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University of Washington
Abstract

Defining the cis-acting requirements in the HMG-CoA reductase
gene for karmellae biogenesis

by Deborah Ann Profant

Chairperson of the Supervisory Committee: Associate Professor Robin Wright
Department of Zoology

In veast and mammalian cells, increased levels of the ER membrane protein,
HMG-CoA reductase (HMGR), induce specific ER membrane arrays. Yeast express two
HMGR isozymes, Hmglp and Hmg2p, each of which induces a morphologically distinct
proliferation of the ER. Hmg2p induces short stacks of ER membranes that may be found
associated with the nucleus or be present at the cell periphery. Hmglp induces karmellae,
which are stacks of nuclear-associated membranes. The HMGR protein consists of two
domains, a polytopic membrane domain at the amino terminus and a cytosolic catalytic
domain at the carboxyl terminus. Experiments from our laboratory had indicated that the
HMGR membrane domain was exclusively responsible for generation of ER membrane
proliferations. We recently discovered that this conclusion is incorrect: sequences at the
carboxyl terminus can in fact profoundly affect karmellae biogenesis. Specifically,
truncations of Hmglp that removed or shortened the carboxyl terminus were unable to
induce karmellae. Our working hypothesis is that a truncated or misfolded cytosolic
domain prevents proper signaling for karmellae biogenesis by interfering with the required
tertiary structure of the membrane domain.

Additionally, our laboratory had previously determined that the last ER
lumenal loop (Loop G) of the Hmglp membrane domain contains a signal needed for
proper assembly of karmellae. The folding of Loop G is likely to impact the lumenal
interactions of the membrane domain, providing a signal when the conformation of this
region permits one. Our goal is to determine the precise amino acid sequence needed for
proper function of this signal. To this end, we have randomly mutagenized the Loop G
sequence via mutagenic PCR, expressed the mutagenized Hmglp in yeast, and screened
for inability to properly generate karmellae. Analysis of Loop G sequences in karmellae-



defective as well as karmellae-competent mutants indicates that changes in charged residues
of the Loop G region profoundly affect karmellae biogenesis. Our working hypothesis is
that Loop G serves as a karmellae-inducing signal by mediating protein-protein interactions
and that these charged amino acids may be important for maintaining the proper secondary
structure of the Loop G region needed for these interactions.
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Chapter 1: Introduction

Membrane Function

A cell's survival depends on the structural integrity and functon of its
membranes. The plasma membrane allows selective exchange of materials with the
environment while maintaining a boundary around the cellular contents. In eukaryotes,
the evolution of internal membrane-bound organelles permitted compartmentalization
necessary for specialized functions including secretion, breakdown of components, and
the separation of transcription from translation. Two benefits of compartmentalization
are additional regulation of interactions provided by the sequestration into a local
environment and the separation of incompatible processes into separate organelles. The
- costs associated with compartmentalization are the requirement to effectively maintain
inter-organelle communication and the requirement to sustain the identity of each
organelle. Each organelle is usually characterized by a unique complement of structural
proteins and enzymes and, to some extent, by a particular lipid composition.

How is the identity of each organelle maintained while extensive traffic
occurs between organelles? A central problem for membrane biogenesis is the
mechanism by which characteristic protein components of each membrane are
maintained in the face of rapid turnover of the membranes. Another important
consideration is how the asymmetric distribution of various proteins and lipid species is
established and maintained in the different membranes. The membrane of each organelle

is subdivided into domains whose composition and function can differ from the



neighboring region of the membrane. In other words, how do these subdomains within
membranes remain intact? Membranes and organelles grow by expansion of existing
structures. This fact implies that machinery exists which recognizes the organelle-
targeting information on proteins and machinery exists which monitors changes in lipid
composition in regions of the various membranes. Many questions remain in the area of
lipid targeting and transport. Recent studies have shown that lipids can be rearranged
within membranes by vesicle-mediated transport or by phospholipid transfer proteins

(Wirtz and Zilversmit, 1968; Wirtz and Gadella, 1990).

Membrane Biogenesis

The ability of a cell to respond to signals from the environment or
neighboring cells requires temporal and spatial regulation of membrane components.
However, very litle is known about the mechanisms that coordinate membrane
biosynthesis and turnover. The study of cells programmed for specialized membrane
biosynthesis may reveal the molecular mechanisms that underlie the regulation of
membrane composition as documented in the examples that follow.

Specialized glial cells send out plasma membrane processes that become
tightly wound around axons to form the myelin sheath. Myelin insulates nerve fibers to
increase the velocity of the signal transmitted down the axon. The structure of myelin
has been extensively studied and was determined to be a lipid bilayer sandwiched
between two layers of protein. Numerous studies on myelin revealed that the protein
components of myelin determine the extracellular spacing between the membranes and
that the presence of many acidic lipid species is required to form the multilamellar
structure (Morell, 1984). Lipid composition in myelin varies with age of the animal and

between different regions of the nervous system. Cells adjust the cholesterol levels in



myelin in response to alterations in lipid composition (Morell, 1984). These studies on
myelin indicate that membrane assembly is not only dictated by the protein components,
but also by the lipid species.

In addition to plasma membrane alterations, cells can modulate their
endoplasmic reticulum (ER) in response to environmental stimuli. Exposure to organic
pollutants causes the proliferation of smooth ER in the digestive cells of marine bivalve
molluscs. Besides ER changes, the molluscs alter the permeability of their lysosomal
membranes in order to survive (Nott and Moore, 1987). In another study, European
ecls were examined for ultrastructural and biochemical alterations following a toxic spill
in the Rhine river. The eels proliferated their smooth ER, mitochondria, peroxisomes,
and lysosomes. The detoxifying enzymes present in these organelles were up-regulated,
and the smooth ER proliferation was attributed to an increase in the level of cytochrome
P450 protein (Braunbeck and Volkl, 1991).

Developmental programming can also lead to specialized membrane
production. For example, B lymphocytes dramatically increase their rough ER in order
to accomodate antibody production following exposure to antigen stimulation or
mitogens {Shohat et al., 1973; Zucker-Franklin et al., 1988). Post-natal differentiation
of rat hepatocytes leads to a rapid increase in smooth ER which will be needed for
detoxification (Dallner et al., 1966). Many cell types throughout the body can expand
their ER in response to changing conditions. Some of these cell types, such as steroid-
hormone producing cells of the adrenal cortex, have natural elevations in HMG-CoA
reductase and assemble extra ER membrane arrays due to the increased level of the
reductase protein (Sisson and Fahrenbach, 1967; Black, 1972).

Besides HMG-CoA reductase, a number of other ER-anchored proteins

can induce proliferation of ER membranes when expressed at increased levels.



However, not all ER-anchored proteins are capable of eliciting the ER production
response from the cell. The proteins, HMG-CoA reductase (Wright er al., 1988),
cytochrome P450 (Schunck ez al., 1991), cytochrome b5 (Vergeres et al., 1993), canine
ribosomal receptor (Wanker et al., 1995), protease B negative 1 (Pbnlp) (Naik and
Jones, 1998), and plant plasma membrane H+*-ATPase (Villalba et d., 1992), can all
induce ER proliferations in the yeast, Saccharomyces cerevisiae, but they do not share
any sequence homologies. These proteins all have at least one ER-membrane spanning
region but their total number of transmembrane-spanning regions varies from one to ten.
What properties of these membrane proteins lead to the cell perceiving a signal for
increased ER production? In this dissertation, I postulate that these different proteins
use a common pathway to signal for ER proliferation. The ER proliferation pathway
requires increased levels of an ER-anchored protein which assembles other lipids and
proteins into an ER subcompartment, thereby modifying the composition of the ER.
The cell perceives this altered ER composition as the signal for ER proliferation.
Prokaryotic cells are also capable of generating membrane proliferations
in response to the overproduction of certain membrane proteins. High levels of
fumurate reductase in Escherichia coli induced tubular membrane structures that
branched intemnally from the cytoplasmic face of the cell’s membrane (Weiner ef dl.,
1984). Fumurate reductase is composed of four nonidentical subunits; two of the
subunits are membrane-bound proteins. The high level of fumurate reductase accounted
for more than 50% of the inner membrane protein without reducing the levels of other
membrane proteins. Weiner et al. determined that the amount of membrane lipid also
increased such that the lipid/protein ratio remained constant. These authors postulated
that membrane tubule formation required the ability to induce changes in phospholipid

biosynthesis and they detected a large increase in cardiolipin, an increase in unsaturated



fatty acids, and a decrease in saturated fatty acids. A different lab noted a similar
phenomenon with overproduction of sn-glycerol-3-phosphate acyltransferase, an
integral membrane protein (Wilkison, 1986). This protein was overproduced 35 fold in
E. coli and caused the formation of intracellular tubular structures that were closely
associated with the cytoplasmic side of the plasma membrane. In contrast to the results
with fumuarate reductase, sn-glycerol-3-phosphate acyltransferase elevation did not
significantly change phospholipids. The most striking example of membrane induction
occurred in response to a ten fold overproduction of the membrane-bound ATP synthase
complex (Von Meyenburg er al., 1984). The elevated levels of the ATP synthase
complex resulted in an inhibition of cell division, and in formation of membrane vesicles
and inclusion bedies. This result is the first documented case of membrane arrays
leading to a cell growth phenotype; in most of the reported cases, cells accommodate the
extra membranes well and do not display a growth phenotype (Wright er al., 1988;
Villalba e dl., 1992; Vergeres et al., 1993; Wanker et al, 1995; Naik and Jones, 1998).
Scientists have begun to explore the mechanisms that different cell types use to regulate
the remodeling and expansion of their membranes and as discussed above, have focused
on different models to study these alterations. In the following section, I will discuss
the inducible membrane system known as karmellae which veast cells assemble in

response to elevations in HMG-CoA reductase.

Properties of HMG-CoA reductase

The best characterized example of the coordination between membrane
protein synthesis and membrane assembly is the induction of membranes by the ER
membrane protein, HMG-CoA (3-hydroxy-3-methylglutaryl Coenzyme A) reductase.

In yeast and mammalian cells, elevations in the level of HMG-CoA reductase (HMGR)



lead to the assembly of cell-type specific ER membrane arrays. When a mammalian cell
is treated with a competitive inhibitor of HMG-CoA reductase, the level of HMGR
protein rises and induces the formation of crystalloid ER (Chin er al., 1982).
Crystalloid ER are hexagonal arrays of smooth membrane tubules, which house HMGR
and at least 9 other proteins (Kochevar and Anderson, 1987). Twenty-five percent of
the protein in crystalloid ER was HMG-CoA reductase, with one other protein detected
at an equivalent level. The other seven proteins were less abundant (Kochevar and
Anderson, 1987). In contrast to mammalian cells, yeast assemble nuclear-associated
membrane stacks known as karmellae in response to increased levels of HMGR (Wright
etd., 1988). When human HMGR is expressed at increased levels in yeast, karmellae
are still formed rather than crystalloid ER (Wright ez al., 1990). Thus the genetics of the
cell, and not the specific protein, determine what type of membranes are formed. The
ability to stimulate membrane synthesis by simply altering the amount of HMGR
provides a sterling opportunity for scientists to analyze the regulation of ER structure
and function as well as to learn more about the regulation of the HMGR protein.

In addition to triggering ER membrane biogenesis, HMG-CoA reductase
catalyzes the rate-limiting step in sterol biosynthesis and is a target of drugs aimed at
lowering cholesterol in humans (Goldstein and Brown, 1990). HMG-CoA reductase
catalyzes the reduction of HMG-CoA to mevalonate. Mevalonate is the precursor for
sterols as well as numerous non-sterol compounds (Figure 1.1). The sterols produced
are important for maintaining membrane fluidity as well as leading to downstream
molecules such as steroid hormones. The non-sterol isoprenoid compounds participate
in many cellular processes such as electron transport (ubiquinones), photosynthesis

(plastoquinones), signal transduction (farnesyl), and protein glycosylation (dolichols).



The structure of HMGR can be divided into two domains, the catalytic
domain in the cytosol and the membrane domain. The yeast and mammalian HMGR
isozymes are predicted to have a complex amino-terminal domain that passes through the
ER bilayer eight times, followed by a non-conserved linker region and then the catalytic
domain (Basson et adl., 1988; Roitelman et al., 1992; Lum et dl., 1996). The membrane
domain is responsible for the regulated degradation of both the mammalian and yeast
HMGRs (Gil et al., 1985; Jingami et al., 1987; Hampton and Rine, 1994) and the
proliferation of ER membranes when HMGR levels increase (Jingami et al., 1987,
Parrish ez dl., 1995).

Unlike mammalian cells which have one HMGR, Saccharomyces
cerevisiae expresses two functional HMGR isozymes, Hmglp and Hmg2p (Basson et
d., 1986). Both isozymes produce mevalonate and can support cell survival alone
without the other isozyme (Basson et d., 1988). However, a study by Casey et al.
suggested that the mevalonate produced from each isozyme is shunted into a separate,
compartmentalized isoprenoid pathway. These authors found that palmitoleic acid acted
as a positive regulator of only the Hmglp isozyme. In contrast, Hmg?2p was inhibited
by oleic acid and was not regulated by palmitoleic acid (Casey e a., 1992). The two S.
cerevisiae 1sozymes share 46% identity in their membrane domains and 95% identity in
their catalytic domains (Basson ez al 1988). The differences in the membrane domains
are responsible for the unique properties of each isozyme. Hmglp is a stable protein
with a half-life greater than 8 hours (Hampton and Rine, 1994). Hmg2p is an unstable
protein with a half-life of 60 minutes and is known to be degraded by the proteasome
(Hampton and Rine, 1994; Hampton ez dl., 1996). Yeast cells respond differently to
elevated levels of Hmglp versus elevated levels of Hmg2p. Characteristic types of

membrane proliferations are formed in Saccharomyces cerevisiae. Specifically, Hmglp



triggers the formation of nuclear-associated membrane stacks called karmellae (Wnght et
al., 1988). In contrast, Hmg2p induces peripheral ER membrane stacks and short
karmellac (Koning ez al., 1996). Koning et al. demonstrated that Hmglp and Hmg2p
are localized to different ER subcompartments at elevated levels and that the protein
composition of these compartments can be regulated. Specifically, Kar2p, the ER-
lumenal chaperone, was excluded from Hmg2-type membrane proliferations but not

from Hmgl-induced karmellae (Koning et al., 1996).

Because yeast is a genetically malleable organism, we have chosen to
study the signaling pathway that leads to karmellae biogenesis in Saccharomyces
cerevisiae. Because many cell types perceive an increase in the level of HMG-CoA
reductase as a signal for ER membrane biogenesis, what we learn from our studies in
yeast will be applicable to membrane synthesis in other eukaryotes. Analysis of the
karmellae-inducing signal will give us a molecular description of the first part of the
pathway. Identificaion of new .proteins that interact with HMGR will allow
characterization of downstream components in this signaling pathway. New interacting
proteins may also provide additional information concerning the regulation of HMGR.
Because HMG-CoA reductase has a critical role in cholesterol production, these studies
may have clinical applications as well. Analysis of karmellae biogenesis has the
potential to reveal basic insights into the general principles for membrane assembly and

organization.
Outline of work in this dissertation

The work described in Chapter 2 elucidates the contribution of cytosolic

sequences on Hmglp in order for Hmglp to function as a karmellae-inducing signal.



We discovered that sequences at the carboxyl terminus of Hmglp can profoundly affect
the ability of the protein to induce karmellae. Specifically, truncations of Hmglp that
removed or shortened the cytosolic domain were unable to induce karmellae, even
though the mutant protein accumulated to normal levels. This result indicated that the
membrane domain of Hmglp was not sufficient to signal for karmellae assembly.
Using P-galactosidase fusion proteins, we demonstrated that the carboxyl terminus did
not simply serve as an oligomerization domain. This chapter was submitted to

Molecular Biology of the Cell in April 1999.

Chapter 3 describes the isolation and characterization of mutant HMG!
alleles defective for karmellae biogenesis. To identify the critical amino acids for
karmellae signaling, we introduced random point mutations into the Loop G-encoding
portion of HMGI. We randomly mutagenized the Loop G sequence via mutagenic
PCR, expressed the mutagenized Hmgl1p in yeast, and screened for inability to generate
karmellae. Out of 4,000 strains with Loop G mutations, we isolated 29 karmellae-
defective Loop G-encoding regions. Therefore, less than 1% of Loop G mutations
reduced the ability of the protein to induce karmellae. To test the mutant Loop G alleles
for dominance, we examined karmellae assembly in a strain expressing the wild-type
Hmglp and a Loop G mutant Hmg1p. Karmellae assembly was restored to 75% of the
wild-type level in a strain expressing both the wild-type Hmglp and a mutant Hmg1p.
Therefore, the mutant Loop G alleles are recessive to the wild-type HMGI. Sequencing
the mutant Loop G regions demonstrated that mutations which reduced the ability of the
protein to generate karmellae occurred in both conserved residues and in non-conserved
residues. Analysis of Loop G sequences from karmellae-defective as well as karmellae-

competent strains indicated that changes in charged residues led to a defect in karmellae
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biogenesis. Our hypothesis is that Loop G serves as a karmellae-inducing signal by
mediating protein-protein interactions and that the critical residues maintain the contact
sites required to permit these interactions. This chapter will be submitted to Yeast in

May 1999.
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Figure 1.1 An overview of the mevalonate pathway highlighting the
positions of HMG-CoA reductase and HMG-CoA synthase. Lovastatin is
a competitive inhibitor of HMG-CoA reductase. Double arrows signify

that there are subsequent steps which lead to the products shown.
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Chapter 2: The role of the cytosolic domain of HMG-CoA reductase in karmellae
biogenesis

Abstract

In all cells examined, specific endoplasmic reticulum (ER) membrane arrays are induced in
response to increased levels of the ER membrane protein, HMG-CoA reductase (HMGR).
In yeast, expression of Hmglp, one of the two veast HMG-CoA reductase isozymes,
induces assembly of nuclear-associated ER stacks called karmelliae. Understanding the
features of HMGR that signal karmellae biogenesis would provide useful insights into the
regulation of membrane biogenesis. The HMGR protein consists of two domains, a
polytopic membrane domain and a cytosolic cailytic domain. Experiments from our
laboratory had indicated that the HMGR membrane domain was exclusively responsible for
generation of ER membrane proliferations. Surprisingly, we discovered that this
conclusion was incorrect: sequences at the carboxyl terminus of HMGR can profoundly
affect karmellae biogenesis. Specifically, truncations of Hmglp that removed or shortened
the carboxyl terminus were unable to induce karmellae, even though the mutant protein
accumulated to normal levels. This result indicated that the membrane domain of Hmglp
was not sufficient to signal for karmellae assembly. Using P-galactosidase fusion
proteins, we demonstrated that the carboxyl terminus did not simply serve as an
oligomerization domain. Our working hypothesis is that a truncated or misfolded cvtosolic
domain prevents proper signaling for karmellae biogenesis by interfering with the required

tertiary structure of the membrane domain.
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Assembly of specific membranes is an essential process throughout cell
growth and development, but the molecular mechanisms responsible for specific
membrane biogenesis are not known in even a single case. Specific ER membrane
arrays are induced by increasing the levels of certain ER membrane proteins, such as
HMG-CoA reductase (Wright er d., 1988), cytochrome P450 (Schunck et al., 1991),
cytochrome b5 (Vergeres, et al., 1993), ribosomal receptor (Wanker et al., 1995)
Sec12p (Nishikawa et al., 1994), microsomal aldehyde dehydrogenase (Yamamoto et
d., 1996), and Pbnlp (Naik and Jones, 1998). Analysis of these inducible membranes
provides an opportunity to discover the molecular mechanisms cells use to regulate the
synthesis and organization of new membrane arrays.

HMG-CoA (3-hydroxy-3-methylglutaryl Coenzyme A) reductase is an
integral ER membrane protein that catalyzes the production of mevalonate, a key
intermediate in the synthesis of sterols and non-sterol isoprenoid compounds. The
structure of HMG-CoA reductase can be divided into two domains, a complex
membrane-spanning domain followed by a cytosolic catalytic domain (Basson et dl.,
1988; Roitelman er al., 1992). The amino-terminal half of mammalian and yeast
HMGRs spans the membrane eight times and is connected to the catalytic domain
through a linker sequence (Roitelman et al., 1992; Lum er d., 1996). The membrane
domain is responsible for the proliferation of ER membranes (Jingami et d., 1987;
Parrish et d., 1995) and the regulated degradation of both the mammalian and yeast
HMGRs (Gil er d., 1985; Skalnik er al., 1988; Hampton and Rine, 1994). The
cytosolic domain is responsible for catalysis and is thought to mediate protein
dimerization (Frimpong et al., 1994; Edwards et al., 1985; Basson et al., 1987).

Unlike mammalian cells, which have one HMG-CoA reductase, yeast

express two functional HMGR isozymes, Hmglp and Hmg2p (Basson er dl., 1986).
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Each isozyme triggers the proliferation of distinct sets of membrane arrays that reflect
the localization of the particular isozyme (Koning er al., 1996). Specifically, Hmglp
triggers the formation of karmellae, which are stacked pairs of membranes associated
with the nucleus (Wright er al., 1988). Hmg2p induces peripheral ER membrane stacks
and short karmellae(Koning er al., 1996). The ability to respond to HMGR elevations
by generating ER membrane arrays is not unique to yeast, but occurs in all cell types.
For example, in mammalian cells, HMGR induces the formation of hexagonal arrays of
smooth ER tubules called crystalloid ER (Chin ez dl., 1982; Pathak et dl., 1986; Jingami
et al., 1987; Kochevar and Anderson, 1987 ).

Over the years our laboratory had made several observations using
chimeric fusion proteins which indicated that the catalytic domain of HMGR played no
role in either induction or morphology of membrane biogenesis. For example, proteins
containing the HMGR membrane domain fused to unrelated carboxyl-terminal
sequences such as Suc2His4Cp induced the proliferation of ER membrane arrays that
were indistinguishable from the membranes generated by the wild-type HMGR (Parrish
eta., 1995). To determine if the membrane domain of Hmglp was sufficient to induce
karmellae, we generated truncations of Hmg1p that shortened or completely removed the
carboxyl terminus. Surprisingly, although the truncated proteins were expresssed at
high levels, yeast did not generate karmellae in response to them. Therefore, sequences
beyond the membrane domain must be playing some role in the process of signaling for
karmellae. One postulated role for the carboxyl-terminal sequences is to provide an
oligomerization domain that would allow the reductase proteins to associate with each
other. This hypothesis was tested by fusing the Hmglp membrane domain to an
oligomerization- competent B-galactosidase and to an oligomerization-incompetent
truncated B-galactosidase (Fowler and Zabin, 1983). Both B-galactosidase chimeras

induced karmellae, indicating that oligomerization of the cytosolic domain was not a
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requirement. Our experiments suggested that the carboxyl terminus of HMGR was not
neutral for karmellae assembly and that the role of the cytosolic domain was unlikely to

be oligomerization.

Materials and Methods

Strains and Media

The yeast strains used in this study are listed in Table 2.1. Strains were
grown at 30°C on rich minimal medium (0.67% yeast nitrogen base without amino
acids, 2% casamino acids, and 2% glucose or 2% galactose plus 3% - sucrose)
supplemented with the appropriate acids or nucleotide bases (Sherman et al., 1986) or
complete synthetic medium (CSM) minus histidine minus uracil from Bio 101 (La Jolla,

CA). Solid medium contained 2% agar (Sherman et al., 1986).

Plasmids

To truncate Hmglp after the membrane domain, pCS4-14, a derivative
of pCS4 with an Xhol site immediately after the membrane domain coding region
(Sengstag et al., 1990) was digested with Xhol and Clal to add a synthetic double-
stranded oligonucleotide with the HA epitope and a stop codon, resulting in plasmid
pDP428. The HA epitope is a nonapeptide sequence derived from the influenza
hemagluttin protein (Wilson et al., 1984). This plasmid encodes the N-terminal 523
amino acids of Hmglp (the entire membrane domain), followed by 14 amino acids that
included the HA epitope and a stop codon. The double stranded oligonucleotide was
prepared by annealing the following oligonucleotides:
STCGAGCATACCAGTTACCCATACGATGTTCCAGATTACGCTTAACTAGTT
GA 3' and 55CGTCAACTAGTTAAGCGTAATCTGGAACATCGTATGGGTAACTG
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GTATGC3'.

To create Hmg1:f-galactosdiase fusion proteins, pDP428 was digested
with Xhol andSpel to insert an Xhol-Spel fragment containing wildtype lacZ (pDP598)
or to insert an Xhol-Spel fragment containing a truncated lacZ (pDP600). The full-
length B-galactosidase was obtained from the plasmid pMKITNeo-Xhol-HMGald5',
and the truncated B-galactosidase was obtained from the plasmid pMKITNeo-Xhol-
HMGald20 (both provided by Helen Cheng and Robert Simoni, Stanford University,
Palo Alto, CA). These plasmids contain Syrian hamster HMGR fused to 3-galactosidase
or a truncated B-galactosidase with the last 20 amino acids removed. Both intermediate
plasmids, pDP598 and pDP600, needed a correction in reading frame in order to encode
the N-terminal 523 amino acids of Hmglp, followed by 76 amino acids of Syrian
hamster HMGR linker region, and then ending with the entire $-galactosidase or 8-
galactosidase missing the last 20 amino acids. The reading frame between the Hmglp
membrane domain and the hamster HMGR linker region was corrected by inserting a
double-stranded oligonucleotide. The double-stranded oligonucleotide was prepared by
annealing two oligonucleotides: STCGAACATACCAGTACG3' and
STCGACGTACTGGTATGT 3'. The final plasmids are pDP601 with the full-length
B-galactosidase fusion and pDP602 with the truncated B-galactosidase fusion A20.

The galactose-inducible HMGR plasmid pGAL-HMGI (pAK266) has
been previously described (Koning et al., 1996). To create a catalytically inactive
HMGR mutant, pAK266 was digested with Kpnl and then religated. This plasmid
(pAK260) encodes the GALI/10 promoter, N-terminal 987 amino acids of Hmglp
(which includes the entire membrane domain and most of the catalytic domain),
followed by a 29 amino acid gap, and then the remaining 68 amino acids of Hmglp.
The green fluorescent protein (GFP; (Prasher et al., 1992; Chalfie et d., 1994))

expression constructs used in these studies were derived from the plasmid pJC81
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(provided by Jeff Cox and Peter Walter, UCSF, San Francisco, CA). This plasmid
contains a mutant version of GFP10 in which the first two codons have been changed to
encode a BamHI site. To create a membrane domain Hmgl:GFP fusion, a 1.5 kb
BamHI-Eagl fragment of pJC81 (containing the 710 bp GFPI0 open reading frame,
400 bp of the ACT! gene containing the transcriptional terminator, and 390 bp of the fer
gene) was subcloned into the BamHI-Eagl sites of pRS316 (Sikorski and Hieter,
1989), creating plasmid pCR415. This plasmid, pCR415, was then digested with
BamHI and Smal, treated with Klenow to fill in the ends and religated, creating
pCR426. A 2.2 kb EcoRI fragment containing pGAL-HMG1 from pJR435 (Basson et
al., 1988) was ligated into the EcoRI site of pCR426, creating plasmid pCR427. This
plasmid encodes an Hmgl®¢™:GFP fusion, consisting of the GAL1/10 promoter, N-
terminal 525 amino acids of Hmglp, followed by three linker residues and all of GFP
except the initiating methionine. The cytosolic Hmg1:GFP fusion encoded by pCR425
has been previously described (Koning er al., 1996). This plasmid encodes the
GALI1/10 promoter, N-terminal 987 amino acids of Hmglp, followed by two linker
residues and all of GFP except the initiating methionine.

To exchange the Hmglp catalytic domain with the catalytic domain of
Hmg2p, pA7, which contains an introduced Xhol site after the sequences encoding the
Hmg1p last transmembrane domain (Sengstag et al., 1991) was digested with Hindlll,
treated with Klenow, and then cut with Xhol. The resulting 9 kb fragment contained the
HMG]I promoter and all the membrane domain coding sequences as well as vector
sequences. A 2 kb fragment that contains the Hmg2p linker region and catalytic domain
coding sequences was isolated from pB7, which contains an introduced Sall site after
the last transmembrane domain of Hmg2p (Sengstag et al., 1991). This fragment was

isolated after digestion with EcoRI, treatment with Klenow, and then digested with Sall.
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Ligation of the fragments produced pCS40, which encodes the HMGI promoter, N-
terminal 525 amino acids of Hmg1p, fused to the Hmg2p linker and catalytic domain.

The muiticopy (2 micron) plasmid, pRH127-3, which expressed the
soluble Hmglp catalytic domain under the control of the constitutive GAPDH promoter,
has been previously described (Donald et al., 1997). To co-express full-length Hmglp
with the soluble Hmglp catalytic domain, a galactose-inducible HMGI plasmid,
pAK266, was digested with Xhol and Spel yielding a. 43 kb fragment with the
GAL1/10 promoter and HMGI. This fragment was ligated into the Xhol, Spel sites of
pRS313 (Sikorski and Hieter, 1989) to produce a CEN-GALI/10-HMG] plasmid in a
vector that contains the HIS3 selectable marker (pDP586). V

DiOCg Staining

DiOCg (3,3'-dihexyloxacarbocyanine iodide) staining was performed as
previously described (Koning et al., 1993). Cells in log phase of growth were stained
with 10pg/ml DiOCg (Kodak, Rochester, NY) per 107 cells using a 1 mg/ml ethanolic
stock. Stained cells were observed with conventional fluorescence optics, using a
Nikon Microphot-FXA epifluorescence microscope with excitation (480+/-20nm) and
barrier (535+/40nm) filters appropriate for fluorescein.

Electron Microscopy

Preparation of cells for electron microscopy was a variation on methods
previously described (Wright and Rine, 1989). Specifically, cells were grown to 1
ODgoo/ml and the culture was fixed in 2% glutaraldehyde in buffer (0.1 M PIPES pH
6.8, ImM CaCl, 1mM MgCly), then postfixed in 2% KMnO4_ and stained en bloc
with 1% uranyl acetate. The cells were dehydrated through a graded ethanol series, and
embedded in Spurr's resin (Spurr, 1969). Sections were stained with Reynold's lead



19
citrate (Reynolds, 1963). Observations were made on a Phillips 100 CMT microscope
at 60-80 kV.

Immunofluorescence

Immunofluorescence was performed using a procedure similar to that
described (Pringle er al., 1983). Log phase cells were fixed with 3.7% formaldehyde,
treated with Zymolyase (United States Biological, Swampscott, MA) to partially remove
their cell walls, and applied to multiwell slides (Koning er al., 1996). Antisera
generated against the carboxyl terminal 15 amino acids of Hmglp (LDII) was used at a
1:100 dilution. Kar2p antibodies were a gift of Mark Rose (Princeton University,
Princeton,NJ) and were used at a 1:2000 dilution. GFP antibody was purchased from
Clontech (Palo Alto, CA) and used at a 1:100 diluton. HA antisera (12CAS) was
purchased from Boehringer Mannheim Biochemica (Indianapolis, IN) and used at a
1:100 dilution. A 1:800 dilution of rabbit anti-f galactosidase antibody (Cappel Organon
Technika, Durham, NC) was used. Previously, the anti-Bgal serum was pretreated by
incubation with a cellular lysate from fixed, glass-bead lysed yeast. In all cases, the
incubation in primary antisera was for 1 hour at room temperature. The antibody
solution was gently aspirated away and the cells were washed 5 times with TBST
(25mM Trizma base, 3mM KCIl, 140mM NaCl, 0.05% Tween-20). Then 10 pl of
blocking solution (TBST+1% ovalbumin) was applied to each well. In all cases, 10 ul
of secondary antibody was diluted in blocking solution, centrifuged for 10 min at
12,000 rpm in a microcentrifuge, and applied to the appropriate wells. The secondary
antibodies used were: 1:1000 Goat anti-rabbit fluorescein conjugated; 1:200 Goat anti-
mouse fluorescein conjugated; or 1:500 Goat anti-rabbit Texas red conjugated, Cappel
Organon Technkia, Durham, NC. After 45 minutes, the secondary antibody was
washed with TBST 5 times. 10 ul of a 1:1000 dilution of 1mg/ml DAPI (Sigma, St.
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Louis, MO) in TBS was added to each well for 1 minute. After one rinse with TBS, a
drop of Citifluor (Ted Pella, Redding, CA) was applied to each well, and the slide
sealed with a coverslip and nailpolish. Each experiment included a positive control
using an antibody to detect tubulin (Yoll/34 (1:10 dilution) Accurate Chemical and

Scientific Company, Westbury, NY) and a negative control lacking primary antiserum.

Protein Preparation and Immunoblotting

After growth in galactose for 12 hours, the cultures were diluted into
fresh medium (YM CAA 2% galactose, 3% sucrose) and grown for 4 to 6 hours until
they reached 1 OD600/ml. A 16-18 hour galactose induction was used because a high
level of karmellae is observed in cells after 12 hours in galactose. The cells were then
pelleted for 5 min at 834 x g in a clinical centrifuge, and the cell pellets were frozen at -
800C until lysed. Strains that did not contain galactose-inducible plasmids were grown
overnight in YM CAA 2% glucose medium. The next morning, the cells were diluted
into fresh glucose medium and grown to 1 OD600/ml before harvesting a cell pellet. A
total membrane fraction was prepared from the cells using modifications of previously
described methods (Deschenes and Broach, 1987; Koning et dl., 1996). The pelleted
membranes were resuspended in 100 pl lysis buffer (0.3M sorbitol, 0.1M NaCl, 5mM
MgCl2, 20mM MOPS pH 7.4) containing protease inhibitors (2ug/ml each TPCK (N-
tosyl-L.-phenylalanine-chloromethyl ketone), leupeptin, pepstatin A, aprotinin) found in
complete tablets (Boehringer Mannheim Biochemica, Indianapolis, IN).  The
absorbance at 280 nm was measured for each sample in 1% SDS, and 100 Asgo units
were loaded on duplicate gels after heating at 650C in 1X Laemmli sample buffer
(0.03M Trs-HCI, pH 6.8, 2% SDS, 10% glycerol, 5% B-mercaptoethanol, 0.005%
Bromophenol blue) for 10 min followed by a 5 min centrifugation at top speed in a

microcentrifuge (Laemmli, 1970). One gel was blotted to nitrocellulose and processed
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for immunodetection as described (Lum and Wright, 1995), and the duplicate gel was
stained with Colloidal blue from Novex (San Diego, CA). The duplicate gel and
Western blot were digitized by scanning and analyzed using NIH Image 1.60 software
as described (Lum and Wright, 1995). The above membrane preparation procedure was
used to determine the stability of the entire Hmglp or Hmgl fusion protein pool by
measuring the relative amount of Hmglp immunoreactivity remaining at various
timepoints after blocking protein synthesis with 50 pg/ml cycloheximide (CHX)

(Hampton and Rine, 1994).

B-galactosidase Activity Assays

The strains, RWY 943 and RWY 944 were assayed for B-galactosidase
activity according to the protocol of Guarente (Guarente, 1983). Briefly, log phase cells
were resuspended in buffer, SDS, and chloroform. Then o-Nitrophenyl-
p~D-—galactoside (ONPG) was added as the substrate for -galactosidase. The reaction
was stopped by adding NapCOs3, and the cell debris was removed by centrifugation. The
0OD420 was measured, and the results were normalized to the ODggq of the culture and to
the assay time. Duplicate assays were run in each case and cell dilutions were

determined to be in the linear range of the assay.

Results

Truncating the Hmglp carboxyl terminus reduced or eliminated the protein's ability to
induce karmellae.

Yeast cells respond to increased levels of Hmglp by proliferating stacked
pairs of nuclear-associated membranes called karmellae (Wright er a., 1988). To

determine if the cytosolic domain of Hmglp was required for karmellae biogenesis, we
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examined the organization of the ER in cells expressing wild-type or truncated Hmglp
proteins by fluorescence microscopy (summarized in Figure 2.1) and electron
microscopy (Figure 2.2). In this study, Hmglp levels were elevated by use of either a
galactose-inducible promoter or a multicopy plasmid, resulting in approximately a ten-
fold increase in protein in both cases. As expected, karmellac were observed in 35% of
the cells expressing wild-type Hmglp (Figure 2.2A). Note that karmellae are never
observed in 100% of the cell population in part because karmellae remain in the mother
cell at mitosis (Wright er al., 1988). Surprisingly, the truncated Hmglp that lacked a
catalytic domain (Hmgl mém:HA) failed to induce karmellae or any other type of ER
membrane proliferation (Figure 2.2B).

We considered the possibility that removal of the entire catalytic domain
might have profound effects on the folding of the Hmglp membrane domain. If so, less
dramatic changes to the catalytic domain should allow the protein to remain karmellae
competent. To test this idea, we examined the ultrastructure of cells expressing a
catalytically inactive Hmglp missing only 29 amino acids within the catalytic domain
(Hmg1A29p) and determined that only 1% of the cell population contained karmellae
(Figure 2.2C). In an additional 1% of the cell population, the HmglA29p induced
tubular ER stacks, which resembled the mammalian crystalloid ER (Figure 2.2D). This
dramatic reduction in karmellae was unexpected since the catalytic domain can be
completely replaced with unrelated carboxyl-terminal sequences without adversely
affecting the ability of the protein to induce karmellae (Parrish ez @l., 1995). In addition,
we had previously confirmed that catalytic activity of Hmglp was not required for
karmellae biogenesis by examining the ultrastructure of cells expressing a catalytically
inactive allele of HMGI in which a single amino acid had been changed and
demonstrating that this mutant Hmg1p induced karmellae to the wild-type level (Profant,

unpublished observations). Thus, neither a specific protein sequence or activity
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appeared to be necessary for ability to induce karmellae, yet even rather minor changes
tc the Hmg1p carboxyl terminus could interfere with karmellae assembly.

We also examined cells expressing an Hmgl membrane:Hmg2 catalytic
domain fusion, in which the Hmg2p catalytic domain replaced the Hmglp catalytic
domain (Hmglmem:Hmg2¢at), We predicted that Hmglmem:Hmg2<t will generate
karmellae because the information in the Hmglp membrane domain is postulated to
dictate the cell's response. In addition, the catalytic domain is highly conserved between
Hmglp and Hmg2p (Basson et d., 1988). As expected, the Hmglmem:Hmg2cat
induced predominantly karmellae (Figure 2.2H). However, in 4% of the cell
population, the Hmglmem:Hmp2cat jnduced Hmg2-type membranes.  Therefore,
information present in the Hmg2 catalytic domain continued to exert some influence on
the membranes generated even in the context of the Hmg1p membrane domain.

To further investigate the role of carboxyl-terminal sequences in
karmellae biogenesis, we characterized the membrane proliferations induced by two
different Hmg1:GFP fusion proteins. The first fusion included a portion of the Hmglp
catalytic domain (Hmglmem:Hmg1525-987.GFP). In the second fusion, the cytosolic
domain of Hmglp was completely replaced by GFP (Hmglmem:GFP). Karmellae were
induced by Hmglmem:Hmg1525-987:GFP (Figure 2.2G). In contrast, as for the
Hmglmem:HA protein, karmellae were never observed in cells expressing
Hmg1mem:GFP;.instead 10% of thé cells assembled disorganized ER membrane stacks
(Figure 2.2E and 2.2F). The disorganized ER consisted of either portions of the nuclear
envelope folding away from the nucleus or peripheral membrane stacks. These
observations are consistent with an essential, but unexpected, role for the carboxyl

terminus in karmellae biogenesis.

Differences in protein amounts did not account for the inablility to induce karmellae.
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Elevated levels of Hmg1p are required to induce karmellae (Wright er al.,
1988). Thus, mutations that decrease the amount of Hmglp would be unable to induce
karmellae assembly. We determined that the steady-state levels of all of the fusion
proteins were 70-94% of wild-type, verifying that adequate protein was expressed to
induce karmellae assembly in each case (Figure 2.3).

An alternate explanation for the inability of certain HMGI constructs to
generate karmellae is that Hmg1p fusion proteins that cannot induce karmellae may have
decreased stabilities. To investigate this possibility, we compared levels of Hmglp that
remain following addition of cycloheximide. Because cycloheximide inhibits new
protein synthesis, the amount of protein remaining at various times after treatment can be
used to assess the degradation rate of the protein in question (Hampton and Rine, 1994).
As expected (Hampton and Rine, 1994), wild-type Hmglp was stable, with litde
degradation observed after 4 hours of cycloheximide treatment (Figure 2.4A). The
truncated Hmg1p that lacked a cytosolic domain (Hmglmem:HA) (Figure 2.4B) and the
Hmg1A29p (Figure 2.4D) were also stable after 4 hours of cycloheximide treatment. In
addition, both the Hmglmem:GFP protein (Figure 2.4C) and the Hmglmem:Hmg1525-
987.GFP protein (Figure 2.4E) were stable after 4 hours in cycloheximide. In contrast
to Hmg1p, intact Hmg2p is quite unstable, with a half-life of 60 minutes (Hampton and
Rine, 1994). Unlike wild-type Hmg2p, Hmglmem:Hmg2t protein was stable after 4
hours of cycloheximide treatment (Figure 2.4E) confirming previous data which led to
the idea that the membrane domain of the protein determines its half-life (Gil et d.,
1985; Skalnik et al., 1988; Hampton and Rine, 1994). In Figure 2.4E, the percent
decrease in protein after 4 hours was plotted for the different Hmglp fusions, showing
that the fusion proteins had similar stabilities. These results eliminated the possibility
that the fusions were unable to signal for karmellae due to inadequate steady-state

protein levels or to instability of the Hmglp variants.
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Alteration of the cytosolic domain of Hmglp did not cause mislocalization of the protein
to the peripheral ER.

The ability of a protein to induce karmellae might depend upon its
specific localization within the cell (Koning ef al., 1996) Since karmellae arise from the
nuclear envelope, a protein capable of signaling for karmellae assembly would be
expected to be localized in the nuclear envelope. Consistent with this hypothesis,
increased levels of wild-type Hmg1p are present predominantly in the nuclear envelope;
in contrast, increased levels of Hmg2p localize predominantly to the peripheral ER
(Koning et dl., 1996).

The subcellular localization of the fusion proteins was examined by
immunofluorescence to assess whether alterations in the cytosolic domain of Hmglp
influenced the distribution of the protein within the ER. As expected, wild-type Hmglp
was present predominantly in the nuclear envelope, with increased fluorescence found in
cells generating karmellae (Figure 2.5, A and B). The localization of the lumenal ER
protein, Kar2p, demonstrates the pattern for proteins found throughout the ER (Rose er
al., 1989; Preuss et al., 1991). In Figure 2.5C and 2.5D, Kar2p staining appeared in
the nuclear envelope and in a network stretching to the cell periphery. The HmglA29p
had a localization pattern indistinguishable from wild-type Hmglp (Figure 2.5, E and
F), indicating that the inability of this protein to generate karmellae was not due to an
altered distribution within the ER. The localization pattern for Kar2p in the strain
expressing Hmg1A29p was unaltered from wild-type Kar2p localization (Figure 2.5, G
and H).

In Figure 2.6, the truncated Hmglp lacking a catalytic domain
(Hmglmem:HA) was localized using a monoclonal antibody (12CAS5) to the HA epitope.

Although the staining pattern was less distinct in these cells, the protein was detected in
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the nuclear envelope and in the ER network extending throughout the cytosol. Most of

the cells exhibited nuclear envelope staining in a ring surrounding the nucleus (Figure
2.6, A and B). Thus, the truncated Hmglmem:HA protein appeared to be localized
throughout the ER instead of displaying a predominantly nuclear envelope pattern. The
Kar2p localization pattern is shown for comparison in Figure 2.6C and 2.6D. To
confirm the specificity of the HA antibody, immunofluorescence was performed on a
yeast strain that was not expressing a HA-tagged protein. No immunofluorescence
patttern was observed in these cells, but the entire cell was faintly visible (data not
shown).

Next, we investigated the localization patterns of the two Hmgl:GFP
fusions. The Hmglmem:Hmg1525-987:GFP protein, which generates karmellae, was
localized in the nuclear envelope (Figure 2.7, E and F and Koning et al., 1996) similar
to wild-type Hmglp. The Hmglmem:GFP fusion, which failed to generate karmellae,
had a nuclear envelope localization pattern with some peripheral ER staining (Figure
2.7, A and B) again appearing similar to that of wild-type Hmgl1p.

Taken together, the localization patterns demonstrated that the failure to
assemble karmellae in response to the Hmglp fusions was not due to a large proportion
of the protein being mislocalized out of the ER or mislocalized exclusively to the
peripheral ER. However, from our data we cannot rule out the possibility that subtle
alterations in the localization of the protein, such as that observed for the Hmgl™mem:HA,

might influence the ability of the protein to induce karmellae.

Competition with the soluble catalytic domain reduced the overall level of karmellae
generated by the wild-type Hmglp.
Our results suggested that the membrane domain and the cytosolic domain

of Hmglp cooperate in some way to generate karmellae. To test this idea, we examined
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karmellae assembly in a strain expressing both the full-length Hmglp and a truncated

protein containing only the linker and the catalytic domain of Hmglp. Since HMGR is
thought to act as a dimer using contact sites in the catalytic domain (Frimpong er d.,
1994; Edwards et al., 1985; Basson et dl., 1987), we hypothesized that expression of a
soluble catalytic domain would interfere with the ability of the holoprotein to dimernze
and to induce karmellae. It is important to note that the catalytic domain is capable of
proper folding and oligomerization in the absence of attachment to the membrane domain
since it is enzymatically active and the amount of activity parallels the protein amount
(Donald et dl., 1997) As expected, elevated expression of the soluble catalytic domain
alone was incapable of inducing karmellae (Table 2.2). In the strain expressing both the
holoprotein and the soluble catalytic domain, the soluble Hmglp catalytic domain was
expressed at three-fold higher levels than the holoprotein (Table 2.2). In additon, the
amount of Hmglp holoprotein was not decreased relative to that seen in strains that are
not simultaneously expressing the catalytic domain. Consequently by the law of mass
action, and assuming that the proteins dimerized via carboxyl-terminal sequences, we
expected that 86% of the holoprotein would be complexed with a soluble catalytic domain
and that 14% of the holoprotein would form holoprotein-holoprotein dimers. Thus, if
dimerization between holoproteins were important for karmellae assembly, a dramatic
drop in the level of karmellae should be seen. Specifically, we would predict that the
proportion of cells containing karmellae should decrease from 41% to less than 6% (an
85% decrease). Unexpectedly, karmellae assembly was decreased by only 33% in the
strain expressing both the holoprotein and the soluble catalytic domain (Table 2.2). This
result suggested that carboxyl-terminus mediated dimerization between holoproteins may

not be essential for karmellae assembly.
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Oligomerization of the cytosolic domain of Hmglp was not required for karmellae

formation.

To further test the hypothesis that oligomerization via the cytosolic
domain was not required for karmellae assembly, we fused the Hmglp membrane
domain to B-galactosidase (f-gal) or to a truncated f-galactosidase missing the last 20
amino acids (B-galA20). Full-length f-galactosidase forms tetramers, which are the
enzymatically active form of the enzyme; dimers and monomers are not catalytically
active (Fowler er al., 1983). Truncated B- galactosidase missing the last 10 amino acids
is found as a monomer (Fowler ez dl., 1983). In addition, B-galactosidase missing the
last 16 amino acids lacks enzyme activity and runs on a nondenaturing gel as a monomer
(Tsuneoka et al., 1991). Although we did not directly assess the oligomerization state of
either B-galactosidase fusion, the lack of B-galactosidase activity (Table 2.3) exhibited by
Hmglmem: B-galA20 was consistent with this carboxyl-terminus being monomeric.
Additionally, because Hmg1mem: B-pal was enzymatically active (Table 2.3), we would
argue that the carboxyl-termini of separate fusion proteins were capable of forming
tetramers. If oligomerization of the cytosolic region on Hmglp is critical for karmellae
induction, then the Hmg1mem:$-ga]A20 will fail to induce karmellae.

We performed immunoblots to measure expression of the B-galactosidase
fusion proteins and to confirm the stability of the proteins. Hmg1mem:f-gal was present
at 85% and Hmglmem:B-galA20 was present at 81% of the wild-type Hmglp steady-
state protein level (Figure 2.3), and both fusions were stable during the 4-hour treatment
with cycloheximide (Figure 2.8). Both Hmglmem:8-gal and Hmglmem:f-galA20
generated karmellae (Figure 2.9) and were localized predominantly to the nuclear
envelope of the ER (Figure 2.10). Because Hmgl™e™:$-galA20 induced karmellae,
oligomerization of the cytosolic domain did not appear to be required for karmellae
signaling. However, cells expressing the Hmgl™mem:B-gal generated a higher level of
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karmellae compared to cells expressing the Hmglmem:8.galA20 (Table 2.3).

Interestingly, over time, the amount of karmellae in both strains increased.

Discussion

To explore how cells regulate the synthesis and organization of new
membrane arrays, we studied the features of Hmg1p that are necessary for the protein to
act as a signal for karmellae biogenesis. An earlier study with heterologous carboxyi-
terminal fusions to HMG-CoA reductase suggested that the ability to induce membranes
resides solely with the HMG-CoA reductase membrane domain (Parrish et al., 1995).
Our laboratory refined this result, identifying the last ER-lumenal loop within the
Hmglp membrane domain (Loop G) as a region that is critical for karmellae biogenesis
(Parrish, er d., 1995). Thus, it was surprising to discover that sequences at the
carboxyl terminus could profoundly affect the ability of Hmglp to induce karmellae.

When taken as a whole, resuits from this study make it unlikely that the
inability of certain Hmglp constructs to induce karmellae reflects mislocalization of the
protein, an insufficient level of protein, an unstable protein, or the inability to
oligomerize via the carboxyl terminus. Instead, we propose that the karmellac
biogenesis defects result from alterations of the carboxyl terminus that perturb the
conformation of the membrane domain. In support of the importance of the tertiary
structure of the membrane domain for HMG-CoA reductase signaling, deletion of two
contiguous membrane-spanning regions in hamster HMG-CoA reductase resulted in a
protein that did not induce crystalloid ER; but instead induced disordered sheets of ER
(Jingami et al., 1987).

Earlier studies designed to identify the critical features of protein that can
induce ER proliferations emphasized the role of oligomerization at cytosolic domain

interfaces (Gong et d., 1996; Yamamoto er al., 1996). For example, microsomal
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aldehyde dehydrogenase (msALLDH) can induce crystalloid ER similar to that induced by

HMG-CoA reductase (Yamamoto et a@l., 1996). msALDH has a single transmembrane
domain and a large cytosolic domain, both of which are required for crystalloid ER
induction. These authors postulate that organization of the crystalloid ER stems from
interactions between the large cytosolic domains of msALDH in adjacent membranes
(Yamamoto et al., 1996). Extending this idea to Hmglp, interactions between cytosolic
domains would be responsible for organizing the karmellae into stacks and thereby
determine the type of ER proliferation. Our results do not support a requirement for
cytosolic oligomerization because the Hmg1™m¢m:8-0alA20 generated karmellae (Figure
2.9). However, since Hmglmem:§-0alA20 generated lower levels of karmellae that
increased with time (Table 2.3), oligomerization at the carboxyl terminus may aid in
clustering membrane domains which increases the local concentration of the Hmglp
signaling molecules.

Our results from the competition experiment in which the soluble
catalytic domain of Hmglp and the Hmglp holoprotein are co-expressed also suggest
that lateral clustering of membrane domains may be a prerequisite for karmellae
signaling. As shown in Table 2.2, the strain expressing both the holoprotein and the
soluble catalytic domain generated 67% of the wild-type karmellae level. We
hypothesize that the moderate decrease in karmellae reflects complexes between a
holoprotein and a soluble Hmg1lp, which prevent the close lateral association between
two membrane domains. In other words, the soluble Hmglp is titrating away a portion
of the membrane-bound Hmglp thus decreasing potential associations between
membrane-bound forms of Hmglp. Thus, our data are consistent with the idea that
Hmglp membrane domain interactions are critical for communicating the need for ER

proliferation.
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Recently, another view that emphasizes protein quality has emerged to

explain different types of ER proliferations that occur in response to mutant and wild-
type cytochrome P450s. When expressed in S. cerevisiae, a wild-type cytochrome
P450 of Candida maltosa generates tubular stacks of ER throughout the cytoplasm that
appear distinct from karmellae (Zimmer et al., 1997). In contrast, mutant forms of
Candida maltosa cytochrome P450 expressed in S. cerevisiae lead to the proliferation of
karmellae-like structures (Zimmer et al., 1997). Because the mutant P450 forms have
lower protein stability than the wild-type P450 enzymes, these authors favor a model in
which a quality control system sorts the mutant P450 forms into a stacked ER
subcompartment for degradation rather than the subcompartment responsible for tubular
expansion (Zimmer et al., 1997).

In our study, the Hmglp variants which failed to induce karmellae did
not have lower protein stabilities than the wild-type Hmglp, making it unlikely that
karmellae are assembled as degradative compartments to remove unstable proteins.
Instead, these proteins may have other altered properties that distinguish them from a
protein capable of inducing karmellae. We propose that these differences result in
sorting of these proteins into different ER subcompartments. Consistent with this idea,
when expressed at elevated levels, Hmglp and Hmg2p are localized in different ER
subcompartments that can have unique protein compositions (Koning e d., 1996). For
example, Kar2p, the ER-lumenal chaperone, is excluded from Hmg2-type membrane
proliferations but not from Hmgl-induced karmellae (Koning ez d., 1996).

Our working model for karmellae signaling is that individual Hmglp
proteins transiently associate with one another via their membrane domains. Interactions
between the attached catalytic domains also occur, but these interactions are not the key
events needed for karmellae assembly. When the levels of Hmglp are sufficiently high,

stable complexes form that result in concentration of associated lipids or proteins into an
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ER subdomain. This localized alteration in membrane composition activates the

signaling pathway that ultimately leads to ER proliferation. We hypothesize that proper
folding of the Hmg1p membrane domain is a critical first step in the karmellae signaling
process, and that this folding can be influenced by sequences at the carboxyl terminus.
In addition, sequences within the membrane domain itself, particularly Loop G, can
affect interactions between Hmglp membrane domains, thus influencing the formation
and stability of the ER subdomain. Direct tests of this model will be challenging and
will ultimately require sophisticated biophysical analyses. In the interim, additional
work aimed at identifying proteins that interact with HMG-CoA reductase may provide

important clues concerning the molecular events in the karmellae signaling procéss.



Table 2.1 Yeast strains and plasmids

Strain Genotype

JRYS527* MATa ade2-101 his3A200 lys2-801 met ura3-52
RWY410° JRY 527 + pAK266

RWY406 JRY 527 + pAK260

RWY614 JRY 527 + pDP428

RWYS572 JRY 527 + pCS40

RWY621° JRY 527 + pCR425

RWY626 JRYS27 + pCR427

RWY900 JRYS527 + pRH127-3

RWY 1494 JRY 527 + pDP586

RWY 1497 JRY 527 + pDP586 + pRH127-3

RWY943 JRY 527 + pDP601

RWYS44 JRY 527 + pDP602

Plasmid Description

pAK266b pGAL:Hmglp in pRS316; CEN6 URA3
PAK260 PGAL:HmglA29 in pRS316

pDP428 PHMGI: Hmglmem:HA in YEp352;2 micron origin URA3
pCS40 PHMGI1: Hmgimem:Hmg?2 o in YEp352
pCR425° pGAL:Hmglmem HMG 1525-987.GFP in pRS316
pCR427 pGAL: Hmgl™mem.GFP in pRS316

pRH127-3° PGAPDH:Hmglp catalytic in Yplac195; 2 micron URA3
pDP586 pGAL:Hmglp in pRS313; CEN6 HIS3

pDP601 pHMG1:Hmgl :B-galactosidase in YEp352
pDP602 pHMGI1:Hmgl:B-galA20 in YEp352

? Basson et al., 1986

®Koning et a., 1996
®Donald et dl., 1997
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Figure 2.2 Truncating the carboxyl terminus of Hmglp reduced the ability of the
protein to induce karmellae. The ultrastructure of the nuclear envelope in a wild-
type strain and in strains expressing the Hmglp fusion proteins was compared.
(A) A wild-type strain expressing intact Hmglp (RWY 410) contains karmellae
membranes in an ordered array on the nucleus. (B) Cells expressing the truncated
Hmgimem:HA protein (RWY 614) lack any ER membrane proliferations. (C and
D) Cells expressing the Hmg1A29p (RWY 406) usually lack karmellae (C) and
sometimes produce extended ER networks (D). (E and F) Cells expressing the
Hmglmem:GEFP (RWY 626) do not generate karmellae but have altered ER
arrays. (G) Cells expressing the Hmglmem:Hmg1525-987:GFP (RWY 621)
generate karmellae. (H) Cells expressing the Hmglmém:Hmg? cat (RWY 572)
generate karmellae predominantly. Occasionally, Hmg2-type membranes are
found in the population of cells expressing the Hmglmeém:Hmg? @t Arrows
point to karmellae; arrowheads point to proliferated ER. Bars, 0.5 um.
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Figure 2.3 The abilities of different proteins to induce karmellae was
unlikely to be due to quantitative differences in protein amount. The graph
compares the relative levels of Hmglp fusion proteins to the wild-type
Hmglp. The wild-type Hmglp steady-state level was set to 1.0. For each
strain, the percentage of cells in the population with karmellae was observed
using DiOCg. The expected percentage of karmellae reflected the
percentage that would be present in cells expressing that amount of wild-
type Hmglp. This calculation assumes a linear relationship between
amount of HMG-CoA reductase protein expressed and level of karmellae

induced (Koning, unpublished results).
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Figure 2.4 The truncated Hmg1lp variants had similar half-lives as the
wild-tvpe Hmglp. Total cellular membranes were isolated and prepared for
immunoblotting. At time zero, the culture was split into two flasks with
one flask receiving 50 ug/ml cycloheximide (CHX). At subsequent times
(2 and 4 hours), aliquots were removed for membrane isolation. (A) Intact
Hmglp (RWY 410) was detected using an antisera against the Hmglp
catalytic domain in the top panel. The lower panel is a duplicate gel stained
with Coomassie. (B) The truncated Hmglmem:HA protein (RWY 614) was
detected using the 12CAS anti-HA antibody in the top panel. The lower
panel is a duplicate gel stained with Coomassie. (C) The Hmglmem: GFP
fusion (RWY 626) was detected using anti-GFP antisera in the top panel.
The lower panel is a duplicate gel stained with Coomassie. (D) HmglA29p
(RWY 406) was detected using an antisera against the Hmg1p catalytic
domain in the top panel. The lower panel is a duplicate gel stained with
Coomassie. (E) The graph compares the fusion protein levels, normalized
to total protein loaded on the gel relative to the zero timepoint level for each
protein. The relative levels of protein were determined for all timepoints
and the percent decrease was calculated by comparing the O hour protein

level to the 4 hour with cycloheximide protein level.
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Figure 2.5 HmglA29p was localized to the nuclear envelope in a pattern
indistinguishable from the wild-type Hmg1p localization. Indirect
immunofluorescent localization of Hmg1lp or Kar2p is shown in panels A,
C,E, and G. Localization of the nucleus in the same cells is shown by
DAPI staining in panels B, D, F, and H. (A and B) Localization of
elevated levels of wild-type Hmglp was determined in cells of strain RWY
410 using an antibody to the catalytic domain of Hmglp. (C and D)
Localization of Kar2p in strain RWY 410 is shown for comparison. (E and
F) Localization of elevated levels of Hmg1A29p in strain RWY 406 was
determined by using an antibody to the catalytic domain of Hmglp. (G and
H) Localization of Kar2p in strain RWY 406 is shown for comparison.
Bar, 5 um.
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Figure 2.6 The truncated Hmglmem:HA protein was localized throughout
the ER. Indirect immunofluorescent localization of the truncated
Hmglmem:HA protein or Kar2p is shown in panels A and C. Localization
of the nucleus in the same cells is shown by DAPI staining in panels B and
D. (A and B) Localization of elevated levels of the truncated Hmglmem:HA
protein in strain RWY 614 was detected by using 12CAS anti-HA antibody.
(C and D) Localization of Kar2p in strain RWY 614 is shown for

comparison. Bar, 5 pum.
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Figure 2.7 Hmglmem:GFP and Hmglmem: Hmg1525-987.GFP were
localized to the nuclear envelope with some peripheral ER staining. Indirect
immunofluorescent localization of the GFP fusion proteins or Kar2p in
shown in panels A, C, E, and G. Localization of the nucleus in the same
cells is shown by DAPI staining in panels B, D, F, and H. (A and B)
Localization of elevated levels of the Hmglmem:GFP protein in strain RWY
626 was determined by using a GFP antibody. (C and D) Localization of
Kar2p in strain RWY 626 is shown for comparison. (E and F) Localization
of elevated levels of the Hmg1mem:Hmg1525-987:GFP protein was
determined in cells of strain RWY 621 using a GFP antibody. (G and H)
Localization of Kar2p in strain RWY 621 is shown for comparison. Bar, 5

um.
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Table 2.2 Expression of the soluble Hmg 1p catalytic domain interfered with the production of karmellae.

Protein expressed

. pd Catalytic
Strain pGAL:Hmglp  pGAPDH:Hmgl™  Kammellae  Holoprotein®  Domain®
RWY 1494 X 41 1.00
RWY900 X never seen 3.60
RWY 1497 X X 271 1.05 330

1 The % karmellae was determuned from three independent experniments.
® After adjusting for total protein ioaded, the amount of holoprotein or catalytic domain
was normalized to holoprotein in RWY 1494.
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Figure 2.8 Hmglmem:B-gal and Hmglmem:f-galA20 had similar half-lives
compared to wild-type Hmglp. Total cellular membranes were isolated and
prepared for immunoblotting. At time zero, the culture was split into two flasks
with one flask receiving 50 pg/ml cycloheximide (CHX). At subsequent times (2
and 4 hours), aliquots were removed for membrane isolation. (A) Hmgl:B-gal
expressed in RWY 943 was detected using an antisera generated against the
membrane domain of Hmglp. (B) Hmgl:B-galA20 expressed in RWY 944 was

detected using the same antisera as in (A).
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Figure 2.9 Hmglmem:3-oal and Hmglmem:§-gal A20 induced karmellae. Cells

from both strains were fixed for electron microscopy. (A) RWY 943 cells
expressing Hmgl:B-gal generate karmellae. (B) RWY 944 cells expressing
Hmg1:B-galA20 also generate karmellae membranes. Bars, 0.5 um.
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Figure 2.10 Hmglmem:B-gal and Hmg]mem:B-gal A20 were localized to the
nuclear envelope. Indirect immunofluorescent localization of the Hmgl:B-
galactosidase fusions or Kar2p is shown in panels A, C, E, and G. Localization

of the nucleus in the same cells in shown by DAPI staining in panels B, D, F, and
H. (A and B) Localization of elevated levels of the Hmg1:B8-gal was determined
in strain RWY 943 by using anti-B-gal antibody. (C and D) Localization of
Kar2p in strain RWY 943 is shown for comparison. (E and F) Localization of
elevated levels of the Hmg!l:fB-galA20 was determined in strain RWY 944 by
using the same anti-f-gal antibody. (G and H) Localization of Kar2p in strain

RWY 944 is shown for comparison. Bar, 5 um.
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Table 2.3 Karmellae biogenesis from the Hmg1:f-galactosidase fusion proteins

% Karmellae®
—gal activi
Protein 4 hr 8hr P-g i v
U/OD/min
Hmg1:f—galactosidase 46 =2 56=2 23612
Hmgl:8-galA20 33«2 372 0.7+04

*The % karmellae was determined from three independent experiments.
® PB-galactosidase activity was determined from three independent experiments,

running duplicate tubes for each experiment.
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Chapter 3: Mutational analysis of the karmellae-inducing signal in HMG-CoA reductase
of Saccharomyces cerevisiae

Abstract

In response to elevated levels of the integral membrane protein, HMG-CoA reductase, a
variety of cell types, including yeast, assemble novel endoplasmic reticulum (ER)
arrays. These membranes provide useful models to explore ER structure and function,
as well as general features of membrane biogenesis and turnover. Yeast express two
functional HMG-CoA reductase isozymes, Hmglp and Hmg2p, that each induce
morphologically different ER arrays. Hmglp induces stacks of paired nuclear-
associated membranes called karmellae. In contrast, Hmg2p induces peripheral ER
membrane arrays and short nuclear-associated membrane stacks. In spite of the
differences in cellular response to each isozyme, both Hmglp and Hmg2p have similar
structures, including a polytopic membrane domain containing eight predicted
transmembrane helices. By examining a series of recombinant HMG-CoA reductase
proteins, our laboratory previously demonstrated that the last ER-lumenal loop (Loop G)
of the Hmglp membrane domain contains a signal needed for proper karmellae
assembly. Our goal was to determine the amino acids within Loop G that were critical
for proper function of this signal. To this end, we have randomly mutagenized the Loop
G sequence, expressed the mutagenized Hmglp in yeast, and screened for inability to
generate karmellae. Out of 4,000 strains with Loop G mutations, we isolated fifty-
seven that were unable to efficiently assemble karmellae. We analyzed Loop G
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sequences of mutant Hmglp that were defective in their ability to induce karmellae as

well as Hmglp with Loop G mutations that did not affect their ability to induce
karmellae assembly. Comparison of these mutations revealed that changes in charged
amino acid residues led to a defect in karmellae biogenesis. Our hypothesis is that Loop
G serves as a karmellae-inducing signal by mediating protein-protein interactions and
that these charged amino acids may be important for maintaining the proper secondary

structure of Loop G needed for these interactions.

Introduction

The mechanisms by which cells regulate the size, shape, and number of
organelles remain a largely unanswered question in cell biology, in spite of widespread
and dramatic examples of such regulation. For example, apparently in response to
decreased ATP production, massive proliferation of mitochondria occurs in a variety of
human myopathies (see Howell, 1999; Shoubridge, 1994 for review). The presence of
these proliferated, frequently abnormal mitochondria results in the formation of "ragged
red fibers," a diagnostic feature of the disease in skeletal muscle of affected individuals.
Less dramatic alterations occur throughout a cell's lifespan, as it adjusts its structural
features in response to environmental or physiological demands. The endoplasmic
reticulum appears particularly amenable to such regulated alterations.

Regulation of ER morphology and amount is readily observed in
response to treatments that elevate expression of ER proteins. For example, profound
changes in ER structure accompany a variety of developmental changes, including B-cell
differentiation (Shohat et al., 1973; Zucker-Franklin et al., 1988). In addition,
proliferation of smooth ER occurs in response to exposure to phenobarbital, which

induces expression of ER-resident cytochome P450s needed for drug detoxification
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(Daliner etal., 1966). ER proliferation can also be directly induced by experimental
manipulation of a subset of ER-resident membrane proteins, including HMG-CoA
reductase (Wright ez al., 1988), cytochrome bS5 (Vergeres etal., 1993), cytochrome
P450s (Schunck eral., 1991), the ribosome receptor (Wanker et al., 1995), Sec12p
(Nishikawa eral., 1994), microsomal aldehyde dehydrogenase (Yamamoto etal.,
1996), and protease B negative 1 (Naik and Jones 1998). These experimental avenues
for induction of ER proliferation offer interesting opportunities to discover how cells
regulate ER structure and function in response to changes in protein level and should
have general utility in understanding the regulation of organelle size and shape.

The yeast, Saccharontyces cerevisas, is a particularly useful organism for
exploration of protein-induced ER proliferation. In addition to the standard advantages
this organism provides from genetic and biochemical perspectives, it also affords a key
benefit that revolves around the presence of functionally identical and structurally similar
ER proteins that, nevertheless, induce morphologically different ER membrane arrays.
These proteins, Hmglp and Hmg2p, are both fully functional isozymes of a key enzyme
in cholesterol synthesis, HMG-CoA reductase (Rine eral., 1983; Basson etral., 1986).
This enzyme catalyzes the production of mevalonate, the first committed step in sterol
biosynthesis and a major node for regulation of sterol biosynthesis (Goidstein and
Brown, 1990). Although Hmglp and Hmg2p both generate mevalonate, yeast cells
respond differently to elevations in the amount of each protein. In response to Hmglp,
veast assemble karmellae, an array of stacked ER membranes that are tightly associated
with the nucleus (Wright eral., 1988). In response to Hmg2p, yeast assemble short
stacks of ER membranes that can be associated with the nucleus, plasma membrane, or
be free in the cytoplasm (Koning eral., 1996). A major goal of our laboratory is to

understand the basis of yeast's different responses to these proteins.
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Both Hmglp and Hmg2p are large, structurally complex proteins that

contain a cytoplasmically oriented catalytic domain and a polytopic membrane domain
predicted to have eight transmembrane segments (Basson ezal., 1988; Lum ezal., 1996;
Roitelman et al., 1992). The membrane domain plays an essential role in two features
of the protein: regulation of protein half-life (Gil ezal., 1985; Hampton and Rine, 1994;
Jingami etal., 1987) and induction of ER proliferation (Jingami ez al., 1987; Parrish et
d., 1995). In a series of systematic exchanges in which portions of the Hmglp
membrane domain were replaced with the corresponding region of Hmg2p, the final
ER-lumenal loop between transmembrane segments 7 and 8 was found to be critical for
karmellae assembly (Parrish ezal., 1995). Consequently, this region, referred to here as
"Loop G," was presumed to contain key sequences necessary for mediating karmellae
assembly. The experiments described in this paper extend this analysis to the amino
acid level, revealing critical residues needed for efficient karmellae induction.
Surprisingly, these residues include many that are conserved between Hmglp and

Hmg2p.

Materials and Methods

Strains and growth conditions

The veast strains used in these studies are listed in Table 3.1. A
description of the Loop G-encoded amino acid changes is found in Table 3.2. Strains
were grown at 30°C on rich minimal medium (0.67% yeast nitrogen base without amino
acids, 2% casamino acids, and 2% glucose or 2% galactose plus 3% sucrose or 2%
galactose plus 3% raffinose) supplemented with the appropriate acids or nucleotide
bases (Sherman et al., 1986) or complete synthetic medium lacking histidine and uracil
(CSM-his-ura) from Bio 101 (La Jolla, CA). Solid medium contained 2% agar
(Sherman et al., 1986).
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Plasmids

The template used in the mutagenesis reactions and for the gapped
plasmid was an allele of HM G/ with introduced restriction sites flanking Loop G. Xkol
and Sall sites were inserted at postitions corresponding to the amino terminal and
carboxyl terminal ends of Loop G, respectively. The Xhol site at the amino terminus of
Loop G was created by inserting 6 nucleotides (CTCGAG) after nucleotide 1272,
inserting the amino acids Leu-Glu after residue number 424. The Sall site at the
carboxyl terminus of Loop G was created by inserting 6 nucleotides (GTCGAC) after
nucleotide 1494, inserting the amino acids Val-Asp after residue number 499 (Parrish et
d., 1995). Control experiments demonstrated that the HMG1 Xkol -Sall s fully
functional with respect to providing lovastatin resistance and karmellae biogenesis when
expressed at increased levels (Parrish er al., 1995) .

The plasmid pCR452, a CEN/ARS/URA3 vector containing HMG1 Xhol
-Sall under the control of the GAL1/10 promoter. To construct pCR452, the plasmid
pAKBSS, containing a 690 bp EcoRI-BamHI GALI/10 promoter fragment in pRS306
(Sikorski and Hieter, 1989) was digested with EcoRI, blunt-ended, digested with Sall,
and religated to create pCR448. This plasmid was cut with Sall, blunt-ended, digested
with Kpnl, and ligated to a 2.8 kb Sail (blunt-ended)-Kpnl fragment containing the first
half of HMG1 from pCR425. This plasmid, pCR450, was cut with Sphl and EcoRI
and ligated to the 1.5 kb Sphl -EcoRI fragment containing the 5' end of HMGI with
Xhol, Sall sites flanking Loop G from pMP320, creating pCR451. The plasmid,
pCR452, was created by a 3-way ligation of a 2.4 kb Spel-Sacl fragment from
pCRA451(containing the GAL1/10 promoter and the 5' end of HMGI1 Xhol Sall ) a 1.8
kb Sacl-Sall fragment from pDP152 (containing the 3' end of HMGI), and pRS316
(Sikorski and Hieter, 1989) digested with Spel and Xhol. The vector containing the
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GAL1/10 promoter without HMGI, pBM258, was previously described (Basson et dl.,
1988).

To co-express wild-type Hmg1p with mutant Loop G Hmglp proteins, a
galactose-inducible HMGI plasmid, pAK266, was digested with Xhol and Spel
yielding a 4.3 kb fragment with the GALI/10 promoter and HMGI. This fragment was
ligated into the Xhol, Spel sites of pRS313 (Sikorski and Hieter, 1989) to produce
pDP586, which consists of a CEN-GAL1/10-HMG]! plasmid with the HIS3 selectable

marker.

Mutagenic PCR and co-transformation of yeast with a gapped plasmid and the
mutagenized fragment

The plasmid, pCR452, was digested with Xhol and Sall, to produce a
linearized, gapped vector lacking the 230 bp Xhol-Sall Loop G encoding sequences.
The gapped plasmid was purified from agarose following electrophoresis using the
Qiagen gel extraction kit (Qiagen, Valencia, CA). The Loop G encoding portion of
HMG1 was synthesized by PCR under mutagenic conditions (in the presence of Mn 2+
and with skewed ratios of the dNTPs) as described (Muhlrad et al., 1992; Cadwell and
Joyce, 1992). Primers were designed for amplification of a 362 bp fragment including
the region between the Xhol and Sall sites.

Yeast strain RWY720 (hmgl::LYS2 ade his lys met pep4) was co-
transformed with 100 ng of the linearized gapped plasmid and 1 pg of the mutagenized
fragment by lithium acetate transformation as described (Gietz et dl., 1992). The cells
were plated on media containing yeast minimal salts, casamino acids, supplements, 2%
galactose, 3% raffinose, and 150 ug/mi lovastatin. Lovastatin is a competitive inhibitor
of HMG-CoA reductase (Alberts er al., 1980). Consequently, expression of elevated

levels of active Hmglp is required for growth of yeast in the presence of lovastatin.
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Colonies were picked from the transformation plate and patched onto a glucose piate,
which served as a source plate to retrieve putative mutants. The paiches were replica
plated onto a galactose/raffinose plate, incubated for 16-20 hours at 30°C, and screened
for the presence of karmellae by staining with DiOCg (Koning et al., 1993). Strains
with less than 63% of the wild-type karmellae level were retained for futher analysis to

confirm the mutant phenotype.

DNA Sequencing

Plasmids from yeast were transformed into E. coli using a BRL protocol
(BRL, Gaithersburg, MD) to allow subsequent purification of plasmid. Before
sequence analysis, plasmids were digested with restriction enzymes to confirm the
presence of the Loop G encoding region. Because the restriction sites Xhol, Sall which
flank Loop G had compatible ends, it was possible that the gapped plasmid would
religate onto itself without incorporating a Loop G encoding fragment. If restriction
analysis demonstrated that the plasmid lacked the Loop G region, the plasmid was set
aside. The Loop G deletion plasmids recovered from yeast produced a mutant karmellae
phenotype. Restriction analysis showed that the remaining rescued plasmids did not
have large deletions in HMGI, since EcoRI, Pstl, Sall, and Sphl digests of the
plasmids gave the same banding pattern as the wild-type plasmid pCR452. Plasmid
DNA was purified for sequencing using Invitogen SNAP preps (Invitrogen, San
Diego, CA). Sequencing was performed with the ABI PRISM aye terminator cycle
sequencing ready reaction kit (Perkin Elmer, Foster City, CA) using primers that flank
the Loop G region. These reactions were analyzed on an ABI 377 automated DNA
sequencer (Perkin Elmer, Foster City, CA). Plasmid DNA was used to re-transform

yeast to confirm that the karmellae assembly defect was plasmid-linked.
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DiOC¢ staining

DiOCg (3,3'-dihexyloxacarbocyanine iodide) staining was performed as
previously described (Koning et al., 1993). Cells in log phase of growth were stained
with 10pg/ml DiOCg (Kodak, Rochester, NY) per 107 cells using a Img/ml ethanolic
stock. Stained cells were observed with conventional fluorescence optics, using a
Nikon Microphot-FXA epifluorescence microscope with excitation (480+/-20nm) and
barrier (535+/40nm) filters appropriate for fluorescein.

Immunofluorescence

Immunofluorescence was performed using a protocol similaf to that
described by Pringle (Pringle et al., 1989). Log phase cells were fixed in 3.7%
formaldehyvde, treated with Zymolyase (United States Biological, Swampscott, MA) to
partially remove their cell walls, and applied to multiwell slides (Koning er al., 1996).
Antisera generated against the carboxyl-terminal 15 amino acids of Hmglp (LDII) was
used at a 1:100 dilution. The incubation in primary antisera was for 1 hour at room
temperature. The antibody solution was gently aspirated away and the cells were washed
5 times with TBST (25mM Trizma base, 3mM KCl, 140mM NaCl, 0.05% Tween-20).
Then 10 pl of blocking solution (TBST+1% ovalbumin) was applied to each well. 10ul
of secondary antibody (Goat anti-rabbit fluorescein conjugated, Cappel Organon
Technika, Durham, NC) was diluted to 1:500 in blocking solution, centrifuged for 10
min, and applied to the appropriate wells. After 45 minutes, the secondary antibody
was washed with TBST 5 times. 10ul of a 1:1000 dilution of Img/ml DAPI (Sigma,
St. Louis, MO) in TBS was added to each well for 1 minute. After one rinse with
TBS, a drop of Citifluor (Ted Pella, Redding, CA) was applied to each well, and the
slide sealed with a coverslip and nailpolish. Each experiment included treatment of each

strain with an antibody to detect tubulin (Yol1/34 (1:10 dilution) Accurate Chemical and
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Scientific Company, Westbury, NY) as a positive control, and a treatment of secondary

antibody only to detect any non-specific staining.

Protein preparation and immunoblotting

A membrane fraction was prepared for analysis of HMGR protein using
immunoblots. Cells that had been growing in galactose medium for 8 hours were
pelleted for 5 minutes at 834 X g in a clinical centrifuge. The cell pellets were stored at -
80°C until processed. A total membrane fraction was prepared from the cells using
modifications of methods previously described (Deschenes and Broach, 1987; Koning
et al., 1996). The pelleted membranes were resuspended in 25 ul lysis buffer/ODgoo
(0.3M sorbitol, 0.1M NaCl, SmM MgCI2, and 20mM MOPS, pH 7.4) containing
protease inhibitors (2 pg/ml each TPCK (N-tosyl-L-phenylalanine chioromethyl
ketone), leupeptin, pepstatin A, aprotinin) found in complete tablets (Boehringer
Mannheim Biochemica, Indianapolis, IN). The absorbance at 280 nm was measured for
each sample in 1% SDS, and 100 A,, units were loaded on duplicate gels after heating
at 65 °© C in 1X Laemmli sample buffer (0.03 M Tris-HCl, pH 6.8, 2% SDS, 10%
glycerol, 5% B-mercaptoethanol, 0.005% Bromophenol blue) (Laemmli, 1970) for 10
min followed by a 5 min centrifugation at top speed in a microcentrifuge. Duplicate gels
were run simultaneously; one gel was blotted to nitrocellulose and processed for
immunodetection as described (Lum and Wright, 1995), and the duplicate gel was
stained with Colloidal blue from Novex (San Diego, CA). The duplicate gel and the
Western blot were digitized by scanning and analyzed using NIH Image 1.60 software
as described (Lum and Wright, 1995).
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Resuits

Identification of mutations in the Hmglp Loop G sequence thar prevent efficient
induction of karmellae biogenesis.

Within the Hmglp membrane domain, the final ER-lumenal loop that
joins transmembrane segments seven and eight, Loop G, (see Figure 3.1) is critical for
karmellae assembly (Parrish et al., 1995). A reasonable hypothesis is that the
corresponding region from other HMG-CoA reductases that induce karmellae also
serves as the karmellae-inducing signal. Thus, one might be able to define the sequence
requirements for karmellae induction by comparing the sequences of all HMG-CoA
reductases that induce karmellae in Saccharomyces cerevisiae. Unfortunately, there is
little sequence homology between the Loop G regions of Saccharomyces cerevisiae
Hmglp and human HMGR, making it difficult to predict which amino acids are critical
for the function of this region. We set out to determine which residues within this 76
amino acid sequence were critical for the function of Loop G as a karmellae-inducing
signal. To this end, we introduced random point mutations into the Loop G encoding
portion of HMG1 via mutagenic PCR (Muhirad ez al., 1992; Cadwell and Joyce, 1992).
Then yeast were transformed with the PCR product and a plasmid that was missing the
Loop G region of HMGI. Resulting transformants usually contained an intact plasmid
that had been reconstituted via recombination between the PCR product and the gapped
plasmid, a process called gap repair (Rothstein, 1991). In addition, the haploid yeast
used for this analysis lacked an intact chromosomal HMGI allele, so that the only
Hmglp produced by the cells would be expressed from the plasmid following gap
repair. In our experiment, we did obtain transformants that contained a religated gapped
plasmid missing the Loop G encoding region due to the compatibility of the restriction
sites that flanked Loop G. To identify these Loop G deleted plasmids, we performed

restriction digest analysis on all recovered plasmids.
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Although we were interested in sequence determinants of the karmellae-
inducing signal, any mutation in HMG! that resulted in low levels of the protein would
also prevent karmellae assembly. To select for mutant Hmg1p proteins that continued to
be expressed at high levels, the yeast transformants were grown in the presence of
lovastatin, a competitive inhibitor of HMG-CoA reductase (Alberts er al., 1980).
Expression of high levels of active Hmglp is necessary for growth on lovastatin plates.
As shown in Figure 3.2, hmgl, HMG2 cells containing the vector (RWY 1086) were
inviable on galactose, lovastatin solid medium. As expected, hmgl, HMG?2 cells
harboring plasmids containing the GAL1/10 promoter fused to either a wild-type HMG!
or a Loop G mutant HMG! were viable on 150 ug/mil lovastatin medium. We then used
fluorescence microscopy to examine the ability of the lovastatin-resistant colonies to
assemble karmellae. Because karmellae remain in the mother cell at mitosis, karmellae
are not observed in 100% of the cell population (Wright er al., 1988). In populations of
yeast that express wild-type Hmglp from a galactose-inducible promoter (RWY864),
approximately 40% of the population contain karmellae following 12 hours of induction
on galactose medium. In our screen, we initially defined yeast as karmellae defective if
they generated 25% karmellae or less.

Of 6,736 lovastatin-resistant colonies screened for their ability to
generate karmellae, we examined the Loop G sequences from sixty randomly selected
yeast strains that generated wild-type levels of karmellae. Twenty-two (37%) Loop G '
enceding sequences had the wild-type Loop G sequence. Therefore, approximately
63% of the Loop G encoding sequences contained mutations. After analysis of the
Loop G sequences, we determined that 62% of the mutations were single nucleotide
changes, 15% were two nucleotide changes, 11% were three nucleotide changes, and

12% were four or more nucleotide changes.
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Using the wild-type calculations. we determined that 4.000 strains from
our screen of 6,736 contained mutations. Fifty-seven strains with reduced levels of
karmellae were retained for further analysis (Figure 3.3). The plasmids from the original
mutants were passaged through E. coli and used 1o re-transform yeast to confirm that the
mutant karmellae phenotype was plasmid-linked. We determined that seven of our
karmeilae-defective mumnts did not exhibit plasmid-linked phenotypes. We then
performed restriction digest analysis on the piasmids from the remaining fifty strains.
Twenty-one plasmids were set aside because they were Loop G deletions in which the
gapped plasmid had religated onto itself. Then, the mutated Loop G coding regions in the
remaining twenty-nine plasmids that were unable to efficienty induce karmellae were
sequenced. Twenty-six different Loop G sequences were obtained with three sequences
isolated twice.

The posttions of the predicted amino acid changes for the protein's with
reduced ability to induce karmellae are shown in Figure 3.4 in relation to the wild-type
Loop G sequences of Hmglp and Hmg2p. The sequences for the Hmglp and Hmg2p
Loop G regions are 61% conserved with the majority of the amino acid differences
clustered in the amino-terminal haif of the loop (Basson er al., 1988). !nteresungly, the
amino acid changes which reduced karmeilae induction were located throughout the Loop
G region and alter both conserved amino acids and non-conserved amino acids between
Hmglp and Hmg2p (Figure 3.4). This resuit was surprising because we had predicted
that residues critdcal for karmeilae assembly would be those residues that are not
conserved between Hmglip, which induces karmellae, and Hmg2p, which does not.
Amino acid changes that do not affect the protein’s ability to induce karmellae are shown
in Figure 3.5. A comparison of the effects of single amino acids changes in Loop G is

shown in Figure 3.6.
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The inability to generate karmellae does not simply reflect lower amounts of Hmglp.

Although lovastatin selection ensures that elevated levels of active Hmglp
are expressed, it is possible that the steady-state amount of mutant Hmglp may not be
equivalent to wild-type. If so, a trivial explanation for the reduction in karmellae is that
the different mutant proteins are less abundant than the wild-type Hmglp. We determined
the relative protein levels of the 26 karmellae-defective mutants by immunoblots using
antiserum directed against the catalytic domain of Hmg1p (Figure 3.7). Using the relative
protein levels, we reclassified our 26 karmellae-defective mutants into two categories,
mutations that produce less than 50% of expected karmellae levels and mutations that
produce greater than 50% of expected karmellae levels. Karmellae assembly in the
mutants was normalized to amounts of karmellae assembled in wild-type cells relative to
the amount of Hmglp expressed (Table 3.3). Of the eighteen mutants that produce less
than 50% of expected karmellae levels, fifteen accumulated protein to significant levels (at
least 70% of the wild-type protein level). This result indicated that the karmellae
deficiency for these fifteen strains was not due to inadequate Hmglp protein levels. The
remaining three mutant proteins (I451N; LA471S; and K460R, E461A) were present at
reduced levels compared to the wild-type protein (less than 60% of the wild-type protein
level). These results indicated that certain amino acid changes in Loop G can alter the
accumulation of the protein. However, they also indicated that the phenotype of fifteen of
the mutants with reduced karmellae was not explained by a decrease in the Hmglp protein

accumulation.

Mutations in Loop G that interfered with karmellae production did not cause
miuslocalization of the Hmglp.

A mutation that altered the localization of Hmglp might reduce the ability
of the protein to signal for karmellae. To assess whether Loop G mutations influenced
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the distribution of the Hmglp, we localized three of the mutant Hmglp proteins
(D484H; N436K; K442M, 1A487P) with severely impaired karmellae signaling by
indirect immunofluorescence. The mutant Hmglp proteins were present in the nuclear
envelope and the peripheral ER (Figure 3.8, C, D, E, F, G, H) producing a
localization pattern that was indistinguishable from the localization pattern of the wild-
type Hmglp (Figure 3.8, A and B). The normal localization patterns of karmellae-
defective Loop G mutant proteins demonstrated that the reduction in karmellae was not

due to the mislocalization of the mutant Loop G proteins.

The mutant Loop G alleles are recessive to the wild-type HMG 1

HMGR functions as a dimer using contact sites in the catalytic domain
(Edwards et d., 1985; Basson et dl., 1987; Frimpong and Rodwell, 1994). If
dimerization between Hmglp molecules was important for karmellac assembly, the
mutant Loop G Hmg1p proteins might exert a dominant negative effect by complexing
with the wild-type protein and interfering with its ability to signal for karmellae
assembly. Consequently, we examined karmellae assembly in three strains which
simultaneously expressed the wild-type Hmglp and one of three Loop G mutant
Hmglp proteins. These three Loop G mutant proteins were chosen because they were
severely impaired for karmellae biogenesis, and their nuclear envelope localization was
previously determined (Figure 3.8). Asshown in Table 3.4, karmellae assembly was
restored to 75% of the wild-type level in a strain expressing both the wild-type Hmglp
and a mutant Hmglp. Therefore, the mutant Loop G alleles are recessive to the wild-

type HMGI.
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Discussion

As a step toward a more complete view of the sequence requirements
needed for the function of a membrane-inducing signal, we carried out a mutational
analysis of the Loop G coding region from HMGI. Based on our studies, we
screened 4,000 strains with Loop G mutations and isolated only 29 karmellae-
defective Loop G encoding sequences. This number indicates that less than 1% of the
mutations in Loop G reduced that ability of the resulting protein to induce karmellae.
The majority of amino acid changes were tolerated and did not compromise the
karmellae-signaling function of this region. Finding tolerated changes is not
surprising given that the HMG-CoA reductases from other species such as human and
hamster can induce karmellae in Saccharomyces cerevisiae even though their Loop G
sequences are different in amino acid composition and length (Figure 3.9; Wright et
al., 1990). The alignment of the Loop G amino acid sequences from different species
was generated using the CLUSTAL X program (Thompson et al., 1997). The fission
yeast, Schizosaccharomyces pombe, generates karmellae in response to elevations in
Hmglp and Hmg2p from Saccharomyces cerevisiae and in response to the pombe
Hmg I+ protein (Lum and Wright, 1995; Lum ez dl., 1996).

We were able to isolate seven single amino acid changes in Loop G
(N436K; D449V ; S453T; V465A; V467D; D484H; and R498H) which dramatically
reduced the ability of the protein to induce karmellac without affecting the protein's
accumulation (Table 3.3). Of the remaining nine mutants that produce less than 50%
of expected karmellae levels, three mutants (I451N; L471S; K460R, E461V) had a
decreased protein level (Table 3.3). Therefore, the majority of the amino acid changes
that we isolated did not alter the protein's accumulation but compromised the karmellae

signal by another mechanism. One possible mechanism for preventing karmellae
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assembly would be to cause mislocalization of the Hmglp. We examined the

localization of three of the mutant Hmglp with severely impaired karmellae signaling.
These three proteins localized to the nuclear envelope and the peripheral ER in a pattern
similar to the wild-type Hmglp (Figure 3.8). Therefore, these mutant proteins reduce
karmellae signaling by a mechanism other than affecting protein steady-state levels or
localization.

ER membrane arrays that appear similar to karmellae are induced by
increasing the levels of certain ER membrane proteins, such as HMG-CoA reductase
(Wright er al., 1988), cytochrome P450 (Schunck er al., 1991 542), cytochrome b5
(Vergeres et al., 1993), the canine ribosomal receptor (Wanker ef al., 1995), and
protease B negative 1 (Pbnlp) (Naik and Jones, 1998). These proteins capable of
inducing karmellae do not share any sequence homology. Their shared feature is
being anchored in the ER, and we postulate that they use a common pathway to signal
for ER proliferation. Our working model for karmellae signaling is that proteins
capable of inducing karmellae associate with specific lipids or proteins within the ER
membrane. When the level of the karmellae-inducing protein increases, the associated
proteins or lipids are concentrated in this region of the ER membrane. The altered ER
composition affects the function of other proteins, ultimately leading to karmellae

assembly.

This model is analogous to that imagined for the unfolded protein
response. When "unfolded" proteins accumulate in the ER, the levels of free ER
lumenal chaperones such as Kar2p decrease as the chaperones become complexed with
the misfolded proteins. The decreased level of Kar2p is then believed to affect
phosphorylation of the ER-resident kinase, Irelp, which, in turn, activates Haclp and

ultimately upregulates expression of ER chaperones. In the case of karmellae, the
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effects of Hmglp on ER membrane composition is not yet clear. However, we do

know, in our strains, that karmellae assembly does not directly involve the unfolded
protein response pathway (Larson and Wright, 1998 YGM poster 240). Thus,
identification of trans-acting factors needed for karmellae assembly should identify
novel signaling pathways within the ER.

We propose that Loop G serves as a karmellae-inducing signal by
mediating protein-protein interactions and that the critical residues maintain the contact
sites required to permit these interactions. Because the mutant Loop G alleles were
recessive to the wild-type HMGI, we conclude that the putative protein that interacts
with Loop G is present in excess. Interestingly, none of the Loop G mutants that we
identified was completely defective in karmellae assembly. Because the Loop G
mutants generate 9-84% of expected karmellae levels, the mutant Loop G sequences
are recognized as kannella.te signals at some frequency. The Loop G deletion Hmglp
induced karmellae in 7% of the cell population, which seems to indicate that Loop G is
not the only region recognized for karmellae signaling. We postulate that other regions
of the Hmg1p membrane domain are recognized by the putative interacting protein.

The availability of karmellae-defective Hmglp mutants will allow us to
further explore the ER membrane biogenesis pathway through the identification of
suppressors that restore wild-type karmellae levels. Suppressors may be mutant
proteins that associate more efﬁcienﬂy with the mutated HMGR and restore karmellae,
or they may bypass HMGR and signal for karmellae themselves. In either case, a
more complete understanding of how HMG-CoA reductase leads to alterations in ER
organization should follow identification of these genes. In tumn, elucidation of the
karmellae-signaling pathway will provide information concerning how a cell controls

the size and shape of a key organelle, the endoplasmic reticulum.
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Table 3.1 Yeast strains

Strain

Genotype

RWY 720

RWY 864

RWY 1086

RWY 1492

RWY 1499

RWY 1501

RWY 1503

MATa hmgl::LYS2 HMG2 wura3-52 his3A200 ade2-101
lys2-801 met TYRI pep4 (parent strain for Loop G mutants)
MATa hmgl::LYS2 HMG2 wura3-52 his3A200 ade2-101
lys2-801 met TYRI pep4 pCR452 (pGAL:Hmglp; in pRS316
CENG6 URA3)

MATa hmgl::LYS2 HMG2 wura3-52 his3A200 ade2-101
lys2-801 met TYRI pep4d pBMI150 (Ycp50 vector CEN4
URA3)

MATa hmgl::LYS2 HMG2 wura3-52 his3A200 ade2-101
lys2-801 met TYRI pep4 pDP586 (pGAl:Hmglp in pRS313
CENG6 HIS3)

MATa hmgl::LYS2 HMG2 wura3-52 his3A200 ade2-101
lys2-801 met TYRI pep4 pDP586 (pGAL:Hmglp) pCR463
(D484H)

MATa hmgl::LYS2 HMG2 wra3-52 his3A200 ade2-101
lys2-801 met TYRI pep4 pDP586 (pGAL:Hmglp) pDP558
(K442M,L487P)

MATa hmgl::LYS2 HMG?2 wura3-52 his3A200 ade2-101
lys2-801 met TYRI pep4 pDP586 (pGAL:Hmglp) pDP638
(I451IN)
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Table 3.2 Description of plasmids

Plasmid Mutant [ oop G Protein Expressed
pCR463 D484H Hmglp

pCR465 V465A.,1476F, LASOP Hmglp
pCR467 R498H Hmglp

pDP555 D449V Hmglp

pDP558 K442M,L487P Hmglp
pDP560 K460R, EA61A Hmglp
pDP625 P469S Hmglp

pDP629 V467D Hmglp

pDP627 F426S, S466R, T468A Hmglp
pDP630 EA461V, L471S Hmglp
pDP628 K474R Hmglp

pDP638 [451N Hmglp

pDP645 S453T Hmglp

pDP654 N425D Hmglp

pDP634 1419M, E424A N436K Hmglp
pDP635 A434V Hmglp

pDP637 V465D, S466G Hmglp
pDP641 Y439N, E457D, R491S Hmglp
pDP643 Y439H, P448S, 1.489S Hmglp
pDP646 N420I, V467A Hmglp
pDP650 N436K Hmglp

pDP651 F450C, 1476F Hmglp

pDP653 V465A Hmglp

pDP655 F426L Hmglp

pDP657 L471S Hmglp

pDP677 V445G, P469L Hmglp
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Figure 3.1 The predicted topology for Hmglp which highlights the
localization of Loop G. Eight potential membrane spanning helices were
identified in the hydropathy profiles of the membrane domains of Hmglp,
Hmg2p, and human HMGR. Previously, Hmglp was identified as
containing seven transmembrane-spanning helices. Further analysis predicted
eight transmembrane helices by including the potential transmembrane span

region 3. The asterisk indicates the controversial transmembrane span 3.
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Figure 3.2 Elevated levels of the wild-type Hmglp or elevated levels of the
mutant Loop G proteins conferred lovastatin resistance to the cells expressing
these proteins. Single colonies were streaked from a glucose plate onto a

galactose, sucrose plate or onto a galactose, sucrose plus lovastatin plate.
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6,736 lovastatin-resistant colonies screened
4,000 colonies with mutations in Loop G
3,943 colonies generated wild-type karmellae levels
57 colonies with reduced karmellae levels
21 Loop G deletion plasmids
7 mutants with non-plasmid linked phenotypes

29 mutants with plasmid-linked phenotypes

Figure 3.3 A flowchart showing the breakdown of yeast isolated in our screen
based on phenotype.
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Figure 3.7 Comparison of the Hmglp levels for wiid-type Hmglp versus
the mutant Hmglp proteins. Total cellular membranes were isolated and
prepared for immunoblotting. Wild-type Hmglp and the mutant Loop G
proteins were detected using an antisera against the Hmglp catalytic domain.
The expression level of the protein was normalized for total protein loaded

and compared to the value of 1.0 given 10 wild-type Hmglp levels.
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Table 3.3 The mability 1o generate karmellae did not correlate with the ievel of Hmgip

expressed.
Hmegip vanant Hmglip obsernved % expected % Normalized
levels*  karmellae karmeliae® karmellae
wild-type Hmgip 1.0 40 40 1.00
N42SD Hmglip 04 10 14 .71
F426L. Hmegip 1.0 21 40 .53
A434V Hmgip 1.0 25 40 .63
N436K Hmegip 1.0 9 40 23
D449V Hmglip 1.0 14 40 35
[4SIN Hmglp Q.5 8 21 .38
S4S3T Hmelp 0.8 12 34 .35
V465A Hmglp 1.0 10 40 .25
V467D Hmglp 08 12 33 .36
P469S Hmglip 0.5 16 19 .84
L471S Hmglp 0.3 6 13 .46
K474R Hmglp 0.5 16 20 .80
D484H Hmelp 0.8 7 33 .21
R498H Hmglp 1.0 6 40 .15
N420!l. V467A Hmelp 0.7 13 28 .46
K442M. L487P Hmgip 0.8 3 32 .09
V445G. P46SL Hmylp 0.7 10 29 34
F450C. 1476F Hmglp 1.0 21 40 .53
K460R. E461A Hmglp 0.6 8 22 .53
E461A. L471S Hmgip 0.6 19 25 .76
V465D. S466G Hmgeip 03 8 13 .60
[419M. E424A. N436K 1.0 6 40 .15
Hmglp
F426S. S466R. T468A 0.8 8 32 .25
Hmegip
Y439N, E457D. R491S 1.0 15 40 38
Hmglp
Y439H. P448S. L 489S 09 3 34 .43
Hmeglp
V465A. 1476F. L490P 0.9 15 36 .42
Hmeglp

* After adjusting for towl protein lvaded. the amount of mutant Hmglp was normalized to
wild-tvpe Hmglp.
® Expecled % karmellac given the level of Hmeip within the cell.
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Figure 3.8 The mutant Loop G proteins localized to the nuciear envelope.
[_ocalization of elevated levels of wild-type Hmglp and three of the mutant
Loop G proteins by indirect immunofluorescence Indirect immunofluorescent
localization of Hmglp is shown in panels A. C, E.and G. Localization of the
nucteus in the same cells is shown by DAPI staining in panels B, D, F, and
H. (A and B) Localization of elevated levels of wild-type Hmglp was
determined in cells of strain RWY 864 using an antibody to the catalyuc
domain of Hmglp. (C and D) Localizauon of elevated levels of I451N
Hmglp in strain RWY 1088 was determined by using the same antibody. (E
and F) Localization of elevated levels of D484H in RWY 889 was determined
using the same antibody. (G and H) Localization of elevated levels of
K442M., LASTP Hmglp in RWY 927 was determined using the same

antibody. Bar. 5 um.
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Table 3.4 Karmellae assembly in cells co-expressing wild-type Hmglp together with

mutant Hmglp
“Protein(s) % karmellae
wild-type Hmglp alone 41%
Hmg1(D484H)p alone 7%
wild-type Hmglp + Hmgi(D484H)p 30%
Hmg1(K442M, L487P)p alone 3%
wild-type Hmglp + Hmg1(K442M, L487P)p 32%
Hmgl(I1451N) p alone 10%

wild-tvpe Hmglp + Hmg1(K442M, LA87P)p 30%
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Chapter 4: Future Directions

The karmellae-signaling pathway

I started graduate school with an interest in exploring a signaling
pathway in detail. Even though membranes are essential structures for many cellular
functions, surprisingly little is known about how cells regulate the assembly and
degradation of specific membranes. The long term objective guiding my work in the
Wright lab was to dissect the karmellae signaling pathway. Karmellae, nuclear-
associated membranes, are built in yeast in response to mammalian HMGR or yeast
HMGR. The cellular response of building ER arrays is conserved between mammalian
cells and yeast when the levels of HMG-CoA reductase are increased. Mammalian cells
do not build karmellae, but rather an expansion of ER tubules called crystalloid ER
(Wright et dl., 1990). Crystalloid ER are known to house HMGR and at least 9 other
proteins (Kochevar and Anderson, 1987). Unfortunately, the identities of the 9 other
proteins remain unknown, but we suspect these proteins to be smooth ER components
and not unique to crystalloid ER.

Unlike mammalian cells or S. pombe, Saccharomyces cerevisiae contains
two genes for HMGR which both encode functional proteins. Increased levels of
Hmglp induce nuclear-associated stacks of ER, called karmellae, with some peripheral
membrane arrays. Elevated levels of Hmg2p, on the other hand, lead to peripheral ER
stacks with some shorter karmellae on the nucleus. Koning er al. demonstrated that
Hmglp and Hmg2p are localized to different ER subcompartments at elevated levels and
that the protein composition of these subcompartments can be regulated (Koning et dl.,
1996). Specifically, Kar2p, the ER-lumenal chaperone, was excluded from the Hmg2-
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type membrane proliferations but not from the Hmgl-induced proliferations. A
membrane-spanning ER protein, Sec61p, was localized to both types of ER arrays
(Koning et al., 1996). The ability to control membrane synthesis by altering the
amount of HMGR provides an opportunity to analyze the regulation of membrane

assembly and composition.

How do cells regulate the assembly of specific membranes?

We would like to develop a molecular description of: how a cell
determines the need for additional membranes, how the components of the new
membrane are assembled, and what determines the localization and turnover of the
resulting membranes. My thesis work increased our understanding of the first part of
the description, how a cell determines the need for additional membranes. When my 2
hybrid screen to identify proteins that interacted with the Loop G region of Hmglp
was unsuccessful, I focused on determining the molecular characteristics needed for
Hmglp to act as a karmellae signal. We know a subset of the ER-anchored proteins
can induce karmellae but not all ER-anchored proteins are capable of eliciting this
response-from the cell. The proteins, HMGR (Wright er d., 1988), cytochrome P450
(Schunck et al., 1991), cytochrome b5 (Vergeres et d., 1993), canine ribosomal
receptor (Wanker er al., 1995), protease B negative 1 (Naik and Jones, 1998), and
plant plasma membrane H*-ATPase (Villalba er al., 1992), can induce karmellae but do
not share any sequence homologies. What properties lead to the cell perceiving a signal
for increased ER production? In this dissertation, I postulate that these different
proteins use a common pathway to signal for ER proliferation. The ER proliferation

pathway requires increased levels of an ER-anchored protein which assembles other
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lipids and proteins into an ER subcompartment, thereby modifying the composition of
the ER. I hypothesize that the cell perceives this altered ER composition as the signal
for ER proliferation. The ER composition can be monitored by proteins known to
participate in the ER quality control system. The proteins of the ER quality control
system are beginning to be identified. Recently, Loayza er al. identified Hrd2p, a
proteosome subunit, as a component of the ER quality control system in a screen for
suppressors which improved the exit from the ER of Ste6p mutants (Loayza er dl.,
1998). Koning er al. demonstrated that the ER subcompartment containing Hmg2p had
less Kar2p than other regions of the ER (Koning er al., 1996). I do not know the
extent of the variation in composition between ER subcompartments. One way to test
for altered ER composition would be to perform immunofluorescence using a panel of
antibodies against known ER proteins and determine the co-localization patterns.
Another way to identify the components assembled in an ER subcompartment would be
to perform cross-linking experiments to determine which proteins were in close
physical association with Hmglp. The cross-linking experiments could be performed
on cells that were generating karmellae and on cells expressing a mutant version of
Hmglp unable to induce karmellae to see if the protein profiles were different for the
cells with karmellae. The Wright lab also has a 6 His-tagged version of the Hmglp
which is capable of signaling for karmellae. This His-tagged Hmglp could be used on
a talon column to isolate the proteins which associated with Hmglp under karmellae

conditions.

What about a role for lipids?
We describe our model for karmellae signaling as requiring specific

protein-protein interactions but the lipid content of the ER may be remodeled as well.
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Do karmellae contain an altered lipid profile compared to the rest of the ER? ER
membranes could be isolated from yeast generating karmellae and yeast in the
uninduced state to determine the lipid composition and abundance of lipid species in
these membranes. The Wright lab has started this type of lipid analysis on different

veast strains.

Building on my thesis work

In Chapter 2, I demonstrated that the sequences at the carboxyl terminus
of Hmg1p can profoundly affect the ability of this protein to signal for karmellae. Our
working hypothesis is that a truncated or misfolded cytosolic domain prevents proper
signaling for karmellae by interfering with the required tertiary structure of the
membrane domain. Jingami er al. had previously shown that deletion of two
contiguous membrane-spanning regions from hamster HMGR eliminated the ability of
this protein to induce crystalioid ER. These authors postulated that the failure to induce
ER proliferation was due to the altered conformation of the membrane domain (Jingami
etad., 1987). Future experiments could test the conformation of the membrane domain
in the truncated Hmglp proteins that were unable to generate karmellae. These
experiments could check for differences in protease sensitivity between the wild-type
Hmglp and the truncated Hmglp or use a conformation-specific antibody to test for
membrane domain changes. Unfortunately, a conformation-specific antibody would
first need to be generated and tested before different proteins could be analyzed.
Lastly, a screen for high-copy number suppressors of the truncated Hmglp proteins
could be carried out to find proteins that restore the ability to induce karmellae. The
suppressors would be candidates for proteins that interact with Hmglp or bypass
suppressors that induce Kkarmellae without needing Hmglp. The recovered
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suppressors can be tested for their ability to induce karmellae alone in a strain that is not
expressing Hmglp. The current method for isolating high-copy number suppressors
that restore karmellae is to visually screen yeast for karmellae by staining with DiOCg.
The sequence or structural requirements for the signaling of karmellae
by the ER-anchored proteins are not understood even though a number of different ER
membrane proteins have been shown to induce karmellae. These proteins do not
contain sequence homologies and do not possess a similar number of membrane-
spanning segments. To define the critical amino acids in the karmellae-inducing
Hmglp, I used PCR mutagenesis of the Loop G coding region. In chapter 3, I
identified amino acid changes in Loop G of the membrane domain of Hmglp which
reduced the ability of the mutant Hmglp proteins to signal for karmellae. For three of
the most severe mutants, | determined the subcellular localization of the mutant proteins
by indirect immunofluorescence. In these cases, the mutant Hmglp proteins were
localized in an ER pattern indistingfu'shable from the wild-type Hmglp pattern. Thus,
it appears that these amino acid changes did not alter localization of the proteins but
reduced karmellae by limiting the signaling ability of the protein. I hypothesize that
Loop G serves as a signaling region by mediating protein-protein interactions between
Hmglp and ER-lumenal proteins which leads to a concentration of proteins into an ER
subdomain. Because the Loop G mutants generate 9-84% of expected karmellae
levels, the altered Loop G sequences are being recognized as karmellae signals at some
frequency. The next experiment would be to screen for high copy number suppressors
which restore wild-type karmellae levels. These suppressors may compensate for the
mutated HMGR and restore karmellae or they may bypass HMGR and signal for

karmellae themselves. The protocol for isolation of these suppressors would be

identical to the above mentioned DiOCg screen. Further analysis of the karmellae-
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signaling pathway will provide information concerning how a cell monitors the level of

a particular membrane protein and responds by coordinating membrane biogenesis.
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