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essential for affecting LD size and number in vivo. Taken 
together, our results implicate oxidoreductase activity of 
Env9 in its cellular role in LD morphology.
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Introduction

Lipid droplets (LDs) are a structurally unique member of 
the endomembrane system in eukaryotic cells. For many 
years, their main role was considered to be as an inert stor-
age depot for neutral lipids. Recently, LDs have garnered 
intense interest as highly dynamic organelles involved 
in both biosynthesis and mobilization of neutral lipids in 
response to nutrient levels (Klug and Daum 2014). LDs 
are key players in regulation of lipid homeostasis whose 
defects have been linked to several metabolic diseases. 
Accumulation of LDs is found in diabetes, obesity, and 
cancer (Walther and Farese 2012). However, low number 
of LDs has also been implicated in disease. For example, 
mutant versions of the LD protein Seipin cause near com-
plete loss of adipose tissue, which leads to hepatic steatosis 
and insulin resistance (Chen et al. 2014).

Structurally, LDs are composed of a neutral lipid core 
of triacylglycerol (TG) and steryl ester, surrounded by a 
phospholipid monolayer with associated LD proteins. The 
mechanism of LD biogenesis and growth remains poorly 
characterized. The current accepted models propose that 
LDs bud from the ER by a process regulated by several 
gene products including fat storage-inducing transmem-
brane proteins, FIT (Choudhary et al. 2015), and then grow 
through expansion and/or homotypic fusion that involves 

Abstract Lipid droplets (LDs) have emerged as dynamic 
and interactive organelles with important roles in lipid 
metabolism and membrane biogenesis. Here, we report that 
Saccharomyces cerevisiae Env9 is a novel conserved oxi-
doreductase involved in LD morphology. Microscopic and 
biochemical studies confirm localization of tagged Env9 
to LDs and implicate its C-terminal hydrophobic domain 
(aa241–265) in its membrane association and stability. 
Confocal studies reveal a role for Env9 in LD morphology. 
Env9 positively affects both formation of large LDs upon 
overexpression and LD proliferation under poor carbon 
source. In silico bioinformatic and modeling approaches 
establish that ENV9 is a widely conserved member of the 
short-chain dehydrogenase (SDR) superfamily. Bayesian 
phylogenetic studies strongly support ENV9 as an ortholog 
of human SDR retinol dehydrogenase 12 (RDH12). Dehy-
drogenase activity of Env9 was confirmed by in vitro oxi-
doreductase assays. RDH12 mutations have been linked to 
Leber Congenital Amaurosis. Similar site-directed point 
mutations in the predicted Env9 oxidoreductase active site 
(N146L) or cofactor-binding site (G23–24A) abolished its 
reductase activity in vitro, consistent with those reported 
in other retinol dehydrogenases. The same residues were 
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various TG synthesis enzymes (Wang 2015; Thiam and 
Foret 2016). Additionally, recent data suggest fusion 
events and communications between LDs and various 
other organelles including ER, mitochondria, peroxisomes, 
endosomes, and lysosomes (Dugail 2014; Barbosa et al. 
2015; Gao and Goodman 2015; Schrader et al. 2015).

Several dehydrogenases have been reported to be asso-
ciated with ER and/or LDs. Among those are members of 
the short-chain dehydrogenase/reductase (SDR) superfam-
ily including retinol dehydrogenase (RDH) 10 and retinol 
dehydrogenase (RDH) 12 which are involved in redox 
reactions of the visual cycle in photoreceptor cells. SDRs 
contain around 250 residues catalyzing oxidation/reduc-
tion reactions with substrates ranging from alcohol and 
sugars to steroids (Kallberg et al. 2002; Kavanagh et al. 
2008). RDH10 shows oxidoreductase activity in vitro, 
while mostly functions in the oxidation reactions in vivo 
(Belyaeva et al. 2008; Takahashi et al. 2009). It recognizes 
several retinol substrates and prefers  NAD+ as a cofac-
tor (Belyaeva et al. 2008). Subcellular localization stud-
ies show that RDH10 is associated with mitochondria/
mitochondrial-associated membranes and relocalizes to 
LD during LD formation (Jiang and Napoli 2013). Muta-
tions in RDH10 disrupt vitamin A metabolism, which leads 
to embryonic developmental defects (Sandell et al. 2007; 
Farjo et al. 2011). RDH12 is highly expressed in the ret-
ina and involved in retinoid metabolism as well as protec-
tion against lipid peroxidation products (Lee et al. 2008). 
RDH12 is shown to localize to the ER and microsomal 
fraction in microscopic analysis (Keller and Adamski 2007) 
and subcellular fractionation (Lee et al. 2007), respectively. 
While its specific cellular substrate remains unknown, 
RDH12 displays enzymatic activity on both retinoid and 
sterol substrates in vitro (Keller and Adamski 2007). Muta-
tions in RDH12 have been genetically linked to several dif-
ferent forms of retinal dystrophies including Stargardt dis-
ease (Zolnikova et al. 2016), cone–rod dystrophy (Huang 
et al. 2016), retinitis pigmentosa (Gong et al. 2015), and 
Leber congenital amaurosis (LCA), which is the most 
severe form of childhood retinal dystrophy characterized 
by early visual loss (Janecke et al. 2004; Thompson et al. 
2005; Mackay et al. 2011). In addition, disease-associated 
mutations in RDH12 cofactor-binding domain correspond 
to accumulation of bioreactive retinoic acid, which can 
then induce apoptosis in many cells including photorecep-
tor cells (Lee et al. 2007).

LD morphology is variable, and LD size and number 
vary between cell types and under different growth condi-
tions. For example, white adipocytes have giant LDs, while 
brown adipocytes and yeast cells have small LDs. LD size 
can also change in response to diverse signals within the 
same cell type. The molecular mechanisms that regulate 
LD size as well as their physiological significance remain 

poorly understood. Baker’s yeast, however, has served as 
a seminal model in this respect. Two independent yeast 
genome-wide screens for defects in LD number and mor-
phology identified Fld1, a homolog of human Seipin, as a 
regulator of LD dynamics (Szymanski et al. 2007; Fei et al. 
2008). Recent studies have reported that Fld1 promotes the 
initial stage of LD formation (Cartwright et al. 2015) and, 
along with its interacting protein Ldb16, is involved in the 
regulation of LD size (Wang et al. 2014). General control 
nonderepressible (GCN4) transcription factor, which is 
induced under nutrient starvation and stress conditions, has 
also been reported to be involved in the regulation of LD 
size by controlling expression of a TG biosynthetic gene 
(Yadav and Rajasekharan 2016).

LDs can expand by relocation of TG synthesizing 
enzymes from the ER to LDs through ER-LD bridges (Wil-
fling et al. 2013), which involves Coat Protein I (COPI) 
machinery (Wilfling et al. 2014b). In adipocytes, FSP27 
has been implicated in large LD growth by transferring 
neutral lipids from a smaller LD to a larger LD (Gong et al. 
2011; Jambunathan et al. 2011; Grahn et al. 2013; Tan et al. 
2014). Additionally, localization mechanisms of LD mem-
brane-associated proteins remain poorly defined.

Previously, we designed a genomic screen that moni-
tored endomembrane trafficking of the vacuolar hydrolase 
Carboxypeptidase Y (CPY) and uncovered several endo-
some and vacuole interface (ENV) genes including ENV9 
(Ricarte et al. 2011). Deletion of ENV9 leads to internal 
accumulation of proCPY, aberrant vacuolar morphology 
and caffeine sensitivity. In this study, we further charac-
terize the ENV9 deletion mutant and the ENV9 encoded 
product. We establish that Env9 protein is a conserved LD 
oxidoreductase involved in LD dynamics. The C-terminal 
hydrophobic stretch (aa241–265) of Env9 is essential for its 
LD association and stability, while its intact active site and 
cofactor-binding sites are essential for both its oxidoreduc-
tase activity in vitro and its role in LD dynamics in vivo. 
We also present bioinformatics and phylogenetic data sup-
porting ENV9 as a widely conserved ortholog of mamma-
lian RDH 12, a member of the SDR superfamily and dis-
cuss possible involvement of an SDR in the regulation of 
LD dynamics.

Materials and methods

Yeast strains and media

Yeast strains used in this study are listed in Table 1. Yeast 
strains were grown at 30 °C in yeast extract-peptone-
dextrose (YPD) media (1% yeast extract, 2% peptone, 
2% dextrose) or Synthetic Minimal (SM) media (0.67% 
yeast nitrogen base, 2% glucose, amino acids) from Difco 



1055Curr Genet (2017) 63:1053–1072 

1 3

Chemicals (St. Louis, MO). Yeast strains BY4742 (MATα 
his3Δ leu2Δ ura3Δ lys2Δ) and single-gene deletion 
mutants were gifts from Dr. Greg Payne (UCLA).

Construction of plasmids and site‑directed mutagenesis

Plasmids used in this study are listed in Table 2 and were 
constructed by homologous recombination as described 
previously (Oldenburg et al. 1997). HA- and GFP-tagged 
Env9 were PCR amplified from a genomic DNA using 
reverse and forward primers (Operon, Huntsville, AL, 
USA) listed in Table 3. Cells were transformed with PCR-
generated inserts and linearized plasmids containing uracil 
marker and grown on SM-Ura plates to select insert-car-
rying colonies as described previously (Manandhar et al. 
2013). Plasmids were isolated from yeast using Zymoprep 
Yeast Plasmid Miniprep II (Zymo Research, Irvine, CA, 
USA) and transformed into E. coli. Deletion or substitu-
tion of multiple bases from ENV9 was performed using 
two PCR-based site-directed mutagenesis as described pre-
viously (Mallorqui-Fernandez et al. 2008). Plasmid con-
structs were confirmed by restriction digestion as well as 
by DNA sequencing (Macrogen, South Korea). Plasmid 
expressing Erg6-dsRed as a lipid droplet marker was a gift 
from Joel Goodman (University of Texas Southwestern 
Medical Center, Dallas, Texas).

Localization of Env9

Wild-type cells endogenously expressing ENV9-GFP 
(Invitrogen) were grown in YPD or SM Complete until 
mid-log phase and subjected to Nile Red staining as 
described previously (Greenspan et al. 1985) with follow-
ing modifications. Cells were washed with 50 mM Tris–
HCl, pH 7.5 and stained with Nile Red (1 µg/ml) (Invit-
rogen, Carlsbad, CA, USA) for 20 min. Cells were then 
viewed under DIC and an Olympus Fluoview 1000 confo-
cal laser scanning system mounted on an inverted micro-
scope (Olympus IX-81). Images were captured with argon 
ion (488 nm) laser with Nile Red emission at wavelength 
range 571–590 nm with 5% laser output power, and GFP 
emission at wavelength range 501–520 nm with 70% laser 
output power. Galactose induction of GFP fusion proteins 
was performed as described previously (Manandhar et al. 
2013, 2014). Briefly, env9Δ cells expressing GFP-ENV9 
or ENV9-GFP from the inducible promoter were grown 
in SM-Ura to mid-log phase  (OD600 ~ 0.8), washed with 
sterile  H2O and incubated in SM-Ura media containing 
0.2% galactose, 1% glycerol, and 1% ethanol for 4–6 h to 
induce GFP expression. Galactose-induced cells were sub-
jected to Nile Red staining and viewed by DIC and con-
focal microscopies. Images were captured with argon ion 
(488 nm) laser with Nile Red emission at wavelength range 

Table 1  Strains used in this study

Strain Genotype References

BY4742 MAT-α his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Winzeler et al. (1999)

env9Δ MAT-α his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 env9Δ::KAN Winzeler et al. (1999)

ATCC 201388 (YOR246C-GFP strain) MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Huh et al. (2003)

get1Δ MAT-α his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 get1Δ::KAN Winzeler et al. (1999)

get3Δ MAT-α his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 get3Δ::KAN Winzeler et al. (1999)

Table 2  Plasmids used in this study

Plasmid Genotype References

pRS426 2 μm URA3 Sikorski and Hieter (1989)

pTHG490::ENV9 2 μm URA3 ENV9 This study

pWS479::ENV9-HA 2 μm URA3 PPGK-ENV9::3xHA This study

pWS479::ENV9(G23-24A)-HA 2 μm URA3 PPGK-G23-24A ENV9::3xHA This study

pWS479::ENV9(N146L)-HA 2 μm URA3 PPGK-N146L ENV9::3xHA This study

pWS479::ENV9(Δ241–265)-HA 2 μm URA3 PPGK- Δ241–265 ENV9::3xHA This study

pWS270::GFP CEN URA3 PGAL-GFP This study

pWS270::GFP-ENV9 CEN URA3 PGAL-GFP-ENV9 This study

pWS275::ENV9-GFP CEN URA3 PGAL-ENV9-GFP This study

pWS270::GFP-ENV9(Δ241–265) CEN URA3 PGAL-GFP-ENV9(Δ241–265) This study

pWS275:: ENV9(Δ241–265)-GFP CEN URA3 PGAL-ENV9(Δ241–265)-GFP This study

pRS315-PGKprom-Erg6mDsRed-PGK3 CEN LEU2 PPGK-ERG6-mDsRED Binns et al. (2006)
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571–590 nm with 5% laser output power, and GFP emis-
sion at wavelength range 501–520 nm with 25% laser out-
put power. env9Δ cells expressing GFP-ENV9Δ241–265 
or ENV9Δ241–265-GFP were also grown under the same 
conditions and viewed by DIC and confocal microscopies 
with the same setting as WT GFP-tagged ENV9 expressed 
from an episomal plasmid. For studies of Env9 localiza-
tion in the absence of GET complex components, get1Δ 
or get3Δ cells expressing ENV9-GFP were also grown 
under the same conditions and viewed by DIC and confocal 
microscopies with the same setting as GFP-tagged ENV9 
expressed from an episomal plasmid in env9Δ cells.

Caffeine sensitivity assay

Wild-type or env9Δ cells expressing ENV9-HA or con-
trol plasmid (pWS479) were grown to mid-log phase 
 (OD600 ~ 0.7) in SM-Ura, harvested, and washed with SM 
media. Washed cells were serially diluted up to 1:1000 and 

plated 3 μl onto SM-Ura plates with or without 10 mM caf-
feine. The plates were incubated at 30 °C for up to 10 days 
and imaged using the Kodak EDAS imager.

Subcellular fractionation

Subcellular fractionation was performed as described pre-
viously (Manandhar et al. 2014). env9Δ cells expressing 
ENV9-HA, ENV9Δ241–265-HA, or control plasmid were 
grown in SM-Ura until late log phase, treated with 10 mM 
DTT, and incubated with Zymolyase (Zymo Research, 
Irvine, CA, USA) for 1 h at 30 °C. The spheroplasts were 
pelleted and treated with a commonly used lysis agent 
DEAE-Dextran (0.4 μg/ml) for gentle lysis of the sphero-
plasts as performed in other studies previously (Manandhar 
et al. 2013, 2014; Manandhar and Gharakhanian 2014). The 
lysed spheroplasts were centrifuged at 400×g for 10 min at 
4 °C. The resulting supernatant (S0.4) was further centri-
fuged at 13,000×g for 15 min at 4 °C to obtain P13 and 

Table 3  Oligonucleotides used to construct plasmid

Oligonucleotide Sequence 5′–3′

ENV9

 Forward (FP) GGGGGAATTCAAACAAGGGAATGGACGAGA

 Reverse (RP) GGGGCTCGAGTAGACCACTGTCGTGCTTGG

ENV9-HA

 Forward (FP) CTACTTTTTACAACAAATCTAGAATTCCTGCAGCCCGGGGGATCCATGTTA-
GACCCACGAATATTGCCATACTACG

 Reverse (RP) CCCGCATAGTCAGGAACATCGTATGGGTAAAAGATGCGGCCCAGATCTA-
TATCGAAACCACGGTCTCTTAGTTG

ENV9G23–24A-HA

 Forward mutant primer (FMP) GGAAGATTGCTGTAGTAACAGCCGCAAATACGGGTATTGGGTGG

 Reverse mutant primer (RMP) CCACCCAATACCCGTATTTGCGGCTGTTACTACAGCAATCTTCC

ENV9N146L-HA

 Forward mutant primer (FMP) GATTTGAAGTGCAATTGCAGACTCTCTACATTTCGCACTTCATC

 Reverse mutant primer (RMP) GATGAAGTGCGAAATGTAGAGAGTCTGCAATTGCACTTCAAATC

ENV9Δ241–265-HA

 Forward mutant primer (FMP) GGTGATGAACACAAACTTATTCAGTTCGAACGAACAAGGTTCACTAGCTTC

 Reverse mutant primer (RMP) GAAGCTAGTGAACCTTGTTCGTTCGAACTGAATAAGTTTGTGTTCATCACC

GFP-ENV9

 Forward (FP) GCTGCTGGGATTACACATGGCATGGATGAACTATACAAATCTAGAATGTTA-
GACCCACGAATATTGCCATACTACG

 Reverse (RP) TCTTTTCGTCTTAGCGTTTCTACAACTATTTCCTTTTTATTATATATCGAAAC-
CACGGTCTCTTAGTTG

ENV9-GFP

 Forward (FP) ATTCAAATGTAATAAAAGTATCAACTCGAGGTCGACGGTATCGATATGTTA-
GACCCACGAATATTGCCATACTACG

 Reverse (RP) AAGAATTGGGACAACTCCAGTGAAAAGTTCTTCACCTTTACTCATTCTAGA-
TATATCGAAACCACGGTCTCTTAGTG

ENV9Δ241–265 for GFP tag at both N and C-terminus

 Forward mutant primer (FMP) Same as FMP for ENV9Δ241–265-HA

 Reverse mutant primer (RMP) Same as RMP ENV9Δ241–265-HA
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S13 fractions. The supernatant (S13) was subjected to fur-
ther centrifugation at 100,000×g for 1 h at 4 °C to obtain 
membrane (P100) and cytosolic fractions (S100). P13 
and P100 fractions were solubilized and adjusted to their 
original volumes with lysis buffer and analyzed by western 
blotting. For Ficoll gradient centrifugation, fractions were 
obtained using two subsequent centrifugations as described 
previously (Lin and Wheeldon 2014) and analyzed by 
western blotting. For protein stability studies, env9Δ 
cells harboring either WT ENV9-HA or ENV9Δ241–265-
HA plasmid were treated with either dimethyl sulfox-
ide (DMSO) (control) or a potent proteasomal inhibitor 
MG-132 (50 μM) in growth media overnight, harvested, 
and subjected to subcellular fractionation as described pre-
viously (Manandhar et al. 2013). Subcellular fractions were 
assayed for the steady-state levels of HA-tagged protein by 
western blotting. For membrane association studies, env9Δ 
cells harboring either WT ENV9-HA or ENV9Δ241–265-
HA plasmid were subjected to subcellular fractionation to 
obtain membrane fraction (P13). P13 fraction was resus-
pended either in lysis buffer or Triton X100 (1%), NaCl 
(1 M), and 0.1 M  NaCO3 (pH 11.5) and centrifuged at 
13,000×g to obtain the soluble (S13) and membrane frac-
tions (P13). P13 fraction was solubilized and adjusted to its 
original volumes with lysis buffer and analyzed by western 
blotting. Western blots were performed following semi dry 
method as described previously (Manandhar et al. 2013) 
using equal volumes of fractions.

Protein quantification

Protein concentrations were determined using the Quick 
Start Bradford protein assay kit (Bio-Rad, Hercules, CA, 
USA) as described previously (Manandhar et al. 2013).

Lipid droplet morphology studies

For carbon stress studies, cells were grown to stationary 
phase (72 h) in YPD for control, and a set of YP Galac-
tose, YP Ethanol, and YP Glycerol. For ENV9 overexpres-
sion study, cells were grown to stationary phase (72 h) in 
SM-Ura. Nile Red staining was performed as described in 
‘Localization of Env9’ method. Cells were viewed by epi-
fluorescence or confocal microscopy for LD morphology 
and numbers. Approximately, 150–200 cells were scored 
randomly in at least two separate experiments.

Reductase assay

Reductase activities were determined spectrophotometri-
cally using HMG-CoA Reductase Assay kit (Sigma, St. 
Louis, MO, USA). Membrane fractions (P13) or LD-
enriched fractions were used as the enzyme sources. Total 

protein concentrations in aforementioned fractions isolated 
from env9Δ, WT ENV9-HA, or mutant ENV9-HA over-
expressing cells were normalized following protein quan-
titation by Bradford assays. For P13 reductase assay, P13 
fractions (containing 27–30 μg of protein) were washed 
with enzyme assay buffer and incubated in 1 ml assay 
mixture containing enzyme buffer, 400 μM NADPH, and 
0.3 mg/ml of HMG-CoA or 0.3 mg/ml 4-hydroxynonenal 
(Cayman Chemical, Ann Arbor, MI, USA) for 30 min at 
30 °C. Extended incubations did not result in detection of 
additional enzyme activity. For LD reductase assay, LD-
enriched fractions (containing 12 μg of protein) were incu-
bated with assay mixture as described above for 120 min 
at 30 °C. Extended incubations of LD-enriched fractions 
for 120 min result in detected additional enzyme activity. 
The control reactions contained 2.5–3.5 μg purified HMG-
CoA reductase instead of membrane fractions. Three points 
were plotted for each kinetic curve in at least two separate 
experiments.

Statistical analysis

Data are shown as average ± standard deviation. Averages 
were compared with a Chi-square or a t test. All experi-
ments were performed at least twice.

Bioinformatics and phylogenetic analysis

Selection of protein sequences

Potentially orthologous protein sequences were obtained 
through a Basic Local Alignment Search Tool for proteins 
(BLASTp) search of non-redundant proteins using Env9 as 
the query (Altschul et al. 1990). Default parameters were 
maintained, and the top-scoring sequence results with 
greater than 70% query coverage and e values of less than 
1e-10 were selected for subsequent reciprocal BLASTp 
searches.

Protein annotation

Domain-, function-, structure- and disease-related annota-
tions were determined using online prediction servers and 
published data. Details are given in Supplementary Table 1.

Annotations were inputted into the geneious bioin-
formatics software platform and applied to the protein 
sequences (Kearse et al. 2012).

Multiple sequence alignment

Protein sequences were aligned using the multiple align-
ment using Fast Fourier Transform (MAFFT) v6.814b 
program (Katoh et al. 2002, 2005). The L-INS-I algorithm 



1058 Curr Genet (2017) 63:1053–1072

1 3



1059Curr Genet (2017) 63:1053–1072 

1 3

was used with a BLOSUM62 scoring matrix (Henikoff and 
Henikoff 1993). Penalties for gaps and offset were 1.53 and 
0.123, respectively. Computationally aligned sequences 
were manually scanned to ensure that no large gaps or 
regions of misalignment were present. No portions of the 
proteins sequences were excised for this analysis.

Evolutionary model selection

Multiple sequence alignments were inputted into MEGA 
v6.06 for evolutionary model selection (Nei and Kumar 
2000; Tamura et al. 2013). The model selection process 
used maximum likelihood methods with a moderate branch 
swap filter, and only sites that were at least 75% conserved 
in the alignment were considered.

Bayesian analysis

To generate the phylogenetic tree, the multiple sequence 
alignment of Env9 and its homologs were inputted into the 
MrBayes program (Huelsenbeck and Ronquist 2001). The 
archaeal protein sequence, Haloferax volcanii HVO_2590, 
was selected as the outgroup, and two heated chains were 
run for 1,000,000 generations using invariant/gamma rate 

variation with four gamma categories and a heated chain 
temperature of 0.25. Subsampling frequency was 1000, 
and the burn in length was 250,000. The resulting tree was 
displayed in Geneious and formatted for publication using 
Adobe Photoshop.

Protein modeling

To obtain a 3D model of Env9, the Env9 protein sequence 
was submitted to the I-TASSER online protein structure 
and function prediction server (http://zhanglab.ccmb.med.
umich.edu/I-TASSER/) (Zhang 2008; Roy et al. 2010). The 
resulting structure was estimated to be accurate based on a 
confidence score of −0.50 and a TM score of 0.65 ± 0.13. 
Confidence scores range from −5.0 to 2.0, with 2.0 indi-
cating the highest confidence. TM scores greater than 0.50 
reflect good structural similarity between the query pro-
tein and structural templates used in the modeling process. 
The Env9 protein model was formatted for this study using 
Molsoft ICM-Browser v3.7-2b.

Results

GFP‑ and HA‑tagged Env9 localize to LDs

A systematic study reported that GFP-tagged YOR246C, 
which we have since uncovered as Env9, localized to LDs 
(Huh et al. 2003). We confirmed localization of endog-
enously expressed Env9-GFP to lipid droplets (Fig. 1a). We 
also constructed plasmids expressing C-terminal and N-ter-
minal GFP-tagged Env9 under  PGal promoter and studied 
their localization in env9Δ cells. In line with the native 
expression results, both GFP-tagged versions of Env9 
colocalized with LDs (Fig. 1b). To investigate Env9 mem-
brane localization biochemically, we constructed a plasmid 
expressing C-terminal HA-tagged Env9 from a constitutive 
PGK promoter. HA-tagged Env9 was enriched in the P13 
vacuolar-enriched fraction in initial fractionations (Fig. 1c, 
left panels), indicated by colocalization of Env9-HA with 
full-length alkaline phosphatase (ALP) as vacuolar frac-
tion marker. A common cytoplasmic ALP degradation 
product was detected in the cytosolic fraction as previously 
reported by several groups as well as our group (Conibear 
and Stevens 2000; Kweon et al. 2003; Manandhar et al. 
2013, 2014). We further attempted to achieve purification 
of LDs using consecutive Ficoll high-speed centrifugations 
and analyzed the obtained fractions. HA-tagged Env9 was 
enriched in the top layer along with the LD marker Erg6, 
while vacuolar marker Carboxypeptidase Y (CPY) was 
enriched in the 8% Ficoll fraction (Fig. 1c, right panels). 

Fig. 1  Env9 localizes to lipid droplets. a Chromosomal ENV9-GFP 
is expressed from its endogenous promoter and localizes to LDs in 
rich and minimal media. b GFP-tagged Env9 is expressed from 
an episomal plasmid and localizes to LDs. env9Δ cells expressing 
GFP-ENV9 (GFP-tag at N-terminal), ENV9-GFP (GFP-tag at C-ter-
minal), or free GFP were induced with galactose for 5 h to express 
the GFP-tagged proteins, stained with Nile Red and viewed by confo-
cal microscopy. Schematic designs of expression vectors are shown 
to the right. c HA-tagged Env9 localizes to LDs in subcellular frac-
tionation experiments. Left panels env9Δ cells harboring either con-
trol plasmid or ENV9-HA plasmid were spheroplasted and subjected 
to differential centrifugation to obtain indicated fractions, which were 
analyzed by western blotting using anti-HA antibody (upper panel). 
Blots were stripped and reprobed with anti-ALP antibody (lower 
panel). Asterisk commonly reported cytoplasmic degradation product 
of ALP. Right panels env9Δ cells expressing ENV9-HA with or with-
out Erg6-dsRed expressing plasmid were spheroplasted, lysed with 
homogenization in presence of 0.4 μg DEAE-dextran and subjected 
to Ficoll gradient centrifugation (1st purification). The top layer (0% 
Ficoll fraction) was collected and further purified using 8% Ficoll 
gradient (2nd purification). Fractions were collected and analyzed by 
western blotting using anti-HA antibody. Blots were stripped and re-
probed with anti-CPY antibody (Santa Cruz, California) for detection 
of CPY as vacuolar marker. Same experimental samples were also 
subjected to separate SDS-PAGE and western blotting analysis using 
anti-dsRed antibody (Santa Cruz, California) for detection of Erg6 as 
LD marker. In addition to Erg6-dsRed, a non-specific higher molecu-
lar weight band was detected in anti-dsRed blot. d ENV9-HA is func-
tional and complements caffeine sensitivity of env9Δ cells. env9Δ 
or WT cells expressing control plasmid or ENV9-HA were plated in 
serial dilutions on media with or without caffeine

◂

http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
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The low level of CPY, which is a vacuolar lumenal protein, 
is also present in 0% Ficoll fraction. This may be due to 
vacuole floatation during Ficoll gradient centrifugation as 
reported previously (Manandhar et al. 2013). Transforma-
tion with the aforementioned plasmid expressing C-termi-
nal HA-tagged Env9 rescued caffeine sensitivity in env9Δ 
cells, establishing that Env9-HA is biologically active 
(Fig. 1d). Therefore, we subsequently used Env9-HA for 
both biochemical localization studies as well as in vitro 
enzyme assays.

The C‑terminal hydrophobic domain of Env9 is 
necessary for its association with LDs and its stability

Based on Kyle-Doolitle hydropathy plot analysis, we 
predicted that Env9 associates with the LD phospholipid 
monolayer membrane through a hydrophobic domain in 
its C-terminus (amino acids 241–265) (Fig. 2a). Dele-
tion of this putative membrane association domain led to 
cytoplasmic mislocalization of both N-terminal (GFP-
Env9Δ241–265) and C-terminal (Env9Δ241–265-GFP) 
GFP-tagged Env9 mutants (Fig. 2b). Interestingly, we 
observed additional mislocalization of C-terminal GFP-
tagged Env9Δ241–265 to non-LD punctates as well 
(Fig. 2b arrows). We also constructed a C-terminal HA-
tagged version of Env9Δ241–265. Our biochemical stud-
ies of wild-type (WT) and mutant C-terminal HA-tagged 
Env9 showed Env9Δ241–265-HA in 50:50 ratio in the 
membrane (P13) and cytosolic fractions (S100) as com-
pared to WT Env9-HA that is highly enriched in the P13 
fraction (Fig. 2c). Although soluble partially degraded 
ALP is prominent relative to mature vacuolar ALP, the 
levels of both species were relatively the same for both 
strains. However, steady-state level of Env9Δ241–265-HA 
was considerably lower than that of WT. To investigate if 
such low steady-state presence of the mutant protein is due 
to degradation by proteosomal system, we treated cells 
either with dimethyl sulfoxide, DMSO (vehicle) or proteo-
somal inhibitor MG-132 (50μg/ml). Addition of MG-132 
stabilized Env9Δ241–265-HA as compared to DMSO-
treated cells (Fig. 2d), suggesting that Env9 protein lack-
ing its LD association domain is subject to proteasomal 
degradation.

We further explored the nature of membrane association 
of Env9Δ241–265-HA. We treated P13 fraction of WT and 
mutant Env9 with high pH (11.5), high salt (1 M), or ionic 
detergent Triton X-100 (1%) and analyzed both soluble 
and insoluble fractions by western blotting using anti-HA 
antibody. Env9-HA remained in the pellets with each treat-
ment, suggesting its tight association with LD membranes. 
However, Env9Δ241–265-HA was prone to solubilization 
especially upon high pH and detergent treatment (Fig. 2e), 
indicating either its aberrant association with membranes 

or aggregate formation as reported for other proteins in 
response to different cellular signals (Saarikangas and 
Barral 2016). Ficoll gradient centrifugation of MG-132 
treated cells revealed that Env9-HA is mostly present in 
the LD-enriched top layer fraction (0% Ficoll), whereas 
Env9Δ241–265-HA is in the pellet (Fig. 2f). To investi-
gate if Env9Δ241–265-HA leads to changes in LD proper-
ties that shift LDs from top layer (0% Ficoll) to pellet, we 
examined the localization of LD marker Erg6 using sepa-
rate sequential Ficoll gradient centrifugation of MG-132 
treated cells. While in both samples Erg6 was mostly 
detected in the top layer fraction (0% Ficoll) where LDs 
are expected, Env9Δ241–265-HA was consistently present 
in the pellet (Fig. 2g). Thus, stabilized Env9Δ241–265-HA 
is not associated with LD membranes and forms aggregates 
and/or aberrant associations, which may render it prone 
to proteasomal degradation. This result is in line with our 
microscopic observation, which shows mislocalization 
of C-terminal GFP-tagged Env9Δ241–265 to the cyto-
plasm as well as non-LD punctates, whereas N-terminal 

Fig. 2  A C-terminal membrane association domain anchors Env9 
to lipid droplet membranes. a Schematic diagram of WT Env9 and 
Env9Δ241–265 deleted in the putative membrane association domain 
(red). b GFP-tagged Env9Δ241–265 mislocalizes to the cytoplasm 
and non-LD punctates. Left panels env9Δ cells, transformed with 
indicated plasmids, were grown in SM-Ura media to  OD600 = 0.8–
1.0, induced with galactose for 5 h to express GFP or GFP fusion 
proteins, and viewed by confocal microscopy. Right panels Quanti-
fication of data presented in left panels. *P < 0.05 compared to WT 
Env9-GFP. c Env9Δ241–265-HA distribution in membrane and cyto-
solic fractions. Cells were spheroplasted, lysed with DEAE-Dextran, 
and subjected to differential centrifugation to obtain indicated frac-
tions. Fractions were collected and analyzed by western blotting 
using anti-HA (top panel) and anti-ALP (bottom panel, as fractiona-
tion marker) antibodies. d Env9Δ241–265-HA is a substrate for pro-
teasomal degradation. Cells were treated with DMSO or proteosomal 
inhibitor MG-132 (50 μg/ml) and lysed. Fractions were analyzed by 
Western blotting using anti-HA and anti-ALP antibodies as described 
in c. e Solubilization of Env9Δ241–265-HA from membranes. Cells 
were treated with DMSO or MG-132 (50 μg/ml) and lysed. Soluble 
(S13) and membrane (P13) fractions were resuspended in the indi-
cated solutions (TX-100—Triton X100, pH 11.5–0.1 M  NaCO3, pH 
11.5) and analyzed by western blotting using anti-HA antibody. f 
Mislocalization of Env9Δ241–265-HA in proteasome-inhibited cells. 
Cells were treated with MG-132 (50 μg/ml), spheroplasted, lysed 
with homogenization in the presence of 0.4 μg DEAE-dextran and 
subjected to Ficoll gradient centrifugation. Fractions were analyzed 
by western blotting using anti-HA antibody. g Stabilized and mislo-
calized Env9Δ241–265-HA is not associated with LD membranes. 
Cells were subjected to similar treatments as in f followed by sequen-
tial Ficoll gradient centrifugation as described in Fig. 1c. Fractions 
were analyzed by western blotting using anti-HA and anti-dsRed 
antibodies. In addition to Erg6-dsRed, a non-specific higher molecu-
lar weight band was detected in anti-dsRed blot. h Mislocalization of 
GFP-tagged Env9 in get1Δ and get3Δ. get1Δ or get3Δ cells, trans-
formed with ENV9-GFP plasmid, were grown in SM-Ura media 
to  OD600 = 0.8–1.0, induced with galactose for 5 h to express GFP 
fusion proteins, and viewed by confocal microscopy. i Quantification 
of data presented in h. *P < 0.0001 compared to WT
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GFP-tagged Env9Δ241–265 mislocalizes to cytoplasm 
only. These suggest that HA- or GFP-tagging at C-terminus 
of Env9Δ241–265, where the Env9 membrane association 
domain is normally located, may enhance aberrant aggre-
gation or association of Env9 mutant protein.

Based on the absence of a signal sequence in Env9 and 
the cytoplasmic mislocalization of Env9 upon deletion of 
its single C-terminal hydrophobic domain, we hypothe-
sized that Env9 membrane association is via a tail-anchored 
(TA) insertion-like mechanism following its synthesis in 
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the cytoplasm. Therefore, we studied the localization of 
Env9 in the absence of Get1 or Get3 components of the 
guided entry of TA proteins (GET) complex, which is 
known to anchor proteins with C-terminal TA region into 
the ER membrane (Schuldiner et al. 2008; Jonikas et al. 
2009; Wang et al. 2011; Johnson et al. 2013). Single dele-
tion of GET complex components, Get1 or Get3, leads to 
both LD and diffused cytoplasmic localizations of C-termi-
nal GFP-tagged Env9 in get1Δ and get3Δ strains (Fig. 2h 
and i), suggesting GET-dependent membrane association 
for Env9. Taken together, these results establish that C-ter-
minal hydrophobic domain of Env9 is essential to its wild-
type association with LD membranes, which may involve a 
GET-dependent mechanism.

Env9 is involved in LD morphology

We uncovered ENV9 through a genome-wide immunode-
tection screen for endomembrane trafficking defects and 
found that ENV9 deletion mutant has defects in vacuolar 
CPY maturation. Thus, our initial functional characteriza-
tions remained focused on vacuolar events. Using metabolic 
labeling and immunoprecipitation, we confirmed a CPY 
maturation delay in env9Δ cells (Supplementary Fig. 1). 
The maturation delay extended to p1CPY → p2CPY con-
version that occurs at ER to Golgi stage of trafficking, 
consistent with early endomembrane trafficking defects. 
We also explored vacuolar function and morphology under 
various stress conditions in env9Δ cells. Our results show 
that env9Δ cells were not defective in autophagy (Supple-
mentary Figs. 2–6), in maintaining vacuolar fragmentation 
during hyperosmotic stress (Supplementary Figs. 7, 8), or 
in vacuolar acidification (Supplementary Fig. 9). env9Δ 
cells also show normal vacuolar morphology under differ-
ent carbon stress conditions (Supplementary Figs. 10–14) 

and under high level of ENV9 overexpression from a con-
stitutive PGK promoter (Supplementary Figs. 15, 16). 
Thus, ENV9 deletion affects early endomembrane events 
and singularly is not essential for the range of tested vacu-
olar events.

Due to its localization to LD membranes, we hypoth-
esized that Env9 is involved in LD morphology, mainly 
LD size and number in cells. The current models pro-
pose that LDs bud from the ER and can grow through 
expansion, permeation, and homotypic fusion (Walther 
and Farese 2012; Wilfling et al. 2014a). As LDs are 
involved in lipid metabolism and TG storage, LD mor-
phology was compared under various nutrient conditions 
such as variations of carbon source and lipid-loading 
states. Under normal (YPD 2%) and low glucose levels 
(YPD 1 and 0.5%), env9Δ cells did not exhibit signifi-
cantly different LD morphology from WT (Supplemen-
tary Fig. 17). Exogenous loading of monounsaturated 
fatty acids (FAs) such as oleic acid can promote TG syn-
thesis and induce LD proliferation, presumably, to pro-
tect both mammalian and yeast cells from lipotoxicity 
(Listenberger et al. 2003; Connerth et al. 2010). Studies 
suggest that oleic acid may be a preferred substrate for 
TG synthesis enzyme and may also increase the stability 
of LDs (Listenberger et al. 2003; Fujimoto et al. 2006). 
To determine whether ENV9 is involved in oleic acid-
induced LD proliferation, cells were treated with 0.1% 
oleic acid, and LD morphology was analyzed by confo-
cal microscopy. Throughout this study, we analyze LD 
morphology and numbers using live cell epifluorescence 
or confocal microscopy as performed previously. We 
scored LD morphology following a conventional scoring 
that classifies cells with LD number ranging from 3 to 7 
as having normal LDs, cells with fewer than three LDs 
as having few LDs, and cells with more than seven LDs 

Fig. 2  continued
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as having many LDs (Fei et al. 2008). In the presence of 
oleic acid as sole carbon source, env9Δ cells form many 
and large LDs analogous to WT cells (Supplementary 
Figs. 18 and 19), indicating that ENV9 is not essential 
in promoting oleic acid-induced LD morphology. To 
explore ENV9 role in LD morphology under poor carbon 
source, we analyzed LD morphology of env9Δ cells in 
glycerol-containing media and observed that WT cells 
form many LDs while env9Δ cells do not (Fig. 3a, b). 
Although glycerol is a representative non-fermentable 
carbon source, yeast can also utilize and convert glyc-
erol into dihydroxyacetone phosphate (DHAP), which 
enters glycolytic or gluconeogenic pathway through 
phosphorylation and oxidation processes (Gancedo et al. 
1968; Sprague and Cronan 1977; Schüller 2003). Thus, 
glycerol can also be used as a substrate for TG biosyn-
thesis, and yeast lipidome studies have shown that TG 
levels are increased in glycerol-grown cells (Klose et al. 
2012). So, glycerol loading may induce LD proliferation 
as simply a non-fermentable poor carbon source lead-
ing to carbon stress or, alternatively, due to an increased 
pool for TG biosynthesis.

Therefore, we further investigated whether other poor 
carbon sources also lead to the same phenotype. We ana-
lyzed LD morphology of WT and env9Δ cells in poor 
carbon sources that are fermentable (galactose) and non-
fermentable (ethanol). In both scenarios, WT cells form 
many LDs. Under galactose loading, env9Δ cells continue 
to form fewer LDs compared to WT cells, and this pheno-
type is further accentuated under ethanol loading (Fig. 3c, 
d). Thus, poor carbon source triggers LD proliferative mor-
phology, and ENV9 may have a specific role in this cellular 
response.

As deletion of ENV9 did not significantly affect LD 
morphology, we assessed LD morphology upon ENV9 
overexpression from its own regulatory sequence in a 
2 μ multi copy plasmid. Our results showed that mod-
erate ENV9 overexpression did not significantly affect 
lipid droplet morphology under normal growth condi-
tions (Fig. 3e, f). We also assessed LD morphology under 
high level of ENV9 overexpression from a constitutive 
PGK promoter (Env9-HA). Our microscopic analysis 
showed that WT cells have LD numbers ranging from 3 
to 7, while cells that highly overexpress ENV9 form fewer 
and larger LDs (Fig. 3g, h). High-level overexpression of 
ENV9 in env9Δ background also leads to the same pheno-
type (Supplementary Figs. 20, 21). Taken together, these 
results indicate that ENV9 is involved in LD size and 
number. Its involvement may include regulation of LD 
fusion or expansion and carbon stress-induced LD prolif-
eration events.

Env9 contains an oxidoreductase domain and is 
conserved in all domains of life

For further investigation into Env9’s possible functions, 
we used the reciprocal BLASTp method to search for 
potentially orthologous sequences in other organisms. 
Thirty-four such sequences were found among both 
prokaryotes and eukaryotes. The top-scoring BLASTp 
results from representative species were used to construct 
a multiple sequence alignment (Fig. 4A) and Bayesian 
phylogenetic tree (Fig. 5). Protein annotation and mul-
tiple sequence alignment revealed that Env9 possesses 
an oxidoreductase domain containing NADPH-bind-
ing residues and active site residues that are conserved 
in SDRs (Fig. 4A). A glycine-rich NADPH-binding 
motif  (T22GGNTGIG29) and key active site residues 
 (Y202AMSK206) place Env9 in a large, classical family of 
SDRs (Kavanagh et al. 2008).

The Bayesian tree supports Env9 as a homolog of human 
retinol dehydrogenase (RDH12) (Fig. 5). This short-chain 
dehydrogenase is highly expressed in retina and is involved 
in the visual cycle in photoreceptor cells. In vitro, RDH12 
reportedly acts on retinoid substrates with a high affin-
ity toward NADPH and is implicated in detoxification of 
unsaturated aldehydes produced from lipid peroxidation 
during oxidative stress (Belyaeva et al. 2005; Marchette 
et al. 2010). RDH12 mutations are associated with differ-
ent types of retinal dystrophies (Gong et al. 2015; Huang 
et al. 2016; Zolnikova et al. 2016) including Leber congeni-
tal amaurosis (LCA), a severe childhood-onset autosomal 
recessive retinal dystrophy characterized by early visual 
loss (Janecke et al. 2004; Thompson et al. 2005; Mackay 
et al. 2011).

Three-dimensional in silico modeling of Env9 
revealed that it contains a Rossman-fold-like scaf-
fold conducive to cofactor binding (Fig. 4B). This 
fold is present in many other SDRs (Kavanagh et al. 
2008) including RDH12. The model also shows exten-
sive structural similarities between RDH12 and Env9 
particularly in the active and NADPH-binding sites 
(Fig. 4B—c, e). While the active site residues and 
NADPH-binding residues appear to be somewhat bur-
ied in the enzyme, the membrane association domain is 
located on a highly accessible loop that extends away 
from the bulk of the structure (Fig. 4B—c, d). How-
ever, this stretch of 25 amino acids (241–265) is not 
well conserved outside of yeast and is mostly absent in 
RDH12. The fact that this domain is not well conserved 
but important for Env9 membrane association (Fig. 2b–
g) suggests that the Env9 membrane association mecha-
nism may be unique in yeast.
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Env9 shows oxidoreductase activity in vitro

Based on our bioinformatics analysis of Env9 with its 
orthologs, we hypothesized that Env9 is an oxidoreduc-
tase and assayed for its oxidoreductase activity using an 
in vitro approach. P13 or LD-enriched fractions isolated 
from env9Δ or ENV9-HA overexpressing cells (ENV9-
HA) were used as the enzyme sources and tested on 
various substrates including 3-hydroxy-3-methylglu-
taryl-coenzyme A (HMG-CoA), the substrate for the 
rate-limiting enzyme (HMG-CoA reductase) in sterol 
biosynthesis, and 4-hydroxynonenal (4-HNE), one of the 
established in vitro substrates of RDH12 (Belyaeva et al. 
2005; Marchette et al. 2010). Control reactions contain-
ing pure HMG-CoA reductase showed large decreases in 
NADPH absorbance, confirming its activity on its spe-
cific substrate HMG-CoA in these experiments (Fig. 6a). 
P13 membrane fractions from ENV9 overexpressing 
cells (ENV9-HA) showed significantly higher activity on 
HMG-CoA than env9Δ cells (Fig. 6b). We believe that 
the residual activity on HMG-CoA in env9Δ membranes 
is due to the presence of other known oxidoreductases in 
the P13 fraction. Previously identified LD oxidoreduc-
tases include Ayr1(Athenstaedt and Daum 2000), Hfd1 
(Nakahara et al. 2012; Currie et al. 2014), and Tsc10 
(Beeler et al. 1998; Currie et al. 2014). Interestingly, this 
residual activity significantly decreased when 4-HNE 
was used as a substrate (Fig. 6c), indicating that Env9 
oxidoreductase activity on this aldehyde substrate, which 
is also a substrate of RDH12, may be minimally redun-
dant in yeast. Due to this higher specificity, we also used 

LD-enriched fraction as enzyme source and tested Env9 
oxidoreductase activity on this aldehyde substrate. LD-
enriched fraction from ENV9-HA overexpressing cells 
showed more activity on 4-HNE compared to P13 frac-
tion (Fig. 6d), which may be due to high concentration 
of Env9-HA in LD-enriched fraction.

Env9 oxidoreductase domain mutants are enzymatically 
inactive in vitro

SDRs contain highly conserved glycine residues 
(GXXXGXG) in the cofactor-binding domain and a con-
served asparagine residue in the active site. Mutations 
in these conserved residues have resulted in diminished 
reductase activity in another member of SDRs (Taka-
hashi et al. 2009). Sequence alignment of Env9 with its 
homologs suggests that the glycine-rich motif (GGNT-
GIG) and asparagine residue (N146) may be crucial for 
Env9 reductase activity as well (Fig. 4A). To confirm 
this hypothesis, we generated two separate functional 
domain mutants using PCR-based site-directed mutagen-
esis as described previously (Manandhar et al. 2013). In 
one mutant, two glycine codons (G23–24) in the predicted 
cofactor-binding domain were mutated into alanine codons 
(G23–24A), and in the other, the asparagine codon (N146) 
in the predicted active site was mutated into a leucine 
codon (N146L).

Oxidoreductase activity of these Env9 mutants was 
determined using the method and substrates described for 
wild-type Env9. P13 fractions containing overexpressed 
HA-tagged Env9N146L and Env9G23–24A showed only 
residual activity on HMG-CoA (Fig. 6e) that was com-
parable to those from env9Δ cells. Furthermore, oxidore-
ductase activity of both Env9N146L-HA and Env9G23–
24A-HA decreased significantly, relative to WT Env9-HA, 
on 4-HNE substrate (Fig. 6f). LD-enriched fraction con-
taining mutants Env9-HA also showed statistically signifi-
cant decline in oxidoreductase activity on 4-HNE substrate 
(Fig. 6g). Taken together, these suggest that the conserved 
asparagine residue of the active domain and glycine resi-
dues in the NADPH-binding domain are required for Env9 
catalytic activity and further confirm Env9 function as a 
typical SDR.

Env9 oxidoreductase defective mutants are also 
defective in directing LD morphology in vivo

Formation of fewer and larger LDs upon high level of ENV9 
overexpression indicates Env9 involvement in LD mor-
phology in cells (Fig. 3g, h). To further investigate whether 
Env9 oxidoreductase activity is required for its cellular role 

Fig. 3  Env9 is involved in LD morphology. a ENV9 promotes glyc-
erol-induced LD proliferation. WT and env9Δ cells were grown until 
stationary phase in media containing 2% dextrose or 3% glycerol, 
stained with Nile Red, and viewed by confocal microscopy for lipid 
droplet morphology. b Quantification of data presented in panel a. 
Approximately, 200–300 cells were scored for number of lipid drop-
lets and categorized into ‘few lipid droplets’ (<3), ‘normal lipid drop-
lets’ (3–7), and ‘many lipid droplets’ (>7). *P < 0.005 compared to 
WT under the same conditions. c ENV9 plays role in carbon stress-
induced LD proliferation. WT and env9Δ cells were grown until sta-
tionary phase in media containing 2% dextrose, 2% galactose, or 3% 
ethanol, stained with Nile Red, and viewed by confocal microscopy 
for lipid droplet morphology. d Quantification of data presented in 
c. *P < 0.005 compared to WT under the same conditions. e Mod-
erate overexpression of ENV9 does not affect LD morphology. WT 
(expressing control plasmid) or ENV9 overexpressing cells were 
grown until stationary phase in SM-Ura media, stained with Nile 
Red, and viewed by epifluorescence microscopy. f Quantification of 
data presented in e. g High-level overexpression of ENV9 leads to 
fewer and larger LDs. WT (expressing control plasmid) or ENV9-HA 
overexpressing cells were grown until stationary phase in SM-Ura 
media, stained with Nile Red, and viewed by confocal microscopy. 
h Quantification of data presented in g. *P < 0.0001 compared to WT
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in LD morphology, LD size and number of Env9 oxidore-
ductase defective mutants was assessed using a confocal 
microscopic approach as before. Overexpression of WT 
Env9 (ENV9-HA) led to formation of fewer and larger LDs 
as consistently observed; however, this phenotype was not 
observed upon overexpression of Env9G23–24A-HA nor 
Env9N146L-HA (Fig. 7a, b). This suggests that Env9 oxi-
doreductase activity is essential for Env9’s function in LD 
morphology in vivo. As env9Δ cells are defective in glyc-
erol-induced LD proliferation, we attempted to investigate 
LD morphology of ENV9 oxidoreductase defective mutants 
in the presence of glycerol as sole carbon source. However, 
these plasmid-carrying WT cells and mutants were not via-
ble in glycerol-containing SM media, and we were unable 
to study their LD morphology.

Discussion

Here, we report that Env9 is a novel LD oxidoreductase 
involved in LD morphology. Its association with LDs is 
via a C-terminal hydrophobic stretch that is also essential 
for its stability and may involve GET-dependent mecha-
nism. We also present phylogenetic support that Env9 is an 
ortholog of RDH12, a member of SDR superfamily. Lastly, 
we show that both in vitro oxidoreductase activity and 

in vivo role in LD morphology of Env9 are dependent on 
its conserved oxidoreductase domains.

LD localization mechanism of Env9

Our results establish that Env9 localization to LDs is 
dependent on its single C-terminal hydrophobic domain. 
Our results also establish that the hydrophobic stretch, 
and presumably LD membrane association, is essential for 
Env9 stability. The localization mechanism of LD mem-
brane-associated proteins remains poorly defined. Most 
recently, at least two types of membrane association have 
been proposed. One proposes initial association at the ER 
via hairpin hydrophobic domains, while the other proposes 
direct association with LDs from the cytoplasm through 
(1) amphipathic helix and hydrophobic domains, (2) lipid 
anchors, or (3) binding to LD proteins (Kory et al. 2016). 
Our results in GET deletion mutants suggest a tail insertion 
GET-dependent mechanism but don’t distinguish between 
initial ER and direct LD association. More extensive inves-
tigations on Env9 membrane association are currently in 
progress. Human RDH12 does not contain a putative mem-
brane association domain, and immunostaining analysis of 
fixed cells has shown its localization to the ER (Keller and 
Adamski 2007). This is interesting as the most accepted 
model of LD biogenesis is biogenesis directly from the ER.

A conserved cellular role for Env9

RDH12 can catalyze the reduction of medium-chain 
aldehyde 4-HNE to non-toxic alcohol in vitro (Belyaeva 
et al. 2005). 4-HNE is a product of lipid peroxidation and 
can induce apoptosis; RDH12 is shown to decrease toxic 
4-HNE-protein adduct formation and cell death in mouse 
retina in an NADPH-dependent reaction, which supports 
the role of RDH12 in 4-HNE detoxification (Marchette 
et al. 2010). We show specific oxidoreductase activity 
of Env9 on 4-HNE in vitro. In yeast, 4-HNE treatment 
results in longer lag phase, cell cycle arrest as indicated 
by retention in unbudded state, and reduction in incorpo-
ration of thymidine, uridine, and amino acids into DNA, 
RNA, and protein, respectively (Wonisch et al. 1998). 
Env9 may physiologically protect against cytotoxicity 
effects of 4-HNE including cell cycle arrest. Further-
more, Env9 putative NADPH-binding domain and active 
site are essential to its oxidoreductase activity on 4-HNE 
in vitro. These results are consistent with those reported 
in another retinol dehydrogenase, RDH10, in which 
point mutations of key residues in cofactor-binding 

Fig. 4  Env9 contains conserved key oxidoreductase domains. A An 
annotated multiple sequence alignment of Env9 amino acid sequence 
and representative orthologs and homologs shows well-aligned fea-
tures. Eight regions either homologous or orthologous to Env9 were 
aligned using MAFFT alignment and visualized with geneious. The 
similarity of the aligned residues is indicated by a black-to-white 
graded scale (black corresponding to the most similarity and white to 
the least). Portions of the alignment containing homology-based pre-
dictions of active site and/or NADPH-binding residues are magnified 
below the complete multiple sequence alignment. Active site residues 
are indicated on Env9 by forward-slash bars underneath them, and 
NADPH-binding residues have black, downward-pointing triangles 
beneath them. B Three-dimensional representations of S. cerevisiae 
Env9 and H. sapiens RDH12 highlighting important structures and 
residues. a, b Show space-filling models of Env9, but b is rotated 
 180o about a longitudinal axis. c, d show ribbon models of Env9 in 
the same orientations as a, b, respectively. e Depicts the ribbon struc-
ture for RDH12, the human ortholog of Env9. The I-TASSER online 
server was used to generate a three-dimensional model in silico 
from the amino acid sequence for Env9. The predicted membrane-
associated domain is colored green. Active site and NADPH-binding 
residues specific to SDRs were assigned based on multiple sequence 
alignment similarity or identity. Active site residues are shaded red, 
and NADPH-associated residues are colored blue. Two residues that 
are predicted to be part of both the active site and NADPH-binding 
region are shaded purple. N- and C-termini are labeled on the ribbon 
representations if visible on the model
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Fig. 5  A Bayesian phylogenetic tree of Env9 and 34 of its homologs 
suggests its conservation in Archaea, Bacteria, and Eukaryota. The 
amino acid sequences of Env9 and 34 of its homologs were aligned 
by MAFFT multiple sequence alignment software, and this align-
ment was submitted to the MEGA6 program to determine an appro-
priate evolutionary model. The Bayesian phylogenetic tree, using H. 
volcanii HVO_2590 as the outgroup, was then generated from the 

alignment (fixed rate matrix: WAG; rate variation: invariant/gamma; 
gamma categories: 4; number of heated chains: 2; heated chain tem-
perature: 0.25; chain length: 1,000,000; ASDSF: 0.05526). Sequences 
are shaded according to their membership to a domain or kingdom. 
The scale bar represents 0.4 amino acid changes. Thick branches 
indicate more than 90% posterior probability
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and catalytic domains diminish its activity (Takahashi 
et al. 2009). RDH10 is also shown to relocalize to LDs 
and display highest activity there during LD formation 
(Jiang and Napoli 2013). Our results implicate Env9 in 
LD morphology and support a role for it in LD biogen-
esis. Specifically, our results suggest that Env9 positively 
regulates LD fusion/expansion under normal growth 
conditions and LD proliferation under carbon stress. In 
normal growth media, deletion of ENV9 did not signifi-
cantly affect LD morphology. There may be LD residents 
that can compensate for the loss of ENV9 in maintaining 
wild-type LD dynamics under normal conditions. Under 

carbon stress conditions, however, Env9 role may be less 
redundant. Future lipidomic analyses to quantitatively 
measure phospholipid levels in ENV9 deletion mutant, 
ENV9 overexpressing strain, and Env9 oxidoreductase 
defective mutants would shed further light on Env9 role 
in LD biogenesis.

Recently, numerous studies have focused on mutations 
in RDH12, as they have been genetically linked to early-
onset retinal dystrophy and LCA. Yet, the cellular role of 
RDH12 remains undefined. Our report establishes the yeast 
ortholog of RDH12 as an LD membrane resident that dis-
plays oxidoreductase activity in vitro and is involved in LD 

Fig. 6  Env9 is an oxidoreductase and requires conserved oxidore-
ductase domains for its enzymatic activity in vitro. Reductase activ-
ity is expressed as the rate of decrease of NADPH absorbance and 
expressed in percentage of the initial value. a Control reactions con-
tained purified HMG-CoA reductase (2.5–3.5 μg), 400 μM NADPH, 
and 0.3 μg/μl HMG-CoA incubated for 30 min at 30 °C. P13 frac-
tions (containing 27–30 μg protein) with or without Env9-HA were 
incubated with 400 μM NADPH and 0.3 μg/μl HMG-CoA (b) 
or 0.3 μg/μl 4-hydroxynonenal (c) for 30 min at 30 °C and rate of 
decrease in absorbance at 340 nm was recorded every 15 min for 
30 min. d LD-enriched fractions (containing 12 μg protein) with 

or without Env9-HA were incubated with 400 μM NADPH and 
0.3 μg/μl 4-HNE for 120 min at 30 °C. Rate of decrease in absorb-
ance at 340 nm was recorded at 0, 30, 60, and 120 min. P13 frac-
tions (containing 27–30 μg protein) from ENV9-overexpressing cells 
(ENV9-HA) or indicated mutants were assayed for reductase activi-
ties using 0.3 μg/μl HMG-CoA (e) or 0.3 μg/μl 4-hydroxynonenal 
(f) as described in b, c. g LD-enriched fractions (containing 12 μg 
protein) from ENV9-overexpressing cells (ENV9-HA) or indicated 
mutants were assayed for reductase activities using 0.3 μg/μl 4-HNE 
as described in d. Data shown are average of at least two independent 
experiments
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morphology in vivo. Among identified proteins involved 
in LD morphology, Env9 is the first oxidoreductase. Taken 
together, our results provide insight into significance 
of SDRs in maintaining homeostasis in endomembrane 
dynamics.
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