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ABSTRACT: Conjugated linoleic acid (CLA; 18:2) refers to a
group of positional and geometric isomers derived from linoleic
acid (LA; A9,12-18:2). Using a growing baker’s yeast (Saccha-
romyces cerevisiae) transformed with human elongase gene, we
examined the inhibitory effect of CLA at various concentrations
(10, 25, 50, and 100 uM) on elongation of LA (25 uM) to eicosa-
dienoic acid (EDA; A11,14-20:2). Among four available indi-
vidual CLA isomers, only ¢9,t11- and t10,c12-isomers inhibited
elongation of LA to EDA. The extent of inhibition (ranging from
20 to 60%) was related to the concentration of CLA added to
the medium. In the meantime, only these two isomers, when
added at 50 uM to the media, were elongated to conjugated
EDA (c11,t13- and t12,c14-20:2) by the same recombinant
elongase at the rate of 28 and 24%, respectively. The inhibitory
effect of CLA on LA elongation is possibly due to competition
between CLA isomers and LA for the recombinant elongase.
Thus, results from this study and a previous study suggest that
the biological effect of CLA is exerted through its inhibitory ef-
fect on Ab-desaturation as well as elongation of LA which re-
sults in a decrease in long-chain n-6 fatty acids and conse-
quently the eicosanoid synthesis.
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Conjugated linoleic acid (CLA), a mixture of positional and geo-
metric dienoic isomers derived from linoleic acid (LA, A9,12-
18:2), has many beneficial effects in animals. It can decrease the
development of atherosclerosis in rabbits and hamsters (1,2) and
modulate the immune function in rats (3). CLA can also decrease
breast cancer cell proliferation and inhibit mammary gland, skin,
and stomach tumorigenesis in experimental animals (4-9).

The mechanism by which CLA exerts its biological function
is still not fully understood. CLA may modulate the immune
function through a modification of eicosanoid synthesis (10-12).
Results from our previous study demonstrated that CLA signifi-
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cantly inhibited A6-desaturation (13), the rate-limiting step for
the production of polyunsaturated fatty acid (PUFA) and eicosa-
noids in mammalian cells. In these cells, when A6 desaturation
is suppressed, an alternate metabolic pathway for LA to form
PUFA could also take place (see Scheme 1). Some LA could be
elongated to form eicosadienoic acid (EDA; Al1,14-20:2) (14),
followed by A8-desaturation to form dihomo-Yy-linolenic acid
(DGLA; A8,11,14-20:3) and subsequently to arachidonic acid
(AA, A5,8,11,14-20:4) by the action of AS5-desaturase (15,16).
Since there was a significant decrease of AA in the CLA-fed ani-
mals (11,17), it is reasonable to postulate that CLA can inhibit
not only the A6-desaturation but also the elongation of LA.

The objective of this study was to examine whether CLA
could inhibit the elongation of LA by directly competing with
the enzyme elongase, the first step of the alternate pathway.
This study was performed in a simple system of an estab-
lished transformed yeast containing the human PUFA-specific
elongase gene without the presence of other enzymes in the
metabolic pathway of PUFA synthesis.

MATERIALS AND METHODS

Chemicals. Triheptadecanoin (a synthetic triacylglycerol con-
taining three molecules of heptadecanoic acid, 17:0) LA,
EDA, and a mixture of CLA isomers (free fatty acid form,
containing 41% of ¢9,¢11-isomer, 44% of t10,c12-isomer, and
others) were purchased from Nu-Chek-Prep, Inc. (Elysian,
MN). Four individual isomers of CLA (¢9,t11; 19,¢11; ¢9,c11;
and 110,c12) and a mixture of conjugated eicosadienoic acid
(CEDA) isomers (free fatty acid form, containing 53% of
c11,t13 isomer, 29% of c11,c13 isomer, and others) were ob-
tained from Matreya Inc. (Pleasant Gap, PA). Yeast minimal
medium (YMM) was prepared by mixing 26.7 g Dropout base
(DOB) medium and 0.69 g complete supplement mixture
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minus leucine (CSM-LEU). Both DOB medium and CSM-
LEU were from Bio 101, Inc. (Vista, CA). YPD medium con-
taining yeast extract, peptone, and dextrose was from Difco
Laboratories (Detroit, MI). Hexane was ultraviolet grade and
other solvents were distilled-in-glass quality.

Plasmids and yeast strain. The pY X242 expression vector
was chosen for the construction of the clone pRAE-58. This ex-
pression vector has a strong, constitutive triose phosphate isom-
erase promoter, leucine selection marker, and ampicillin resis-
tance marker. The pY X242 is a 2|1 plasmid, which allows it to
replicate autonomously in yeast and be stably maintained at
25-100 copies per cell. In this study, two plasmids, pY X242
(vector only) and pRAE-58 (with human elongase cDNA), were
constructed and transformed into a host strain of Saccharomyces
cerevisiae, SC334 (18). The transformation protocol and growth
conditions followed the procedures described previously (18).

Incubation conditions and experimental design. Colonies of
the transformed yeasts were grown overnight in YPD medium
at 30°C. Cultures (1 x 108 cells) were then inoculated into 50
mL YMM. Cell numbers were maintained at the same level in
all studies. The cultures were grown at 30°C for 48 h. The cul-
ture temperature (30°C) has previously been shown to be opti-
mal for expression of the elongase activity (18). Cells were har-
vested by centrifugation, and cell pellets were washed once with
sterile distilled-deionized H,O. The yeast transformed with only
vector (pYX242) was used as the negative control.

To confirm whether the activity of elongase (conversion of
LA to EDA) was expressed in the transformed yeast, LA (100
uM) was provided as the exogenous substrate in the YMM.
To study if CLA could affect the conversion rate of LA to
EDA, CLA (as a mixture of four isomers or individual iso-
mers) was supplemented to the medium at different levels
(10, 25, 50, and 100 uM) while LA was maintained at 25 M.
To examine whether CLA could be elongated to CEDA, 100
UM of four individual isomers were added to the medium
separately. To determine the uptake of substrates (i.e., LA and
CLA isomers) and conversion rates of LA to EDA and CLA
to CEDA by elongase, LA and two CLA isomers (9,711 and
t10,c12) were supplemented at 50 M.

Lipid extraction and fatty acid analysis. The extraction of
yeast lipids was performed according to the procedure de-
scribed previously (13). Briefly, the rinsed cell pellet was ex-
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tracted with 20 mL of chloroform/methanol (2:1, vol/vol)
containing 16 pg triheptadecanoin (used as the internal stan-
dard). After extraction, the yeast lipids were saponified and
methylated as described by Yamasaki et al. (19). Fatty acid
methyl esters were then analyzed by gas chromatography
(GC) using a flame-ionization detector and a fused-silica cap-
illary column (Omegawax; 30 m x 0.32 mm, i.d., Supelco,
Bellefonte, PA). The identity of CEDA was confirmed by
GC-mass spectrometry (MS), using a Hewlett-Packard mass
selective detector (model 5972) operating at an ionization
voltage of 70 eV with a scan range of 20-500 Da. The mass
spectrum of any new peak obtained was compared with that
of standard in the database NBS75K.L (National Bureau of
Standards). In this study, the conversion of substrates to prod-
ucts was determined based on the ratio of [product]/[product
+ substrate] X 100%. The amount of LA and CLA isomers
taken up by the yeast was calculated from the percentage of
LA or CLA isomers in total yeast lipids.

Statistical analyses. Data were analyzed by analysis of
variance and Fisher’s protected least significant difference to
determine differences between means of the uptake rates and
between means of the conversion rates. Means differences
were considered significant at the P < 0.05 level.

RESULTS

When the recombinant human elongase, expressed in yeast
strain 334(pRAE-58), was incubated with 100 uM linoleic acid
(LA) for 48 h, a substantial portion (13%) of LA was elongated
to form EDA (Fig. 1B). There were also increases in the levels
(relative concentration as well as absolute amount) of A11-18:1,
the elongation product of palmitoleic acid (A9-16:1), and
A13-20:1, the elongation product of A11-18:1. No increases in
these elongation products (A11-18:1, A13-20:1, and EDA) were
observed in the control 334(pYX242) yeast (Fig. 1A).

To examine the effect of CLA on elongation of LA to EDA
in the transformed yeast, various concentrations of CLA mix-
ture (10, 25, 50, or 100 uM) were added to the growth
medium containing 25 UM of LA. Results in Figure 2A show
that addition of the CLA mixture inhibited the conversion of
LA to EDA in the transformed yeast. Elongation of LA to
EDA was inhibited by 50% when equal concentrations of
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FIG. 1. Gas chromatographic analysis of fatty acid methyl esters (FAME) from the total lipids of the transformed yeast with (A) only the vector
[334(pYX242)] or (B) the elongase gene [334(pRAE-58)]. All yeast cells were incubated in the medium containing 100 uM linoleic acid (LA). Arrows in-
dicate the appearance of A13-20:1, the elongation product of A11-18:1, and eicosadienoic acid (A11,14-20:2, EDA), the elongation product of LA.
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FIG. 2. Effect of different concentrations of conjugated linoleic acid (CLA) isomers in mixture (A) or individually (B) on elongation of LA to EDA in
yeast transformed with human elongase gene. LA was maintained at 25 pM in the medium. Conversion of LA to EDA was calculated as [product/
(product + substrate)] x 100%. Yeasts incubated with medium containing only 25 uM LA were designed as the control (100%). Each value point
represents the mean of three incubations. At same substrate concentration, values with different letters (a,b,c) or superscripts (*,**,***) indicate a
significant difference (P < 0.05) in the decrease in elongation of LA to EDA. ¢9,t11-CLA isomer (¢); t10,c12-CLA isomer (O); ¢9,c11-CLA isomer

(A); and 19,t11-CLA isomer (@).

CLA (25 uM) and LA (25 uM) were added to the medium. No
additional inhibitory effect was observed when the concentra-
tion of CLA was greater than 25 uM.

The effect of individual CLA isomer on the elongation of LA
to EDA was also examined. Figure 2B depicts that only ¢9,711-
and 110,c12-CLA isomers inhibited the conversion of LA to
EDA, whereas the other two isomers (¢9,c11- and 19,11-CLA)
exerted no such effect.
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To examine whether CLA itself could be elongated by the
same recombinant elongase, the transformed 334(pRAE-58) yeast
were incubated with four individual CLA isomers separately for
48 h. Results in Figure 3 show that only two isomers, ¢9,¢11- and
t10,c12-CLA, could be elongated to form c11,/13-20:2 and
112,c14-20:2, respectively (Figs. 3A, 3B). No detectable elonga-
tion metabolites were observed in the 334(pRAE-58) yeasts incu-
bated with either ¢9,c11- or 19,t11-CLA isomers (Figs. 3C, 3D).
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FIG. 3. Gas chromatographic analysis of FAME from the total lipids of yeasts transformed with only the vector (Con-
trol) or the elongase gene. Yeast cells were incubated in their respective meda containing ¢9,t11-CLA (A); t10,c12-
CLA (B); ¢9,c11-CLA (C); and 19,t11-CLA (D). Arrows indicate the appearance A13-20:1 and conjugated eicosa-
dienoic acid (CEDA) isomer. For other abbreviations see Figures 1 and 2.
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The identity of c11,r13-20:2, the elongation product of the
¢9,t11-18:2, was confirmed by its retention time (25 min) in
GC; and the mass peak (m/z = 322) and fragmentation pattern
in the GC-MS spectrum were identical to the authentic
c11,113-CEDA standard (data not shown). The elongation
product of #10,c12-CLA also had the same mass peak (m/z =
322) and a similar fragmentation pattern, but it was different
in intensity from c11,#13-CEDA (data not shown). Although
no authentic standard was available for comparison, evidence
from later in this report suggests that the peak was 712,c14-
CEDA.

The uptake of the individual CLA isomers (100 uM) and
the elongation of individual CLA isomer were also examined.
Figure 4 illustrates that ¢9,711- and #10,c12-CLA were the two
active isomers. Approximately 25% of these isomers were
taken up by the transformed yeast, and significant amounts of
these isomers were elongated to their respective CEDA. In
contrast, approximately 40% of ¢9,c11- and 70% of 19,¢11-
isomers were taken up, but no detectable amounts of elonga-
tion products were observed.

To examine the substrate specificity of the recombinant elon-
gase, equal amounts (50 uM) of LA and the two active forms of
isomers (c9,t11- and 710,c12-CLA) were added separately into
the medium, and the percentage of elongation of each substrate
was determined. Results in Figure 5 show that the amounts of
LA and CLA taken up by the yeast were similar. Approximately
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FIG. 4. Uptake of CLA (A) and conversion of CLA to CEDA (B) in yeasts
transformed with human elongase gene. The yeast cells were cultured in
100 uM of four individual CLA isomers, respectively. The conversion of
substrates to products was defined as the same as the legend of Figure 2.
The uptake of CLA isomers was calculated based on the sum of CLA and
CEDA isomers (% total lipids) in yeast lipids. All results are mean + SE of
three incubations. Values with different symbols or letters significantly dif-
fer from each other at P < 0.05. For abbreviations see Figures 2 and 3.
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FIG. 5. Comparison of uptake of LA and CLA isomers (A) and conver-
sion of LA to EDA and CLA to CEDA (B) in yeasts transformed with
human elongase gene. The concentration of LA or CLA in the medium
was 50 uM. All results are mean + SE of three incubations. Values with
different symbols or letters indicate a significant difference (P < 0.05).
For abbreviations see Figures 1-3.

12% of LA was elongated to EDA, but more than 25% of the
two active isomers were elongated to CEDA.

DISCUSSION

Using a yeast transformed with human PUFA-specific elongase
gene, we demonstrated that CLA significantly inhibited the al-
ternate pathway of LA metabolism, i.e., elongation of LA to
EDA (Fig. 2A). We also demonstrated that only ¢9,t11- and
t10,c12-CLA isomers, among the four available isomers, could
inhibit LA elongation and then themselves be elongated (Figs.
3A, 3B). There were no elongation metabolites found from the
other two isomers (c9,c11 and 19,¢11) (Figs. 3C, 3D), despite
these two CLA isomers being taken up more readily and incor-
porated into the 334(pRAE-58) yeast than the two active CLA
isomers. Thus, the inability to elongate these two CLA isomers
was due to the substrate specificity of the recombinant elongase.
It is possible that the recombinant elongase recognize only cis-,
trans- or trans-,cis- configuration, but not cis-,cis- or trans-,
trans- configuration of CLA. These findings suggest that the in-
hibitory effect of CLA on LA elongation was a result of compe-
tition between the two ¢9,¢11- and #10,c¢12-CLA isomers and LA
as substrate for the recombinant elongase in the transformed
yeasts. Interestingly, these two isomers have been previously
identified as the most biologically active CLA isomers (9,13,
20,21).

CLA plays an important role in modulating immune func-
tions (10). The decrease of eicosanoid synthesis is attributed to
the competitive role of CLA in n-6 PUFA metabolism (10-12).
Another hypothesis suggests that incorporation of CLA into the
cell membrane might change membrane fluidity which, in turn,
influences the mobility of receptors and membrane proteins and
affects signal transduction, antigen recognition, receptor-ligand
interactions, and cell cycle induction (22). Unfortunately, no
direct evidence to support this interesting hypothesis is yet
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available. On the other hand, results from the present study and
from our previous study (13), demonstrate that the two active
forms of CLA (¢9,t11- and 710,c12-) can inhibit the two meta-
bolic pathways of LA (A6-desaturation and elongation) and
hence decrease PUFA (e.g., AA) synthesis. This in turn could
decrease the amount of AA entering the cyclooxygenase/lipoxy-
genase pathways for eicosanoid synthesis in mammalian cells.

In conclusion, we demonstrated in this study that CLA can
inhibit the elongation of LA to EDA, and thus repress the alter-
nate metabolic pathway of LA. The inhibition is likely due to
the competition between LA and two active CLA isomers
(9,¢11- and #10,c12-) for the enzyme elongase. Only ¢9,t11- and
110,c12-CLA isomers could be metabolized by the transformed
yeast with recombinant elongase, and only these two isomers
exerted the suppressive effect on conversion of LA to EDA. To-
gether with a previous study, we suggest that the ¢9,711- and
t10,c12-isomers are the two active forms of CLA, and their abil-
ity to modulate LA metabolism may be responsible at least in
part for their biological effects.

REFERENCES

1. Lee, K.N., Kritchevsky, D., and Pariza, M.W. (1994) Conjugated
Linoleic Acid and Atherosclerosis in Rabbits, Atherosclerosis 108,
19-25.

2. Nicolosi, R.J., Rogers, E.J., Kritchevsky, D., Scimeca, J.A., and
Huth, P.J. (1997) Dietary Conjugated Linoleic Acid Reduces
Plasma Lipoproteins and Early Aortic Atherosclerosis in Hyper-
cholesterolemic Hamsters, Artery 22, 266-277.

3. Sugano, M., Tsujita, A., Yamasaki, M., Noguchi, M., and Yamada,
K. (1998) Conjugated Linoleic Acid Modulates Tissue Levels of
Chemical Mediators and Immunoglobulins in Rats, Lipids 33,
521-527.

4. Cantwell, H., Devery, R., O’Shea, M., and Stanton, C. (1999) The
Effect of Conjugated Linoleic Acid on the Antioxidant Enzyme
Defense System in Rat Hepatocytes, Lipids 34, 833-839.

5. Cunningham, D.C., Harrison, L.Y., and Shultz, T.D. (1997) Prolif-
erative Responses of Normal Human Mammary and MCF-7 Breast
Cancer Cells to Linoleic Acid, Conjugated Linoleic Acid and
Eicosanoid Synthesis Inhibitors in Culture, Anticancer Res. 17,
197-203.

6. Ip, C., Chin, S.F., Scimeca, J.A., and Pariza, M.W. (1991) Mam-
mary Cancer Prevention by Conjugated Dienoic Derivative of
Linoleic Acid, Cancer Res. 51, 6118-6124.

7. Ip, C., Scimeca, J.A., and Thompson, H. (1995) Effect of Timing
and Duration of Dietary Conjugated Linoleic Acid on Mammary
Cancer Prevention, Nutr. Cancer 24, 241-247.

8. Belury, M.A., Nickel, K.P., Bird, C.E., and Wu, Y. (1996) Dietary
Conjugated Linoleic Acid Modulation of Phorbol Ester Skin
Tumor Promotion, Nutr. Cancer 26, 149—-157.

9. Ha, Y.L., Storkson, J., and Pariza, M.W. (1990) Inhibition of
Benzo(a)pyrene-Induced Mouse Forestomach Neoplasia by Con-
jugated Dienoic Derivatives of Linoleic Acid, Cancer Res. 50,
1097-1101.

1103

10. Sugano, M., Tsujita, A., Yamasaki, M., Yamada, K., Ikeda, L., and
Kritchevsky, D. (1997) Lymphatic Recovery, Tissue Distribution,
and Metabolic Effects of Conjugate Linoleic Acid in Rats, J. Nutr.
Biochem. 8, 38—43.

11. Liu, K.L. and Belury, M.A. (1998) Conjugated Linoleic Acid Re-
duces Arachidonic Acid Content and PGE2 Synthesis in Murine
Keratinocytes, Cancer Lett. 127, 15-22.

12. Banni, S., Day, B.W., Evans, R.W., Corongiu, F.P., and Lombardi,
B. (1995) Detection of Conjugated Diene Isomers of Linoleic Acid
in Liver Lipids of Rats Fed a Choline-Devoid Diet Indicates That
the Diet Does Not Cause Lipoperoxidation, J. Nutr. Biochem. 6,
281-289.

13. Chuang, L.-T., Thurmond, J.M., Liu, J.-W., Kirchner, S.J., Muk-
erji, P., Bray, T.M., and Huang, Y .-S. (2001) Effect of Conjugated
Linoleic Acid (CLA) on Fungal A6-Desaturase Activity in a Trans-
formed Yeast System, Lipids 36, 139-143.

14. Kelder, B., Mukerji, P., Kirchner, S., Hovanec, G., Leonard, A.E.,
Chuang, L.-T., Kopchick, J.J., and Huang, Y.-S. (2001) De novo
Synthesis of an Essential Fatty Acid in Cultured Mammalian Cells
and Transgenic Animals, Mol. Cell. Biochem. 219, 7-11.

15. Albert, D.H., Rhamy, R.K., and Coniglio, J.G. (1979) Desaturation
of Eicosa-11,14-dienoic Acid in Human Testes, Lipids 14, 498—
500.

16. Leonard, A.E., Kelder, B., Bobik, E.G., Chuang, L.-T., Parker-
Barnes, J.M., Thurmond, J.M., Kroeger, P.E., Kopchick, J.J.,
Huang, Y.-S., and Mukerji, P. (2000) cDNA Cloning and Char-
acterization of Human Delta 5-desaturase Involved in the
Biosynthesis of Arachidonic Acid, Biochem. J. 347, 719-724.

17. Banni, S., Angioni, E., Casu, V., Melis, M.P., Carta, G., Coron-
giu, F.P., Thompson, H., and Ip, C. (1999) Decrease in Linoleic
Acid Metabolites as a Potential Mechanism in Cancer Risk Re-
duction by Conjugated Linoleic Acid, Carcinogenesis 20,
1019-1024.

18. Leonard, A.E., Bobik, E.G., Dorado, J., Kroeger, P.E., Chuang,
L.-T., Thurmond, J.M., Parker-Barnes, J.M., Das, T., Huang,
Y .-S., and Mukerji, P. (2000) Cloning of a Human cDNA En-
coding a Novel Enzyme Involved in the Elongation of Long-
Chain Polyunsaturated Fatty Acids, Biochem. J. 350, 765-770.

19. Yamasaki, M., Kishihara, K., Ikeda, 1., Sugano, M., and Yamada,
K. (1999) A Recommended Esterification Method for Gas Chro-
matographic Measurement of Conjugated Linoleic Acid, J. Am. Oil
Chem. Soc. 76, 933-938.

20. Yotsumoto, H., Hara, E., Naka, S., Adlof, R.O., Emken, E.A., and
Yanagita, T. (1999) 10trans, 12cis-Linoleic Acid Reduces
Apolipoprotein B Secretion in HepG2 Cells, Food Res. Int. 31,
403-409.

21. Park, Y., Storkson, J.M., Albright, K.J., Liu, W., and Pariza, M.W.
(1999) Evidence That the trans-10,cis-12 Isomer of Conjugated
Linoleic Acid Induces Body Composition Changes in Mice, Lipids
34,235-241.

22. Wong, M.W., Chew, B.P., Wong, T.S., Hosick, H.L., Boylston,
T.D., and Shultz, T.D. (1997) Effects of Dietary Conjugated
Linoleic Acid on Lymphocyte Function and Growth of Mam-
mary Tumors in Mice, Anticancer Res. 17, 987-993.

[Received April 25, 2001, and in revised form and accepted July 16,
2001]

Lipids, Vol. 36, no. 10 (2001)



