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ho of Plants (ROP) small G proteins

unction at discrete domains of the
plasma and possibly endo membranes.
ROP:s are synthesized as soluble proteins
and their attachment to membranes and
partitioning in membrane microdomains
are facilitated by the posttranslational
lipid modifications prenylation and/or
S-acylation. Based on their amino acid
sequences, ROPs can be classified into
two major subgroups: type-I ROPs ter-
minate with a canonical CaaX box motif
and are prenylated primarily by geranyl-
geranyltransferase-I (GGT-I) and to a
lesser extent by farnesyltransferase (FT).
Type-II ROPs terminate with a plant
specific GC-CG box domain and are
attached to the plasma membrane by sta-
ble S-acylation. In addition, type-I and
possibly also type-II ROPs undergo acti-
vation dependent transient S-acylation
in the G-domain and consequent par-
titioning into lipid rafts. Surprisingly,
although geranylgeranylation is required
for the membrane attachment of type-I
ROPs and the y subunits of heterotri-
meric G proteins, Arabidopsis mutants
lacking GGT-I function have a mild
phenotype compared to wild type plants.
The mild phenotype of the ggz-I mutants
suggested that farnesylation by FT may
compensate for the loss of GGT-I func-
tion and that possibly the prenylated
type-I and S-acylated type-II ROPS have
some overlapping functions. In a paper
recently published in Plant Physiology'
we examined the role of the prenyl
group type in type-I ROP function and

membrane interaction dynamics and
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the functional redundancy between
type-I and type-II ROPs. This study
complements a second paper in which
we examined the role of G-domain
transient S-acylation in the membrane
interaction dynamics and signaling by
type-I ROPs.”> Together these two stud-
ies provide a framework for realizing the
role of prenylation and S-acylation in
subcellular targeting, membrane inter-
action dynamics and signaling by ROP
GTPases.

The distribution of Rho
superfamily small G proteins orchestrates

subcellular

cytoskeletal organization, vesicle traffick-
ing and cell wall modifications at specific
subcellular domains.>® Rhos are synthe-
sized as soluble protein precursors in the
cytoplasm and their attachment to mem-
branes depends on posttranslational lipid
modifications. Lipid modifications of Rho
proteins in concert with their C-terminal
polybasic domains affect subcellular tar-
geting, membrane interaction dynamics,
conformation and interaction with other
proteins. Lipid modifications may also
provide a link between metabolic and
Rho-regulated signaling pathways. Hence,
identification of the lipid modifications
of Rho proteins and elucidation of their
effects on subcellular distribution, mem-
brane interaction dynamics and activity is
essential for realizing the cellular function
of these proteins.

Rho of plants (ROPs), also known
as RACs, are master regulators of cell
polarity and signaling.>”® A classification
method based on the amino acid sequence
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Figure 1. Determination of the role of lipid modifications in ROP membrane dynamics by FRAP
beam-size analysis. (A) FRAP beam-size analysis. In this technique,'”® a laser beam is focused to

a small Gaussian spot on the membrane, collecting the fluorescence via the narrow focus of a
confocal setup. After bleaching, the bleached molecules of the protein measured (white ellipses)
can be replaced in the bleached spot with fresh fluorescent molecules (black ellipses) by lateral
diffusion or by exchange between membrane-bound and cytoplasmic populations. The experi-
ment is repeated with two different laser beam sizes. For lateral diffusion, the recovery time, T,

is directly proportional to the area bleached by the beam. However, for recovery by exchange,

T is independent of the beam size, as it reflects a chemical relaxation rate. (B) The effect of lipid
modifications on the membrane interaction dynamics of ROP6. In the wt version of ROP6 (ROP6)
the main contribution to fluorescence recovery is by lateral diffusion, although exchange is not
negligible. Fluorescence recovery of a constitutively active S-acylated ROP6 (rop6<*) takes place
by pure lateral diffusion. Fluorescence recovery of rop6* in ggt-Ib background (rop6* gg-b)
demonstrated a mixed contribution of lateral diffusion and exchange. However, the contribution
of the exchange was minor. The fluorescence recovery of the non S-acylated constitutively active
ROP6 (rop6<A?! +158ms%) takes place primarily by exchange and to a lesser extent by lateral diffusion.

divided ROPs into two major subgroups
designated type-I and type-11.° All type-I
ROPs terminate with a CaaX box motif
and are prenylated mainly by C20 gera-
nylgeranyl moieties and to a much lesser
degree by C15 farnesyl moieties.'” Type-II
ROPs are not prenylated and attach to the
membrane by S-acylation of cysteines that
are part of a conserved domain designated
the GC-CG box, in which the acylated
cysteines are separated by a stretch of five
or six aliphatic residues and flanked by
glycines."""? S-acylation, often referred to
as palmitoylation, involves the attachment
of palmitate (C16:0) or stearate (C18:0)
to cysteine residues via a reversible thioes-
ter linkage.'1¢ It has been shown that the
composition and structure of the GC-CG
box is required for stable association with
the membrane.” In addition, the type-
I ROP At=ROP6 (ROP6), and possibly
other type-I and type-II ROPs, undergo
activation-dependent transient S-acylation
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on two highly conserved cysteine residues
in the catalytic G-domain (C21 and C158
in ROP6).

Prenylation of CaaX box proteins is
catalyzed by two distinct prenyltransfer-
ases, farnesyltransferase (FT) and gera-
nylgeranyltransferase-I  (GGT-1).” FT
and GGT-I are heterodimeric proteins
that share a common « subunit and have
distinct B subunits that determine sub-
strate specificity. In Arabidopsis, the FT
B subunit (ERA1), the GGT-I B subunit
(GGT-Ib) and the FT/GGT-I common «
subunit (PLURIPETALA) mutants are
viable. The viability of the FT and GGT-I
mutants enabled us to explore: (1) how the
type of prenyl group affects the function
of ROPs and (2) the functional redun-
dancy between prenylated type-I ROPs
and S-acylated type-1I ROPs. The results
of this study were summarized in a paper
that was published in the February 2011
issue of Plant Physiology.!
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ARTICLE ADDENDUM

At the heart of our study were two
techniques that enabled us to link between
the prenylation and/or S-acylation sta-
tus and membrane interaction dynamics.
Gas chromatography coupled mass spec-
trometry (GC-MS) was used to identify
the lipid moieties released from purified
recombinant proteins that were expressed
in transgenic plants'® (Sorek et al. Methods
in Molecular Biology, In Press). Using
GC-MS, we were able to identify the pre-
nyl and acyl groups that modify ROP6 and
AGGTI in wtand GGT-I B subunit mutant
(ggt-Ib) mutant plants. The second tech-
nique is a specialized form of Fluorescence
Recovery After Photobleaching (FRAP)
This

technique, which is based on comparing

called “FRAP beam-size analysis.”

the recovery rates in FRAP experiments
conducted with two different laser beam
sizes, characterizes the membrane inter-
action dynamics of GFP-tagged proteins
by comparing the relative contribution
of lateral diffusion in the membrane ver-
sus exchange with the cytoplasm to the
fluorescence recovery process (Fig. 1A)."
FRAP beam size analysis is conducted
on live cells and measures the membrane
interactions of the proteins in their native
milieu, resulting in high sensitivity which
can reveal changes in protein-membrane
interaction dynamics that cannot be
detected by
such as immunoblotting or fluorescence

conventional techniques
microscopy.

We combined the identification of the
lipid modifications and the measurements
of membrane interaction dynamics with
functional analysis of ROPs in mamma-
lian and plant cells. In mammalian cells,
activated membrane-bound Racs induce
formation of actin-rich lamellipodia and
ruffles.

enabled to examine the functional con-

membrane This phenomenon
servation between plant ROPs and mam-
malian Racs, and to explore whether the
mechanism responsible for membrane
targeting and function of type-II ROPs
is unique to plants. In plants, the struc-
ture of leaf epidermis pavement is affected
by ROP activation status. Together, the
expression of ROP and ROP mutants
in mammalian cells and transgenic
Arabidopsis provided means to link ROP
function with their lipid modifications
and membrane interaction dynamics.
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When expressed in mammalian cells,
constitutively active ROP6 induced for-
mation of actin-rich lamellipodia and
membrane ruffles, similar to Rac pro-
teins. Interestingly, a dominant negative
ROP6 accumulated in cytoplasmic aggre-
gates and was not detected in the plasma
membrane. In these aggregates the domi-
nant negative ROP6 mutant might have
been in complex with RhoGDI and/or
RhoGEFs. In contrast to ROP6, the type-
IT ROP At-ROPY remained dispersed in
the cytoplasm and did not induce visible
phenotypic changes in the cells. Taken
together, these data indicated that type-I
ROPs are functionally related to Rac pro-
teins in metazoans and can interact with
their effectors regardless of the structural
differences in the insert region and the
switch-II domain.?*?' The data further
confirmed that the mechanism associated
with S-acylation and membrane targeting
of type-II ROPs is unique to plants.

Analysis of the prenylation of ROP6
and the Gy subunit AGG1 by GC-MS
demonstrated that both proteins were
farnesylated in the ggt-I6 background.
Both confocal imaging and immunoblots
with anti-ROP specific antibodies showed
that relative to wt plants, increased
amounts of ROPs could be detected in the
cytoplasm at steady state. Interestingly,
recombinant ROP6, which was purified
from the soluble protein extracts of ggt-
Ib plants, was farnesylated and S-acylated
(Fig. 1B). Hence, unlike H-ras, where
transient S-acylation of hypervariable
domain cysteines promotes stable inter-
action with the plasma membrane,” the
transient S-acylation of G-domain cyste-
ines in ROP6 only promotes stable mem-
brane association in conjunction with
geranylgeranylation.

The FRAP beam-size analysis revealed
that the type of prenyl group had little
effect on membrane interaction dynamics
(Fig. 1B). In line with the FRAP results,
the type of prenyl group had no effect on
the distribution of ROPs in the membrane
between detergent soluble and insoluble
(lipid rafts) fractions. Furthermore, leaf
epidermis pavement cells of ggz-/6 mutants
were only slightly less polar compared to
we cells, indicating that the prenyl group
had little effect on ROP signaling in cell
polarity.! The minor differences in cell
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polarity that were observed are likely due
to the smaller fraction of ROPs in the
plasma membrane rather than a direct
effect on their function. In contrast, muta-
tions that abolished ROP G-domain tran-
sient S-acylation strongly affected ROP
membrane interaction dynamics (Fig. 1B)
and partitioning into lipid rafts, and com-
promised ROP function in regulation of
cell polarity.?

The data described above indicate that
prenylation is required for membrane tar-
geting of ROPs and is therefore crucial
for their function. Farnesylated RODPs are
still targeted to the plasma membrane and
remain functional, although their interac-
tion with the membrane is weaker. The
recovery of farnesylated and S-acylated
ROPs from the soluble protein extracts
prepared from ggz-I6 mutant plants is
compatible with two alternative scenarios.
One scenario is that the prenyl group is
embedded in the lipid bilayer and that
the greater hydrophobicity of geranyl-
geranyl in the C-terminal hypervariable
domain together with the proximal poly-
basic domain are required for stable asso-
ciation with the membrane. An alternative
explanation is that the prenyl moiety is
associated with the plasma membrane
through an adaptor with higher affinity
for geranylgeranyl compared to farne-
syl. Existence of such factor/s is compat-
ible with the identification of Galectin-1
and Galectin-3 as adaptors for H-ras and
K-ras membrane anchoring, respectively.*
Given that cells have proteins that specifi-
cally recognize the isoprenylated cysteine,
including CaaX proteases, Isoprenyl cyste-
ine Carboxy Methyl Transferase (ICMT)
and RhoGD], the existence of membrane
adaptors for geranylgeranylated ROPs is
not unlikely.

ROPs have been implicated to play a
role in cell polarity and development.>?
pluriperala (plp) FT/GGT-1 o-subunit
mutant plants display severe growth and
developmental alterations characterized
by pronounced expansion of the shoot api-
cal meristem (SAM), a strongly retarded
growth rate, and almost complete male
sterility.** We observed that the epidermal
cells of plp leaves are bigger and less polar
then in wrz plants. Interestingly, the differ-
ences were much more pronounced in the
adaxial (closer to the stem) epidermal cells
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compared to abaxial (away from the stem)
cells. The stronger change in cell polarity
at the adaxial side might reflect a greater
contribution of type-I ROPs to cell growth
on this side of the leaf. Nevertheless, pos-
sible contributions by other prenylated
proteins cannot be ignored. Expression of
constitutively active A-ROP11 (ropl1<%)
in plp induced a novel phenotype. The
leaf epidermis abaxial cells expressing the
ropl1°* mutant were rectangular or cubi-
cal, differing in their morphology from
abaxial p/p pavement cells. ropl1°* expres-
sion in plp also induced ectopic symmetric
and asymmetric cell divisions resulting in
increased number of stomata, a pheno-
type that was not observed when either
ropl1¢#
mutants were expressed in wz plants. The

or other constitutively active ROP

establishment of the adaxial and abaxial
identities takes place shortly after emer-
gence of leaf primordia from the SAM and
is regulated by hormonal, transcriptional
and posttranscriptional networks.” The
plp phenotype and the effect of the con-
stitutively active ropl1°* on cell division
in the plp background suggest that the
expression of type-I and type-II ROPs,
and perhaps more importantly, the equi-
librium between their GTP (ON) and
the GDP (OFF) bound states, might be
coordinated by the signaling network that
regulates adaxial/abaxial cell fates.
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