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ABSTRACT 

Palmitoylation is a reversible post-translational modification that affects the location, 

activity, and stability of proteins. Arabidopsis thaliana contains 24 genes for palmitoyl 

acyltransferases (PATs), the enzymes that catalyze palmitoylation. Loss of PAT14 activity 

results in early senescence and diminished plant size when plants are grown on a standard 

peat/perlite mixture in pots and watered with a commercial fertilizer, but this phenotype is not 

observed when plants are grown on agar plates containing a different nutrient solution. Here we 

investigate the roles of the peat/perlite growth medium and the presence of microbes in the 

environment in phenotype development. The pat14-1 early senescence phenotype was partially 

rescued by supplementing commercial fertilizer with uric acid. XDH1 (xanthine dehydrogenase) 

produces uric acid and is also predicted to be palmitoylated. An xdh1 mutant has a phenotype 

similar to the pat14 mutant, raising the possibility that XDH1 is a palmitoylation substrate of 

PAT14. Immunodetection of XDH1 showed that its subcellular localization was not affected in a 

pat14 background. However, there appeared to be a greater quantity of XDH1 in the cytosol of 

pat14 mutants, indicating that XDH1 expression or stability is altered in the absence of PAT14. 



1 

 

 

 

INTRODUCTION 

Palmitoylation 

Regulation of protein activity is fundamental to maintaining cellular homeostasis. 

Methods to regulate protein activity include modification of proteins by phosphorylation, 

glycosylation, methylation, or lipidation1. This research focuses on one type of lipidation called 

palmitoylation.  

Palmitoylation, a type of protein acylation, is the covalent attachment of the saturated 16-

carbon fatty acid, palmitate, to a protein2. Palmitoylation occurs on solvent-exposed cysteines 

and is catalyzed by two families of integral membrane enzymes - the palmitoyl acyltransferases 

(PATs) and the membrane-bound O-acyltransferases (MBOATs)3,4. PATs catalyze S-

palmitoylation, which is the attachment of palmitate to a non-terminal cysteine residue via a 

thioester bond (Figure 1A). MBOATs catalyze N-palmitoylation or the attachment of palmitate 

to an amido-terminal cysteine via an amide bond (Figure 1B)5.  S-palmitoylation is more 

common than N-palmitoylation. Unique among lipid modifications, S-palmitoylation is 

reversible, allowing for spatio-temporal control of protein activity2. Depalmitoylation is 

controlled by the acyl protein thioesterase family of enzymes (APT) 6,7. 
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Figure 1. Biochemistry of palmitoylation. A) In S-palmitoylation, palmitic acid is added to 

proteins at cysteine residues via a thioester bond by palmitoyl acyltransferases (PATs). B) In N-

palmitoylation, palmitic acid is added to N-terminal cysteines via an amide bond by members of 

the membrane-bound O-acyltransferase (MBOAT) family.  Both reactions use palmitoyl-CoA as 

the lipid substrate. Modified from Young et al. (2012)8. 

  



3 

 

Palmitoylation has a range of impacts on substrate proteins including modulation of 

enzyme activity or stability, regulation of protein-protein interactions, and alteration of 

subcellular localization9–12. Increased transmembrane protein stability caused by palmitoylation 

appears to arise by preventing recognition by the proteasome pathway12. Protein-protein 

interactions can be dependent on or inhibited by palmitoylation, while palmitoylation-induced 

changes in subcellular localization can regulate entry of proteins into lipid raft domains or 

compel a cytosolic protein to become membrane-associated9,13,14.  

No conserved S-palmitoylation motif has been identified. Palmitoylation often occurs 

subsequent to myristoylation or prenylation, although palmitoylation can occur independent of 

myristoylation or prenylation as well4,14–16. Myristoylation, the addition of 14-carbon saturated 

myristic acid to a protein, requires an amino acid motif beginning with an N-terminal glycine.  

Commonly this glycine is revealed after the typical proteolytic cleavage of the N-terminal 

methionine from a nascent protein but internal cleavage that creates an N-terminal glycine has 

also been reported5,15. Prenylation, the addition of a farnesyl or geranylgeranyl group, occurs at a 

carboxy-terminal CaaX, CXC, or a CC motif, where C is cysteine, a is generally an aliphatic 

amino acid, and X is a specific amino acid that determines whether the attached moiety will be a 

farnesyl or a geranylgeranyl group2. Both myristoylation and prenylation promote transient 

interaction of the lipidated protein with cellular membranes and thus brings the protein into 

proximity of membrane-localized PAT enzymes. The kinetic bilayer trapping hypothesis states 

that dual lipidation (e.g., both myristoylation and palmitoylation) creates a stable, long-term 

membrane association, significantly stronger than myristoylation alone16.  
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Palmitoyl Acyltransferases 

 Palmitoyl acyltransferases (PATs) are integral membrane proteins characterized by 4 to 6 

transmembrane domains that contain a distinct DHHC (Asp-His-His-Cys) sequence motif 

embedded in a Cysteine-Rich Domain (DHHC-CRD)17. The cysteine in the DHHC motif is 

involved in both auto-palmitoylation and substrate palmitoylation3. The DHHC-CRD is almost 

invariably found on a cytoplasmic loop immediately preceding the third transmembrane domain 

(TMD)17. The proximity of the active site to a TMD indicates that PAT substrates are likely 

already membrane associated, whether because of either a previous lipidation event or the 

presence of a protein domain with an inherent membrane affinity like the polybasic region (PBR) 

found in K-Ras18. First identified in Saccharomyces cerevisiae (baker’s yeast) in 2002, PATs are 

found in eukaryotes, but not archaea or bacteria3. Most eukaryotes with sequenced genomes have 

multiple PAT genes, indicating diversification of roles for these enzymes 17,19,20 (Table 1). 

The exact nature of the S-palmitoylation reaction mechanism remains an open question. 

Current evidence suggests S-palmitoylation proceeds via a two-step process requiring the DHHC 

motif21–23. The first histidine is polarized by aspartate and extracts a proton from cysteine, 

creating a thiolate nucleophile. The cysteine thiolate then attacks the carbonyl carbon of a fatty 

acyl-CoA thioester, releasing CoA and creating an autoacylated PAT. Next, it is proposed that 

the protonated histidine activates the carbonyl of the thioesterified cysteine in the DHHC motif, 

causing the cysteine present on the substrate protein to attack that carbonyl carbon. The palmitate 

is then transferred to the substrate’s cysteine, regenerating the DHHC region for further 

catalysis21–23. 
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Table 1. Number of PAT genes in various eukaryotes. Collected from SwissPalm24 . 

 

  

Organism Number of PAT  genes

Saccharomyces cerevisiae 7

Bos taurus 7

Neospora caninum 17

Toxoplasma gondii 18

Drosophila melanogaster 20

Homo sapiens 23

Arabidopsis thaliana 24

Mus musculus 25
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Mutations that change amino acids in the DHHC motif have cast doubt on individual 

steps of this process. Mutation of cysteine to arginine did not impact the activity state of the 

enzyme, implying that enzyme autoacylation may not be required22. Further, autoacylated states 

have not been detected for several mammalian PATs despite the perceived mechanistic need25.  

Finally, DHHC13 in mice is functional but contains a DQHC motif and mutation of glutamine to 

histidine did not impact the catalytic ability of the enzyme, while mutation of the first histidine to 

glutamine in the closely-related DHHC17 enzyme abolished all catalytic activity25. In contrast, a 

similar histidine to glutamine mutation in a yeast PAT retained some activity26.  

All PAT-substrate interactions are likely bolstered by protein-ligand interactions, since 

this would provide a mechanism for fine-tuning substrate specificity, but only a few examples 

are known to date. Human PATs zDHHC5, zDHHC8, and zDHHC14 all contain a binding site 

for PDZ (PSD-95/discs large/ZO-1) domains27,28. The PDZ binding domain is required for 

zDHHC5 and zDHHC8 to palmitoylate glutamate receptor-interacting protein 1 (GRIP1), for 

zDHHC8 to palmitoylate protein interacting with C-kinase 1 (PICK1), and for zDHHC14 to 

palmitoylate PSD93 (postsynaptic density 93)29–31.  

 Every PAT is membrane-localized, but any given PAT might be confined to one specific 

membrane or distributed among several membranes throughout the cell. For example, a variety 

of localization types are demonstrated by the PAT family in Arabidopsis17.  Many Arabidopsis 

PATs are found only in the plasma membrane, while others are detected in both the plasma 

membrane as well as on transport vesicles (Table 2). PAT localization determines where its 

substrates are initially palmitoylated and first become membrane anchored. However, post-

palmitoylation, palmitoylated proteins may be trafficked to other membrane locations via 

vesicle-mediated transport32,33.   
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Table 2. Subcellular localizations of PAT proteins in Arabidopsis thaliana. Adapted from 

Batistic et al17. 

 

  

  

Localization Arabidopsis PAT

ER (and vesicles) AtPAT03

AtPAT15

AtPAT17

AtPAT18

Vesicles (Golgi) AtPAT10

AtPAT16

Vesicles (Golgi and non-Golgi) AtPAT14

AtPAT24

Vesicles (non-Golgi) AtPAT01

AtPAT02

PM and vesicles AtPAT13

AtPAT20

AtPAT22

PM AtPAT04

AtPAT05

AtPAT06

AtPAT07

AtPAT08

AtPAT09

AtPAT12

AtPAT19

AtPAT21

Tonoplast AtPAT10

AtPAT11
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Effect of Palmitoylation on Cytosolic Proteins 

The impact of palmitoylation depends on the protein in question. For cytosolic proteins, 

palmitoylation can serve as an “on-off” switch for membrane association, including association 

with lipid rafts34,35. For example, in mammals, Ras proteins are critical regulators of cell growth 

and differentiation36. All three Ras isoforms, N-Ras, K-Ras, and H-Ras, have a farnesylation site 

at their carboxyl terminus22. N-Ras and H-Ras are farnesylated in the cytoplasm leading them to 

interact with ER or Golgi membranes, respectively, where their palmitoyl transferases reside, 

leading to palmitoylation37–39. The increased hydrophobicity caused by dual lipidation initially 

anchors Ras to the membrane where palmitoylation occurs. K-Ras is distinct from the other two 

isoforms in that palmitoylation is not necessarily required for plasma membrane targeting; 

instead K-Ras uses a polybasic region (PBR) of eight lysine residues that provides a weak 

affinity for the plasma membrane for its initial membrane binding and then subsequent 

palmitoylation dramatically improves the binding affinity18. 

Lipidated N-Ras or H-Ras proteins travel to the plasma membrane in vesicles via the 

secretory pathway because Ras functions at the cell surface35. Ras can be depalmitoylated by an 

APT and dissociate from the cell surface, returning to the Golgi complex or ER via nonvesicular 

transport39. Ras is a good example of how palmitoylation of cytosolic proteins functions in 

protein localization and as a regulated “on-off” switch when partnered with an APT.  
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Effect of Palmitoylation of Integral Membrane Proteins 

In contrast to cytosolic proteins, integral membrane proteins are inherently membrane 

associated and so palmitoylation does not result in membrane anchoring but can affect activity, 

protein-protein association, localization, or entrance to lipid rafts40–44. The palmitoylation site on 

integral membrane proteins is usually within 10 amino acids of a transmembrane domain to 

enable insertion of the palmitate moiety into the membrane.   

Lipid rafts are sub-regions within a membrane that are enriched in sphingolipids and 

contain specific protein complexes45. Palmitoylation of integral membrane proteins can drive 

lipid raft association. For example, palmitoylation of the human integrin α6β4 receptor is 

required for entry into lipid rafts, subsequent association with members of the palmitoylated Src 

family kinases (SFK), and transmission of mitogenic signals46. In rare cases, palmitoylation 

prevents lipid raft association as in the case of the anthrax toxin receptor protein TEM8 leading 

to ubiquitination and degradation of TEM847. 

 

Palmitoylation Prediction 

Predicting protein modifications through computational methods has been a long-sought 

goal in biochemistry. Searching proteomic databases for identifiable sequence motifs indicative 

of an interaction is less energy- and funding-intensive than testing protein sets in vitro. As more 

protein modifications are confirmed, the training datasets for computational methods have 

increased in size and improved in their ability to identify consensus sequences. For example, 

programs for the identification O-GlcNAcylation sites have reliably determined a  
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P-P-V-[ST]-T-A consensus sequence and exceptions to the rule continue to be identified and 

used to improve the programs48. Other programs, such as PhosphoPredict, are able to predict 

phosphorylation sites and the accompanying protein-kinase interaction49.  

A significant roadblock in palmitoylation prediction is the lack of identifiable conserved 

amino acid motif(s) apart from the required cysteine. A number of tools have been developed, 

and continue to be improved, to predict palmitoylation including CSS-Palm, GPS-Palm, WAP-

Palm, and PalmPred50–53. However, these programs currently show limited accuracy when 

compared to experimental results. In particular, CSS-PALM 4.0 only identified 25% of 

experimentally identified palmitoylated protein sites in A. thaliana54. Currently, known and 

validated palmitoylated proteins are organized in SwissPalm, an online database of palmitoylated 

proteins55. 

 

Arabidopsis thaliana as a Plant Model Organism 

 Arabidopsis thaliana is a small flowering plant with a rapid life cycle of 8-10 weeks 

under long-day conditions56. Its small size, ease of growth, and abundant seed production make it 

a widely used model organism for plant research. A. thaliana has 5 chromosomes, a total genome 

size of ~135 Mb, and 24 palmitoyl acyltransferase genes spread across the five chromosomes 

that are all expressed17. The PAT proteins vary in size from 254 to 718 amino acids17. 

 Of an estimated 14,430 proteins in the A. thaliana proteome, 2643 are believed to be 

palmitoylated based on experimental data54,57. If one assumes that palmitoylation is non-

redundant and that the work of palmitoylating those 2643 substrates is evenly distributed among 
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the 24 PATs, then each PAT might palmitoylate more than 100 proteins. That number could be 

higher if multiple PATs act on the same substrate. 

 At present, fewer than two dozen of the predicted palmitoylated substrates have been 

connected to a specific PAT55. For example, AtPAT5 and AtPAT9 have both been shown to 

palmitoylate the plant immune receptor P2K1 to restrict plant immune response58. PAT10 

palmitoylates several calcineurin B-like proteins (CBL2, CBL3, CBL6, and CBL10) that 

maintain cellular magnesium and NaCl homeostasis59,60. PAT4 mediates root hair growth by 

palmitoylating Rho of Plants 2 (ROP2) to mediate its membrane association61. 

 

PAT14 in Arabidopsis 

 Two A. thaliana PATs, PAT13 and PAT14, share 66% amino acid identity across 302 

and 307 amino acids, respectively17. Individual knock-out mutations of the pat13 or pat14 genes 

show a moderate early senescence phenotype with plants beginning to yellow as early as 4-5 

weeks of age while a double knock-out of both pat13 and pat14 showed senescence as early as 3 

weeks of age62. Additionally, pat14 mutants are smaller than wildtype plants (Figure 2) but 

retain a similar cell count, indicating that the diminished size does not originate from a reduced 

number of cells but rather that the cells themselves are smaller than cells in wildtype plants63. 

Flowering time is not affected and both double mutant and single mutant plants are able to 

produce seeds62. Due to the high sequence similarity between PAT13 and PAT14, and the 

additive impact of the double knockout, it seems likely that PAT13 and PAT14 share some 

substrates, although none have been identified. PAT14 is the focus of this work.   
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Figure 2. Phenotype of the pat14-1 mutant. Wildtype (left) and pat14-1 mutant (right) 

Arabidopsis thaliana plants were grown in peat-perlite potting mix for four weeks under long-

day conditions at 21 ºC and fertilized with MiracleGro. (Photo courtesy of J. McLarney & E. 

Hrabak) 
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 PAT14 is ubiquitously expressed throughout the Arabidopsis lifecycle with a moderate 

increase in older leaves and localizes to the trans-Golgi network62–65. Since proteins that proceed 

through the Golgi network are usually destined for other cellular locations, the localization of 

PAT14 does not readily help narrow the list of possible protein targets.  

 The PAT14 null mutant used here, pat14-1, was generated via Agrobacterium 

tumefaciens T-DNA insertion near the start codon of the PAT14 gene66. pat14-1 mutants 

accumulate hydrogen peroxide (H2O2) and salicylic acid (SA), both of which are positive 

regulators of senescence and pathogen defense62,63. At low concentrations, H2O2 functions as a 

signaling molecule involved in a variety of plant processes ranging from growth to germination 

to senescence; however, higher concentrations can cause oxidative damage to cells, so catalase 

enzymes are produced to convert H2O2 to water and oxygen67. Both SA biosynthetic pathway 

genes and SA-sensitive signaling proteins are strongly upregulated in pat14-1 plants, showing 

that the plant is producing both more SA and more SA-sensitive receptors. Blocking SA 

signaling or depleting SA levels partially rescue pat14-1 early senescence but does not extend 

the lifespan of the plant63,68.  

 Additionally, pat14-1 plants show strongly upregulated expression of defense response 

genes, such as the Pathogenesis-Related 1 gene (PR1)63. Up-regulation of defense-related genes 

during senescence does not require presence of a pathogen or elevated levels of SA53. That 

‘defense-related’ genes can be expressed in the absence of any pathogens and during senescence, 

drives home the important idea that proteins and macromolecules are not inherently restricted to 

one biological trait or phenomenon. Pleiotropy can make discerning the mechanisms and 

downstream effects of mutations difficult to tease out.  
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Goals of This Work 

 The objective of this work was to identify substrates of PAT14 palmitoylation and 

employed three approaches. The first approach was a continuation of work done by previous 

graduate students that showed that growth on agar plates prevented the development of the 

pat14-1 early senescence phenotype. Components of the plant growth medium, as well as the 

sterility of the environment, were modified to look for an effect on phenotype development. The 

second approach used a novel bioinformatic-based method to identify proteins with phenotypes 

similar to pat14-1. A custom script was written to identify possible protein palmitoylation targets 

in the predicted Arabidopsis proteome. Third, published literature was searched for other plant 

mutants with similar phenotypes to pat14-1 that might indicate a possible interaction in the same 

pathway. Xanthine Dehydrogenase 1 (XDH1) was identified as a possible target of PAT14 

because XDH1 is known to be palmitoylated and has a knock-out phenotype similar to the 

phenotype of pat14-1.  
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METHODS 

Arabidopsis Genes and Genotypes 

 The wildtype ecotype of Arabidopsis thaliana used in this study was Columbia-0 or Col-

0.  The Arabidopsis PAT14 protein is encoded by a gene on chromosome 3 (At3g60800).  The 

PAT14 mutant used here was created by insertion of a T-DNA near the start codon 

(SALK_026159)66 and is designated pat14-162.  

 

Bioinformatics Prediction 

The latest proteome release for Arabidopsis (Araport11) was downloaded from The 

Arabidopsis Information Resource (TAIR)69,70. Biological Process (BP) Gene Ontology (GO) 

terms were retrieved from TAIR (ATH_GO_GOSLIM). GPS-PALM 

(http://gpspalm.biocuckoo.cn/) was used to identify proteins predicted to have palmitoylation 

sites52. Code and notes for my custom script for palmitoylation targets are available on Github at 

https://github.com/robelliott4996/PAT14 

 

Surface Sterilization of Seeds 

Seeds (40 mg) were immersed in 14 mL 70% (v/v) ethanol containing 150 µL of 10% 

(v/v) Triton X-100 for 5 minutes with occasional agitation of the container. After decanting the 

liquid, seeds were washed with 14 mL 100% ethanol containing 150 µL of 10% Triton X-100 for 

https://github.com/robelliott4996/PAT14
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5 minutes with occasional agitation of the container. After decanting the liquid, seeds were 

rinsed with 100% ethanol for 5 minutes before decanting the ethanol and drying the seeds 

completely in a laminar flow hood.  

 

Growth of Plants in Peat/Perlite 

Seeds were surface-sown in 2.25” square pots in a 1:1 (v:v) mixture of PRO-MIX BK45-

V peat/bark mix (BFG Supply Co, Burton, OH) and graded horticulture perlite (Whittemore, 

Inc., Lawrence, MA). Pots were placed in 27 cm x 53.5 cm flats at 21°C in a walk-in growth 

room (Controlled Environments Inc., Pembina, ND). Photoperiod was 16 hours at 100 µmol m-2 

sec-1 from fluorescent lights. When an experiment used different genotypes, pots were randomly 

distributed in the flat to control for variations in local conditions within the growth room. Plants 

were bottom-watered as needed with tap water containing added nutrients; nutrient composition 

depended on the experiment. Nutrient sources were commercial fertilizer (Scotts MiracleGro, 

Prod# 3000992; 1X = one small scoop per gallon) or 0.5X Murashige-Skoog (MS) containing 

Gamborg’s vitamins (MS) (Caisson, Prod# MSP06), pH adjusted to 5.7. In some experiments, 

these nutrients were supplemented with 100 µM uric acid. 

To grow plants in a microbe-free environment, Magenta boxes half-filled with sterilized 

peat/perlite (1:1, v:v) mixture and moistened with water were autoclaved. Surface-sterilized 

seeds were sown on the surface of the mixture. Boxes were placed in a growth room at 21°C 

with a 16-hour photoperiod. Ten days after germination, plants were thinned to one plant per box 

using aseptic technique. Plants were watered once a week with autoclaved 1X MiracleGro. At 6 

weeks of age, plant green mass was harvested and weighed.  
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Growth of Plants on Plates 

300 mL of dry peat/perlite mixture (1:1; v:v) and 0.6% Phytoblend (Caisson 

Laboratories, PTC001) was added to 500 mL DI water. The mixture was autoclaved and cooled 

to ~60 °C. 0.25 g of MiracleGro fertilizer was dissolved in 50 mL distilled water and filter 

sterilized (0.2 µm) prior to adding the fertilizer to the autoclaved peat/perlite/Phytoblend 

mixture. 50 mL of the mixture was poured into 100 cm2 plates marked with a 6 x 6 grid 

(FisherScientific, Cat. No. FB0875711A) and solidified. One-third of the gel (a 2 x 6 grid 

section) was removed with an autoclaved razor blade starting from one edge of the plate. Gel 

removal created a “shelf” where multiple surface-sterilized seeds were placed using a sterile 

pipette tip. Plates were oriented vertically and placed in a walk-in growth room at 21°C with a 

16-hour photoperiod at 100 µmol m-2 sec-1 from fluorescent lights. Plates were sealed with 

micropore tape (3M Company) to minimize water evaporation. At 10 days after germination, 

seedlings were thinned to 6 per plate. After thinning, all plates contained three seedlings of one 

genotype on half of the plate and three seedlings of a different genotype on the other half of the 

plate. Plates were returned to the growth room for the duration of the experiment. 

 

Image Analysis of Senescent Leaves 

 Digital images of plants grown in pots were analyzed using ImageJ71 to measure yellow 

versus green leaf area as a quantitative measure of chlorosis and senescence. Colored pixels were 

segregated on the basis of Hue with values from 0-40 corresponding to yellow leaf sections and 

values of 41-255 corresponding to green leaf sections. 
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Isolation and Quantification of Cytosolic and Membrane Proteins 

 Plant material was blotted dry, weighed, flash frozen in liquid nitrogen, and pulverized 

via mortar and pestle. Pulverized plant tissue was resuspended in Isolation buffer (50 mM Tris-

HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, and 5 µL of plant protease inhibitor cocktail [Sigma-

Aldrich, St. Louis, MO, Cat. No. P9599] per gram tissue). The suspension was filtered through 

MiraCloth (Calbiochem, Cat# 475855) to remove cell walls and large debris, then centrifuged at 

5,000 x g for 10 minutes at 4°C to pellet intact organelles and small particulates. Supernatant 

containing soluble proteins and microsomes was collected and ultracentrifuged at 125,000 x g for 

1 hour. The supernatant after ultracentrifugation contained cytosolic proteins and very small 

vesicles and was stored at -80ºC.  The pellet, which contained membranes and membrane-

associated proteins, was resuspended in 300 µL of Isolation buffer followed by homogenization 

in a dounce homogenizer. The membrane sample was stored at -80ºC. The volumes of both the 

supernatant and the resuspended pellet were noted to facilitate loading of proportional amounts 

of each sample on SDS-polyacrylamide gels. Protein concentration was determined using a 

Bradford protein assay (Bio-Rad, Cat# 500-0006) using BSA as the standard. 

 

Protein Electrophoresis and Immunodetection 

 Protein samples were diluted with 4x Laemmli loading buffer (125 mM Tris-HCl, pH 6.8, 

4% (w/v) SDS, 20% (v/v) glycerol, 5% β-mercaptoethanol) and heated at 70°C for ten minutes. 

Proportional volumes of cytosolic sample and membrane sample were resolved on a 10% SDS-

polyacrylamide gel at 120 V for ~1 h. After electrophoresis, proteins were transferred to 
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Immobilon (Millipore, Billerica, MA) polyvinylidene difluoride membrane using transfer buffer 

(25 mM Tris, 192 mM glycine, pH 8.3, 20% methanol (v/v)) for 1 hour, then dried between two 

sheets of blotting paper.  

For immunodetection, the membrane was rewetted in 100% methanol and blocked 

overnight in blocking buffer (20 mM Tris-HCl, pH 7.6, 137 NaCl, 0.05% (v/v) Tween-20, 5% 

(w/v) non-fat dry milk) at 4°C. After blocking, the membrane was incubated with primary 

antibody in blocking buffer. After washing three times for 5 minutes each with wash buffer (20 

mM Tris-HCl, pH 7.6, 137 NaCl, 0.05% (v/v) Tween-20, 0.5% (w/v) non-fat dry milk), the blot 

was incubated with goat anti-rabbit secondary antibody conjugated to horseradish peroxidase 

(1:20,000, Pierce ImmunoPure Cat. No. 31462). After three washes with wash buffer as 

described above, the blot was saturated with SuperSignal™ West Dura Extended Duration 

Substrate (Thermo Scientific Cat. No. 34075) or SuperSignal™ West Femto Maximum 

Sensitivity Substrate (Thermo Scientific Cat. No. 34095) following manufacturer’s instructions, 

exposed to X-ray film, and the film was developed with standard photo-processing chemicals. 

Primary antibodies were: polyclonal anti-xanthine dehydrogenase 1 (XDH) (1:1000, PhytoAB 

Inc. Cat# PHY1013S) and VM23 (1:3000, from M. Maeshima, Hokkaido University, Japan).  

 To perform another immunodetection on the same membrane, antibodies were removed 

with stripping buffer (62.5 mM Tris-HCl, pH 6.8, 2% (v/v) SDS, and 100 mM β-

mercaptoethanol) at 50°C for 30 min, agitating every 10 minutes. The blot was then rinsed twice 

with wash buffer, followed by reblocking before incubating with other antibodies.  
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RESULTS 

Role of Growth Medium Components in pat14-1 Early Senescence 

An early senescence phenotype for the pat14-1 mutant has been described 

previously62,63,68. Although precise growth conditions were not provided, the figures in these 

publications either clearly show plants growing in pots or the plants have the appearance of 

being grown in pots, indicating that growth in potting medium is correlated with phenotype 

development. The Hrabak lab has replicated this published phenotype innumerable times when 

growing the pat14-1 mutant on peat/perlite growth medium and watering with commercial 

fertilizer (MiracleGro)65,72. Wildtype plants look normal under these conditions (Figure 2). 

Unexpectedly other experiments in the Hrabak lab showed that pat14-1 plants grown 

under sterile conditions on agar plates containing a medium formulated for plant tissue culture 

(Murashige-Skoog with Gamborg vitamins) showed no early senescence phenotype (J. 

McLarney, personal communication).  There are many differences between the two growth 

conditions: nutrient source (MiracleGro vs tissue culture medium), sterile environment, type of 

solid support (peat/perlite vs. agar), etc.  To evaluate if presence of peat, perlite, and MiracleGro 

were correlated with development of the pat14-1 senescence phenotype, both wildtype and 

pat14-1 seeds were germinated and grown for four weeks under long day conditions on agar 

plates containing peat/perlite and MiracleGro solidified with Phytoblend agar. The pat14-1 

plants were visually indistinguishable from the wildtype plants under these conditions, indicating 

that the mutant phenotype was not produced under these conditions (Figure 3).   
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Figure 3. Plant growth on peat/perlite in plates. Arabidopsis plants were grown for 4 weeks 

under aseptic conditions on agar plates containing peat/perlite (1:1) and 0.45 mg/mL MiracleGro 

solidified with Phytoblend. 

  



22 

 

 pat14-1 plants grown on agar plates containing 0.5X Murashige-Skoog nutrients plus 

Gamborg’s vitamins did not develop the typical early senescence phenotype.  To test if the 

nutrients and vitamins found in Murashige-Skoog fertilizer are sufficient to prevent development 

of the pat14-1 phenotype, both wildtype and pat14-1 plants were grown in pots containing 

peat/perlite and fertilized with either MiracleGro or 0.5X Murashige-Skoog. Plants were bottom 

watered every 5 days and grown for 6 weeks under long day conditions before imaging, leaf 

analysis, and determining mass as an estimate of size. 

 As expected, MiracleGro-fertilized pat14-1 plants appeared smaller and showed leaf 

chlorosis not seen in the wildtype (Figure 4). When fertilized with Murashige-Skoog, pat14-1 

plants still appeared smaller than wildtype but did not develop the chlorosis seen in pat14-1 

plants fertilized with MiracleGro.  

The percent chlorotic leaf area was analyzed from images taken at 6 weeks of age 

(Figures 4 & 5). As in previous studies, wildtype plants watered with MiracleGro showed no 

signs of chlorosis while pat14-1 plants were significantly different with an average of 16% 

chlorotic leaf area. Watering with half-strength Murashige-Skoog significantly reduced the 

chlorotic leaf area of pat14-1 plants compared to pat14-1 plants watered with MiracleGro 

(Figure 5). In addition, Murashige-Skoog fertilized pat14-1 plants were not significantly more 

chlorotic than wildtype plants at 6 weeks. 

pat14-1 plants fertilized with MiracleGro weighed on average about ~60% less than 

wildtype plants (Figure 6). When fertilized with Murashige-Skoog plus Gamborg’s vitamins, 

pat14-1 plant weight was not significantly different from pat14-1 plants fertilized with 

MiracleGro and was no longer different from wildtype plants. The average weight of Murashige-

Skoog fertilized wildtype plants was intermediate between MiracleGro fertilized wildtype plants 
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and Murashige-Skoog fertilized pat14-1 plants and was not significantly different from either of 

them. Notably, the difference between weights o the wildtype plants trended towards 

significance (Table 3). The average weight values suffer from large error bars and low n 

numbers in some conditions, which likely contributes to the inconsistencies seen in the 

significance tests. As a result, the effect of Murashige-Skoog fertilization on plant weight could 

not be determined with certainty. 

It thus appears that Murashige-Skoog fertilizer is able to rescue the early senescence 

phenotype of pat14-1 but not the diminished size phenotype. Further, Murashige-Skoog may 

negatively affect the growth of wildtype plants, but this experiment must be replicated to provide 

larger n numbers and smaller error bars.  
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Figure 4. Size of plants grown in pots with different fertilizers. Representative images of 

wildtype and pat14-1 plants grown for 6 weeks in peat/perlite. Plants were fertilized with either 

MiracleGro or 0.5X Murashige-Skoog plus Gamborg’s vitamins. 
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Figure 5. Chlorosis in plants grown in pots with different fertilizers. Wildtype and pat14-1 

plants were grown for 6-weeks in pots with peat/perlite and fertilized with MiracleGro or 

Murashige-Skoog. Values are the average leaf chlorosis area with standard deviation. *** 

denotes a p-value (Tukey’s HSD test) less than 0.001. NS denotes a non-significant p-value. n = 

3-7 per condition. 
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Figure 6. Weight of plants treated with different fertilizers. Wildtype and pat14-1 plants were 

grown for 6 weeks in pots containing peat/perlite. Values are the average weight with standard 

deviation. *** denotes p-value (Tukey’s HSD test) less than 0.001, ** denotes a p-value 

(Tukey’s HSD test) less than 0.01. NS denotes a not-significant p-value. n = 3-7 per condition. 
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Table 3. p-values associated with weight treated with different fertilizers. Values apply to the 

data in Figure 6. Calculated with Tukey’s HSD test. 

 

  

Genotype 1 Nutrient Source 1 Genotype 2 Nutrient Source 2 p -value

wildtype MiracleGro pat14-1 MiracleGro 0.00012

wildtype MiracleGro wildtype Murashige-Skoog 0.20428

pat14-1 MiracleGro pat14-1 Murashige-Skoog 0.99939

wildtype Murashige-Skoog pat14-1 Murashige-Skoog 0.44994
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Role of Microbiome Presence in pat14-1 Phenotype 

pat14-1 plants are smaller than wildtype and develop an early senescence phenotype 

when grown in pots containing peat/perlite fertilized with MiracleGro. The pat14-1 mutant did 

not develop the typical senescence phenotype when grown on plates containing 

peat/perlite/MiracleGro under aseptic conditions (Figure 3). One difference between these two 

growth conditions is the lack of microbes in the plate growth environment. pat14-1 plants have 

elevated expression of pathogen-defense and salicylic acid (SA) biosynthesis genes and so might 

be hypersensitive to microbes68,73. SA is a significant signaling molecule of senescence and 

pathogen response, inducing its own biosynthesis and upregulatory expression of pathogen 

response genes73. Exogenous application of SA is also capable of inducing of early senescence73.  

An unavoidable shortcoming of the previous experiment where peat/perlite was mixed 

with agar and poured into plates is that it does not mimic the growth medium architecture of 

peat/perlite in a pot or include the regular application of water and plant food. In this experiment, 

the peat/perlite mixture was autoclaved in plastic Magenta boxes to kill any microbes and then 

moistened with an autoclaved MiracleGro solution. Arabidopsis seeds were surface sterilized to 

remove any surface microbes before sowing in the Magenta boxes. Plants were watered once a 

week with autoclaved MiracleGro using aseptic technique.  

The plants struggled to grow in this environment and did not achieve the size normally 

seen in pot-grown plants (Figure 7). Due to the diminished size, pixel-based methods (ImageJ) 

of measuring chlorosis were impossible. In addition, ImageJ often failed to distinguish plant 

coloration from the perlite in the peat/perlite mixture. The fresh weight of the leaf rosette (flower 
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stalk included) was measured. On average, pat14-1 plants weighed only ~30% of their wildtype 

counterparts (Figure 8), similar to the ratio seen in peat/perlite grown pots. As in the previous 

experiment, absence of microbes did not appear to be a determining factor in the development of 

the pat14-1 phenotype.  
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Figure 7. Growth of plants under aseptic conditions. Wildtype (left) and pat14-1 (right) 

Arabidopsis plants were grown in Magenta cubes containing sterilized peat/perlite moistened 

with MiracleGro fertilizer under aseptic conditions for 6 weeks. The photos were taken from 

above looking down into the Magenta box with the lid removed.  
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Figure 8. Weight of plants grown in Magenta cubes. Values are average weight with standard 

deviation. *** denotes p-value less than 0.001 calculated with Tukey’s HSD test. n = 7 for each 

genotype. 

  



32 

 

 

Bioinformatic Approach to Predict pat14-1 Targets 

  Previous work to predict PAT14 palmitoylation targets used entries from the Leaf 

Senescence Database, a curated collection of senescence associated genes, filtered through CSS-

PALM 4.0 to identify putative palmitoylation sites and selected the top six highest scores for 

testing53,62,74. Because PAT14 is expressed throughout the Arabidopsis life cycle, not just during 

late development stages when senescence occurs, and because early senescence is associated 

with biotic and environmental stress, it seems possible that the pat14 early senescence phenotype 

may be triggered by stress due to side effects of the pat14 mutation62. Therefore, limiting 

potential PAT targets to those in the Leaf Senescence Database could constrain the search for 

potential targets. Here, we employed a bioinformatic script that made as few assumptions as 

possible, ignoring any prior association with senescence, and used the latest iteration of the 

palmitoylation prediction program, GPS-PALM52. Ideal matches would have known mutant 

phenotypes with similarities to the pat14-1 phenotype.  

 A script was written to filter the latest Arabidopsis proteome release for predicted 

palmitoylated proteins using GPS-PALM and then rank those filtered proteins based on the 

similarity of their Gene Ontology (GO) terms with the GO terms associated with PAT14 (Table 

4). GO terms consist of three classifications: Cellular Component, Molecular Function, and 

Biological Process. 
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Table 4. GO terms associated with PAT14. Collected from TAIR. 

 

  

Accession Name

GO:1900055 regulation of leaf senescence

GO:0018230 peptidyl-L-cysteine S-palmitoylation

GO:2000377 regulation of reactive oxygen species metabolic process

GO:0010150 leaf senescence

GO:0006612 protein targeting to membrane
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Beginning with 27,655 proteins of the proteome from The Arabidopsis Information 

Resource, GPS-PALM narrowed the pool to 5,356 predicted palmitoylated targets70. These 

proteins were then ranked by decreasing GO term similarity to PAT14 (At3g60800). The 

location of the protein, as noted by Cellular Component, was ignored as PAT14 resides in the 

trans-Golgi body where proteins are modified before passing through to a final destination, 

meaning PAT14’s location is unlikely to be the final location of its substrates. Molecular 

Function GO terms were also omitted because PAT14’s Molecular Function terms relate to its 

acyltransferase activity and its substrates are not expected to be acyltransferases. This left us 

with Biological Process terms that represent the biological systems and pathways the protein is 

associated with. 

The top two results shared five GO terms with PAT14, At1g64650 and At4g30996. 

Literature reviews were conducted on these two proteins for any known interactions or 

information. At1g64650 is Golgi S-Adenosyl Methione Transporter 1 (GoSAMT1), a S-adenosyl 

methionine transporter protein for polysaccharide methylation, while At4g30996 is Na+- AND 

K+-Sensitive 1 (NSK1), an endomembrane-localized scaffolding protein that supports 

homogalacturonan synthesis75,76. GoSAMT1 and NSK1 are both involved in homogalacturonan 

synthesis in the Golgi that is critical for plant cell wall structure and stability. Both proteins 

localize to the Golgi body. gosamt1 plants have a stunted phenotype like pat14-1 but also display 

shorter inflorescence stems and smaller flowers76.  

After completing the analysis, we concluded that GO term-based methods have a critical 

flaw when applied to the Arabidopsis PAT family of enzymes for two critical reasons. First, all 

24 proteins in the PAT family share at minimum ~30% of their Biological Process terms (Table 
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5). Second, PAT proteins have very little GO term coverage. Twenty of the 24 PATs have only 

two Biological Process terms, while PAT14 has slightly more with 6. Due to the high similarity 

between PAT GO terms, the same list of possible substrates would likely be generated for any of 

the PAT enzymes.  
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Table 5. GO terms associated with Arabidopsis PATs 

 

  

PAT Total GO terms Biological Process GO terms

PAT1 14 2

PAT2 14 2

PAT3 16 2

PAT4 18 3

PAT5 15 2

PAT6 14 2

PAT7 16 2

PAT8 16 2

PAT9 14 2

PAT10 18 4

PAT11 14 2

PAT12 14 2

PAT13 16 2

PAT14 26 6

PAT15 16 2

PAT16 14 2

PAT17 16 2

PAT18 16 2

PAT19 14 2

PAT20 16 2

PAT21 18 4

PAT22 16 2

PAT23 15 2

PAT24 22 2
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Effect of Uric Acid on pat14-1 Phenotype  

The literature was evaluated to identify genes with early senescence phenotypes that 

might be PAT14 palmitoylation targets. This search uncovered the proteins Xanthine 

Dehydrogenase 1 (XDH1) and Xanthine Dehydrogenase 2 (XDH2), a pair of enzymes that 

degrade purines and produce uric acid to scavenge reactive oxygen species77. In purine 

degradation, XDH1 and XDH2 can either reduce NAD+ to NADH or reduce O2 to O2
-, meaning 

that these enzymes can either scavenge reactive oxygen species or produce them78. XDH1 and 

XDH2 share 93% amino acid identity but show differences in their expression patterns. Both 

genes are constitutively expressed, however XDH1 is responsive to conditions such as drought, 

cold, and natural senescence 79.  

RNAi was used to lower levels of all XDH transcripts (both XDH1 and XDH2) with 

concomitant reduction in activity 80. RNAi of XDH results in early senescence and a diminished 

size phenotype. Nakagawa et al. found that supplementing Murashige-Skoog with 100 µM uric 

acid rescued the diminished size phenotype of XDH RNAi plants80. Nakagawa et al. used half 

strength Murashige-Skoog as nutrient source whereas we fertilize pot-grown plants with 

MiracleGro. If PAT14 palmitoylates XDH, then I hypothesized that supplementing growth 

medium with uric acid should rescue the pat14-1 phenotype in a similar way.  

To test if uric acid supplementation could rescue the pat14-1 phenotype, wildtype and 

pat14-1 plants were watered with either MiracleGro or Murashige-Skoog, as well as MiracleGro 

or Murashige-Skoog supplemented with 100 µM uric acid. Plants were bottom watered every 5 
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days and grown for 6 weeks under long day conditions before imaging and quantitation of 

chlorosis and shoot mass.   

As usual, when fertilized with MiracleGro, pat14-1 plants appeared smaller than wildtype 

and showed yellowing of the leaves, indicative of early senescence (Figure 9). When 

MiracleGro fertilizer was supplemented with uric acid, wildtype and pat14-1 grew to a more 

similar size and showed similar amounts of leaf yellowing. Similarly, when the fertilizer is 

changed from MiracleGro to half-strength Murashige-Skoog, wildtype and pat14-1 were closer 

in size and showed similar levels of chlorosis. Murashige-Skoog appeared to both prevent the 

development of pat14-1 early senescence and promote growth. Uric acid supplementation 

appeared to prevent early senescence development but did not promote plant growth.  

 The leaf area (%) of the plants that was chlorotic was analyzed from images (Figure 10). 

At 6 weeks of age, wildtype Arabidopsis plants watered with MiracleGro had yet to show signs 

of chlorosis, as expected. In contrast, pat14-1 plants watered with MiracleGro showed an 

average of 16% chlorotic leaf area. When MiracleGro was supplemented with 100 µM uric acid, 

pat14-1 chlorosis dropped to 2-4% of the plant and was no longer statistically different from the 

wildtype. pat14-1 chlorosis was also significantly less when plants were watered with 

Murashige-Skoog with or without uric acid supplementation (Figure 10). A list of Tukey’s HSD 

test calculated p-values for chlorosis is in Table 6. Across all conditions, wildtype plants did not 

significantly differ in the percent chlorotic area. These results showed that uric acid 

supplementation did ameliorate the early senescence phenotype of the pat14-1 mutant grown in 

peat/perlite and fertilized with MiracleGro, indicating a possible biological connection between 

XDH and PAT14. 
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Figure 9. Plant growth with uric acid supplementation. Representative images of wildtype and 

pat14-1 plants grown for 6 weeks in peat/perlite with different nutrient sources. For some plants, 

fertilizer was supplemented with 100 µM uric acid.  
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Figure 10. Plant chlorosis when fertilizer was supplemented with uric acid. Wildtype and pat14-

1 plants were grown for 6 weeks in peat/perlite. Fertilizer was either MiracleGro or Murishige-

Skoog plus Gamborg’s vitamins.  In some cases, fertilizer was supplemented with 100 µM uric 

acid. Values are the average chlorotic area of the leaf with standard deviation. *** denotes a p-

value (Tukey’s HSD test) less than 0.001. NS denotes a not significant p-value. n = 3-7 per 

condition. 
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Table 6. p-values associated with chlorosis. Values apply to data in Figure 10. Calculated via 

Tukey’s HSD test. 

 

  

Genotype 1 Nutrient Source 1 Genotype 2 Nutrient Source 2 p -value

wildtype MiracleGro pat14-1 MiracleGro 0.00000

wildtype MiracleGro wildtype MiracleGro + UA 1.00000

wildtype MiracleGro wildtype Murashige-Skoog 1.00000

wildtype MiracleGro wildtype Murashige-Skoog + UA 0.98957

pat14-1 MiracleGro pat14-1 MiracleGro + UA 0.00008

pat14-1 MiracleGro pat14-1 Murashige-Skoog 0.00003

pat14-1 MiracleGro pat14-1 Murashige-Skoog + UA 0.00007

wildtype MiracleGro + UA pat14-1 MiracleGro + UA 0.97186

wildtype MiracleGro + UA wildtype Murashige-Skoog 1.00000

wildtype MiracleGro + UA wildtype Murashige-Skoog + UA 0.99601

pat14-1 MiracleGro + UA pat14-1 Murashige-Skoog 0.99999

pat14-1 MiracleGro + UA pat14-1 Murashige-Skoog + UA 0.99986

wildtype Murashige-Skoog pat14-1 Murashige-Skoog 0.99105

wildtype Murashige-Skoog wildtype Murashige-Skoog + UA 0.99177

pat14-1 Murashige-Skoog pat14-1 Murashige-Skoog + UA 0.99558

wildtype Murashige-Skoog + UA pat14-1 Murashige-Skoog + UA 0.98586
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 Supplementing fertilizer with uric acid had an effect on plant size. In comparison among 

wildtype plants, supplementation of MiracleGro with uric acid caused a significant size reduction 

in wildtype plants (Figure 11A) that was not reported in Nakagawa et al80. Fertilizing with 

Murashige-Skoog, either with or without uric acid did not significantly reduce the size of 

wildtype plants although there was a trend toward size reduction. A comparison among pat14-1 

plants showed no statistically significant differences in plant weights regardless of nutrient 

source or uric acid supplementation, although there was an indication that supplementation of 

MiracleGro with uric acid could be detrimental to growth (Figure 11B and Table 7). A list of 

Tukey’s HSD test calculated p-values for plant weight is provided in Table 7. 

 When weights of wildtype and pat14-1 plants were compared, only plants fertilized with 

MiracleGro showed significant weight differences (Figure 12). Statistically, all other 

comparisons of wildtype and pat14-1 weights were not significantly different under the same 

conditions. This may well be due to the low n numbers and large error bars.  
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Figure 11. Weight of plants when fertilizer was supplemented with uric acid. A) Wildtype and 

B) pat14-1 plants were grown for 6 weeks in peat/perlite. Fertilizer was either MiracleGro or 

Murishige-Skoog plus Gamborg’s vitamins.  In some cases, fertilizer was supplemented with 100 

µM uric acid.  Values are average weight with standard deviation. *** indicates a p-value 

(Tukey’s HSD test) less than 0.001. NS indicates a non-significant p-value (Tukey’s HSD test). n 

= 3-7 per condition. 
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Figure 12. Weight of plants when fertilizer was supplemented with uric acid. Wildtype and 

pat14-1 plants were grown for 6 weeks in peat/perlite. Fertilizer was either MiracleGro or 

Murishige-Skoog plus Gamborg’s vitamins.  In some cases, fertilizer was supplemented with 100 

µM uric acid.  Values are the average weight with standard deviation. *** denotes p-value 

(Tukey’s HSD test) less than 0.001. NS denotes a non-significant p-value. n = 3-7 per condition. 
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Table 7. p-values associated with plant weight. Values apply to data in Figure 12. Calculated via 

Tukey’s HSD test. 

 

  

Genotype 1 Nutrient Source 1 Genotype 2 Nutrient Source 2 p -value

wildtype MiracleGro pat14-1 MiracleGro 0.00012

wildtype MiracleGro wildtype MiracleGro + UA 0.00058

wildtype MiracleGro wildtype Murashige-Skoog 0.20428

wildtype MiracleGro wildtype Murashige-Skoog + UA 0.16026

pat14-1 MiracleGro pat14-1 MiracleGro + UA 0.74519

pat14-1 MiracleGro pat14-1 Murashige-Skoog 0.99939

pat14-1 MiracleGro pat14-1 Murashige-Skoog + UA 1.00000

wildtype MiracleGro + UA pat14-1 MiracleGro + UA 0.78264

wildtype MiracleGro + UA wildtype Murashige-Skoog 0.25477

wildtype MiracleGro + UA wildtype Murashige-Skoog + UA 0.30936

pat14-1 MiracleGro + UA pat14-1 Murashige-Skoog 0.48316

pat14-1 MiracleGro + UA pat14-1 Murashige-Skoog + UA 0.84429

wildtype Murashige-Skoog pat14-1 Murashige-Skoog 0.44994

wildtype Murashige-Skoog wildtype Murashige-Skoog + UA 1.00000

pat14-1 Murashige-Skoog pat14-1 Murashige-Skoog + UA 0.99499

pat14-1 Murashige-Skoog wildtype Murashige-Skoog + UA 0.12091



46 

 

 

Effect of PAT14 on Subcellular Localization and Expression of Xanthine Dehydrogenase 

 Palmitoylation drives cytosolic proteins to become permanently membrane associated, a 

process that can be reversed by acyl protein thioesterase. XDH1 and XDH2 are both predicted to 

be palmitoylated based on GPS-PALM and mass-spectrometry experiments54. XDH1 is shown to 

localize to both the cytosol and the tonoplast in a 2:1 ratio when the transgene is expressed under 

a 35S promoter54,81. To determine if PAT14 palmitoylation activity is responsible for XDH1 

membrane localization, equal proportions of soluble protein and membrane protein extracts from 

6-week-old plants were separated by SDS-PAGE and transferred to a PVDF membrane. The 

sequence of the peptide used to produce the anti-XDH1 antibody is 80% homologous with the 

sequence of XDH2, meaning the anti-XDH1 antibody could also cross-react with XDH2. The 

membrane was initially probed for XDH1, then stripped and reprobed for VM23, a vacuolar 

membrane marker that should only appear in the membrane protein fraction. VM23 acts as a 

control for correct fractionation of the plant extract.  

In wildtype plants, XDH1 predominantly localized to the soluble fraction with a smaller 

but distinct portion in the membrane-associated fraction (Figure 13A). In pat14-1 soluble 

protein extracts, more XDH1 was present as compared to wildtype soluble protein extracts. In 

both wildtype and pat14-1, there was much more XDH1 in the soluble fraction than in the 

membrane faction, clearly exceeding the 2:1 ratio reported by Ma et al.81. This may be due to the 

fact that Ma et al. expressed XDH1 from the strong, constitutive 35S promoter while these 

experiments detected endogenous levels of XDH1. The XDH1 signal in the membrane-

associated fraction of pat14-1 is of similar intensity to the membrane-associated fraction of 

wildtype plants. Protein signal for VM23 entirely localized to the membrane associated fraction 
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in both wildtype and pat14-1 as expected, indicating a clean separation of soluble and membrane 

protein (Figure 13B). Even though the gels show evidence of over-loading, because soluble and 

membrane samples were proportionately loaded, two preliminary conclusions can be drawn from 

these experiments. First, because there appeared to be no difference in the amount of XDH1 in 

the membrane fraction from either wildtype or pat14-1 plants, PAT14 appears not to be the PAT 

that palmitoylates XDH1 or alternatively is not the only PAT that palmitoylates XDH1. Second, 

the higher amounts of XDH1 in the soluble fraction of pat14-1 plants compared to wildtype 

plants may indicate that XDH1 could be an enzyme that is upregulated in the pat14-1 genetic 

background.  
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Figure 13. Immunoblot analysis of soluble and membrane protein extracts. A) anti-XDH1 and 

B) anti-VM23. S= soluble protein fraction; M=membrane protein fraction.  
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DISCUSSION 

Effect of Growth Medium and Microbes on pat14-1 Phenotype 

 Previous work in the Hrabak lab has shown that pat14-1 plants grown on agar plates with 

Murashige-Skoog with Gamborg’s vitamins as fertilizer do not show the early senescence 

phenotype seen when plants are grown in a non-sterile environment in peat/perlite pots with 

MiracleGro fertilizer. Conditions in an agar plate are, of course, different from the open-air 

peat/perlite conditions, so determining the phenotype-inducing condition(s) is challenging.  

To begin, agar plates were cast that contained peat/perlite and MiracleGro to test if the 

presence of these components in plates led to the development of the same pat14-1 early 

senescence phenotype as is observed in pots. The lack of pat14-1 phenotype development 

indicated that the peat/perlite and MiracleGro, under these conditions, were not responsible for 

pat14-1 early senescence (Figure 4).  

 Next, to evaluate if the pat14-1 early senescence phenotype is the result of a lack of a 

particular nutrient or nutrients (or an overabundance of a particular nutrient(s)), plants grown in 

peat/perlite in pots were watered with either MiracleGro or half-strength Murashige-Skoog with 

Gamborg’s vitamins. Similar to previous reports, pat14-1 plants grew to about one third the size 

of wildtype plants when watered with MiracleGro and showed extensive leaf yellowing not seen 

in the wildtype. Changing the fertilizer from MiracleGro to Murashige-Skoog rescued the pat14-

1 early senescence phenotype but the effect on the reduced size phenotype was inconclusive.  
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Statistically, wildtype and pat14-1 plants watered with Murashige-Skoog were not 

significantly different in weight and this was unexpected because the weights of pat14-1 and 

wildtype plants were different when the fertilizer was MiracleGro (Figure 12 and Table 6). This 

effect seems to be due to a decrease in the weight of wildtype plants fertilized with Murashige-

Skoog nutrients, rather than a change in the weight of pat14-1 plants. However, these results may 

be influenced by small sample sizes, as the wildtype weight is also not significantly different 

from MiracleGro-watered wildtype plant weight. Overall, the results could be strengthened by 

repeating the experiment with a larger number of plants per treatment. If the early senescence 

and reduced size phenotypes of pat14-1 are caused by the nutrients present in MiracleGro or 

absent from MiracleGro, it will be difficult to pursue this further because, although the exact 

composition of Murashige-Skoog plus Gamborg’s vitamins is known (Table 8), MiracleGro is a 

proprietary formulation. If the pat14-1 phenotype is the result of a nutrient problem, it may be 

necessary to test custom formulations of Murashige-Skoog in order to control changing 

variables.  
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Table 8. Composition of Murashige-Skoog containing Gamborg’s vitamins. Composition was 

obtained from the manufacturer (Caisson Labs). 

 

  

Components mg/L

Ammonium Nitrate 1650.00

Boric Acid 6.200

Calcium Chloride, Anhydrous 332.20

Cobalt Chloride, Hexhydrate 0.025

Cupric Sulfate, Pentahydrate 0.025

EDTA, Disodium, Dihydrate 37.26

Ferrous Sulfate, Heptahydrate 27.80

Magnesium Sulfate, Anhydrous 180.70

Manganese Sulfate, Monohydrate 16.900

Molybdic Acid Sodium Salt, Dihydrate 0.250

Myo-inositol 100.00

Niacin/Nicotinic Acid 1.00

Potassium Iodide 0.830

Potassium Nitrate 1900.00

Potassium Phosphate, Monobasis, Anhydrous 170.00

Pyridoxine, Hydrochloride 1.00

Thiamine, Hydrochloride 10.00

Zinc Sulfate, Heptahydrate 8.600
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In addition to nutrient composition, the environmental conditions are drastically different 

on a plate vs. in pots. In pots, the growth medium is loose, allowing for easier growth and water 

is delivered at regular intervals as opposed to plates where the moisture supply from the agar is 

continuous. Hydroponics may be an option that allows control of nutrients without the presence 

of peat, perlite, or agar.  

In addition to the early senescence phenotype and accompanying expression of 

senescence associated genes, pat14-1 upregulates pathogen-defense genes and SA biosynthesis 

genes. To test whether the upregulation of pathogen-defense and SA biosynthesis genes in pat14-

1 is due to hypersensitivity to an otherwise harmless plant microbe present in non-sterile 

environments, wildtype and pat14-1 seeds were surface sterilized, sown on sterilized peat/perlite, 

and grown in an aseptic environment to prevent exposure to many microbes as possible. 

Unfortunately, conditions inside the Magenta plastic containers had a negative effect on the 

growth and overall size of both wildtype and pat14-1 plants. Despite the reduced size and poor 

condition of all of the plants, the ratio of the wildtype plant size to pat14-1 plant sizes (3:1) was 

consistent with plants grown in non-aseptic conditions in pots (Figure 5). The diminished size of 

all plants in this experiment made quantifying the extent of leaf senescence difficult due to color 

similarity between the plants and the perlite, however by visual inspection, it appeared that 

pat14-1 plants showed more chlorosis than wildtype plants. The development of both the early 

senescence and diminished size phenotypes under aseptic conditions indicated that the presence 

of microbes is unlikely to cause the phenotype in the peat/perlite conditions. Thus, it is possible 

that the increased SA levels, a major signal in both plant pathogen-defense and senescence, in 

pat14-1 plants are not a response to a pathogen or microbe. It is more likely that the pathogen-
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defense genes and SA induction is a symptom of the loss of regulation of another, currently 

unknown upstream process. 

It is possible that peat or perlite or MiracleGro actually have a negative effect on pat14-1 

plants grown in plates even though no effect was detected. Perhaps the Phytoblend used to 

solidify the peat/perlite plates plays a protective role by chelating or binding harmful 

components from the peat, perlite, or MiracleGro.  

 

GO Terms are Not Currently an Effective Method of Identifying PAT14 Targets 

Previous work on PAT14 palmitoylation has used palmitoylation prediction programs to 

identify putative protein targets using entries from the Leaf Senescence Database (LSD) and 

filtering them for the top scoring hits with mixed results62. This pipeline design has two notable 

drawbacks. Firstly, although pat14 mutant plants have an early senescence phenotype as they 

age, it does not necessarily follow that the enzymatic target of PAT14 is a senescence associated 

protein. It’s possible that dysfunction in PAT14 substrate palmitoylation occurs far upstream of 

downstream pro-senescence signal cascades. Second, palmitoylation identification programs 

suffer from poor accuracy compared to generation of experimental data about PAT targets. In 

some cases, palmitoylation programs only predicted half the number of proteins identified in lab-

based experiments as palmitoylated54. Thus, both stages of the pipeline have potentially 

significant gaps in coverage of possible PAT14 substrates. 

In an attempt to overcome these limitations, I employed a bioinformatic script written to 

filter the latest Arabidopsis proteome release for predicted palmitoylated proteins and to rank 

them based on their GO term similarity to PAT14. By beginning with all possible proteins in the 
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Arabidopsis proteome, the script makes as few assumptions about the target protein as possible 

and emphasizes the idea that similarity in GO term sets is commonly acknowledged as being 

indicative of interaction (i.e., two proteins with similar GO terms are more likely to interact than 

two randomly selected proteins).  

Unfortunately, GO term-based methods appear to have little efficacy when applied to the 

Arabidopsis PAT family of enzymes for two critical reasons. First, the 24 proteins in the PAT 

family all share ~30% of their Biological Process GO terms (Table 4). Most PATs, 20 out of 24, 

have 2 BP terms while PAT14 has the most with 6, only four of which are unique. Due to the 

high similarity between the enzymes’ GO terms, a ranked list of possible substrates could be 

associated with any of the PAT enzymes, making determinations of what enzyme palmitoylates 

what substrate impossible. Second, Arabidopsis PAT proteins have very little GO term coverage 

when compared to historically well studied proteins or even to human PATs that have on average 

7 more annotations than Arabidopsis PATs (Tables 4 and 8).  

In summary, there is currently no way to differentiate between individual PATs at the 

current level of annotation in Arabidopsis. However, two of the top hits produced by the pipeline 

used here are involved in homogalacturonan synthesis and both proteins localize to the Golgi. 

The fact that the top two results appear to be related contradicts the conclusion that our pipeline 

would be expected to output nearly arbitrary matches. Even though the dwarf phenotype of nsk1 

appears different from the pat14-1 phenotype, further investigation of these two proteins as 

possible PAT14 targets is warranted. 
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Table 9. Human PATs and their GO terms. 

 

  

ZDHHC Total GO terms Biological Process GO terms

ZDHHC1 42 5

ZDHHC2 69 28

ZDHHC3 38 14

ZDHHC4 22 2

ZDHHC5 33 9

ZDHHC6 33 9

ZDHHC7 49 19

ZDHHC8 27 8

ZDHHC9 34 6

ZDHHC11 24 5

ZDHHC12 29 9

ZDHHC13 30 5

ZDHHC14 21 4

ZDHHC15 100 17

ZDHHC16 30 13

ZDHHC17 98 14

ZDHHC18 20 5

ZDHHC19 22 3

ZDHHC20 36 5

ZDHHC21 54 18

ZDHHC22 40 6

ZDHHC23 20 4

ZDHHC24 32 2
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Xanthine Dehydrogenase 1 as a Palmitoylation Target of PAT14 

Previous work on XDH1 has shown it to be palmitoylated and distributed between the 

cytosol and tonoplast membrane in a 2:1 ratio when expressed under a constitutive 35S 

promoter54,81. XDH1 has been shown to be upregulated under drought conditions, senescence, 

pathogen infection, and purine catabolism82–85.  

To determine the localization of XDH1, separate fractions containing cytosolic or 

membrane proteins from 6-week-old wildtype or pat14-1 Arabidopsis plants were used for 

immunodetection. XDH1 was detected in both the cytosolic and membrane fractions but not in 

the 2:1 ratio report by Nakagawa et al80. Nakagawa et al. used transgenic plants over-expressing 

XDH1, which could affect protein distribution. Thus, it is likely that the cytosolic:membrane 

ratio of XDH1 reported here is representative of the true expression and distribution patterns of 

the XDH1 enzyme.  

The amount of palmitoylated XDH1 in the membrane fraction of pat14-1 plants appeared 

to be comparable to the amount in wildtype membranes (Figure 13), as samples were 

proportionally loaded and could be directly compared. This result indicated that if PAT14 

palmitoylates XDH1, it is not solely responsible for the XDH1 palmitoylation. It is possible that 

another PAT, perhaps the closely-related PAT13, also palmitoylates XDH1 as PAT13 and 

PAT14 share very high sequence similarity and have additive knockout phenotypes. 

More XDH1 in the cytosolic fraction was expected than in the membrane fraction, but an 

unexpected result from this research was the finding that the amount of XDH1 signal in the 
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pat14-1 soluble fraction was much greater than in the corresponding wildtype plant sample, 

indicating that pat14-1 contained more XDH1 than normal. This increase may result from XDH1 

induction by the WRKY75 transcription factor. WRKY75 binds W-boxes, three of which are 

located upstream of XDH1, and operates in a tripartite positive amplification loop with SA and 

H2O2 that starts during and promotes leaf senescence81,86,87. Alternatively, PAT14 might regulate 

ubiquitination of XDH1, preventing breakdown of XDH1. Interestingly, despite the higher 

concentration of cytosolic XDH1 in pat14-1, there was no obvious increase in putatively 

palmitoylated and membrane associated XDH1, indicating a possible cap on the allowable 

quantity of membrane associated XDH1. 

XDH1’s substrate specificity is cell dependent81. In mesophyll cells, XDH1 

predominantly acts on hypoxanthine and xanthine to produce uric acid that scavenges reactive 

oxygen species produced in the chloroplast. In contrast, in epidermal cells, XDH1 produces 

superoxide (O2
-) from NADH and O2 in response to pathogen invasion. O2

- can be converted to 

the less harmful but still damaging H2O2, which dramatically increased in pat14-1. Early 

senescence observed in xdh mutants can be rescued by supplementation with 100 µM uric acid80. 

By supplementing the fertilizer given to wildtype and pat14-1 plants with 100 µM uric acid, I 

showed that this concentration of uric acid can rescue the pat14-1 knockout, indicating that the 

pat14-1 early senescence phenotype could be driven by the increased levels of H2O2.  

The protective effect of uric acid on pat14-1 plants raises the question of why pat14-1 

cells appeared to express more XDH1. Cells could express XDH1 to produce uric acid to counter 

the high levels of H2O2 in the pat14-1 mutant. Alternatively, XDH1 could be producing O2
-, 

which uric acid supplementation would counter. Future experiments should include protein 

analysis of XDH1 content in the presence of uric acid to determine if XDH1 expression 
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decreases when uric acid is provided or increases to produce more O2
-. Supplementing fertilizer 

with uric acid might also deplete H2O2 levels produced from a source unrelated to XDH1. That 

uric acid supplementation rescues the pat14-1 phenotype might be the result of blocking the 

H2O2 signal from causing further pro-senescence signals.  

Although there were indications of a negative effect of uric acid on growth of wildtype 

and pat14-1 plants, no definitive conclusion was reached due to small sample size and high 

variability in the data.  

As mentioned previously, it’s likely that PAT14 palmitoylates multiple substrates. Since 

the diminished size phenotype of pat14-1 precedes development of the early senescence 

phenotype, PAT14 is already affecting the growth and development of Arabidopsis before 

visible signs of senescence appear. Uric acid supplementation was not enough to rescue the 

diminished size of pat14-1 (Figure 9), which hints at probable pleiotropic effects of a pat14 

mutation affecting multiple proteins and pathways.  

 

Future Directions 

First, uric acid supplementation experiments must be repeated, as some of the results 

reported here are contradictory to published work.  

Second, definitive evidence for PAT14 palmitoylation of XDH1 has yet to be 

demonstrated. It is possible that PAT13, with 66% sequence identity and an additive senescence 

phenotype when combined with a PAT14 mutant, might target the same protein substrates as 

PAT14. The continued presence of palmitoylated XDH1 in pat14-1 plants could be attributed to 
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PAT13 activity. This could be tested by measuring XDH1 levels in the membrane fractions of 

other PAT mutants, such as pat13, and the double mutants pat13pat14.  

 Third, XDH1 converts its substrate, either NADH or xanthine, to NAD+/O2
- or uric acid, 

respectively81. Measuring the levels of xanthine in pat14-1 plants would provide insights into the 

biochemical pathways upstream of XDH1 in the absence of PAT14 activity.  

 Fourth, determining the amount of XDH1 in pat14-1 plants when uric acid is 

supplemented could determine which biochemical mechanism activity XDH1 is performing 

under these conditions. When uric acid is provided to the plant, cells no longer need to express 

XDH1 to produce their own supply uric acid. If XDH1 protein levels drop when uric acid is 

provided, this could indicate that XDH1 was expressed to produce uric acid. Alternatively, if 

XDH1 is expressed to produce more O2
-, XDH1 levels would increase further when uric acid is 

provided to produce more O2. 
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