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Summary
Membrane contact sites (MCSs), where the membranes of two organelles are closely apposed, are regions where small molecules such as

lipids or calcium are exchanged between organelles. We have identified a conserved membrane-binding domain found exclusively in proteins
at MCSs in Saccharomyces cerevisiae. The synaptotagmin-like-mitochondrial-lipid binding protein (SMP) domain is conserved across
species. We show that all seven proteins that contain this domain in yeast localize to one of three MCSs. Human proteins with SMP domains

also localize to MCSs when expressed in yeast. The SMP domain binds membranes and is necessary for protein targeting to MCSs. Proteins
containing this domain could be involved in lipid metabolism. This is the first protein domain found exclusively in proteins at MCSs.
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Introduction
The compartmentalization of eukaryotic cells induces the

need for inter-organelle communication. One place where this

occurs is at membrane contact sites (MCSs), regions where the

membranes of two organelles are closely apposed, typically

within ,20 nm (Lebiedzinska et al., 2009; Levine and Loewen,

2006; Toulmay and Prinz, 2011). These junctions are found in all

cell types and often occur between the endoplasmic reticulum

(ER) and a second organelle. They are thought to be sites where

lipids (Voelker, 2009) and other small molecules, such as

calcium (Lewis, 2007), are exchanged between organelles. The

formation of MCSs and how proteins are trafficked to these

regions are not well understood.

In the yeast Saccharomyces cerevisiae MCSs have been

identified between the ER and plasma membrane (PM), the ER

and mitochondria, and the nucleus and vacuole (called the

nucleus–vacuole junction; NVJ). Protein complexes needed to

maintain two of these MCSs are known. NVJ formation requires

the interaction of the ER protein Nvj1p and Vac8p on the

vacuole, and the NVJ fails to form in cells missing either of these

two proteins (Pan et al., 2000). A complex named the ER–

mitochondrion encounter structure (ERMES) facilitates contacts

between the ER and mitochondria (Kornmann et al., 2009). This

complex consists of four proteins: Mdm10p and Mdm34p in the

mitochondrial outer membrane, Mmm1p in the ER and the

soluble protein Mdm12p. In strains missing any one of these

proteins the ERMES complex does not form and the cells

have defects in lipid exchange between ER and mitochondria,

indicating that the ERMES complex plays a role in maintaining

ER–mitochondria contacts (Kornmann et al., 2009).

Three of the four ERMES proteins contain a domain of

unknown function called the synaptotagmin-like-mitochondrial-

lipid binding protein (SMP) domain (Lee and Hong, 2006). SMP

domains are found in membrane-associated proteins from yeast to

humans. SMP domains are ,200 amino acids long and were

identified by their predicted secondary structure of an alpha

helix, four beta strands and a second alpha helix (Lee and Hong,

2006). Most proteins containing SMP domains also have one

or more transmembrane domains (TMDs). SMP-containing

proteins have been clustered into four groups: C2-containing

syntaptotagmin-like proteins, mitochondrial proteins, pleckstrin

homology (PH) domain-containing proteins and proteins with C1

domains and PDZ domains. Many PH, C1 and C2 domains bind

lipids. Recently, SMP domains were predicted to belong to a

superfamily of lipid-binding proteins and form a tube-like

structure (Kopec et al., 2010).

In yeast, seven proteins contain SMP domains: Mmm1p,

Mdm12p and Mdm34p in the ERMES complex; Tcb1p, Tcb2p

and Tcb3p called tricalbins; and the protein encoded by the

uncharacterized gene YPR091C, which we here name Nvj2p. We

show that all the SMP-containing proteins in yeast localize to

MCSs, the SMP domain is required for localization, and that

SMP domains bind membranes. We also present evidence that all

SMP-containing proteins play roles in lipid metabolism.

Results
Nvj2p localizes to the NVJ

Because SMP-containing proteins in the ERMES complex localize

to ER–mitochondria contact sites (Kornmann et al., 2009), we

wondered whether other proteins that have SMP domains also

localize to MCSs. We determined the localization of all the

proteins in yeast that contain SMP domains (Fig. 1). One is Nvj2p

(encoded by YPR091C), a non-essential protein of unknown

function. In addition to a SMP domain, Nvj2p contains one

putative TMD and a PH domain (Fig. 1). Nvj2p with GFP at its C-

terminus has been previously shown to localize to the ER (Huh

et al., 2003), a finding we confirmed (Fig. 2A). However, we

found that Nvj2–GFP was also enriched on the nuclear membrane

Research Article 49

J
o
u
rn

a
l
o
f

C
e
ll

S
c
ie

n
c
e

mailto:wprinz@helix.nih.gov


that is apposed to the vacuole, which suggests that it localizes to

the NVJ. We confirmed that Nvj2–GFP is at the NVJ by its

colocalization with the NVJ marker Nvj1p fused to mCherry

(Fig. 2B). In addition, we found that Nvj2–GFP localization to the

nuclear membrane that is apposed to the vacuole was abolished in

cells missing proteins required for NVJ formation, namely Nvj1p

or Vac8p (Fig. 2C) (Pan et al., 2000). Together, these findings

show that Nvj2p is enriched at the NVJ.

We found that the extent of enrichment of Nvj2–GFP at the

NVJ varied with the growth phase of the cells. In early to mid-

logarithmic cultures ,30% of the cells showed weak enrichment of

the fusion protein at the NVJ, with a substantial fraction of the

fusion protein in other regions of the ER (Fig. 2D, left panels), or

strong enrichment of the protein at the NVJ with little in other

regions of the ER (Fig. 2D, middle panels). In other cells the fusion

protein was uniformly distributed in the ER or in cytoplasmic

vesicles. When cells entered late-logarithmic growth phase the

percentage of cells with strong enrichment of Nvj2–GFP at the NVJ

increases dramatically (Fig. 2E,F). We found that the degree of

enrichment of Nvj1–GFP at the NVJ similarly varied with growth

phase of cells expressing the fusion protein (supplementary

material Fig. S1A–C) and (Pan et al., 2000; Roberts et al., 2003).

Thus both Nvj1p and Nvj2p become increasingly enriched at the

NVJ as cells enter into late-logarithmic growth phase.

Nvj2p is not required for NVJ formation or piecemeal

microautophagy of the nucleus

We investigated whether Nvj2p is required for NVJ formation or

localization of other proteins to this domain. Osh1p is a lipid-

binding protein that is highly enriched at the NVJ but is not

required for NVJ formation (Kvam and Goldfarb, 2004; Levine

and Munro, 2001). Targeting of GFP–Osh1p to the NVJ was not

altered in cells missing Nvj2p (Fig. 2G). Therefore Nvj2p is not

needed for NVJ formation or the localization of another protein

to this junction.

In a small fraction of cells expressing Nvj2–GFP the protein was

found on vesicles inside of the vacuole (Fig. 2D, right panels).

These vesicles probably arise from piecemeal microautophagy of

the nucleus (PMN). We cannot exclude that these vesicles also arise

from macroautophagy of the ER. Formation of vesicles in the

vacuole by PMN occurs at the NVJ and proteins at the NVJ are

found on vesicles produced by PMN (Roberts et al., 2003). Cells
lacking proteins required for NVJ formation, Nvj1p and Vac8p, or
proteins that localize to the NVJ, Osh1p and Tsc13p, have defects

in PMN formation (Dawaliby and Mayer, 2010; Kvam et al., 2005;
Kvam and Goldfarb, 2004). Therefore we tested weather Nvj2p was
also required for PMN. Previous studies have shown that rapamycin
induces PMN (Dawaliby and Mayer, 2010; Millen et al., 2009). To

assess PMN induction we monitored the internalization of the
nucleoplasm protein Pus1–GFP in the vacuole after rapamycin
addition. In cells lacking Osh1p or Erg5p PMN induction

was substantially reduced compared with that of wild-type cells
(supplementary material Fig. S1D,E) (Dawaliby and Mayer, 2010).
However, PMN induction was not reduced in cells lacking Nvj2p

(supplementary material Fig. S1D,E), suggesting that Nvj2p does
not play a significant role in this process. Consistent with this
conclusion, we found that Nvj2–GFP localization to the NVJ is not

altered in cells lacking Osh1p or lipid-biosynthesis proteins known
to reduce PMN, including Elo3p and Erg5p (Dawaliby and Mayer,
2010) (and data not shown). Together these findings suggest that
Nvj2p is not required for PMN and that Nvj2p has a function at the

NVJ that is not necessary for PMN.

Tricalbins localize to ER–PM contact sites

The tricalbin family of proteins contains an N-terminal TMD and

a large C-terminal domain that contains an SMP domain and at
least three to six C2 domains (Fig. 1) (Creutz et al., 2004;
Jimenez and Davletov, 2007). The C2 domains in tricalbins bind

membranes in a calcium-dependent manner (Schulz and Creutz,
2004). The three tricalbins in S. cerevisiae, Tcb1p, Tcb2p and
Tcb3p, have unknown functions but a mammalian homologue

has been implicated in endocytosis (Jean et al., 2010).

Because the tricalbins contain SMP domains we wanted to
determine whether they localize to MCSs. The tricalbins have
been previously found at the cell periphery (Creutz et al., 2004;

Huh et al., 2003). We examined each of the three tricalbins, fused
to GFP at their C-termini, in cells that also expressed the
ER marker RFP–HDEL. Remarkably, the tricalbins are more

enriched in the cortical ER that is closely apposed to the PM than
in the perinuclear ER or internal ER tubules that connect the
nucleus to the cortical ER (Fig. 3A). This localization is similar
to that of the reticulons, which are largely excluded from the

perinuclear ER (Voeltz et al., 2006). However, the reticulons
are enriched in both the cortical ER and internal ER tubules,
whereas the tricalbins are enriched primarily in the cortical ER

(supplementary material Fig. S2A). The enrichment of tricalbins
in the ER that is closely apposed to the PM is similar to the
localization of the oxysterol-binding protein homologues Osh2p,

Osh3p, Osh6p and Osh7. It has been suggested that these proteins
are enriched at ER–PM contact sites (Loewen et al., 2003; Schulz
et al., 2009; Stefan et al., 2011).

The structure of the tricalbins suggests how they might be

targeted to regions of the ER closely apposed to the PM; the
TMD resides in the ER, and the large soluble domains are
cytosolic and can bind the PM. To test this we determined the

localization of various portions of Tcb2p fused to GFP (Fig. 3B;
supplementary material Fig. S3). We found that a fusion protein
containing only the TMD localized to the ER, suggesting that the

TMD of Tcb2p resides in this compartment. When the cytosolic
portion of Tcb2p was fused to GFP, the resulting fusion protein
was targeted to the PM (Fig. 3; supplementary material Fig. S3).

Fig. 1. Diagrams of yeast proteins containing SMP domains. Nterm, N-

terminus; Cterm, C-terminus; other abbreviations are as given in the text.
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These findings suggest that, similar to Stim1, Stim2,

junctionphilins and Ist2p (Deng et al., 2009; Ercan et al., 2009;

Fischer et al., 2009; Garbino et al., 2009; Lewis, 2007; Wu et al.,

2006), the TMD of Tcb2p is in the ER and its cytosolic domains

binds the PM, causing it to be enriched at ER–PM contact sites.

Cortical ER is closely apposed to the PM

The localization of the tricalbins on the ER suggests that they are

at ER–PM contact sites. However, these sites are not well defined

in yeast and we wanted to estimate how much of the cortical ER

is close enough to the PM to allow a protein in the ER to bind a

protein in the PM. For these studies we made use of the fact that

the Venus fluorescent protein can be made in two parts, called F1

and F2, which can form a functional protein when they interact

with each other (MacDonald et al., 2006). To estimate how close

the ER and PM come to one another we fused F1 to the C-

terminus of the ER membrane protein Sec63p and F2 to the C-

terminus of the PM protein Pma1p (Fig. 4A). The C-termini of

both proteins are in the cytosol (Ambesi et al., 2000; Feldheim

et al., 1992). On the basis of the known structures of Venus and

Fig. 2. Nvj2p is localized to NVJ and is not required for NVJ formation. (A) Localization of Nvj2–GFP under the GALl1 promoter expressed for 2 hours in a

strain (ATY182) with RFP–HDEL as a marker of the ER. (B) Cell expressing Nvj2–GFP and the NVJ marker Nvj1–mCherry (strain ATY192). Nvj2–GFP

expression was induced 2 hours before examination. (C) Nvj2–GFP under the GALl1 promoter was expressed for 2 hours in wild-type, nvj1D and vac8D yeast

strains (ATY192, ATY180 and ATY181, respectively). (D) Examples of cells with weak and strong localization of Nvj2–GFP at the NVJ. Cells with Nvj2–GFP

localized to PMN blebs and vesicles are also shown. (E) Growth curve (measured as the OD at 600 nm) of cells (strain ATY104) expressing Nvj2–GFP and

cultured in YPD medium. (F) Percentage of cells showing fluorescence at the NVJ and in PMN structures at different time points of the growth curve in E.

(G) GFP–OSH1, which localizes to the NVJ, expressed in wild-type, nvj1D and nvj2D strains (ATY214, ATY183 and ATY187, respectively). Scale bars: 5 mm.
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of the cytosolic tails of homologues of Pma1p and Sec63p

(Kuhlbrandt et al., 2002; Rekas et al., 2002; Zhang et al., 2009),

we estimated that the ER and PM must come within ,30 nm of

one another for Sec63–F2 and Pma1–F1 to form a functional

Venus protein. We compared the Venus signal in cells expressing

both these fusion proteins with the ER marker RFP–HDEL;

Venus colocalized with almost all of the ER that was close to the

PM (Fig. 4B, left panels). Thus most of the peripheral ER can

come within ,30 nm of the PM. It is possible that the interaction

of the ER and PM is driven, in part, by the binding of the two

halves of the Venus protein. To see whether the ER and PM could

come even closer, we fused F1 to Sec63(1–250), which lacks

almost all of the C-terminal cytosolic domain of full-length

Sec63p (Fig. 4A). We estimated that for Sec63(1–250)–F1 and

Pma1–F2 to form a functional Venus protein the ER and PM

must come within ,20 nm of one another. We found that the

Venus signal obtained with these proteins colocalized with

almost all of the ER marker RFP–HDEL at the cell periphery

(Fig. 4B, right panels). Comparable results were also obtained

when F2 fused to the PM protein Hxt3p was used in place of

Pma1–F2 (not shown). Collectively, these findings suggest that

virtually all of the cortical ER can come within ,20 nm of the

PM. This is probably a small enough distance that proteins in the

ER with large cytosolic domains, such as the tricalbins, could

bind the PM.

To confirm that one of the tricalbins can interact with a PM

protein we fused F1 to the C-terminus of Tcb2p and expressed

this fusion protein with Pma1–F2 (Fig. 4C, left panels). The

pattern of Venus fluorescence is similar to that seen with

Sec63–F1 and very different from that seen when F1 and F2 are

fused to two PM proteins such as Pma1p (Fig. 4C, right panels)

or Hxt3p and Pma1p (not shown). Therefore Tcb2p is an ER

membrane protein and its C-terminal domain is cytosolic and can

interact with the PM.

The enrichment of the tricalbins to ER–PM MCSs suggests

that they could maintain the close apposition of the PM and ER.

To determine if ER–PM contacts were reduced in cell lacking the

tricalbins we determined the percentage of the PM that had ER

closely apposed to it. The ER marker Sec63–GFP was expressed

in wild-type cells and a strain lacking all three tricalbins. We

found that in both strains ,70% of the PM had ER closely

apposed with it (supplementary material Fig. S2B), suggesting

that the tricalbins are not required to maintain ER–PM contacts.

As a second means of determining whether ER–PM contacts are

reduced in cells missing the tricalbins, we expressed Sec63–F1

and Pma1–F2 in these cells. We reasoned that if contacts were

reduced the F1 and F2 portions of these fusion proteins would not

be able to interact and less Venus signal would be observed.

However, we found no difference in the intensity of the signal in

cells lacking the tricalbins and wild-type cells (supplementary

material Fig. S2C). Together, these findings suggest that the

tricalbins are not required to maintain PM–ER contact sites.

Human proteins with SMP domains localize to MCSs
in yeast

SMP domains are conserved from yeast to humans (Lee and

Hong, 2006). We wondered whether human proteins containing

SMP domains are enriched at MCSs. Therefore, we investigated

Fig. 3. The tricalbins localize to ER–PM contacts. (A) Cells expressing Tcb1–GFP, Tcb2–GFP or Tcb3–GFP and the ER marker RFP–HDEL (strains WPY971,

WPY973 and WPY975, respectively). Images were taken focusing on the middle and periphery of the cells. (B) Localization of GFP fused to the indicated

portions of Tcb2p. The fusion proteins, under the GALl1 promoter, were expressed for 2 hours in strains containing the ER marker RFP–HDEL (strains ATY33,

ATY34, ATY36, ATY37, ATY38). Scale bars: 5 mm.
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whether two of these proteins localize to MCSs when they are

expressed in yeast. GFP was fused to the C-terminus of E-Syt1,

a tricalbin homologue, which localizes to endomembranes in

mammalian cells (Min et al., 2007), and HT008, a homologue of

Nvj2p. Both fusion proteins were enriched at MCSs; E-Syt1–GFP

localized to ER–PM contacts (Fig. 5A) and HT008–GFP was

enriched at the NVJ (Fig. 5B). Therefore, the targeting of SMP-

domain-containing proteins to MCSs is conserved and it is

possible that all SMP-containing proteins localize to MCSs.

SMP domains target proteins to MCSs

Because SMP-containing proteins localize to MCSs, we

determined whether SMP domains are required to target

proteins containing them to contact sites. To find which regions

of SMP-containing proteins target these proteins to MCS, we

fused GFP to portions of Tcb2p, Nvj2p and Mmm1p (Fig. 1).

Deletion of the SMP domain from these proteins ablated their

MCS localization; instead they were found in all regions of the

ER (Fig. 6A–C). Thus the SMP domains of Tcb2p, Nvj2p and

Mmm1p are required to target these proteins to MCSs. Other

domains are also necessary to target these proteins to MCSs,

including their TMDs, at least one C2 domain in Tcb2p and the

PH domain in Nvj2p (supplementary material Fig. S3). When

only the SMP domains of Tcb2p, Nvj2p or Mmm1p are fused to

GFP, the resulting proteins are largely cytosolic, with occasional

cytosolic punctae and weak ER fluorescence for the Tcb2

truncation. Taken together, these findings indicate that SMP

domains are necessary but not sufficient to localize proteins

containing them to MCSs.

As a further test of the ability of SMP domains to target proteins

to MCS, we determined if the SMP domains of Tcb2p, Nvj2p, and

Mmm1p could target another protein to the MCSs. Tcb2p, Nvj2p

and Mmm1p have a single TMD and a large C-terminal soluble

domain that includes a SMP domain (Fig. 1). Our findings and

previous work (Kornmann et al., 2009) suggests that the TMDs of

these proteins are in the ER and their C-terminal domains are

cytosolic. We determined if the cytosolic domains of Tcb2p,

Nvj2p and Mmm1p could target the ER protein Sec63p to MCSs.

Sec63p is an integral membrane protein found all over the ER

(Fig. 6D and supplementary material Fig. S2). We removed the N-

terminus and TMD (DNterm/TMD) of Tcb2p, Nvj2p and Mmm1p

and replaced them with Sec63p. All of the resulting fusion proteins

were targeted to MCSs: Sec63-Tcb2(DNterm/TMD)–GFP to the

ER–PM contacts, Sec63-Nvj2(DNterm/TMD)–GFP to the NVJ

and Sec63-Mmm1(DNterm/TMD)–GFP to the ER–mitochondria

contacts (Fig. 6D,E). To confirm that Mmm1(DNterm/TMD)–

GFP is located at ER–mitochondria contacts we determined

its colocalization with Mmm1–mCherry (Fig. 6D). Thus, the

cytosolic domains of Tcb2p, Nvj2p and Mmm1p, which contain a

SMP domain and other domains, can target an integral membrane

protein in the ER to MCSs. It is probable that these domains bind

the membrane that is apposed to the ER at the MCSs.

SMP domains bind membranes

Because SMP domains are necessary to target proteins to MCSs,

we determined whether these domains could bind membranes in

Fig. 4. The cortical ER is closely apposed to the plasma membrane.

(A) Diagram of the interaction between Sec63-F1 in the ER and Pma1-F2 in

the PM. Sec63(1–250)-F1 contains the first 250 amino acids of Sec63p and

lacks the C-terminal cytosolic domain of Sec63p. (B,C) Cells expressing the

indicated fusion proteins and the ER marker RFP–HDEL (strains ATY57,

ATY98, ATY97, ATY54). Arrowheads indicate peripheral ER that is not

close to the PM and lacks Venus signal. The images in C were taken focusing

on the middle and periphery of the cells. Scale bars: 5 mm.

Fig. 5. Human orthologues of the tricalbins and Nvj2p localize to MCSs

in yeast. (A) The human tricalbin homologue E-Syt1 was fused to GFP and

expressed together with the ER marker RFP–HDEL (strain ATY196). (B) The

human Nvj2p homologue HT008 was fused to GFP and expressed with the

NVJ marker Nvj1–mCherry (strain ATY195). Scale bars: 5 mm.
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vitro. Full-length Mdm12p or the SMP domains of Nvj2p or

Tcb2p were fused to maltose-binding protein (MBP), expressed

in yeast, and bound to magnetic beads coated with anti-MBP

antibody. The beads were then mixed with liposomes with

various lipid compositions and trace amounts of [3H]triolein.

After washing, the amount of radiolabel bound to the beads was

determined. With MBP alone ,3% of the liposomes bound to the

beads. The MBP fused to the SMP domains bound two- to five-

fold more liposomes (Fig. 7A), indicating that SMP domains

bind liposomes. The lipid composition of the liposomes had little

effect on the binding ability of MBP–SMP. We also assessed the

ability of SMP domains to bind cellular membranes. The SMP

domains from Tcb2p, Mmm1p or Nvj2p were fused to GFP and

expressed in wild-type cells. Cell lysates were floated in Optiprep

gradients. GFP alone was found mostly at the bottom of the

gradients, whereas the PM protein Pma1p was in fractions near

the top of the gradient (Fig. 7B). The SMP domains fused to GFP

were largely in the top fractions of the gradients, indicating that

SMP domains bind cellular membranes (Fig. 7B). Interestingly,

when cells expressing them were viewed by fluorescence

microscopy, these fusion proteins were largely cytosolic

(Fig. 3B and supplementary material Fig. S3), suggesting that

SMP domains have a low affinity for membranes. Together, these

findings indicate that SMP domains can bind membranes,

perhaps by interacting directly with lipids.

We wanted to obtain point mutations in a SMP domain that

rendered it nonfunctional to determine the role of membrane

binding by the SMP domain. We mutagenized conserved residues

in the Mdm12p SMP domain but all of the mutations tested

retained function (supplementary material Fig. S4).

SMP-domain-containing proteins might modulate
lipid metabolism

The functions of SMP-containing proteins are not known.

Because cells lacking the ERMES complex (which has three

SMP-containing proteins) have defects in lipid exchange between

the ER and mitochondria (Kornmann et al., 2009) and the SMP

domain has been suggested to bind lipids (Kopec et al., 2010), we

wondered if other proteins with SMP domains might also play

roles in lipid metabolism. We determined whether cells lacking

one or more of the SMP-containing proteins have altered

sensitivity to drugs that inhibit lipid biosynthesis. Cells missing

one or more of the tricalbins were found to be hypersensitive to

myriocin, an inhibitor of serine palmitoyltransferase (the first

step in sphingosine biosynthesis; Fig. 8A). Interestingly, a recent

systematic screen for protein–lipid interactions found that the

tricalbins Tcb2p and Tcb3p bind the sphingolipid precursors

phytoceramide and phosphorylated long chain base (Gallego

et al., 2010). Thus tricalbins could play roles in sphingolipid

metabolism.

We also determined the sensitivity of cells missing one or

more of the SMP-containing proteins to fenpropimorph, an

inhibitor of ergosterol biosynthesis. Cells missing Nvj2p were

found to be more resistant to fenpropimorph than wild-type cells

or strains lacking other SMP-containing proteins (Fig. 8B). To

determine if the SMP domain in Nvj2p is required for this protein

to function we expressed either wild-type Nvj2p or Nvj2p

missing the SMP domain in cells lacking endogenous Nvj2p.

Cells expressing the wild-type protein were sensitive to

fenpropimorph, whereas cells expressing Nvj2p lacking the

SMP were not sensitive (supplementary material Fig. S5A),

Fig. 6. The SMP domain is necessary for MCS localization. (A) Cells expressing either full-length Tcb2–GFP (left panels) or the protein lacking the SMP

domain (right panels) and the ER marker RFP–HDEL (strains ATY33 and ATY84, respectively). (B) Cells expressing either full-length Nvj2–GFP (left panels) or

the protein lacking the SMP domain (right panels) and the ER marker RFP–HDEL (strains ATY182 and ATY250, respectively). (C) Cells expressing either

full-length Mmm1–GFP (left panels) or the protein lacking the SMP domain (right panels) and the ER marker RFP–HDEL (strains ATY140, ATY142).

(D,E) Images of cells expressing the indicated fusion proteins were coexpressed with the ER marker ssRFP–HDEL, ERMES marker Mmm1–mCherry or the NVJ

marker Nvj1–mCherry (strains ATY127, ATY257, ATY218 and ATY217, respectively). Note that the Tcb2p, Mmm1p and Nvj2p portions of the fusions lacked

their N-termini and TMDs. Images were taken of cells in mid-logarithmic growth phase (D) or late-logarithmic growth phase (E). In all panels, expression of GFP

fusion proteins was induced 2 hours before examination. Scale bars: 5 mm.
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indicating that the SMP domain in Nvj2p is required for proper

function. A role for Nvj2p in ergosterol metabolism is also

suggested by the finding that it binds ergosterol in lipid

arrays (Gallego et al., 2010). Because cells missing Nvj2p are

resistant to fenpropimorph, we tested whether cells missing other

NVJ proteins, or those involved in PMN formation, were also

resistant. Cells missing Nvj1p were not resistant (supplementary

material Fig. S5B). Interestingly, cells missing Osh1p, another

ergosterol-binding protein that localizes to the NVJ, were also

found to be resistant to fenpropimorph (supplementary material

Fig. S5B). Similarly, cells missing Elo3p, another protein

involved in PMN formation, are resistant to fenpropimorph as

well (supplementary material Fig. S5B). These findings suggest

that Nvj2p and Osh1p function in sterol metabolism or signaling

at the NVJ.

Discussion
We found that all the seven proteins in yeast that contain a SMP

domain are enriched at MCSs. This is the first domain found

exclusively in proteins at MCSs in yeast. Two human proteins

containing SMP domains, E-Syt1 and HT008, also localized to

MCSs when expressed in yeast, suggesting that all proteins

containing SMP domains have an affinity for MCSs. Our efforts

to identify the location of E-Syt1 and HT008 in mammalian cells

using GFP fusions were not successful but the fact that these

proteins localize to MCSs in yeast suggests that they are enriched

at these sites in mammalian cells as well. However, it should be

noted that although we found E-Syt1 at ER–PM contacts in

yeast, a previous study found that this protein localized to

endomembranes in HEK293 cells and the E-Syt1 homologues E-

Syt2 and E-Syt3 were found on the PM (Min et al., 2007). It

might be that E-Syt proteins and some other mammalian proteins

Fig. 7. The SMP domain is a membrane-binding domain. (A) MBP

fusions to the indicated SMP domains were expressed in yeast and purified on

magnetic beads coated with anti-MBP antibody. The amount of protein bound

to beads: 10 pmole MBP (in strain ATY287), 4 pmole MBP–Mdm12 (in

strain ATY288), 6 pmole MBP–SMP(Nvj2p; in strain ATY290), and 0.2

pmole MBP–SMP(Tcb2p; in strain ATY289). The beads were mixed with

liposomes with various lipid compositions and trace [3H]triolein for

30 minutes at 30 C̊ (mol% of liposomes: ER-like, PC:PS:PE:PI, 50:10:30:10;

PM-like, PC:PS:PE:PI:PtdIns(4,5)P2:cholesterol, 12:28:20:20:1:20;

mitochondria-like, PC:CL:PE:PI, 50:10:30:10; vacuole-like, PC:PS:PE:PI:

PtdIns(3,5)P2, 50:5:22.5:22.5:1). The beads were washed twice and counted

in a scintillation counter. The counts per minute were normalized to that of

the MBP sample. (B) Lysates from yeast strains expressing the indicated SMP

domains fused to GFP were separated on Optiprep gradients as described in

Materials and Methods. Five equal fractions were taken from the top (fraction

1) to the bottom (fraction 5) of the gradient and immunoblotted with

antibodies against GFP and the PM proteins Pma1p (strains ATY1, ATY38,

ATY153, ATY135). PC, phosphatidylcholine; PE, phosphatidylethanolamine;

PI, phosphatidylinositol; PtdIns(3,5)P2, phosphatidylinositol (3,5)-

bisphosphate; PtdIns(4,5)P2, phosphatidylinositol (4,5)-bisphosphate; PS,

phosphatidyl serine.

Fig. 8. Sensitivity of cells missing SMP-containing proteins to lipid

biosynthesis inhibitors. Cultures of the indicated strains were grown to mid-

logarithmic growth phase in YPD and adjusted to OD600nm51. Serial tenfold

dilutions were spotted on (A) SC plates containing the indicated

concentrations of myriocin and (B) YPD plates with the indicated

concentrations of fenpropimorph. The plates were incubated for 4 days at

30 C̊. (Strains BY4741, ATY109, ATY291, ATY292, ATY293, ATY294,

WPY267 and CVY551).
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with SMP domains are recruited to MCSs only in some

circumstances or that not all mammalian proteins with SMP

domains are enriched at MCSs.

Many of the SMP-containing proteins in yeast have a single

TMD that is probably in the ER. It seems likely that the cytosolic

portions of these proteins, which include the SMP domain,

interact with the membrane that is apposed to the ER at MCSs

and this interaction is required to enrich these proteins at MCSs.

We found that SMP domains bind membranes and are required to

target proteins containing these domains to MCSs. SMP domains

were found to have little specificity for particular lipids because

they bound about as well to liposomes with different lipid

compositions. SMP domains also seem to have a low affinity for

membranes. When SMP domains were fused to GFP they were

largely cytosolic but floated with membranes in Optiprep

gradients. The ability of SMP domains to bind membranes

probably helps target proteins containing these domains to MCSs.

We suspect that SMP domains not only target proteins to

MCSs but also have functions that are unique to proteins at

MCSs. For example, they might maintain a specific distance

between the membranes at MCSs, assist the exchange of

small molecules between organelles or participate in signaling

reactions that occur at MCSs (supplementary material Fig. S6).

Interestingly, it has recently been proposed that SMP forms a

conduit that allows lipid exchange between apposed membranes

(Kopec et al., 2010). Thus ERMES proteins with SMP domains

might facilitate lipid exchange between the ER and mitochondria,

and it has been shown that lipid transfer between these organelles

slows in mutants missing the ERMES complex (Kornmann et al.,

2009). We have found that mutants missing other SMP-

containing proteins have altered sensitivities to drugs that

inhibit lipid biosynthesis. Therefore, in yeast all proteins with

SMP domains might play roles in lipid metabolism, trafficking or

signaling. Solving the structure of a SMP domain could yield

important clues about how these domains function.

Our work has revealed that a substantial portion of the

peripheral ER can come close enough to the PM that proteins in

the two membranes can interact. This finding is consistent with a

study of ER structure by electron microscopy using chemically

fixed cells that found .1000 ER–PM contact per cell (Pichler

et al., 2001). However, a subsequent investigation that used high-

pressure fixation found only ten ER–PM contacts per cell

(Perktold et al., 2007). A more recent study of yeast ER structure

using tomography found the mean distance between the cortical

ER and PM to be 33 nm and that there are extensive regions of

ER–PM contact; 25–40% of the cytoplasmic face of the PM has

closely apposed ER (West et al., 2011). This suggests that a

substantial portion of the ER is closely apposed to the PM,

consistent with our findings. Interestingly, we found that

Sec63(1–250)-F1 and Pma1-F2, which probably require the PM

and ER to come within ,20 nm of each other to interact, still

bound and formed a functional Venus protein. This suggests that

contacts between the ER and PM are dynamic and the distance

between these organelles is not constant. How close contacts

between the PM and ER are maintained is not well understood.

None of the proteins that have so far been located at the ER–PM

contacts in yeast, including the tricalbins in this work, is required

to maintain contacts. It seems probable that contacts are

maintained by many low affinity, dynamic interactions rather

than by a single, highly abundant protein complex. This could

explain why the ER and PM, despite extensive regions of close

contact, are not maintained at a fixed distance.

We have found that the previously uncharacterized gene

YPR091C encodes a protein that localizes to the NVJ and that we

have named Nvj2p. This is the fifth protein found to reside at this

MCS. The function of the NVJ is unclear but is known to play a

role in PMN formation. Interestingly, Nvj2p is the first protein

known to be located at the NVJ that is not needed for PMN

induction. Therefore the NVJ probably has a function other than

autophagy of the nucleus, which could be exchange of lipids or

calcium between the nucleus and vacuole. We found that

cells missing Nvj2p are resistant to the ergosterol biosynthesis

inhibitor fenpropimorph. Interestingly, we have found that cells

missing Osh1p, a sterol-binding protein located at the NVJ, are

also resistant to fenpropimorph (supplementary material Fig.

S5B). The genes encoding Osh1p and Nvj2p have a co-fitness

interaction (Hillenmeyer et al., 2008) and genetically interact

with the ergosterol biosynthesis gene ERG11 (Kohl et al., 2010).

Mutations in ERG11 also cause fenpropimorph resistance

(Lorenz and Parks, 1991). Together, these findings suggest that

Osh1p and Nvj2p participate in a sterol trafficking or signaling

pathway at the NVJ. It is notable that some proteins required for

the synthesis of long chain fatty acids, needed for sphingolipid

biosynthesis, localize to the NVJ and are needed for PMN

formation. Mutations in one of these proteins, FEN1 (also

known as ELO2; a fatty acid elongase), cause cells to become

fenpropimorph resistant (Ladeveze et al., 1993; Lorenz and

Parks, 1991). The Mayer group has found that some fatty acid

elongases are involved in PMN formation (Dawaliby and Mayer,

2010; Kvam et al., 2005). We found that cells lacking Elo3p are

also resistant to fenpropimorph (supplementary material Fig.

S4A). Together, these findings suggest that sterols and

sphingolipids play important roles in NVJ function and PMN

formation. What role SMP domains play in these processes and in

the regulation of lipid metabolism by other SMP-containing

proteins remains an important question for the future.

Materials and Methods
Strains and plasmids

The strains and plasmids used are listed in supplementary material Table S1.

Fluorescence microscopy

Unless noted, cells were grown in synthetic complete (SC) medium (0.67% yeast
nitrogen base and 2% glucose). Live cells in logarithmic phase were viewed using
a BX61 microscope (Olympus) with an UPlan Apo 1006/1.35 NA lens, a camera
Retiga EX (QImaging) and IVision software (version 4.0.5; BioVision
Technologies). Strains containing plasmids with the GALl1 promoter were
grown in SC medium with 2% raffinose instead of glucose and then shifted to

SC with 1% raffinose and 2% galactose 2 hours before examination.

Liposome binding assay

Wild-type yeast cells expressing MBP–SMP fusions were grown to mid-
logarithmic phase and lysed by agitation with glass beads in Mini-BeadBeater-8
(Biospec Products). The cell lysates (from four OD600nm units of culture) were
mixed with magnetic beads coated with 400 mg anti-MBP antibody (New England
Biolabs) for 1 hour on ice and mixed every 15 minutes. The beads were washed

twice with antibody buffer (0.1 M sodium phosphate, pH 8), then twice with
antibody buffer with 0.1% NP-40, and twice with the liposome buffer (20 mM
HEPES pH 7.3, 100 mM NaCl, 1 mM EDTA). Liposomes with various lipid
composition and a trace amount of [3H]triolein (American Radiolabled Chemicals)
were added to the magnetic beads to a final concentration of 1 mM in a total
volume 100 ml and incubated at 30 C̊ for 30 minutes. The beads were washed

twice with liposome buffer at 4 C̊ and counted in a scintillation counter. A portion
of the beads was used to estimate the amount of MBP fusion protein bound to
them. The beads were mixed with 26 SDS sample buffer and proteins bound were
separated by SDS-PAGE. The amount of MBP fusion protein was determined by
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immunoblotting with anti-MBP antibody (New England Biolabs) and comparing
the results with those of known amounts of pure MBP.

Membrane flotation in Optiprep gradients

Membranes were floated on Optiprep gradients using a method adapted from
Bagnat et al. (Bagnat et al., 2000). Cells expressing GFP fusion proteins under the
GAL1 promoter were induced for 3 hours in medium with galactose and lysed by
agitation with glass beads in TNE (30 mM Tris pH 7.5, 150 mM NaCl, 5 mM
EDTA) with proteinase inhibitors (Roche). The lysates were spun at 500 g for
5 minutes at 4 C̊ to remove unlysed cells and debris. Lysate from ,15 OD600nm

units of cells was mixed with Optiprep to yield a final concentration of 40% of
Optiprep in a volume of 0.84 ml. The samples were loaded at the bottom a
centrifuge tube and overlayed with 1.14 ml of 30% Optiprep in TNE and 0.22 ml
of TNE and centrifuged at 100,000 g for 2.5 hours at 4 C̊. Five fractions were
collected from the top to the bottom of the gradient and trichloroacetic acid was
added to 10%. The fractions were separated by SDS-PAGE and immunoblotted
with antibodies against GFP (Roche) and yeast Pma1p (kindly provided by Ramón
Serrano, Universidad Politecnica de Valencia-CSIC, Valencia, Spain).

Lipid synthesis inhibitor drug assays

Logarithmic yeast cultures were adjusted to OD600nm51 and a series of tenfold
dilutions were prepared. The dilutions were spotted on YPD plates containing
either DMSO or fenpropimorph (Sigma-Aldrich) at concentration of 1.25 mM or
7.5 mM. The dilutions were also spotted on SC medium plates containing either
DMSO or myriocin (Sigma-Aldrich) at a concentration of 0.5 mg/ml.

PMN induction assay

PMN formation was induced using a method adapted from that of Dawaliby and
Mayer (Dawaliby and Mayer, 2010). Cultures of cells expressing Pus1–GFP were
grown in SC medium to early logarithmic phase, 10 mM FM4-64 was added to the
medium, and the cells were grown for 1 hour at 30 C̊. The cultures were then
washed twice with FM4-64-free medium and resuspended in SC medium to an
OD600nm of 0.4. After growth for 1 hour at 30 C̊, 0.2 mM rapamycin (Enzo Life
Sciences) or DMSO and 1 mM PMSF were added to the medium, and PMSF was
added again to the medium every hour until the cells were harvested. After 4 hours
the cells were examined by fluorescence microscopy.
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