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CGI-58 (Comparative Gene Identification-58) is an impor-
tant regulator of lipid metabolism and signaling in both plants 
and animals, with a loss of CGI-58 activity resulting in the 
hyper-accumulation of triacylglycerols (TAGs) in cell types that 
normally do not store lipids, including the skin, liver, and mus-
cle cells of animals and the mesophyll cells of plants.1,2 Despite 
this similarity in lipid-accumulation phenotypes, molecu-
lar analysis has revealed that CGI-58 carries out its biologi-
cal function(s) by interacting with different types of proteins 
in plant and animal cells. In mammalian cells, for instance, 
CGI-58 interacts with a protein called perilipin, which binds 
and sequesters CGI-58 at the surface of lipid droplets, thereby 
regulating its availability for interacting with and stimulat-
ing the activity of an adipose TAG lipase.3-5 In plants, CGI-58 
interacts with and stimulates the activity of peroxisomal ABC 
transporter 1 (PXA1), which is responsible for the uptake of 
fatty acids and lipophilic precursors of the jasmonate and auxin 
pathways into peroxisomes for their subsequent metabolism by 
β-oxidation (ref. 6 and references therein). Loss of CGI-58 in 
either system, therefore, results in reduced lipid turnover and an 
accumulation of TAG.

Previously, we searched for proteins that interacted with 
CGI-58 in plants by using the yeast 2-hybrid assay to screen 
an Arabidopsis thaliana cDNA library with CGI-58 as “bait.”6 
Three strongly-interacting proteins were identified in the 
screen, including the C-terminal portion of the PXA1 trans-
porter, which was subsequently shown to physically and geneti-
cally interact with CGI-58 to regulate both lipid metabolism 
and signaling in plants.6 For instance, loss of CGI-58 activity 
resulted in changes in lipid metabolism and lipid signaling that 
were similar to pxa1 mutant plants, particularly in vegetative 
tissues, and these alterations were no more severe in double 
mutant cgi-58/pxa1 plants.6 The other 2 CGI-58-interactors 
included portions of spermidine synthase 1 (SPDS1) and de-eti-
olated 3 (DET3), a subunit of the vacuolar H+-ATPase.7 While 
the functional significance of an interaction between CGI-58 
and DET3 remains to be determined, SPDS1 was considered 
a particularly interesting candidate for further analysis because 
it is well known to play a key role in polyamine metabolism 
in plants (Fig. 1A).8,9 Polyamines are abundant aliphatic poly-
cations that exist as either “free” compounds or conjugated to 
various small molecules,10 all of which are important for plant 

*Correspondence to: John M Dyer; Email: john.dyer@ars.usda.gov.
Submitted: 12/06/2013; Revised: 01/02/2014; Accepted: 01/03/2014; Published Online: 02/03/2014
Citation: Park S, Keereetaweep J, James C, Gidda SK, Chapman KD, Mullen RT, Dyer JM. CGI-58, a key regulator of lipid homeostasis and signaling in plants, 
also regulates polyamine metabolism. Plant Signaling & Behavior 2014; 9:e27723; PMID: 24492485; http://dx.doi.org/10.4161/psb.27723

CGI-58, a key regulator of lipid homeostasis 
and signaling in plants, also regulates 

polyamine metabolism
Sunjung Park1,2, Jantana Keereetaweep2, Christopher n James2, Satinder K Gidda3,  

Kent D Chapman2, robert t mullen3, and John m Dyer1,*

1uSDa-arS; uS arid-Land agricultural research Center; maricopa, aZ uSa; 2Department of Biological Sciences; Center for Plant Lipid research; university of north texas; 
Denton, tX uSa; 3Department of molecular and Cellular Biology; university of Guelph; Guelph, on Canada

Keywords: Arabidopsis, CGI-58, Polyamines, PXA1, SPDS1, Spermidine, Spermidine Synthase

Comparative Gene identification-58 (CGi-58) is an α/β hydrolase-type protein that regulates lipid homeostasis and 
signaling in eukaryotes by interacting with and stimulating the activity of several different types of proteins, including 
a lipase in mammalian cells and a peroxisomal aBC transporter (PXa1) in plant cells. here we show that plant CGi-58 
also interacts with spermidine synthase 1 (SPDS1), an enzyme that plays a central role in polyamine metabolism by 
converting putrescine into spermidine. analysis of polyamine contents in Arabidopsis thaliana plants revealed that 
spermidine levels were significantly reduced, and putrescine increased, in both cgi-58 and cgi-58/pxa1 mutant plants, 
relative to pxa1 mutant or wild-type plants. Evaluation of polyamine-related gene expression levels, however, revealed 
similar increases in transcript abundance in all mutants, including cgi-58, pxa1, and cgi-58/pxa1, in comparison to wild 
type. taken together, the data support a model whereby CGi-58 and PXa1 contribute to the regulation of polyamine 
metabolism at the transcriptional level, perhaps through a shared lipid-signaling pathway, and that CGi-58 also acts 
independently of PXa1 to increase spermidine content at a post-transcriptional level, possibly through protein-pro-
tein interaction with SPDS1.
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growth, development, and stress responses.11-13 As shown in 
Figure 1A, polyamine metabolism begins with arginine and 
includes 3 predominant polyamine species, namely putrescine, 
spermidine, and spermine, the ratios of which are maintained 
through a series of forward and reverse reactions.13-15 Given the 
importance of polyamines to plant physiology, in general, and 
the previous demonstration that enzymes of the polyamine 
pathway interact with each other and with other regulatory 
proteins,9,16 we sought to determine whether the interaction of 
CGI-58 and SPDS1 was functionally significant.

The SPDS1 “prey” protein recovered from the initial 
yeast 2-hybrid screen using CGI-58 as “bait” consisted of the 
C-terminal half of the protein, including amino acid resi-
dues 131–334 (refer to the top row in Figure 1B [CGI-58 and 
SPDS1*]). To test whether this region could also interact with 
CGI-58 in plant cells, the same C-terminal sequence of SPDS1 
was fused to a red f luorescent protein (RFP) that also harbored 

a nuclear localization sequence (NLS), 
and the resulting fusion protein (i.e., 
NLS-RFP-SPDS1*) was co-expressed 
in tobacco suspension-cultured cells 
with GFP-CGI-58, as previously 
described.6 As a negative control, 
the NLS-RFP protein, without the 
SPDS1 C-terminal sequence, was also 
co-expressed with GFP-CGI-58 in 
tobacco cells. As shown in Figure 1C, 
expression of NLS-RFP resulted in 
localization of this protein to the 
nucleus, with prominent staining of 
the nucleoli, while GFP-CGI-58 was 
predominantly localized in the cyto-
sol, as expected.1,6 By contrast, co-
expression of NLS-RFP-SPDS1* and 
GFP-CGI-58 resulted in a portion 
of GFP-CGI-58 being relocalized to 
the nucleus, and also enriched in the 
nucleolus, thus confirming an interac-
tion of CGI-58 with the C-terminal 
region of SPDS1. Co-expression of full-
length SPDS1 and CGI-58 proteins in 
the yeast 2-hybrid system confirmed 
a strong interaction between the 2 
proteins (Fig. 1B). Co-expression of 
the full-length proteins in the nuclear 
relocalization assay, however, revealed 
that full-length SPDS1 was not able to 
recruit CGI-58 to the nucleus (data not 
shown), suggesting that other factors, 
such as post-translational modification 
or the presence of other plant-specific 
proteins, might compete for interac-
tion of SPDS1 and/or CGI-58 in plant 
cells. For instance, both proteins are 
known to interact with other proteins 
in plants, including spermidine syn-

thase 2 (SPDS2) and spermine synthase (SPMS) for SPDS1,16 
and PXA1 for CGI-58.6 Thus, there is likely some competition 
for various protein-binding partners under steady-state condi-
tions, and the interaction of SPDS1 and CGI-58 in planta may 
be below the threshold required for the nuclear relocalization 
assay.

While CGI-58 could interact with full-length SPDS1 in 
the yeast 2-hybrid assay, CGI-58 did not interact with SPDS2 
(Fig. 1B), which is the second (of 2) spermidine synthase 
isoforms in Arabidopsis and that possesses 75% polypeptide 
sequence identity with SPDS1. Notably, SPDS1 and SPDS2 
are considered to be functionally redundant, although they do 
show somewhat different gene expression patterns and respond 
differently to certain hormones.8,17 Since prior studies16 have 
shown also that SPDS1 and SPDS2 interact with each other, 
as well as with the next enzyme in the polyamine biosynthetic 
pathway, namely spermine synthase (SPMS; Fig. 1A), we tested 

Figure 1. interaction of CGi-58 and SPDS1. (A) model of polyamine metabolism in plants (adapted 
from ref. 12). Key enzymes are highlighted in colored boxes, some of which are encoded by mul-
tiple genes. See text for additional details. abbreviations include aDC, arginine decarboxylase; Pao, 
polyamine oxidase; SPDS, spermidine synthase; and SPmS, spermine synthase. (B) Yeast 2-hybrid 
analysis of protein-protein interactions between CGi-58 and various polyamine-related proteins, 
namely SPDS1, SPDS2 and SPmS. the indicated “bait” and “prey” proteins were co-expressed in 
yeast cells then similarly prepared serial (1:5) dilutions of yeast cultures were replica plated on either 
synthetic dextrose media lacking leucine and tryptophan (SD-Leu-trp), which selects only for the 
presence of both “bait” and “prey” plasmids in the cells, or on media also lacking histidine, adenine, 
and containing X-α-Gal and aureobasidin a (SD-Leu,trp,his,ade + X,a), which selects for 4 differ-
ent reporter genes whose transcriptional activity is dependent on 2-hybrid protein interaction, as 
previously described.6 note that the SPDS1* “prey” protein (top row) consists of only the C-terminal 
portion of SPDS1 (amino acids 131–334), whereas all other indicated “prey” (and “bait”) proteins are 
full length. (C) Protein-protein interaction analysis using the nuclear relocalization assay. Briefly, 
tobacco suspension-cultured (Bright Yellow-2) cells were transiently co-transformed (via biolistic 
bombardment; refer to ref. 6 for details) with plasmids expressing nLS-rFP and GFP-CGi-58 (upper 
panels), or a second set of plasmids expressing nLS-rFP n-terminally fused to the C-terminal half of 
SPDS1 (nLS-rFP-SPDS1*) and GFP-CGi-58 (bottom panels). note in the bottom panels that a portion 
of the GFP-CGi-58 protein has been recruited from the cytosol into the nucleolus (refer to arrow-
head) via its interaction with nLS-rFP-SPDS1*. Bar = 10 µm.
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whether CGI-58 might also interact with SPMS. Although we 
could confirm that both SPDS1 and SPDS2 were capable of 
interacting with SPMS, as expected, CGI-58 did not interact 
with SPMS (Fig. 1B).

Based on the data described above, CGI-58 appears to interact 
specifically with SPDS1 and not SPDS2 or SPMS, and thus any 
potential regulation of polyamine metabolism by CGI-58 might 
be reflected in the relative amounts of putrescine and spermidine, 
the substrate and product of the SPDS1 enzyme, respectively. To 
test this possibility, we analyzed both free and conjugated forms 
of the 3 major polyamines in wild-type and various mutant 
Arabidopsis plants. As shown in Figure 2, cgi-58 mutant plants, 
compared with wild-type plants, possessed significantly elevated 
amounts of putrescine in both its free and conjugated forms, 
while the spermidine amounts were reduced. Notably, a simi-
lar increase in free putrescine and decrease in free spermidine 
was previously observed in spds1 mutant Arabidopsis plants, but 
not in spds2 mutants,18 suggesting that SPDS1 is predominantly 
involved in production of spermidine under basal conditions. We 

also observed similar changes in polyamine contents in cgi-58/
pxa1 double mutant plants, but not in pxa1 single mutant plants, 
which were comparable to wild type (Fig. 2). Collectively, these 
data indicate that CGI-58 is required for the optimal production 
of spermidine under steady-state conditions in plants, and that 
this regulatory role for CGI-58 operates independently of PXA1.

To gain further insight to how CGI-58 might regulate poly-
amine metabolism in plants, we measured gene expression levels 
for various polyamine-related genes in both wild-type and mutant 
Arabidopsis plants. As shown in Figure 3, the levels of transcripts 
encoding arginine decarboxylase 1 (ADC1), which catalyzes the 
conversion of arginine into agmatine (refer to Fig. 1A), SPDS1, 
SPDS2, and polyamine oxidase 2 (PAO2) were all significantly 
enhanced in cgi-58 mutant plants, revealing that CGI-58 is 
involved in regulating the polyamine pathway at the transcrip-
tional level. The expression of these genes was also altered, 
however, in pxa1 mutant plants, which notably did not show sig-
nificant changes in polyamine contents under steady-state condi-
tions (Fig. 2). These observations suggest that polyamine content 
is predominantly regulated at the post-transcriptional level in the 
experiments described here. Moreover, since the increases in gene 
expression observed in either the cgi-58 or pxa1 mutant were not 
additive in the cgi-58/pxa1 double mutant (Fig. 3), these data 
suggest that CGI-58 and PXA1 operate in the same regulatory 
pathway to influence polyamine-related gene expression.

Based on the results presented in this study and the prior 
demonstration that CGI-58 and PXA1 co-regulate both oxy-
lipin and auxin signaling pathways,6 it is possible that CGI-58 
and PXA1 participate in the regulation of polyamine metabo-
lism at the transcriptional level through a shared lipid signaling 
pathway(s). Notably, polyamine-related genes are known to be 
responsive to both of these hormone classes, as well as to various 

Figure 3. Gene expression profiles for various polyamine-related genes 
in wild-type and mutant Arabidopsis plants. transcript levels present 
in mature, approximately 40-day-old, wild-type or mutant Arabidopsis 
leaves were determined for each of the indicated genes using primer 
sequences described in ref. 10 and qrt-PCr.6 Plant lines are indicated 
along the bottom. transcript values were normalized based on rrna 
and multiplied by 100,000. Each data point represents the mean value 
of 3 biological replicates and bars indicate standard deviation. asterisks 
indicate values significantly different from the corresponding values of 
wild-type plants (Col0) determined using the student t-test. *, P < 0.05.

Figure  2. analysis of polyamine contents in wild-type and mutant 
Arabidopsis plants. Polyamines in mature, approximately 40-day-old, 
wild-type or mutant Arabidopsis leaves were extracted, derivatized and 
analyzed (via hPLC) as described,8,20 with the exception that 1,7-diami-
noheptane was used as an internal standard. Free polyamines are 
shown in (A), and acid-soluble, conjugated polyamines are shown 
in (B). Each data point represents the mean value of 4 independent 
analyses and error bars represent standard deviation. Plant lines are 
indicated along the bottom. asterisks indicate values significantly dif-
ferent from the corresponding values of wild-type plants (Col0) deter-
mined using the student t-test. *, P < 0.10; **, P < 0.05. Polyamines in the 
acid-insoluble pellet fraction were also analyzed but did not show any 
differences between any of the plant lines (data not shown).
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stress conditions that include oxylipin signaling.12,13,17,19 The 
results presented here also suggest that CGI-58 regulates poly-
amine production at the post-transcriptional level by interacting 
with and stimulating the activity of SPDS1. A similar scenario 
has been proposed previously for the regulation of SPDS2, which 
was shown to interact with a nematode effector protein whose 
presence in plants also resulted in alteration of polyamine-related 
gene expression.9 It will be interesting to further explore the 
functional connection between CGI-58 and SPDS1, which may 
provide new insight to the regulation and integration of 2 seem-
ingly different metabolic pathways in plant cells, namely lipid 
and polyamine metabolism.
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