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Physarum Pprasl protein was efficiently prenylated by prenyliransferases of spin-
ach. Surprisingly in spite of the C-terminal sequence (CLLL) specific for
geranylgeranylation the protein was preferentially farnesylated. Consequences of
this observation are discussed.

Posttranslational modification of proteins
via covalent linkage of isoprenoid groups is a
well-known cellular event occurring in a wide
range of eukaryotes [1, 2] including plants [3].
It is required for membrane targeting, pro-
tein-protein interactions, and biological ac-

tivity of key regulatory proteins, such as Ras
small GTPases. There are three enzymes cata-
lyzing this process: the best known, farnesyl
protein transferase (FTPase), and geranyl-
geranyl protein transferase I and 11 (GGPTase
I and GGPTase II). Farnesyl protein trans-
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ferage (FPTase) catalyses the modification of
cysteine with a farnesyl group transferred
from FPP while the two latter enzymes trans-
fer a geranylgeranyl group from
geranylgeranyl diphosphate (GGPP) to
cysteine located at (or close to) the C-terminus
of the protein. The requirement for a specific
amino-acid sequence of the substrate for all
these enzymes is different. Substrates modi-
fied by either FPTase or GGPTase I end with a
-CaaX box at the C-terminus while GGPTase
IT substrates with a —~aCaC or -aaCC sequence
where C stands for cysteine, a — denotes an
aliphatic amino acid and X - specific amino
acid. Cross-specificity of FPTase and
GGPTase I has been showed [4] although pro-
teins with X = Ser, Met, Ala or Gln are pro-
cessed mainly by FPTase while Leu at this po-
sition directs the modification mostly by
GGPTase 1. Such a capacity to accomodate al-
ternate substrates may be of hiological signifi-
cance providing the prenylated products for
the cells mutated in the essential genes coding
for FPTase or GGPTase [ subunits [5]. In all
cases studied so far the enzymes were acti-
vated by divalent cations (Zn®* and L1g2+].
FPTase has been purified and cloned from
yeast and mammalian cells [6, 7]. Recently
both & and 8 subunits of this heterodimeric
enzyme have been cloned also from plant
cells, i.e. from garden pea [8, 9] and
Arabidopsis [10]. Mammalian FTPase is a sub-
ject of numerous of studies because farnesyl-
ation of Ras proteins promotes their mem-
brane association thus enabling the function
of a signal transduction pathway. The biologi-
cal role of FPTase has also been studied in
plant cells. It has been suggested that FTPase
is required for the plant cell cycle by modulat-
ing the transition from G, to the S phase and
progression through the S phase [8]. There
are also indications for a key role for FTPase
in abscisic acid (ABA) signaling or
ABA-mediated growth regulation [10]. A po-
tential function in the regulation of nutrient
transport or allocation was also postulated
[11]. According to our previous studies plant

FPTase recognizes nonapeptide as an aceep-
tor [12] but small molecules like dithiothreitol
(DTT) were also found to serve as a substrate
[13]. Upon an in vitro assay spinach FPTase
transfered diverse isoprenoid groups from the
corresponding diphosphates to the nonapep-
tide acceptor but as expected farnesyl and
geranylgeranyl groups were the best sub-
strates [12].

In contrast to FPTase the other two
prenyltransferases have not been studied in
plants. The occurrence of GGPTase I activity
was postulated in the cell extract of Atriplex
nummularia [14]. Recent data show that not
only the Cterminal tetrapeptide but also the
upstream internal sequence of the protein are
important for the specificity of transferase
[15]). Thus it seemed interesting to use a re-
combinant Ras protein for the characteriza-
tion of prenyl transferases of spinach. The re-
sults of these experiments show that the Ras
protein is recognized as a substrate by both
FPTase and GGPTase I.

MATERIALS AND METHODS

Plant material. Spinach (Spinacia oleracea
L) seedlings were grown in darkness for 12
days at 21°C. Whole cotyledons were homoge-
nized in 0.26 M saccharose in 50 mM
Tris/HCI (pH 7.5) with an Ultra-Turrax ho-
mogenizer three times for 5 s. Subfraction-
ation was performed as described previously
[12].

Ras protein. Pprasl protein, Swiss-prot:
P34729, (CLLL terminal sequence) was ob-
tained by overexpression of Pprasl cDNA [16]
in the bacterial system QlAexpress (Qiagen).
The expression vector pQE40 introducing a
Hisg oligopeptide at the N-terminus of the
Ppras] protein, inducible with IPTG in Esche-
richia coli strain XL1-Blue MRF’, was used for
the production of the hybrida protein. Cells
were suspended in a buffer (300 mM NaCl, 0.1
mM PMSF, 50 mM Na,HPO,, pH 7.8), and ho-
mogenized by freezing (-80°C) and thawing;
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Figure 1. The influ-
ence of Ras concentra-
tion on GGPTase I ac-
tivity.
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the lysate was centrifuged (12000 x g, 15
min) and loaded onto a Ni-NTA-agarose col-
umn. Pprasl was eluted with a buffer:
300 mM NaCl, 10% glycerol, 0.1 mM PSMF,
50 mM Nas;HPO,, pH 4.3.

GGPTase I assay. The assay was per-
formed as described previously [12], with
some modifications. Recombinant Ras pro-
tein instead of the nonapeptide was used as an
acceptor. Enzymatic reaction after 60 min
was stopped by adding 10% HCl in ethanol, Af-
ter overnight precipitation at 4°C the mixture
was transferred to a Whatmann G filter and
then washed carefully first with 2 X 5 ml of
10% HCI in ethanol and then with pure etha-
nol. Filters were transferred to scintillation vi-
als, dried at room temperature and scintilla-
tion counted using Bray cocktail [17]. Protein
content was determined by the Bradford
method using bovine serum albumin as a stan-
dard [18].

Reagents and chemicals. All-trans
[HIFPP and [*HIGGPP were obtained from
Collection of Polyprenols. All other chemicals

as Data are the mean of
three experiments. The
inget  illustrates the
Lineweaver-Burk plot.

were of analytical grade and were used with-
out further purification.

RESULTS AND DISCUSSION

In a typical experiment a crude cytosolic
fraction from spinach leaves was used as a
source of the enzyme. Formation of isopre-
nylated Ras protein was determined by incu-
bating the acceptor with tritium labeled
isoprenoid diphosphate. Isoprenylated pro-
tein was efficiently formed in our in vitro sys-
tem. The amount of the product was linear
within 60 min of incubation. Substrate curve
for Ras is shown in Fig.1 indicating a low K
value (approximately 0.74 uM). Both 4
and Zn2* were required for the activity of
prenyl transferases, optimal concentrations
(20 mM and 40 uM, respectively) were used in
the assay. When short chain isoprenoid
diphosphates, FPP and GGPP, known to mod-
ify proteins covalently were compared in our

~ assay as donors of isoprenoid groups both
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were found to act as substrates. Surprisingly,
farnesylated protein was formed 3 times more
effectively than the geranylgeranylated one
(Table 1).

Table 1. Influence of isoprenocid diphosphate on
GGPTase activity.

Incubations were performed as in Materials and
Methods

GGPTase activity

isoprenoid donor (pmol/h per mg

protein)
FPP 136.3 + 13.1
GGPP 47.1 + B.7

Proteins with the -Caal. motif are known to
be substrates for GGPTase I, and thus are
geranylgeranylated. Therefore the above
striking results are difficult to explain at the
moment. One possible reason is a complex ex-
perimental system, as the crude cytosol used
as the enzyme source contained all three
prenyl transferases. However, cross-speci-
ficity of both enzymes has been documented
[4] and the activity ratio with the two sub-
strates (Table 1) is too high to be explained by
the use of a crude extract. Also one could spec-
ulate about the differences in the relative lev-
els of FPTase and GGPTase 1 activities in
spinach cells. The rate of Ras farnesylation
highly exceeding that of geranylgeranylation
suggests that in our experiments FPTase ac-
tivity could be much higher than that of
GGPTase 1.

According to [14] the ANJ1 protein with the
C-terminal sequence -CAQQ was found to be
farnesylated and to some extent geranyl-
geranylated. Substitution of leucine for the
terminal glutamine in the -CAQQ sequence
abolished any geranylgeranylation of this pro-
tein and also lowered the level of farnesyl
ation of the mutant protein. Besides, it is
worth noting that structural elements up-
stream of the carboxylterminal -CaaX motif
have been shown to play a role in the recogni-
tion of the substrate protein by mammalian

and insect FPTases [15). Basing on the litera-
ture data and our results it might be con-
cluded that the specificity of isoprenylation
(i.e. farnesylation versus geranylgeranylation)
is not strictly determined by the last amino
acid in the -CaaX box. This should be further
explored with pure enzymes. However, up to
now no plant prenyltransferases has been pu-
rified to homogeneity., A description of the
properties of prenyl transferases seems very
important for the characterization of regula-
tion of plant cell metabolism.
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