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The endoplasmic reticulum (ER) is highly plastic, and increased expression of distinct single ER-resident membrane
proteins, such as HMG-CoA reductase (HMGR), can induce a dramatic restructuring of ER membranes into highly
organized arrays. Studies on the ER-remodeling behavior of the two yeast HMGR isozymes, Hmglp and Hmg2p, suggest
that they could be mechanistically distinct. We examined the features of Hmg2p required to generate its characteristic
structures, and we found that the molecular requirements are similar to those of Hmglp. However, the structures
generated by Hmglp and Hmg2p have distinct cell biological features determined by the transmembrane regions of the
proteins. In parallel, we conducted a genetic screen to identify HER genes (required for Hmg2p-induced ER Remodeling),
further confirming that the mechanisms of membrane reorganization by these two proteins are distinct because most of
the HER genes were required for Hmg2p but not Hmglp-induced ER remodeling. One of the HER genes identified was
PSD1, which encodes the phospholipid biosynthetic enzyme phosphatidylserine decarboxylase. This direct connection to
phospholipid biosynthesis prompted a more detailed examination of the effects of Hmg2p on phospholipid mutants and
composition. Our analysis revealed that overexpression of Hmg2p caused significant and specific growth defects in nulls
of the methylation pathway for phosphatidylcholine biosynthesis that includes the Psd1p enzyme. Furthermore, increased
expression of Hmg2p altered the composition of cellular phospholipids in a manner that implied a role for PSD1. These
phospholipid effects, unlike Hmg2p-induced ER remodeling, required the enzymatic activity of Hmg2p. Together, our
results indicate that, although related, Hmg2p- and Hmglp-induced ER remodeling are mechanistically distinct.

INTRODUCTION differentiation cascade, elevation of certain single ER-resi-
dent proteins, such as HMG-CoA reductase (HMGR) or
cytochrome P450 (P450), cause profound alterations in ER
structure that are conserved from yeast to mammalian cells
(Jones and Fawecett, 1966; Black, 1972; Wright et al., 1988;
Menzel et al., 1996). Despite many studies of ER expansion
and reorganization, the molecular mechanisms that underlie
these structural changes have remained elusive (for review,
see Federovitch et al., 2005). In particular, it remains an
important question whether the same or distinct mecha-
nisms mediate the ER remodeling caused by various pro-
teins. Additionally, despite the supposed role of phospho-
lipid synthesis in ER remodeling by HMGR, no direct

The endoplasmic reticulum (ER) is the largest endomem-
brane compartment in most eukaryotic cell types, and it is a
site of many and diverse cellular processes, including pro-
tein folding, drug detoxification, phospholipid, and sterol
biosynthesis. The ER is extremely plastic, having the capac-
ity to adapt to changing cellular need. For example, when
lymphocytes differentiate into antibody-producing plasma
cells, the volume of the ER increases by greater than fourfold
(Wiest et al., 1990). In addition to this complex cellular
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connection has been made between these two phenomena.
We focused our attention on the single-protein initiator of
ER remodeling, HMGR, to explore these topics.

HMGR catalyzes the conversion of HMG-CoA to meval-
onate, a key step in sterol biosynthesis. This protein is com-
posed of three distinct domains: an N-terminal transmem-
brane region, a linker, and the highly conserved C-terminal
cytoplasmic domain (CD) (Figure 1A). The large transmem-
brane domain spans the ER membrane eight times and is
connected to the cytoplasmic domain via a flexible linker.

© 2008 by The American Society for Cell Biology



A

multimerization

linker <— domain

cytoplasmic

domain
helical

w1111 ﬁ?ﬁ??ﬁ?ﬁ?roﬂsﬁ T

LA ‘;zut LU LML LAY

B o-myc

cytoplasm

o-Kar2p merge

Hmg1p

; Y
& oA
. a,/ 0.5 um
S =l

D 1x TDH3

2x TDH3 1x GAL1-10
Hmglp  + = + = s =
Hmg2p® — -+ = T = +
gy T — w— -
o-tUDULIN [ ——
E 100
EHmg1p
@ 80+ CHmg2p
o5
® © 601
© 3
i1 -
2 E 40 T
; 20,
0 ad
1x TDH3 2x TDH3

Figure 1. Hmglp and Hmg2p® make distinct structures. (A) Car-
toon depicting the domains of HMGR. (B) Representative IF images
of myc-tagged Hmglp and Hmg2p® expressed at two copies per
cell. HMGR is green, Kar2p is red, and cells are stained with DAPL
Arrows indicate characteristic structures. (C) Electron micrographs
of membrane structures observed when two copies of Hmglp or
Hmg2p® are expressed from the TDH3pr. Arrows indicate mem-
brane structures induced by Hmglp and Hmg2p®. (D) Different
expression levels of myc-tagged Hmglp and Hmg2p® are shown by
Western blot. Each protein is expressed from either the constitutive
TDH3pr integrated at one (1X TDH3) or two (2X TDH3) genomic
loci, or from the GALI-10pr integrated at a single locus (1X GALI-
10). (E) Quantitation of cells with membrane structures expressing
one or two TDH3pr-driven copies of Hmglp or Hmg2p®. In three
separate experiments, cells were harvested, prepared for IF, and a
minimum of 200 cells was counted. Log phase cells were grown in
YPD. Averages and standard deviations are shown.
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The C-terminal CD is composed of two distinct subregions,
depicted in Figure 1A: a proximal small helical N-domain
(hN-domain) and the more C-terminal tightly folded mul-
timerization domain, which contains the essential enzymatic
residues (Istvan et al., 2000).

Elevation of HMGR causes striking structural ER alter-
ations, in both yeast and mammalian cells (Chin et al., 1982;
Wright et al., 1988). Extensive arrays of smooth ER mem-
branes are a prominent feature of cells in tissues that pro-
duce large quantities of sterols and hence have elevated
HMGR expression (Sisson et al., 1967; Black, 1972). This
cellular phenomenon has been recapitulated in a tissue cul-
ture line by increasing HMGR expression to >500-fold nor-
mal levels (Chin et al., 1982). Saccharomyces cerevisiae ex-
presses two functional isozymes of HMGR, Hmglp and
Hmg2p (Basson et al., 1986). High levels of Hmglp induce
the formation of nuclear-associated stacks of membranes,
called karmellae (Wright et al., 1988). Similarly, increased
expression of Hmg2p causes the formation of cytoplasmic
whorls and strips of membrane in addition to nuclear-asso-
ciated stacks (Koning et al., 1996).

The Wright laboratory has extensively studied both the
structural and genetic requirements for karmellae formation
by Hmglp. Their work revealed that both the transmem-
brane domain of Hmglp and a large, properly folded cyto-
plasmic domain are required to generate karmellae (Parrish
et al., 1995; Profant et al., 1999, 2000). Importantly, this cyto-
plasmic domain does not need to be the catalytically active,
native cytoplasmic domain of Hmg1p; other folded domains
that replace the CD of Hmglp suffice. In addition, the
Wright group has performed two genetic analyses of ER
remodeling by Hmglp. The first screen designed to identify
genes required for karmellae formation uncovered a large
group of Vacuolar Protein Sorting (VPS) genes that are
required for vacuolar biogenesis (Koning et al., 2002). None
of the genes identified affected Hmg2p-induced structures.
The second screen was designed to identify viable null mu-
tants that exhibited growth defects when Hmglp was ex-
pressed at levels sufficient to induce karmellae. However, all
nulls identified in this way were sensitive to the elevated
HMGR enzymatic activity rather than the formation of kar-
mellae (Wright et al., 2003; Loertscher ef al., 2006).

Hmglp and Hmg2p are similar both structurally and
enzymatically. However, differences exist in how cells re-
spond to each of these proteins. The cellular distribution of
the structures made by Hmglp and Hmg2p are distinct.
Hmg2p causes characteristic nuclear-associated stacks of
membrane, cytoplasmic strips, and whorls, whereas
Hmglp-induced karmellae are strictly nuclear-localized. In-
terestingly, Hmglp-induced karmellae colocalize with the
ER lumenal chaperone Kar2p, but the structures generated
by Hmg2p exclude Kar2p (Koning et al., 1996). Finally, the
genes required for Hmglp-induced karmellae formation are
not required for structures induced by Hmg2p. The above-
mentioned studies from the Wright group indicated that the
ER structures formed by the two HMGR isozymes have
different structural, cell biological, and genetic features,
which may manifest due to mechanistic differences.

In the current study, we have sought to further address
these ideas by exploring the structural and genetic require-
ments for Hmg2p-induced ER remodeling. The specificity of
the genes required for Hmglp-induced karmellae led us to
posit that a reciprocal analysis would uncover genes specific
for Hmg2p-induced structures. We characterized the fea-
tures of Hmg2p required to remodel the ER and in parallel
ran a screen to discover the genes required for Hmg2p-
induced structures, referred to as HER genes (Hmg2p-in-
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duced ER Remodeling). We have found that the structural
features of Hmg2p required for ER remodeling are quite
similar to those reported for Hmglp. However, the genes
that emerged from our screen were distinct from those in-
volved in Hmglp-induced karmellae formation. These HER
genes were specifically required for Hmg2p-induced ER
remodeling, but not for the remodeling that occurs in re-
sponse to Hmglp overexpression. Furthermore, among the
genes discovered is the phospholipid biosynthetic enzyme
phosphatidylserine decarboxylase 1 (PSD1). In S. cerevisiae,
Psdlp generates ~80% of the total phosphatidylethano-
lamine (PE) (Voelker, 1997), and as such it represents the
first direct connection between ER remodeling and phos-
pholipid biosynthesis. Psd1p is a key enzyme in one mode of
phosphatidylcholine (PC) synthesis known as the methyl-
ation pathway. This connection led us to more fully inves-
tigate the role of phospholipid biosynthesis in Hmg2p-in-
duced remodeling. We found that all of the enzymes of the
methylation pathway have similar defects in Hmg2p-in-
duced remodeling. Expression of Hmg2p at levels that
caused ER remodeling also caused growth defects in nulls of
the methylation pathway. Furthermore, overexpression of
Hmg2p caused a significant alteration in phospholipid com-
position that suggested a role for PSD1. Surprisingly, these
lipid effects were dependent both on the transmembrane
region of Hmg2p implicated in ER remodeling and the
enzymatic activity of Hmg2p. These studies define a specific,
genetically distinct cellular response to Hmg2p that includes
both changes to ER structure and total cellular lipid compo-
sition, connecting sterol and phospholipid pathways
through expression of active Hmg2p.

MATERIALS AND METHODS

Strains, Recombinant DNA Methods, and Media

Yeast strains RHY471 (MATa ade2-101 met2 lys2-801 his3-200 ura3-52) and
RHY2863 (MATa ade2-101 met2 lys2-801 his3-200 ura3-52 trpl-:hisG leu2-) were
the parents for all strains in these experiments, except for RHY3013, which
was used for the genetic screen. RHY3013 is derived from Y3656 (MATa lys2-0
ura3- leu2-0 his3-0 met15-0 canl-:MFA1pr-HIS3-MFalpr-LEU2) (Tong et al.,
2001). Plasmids were constructed using standard DNA techniques. Specific
oligonucleotide sequences and plasmid construction methods will gladly be
provided upon request. Hmglp and Hmg2p expression plasmids were all
integrating vectors. Plasmids were introduced into yeast according to stan-
dard techniques. Integrating plasmids were targeted to loci as follows: ADE2,
and PfIMI; URA3, Stul. Strains were verified for appropriate protein expres-
sion levels by flow cytometry for green fluorescent protein (GFP)-tagged
constructs or by Western blot for epitope-tagged proteins. Gene knockouts
were generated by polymerase chain reaction (PCR) amplification of KanMX
or NatMX cassettes flanked by 50-300 bp of sequence to appropriately target
for homologous recombination at the desired locus. Knockouts were verified
by PCR amplification of the locus of interest. Strains were gown at 30°C in
indicated media. Ethanolamine (E9508; Sigma-Aldrich, St. Louis, MO) or
choline (C1879; Sigma-Aldrich) were prepared as 1 M stock solutions in
water, sterile filtered, and added to media as indicated.

Electron Microscopy

Cells were prepared for electron microscopy (EM) as described by Wright
(2000). Briefly, cells were grown to 0.65 = ODyyo = 1.0 in YPD, fixed with 4%
glutaraldehyde, postfixed with 2% potassium permanganate, en bloc stained
with 1% uranyl acetate, dehydrated, and embedded in Spurr’s resin. Eighty-
nanometer-thick sections were cut and poststained with Sato lead before
visualizing on a 1200 KeV electron microscope (JEOL, Tokyo, Japan).

Western Blot

Whole cell lysates were prepared via a general trichloroacetic acid (TCA)
method. Two to 10 ODy, units of cells were collected and resuspended in 900
ul of water. Then, 100% TCA was added to 10% before a 30-min incubation on
ice. Cells were pelleted, washed twice with acetone, and resuspended in 100
ul of TCA buffer (50 mM Tris, pH 7.5, 1 mM EDTA, 1% SDS, and 6 M urea).
Glass beads (0.5 mm) were added before vortexing for 5 min. Lysates were
heated to 50°C for 10 min before a 5-min spin at 13,000 rmp in a microfuge.
Supernatant was transferred to a new tube, and protein was quantitated using
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the Bradford method. Ten micrograms of protein was loaded onto either 8 or
14% SDS-polyacrylamide gel electrophoresis gels, run electrophoretically,
transferred onto nitrocellulose, and placed in Tris-buffered saline/Tween 20
(10 mM Tris, pH 8.0, 140 mM NaCl, and 0.05% Tween 20) with 2% Carnation
nonfat dried milk. Blots were then incubated with either a-myc (9E10) 1:500
or rabbit a-tubulin (1:10,000), washed, and probed with goat anti-mouse
horseradish peroxidase (HRP) or goat anti-rabbit HRP (1:12,500; Jackson
ImmunoResearch Laboratories, West Grove, PA), rinsed with double-distilled
H,O, and scanned on a Typhoon PhosphorImager after ECL Plus exposure
(GE Healthcare, Chalfont St. Giles, Buckinghamshire, United Kingdom). Pro-
tein levels were then normalized to tubulin for expression level comparisons.

Immunofluorescence (IF)

The protocol for IF was adapted from Pringle ef al. (1991). Briefly, 6-10 ml of
cells was grown in YPD to 0.5 < ODy, >1.0. Formaldehyde was added to 4%,
and cells were fixed for 1 h at room temperature. Cells were washed twice in
1 ml of IF buffer (1 mM KHPO,, pH 7.4, and 1.2 M sorbitol) and resuspended
in 200 wl of IF buffer with 10 ug/ml Zymolyase 100T. Cells were incubated at
30°C for 20-25 min to spheroplast cells, followed by one wash with 1 ml of IF
buffer and then a second wash with 1 ml of phosphate-buffered saline (PBS).
Cells were resuspended in 1 ml of PBS and adhered to poly-L-lysine-coated
preprinted slides (Carlson Scientific, Peotone, IL). Cells were blocked with 1%
bovine serum albumin/0.5% Tween in PBS for 1 h, and then primary anti-
bodies were added for 1 h at the following dilutions anti-myc ascites (9E10):
1:750, anti-hemagglutinin (HA) ascites 1:750, monoclonal anti-GFP (JL-8; Co-
vance Research Products, Princeton, NJ), and anti-Kar2p: 1:1500. Wells were
washed 5 X 5 min in block solution after each antibody incubation. Conju-
gated secondary antibodies were added at 1:500 for 40 min (goat a-rabbit
Alexa Fluor 595, goat a-mouse Alexa Fluor 595, or goat a-mouse Alexa Fluor
488; Invitrogen, Carlsbad, CA). For the colocalization experiments with GFP-
tagged HMGR, the GFP fluorescence was visualized, and IF of the epitope tag
was used to visualize either 3myc-Cod1p/Spflp, Hrd1p-HA, or Erg28p-HA.
Due to the low abundance of Hrd1p-HA, cells were also incubated with rabbit
a-mouse (1:100) and then mouse a-rabbit (1:100) unconjugated secondary
antibodies (Jackson ImmunoResearch Laboratories), each for 40 min, before
incubating with the appropriate conjugated secondary to amplify the signal.
Wells were washed as described above, coated with Vectashield containing
4,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA),
overlaid with a coverslip, and sealed with nail polish. Images were captured
on a DM6000 spinning disk confocal unit (Leica, Wetzlar, Germany).

Genetic Screen

Strain RHY3013 expressed Hmg2ps-TM-hN-GFP from the inducible GAL1-10
promoter. This strain was crossed robotically to ~4700 haploid deletion
mutant collection, on glucose media, as described previously (Tong et al.,
2001). The resultant collection of strains was patched onto fresh, selective
glucose plates and grown for 24 h. We then replica plated onto raffinose, grew
for 24 h more hours to eliminate glucose repression, and replica plated onto
galactose plates and grew strains for another 18 h before scoring, to induce
expression of GALI-10pr-driven Hmg2ps-TM-hN-GFP. Cells from each strain
were resuspended in a small volume of sterile double deionized (ddI) H,O
and individually examined on an Optiphot II microscope (Nikon, Tokyo,
Japan) equipped with GFP filters. Knockout strains that mislocalized
Hmg?2ps-TM-hN-GFP were noted as potential candidates.

Live Cell Imaging

Cells were grown to log phase 0.3 < ODgq > 0.6 in appropriate synthetic
complete media, pelleted for 3 min at 6000 rpm in a tabletop microcentrifuge,
and resuspended in 50 ul of PBS. Cells were then visualized on a DeltaVision
microscope (Applied Precision, Issaquah, WA) equipped with appropriate
filter sets. Images in Figure 7 were acquired on a DM6000 spinning disk
confocal unit (Leica).

Cell Growth Conditions for Phospholipid Analyses

Cells were grown in 100 ml of YPD for nine to 11 doublings before harvesting
at 0.4 = ODg = 0.6. Immediately before pelleting each culture, cell density
was empirically determined using a hemacytometer. Cells were first pelleted
in a KA-10 rotor at 5000 rpm at 4°C for 10 min. Cells were resuspended in 30
ml of ddI H,O (Mediatech, Herndon, VA), and 50 ul of cells was removed for
determining cells per ODy, by hemacytometer. Cells were then pelleted three
more times in a clinical centrifuge at 3/4 speed for 5 min, and resuspended in
H,O volumes 25 and 5 ml, before decanting supernatant. Cell pellets were
resuspended in the remaining water, and ODg, readings were taken. Briefly,
10 ODs of cells were collected in 2-ml Eppendorf tubes, and cells were flash
frozen in liquid N, and stored at —80°C until ready to harvest lipids.

Phospholipid Composition

Lipids were extracted as described previously (Parks et al., 1985), after cells
were lysed in a mini-BeadBeater-8 (Biospec Instruments, Bartlesville, OK).
Total lipids were dried under N,, resuspended in CHCl;, and injected onto a
Zorbax RX-Sil 250 X 4.6 mm (5 um) column (Agilent Technologies, Palo Alto,
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CA). Glycerophospholipids were separated basically as described previously
(Stith et al., 2000). Solution A was CHCl;, MeOH, and ammonium hydroxide
(80:19:1); solution B was CHCl;, MeOH, and ammonium hydroxide (60:39:1);
and solution C was CHCl;, MeOH, H,O, and ammonium hydroxide (60:34:
5:1). Solution A was set at 100% for 3 min, and then solution B was increased
to 100% by 19 min and held at 100% for 5 min. Solution C was then increased
to 100% over 9 min and held at 100% for 2 min. The column was allowed to
re-equilibrate with solution A for 10 min before the each injection. Lipids were
detected with a PL-ELS 2100 evaporative light scattering detector (Polymer
Laboratories, Amherst, MA) with an evaporator temperature of 105°C, neb-
ulizer temperature of 50°C, and a gas (N,) flow rate of 2 1/min. The peaks
containing PC, PE, phosphatidylserine (PS), and phosphatidylinositol (PI)
were identified by comparison to known standards (Avanti Polar Lipids,
Alabaster, AL). Calibrations for mass amounts were based on external stan-
dards.

Liquid Culture Growth Assay

Strains were grown on synthetic complete agar plates lacking uracil for 2 d. A
single colony was resuspended in 500 ul of sterile water, and ODg, was
determined. Cells were diluted to ODy,, = 0.35 before aliquoting into 3 ml of
synthetic complete liquid media lacking uracil or YPD for a final
ODggp = 0.005. As a control, fivefold serial dilutions were also plated onto
synthetic complete agar plates lacking uracil. Liquid cultures were incubated
with aeration at 30°C, and ODy, readings were measured every 12-18 h for
50-60 h; plates were grown for 48 h at 30°C. In this article, we have only
reported the final time points. These experiments were repeated a minimum
of three times.

RESULTS

Hmg2p, unlike Hmg1p, undergoes regulated degradation in
response to increased sterol pathway signal. Mutating K6 to
arginine completely prevents Hmg2p degradation (Gardner
and Hampton, 1999), but it does not affect the ER structures
formed when expressed at high levels (Figure 1, B and C;
data not shown). To facilitate study of the effects of Hmg2p-
induced ER remodeling and its comparison to the stable
Hmglp isozyme, we used the nondegraded, stable K6R
mutant, referred to as Hmg2p®, throughout this work.

Although Hmglp and Hmg2p are similar proteins, both
structurally (Figure 1A) and functionally, they induce ER
membrane arrays that have distinct features (Figure 1, B and
C). Hmglp-induced structures are only nuclear-localized,
whereas the structures induced by Hmg2p are both perinu-
clear and cytoplasmic (Koning et al., 1996; Figure 1, B and C).
The ER chaperone Kar2p colocalizes with Hmglp-induced
karmellae and is virtually excluded from membrane struc-
tures that result from Hmg2p overexpression (Koning et al.,
1993; Figure 1B).

Hmglp expressed from the strong, constitutive TDH3
promoter (TDH3pr) does not generate karmellae, whereas
TDH3pr-expressed Hmg2p does generate membrane stacks
and whorls (Hampton et al., 1996). We tested whether this
was due to differences in protein levels, and we found that
levels of Hmglp and Hmg2p® were different when ex-
pressed from the same promoters (Figure 1D). Previous
analyses of Hmglp were primarily conducted using the
strong, inducible GALI-10 promoter (GAL1-10pr) (for exam-
ples, see Wright et al., 1988; Koning et al., 2002). To deter-
mine the relative expression levels of the TDH3pr and GALI-
10pr, we generated three sets of strains. Each harbored
integrating plasmids of either myc-tagged Hmglp or
Hmg2ps expressed by the TDH3pr present at one or two
copies per cell, or expressed from the inducible GAL1-10pr at
one copy per cell (Figure 1D). Cells expressing the GAL
constructs were first grown with raffinose as the carbon
source to eliminate the glucose repression, and then galac-
tose was added to 4% for 4 h to induce expression from the
GAL1-10pr before analysis.

Expression from the TDH3pr was about half as strong as
expression from the GALI-10pr, based on relative signal
from the myc epitope as determined by immunoblotting
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lysates (Figure 1D). Furthermore, expression of Hmg2p® was
~45% higher than Hmglp in all cases tested. These differ-
ences in protein expression levels were reflected when we
scored cells for ER remodeling, demonstrating that compa-
rable levels of Hmglp or Hmg2p® induce ER remodeling to
the same extent (Figure 1E). For example, >30% of cells had
both nuclear and cytoplasmic stacks and whorls of mem-
brane when expressing 1X TDH3pr-driven Hmg2p®, whereas
two copies of TDH3pr-driven Hmglp were required for
comparable Hmglp expression, thus inducing karmellae
levels to 30% (Figure 1, D and E). These numbers from 2X
TDH3pr-driven Hmglp expression were consistent with
Wright et al.’s observations when expressing Hmglp from
the GAL1-10pr (Parrish ef al., 1995; Profant et al., 1999). The
number of cells observed with stacks and whorls of mem-
branes increased to >80% when expressing 2X TDH3pr-
driven Hmg2p®. We do note that the number of layers of
stacked membranes observed in Hmglp-expressing cells
was not as numerous as those reported previously with the
GALI1-10pr, and they may be due to differences in acute
versus chronic expression of Hmglp.

Work by the Wright laboratory has demonstrated that
both the transmembrane domain of Hmglp and a folded CD
are required for karmellae formation (Profant et al., 1999).
The structural requirements for Hmg2p-induced ER remod-
eling have not been evaluated. Therefore, we generated a
series of TDH3pr-driven Hmg2p® expression constructs to
address those questions (Figure 2A).

Enzymatic activity is not required for Hmglp-induced
karmellae (Parrish et al., 1995; Profant et al., 1999), so we
began by determining whether the enzymatic activity was
similarly dispensable for Hmg2p-induced ER remodeling.
By mutating the crucial catalytic residues E711 and D920 to
glutamine and asparagine, respectively, we generated an
enzymatically inactive version of Hmg2p (Hmg2p®, Figure
2A; Istvan et al., 2000), and we verified the inactivity of this
protein (data not shown). When we examined the expression
level of the inactive version of Hmg2p, Hmg2ps!, we found
that it was not as strongly expressed as Hmg2p® (data not
shown). Thus, at one copy per cell, TDH3pr expression of
Hmg2p*s' did not generate any of the characteristic structures
as indicated by IF. However, upon introducing a second
expression plasmid, the number of cells with structures
increased to ~73%, demonstrating the catalytic activity was
similarly not required for generating Hmg2p-induced struc-
tures (Figure 2, A and B). We confirmed by EM that these
structures were similar to those generated by Hmg2p* (Fig-
ure 2C).

Next, we tested whether a tightly folded CD was required
for Hmg2p-induced ER remodeling by completely removing
the CD of Hmg2p, generating Hmg2ps-TM (Figure 2A). This
protein has the entire transmembrane (TM) domain and
linker region but lacks the C-terminal 425 amino acids that
encode the CD and thus removed the enzymatic portion of
the protein. Immunoblotting indicated that this protein was
expressed at similar levels to Hmg2p® (data not shown).
However, when we examined these cells by IF, even when
two copies of TDH3pr-driven Hmg2ps-TM were present, we
did not observe any structures (Figure 2, A and B). We
further confirmed by EM that no ER membrane alterations
were observable (data not shown), suggesting that the TM
domain alone is not sufficient to generate membrane stacks
and whorls.

Hmglp requires a tightly folded CD to induce karmellae
formation (Profant et al., 1999). To determine whether this was
also the case for Hmg2p, we replaced the entire 425 amino acid
CD with GFP (Hmg2ps-TM-GFP, Figure 2A). Multimerization
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A domain: : transmembrane I}mker hN ~ multimerization }% of cells with structures
K6 M5285618 D6v71 EQ1 D0 1 copy 2 copies
Hmg2p® R % | 29 +3 85 +10
Hmg2p® [R ZZ Q N |  none 73+8
Hmg2ps TM [R none none
Hmg2p* TM-GFP  [R | none 37+7
Hmg2ps TM-hN [R 4 | none none
Hmg2ps TM-hN-GFP [ R /R | 29 5 8816
Hmg2ps TM-

B Hmg2p® Hmg2pSTM-GFP Hmg2pSTM-hN hN-GFP

.
| W _

Hmg2p® TM-hN-GFP

Figure 2. The transmembrane domain of Hmg2p was not sufficient to remodel the ER. (A) Illustrations of Hmg2p variants examined. Amino acid
positions at domain junctions are indicated, as well as the K6R stabilizing mutation in Hmg2p. Myc tag insertions in Hmg2p are indicated by the
thick black bar immediately following the linker domain. TDH3pr-driven proteins were integrated at one or two loci. Cells were prepared for IF
and examined for structures. At least 200 cells were counted in three independent experiments; averages and standard deviations are shown. (B)
Representative IF images of constructs tested, present at two copies per cell. Hmg?2p variants were visualized using either anti-myc or anti-GFP
monoclonal antibodies. IF of the Hmg2 variants is shown in the top row, and overlaid with DAPI (blue) in the bottom row. Arrows indicate ER
membrane structures. (C-E) Electron micrographs of the structures generated by the Hmg2p variants Hmg2ps' (C), Hmg2ps-TM-GFP (D), and
Hmg2ps-TM-hN-GFP (E). Nucleus is visualized with DAPI. Log phase cells were grown in YPD. Arrows indicate structures.

of GFP itself does not seem to be a significant contributing (Figure 2B) and EM (Figure 2D), the ER structures looked
factor of ER remodeling in this system (see below). When we similar to those generated by Hmg2ps. Hmg2ps-TM-GFP was
expressed this protein in cells, we again did not observe any of expressed at comparable levels to Hmg2p® (data not shown),
the expected structures. However, introducing a second copy indicating that the decrease in membrane arrays observed was
induced structures in ~37% of cells (Figure 2A). By both IF not due to decreased protein levels.
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To better understand the role of the Hmg2p CD, we
analyzed the subdomains of this region. The CD of HMGR is
composed of two distinct regions: the small helical N-do-
main (hN-domain) followed by the large multimerization
domain (Istvan et al., 2000; Figure 1A). Based on alignment,
the hN-domain is encoded by the first 50 amino acids of the
Hmg2p CD, and the remaining 375 amino acids encode the
multimerization domain of Hmg2p. To determine whether
the hN-domain contributes to ER remodeling, we generated
two constructs with the Hmg2p hN-domain intact in the
absence of the Hmg2p multimerization domain (Hmg2p®-
TM-hN and Hmg2ps-TM-hN-GFP, Figure 3A). Previous

A . 3myc-Ole1pi Cytosolic Protein % ;:SSILS;G\Th

H16] L1166 1 copy |2 copies
Ole1p! none none
Ole1pi-GFP AA GFP none | none
Ole1p/-2hN-GFP AR V2, | GrP none | hone
Ole1p-Hmg2p CD 72114 | 9411
Ole1p-Hmg1p CD 6916 | 77+11
B merge C Ole1pi-Hmg2p CD

o,

- . .
Ole1pi-
2hN-GFP __

Ole1pi-
Hmg2pCD

Ole1pi-
GFP

Ole1pi-Hmg1p CD

Ole1pi-
Hmg1pCD

Figure 3. The ER anchored CD of HMGR was sufficient to cause
membrane reorganization. (A) Diagrams of Olelp' variants exam-
ined. TDH3pr-driven triple-myc-tagged Olelp with the H161A,
H166A-inactivating mutations was fused to various soluble proteins
as indicated. Nomenclature is as follows: Olelp!, Olelp with H161A
and H166A mutations; Olelp-GFP, inactive Olelp fused to GFP;
Olelp-2hN-GFP, inactive Olelp fused to the hN-domain of Hmg2p
and GFP; Olelp’-Hmg2p CD, inactive Olelp fused to the CD of
Hmg2p; and Olelp’-Hmglp CD, inactive Olelp fused to the CD of
Hmglp. White- and gray-striped area corresponds to Hmg2p linker
domain; hatched area corresponds to Hmglp linker domain. Quan-
titation of cells harboring one or two copies of the expression
plasmids are listed on the right. Expression plasmids were inte-
grated at one or two loci. Cells were prepared for IF and examined
for structures. A minimum of 200 cells was counted in three inde-
pendent experiments; averages and standard deviations are shown.
Nucleus is visualized with DAPIL. (B) Representative IF of strains with
two expression constructs is shown. Arrows indicate ER membrane
structures. (C) Electron micrographs of cells with two copies of
TDH3pr-driven Olelp'-Hmg2p CD and Olelp’-Hmglp CD. Log phase
cells were grown in YPD. Double arrowheads indicate structures.
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work has shown that replacing the Hmg2p multimerization
domain with GFP allows characteristic ER structures to form
(Hampton et al., 1996; Koning et al., 1996), referred to as
Hmg2p-GFP in those articles). When we tested the Hmg2ps-
TM-hN-GFP construct, we found that the number of cells
with structures was similar to that of full-length Hmg2ps, at
both expression levels tested (Figure 2A). Examination of
these structures by both IF (Figure 2B) and EM (Figure 2E)
confirmed that they seem similar to structures that full-
length Hmg2p* generates, and immunoblotting confirmed
that protein levels are also comparable to full-length
Hmg?2p® (data not shown). The results from overexpression
of Hmg2ps-TM-GFP and Hmg2ps-TM-hN-GFP suggest that
although the Hmg2p multimerization domain is dispens-
able, the hN-domain of Hmg2p significantly contributes to
Hmg2p-induced ER remodeling. Unlike the rest of the
Hmg?2p variants examined, Hmg2ps-TM-hN, (Hmg2p® trun-
cated immediately after the hN-domain) was expressed at
significantly lower levels, even upon introduction of the
second expression construct (data not shown). Accordingly,
we did not observe any structures when Hmg2ps-TM-hN
was expressed at one copy or two copies per cell as assessed
by IF (Figure 2, A and B) or by EM (data not shown). This
suggests that a folded globular domain, such as the Hmg2p
multimerization domain or GFP, may serve to stabilize
Hmg2p when the hN-domain is present.

In our analysis of ER remodeling by Hmg2p, we discov-
ered that, like Hmglp, Hmg2p required a folded CD. We
next tested the intrinsic membrane-organizing features of
these CDs. Previous reports indicated that attachment of a
multimerizing GFP to a TM domain is sufficient to reorga-
nize membranes in mammalian cells (Snapp ef al., 2003), so
we wondered whether multimerization through the cyto-
plasmic GFP was similarly sufficient to induce the structures
that we were observing.

To test the effects of various CDs independent of the
Hmg2p TM domain, we used the ER-localized stearoyl-CoA
A9 desaturase Olelp as an ER membrane anchor. Olelp has
four TM spans and has not been reported to cause ER
remodeling (which we confirmed; see below), thus allowing
us to test the ER-organizing effects of the CDs used above
when fused to this “neutral” ER anchor. To eliminate any
effects from enzymatic function, we used an inactive form of
the protein that has histidines 161 and 166 mutated to ala-
nine and a triple myc tag at the N terminus (Olelp?, Figure
3A; Zhang et al., 1999). First we verified that overexpression
of myc-tagged, inactive Olelp did not confer any alteration
of the ER membranes when expressed at one or two copies
per cell from the TDH3pr (Figure 3B) and confirmed this
observation by EM (data not shown). Then, we verified the
expression level of each of the Olelp fusion constructs in
Figure 3A to the expression of Hmg2p by relative myc
immunoreactivity (data not shown).

We generated fusion proteins between the Olelp' and the
various CDs tested in Figure 2 (Figure 3A). We first exam-
ined Olelp-GFP. When we evaluated the strain expressing
this protein by IF and EM, we did not observe any ER
membrane structures (Figure 3B and data not shown, re-
spectively). These data indicated that, in this case, GFP could
not alone induce membrane stacking. However, we cannot
discount the possibility that Olelp has features that prohibit
GFP multimerization from occurring that would otherwise
alter ER structure. Next we tested whether the Hmg2p cy-
toplasmic hN-domain fused to GFP, as in the ER altering
Hmg2ps-TM-hN-GFP mentioned above, could stimulate
membrane reorganization (Olelp’-2hN-GFP). We again did
not observe any structures, even when TDH3pr-driven
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Olelpi-2hN-GFP was expressed at two copies per cell either
by fluorescence (Figure 3B) or EM (data not shown). This
demonstrated that the structures induced by expression of
either Hmg2ps-TM-GFP or Hmg2ps-TM-hN-GFP were most
likely not a result of an intrinsic activity of their respective
CDs to remodel membranes.

The CD of mammalian HMGR forms homodimers and
homotetramers, and biochemical evidence indicates that the
same holds true for the highly conserved yeast CD (Qureshi
et al., 1976). To determine whether the CDs of yeast HMGR
have an intrinsic ability to reorganize membranes, poten-
tially via multimerization, we generated a fusion between
Olelp and the entire 425 amino acid CD of Hmg2p (Olelp'-
Hmg2p CD) and expressed it from the TDH3pr. In striking
contrast to the other constructs tested, the complete CD of
Hmg2p caused a reorganization of membranes when fused
to Olelp’; when present at only one copy, ~72% of the
population had visible membrane structures (Figure 3,
A-C).

The CD of Hmglp and Hmg2p are 93% identical, so we
would expect the Hmglp CD to similarly induce reorgani-
zation of ER membranes when anchored to the membrane.
When we tested a construct that fused the CD of Hmglp to
Olelpi (Olelp-Hmglp CD), we found that the resultant ER
structures were identical to those caused by the Olelp'-
Hmg2p CD fusion (Figure 3, B and C). The Olelp’-Hmglp
CD fusion induced the formation of ER structures that were
both nuclear-associated and cytoplasmic, like Olelpi-
Hmg2p CD (Figure 3C). Furthermore, when a single
TDH3pr-driven copy was expressed, ~69% of cells had vis-
ible ER arrays, and when the copy number was doubled, the
percentage climbed to 77% (Figure 3A). These numbers were
markedly higher than those achieved with the full-length
Hmglp. Our findings indicate that either HMGR CD, in its
entirety, is sufficient to remodel ER membranes when an-
chored to the inert Olelp’. This suggests that there may be
two independent structural conditions that cause ER remod-
eling by Hmg2p. One is brought about by features of the
Hmg2p transmembrane domain when fused to a folded
cytoplasmic domain. The other is due to the strong multim-
erizing properties of the HMGR cytosolic domains, and is
transferable to the normally nonproliferating Olelp.

The membrane structures generated by both Hmglp and
Hmg?2p® are smooth, closely associated stacks of unbranched
membranes (Figure 1C). In contrast, we observed that the
Olelp-HMGR CD fusions generated structures composed of
branched networks of membranes (Figures 3C and 4B). In
some cells expressing the Olelp-HMGR CD constructs, we
saw that these bits of membrane were actually connected
tubules that very closely resembled hexagonal arrays. One
such panel is shown in Figure 4B of Olelpi-Hmg2p CD.
These highly branched networks are remarkably different
from the tightly packed stacks of membrane generated by
Hmg?2ps (Figure 4A). We also verified that the catalytic
activity of HMGR was not required to generate these struc-
tures by analyzing Olelp’ fused to the inactive CD of
Hmg?2p (data not shown). Finally, we made and examined
an N-terminal Hmg2p CD fusion to Olelp’ (Hmg2p CD-
Olelp'’) as opposed to the C-terminal fusion used above, and
again we observed similarly branched membrane arrays by
EM (data not shown).

Hmglp and Hmg2p have nearly identical structural re-
quirements for generating their characteristic ER arrays, and
the resultant membrane structures seem similar (Figure 1, B
and C). However, the arrays produced by each isozyme are
distinct in cellular localization and the presence or absence
of Kar2p (Koning et al., 1996; Figure 1, B and C). Our analysis
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A Hmg2ps

B olet pi-Hmg2p CD

Figure 4. The Olelp’-HMGR CD fusions make distinct membrane
structures. (A and B) Electron micrographs of strains with two
TDH3pr-driven copies of Olelp'-Hmg2p CD, inactive Olelp fused to
the CD of Hmg2p (A); and Hmg2p® (B) at 20,000 (top) and 80,000
(bottom) magnification. Solid arrows indicate stacks of membrane
characteristic of Hmg2p. Double arrows indicate tubular membrane
arrays generated by Olelp-Hmg2p CD fusion constructs. (C) IF
imaging of strains harboring two copies of Olelp-Hmg2p CD (top)
and Olelp’-Hmglp CD (bottom). Olelp’ fusions are green and
Kar2p is red; nucleus is visualized with DAPI. Log phase cells were
grown in YPD. Arrows indicate structures.

revealed that either HMGR CD fused to Olelp' generates
both nuclear associated and cytoplasmic structures. This
suggests that the TM domains of Hmglp and Hmg2p deter-
mine the features of their induced structures. Using our
Olelp-HMGR CD fusion proteins, we next examined Kar2p
localization with respect to the generated structures. We
would expect both Olelp-Hmglp CD and Olelp-Hmg2p
CD to behave similarly if the TM domain determines the
characteristics of the structures. Both the Olelp-HMGR CD
fusion proteins strongly colocalized with Kar2p (Figure 4C).
This suggests that the TM domain determines both where
the structures localize within the cell and whether Kar2p is
present in these structures. Together, these findings suggest
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that although a cytoplasmic domain is necessary for either
Hmglp or Hmg2p-induced ER remodeling, the TM domain
plays a critical role in dictating the characteristics of the
structures generated.

The intriguing exclusion of Kar2p from Hmg2p-induced
ER arrays implies that the Hmg2p structures have features
that are distinct from the “typical” ER. The Wright group
observed previously that Sec61p, an essential conserved ER
membrane protein, colocalized with both Hmglp and
Hmg?2p induced ER arrays (Koning et al., 1996). We decided
to survey a group of ER proteins to further characterize the
ER structures induced by the HMGR isozymes. To facilitate
localization of the induced ER structures, we used GFP-
tagged, ER-remodeling versions of each isozyme. Specifi-
cally, we used Hmg2ps-TM-hN-GFP (Hmg2p® with multim-
erization domain replaced by GFP) and Hmglp-67-GFP,
with the C-terminal 67 amino acids replaced with GFP
(called Hmgl™em™:Hmg152°987:GFP; Profant ef al., 1999) and
then evaluated the presence of a given ER protein in the
structures by comparing GFP fluorescence (HMGR) to the IF
of an epitope-tagged ER protein.

We first tested the structures for the presence of ER-
localized P-type ATPase, Cod1p/Spflp, a multispanning ER
transporter required for normal ER homeostasis (Cronin et
al., 2000; Giaever et al., 2002). Our results were similar to
those observed for Kar2p; Codlp/Spflp colocalized with
Hmglp-induced structures, but it was absent from those
induced by Hmg2p (Figure 5A). This indicated that not all
TM proteins colocalize with Hmg2p-induced structures. We
next tested Hrdlp, the polytopic ER ubiquitin ligase re-
quired for regulated degradation of Hmg2p (Bays et al.,
2001). Again, like Kar2p and Codlp/Spflp, Hrd1p colocal-
ized with Hmglp-induced structures, but not those gener-
ated by Hmg2p (Figure 5B). These results could provide
insight into the regulated degradation of Hmg2p (see Dis-
cussion). Finally, we examined Erg28p, a transmembrane
protein that plays a critical role in sterol biosynthesis by
mediating protein-protein interactions between Erg26 and
Erg27, and by tethering Erg6p to the ER membrane (Mo and
Bard, 2005). Unlike the other proteins tested, Erg28p colo-
calized with structures induced by Hmg2p (Figure 5C).
These data support the idea that the structures generated by
Hmg?2p may be a specialized subdomain of the ER.

Together, the above-mentioned studies strengthen the case
that the structures produced by Hmglp and Hmg2p are dis-
tinct. Furthermore, the Wright group’s genetic analyses of
Hmglp identified genes required only for Hmglp-induced ER
structures, and not Hmg2p-induced ER remodeling, suggest-
ing there might also be genes specifically required for Hmg2p-
induced structures. Therefore, we conducted a screen to
uncover HER genes required for Hmg2p-induced ER Remod-
eling. We used a strain expressing Hmg2ps-TM-hN-GFP,
which generates characteristic Hmg2p structures with high
fidelity (Figure 2). This protein is a stable, optical form of
Hmg2p that allows for direct optical screening of live cells. The
absence of the HMGR multimerization domain removes both
the enzymatic activity of the protein and the independent
ability of the CD to alter ER membranes, as determined with
the Olelp fusions described above.

Using the methods pioneered by the Boone group (Tong et
al., 2001), Hmg2ps-TM-hN-GFP was introduced into the col-
lection of ~4700 viable deletion strains. A strain with our
Hmg2ps-TM-hN-GFP coding region under the control of the
inducible GALI-10pr was robotically crossed to the viable
haploid null collection (for strategy, see Tong et al., 2001).
The entire crossing and selection process was conducted on
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A Hmglip Cod1p/Spfip merge

Figure 5. Structures induced by Hmg2p exclude Kar2p and
Hrd1p, but they are enriched for Erg28p. (A and B) GFP-fluores-
cence of Hmglp-67-GFP or Hmg2ps-GFP* and IF of (A) 3myc-
Codlp/Spflp or (B) Hrd1p-HA. (C) GFP fluorescence of Hmg2ps-
GFP* and IF of Erg28p-HA. Log phase cells were grown in YPD.
Arrows indicate structures; nucleus is stained with DAPIL.

plates with glucose so the expression of GALI-10pr-driven
Hmg2ps-TM-hN-GFP was repressed during the strain pro-
duction phase. After induction on galactose, each null strain
was individually examined for alterations or absence of the
characteristic Hmg2ps-TM-hN-GFP structures. In this way,
we identified 104 candidate nulls with altered structures
from this primary screen. Of these nulls, ~50 were manually
remade in our strain background (genes are listed in Sup-
plemental Table S2). We then introduced our TDH3pr driven
Hmg?2ps-TM-hN-GFP into this subset and scored the result-
ing strains for the HER phenotype.
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Table 1. HER genes

Gene ORF

Protein description

Class I: no structures

BNI1 YNL271C
BNRI1 YIL159W
HER2 YMR293C
VMA2 YBR127C
Class II: only nuclear structures
ERG28 YER044C
ERV25 YMLO12W
HER1 YOR227W
HOF1 YMRO32W
COD1/SPF1 YELO31W

Class III: nuclear structures/altered
cytoplasmic (non-nuclear) ER

PSD1 YNL169C

CHO2 YGRI157W

OPI3 YJR073C
Class IV: general ER defect

NEM1 YHRO004C

SPO7 YALOOOW

Formin, involved in budding and actin dynamics

Formin, involved in budding and actin dynamics

Verified ORF of unknown function

Subunit B of V-ATPase, proton pump found throughout endomembrane system

ER membrane protein, facilitates protein—protein interactions

Member of p24 family, involved in ER-to-Golgi transport

Verified ORF of unknown function

Protein with SH3 domain, involved in cytokinesis and cytoskeletal dynamics
ER localized P-type ATPase

Mitochondrial phosphatidyl serine decarboxylase, PC biosynthesis
PE methyltransferase (PEMT), PC biosynthesis
Phospholipid methyltransferase, PC biosynthesis

Controls nuclear growth, negative regulator of phospholipid biosynthetic genes
Controls nuclear growth, negative regulator of phospholipid biosynthetic genes

All but one of the genes identified were separated into
four distinct classes based on Hmg2ps-TM-hN-GFP localiza-
tion as listed in Table 1. Class I nulls did not have any
observable structures in >95% of the cells. Instead, Hmg2p*-
GFP* localization was generally uniform throughout the ER,
and it looked very similar to the distribution of numerous
ER proteins in S. cerevisine (Figure 6). The next class of
mutants, class II, all similarly generated Hmg2ps-TM-hN-
GFP-induced stacks of membranes that were completely
nuclear associated, reminiscent of Hmglp-induced karmel-
lae (Figure 6). Membrane stacks were not observed away
from the nucleus in any of these class II nulls when Hmg2ps-
TM-hN-GFP was overexpressed. Class Il nulls comprise the
enzymes of the PC-synthesizing methylation pathway (Fig-
ure 7, A and B). The locus encoding Psd1p, the first enzyme
of this pathway, was identified by our screen (see below),
and the other genes were then directly tested. These class III
nulls varied between having no proliferations to having only
nuclear-associated stacks of membranes present in 20% of
cells (Figure 7B). In addition, the cytoplasmic (nonnuclear)
ER of class Il nulls was aberrant, making it distinct from the
class I and II null strains (Table 1). Class IV genes, NEM1
and SPO7, have been identified as generally altering nuclear
and ER morphology (Siniossoglou et al., 1998; Santos-Rosa et
al., 2005). Our initial screen identified NEM1, and based on
the known role of this protein in ER and nuclear morphol-
ogy, we tested its binding partner, SPO7, and we found that
it similarly altered Hmg2ps-TM-hN-GFP localization. Class
IV nulls were unique in that any ER protein that we ex-
pressed had a similar localization pattern of long smooth
membrane stacks and misshapen nuclei (Figure 6). We con-
firmed by flow cytometry that the lack of structures ob-
served in the null strains examined was not due to a de-
crease in Hmg2ps-TM-hN-GFP expression (data not shown).
These genes are the first identified to alter the morphology
of the structures generated by Hmg2p.

To further characterize the HER genes identified in our
screen, we examined the localization of other ER proteins in
the null strains and summarized our finding in Table 2. Our
first objective was to determine whether the HER genes
affected general ER morphology. To test this, we determined
the localization of two classic ER markers, Sec63p, an ER
membrane protein, and KGFP*, an ER lumenal protein, and
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we summarized our findings in Table 2. The localization
patterns of these two proteins in the class I and I nulls were
indistinguishable from wild type. Class III strains had a
normal nuclear ER distribution; however, the cytoplasmic
(nonnuclear) ER was aberrant. Lastly, the class IV nulls,
looked comparable to the image depicted in Figure 6, of the
neml- strain expressing the Hmg2ps-TM-hN-GFP construct.
These strains had long strips of membrane and misshapen
nuclei as previously observed (Siniossoglou et al., 1998; San-
tos-Rosa et al., 2005).

We next tested whether the HER genes were required for
ER remodeling induced by other proteins, and tested the
two known ER-altering proteins, Hmglp and cytochrome
P450. We used the karmellae-forming GFP-tagged Hmglp
described above, Hmglp-67-GFP, and cytochrome P450
from Candida maltosa, P450CmA1, which also significantly
alters ER membranes in S. cerevisine (Menzel et al., 1996). The
GFP-fusion that we used was confirmed to generate struc-
tures identical to the nontagged protein (data not shown).
When we analyzed the localization of GFP-tagged Hmglp
and CYP450CmA1 in class I and II nulls, we found that
none affected Hmglp-induced karmellae formation or
P450CmA1-induced ER remodeling (Table 2). Class III nulls,
despite their unusual cytoplasmic (nonnuclear) ER patterns,
still generated the respective structures for Hmglp and
CYP450CmA1l. As expected, class IV nulls expressing
Hmglp-67-GFP or CYP450CmA1-GFP had the mutant ER
localization typical of neml- and spo7- null strains. These
suggests that the genes that we identified are not generally
required for all instances of ER membrane reorganization
but that they are specifically required to generate the char-
acteristic structures of Hmg2p.

We further examined the features of the HER genes to
determine how they affect general ER function, in terms of
protein folding. This is measured by the unfolded protein
response (UPR), which is up-regulated when protein-fold-
ing capacity of the ER is compromised or otherwise over-
loaded (for review, see Hampton, 2000). We confirmed that
the UPR is up-regulated greater than twofold when COD1/
SPF1 is deleted (Cronin et al., 2002) and when HOFI is
deleted (Bicknell et al., 2007), and we determined that cells
lacking ERV25 also have a significantly up-regulated UPR
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Figure 6. HER genes fall into four distinct classes. Live cell imag-
ing of Hmg2p®-TM-hN-GFP localization in four different strains is
shown. Cells imaged have a single integrated copy of Hmg2ps-TM-
hN-GFP. Wild type is shown for reference, and the representative
classes are depicted as follows: her2- for class I, hof1- for class II, and
nem1- for class IV. Log phase cells were grown in SC-URA. Arrows
indicate distinct structures.

(data not shown). The other HER mutants showed no ele-
vation in UPR.

In our screen, the uncharacterized open reading frame
(ORF), YNL170W was identified as a HER gene. However,
upon closer examination, we found that the deletion over-
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Figure 7. Full-length active Hmg2p® causes a growth defect in strains
deficient in the methylation pathway, but not the Kennedy pathway. (A)
Diagram of the two major phospholipid biosynthetic pathways in S.
cerevisige. The Kennedy pathway is highlighted in blue, and the CDP-
DAG/methylation pathway is highlighted in pink. (B) Live cell imaging of
Hmg2ps-TM-hN-GFP in wild-type, ckil:, cpt1., and eptl- null strains. Log
phase cells were grown in SC-URA. Arrows indicate membrane struc-
tures. (C) Live cell imaging of Hmg2ps-TM-hN-GFP in wild-type, psdl-,
cho2-, and opi3- null strains. Log phase cells were grown in SC-URA.
Arrows indicate membrane structures. (D) Representative growth exper-
iment of cells inoculated into synthetic complete liquid media lacking
uracil and grown for ~55 h at 30°C. Strains deficient in the methylation
pathway do not grow to as high a density as wild-type strains in synthetic
complete media (data not shown). When Hmg2p® is overexpressed (light
bars) in psd1-, cho2-, or opi3- null strains, cells display a significant growth
defect. This phenotype is not observed in ckil:, cptl:, or eptl- null strains.
Overexpression of Hmg2p>-TM-hN-GFP (dark bars) does not affect
growth in any of the null strains tested.
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Table 2. Summary of protein localization by live cell imaging in HER mutant strains

Protein expressed?®

HER General ER morphology Other ER remodeling proteins
Hmg2ps-TM-hN-GFP Sec63p-GFP KGFP* Hmg1e67-GFP P450Cm1-GFP
Class I - + + + +
Class 11 - + + + +
Class III - - - =P b
Class IV - - - - -

2 +, wild-type protein localization; —, aberrant protein localization.

P Respective structures form, but the cytoplasmic (nonnuclear) ER is aberrant.

lapped with YNL169C, the ORF of phosphatidylserine de-
carboxylase 1, PSD1. PSD1 catalyzes the conversion of phos-
phatidylserine to phosphatidylethanolamine in yeast, as
part of the methylation pathway (see below; Voelker, 1997).
To test which deleted ORF was responsible for the pheno-
type observed in our screen, we generated nonoverlapping
deletions of each of these coding regions. In this way, we
determined that the loss of PSD1 affected localization of,
whereas loss of YNL170W did not (data not shown). We
further verified that the phenotype was rescued by intro-
ducing a PSD1 expression plasmid (data not shown). These
data demonstrated that PSDI is required for Hmg2p-in-
duced ER remodeling. Our identification of PSD1 as a HER
gene led us to examine the other genes in the methylation
biosynthesis pathway, OPI3 and CHO2, both of which affect
Hmg2p ER remodeling (Figure 7A). Together, these three
genes comprise the class III HER genes. As such, these are
the first genes that link the membrane-altering effects of
HMGR to phospholipid biosynthesis.

The discovery of the class III HER genes led us to inves-
tigate phospholipids in cells overexpressing Hmg2p. In S.
cerevisiae, there are two pathways for generating PC: the
methylation pathway and the Kennedy pathway (Figure
7A). The major pathway in yeast is the methylation path-
way, in which PSD1 synthesizes PE by the decarboxylation
of PS. Most of the PE generated is converted into the abun-
dant phospholipid PC by the sequential methylation of PE
by the Cho2p and Opi3p methyltransferases (for review, see
Carman and Kersting, 2004). We tested whether the
Kennedy pathway was also required for Hmg2p-induced ER
remodeling, or whether this was specific to the methylation
pathway. When we tested our Hmg2ps-TM-hN-GFP con-
struct in ckil-, cpt1-, or ept1-, null strains, we did not observe
a mutant phenotype (Figure 7B). These data suggested that
in the medium used for the screen, Hmg2p-induced ER
remodeling specifically required the methylation pathway.

We next examined the effects of overexpressing Hmg2p in
the pathway nulls, by using both the Hmg2ps-TM-hN-GFP,
and full-length, active Hmg2ps. We were surprised to find
that strains lacking methylation pathway enzymes Psdlp,
Cho2p, or Opi3p exhibited a significant growth defect in
synthetic complete liquid minimal medium when active
Hmg2p® was overexpressed (Figure 7C, dark bars). This
growth defect was not observed in strains lacking the
Kennedy pathway enzymes Eptlp, Ckilp or Cptlp (Figure
7C, light bars). Because this phenotype was not observed in
the Kennedy pathway nulls, these data further support a
specific requirement for the methylation pathway when
Hmg2p is elevated.
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Surprisingly, the growth phenotype of the methylation
pathway nulls was only observed when enzymatically ac-
tive, full-length Hmg2p was overexpressed. When the same
growth test was done with Hmglp (data not shown), the
optical version of Hmg2p used for the genetic screen,
Hmg2ps-TM-hN-GFP (Figure 7B, light bars), or the inactive
version of Hmg2p, Hmg2p®' (Table 3), the growth effect was
not observed. Given the fact that the enzymatic activity of
Hmg2p is dispensable in Hmg2p-induced ER remodeling,
these results were very surprising.

The growth phenotype in the methylation nulls was not
observed if cells from synthetic complete solid medium were
inoculated into liquid YPD (data not shown). This is perhaps
not surprising, because YPD provides many molecules that
would otherwise be synthesized in leaner medium. For in-
stance, ethanolamine auxotrophs grow in YPD but not syn-
thetic complete medium, indicating that this rich medium
provides sufficient ethanolamine (Storey et al., 2001; Prinz,
personal communication). Consistent with this interpreta-
tion, addition of either ethanolamine or choline suppressed
the synthetic complete medium growth phenotype in the
psdl- strains expressing Hmg2p® (Table 3). These data are
very interesting given the data reported by the Voelker
laboratory. Storey et al. (2001) reported that psd1- null strains
grow normally at 30°C without addition of ethanolamine;
however, when grown at elevated temperatures (37°C) or on
nonfermentable carbon sources, the growth of psdl- strains
is severely compromised. Our data suggest that overexpres-
sion of active Hmg2p® causes a stress that severely compro-
mises the psd1- null in growth conditions where this gene is
responsible for PC synthesis.

In the synthetic medium used in the above-mentioned
growth studies, the methylation pathway is the principle

Table 3. Effect of ethanolamine and choline on growth in SC-URA
media

ODy after 50 h of growth

No supplement +ethanolamine +choline
psdl e empty vector 3.34 5.05 5.67
psdl ¢ Hmg2p® 0.24 5.68 5.73
psdl ¢ Hmg2p®i 3.75 5.29 5.35
PSD1 empty vector 5.96 6.75 6.59
PSD1 Hmg2p® 6.13 7.27 6.54

Representative experiment shown.
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route for PC synthesis available to the cells. In YPD medium,
the alternative head-group transfer pathway is also opera-
tive, thus allowing continued PC synthesis in the presence of
the psd1- null. Thus, we wondered whether the PSD1 gene
still played a role in Hmg2p-induced membrane alterations
in this more permissive condition. Accordingly, we exam-
ined the effects of Hmg2p overexpression on phospholipid
composition in YPD medium. We found that overexpression
of a single copy of TDH3pr-driven Hmg2p* caused a signif-
icant increase in the relative amount of PC (Figure 8A).
Furthermore, the relative amount of PS, the substrate for
Psd1p, was significantly decreased when Hmg2p* was over-
expressed (Figure 8A). Neither Hmg1p nor the soluble CD of
Hmg?2p caused a significant change in phospholipid compo-
sition (Figure 8A), despite each of these strains having very
high HMGR enzymatic activity as determined by resistance
to HMGR inhibitors (data not shown). This suggested that
the increase in PC abundance that occurs when active
Hmg2p is overexpressed is not simply due to increased
sterol pathway products, but rather is caused by full-length,
active Hmg2p.

The drop in PS that occurred concomitant with PC in-
crease was consistent with a role for the methylation path-
way in the effects of Hmg2p overexpression in YPD. Thus,
we tested whether these effects on phospholipid composi-
tion required Psd1p. Previous studies have shown that psd1-
null strains have PE levels that are significantly lower than
wild-type strains (Trotter and Voelker, 1995). Consistent
with this, the psdI- strains had the expected shift in phos-
pholipid ratios (Figure 8B). However, overexpression of
Hmg2p in this background had no effect on phospholipid
composition of this strain (Figure 8B). These data suggest
that elevating Hmg2p mobilizes the methylation pathway,
even in strains where this in not the primary source of PC.
However, a direct analysis of the effects on the separate
routes of PC synthesis would be required to further test this
possibility. Nevertheless, it is clear that phospholipid syn-
thesis plays a key role in the response to elevated Hmg2p,
and the methylation pathway might be a focal point for this
response.

DISCUSSION

In this study, we have determined both the structural and
genetic requirements for Hmg2p-induced ER remodeling.
Specifically, we have delineated the features of Hmg2p that
contribute to this response and have described a new set of
genes, referred to as HER genes that are required for
Hmg2p-induced ER remodeling. The majority of these genes
are highly specific for this process, and they are not required
for maintenance of ER structure or for the ER remodeling
caused by Hmglp or other membrane proteins.

Our studies revealed that Hmg2p has two separate fea-
tures that are sufficient for Hmg2p-induced ER membrane
remodeling. The first is through CD interactions, most likely
via multimerization. We found that increased expression of
Olelp' alone did not alter ER membranes; however, fusing
either HMGR CD to inactive Olelp did cause striking mem-
brane reorganization. Importantly, we found that although
both the Hmglp and Hmg2p CDs caused a profound and
identical alteration in membrane structure when tethered to
Olelpi, these structures were not the same as the character-
istic structures induced by Hmglp or Hmg2p. Unlike the
HMGR CDs, we found that identically fusing GFP to Olelp'
was not sufficient to reorganize membranes. This was sur-
prising due to work in mammalian cells that demonstrated
that dimerization between cytoplasmic GFP molecules fused
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Figure 8. Increased Hmg2p expression alters phospholipid com-
position. (A) Phospholipid composition of cells with two integrated
copies of empty vector, TDH3pr-driven Hmg2p®, Hmglp, or the
soluble CD of Hmg2p in a wild-type strain. (B) Phospholipid com-
position of psd1 null strains with or without two integrated copies of
TDH3pr-driven Hmg2ps. Early log phase cells were grown in YPD.
Averages and standard deviations are shown; n = 3.

to TM proteins was sufficient to cause membrane reorgani-
zation (Lippincott-Schwartz et al., 2000).

Increased expression of the TM domain of Hmg2p alone
was not sufficient to remodel ER membranes, suggesting
that, like Hmglp, a folded domain attached to the TM
domain was necessary. Elevated Hmg2p expression induced
strips and whorls of membranes when the multimerization
domain was replaced with GFP, or when the entire CD was
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replaced with GFP (Hmg2ps-TM-hN-GFP and Hmg2ps-TM-
hN-GFP, respectively), indicating that the native CD of
Hmg?2p was not required to generate these structures. Our
analysis with Olelp demonstrated that fusing Olelp’ to GFP
or the hN-domain of Hmg2p with GFP does not cause any
observable alterations in ER membranes. Together, these
data demonstrate that the characteristic ER remodeling
caused by Hmg2p requires the Hmg2p TM domain in tan-
dem with a folded CD. We do not know whether any folded
CD would facilitate this interaction or whether there is a
shared feature between GFP and the CD of Hmg2p. These
findings illustrate another parallel between Hmg2p and
Hmglp, in that TM and CDs both contribute to structure
formation.

The structures induced by increased expression of full-
length Hmglp or Hmg2p see, similar by simple observation;
they each produce smooth, unbranched membranes that are
closely associated into stacks. However, the structures have
important differences that imply distinct molecular pro-
cesses underlying their formation. This was first indicated
by the Wright laboratory’s surprising demonstration of
Kar2p exclusion from Hmg2p-induced structures (Koning et
al., 1996). Both of the Olelp' fusions to the Hmglp and
Hmg2p CDs resulted in membrane arrays that colocalize
with Kar2p. These findings demonstrated that exclusion of
Kar2p is a unique feature of the Hmg2p-induced structures.
Our analysis of the localization of other ER-resident proteins
with respect to the structures generated by Hmg2p overex-
pression further supported the idea put forth from the
Wright group that these structures may be a specialized ER
subdomain in which only certain ER proteins reside. The
P-type ATPase Codlp/Spflp and the ubiquitin ligase Hrd1p
were virtually absent from Hmg2p-induced structures.
However, we found that Erg28p, a scaffolding protein in-
volved in mediating interactions between ergosterol biosyn-
thetic enzymes, was abundant in the arrays generated by
Hmg2p. This is particularly interesting because ERG28 was
scored as a HER gene in the screen, Together, these findings
suggest two interesting features of the structures generated
by Hmg2p. The lack of Hrd1p, the ubiquitin ligase essential
for Hmg2p degradation, indicates that Hmg2p degradation
might be restricted to regions outside of these structures.
The inclusion of Erg28p suggests that the structures may
function in production of sterols by enriching the proteins
involved in that process into subdomains of the ER.
Whether these structures are the sites of emerging lipid
droplets, the site of excess sterol and fatty acid storage,
remains to be determined. It will be important to discover
the mechanism by which Hmg2p is spatially maintained
away from select ER proteins within the continuous mem-
brane network of the ER.

The demonstration of genes specifically required for
Hmglp-induced structures (Koning et al., 2002; Wright et al.,
2003), and the distinct features of Hmg2p-induced ER struc-
tures implied that a separate set of genes, which we call HER
genes, would be required for Hmg2p-induced ER remodel-
ing. Our screen confirmed this idea. Among the genes that
were uncovered were two that have been previously iden-
tified as required for general ER morphology, NEM1 and
SPO7, which we called class IV. These genes did not fit our
stringent criteria as genes that were specifically required for
Hmg2p-induced structures, as opposed to being involved in
general ER morphology. However, all of the other genes
identified were specifically required for Hmg2ps-TM-hN-
GFP-induced ER alterations. They fell into three distinct
classes, class I, II, and III, categorized using the localization
of Hmg2ps-TM-hN-GFP by live cell imaging. In these con-
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ditions, class I nulls do not have observable membrane
structures, whereas class II nulls seem to generate only
nuclear-associated membrane arrays, similar to those caused
by Hmglp observed in both live cell imaging and IF. Class
III nulls, the three enzymes of the methylation pathway, had
an intermediate phenotype where a majority of the cells
(80-100%) in a given experiment had no structures, whereas
the remaining minority (20-0%) had only nuclear-associ-
ated stacks. Furthermore, even in the absence of overex-
pressed Hmg2ps-TM-hN-GEFP, the cytoplasmic (nonnuclear)
ER seemed altered in these mutants. This variability in the
strength of the phenotype in the enzyme mutants is not
currently understood, but it may be due to the fact that
phospholipid synthesis can be impacted by subtle differ-
ences in growth medium, growth phase or other conditions
in our experimental system.

One class of genes that did not occur in our screens was
that of the reticulons that are required for tubular morphol-
ogy of the ER in eukaryotes (Voeltz et al., 2006). Accordingly,
we directly tested both overexpression of Rinlp and the
effect of the rtnl- rtn2- yopl- triple null on Hmg2p-induced
ER remodeling. Neither of these manipulations had any
observable effects (data not shown). It may be that the struc-
tures formed by Hmg?2p are distinct from those that are
shaped by reticulons, although this question requires more
thorough study.

Importantly, we did not uncover any of the VPS genes
that are necessary for karmellae formation by Hmglp (Kon-
ing et al., 2002). In fact, only NEM1 and SPO7 have been
previously implicated in ER remodeling. ER resident pro-
teins were among the genes identified in our screen, includ-
ing ERG28 and COD1/SPF1. Our observation that Erg28p is
present in Hmg2p-induced structures and that the loss of
ERG28 from the cells results in a loss of Hmg2p-induced
structure formation, suggests that Erg28p may have a
unique role in this process. Because Erg28p is included in the
Hmg2p-induced structures, it could have a direct role on the
formation or function of these membrane arrays. Erg28p,
like HMGR, is highly conserved and loss of Erg28p results in
sterol deficiencies across species (for examples, see Gachotte
et al., 2001; Veitia and Hurst, 2001). Last, previous work
demonstrated that human testis cells (Veitia et al., 1999) and
adrenal cortical cells (Hu et al., 2000) both have increased
expression of human Erg28p, as is observed for HMGR (for
review, see Federovitch et al., 2005). This correlation is of
particular interest due to the fact that both of these tissue
types produce large amounts of sterols and have extended
arrays of ER membrane, presumably from elevated HMGR
needed for sterol production. Unraveling the roles of Erg28p
and the other HER genes will provide information about the
dynamics of ER membranes and the interplay between lipid
and protein.

Our identification of PSD1 as a HER gene led us to directly
examine the roles of the methylation and Kennedy phospho-
lipid biosynthetic pathways in Hmg2p-induced ER remod-
eling. In synthetic complete medium, where the PSD1-de-
pendent methylation pathway is the principle source of PC,
overexpression of Hmg2p caused a strong growth pheno-
type in the absence of PSD1, implicating a need for PC
synthesis upon formation of Hmg2p-induced structures.
Furthermore, in YPD medium, where PC can be obtained by
other routes, the effects of Hmg2p on phospholipid compo-
sition caused changes that were consistent with the activa-
tion of the pathway, and dependent on the PSD1 gene.
These findings suggest that the overexpression of active
Hmg?2p requires or activates the phospholipid synthesis to
effect changes in membrane structure, and it could possibly
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effect these changes by use of the methylation pathway.
Further work will focus on testing this model. Intriguingly,
we have so far not observed changes in the transcript levels
of any phospholipid synthetic enzymes (Federovitch and
Hampton, personal observations), implying that Hmg2p
may be able to directly stimulate or alter PC synthesis. Our
future studies will focus on the role of phospholipid synthe-
sis in the mechanism of Hmg2p-induced ER remodeling and
the effects of Hmg2p on cellular phospholipids.

PSD1 is one of two isozymes that are expressed in yeast,
along with PSD2 (for reviews, see Voelker, 1997, 2000).
Although the psd2- was included in the collection of nulls
screened, it was not identified as a candidate in our screen.
Because the two encoded proteins occupy distinct subcellu-
lar locations, it will be interesting and important to evaluate
the degree to which Hmg2p-induced effects on ER remod-
eling and phospholipid composition are specific for PSD1.

An important new aspect of the ER effects of HMGR was
unveiled in these studies. So far, our and other laboratories
have agreed that the catalytic activity of HMGR is not re-
quired for ER remodeling (Koning et al., 1996; Profant et al.,
1999). However, the requirement of the catalytic activity for
the phospholipid effects we observed demands reevaluation
of the role of the enzymatic activity in the full effects of
HMGR, as would be expected to occur in the natural cases of
ER remodeling caused by this enzyme, such as in adrenal
cortical cells, or other professional sterol-synthesizing cells
(Ross et al., 1958; Sisson and Fahrenbach, 1967; Black, 1972).
Similarly, recent work from the Wright group has found a
connection to HMGR enzyme activity in the cellular growth
responses to elevated Hmg1p (Loertscher et al., 2006; Wright
et al., 2003). These studies demand evaluation of active
HMGR in the understanding of its effects on ER dynamics
and structure. This requirement for HMGR catalytic activity
for the effects we observed may underlie the known cou-
pling of sterol synthesis to phospholipid synthesis that has
been observed in mammalian cells (Ridgway et al., 1999).
Our future studies will address the role of Hmg2p mem-
brane and catalytic determinants on the various effects on
the ER.
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