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Proper control of stem cell populations
is key for the development of all mul-
ticellular organisms. In Arabidopsis,
stem cells are located primarily in the
shoot, root and floral meristems where
they undergo complex regulation. The
Arabidopsis shoot and root meristems
are regulated by the related WUS and
WOX5 pathways, respectively. Previous
studies established that these pathways
share the signal transduction compo-
nents POLTERGEIST (POL) and PLLI.
Our latest study in Plant Cell revealed
key roles for acyl modifications and
lipid binding in the regulation of these
two type 2C protein phosphatases.
Specifically, POL and PLL1 were shown
to localize to the plasma membrane in
a myristioylation- and palmitoylation-
dependent manner, POL and PLLI were
shown to bind to membrane lipids, and
POL activity was found to be stimulated
in vitro by the phospholipid PI(4)P. Here,
we will discuss what is currently known
in Arabidopsis and other organisms about
the mechanisms of palmitoylation and
provide additional evidence supporting
that POL and PLL1 are palmitoylated,
including describing the identification of
a putative Arabidopsis palmitoyl trans-
ferase as a PLL1 interactor.

The related CLAVATA3 (CLV3)/
WUSCHEL (WUS) and CLE40/WOX5
pathways are key for proper regulation
of the Arabidopsis shoot and root stem
cell populations, respectively.! The only
known signaling intermediates for these
pathways are their shared intracellular
components, the protein phosphatase

type 2C proteins, POLTERGEIST (POL)
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and PLL1.>® Unil recently, nothing was
known about the mechanisms by which
the plasma membrane receptors of these
pathways negatively regulate POL and
PLL1, nor was anything known about
the mechanisms by which POL and PLLI
positively regulate WUS/WOXS5  tran-
scription in the nucleus. Our recent study
in Plant Cell provides some insights into
these questions by revealing that POL and
PLL1 are dual acylated plasma membrane
proteins that are activated by phospho-
lipids in vitro.” Significantly, the plasma
membrane localization of POL and PLL1
places them in proximity to the trans-
membrane receptors that negatively regu-
late their activity.

In our recent study, we found that POL
and PLLI localize to the plasma membrane
in a myristoylation- and palmitoylation-
dependent manner’ Furthermore, we
observed that these acyl modifications
are required for proper POL/PLLI func-
tion in vivo.” Specifically, our mutational
analyses suggested that myristoylation
occurs at the second amino acid, a gly-
cine, of each protein following removal
of the N-terminal methionine, while
palmitoylation occurs at a conserved cys-
teine residue located nine amino acids car-
boxyl to the myristoylation site (Fig. 1A).
Additionally, when both of these modifica-
tions were blocked in the PLLImyr™pal™-
GFP mutant isoform, we found that the
mutated protein functioned in a domi-
nant negative manner in vivo, confirm-
ing the importance of dual acylation for
POL/PLL1 function. Furthermore, LC/
MS/MS analysis of purified, trypsin-
ized, wheat germ-expressed POL revealed
that the N-terminal tryptic fragment,
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Figure 1. PLLImyr™-GFP is mis-localized following treatment with the palmitoylation inhibitor
2-bromopalmitate. (A) The amino acid sequences of the putative N-myristoylation and palmi-
toylation signal peptides of POL and PLL1. The glycines and cysteines where the acyl modifica-
tions, myristoyl and palmitoyl, are attached, respectively, are shaded in gray. (B) GFP fusion pro-
tein localization with or without treatment with the palmitoylation inhibitor, 2-bromopalmitate.'
The PLL1-GFP, PLLImyr™-GFP and PLL1pal™-GFP lines are as described.’ Plants were treated for 6
hours with 100 uM 2-bromopalmitate (Sigma) or solvent control as described." Confocal images
were obtained as described® with the following modifications, staining was performed using 10
ug/mL propidium iodide in the treatment solutions and the samples were mounted on the slides
in the treatment solutions. While all samples showed minor changes in cellular morphology in
response to treatment with 2-bromopalmitate, only the localization of the PLLImyr™GFP fusion
protein was dramatically altered following treatment.

MGNGTSR, was not detected. Instead,
we identified an 801 dalton myristoyl-
GNGTSR fragment, confirming direct
myristoylation of POL. Additionally,
through MS/MS analysis we were able to
identify a mass species of 1,400 daltons
which corresponds to the palmitoylated
version of the POL tryptic fragment,
VVGCFVPSNDK. Unfortunately, we
were not able to obtain LC/MS/MS data
for this fragment so this assignment, and
thus direct evidence of POL/PLLI palmi-
toylation, has not been confirmed.

To further support that PLLI is pal-
mitoylated in planta, we have performed
additional confocal analyses on the vari-
ous Arabidopsis GFP fusion lines from the
Plant Cell study following treatment with
the palmitoyltransferase inhibitor, 2-bro-
mopalmitate.” Previously, it was shown
that treatment of Arabidopsis roots with
this palmitate analog results in a pheno-
type similar to that of the Arabidopsis
palmitoyltransferase mutant, TIP1." This
result shows that Arabidopsis roots are
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permeable to this inhibitor and that this
inhibitor is able to negatively regulate at
least some portion of the Arabidopsis pal-
mitoyltransferases. As plasma membrane
localization of PLL1 is dependent upon
myristoylation and palmitoylation, we
hypothesized that if we treated the roots
of plants expressing the partially mislo-
calized unmyristoylatable PLLImyr™-
GFP with 2-bromopalmitate, we should
also block palmitoylation of this protein.
Thus, chemically blocking palmitoylation
of the PLL1myr™ isoform, which also can-
not be myristoylated, should result in a
localization pattern similar to that of the
PLLImyr"pal™ mutant isoform, which
cannot be myristoylated or palmitoylated.’
When four day old seedlings express-
ing PLLImyr™-GFP were treated with
2-bromopalmitate it was clear that this
treatment resulted in a dramatic change
in the localization pattern of the fusion
protein (Fig. 1B). Specifically, the protein
no longer localized predominantly to the
plasma membrane but was instead found
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in the nucleus and cytoplasm similar to
the non-acylatable PLL1myr™pal™-GFP.
The effect of 2-bromopalmitate on PLL1-
GFP localization was also examined.
Here, there were only minor changes in
the localization pattern of the fusion pro-
tein with more of the protein present in
the cytoplasm in the treated sample than
the untreated, which mimics the localiza-
tion seen in the PLL1pal™-GFP mutant.
Finally, when plants expressing PLL1pal™-
GFP were treated with 2-bromopalmitate
there was little to no change in the local-
ization of the fusion protein. This result
is what we would expect as this version of
the protein is already unable to undergo
palmitoylation and thus treatment with
2-bromopalmitate should have no effect
on its overall acylation. Taken together,
these results further support that PLLI
undergoes palmitoylation at its 11" amino
acid, a cysteine.

In the last eight years, two classes of
proteins have been identified as palmito-
yltransferases; these are the N-palmitoyl-
transferases and the S-acyltransferases.
The first class, the N-palmitoyltransferases
are enzymes that share homology with
the O-acyltransferases.'”” These palmito-
yltransferases are thought to catalyze the
addition of palmitoyl to an N-terminal
cysteine residue through an amide linkage.
The founding member of this family is the
Drosophila protein Skinny hedgehog."
While genetic studies strongly suggest
that Skinny Hedgehog and other related
proteins  are  N-palmitoyltransferases
there currently is no direct biochemical
evidence.!>!

The second class of palmitoyltrans-
ferases are the S-acyltransferases. These
proteins are transmembrane  thiol-
directed protein acyltransferases (PATs).
Specifically, these enzymes catalyze the
attachment of palmitoyl (and sometimes
other acyl groups) to specific cysteines
within the target proteins through a
thioester bond.” The founding members
of this family are the S. cerevisiae proteins,
Akrlp and Efr2p, which were the first pro-
teins shown to have palmitoyltransferase
activity.'>!7 All members of this class
of palmitoyltransferases contain a cyste-
ine rich DHHC domain thought to be
responsible for catalyzing the palmitoyl-
transferase activity.” All DHHC proteins
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Figure 2. A putative Arabidopsis palmitoyltransferase (S-acyltransferase) interacts with the N-terminus of PLL1. (A) The CytoTrap yeast two hybrid sys-
tem (Stratagene) was used to screen a flower cDNA library (generated at DNA Technologies, Inc., Gaithersburg, MD) in the vector pMYR (Stratagene)
for interactions with the N-terminal 258 amino acids of PLL1. The bait construct was generated by cloning the appropriate region of PLL1 (amplified
with the primers GCC CGG GCG ACG TCG ACG ATG GGA AGT GGA TTC TCC TCC and AAT TAA CCG CGG CGG CCG CGA TCA TGC CAT AGC TTC AAC) into
the Sall and Notl sites of pSOS (Stratagene). The bait construct was then transformed into yeast strain cdc25H(a) and positive clones were identified
following mating with the meristem yeast two hybrid library which was in the strain cdc25H(c).?' Sequence analysis revealed that two of the thirteen
N-terminal PLL1 interacting clones encoded At3g48760. At3g48760 is predicted to contain four transmembrane domains (light grey), a DPG (aspar-
tate-proline-glycine) motif (black), a TTXE (threonine-threonine-x-glutamate) motif (black) and a DHHC (aspartate-histidine-histidine-cysteine) domain
(medium grey). (B) At3g48760 contains the key residues required for the palmitoyltransferase activity of other members of the DHHC family.” The
DHHC domain and DPG and TTxE motifs from At3g48760 are shown aligned with the corresponding domains of the Arabidopsis palmitoyltransferase,
TIP1 (At59g020350) and the S. cerevisiae palmitoyltransferase, AKR1.""7 The consensus sequences at the bottom are from Mitchell et al. 2006."

also contain four transmembrane domains
with the DHHC domain falling between
the second and third transmembrane
domains. Finally, there are two other
motifs that are highly conserved among
DHHC proteins, the DPG motif and the
TTxE motif. Outside of these conserved
regions the DHHC proteins are highly
variable ~containing numerous other
known and unknown protein domains.
It is currently thought that all DHHC
domain containing proteins may function
as S-palmitoyltransferases.”>'

As the POL and PLL1 palmitoylation
attachment sites are within the proteins,
they undergo palmitoylation through
S-acylation. The most obvious candidates
then to acylate these phosphatases are the
Arabidopsis DHHC-containing proteins.’
In Arabidopsis, twenty-three DHHC-
containing proteins have been identified
through sequence analysis but only one
of these has been studied extensively,
TIP1 (At5g20350).""" Prior studies have
revealed that TIP1 is a bona fide palmi-
toyltransferase, is involved in a number of
processes including root hair and pollen
tube growth, and complements the yeast

S-acyl transferase mutant akrl A"
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Interestingly, in a screen for proteins
interacting with the N-terminal region
of PLL1, we have identified a potential
Arabidopsis DHHC palmitoyltransferase,
At3g48760. Through sequence analy-
sis we have confirmed that At3g48760
contains all of the domains conserved in
DHHC palmitoyltransferases (Fig. 2A).
Furthermore, when the DHHC domain
and the DPG and TTxE motifs of
At3g48760 are aligned with the cor-
responding regions of the Arabidopsis
palmitoyltransferase, TIP1, and the .
cerevisiae palmitoyltransferase, AKRI, it
is clear that the key residues are highly
conserved (Fig. 2B).” In summary, the
additional confocal studies presented
here, further support that POL and PLL1
are palmitoylated in vivo. Additionally,
we have found that POL and PLL1 pal-
mitoylation may be controlled in part by
the A#3¢48760 gene product, however
further analysis is required to confirm
this function.
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