nucleic acid
Ncheic acid 1solation followed the procedure outlined
by Hadziyev et al. [12], with some modifications. Peeled and
diced tubers (50 g) were suspended in 40 mL ice-cold 0.1 M
Tris HCIl buffer of pH 9.0 containing 6 mL 22% godium dodecyl
sulfate and 4 mL 80 mM zinc chlor:de solution. The
suspension was homogenized with the aid of sea sand in a
mortar with 68 mL 1ce-cold 80% (w/w) agueous phenol. The
slurry was transferred to an erlenmeyer, shaken by ‘a
Lab-Line orbit shaker at room temperature for 1 hr, and then
cenfrifuggd in thick-wall glass <centrifuge tLbes, at
17,000 x g for 20 min..The upper layer was collected, and
was then reexfrqcted wi;h an egual volume of aéueous phenol
and 4 mL of 80 mM 'zinc chloride solution. After standing for
30 min, the aqueous layer containing nucleic acid was
¥lollected. Nucieic acid was precipitated at 4°Cvpvernight
ﬁgter addition of 0.1 volume of 10% sodiam chloride and 2.5
*blumes of 98%(ethanol. The precipitated nucleic acid was
recovered by low speed centrifugation, discarding the super-
tant, washing the precipitate with ethanol, and drying the

ecipitate in a stream of nitrogen, folrlowed by its storarg*/

: ’
n_ a.,desiccator under phospherus pentoxide. The ‘yield of
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\

this crude nucleic acid was 5 mg/g fresh potato tuber.

7.2.5 Preparation of potato‘nucleotides

The nucleotide preparations were obtained at least 1in
duplicate by four different procedures using nuclease PI1
enzyme or alkaline hydrolysis, as follo&s:
(a) Enzymatic digestion of isolated nucleic acid

Nucleic acid powder, about 10 mg, was added Eo | eest
tube containing 2.0 mL 100 mM sodium acetate buffer of é;
5.30, 2 mL. 8 mM zinc chloride and 200 ug nuclease PI enzfme.
A blank wae run in the same way, but without nuclease P1,
Both sample and blank were incubated at 60°C for 1 h. The
reaction was stopped by immersing the tubes in an ice bath
and by additidn of an equal volume of 1.0 M perchloric acidg
(PCA). After centrifugation at 5,000 x g for 10 min, a 2"
mL aliquot of the supernatant was collected and mixed gently
with 2 mL of 0.5 M Freon-octylamine Solution. This mixture
was separat%g into three distint layers by loﬁ—speed centri- »
fugation at 800 x g for 10. min. The top layer, containing

nucleotides, was collected and used for HPLC analy51s.

(b) Enzymatic digestion in situ of potato tuber tissue

Abdut 3 g of diced potato tuber was weighed into a 50
- mL centrlfuge tube, then 7 mL of 100 mM sedium \acetate
~ buffer pH 5. 30 and 0.2 -mL 80 mM z1nc chlorxde*solutzon were :
added The m1xture was slurried for 2 min us1ng a Polytron

homogenlzer. The homogenate was steam cooked for 30 min. The

sample homogenate, wigh 1ts starch now fully gelat1n1zed
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s
was cooled, dispersed in 8 mL of the sodium acetate buffer,
and the mixture then incubated with nqplease P! enzyme (200
ug) at 60°C for 1 h. The hydrolysate 1in the tube was
immersed 1n an ice Dbath. Acid—solubler-nucleotides were
extracted by addxtion of 15 mL 1.5 M PCA, followed by 15 mL
methanol to precipitate the solubilized and interfering
starch [11]. A low-speed centrifugation (800 x g, 10 min)
followed. This extraction step was repeated and the combined
supernatants were then made up to 100 mL and treated with
Freon-octylamine as mentioned above.
(c) Alkaline hydrolysis of isolated nucleic acid

Nucleic acid @owder, about 10 mg, was dissolved in S5 mL
0.5 M sodium hydroxide and incubated at 37°C for 18‘h with
continuous shaking wusing a Lab—Line orbit shaker. .The
hydrolysaﬁe was neutralized using 60% PCA, made up to a

. ‘

final contentration of 0.5 M PCA, then the volume was
adigsted to 10 mL prior to centrifugation. The supernatant,
cSnE;ining th@ nucleotides, waé‘collécted and additionélly
extracted by ﬁteon-octylamine solution and aﬁalyzed by HPLC

as described above.

- td) Alkaline digestion in situ of potato tuber tissue

About 5 g of diced potatoes in a 50 mL centrifuge tube
were slurried, using the Polytron homogenizer, with 10 mL of
0.5 M soédium hydroxide in ethanol. Alkaline hydrolysis

followed under conditions outlined in procedure (c) above.
After n ralization, the tissue suspension was adjusted to

. : - ~-
0.75 /M PCA, and then methanol was added to give a final

14

7
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concentration of 0.5 M PCA. Centrifugation at 5,000 x g
was used to recbvef the nucleotides 1in the supernatant.
After the removal of PCA by Freon-octylamine, the sample was
analysed by HPLC as described above (see sect on 7.2.2).
7.2.6 Preparation of standard by alkaline hydrolysis

The 1ncubation test tube contained a mixtaure of known
amounts of 2'- and 3'—isomers of AMP, .CMP, GMP and UMP 1n
0.5 M sodium hydroxide. IncLbation and extraction steps
Srro; to HPLC ahalysis were the same as in procedure (c).
This solution was used as a Standard for guantitation of

nucleotides obtained by alkaline hydrolysis by.pchedures

{(c) and (4d).

.

7.2.7 Baker's yeast huéleotiée preparation

Bakef’s _yeast RNA wés chosen as a model system and
subjected to hydrolysis. The RNA was dissolved at a concen-
tration of 5.0 mg/mL in 0.1 M sodium acetate bugfe;x“ pH
5.30. The P1k nuclgasé hydrolysateb yas‘ prepared in - six
replicates. chubation and nucleotide éxtraction steps

followed by HPLC analysis were the same as 'in procedure (a).

7.3 Results and' Discussion . ’ﬁg;
"To verify the reliability and accyracy of enzymatic and
- . Y .
: , *
alkaline hydrolysis procedures, yeast RNA was used as a

. . ]
model substrate and its nucleotide composition assayed. A

typical elution pattern of its four major :ibpnucleotides in



Table 7.1:  Nucleotide Compositon of Commercial Baker's Yeast RNA

Mole % Method

162

Ref.
AMP CMP GMP UMP Pu/Py 2

21 24 33 22 1.2 . HPLC pb
25 20 28 27 ’ 1.1 Conv. ¢ 1o
22 23 - 34 22 1.2 Cony. 13
19 24 o34 23 1.1 Conv. 14

a Ry . purine

Py : pyrimidine.
bp . : the present study. a

¢ Conv. : Conventional method.
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an enzymatic hydrolysis 1is shown in Figure 7.1. Nucleotide
identification was based on comparison with retention times
obtalined by running a standard nucleotide mixture subjected
to the same incubation and extractions steps as yeast RNA.
6ptimized conditions for resolution as applied here were
discussed previously ﬂ11ﬁ. Table 7.1 shows the nucleotide
composition of baker's yeast RNA 1n mole.percent. Yeast RNA\
used in this experiment was purified by the procedure of
Crestfield et al. [10] and, as shown by HPLC runs, it' was
identical to' the common commerciaily available yeast RNA
used widely im *the literature [13,14]. As seen from Table
7.1, 1its nucleotfde COﬁPOSitiOﬂ, although obtained by
different conaations of - hydrolysis and separation of its
nucleotides, was consistent with our results when nuclease
P1 hydrolysis, followed S} HPL{ separation, was applied;

The highly purified .nuclease P1 used in tﬁis study has
been proven to have a high capacity to hydrolyse transfer
RNA’ena both light and heavy rihosomat RNA'S under the assay
‘conditicns applied, i.e. O.ﬁ.M acetate butfer of pH 5.30 end
an 1ncubat1on temperature of 60 C [(9l..

Individual and total contents of four major nucleotldes
obtained by enzymatic hydrolysis of yeast RNA are presented
in Table 7.2. The sum of four major nucleotides was 7240.8%
of the initial RNA weight.. The remaining 28%' shou%d be

- - ; €

" attributed to contaminating impurities, the" presence of

minor nucleotides in the RNA chain, and the tenac1ously,

L2

bound protein and mojsture.
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Figure 7.1. Liquid chromatogram of yeast RNA ' nuclea‘se P1
hydolysate. Peak idepntification was hased on retention t1me5
of ribonucleotide standards. Peak identities: 1) 5'-CMP; 2) .
5'-UMP;" 3) 5'-AMP; and 4) 5'-GMP. ) '

-
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- A “

As shown 1n Tables 7.2 ahé 7.3, ,épefficient’ of o
variations for nucleotide determinations are in the range of
1.12-1.99%, which indicates that this analysis method is
precise. § )

od The low recovery of nucleotides from isolaged tube; R&A
is not wunexpected. Besides the minor nucleotides not c;
R ,

measured, the tuber RNA preparation contained DNA, as shown

by the presence of deoxyribénucleotide peaks 1in Figures 7.2B -
-’ - "

‘and Figure 7.3~ Starch was a major contaminant. Nucleic acid

extraction using phénolﬁfollowed by ethanbl'precipitatﬁoﬁ;'v
could not avoid coprecipitation of a latqq pormaon of

-
3

solubilized starch molecules, some of which would be present
: . [
as a phenol-starch clathrate. fThis was readily verified-.by
iodine blue staining of the RNA preparation, and also by the .
: ‘ . /

release of a phenol odor after RNA powder wés‘rehydrated}

A large portion of the starch scontamination

enzymatic or alkaline hydrolysate of tuber tissu
- * vy N . d !
nucleotide extract1on with PCA,” was removed by'hddkéhon,of
. ’ . /
methanol Thls step was requxrbd since PCA, in~a range of
. Lt T M B p .

1-5 M, was a powerful ‘acid for 'staﬁéh sélubilization- inr
. " Ny | ,

L

homogenized plant tissue [15].
_ The enzymatic metﬁod of hydrolysis, ‘as applied here,
determines the exaé£ .content of qur Sf-rgbonu&leotidés

présentﬁ'iﬁ tuberbﬂs .veéetable endogendﬁs RNA. The HPLC»

Al i

cond1t1on9¢ used perm1tted separatmn of both classes of

nucleotldes- rlbo- and deoxyrxbo‘llleotldes. The nuclease P1

.
= *

enzyme haS'also been used in analysis of/;otal nuclgotxdes
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Retention: Time, min.

*

Figure 7.2. Liquid chromatogram of nucleotide extracts of
steam-cooked (A) .and P! nuclease hydrolysate of the steam-
cooked potato homogenate ¢B). Comparison of the chromato-
grams shows the inactivation of tuber RNase by zinc ion and
the ability of nuclease P! enzyme to hydrolyse in situ the
tuber RNA. Peak identities: 1) 5'-CMP; 2) 5'-UMP; 3) 5'-AMP;
4) S5'-GMP; 5) 3'-GMP; and 6) 2'-GMP. Small peaks
corresponding to deoxyribonucleotides are not designated.

'Y o
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Figure 7.3. Liquid chromatograms of isolated tuber RNA
hydrolysate by nuclease P1 enzyme (A), a standard mixture “of
S'-ribonucleotides (B), and a standard mixture of 5'-deoxy-
ribonucleotides (C). Peak designations: 1) ©5'-CMP; 2)
5'-UMP; 3) 5'-AMP; 4) 5'-GMP; 5) 5'-dCMP; 6) 5'-duMmp; 7)
5'-dAMP; and 8) 5'-dGMP. In the case of coelution of ribo-
and deoxyribonucleotides, quantitation was by peak height or
area difference after removal of ribonucleotides from assay
solution by oxidation using potassium periodate [11].
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present in other vegetables, e.g. flowerhead, fruity, leafy,
rooty, seed or stem/shoot vegetables or mushrooms [1].
Ligquid chromatograms of the extracts of steam-cooged
potato tuber, before and after addition of nuclease PRI
enzyme, are shown in Figures 7.2A and 7.2B, respectively. As
demon;trated by us, zinc 1ion fs a strong inhibitor of potato
nuclease and ribonuclease [16], but has no effect on thé
activity of nuclease Pl. The latter firfding was »also
reported by Fujimoto et al. [9]. Hence, it was useful to

employ zinc chloride for inhibition of vegetable RNA enzymes

during sample preparation (slicing">dicin§ and homogeniza-

tion) and it was not necessary to remove the metal ion brior
to subsequent hydrolysis by nuclease P11, or for HPLC
analy§js. Heat treatment of vegetable samples prior to
nuclease P! digeétion was required to denature enzymes in
plant tissue and to prevent proteolytic degradation of the
P! enzyme, and protect the nucleotides released from further
decomposition into nucleosides .and free bases. In additioﬁ,
heat ®nhanced: the detachment of proteins from nucleic”acid
and its exposure to digestion 6?1 nuclease,. a

vThe nucleotide composition of./potato Eubef RNA is
presented in :Table 7.4. The values for the four major

. nucleotides, calculated as umoles/100 q “fresh potato and

mole %, and obtained from a nuclease PI,hidrolysis in sftu

of RNA in tuber tissue and from previously isqlated RNA,
show some discrepancies. The content of pyrimidine nucleo-

tides, - expressed  as umoles/fredh' wéight - tissue, is

L 4

.
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essentially the same regardless of the form of RNA being

hydrolyzed, but this is not so for the content of purine’

, . . \ .
nucleotides. They are &onsisteqtly‘ lower in content when

determined in tuber tissue Jin situ. This finding 1s not
: L4
unexpeé%ed sigce Zinc ion cannot inactivate tuber nutleo-

‘tidases (phosphomonoesterases).or nucledésidases. Nor can the"

their effect, a suggestion supported b}-the finding that
plant tissue phésbhomonoesterases prefer purine rather than
A .

pyrimidine nucleotides [17]. .

In thédconventional and some other more recent methdds
[18-21], 'nucleotides and/or bases are determined from acid

. R I _—
and/or alkaline "hydrolysate of RNA. In both cases the

neutralization results in a large amount of salt, which

interferes with HPLC separation. To dssess and gompare the

merits of ‘alkaline vs enzymatic hyé}olysis, both: tuber

. tissue RNA jn situ and isolated tuber RNA were subjected to

alkaline digestion by 0.5 M sodilm hydroxide, The’

3
-

hydrolysate was. néutralizsd with PCA, and nucleotides

. extrécted and analyzed by HPLC. As seén in Figure 7.4 and by

the results compiled in Table 7.4, an alkaline hydrolysate

of RNA is not suitable for HPLC analysis. All six 2'- and’

3'-fsomers of AMP, CMP and;dMP in the neutrglized solution

were co- eluted 1gﬂpne peak° only 2'- and 3'-GMP were well

. separated and individually quant1£1able. This is due to the

excess. salt formed in. the neutralization stop and thus

preéent in the 1njectzon solutxan. ‘The salt conpetcd vith"

’A . .
slow heat transfer during veggtabie heat treatment.eliminate

[

S

v

f o ‘ . o -
. : c \ e e
- . J .
L Co LIS
. LT . . T Ny
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Figure -7.4.‘.{itmid chromatograms of the alkaline hydrolysate
‘ef potato tuber RNA in situ (A), and nucleotide standard
'solution (B) containing the 2'-.and 3'-1so ers Jof AMP, CMP,
- GMP and UMP. Peak designations: 1) mixture of 2'- and -
3'-isomers of AMP, CMP and UMP; 2) 3'-GMP; and 3) 2'-GMP. °
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these six nucleotides for the anion exchange sites of the

+

column during the ifditial 25 min of elution. The elution of

2'- and 3'-GMP occuwéd at a retentlon time greater than 40

mxn when the excess salt had already eluted. NeverthelessA

-

the sum of 2'- and 3'-GMP guantitated ,aftep alkaline
hydrolysis of -both forms of RNA was still sufficient to
corroborate ;the résults provided by the enzymatic

hydrolysate method using\ijclease P1 (Table 7.4).

L

7.4 Conclusion e

-
——

Detergination of ‘the conteht of the major. constituent
ribqnucleotfdes~of vegetable tissuer endogencus RNA by-HPLC“
analysis after nuclease P1 enzyme hydrolysis provided a -

Yimple, rapid and reliable method of nucleotide analysis.

LN

Total ribonuclgotide content - and. -the corresponding: RNA
- ) . ‘ N -

nucleotide composition could be determined without the need ’

o

. 2. . '
for prior isolation of nucleic acid Enzymatic and not

yalkalxne hydrolysis of RNA of the homogen1zed plant tissue

in situ is théns thod of choice. v
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8. ENZYMATIC FORMATION OF THE FLAVOR ENHANCER 5'-GMP -AND

OTHER NUCLEOTIDES DURING YEGETABLE PROCESSING’

8.1 Introduction

.Dnring the processing of vegetables, endogenous RNA is
hydrolysed by‘mnucleases and 'ribonucleases, producing '5'
variety. of nucleotldes. These include nucleoside-5'-mono-
phosphates: nucle051de 3'-monophosphates, and nuc%eoside-
2':3'-cyclic @pnophosphates. Of all of these products, only
guanosine-sL-monophospbate (5'-GMP) exhibits® flavor-
;enhancing ac;ivity [1]. | . o '

Recently, we have developed a rapid HPLC method for the
simultaneous;detefmination of 5'—ribonucleoqideé, 5'-deony-
ribonucledéides, and their corfequnﬂing‘Z‘-_enﬁ 3'-isomers
[2]. This method has been used to measure changes“in the .
levels of nucleotides 1in potato tubers through several
processes [3] and to cbaracterize~pofato tuber nucIEESe and
"ribonucleasé enzyme§ [4]. Inlthjs report, we employ this.
HPLC method to determine Epe nuéleotide con;ent,of selected
rav uegetables, represegting flowerhead, fruity, leafy,
seed, Stem/shoot,»fend tuberous :vege;ables, and mushrooms, _
befgre and’fafter simdlated ﬁd\RMchial. steam- cookiné;
preceeded by _an 8~10 -ﬁ1n blanching. step. In ‘aaéition, |

5‘-GMP—form1ng nucleases of these vegetables vere

‘o
tA

characterized.s

. -~
- - e e - w0 s e -

' Presented at International Conference, onflavor '87.
Wurzburg, West Germany (Sept. 29-30, 1987). - . .
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" 8.2 Materials and Methods

- w
Vegetables were suppliegg by local markets, and

. . AN
represented the following classes: flowerhead (broccoli,

Brassica oleracea); " fruity (green bell pepper, Capsicdm

anhuum); leafy (common cabbage, BPaSSIca convar. capita, f.
alba); rooty (radlsh Raphanus satlvus, var. atlvuS:‘;;eet
potaté, Impomoea batatas); seed (green bean, Phaseolus
vulgaris; bean éprout, Phaseolus aureus); stem/shoot
(asparagus;’ﬁspaﬁagus officinal is); tuberoys (white potato,
Solanum tuberosum) ; yand mﬁshroomg (shiitake, lenzite edodes;ﬂ
snow white, Agaricus bisporus; oyster, Pleurotus florida).
The‘edible paqs oé each vegetable was washed and thinly

sliced to give a homogeneous sample. All of the raw,

blanched and steam-cooked vegetables were extracted with 3

vol. cold O.7Si M perchloric acid (PCA), slurried with a
Polytron homogenizet, and diluted with methanol to 0.5 M

PCA.. Removal of PCA was achieved by extracting with 0.5 M

_Fréon-octylamine prior to analysis [2, see section 2.2.1.3].

-

isocra;ic HPLC separatfon of nucleotides was carried out -

using:a strong anionic Whatman qutisil 10 SAX column and 32

4
i

‘methanol’ in 8 mM KH,PO, as a mobile phase, as previously

described [2]. The eluted nucleotides were mon1tored with a
UV detector at 254 nm and quantltatéd by peck helght
comparison of unknowns with standard compounds.

- Crude enzyme powders were prepared by homoqgnization of
vegetables Qithu 50 mM :éodium citratg bﬁfi;r;' pH 6.0,

containing 2 mM qysteine,,centrifugation and”freeze—drying.

E B
s
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8.3 Results and Discussion

<

~

- .

The total activities of RNase and nuclease in the crude

\

enzyme powder were estimated using a. previously reported
. . AR ) *

HPLC proceddrei[4]. Enzyme powders (400 ug) were incubated .

with 2 mg yeast RNA in Tris-HCl buffer (0.1 M, pH 6.50) for

30 min. Reaction was terminated with the addition of 3 M PCA

to 'a final <concentration  of 0.5 M PCA'. samples were -

centr1fuged to remove precipitate and extracted with 0. 5 M-

Freon—octylam1ne. Isocratic HPLC separat1on-\\of RNA

-hydroiysis products, 2'- and 3'-GMP for ribeonuclease and

. ‘ -
5'-GMP for nuclease, was carried out as described in section

2.2.10 0 e S

P

<

levels of nucleotxdes to‘vthe actfvation of endggenoulv!5v?

.hNA, of each vegetable was determlned by HPLC- analys1s of a
[}

N

Total‘5'-GMP both free”'and 1ncorpbrated in endogenous

L

P1 nuclease. hydrolysate of the homogenxzed vegetable (see

»

[

The nucleot1de content  of “raw ' and steamjcookea

vegetables is given in Tables 8. 1 and 8‘2 In general ‘Baw

vegetable samples .contain low or, no detectable levelg of

.

free nuc1%§t1des. Following steam tmeatment, the levgls of

nuc tides increased; the largest change vwas observed for

sh11take mushrooms (Table 8.2). Other stud1esz{1,5-7] report

hxgher~ levels of - nucleotldes in raw‘ Qegetables than ee‘

¢

observed. ~ Since, 'i these( {tudxes,‘ nucleotzdes were

—t—

extracted by bo111ng water [8 13], ‘we attrzbute the higher_“rﬁA

a

o .
. e -
- e

S et
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Table 8.1°  Ribonucleotide Content in Raw Vegetables @
Vegetable ' Nucleotrde (nmoles/g) b
SCAMP S-CMP 2-GMP v -GMP  5-GMP  5-UMP
‘. .

Asparagus 48 3 nd ¢ nd 6 84
Bean (green) © 22 nd nd nd nd 70
Bean sprout 16 nd nd nd 4 30
Bell pepper (green) 2 nd nd nd nd 19
Broccoli 9 nd nd 47 nd 32
Cabbage 3 nd nd nd nd 3@
Cauliflower 8 nd nd nd 99 37
Mushroom (shiitake) nd nd nd nd nd nd
Mushroom (white) 21 30 nd nd 7 44
Potato (sweet) 6 100 nd nd nd 34
Potato (white, cv. Shepody) 78 7 nd nd nd 15
Radish (red skin) 4 40 “fj nd ;d 35

2 Moisture content(%): Asparagus (94); Green beans (89); Bean sprout (92); Green
bell pepper (94); Broccoli (90); Cabbage (93); Cauliflower (93); Mushroom [dned
Sweet potato (78); White potato (80);

sshiitake] (9); Mushroom [white] (93);

*~ Radish (95).

b The data presented are an average of two replicates.

I'd

-

¢ nd: Not detectable, i.c. below the detection limit (100 ppb for 5'-AMP, 5'-CMP,
5'-UMP and 200 ppb for GMP’s).

"V‘

o



Table 8.2: Ribonucleotide Content in Blanched and Steamed Vegetables 2

182

»

Vegetable

5-AMP §5-CMP 2-GMP 3-GMP S-GMP S-UMP

Nucleoude (nmoles/g) b

Asparagus 28
Beans (green) 130
Bean sprout 87
Bell pepper (green) 59
Broccoli 43
Cabbage 13
Cauliflower  _ - - 24
Mushroom (shiitake) 2090
Mushroom (white) 338
Potato (sweet) 127
Potato (white, cv. Shepody) 30
Radish (red skin) 22

81
‘80
17
27
219
29
1390
116
66

-~ 30
60

106
19
13
3
47

8
nd
nd
40
35

v
nd

157
49
31
12
81
12
12
nd
71
63
33
16

12
105
39
43
35
nd
83
3410
122
31
22

72
141
13
47
- 64
40
55
1700
127
106
- 40
46

<

a  Moisture content: see Tabl®8.1.

b The data presented are an average of two replicates.
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>
nucleases and ribonucleaseq and their attack on endogenous
vegetable RNA. As found by us, steam cooking preceeded by a
blanching step as well as boiling water extraction activates
the RNA-hydrolysing Snzymes, i.e. heat-induced degradation
.of RNA does not occur. That this degradation does not occur
was proved by heating the slurried leafy or tuberous
vegetables in the presence of ZnCl,, a powerful inhibitor of
RNA-hydrolysing enzymes. In the presence of zinc 1on at a
heating temperature up to 100°C and heating time even longer
than 30 min, the content of nucleotides .of the blanched
and/or cooked vegetables was the same as that of raw
vegetables. The wuse of PCA to 1inactivate these gnzymes
before RNA can be hydrofysed, as applied by us, allows more
accurate estimation of free nucleotides presént iﬁ raw
vegetables.

The ﬁost important enzymes involved in the formation
and degradation of 5'-nucleotides are nucleases, ribo-

s

nucleases and phosphomonoesterases. The level ;of ~these
enzymes, as well as the enzyme base specificity, vary in the
vegetables surveyed. Thus, the amount of 5'-ribonpcléotides
and, hence, of the flavor nucleotide 5'-GMP differs among
vegetables and is dependent on both the active enzymeS and
the amount of vegetable RNA. Total 5'-ribonucleotides (free
"and bound) in each vegetable-were estimated by a P1 nuclease
digest, and are shown in Table 8.3. The ratio of free 5'-GMP

R :
to total - 5'-GMP in steamed vegetables is given in Table 8.4,

Blanching and steaming of mushrooms (shiitake), green beans

.

-
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and green bell peppers results in the highest formation éf
5'-GMP from RNA, with respective levels of 44, 31 and 29%.

Nucleases, which exhibit no specificity for the sugar
moiety, were found in  all vegetables; these enzymes
hydrolyse both RNA and DNA (Table 8.5). Both nucleages,anq
RNases act on RNA as a substrate, however, the producgf/of
nuclease reactions are 5'—nucle6tides and these from ﬁNase
.are cyclic nucleotides which are furthet hydrolysed to a
mixture oT 2'—~ and 3'-nucleotides during an acid éxtraction
step [4). Our HRLC method can be used to measure the amount:
of 5'-GMP and the sum of 2'- and 3'-GMP, whic§ reflect the
activities of nucleases and RNases, respecti&ely. of the
e}ght vegetables surveyed, éhe ribonucleases exhibited much
higher activity éhan nucleases when yeast RNA was used as a
substrate (Figures 8.1-8.4).

3
The dependence of the activities wof the vegetable

4

) » .
nucleases and ribonucleases on temperature is shown in

Figures 8.1-8.4. Under the assay conditions employed with pH

b

6.50 buffer, close~to v?getable'pH; the témperature optima

of RNases were found to be around 50-60°C. At the peak'of

-

the temperature activity curves, the ratio' of nuclease
N ‘Y, " 'Y

activities compared to- those' of RNases ranged from 0.6
- ‘ ' . . ‘ v
(8yster mushroom) to 61% (white potato). Nucleases possessed

higher temperature :Z;ima; around 65-75%. In general,
except in the case . inushrooms', the .act.ivity of RNases
decreased Yapidlyvas %emperatufe vas elevated. At the peak

of nudlease activity curves the ratio of 'nuclease/RNase

<

1y ) o~
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Table 8.3: Major Ribonucleotide Constituents of the Vegetables Studied -

[4

Vegetable A Nucleotide (nmoles/g) 2 " Molar ratios

Purine base =~ Pynmidine base

AMP GMP CMP UMP  GMP/CMP AMP/UMP

Asparagus 531 697 610 497 114 107
Bean (green) 272 342 339 337 1.01 0.81
Bean sprout 307 419 425 329 0.99 093
Bell pepper (green) 121 98 146 109 149 L1
Broceoli 659 1059 . 1226- 802 . 116 082
Cabbage » 187 218 300 190 1.38 098
Cauliflower 772 847 1217 733 1.44 1.05
Mushroom (shiiake) ~ 6646 6790 7746 6568 1.14 1.01
Mushroom (whit)) 1138 1207 1120 1258 - 093 090
Potato (sweet) 194 280 216 225 077 . 086
Potato (white,cv. Shepody) 153 204 179 147 088 1.04

© Radish (red skin} 95 142 98 103 069 ° 092

3 The data are averages of two replicates.
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Table 8.4: Ratio of 5'-GMP formed during Steaming to Vegetable Total (free + RNA

incorporated) GMP
Vegetables ¥ 5-GMP / Total GMP (%)
*Asparagu_s ‘ | 1.7
Bean (green) o : . 30.7
Bean sprout = T 9.3
- Bell pepper (green) . 294 o
Broccoli . ‘ . 2.8
_ - Cabbage 0.0
' Cauliflower ‘ . | 6.8
Mushroom (shiitake) . ’ 440
Mushroom (white) ‘ o 109 =
Potato (sweet)_ o 14.3
Potato (white, cv. Shepody or Pontiac) 12.3 +

Radish (red $kin) 5.1
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Table 8.5: Action of Vegetable Nucleases on RNA and DNA 2 \
Enzyme Source ‘ §'-Nucleotides forme}q (nmoles)

g . ~ AMP CMP GMP UMP  dAMP dCMP "dGMP dUMP.
Asparagus 204 218 093 043 136 076 171 -211
Bean (green) 281 229 248 081 151 . nd . nd 178
Broceoli . 230 566 216 100 123 nd nd . 152

‘Bell pepper (green) 1.23 207 096 0.30 099 nd nd 180
Cauliflower 1.00 131 128 0.13 0.76 nd nd 1.51

- Mushroom (oyster) 1.05 041 039 0.78 055 098 “"nd 0.78
Mushroom (white)  1.17 112 177 078 1'.24 263 024 .224

~

Potato 948 7.35 10227 288 1.38 nd 1.18 1.63
(white, cv. Pontiac) . . .

- 3 s ‘

3 Vegetable crude enzyme powders (200 ug) were incubated with 400 Hg yeast RNA
or calf Thymus DNA in 0.1M Tris- HCI buffer; pH 7.0 for 30 min at 709C. The
term "nuclease” is fully justified only if the enzyme is able to hydrolyze both DNA
and RNA as its substratc [17]. ‘ )

*ay
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Figure 8.1. Efféct -of teiﬁperature on activities ot (@)
RNases and (¢) nucleases from asparagus (A) and green beans
(M; Crude enzyme incubated with yeast RNA in Tris-HCl -
JPufter (0.1 M, pH 6 50) for 30 min at various tempeutures.v
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C. Bell Pepper (Gréen)
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Figure 8.2. Effect .of temperature on activities of (=)
RNases and (e) nucleases from greern. bell pepper (C) and
broccoli (D). -Crude enzyme incubated with yeast RNA in
Tris-HC1 buffer (0.1 M, 'pH 6.50) for f30 min at, v4rious
temperatures. ’ ‘
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Figure 8.3. Effett of temperature on activities of. (m)
RNases and (e) nucleases from cauliflower  (E) and potato

{F). Crude enzyme incubated with yeast RNA -in Tris-HCl

buffer (0.1 M, pH 6.50) for 30 min at various temperatures.
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G. Oyster Mushroom

B 4 \}»1-;
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. H.- White Mushroom

(Nucleotides produced, nmoles)
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’
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Figure 8.4. Effect of temperature on activities of (=)
RN3ses and (®) nugleabes from oyster mushroom (G) and white
mushroom '(H). Crude enzyme incubated with yeast RNA in
Tris-HC1 buffer (0.1 M, pH 6.50) fpr 30 min at various
t&mperatures./” ' - iy . N

«
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S
activities increased and ranged from'0,7 (oyster mushroom)
to. 108% (white potato).

In vegetable processing, natural flavor . nucleotide

production will be maximized if heat transfer is enhanced so
p , ,

that the tnternal v&getable temperature is raised as quickly

as possible to about 70°C, and the temperature maintained

L]

‘.
Nase and ‘phosphomonoesterase enzjymes are

at, but not‘higS:r.than, 70-75°C. Under these conditions,”

the undesirable

[

rapidly 1hact1vated The 5'-nucleot1des produced by nuclease‘

will not be further degraded by phosphomonoesterases, since

the latter enzymes are heat labile [14-16].

’ . . . N

8.4 Conclusion %

HPLC was used for the ‘guantitative analysis of

vegetable nucleotides and to assay. the activities of the

¢

nuclease enzymes which catalyze formation of 5'-GMP. This

flavor/nucleotlde was feund in all classes of blanched and'

Jsteam-cooked vegetables. The dlfference in the levels of
4

5'-GMP Obtained from various vegetables was attributed to

L)

differences in thgjprqperties of the native enzymes as well’

_as the amount of endogenous RNA present in each vegetable;

Tempe;atures of 65 -75°C are siuggested for the blanchxng step

of vegetable processxng in order to max1mzze the ¥onmatioﬁ

-

_of the flavor nucleotlde 5'-GMP."' .
-y . ‘ N ‘ - . ) .

-~
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9. DISCUSSION AND CONCLUSIONS
Analysis of nucleic acid constituents and assan of the
iﬁenzymes related to nucleic acids using conventional methods
Gt
- *#an be tedious, laborious and time-consuming. Thus, it 1is
not surprising that ;elatively little data have been
obtained from this field in food research. It 1is apparent
that there 1s a need for efficient (i.e. rapid, reliable and
accurate) metpods for fundamental studies of the substancég
involved in food nucleic bcids.
N v

9.1 Nucleotide Analysis by the Isocratic HPLC Method

The isocratic HPLC method developed for nucleotide
analysis has several advantages over the 1ion-pair and/or
gradient elution modes which héve been commonly used for
research into nucleic acid components. This method has the

chromatographic data. The samples be injected

agvantages of convenience, simplicity. and néiroducibility of
successively without the need for column reiequilibration as
with a*graaient elution mode. The life of the column with an
isocratic HPLC method is much longer compared with other
HPLC methods, thus making it an economically more attractive
procedure. The mobile bhase, containing methanol modifier in
a low concenira;ion phosphate solution, enables separation
of nucleotide constituents of both RNA and DNA, and pgrmi;s

separation in a geasonable time.

In addition, the good resolution of 5'-GMP and its 2'-

2Ty
R

and 3'-isomers shows the importance of this HPLC method for

- 195 : .
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medsurement of 5'-GMP without interference from its isomers.
When acid extraction is wused for nucleotide analysis of
cooked foods or for RNase assay using RNA &s a substrate, as
done in this study, all three GMP 1isomers are wusually
present 1n the extract:

\The method 1s also valuable in determining the extent
of nuclease/RNase purity during enzyme 1iscoiation and
purifica;ion. The purity of 5'-GMP forming nuclease withéut
interference of RNase can be rePdily revealed by incubation
of the enzyme with RNA in phosphate buffer of about pH 5 at
optimal tempefature for RNase (and not for nuclease)
activity, followed by HPLC analysis. If the RNase 1s present
in the enzymef preparation, the HPLC chromatogram will show
peaks of cyclic or 2'- and 3'-GMP. It is equally valﬁable
for determining the purity of cyclizing or 3'-nucleotide-
forming RNases, i.e. the presence of contaminating nuclease.

Nuclease and RNase purities can be detected using the
same HPLC proceduré; and the amount of enzyme preparation
required can be as little as 0.1 ug, qualifying the method
as an efficient and rapid test for examining these
activities during purification steps. -

Good resolution of four major nucleotide constituents
of RNA could be achieved by this HPLC method. Since numerous
base-specific nucleases are available ;ommercially,“purity
of such nucleasge ﬁreparations could be controlled by thisa
HPLC procedufe. Measurement of the activity of a base-

specific nuclease would be simple. Incubqtion ‘of Jfﬁb

b 4
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specific enzyme with RNA would be required, followed by
guantifying the corresponding nucleotide.

9.2 Strong Cation Exchange HPLC Method

The second HPLC method developed uses a strong cation
exchange column (Whatman, Partisil 10'SCX) for anal;sis of
nucleosides and bases. It permits assaying many charac-
teristic phosphomonoesterases present in food systems. The
nucleoside of the corresponding nucleotide can be gquanti-

tatively measured. as the end product of the phosphomono-

esterase-catalyzed hydrolysis of a nucleotide.

9.3 Quantitation of Total Ribonucleotides by HPLC

The third methéd developed combines the application of
the HPLC method for analysis of nucleotide composition and
in situ enzymatic hydrolysis of RNA. The -method pmrmité
guantitation of total ribonucleotides (i.e.” sum of freée and
bound ribonucleotides of RNA) in vegetablés. This is helpful
in understanding the patterns of free 5'-nucleotide
liberate® from the polymer during processing of various:
vegetables. )

A spectrum of ribonucleotides and their related
enzymes, was found in vegetable systems. ?f??’ p{ovided
information on both free and bound nucleotides _and the

flavor nucleotides (5'-IMP and 5'-GMP), as well as the

characteristic nucleic acid enzymes involved.

L]
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Vegelables, like E}her biological materials, have their
unique physiologicaf properties, represented by their
enzymes and nucleic acid systems. In all the végetables

studied, 5'-IMP was not found, even though its detection

limit was 100 ppb under the HPLC conditions used. Hawever,
. *

free 5'-GMP was found and its content varied amongst the
cooked vegetables exaﬁined. Although the total GMP mole % in
vegetables was the highest of the four major nucleotides,
the ratio of free to“Pound'S'—GMP's measured in blanched
and/or cooked vegeta%les was as high.as 44% (Japanese dried
mushroom) and as low as 0% (cabbage). &he great variation in
5'-GMP contents from vegetable to vegetable <can Dbe
attributeé. to the large differencg in the ’quantitiés of
bound GMP's and ﬁhe individual enzyme characteristicss of
the vegetables. Many types of enzymes (see Chapter 1) could
participate in multiple enzyﬁatic reactions which could
occur intracellularly in the vegetables during processing.
The free 5'-GMP quantitated in cooked vegetables was the
sole end product remaining after successive enzymatic
reactions, étartiﬁg from the hydrolysis of " the phospho-
d}ester bond of RNA that:possesses a guanine base residue.
As discussed above, the HPLC method allows measurement
of the activity of base-specific - 5'-nucleotide-formipg

enzymes as well as cyclic- and 3'-nucleotide-forming

enzymes. However, this study concentrated on the flavor

nucleStide (5'-GMP). The activit{ of' “nuclease” vas

-

represented by the amount of 5'-GMP relea:ed eni?matically

»
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from RNA. The "ribonuclease (RNase)" activity was defined‘as
the amount of 2':%'-cyclic GMP or the sum of 2'- and
3'-GMP's fo;med._

The 5'-GMP producing enzymes in most veégtable sources
\had a high opﬁimal temperature range, 70—80fC, while that of
RNases was 30-60°C. Therefore, in vegetable procesdging, the
content of natural flavor nucleotiaes would be maximized if
heat transfer was.introduced to the vegetables in such a way
that the internal. temperature was raised as quickly as
pgssible to about 70°C, then maintained near that level but
ﬂot(,higher than 80°C. In this manmér, the undesirable
enzymes (RNases- and phosphoménoesterases) are destroyed
rapidly.vAs a result, the substrife is better fetaineé for
the 5'-nucleotide-forming enzymes, and 5'—GMP is stable
wﬁthout the attack of phosphomonoesterases, which are
generally heat-labile enzymesr[l-3]. |
| Conginuing study Qf purification and characterizatljion
of vegetable enzymes will provide further understanding o
hydrolysis of vegetabf?\nucleic acids by specific enzymes,
and of degradation of nucleotides by vegetable phosphomono-
egterases. This should provide an intere;ting basis for

4

further research.

A2
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“10. APPENDIX

10.1 Nucleotide Formation in Potato Tuber Yas affected by
S)teaming Time *
- The nucleotfde content of raw potato tubers was
negligible. Puring heating, various nucleotides were formed.
Time of heating was related to the .amount of nucleotides
fodnd in cooked potato tubers. This was demonst;atgd‘experi—
mentally by steaming potato cubes "for various 1engthé 9f'
time. ;Samples were analyzed for nucleotide contéht using
'HPLC (see sample preparation procedure in Chapter 2). The
forwation?of 5'—nuclsotides was highest after steaming for

30 mig (Table 10.1). Therefore, in all experiments where

stgaming was” necessary, the sample was-steamed\(Qr‘ﬁo min,

10.2 Nugleotide Content as affected by Potato Tuber Anatomy

Duplicate samples were prepared. Potatos tuber was cut
longitudinally into halves. The anatomic sections of one
halfAQere selected separately,.as shown in Figure 10.1: The
other half was used in its entirety: After steaming for 30
min at 100°C, nucleotide extraction and analysis were as
described in Chapter 2. The results .obt;ined from two
_culﬁivars, ﬁorgold Russet and Kennebec, are shown -in Tables

10.2 and 10.3, respectively.

.

201

L3



’

202

r
Table 10.1:  Effect of Steaming Time on the Formation of Nucleotides in Potato Tubers
(cv. Russet Burbz;nk)

-
~

‘Time (min)  ¢5-AMP_ 5-CMP S-UMP_  5-GMP 3-GMP 2-GMP

X

0 1.71 nd nd nd = nd . nd
6 15.59 829 1361 997 1176 5.99
10 - 1652 1527 1884 1211 13.58 7.51
15 1937 1825 = 25.77 12.48 14.31 1.62
20 2230 1856 2826 1226 1459 936
25 2562 2577 ° 29.04 1478 1517 1081
30 2812 2769 3444 1678 1643 1124
NG '

’ . L4

Amount expressed in ppm per fn;sh basis.
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Figure’ 10.1. Longitudinal ,sectioh_ of a Russet Burbank
pojato, showing principal structural features.
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Table 10.2:  Nucleotide (ppm) Distribution in the Anatomical Regions of Potato Tuber

(cv. Norgold Russet)

)

S-GMP  3-GMP L-GMP

Sample 2 5-AMP  STTMP . S-UMP

Whole tuber  ~ * : 16.27 4562 2345 1433 1499  7.46
Stem end 1131 37.06 2031 1336 1471 807
Bud end 1520 6439 1956 1553 2547 12.90
Periderm + part of cortex 143.37 1031.67  Trace 4246 1691 13.28
Cortex ~ 19.10 11272 4263 2044 2605 14.24
Vascular storage parenchyma 1594 2236 1680 1122 11.13 590 °
Pith 2214 2193 1862 1312 167 . 6.18

2 Dry mattet content (%): whole tuber and stem and bud ends, 24.2 1 0.84;
_periderm + part of the adhering cortex, 20.1'+ 1.05; cortex (included the peel and
the adjacent 5 mm thick layer of the tuber), 22.2 £ 1.00; vascular ‘storage -
parenchyma + outer phloem, 26.9 + Q.35; medulla (pith), 16.2 £ 0.94. A
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Table 10.3:  Nucleotide (ppm) Distribution in the Anatomiczll Regions of’ Potato Tuber
: (cv. Kennebec) : . :
Saglplc a 5-AMP 5-CMP 5-UMP  5-GMP- 3-GMP 2-GMP
\
Whole tuber 958 17.18  11.49 890 2728 1619
Stem end 907 20,54 1528 1125 3096  18.56
Bud end 488 2494 11.80 922 3133 1697
Periderm 6591  350.66 nd 1455 1796 13.39
Cortex , 1776 2836 1273 7.63 3311 -19.99
Vascular Storage Parenchyma 16.33  16.77 9.82 8.58 2480 14.02
Pith 1018 2021 1464 1212 2183 1258

2 Dry matter content; similar to data given in Table 10.2.
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10.3 Changes of Nucleotides during Storage
Two cultivars,A Russet Burbank and Shepody, grown in

southern Albefta, were harvested ;h Seg;embér 1985. The

o : .
tubers weighed about 200 g each and were stored at 4°C;
Analysis of nucleotide conteent was performed each tﬁﬁ weéks

over a si;\montﬁ perio@. Four tubers weré sampled each time,

allowing them to sit at room temperature for 24 h‘prior to
use. The nucleolide content ‘of each steamed tuber was

extracted in ‘duplicate, and HPLC analysis‘was as Bgscribed

in Chapter 2. These results are presented in Tables 10.4 and

10.5.

-

[y N

10.4 Formation and Leaching of GMP's during Preheating of

French Fries . . ey
, , . = S

" The potato tubers (cv. Russet Burbank) wére'sliced into‘\*

1 cm x 1 cm’x 4 dm'pieces as in the us;al preparation of
Frencﬁ fries. The slices were blanched in hot water for
various times at various temperatures. Nucleotides_in'the)
agueous phase‘and the residue were extracted separately and
'analysed using HPLC as’ described in Chapter 2. The data
presented in Tables 10.6 and 10.7 are the resylts of the
activity of‘a multiple enzyme system.

The ‘RNase optimum activity. Qasl-at7350;§§}c, whereaﬁ‘f;
nuclease was at 70f80°C; In potato slicés.the héat transfer .
is‘slow.igéiexemplified by Figufe 10.5; after immersing~thg/ ‘_
slice into 'watg? “heated ' to 50‘C,"£ﬁe  Eore':of #h& s}ici ;/;g/

‘reaches 70?C;§n1y after 8 min. o I L -

L . - -
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Nucleotide Content of Potato Tuber, cv. Russet Burbank during Storage

Table 10.4:
Time S$-AMP  5.CMP  5-UMP  5-GMP  3-GMP  2:GMP
(weels) ‘ g .

0  $5%12 124+23 116%14 173%12 150+18 8605

2 143+13 161+14 138+11 165+23 188%32 122%1.1
4 159%15 208+23 12509 142%06 145204 . 7.6%04
6 169+22. 14507 134%02 15817 173+38 87+24
8§ 183104 148+10 127404 154205 197+23 102%06
10 158+14 155%14 162+19 134+11 17.0£12 - 97403
12 232+16 #206+10 129310 150%11 150£06 9.5%09
15 . 13.4+18 13012 174%12 114412 19318 127+12
17 132+16  .— - 191%12 145%14 25923 159%16
7106  —  107+0.1 7.4%08 135% 18 74%10

24

Amount expressed in ppm (frcsh basis). At harvcst time, the mmsture content of
potato tuber was 77.8+ 1.2%.

~r
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Table 10.5:  Nucleotide Content of Potato Tubcr, cv. Shepody during Storage

-

2'-GMP -

Time  S-AMP ~5-CMP  S-UMP  5-GMP  3-GMP
(weeks) ! ..
0 234432 104412 195+21 229%16 21.8+28 13.1+0.6
2 244+15. 302+28 189t11 242+08 193+14 .10.6%18
4  37.1+38 286129 246+18 295+17 204%38 11.5+23
6 31.0+18 181404 178+01 .253+17 215+06 11.9+1.0
.8  269+08 214+23 20219 247+21 212%18 110%]3
10 271£09 - 20707 195:11 233104 199£01 113:01
2 283+47 _267+25 220116 225+28 195%10 11.6+08
17 27.8+09 244105 223+09 256104 13.6+08 6.2%1:3
19 7 26607 19913 204£05. 201f11 135£09 78£0.6
26 307+16 204315 237+16 213105 .]88%05 102:0.7

Amount expressed in ppm (fresh basis). At harvest time, the moisture égqtpm of
potato tuber was 77.4 £'1.7 %. ' ' o

-
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Table 10.6: GMP's (ppm) rfm;nnmg it Potato Slices (cut for French }‘rics) after
Blanching for Vanous Times at Various Temperatures

Temp. (°C) OGMP's Time (min) -
10 15 20 25 30

65 5 0.00 0.00 0.00 0.57 —

3. 7.44 4.54 0.94 0.00 -

2'- 3.00 2.31 1.07 0.32 —

70 S- 322 5.22 3.31 4.60 7.28

. AT

¥ 435 1.80 1.52 0™ A 0.50

2- 2.42 2.58 0.65 0.65 1.09

75 5'- 2.67 4.23 5.76 4.26 4.07

( 3- 7.33 4.14 1.71 122 1.66

2'- 3.15 1.99 1.20 - 1.62 1.59
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Table 10.7:  GMP's (ppm) leached to the Aqueous Phase after Blanching of Potato Slices

(for French Fnies) for Vanous Times at Various Temperatures
. 4

Temp. (°C) GMP's Time (min)
10 15 20 25 30
65 5" 0.00 0.60 0.56 0.86 _—
2.20 1.81 0.99 0.71 —
1.12 1.17 0.72 0.69 —
\
70 5'- 1.34 3.45 2.78 4.16 6.05
3- 1.76 1.14 0.94 1.35 0.82
2'- 1.20 - 0.63 0.65 0.82 0.93
75 5- 1.07 2.05 2.96 2.60 2.65
3- 2.53 1.87 1.38 1.41 1.47

2- 116 0.99 0.95 o4 L o081
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Figure 10.2. Internal temperature of slices cut for French
fries vs time of blanching in hot water (70°C). A thermo-
couple was placed in the center of the slice to follow the
increase of its internal temperature during blanching.
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The same trend in the content of nucieotides retained
in slices and of nucleotides leached into water might also
indicate an enzyme leaching. The possibility of nucleotide
‘hydrolysis at the potato pH of 6.3 1is excluded. These
finding warrant further study.

\
10.5 Effect of Size and Matue{3¥ on the Nucleétide Content
of Potato Tubers | ‘

The potat% tubers (cv. Norland) examined were grown at
the University of Alberta Farm in Edmonton. The tubers were
harvested from. the: s%ﬂg potato hill (plant) and were
analyzed for nucleo;ide content versus tuber size. The
nucleotide contents wlere determined»for tubers harvestea

from various hills 82, 97 and 118 days after planting.

Samples were steamed for 30 min -a 100°C. Nucleotide

extraction and analysis was perf by the method
described in Chapter 2. The results ained are presented

in Tables 10.8 and 10.9.

>
>

10.6 Effect of Sodium Chloride on the ivity of Nuclease
and RNase of Potato Tubers
Potato tubers (cv. Pontiac) were cut into\smal} cukes
and mixed to give a h.omogeneous sample. The potato cubes
‘were cooked for 30 min‘ by various heating regimens,
including boiling starting with cold water, boiling ﬁatcr,
boiling 1% éod&pm chldfide solution, and steaming at joo'c.

“The nucieotides~were ~extracted and a_nalyzedg by HPLC as

X

» ‘ ] . ‘
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Table 10.8:  Nucleotide Content of Potato Tubers cv. Norland of Vanous Sizes
obtained from the same Hill
Tuber size (g) ' 5'-/1&?* 5-CMP 5-UMP 5-GMP 3-GMP 2-GMP
S 4325 .18.73 ,@.48 13.92 23.46 12.59
50 3325 21.00 12.34 13.62 33.73 19.12
80 24.10 17.20 1842 - 12.25 20.18 14.13
120 2142 14.98 16.77 10.56 17.60 8.53
170 _ 22.27 18.19 20.70 11.23 15.13 9.30

Harvested at maturity of 118 days. Amount expressed in ppm (fresh basis). Average
- of three tubers examined.

\
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R
¥ Table 10.9:  Nucleotide Content of Potato Tubers cv. Norland of the same Size (about
%

100 g) but after different Growth Periods and obtained from Various Hills
s ,
* Tuber maturity (days) S.AMP  S-CMP SUMP  5-GMP 3-GMP 2-GMP
82 \ 17.80 26.78 19.87 851 28.48 1370
97 2141 2031 (1940 1055 1994 1282
118 2142 1498 ) 16.77 10.56 17.60 8.53

Amount expressed in ppm (fresh basis).. Average of three tubers examined.
2 .
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described "in Chapter 2. The results are presented in Table

10.10.

10.7 Steaming Time vs Temperature Changes in Sample steamed
in a Test Tube T
The. steam-cooked samples were usually h?ated in a test
tube using a,biéngh—stéamer. Data presgented in‘Figure 16:3
and Table 10.f1 show the correlation between heat transfer

and steaming time.
2 :
10.8 Kinetic Studies of Potato Tuber Enzymes
For )hese studies, standard assay conditions outlined
in previous chapters ere applied, and w%he statistical.
method of Wilkinson [1] was used for the computer-generated
plots. Figures 10.4 and 10.5 show the results of

]
steady-state kinetic studies for cytoplasmic and cell wall

v

3'jnucle6tidases, respectively; Figure 10.6 presents the
kinetic data for.cell wall nuclease. Two subétrates, yeast
RNA éndlpolyA, were used for kinetic studies. As sRown in
Figures 10.7 and 10.8, respectively, the K, value of RNase
vhen polyA was the substrate was less than the K, when yeast
RNA was’ the\ substrate. Thus, polyA‘ would be a Dbetter
candidate as substrate for RNase assay. Moreo?er; in the
enzymé assay using PCA extraction, use of polyA as substrate
' yields cyclic 2':3'-AMP, along with its breakdown products,
«

2'- and 3'-AMP. eThese isomers .and the pareat compound are

well resolved in the HPLC system, ana_the separatiog period



o
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Table 10.10: GMP Yield (ppm) obtained from Potato Tubers' cv. Russet Burbank after
Various Heating Regimens

Sample - 2'-GMP . 3-GMP 5-GMP
Raw . o nd? nd © nd
Steamed - 14.16 22.05 17.80
Boiled / boiling water - nd 3.66 18.40
Boiled / cold water L 6.19 7.46 18.88
\ Boiled / boiling 1% NaCl solution nd 2.33 22.61

N ‘
a2 pd: Not detected. ) - - )

~
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_Figure 1G{;T—Changes of temperature inside a potato slurry
in a test tube vs time of steaming at 100°C. A thermocouple
wvas placed in the center of the test tube containing 50 mL
of potato slurry, with initial temperature of 4°C, The
changes of temperature were recorded by an electronic data

logger.
\
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Tabie 10.11: Changes of Temperature vs Time of Steaming at 100°C

(Ref. to Fig. 10.3)

- Time (min) Temperature (°C) - Time (min) Tcmpcr;m:rc(°C)
0:00 40 10:00 750
2:00 20.0 11:00 80.0
2:42 %.0 12:20 85.0
327 30.0 13:45 88.0
4:06 350 - 14:15 90.0
4:48 40.0 15:15 92.0
5:28 45.0 17:00 95.0
6:08' 50.0 18:40 96.0
6:24 52.0 19:40 97.0
6:52 55.0 20:00 97.5 )
7:32 60.0 20:40 . 98.0
8:20 65.0 22:40 98.5
9:08 70,0 2500 -~ 985
9:28 720

26:00 -(30:00

99.0

ToA

\



219

is short, onlny? min.

10.9 Reference

1. .Wilkinson, G.N. Biochem. J. 81 (19681) 324.
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plotd of kinetic data of cytoplasmic 3'-nucleotidase .from
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Figure 10.5. Michaelis-Menten (A) and Lineweaver-Burk (B)
plots of kinetic data of cell wall 3'-nucleotidase from
potato tubers. V.. = 4.120.2 and K; = 0.2120.04 umoles
3'-AMP. s : o ' ’
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Figure 10.7. Michaelis-Menten (A) and Lineweaver-Burk (B)
plots of kinetic data of cell wall ribonuclease from ‘potato
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