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Protein lipid modification of cysteine residues, referred to as S-palmitoylation or S-acylation, is an important secondary and
reversible modification that regulates membrane association, trafficking, and function of target proteins. This enzymatic reaction
is mediated by protein S-acyl transferases (PATs). Here, the phylogeny, genomic organization, protein topology, expression, and
localization pattern of the 24 PAT family members from Arabidopsis (Arabidopsis thaliana) is described. Most PATs are expressed
at ubiquitous levels and tissues throughout the development, while few genes are expressed especially during flower
development preferentially in pollen and stamen. The proteins display large sequence and structural variations but exhibit a
common protein topology that is preserved in PATs from various organisms. Arabidopsis PAT proteins display a complex
targeting pattern and were detected at the endoplasmic reticulum, Golgi, endosomal compartments, and the vacuolar
membrane. However, most proteins were targeted to the plasma membrane. This large concentration of plant PAT activity to
the plasma membrane suggests that the plant cellular S-acylation machinery is functionally different compared with that of yeast

(Saccharomyces cerevisine) and mammalians.

Cellular functions are regulated by various protein
modifications. These modifications can occur in a con-
trolled, reversible, and transient manner in response to
different signals (Huber and Hardin, 2004; Stulemeijer
and Joosten, 2008). Protein phosphorylation is the most
prominent modification and is regulated by the balanced
activities of protein kinases and protein phosphatases
(Hardie, 1999; Luan, 2003). However, other modifica-
tions, like ubiquitination and sumoylation (Miura and
Hasegawa, 2010) or nitrosylation (Lamattina et al., 2003),
also regulate protein functions.

A less well characterized reversible lipid modifica-
tion is the thioesterification of Cys residues, which is
known as S-palmitoylation or more generally referred
to as S-acylation (Hemsley and Grierson, 2008; Sorek
et al.,, 2009). S-acyl modifications mainly affect mem-
brane attachment and trafficking of proteins. They are
required for the dynamic association of proteins with
membrane subdomains (Sorek et al., 2007, 2010) and
for the cycling between different cellular membranes
(Rocks et al., 2005). In addition, S-acylation can influence
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the stability of proteins (Valdez-Taubas and Pelham,
2005; Abrami et al., 2006), modulates the functions of
proteins (Gubitosi-Klug et al., 2005), or mediates the
interaction between different proteins (Charrin et al.,
2002; Flannery et al., 2010).

S-acyl modification of proteins is brought about by
palmitoyltransferases, correctly referred to as protein S-
acyltransferases (PATs; Mitchell et al., 2006). Originally,
these enzymes were identified in yeast (Saccharomyces
cerevisige; Lobo et al., 2002; Roth et al., 2002). Sequence
analyses of the yeast PAT enzymes revealed that they
share a common structure mainly composed of four
predicted transmembrane domains (TMDs) and a stretch
of Asp-His-His-Cys (DHHC) within a Cys-rich domain
(CRD; Pfam accession, PF01529; InterPro entry,
IPR001594). Mutational analyses revealed that the Cys
residue of the DHHC stretch is necessary for autoacy-
lation and for the modification of target proteins.
Therefore, this domain appears to represent the active
site of these enzymes (Lobo et al., 2002; Roth et al,,
2002). Detailed analyses of the lipid modifications of
Rho-of-plants6 (ROP6; Sorek et al., 2007) and of the
Calcineurin-B like (CBL) proteins 1 and 2 (Batistic et al.,
2008, 2012) revealed that plant PATs either transfer
palmitate or stearate to these substrates.

In plants, so far only one PAT was characterized in
detail. A screen of Arabidopsis (Arabidopsis thaliana)
mutants resulted in the identification of TIP GROWTH
DEFECTIVE1 (TIP1), which is affected in root hair
formation and growth (Schiefelbein et al., 1993; Ryan
et al., 1998). Mapping of the mutant allele revealed that
TIP1 encodes a DHHC-CRD-containing protein, and
it was shown that this protein is indeed S-acylated
(Hemsley et al., 2005, 2008). Moreover, TIP1 contains
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N-terminal ankyrin repeats, related to the yeast PAT
Akrl, and is able to complement the PAT function in
the akr1A yeast strain, corroborating that TIP1 has a PAT
enzyme function (Hemsley et al.,, 2005). Although our
knowledge about the plant S-acylome and S-acylation
machinery is still limited (Hemsley, 2009), previous
studies on the S-acylation of plant proteins revealed
that these modifications could occur at different cel-
lular membranes like the endoplasmic reticulum (ER;
Adjobo-Hermans et al., 2006; Batistic et al., 2008), the
Golgi (Zeng et al., 2007), or directly at the plasma
membrane (PM; Sorek et al., 2007). Furthermore, re-
cent studies on the lipid modification of the tonoplast-
associated CBL2 protein from Arabidopsis implicated
that S-acylation can also occur at the vacuolar mem-
brane (Batistic et al., 2012). These findings suggested
that the PAT enzymes that modify these targets reside
at different membranes within the plant cell.

In this report, the complement of the Arabidopsis
PAT gene loci was examined to perform a compre-
hensive analysis of this gene and protein family. These
analyses revealed that at least 24 PAT gene loci are
encoded in the Arabidopsis genome. All Arabidopsis
PATs are expressed. Expression occurs mainly at
steady levels throughout development and in most
tissues examined. However, some PATs are preferen-
tially expressed at certain developmental stages or cell
types especially during flowering and in pollen, re-
spectively. Phylogenetic analysis revealed that the
proteins are highly divergent. Nevertheless, most PAT
proteins harbor a similar structural topology and
preserved sequence motifs that are representative of
this class of enzymes. Functional analyses on several
proteins by yeast complementation analyses indicate
that Arabidopsis PATs represent active enzymes, even
if their sequence deviates from the regular standard
sequence composition previously reported for func-
tional PATs. Moreover, the protein localizations of all
24 Arabidopsis PATs were examined. This revealed
a complex targeting pattern of PATs showing that
S-acylation can occur at different cellular membranes
within the cell. Remarkably, the plant PATs analyzed
are mainly targeted to the PM, indicating that the plant
S-acylation machinery has a different organization
and function compared with the mammalian and yeast
PAT machinery.

RESULTS

The Arabidopsis Genome Encodes 24
DHHC-CRD-Containing PAT Proteins

In a previous study, 23 gene loci that encode DHHC-
CRD proteins were identified and preliminary ana-
lyzed (Hemsley et al., 2005; Hemsley, 2009). In order
to perform a comprehensive and detailed analysis
of the DHHC-CRD-containing PAT family from Arab-
idopsis, the complement of gene loci was first re-
examined. The protein sequence of Arabidopsis PATS
was used in different BLAST searches as a query (see

1598

“Material and Methods” for details). This resulted
in the identification of overall 24 individual gene loci
that could encode for PATs. This included also the
At2g14255 locus, which was already described as a
gene partially homologous to At5g20350/TIP1 (Hemsley
et al., 2005). However, Hemsley and colleagues have
classified this gene as a pseudogene and concluded
that At5g20350/TIP1 is the only ankyrin-containing
PAT in the Arabidopsis genome. Nevertheless, the
protein predicted by the databases contains the central
DHHC-CRD domain, which is representative for this
enzyme class (see below). Therefore, according to the
previous naming, the gene product of At2g14255 was
designated here as AtPAT23. For a consistent nomen-
clature (and to exclude a mix-up with the tonoplast
intrinsic protein 1) a renaming of TIP1 is proposed here
to AtPAT24, while tipl would still represent a mutant
allele of AtPAT24.

The PAT gene loci are distributed throughout the
genome and not organized in larger clusters. Most loci
are concentrated on chromosome 3 (10 loci), and this
includes a single in tandem organized gene pair (AtPATSs
1 and 4). Five loci are distributed on the chromosomes
4 and 5, respectively, while three loci reside on chro-
mosome 2. A single PAT gene locus (AtPAT22) was
found on chromosome 1 (Supplemental Fig. S1).

To evaluate the mRNA and protein annotations of
the Arabidopsis PATs, the open reading frames
(ORFs) were PCR amplified from different comple-
mentary DNA (cDNA) sources, cloned, and sequenced
(Supplemental Materials and Methods). With the ex-
ception of AtPAT20, all PAT reading frames were am-
plified. However, several expressed sequence tags are
annotated for the AtPAT20 gene. This implicates that all
identified PAT genes are actively transcribed.

Sequences of the amplified ORFs correspond to the
mRNA structures annotated in The Arabidopsis Infor-
mation Resource database (version 1 if alternative ver-
sions exist), with the exception of AtPAT9. The 5’ and 3'
end of the AtPAT9 ORF obtained here correlates with
At5g50020.1, but the sequence contains 21/7 additional
nucleotides/amino acids (Supplemental Fig. S2). These
nucleotides/amino acids are also present in At5g50020.2.
However, the obtained sequence lacks the N-terminal
extension of At5g50020.2 (Supplemental Fig. S2). There-
fore, this sequence was designated as AtPAT9-3 and
used for all subsequent analyses.

Since At2g14255/AtPAT23 was classified as a pseu-
dogene and not as a PAT yet (Hemsley et al., 2005), its
transcript structure was analyzed in detail using cDNAs
from different tissues (root, shoot, flower, and pollen
specific). An amplification product was obtained by re-
verse transcription-PCR from all sources (Supplemental
Fig. S3A). The DNA obtained from flower tissue was
larger than the other PCR products. Sequencing revealed
an alternative spliced transcript of AtPAT23, which in-
cludes a nonspliced intron and a shortened exon. This
transcript contains a premature stop codon, and the
protein product would lack the central DHHC site
(Supplemental Fig. S3B). The PCR products from root,
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shoot, and pollen exhibited similar sizes. Sequence
analysis revealed that the root cDNA clone contained
different alternative splicing events compared with the
shoot and pollen ¢cDNA clones. These alternative
splicing events result in a premature stop codon, and
the resulting protein would lack the DHHC sequence.
However, clones obtained from the shoot and pollen
cDNA were identical to The Arabidopsis Information
Resource annotation and encode for a functional PAT
with a DHHC domain (Supplemental Fig. S3B).

Overall, these analyses allow the conclusion that all 24
Arabidopsis genes encode for functional PAT proteins.
The Arabidopsis Genome Initiative numbers, nucleotide
and protein accessions, nucleotide length of the ORFs,
and the predicted protein sizes of all Arabidopsis PATs
are summarized in Table L

Phylogenetic Analysis of Arabidopsis PATs

To group AtPAT23 clearly within the protein family,
the phylogenetic relationship of all Arabidopsis PATs
was analyzed. The degree of sequence conservation
(percentage of identical amino acids) between the pro-
teins was first determined based on a combination of
alignments generated by different MAFFT algorithms.
Interestingly, the overall level of sequence identity is rel-
atively low (Fig. 1A; Supplemental Table S1) compared
with other protein families like AtCIPKs (Kolukisaoglu

The Arabidopsis S-Acylation Machinery

et al., 2004; Fig. 1A). Most of the AtPAT proteins share
only approximately 20% identical amino acids. The most
divergent proteins AtPAT11 and AtPAT18 display only
12% identity. Overall, AtPAT11 is the least conserved
protein compared with all other AtPATs (maximum 24%
to AtPAT16; Supplemental Table S1). The AtPATs 6 and
7 (80% identical amino acids), 1 and 2 (73%), 8 and 9
(74%), and the AtPATs 19 and 20 (74%) displayed the
highest values of identical amino acids. Less conserved
in sequence is the protein pair AtPAT13 and 14 (66%).
All residual proteins exhibit <60% identical amino acids.
The newly classified AtPAT23 is most closely related to
AtPAT24. Both proteins share nearly 50% identical
amino acids but only 24% with the next related proteins
AtPAT15 and 16.

A phylogenetic tree was reconstructed by a neighbor
joining (NJ) and maximum likelihood (ML) method
for comparison (Fig. 1B; Supplemental Fig. S4). The
unrooted NJ tree with collapsed branches (node
support value >75%) is depicted in Figure 1B. This
phylogenetic analysis revealed that most of the Arab-
idopsis PAT proteins cluster in three main clades (A,
AtPATs 1-9; B, 11-16; C, 18-22). The largest and most
homogenous cluster (short branch length) is com-
posed of group A proteins. Indeed, proteins within
this group preserved a rather high conservation rate
(Supplemental Table S1). Moreover, this cluster con-
tains the largest number of highly related protein

Table I. Summary of the Arabidopsis PAT gene family
AGl, Arabidopsis Genome Initiative.

Gene AGI No. NCBI Nucleotide NCBI Protein Uniprot Protein Nucleotide Amino Protein Size in

Name Accession Accession Accession Length? Acids kD
AtPATOT  At3g856920 NM_115551 NP_191251 B3DN87 1,017 338 39
AtPATO2  At2g40990 NM_129644 NP_181632 080685 1,236 411 47
AtPATO3  At5g05070 NM_120589 NP_196126 Q5PNZ1 1,242 413 48
AtPATO04  At3g56930 NM_115552 NP_191252 QIMITKS 1,434 477 55
AtPATO5  At3g48760 NM_114735 NP_190445 QIM306 1,431 476 54
AtPATO6  At5g41060 NM_123471 NP_198922 QI9FLM3 1,264 410 46
AtPATO7  At3g26935 NM_180307 NP_850638 QOWQK2 1,332 443 50
AtPATO8  At4g24630 NM_118596 NP_194194 Q9SB58 1,244 407 47
AtPATO9  At5g50020 JF792493 AEF58502 FoeMDM7 1,245 414 48
AtPAT10  At3g51390 NM_114998 NP_566950 Q7XA86 1,023 340 39
AtPATT1  At3g18620 NM_112748 NP_188492 QILIH7 1,038 345 38
AtPAT12  At4g00840 NM_116310 NP_567193 Q5M757 876 291 33
AtPAT13  At4g22750 NM_118402 NP_567668 Q94C49 909 302 34
AtPAT14  At3g60800 NM_115944 NP_191639 Q8VYP5 924 307 35
AtPAT15  At5g04270 NM_120509 NP_196047 Q50022 765 254 29
AtPAT16  At3g09320 NM_111766 NP_566348 Q93VVO0 861 286 32
AtPAT17  At3g04970 NM_111369 NP_187148 Q3EBC2 1,194 397 45
AtPAT18  At4g01730 NM_116403 NP_192082 QIM115 1,499 499 57
AtPAT19  At4g15080 NM_117595 NP_193244 Q8L5Y5 2,157 718 79
AtPAT20P At3g22180 NM_113115 NP_188857 QILIE4 2,121 706 77
AtPAT21  At2g33640 NM_128924 NP_180922 Q6DRO3 1,698 565 62
AtPAT22  At1g69420 NM_202385 NP_974114 Q9C533 1,791 596 66
AtPAT23  At2g14255 NM_201724 NP_973453 Q3ECT1 1,697 536 60
AtPAT24°  At5g20350 NM_122042 NP_197535 Q52738 1,860 620 68

*Verified in this study.
reamplifying from a cDNA.

PPAT20 was not amplified from cDNA, but indirectly obtained by expressing a genomic fragment in N. benthamiana and
°A mutant allele was designated as tip7 (Hemsley et al., 2005).
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Figure 1. Sequence conservation and A
phylogeny of Arabidopsis PAT proteins.
A, Sequence identity values (in per-
centages) of all Arabidopsis PAT pro-
tein pairs were determined, and the
distribution (as relative frequency) of
the sequence scores was plotted as a
histogram (as bars). In comparison with
that, the identity values obtained from
the Arabidopsis CIPK protein gene
family were plotted by the same
method (as a filled line graph). Only
a few AtPAT proteins show high se-
quence conservation (>60% identical
amino acids), while all others share 0

o
—_
(4]

Relative Frequency
o
£ =
(4] —

<60% identical amino acids. The se- 0

quence identities of most Arabidopsis
PAT protein pairs range from only 10%
to 30%. CIPK proteins mainly range
from 40% to 60%. B, An NJ tree with B
collapsed branches (bootstrap values
>75%) of Arabidopsis PAT proteins.
The proteins are mainly clustered in
three groups. Group A consists of the
AtPATs 1 to 9, Group B of the AtPATs
11 to 16, and Group C of the AtPATs
18 to 22. The AtPATs 10, 17, 23, and
24 were not clearly positioned. AtPATs
23 and 24 are related proteins as both
are on the same branch. Bootstrap
values (in percentage values) are given
for the respective nodes. The top
number (percentage values from 0-
100) represents the bootstrap factor
obtained from the NJ analysis. The
bottom number (percentage values
given from 0-1) is the bootstrap factor
obtained from a ML analysis. [See
online article for color version of this Cc
figure.]

AtPAT24

AIPAT23

AtPAT22

AtPAT21

AtPAT20

pairs (AtPAT1-2, 6-7, and 8-9) and the in tandem or-
ganized AtPATs 1 and 4.

The overall grouping is mainly well supported by
both phylogeny methods except for AtPAT11 within
the B group (Fig. 1B; Supplemental Fig. S54). AtPAT11
was resolved on the ML tree with a rather low support
value (63% on the ML tree) compared with the NJ tree
(84%; Supplemental Fig. S4B). Moreover, the large
branch length of AtPAT11 reflects the low sequence
conservation compared with the AtPATs 12 to 16
(Supplemental Table S1).

The positions of the residual AtPAT proteins 10, 17,
23, and 24 were not clearly resolved in both phyloge-
netic analyses. On the NJ tree shown in Supplemental
Figure S4A, the AtPATs 10 and 17 were clustered to-
gether with the AtPATs 1 to 9 but with only a very low

1600

[ 1 AtPATs
| AtCIPKs

\
\
.; \

/ \WAAA

AtPAT10

20 40 60 80 100

% sequence identity

AtPAT17
AIPAT14

APAT12 B

AtPAT15

AtPAT16

APAT11

AtPAT19

support value. Finally, these analyses confirmed that
AtPAT23 is related to AtPAT24 as both were found as
a pair on a separate branch.

Taken together, the PAT proteins from Arabidopsis
preserved a rather low sequence conservation. Most
proteins can be classified in three different phyloge-
netic groups, while the residual proteins likely repre-
sent separate clades.

Identification of Conserved Sequence Motifs within
Arabidopsis PATs

The protein alignment was further inspected vi-
sually to identify conserved sequence motifs within
the Arabidopsis PATs. An alignment overview is
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shown in Figure 2A, and the full alignment is shown
in Supplemental Figure S5. The DHHC-CRD is present
in all PAT proteins (Lobo et al., 2002; Mitchell et al.,
2006) and is the only highly conserved domain within
all 24 Arabidopsis PAT proteins (Fig. 2A; Hemsley
et al., 2005). It is composed of the central DHHC motif
(positions 29-32 within the alignment section shown
in Fig. 2B) and six invariant Cys residues (amino acids
4, 7,18, 21, 24, and 38 within the alignment). Asn at
position 43 seems to be a further invariant amino
acid.

The Arabidopsis S-Acylation Machinery

Moreover, most Arabidopsis PAT proteins contain
the [KR]PPR motif within the DHHC-CRD (positions
11-14). At least the last Arg of this motif has been
shown to be important for enzyme activity (Mitchell
et al., 2010). Remarkably, this sequence of amino acids
is missing in the AtPATs 18 to 22. However, here, one
or both of the central Pro positions were replaced by
basic residues that could thereby substitute the miss-
ing Arg on position 14.

Further in-depth analysis revealed less conserved do-
mains and sequence motifs upstream and downstream

A BG 1 2 DPG Dﬂ: 3 4 NxTTxE NPY
| T
(T | | 0 1 |
AtPAT01-09 \ 'J | 'l V, | |\ ‘l
L] | ! L i
i 10 11 W 'i | 4 '
AtPAT10-17 i | \‘I I\ j
|'| \I o) \'I 1
1] T T
AIPAT18-22 1T SRR I T TS O S T
AtPAT23-24 [T TSI T [ | \ i [ T
conservation. . kel TR O T | Y 1 au
B . 20 30 . 40 50 , 80 .
AtPAT01/141-210 VKFEDTCQL c ICNNCVQ F CPWVGQEC I AL PFFVCFLEcBTLLCI VFVFSWVIML
AtPAT02/159-228 VKFEDTEL L C8 1 CNNCVQRF CPWVGQE I AL PYFICFISTSTLLCLYVFVFSWVSML
AtPAT03/170-239 VKFCDTCLL CS | CNNCVQRFBHHCPWYGQEC I AR PFFICFISSSTLLCIYVFVFSWINL I
AtPAT04/145-214 VKFEDTEL L c8 1 cnNeVoRFBHHCPWYGQC IGY FFEMF IS T8 TRLCIYVFAFSWLNIF
AtPAT05/157-22 | K¥CDTCML C8 1 CNNCVERFBHHCPWLGQC IGL FYFMFVLCSTLLCIYVHVEcwWIYVvK
AtPAT06/146-215 VKY.CDT CML C8 1 cNNCVERFBHHCPWYGQC | AQ FFFMFVFSTTLLCVYVFAFCCVY I K
AIPAT07/148-217 VK¥Y.CDT CML CS ICNNCVERF CPWVGQC | GM FFFMFVFSTTLLCIYVFAFCWVY IR
AtPAT08/135-204 VKY.CDT CML C8 1 cNNCVERFBHHCPWYGQEL IGL YFFMFVESSTLLCIY | FEMSAVY I K
AtPAT09/135-204 VKY.CDT CML c8 1 CNNCVERFBHHCPWYGQC IGY FFMFVSISATILCIY | FEMSALY IK
AIPAT10/161-230 NL [lCG Y CHVE CHDCGDRECVLAFBIHHCVWLGTC IGQ SKFWWY I CEETILCIWTL IMYVvDYLE
APAT11/147-216 MITFENYESKP crificavevi H FIAFL ISAVI AAVMCVYTIL |
AtPAT12/110-179 LGIc_TKfcRNV C8VCQRCVL FFLLFLFYTFLEEMLDV IVLLPSF I
AtPAT13/115-184 VR¥CRKCNQ CSVCGRCIL FLLFLFYMFLETTVVAVELLPIFL
AtPAT14/128-195 VRECRK ENQL SlVCGRCVL YFLLFLFYWFLE LVILVLMP'FI
AtPAT15/74-143 MRKCDKCF A CRVCRRCVL AFFILVFYATVAS I YSTIVLLVCCAF

APAT16/96-165 L REICQKCSHF
AtPAT17/159-228 KKE:QSTCK | P
APAT18/148-2171] S¥GSLGDLEVKRSSK
AtPAT19/173-242 ALFCTLENAEVRKFSK
APAT20/171-240 ALFCTL ENCEVRKF SK
APAT21/1143-212 AL FGSL CNAE VRMF SK
AtPAT22/162-231 MFICSLCEVEVFKYSK
AIPAT23/362-431 IQLGPT‘CKI |I I

AtPAT24/370-439 QL CATCKII |
Figure 2. Alignment of Arabidopsis PAT proteins. A, Alignment

CRVCKRCVL
cBicnrCVA

VFFVFVVYAVIBACVYSLVLLVGELT
YFMAFLLWHFLLCLYGRVAIGFIL -
FILLMVFVLLML | |EGGEALAVFV
FiI8LMAvELLWLL IEAGVGIAV IV
FVSLMEASLLWL | IEAAVGIAV IV
FVCLMAASIFFWL | AEFGVGVEVFV
KFF.LMVSAIFLLIMQ IFVLV
YFLVFVIMGALTSFVGGTTAVQRLW
KWEFFLFLLLEVLAML | TGGVTLARVL

overview of Arabidopsis PAT proteins. Light-gray lines/bars

indicate the respective position of amino acid. Conserved amino acids were decorated using the ClustalX color code. In ad-
dition, coloring was performed group-wise (AtPATs 1-9, 10-17, 18-22, and 23-24) to identify conserved blocks within sub-
groups. Below, the histogram displays the degree of conservation (large yellow bar represents conserved amino acids). Only the
central DHHC-CRD is highly conserved in all proteins. Upstream and downstream hydrophobic stretches are indicated as blue
boxes (1-4), as well as the position of short, conserved peptide sequences (DPG in purple and NxTTxE in green), which follow
the second and fourth hydrophobic stretch. AtPATs 1 to 9 contain a conserved N-terminal region that contains several basic and
Gly residues (BG). A less conserved region was discovered in the C-terminal region, which in most proteins consists of the
amino acid sequence NPYxxGxxxN. B, Alignment of the central DHHC-CRD domain. Coloring of conserved amino acids was
performed according to the ClustalX specifications. Coloring was applied to all proteins as one group. Cys residues (orange) are
invariant amino acids, as well as the central DHHC peptide. The DHHC peptide is followed by a hydrophobic stretch of amino
acids. Further upstream, a [KR]PPR peptide is nearly conserved in all Arabidopsis PATs but missing in the PAT group 18-22.
Number range after the protein name and diagonal slash (e.g. 141-210 in AtPATO1) give the amino acid positions within the
protein. Numbers above the alignment give the position of an amino acid within the alignment. [See online article for color

version of this figure.]
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of the DHHC-CRD. Four stretches of hydrophobic res-
idues were resolved by the alignment, each two flank-
ing the DHHC-CRD (Fig. 2A; Supplemental Fig. S5,
blue numbered boxes). Moreover, two short motifs
were identified that are conserved within the PAT
protein family (Mitchell et al., 2006). The amino acids
DPG and Nx[TS]Tx[DE] follow the second and last
hydrophobic stretch, respectively, and were preserved
in most Arabidopsis PATs. The AtPATs 18 to 22 dis-
play a variation of the second motif where the Asn is
missing, but they still contain the [TS]Tx[DE] stretch.
Interestingly, both conserved sequences are missing in
the AtPAT11 protein.

A further less conserved domain, the palmitoyl-
transferase conserved C terminus (composed of NP
[Yx]xxGxxxN), was proposed to be required for en-
zyme activity (Gonzalez Montoro et al.,, 2009). The
palmitoyltransferase conserved C terminus domain
was identified in most AtPAT 1 to 9 and AtPATs 23
and 24 proteins and is partially preserved in the
AtPATs 10 and 12 to 17, which still harbor GxxxIN
(Supplemental Fig. S5). In AtPAT11 and the AtPAT 18
to 22 protein group, this motif is missing. To exclude
that the domain was not recognized in the AtPATs 11
and 18 to 22 due to incorrect alignment, a manual in-
spection was performed, which corroborated the ab-
sence of this domain.

Further group specific motifs were revealed by the
alignment. The AtPATs 1 to 9 harbor an N-terminal
domain composed of several basic and Gly residues,
which precede the first hydrophobic stretch (BG domain;
Supplemental Fig. S5). The AtPATs 18 to 22 contain a
conserved stretch that consists of the amino acids R[KR]
HGWQ and shortly follows the initiator Met. In addi-
tion, a sequence overlap was observed within the large
N-terminal region between the AtPATs 23 and 24 that
precedes the first hydrophobic stretch.

Taken together, despite their low sequence conserva-
tion, all Arabidopsis PAT proteins preserved a common
general composition and contain a conserved central
DHHC-CRD flanked by two hydrophobic stretches.
This arrangement is one hallmark of this enzyme class.
Moreover, most PAT proteins contain short amino acid
motifs that are also present in enzymes from other
organisms. The AtPATs 11 and 18 to 22 represent ex-
ceptional proteins as they contain several variations or
complete substitutions of conserved motifs.

Complementation of the Vac8 Protein Localization to the
Vacuolar Membrane in Mutant Yeast Cells by
Arabidopsis PATs

To test the functionality of especially the PATs 11
and 18 to 22, which contain unique sequence varia-
tions, the enzyme activity of selected proteins was
tested using a yeast-based complementation assay
(Hou et al., 2009). S-acylation of the yeast vacuole re-
lated protein8 (Vac8p) is required for the efficient tar-
geting to the vacuolar membrane (Wang et al., 1998;
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Subramanian et al., 2006). Localization studies using a
quintuple PAT yeast mutant (akrlA, akr2A, pfa3A,
pfadA, and pfa5A; termed 5xA) revealed that Vac8p is
not targeted to the vacuolar membrane but to ER
structures (Hou et al., 2009; Fig. 3). Moreover, it was
shown that overexpression of any of the five knocked-
out yeast PATs can efficiently lipid modify Vac8p,
which results in retargeting of the protein back to the
vacuolar membrane (Hou et al., 2009).

Therefore, the complementation of Vac8p targeting
to the vacuolar membrane was tested here by the

Vac8p.GFP FM4-64 Vac8p.GFP+

FM4-64

brightfield

Wit
vector
APATOS
APAT10
AMPAT1T i) @ 5xA

AtPAT18

AtPAT21

Figure 3. Targeting of Vac8p to the yeast vacuolar membrane in yeast
mutant cells by Arabidopsis PATs. Vac8p.GFP is targeted to the vac-
uolar membrane in wild-type cells (Wt; indicated on the right). In the
5xA strain (indicated on the right) containing the empty plasmid as a
control (vector, indicated on the left), Vac8p.GFP associates with ER
structures. Expression of AtPATs (indicated on the left) can retarget
Vac8p.GFP back to the vacuolar membrane, while the PAT21, mutant
is not able to retarget Vac8p. First row shows a bright-field picture, and
the GFP fluorescence is depicted in the second row. FM4-64 staining
of the yeast vacuole is shown in the third row, which was merged with
the GFP fluorescence picture (shown in the last row). Bars = 10 um.
[See online article for color version of this figure.]

Plant Physiol. Vol. 160, 2012


http://www.plantphysiol.org/cgi/content/full/pp.112.203968/DC1
http://www.plantphysiol.org/cgi/content/full/pp.112.203968/DC1
http://www.plantphysiol.org/cgi/content/full/pp.112.203968/DC1

expression of Arabidopsis PATs in the yeast 5xA
strain. In the yeast wild-type strain, Vac8p was asso-
ciated with ring like structures and colocalized with
FM4-64 representing the vacuolar membrane (Fig. 3;
an enlargement of the GFP fluorescence is shown in
Supplemental Fig. 56). In the 5xA yeast strain harbor-
ing the empty vector (vector 5xA), Vac8p was not
associated with the vacuolar membrane but instead
accumulated with the ER (Hou et al.,, 2009; Fig. 3). In
contrast, expression of the Arabidopsis PATs 8 and 10
(two regular representatives) in the yeast 5xA cells
resulted in Vac8p localization to the vacuolar mem-
brane colocalizing with the staining of FM4-64. These
data indicate that PATs from Arabidopsis can efficiently
use the yeast Vac8 proteins as substrate for S-acylation.
Most importantly, the AtPATs 11, 18, and 21, which
represent PAT proteins with atypical sequence varia-
tions, also are able to retarget Vac8p to the vacuolar
membrane (Fig. 3; Supplemental Fig. S6). As a control
to investigate if this localization depends on the PAT
enzyme activity, a mutant version of PAT21 was in-
troduced (termed PAT21.,). This protein harbors a
mutation within the active site (DHHC,,, - DHHA
exchange), which renders PAT proteins inactive (Lobo
et al., 2002; Roth et al., 2002). As expected, expression
of PAT21, did not result in retargeting of Vac8p, and
fluorescence was observed in structures as in the vector
control strain (Fig. 3; Supplemental Fig. 56).

These results indicated that the Arabidopsis PATs 8
and 10 and especially the PATs 11, 18, and 21, which
harbor several unusual sequence features, can lipid
modify Vac8p and therefore represent active enzymes.

Protein Topology of Arabidopsis PATs

Most of the identified PATs from yeast and mam-
mals contain four predicted TMDs with cytosolic N
and C termini (Politis et al., 2005; Ohno et al., 2006).
Also here, four hydrophobic stretches were identified
in the protein alignment of the Arabidopsis PATs,
which could represent TMDs. Therefore, the Ara-
memnon database was used to further determine
the protein topology by bioinformatic analyses. These
analyses revealed that most of the proteins indeed
harbor four potential TMDs predicted with a high prob-
ability score (Fig. 4A). Further hydrophobic domains that
were identified by the prediction algorithms in different
AtPATs likely do not represent TMDs due to the low
probability score (<50%).

An exception of the common protein topology is
likely represented by AtPAT15, which contains two
N-terminal hydrophobic domains. However, only the
second hydrophobic domain is highly predicted as
a TMD. This potential arrangement of only one
N-terminal TMD would require a secretion of the
N-terminal end to allow the cytosolic positioning of
the DHHC-CRD (Fig. 4B). On the other hand, AtPAT17
contains four predicted TMDs (one weakly predicted
with 55%) upstream of the DHHC-CRD (Fig. 4A).
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However, this would still allow it to direct the active
site to the cytosol as proposed for PATs with two
N-terminal TMDs. A further variance in the topology
was found in the AtPATI11 protein. In AtPAT11, the
TMDs behind the DHHC-CRD are separated by a
larger spacer, including a further hydrophobic domain.

These topology analyses also revealed the variance
of the overall protein structure and within the dif-
ferent N- and C-terminal or central regions. Gener-
ally, the protein sizes range from 254 amino acids/29
kD in AtPAT15 to 718 amino acids/79 kD in AtPAT19
(Table I). Larger central (124-157 amino acids) do-
mains are common especially for the AtPATs 18 to
22 and for the AtPATI0 protein (121 amino acids).
The central region in the remaining proteins ranges
from 68 to 101 amino acids. Despite this variance, the
DHHC motif within the central region is always lo-
cated to the vicinity of the C-terminal TMDs (triangle
in Fig. 4A).

With the exception of the AtPATs 23 and 24, which
contain extremely long N-terminal regions, the C-
terminal region is in general longer than the N-
terminal region. The latter region can consist of only
a few amino acids (four amino acids in AtPAT17)
preceding the first TMD. The size of the C-terminal
region can vary from 58 amino acids (AtPAT11) to
428 amino acids (AtPAT19). This extreme C-terminal
extension is a common feature of the AtPATs from the
B clade, especially of the AtPATs 19 to 22.

To examine the presence of further functional do-
mains, all PAT protein sequences were inspected using
bioinformatic tools. These analyses confirmed the pres-
ence of the N-terminal ankyrin domain in AtPAT24, as
previously reported (Hemsley et al., 2005). Moreover, an
N-terminal ankyrin domain is also present in AtPAT23,
further confirming the close relationship of AtPATs 23
and 24. For AtPAT4, a His-rich region was identified in
the C-terminal region (amino acids 380-390). For the
residual PAT proteins, additional domains were not
identified by the database scans.

Overall, these analyses revealed that most Arabi-
dopsis PAT proteins exhibit a common but variable
protein topology. Larger structural variances are pre-
sent in the N-terminal, central, and especially in the
C-terminal regions of the proteins. Particularly the
AtPATSs 18 to 22 contain largely extended central and
C-terminal domains, while the AtPATs 23 and 24
contain N-terminal extensions composed of ankyrin
repeats. Additionally, AtPATs 15 and 17 differ from
the residual proteins in their N-terminal topology by
the number of predicted TMDs.

Expression of Arabidopsis PAT Genes

Gene expression levels and patterns can provide
insights into the physiological function of their
products. Often proteins with a general function are
expressed at rather constant levels during develop-
ment and in several tissue types, while a regulated and
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tissue-specific expression could argue for a more spe-
cific function of a protein (Peremyslov et al., 2011).
Therefore, it was of interest to address if Arabidopsis
PAT enzymes are expressed constantly or in a regu-
lated manner. For this, the expression values were
analyzed based on ATHI chip experiments (from
Genevestigator) or tiling arrays (using TileViz; see
“Materials and Methods” for details).

According to the expression values obtained, 19 of
the 24 Arabidopsis PATs exhibited a broad and con-
stant expression pattern with transcripts detected at
different developmental stages (Fig. 5) and in most
tissues (Supplemental Fig. S7). The AtPATs 18 and 22
exhibited a certain degree of regulation as expressions
of both genes were stronger in bolting plants.

The AtPATs 1 to 3, 11, and 21 were found to exhibit a
very low expression level compared with the residual
PATs (Fig. 5). In contrast, largely increased transcript
levels were found for the AtPATs 1 and 3 and especially
for AtPAT2 during flower development (Fig. 5B). This
increase is likely due to the particular expression in
stamen and pollen (at least AtPATs 2 and 3; Fig. 5C;
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Supplemental Fig. S6). Rather high transcript levels in
pollen were also found for the AtPATs 8 and 24.

On the other hand, the expression of AtPAT21 seems
to be constant during development (Fig. 5, A and B) but
rather is restricted to a few cell types that would account
for the low transcript abundance (Supplemental Fig. S7).
Also, AtPAT9 exhibited a certain specialization as tran-
scripts were mainly detected in tissues especially involved
in reproduction (Supplemental Fig. S7).

This shows that most Arabidopsis PAT genes are
constantly expressed during development and in most
tissues. Only few PAT genes exhibited a specific tran-
scription either in certain tissues and/or at a specific
developmental stage.

Subcellular Localization of Arabidopsis PATs

S-acylation of proteins affects membrane binding
and targeting of substrates. Therefore, the specific lo-
calization pattern of PAT proteins themselves could be
important for directing proteins to the right destination
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(Nadolski and Linder, 2007). To gain insights into the
organization of the plant S-acylation machinery, the
subcellular localization of all Arabidopsis PATs was
analyzed by fusing PAT proteins to GFP and transient
expressions in Nicotiana benthamiana leaves.

The Arabidopsis PATs 3, 15, 17, and 18 were
detected on the ER, as indicated by the colocalization
with the ER marker protein mCherry.Calnexinl
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Figure 5. Expression of Arabidopsis
PATs. A, Global expression values of
Arabidopsis PATs obtained from Gene-
vestigator at different developmental
stages (seedling, white bar; young ro-
sette, light-gray bar; developed rosette,
medium-gray bar; stem, dark-gray bar;
flowers, black bar). Note that the
AtPATs 1, 11, 19, and 23 are not pre-
sent on the ATH1 microarray chip. Bars
represent mean values. Error bars rep-
resent sp. B, Expression of the AtPATs
1,2,3,11,19, 21, and 23 was com-
pared with the expression of AtPAT13
at different developmental stages (seed-

28 & 8 8 &

g E E E g E ling, white bar; young rosette, light-gray

% % % % 3 % bar; developed rosette, medium-gray
B developed flower bar; stem, dark-gray bar; flowers, black

bar). Values were obtained from At-
TEX using TileViz. C, Expression values
of PATs in Arabidopsis pollen obtained
from Genevestigator based on ATH1
microarray analysis. Bars represent
mean values. Error bars represent sp.

(AtCNX1; Irons et al., 2003; Dunkley et al., 2004; Fig.
6). In addition, the fluorescence of the GFP-fused PATs
was also observed on vesicular structures that were
not observed for mCherry. AtCNX1 (indicated by ar-
rows in Fig. 6). Exemplarily, the localization of AtPATs
with the ER and to the vesicles was analyzed in detail
observing the fluorescence of AtPAT17.GFP for a lon-
ger incubation period (up to 5 d after infiltration).
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Figure 6. ER localization of the Arabidopsis PATs 3, 15, 17, and 18.
PAT.GFP fusions were transiently expressed in N. benthamiana leaves,
and fluorescence is shown at the left. PATs were coexpressed with
mCherry.CNX1 shown in the middle. The merged fluorescence is
shown at the right. Arrows indicate the vesicle observed for PAT.GFP
fusions. Bars, shown in the merged picture, = 20 um. [See online ar-
ticle for color version of this figure.]

AtPAT18
+

AtCNX1

However, a differential targeting of the PAT protein
during different time points was not observed cor-
roborating the stable association with these compart-
ments (Supplemental Fig. S8, A and B).

In contrast, AtPATs 16 and 23 exclusively decorated
moving vesicles. Colocalization studies performed
with the Golgi marker protein N-acetylglucosaminyl-
transferasel from Arabidopsis (AtGNT1; Saint-Jore-
Dupas et al., 2006; Reichardt et al., 2007) revealed
that these vesicles represent the Golgi (Fig. 7A;
Supplemental Fig. S9A). This localization was also
observed for the AtPATs 14 and 24 (Fig. 7B). Re-
markably, at higher magnifications, AtPAT14.GFP
and AtGNT1.mCherry appeared to face opposite sites
of the Golgi, suggesting that AtPAT14 is rather tar-
geted to the trans-Golgi than to the cis-Golgi face
(Supplemental Fig. S9B). Moreover, both AtPAT14 and
24 decorated additional vesicles that were smaller and
separated from the AtGNT1 fluorescence (Fig. 7B;
Supplemental Fig. S9B). In contrast, the two highly
related proteins AtPAT1 and AtPAT2 decorated
vesicular structures that colocalized with AtGNT1.
mCherry only to some extent (Fig. 7C). Most AtPAT1/
2-decorated vesicles were smaller and clearly sepa-
rated from the Golgi vesicles (Fig. 7C; Supplemental
Fig. S10A). Therefore, the smaller vesicles may repre-
sent endosomal compartments. This assumption was
corroborated by comparing the fluorescence of AtPAT1
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and of the coinfiltrated endosomal marker AtRAB5C/
RABF1/ARA6.mCherry (Ueda et al.,, 2001; Supplemental
Fig. S10B).

The fluorescence of PAT10.GFP was mainly ob-
served on Golgi vesicles as revealed by colocalization
studies (Fig. 8A). However, some additional fluores-
cence was consistently observed at a large membrane
structure after different incubation periods (after 2 d,
Fig. 8B; up to 6 d, Supplemental Fig. S11, A-C).
Colocalization analysis with the Arabidopsis Two-
pore-K* channell (AtTPK1).mCherry revealed that this
membrane represents the vacuolar membrane (Fig. 8B;
Supplemental Fig. S11A; Batistic et al., 2010). Another
protein that localized to the tonoplast was AtPAT11
(Fig. 8C). Additional colocalization analysis of the
AtPAT11.GFP protein with CNX1 corroborated that

A

AtPAT16
+

AtGNT1

AtPAT23

+

AtGNT1

B

AtPAT14
+

AtGNT1

AtPAT24
+

AtGNT1

C

AtPATO1
+

AtGNT1

AtPATO02
+

AtGNT1

Figure 7. Localization of the Arabidopsis PATs 16, 23, 14, 24, 1, and
2. AtPAT.GFP fusions were transiently expressed in N. benthamiana
leaves (left) and coexpressed with AtGNT1.mCherry (middle). The
merged fluorescence is shown at the right. Bars, shown in the merged
picture, = 20 um. [See online article for color version of this figure.]
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A

AtPAT10
+

AtGNT1

Figure 8. Localization of the Arabidopsis PATs 10 and 11. AtPAT.GFP
fusions were transiently expressed in N. benthamiana leaves, and
fluorescence is shown at the left. AtPAT10 was coexpressed with
GNT1.mCherry (A) and TPKT.mCherry (B). A higher gain was used to
enhance green fluorescence in (B) compared with (A) to better display
the vacuolar membrane (arrows). AtPAT11 was coexpressed with
TPK1.mCherry (C). Both decorated the vacuolar membrane and vesi-
cles (arrows). All coexpressed mCherry fused proteins are shown in the
middle. The merged fluorescence is shown at the right. Bars, shown in
the merged picture = 20 um. [See online article for color version of this
figure.]
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AtTPKA1

the observed fluorescence was clearly separated from
the ER membrane (Supplemental Fig. S11D). However,
it should be noted that some of the AtPAT11.GFP
fluorescence was detected at small vesicles. These
vesicles were also observed for AtTPK1-mCherry and
therefore could represent a prevacuolar compartment
(Fig. 8C).

The remaining PATs 4 to 9, 12, 13, and 19 to 22
all decorated the PM membrane, as revealed by co-
localization studies using CBL1n.OFP (for orange flu-
orescent protein; Batistic et al., 2010; Fig. 9). Some
additional localization on vesicles was observed for
AtPAT13.GFP, which did not colocalize with the Golgi
(Supplemental Fig. 512). Similarly, these vesicles were
also observed for the AtPATSs 20 and 22 (Fig. 9).

Together, these studies of the subcellular localiza-
tion of Arabidopsis PATs revealed a complex pattern
of the distribution of these proteins at several cellular
membranes (summarized in Table II; Supplemental
Fig. S13). Most PAT proteins displayed PM localiza-
tion, which mainly originated from the A and C clades
of the protein family. The other proteins were detected
at the ER, Golgi, endosomal compartments, and at the
vacuolar membrane. Moreover, these studies revealed
that proteins within a phylogenetic subgroup are not
targeted homogenously and even related proteins, as
the AtPATs 1/2 and 3 or the AtPATs 13 and 14 can be
associated with different membranes.
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DISCUSSION

DHHC-CRD-containing proteins mediate the 5-
acylation of proteins. However, our current knowl-
edge about the plant S-acylation machinery is still very
limited. Arabidopsis contains overall 24 expressed
gene loci, which is similar to the number of PATs (22)
found in humans (Ohno et al., 2006). Phylogenetic
analysis revealed that most of the Arabidopsis proteins
grouped in three main clusters. The AtPATs 10, 17,
and the AtPATs 23/24 were not grouped into one of
the main groups and therefore could form indepen-
dent groups. In addition, although AtPAT11 branched
together with the AtPATs 12 to 16, this position is
uncertain. Therefore, AtPAT11 could form a further
separate group distantly related to AtPATs 12 to 16.
These analysis also revealed highly related pairs
(AtPATSs 1-2, 6-7, and 8-9 within clade A and AtPATSs
19-20 within clade C), which likely arose by recent
gene duplication events. Moreover, the gene loci of
AtPAT1 and AtPAT4 were found to be directly orga-
nized in tandem. This suggests that both arose by a
tandem duplication event, although sequence conser-
vation between these two proteins is relatively low
(53% identity). However, low sequence conservation
of tandem duplicated genes also is common in other
gene families (Kolukisaoglu et al., 2004), implicating
that several tandem duplications arose rather early in
evolution.

Remarkably, the sequence conservation between the
Arabidopsis PAT proteins is exceptional low. In ad-
dition, the three main clusters display different rates of
conservation. This indicates an overall early and dif-
ferential evolution of the three main groups. Of these,
clade A represents the largest and most homogenous
one. It is likely that genes within the A clade evolved
later in evolution, which would explain the larger
degree of sequence conservation. Moreover, the high
number of duplicated gene pairs within this clade
further reflects a selection process that somehow fa-
vored the evolution of clade A genes. Such a process
could be the evolution of reproductive organs like
flowers in higher plants. In accordance with this, sev-
eral clade A genes were found to be preferentially
expressed in flower organs.

Although protein sequences can largely vary within
this enzyme class, the overall topology and general
domain structure of PAT proteins is preserved
throughout different organisms (Ohno et al., 2006).
This was also predicted here for the Arabidopsis PATs
by bioinformatic analysis. Most proteins contain four
hydrophobic domains that likely represent TMDs.
They are flanked by N-terminal and C-terminal re-
gions and separated by the central conserved DHHC-
CRD, which represents the active site of these enzymes
(Figs. 2 and 3). In general, the N- and C-terminal and
central domains are thereby arranged to the cytosol
(Politis et al., 2005). Major topological variations were
observed for the AtPATs 15 and 17. AtPAT17 contains
four predicted N-terminal TMDs, while AtPAT15
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Figure 9. PM localizations of the Arab-
idopsis PATs 4 to 9, 12-13, and 19 to 22.
The Arabidopsis PATs fused to GFP (left)
were transiently expressed in N. ben-
thamiana leaves with CBL1n.OFP (mid-
dle). The merged fluorescence is shown
at the right. Bars, shown in the merged
picture, = 20 um. [See online article for
color version of this figure.]
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AtCBL1n

AtPAT05
+

AtCBL1n

AtPATO09

likely harbors only a single predicted N-terminal
TMD. AtPAT15 would therefore require a secreted N
terminus to arrange the DHHC-CRD domain back into
the cytosol (Fig. 4B). On the other, it could be possible
that all N-terminal hydrophobic domains in AtPAT15
represent TMDs similar to the arrangement found for
the other PATs. Hence, the topology of the PATs 15
and 17 should be analyzed experimentally in more
detail in the future.

While the overall topology of the Arabidopsis PAT
proteins was mainly preserved, the different cytosolic
domains vary in size and amino acid composition.
Variations were found especially in the subgroup that
includes the Arabidopsis PATs 18 to 22. These proteins
contain largely extended C-terminal regions as well
as central domains. Moreover, the active site of the
AtPATSs 18 to 22 contains a unique sequence variation
that was not found in other Arabidopsis PATs. A
further exceptional protein represents AtPAT11, which
lacks several sequence motifs that are otherwise pre-
served in this protein family, like the DPG and
NxTTxE sequence. However, functional analysis of
these proteins in yeast PAT mutant cells revealed a
complementation of the Vac8 protein targeting to the
vacuolar membrane, indicating that PAT11 and pro-
teins from the 18-22 group represent active enzymes.
This implicates that the conserved domains that are
missing in PAT11 or the sequence variations found in
PATs 18 to 22 are not necessarily required for function.
Therefore, these variations could point to a so far not
recognized variability in the enzymatic mechanism
within this protein family or to a yet unknown
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AtPAT08 AtPAT21
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AtCBL1n AtCBL1n
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+

AtCBL1n
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+

AtCBL1n
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\ +
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mechanistic specialization specific to these enzymes.
Essentially, how target specificity and activity of PAT
proteins is regulated within a cell is currently not well
known. The C-terminal regions could be required for
correct targeting of the proteins, as shown for human

Table Il. Summary of Arabidopsis PAT localizations
Arabidopsis PAT

AtPATO3
AtPAT15
AtPAT17
AtPAT18
AtPAT10
AtPAT16
AtPAT23
AtPAT14
AtPAT24
AtPATO1
AtPAT02
AtPAT13
AtPAT20
AtPAT22
PM AtPATO4
AtPATO5
AtPAT06
AtPATO7
AtPATO8
AtPAT09
AtPAT12
AtPAT19
AtPAT21
AtPAT10
AtPATT1

Localization

ER (and vesicles)

Vesicles (Golgi)

Vesicles (Golgi and non-Golgi)
Vesicles (non-Golgi)

PM and vesicles

Tonoplast
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enzymes (Greaves et al., 2011). Moreover, it was
assumed that the C-terminal regions could act as
scaffolding domains for substrates or for accessory
proteins that regulate enzyme function (Yang et al.,
2010). Interestingly, the scaffolding function could be
independent of enzyme function as recently reported.
The PAT DHHC5 from mouse contains a largely ex-
tended C-terminal region. This region is sufficient for
interaction with the postsynaptic density protein-95
(PSD-95). However, DHHC5 seems to be not respon-
sible for lipid modification of PSD-95, implicating that
DHHCS5 is mediating a scaffolding function for PSD-95
and thereby modulating synaptic functions (Li et al.,
2010). This would extend the role of PATs beyond the
known lipid modification of proteins. Therefore, it is
tempting to speculate if plant PATs also mediate such
scaffolding functions via their variable C-terminal
regions to regulate targeting of proteins, besides or in
addition to their enzymatic activity. Moreover, the
large domain variations of the PAT proteins allow the
assumption that they mediate substrate specificity,
the specific regulation by putative accessory proteins,
and/or the targeting of the enzymes.

To address potential roles of the variable domains,
different protein motif identification algorithms were
applied. However, these analyses revealed classical
domains in only three proteins of the family. AtPAT4
contains a His-rich region within the C-terminal do-
main. Such regions can bind metals and can be required
for enzyme activity (Kasher et al., 1993). AtPAT23 and
AtPAT?24 both contain ankyrin repeats within the large
N-terminal region. Ankyrin domains are known to
mediate protein-protein interactions (Li et al., 2006), as
shown for the yeast ankyrin repeat containing PAT
Akrl with the y-subunit of the yeast heterotrimeric G
protein (STE18). However, this interaction does not re-
sult in an enzymatic modification of STE18 by Akrl
(Hemsley and Grierson, 2011). On the other hand, the
enzymatic modification of the Akrl substrate yeast
caseine kinase2 does not require the presence of the
ankyrin repeats. Therefore, the N-terminal ankyrin re-
peats in Akrl, and in AtPAT23/24, may fulfill a scaf-
folding function similar to the C terminus of the mouse
DHHCS protein (Hemsley and Grierson, 2011). The
related AtPAT23 and AtPAT24 may modify similar
targets and fulfill similar functions. However, the
partial differential localization pattern of these related
PATSs observed in this study are suggestive for certain
trend to specialization between the two PATs. Taken
together, these analyses established the close structural
and phylogenetic relationships between AtPAT23 and
AtPAT24 and corroborated that Arabidopsis contains
two functional ankyrin repeat PATs as also observed
in mammalians and yeasts.

Protein function can be further specified by a timely
and spatially regulated expression. The expression
values of most Arabidopsis PATs appear rather con-
stant and occur in most tissues analyzed. This may
reflect the general requirement of PATs and S-acylation
for cellular function and suggests that a large number
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of targets exist that require lipid modifications. How-
ever, certain Arabidopsis PATs exhibited an excep-
tional high expression level especially in pollen. This
included AtPAT24, which is known to be required
for pollen development and growth (Hemsley et al.,
2005). Therefore, a similar role could be proposed for
AtPATs that displayed high transcript abundance
during flower development and in pollen, respec-
tively. This implicates that certain substrates that are
required for pollen function are lipid modified by
PATs.

The most intriguing feature of the Arabidopsis S-
acylation machinery is its diverse cellular organization
when compared with yeast and mammalian cells. In
yeast, three of the seven PAT proteins are localized to
the ER, two to the Golgi, and one PAT to the PM and
the vacuolar membrane. In Drosophila melanogaster and
mammalian cells, almost all of the PAT proteins reside
at the ER and the Golgi (Ohno et al., 2006; Bannan
et al., 2008). This was corroborated by in situ assays to
analyze the cellular activity of the S-acylation ma-
chinery directly in mammalian cells. These analyses
revealed that most of the PAT activity resides at the
Golgi and implicated that the targeting of proteins to
the PM or to other membranes is mainly mediated by
Golgi PATs (Rocks et al., 2010). Here and in contrast to
yeast and mammalians, most of the Arabidopsis PAT
proteins identified reside at the PM (overall 12 pro-
teins) and only seven at the Golgi and/or endosomal
compartments (Table II). The large number of PM-
targeted PATs implicates that the plant S-acylation
machinery is largely modifying substrates at the PM
either after the targeting of proteins to this destination
and/or by a direct trapping from the cytoplasm. By
this, several lipid modified proteins could be directly
bound to the PM and would bypass vesicular path-
ways to the PM. This would be in contrast to the
S-acylation machinery in animal cells where the lipid
modification of proteins mainly occurs at the Golgi for
the subsequent vesicle-mediated targeting to the PM or
to other compartments (Rocks et al., 2010). Moreover,
it is tempting to speculate that the PM PATs are further
involved in several dynamic lipid modification pro-
cesses that influence protein-protein interactions or
protein functions (Gubitosi-Klug et al., 2005). These
dynamic modifications could regulate the localization
of signaling proteins into subdomains of the PM as
described for the AtROP6 protein (Sorek et al., 2007,
2010). Therefore, it can be expected that there are many
more proteins in plants that are rather dynamically
regulated by PAT enzymes at the PM.

Four of the Arabidopsis PATs were observed to lo-
calize at the ER. All four proteins belong to different
phylogenetic subclasses. This may indicate a certain
diverse function of the ER-targeted enzymes that is
further supported by the differential expression pat-
terns observed (e.g. AtPAT3 in pollen). Besides being
targeted to the ER, all these proteins were detected
additionally at vesicular structures. This could either
reflect a concentration of the PAT proteins to ER export
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sites or to Golgi vesicles, implicating that these pro-
teins could have a certain function in the regulated exit
of substrates from the ER.

The AtPAT proteins 10 and 11 were identified to re-
side at the vacuole. AtPAT10 was previously identified
as a vacuolar protein by a mass spectrometric-based
proteomic approach corroborating the observed locali-
zation (Jaquinod et al., 2007). The association of PAT
enzymes with the vacuolar membrane allows direct
trapping of target proteins to the tonoplast by lipid
modifications. Such a mechanism was recently proposed
for tonoplast-associated CBL proteins (Batistic et al.,
2012). In addition, these proteins could also function in
targeting of proteins into potential membrane micro-
domains of the tonoplast similar to the role of the vac-
uolar membrane-targeted PAT Pfa3 in yeast cells (Hou
et al., 2005; Peng et al., 2006). However, it should be
noted that AtPAT10 was additionally detected at Golgi
vesicles, suggesting a dual function of this enzyme.

Dual localizations were observed for several proteins
(Table II). Similarly, several mammalian PATs exhibited
a dual ER/Golgi or Golgi/PM localization (Ohno et al.,
2006; Bannan et al., 2008). Such a dual localization could
simply reflect the continuous cycling of proteins be-
tween different membranes. On the other hand, the
dual localization of PAT proteins could be required for
the correct function. In fact, target proteins, like the
mammalian Ras proteins and the Man 6-P receptor,
which cycle between membranes, are known to be lipid
modified by enzymes that target to different mem-
branes (Stockli and Rohrer, 2004; Rocks et al., 2005;
Baekkeskov and Kanaani, 2009). Such function appears
to be conceivable for the plant PAT proteins that
therefore require the observed dual localizations.

Collectively, the results of this study provide insights
into the variable structural composition, phylogenetic
relationship, and functionality of the Arabidopsis PATs.
The expression of most proteins is not regulated de-
velopmentally and occurs in most plant tissues. This
supports the conclusion that PATs are required for
general cellular functions. Nevertheless, few PATs
seem to fulfill a particular role according to their spe-
cific expression profiles. Finally, the PAT proteins were
found at different cellular membranes. Remarkably,
most enzymes were targeted to the PM. This suggests
that the cellular S-acylation machinery in plants is
functionally different compared with other organisms.
In summary, the insights from this report provide an
initial framework for further evolutionary and func-
tional studies of this protein family.

MATERIAL AND METHODS

BLASTP Searches, Protein Alignments, Phylogenetic and
Protein Topology Analysis

BLASTP searches were performed using the Arabidopsis (Arabidopsis
thaliana) PAT8 protein sequence as a query (Altschul et al., 1990). This allowed
direct identification of the central DHHC-CRD in the obtained sequences and
to immediately exclude non-PAT proteins from further analysis. BLASTP
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searches were performed using the National Center for Biotechnology Infor-
mation (NCBI; http://www.ncbi.nlm.nih.gov/) and Phytozome databases
(http:/ /www.phytozome.net/) by restricting the search to Arabidopsis.

Protein alignments were performed using a combination of two MAFFT
algorithms. First alignment was performed using the L-INS-i setting (Katoh and
Toh, 2008), which is recommended for proteins with one conserved domain
and large gaps. The second alignment was performed using the G-INS-i set-
ting, which is recommended for proteins with global homology. Both align-
ments were combined using the COMBINE program provided by T-COFFEE
(Poirot et al., 2003). The resulting protein alignment was used for subsequent
analysis using Jalview (Waterhouse et al., 2009) and for phylogenetic analyses.
A protein identity matrix was calculated from the alignment using the PFAAT
program (Caffrey et al., 2007).

Phylogenetic tree analysis were performed using the NJ method from the
MEGA program package version 5.01 (Kumar et al., 2008) using a JTT sub-
stitution matrix with a y substitution rate of 4. Tree robustness was tested
using a bootstrapping method with 1,000 replicates. To generate a tree by ML,
phylogenetic analysis was performed using the PALM pipeline (http:/ /palm.
iis.sinica.edu.tw/), which automatically tests different settings to provide the
best ML tree (Chen et al., 2009). Tree robustness was further tested using a
bootstrap method with 100 replicates (automatically restricted by the pipe-
line). The best tree provided by PALM was used in this analysis, and the tree
was visualized using the MEGA program.

Protein topology was determined using the Aramemnon database, which
provides a consensus transmembrane topology generated from 10 different
TMD prediction algorithms (Schwacke et al., 2003). PrositeScan (http://
expasy.org/tools/scanprosite/) and InterProScan (http://www.ebiac.uk/
Tools/pfa/iprscan/) were used to identify further known protein domains
(McDowall and Hunter, 2011).

Gene Expression and Protein Localization Analysis in
Plants and Yeast Cells

All PAT ORFs were amplified using either Pwo- (Peqlab) or Pfu-
Polymerase (Agilent Technologies) and inserted in front of the GFP reading
frame behind the Mannopine Synthase gene promoter within a pGPTVII
backbone plasmid (Walter et al., 2004). Schematic representation of the ex-
pression cassette, primers used for PCR amplification, and template resources
are given in Supplemental Materials and Methods S1 online. The expression
values of the PAT genes from seedlings, young and old rosette leaves, bolting
plants, and flowers were obtained and analyzed using Genevestigator
(https:/ /www.genevestigator.com) based on ATHI chip analysis. Expression
values for the PAT genes 1, 2, 3, 11, 13, 19, and 23 were additionally obtained
from Arabidopsis Tiling Array Express (Laubinger et al., 2008) using TileViz
(http:/ /jsp.weigelworld.org/tileviz/tileviz.jsp). A tissue expression heat map
was obtained from Genevestigator.

Nicotiana benthamiana plants for infiltration experiments were cultivated
under a 12-h-light/12-h-dark cycle with 60% atmospheric humidity at 20°C
in a greenhouse. Transient in planta protein expression was performed in
N. benthamiana leaves that were infiltrated with the Agrobacterium tumefaciens
strain GV31010 pMP90 in combination with the 19K helper strain (Waadt and
Kudla, 2008). Agrobacteria were transformed with the respective plasmids by
electroporation. For leaf infiltration A. tumefaciens were prepared as described
previously (Waadt and Kudla, 2008). Leaf samples were analyzed 2 to 3 d
(maximum 6 d) after infiltration.

For yeast (Saccharomyces cerevisine) complementation analysis of the Vac8
protein targeting, a strain was used that lacks five of the seven PAT enzymes
(Roth et al., 2006, Hou et al., 2009). Within this strain (5xA), and in the re-
spective wild-type strain, Vac8p.GFP expression is driven from the genomic
locus (Hou et al., 2009). To overexpress Arabidopsis PATs, the 5xA strain was
transformed with plasmids, containing the respective PAT reading frames,
and selected on synthetic dropout media lacking the amino acid Leu. Ex-
pression of Arabidopsis PATs is driven by the constitutive ADH promoter
from a 2u-containing plasmid, which is a derivative of the pPGAD.GH plasmid.
The fragment of the activation domain from the pGAD.GH plasmid was ex-
cised and replaced by the multiple cloning site from the pGPTVII plasmids
(Walter et al., 2004) to enable insertion of the PAT reading frames. For mi-
croscopy analysis, yeast cells were grown in a shaker overnight in respective
media at 28°C (yeast peptone dextrose for wild-type strains and selective
synthetic dropout-Leu media for transformed 5xA cells). Cells were harvested
for 1 min at 4,000g at room temperature and resuspended in fresh media
supplemented with 20 uM FM4-64 (from a 20 mm stock solution dissolved in
water). Yeast cells were incubated under shaking for 20 min for pulse-chase
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uptake of FM4-64 (Molecular Probes Life Technologies), again harvested and
resuspended in fresh media lacking FM4-64. For vacuolar staining, the cells
were analyzed after an incubation period of 1 h.

Fluorescence microscopy of plant epidermal cells was performed with an
inverted microscope (Leica DMIRE2 and Leica DMI6000) equipped with the
Leica TCS SP2 or SP5 confocal laser scanning device, respectively (Leica
Microsystems). Detection of fluorescence was performed as follows: GEP,
excitation at 488 nm (Ar/Kr laser) and scanning at 500 to 535 nm; OFP, ex-
citation at 543 nm (He/Ne laser; SP2 system) or 561 nm (SP5 system) and
scanning at 565 to 595 nm. All images were acquired using a Leica 63X /1.20
water immersion objective (HCX PL Apo CS). Yeast cells were microscopically
analyzed using the following laser settings: GFP, excitation at 488 nm (Ar/Kr
laser) and scanning at 500 to 560 nm; FM4-64 excitation at 488 to 561 nm and
scanning at 590 to 650 nm. Images were acquired using a Leica 100X /1.44 oil
immersion objective (HCX PLAPO).

All laser scanning confocal micrographs presented in this study are single
optical sections and were processed using either the Leica Imaging software or
using the Corel Photo Paint program.
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