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Dolichol monophosphate (Dol-P) functions as an obligate

glycosyl carrier lipid in protein glycosylation reactions.

Dol-P is synthesized by the successive condensation of

isopentenyl diphosphate (IPP), with farnesyl diphosphate

catalysed by a cis-isoprenyltransferase (cis-IPTase) activ-

ity. Despite the recognition of cis-IPTase activity 40 years

ago and the molecular cloning of the human cDNA encod-

ing the mammalian enzyme, the molecular machinery

responsible for regulating this activity remains incomple-

tely understood. Here, we identify Nogo-B receptor (NgBR)

as an essential component of the Dol-P biosynthetic machi-

nery. Loss of NgBR results in a robust deficit in cis-IPTase

activity and Dol-P production, leading to diminished levels

of dolichol-linked oligosaccharides and a broad reduction

in protein N-glycosylation. NgBR interacts with the previ-

ously identified cis-IPTase hCIT, enhances hCIT protein

stability, and promotes Dol-P production. Identification of

NgBR as a component of the cis-IPTase machinery yields

insights into the regulation of dolichol biosynthesis.
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Introduction

Isoprenoids represent the most abundant and structurally

diverse natural products known, consisting of 455 000

primary and secondary metabolites (Swiezewska and

Danikiewicz, 2005). The carbon chain length of isoprenoids

varies greatly, from the relatively short-chain geranyl diphos-

phate (C10) to the long-chain structure of natural rubber

(C410 000). The mevalonate pathway is responsible for the

generation of the numerous isoprenoids that are essential

for cell viability. This pathway is characterized by a critical

branchpoint intermediate, farnesyl pyrophosphate (FPP),

which is generated by a trans-isoprenyltransferase (trans-

IPTase) activity and serves as the basic building block for

all subsequent steps in isoprenoid biosynthesis.

Three activities utilize FPP as a substrate to generate

diverse lipids (Grunler et al, 1994). Squalene synthase is

responsible for the first committed step towards the eventual

production of cholesterol (Schroepfer, 1981, 1982), whereas

two prenyltransferase activities function in the remaining

pathways downstream of FPP, a trans-IPTase associated

with production of the ubiquinone prenyl side chain via

solanesyl and decaprenyl diphosphate synthesis (Teclebrhan

et al, 1993) and a cis-isoprenyltransferase (cis-IPTase) in-

volved in dolichol production (Gough and Hemming, 1970;

Adair et al, 1984). Dolichol consists of 15–23 isoprene units

(Rip et al, 1985; Schenk et al, 2001a) and is necessary for

protein N-glycosylation and O-mannosylation, C-mannosyla-

tion of tryptophan, and GPI anchor biosynthesis.

The process of N-linked glycosylation is well characterized

relative to our understanding of the synthesis of the glycosyl

carrier lipid. Fourteen distinct lipid-linked oligosaccharide

(LLO) intermediates are synthesized during the assembly of

the final N-glycan donor molecule in the ER (Burda and Aebi,

1999). These steps in LLO biosynthesis take place on both

sides of the ER bilayer, with the GlcNAc-1-phosphotransfer-

ase catalysing the first step on the cytosolic face of the ER by

addition of a GlcNAc-1-P residue from a UDP-GlcNAc donor

to dolichol monophosphate (Dol-P). The GlcNAc-P-P-Dol

undergoes a series of further reactions at the cytoplasmic

leaflet utilizing UDP-GlcNAc and GDP-Man until it is elon-

gated to Man5GlcNAc2-P-P-Dol (M5-LLO). The LLO inter-

mediates mannose-P-dolichol (Man-P-Dol) and glucose-P-

dolichol (Glc-P-Dol) are also synthesized on the cytosolic

leaflet of the ER, with GDP-Man and UDP-Glc serving as the

respective glycosyl donors. Once synthesized, the M5-LLO,

Man-P-Dol, and Glc-P-Dol intermediates are flipped in a

protein-dependent manner to the luminal side of the ER,

where the M5-LLO is elongated further through addition of

four additional mannose units and three glucose residues

until it reaches the mature state of Glc3Man9GlcNAc2-P-P-Dol

(G3M9-LLO). These sugars are then transferred from Dol-P

through the action of oligosaccharyltransferase within the ER

lumen to the appropriate Asn acceptor site on the nascent

glycoprotein. Although much is known regarding the oligo-

saccharide conjugation reactions on both leaflets of the

bilayer, relatively little is understood regarding the regulation

of cis-IPTase activity and dolichol synthesis, a requisite

process for all downstream reactions leading to glycosylation.

cis-IPTase activity promotes the successive condensation of

isopentenyl diphosphate (IPP) onto a FPP backbone, result-

ing in the generation of a long-chain polyprenyl diphos-

phate (Schenk et al, 2001a). This polyprenyl diphosphate is

subsequently dephosphorylated by an unidentified phospha-

tase(s), generating a polyprenol. The a-isoprene unit of the
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polyprenol is then reduced by an NADPH-dependent micro-

somal reductase, resulting in the formation of dolichol.

The bacterial cis-IPTase, UPPS, catalyses the synthesis

of the glycosyl carrier lipid undecaprenyl-PP, which is

essential for peptidoglycan production (Kurokawa et al,

1971). The first identified eukaryotic cis-IPTase was cloned

from Saccharomyces cerevisiae via an rer mutant strain

(rer2) defective in ER protein sorting (Sato et al, 1999).

Subsequently, a second cis-IPTase was cloned from yeast as

a suppressor of rer2. This gene, SRT1, encodes a protein with

significant sequence homology to RER2, yet is expressed

differentially during the cell cycle and promotes the forma-

tion of a longer-chain dolichol than that produced by Rer2p

(Sato et al, 2001; Schenk et al, 2001b). Sequence homology

analysis resulted in the discovery of a human cDNA with

similarity to bacterial and yeast cis-IPTases. This human cis-

IPTase or hCIT (also referred to as HDS or DHDDS) comple-

ments growth and cis-IPTase defects in the rer2 mutant strain.

hCIT conforms to a reticular pattern of subcellular distribu-

tion by immunofluorescence, yet has no predicted transmem-

brane domains (Endo et al, 2003; Shridas et al, 2003).

Furthermore, overexpression of hCIT in mammalian cells

results in modest increases in cis-IPTase activity, suggesting

the existence of accessory subunits of the cis-IPTase that may

influence hCIT activity (Shridas et al, 2003).

In a screen for binding partners for the amino-terminus of

reticulon 4B/Nogo-B, we discovered a binding protein we

termed Nogo-B receptor (NgBR) (Miao et al, 2006). To

elucidate potential intracellular roles of NgBR, we screened

a cDNA expression library for proteins that interact with the

C-terminus of NgBR and found that NgBR interacts with the

cholesterol-binding protein Niemann-Pick type C2 (NPC2), a

lysosomal protein that is essential for intracellular trafficking

of LDL-derived cholesterol (Harrison et al, 2009). NgBR

regulates NPC2 stability in the ER and the loss of NgBR

reduces NPC2 protein levels and results in phenotypes remi-

niscent of NPC2 disease, including accumulation of free

cholesterol and defects in cholesterol trafficking to the ER

sterol sensing machinery.

Analysis of conserved domains in the NgBR sequence

reveals a single domain with homology to cis-IPTases (Miao

et al, 2006). Although cis-IPTase activity was described 40

years ago (Gough and Hemming, 1970), a paucity of infor-

mation exists regarding the molecular components of this

process. Upon examining the function of the conserved

cis-IPTase domain in NgBR, we discovered a role for NgBR

in modulating cis-IPTase activity and regulating dolichol

biosynthesis in mammalian cells. These data provide new

insights into the process of N-linked protein glycosylation

and extend our understanding of the regulation of cis-IPTase

activity and dolichol biosynthesis.

Results

The C-terminus of NgBR exhibits conformations

consistent with NPC2 binding and regulation

of N-linked glycosylation

Our previous work identified NgBR as an NPC2-binding

protein that functions to promote NPC2 protein stability in

the ER lumen. As part of our ongoing efforts to characterize

the NgBR–NPC2 interaction, we discovered two conserved

Asn residues in the human NgBR C-terminal domain

(Figure 1A) that conform to the consensus motif for N-linked

protein glycosylation (Asn-X-Ser/Thr). No other putative

N-linked glycan acceptor sites conforming to the Asn-X-Ser/

Thr consensus are found in NgBR. Asn-144 is found in

mammals and fish, while Asn-271 is conserved in mammals

(Figure 1A). Neither the Asn-144 nor the Asn-271 site is

found in the yeast orthologue. Expression of wild-type

(WT) human NgBR results in two distinct mobility shifts of
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Figure 1 A major proportion of the NgBR C-terminus conforms to cytosolic orientation. (A) Primary structure of human NgBR. Two N-linked
glycosylation sites are predicted (Asn-X-Ser) in the C-terminal domain of NgBR. Alignments were performed with ClustalW2. (B) COS-7 cells
were transfected with NgBR constructs as indicated. At 24 h post-transfection, cell lysates were prepared and treated with Endoglycosidase H
(EndoH). N144Q and N271Q mutants of NgBR result in differential EndoH sensitivity. NgBR was detected using anti-HA antibodies. (C) Limited
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indicated times to assess protein topology. Arrows denote glycosylated NgBR species that are relatively resistant to digitonin-dependent trypsin
digestion when compared with non-glycosylated NgBR. Grp94, an ER luminal chaperone, is used here as a control for permeabilization of the
ER bilayer. NgBR was detected using anti-HA antibodies. (D) Model of NgBR topology in the ER bilayer. A minor proporation of NgBR exists
with its C-terminus in a luminal orientation, where it interacts with NPC2 to promote intracellular cholesterol homeostasis. The major
proportion of NgBR exists with its C-terminus in a cytosolic orientation with unknown function.
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a fraction of the protein by SDS–PAGE. This fraction of NgBR

is collapsed by digestion of high mannose-linked glycans with

endoglycosidase H (EndoH) treatment (Figure 1B). The

EndoH sensitivity of these bands provides evidence that a

portion of the C-terminus of NgBR is glycosylated and present

within the ER lumen. To further define the residues to which

these glycans are linked, we mutated the putative glycosyla-

tion sites (Asn-144 and Asn-271 of hNgBR) to Gln. NgBRN144Q

expression leads to loss of the uppermost band in the

mobility shift, with the remaining portion exhibiting EndoH

sensitivity (Figure 1B). Loss of glycosylation at Asn-271

(NgBRN271Q) leads to a more dramatic loss of EndoH sensi-

tivity, with an almost complete ablation of the shifted bands

(Figure 1B). This more robust loss of glycosylation seen in

the N271Q mutant may result from site selection by STT3

isoforms within the oligosaccharyltransferase complex,

although this possibility awaits further analysis (Kelleher

et al, 2003). Combined mutation of both glycosylation sites

(NgBRN144Q/N271Q) results in a complete loss of EndoH sensi-

tivity (Figure 1B). Thus, a minor proportion of the NgBR

C-terminus is glycosylated in an EndoH-sensitive manner,

and therefore present in an orientation that is compatible

with NPC2 binding in the lumen of the ER. It is also important

to note that a large fraction of NgBR exists with its C-terminus

oriented towards the cytosol as shown by limited proteolysis

experiments. This topology is defined by trypsin sensitivity in

digitonin-permeabilized cells (i.e. selective permeabilization

of the plasma membrane). Immunoreactivity of the NgBR

C-terminal HA epitope is reduced following digitonin treatment,

whereas the ER luminal chaperone Grp94 remains resistant to

trypsin unless intracellular membranes are permeabilized

with Triton X-100 (Figure 1C). Importantly, the glycosylated

NgBR species remain relatively resistant to trypsin in the

presence of digitonin (Figure 1C), further suggesting that

NgBR exists in at least two conformations, one in which the

C-terminus is oriented within the ER lumen and another in

which the C-terminus is oriented in the cytosol.

We have recently shown NgBR to contain a signal anchor

motif at the extreme N-terminus of the protein (residues

1–23) (Harrison et al, 2009). The TMpred algorithm predicts

the presence of two additional membrane-embedded regions

(Figure 1A), between residues 35–56 (‘TM2’) and between

residues 117–135 (‘TM3’). The presence of the C-terminal

glycosylation-dependent mobility shift seen with expression

of WT NgBR provides an index by which to assess the

topological orientation of the NgBR C-terminus. Expression

of NgBR TM deletion constructs (deletion of TM1, TM2, or

TM3) results in a striking change in NgBR mobility

(Supplementary Figure S1A). Deletion of TM1 or TM3 leads

to a complete loss of EndoH sensitivity, while deletion of TM2

has no effect. Thus, TM1 and TM3 may regulate an ER

luminal orientation of the NgBR C-terminus. We used these

NgBR TM deletion constructs as tools to further dissect the

relative importance of a luminal NgBR C-terminus to an

NgBR–NPC2 binding event. Whereas both WT NgBR and

NgBRDTM2 co-immunoprecipitate with NPC2 (Supplementary

Figure S1B), NgBRDTM1 and NgBRDTM3 do not interact with

NPC2 (Supplementary Figure S1B). As the TM1 and TM3

deletions preclude a luminal orientation for the NgBR

C-terminus, the absence of NPC2 binding by these constructs

supports a role for a luminal NgBR C-terminus in the NgBR–

NPC2 interaction. We cannot exclude the possibility that

these glycan point mutations and TM deletions may result

in protein misfolding. However, the differential EndoH sensi-

tivity coupled with the functional analysis of NPC2 binding

suggests that NgBR exists with two topological conforma-

tions, the minor fraction with its C-terminus oriented towards

the lumen in an orientation that is consistent with the

regulation of NPC2 stability (Harrison et al, 2009), and the

major fraction oriented with its C-terminus directed towards

the cytosol with an uncharacterized function(s) (Figure 1D).

The remainder of this study seeks to define the function of

this major fraction of NgBR.

The C-terminal 158 amino acids of NgBR exhibit 44%

sequence similarity, with the ancestral cis-IPTase from

Micrococcus luteus. Based on our analysis of NgBR topology,

the predominant form of NgBR has its cis-IPTase domain

oriented in the cytosol. As cis-IPTase activity is confined to

the cytosolic leaflet of the ER bilayer and essential for

dolichol production (Schenk et al, 2001a), we tested the

contribution of NgBR to N-linked protein glycosylation. To

determine the extent to which NgBR influences N-linked

glycosylation, we used siRNA to diminish NgBR levels in an

endothelial cell line, EA.hy926, in which we have previously

shown NgBR-targeted RNAi to significantly reduce NgBR

expression (Harrison et al, 2009). We incubated cells with a

control siRNA or an NgBR siRNA, pulsed with [2-3H]-man-

nose and analysed mannose incorporation into proteins by

TCA precipitation and extensive washing of the pellets,

followed by scintillation counting and fluorography.

Tunicamycin (Tm) treatment was used as a positive control

for inhibition of N-linked glycosylation. Knockdown of NgBR

leads to a dramatic reduction in mannose incorporation into

proteins (Figure 2A). This effect was not due to a loss of

mannose uptake; indeed, NgBR RNAi caused a slight increase

in cellular [3H]-mannose uptake (Figure 2B). The loss of

NgBR also reduces the levels of mannose-labelled proteins

detected in the TCA-precipitated media as shown by fluoro-

graphy (Figure 2C) and Tm treatment results in complete loss

of mannose-labelled protein (Figure 2C). These data suggest

that NgBR is necessary for N-linked glycosylation.

As an independent approach to define the relationship

between NgBR and N-linked glycosylation, we used a non-

radioactive method termed fluorophore-assisted carbohydrate

electrophoresis (FACE) to measure endogenous levels of LLOs

and their precursors at steady state (Gao and Lehrman,

2006). Although knockdown of NgBR in EA.hy cells did not

cause any loss of UDP-GlcNAc, GDP-mannose, or UDP-Glc

(data not shown), it did result in dramatic reduction in

Glc3Man9GlcNAc2-Dol (G3M9) levels (Figure 3A). Although

loss of G3M9-LLO was consistently observed in a series of

replicate RNAi experiments, we noted considerable variabil-

ity in the amounts and types of truncated LLOs that accumu-

lated (e.g. the species migrating between the G5 and G6

standards in Figure 3A was not detected in each experiment).

Expression of an RNAi-resistant form of NgBR in cells

treated with siRNA results in a rescue of G3M9 levels

(Supplementary Figure S2A and B). Quantification of these

LLO data confirms that loss of NgBR results in an approx-

imate 75% reduction in mature G3M9 levels (Figure 3B). N-

linked glycosylation of a single acceptor site requires one

molecule of Glc3Man9GlcNAc2-Dol, four molecules of Man-P-

Dol, and three molecules of Glc-P-Dol (Schenk et al, 2001a).

FACE analysis of monosaccharide-linked dolichols showed a
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significant reduction of these molecules as well (Figure 3C

and D). These data are supported by analysis of total free

glycan pools, which are also diminished after downregulation

of NgBR expression (Supplementary Figure S2C–E). Taken

together, results from mannose labelling and FACE experi-

ments indicate that NgBR expression is necessary for efficient

N-linked glycosylation and proper LLO biosynthesis. The

presence of homology with enzymes that synthesize dolichol

suggests that NgBR may influence glycosylation via effects on

cis-IPTase activity.

NgBR is necessary for cis-IPTase activity and dolichol

synthesis

Since loss of NgBR results in defects in LLO biosynthesis, we

sought to determine whether NgBR influenced cis-IPTase activ-

ity. These activity measurements are performed using micro-

somal preparations in which radiolabelled IPP is incorporated

into long-chain lipids using farnesyl diphosphate (FPP) as a

starting substrate (Figure 4A) (Quellhorst et al, 1997). We

prepared microsomes from cells expressing either endogenous

NgBR or HA-tagged NgBR and performed western blots to

ascertain the extent of NgBR expression in these membrane

preparations. NgBR is found in membranes in both endogenous

and overexpressed conditions (Supplementary Figure S3).

Microsomal activity assays show that NgBR overexpression

significantly enhances cis-IPTase activity (Figure 4B). In

agreement with the mannose labelling and FACE analysis

experiments, loss of NgBR expression results in a robust

deficit in microsomal cis-IPTase activity (Figure 4C).

Furthermore, this deficit in cis-IPTase activity is apparent

over a wide range of initial substrate concentrations

(Figure 4D). Separation analysis of these cis-IPTase reaction

products by reverse phase thin layer chromatography

(Figure 4E) indicates a loss of dolichol to undetectable levels

following knockdown of NgBR. These data show that NgBR is

necessary for cis-IPTase activity and dolichol biosynthesis.

We sought to define the mechanism by which NgBR

regulates cis-IPTase activity. Five regions are conserved be-

tween the prokaryotic cis-IPTase UPPS and eukaryotic cis-

IPTases from yeast (Rer2p and Srt1p) and human (hCIT)

(Takahashi and Koyama, 2006). These regions are designated

as being critical for catalysis and substrate binding as deter-

mined by structure/function analysis of the prokaryotic UPPS

(Fujihashi et al, 2001; Kharel et al, 2001; Guo et al, 2005).

Although the NgBR C-terminus exhibits 44% sequence simi-

larity with the M. luteus cis-IPTase, phylogenetic comparison

of NgBR with characterized cis-IPTases shows that NgBR and

its yeast orthologue NUS1 cluster as a distinct subgroup of

cis-IPTases (Figure 5A). Furthermore, sequence alignment

(Supplementary Figure S4) of these cis-IPTases shows lack

of many of the residues that have been defined as critical for

catalysis and substrate binding through structural and func-

tional studies of UPPS (Fujihashi et al, 2001; Kharel et al,

2001; Guo et al, 2005), suggesting that although NgBR and

Nus1p have cis-IPTase homology domains, they may not be

functional enzymes.

This partial homology with known cis-IPTases stimulates

questions regarding the precise function of NgBR in regulat-

ing dolichol synthesis. The molecular components of eukar-

yotic cis-IPTase activity are relatively well described in

[H3]-mannose
-protein

Tm:

[3H]-mannose:

NgBR RNAi:

β-Actin

NgBR

0

50 000

100 000

150 000

200 000

250 000

Ctrl RNAi

NgBR RNAi

–Tm: –+ +

*

**

*

0

25 000

50 000

75 000

100 000

125 000

150 000

175 000 ***Ctrl RNAi
NgBR RNAi

A

B

C

[3 H
]-

m
an

no
se

 u
pt

ak
e 

(d
pm

/m
g)

[3 H
]-

m
an

no
se

 in
co

rp
or

at
io

n
(d

pm
/m

g)

Ctrl RNAi:

–

– –

+

+ + +

+ + +

+ –

– – –

– – –

– +

+ – + +

Figure 2 Loss of NgBR leads to diminished [3H]-mannose-labelled proteins. (A) EA.hy926 cells were incubated with a control siRNA sequence
(Ctrl RNAi) or an siRNA-targeting NgBR (NgBR RNAi) for 48 h before incubation with [3H]-mannose. Following a 4-h incubation with [3H]-
mannose (during which uptake was linear), media was removed, cells were washed twice with PBS, lysed in RIPA buffer, and proteins were
precipitated with 10% TCA. Precipitates were counted by scintillation or resolved by SDS–PAGE. Tunicamycin (Tm) treatment for 1 h before
labelling was performed as a positive control for loss of [3H]-mannose incorporation. (B) [3H]-mannose uptake measurements were performed
by subtracting scintillation counts in cell lysates from counts in extracellular media both pre- and post-incubation. (C) [3H]-mannose-labelled,
TCA-precipitated protein from cells treated with Ctrl RNAi or NgBR RNAi was resolved by SDS–PAGE and subjected to fluorography. An NgBR
polyclonal antibody was used to detect endogenous NgBR expression whereas anti-b-actin was used to assess equal loading of the lysates
(A, B, n¼ 3; *Po0.001, **Po0.001, ***Po0.001).

NgBR is necessary for cellular dolichol biosynthesis
KD Harrison et al

&2011 European Molecular Biology Organization The EMBO Journal VOL 30 | NO 12 | 2011 2493



S. cerevisiae (Sato et al, 1999, 2001; Schenk et al, 2001b). In

particular, the rer2 strain that is deficient in dolichol synthesis

is a useful tool to assess the contribution of a given gene to

cis-IPTase activity. This strain exhibits temperature-sensitive

growth defects, loss of N-linked glycosylation, deficiencies in

GPI-anchored protein production, and aberrations in mem-

brane morphology. The effects we observe in the preceding

NgBR knockdown experiments reveal similarities with the

rer2 mutant strain, including loss of N-linked glycosylation

and dolichol synthesis (Sato et al, 1999).

We transformed the rer2 strain with constructs expressing

the NgBR yeast orthologue NUS1 or with human NgBR to

determine whether these putative cis-IPTases could rescue

the growth and glycosylation-deficient phenotypes present in

this strain. Neither NUS1 nor NgBR rescue the temperature-

sensitive growth phenotype present in rer2 (Figure 5B).

Furthermore, expression of NUS1 and NgBR are not suffi-

cient to rescue defects in carboxypeptidase Y (CPY) glyco-

sylation seen in the rer2 strain (Figure 5C). Analysis of

cis-IPTase products by reverse phase TLC (Figure 5D) does

not reveal any IPP-derived products generated by expres-

sion of either NUS1 or NgBR in the rer2 null strain. Thus,

NgBR is necessary but not sufficient for cis-IPTase activity

and dolichol synthesis. Since NgBR does not share the same

degree of conservation with UPPS as do the characterized

eukaryotic cis-IPTases, we sought to determine if NgBR might

somehow function as an obligate modifier of the previously

characterized mammalian cis-IPTase and RER2 orthologue,

hCIT.

NgBR interacts with hCIT and facilitates cis-IPTase

activity

As mentioned previously, cis-IPTase activity is associated

with the cytosolic leaflet of the ER bilayer. Both NgBR and

hCIT have been shown to localize primarily to the ER

(Shridas et al, 2003; Harrison et al, 2009). We assessed the

possibility that NgBR and hCIT might be associated in a

protein complex, and performed co-immunoprecipitation

experiments in HeLa cells expressing both proteins.

Immunoprecipitation of hCIT-HA and the reciprocal immu-

noprecipitation of NgBR-FLAG reveal the presence of an

interaction between these two proteins (Figure 6A and B).

Furthermore, immunoprecipitation of hCIT-FLAG in CHO

cells stably expressing a vector (as a control), full-length

NgBR, or a C-terminal truncation mutant of NgBR lacking

the cis-IPTase homology domain results in a co-immunopre-

cipitation with full-length NgBR only (Figure 6C), suggesting

that the cis-IPTase domain of NgBR is necessary for its

interaction with hCIT.
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We noticed a robust increase in NgBR protein levels when

NgBR was co-expressed with hCIT (Figure 6A). In order to

determine the functional consequences of the NgBR–hCIT

interaction, we co-expressed both proteins, either holding the

concentration of hCIT constant with increasing concentra-

tions of NgBR cDNA (Figure 7A), or holding the concentra-

tion of NgBR constant with increasing concentrations of hCIT

(Figure 7B). In both cases, co-expression of NgBR and hCIT

results in enhanced levels of its binding partner, providing

evidence of a stabilizing effect between these two proteins.

This interaction also brought forth the possibility that NgBR

might serve as a docking site for hCIT on the ER membrane,

since hCIT localizes to the ER, yet has no predicted trans-

membrane domain by hydropathy analysis (Shridas et al,

2003). In order to address whether NgBR functions as an ER-

binding site for hCIT, we reduced NgBR levels using shRNAs

in HeLa cells. Although total levels of hCITwere lower in cells

with knockdown of NgBR (consistent with a promotion of

hCIT stability in the presence of the NgBR interaction), the

relative amount of hCIT associated with the membrane frac-

tion remains unchanged (Figure 7C). These data suggest that

targeting of hCIT to the ER is likely independent of its

interaction with NgBR.

Of note, expression of hCIT in the rer2 background rescues

neither growth nor CPY glycosylation to the same extent as

does expression of RER2 (Figure 5B–D). In light of the

interaction between NgBR and hCIT and the effects of NgBR

on hCIT protein levels, we tested the hypothesis that NgBR

might potentiate the cis-IPTase activity of hCIT. Expression of

hCIT in the rer2 strain results in a modest rescue of dolichol

levels with increased lipid chain length (4C90; Figure 7D).

Co-expression of NgBR with hCIT leads to a striking potentia-

tion of long-chain dolichol synthesis (Figure 7D).

Collectively, these data provide evidence of a new mode of

cis-IPTase regulation and dolichol production via the hCIT-

binding protein NgBR (Figure 7E).

Discussion

Dolichol is an obligate carrier of glycans for N-linked protein

glycosylation, protein O-mannosylation, C-mannosylation,

and GPI anchor biosynthesis. We have found that NgBR is

necessary for N-linked protein glycosylation, production of

mature LLOs, microsomal cis-IPTase activity and dolichol

synthesis. Furthermore, NgBR interacts with and stabilizes

the cis-IPTase, hCIT. Given the relatively weak enzymatic

activity associated with hCIT in mammalian cis-IPTase assays

coupled with the lack of complete rescue of the dolichol-

deficient rer2 mutant strain with hCIT, we propose that NgBR

functions as an allosteric regulator or accessory protein in a

cis-IPTase complex through its interaction with hCIT. This

idea is supported by the stabilizing effect of NgBR on hCIT
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protein levels, the NgBR-dependent potentiation of cis-IPTase

activity and the marked reduction in glycosylated proteins,

LLOs and cis-IPTase activity after NgBR knockdown. NgBR is

not sufficient to rescue the rer2 mutant strain, arguing against

it being an independent, single-subunit enzyme; however,

NgBR potentiates dolichol production in an hCIT-dependent
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manner. Collectively, these findings advance our understand-

ing of dolichol biosynthesis.

The C-terminal region of NgBR is conserved and sequence

homology to NgBR exists in S. cerevisiae, Drosophila melano-

gaster, Arabidopsis thaliana, and Mus musculus. Interestingly,

the yeast orthologue of NgBR, NUS1 (YDL193w) is an essen-

tial gene and was identified in a screen for genes that

influence cell-cycle progression (Yu et al, 2006). Loss of

NUS1 was found to disrupt glycosylation of CPY, secretion

of alkaline phosphatase, and production of the GPI-linked

protein Gas1p. These data further support a role for NgBR in

N-linked glycosylation and cis-IPTase activity. It is of interest

to determine whether NgBR is a functional orthologue of

NUS1 as an extension of these findings. Analysis of the

relationship between NUS1 and the hCIT orthologue RER2

may provide meaningful insights into the regulation of

cis-IPTase activity. Single deletions of each yeast cis-IPTase

RER2 or SRT1 results in growth defects, yet the cells remain

viable (Sato et al, 1999, 2001; Schenk et al, 2001b). Loss of

NUS1, however, leads to lethality (Yu et al, 2006). This is

somewhat surprising, given the greater degree of homology

between RER2, SRT1, and the ancestral cis-IPTase UPPS.

We favour the hypothesis that NUS1 may function upstream

of both yeast cis-IPTases, although this possibility awaits

further study.

Previously, we have shown that NgBR regulates NPC2

stability and thereby promotes trafficking of LDL-derived

cholesterol (Harrison et al, 2009). Here, we show that TM1

and TM3 of NgBR are critical for its interaction with NPC2.

Since glycosylated NgBR represents o20% of the total pro-

tein, we proposed that NgBR exerts an additional function on

the cytosolic face of the ER. Our data clearly show that the

predominant form of NgBR exists in an EndoH-resistant state,

demonstrating that NgBR likely exists in alternate topological

conformations. Alternate membrane topologies have been

described for a number of other proteins. Large-scale topo-

logy reporter screens conducted in Escherichia coli and

S. cerevisiae identified a subset of proteins with alternate

(cytosolic versus luminal) C-terminal orientations (Daley

et al, 2005; Kim et al, 2006). The prevailing model posits a
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thermodynamic driving force for transmembrane helix inser-

tion, implying that weakly inserting helices may result in

proteins with alternate topologies as a function of the relative

hydrophobicity of the helix (Hessa et al, 2005, 2007). Our

data suggest that the C-terminus of NgBR exists in two

topological orientations: a minor glycosylated species in the

lumen of the ER where it interacts with NPC2, and a

predominant species in the cytosol where it regulates cis-

IPTase activity and binds hCIT. The precise mechanism by

which these topologies are regulated awaits further detailed

analysis.

Although our results clearly show that NgBR is necessary

for hCIT function, a number of interesting questions remain.

The vast proportion (B80–90%) of cellular dolichol is pre-

sent as an esterified lipid or free alcohol, and is therefore in a

chemical form not compatible with a glycan carrier lipid

function. Whether this large pool of dolichol functions as a

reservoir to be phosphorylated and used as a glycan carrier is

unknown. No functions have been ascribed to these non-

phophorylated dolichol species, though some evidence sug-

gests that dolichol disrupts bilayers and increases membrane

fluidity (Lamson et al, 1994; Zhou and Troy, 2005; Wang et al,

2008). Identification of NgBR as a necessary component of

the dolichol biosynthesis machinery brings us a step closer

towards a more complete understanding of the roles of this

essential polyisoprene lipid.

Materials and methods

Materials
D-[2-3H]-mannose (15–30 Ci/mmol) was purchased from Perkin-
Elmer. Express [35S] protein labelling mix (NEG-072) was also
purchased from Perkin-Elmer. [1-14C]-IPP (50 mCi/mmol) was
purchased from Sigma. Tm was purchased from EMD Biosciences;
FPP, orthovanadate, and DTT were purchased from Sigma. Normal
phase TLC plates were purchased from EMD Biosciences; RP-TLC
plates were from Whatman. Dolichol standards (C50–C70 and C90)
were purchased from Indofine Chemical Co. Antibodies used in
this study include a-myc (Cell Signaling), a-HA (Roche), b-actin
(Sigma), a-NgBR (Imgenex), a-FLAG (Sigma), Hsp90 (BD Bio-
sciences), Calnexin (E10, Santa Cruz), CPY (Invitrogen), HA affinity
matrix (Sigma), FLAG agarose (Sigma), NPC2 (H-125, Santa Cruz),
Nogo-B (N-18, Santa Cruz). Constructs used in this study include
NgBR-HA was cloned into pcDNA3 using HindIII and EcoRI; hCIT-
HA was cloned into pcDNA3 using KpnI and XbaI; hCIT-FLAG was
cloned into pIRES using NotI and EcoRI; hCITwas cloned into p426-
GPD and p423-GPD using SpeI and SalI; NgBR and Nus1 were
cloned into p426-GPD or p423-GPD with BamHI and SalI.

Limited proteolysis
HeLa cells expressing NgBR were scraped into KHM buffer (110 mM
KAc, 20 mM HEPES, 2 mM MgCl2). In all, 50mM digitonin was
added to the KHM buffer for 5 min at room temperature in some
tubes to selectively permeabilize the plasma membrane. Following
digitonin permeabilization, cells were washed once with KHM
buffer. Trypsin (1.12 U/ml; Roche) was added to cells in KHM buffer
for the indicated times in the presence or absence of 1% Triton
X-100. Reactions were stopped by addition of 400 U soybean trypsin
inhibitor (Sigma), then prepared for immunoblotting. Antibodies
used for immunoblotting were anti-HA (Roche) 1:1000 and anti-
GRP94 (Assay Design, 9G10). Arrows denote glycosylated NgBR
species that are relatively resistant to digitonin-dependent trypsin
digestion when compared with non-glycosylated NgBR.

[2-3H]-mannose incorporation
EA.hy926 cells were grown in 60 mm dishes until B80–90%
confluent. Growth medium was then removed and replaced with
glucose-free DMEM supplemented with 0.1 mg/ml glucose and
5% dialyzed FCS. Cells were incubated in reduced glucose medium

for 1 h. Some plates received Tm (5mg/ml) as a control for
inhibition of N-linked glycosylation during the 1-h incubation
period. After 1 h, 20mCi/ml [2-3H]-mannose was added to each
plate and cells were incubated at 371 for 4 h. Following the
incubation period, cells were washed twice with PBS, lysed in RIPA
buffer, and aliquots of both conditioned media and lysates were
collected for determination of mannose uptake values. Cell lysates
or conditioned media were then subjected to precipitation of
proteins with 10% TCA for 1 h on ice. Precipitates were washed four
times with 10% TCA, resuspended in 6 M Urea/SDS buffer, and
boiled until pellets were in solution (B30 min). TCA precipitates
were counted by scintillation or resolved by SDS–PAGE. Gels were
fixed, incubated with ENHANCE reagent, and then dried for 1 h at
801 before exposure to film at �801 for 1 week.

Fluorophore-assisted carbohydrate electrophoresis (FACE)
analysis
Detection of LLOs, lipid-linked monosaccharides, and nucleotide
sugars was performed essentially as described (Gao and Lehrman,
2006). Analysis of free glycans was performed by treating total
protein precipitates with N-glycanase and separating neutral and
acidic glycans by ion exchange chromatography, followed by FACE
analysis of the free glycans. Each condition was prepared initially
from a 15-cm plate of confluent EA.hy cells in normal growth
medium, and scraped into a methanolic suspension and processed
according to the established procedures.

Microsomal cis-IPTase activity
Cells were cultured in 15 cm dishes until reaching 100% confluency.
For each condition, three 15 cm dishes were pooled for preparation
of crude microsomes. Cells were scraped into PBS containing 1 mM
EDTA, collected with a 500-g spin, and resuspended in hypotonic
buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 250 mM
sucrose). Cells were incubated in hypotonic buffer on ice for 10 min,
followed by homogenization using a tight-fitting dounce homo-
genizer on ice. Unbroken material was cleared with a 1000-g
centrifugation, and the supernatant from this spin was re-
centrifuged at 100 000 g for 35 min at 41. Post-100 000 g pellets were
washed twice with cis-IPTase reaction buffer (25 mM Tris–HCl, pH
7.4, 5 mM MgCl2, 1.25 mM DTT, 2.5 mM sodium orthovanadate),
then resuspended in reaction buffer. Reaction mixtures from
mammalian cells contained 100mg microsomal protein, 25mM
FPP, 50mM [1-14C]-isopentenyl pyrophosphate (IPP) (55 mCi/
mmol), and 0.35% Triton X-100 in a total volume of 0.1 ml. For
cis-IPTase experiments using microsomes from yeast, post-100 000 g
pellets were washed twice and then resuspended in yeast cis-IPTase
reaction buffer (60 mM HEPES, pH 8.5, 5 mM MgCl2, 2 mM DTT,
2 mM NaF, 2 mM sodium orthovanadate). Yeast reaction mixtures
contained 100 mg microsomal protein, 50mM FPP, and 45mM IPP.
Reactions were incubated at 371 for 1 h and quenched by addition of
2 ml CHCl3:MeOH (2:1). Products were separated from unreacted
water-soluble IPP by partition through addition of 0.8 ml of 0.9%
NaCl. The organic phase was washed three times with
CHCl3:MeOH:dH2O (3:48:47) and dried under nitrogen. For normal
phase thin layer chromatography, samples were resuspended in
50ml n-hexane, and aliquots were counted by scintillation. The
remainder of the sample was loaded onto an activated silica gel 60
TLC plate (EMD, 20�20 cm2, #5721-7) and run in a hexane:ethyl
acetate (80:20) buffer. The relative size of the products was
measured according to the addition of standards to each lane that
were visualized with iodine vapour. After drying, the plate was
exposed to a phosphor screen for 2 weeks and imaged using a
Typhoon phosphorimager. For analysis of products using reverse
phase TLC, samples were prepared according to Fujii et al (1982).
Samples were resuspended in 1 ml of 1-butanol after washing and
drying under nitrogen. The butanol was transferred to an 8-ml
screw-top glass vial to which 120 ml of 2.5 M sodium acetate, pH 4.7
was added, followed by addition of 3 ml of MeOH. At this point,
77ml of 10% Triton X-100 was added to the vials, and each mixture
was vortexed vigorously. In all, 16 U of potato acid phosphatase
(dissolved in 250 mM sodium acetate buffer) was added to each
reaction in order to dephosphorylate the polyprenyl-PP products.
The reactions were incubated overnight at 371, and 100ml of 6 M
NaOH was added to terminate the reaction. Dephosphorylated
lipids were extracted three times with 2 ml n-hexane, extracts were
pooled and washed two times with 2 ml dH20. After the organic
phase was dried under nitrogen, products were redissolved in 50 ml
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n-hexane and from which an aliquot was subjected to scintillation
counting. The remainder of the lipid was loaded onto a Whatman
Partisil LKC18 RP-TLC plate (20� 20 cm2, #4800-800) in a mobile
phase of acetone:dH20 (95:2.5). Plates were dried at RT followed by
heating at 801 for 5 min. Standards were visualized by exposure to
iodine vapour and plates were exposed to a phosphor screen for 1–3
weeks; radiolabelled products were detected by phosphorimaging.

Immunoprecipitation and western blot analysis
For immunoprecipitation, cells were scraped and lysed in IP buffer.
(IP buffer: 50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 1% Triton X-
100, 1.5 mg/ml protease inhibitor cocktail, 0.25 mg/ml AEBSF).
Cells were homogenized using a loose-fitting dounce homogenizer.
Lysates were cleared at 14 000 r.p.m. and 50ml of anti-HA affinity
matrix (Roche), or FLAG agarose (Sigma) were used to pulldown
the HA-tagged protein or FLAG-tagged protein, respectively, from
2 mg of cell lysate. Following incubation at 41 for 2 h, the antibody-
agarose conjugates were washed three times with IP buffer,
resuspended in 2� SDS loading buffer and boiled for 5 min before
western blotting. For western blot analysis from whole-cell lysates,
cells were lysed in a modified RIPA buffer (RIPA buffer: 50 mM Tris–
HCl pH 7.4, 0.1% SDS, 0.1% sodium deoxycholate, 0.1 mM EDTA,
0.1 mM EGTA, 1% NP-40, 1.5 mg/ml protease inhibitor cocktail,
0.25 mg/ml AEBSF).

Yeast strains and culture conditions
S. cerevisiae strains used in these studies include SS328 (WT) is
MATa ade2-101 ura3-52 his3D200 lys2-801 and rer2 YG932 is MATa
Drer2HkanMX4 ade2-101 ura3-52 his3D200 lys-801. Cultures were
grown at 301 in YPD, Ura-selective YNB (6.7 g/l), or Ura-, His-
selective YNB. Lysates were prepared from yeast by resuspension of
cultures (OD600¼ 0.4–0.6) in 100ml/7.5 OD600U of lysis buffer
(50 mM Tris–HCl, pH 6.8, 150 mM NaCl, 1 mM EDTA, 0.1% NP-40,
1.5 mg/ml protease inhibitor cocktail (Roche), 0.25 mg/ml AEBSF
(Roche)), plus an equal volume of 500mm glass beads. Lysates were

vortexed vigorously for 15 min at 41 in order to disrupt cell walls.
Beads were collected by centrifugation at 2000 r.p.m. for 5 min at 41
followed by re-centrifugation of the lysates at 14 000 r.p.m. for
10 min to clear insoluble material. The supernatants were collected
and stored at �201 before resolution by SDS–PAGE.

Statistical analyses
Data are expressed as mean±s.e. Statistical comparisons between
groups were performed using Student’s t-test or analysis of variance
using Graphpad Software. Significant differences are indicated in
the figures.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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