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The Arabidopsis MADS box transcription factor APETALA1 (AP1) was identified as a substrate for farnesyltransferase
and shown to be farnesylated efficiently both in vitro and in vivo. AP1 regulates the transition from inflorescence shoot
to floral meristems and the development of sepals and petals. AP1 fused to green fluorescent protein (GFP) retained
transcription factor activity and directed the expected terminal flower phenotype when ectopically expressed in trans-
genic Arabidopsis. However, ap1mS, a farnesyl cysteine–acceptor mutant of AP1, as well as the GFP–ap1mS fusion
protein failed to direct the development of compound terminal flowers but instead induced novel phenotypes when ec-

 

topically expressed in Arabidopsis. Similarly, compound terminal flowers did not develop in 

 

era1-2

 

 transformants that
ectopically expressed AP1. Together, the results demonstrate that AP1 is a target of farnesyltransferase and suggest
that farnesylation alters the function and perhaps specificity of the transcription factor.

INTRODUCTION

 

Protein prenylation has been reported for several proteins
that participate in growth regulation and signal transduction,
cell cycle regulation, nuclear architecture, and membrane
trafficking. These proteins include the Ras super family of
small GTP binding proteins, the 

 

g

 

 subunit of trimeric GTP
binding proteins, yeast 

 

a

 

 mating factor, cyclic GMP phos-
phodiesterase, and type I inositol-(1,4,5)-trisphosphate
5

 

9

 

-phosphatase (Anderegg et al., 1988; Hancock et al.,
1989; Vorburger et al., 1989; Finegold et al., 1990; Anant et
al., 1992; De Smedt et al., 1996)

 

.

 

 Prenylation results in the
covalent attachment of either farnesyl diphosphate (FPP) or
geranylgeranyl diphosphate (GGPP) to a conserved cysteine
near the C terminus of proteins by farnesyltransferase
(FTase) or geranylgeranyltransferase-I (GGTase-I). The en-
zymes recognize a conserved CaaX box sequence motif in
which C is a cysteine residue, a is usually an aliphatic amino
acid, and X is any amino acid modified by FTase or, with
only a few exceptions, leucine modified by GGTase-I
(Schafer and Rine, 1992).

Recent studies have shown that plant FTase is structur-
ally and functionally conserved (Yalovsky et al., 1997;
Rodríguez-Concepción et al., 1999b) and is required in sig-
nal transduction by abscisic acid in stomatal guard cells (Pei
et al., 1998). Lack of FTase in Arabidopsis affects the control
of cell division in the shoot apical meristem, resulting in de-
velopmental alterations (Yalovsky et al., 2000, this issue).
The FTase mutant 

 

era1-2 

 

(for enhanced response to absci-
sic acid), in which the gene for the FTase 

 

b

 

 subunit (

 

AtFTB

 

)
is deleted (Cutler et al., 1996), has enlarged shoot apical and
floral meristems that produce larger leaves and inflores-
cences and an increased number of floral organs than does
the wild type. Moreover, 

 

era1-2

 

 plants are late flowering,
and flowers often fail to develop (Yalovsky et al., 2000, this
issue). Treatment of tobacco tissue culture cells with FTase
inhibitors causes cell cycle arrest (Morehead et al., 1995), in-
dicating that the enzyme is required for normal cell cycle
progression in plants as well. Despite the emerging impor-
tance of protein farnesylation in plant growth and develop-
ment, however, only ANJ1, the plant homolog of the
bacterial chaperone DnaJ, has been identified as a sub-
strate for FTase (Zhu et al., 1993).

The amino acid sequence of the floral MADS box tran-
scription factor APETALA1 (AP1) (Mandel et al., 1992) termi-
nates in CFAA (Figure 1), a typical CaaX box recognition
motif for FTase. AP1 regulates the transition from inflores-
cence shoot to floral meristems and the development of se-
pals and petals (Irish and Sussex, 1990; Mandel et al., 1992;
Bowman et al., 1993; Gustafson-Brown et al., 1994; Mandel

 

1

 

These authors contributed equally to this work.

 

2

 

Current address: Department of Plant Sciences, Tel Aviv Univer-
sity, Ramat Aviv, Tel Aviv 69978, Israel.

 

3

 

Current address: Department Bioquímica i Biologia Molecular, Uni-
versitat de Barcelona, Martí i Franquès 1-7, 08028 Barcelona, Spain.

 

4

 

To whom correspondence should be addressed. Current address:
Institute of Plant Sciences, Swiss Federal Institute of Technology,
ETH Zentrum, LFW E57.1, CH-8092 Zurich, Switzerland. E-mail wilhelm.
gruissem@ipw.biol.ethz.ch; fax 41-1-632-10-79.



 

1258 The Plant Cell

 

and Yanofsky, 1995a; Hempel et al., 1997). 

 

ap1

 

 mutants de-
velop leaflike bracts instead of sepals, lack or have fewer
petals than the wild type, and develop axillary flowers in the
axis of the first whorl organs (Irish and Sussex, 1990;
Bowman et al., 1993). In wild-type plants, 

 

AP1

 

 is expressed
at high levels early in the ontogeny of flower primordia, indi-
cating a direct role for the gene in specifying floral fate
(Mandel et al., 1992; Gustafson-Brown et al., 1994; Hempel
et al., 1997). Ectopic expression of AP1 in wild-type Arabi-
dopsis directs the conversion of vegetative and inflores-
cence meristems into floral meristems and the development
of compound terminal flowers (Mandel and Yanofsky,
1995b; Lijegren et al., 1999).

Homologs of AP1 from Arabidopsis (Bowman et al., 1993;
Gustafson-Brown et al., 1994; Kempin et al., 1995) and
other plant species contain similar CaaX box sequences
(Figure 1), suggesting that a subfamily of proteins exists
within the plant MADS box superfamily of transcription fac-
tors that may be prenylated. We show here that AP1 is a
novel substrate for FTase, which efficiently farnesylates the
MADS box transcription factor both in vitro and in vivo.
Ectopic expression of an AP1 cysteine-acceptor mutant
protein that cannot be farnesylated failed to direct the devel-
opment of compound terminal flowers but induced other
novel phenotypes.

 

RESULTS

AP1 Is Prenylated in Vitro and in Vivo

 

Incubation of purified AP1 fused with glutathione 

 

S

 

-trans-
ferase (GST–AP1) with 

 

3

 

H-FPP and recombinant plant FTase
prepared from either yeast or baculovirus-infected 

 

Sf

 

9 cells
(Yalovsky et al., 1997) showed that the fusion protein

 

 

 

was la-
beled by FTase. The protein was not labeled in an extract
prepared from yeast 

 

ram1

 

D

 

 cells, which lack FTase activity
(Trueblood et al., 1993; Yalovsky et al., 1997) (Figure 2A). La-
beling was also substantially reduced in a protein extract
from mock-infected 

 

Sf

 

9 cells containing only endogenous
FTase. To confirm that prenylation was dependent on the
CFAA sequence motif, we constructed a GST–AP1 fusion
protein in which the farnesyl cysteine acceptor was replaced
with serine (GST–ap1mS), thereby creating a nonfunctional
farnesylation motif. We also predicted that mutation of the
C-terminal alanine to leucine (GST–ap1mL) would convert
the AP1 CaaX box sequence to a preferred substrate for
GGTase-I. Incubation of the three fusion proteins with puri-
fied FTase confirmed that farnesylation required the con-
served cysteine (Figures 2B and 2C). GST–ap1mL was also
labeled weakly with 

 

3

 

H-FPP but not with 

 

3

 

H-GGPP, con-
sistent with earlier reports that plant FTase can farnesylate
GGTase-I–like substrates but cannot utilize GGPP (Yalovsky
et al., 1997). Such complementation would be similar to the
promiscuity of GGTase-I observed in yeast and mammalian

cells (Trueblood et al., 1993; Dalton et al., 1995; James et
al., 1995).

To confirm that AP1 is prenylated in vivo, we expressed
full-length AP1 or ap1mS in 

 

Nicotiana benthamiana

 

 plants,
using a potato virus X (PVX) vector (Figure 3). Proteins were
prepared from infected leaves labeled with 

 

3

 

H-mevalonic
acid and separated on SDS–polyacrylamide gels, which
were then used either for immunoblot analysis with poly-
clonal AP1 antibodies (Figure 3A) or for fluorography to de-
tect labeled AP1 (Figure 3B). AP1 wild-type and mutant
proteins were expressed to a similar extent in leaves in-
fected with PVX–AP1 or PVX–ap1mS. A labeled protein the
same size as AP1 was detected only in extracts prepared
from PVX–AP1—infected leaves but not in those prepared
from PVX–ap1mS—infected or PVX mock-infected leaves.
Together, these results establish that both the AP1 CFAA
CaaX box sequence and the full-length transcription factor
are substrates for FTase.

Given that shoot apices and floral primordia have FTase
activity (Cutler et al., 1996; Schmitt et al., 1996; Zhou et al.,
1997), AP1 is probably farnesylated in cells of the floral mer-
istem. Kinetic studies have also shown that the CFAA se-
quence was farnesylated with a 

 

K

 

m

 

 of 3.4 

 

m

 

M (0.9 ng/

 

m

 

L),
which is similar to the 

 

K

 

m

 

 of 5 

 

m

 

M found for farnesylation of
H-ras by rat FTase (Reiss et al., 1991). In contrast, based on
prenylation assays with purified plant FTase, the 

 

K

 

m

 

 for far-
nesylation of the CAULIFLOWER CaaX box CYAA (Figure 1)
was calculated to exceed 100 

 

m

 

M (data not shown). Thus,
the CAULIFLOWER MADS box transcription factor is un-

Figure 1. The CaaX Box Motif Is Conserved between AP1 and Ho-
mologs from Distantly Related Plant Species.

Amino acid sequence alignment of the C-terminal 20 amino acids of
APETALA1 (GenBank accession number Z16421) and selected ho-
mologs: SQUAMOSA (X63701) from Antirrhinum majus; AP1H
(AJ000759) from Malus domestica (apple); AP1H.2 (U67452) and
AP1H.1 (Z37968) from Brassica oleracea; CAULIFLOWER (L36925),
AGL8 (Q38876), and AGAMOUS (X53579) from Arabidopsis thaliana;
MADS3 (X99653) from Betula pendula; MADS2 (AF068726) from
Nicotiana sylvestris; AP1H (AJ251300) from Brassica rapa; and
AP1H (AF034093) from Populus tremuloides. The putative CaaX box
sequences are shaded; dots indicate residues identical to AP1;
dashes indicate gaps formed by the alignment program; the under-
scoring indicates a conserved amino acid substitution between AP1
and a given homolog; and boxes highlight substitutions of the CaaX
box cysteines.
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likely to be farnesylated in vivo. Together, these experiments
show that AP1 is a substrate for FTase, thus making AP1 the
first reported prenylated transcription factor.

 

Nonfarnesylated AP1 Does Not Direct Development of 
Compound Terminal Flowers

 

To investigate the function of AP1 prenylation in Arabidop-
sis, we ectopically expressed both AP1 and the farnesyl
cysteine–acceptor mutant ap1mS in Columbia (Col-0) plants
under regulation of the cauliflower mosaic virus (CaMV) 35S
promoter (Figure 4). Thirty T1 kanamycin-resistant (Kan

 

R

 

)
transformants were initially selected for either 

 

35S

 

::

 

AP1

 

 or

 

35

 

::

 

ap1mS

 

. The plants were allowed to self-pollinate, and
two 

 

35S

 

::

 

AP1

 

 and three 

 

35S

 

::

 

ap1mS

 

 T2 lines that showed
both Mendelian segregation for the Kan

 

R

 

 marker and the
strongest phenotypes were characterized further. Trans-
formants expressing the 

 

35S

 

::

 

AP1

 

 gene developed the typi-
cal terminal flower gain-of-function phenotype (Mandel
and Yanofsky, 1995a; Lijegren et al., 1999) (Figure 4A,

 

35S

 

::

 

AP1

 

), but plants transformed with 

 

35S

 

::

 

ap1mS

 

 did not
develop compound terminal flowers in either primary or sec-
ondary shoot inflorescences (Figure 4A, 

 

35S

 

::

 

ap1mS

 

). In-
stead, these transformants flowered early and had curled
leaves.

To confirm that lack of farnesylation affects AP1 activity,
we also ectopically expressed the 

 

35S

 

::

 

AP1

 

 gene in 

 

era1-2

 

(Figure 4B). Twenty T1 Kan

 

R

 

 transformants were selected,
eight of which showed an early-flowering phenotype. In-
terestingly, none of the primary shoot inflorescences of
transgenic 

 

35S

 

::

 

AP1

 

 

 

era1-2

 

 transformants terminated in a

compound terminal flower, not even in transformants that
flowered early. Together, these results suggest that in 

 

era1-2

 

,
the nonfarnesylated AP1 protein is active and can confer an
early-flowering phenotype when ectopically expressed, but
its ectopic function differs from that of the wild-type protein
with respect to induction of terminal flower development.

In many transformants, ectopic expression of 

 

35S

 

::

 

ap1mS

 

caused development of unexpanded leaves that often
lacked chlorophyll. In some cases, leaf expansion ceased
and a colorless callus-like tissue developed instead (data
not shown). These results suggest that relative to AP1, the
nonfarnesylated transcription factor had novel activities that
impaired normal leaf development.

 

Ectopic Expression of 

 

Green Fluorescent
Protein–ap1mS

 

 Induced New Phenotypes but Failed to 
Direct Development of Compound Terminal Flowers

 

To further substantiate that lack of farnesylation affects the
function or localization of ectopically expressed AP1, we
constructed fusion proteins between green fluorescent pro-
tein (GFP) and the N terminus of the transcription factor.

 

GFP–AP1

 

 and 

 

GFP–ap1mS

 

 were expressed in transgenic
Arabidopsis under the control of the CaMV 35S promoter to
correlate ectopic protein expression assessed by GFP fluo-
rescence with the observed phenotypes. Of 78 transgenic
Kan

 

R 

 

GFP–AP1

 

 plants, 15 showed the dominant gain-
of-function phenotype typical of ectopic AP1 expression. As
Figure 5 shows, these plants developed only a few rosette
leaves, and their very short primary inflorescence stem bore
only one or two flowers (Figure 5A). GFP fluorescence was
detected in the nuclei of both floral and leaf tissues (Figure

Figure 2. In Vitro Prenylation of AP1.

(A) GST–AP1 is a protein substrate for prenylation. Reactions in
lanes 1 and 3 contained plant FTase extracts from yeast or baculovi-
rus-infected Sf9 cells, respectively, coexpressing the two subunits
of tomato FTase. Control extracts were from ram1D yeast cells (lane
2) or mock-infected Sf9 cells (lane 4).
(B) Farnesylation of GST–AP1 requires a functional CaaX box. Puri-
fied plant Ftase, shown in (C), was incubated with GST–AP1 (lane 1),
GST–ap1mL (lane 2), and GST–ap1mS (lane 3).
(C) Purified recombinant plant FTase prepared from baculovirus-
infected Sf9 cells. Positions of protein bands for FTase subunits a and
b (FTA and FTB, respectively) are indicated. Numbers at right indi-
cate positions of molecular-weight markers (Bio-Rad) in kilodaltons.

Figure 3. AP1 Is Prenylated in Vivo.

(A) Immunoblots of protein extracts from PVX-infected N. benthami-
ana leaves labeled with 3H-mevalonic acid. After infection with con-
trol PVX (lane 1), PVX–AP1 (lane 2), or PVX–ap1mS (lane 3) viruses,
protein extracts were subjected to immunoblot analysis with poly-
clonal antibodies prepared against the C-terminal third of AP1.
(B) In vivo labeling of AP1. Fluorography of gel with the same protein
extracts as shown in (A).
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5B), demonstrating that GFP–AP1 is correctly localized and
active. Only one of the transformants that showed GFP fluo-
rescence did not develop a terminal flower phenotype. In
this plant, GFP fluorescence was detected in the nuclei of
stomatal guard cells but not in meristem or flower tissues
(data not shown), suggesting that the transgene had in-
serted into a locus that altered the activity of the CaMV 35S
promoter. This result supports an earlier conclusion (Mandel
and Yanofsky, 1995a) that AP1 must be active in meristem
or leaf tissues (or both) to direct the terminal flower pheno-
type. No GFP fluorescence was detected in the remaining
62 Kan

 

R

 

 plants, which either appeared to be wild-type plants
or developed alterations in flower morphology reminiscent
of the 

 

ap1

 

 phenotype. This phenotype probably resulted
from inactivation of the AP1 functions by cosuppression of
the 

 

GFP–AP1

 

 transgene and the endogenous 

 

AP1 

 

gene
(data not shown).

The transgenic 

 

GFP–ap1mS

 

 plants flowered early, but

their primary inflorescence stem was indeterminate and de-
veloped numerous flowers rather than a single compound
terminal flower (Figures 6A, 6B, and 6D to 6F). In some
plants, the axillary inflorescence terminated in compound
terminal flowers with an elongated stem between the outer
whorl organs (Figure 6C), thus resembling 

 

35S

 

::

 

AP1 leafy

 

(

 

lfy

 

) plants (Lijegren et al., 1999). Interestingly, some flowers
also had carpelloid leaves with stigmatic papillae (Figure
6C), resembling 

 

lfy

 

 mutants (Weigel et al., 1992) and short-
day-grown 

 

era1-2

 

 plants (Yalovsky et al., 2000, this issue).
In other plants, both the primary and the axillary rosette in-
florescences were indeterminate, and both rosette leaves
and sepals were very hairy (Figures 6F and 6G), closely
resembling the 

 

35S

 

::

 

ap1mS

 

 plants described above. In ap-
proximately half of the 

 

GFP–ap1mS 

 

plants, the inflores-
cences were colorless (Figures 6D and 6E); in many flowers,
the gynoecium protruded from the closed flowers (Figures
6B and 6D), which resembled the 

 

era1-2

 

 plants (Yalovsky et
al., 2000, this issue). Together, these results demonstrate
that unlike that of GFP–AP1, ectopic expression of GFP–
ap1mS did not direct the development of terminal flowers
but instead produced new phenotypes not observed with
AP1 or GFP–AP1.

Figure 4. Ectopic Expression of AP1 and ap1mS in Wild-Type and
era1-2 Plants.

(A) Transgenic Arabidopsis Col-0 plants expressing either wild-type
AP1 or farnesyl cysteine–acceptor mutant ap1mS under the control
of the CaMV 35S promoter (35S::AP1 and 35S::ap1mS, respec-
tively). cl, curled leaf; tf, compound terminal flowers.
(B) Transgenic Arabidopsis era1-2 mutant plants expressing wild-
type AP1 under control of the CaMV 35S promoter (35S::AP1).

Figure 5. A GFP–AP1 Fusion Protein Retains Ectopic AP1 Tran-
scription Factor Activity.

(A) Transgenic Arabidopsis Col-0 plants expressing a chimeric gene
for the GFP–AP1 fusion protein under the control of the CaMV 35S
promoter. tf, compound terminal flowers.
(B) Confocal laser scanning microscope images of a gynoecium
(left) and a petal area (right) demonstrating the ectopic expression
and nuclear localization of GFP–AP1 in transgenic plants shown in
(A). Bar at left 5 100 mm; bar at right 5 10 mm.
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Of 106 transgenic KanR GFP–ap1mS plants, 52 showed
GFP fluorescence in nuclei of all tissues examined. Figure 7
shows examples of fluorescing nuclei from two of the plants
shown in Figure 6. The strong GFP fluorescence, which was
visible in nearly every cell, suggests a direct correlation be-
tween expression of the GFP–ap1mS fusion protein and the
resulting novel phenotypes caused by the lack of farnesyla-
tion of the transcription factor.

DISCUSSION

We have identified AP1 as a substrate for FTase and dem-
onstrated that farnesylation is required for the established
ectopic function of the transcription factor. Ectopic expres-
sion of the farnesyl cysteine–acceptor mutant protein
ap1mS in wild-type plants or AP1 in the era1-2 FTase null
mutant directs the development of novel phenotypes that
differ from the terminal flower phenotype reported for the
ectopic expression of AP1, suggesting that farnesylation al-
ters the function of the transcription factor.

What Is the Biochemical Role of AP1 Farnesylation?

The functional role of the AP1 C-terminal domain is not well
understood. However, the C-terminal sequence similarities
between AP1 and its homologs from distantly related plant
species (Figure 1) suggest that the C-terminal domain has
conserved functions. In only three of the reported AP1 ho-
mologs was the conserved CaaX box cysteine converted
into serine, tyrosine, or arginine by single-base changes
(Figure 1). Interestingly, Brassica oleracea has at least two
AP1 homologs; AP1H2 has a conserved CFAA CaaX box,
but the cysteine in AP1H1 is replaced by serine (Figure 1). In
view of the conservation of the CFAA CaaX box sequence in
many AP1 homologs and the efficient farnesylation of the
cysteine acceptor, perhaps we should reevaluate the DNA
sequence in those plants in which single-base changes
have apparently converted the farnesyl cysteine acceptor to
other amino acids. Identification of additional CaaX box–
containing AP1 homologs in other species, such as Populus
tremuloides, will provide further information on the extent to
which the AP1 transcription factor may be modified by far-
nesylation in flowering plants.

It is unlikely that farnesylation of AP1 is required for the
DNA binding activity of the transcription factor. In vitro, AP1
binds to target promoter DNA sequences as a homodimer
(Riechmann et al., 1996). Only the MADS box domain and
part of the L-loop amino acid sequence are required for ho-
modimerization of AP1 and binding to CArG box DNA se-
quences (Riechmann et al., 1996). However, a truncated AP1
protein consisting of only the MADS box and L domains was
inactive in vivo (Krizek and Meyerowitz, 1996), demonstrating
that homodimerization and DNA binding are not sufficient

Figure 6. Ectopic Expression of GFP–ap1mS Did Not Induce Devel-
opment of Compound Terminal Flowers.

Shown are four plants that expressed a high level of the farnesyl
cysteine–acceptor mutant ap1mS fused to GFP (GFP–ap1mS) under
the control of CaMV 35S promoter.
(A) A six-week-old plant with an elongated stem that produced nu-
merous flowers. The primary stem inflorescence (arrowhead) did not
terminate in a compound flower.
(B) Primary stem inflorescence of the plant shown in (A). Elongated
gynoecia, which protruded from closed flowers, are visible (arrow-
heads).
(C) An axillary inflorescence from the plant shown in (A). An elon-
gated stem between the first whorl organs and the rest of the flower
(arrowheads) and a carpeloid leaf (Ca) with stigmatic papillae are
clearly visible.
(D) Primary stem inflorescence composed of numerous colorless
flowers and a flower with an elongated gynoecium (arrowhead).
(E) Primary stem inflorescence consisting of numerous colorless
flowers. Many trichomes are visible.
(F) A plant with nonterminal primary (P) and axillary (Ax) inflores-
cences.
(G) The axillary inflorescences from the same plant shown in (F) in
more detail. An inflorescence with multiple flowers and the in-
creased number of hair cells on both leaves and sepals are visible.



1262 The Plant Cell

for AP1 to function as an active transcription factor. The
above results are consistent with the genetic analysis of the
ap1-4 and ap1-8 alleles, which encode mutant AP1 proteins
in which C-terminal sequences, including the CFAA FTase
recognition sequence, are deleted (M. Yanofsky, personal
communication). Both alleles produce intermediate ap1 mu-
tant phenotypes (Bowman et al., 1993), confirming that the
C-terminal domain is required for correct AP1 function.

Farnesylation of AP1 might also be important in interac-
tions of the transcription factor with other proteins. In Anti-
rrhinum, the AP1 ortholog SQUAMOSA forms a tetramer
with DEFICIENS and GLOBOSA, orthologs of the Arabidop-
sis B-type proteins AP3 and PISTILLATA. Assembly of the
heterotetrameric transcription factor complex requires the
C-terminal domain of SQUAMOSA (Egea-Cortines et al.,
1999). In addition, conservation of the CaaX box farnesyla-
tion motif in several other MADS box and homeobox plant

transcription factors (Figure 1) (Nambara and McCourt,
1999; Yalovsky et al., 1999) supports the view that farnesy-
lation may have structural or regulatory roles in the assem-
bly of certain types of plant transcription factor complexes.
For example, farnesylation of Ras in mammalian cells is re-
quired for efficient recruitment of the GDP/GTP exchange
factor after receptor signaling but not for Ras function per se
(Zhang and Casey, 1996).

Our results are difficult to reconcile with a published re-
port in which a chimeric protein consisting of the MADS box
and L domains of AP1 and the K-domain and C-terminal do-
main of AGAMOUS (which does not terminate in a CaaX
motif) could induce the AP1 ectopic phenotype when ex-
pressed in wild-type plants (Krizek and Meyerowitz, 1996).
In contrast, the farnesyl cysteine–acceptor mutant protein
ap1mS produced a different phenotype (Figures 4 and 6).
The conserved C-terminal sequence of AP1 is highly diver-

Figure 7. Nuclear Localization of the GFP–ap1mS Fusion Proteins.

(A) A flower bud from the plant shown in Figures 6F and 6G.
(B) and (C) GFP fluorescence is localized exclusively to nuclei. Images of stamen (B) and sepal (C) tissues were taken from the plant shown in
Figures 6A to 6C. Images were produced under dim light and UV illumination (to induce GFP fluorescence) by using Nomarsky differential inter-
ference contrast optics to visualize cell boundaries.
(D) High-magnification image of two of the nuclei shown in (C). The GFP–ap1mS produces speckles, which are dispersed throughout the nu-
clear matrix.
Bar in (A) 5 50 mm; bars in (B) to (D) 5 10 mm.
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gent from the C-terminal domain of AGAMOUS (Figure 1). It
is possible, therefore, that in the chimeric protein, other
amino acid sequences in the AGAMOUS domain could sub-
stitute for certain functions in the AP1 C-terminal domain
that would be affected by the farnesyl cysteine–acceptor
mutation in ap1mS. Because the interactions of AP1 and
AGAMOUS are currently best understood only at the genetic
level, it is difficult to explain how the AP1–AGAMOUS chi-
meric protein differs functionally from the single amino acid
mutation in the farnesyl cysteine–acceptor mutant ap1mS.

The biochemical and genetic analyses of AP1 prenylation
confirmed that the C-terminal CaaX box of AP1 is a func-
tional farnesylation site that can be modified by FTase with a
Km comparable to that of mammalian H-Ras (Reiss et al.,
1990) and that the nonfarnesylated AP1 protein has unusual
activity. The reduction in shoot-to-flower transition in
35S::ap1mS and 35S::GFP–ap1mS plants (Figures 4 and 6)
and the suppression of shoot-to-flower transition in trans-
genic 35S::AP1 era1-2 (Figure 4) suggest that the nonfarne-
sylated AP1 has a dominant-negative effect on flower
development. Taken together, these data suggest that far-
nesylation of AP1 is likely to direct specific, novel biochemi-
cal activities of the transcription factor, although additional
studies are required to test this hypothesis and to define the
biochemical function of farnesylation.

Why Does Lack of FTase in era1-2 Fail to Produce a 
Strong ap1 Phenotype?

The pleiotropic phenotype of the era1-2 mutant suggests
that several specific developmental and signaling processes
rely on protein farnesylation (Yalovsky et al., 2000, this is-
sue). The late-flowering phenotype of era1-2, considered
with the apparent homeotic transformation of floral organs
and partial inhibition of floral development (Yalovsky et al.,
2000, this issue), indicates that protein farnesylation is re-
quired both during the transition to reproductive growth and
at specific times during flower development. The phenotypic
changes in era1-2 become more severe when mutant plants
are grown in short-day conditions (Yalovsky et al., 2000, this
issue). A similar overlapping pleiotropy is also observed in
ap1 mutants, although no ap1 allele has been reported in
which only the farnesyl cysteine acceptor is mutated. Be-
cause the lack of FTase activity in era1-2 would be expected
to affect the functions of other proteins during reproductive
growth as well, it is perhaps not surprising that the mutant
does not show a strong ap1 floral phenotype. Instead, an al-
tered function of a nonfarnesylated AP1 transcription factor
in era1-2 probably would be partially compensated or modi-
fied by changes in other pathways.

Another possibility is that a small amount of AP1 in era1-2
might be modified by GGTase-I, thereby partially restoring
its specific function, although our experiments have con-
firmed that AP1 is not an efficient substrate for GGTase-I
(data not shown). Moreover, in era1-2, the high Km of AP1

for GGTase-I could be reduced by increased activities of
GGTase-I, although immunological analysis of era1-2 pro-
tein extracts with an antibody against the b subunit of
AtGGTase did not reveal any difference in AtGGTase protein
concentrations (S. Yalovsky and W. Gruissem, unpublished
results).

To explain the absence of an apparent ap1 phenotype in
Arabidopsis FTase mutants, Nambara and McCourt (1999)
suggested that other genes might exist for the b subunit of
AtFTase. Considering the conservation of prenyltrans-
ferases surveyed in eukaryotic cells (Yalovsky et al., 1997,
1999; Rodríguez-Concepción et al., 1999b), however, this
scenario seems unlikely and is not supported by biochemi-
cal data, which confirm that era1-2 lacks FTase activity
(Cutler et al., 1996). Also, polyclonal antibodies against
AtFTB failed to detect cross-reacting protein bands
(Yalovsky et al., 2000, this issue), and low-stringency hybrid-
ization with genomic DNA from era1-2 and AtFTB cDNA as
a  probe did not produce any cross-reacting DNA bands
that would indicate the presence of a divergent gene (S.
Yalovsky and W. Gruissem, unpublished results).

Lipid Modifications of Specific Transcription Factors 
and Growth Regulators Have Been Identified

Although AP1 is the first transcription factor to be identified
that is efficiently farnesylated in vivo and in vitro, lipid and
cholesterol modifications of specific transcription factors
and growth regulators have already been reported. SREBP,
a transcription factor involved in the regulation of cholesterol
metabolism in mammals, is synthesized as a plasma mem-
brane–bound precursor. A lipid modification sensitive to
changes in blood cholesterol concentrations initiates pro-
teolytic cleavage to release the mature SREBP from the
plasma membrane, followed by transport of transcription
factor to the nucleus (Brown and Goldstein, 1997). Similarly,
modification of hedgehog proteins by cholesterol appears to
be critical for their function, because a low-cholesterol diet
perturbs embryo development (Porter et al., 1996).

The precise role of farnesylation for AP1 function remains
to be established, although we speculate it may provide a
functional link between a key transcription factor controlling
flower development and the activity of the isoprenoid path-
way in meristems during reproductive growth. As such, far-
nesylation may facilitate interaction of AP1 with other
developmentally regulated transcription factors or nuclear
envelope complexes that coordinate cell division with the
temporal regulation of developmental gene expression in
response to the nutritional status of the cell. Several other
prenylated proteins have been identified in yeast and mam-
malian cells that regulate aspects of signal transduction, cell
division, and chromosome segregation and development;
homologs of these proteins exist in plants as well (Nambara
and McCourt, 1999; Rodríguez-Concepción et al., 1999b;
Yalovsky et al., 1999). Together, the characterization of
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prenylated proteins involved in various aspects of plant sig-
nal transduction and development implicated by the era1
mutants will provide important clues into the mechanisms
by which plants integrate key cellular biochemical and regu-
latory processes.

METHODS

Construction of Expression Vectors

To construct the pGST-AP1 plasmid, we cloned the cDNA encoding
the C-terminal 146–amino acid residues of AP1 in frame with the glu-
tathione S-transferase (GST) coding region into plasmid pGEX-3X
(Pharmacia). Plasmid pGST-AP1 was modified by polymerase chain
reaction (PCR) with primers APF (59-GTCAAGGATCCCATTATCTTG-
GGGAAGACTTGC-39) and APL (59-CTATTGAATTCATAAGGCGAA-
GCAGCCAAGGTTGC-39) to produce pGST-ap1mL (i.e., a fusion
plasmid in which the AP1 C-terminal alanine is mutated to leucine)
and with APF and APS (59-CTATTGAATTCATGCGGCGAAGGA-
GCCAAGGTTGC-39) to produce pGST-ap1mS. The corresponding
43-kD fusion proteins (GST–AP1, GST–ap1mL, and GST–ap1mS)
were expressed in Escherichia coli XL-1 Blue and purified on glu-
tathione Sepharose 4B beads (Pharmacia) according to the manu-
facturer’s instructions. The PCR products were sequenced to verify
that the correct fragments were amplified.

Full-length cDNAs of AP1 and ap1mS were prepared for subclon-
ing into potato virus X (PVX) expression vectors. pPVXAP1 (pSY503)
and pPVXap1mS (pSY504) were constructed by ligating the cDNAs
encoding AP1 or ap1mS into pPVX. Plasmids were linearized and
then transcribed to infect Nicotiana benthamiana plants (Chapman
et al., 1992). AP1 and ap1mS were subcloned into pGFP-MRC
(Rodríguez-Concepción et al., 1999a), a modified version of pRTL-
sGFP, to produce a C-terminal in-frame fusion between GFP and the
AP1 derivatives, creating plasmids pGFP-AP1 (pSY505) and pGFP-
ap1mS (pSY506). For ectopic expression in Arabidopsis thaliana of
GFP–AP1 and GFP–ap1mS, pSY505 and pSY506 were digested with
HindIII to isolate 35S::GFP–AP1–NOS or 35S::GFP–ap1m–NOS frag-
ments. These fragments were subcloned into the plant binary vec-
tors SLJ7292 (Jones et al., 1992) or pCAMBIA2300, which were
digested with the same enzyme to create pSY507 and pSY527. For
ectopic expression in Arabidopsis of AP1 and ap1mS, full-length
cDNA constructs were subcloned into pMDI to create pSY509 and
pSY510.

Protein Expression

The cDNAs encoding LeFTB and AtFTA were subcloned into pFast-
BacHTb (Gibco BRL) (LeFTB) (pSY105) and pFastBacHTc (AtFTA)
(pSY302). Recombinant baculoviruses expressing the genes were
prepared in the Bac-to-Bac system (Gibco BRL) according to the
manufacturer’s instructions. Recombinant proteins were purified on
1-mL Ni-NTA columns (Qiagen, Chatsworth, CA) according to the
manufacturer’s instructions. Fractions containing purified proteins
were pooled and dialyzed/concentrated under vacuum against a so-
lution of 50 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 50 mM ZnCl2, and 1
mM DTT, on ice, by using a Collodion apparatus (Schleicher and
Schuell) with a dialysis membrane having a 25-kD cutoff.

In Vitro Prenylation Assays

Prenylation assays were performed as previously described
(Yalovsky et al., 1997) except for the following modifications. Fusion
proteins were used as substrates instead of synthetic peptides, and
in some reactions, purified FTase was used at 0.5 mmol.

In Vivo Labeling of AP1

For labeling experiments, we excised leaves with the intact petiole
from PVX-infected plants and then incubated them in a ventilated
hood to facilitate transpiration in buffer A (0.5 3 Murashige-Skoog
salt mixture [Gibco BRL] and 20 mM lovastatin [Merck]). After 2 to 5
hr, leaves were transferred to new tubes containing 50 mCi of 3H-
mevalonic acid (60 Ci/mmol; American Radiolabeled Chemicals, St.
Louis, MO) in buffer A. After the mevalonic acid was absorbed,
leaves were transferred to buffer A. After 12 to 15 hr, petioles were
cut off and proteins were extracted by grinding equal weights of lam-
ina tissues in SDS buffer (Laemmli, 1970). To precipitate nonsoluble
material, we centrifuged the extracts for 5 min at 1000g and then for
5 min at 15,000g. Equal volumes from each extract were loaded on
10% SDS–polyacrylamide gels. After electrophoresis, the gel was
fixed, fluorographed (Amplify; Amersham), and exposed to XAR film
(Kodak) for 14 days.

Immunoblots

Nitrocellulose membranes were first blocked with 5% nonfat milk
and subsequently incubated for 12 hr at 48C with the AP1 antibody
(diluted 1:1,000), washed with Tris-buffered saline containing Tween-
20, and incubated for 1 hr with 20,000-fold-diluted goat anti–rabbit
secondary antibody conjugated to horseradish peroxidase for devel-
oping with a Super Signal Substrate kit (Pierce).

Plant Growth and Analysis

Arabidopsis seeds were sown in Sunshine mix (Fison Horticulture,
Bellevue, WA) and kept for 5 days at 48C before being moved into the
greenhouse. Plants were grown at 228C under long-day (16-hr-light/
8-hr-dark) growth conditions. Transgenic plants were grown under
continuous light or long-day growth conditions.

Confocal and Fluorescence Microscopy

Scans were made with a confocal argon laser scanning microscope
(Molecular Dynamics, Sunnyvale, CA) at both 488 and 514 nm. Filters
and detectors were set up in the following order: (1) neutral density
filter attenuating light to 10% transmittance; (2) dichroic long-pass
filter (DRLP) at 520 nm; (3) sample; (4) DRLP at 520 nm; (5) long-pass
barrier filter at 530 nm; (6) beam splitter at 595 nm; (7) detector 1, ei-
ther not active or with a barrier filter at 610 nm used to detect red
(chlorophyll) fluorescence; and (8) detector 2, with a barrier filter at
530 nm used to detect GFP fluorescence. Fluorescence images were
prepared using a Zeiss (Zeiss, Inc., Thornwood, NY) Axioplan 2
equipped with Nikon (Tokyo, Japan) Coolpix 950 digital camera.



Farnesylation of a Transcription Factor 1265

Construction and Analysis of Transgenic Arabidopsis

All plasmids were transformed into Agrobacterium tumefaciens
strain GV3101/mp90 by electroporation. This strain was used to
transform Arabidopsis ecotype Columbia (Col-0) plants by vacuum
infiltration (Bechtold et al., 1993; Bent et al., 1994), with 0.005% Sil-
wet L-77 (Lehle Seeds, Round Rock, TX) added to the infiltration me-
dia or by floral dip (Clough and Bent, 1998). Transgenic plants were
selected by plating seeds on growth media with 50 mg/mL kanamy-
cin added. All kanamycin-resistant (KanR) plants were transferred to
soil and examined for GFP fluorescence at 520 nm by using a Zeiss
Axioplan fluorescence microscope.
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