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The cytosolic fractions from rat liver, brain, kidney, spleen and testis demonstrate the
capacity to synthesize two products from [3H]isopentenyl diphosphate, i.e., farnesyl
diphosphate and geranylgeranyl diphosphate. The highest rate of geranylgeranyl diphosphate
synthesis was found in brain, testis and spleen, accounting for up to 30% of the total
incorporation of radioactivity under optimal conditions. In all tissues examined the
ge:anylgeranyl diphosphate formed was identified as the trans,trans,trans-isomer. The ratio
of geranylgeranyl diphosphate to farnesyl diphosphate produced was specific for the tissue
investigated and could be altered by the addition of divalent cations. The results in this study
demonstrate the presence of a specific trans,trans,trans-geranylgeranyl diphosphate
synthetase showing high affinity for farnesyl diphosphate. o 1992 academic press, Inc.

The synthesis of farnesyl diphosphate (FPP) from IPP involves two enzymes, i.e., [PP
isomerase [E. C. 5.3.3.2] and FPP synthetase [E.C. 2.5.1.1]. FPP synthetase plays a central
role in the mevalonate pathway, since it is the last enzyme in the common, initial portion of
this biosynthetic sequence. This enzyme catalyzes sequential additions of IPP units to
DMAPP and/or ~-GPP to produce z,2-FPP (1). FPP serves as the common substrate for the first
committed enzymes in the biosynthesis of cholesterol, dolichol and the side-chain of
ubiquinone (2-4). FPP synthetase has been purified from a number of sources, both
prokaryotic and eukaryotic, and extensively studied (1,5). Recently, the gene for this protein
has been identified and cloned from yeast, rat and human (6-8).

Abbreviations;

IPP; isopentenyl diphosphate, DMAPP; dimethylallyl diphosphate, GPP; geranyl
diphosphate, FPP; famesyl diphosphate, GGPP; geranylgeranyl diphosphate, #; trans-, ¢; cis-,
TLGC; thin-layer chromatography, HPLC; high performance liquid chromatography
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Not only is FPP converted to cholesterol, dolichol and ubiquinone, but this compound
is also involved in protein modification. The attachment of polyisoprenoid moieties to
proteins is well established (9-14) and protein-farnesyl transferases have been observed in the
cytosolic fractions of several tissues (15-17). A protein-farnesyl transferase from rat brain
cytosol has recently been purified and characterized (18). Cytosolic protein-geranylgeranyl
transferases have also been described (19,20).

In contrast to the situation in plants, yeast and in several prokaryotes, the biosynthesis
of GGPP has been investigated to only a limited extent in mammalian systems. The
biosynthesis of z,z,c-GGPP has been described in rat liver microsomes as an intermediate step
in dolichol biosynthesis (21). Furthermore, it has been reported that the cytosolic fraction
from pig liver can synthesize t,1,;-GGPP from FPP and IPP (22), although the enzyme activity
was low and incubation times of up to 12 hours were necessary in order to detect any product.
It has also been shown that the FPP synthetase purified from liver has the capacity to
condensate an additional molecule of IPP with FPP, although at a low rate (1). Recently, it
has been reported that rat brain cytosol has the capacity to convert {3H]mevalonic acid into a
geranylgeranyl moiety bound to an acceptor peptide, indicating the presence of a z,1,--GGPP
synthetase, as well as of a protein-geranylgeranyl transferase, in this fraction (23).

In the present study we have analyzed the synthesis of ¢,+-FPP and ¢,¢,--GGPP in the

cytosolic fractions from different rat tissues.

Materials and Methods

Chemicals- [3H]IPP and the unlabeled phosphorylated isoprenoids were prepared as
described earlier (24). The polyisoprenoid alcohols used as standards were kindly provided by
Dr T. Takegawa, Kururay Co., Okayama, Japan. All other chemicals used were of reagent
grade.

Subfractionation of tissues- Non-starved male Sprague-Dawley rats (150-180 g) were used.
Tissue homogenates (20% w/v) were prepared in 0.25 M sucrose containing 2.5 mM
immidazole-Cl, pH 6.5, and 0.1 mM dithiothreitol, using a Turrax blender. The homogenates
were centrifuged for 10 minutes at 350 g in order to remove unbroken cells. The resulting
supernatant was centrifuged at 105 000 g for 60 minutes. The middle layer of this supernatant
was recentrifuged in the same manner and the resultant particulate-free cytosol was used as
enzyme source.

Incubations- Prenyltransferase activities were measured in 300 pl incubation mixtures
containing 25 mM immidazole-Cl, pH 6.5, 1 mM MgCl,, 10 mM KF, 0.1 mM dithiothreitol
and 26 uM [3H]IPP (1.8 x 105 dpm/nmol). When indicated, the reaction mixtures were
supplemented with 50 uM ¢-GPP. The reactions were started by the addition of 5-400 ug
freshly prepared cytosolic protein and were allowed to continue for 15 minutes at 37°C. The
reaction was stopped by the addition of 2.0 ml »n-butanol saturated with water and the lipids
extracted by extensive vortexing. After the addition of 1.0 ml 2 M KCl, the samples were
centrifuged in order to separate the organic and aqueous phases. The organic phases were
removed and the aqueous phases reextracted in the same manner. The pooled organic phases
were dried under Nj, the residues redissolved in 200 pl B-octyl-s-glycopyranoside (5 % w/v)
and the radioactivity determined by scintillation counting. For further analyses, the reaction
products were enzymatically dephosphorylated by the method of Wong and Lennarz (25).
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HPLC analyses-The dephosphorylated products were analyzed by reversed phase HPLC
using a C-18 column (Hewlet Packard Hypersil ODS 3um). A linear gradient from 70 % (v/v)
to 90 % methanol in water was run for 20 minutes at a flow rate of 1.5 ml/min. The
absorption of the eluate was monitored at 210 nm and radioactivity was detected using a
radioactivity flow detector (Radiomatic Instruments, Tampa, FL.).

TLC analyses- The labeled reaction products were also analyzed using silica plates (Merck).
The phosphorylated derivatives were developed using diisobutylketone:acetic acid:water
(8:5:1, solvent system A), while the dephosphorylated products were developed using
benzene:ethyl acetate (4:1, solvent system B) as the mobile phase. For autoradiography, the
plates were sprayed with En3Hance spray (NEN Research Products, Boston) and exposed to
x-Omat AR Film (Eastman, Kodak, Rochester) at -80°C for approx. 48 hours.

Protein was determined using the Lowry procedure (26).

Results

Prenyltransferase activities- The incorporation of {PHJIPP into butanol-extractable products
by cytosolic fractions from various rat tissues was investigated (Table 1). The activities in the
various tissues differed substantially. Using [PHJIPP, in the absence of any allylic substrate,
the highest incorporation was observed with liver cytosol, followed by testis, brain, spleen
and kidney, in that order. The specific activity in liver was as much as 12-fold higher than
that of kidney. The total incorporation with all cytosolic fractions was stimulated more than
5-fold by the addition of +~GPP to the reaction mixture.

Product identification-The butanol extracts were evaporated and analyzed by silica TLC
using solvent system A (Figure 1). The radioactivity comigrated with short-chain isoprenoid
diphosphate standards (Ry=0.12). No radioactivity was associated with isoprenoid
monophosphates or free alcohols. In order to further characterize the nature of the reaction
products, these were dephosphorylated enzymatically and analyzed using a reversed-phase
HPLC system equipped with a radioactivity flow detector. In this system two individual

Table 1. Prenyltransferase activities in the cytosolic fractions from
various rat tissues in the absence and presence of t-GPP

Total incorporation* with

Tissue [BH]IIPP {3H]IPP+ -GPP
Liver 2500 17600
Brain 361 2570
Kidney 206 990
Spleen 288 1350
Testis 760 3660

The total incorporation of [3H]IPP into butanol-extractable products by
the different cytosolic fractions in the absence and presence of ~GPP was
analyzed .

*dpm/ug protein/15 min.
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Fig. 1. TLC analysis of the reaction products formed from [ SHjIPP by cytosolic fractions.
The cytosolic fraction isolated from rat brain was incubated with [3H]IPP and the reaction
products extracted into n-butanol and analyzed on silica TLC in solvent system A, as
described under Materials and Methods. The plate was placed onto x-ray film and exposed for
48 hours at -80°C. The arrows indicate the migration of PP: farnesyl diphosphate, P: famesyl
monophosphate and OH: farnesol standards.

products could be separated (Figure 2). The first peak (Rt=7.3 min) coeluted with farnesol,
while the second peak (Rt=15.3 min) coeluted with geranylgeraniol, added as internal
standards. These two products were produced by all cytosolic fractions investigated.

The dephosphorylated products were also analyzed by silica TLC using solvent
system B. The resulting autoradiogram revealed two individual products (Figure 3). The
major product (Rg=0.47) was identified as z,-farnesol, and the minor product (Re=0.56)
comigrated with ¢,¢,7-geranylgeraniol. No radioactivity was associated with z,,c-
geranylgeraniol.

Product distribution- The biosynthesis of z,--FPP and ¢,7,:-GGPP from [3H]IPP by the
different cytosolic fractions was investigated (Table 2). The highest rate of synthesis of z,z-
FPP was observed with the cytosolic fractions prepared from liver and testis followed by
brain, spleen and kidney.

The highest incorporation into t,t,.-GGPP was observed with the cytosolic fractions
prepared from testis, brain and spleen. In these tissues the incorporation into t,t,:-GGPP
corresponded to 12, 24 and 28%, respectively, of the total products. In kidney the rate of -
FPP synthesis was low, although as much as 22% of the radioactivity was associated with
1,1,t-GGPP. The rate of 1,2,t-GGPP synthesis by the liver cytosolic fraction was similar, but
somewhat lower than in brain, spleen and testis. Since the synthesis of FPP was much higher
in liver than in the other tissues, the radioactivity associated with ¢,z,t-GGPP was only 2% of
the total.
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Fig. 2. Separation of the reaction products formed from {SHJIPP by cytosolic fractions using
HPLC.

Cytosolic fractions from (A) liver and(B) brain were incubated with [3H]IPP and the reaction
products were extracted, dephosphorylated and analyzed using a reversed phase HPLC
system equipped with a radioactivity flow detector.The arrows indicate the elution of G:
geraniol, F: farnesol and GG: geranylgeraniol standards.

When -GPP was included in the reaction medium, the overall synthesis of ¢,,--GGPP
by the different cytosolic fractions was unaffected, although the synthesis of FPP was
increased 5- to 9-fold (not shown).

Effects of divalent cations- In order to optimize the synthesis of 7,z,--GGPP, the brain
cytosolic fraction was incubated with [3H]IPP in the presence of different divalent cations
(Table 3). As expected, the total incorporation was low in the absence of any divalent cations.
However, under these conditions over 50 % of the total incorporation was associated with
£,1,--GGPP. With Mn2+* at a concentration of 0.1 mM, the total incorporation was stimulated
4-fold, even though incorporation into #,;,;-GGPP was unchanged. In the presence of 1.0 mM
Mg2+ the total activity was stimulated 9-fold, while the incorporation into #,t,--GGPP was
only stimulated 3-fold. Higher concentrations of Mg2+ did not increase the incorporation of
radioactivity. The addition of Zn2+ decreased the total incorporation, although more than 70%
of the products was identified as ¢,z,--GGPP under these conditions. Interestingly, when low
concentrations of Mn2+ were present in the reaction medium together with 1.0 mM Mg2+,
the total biosynthetic activity was significantly suppressed.

Discussion

The cytosolic fractions from all tissues investigated had the capacity to synthesize
both #,-FPP and ¢,¢,;--GGPP. The highest rate of synthesis of FPP was observed with the
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Fig. 3. Determination of the trans/cis configuration of the short-chain isoprenoid reaction

products.

The cytosolic fraction from rat brain was incubated with [3H]IPP and the reaction products
were extracted, dephosphorylated and analyzed on silica TL.C using solvent system B and the
radioactivity was subsequently detected by autoradiography as described under Materials and
Methods. The arrows indicate the migration of tt: trans,trans-farnesol, ttt: trans,trans,trans-
geranylgeraniol and ttc: trans,trans,cis-geranylgeraniol standards.

cytosolic fraction from liver. This clearly reflects the high rates of cholesterol, ubiquinone

and dolichol synthesis in this tissue. However, the highest rate of ¢,¢,i-GGPP synthesis was

associated with the cytosolic fractions from the brain, spleen and testis. The high rate of #,z,¢-

GGPP synthesis in these latter tissues might reflect a high demand for protein-prenylation. In

fact, several investigations have shown that covalent attachment of a geranylgeranyl moiety

Table 2. 1,t-FPP and t,1,:-GGPP biosynthesis in the cytosolic fractions

from different rat tissues

Product formation*

Tissue t,t-FPP t,t,t--GGPP % GGPP
Liver 2450 53.5 2.1
Brain 276 86.3 24.1
Kidney 159 46.4 222
Spleen 207 80.9 27.8
Testis 673 89.0 11.7

Cytosols isolated from different rat tissues were incubated with [3H]IPP
and the reaction products were extracted, dephosphorylated and
identified using an HPLC system equipped with a radioactivity flow
detector, as described under Materials and Methods.

*dpm/ug protein/15 min.
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Table 3. The effect of divalent cations on t,t-FPP and t,t,t-GGPP
synthesis by the rat brain cytosolic fraction

Ton added? Product formation?
Concentration (mM) t,t-FPP 1,t,--GGPP
None 17 25
Mn2+
0.1 127 28
1.0 63 23
Zn2+
0.1 0.6 8.4
0.3 3.6 12
1.0 0.9 12
Mg2+
0.1 48 18
0.3 179 49
1.0 279 87
3.0 255 67
1.0 mM Mg2+
and 0.1 mM Mn2+ 32 36
and 0.1 mM Zn2+ 106 45

The cytosolic fraction isolated from brain was incubated with [SH]IPP in
the presence of various divalent cations and the reaction products were
extracted, dephosphorylated and identified using an HPLC system
equipped with a radioactivity flow detector, as described under Materials
and Methods.

a a5 the chloride salt.
b dpm/uig protein/15 min.

to proteins is a very active process in the brain (20,23,27). Furthermore, when the
prenylcystein  compositions of mouse tissues were investigated, brain tissue was found to
contain approximately 4 times more prenylcystein than liver and the dominant protein-bound
isoprenoid was identified as #,z,z-geranylgeraniol (28).

The rate of hepatic biosynthesis of t,2,;-GGPP was low compared to that of FPP
synthesis. One explanation for this finding could be that r,7,;~-GGPP synthetase is saturated
with FPP even at low concentrations. Another possibility is the presence of a larger
endogenous pool of FPP in this cytosolic fraction. In this case newly synthesized [PH]FPP
would be diluted to a larger extent than in the other tissues, giving rise to a lower apparent
specific radioactivity. In order to resolve this question in the future, the synthesis of £,2,z-
GGPP must be investigated using an excess of FPP as substrate.

In testis, kidney, brain and spleen 11, 22, 24 and 28 %, respectively, of the total
incorporation of radioactivity from [3H]IPP was recovered as t,¢,--GGPP, which demonstrates
the presence of a specialized ,¢,-~GGPP synthetase in the cytosolic fractions of these tissues.
Previously, it was found that purified FPP synthetase from pig liver catalyzes the additional
condensation of FPP with IPP at a low rate (1). Therefore, it is unlikely that the synthesis of
t,t,;-GGPP in these tissues is explained by this enzyme activity. With respect to liver,
however, we cannot rule out the possibility that z,z,--GGPP synthesis is catalyzed to some
extent by FPP synthetase.
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It is noteworthy that when ~-GPP was included in the reaction mixture, giving rise to a
more than 5-fold increase in the rate of FPP synthesis, the rate of #,¢,i-GGPP synthesis was
unchanged for all organs. Moreover, when the incorporation of IPP was low, i.e., in the
absence of divalent cations or in the presence of both MgZ* and Mn?2+, the ratio of z,z,;-GGPP
to FPP produced was shifted in favor of 1,1,z-GGPP synthesis. These observations also imply
that z,£,;-GGPP synthetase has a high affinity for FPP and is saturated even under conditions
which result in a low rate of FPP synthesis.

In the present investigation we have thus demonstrated that #,¢,--GGPP can be formed
by all the cytosolic fractions investigated and that this compound is a major product in the
cytosolic portion of the mevalonate pathway of rat brain, spleen, kidney and testis.

Acknowledgments

This work was supported by the Swedish Cancer Society and the Swedish Medical Research
Council. During part of this study T. Chojnacki was visiting professor in Stockholm,
supported by the Swedish Medical Research Council.

References

1. Poulter, D. C., and Rilling, H. C. in Biosynthesis of Isoprenoid Compounds (Porter, J.
W., and Spurgeon, S. L., eds) Vol. 1, pp.161-224, John Wiley & Sons Inc., New York

2. Hemming, F. W. in Biosynthesis of Isoprenoid Compounds (Porter, J. W., and

Spurgeon, S. L., eds) Vol. 2, pp.305-354, John Wiley & Sons Inc., New York

Chojnacki, T., and Dallner, G. (1988) Biochem. J. 251,1-9

Andersson, M., Elmberger, P. G., Edlund, C., Kristensson, K., and Dallner, G. (1990)

FEBS Lett. 269, 15-18

5. Rilling, H.C. (1985) Meth. Enzymol. 110, 145-152

6. Schmidt, R. A., Schneider, C. J., and Glomset, J. (1984) J. Biol. Chem. 259, 10175-
10180

7.  Ashby, M. N, and Edwards, P. A. (1989) J. Biol. Chem. 264, 635-640

8.  Andersson, M. S., Yarger, J. G., Burck, C. L., and Poulter, D. C. (1989) I. Biol. Chem.
264, 19176-19184

9. Sinensky, M., and Logel, J. (1985) Proc. Natl. Acad. Sci. USA 82, 3257-3261

10. Hancock, J. F., Magee, A. L, Childs, J. E., and Marshall, C. J. (1989) Cell 57, 1167-
1177 ‘

11. Rilling, H. C., Bruenger, E., Epstein, W. W., and Crain, P. F. (1990) Science 247, 318-
320

12. Farnsworth, C. C., Gelb, M. H., and Glomset, J. A. (1990) Science 247, 320-322

13. Wilkin, D. J., Kutzunai, S. Y., and Edwards, P. A. (1990) J. Biol. Chem. 265, 4607-
4614

14. Maltese, W. A. (1990) FASEB 4, 3319-3328

15. Reiss, Y., Goldstein, J. 1.., Seabra, M. C., Casey, P. J., and Brown, M. S. (1990) Cell 62,
81-88

16. Scaber, M. D., O'Hara, M. B., Garsky, V. M., Mosser, S. D., Bergstrom, J. D., Mores,
S. L., Marshall, M. 8., Friedman, P. A., Dixon, R. A. F., and Gibbs, J. B. (1990) J. Biol.
Chem. 265, 14701-14704

B

164



Vol. 186, No. 1, 1992 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

17.

18.
19.
20.
21.
22.
23.
24.

25.
26.

27.

28.

Manne, V., Roberts, D., Tobin, A., O'Rourke, E., De Virgillio, M., Megers, C., Ahmed,
N., Kurz, B., Pesh, M., Kang, H.-F., and Barbacid, M. (1990) Proc. Natl. Acad. Sci.
USA 87, 7541-7545

Reiss, Y., Seabra, M. C., Armstrong, S. A., Slaughter, C. A., Goldstein, J. L., and
Brown, M. S. (1991) J. Biol. Chem. 266, 10672-10677

Seabra, M. C., Reiss, Y., Casey, P. J., Brown, M. S., and Goldstein, J. L. (1991) Cell 65,
429-434

Yokogama, K., Goodwin, G. W., Ghomashchi, F., Glomset, J. A., and Gelb, M. H.
(1991) Proc. Natl. Acad. Sci. USA 88, 5302-5306

Sagami, H., Matsuoka, S., and Ogura, K. (1991) J. Biol. Chem. 266, 3458-3463

Sagami, H., Ishi, K., and Ogura, K. (1981) Biochem. Int. 3, 669-675

Joly, A., Popjack, G., and Edwards, P. A. (1991) J. Biol. Chem. 266, 13495-13498
Ericsson, J., Thelin, A., Chojnacki, T., and Dallner, G. (1991) Eur. J. Biochem. 202,789-
796

Wong, T. K., and Lennarz, W. J. (1982) J. Biol. Chem. 257, 6619-6624

Lowry, O. H., Rosenbrough, N. J, Farr, A. L., and Randall, R. J. (1951) J. Biol. Chem.
193, 265-275

Yamane, H. K., Farnsworth, C. C., Xie, H., Howald, W., Fung, B. K. -K., Clarke, S.,
Gelb, M. H., and Glomset, J. A. (1990) Proc. Natl. Acad. Sci. USA 87, 5868-5872
Epstein, W. W., Lever, D., Leining, L. M., Bruenger, E., and Rilling, H. C. (1991) Proc.
Natl. Acad. Sci. USA 88, 9668-9670

165



