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Previous work (D.P. Delmer, ). Pear, A. Andrawis, D. Stalker
[1995] Mol Gen Genet 248: 43-51) has identified a gene in cotton
(Gossypium hirsutum), Rac13, that encodes a small, signal-
transducing GTPase and shows high expression in the fiber at the
time of transition from primary to secondary wall synthesis. Since
Rac13 may be important in signal transduction pathway(s), regulat-
ing the onset of fiber secondary wall synthesis, we continue to
characterize Rac73 by determining its ability to undergo posttrans-
lational meodification. In animals Rac proteins contain the
C-terminal consensus sequence Caal (where “a” can be any ali-
phatic residue), which is a site for geranylgeranylation (B.T. Kin-
sella, R.A. Erdman, W.A. Maltese [1994] ] Biol Chem 266: 9786—
9794). We have identified activities in developing cotton fibers that
resemble in specificity the geranylgeranyl- and farnesyltransferases
of animals and yeast. In addition, using prenyltransferases from
rabbit reticulocytes, we show that Rac13, having a C-terminal
sequence of CAFL, can serve as an in vitro substrate for geranylgera-
nylation but not farnesylation. However, the presence of the un-
common penultimate F residue appears to slow the rate of preny-
lation considerably compared with other acceptors.

A number of genes that encode homologs of the Ras
superfamily of small, signal-transducing GTPases have
been identified in plants (Terryn et al., 1993; Verma et al.,
1994; Haizel et al., 1995; Loraine et al., 1996). Genes encod-
ing homologs of the Rho subfamily have recently been
identified in pea (Yang and Watson, 1993; Lin et al.,, 1996)
and in cotton (Gossypium hirsutum; Delmer et al., 1995). Rac,
Rho, and CDC42 members of this Rho subfamily have been
implicated in playing several diverse roles, including reg-
ulation of actin organization in animals and yeast (Hall,
1994; Nobes and Hall, 1995; Takai et al., 1995; Johnson and
Pringle, 1996), regulation of the NADPH oxidase, which is
involved in the oxidative burst of leukocytes (Diekmann et
al., 1994), or activation of the yeast 1,3-B-glucan synthase
(Diaz et al,, 1993; Mol et al., 1994; Drgonova et al., 1996;
Qadota et al., 1996).

Of the two genes, Rac9 and Racl3, encoding homologs of
Rac that we have recently identified in cotton, Rac13 shows
very high and relatively specific expression in the fibers of
cotton at the stage of transition from primary to secondary
wall synthesis (Delmer et al., 1995). This transition to sec-
ondary wall synthesis is characterized by several features:
(a) a reorganization of the cytoskeleton and a concomitant
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shift in the pattern of cellulose deposition (Seagull, 1990);
(b) a transient deposition of callose (1,3-B-glucan; Maltby et
al., 1979; Basra and Malik, 1984) that is presumably initi-
ated by a transient change in the level of free Ca®" similar
to that observed during the onset of secondary wall syn-
thesis in differentiating tracheary elements (Fukuda, 1991,
1996); (c) a greater than 100-fold increase in the rate of
cellulose deposition (Meinert and Delmer, 1977); and (d)
initiation of synthesis of a unique hemicellulose, as well as
lignin, in most secondary walls (cotton being a notable
exception). Many of these events (e.g. elevation of cytoplas-
mic Ca®", induction of callose, and lignin synthesis) sug-
gest the operation of a signal transduction pathway that
bears some similarity to that elicited during pathogenesis,
a pathway that shows involvement of an oxidative burst
(Levine et al., 1995).

Thus, by analogy with other Rac/CDC42 GTPases, and
also based on its unique pattern of gene expression, it
would seem likely that the Rac13 of cotton fibers could play
a role in any of the following processes related to fiber
development: (a) reorganization of the cytoskeleton, (b)
regulation of an oxidative burst, and/or (c) stimulation of
callose (and/or cellulose?) synthase activity. For this rea-
son, we are initiating studies that are designed to further
characterize Rac13 structure and function. Because little is
known about posttranslational processing of GTPases in
plants, which is very important for their localization and
function, we have directed our initial attention to this area.

It is well known that most small, signal-transducing
GTPases undergo posttranslational modifications that are
necessary both for their interaction with effector proteins
and for their relocation from the cytoplasm to cellular
membranes (for reviews of these processes, see Clarke,
1992; Shafer and Rine, 1992; Glomset and Farnsworth,
1994). For the Ras type of GTPases, a carboxy-terminal
consensus sequence Ca;a,X (where a; and a, = any ali-
phatic amino acid, and X may be S, C, M, Q, or A) directs
these modifications. These include the farnesylation of the
C residue, followed by a proteolytic cleavage of the three
distal amino acids, and a subsequent methylation of the
new carboxy terminus. Members of the Rho subfamily un-
dergo similar modifications and contain a similar consen-
sus sequence, but X in this case is L or occasionally F; this
sequence leads to geranylgeranylation as opposed to far-
nesylation (Finegold et al., 1991; Kinsella et al., 1991). How-

Abbreviations: DPA, days postanthesis; FPP, farnesyl PPi;
FTase, farnesyltransferase; GGTase, geranylgeranyltransfer-
ase; GGPP, geranylgeranylpyrophosphate; GST, glutathione
S-transferase.
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ever, it should be emphasized that these specificities are
not absolute, and substrates for geranylgeranylation can
undergo farnesylation and vice versa, provided that the
concentration of protein substrate and/or time of incuba-
tion is long enough. This is presumably because the GG-
Tase and FTase are related enzymes and share a common
subunit, and the difference in specificity results from dif-
ferent affinities for the various C-terminal motifs (Moores
et al,, 1991; Clarke, 1992; Boguski and McCormick, 1993).
Geranylgeranylation also occurs with members of the Rab/
YPT subfamily that have a rather different consensus se-
quence (CC, CXC, or CCXX), but this reaction utilizes a
GGTase II that is distinct from the GGTase I that recognizes
the Ca,a,L (or F) motif (Moores et al., 1991). Recently, an
enzyme with specificity and characteristics similar to the
mammalian GGTase II was reported in plants (Loraine et
al., 1996).

Some recent studies suggest that both GGTase and FTase
activities exist and function both in vitro and in vivo in
plants (Randall et al., 1993; Yang et al,, 1993; Zhu et al,
1993; Biermann et al., 1994; Morehead et al., 1995; Lin et al.,
1996; Loraine et al., 1996), but none of these reactions has
been characterized in detail. As part of our initial studies to
elucidate the role of Rac proteins in plants, we have taken
advantage of the ability to produce a nonprenylated recom-
binant form of Racl3 in Escherichia coli to test its effective-
ness as a substrate for prenylation. The deduced amino
acid sequences encoded by the Rac9 and Racl3 genes iden-
tified in cotton indicate that both have a C-terminal se-
quence CAFL (Delmer et al,, 1995). This sequence resem-
bles the Ca,a,L motif and suggests that the protein should
undergo geranylgeranylation. However, an F residue in the
a, position is very uncommon, being reported only one
other time in the literature for the ys subunit of brain
trimeric G-proteins (Fukada, 1995).

A study of rat brain FTase has shown that peptides
containing a bulky aromatic residue (F, Y, or W) at the a,
position bind and act as competitive inhibitors but are not
themselves prenylated (Goldstein et al., 1991). By analogy,
the possibility exists that the penultimate F residue in Rac
might affect its ability to undergo prenylation. However,
the brain vys subunit that has CSFL at the C terminus does
apparently undergo geranylgeranylation in vivo (Yamane
et al,, 1990), but studies comparing the rate of prenylation
of such a protein by GGTase I with other substrates lacking
a penultimate F residue have not been reported. The stud-
ies presented here have identified GGTase and FTase ac-
tivities in cotton fibers that show specificities similar to
their animal and yeast counterparts. In addition, we show
that Racl3 can be a substrate for geranylgeranylation by
rabbit reticulocyte GGTase, but the F residue in position a,
of Rac13 does, indeed, affect its rate of prenylation in vitro.

MATERIALS AND METHODS

Construction of GST-Rac13 Gene Fusion; Expression and
Purification of Fusion Proteins

Details of the cloning of the Racl3 gene from cotton
(Gossypium hirsutum) fibers were presented by Delmer et al.
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(1995). The full-length Rac13 cDNA was excised from Blue-
script S/K (Stratagene) by digestion with EcoRI that
cleaved the insert in the polylinker upstream of the 5'
initiation site and downstream in the 3’ untranslated re-
gion of the gene. The insert was isolated, subjected to
phosphatase treatment, re-ligated in-frame as a fusion with
the GST gene in the pGEX-3T vector (Pharmacia), and
transformed into Escherichia coli strain SURE. Correct ori-
entation of the insert was determined by restriction diges-
tion. Plasmids containing the genes encoding GST-CIIL
and GST-CIIS in pGEX-1/RCT (Finegold et al., 1991) were
obtained from Prof. F. Tamanoi (University of California,
Los Angeles) and were also transformed into E. coli SURE.

Purification of Recombinant Proteins

Overexpression of GST-Rac13, GST-CIIL, and GST-CIIS
was induced by treatment of early log-phase cultures with
0.1 mm isopropyl 1-B-p-thio-galactoside for 4 h at 37°C.
Cells were harvested by centrifugation, resuspended in
lysis buffer I containing 50 mm Tris-HCI, pH 7.5, 1 mm
DTT, 5 mm MgCl,, 50 mM NaCl, 10 ug/mL leupeptin
(Sigma), and 200 pum Pefabloc (Boehringer Mannheim), and
lysed using a French press at 10,000 p.s.i. After centrifuga-
tion at 15,000 rpm for 10 min, the fusion proteins were
allowed to bind for 90 min at 4°C to glutathione agarose
beads (Sigma; 6 mL of a 50% suspension were used per liter
of original culture). The beads were collected and washed
10 times with lysis buffer I. Fusion proteins were eluted
from the beads by treatment with 20 mM reduced glutathi-
one in the same buffer. Cleavage of GST-Rac13 bound to
beads with thrombin (Sigma, 0.5 units/mL) in 50 mm Tris-
HC], pH 7.5, 2.5 mmMm CaCl,, 5 mm MgC,, and 100 mm NaCl
was done for 1 to 2 h at 25°C, followed by a 16-h incubation
at 4°C. Samples were concentrated using filters (Microcon,
Amicon, 10-kD cutoff) and stored at —20°C in buffer con-
taining leupeptin, Pefabloc, and 50% glycerol. Protein con-
centrations in solution were determined using the Bio-Rad
protein assay reagent. Based on Coomassie blue staining of
SDS-PAGE gels of these proteins, the degree of purity was
assessed and calculation of the amount of pure protein
relative to total protein was estimated. These values were
used to calculate the molar concentrations of pure recom-
binant protein supplied to the in vitro prenylation reac-
tions described below.

Preparation of Cotton Fiber High-Speed Supernatant and
Membrane Fractions

Cotton (G. hirsutum Acala SJ-2) was grown in fields in
Israel in the summer of 1994. Bolls of the ages indicated
were harvested, and the locules were removed, rapidly
frozen in liquid N,, and stored at —80°C until use. For
detecting prenyltransferase activities, locules of 17 DPA
were used. Fibers were removed from seeds under liquid
N, and ground to a fine powder. The powder was ex-
tracted at 4°C with lysis buffer II containing 50 mm
Hepes-KOH, pH 7.5, 1 mm DTT, 5 uM leupeptin, and 20
pM Pefabloc using 1 to 2 mL buffer g~ fresh weight of
fibers. The extract was filtered through three layers of
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Miracloth (Calbiochem) and centrifuged at 5,000g for 1
min, and the resulting supernatant was again centrifuged
at 100,000¢ for 1 h at 4°C. To obtain good activity for
prenyltransferases, it was necessary to use fresh, high-
speed supernatant.

Prenylation Reactions

All reactions were carried out in a final volume of 50 uL.
One microcurie of either [*’H]JGGPP (Amersham, 16 Ci/
mmol) or [PHJFPP (NEN, 19.3 Ci/mmol) was evaporated
under N, into each 1.5-mL microfuge reaction tube to
remove the ethanol that was present as solvent. Untreated
rabbit reticulocyte lysate (35 nL; Promega) was added
along with recombinant protein in lysis buffer I at concen-
trations indicated in the figure legends. When a cotton
high-speed supernatant was used in place of reticulocyte
lysate, the reactions also contained 50 mm Hepes-KOH, pH
7.5, 5 mm DTT, and 20 mm MgCl,. Reactions were incu-
bated at 30°C for the times indicated and terminated by
addition of 1 mL of ethanol:HCI (9:1, v/v). After incubation
for 30 min at 25°C, the reactions were microfuged at high
speed for 5 min. The pellets were washed twice in 100%
ethanol, resuspended in 100 pL of SDS-PAGE sample
buffer containing 0.5 m Tris-HCI, pH 6.8, 8 m urea, 2% SDS,
10% glycerol, and 5% mercaptoethanol, and heated for 5
min at 100°C. (For reactions that contained MgCl,, 5 mm
EDTA was also included in the sample buffer.) Samples (10
ug of protein) were subjected to SDS-PAGE as described by
Laemmli (1970) using a minigel apparatus with gels of
0.75-mm thickness and acrylamide concentrations of 12.5
and 4.5% in the separating and stacking gels, respectively.

Following electrophoresis, the gels were fixed for 30 min
in 50% methanol/12.5% acetic acid and then incubated for
20 min in 20% methanol/10% acetic acid, followed by 20
min in Amplify (Amersham). Gels were then dried and
exposed for a minimum of 1 week to Curix RP2 film
(Agfa-Gevaert, Leverkusen, Germany) to detect the pattern
of prenylated proteins. Autoradiograms were either pho-
tographed directly or subjected to scanning and figure
preparation using the Photoshop program (Adobe Photo-
systems, Mountain View, CA) with a MacIntosh computer.
Replicate lanes were also run for staining with 0.02% Coo-
massie blue R-350 (Sigma) in 10% acetic acid and destain-
ing in 10% acetic acid. We also attempted to develop a
more quantitative assay for prenyltransferases, based on
filtration and scintillation counting of precipitated labeled
proteins; however, because of the low activity of the cotton
fiber prenyltransferases and high zero time backgrounds
using [PH]GGPP as the substrate (a problem reported by
others; Randall et al., 1993), this assay proved not to be
sufficiently reproducible.

RESULTS
Substrates for Prenylation Reactions

We used four different GST-fusion proteins as substrates
for studying patterns of prenylation. Figure 1A, lanes 14,
show these proteins as they were purified following ex-
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Figure 1. Recombinant proteins used as substrates for prenylation
reactions. Purified proteins were separated by SDS-PAGE and stained
with Coomassie blue (A, lanes 1-4) or photolabeled with [a-*?P]GTP
and subjected to autoradiography (B) as described by Delmer et al.
(1995). A, Molecular mass standards (MW) of 97, 66, 45, 31, 21, and
14 kD; lane 1, 4.5 ug of thrombin-cleaved Rac13; lane 2, 2.2 pg of
GST-Rac13; lane 3, 1.5 pg of GST-CIIL; and lane 4, 1.5 ug of
GST-ClIS. B, Lane 1, 1 ug of GST-Rac13; lane 2, 1 ug of thrombin-
cleaved Rac13; and lane 3, 1 ug of GST.

pression in E. coli. Lanes 1 and 2 show the cotton Racl3
protein, having a CAFL C-terminal sequence, purified as
the 49-kD GST-fusion protein (lane 2), and the same protein
after cleavage from GST by thrombin (lane 1). This latter
protein has the expected molecular mass of about 23 kD,
resulting from the 21.8-kD Rac13 sequence predicted by the
full-length cDNA plus 10 extra amino acids resulting from
the construct in the pGEX-3T vector. The Racl3 sequence
was confirmed to be produced in-frame by sequencing the
thrombin-cleaved Racl13 from the N terminus and by the
reaction of both GST-Rac13 and thrombin-cleaved Racl3
with antibodies against Rac proteins (not shown). Further-
more, both GST-Rac13 and thrombin-cleaved Racl3, but
not GST, bind [a-**P]GTP (Fig. 1B). Two other substrates of
about 27 kD were derived from modifications of the GST
gene itself; in these constructs the sequences encoding the
GST protein were modified by addition of sequences that
would encode the additional four amino acids CIIL or CIIS
at the C terminus (Fig. 1A, lanes 3 and 4, respectively). The
GST-CIIL protein is known to be a preferred substrate for
geranylgeranylation by GGTase I, whereas the GST-CIIS
protein is a preferred substrate for farnesylation by FTase
(Finegold et al., 1991).

Prenyltransferase Activities in Developing Cotton Fibers

A high-speed supernatant was prepared from cotton
fibers harvested at 17 DPA, the age when the Rac13 gene
is maximally expressed (Delmer et al., 1995). This prepa-
ration was used as the source of enzyme either for gera-
nylgeranylation, using [*’H]JGGPP as a donor, or for far-
nesylation, using [PH]FPP as a donor. Although the
reaction rates we observed were quite low, it was never-
theless possible to show that, of the four substrates de-
scribed above, GST-CIIL served as a good substrate for
geranylgeranylation (Fig. 2A), whereas GST-CIIS was the
only substrate that was prenylated with [PH]FPP as a
substrate (Fig. 2B). These results suggest that cotton fibers
contain prenyltransferases with specificities similar to
those of their yeast and animal counterparts (Finegold et
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Figure 2. Fluorograms showing prenylated products resulting from
incubation of the indicated recombinant proteins with a high-speed
supernatant derived from cotton fibers as a source of prenyltrans-
ferases. Radioactive substrate used was either [*HJGGPP (A) or
[*H]FPP (B) with acceptor proteins as indicated. All reactions were
incubated for 1 h at 30°C and contained 87 ug of cotton protein
extract. Concentrations of recombinant proteins were: GST-CHL and
GST-CIIS, 6.7 um for both A and B; GST-Rac13, 6.7 um for A and 4.6
um for B; Rac13, 3.1 um for A and 2.0 um for B.

al., 1991; Glomset and Farnsworth, 1994). We noted, how-
ever, that neither GST-Rac13 nor Rac13 could be demon-
strated to serve as a substrate with either prenyl donor
(Fig. 2). Because the reaction rates were so low, it was not
possible at this point to distinguish whether this lack of
reaction was due to an inability to serve as a substrate or
whether these proteins were simply much poorer sub-
strates than GST-CIIL or GST-CIIS.

Rac13 as a Substrate for Reticulocyte GGTase

Because of the low activity and relative instability of the
cotton prenyltransferases, we chose to study the prenyla-
tion of Rac13 using a commercial preparation derived from
rabbit reticulocytes as a source of enzyme. This preparation
is primarily known for its ability to carry out in vitro
translation of proteins; however, it is known to contain
good activities for the three prenyltransferases GGTase I,
GGTase II, and FTase 1. However, it does not contain the
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protease or methyltransferase that catalyzes the posttrans-
lational modifications following prenylation and, because
of this, little or no change in mobility of the prenylated
product compared with unprenylated substrate is observed
upon SDS-PAGE electrophoresis (Wilson and Maltese,
1995). Figure 3A shows an experiment using this system
with [PH]GGPP as a substrate. In this case, as expected, the
GST-CIIL served most efficiently as an acceptor, and GST-
CIIS was geranylgeranylated less efficiently than GST-CIIL.
In this more active sytem, observations of a very weak
labeling of the bands of GST-Rac13 and Rac13 indicate that
these proteins could also serve as acceptors, although both
were far less effective than either GST-CIIL or GST-CIIS.
The GST protein that lacks a consensus sequence for pre-
nylation was not prenylated.

A more detailed study of this activity as a function of
time comparing GST-Rac13 and GST-CIIL as acceptors is
shown in Figure 3B. These studies show that geranylgera-
nylation of GST-CIIL occurs very rapidly, with the reaction
being maximal at the earliest time tested (1 h). In contrast,
GST-Racl3 at a similar molar substrate concentration to
that used for GST-CIIL, although clearly serving as an
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Figure 3. A, Fluorogram comparing geranylgeranylation of various
recombinant proteins using rabbit reticulocyte lysate as a source of
prenyltransferases. Incubations were for 4 h at 30°C as described in
“Materials and Methods.” The concentrations of recombinant pro-
teins were: GST-CIIL and GST-CIIS, 1 um; GST-Rac13, 2.6 um;
Rac13-A, 1.3 uM; Rac13-B, 0.9 um; and GST, 2.2 um. B, Fluorogram
comparing the rate of geranylgeranylation of GST-Rac13 and GST-
CIIL by rabbit reticulocyte lysates. The concentration of GST-CIIL
was 2.15 pum and that of GST-Rac13 was 2.4 um.
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acceptor, is a much less efficient one. Preloading of the
recombinant GST-Rac, with either GTP-y-S or GDP-B-S,
did not affect the rate of prenylation (not shown).
Long-term incubations of 4 h with high acceptor protein
concentrations were used in another experiment to compare
prenylation of GST-Rac13 using either [’H]GGPP or [°’H]FPP
as a substrate (Fig. 4). Again, it is clear that GST-Rac13 can
undergo geranylgeranylation, but no reaction was observed
when [PH]JFPP was used as a substrate. Under such long
incubation conditions with high protein acceptor concentra-
tions, the specificity of GGTase I and FTase I for GST-CIIL
versus GST-CIIS is not apparent because the reactions have
gone virtually to completion. (The nature of the much
weaker prenylated bands of higher molecular weight that
were observed in these long-term exposures in preparations
of GST-CIIL and GST-CIIS is not known.) However, the
experiment does show clearly that GST-Rac13 is an even
poorer substrate for geranylgeranlyation than GST-CIIS and
shows no evidence of undergoing farnesylation. Such results
strongly support the notion that the CAFL sequence in
Racl3 does allow geranylgeranylation in vitro but that the
bulky F residue in position a, does hinder the reaction.

DISCUSSION

Although the activities were low and unstable, GGTase
and FTase activities can be demonstrated in extracts of
developing cotton fibers (Fig. 2). The specificities of these
enzymes, with respect to the C-terminal motif recognized,
appear to be similar to those reported for other eukaryotic
prenyltransferases (Clarke, 1992; Glomset and Farnsworth,
1994). Studies with suspension-cultured tobacco cells (Ran-
dall et al., 1993; Morehead et al., 1995) and Atriplex num-
mularia (Zhu et al., 1993; Lin et al., 1996) also demonstrated
in vitro activities for GGTase and FTase, and these en-
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Figure 4. Fluorograms showing a comparison of the ability of various
recombinant proteins to undergo geranylgeranylation (A) versus far-
nesylation (B) using rabbit reticulocyte lysates as sources of prenyl-
transferases. Concentrations of GST-CIIL and GST-CIIS were 2.2 um;
GST-Rac 13 was present at 2.4 um. Time of incubation was 4 h at
30°C,

zymes also showed specificities similar to those we ob-
served for cotton. Many of the Rab proteins identified in
plants have recently been shown to be membrane-
associated in vivo and geranylgeranylated in vitro, provid-
ing another piece of evidence that prenylation of these
proteins occurs (Haizel et al., 1995; Loraine et al., 1996).
Finally, a pea ¢cDNA clone for a close homolog of the B
subunit of a protein FTase has recently been identified
(Yang et al., 1993). Although none of these prenyltrans-
ferases has been purified and studied in detail, the limited
data accumulated to date suggest that the mechanisms of
protein prenylation in plants will be similar to those of
other eukaryotes.

Studies presented here using the reticulocyte lysate as
the source of prenyltransferases clearly show that GST-
Racl3 and Racl3 can undergo geranylgeranylation but
not farnesylation (Figs. 2—4). This result is predicted based
on the Ca,a,L rule developed in other eukaryotes as a site
for geranylgeranylation (Clarke, 1992; Glomset and Farns-
worth, 1994). However, our further speculation that the
bulky F residue at the a, position might interfere with
prenylation, as found for rat or bovine brain FTases
(Goldstein et al., 1991; Moores et al., 1991), also appears to
be true, since GST-Rac13 and Rac13 were geranylgerany-
lated at rates far slower than GST-CIIL or even GST-CIIS.
Since proteins with CAIL motifs are excellent substrates
for geranylgeranylation, we do not consider the A residue
in the second position to be a limiting factor for prenyla-
tion (Clarke, 1992). Furthermore, since GGTase I specific-
ities are determined only by the C-terminal motif and
appear to be insensitive to the nature of the protein out-
side the motif sequence (Moores et al., 1991; Glomset and
Farnsworth, 1994), it is unlikely that other portions of the
Racl3 sequence contributed to the slower rate of preny-
lation. There may be an analogy to these results in the
studies of Zhu et al. (1993) with the plant chaperone
ANJ1. As predicted, this protein that has CAQQ as a
C-terminal motif is a good substrate for farnesylation and
a weak substrate for geranylgeranylation. However, it
was surprising that changing the CAQQ motif to CAQL
did not enhance geranylgeranylation and, in fact, pre-
vented it. This may be another indication that the nature
of the a, residue is important for determining the rate of
prenylation (Moores et al., 1991).

The low rate of prenylation of Rac13 in vitro raises the
question as to whether this protein is prenylated in vivo in
the developing cotton fiber. Previous studies provide a
hint that the protein may well be prenylated in vivo; thus,
we identified a 19-kD cotton fiber membrane polypeptide
that shows a pattern of developmental expression analo-
gous to the mRNA expression for Rac13, and this protein
can be photolabeled with [@-**P]GTP (Delmer et al., 1995).
Since prenylation, proteolytic cleavage, and methylation
modifications are known to enhance migrations and re-
duce the apparent molecular size of small GTPases by
about 1 to 2 kD (Zhu et al., 1993), the observed 19-kD
molecular mass observed for this putative native Rac is
reduced by the amount predicted by prenylation and
further posttranslational processing. Also, some of this



1496 Trainin et al.

protein was found in the membranes, which is also indic-
ative of processing (Ziman et al., 1993; Glomset and Farn-
sworth, 1994). Thus, the relatively slow rate of prenylation
observed in vitro may not accurately reflect the situation
in vivo, but more experiments will clearly be necessary to
confirm this point. From the relative rates of prenylation
observed with the reticulocyte compared with the cotton
extracts, we strongly suspect that the reason we did not
see geranylgeranylation of Racl3 with cotton fiber ex-
tracts is simply a matter of the very low activity and
instability of the GGTase detected and not to any differ-
ence in specificity. We have estimated that, in assays
using the amounts of enzymes described herein, the rate
for the cotton GGTase I preparation is at least 50 times
slower than the reticulocyte system using GST-CIIL as a
substrate. At such low rates, it would certainly have been
impossible to detect in vitro prenylation of the less-
favored Racl3 acceptor using the cotton system.

It is interesting to speculate why the CAFL sequence, a
less than ideal prenylation motif, evolved for the Rac9 and
Racl3 proteins. One possibility is that it relates to tissue
specificity; both Rac9 and Racl13 are expressed in a limited
number of tissues in cotton, the fiber being the most
notable. In extensive screening of our cotton fiber cDNA
library prepared using mRNA from 21 DPA fibers, we
never discovered any other genes for Rac-related proteins
other than Racl3 or Rac9. Yet, our studies with three
different anti-Rac antibodies suggest that other tissues
and the fibers at an earlier stage of development do
contain other related Rac proteins (T. Trainin and D.P.
Delmer, unpublished observations). The studies of ex-
pression of the pea Rac homolog, which has the highly
preferred geranylgeranylation motif CSIL at its C termi-
nus, indicate that this protein is probably widely ex-
pressed in a variety of tissues (Yang and Watson, 1993).
One way of assuring that even a low level of Racl3 or
Rac9 would not be functional in some cell types might be
to endow it with a C-terminal sequence that makes it a
much less preferred substrate for prenylation than other
GTPases that are more highly expressed in those cell
types. Clearly, further studies will be needed to clarify
these issues.

ACKNOWLEDGMENT

We acknowledge the generous gift of cDNA clones of GST-CIIL
and GST-CIIS in pGEX-1/RCT from Prof. F. Tamanoi (University
of California, Los Angeles).

Received April 29, 1996; accepted August 26, 1996.
Copyright Clearance Center: 0032-0889/96/112/1491/07.

LITERATURE CITED

Basra AS, Malik CP (1984) Development of the cotton fiber. Int
Rev Cytol 89: 65-113

Biermann BJ, Morehead TA, Tate SE, Price JR, Randall SK,
Crowell DN (1994) Novel isoprenylated proteins identified by
an expression library screen. J Biol Chem 269: 25251-25254

Plant Physiol. Vol. 112, 1996

Boguski MS, McCormick F (1993) Proteins regulating Ras and its
relatives. Nature 366: 643-654

Clarke S (1992) Protein isoprenylation and methylation at
carboxyl-terminal cysteine residues. Annu Rev Biochem 61:
355-386

Delmer DP, Pear J, Andrawis A, Stalker D (1995) Genes for small
GTP-binding proteins analogous to mammalian Rac are highly
expressed in developing cotton fibers. Mol Gen Genet 248: 43-51

Diaz M, Sanchez Y, Bennett T, Sun CR, Godoy C, Tamanoi F,
Duran A, Perez P (1993) The Schizosaccharomyces pombe cwg2+
gene codes for the B subunit of a geranylgeranyltransferase type
I required for B-glucan synthesis. EMBO ] 12: 5245-5254

Diekmann D, Abo A, Johnston C, Segal AW, Hall A (1994)
Interaction of Rac with p67Pho* and regulation of phagocytic
NADPH oxidase activity. Science 265: 531-533

Drgonova J, Drgon T, Tanaka K, Kollarr R, Chen G-C, Ford RA,
Chen CSM, Takai Y, Cabib E (1996) RholP, a yeast protein at
the interface between cell polarization and morphogenesis. Sci-
ence 272: 277-279

Finegold AA, Johnson DI, Farnsworth CC, Gelb MH, Judd SR,
Glomset JA, Tamanoi F (1991) Protein geranylgeranyltrans-
ferase of Saccharomyces cerevisiae is specific for Cys-Xaa-Xaa-
Leu motif proteins and requires the CDC43 gene product
but not the DPR1 gene product. Proc Natl Acad Sci USA 88:
4448-4452

Fukada Y (1995) Prenylation and carboxymethylation of G-protein
v subunits. Methods Enzymol 250: 91-105

Fukuda H (1991) Tracheary element formation as a model system
of cell differentiation. Int Rev Cytol 136: 289-332

Fukuda H (1996) Xylogenesis: initiation, progression, and cell
death. Annu Rev Plant Physiol Plant Mol Biol 47: 299-325

Glomset JH, Farnsworth CC (1994) Role of protein modification
reactions in programming interactions between Ras-related GT-
Pases and cell membranes. Annu Rev Cell Biol 10: 181-205

Goldstein JL, Brown MS, Stradley SJ, Reiss Y, Gierasch LM
(1991) Nonfarnesylated tetrapeptide inhibitors of protein farne-
syltransferase. ] Biol Chem 266: 15575-15578

Haizel T, Merkle T, Turck F, Nagy F (1995) Characterization of
membrane-bound small GTP-binding proteins from Nicotiana
tabacum. Plant Physiol 108: 59-67

Hall A (1994) Small GTP-binding proteins and the regulation of
the actin cytoskeleton. Annu Rev Cell Biol 10: 31-54

Johnson DI, Pringle JR (1996) Cdc42p. In LA Huber, M Zerial, J
Tooze, eds, Guidebook to the Small GTPases. Oxford University,
Oxford UK (in press)

Kinsella BT, Erdman RA, Maltese WA (1991) Carboxyl-terminal
isoprenylation of Ras-related GTP-binding proteins encoded by
racl, rac2, and ralA. J Biol Chem 266: 9786-9794

Laemmli UK (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227: 680-685

Levine A, Tenhaken R, Dixon R, Lamb C (1995) H,O, from the
oxidative burst orchestrates the plant hypersensitive disease
resistance response. Cell 79: 583-593

Lin Y, Wang Y, Zhu J-K, Yang Z (1996) Localization of a Rho
GTPase implies a role in tip growth and movement of the
generative cell in pollen tubes. Plant Cell 8: 293-303

Loraine AE, Yalovsky S, Fabry S, Gruissem W (1996) Tomato
RablA homologs as molecular tools for studying rab gera-
nylgeranyl transferase in plant cells. Plant Physiol 110: 1337-
1347

Maltby D, Carpita NC, Montezinos D, Kulow C, Delmer DP
(1979) B-1,3-Glucan in developing cotton fibers. Plant Physiol 63:
1158-1164 ]

Meinert M, Delmer DP (1977) Changes in biochemical composi-
tion of the cell wall of the cotton fiber during development. Plant
Physiol 59: 1088-1097

Mol PC, Park HM, Mullins JT, Cabib E (1994) A GTP-binding
protein regulates the activity of (1-3)-B-glucan synthase, an
enzyme directly involved in yeast cell wall morphogenesis.
] Biol Chem 269: 31267-31274

Moores SL, Schaber MD, Mosser SD, Rands E, O’'Hara MB,
Garsky VM, Marshall MS, Pompliano DL, Gibbs JB (1991)



In Vitro Prenylation of Cotton Rac13 1497

Sequence dependence of protein isoprenylation. ] Biol Chem
266: 14603-14610

Morehead TA, Biermann BJ, Crowell DN, Randall SK (1995)
Changes in protein isoprenylation during growth of suspension-
cultured tobacco cells. Plant Physiol 109: 277-284

Nobes CD, Hall A (1995) Rho, Rac, Cdc42 GTPases regulate the
assembly of multimolecular focal complexes associated with
actin stress fibers, lamellipodia, and filopodia. Cell 81: 53-62

Qadota H, Python CP, Inoue SB, Arisawa M, Anraku Y, Ahang Y,
Watanabe U, Levin DE, Ohya Y (1996) Identification of yeast
Rholp GTPase as a regulatory subunit of 1,3-8-glucan synthase.
Science 272: 279-281

Randall SK, Marshall MS, Crowell DN (1993) Protein isopreny-
lation in suspension-cultured tobacco cells. Plant Cell 5: 433442

Seagull RW (1990) The effects of microtubule and microfilament
disrupting agents on cytoskeletal arrays and wall deposition in
developing cotton fibers. Protoplasma 159: 44-59

Shafer WR, Rine J (1992) Protein prenylation: genes, enzymes,
targets, and functions. Annu Rev Genet 30: 209-237

Takai Y, Sasaki T, Tanaka K, Nakanishi H (1995) Rho as a
regulator of the cytoskeleton. Trends Biochem Sci 20: 227-231

Terryn N, Montagu MV, Inze D (1993) GTP-binding proteins in
plants. Plant Mol Biol 22: 143-152

Verma DP, Cheon CI, Hong Z (1994) Small GTP-binding proteins
and membrane biogenesis in plants. Plant Physiol 106: 1-6

Wilson AL, Maltese WA (1995) Coupled in vitro translation/
prenylation of Rab proteins. Methods Enzymol 250: 79-91

Yamane H, Farnsworth CC, Xie H, Howald W, Fung BKK, Clarke
S, Gelb MH, Glomset J (1990) Brain G-protein y-subunits
contain an all-trans geranylgeranyl cysteine methyl ester at the
carbox! termini. Proc Natl Acad Sci USA 87: 5868-5872

Yang Z, Cramer CL, Watson JC (1993) Protein farnesyltrans-
ferase in plants. Molecular cloning and expression of a homolog
of the B subunit from the garden pea. Plant Physiol 101:
667674

Yang Z, Watson JC (1993) Molecular cloning and characterization
of Rho, a Ras-related small GTP-binding protein from the gar-
den pea. Proc Natl Acad Sci USA 90: 8732-8736

Zhu J-K, Bressan R, Hasegawa PM (1993) Isoprenylation of the
plant molecular chaperone ANJ1 facilitates membrane associa-
tion and function at high temperature. Proc Natl Acad Sci USA
90: 8557-8561

Ziman M, Preuss D, Mulholland J, O’Brien JM, Botstein D,
Johnson DI (1993) Subcellular localization of Cds42p, a Saccha-
romyces cerevisiae GTP-binding protein involved in the control of
cell polarity. Mol Biol Cell 4: 1307-1316





