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ABSTRACT

Two commonly used food additives are guanosine 5'-mono- :

1

phosphate (GMP) and inosine 5'-monophosphate (IMP).

Addhosine 5'-mon6phoggg,'ﬁu4q,P) is a nucleotide which is

’g‘-purine
nucleotxdes are very labile under cannan lﬂ . :is ()21 C)

.

and hydrolyse to their correspondlng nucleos1des and bases.
Th}s was detected using 'High Performance Liquic Chropa-
tography (HPLC). |
A detailea 'analysis was performed@ to study the
influence of pH during processing in order to understand
:;;;ye%aotide hydrolysis in foods. It was found that the
~mdcleotides degrade via a first-order reaction' and the
max imum raté of hydrolysis between pH 4-8 occurred at pH 5.
Two mechanisms, phosphate and base hydrolyses, were obsé>ved
at pH 3, whereas phosphate hydroleis»was preddminant at pH
4-8, inclusive. {Accelerated shelf life testing using the
,Arrhenius method revealed that the half lives of IMP, GMP
and AMP were 35.68, 18.65 and 39.66 years, respectively, at
23;C and pH 5; thus these compounds are very gtabie at room

temperature.
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1. INTRODUCTION

. . A
- . .

1.1 5'-Purine Ribonucleotides

1.1 Hiﬁtory ;

In 1847 Liebig was the first to isolate a nucleotide,
IMP from me;t (Kuninaka, 1981). In 1913, Dr. Kodama of Tokyo
University discovered the flavor ‘enhancing properties oi.‘
5'-nucleotides (sjéstrom, 1972). Dr. kodama had been
seE;ching for the ingredient in bonito tuna which maS; it
effective as a flavor enhancer. His c?nclﬁsion was that the
ingredient was inosine 5'-mon§phosphate (IMP) . I£ was not
produced. commercially and employed as:-a flavor enhancer
until 50 years later (de¢ Man, 1980) iheﬁ.tﬁe rélationéhip
between chemical structure and flavor' activity of the
nucleotiaé was discovered and a process for préparing the

compound ~from ribonucleic acid (RNA) was, developed

b3
(Kuninaka, 1967). Later, establishment of the  RNA
degradation process led to the recognition of the™ flavor

enhancing properties of guanosine 5'-monophosphate (GMP)

(Kuninaka et al., 1964).

' S
1.1.2 Distribution of 5'-purine ribonucleotides

The, water soluble components of foods cause the
sensations of taste and are the components which contribute
to the flavor of foods. Nucleotides, amino acids, peptides,

L

organic acids, sugars, organic bases such as creatine,
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Jbgf&ines, etc., and 1norgan1c 1ons‘areﬁinclhded'among"the

water soluble components 1n foods.-ﬁach‘component has at
least one of the tastes 1dent1f1ed as saltlness,’sweetness, o
sourness, b1tterness or. savor1ness. Thus, the concentrat1on‘ﬂ
of the components, the 1nteractlons among them and pH changed
the tasre quallty accord1ngly Among the prlnc1pal taste
componentsr» in bofh ' an1mal randlt vegetable foods " are

nncleorides such :as '1no51ne 5'-monophosphate,f c_;uanosine"~
"5'—monophosphate iandviladenoslne‘I5'—monophosphatef.'(AM?)’
(Ajlnomoto Tech. Bull.,‘1982a)..‘ | o | |

‘ b
, _natural f@ods.‘In 1982 Motono observed the follow1ng.

‘Tables A1 and 1. 2 ‘show  the nucleotide -content‘ in
'(1) Anlmal foods,jsuch as- beef pork,'chlcken and drled
bonxto contaln a great amount of IMP |
'5(2) Crustacea.sand.\mollusca ‘ llke rsqu1d lobsfer“and
abalone and almost all vegetables contaln AMP, | |
(3) The dried mushroom "Sh11take" contalns a)great amount
- of GMP .and - ‘Japan and Ch1na it is the traditional

s

1ngred1ent used 1n produc1ng soup stock

' d1.153’Re1ationship between taste‘and chemical structure of

B nucleotxdes

Ther commerc1a1 use of S-Jhucleot1des ‘was delayed so

LT
~

long because it was not clear wh1ch of three isomers of IMP
\

had the flavor enhanczng propertles. To solve the problem,z

'_three 1somers were prepared and ‘their flavor effects were

checked 2 -IMP'and 3'—IMP were prepared from RNA and 5'~IMP -

vy



.Table 1.1 Distribution of nucleotides in animal foods.

y : g "7

R —~ - - Nucleotide content (mg/100 g) //*
Food _ IMP GMP . AMP Ri}érenCeL
Beef . 163 ===, 1.5 / -.a
Pork L 186 3.7 8.6 / . .a
‘Chicken | 115 2.2 13.1/ a
Whale - o 326 5.3 2.4/ a
Horse mackerel \ 323 0 7.2 ‘a
“Sweet fish 287 0 8,1 a -
Common sea bass 188 0 9.5 a -
Pilchard - 287 0 0.8 a
Black sea bream . 421 0 12,4 a
Pike mackerel , 227 0 7.6 a
Mackerel - 286 0 , 6.4 a
Keta salmon X ' 235 0 / 7.8 - a
Tuna , ~ 286 0 // 5.9 a
Globefish ‘ 287 0 6.3 a
Eel | - 165 0/ 20. 1 a
. Dried bonito 630-1310 Q/ _trace a

© Squid - - 0 /ﬂ 184 a
Common octopus . 0. 0 26 a
Spiny lobster 0 /o 82 a

- Hairy crab 0 /‘ 0 11 a’
Squilla 26 /0 37 a
‘common abal8ne 0 / 0 81 a
Round clam 0 / 0 98 a
Common scallop 0 / 0 116 a
Shortneck clam 0o/ 0 12 a
Sardine ' 192.6° 7= 6.6 b

“Perch 124.9 0 8.4 b

" Codfish 43,8 --- 23.9 b

. Swordfish . 19.9 0 3.1, b
Rainbow trout . “g 117 --- 14.6 b

- Trout : et 187 - 4.2 b
Oyster o 0 0 21 ~ b

-~ ~-— 11.5 b

Prawn (shrimp)

a ~- Ajinomoto Tech. Bull., 1982b.

b -- Considine, 1982.
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Table 1.2 Distribution of nucleotides in vegetable foods.

Y

: R Nucleotide content (mg/100 g)
‘Food © IMP GMP AMP Reference
Asparagus, 4 a
Welsh onion 1 ‘a
Head lettuce 1 a
Tomato ~ : 12 a
Green pea o, - 2. a
Cucumber 3 2 a
Japanese Tadish ac 2 a
~_ Onion ‘ , age 1 a
* Bamboq shoot IR & 1 a
Mushroom: : Ll ‘
_"Bentitenqu dake" 1 -0 trace a
"Naratake" L » 0 trace a
"Shiitake" s 10, 175 b
"Shiitake", dried s 321 b
French v0 13 ‘b
French, dried V/OJV 190 b
"Enokidake" 0. 32 45 b
"Matsutake" . 0. 195 12 b
. "Syord", 0 9 16 b
"Hatsutake" 0 85 58 b
Corn o 0 - 0 6.5 c
Green beans -—- S 1.8 c

a -- Ajinomoto .Tech.

c - Considine, 1982.

T ‘ : ?ﬁ T
Bull., 1982b. ¥

b ——'ﬁotono,"1982.‘
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‘was isolated from animal muscle tissue.  Among the three.
isomers, 6n1y‘5'-IMP had flaJor‘activity (Kuninaka, 1967).

Purine and pyrimidine bases, nucleosides and poly-
nuéleotides ha§e little recognizéblej\aéte, whereas mono-
nucleotides have a pleaéant taste. (A‘ﬁuclectide consists of
a nucleoside moiety and a phosphate moiety, and; the
- 'nucleoside moiety is further subdivided.iﬁto a sugar moietf
'and a base moie;y;) The taste of 5'—nﬁcleotides' is much
'stronger. than that of 2'- of ’3'-nucleotides (Kuninaka,
1964).

The chemiéai-structure of a nucleotide (Figure 1.1), in
which é purine nucleus hés a hyd:oxyi -group at tﬁe
6—poSition'1gnd the S'-positign of the -ribose hoie;y‘ is
esterified by phOséhoric écid, is requiréd for the flavoring
action (Yamaguchi et al., 1971). Both hydroxyls on the
phoépﬁate group are essentiai and both primary and secondary
dissoqiations are also ’necessary. fqr flavor . activity'
(Kﬁninaka, 1964). ‘Since the -intensity of the flavoring,
activ{tie;\ of compounds related to: 6-hydro#ypuring° rjbo-//
’nUC;éoside S'-phosphate, such as IMP and GMP, -differ
consiaerably from one other, it has been propred that thg
group at- the 2-position gld af?éct the magnitude qf the
taste intensify ‘(Yamaguc i et al., 1971).. The - flavor
,aéti&itY'of GMP is\greatef than. that of IMP. Replacement of
the 6-hydroxyl gron in the flavor nucleotide by an amin¢ A
group results. in the reduction of the flavor 'activity.

Therefore, AMP is less active than GMP or IMP (Kuninaka,

\



IMP GMP AMP
‘X= OH OH . NH

'Y= '"H NH, H

[N

Figure 1.1 Chemical structure of nucleotides.

©



1981). .
The 2'- and 3'-hydroxyl groups in IMP or GMP are not
essential because the flavor activity can be detected in
\5'—deoxy1n051nate and’_ 5'—deoxyguanylate, since . the
2'-hydroxyl group can be replaced by a hydrogen w1thout
total loss of flavor act1v1ty (Peterson and Johnson, 1978)

It has also been determlned that the hydrogen atoms of the

2'-"and 3'-hydroxyl groups are no; necessarily essential for

flavor activity, dlthough the principal part of the ribose

‘molecule is essential (Kuninaka, 1966). This was determined

since flavor - activity =~ was - reported  in. inosine
’(’/ﬁ' »

2'(3'),5'-diphosphate and guanosine 2'(3'),5'-diphosphate.

1.1.4 Industrial production of 5'-purine ribonucleotides

In 1959 a Japanese firm began commefcial production of

5'-IMP -and 5'-GMP (Sjdstrém, 1972). In 1962 the Foodm} and

and in 1963 an American f1rm began mark€t1ng them 1n the

Unlted States (Peterson/and Johnson, 1978).

There are several methods for producirng 5'-nucleotides:

k]

."op
3

Drug Administration (USA) approved them as. food addltlves :

(1) Enzyﬂatlc degradat ion of RNA. RNA is a polynucleotide_

in which individual nucleoside residues are joined, one to-

the' other, by‘phosphodiester linkages between the 3'- and

‘5'-positions. When RNA is degraded cleavage must be

considered to occur at e1the;~hhe 3'—phosphod1ester llnkage-

(C,—OfP(O H) -o- Cs) or  the 5'-phosphodiester 11nkage

(Cy-0-P(O,H)$0-Ci). The latter cleavage . results in

-



‘nucleotides, vithout flavor actlvityw (nginaka et af.;
'1964), that 1s, no 5'-phosphate group. j v.

Enzymes 1n Penlcllllum strains and Stneptohyces stra1ns,
from wh1ch the 5'-phosphodiesterase type can be obtained 1q
lérg& amounts, are used 1in thé industrial productionn of

5'—nucleot1des from yeast RNA (Kun1naka, 1966).

/'(2) Combinat ion of nucleoslde fenmentatlon and chemical

phosphorylat ion. Fermentatlgg product1on of nucle051des is
relatxvely easy, espec1ally for inosine. Inoszne can then be
chemically phosphoryl;ted to 5‘—1nos1n1c ac1d (Kuninaka,
1966), as shown in Figqure 1.2, .

(3) Direct nucleotide fermentation. It has.been shown that
850 mg of 5'-AMP per 1 were.accuﬁulated by a'wildré¥rain of
'micﬁp?tganisms (Kuninaka et al., 1964). It is more
dj?fiéq;f to accumulate large amounts of 5'-nucleotides
using microorganisms fhan‘to accumulate the same amounts of
nucleosides. | v |

(4), Chemical decomposition of RNA into nucleosides and
thelr chemical phosphorylation (Kuninaka, 1981). |

~

1.1.5 Safety of 5'-purine ribonucleotides

| According to the FAO/WHO, the establishment of an
acceptable daily Eﬁtake of iMP ~and GMP is not d;emed
necesséry’(xunidéka, 1981). The total daily intake 6f the
nucleot1de arlslng from its“use at the levels necessary to
achleve the de51red effect, coupled with 1ts “acceptable

background in foods, does not represent a hazard to health.

—
]



CHy-C-CH;
-
\ /
CH3'C'CH3
inosine : 2'.3'-0-{sopropylidene
: inosine
1 pocy,

0
. pH15,70C
- “ 7 20 min.

5.-Inosinic a.

2'.3'-0-isopropylidene
inosine S'monophosphoric a.

N

Figure 1.2 Flow diagram for the production- of 1inosine

'5'-monophos‘phate. Source: Kuninaka (1966) .
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1.2 Heat Preservation

1.2.1 Basic éood processing principles
The use of heat to preserve foods is based on the
pfiﬁciples of:
(15 destrﬁction of pathogens,
(2) destructioﬁ of spoilage microbes,
(3) denaturation of enzymes, and~
(4) sof&ening‘Ao£~ tissues to make them more digestible

§ .

(Labuza, 1982). R
*

1.2,2 Stérilization

The~ objective of- them,sferilization process 1is to
‘deétrqy the micfodrganisms bresént in the fobd and the
container that might cause spoilage of thg canned product
under normal handling and storage conditions. Canned foods
are "commercially sterile", but ﬁot' bacteriologically
sterile since the sterilization process is not designed to
kill all microorganisms in canned foods (Lopez, 1969).
Processing to destroy all organisms will destroy the food
quélity, I1f - adequate "hpét treatment is wused, canned
"commexcially sterile" foods lose some éolor, lose 20-30% of-
some vitémins, have a cpoked‘flavor and dévelop a softer
texture. Subsequent modes o%vdeterioration are confined to
chemical modés of decay which do not require oxygen sinpce

the can is hermetically éﬁaled (Labuza, 1982).

-~
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(2) storage conditions of.'theﬁF;Qod' following the thermal

7

process,

(3) heat resistancé of] :
(4) heat*tran%fer 'characteristicsxy'of the - food, ité
contalner and the heat1ng medium, and
(59 1n1t1al load of microorganisms (Lund, 1975).

For thermal process design, foods are divided into
three pH groups: _ : |
(1) high-acid foods with ;H_Qalues.less than 3.7,
(2) acid foods with pH values from 3.7 to 4.5, and -
(3) low-acid foods wiﬁh pH values greater than pH 4.5.
Tabies 1.3 and 1f4 contain examples of foods in the high
acid/acid and low-acidlgroups,_along'with their pH values
“(Lund, 1975).
_The main concern of the canning industry in canned food
-Sterilization ;is to prevent the growth of Clostridium
botulrnum, a food poisoning bacterium capable of producing a
hlghly lethal toxin (Lopez, 1969).

A ster;l1zat1on‘process that’assures,the destruction of
Cl. botul'inum also kills all other microorganisms capable of
producing canned food spoilage under normal coqditio s of
canned food handling and storage since C]. botul inum is a
high1y~heat resistant baCEeriﬁm (Lopez, 1969).

A study was made of the growth necessities® for (CJ.

dfisms or spores, . @

P



\

\\ . 12

Table 1.3 Canneéd foods with pH valueﬂ<less than 4.5 (acid
tobds) . -

' Average
Canned product _ : pPH value

Apples
Apple sauce
Apricots
Blackberries
Blueberries
Cherries: . '
black - 4
red sour
Royal Ann
Cranberry sauce
Grape juice
Grapefruit juice
Lemon juice
Loganberries
Orange juice
Peaches
Pears, Bartlett .
Pickles:
- fresh cucumber
sour dill
sweet
Pineapple juice
Plums:
Green Gage
Victoria
Prunes, fresh pur1ne plums
Raspberries:
black
red
Sauerkraut
Strawberries
Tomatoes
Tomato juice .
Tomato purée ) - ‘ , N
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Source: Lund (1975). , \
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Table 1.4 Canned

(low-acid foods).

foods with

» 13

pH values greater than 4.5

. Canned product

Average
pPH value

Asparagus:
green
white

Beans:
baked
green
lima
wax

Beans and ' pork

Beets

Carrots .

Corn:

whole grain, brine packed

cream style

Figs

. Mushrooms

Olive$, ripe
Peas:

Alaska

sweet, wrinkled
Potatoes:

sweet

white
Pumpkin
Spinach-:

o o e o e o o e ®» e o ¢ o o o »
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Source: Lund (1975).
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botul?num and it was found that the div{ding line of acidity
between p;oducts.in which the organism would grow and those
in which it would not grow was about pH 4.5. Products with
/pH levels greater than 4.5 musat be procegse% under pressure
at temperatures above 1213b in order to gndure destruction
of spores, whereas products at pH 4.5 orélower may be safely
processed at 121°C (Lopez, 1969).
Cl. botul Inum. is assumed to be present on all products
intended for canning since it is widely distributed “in
nature. The most heat resistant strains of Cl. botulinum

-

which produce toxin are types A and B. The toxin is

ext;emely potent (one millignth of a gram will kill a man)

but can be destroyed when exposed to heat for ten minutes at

121°C (Lund, 1975).

1.2.3 Interaction of heat energy and food cOmp?nengs

1.2,3.1 Reactioq kinetics

A majority;of reactions that occur in foods obey well-
established kinetics. The thermal destructionﬁ of micro-
organisms, most ﬁutrients,‘quality féctsrslxtexfure, color,
flavor) and enzfmes generally obey firsﬁ-order reaction
kinetics, hence, the destruction rate of‘ eaéh of _these
components is vdepéndent on the concentration of the
éomponent (Lun@, 1975). o

'Microorgaﬁism are the basis of thermal process
calculations, therefore microbial inactivation will be used

to illustrate first-order kinetics. Expressing the first

/
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order. response gives: o -
-dc/at = ke (1)
where . ‘ |
~dc/dt is the rate at which concen;ratidn decreases%
¢ is the concentration of the viable microorganisms
k. is the first-order reaction rate constant e
Integrating between limits, c, at time t,=0 and.c at time t,

results in:

- | t

(g‘ dc/c = ki, dt (2)
-ln-c + ln c, = k(t-t,) " (3)
log ¢ = log c,,; kt/2.303 (4)

,Figure 1.3 is a graphic expression “f the equation. The
number of survivors for any*hcating time can be obtained
directly from the curve. The slgbe of the line is -k/2.,303.
The time required for the survivor curve to transverse one

log cycle corresponds to a 90% reduction in the number of

survivors. Therefore, the "decimal reduction time" or D

values is the time féquired‘to reduce the population by 90%

and the slope of éhe survivor curve is expressed as:
(-log ¢y - log ¢)/D = (-log c¢,/c)/D

Since the slope is also“k/2&§03,l
-k/2.303 = -1/D or D= 2.303/k . (6)

(Lund, 1975),

= (-log 100/10)/D = -1/D L (s)
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iPigure . 1.3 First-order destruction

‘Source: Lund ( 19?5»)
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1.2, 3 2 Temperature dependence of kqnet1cs
Real food prodﬁ%éi do not heat’ 1nstantaneously to 121 c

but go through 5 time- dependent temperature treatment.
Therefore, the é%telgjﬂ}nactivation atvsevefe1 temperatures
‘must be known. There are two hain methods of describing the -
‘dependence of the reaction rate constant on temperature:,
(1) the At:he;}us equation, and

(2) thermal death.time curves ¢ end, 1975),

f’“ 'The dependengeb of the 'ﬁeaction‘grate\ censtaht :en
.témperature is described as " the Arrﬁenius equation:
| k =k, exp. (-E,/RT) o (7)
Qwhere w \ .

k is the reaction rate censtant (min'1)
;kb is a’constant, the frequency factor (min—f) )
.Ea isrthe ectivatioh enetgy (cal/mole)
"R is the gas‘consteht (1.987’cai/mole-6K)
1Fbis the absolute.temperature k°K)
~ Taking the logarithms of beth sides results in:
| 1n k = In k0¥— E,/RT o (8)
Thus, eepiotfbf In k versgs theAreciprocal of the absolute
temperature is a straight line (Lund, 1975). Tﬁreeesystems
“a;e\theoretically.represented in Figure‘1.4. The slope of
~each iine is'egualsto the aetivation‘energy div;deg by the
gas'constaqt. A steeper slope- suggests the reaction is more‘
 temperature dependent, that = is, as the temperature:

increases, the reaction increases at .a more rapid rate.

Therefore, - in Figure 1.4, B and .C have the same temperatute

3
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Figure 1.4 Arrhenius plots. Source: Labuza .(1_982). "
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- dependence, and .increase in rate aster than A as
4temperature increases. Also, at some possible temperature,
the rates are the same; but above and below thls level the1r
relative rates are dlfferent. At temperatures below Te such
as at T.,, the rate of loss of A is faster than B; above Té,
such as.at Ty, B is lost more rapidly than A (Labuza, 1982).
"~ The frequency factor ko can be evaluated by allowing
the reacgjon rgte constant to be k, at temperature T,. Then:
In ky = 1n k; + E,/RT, .- N (9

Substitution of eguation (9) into eguation (B) yields:

log k/k,

n

(-E,/2.303R) (1/T - 1/T,)

1

(-E,/2.303R) [ (T,-T) /T,T] (10)
(Lund, 1975). | S

Blgelow 1ntroduced the thermal death’time (TDT) method
He'observed that when the TDT, which is the minimum t1me to
accémplish a total destruction,” was  plotted ’égainst
. temperature in °F, a straight ‘line resulted. A typical TDT

~curve is shoggPin Figure 1.5. An equation describing the TDT
3 i . -~ v

curve ig: - | |
| log (TDT,/TDT,) = (-1/2)(T,-T,) = (T,-T,)/z . (1)
where - | |
TDT{ and Tsz are the thermal death times at
temperature§ T, (min) and T2 (min),vrespécfively.
T, and T, are temperatures (°F) 1 and 2,'respectively.
z if the °f temperature change required to changé.the

TDT by a factor of 10.

The slope of' the TDT curve, -1/z,. characterizes the
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Figure 1.5 Thermal death time v"(TDT'c‘urve) for Clostridium

botul Inum in phosphate buffer. Source: Lund (1975).
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-dependence of the reaction rate 9§nst$nt on temperafufé and
}‘is therefore related to the activation energy. A small z
value (10°F)'indicates that the degtruction time decreases
by a factor of 10 for a 10 F° tempefature increase, whereas’
a large z value -(56°F) ~indicates the féﬁperature must
increase 50°F to reduce'fhé destruction. time bf‘a factor of
10.‘;Reactions .that have small , values are h{ghly
temperatufe'dependent, whereaS.:eactions with 1érge'i'va1;es
are not influenced much by temperatyre (Lund, 1975) .

The symbol F 'represents the oppT for a microbial’
}rinactivation. The F value is dependent on tempefaturé and is
specific for one oréanism; it jg identified: with a
"'superscriﬁl: denoting the 2z value of the ‘Qfganism ~and a
"»sggsqript'denotiné the températurg (Qf), Subséitﬁting £h€;ﬁ
nota;ion imto eguation (11) and using'250°F as a reference
temperature yields: | | e
log (F2/F3sy) = (250-7) /5 (12)
(Lund, 1975).

A similar K equation can be laevelopea for the" decimal
reduction value of a food component. fhis is referred to as
a thermal resigtanﬁe.vmgthod‘ gﬁd describes the effectf
temperature has on the time to reduce the Concentfafion of
the component by*90%. The thermal regjgstance equation is:\

| log (D/Dy) = (T{~T)/z | (13)
Since k and D are relatgd by equation.(6), -Substitution into

1 N .
equation (13) results in:

log (ky/k) = (T4-T)/z or 1log (k/k,) = (i/z)(T-T,) (14)
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(Lund, 1975). | o o ‘

"Equation (14) states thaf'the logarithm of the reaction
rate constant is directly proportional to temperature. This
contradicts equation (10),»which statés that the logarithm
of ‘the reaction rate is inverself proportional to the
temperature. This concerned ma;y inveétigators for many.
years,.howevér it is recognized that over small temperature
ranges T <« 1/T, the systems (TDT and Arrhenius) are
reconciiabié‘(Lund, 1975).

The relationship between Ea”and z can'be obtained by
equating equations (10)'and (14) and changing °F in equation
(14) to °K. Then: ~ |

(-E;/2.303R)[(T,-T)/TT] = :
[(T-T,)/2)(5/9) = [-(T,~T)/21(5/9) o (1s)
Rearranging yields: o |

(2.303RTT,/z5(5/9)’ , (16)

. Ea
where
T, is the reference temperaturé (°K)
T is the tempefature (°K) .
Y 1/5 is the slope of the TDT curve (°F)
5/9 is the conversion factor of °F to °K

¢

R is the gas constant (1.987 cal/mbie-°K)

E, is the activation energy (cal/mole)

(Lund,  1975).



R

1.3 Accelerated Shelf Life Testing

S P
Ly

]

1.3.1 Scientific evaluation of shelf life

One of the major environmental factors that results in
increased loss of ?gality and;Putrition for most foods is
exposure~  to increased temperature. The higﬁer the
temperature, the greater the loss tof food quality (Labuza,

1982) . o e

Food products are inherently unstable; their quality -

depends upon two factors: the length of time in storage and

the storage temperature (Kwolek and Bookwalter,. 1971). This

is very important in research and development projects

bécauSe the information obtained is required by those in the
food inaustry so‘they*can:

(1) evaluate the effect of the addition of ingredients or
additives on shelf ‘life,

(2) set an open date for the food on the package (e.g. a
"best if Gsed by" date) so that consumers are better

informed in handling the product, and

(3) insure that the food.meets the st="a., . : nutritional
labeling is used (that is, it does -: e relow label
~value). h

" Information is required in order for the :wusearch scientist
to make useful predictions about shelf life: e
(1) the potential major modes for loss of quality of the

product (Labuza, 1984),

(2) the factors which control the,,ibitial quality or

!

‘b
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nutﬁitional value ét_‘point of manufacture, including
ingfedients and process time, temperature, humidity, PpH,
etc., ‘ | . ) -

(3) the permeability of the package to various gases, such
as 0,, CO, and water vapor, -as well as light,

(4) the environmental conditions the food will be subjected
to during distribution, including humidity, temperaturq‘énd
light, and |

(5) the kinetics- ofﬁ éhe reactions leading to. loss of

Qhality and loss of nutritional value as a function of water,

activity, temperature, O, level, etc. (Labuza, 1979).

1.3.2 Temperature dependence on rate of deterioration

In order to predict the shelf life of a product without
having to wait 12-24 months, acéelerated shelf life testing'd
(ASLT) procedures are used (Labuza and Schmidl, 1985).

To initiate sheLf life‘testing, one must first make an
educated guess as to the modes of deterioration which limit
‘the shelf life of the product to be evaluated (Labuza and
Schmidl, 1985). |

The end of an acceptable shelf life is defined as that
time stored samples ar; perceived as being "different" by a
certain amount. In order .to establi;h the rate of
deterioration one must transform the data into a kinetic
plot‘(Labuza and Schmidl, 1985). ' { N

To utilize the data, thefAtrhenius model, or Q1b';gael,

can be used to describe how much faster a reaction will go
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. E g
if the product is held at some other temperature. If the

temperature-accelerating factor is known, then extrapolation
to lower temperatures, such as those found during distri-
bution, could be used to predict expected product shelf

life. The accelerating factor, or Q1o factor, is defined as:

R 4
Qg = rate at temperature (T+10) (17)

rate at temperature T
On = shelf life at temperature T
10 © shelf life at temperature (T+10)

* = 8s(p) / 8s(p4y0) (18)

)

where

T is temperature in °C

s is the shelf life at the indicated temperatures.
For any temperature dﬁfference, A, which is not 10 C°, this
becomes:
. Q10%/"0 = 0511y / O5(rpy (19)

(Labuza and Schmidl, 1985). | |

As previously discussed, the Arrhenius eguation is as
follows:

k = ko exp(-E_/RT)

Utilizing the Arrhenius relationship as the basis to predict
the rate of the reaction at any other temperature, one could
evaluate the rate constant k at two or thrée different
temperatures and then extrapolate wi;hﬁa straight line on a
plot qf 1In Kk wversus the recipfoéal of the absolute
temperature (°k™'). If it is not possible to establish an

Arrhenius plot, a plot of the log of time to end of shelf
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life 68 versus theAtemperature in c° cah be used, as long as
the extrapolation dbes not exceed a 30 C° range; this is
éélled’a shelf life plot., Thus, the Qalue of either plot (ln
k versus °K™! or log 6s versus °C) is that data which can be
obt%ined at higher temperatures ahd used to extrapolate to
shel} life at some lbwer temperature. This is the principle
behiqﬁ ASLT (Labuza and Schmidl, 1985).

¥

1.3.3 .Errfrs associated with ASLT

-

\
There are a number of problems and theoretical errors

associated with the ASLT conditions:

(*warrors may occur in analytical or  sensory evaluatgen
(should be less than +10%) (Labuza and Schmidl, 1985).

(2) As temperaturé increases, phasé change, may occur, e.g.
solid fat going to liﬁuid state, which can accelerate some
reactions. The actual shelf life at the 1ower‘temperature

may then become shorter than predicted.

(3) Catbohydfates in the amorphous state may crystallize

out at higher temperatures, creating more free water for
other reactions. The error in prediction of shelf life will
be incorrect.

(4) Control sabp}es are- usually frozen prior to storage,
thus reactants become concentrated in the unfrozen iiquid.
Storage below the thaw point will lead to prediction errors.
(5) If two reactions with different Q;o values can cause a

quality loss in a food at higher temperature, ‘the one with

the higheqr Q,, may predominate at higher temperatures but‘

via a different mechanism. Hence, the low Q0 reaction may
: ( .
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predominate . at normal storage conditions, thus cdusing
prediction errors. For example, lipid oxidation and losses
of fat-soluble vitamins (A and E) in dehydrated potatoes
predominate below 31°C and browning and “~Iysifie losses
predominate above this temperature.

(6) When temperature increases, the water activit} of dry
foods can also increase. "Therefore, there- will be an
increase in reaction rate for grodpcts of low. water activitf
in sealed packages. . \
(7). For each 10°C increase in temperature, the solubility
of gases, especially oxygen, in fat or water -decreases by
almost 25%.'An oxidative reaction (loss 6fuvitémins E, A or
C) can decrease in raie if oxygen is a limiting factdr.\At
higher temperatures the rate will be 1lower than tﬂé
theoretical rate and thus result in an uhderprediction of
trug shelf life at normal storage temperatures. '

(8) The product should be placed in a totally impermeable
pouch when stored in high-temperatu;e, lowjhum%dity cabinets
so as to avoid moisture loss since this will l\adAto shorter
predicted shelf life at the lower temperature. |

(9) At sufficiéntly high temperatures proteins may become
denatured and this can cause erroneous prediction of shelf
life. & |
'(10) Many reactions, such as non-enzymatic browning, are
pH-dependent. . Thé pH of the system is a function of
‘temperature. Neutréli;y shifts from pH 7.00 at 25°C to ph
7.47 at 0°C (Labuza and Riboh, 1982).
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*

In the real world of distribution, products undergo
temperature fluctuations and shelf life wiil actually be
shorter . than at iconstant, room temperature (Labuza and
Schmidl, 1985). . | -

Q,o values range from 1.5-2 for sensor& quality loss in

canned foods, 1.,5-3 for rancidity, 4-10 fOf browning

ruits and

‘

reactions and 20-40 for quality loss of s

vegetables (Labuza, 1984).

1.3.4 Open dating benefits versus4nonbenefits

The National Canners' Association (NCA) which
represents the canning 1ndustry as agvhole, has suggested a
system of voluntary open dating for canned foods which would ~
be uniform throughout the United States (Labuza, 1982).

According to the NCA, the date of the pack would belthe
easiest to implgment, but unfortunately would not tell the
consumer anything apout the shelf life of the product. This
would create a probiem with canners who have seasonal packs
because the date of the cans would seem old when actually
the product is still within itsA shelf life. The canning
industry assumes that a three-year shelf lifé for most
fruits and vegetables.is the norm,l and a one-year delay
would still result in a more than adequate shelf life for a
. given product. The cénsumer would have to be convinced of
this fact and this would require much .time, effort and
monef. There 1is also possibility for confusion among
consumers who would mistabe the "pack -date" for a "use by

date" (Labuza, 1982).
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The "seli”by date" is not teally Applicable to canﬁﬁd
foods,4ﬁhich are often stored in the home for a long period
of time after being sold. If some system which indicates
shelf life'beyond the seiling date were adopted, it could be
the best system (Labuza, 1982), . - N

The "best if used by" date could bé the mdb£ useful to
cdnsumers‘because it w;uld give an idea of the shelf life of
the product if’conditions of storage were known or uniform.
This would also be beneficial, at the grocery level ‘for
rotat&on‘of stock. Furthermore, a "date of best quality if
used by" could be printed on th; can with or wi;hqutkan
explanation Qf the temperature ofbstorage.on which’ it is
baged. ldeally, the Eanning industry could collecs data on
eaJh product. for each mode of deterioration, estimate time-
temperature dist;ibutions and thén estimate shelf life at
several home stofage conditions. If this is not done, then
at least a "péck date” would be useful (Labuza, 1982).

1.4 Research Objectéves

The objective of this study was to examine the
stabilit&}of’Sf-purine‘ribonucleotidés at various pH>s~¢a\
identif? the hydrolysis rates of these compounds during
cannihg conditions.

There is very little literature on the stability of
these nucleotides. Hashida et al. (1968) observed a 52-61%
recovery ofﬂflavos nucleotides in canned seafood and Hashida
et al. (1966) .found aboutl a 74% recovery in canned

mushrooms. Canning of corned beef, retorted 30 min at 120°C,

T
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ere;ulted in”Q;% reﬁention oguiMP and GMR{ and éo_minwat‘
1éb°éﬂ resulted’ in 78% reﬁbntlon of the two fﬁucleotides
k(AJ*nomoto, 1982¢) . Nguyen (1984) reported that wgeh'IMP_
'and GMP were hydrolysed for 30 min at 124 C,\»65.9%L end

41;3%, respectlvely,'were degraded to theirvcorresponding’

‘nucleos1des.
J

2 In" view of the lack of stab111ty of th;se nucleotldes
[under cannlng condltlons, the flnal objectxve\ was to use
'ASLT to establlsh the Stablllty of the three :1bonucleot1des

at room temperature.



2. EXPERIMENTAL
. ' T - "/.v v
2.1 General

. HPLC grade water was prepared using a M1111pore M1111 Q "

system (Mllllpore Corp., Bedford, MA). Q
' Potassium d1hydrogen phosphate, HPLC -ade was obtained

from Fisher'§cjentific (Fair;aﬁn( NJ). All other solvents,
and reagents were analytical grade or better. ‘
~ Standards vere obtaineé as follows: adenosine 5'—d;;d—
phbsphate, adepOsine, adenine, guanosine d5'-mohophosphate
| disodium salt and gdaaine from Aldrich Chem. Co. (Milwaukee,
WI); 1n051ne and guanosine from Terochem (Edmonton Alta.);
inosine 5'-monophosphate dlsodlum salt and hypoxanthlne from
Sigma Chem. Co. (St. Louis, MO). |

i
«

Stock solutions were prepared at a concentration of

‘y}%

v

‘ ‘

.575 mg IMP or GMP per ml H O A  Gilson plpetman_(Gilson
Medical - Electronlcs, France) was callbrated with water pr1or‘
to measuring aliquots of 0.2353 ml stock_Solutlon into 100
ml volum: rtic flasks.'The flasks were made upfto volume with
0. 02 M phosphate buffer. ThlS gave a flnal concentratlon of
30 ug IMP or GMP per ml buffer. Allquqts of 3,000 wmg AMP
were d;sso}ved directly unx>ﬁthe p;osphate buf fer - nd
tranSferred tb 100 ml volumetric flasks and made up to
volume w1th buffer. Hydrolysis at various pH's-was studled,

1nclud1ng pH 3, 4, 4.5, 5, 5.5, 6, 6.§, 7 and 8.

31
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2.1, f Hydrolysis
Aliquots of 0:5 ml’ samples (30 ug/ml) were transferred

into Pyrex‘tubes (avmm 0.d.). Tubes (7 cm} were sealed at

B

one end, filled, and sealed at the other end using an .
oxygen-gas flame. . , o
| The entire set of Pyrex tubes was‘eubmerged in a high
temperature silicone oil bath. A magnetic stirrer stirred
the o0il and an AIka—Werk Staufen (Germany) contact .
thermometer maintained the bath at 121°C. A Fluke 2240B :
datalooger (John Fluke Mfg Co., Inc. Mountlake ‘Terrace,
WA) fitted w1th five thermocouples pLgsed at varlous po1nts‘
throughout the bath was used to ensure the temperature was
121°C3\Each 15 min‘up to 3 hr, tubes were removed, rapidly
submerged in an ioe‘bath and then placed in the freezer for
later analysis;. "

/.

2.1.2 Accelerated shelf life testing

Tubes'containing 30 ug nucleotide/ml were prepared as

above in 0.02 M. phosphate buffer at pH 5 The hydroly51s was

2
carrledgbpt in the 011 bath for 6 hr at 106 C 23 hr at

g1°Cc, 53 hr‘ ? 76°C and 88 days at 53°C. At recorded

intervals, tubes were removed from the oil bath, .rapidly"

‘submerged in an ice’bath and placed in a freezer for later

analysis.
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2.2 HPLC Analysis
. ’ R |

2.2.1 Analysis of hydrolysis )

© The Pyrex tubes were defrosted, opened and 100 ul
aliguots iwere_ énalyzed using " high pe;férmancef léquid
chromatography (HPLC). The HPLC system ;consisted of a
Beckman model 110A pump (Beckman Instr. Co., Palo Alto, CA)
fitted with fa Rheodyne model 7125 - injector (Terochém,
‘Edmonton, Alta.). The Whatman_ (Whatman, NJ) analytical
columns used were thé Rapid Analysis é;lumn (RAC II) strong
anion exchange (SAX), 10 cm x 4,6 mm i.d., and‘strong catibn
exchange (SCX), 25 cm x 4.6 mm i.d., which were protecfed by

a 7 cm x 2.1 mm i.n‘lard column containing the same

‘pelliculéﬁgfiqp—éxchanger as the analytical column. A
pre~inﬂectbr4§% cm x 4.6 mm i.d. précolumn containing silica
gel was attached. The-mobile phase consisted of phdsphate
buf fer which was degégsed prior to use. A Laboratory Data
Control Spectro—Monitor II Ultra Violeﬁ (UV) detector, model
..1240A (Milton Roy, Riviera Beach, FL) was used for ‘the
detection of nucleic acid compohnds wifh a_wavelength set at
254 nm, A Hewlett Packard model 3388A'Inte§rator Terminal'
(Hewlett Packard;\ Edmdnton, Alta) was attached to’ the UV
detector.

Nucleotides and the decomposition compoundé froh
nucleotides were analyzed using SAX and SCX columns,
tespectively..The'qoncentration, pH and flow rate of buffer

in the HPLC mobile phase were as follows (Nguyen, 1984):

.0.017M, pH 4.00,' flow rate 1.0 mi/min  for anaiysis of
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nucleotides.
. : _ <
0.01M,” pH .3.60, flow rate 1.0 ml/min for analysis of

nucleosides and bases.

2.2.2 Analysis of accelerated shelf life testing

The Pyrex tubes were deffoSted, opened ‘and 60 ul

aligquots were analyzed using‘HPLC. A Guardian pump model
300LC (Scientific Systehs, ‘;pc.,. State College, PA) was

fitted ﬁifh_ a Rheodyne modél 7125 injector (Terochem,

Edmonton, Alta.) and was attached to the RAC II SAX column;b

10 cm x 4.6 mm i.d., which.Was"protected by a 7 cm x 2.1 mm
i.d. guard column. The mobile phase consisted of phosphate

 buffer; it was degassed prior to use. An LDC/Milton Roy

Spectro Monitor D variable wavelength detector (LDC/Milton

ﬁoy, Riviera Béach,vFL) was uged for the détectidn of the
nucleotide with the wavelength set at 254 nm., A Varian 4270
Integrator (Variép Assoc. Inc., Walnut.~Creek, Usa) ‘wés
attached to the UV detector. 0.017 M phosphate buffer.at pH

4.00 was the HPLC mobile phase. The flow rate for the

énalfsis of nucleotides was 1.0 ml/min.

2.3 Analysis/of Data ,
| FIf the concentration of the nucleotide is repfesented
by c, the first-order'rate law can be written. as:
| “-dc/at = ke o (20)
If the initial concentration, at time t=0, is cy, and, if at
some later time t the concentration has fallen to c, the

integration gives:
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-!go dc)c =k IB dt \ | -(21)t"
and '

-1n ¢/cy = 1n cy/c = kt (22)
A reaction is said to be a first-order reaction if a plot‘cf
1n CO/C ver;us t is a straight line. The slope of the line.
can be used tc obtain the value of _the rate constant k
Uu(BaEYow, 1981). A plot of the rate constant k versus pH
givesfthe rate profi}e~for the respectiveﬂpucleotide'at a
given temperature.

For a first—order reaction it is customary to use not
only the rate copstant, k,  for the reaction but also the
related qﬁantity, the half-life of the reaction: The
half-life is defined as the time required for the
concentration of the nucleotide to decrease to half its
initial value. For a first-order reaction the’relationship
of the half-life,ft1/2, to the rate constant can be found
from eqguation (22) by substituting at :t=t1/2 the
condentration‘c=ﬁco. Therefore, one obtains (Barrow, 1981):

| In cy/¥%ecy = kty/, | - (23)
tisp = 0.693/k :  (24)

In order to calculate how much time is reguired to
achieve the half llfe of the individual nucleotlde at room
temperature, accelerated shelf l1fe test1ng Was performed
As previously stated . both the Arrhenius plot and the shelf
life plot could be utilized. In the first case, a plot of 1n
"k as ‘a functlon of the reciprocal of absolute temperature

(1/T) gives a straight line with the slope of the line being

the activation enekgy divided by the gas constant. In the
! , .
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‘second caée, é plot of time to the. end of shelf life
(assumgé to be ‘t1/2{} on :sémi-log ' paper versus the
temperature in °C can 5; composed. In both cases the line
could be extrapolated to shelf life at - some ,lowér

temperature, such as room temperature.
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3. RESULTS AND DISCUSSION

0
P

3.1 Hyd;oiysis of 5'-Purine Ribonucleotides

Acid hydrolysis of nucleosides (ihosine; guanosine and
adenosine) or nucleotides (IMP, GMP, AMP) genefally releases
the purine b;;es (hypoxanthine, guanine and adenine), while
neutral or alkaline hydrolysis of nucleotides liberates only
;he phosphate residues‘(Harbérs et al., 1968). The rate of
’ degradation depends on both the heating gime and sample PH.

The SAX column was used to de‘t‘lézi'n;ine the undegraded
nuqleotides after hydrolysis. Measurement of peak areas of
different concentrations gave a linear response for all
three’nucleotides, ‘ a

The pH-raée.profilgs for‘IMP, GMP and AMP are shown in
Figures 3.1, 3.2 and 3.3, respectiveiy. Tables 3.1, 3.2 and
3.3 present the data for . all three nucleotides,:
respectively. The aqueous hydrélysis of the nucleotides at
the various pH's is expressed as a firstlorder‘ rea:zion
rate. The SCX column was used to determine the .nucleosides
and purine bases which are the breakdown products of
nucleotideﬁ; Samples at or near ‘the half-life at each pH
were examined‘for nucleoside and purine base amounts. It was
determined that at the half-lives of the nucleotides two
mechanisms were occﬁrring"at pH 3 with both nucleoside and
purine base in large'amounté, indicating that both phosphate

and base hydrolysis were oécurring.zsignificant amounts of

purine base were not fevealed between pH 4-8, suggesting

.

that hydrolysis occurred mainly through phesphage cleavage.

)

- 37
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Table 3.1 Hydrolysis data for inosine 5'-monophosphate (IMP)

iE

at 121°C and various pH's,

" Rate constant, Standard error Coefficient of
pH k (min~") of estimate correlation
3 2.141 x 1072 5.0 x 107% 0.988

4 1.111 x 1072 2.4 x 107" 0.990
4.5 - 1,092 x 1072 4.3 x 1074 0.992
5 1.103 x 1072 4.1 x 1074 0.994
5.5 1,036 x 1072 3.2 x 107 0.995
6 9.682 x 1073 3.7 x 1074 0.993
6.5 6.681 x 1073 2.0 x 1074 0.996
7 5.545 x 1073 6@8 x 1074 0.938
8 1.855 x 1073 6.9 x 1075 0.974




i
b

-

Table 3.2 Hydrolysis data for guanosine 5'-m¢qophosphate

(GMP) at 121°C and various pH's.

Rate cohsgant, Standard error Coefficient of

pH k (min™') of estimate correlation
3 2.202 x 1072 5.0 x 1074 0.990

o 1.510 x 1072 4.6 x 107 0.982
4.5 1.686 x 1072 2.7 x 1074 0.995

5 1.692 X'10"2’ 2.7 x 1074 0.996

5.5 1.578 x 1072 3.3 x 1074 0.992

6 1.534 x 1072 o 3.4 x 10 10.990

6.5 1.110 x 1072 2,0 x 1074 0.992

7 ) 6.749 x 1073 1.3 x 1074 0.992

8 2.881 x 1073 8.9 x 107° 0

.981
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Table 3.3 Hydrolysis data for adenosine 5'-monophosphate

(AMP) at 121°C and various pH's.

Rate constant, Standard error Coefficient of

pH "k (min~") of estimate correlation
3 1.531 x 1072 4.0 x 1074 | 0.987
4 1.198 x 1072 2,5 x 1074 0.991
4.5 1.212 % 1072 4.0 x 1074 1 0.981
5 1.360 x 1072 4.9 x 1074 0.977
5.5 1,057 x 1072 3.0 x 107% 0.986
6 1.000 x 1072 2.6 x 1074 0.988
6.5 7.858 x 1073 2.3 x 107¢ 0.565
7 4.865 x 1073 " 1.5 x 1074 0.983
8 2.679 x 107 2.8 x 1074 0.894
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Figure 3.1 pH-Rate profile for 1inosine 5'-monophosphate

N

- (IMP) at 121°C. a ‘
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Pigure 3.2 pH-Rate profile for guanosine 5'-monophosphate

(GMP) at 121°C.
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Figure 3.3 pH-Rate.profile for adenosine 5'-monophosphate

o}

(AMP) at 121°C.
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With only very small amounts of purtne base hydroly51s'

detected for the nucleotldes at pH's of 4 or h1gher and
51nce purlne nucle051de base hydroly51s rates are greater
undet these cond1tlons (Nquyen,'1984) the curves 1n Flgures
'3,1, 3.2 and’ 3 3 can be explalned as follows. Hydroly51s of
th‘ purzne nucleotides at pH's hlgher than 4 occurred
1m1t1ally by phosphate hydroly51s to the nucleoside. That

, is, th1s was the rate determ1n1ng step Small amountsvof'
purlne base hydroly51s could then occur from the more

| unstable nucleoszde produced More purine base ihydrOIYSis

from the_nucleoslde occurred’at the more acidic pH's in this

-2 . : . .
- range.'because of acid catalysis of this reaction (Figure

Lo

3\ At pHdi,O,‘hOWever, the ac1d strength was suff1c1entv
SR . _ .

to result 3in,’purine base hydroly51s d1rectly from thefw
nucleot1de. The operatlon of both purlne base and phogphate;uk
hydroly51s of the nucleotldes at thlS pH resulted m the__"

1ncreased hydrolyszs rates detected | m,':g

Phosphate ahd purlne base hydrolyses will be anal”g

separately in, sectlons 3.8 ‘and 3.1.2, reSPEthlv%'
_ g "

3 1. 1 Phosphate hydroly51s of nucleot1des

»>

In a monosubst1tuted ester of phosphorlc acr&’thege.are
,}, °

four molecular spec1es,'$?§fefﬁng in degree of protonat1on,

~ which may undergo reaction. They are the dlanlon,,l')
‘monoanion (g),’neutral (g) ?nd conjugate acld-(g) speclegﬁ

™ - . o §
(Barnard et al., 1958).
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‘~Figure',3.4 Degradation of 5'-purine nucleotides.
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o8 2 -2 f 2
RO-P-0= . R-0-P-0H RO-P-0H  R-Q-P-OH
0~ 0- - OH OH
(1) (2) - 03) (4)

"
Maﬁy ahthors have shown that the best conditions for
hydrolysis of monophosphate esters ,occur between pH. 4-5,
where the monoanion has the maximum concentration. Also, the
" hydrolysis of these monophosphate esters follows first-order 3
kinetics. |

< Barnard. et al. (1955)'investigated the hydrolysis of+

'methyl phosphate. They revealed that on either .side of~pﬁ
4.16 the rate of hydroly51s decreases. Isotope 180 ‘was used
Ato show the mvolvementx of phosphorus oxygen bond fission.

They suggested that the mechanlsm of the hydrolysis of the
,ponoanxon can-be formulated in two ways. F1rst, the- waFer

) molacule attacks ‘the phosphorus atom,

"

' . P o ‘ 0 . " » B . 0 . : v
p oo H,0 + Ho-i.5-‘o-cn3 —_ Ho-';S-OH +  HO-CH3
L w 0__ 0 .

or, second,.a heteroly51s~of the phosphorus-oxygen bond may
” take place, g1v1n%gffhe hypothetlcal metaphosphorlc acid
vhich rapidly hydratés to give orthophosphoric acid:
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-/u' 3 ’ - P. H,0 Q
HO-P-0-CHy =% O0-CHy + | HOP''| 5 Ho-?-gﬂ
0. ‘ 0. ‘OH

bl 4!

E
J

\known, but waS‘ﬁound to be common to simple monosubstituted

"eﬁhme, the exact nature of the mechanism vas not

phosphates (Barnard et al., 1955). K

In 1958, the pH-rate profile for monophosphate esters

'was conflrmed by Bunton et al.. The rate oﬁ hydroly51s was ‘

very small in alkaline solutlon, 1ncreased‘ a maxlmum at
pH 4, then fell to @ minimum at about pH 0. 5 and rose. again
in even more_strongly acidic solutions. It was postulated
that the maximum raté;o: hydrolysis was about pH 4 and. was
due to the reaction of the monoanion (Figure 315). ‘Aty pH

\'4.17, 99;9%‘of the monomethyl phosphate was preseht as the

‘monoanion. It was suggested that the monoanion is more

reactive than either the dianion or the neutral species

since the negatibe 6harge of the O~ group-is imagined as the
"driving fofﬁe" of the reaction (Bunton et ai., 1958). The

dianion ROPO,~ does not ' react readily with hydrox&de‘ién
N

because of the electrostatic repulsion of the mutual

negative charges on the ions. This helps'eXplain why . the

rate isvgreatér at.pH 4 than in alkaline solutions (Butcher

_and Westheimer, 1954). R - , -

In 1954, 'Butcher and Westheimer proposed that"%the

_hydroiysis of monoeéters»of phosphoric acid at pH 4 proceédsﬁ

A

- by way of an intermediate (5): | o 1 ‘
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“Figure 3.5 Hydrolysis of mpnophpsphate‘ ester at 100°C

(Bunton et al., 1958). A. experimental; B. calcplatéd.
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0
| 0
0 B30 9
R-O-P-0H  + H &= RQ” 0 | — ROH + HO * E'O
0 R '
_ B\,
H »
(5

' T '
H0 + §'0 —  HPO4

The alcohol” and the monomeric metaphosphate ion, PO3',vare
“postulaﬁed as'primary prodhcts of the hydrolysis.‘Monomeric
'metaphosphates have been postulated as intermediates in
phosphorylations (Butcher and Westhei;er, 1954).

A plét' of hydrolysis reaction rate against pH fof
potgssium dihydrogen phosphate showed a maximum at pH 5
(Bﬁntoﬁ ‘et al., 1961),' hydrolysis. of acetyl phosphate
indicated that: éhe ma;iuhum was at pH 4.7 (Disabato and
Jencks, 1961a,b) and‘hydrolysis of ethyl phosphate passes
through a maximum between pH 4-5 (Cox and Ramsay, 1964)+—In
all cases, the rate maximum'ﬁorréspondedﬂto the monoanion
and the hydrolysis f&llowed first-order }eaction kineticé.
The bond b;twéen phosphorus and oxygen has been wbroken'
exclusively in the reaction of the monoanion; this:has been

Vestablished“ in a. sqfficient number' of cases to indicate
generality of the result. Variations in structure produce
slightrvariatibns in the pH-rate profile maximum.

In 1979; Lee studied the kinetics of inosine 5'-mono-

phosphate at 100°C in a pH range of 5.52-6.87. The rate was

confirmed to be a first-order reaction and a rate-pH profile
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‘'showed a maximum near the pK, (6.1) of 5'-IMP. The rate of
5'-IMP wés not influenced bY'iqnic strength. The product of -
5'-IMP heat decomposition was determined to be inosine with
trace amoﬁnts of hypoxanthine (Lee, 1979).

Presentation of the . ionization constants for the
nucleotide§ (Figures 3.6 and 3.5; Hiro?awa et al. (i985)
‘and Ts'o (1974)) demonstrates that the maximum concentration

©

of the monoanion (two species) would occur in the pH range

of 1.0-§.4. The maximum rawylbf phosphaﬁg‘hydrolysis of the
three.nugleotides (Figuresiél1—3.3) in the pH range of 4-8
occurred at pH 5. This would suggest that phdsphate
hydrolysis took place at a greater rate from the monoanion
"phosphate species with the uncharged purine base, although
‘the mechanism of phosphateé hydfolysis in this PH range is
complex, as shown by “the compleﬁiﬁy of the curves. Figufe

3.8 illustrates the phosphate hydrolysis of these 5'-purine

nucleotides.

3.1.2 Purime base hydrolysis of nucleosides
Nucleosides, fragments of ribonucleic acid (RNA)
containing a purine or pyrimidine base and a ribose group,

may be hydrolysed to their base and sugar components by

acid-catalyssd reactions (Zoltewicz et al., 1970).
ACidfC;ialYSEd hydrblysis of pufine nucleosides is
generally accepted to occur via the mechanism driginally
proboséd by Shapiro (Figure 3.9). The acid-catalysed
hydrolysis takes piace by , the reaction of ‘mono- and

diprotonated forms (Zoltewicz and Clark, 1972). Protonation
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Figure 3.6 Ionization constants of inosine 5'-monophosphate

(IMP) and guanosine 5'-monophosphate (GMP).
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Figure 3.7 lonization constants of adenosine; 5'-monophos-

phate (AMP).
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Figure 3.8 Phosphate hydrolysis of 5'-purine nucleotides.
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HO-CHz_ 0% .
Q_ + B H{ = Products
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Figure 3.9 Shapiro's nugleoside hyﬂx’&lysis (Hatfield, 1984).
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of the purine moiety occurs, followed by purine;glycosyl

bond cleavage, giving rise to an ox@ﬁprb‘ on inter-

mediate (6) which then reacts with solventéiitexn et al.
1978; 2Zoltewicz et‘ al., 1970).

The concentrafion of diprotonated species is negligible
at pH 3, therefore acid hydrolysis at this pH would occur
via the monoprotonated species. .
It is well established that eléctronegative groups in

the sugar moiety stabilize purines to .acid-catalysed

hydrolysis (Smith et al., 1961; Sporns, 1977).‘Phosphoryla-

_tion of the sugar moiety of nucleotides bilizes the
oxocarbonium ion intermediate formation and retards the
sugar-base cleavage (Robins and Basom, 1973). lankiewicz

et al. (1985) reported that 5'-monophosphates are uéually
more stable'than their respective nucleosides. Others have
shdwn_tha;’the presence of a phosphate group is responsible
for the rate retardation (Shapiro aqd Danzig, 1973). The
acid hydrolysis of 2-deoxynucleosides préceeds faster than
their ribo"counterpérts (Garrett and Mehta, 1972) since the
2'-hydroxyl group increases the electron-withdrawing effect,
destab1l1z1ng the oxocarbon1um ion intermediate (Zoltewicz
et al., 1970). _ L

Panzica” et al. (1972) suggésged that the site . of
protonation migﬁt be expected to influence the rate of
hydrolysis of purine nucleosides. Protbnation of purine
nucle051des takes place on the purine mo1ety Specific sites

of protonatxon on the purine moiety differ fot the various

nucle051d¢s, for example, adenosine and gtenosine protonate

. e
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at N-1 and N-7, respectivelf (Panzica et, .al., 1972).

The only pH where significant purine base hydrolysis
was observedwwas pH /3.0 or the more acidic pH, as expected.
The electron-withdrawing effect of the 5'-phosphate group
stabilized the nucleotides to' pur%ne base hydrolysi§ at
higher pH's. The small amount of purine base.hydrolysiéxat
these hiéher pH's~could‘be explained as octurring from the
more aqid-labile nucleosides, |

‘ ]
3.2 Accelerated Shelf Life Testing .

Aécélerated shelf 1life teéting (ASLT) was performed to,
establise when half of p@e nucleotide concentration of the
fespeétiQe ’nucleotides}‘(that ﬁ;*w thb” half life £&~ the

)

,1Kaxv1 g 1

nucleotide) was losﬁi'

reveals straight lines fo

the’equation for a straig

ahd the data in Table 3‘

* polation of Arrhenius pkgi
and AMP were determxned% ‘
This clearly indicates ‘ucleot;ﬁes arg yery stable at
. room temperature. o n -

r, ¢ N [ ]
ikt v, L
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Table 3.4 ASLT data for inosine 5'-monophosphate (IMP) at pH

L

5 and various temperatures. !

Rate constant, Standard error Coefficient of
T°C “ k (h77) of estimate ‘correlation

121 6.618 x 107! 2.7 x 1074
106 1.580 x 107! 5.3 x 1073
91 3.391x 1072 1.1 x 1073
16 |  i 5.157 x 1073 2.9 x 1074

53 2.322 x 1074 2.3 x 1075
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| "Table 3. 5 ASLT data for guan051ne 5'—monoph05phate (GMP) at

pH 5 and various temperatures.

-

 Rate constant Standard error Coefficient of.
T°C+ .k (n7 ') - Yof estimate - correlation
121 1,015 x.1070 2.7 x 1074 0.996
106 2,276 x 1070 2.9 x 1073 ) ' 0.998
91 o 5 159 x 1072 1.4 x 1073 - 0.996
76 “8.948 x 1003 _ 4.9 x 1074 . 0.969
53 3,979 x 1074 2.7 x 1075.. 0,963




‘Table 3.6 ASLT d¥

pH 5 and various, temperatures.

D
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b adenosine 5'-monophosphate (AMP) at

Rate constant,

Standard error

Coefficient of

T°C _k_(h") ~of estimate correlation
BRFTES © 8.160 x 107 4.0 x 107% 0.977
106 /' 1,164 x 107 5.5 x 1073 0.975 .
91 3.483 x 1072 1.9 1073 0.981,
76 . 4.685 x 1073 ﬁ.s ’16'4 0.968
53 ¢ 2,313 x 1074 1.6 x 1075, 0.958

Ca
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Table 3.7 ASLT data for determining the shelf life of the.

three nucheozides by the.Ar;henigg,mtho&r\\\

Nucle-

otide

} \»/,/Sf;;;:;d
— Y error of

L]

Slope estimate
(°K) - of slope

3

Coefficient
tgqcept of o
b] correlation

\

(

IMP
" GMP
AMP

-1.509 x 10% 1.9 x 102

-1.478 x 10% 1.8 x 102

-1.521 x 10% 4.9 x 102

\

3.798 x 10! 0.999

3,757 x 10" 0.999

3.826 x 10V -+ 0.998
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“Oﬁt‘of inferest, aﬁ allerhatiVe method fof.determining
shelf life was utilized. A shelf life plot (Figure 3.11),
Nwhich is a graph of the log of the half-life versus the
téhperatdre ln degrees Celcius, wae established by allowing
the time to the end of shelf life (6s) to be the half- 11fe
?The half 11ves were evaluated by u51ng the stralght llne
4.equat1on (EQ'n 25) and the data in Table 3.8 (which were
determined‘from the'shelf life plot). The half-livesﬁbf‘IMP,
aGMP and AMP at 23;C7wefe 3.99, 4.83 and‘9,99 years.

The‘tﬁe metliods are not comparable for'several reasons:
”(1).Labuza and Schmidl (1985)‘stated that ‘the shelf life
plot should only be employed if an Arrhenius plot .is not
possible to,establish. : | o %r
'(2)"In a small temperature ;ange (20 40 C change) ‘the
‘Arrhenlus plot can be approximated bf'thé shelf 1life plot
(Labuza,, 1982).. In this case, a 70°C change was
1;vest1gated thus only the Arrhenius plot should be u:ed
’«(3) Ths shelf life plot could be employed as long as the
ﬂ ex;tapolation does not exceed a 30°C range. For this stpdy;
:'Ehis range was pUshed to the,limits (extrapolatioh'frpm last
exper1mental point at 53 C to 23 c), leaaing to erroneous
Alresults. ‘

(4). Figure 3.12 compares the extrapolatlon of the shelf
‘life plot at 43, 33 and 23° Cvto,that of the Arrhenlus plot
for AMP, The Arrhenius blot giveE’Ja straight line and
extrapolatlon leads to a dlvergence with the shelf life -

plot
&
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Table 3.8 ASLT data for determining the shelf life of‘hﬁ%ﬁﬁ“ﬁa
T

_three nucleotides at RT by the shelf life method. IR

L ]
Standard : .
‘ error of A Coefficient
Nucle- Slop? estimate y-intercept of _
otide (°c™) of slope (h) correlation
IMP - -5.09 x 1072 2.3 x 1073 6.067 x 100  0.997
GMP -4.99 x 1072 2,2 x 1073 5.773 x 109 - 0.997

AMP ‘-5.14 x 1072 2.2 x 1073 6.124 x 109  0.997
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To conclude, the shelf lives of all three nucleotides were
very stable at room temperature., The Arrhenius method was
founé to be a more exact method for determ{ning shelf life,
whereas the shelf life method was found to be inappropriate‘
for this work. |
3.3 Suggestions for Future Research

Mosé of the ASLT in fépd science is presently carried
out employing the shelf -life method. This method, which
underestimates shelf life, is based on empirical relation-=
ships rather than well established éhemical kinetics such as
the Arrhenius method. In view of ‘the vast -differeﬁces in
estimation of shelf life using the two.methods, a detailed
study shodld be carried out on the reliability of the shelf
life method. |

Such a study could involve the estimation of shelf life.
utilizing both ASLT methods for aé@*gowi accurétely
- measurable defect such as microbial or chem;:al spoilage in.
food. This investigation wéuld be foliowéd by an actual
measurement of fhe shelf life at the extrapolated
conditions. : lﬁg
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