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Estimation of stereospecific fatty acid distribution in vegetable

oils from liquid chromatography data
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The fatty acid distribution in triacylglycerols (T'G), the major components of vegetable oils, affects the
physical properties of oils and their physiological effects as components of the human diet. A computa-
tional scheme is proposed for estimating the stereospecific distribution of fatty acids in T'G on the basis of
the data from HPLC analysis, using a model for T'G synthesis. A new model for the synthesis is proposed
which, in contrast to the widely used model published independently by Vander Wal and Coleman, enables
us to simulate the asymmetrical fatty acid distribution at the sn-1 and sn-3 stereochemical positions. The
computational scheme combined with either literature models or the new model was validated by its
application to several T'G profiles and comparison of the resulting fatty acid distribution at stereochemical
positions with experimental data from the literature. The stereospecific composition of T'G was calculated

using the new model for nine vegetable oils.
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1 Introduction

The major components of vegetable oils are triacylglycerols
(TG), which are made up of three fatty acids (FA) esterified
to a glycerol backbone. Both FA composition and their posi-
tion on the glycerol backbone (stereospecific distribution)
determine the physical, chemical and nutritional character-
istics of oils. The carbon atoms of the glycerol part are num-
bered 1-3. In a Fischer projection, the secondary hydroxyl
group is shown to the left of C-2. The carbon atom above this
then becomes C-1, that below becomes C-3, and the prefix sn
(stereochemical numbering) is placed before the stem name of
the compound [1].

Different chromatographic techniques have been success-
fully used for TG analyses including gas chromatography
(GC), high-performance liquid chromatography (HPLC),
thin-layer chromatography (TLC), and supercritical fluid
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chromatography. Until recently, the chromatographic meth-
ods did not resolve T'G according to the FA distribution on the
glycerol backbone, with the exception of silver-ion chroma-
tography, where only limited resolution was possible. For
complete structural analysis of triacyl-sn-glycerol, com-
plementary enzymatic and chemical methods have been
applied [2-5]. With the development of reversed-phase (RP)-
HPLC and especially with the improvement of the stationary
phase efficiency, however, complete resolution of dipalmitoyl
monooleoyl TG isomers [6] and complete regioselective
separation of five pairs of isomeric dipalmitoyl polyalkenoyl
glycerols with two to six double bonds in the unsaturated acyl
residues [7] were achieved. Also the application of silver-ion
packed-column supercritical fluid chromatography with mass
spectrometric detection gives promising results on the molec-
ular association of FA in intact TG [8].

Molecular-level information of the regioisomeric struc-
tures of individual T'G in vegetable and animal fats and oils
was obtained by chemical ionization and collision-induced
dissociation tandem mass spectrometry (MS) [9]. Only the
most frequently occurring molecular weight species were
selected for the analysis, and the resulting concentrations of
%
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T'G regioisomers in the mixture were subjected to statistical
analysis, showing a wide range of uncertainties of individual
data. Several ionization methods were used with liquid chro-
matography to quantify the regioisomers of the most abun-
dant T'G in two vegetable oils and lard [10].

Thus, the complete quantification of T'G stereoisomers in
vegetable oils will probably be possible in the future, but
presently the method of choice for accurate quantitative anal-
ysis of the TG composition in vegetable oils remains RP-
HPLC, the method that does not distinguish among the TG
stereoisomers [11].

Different theories based on the available analytical data
have been proposed to explain the stereochemical distribution
of FA in the TG molecule and to calculate the composition of
TG species in vegetable oils. Of these, the 1,3-random-2-ran-
dom theory based on the FA composition in the oil and at the
sn-2 position, proposed by Vander Wal [12] and Coleman
[13], has become the most widely accepted. The theory
assumes that FA are randomly distributed at the sn-2 and at
the sn-1,3 positions, and implies the identity of FA distribu-
tions at the sn-1 and sn-3 positions.

Later analyses of the three sn positions in T'G of some oils
have, however, shown that a difference exists between the FA
compositions at the sn-1 and sn-3 positions. Martinez-Force et
al. [14] characterized the relative distribution of saturated FA
between the external sn-1 and sn-3 positions in TG by the
coefficient of asymmetry. Their model is based on the
assumption of random FA distribution at each s» position in
TG and enables the calculation of the coefficient from the
compositions of oil FA, sn-2 FA, and T'G. Van Vliet and van
Kempen [15] presented a mathematical framework relating
the stereospecific TG distribution to any measurement results
obtained using different analytical techniques and their com-
binations (e.g. the data on FA composition in TG + FA com-
position at the sn-2 position of TG + profile of T'G species,
where the isomers are not distinguished). How the FA were
distributed on the glycerol backbone was not defined a priori.
As the number of T'G is always much higher than the number
of data points, an unequivocal calculation of T'G from the
measurement results alone is impossible. To obtain a unique
solution, either a model for putting FA together to form TG
must be included in the calculation or an algorithm for finding
one of many equally good solutions should be defined.

Having at our disposal sets of reliable RP-HPL.C data on
TG composition (combined isomers) of different vegetable
oils [11], we have adopted a computational scheme where the
stereospecific TG composition is estimated using the model,
the positional isomers of identical chemical composition are
grouped to give T'G fractions, and the difference between the
measured and calculated T'G profiles is minimized. In this
paper, models from the literature (models A, B) and a new
model simulating the specific action of enzymes in the bio-
synthesis of oils (model C) are tested in the computational
scheme, and the new model is applied to calculate the TG
positional isomers in nine vegetable oils.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2 Calculations

2.1 Symbols for TG components and models for TG
synthesis

The composition of FA is expressed in moles. The mole frac-
tion of the 7th FA in T'G is x; and the mole fractions of the ith FA
at the sn-1, sn-2 and sn-3 positions are x; 1, x; , and x; 3, respec-
tively. They are constrained from definition by

n
Y xi=1,x>0fori=1,2.,n €y

i=1

n
in?l =1,x;>0fori=1,2,...,n

(1a)
i1
n
D wia=1l,x2>0fori=1,2,.,n (1b)
i1
n
me =1x3>0fori=1,2,.,n (1¢)

i=1

where 7 is the number of FA in the T'G. The mole fraction of
the TG stereoisomer containing the acyl of the ith FA at the
sn-1 position, the acyl of the jth FA at the sn-2 position and the
acyl of the kth FA at the sn-3 position is x;;, and the sum of the
mole fractions of TG is

Zzzxiik =1 )

im1 j=1 k=1

The total number of TG consisting of # FA is #°. The mole
fraction of the T'G stereoisomer created by a random combi-
nation of FA at the sn-1, sn-2 and sn-3 positions is the product

Xijk = Xi,1%j,2XK3 3

The simplest possible scheme for the synthesis of TG would
assume an identical FA distribution at all sz positions,

X = Xi1 = Xi2 = Xi3 @
with the result
Xijk = XiXjXk. (5)

Such a model of an interesterified oil or fat has only 7 — 1 pa-
rameters, namely the mole fractions of FA 1, 2,..., n— 1; the
last fraction, x,, is calculated from Eq. (1). In native fatty oils,
however, the FA composition at the sn-2 position is known to
differ from the composition at the primary positions (sz-1 and
sn-3). In TG of seed oils, saturated FA are concentrated al-
most entirely at the primary positions while the s7-2 position is
greatly enriched in polyunsaturated FA [1].
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2.1.1 Model A

The model derived by Vander Wal and Coleman has 2(n— 1)
parameters, the total FA composition and the FA composition
at the sn-2 position. The composition at the primary positions
is calculated according to

xi1 = %3 = 0.5(3x — xi2). 6)

After substitution of Eq. (6) to Eq. (3), the mole fractions of
TG stereoisomers are obtained:

Xijk = O.ZSXLZ (3xi — xi‘z) (3xk — xk‘z) . (7)

The model is most widely accepted, although improved ana-
lytical techniques have revealed an asymmetry between the sn-
1 and sn-3 positions of the T'G in some oils.

2.1.2 Model B

An asymmetric model was derived from model A by Marti-
nez-Force et al. [8], who distinguished between the FA com-
positions at the s»n-1 and sn-3 positions:

i1 = (3% — xi2) %, xi3 = (3% — xi2) (1 — o) ®

xije = (1 — o) (3xi — xi2) %52 (3% — X1c2) )

The model has 3(nz—1) parameters, namely the total FA
composition x;, ¢ = 1, 2,..., 7 — 1, the FA composition at the s»-
2 position x5, 7 =1, 2,...,n—1,and o, ¢ = 1, 2,..., n — 1, where
o; is the coefficient of asymmetry for the ith FA. When
o; = 0.5 for all FA, Eq. (8) is reduced to Eq. (6).

2.1.3 Model C

Models A and B are based on a random combination of FA at
all three positions. However, the synthesis of oils in plants is
catalyzed by enzymes that discriminate among the FA, and
thus it is not a completely random process. The major bio-
synthetic pathway for TG is the a-glycerophosphate or sn-
glycerol-3-phosphate pathway in which sn-glycerol-3-phos-
phate is acylated in turn at the positions sz-1 and sn-2 by spe-
cific transferases to form phosphatidic acid, the enzyme
phosphatidate phosphatase removes the phosphate group and
the resulting sn-1,2-diacylglycerol (DG) is acylated by a fur-
ther acyltransferase to form an sn-TG [16]. Model C simu-
lates the specific formation of sn-1,2-DG followed by their
random combination with the remaining free FA to TG. To
describe the enzymatic synthesis of sn-1,2-DG, the specificity
factors f; are introduced:

x; = fxxg, f; > 0fori=1,2,..,nandj =1, 2,..., n. (10)
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The composition of the free FA that will be esterified at the sn-
3 position in the second step is calculated from the mass bal-
ance of FA as

X3 = 3x; — Z (xij + x]'i)

=1

an

and the mole fractions of T'G combined at random from s#n-
1,2-DG and free FA are
Xijk = XijjXk 3. (12)
The number of parameters of the model in the form given
above would be n(n + 1) — 2, namely n— 1 for the FA com-

position of oil and #? for the specificity factors, which are
bound by the condition

13)

2.2 Computational scheme

The above-mentioned models were tested in a computation
scheme (Fig. 1) where the FA composition and the model
parameters were adjusted to minimize the difference of the
calculated T'G profiles from the experimental TG profiles of
vegetable oils. The enantiomers are not distinguished in the
experimental TG profiles, which are expressed in mass
fractions, Wiy ey, or mole fractions, Xj .y, Thus, the cal-
culated molar fractions of TG stereoisomers were summed
up to give mole fractions of T'G species X according to the
equation

Xijk = Xk + Xitg + Xjik + Xjki + Xxij + Xigi for

1 F ] F# Rk Xy = x5 + x5 + x5 for @ # 7, X = xiii. 14)

initial values of fatty acid composition
and model parameters

"

¥

caleulation of TG enantiomers

using the model
for TG synthesis new set of fatty acid
L composition and/or
model parameters
caleulation of TG profiles Y

and difference between the measured
and caleulated TG profiles

is the difference minimised?

END

Figure 1. Computational scheme for the synthesis of TG.
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To compare with mass fractions, the profiles Xj are converted
to mass fractions W,. The optimization criterion is calculated
as the sum of squares of differences between the measured

and calculated mass fractions:

270.5

1 n n n
o1 = —Z Z Z (KWijk — Wikexp) s

"G I S S

n(n? +3n+2)

G 15)

nrg =
where nrg is the maximum possible number of T'G species
(mixtures of enantiomers) in the oil containing n FA. For TG
profiles expressed in mole fractions, Xj and Xjy oy, would
substitute W and W ., in Eq. (15).

The optimized coefficient K was introduced in Eq. (15) to
account for a possible difference of the sum of all Wi ¢y, from
1, as the sum of the calculated W is equal to 1. The optimi-
zation was carried out using the Excel Solver. Several initial
estimates of model parameters were applied to increase the
chance of reaching a global minimum.

The model for an interesterified oil with random FA dis-
tribution according to Eq. (5) requires only the knowledge of
n—1 mole fractions of FA. Whatever their initial estimates
were, either homogeneous distribution (equal FA fractions
x; = 1/nfor i =1, 2,..., n) or the experimental FA composition
of the given oil or any other composition, the result was always
the same optimum FA distribution and T'G profile.

Model A needs according to Eq. (7), in addition to the
total FA composition, also the FA composition at the sn-2
position in TG. As their initial estimate, we used either two
homogeneous distributions or two experimental FA compo-
sitions of the oil, or one of these compositions for the total FA
in the oil and the other for the s»n-2 position. In the iterations,
the total FA composition together with parameter K and the
composition at the sn-2 position were adjusted in turn; only
close to the minimum, all variables were adjusted at once.
Model B was incorporated in the computation scheme simi-
larly to model A, adjusting repeatedly three sets of FA dis-
tributions at the sn-1, sn-2 and s»n-3 positions in turn.

Model C requires the knowledge of specificity factors, in
addition to the FA composition. As the calculated fractions of
stereoisomers are summed to calculate T'G profiles, the spec-
ificity factors f; and f; cannot be distinguished in the sum x; +
x; = (fz + fipxx;. Thus, the parameters F; = f; + f; are opti-
mized instead of f;, f; and the number of adjusted specificity
parameters is reduced from #? to n(n + 1)/2. The initial esti-
mates of the total FA composition were the same as for mod-
el A. The initial estimate of F; values was either that corre-
sponding to random distribution (/5= 1 for ¢ =j and Fj; =2
for 7% j) or any arbitrarily chosen distribution. In the first
case, the input data fulfilled the condition given by Eq. (13).
Otherwise, the Fj; values were adjusted automatically in each
step of iteration to fulfill the conditions as the equation was
used as boundary condition.
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3 Validation of calculation procedure using
literature data

As the difference between the experimental and the calculated
TG profiles decreases with increasing number of model pa-
rameters, the ability of the models to simulate the real oil
composition must be judged according to other criteria. One
of them is the difference between the experimental and the
calculated FA compositions in the oil. The experimental TG
profiles do not include the least abundant T'G that contribute
to the experimental FA composition determined after TG
decomposition, but the calculated T'G profiles include them.
Another, more important criterion is the agreement between
the calculated and the experimental distributions of FA in T'G.
For this comparison, literature data comprising both TG
profiles and FA distributions in T'G were used.

3.1 Averaged locations of FA in TG

Reske et al. [17] examined the changes in composition of oils
from genetically modified sunflower and soybean seeds. They
measured TG profiles using RP-HPLC, the FA composition
of transmethylated crude oils by capillary GC, and average FA
compositions at the sz positions of the glycerol backbone by
partial hydrolysis of oils to DG, HPLC separation of their sn-
1,2- and sn-2,3 derivatives, and analysis of the two groups for
FA. In addition, the FA composition at the sn-2 position was
determined after enzymatic hydrolysis of oils. The modified
oils were denoted according to the high (H) or low (L) levels
of specified FA, compared to standard oil (LLsat = low satu-
rated acids, LL.n = low linolenic acid, HP = high palmitic
acid). Initially, we varied the number of FA included in the
calculation and found that increasing the number above n = 5
had little effect on the results because the concentration of
most T'G species containing the sixth acid was too low to sig-
nificantly affect the minimized standard deviation 6. Thus,
all calculations were carried out with 7 < 5 major FA. The
abbreviations used for the FA are given in Table 1.

Table 1. Common FA in vegetable oils characterized by their car-
bon numbers and double bond numbers.

Trivial name Abbreviation CN:DB
Oleic acid O 18:1
Linoleic acid L 18:2
Linolenic acid Ln 18:3
Palmitoleic acid Po 16:1
Palmitic acid P 16:0
Stearic acid S 18:0

CN, carbon number; DB, double bond number.

Analogously to TG composition, the difference between
the experimental and calculated FA compositions of the oil, x;,
was characterized by standard deviation
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0.5
1 <& 2
Opa = {ZZ (% — Xiexp) } (16)
i=1
and the difference between the experimental and calculated
FA compositions at the stereochemical positions was quanti-
fied by standard deviation

0.5
1 & 3
Opa,1-3 = {%Z > (- xi,jexp)2:| an

i1 j=1

In the case of models B and C, the calculation according to the
computation scheme does not yield a complete pattern of TG
stereoisomers, and additional information is needed. We uti-
lized the fact that saturated FA in vegetable oils only rarely
occur at the sn-2 position. In the asymmetric model B, where
the question of allocation of three resulting FA compositions
arises, the composition with the lowest content of saturated
FA was assigned to the sn-2 position. As there was no rule to
distinguish between the sn-1 and s»n-3 positions, both combi-
nations were compared with experimental data.

In model C, the optimized F; factors do not allow distin-
guishing between the s7-1 and sn-2 positions in DG formed in
the first step. For a combination of saturated and unsaturated
FA, the saturated FA is always assumed to be at the sn-1 posi-
tion. When two different saturated acids or two unsaturated
acids were combined, equal occurrence of both sn-1,2-DG
isomers is assumed. Mathematically,

Jsacrut = Fsarruts Juisan = 05 furuz = fuaun =

Eur. J. Lipid Sci. Technol. 2008, 170, 266-276

where Satl and Sat2 denote two different saturated FA and
U1, U2 denote two different unsaturated FA.

The results obtained for sunflower oils are summarized in
Table 2. As expected, the deviations of the calculated TG
profiles from the experimental ones decrease from the random
FA distribution (interesterified oil) in the order of the models
A-B-C. The agreement of the FA distribution in oil improves
in the same order for most oils.

Out of two experimental data for the FA composition at
the sn-2 position, those determined by enzyme hydrolysis were
simulated better by all models, and therefore they were used in
the calculations. Model A yields a better agreement than the
random model, except for the HL oil. A further slight
improvement is observed for the better of two results of mod-
el B. Model C, however, shows large differences from the
experimental data, especially for the oils HS/HO and HP/HO
where the largest deviations between the experimental and the
calculated compositions are observed at the sn-3 position. One
possible explanation is that increasing the number of adjust-
able parameters above a certain limit leads rather to increasing
the effect of experimental error than improving the simulation
of the real oil composition, and this limit was exceeded in
model C. Therefore, we reduced the number of model pa-
rameters by 3, taking into account that saturated FA rarely
occur at the sn-2 position and putting the Fj factors for the
1,2-DG PP, PS and SS equal to zero. The resulting model C1
acceptably simulates the stereospecific distribution of FA.

As an example, the results of calculation using model C1
for the standard sunflower seed oil are listed in Table 3. A
good agreement between the calculated and the experimental

Fu1ua/2; fsansae = fsazsat = Fsausaa/2-

TG profiles is evident in Fig. 2; the differences in the FA

Table 2. Deviations between the calculated and the experimental oil compositions for sunflower oils [17]; TG profile: d1g; FA composition:
Ora; stereospecific FA distribution: 8ga 1-3; FA:n =4 (O, L, P, S) except for HP/HO, HP/HL oils with n = 5 (Po added).

Standard HO HL HS/HO HP/HO HP/HL Average
drg Random 0.0041 0.0020 0.0038 0.0046 0.0136 0.0090 0.0062
Model A 0.0037 0.0016 0.0031 0.0029 0.0093 0.0071 0.0046
Model B 0.0036 0.0013 0.0028 0.0022 0.0075 0.0069 0.0040
Model C 0.0010 0.0002 0.0013 0.0010 0.0062 0.0050 0.0025
Model C1 0.0012 0.0013 0.0022 0.0023 0.0075 0.0055 0.0033
Spa Random 0.015 0.008 0.008 0.024 0.047 0.004 0.024
Model A 0.017 0.008 0.011 0.016 0.030 0.037 0.020
Model B 0.018 0.009 0.011 0.016 0.031 0.037 0.020
Model C 0.012 0.009 0.010 0.015 0.031 0.024 0.017
Model C1 0.012 0.009 0.005 0.015 0.031 0.021 0.015
Ora,1-3 Random 0.059 0.020 0.026 0.087 0.157 0.115 0.079
Model A 0.064 0.021 0.074 0.062 0.073 0.054 0.058
Model B 0.041 0.029 0.055 0.069 0.049 0.060 0.051
0.097 0.039 0.085 0.069 0.131 0.092 0.086
Model C 0.044 0.055 0.070 0.158 0.270 0.060 0.109
Model C1 0.045 0.035 0.072 0.059 0.048 0.059 0.053

§ The two results correspond to two possible allocations of the two resulting FA compositions at the sn-1 and sn-3 positions.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Oexperimental
M calculated

PRI PP ELL S PSS F

Figure 2. Experimental [17] and calculated compositions
of TG in standard sunflower seed oil.
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stereospecific distribution are shown in Fig. 3. Although the
agreement is not as good as for the total FA distribution, the
asymmetry between the sz-1 and the sn-3 position for stearic,
oleic and linoleic acids was correctly predicted.

The computational scheme was further applied to the data
on soybean oils from the same literature source [17]. The
deviations between the experimental and the calculated data
for T'G profiles, total FA distribution and stereospecific FA
distribution are listed in Table 4. The best fit in TG profiles
and, to some extent, in the total FA distribution was again
achieved with model C, due to its best flexibility. The average
fit of the stereospecific FA distribution improves in the order
random-B-A-C-C1. The difference between the models C
and Cl1 is not as large as for sunflower oil, most probably be-
cause the limit for the optimum number of adjustable param-
eters is higher as soybean oil consists of five major FA and thus
the T'G profile consists of more non-zero components.

Next, calculations were carried out simulating the data on
different vegetable oils published in ref. [14]. The experi-
mental data consist of TG profiles determined by gas-liquid
chromatography (GLC), FA compositions determined by
GC after methyl esterification of oil, and FA compositions in
T'G at the sn-2 position of oil determined by the same method
after enzymatic hydrolysis of purified T'G and separation of
the obtained mixture by TLC. Thus, instead of comparing the
FA distribution at all sn positions, the standard deviation be-
tween the calculated and the experimental FA distributions at
the sn-2 position was calculated:

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. Experimental [17] and calculated FA distributions at
the sn-1, sn-2 and sn-3 positions for standard sunflower seed
oil.

n 0.5

1
Opap = [ZZ (xi,z — Xi2 exp)z

i=1

19

For unresolved T'G peaks OLLn and LLLLL in the experimental
T'G profiles, we assumed equal fractions of both species.

The results for models A, B and C1 are summarized in
Table 5. According to the average values, the best agreement
with experimental data was again obtained with model C1.
The assumption of equal distribution of oleic and linoleic
acids between the sn-1 and s»n-2 positions in OL is possibly too
strict. For example, a deviation as low as 8py, = 0.021 is
obtained for olive oil when all oleic acid in the compound is at
the sn-1 position and all linoleic acid is at the sn-2 position.
The high average value of dp4 , for model A is caused by a high
deviation for walnut oil. If the result for walnut oil is omitted,
the average deviation dps , would be comparable with that of
model C1.

3.2 Regioisomers of TG

Finally, the models were compared with experimental per-
centages of regioisomers of major T'G in three vegetable oils
and one animal fat, published by Kallio and coworkers [9, 10].
As the sn-1 and sn-3 positions in T'G were not distinguished
experimentally, the mole fractions of regioisomers were cal-
culated from the results of the computation scheme according
to
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Table 3. The results of the calculation for standard (unmodified)
sunflower seed oil [17] using model C: experimental and calculated
FA composition, experimental and calculated composition of TG,
calculated composition of 1,2-DG (X;) and FA at the positions sn-1,
sn-2 and sn-3, adjustable parameter K, and standard deviations of
the calculated compositions from the experimental ones.

FA Xiexp Xi ij Xj
L 0.587 0.607 LL 0.487
(@] 0.278 0.265 LO 0.276
P 0.070 0.077 (0]0] 0.086
S 0.048 0.051 SL 0.041
Sum 0.983 1.000 SO 0.010
PL 0.074

TG Wiew KW PO 0.026
LLL 0.2061 0.2062 Sum 1.000
LLO 0.2594 0.2594
LLP 0088  0.0883 Yirenp Xix
LOO 0.1180 0.1175 L 0.700 £ 0.013 0.625
LLS 0.0644 0.0642 O 0.171 £0.018 0.224
LOP 0.0643 0.0645 P 0.109 £ 0.018 0.100
LPP 0.0077 0.0085 S 0.019 £ 0.018 0.051
000 0.0249 0.0253 Sum 0.999 1.000
LOS 0.0415 0.0427
OOP  0.0160  0.0176 Xz X2
LSP 0.0119 0.0118 L 0.578 £ 0.038 0.741
OPP 0.0049 0.0030 O 0.363 = 0.041 0.259
00S 0.0119 0.0111 P 0.041 = 0.003 0
LSS 0.0069 0.0040 S 0.017 £ 0.001 0
oSpr 0.0066 0.0035 Sum 0.999 1.000
OSS 0.0000 0.0009
Sum  0.933 0.928 Nisex Xia

L 0.513 £ 0.025 0.454
K 0.928 (¢] 0.312 £ 0.023 0.313

P 0.090 = 0.000 0.131
Sra Sra Sears S 0.087 +0.003  0.102
0.001 0.012 0.045 Sum 1.002 1.000
Xregijk = Xijk + Xk for i # k&, Xregijk = Xijk fori=~Fk (20)

Comparing all experimental and calculated regioisomers, the
standard deviation was calculated:

. 05

2
g (Xreg,i - Xexp reg,i)
Treg 7

8reg = (2 1)

The number of regioisomers determined in oil or fat, 7,
ranged from 11 to 16.

The results are summarized in Table 6. In contrast to the
previously examined vegetable oils, the data on palm oil [9]
indicate the presence of saturated acids at the sn-2 position.
Therefore, the use of model C1 for palm oil was not appro-
priate, and model C gave the best results, together with mod-
el B. The difference in the results of individual models is evi-
dent in Fig. 4 where the experimental and calculated compo-
sitions of regioisomers in palm oil are compared.
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To show the potential of the computation scheme to
simulate the composition of animal oils, the TG profiles of
lard [10] were fitted by the models. As palmitic acid in lard
occupies preferably the sn-2 position in T'G, the additional
characteristics in models B and C had to be reversed. In
model B, the resulting FA composition richest in saturated
acids was selected for the sn-2 position. In model C, in com-
binations of saturated and unsaturated FA in sn-1,2-DG, the
saturated FA was always assumed to be at the sn-2 position.
The results obtained with models B and C are satisfactory, but
also model A, which does not require any additional informa-
tion, simulates the regioisomer composition well.

The compositions of vegetable oils from rapeseed and
sunflower seeds [10] were equally well simulated with mod-
el C and its version C1.

4 Application of model C1 to nine vegetable
oils

Holcapek er al. [11] identified and quantified 133 TG con-
taining 22 FA in nine vegetable oils (walnut, hazelnut,
cashew nut, almond, poppy seed, yellow melon, mango, fig
and date seed) using HPLC/MS with a response factor
approach. The FA composition in seven oils was determined
after their methyl esterification using GC/FID, showing that
five common FA (O, L, Ln, B S) represent 97.9-99.3 wt-%
of FA. According to the estimate based on TG composition
of the remaining two oils, the five common FA represent
98.6 wt-% of FA in mango oil, but the set of major FA in
date seed oil is completely different, as discussed later. The
computation scheme including model C1 was applied to
estimate the stereospecific composition of T'G in the oils.
Good agreement between the experimental and calculated
compositions of TG with drg ranging between 0.001 and
0.004 was achieved. The results are shown in Table 7.

To simulate the composition of date seed oil, its FA were
represented by five pseudo-components with FA grouped
according to the number of double bonds and with similar
carbon numbers: The first pseudo-component was a sum of
caprylic, capric and lauric acids; the second one was a sum
of oleic, linoleic and gadoleic acids; the third one was a sum
of arachidic, behenic and lignoceric acids; the fourth one
was a sum of palmitic and stearic acids; and the fifth
pseudo-component was a sum of myristic and margaric
acids. Thus, the second pseudo-component consisted of
unsaturated FA and the rest were saturated FA. The last two
pseudo-components replaced P and S in the computational
scheme, and their combination in 1,2-DG was therefore
forbidden. The calculated composition of 1,2-DG is in
agreement with the expectation that saturated FA are pref-
erably combined with unsaturated acids (mole fractions
Xinrs Xsi» Xppr in the last column of Table 7) while the
probability of mutual combinations of saturated acids is low
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Table 4. Deviations between the calculated and the experimental oil compositions for soybean oils [17]; TG profile: 5rq; FA composition:
Sra; stereospecific FA distribution: 8ga 1-3; FA:n =5 (0O, L, Ln, B, S).

Standard Lsat LLn HP HS Hsat Lsat/LLn  HP/LLn Average
drg Random 0.009 0.013 0.012 0.007 0.012 0.018 0.013 0.009 0.012
Model A 0.009 0.011 0.011 0.006 0.011 0.013 0.013 0.008 0.010
Model B 0.009 0.011 0.011 0.006 0.011 0.012 0.013 0.008 0.010
Model C 0.005 0.004 0.004 0.004 0.009 0.010 0.002 0.003 0.005
Model C1 0.009 0.011 0.012 0.006 0.011 0.013 0.013 0.008 0.010
Opa Random 0.030 0.022 0.035 0.027 0.027 0.032 0.028 0.033 0.029
Model A 0.030 0.022 0.034 0.021 0.024 0.026 0.027 0.026 0.026
Model B 0.031 0.021 0.034 0.021 0.021 0.028 0.027 0.024 0.026
model C 0.016 0.022 0.010 0.022 0.023 0.030 0.018 0.021 0.020
Model C1 0.030 0.022 0.035 0.019 0.024 0.026 0.027 0.022 0.025
Orai-3 Random 0.061 0.054 0.074 0.113 0.111 0.0136 0.084 0.098 0.092
Model A 0.083 0.060 0.072 0.041 0.031 0.060 0.127 0.042 0.065
Model B 0.069 0.048 0.073 0.067 0.063 0.078 0.084 0.062 0.068
0.070 0.066 0.087 0.069 0.063 0.087 0.109 0.067 0.077
Model C 0.052 0.063 0.031 0.101 0.066 0.079 0.058 0.038 0.061
Model C1 0.039 0.044 0.041 0.044 0.038 0.060 0.077 0.039 0.048

$The two results correspond to two possible allocations of the two resulting FA compositions at the sn-1 and sn-3 positions.

Table 5. Deviations between the calculated and the experimental oil compositions for different vegetable oils [14]; TG profile: dg; FA
composition in oil: dga; FA composition at sn-2: 8ga0; FA:n =5 (O, L, Ln, P, S) except for sunflower oils where n = 4 (O, L, P, S) and olive oil
wheren=5 (O, L, B S, Po).

Rice Soybean Walnut' Hazelnut Olive Sunflower Sunflower Average
RHA-274 CAS-3

drg Model A 0.010 0.013 0.012 0.006 0.008 0.007 0.012 0.010
Model B 0.010 0.012 0.009 0.006 0.007 0.007 0.005 0.008
Model C1 0.005 0.007 0.010 0.001 0.004 0.001 0.002 0.004
N Model A 0.008 0.021 0.034 0.021 0.013 0.025 0.021 0.020
Model B 0.008 0.020 0.020 0.022 0.012 0.026 0.020 0.018
Model C1 0.006 0.012 0.029 0.004 0.020 0.021 0.013 0.015
Ora Model A 0.020 0.041 0.198 0.068 0.047 0.018 0.056 0.064
Model B 0.020 0.078 0.090 0.081 0.026 0.019 0.068 0.055
Model C1 0.022 0.058 0.054 0.071 0.062 0.029 0.027 0.046

*The experimental mole percentage of linoleic acid in walnut oil at the s#-2 position was assumed to be equal to 71.0 (its value was misprinted in
Ref. [14], Table 4).
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Figure 4. Experimental [9] and calculated compositions of
regioisomers of palm oil major TG.
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Table 6. Deviations between the calculated and the experimental
oil compositions for palm oil [9] and lard, rapeseed and sunflower
oils [10].

Palmoil Lard® Rapeseed Sunflower Average
drg Random  0.0016 0.0028 0.0015 0.0009 0.0017
Model A 0.0008 0.0011 0.0015 0.0009 0.0011
Model B 0.0004 0.0007 0.0015 0.0008 0.0008
Model C  0.0003 0.0006 0.0001 0.0003 0.0003
Model C1  0.0006  — 0.0002 0.0005 0.0004
0ra  Random 0.027 0.020 0.041 0.016 0.026
Model A 0.032 0.016  0.044 0.020 0.028
Model B 0.025 0.014 0.044 0.025 0.027
ModelC  0.023 0.015 0.015 0.006 0.015
Model C1  0.033 - 0.015 0.007 0.018
d,,-rg Random 0.073 0.061 0.026 0.018 0.044
Model A 0.021 0.010 0.045 0.012 0.022
Model B 0.013 0.008 0.024 0.012 0.014
ModelC  0.014 0.008 0.014 0.013 0.013
Model C1 0.027 - 0.015 0.015 0.019

T Saturated FA were assumed at the sn-2 position in 1,2-DG.
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or equal to zero. The grouping into five pseudo-components
gives the possibility to simulate the sterecospecific composition
of oils containing larger numbers of FA.

The 1,2-DG composition Xj; calculated on the basis of the
TG composition as determined by HPLC could serve as
vegetable oil characteristics. Figure 5 compares the calculated
Xj profiles for different samples of walnut, sunflower seed,
soybean and hazelnut oils. The content of individual FA, x;, in
oils of the same plant species may vary (for example, the wal-
nut oil analyzed by HolCapek er al. [11] contains more lino-
lenic, oleic and palmitic acids and less linoleic acid than the
walnut oil analyzed by Martinez-Force et al. [14]) but the
shapes of their Xj; profiles are similar. This is, however, not
true for genetically modified oils where the differences in FA
composition are too large.

5 Number of FA in the model

The number of FA included in the computational scheme
should correspond to the information contained in the
experimental T'G profile. According to Table 8, the number of
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Figure 5. Comparison of the calculated compositions of 1,2-DG for pairs of samples of vegetable oils (X;

Sunflower seed

\’{\\F\j‘\’\sp '\}\,DOOQ\P 9'50?\5\ & 0

Hazelnut

o i ‘ l_-..'l 0: _ ol o

S E VO P PSP

ij>

mole fraction). Sources of experimental TG profiles: (M) Reske et al. [17], ({J) HolCapek et al. [11], (H) Marti-

nez-Force et al. [14].
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Table 7. Calculated compositions of 1,2-DG, FA in oil, and FA at the sn-3 position for vegetable oils analyzed by HPLC [11].

Walnut Hazelnut Cashew Almond Poppyseed  Yellow melon Mango stone Figseed  Date seed’

Xinln 0.040 0.000 0.000 - 0.000 0.000 0.000 0.162 0.016
X1 0.138 0.003 0.000 - 0.032 0.003 0.000 0.079 0.706
Xin0 0.059 0.004 0.000 - 0.007 0.000 0.000 0.154 0.000
X1 0.298 0.086 0.143 0.149 0.374 0.554 0.014 0.105 0.063
Xio 0.119 0.109 0.098 0.150 0.152 0.263 0.000 0.123 0.000
Xoo 0.070 0.500 0.401 0.413 0.070 0.104 0.202 0.052 0.000
Xsin 0.012 0.000 0.000 - 0.000 0.000 0.007 0.041 0.007
X1, 0.024 0.000 0.050 0.003 0.045 0.020 0.042 0.022 0.048
Xso 0.009 0.059 0.143 0.027 0.008 0.004 0.558 0.000 0.000
Xpin 0.066 0.000 0.002 - 0.012 0.003 0.003 0.160 0.017
Xpr, 0.165 0.028 0.044 0.119 0.268 0.049 0.026 0.087 0.144
Xpo 0.000 0.021 0.119 0.139 0.032 0.000 0.148 0.015 0.000
X n 0.167 0.002 0.001 - 0.017 0.002 0.006 0.397 0.347
X1, 0.533 0.174 0.235 0.269 0.666 0.594 0.056 0.288 0.443
X0 0.185 0.678 0.519 0.612 0.179 0.238 0.422 0.194 0.007
Xp 0.093 0.116 0.128 0.104 0.119 0.123 0.117 0.098 0.120
Xg 0.022 0.030 0.117 0.015 0.019 0.043 0.399 0.023 0.083
An3 0.145 0.000 0.003 - 0.000 0.000 0.008 0.432 0.278
X3 0.556 0.213 0.226 0.236 0.753 0.339 0.074 0.344 0.305
X03 0.231 0.649 0.395 0.695 0.200 0.239 0.155 0.184 0.022
Xp3 0.047 0.108 0.218 0.053 0.043 0.318 0.174 0.033 0.200
Xs3 0.021 0.030 0.158 0.016 0.004 0.104 0.589 0.007 0.195
drac 0.002 0.001 0.004 0.002 0.001 0.002 0.004 0.003 0.003
Ska 0.037 0.049 0.035 0.031 0.033 0.015 - 0.011 -

"The FA Ln, L, O, S, and P are substituted by the following pseudo-components: caprylic + capric + lauric acids for Ln, oleic + linoleic +
gadoleic acids for L, arachidic + behenic + lignoceric acids for O, palmitic + stearic acids for S, and myristic + margaric acids for P.

Table 8. Number of TG (sn position not distinguished) and adjust-
ed parameters in a computational scheme with n FA.

n TG Model A Model B Model C
n(® + 3n + 2)/6 2(n-1) 3(n-1) n(n+3)2-2
3 10 4 6 7
4 20 6 9 12
S 35 8 12 18
6 56 10 15 25
7 84 12 18 33
8 120 14 21 42
9 165 16 24 52
10 220 18 27 63

T'G obtained by combination of 7 FA is always higher than the
number of adjusted model parameters. However, the experi-
mental T'G profile is not as rich in information as the table
indicates, because some T'G species occur at very low con-
centrations and they either are not detectable or cannot be
quantified. Therefore, the number of FA should be reduced,
neglecting those whose concentration in the oil is below a cer-
tain limit, e.g. 1 wt-%.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Another possibility of reduction of the number of FA is
grouping of similar acids. This is described in Section 4 where
13 FA of date seed oil were reduced to five pseudo-compo-
nents. The reduction was probably too severe as the experi-
mental TG profile consisted of 55 concentrations and thus up
to eight to nine FA could be safely included in model C
according to Table 8. The sensitivity of the results to the
number of included FA will be examined in the near future.
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