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Introduction
Protein maturation in the mammalian secretory pathway largely 
occurs in the ER, where maturation intermediates and products 
are subjected to an evaluation or quality control process (Ellgaard 
and Helenius, 2003). The majority of the proteins that traverse 
the eukaryotic secretory pathway receive multiple N-linked gly-
cans (Apweiler et al., 1999). These covalent modifications can 
act as maturation and quality control tags with their composi-
tion providing information about the fitness of the modified pro-
tein (Helenius and Aebi, 2004; Hebert and Molinari, 2007). The 
UDP-glucose:glycoprotein glucosyltransferase 1 (UGT1) is a key 
ER quality control folding sensor that modifies the composition 
of glycans based on the structural integrity of the modified protein 
(for review see Caramelo and Parodi, 2008). UGT1 reglucosyl-
ation is proposed to support folding assistance and ER reten-
tion of maturing proteins by directing their persistent binding 
by ER-resident carbohydrate-binding molecular chaperones 

(Van Leeuwen and Kearse, 1997; Wada et al., 1997; Molinari  
et al., 2005; Pearse et al., 2008).

The ER lectin chaperone system is comprised of the type I 
membrane protein calnexin and its soluble paralogue calreticulin. 
These two chaperones bind proteins possessing monoglucosyl-
ated glycans (Glc1Man9GlcNAc2; Hammond et al., 1994). The 
initial round of binding to the chaperones is triggered by the rapid, 
sequential, and frequently co-translational trimming of two glu-
coses from the glycans by glucosidase I followed by glucosi-
dase II to generate the monoglucosylated substrate (Chen et al., 
1995; Hebert et al., 1997). Chaperone binding also supports the 
recruitment of the chaperone-associated oxidoreductase ERp57 
that can assist in disulfide bond formation or rearrangement 
(Oliver et al., 1997; Zapun et al., 1998; Soldà et al., 2006).  
Glucosidase II cleavage of the terminal glucose abrogates lectin 
chaperone association by generating unglucosylated proteins 
(Hebert et al., 1995). If the protein folds and assembles properly, it 
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(Karaivanova et al., 1998), glucosidase inhibition with N-butyl 
deoxynojirimycin (DNJ) traps reglucosylated glycans in their 
monoglucosylated state in MI8-5 CHO cells. Monoglucosylated 
proteins can then be isolated based on their affinity for GST- 
calreticulin (Pearse et al., 2008), a soluble carbohydrate-binding 
chaperone which binds monoglucosylated high mannose glycans 
(Peterson et al., 1995; Kapoor et al., 2003).

To isolate endogenous substrates of UGT1, MI8-5 cells 
were pulse labeled in the presence of [35S]Met/Cys for 2 h, and 
total monoglucosylated glycoproteins were isolated from the cell 
lysates and media using GST-calreticulin. Several distinct bands 
were visible in the cell lysate (Fig. 1 B, lane 2), whereas the cell 
media was devoid of monoglucosylated proteins (Fig. 1 B, odd 
numbered lanes). The addition of DNJ prevented the removal of 
the UGT1-transferred glucose by glucosidase II, resulting in an 
accumulation of monoglucosylated substrates (Fig. 1 B, lane 4). 
After a 2-h chase period, several potential substrates were cleared 
from the cell lysates, whereas others continued to be recognized 
by GST-calreticulin in the presence of DNJ. An 60-kD protein 
was readily distinguishable by its abundance, and it remained 
bound to GST-calreticulin after a 2-h chase, which is suggestive 
of it being a prominent UGT1 substrate (Fig. 1 B, lane 8; and  
Fig. S1 A). Treatment with jack bean -exomannosidase confirmed 
the presence of monoglucosylated glycans on the 60-kD protein 
because only a slight shift was observed upon jack bean  
-exomannosidase digestion, which is indicative of the protec-
tion of A-branch mannose residues by glucosylation (Fig. S1 B; 
Hammond et al., 1994; Hebert et al., 1995).

Numerous biochemical characterizations were performed 
to gain insight to the identity of the 60-kD protein. First, alkaline  
fractionation revealed that it was a soluble protein (Fig. S3 A), 
likely bearing three to four N-linked glycans as predicted by the 
size of the mobility shift observed after endoglycosidase diges-
tion (Fig. S1 B). In addition, two-dimensional isoelectric focus-
ing gel electrophoresis yielded a pI of 5 for the putative UGT1 
substrate (Fig. S2, A and B). The 60-kD protein associated with 
both calnexin and calreticulin, as determined by coimmuno-
precipitation experiments using antibodies directed against the 
two lectin chaperones (Fig. S3, A and B).

After a bioinformatics search using these various ex-
perimentally determined parameters, potential matches were 
screened with specific antisera during pulse-chase analysis. 
The 60-kD protein immunoprecipitated with antisera recog-
nizing prosaposin. Prosaposin migrated at the same position 
as the 60-kD protein (Fig. 1 C, compare lane 6 with lane 7). 
Sequential pull-down of monoglucosylated substrates with 
GST-calreticulin followed by saposin D antisera revealed 
prosaposin as the 60-kD UGT1 substrate. This was confirmed 
by a reciprocal sequential pull-down of prosaposin followed 
by GST-calreticulin, demonstrating that prosaposin contained 
monoglucosylated glycans in MI8-5 cells (Fig. 1 C, lanes 8 
and 9).

Prosaposin is a soluble secretory protein that contains an 
N-terminal signal sequence. It is comprised of four sequential 
homologous domains, each containing three disulfide bonds 
and a single N-linked glycan (Fig. 1 D; Kishimoto et al., 1992). 
After passage through the ER, prosaposin has dual fates: it can 

is free to be transported out of the ER to the Golgi. In contrast, 
proteins possessing nonnative structures are recognized by 
UGT1, reglucosylated, and targeted for chaperone rebinding 
and ER retention.

UGT1 is a large soluble ER protein (170 kD) that consists 
of an N-terminal folding sensor domain responsible for the  
selection of malformed substrates and a C-terminal catalytic  
domain, which transfers glucose residues (Arnold and Kaufman, 
2003; Guerin and Parodi, 2003). In vitro studies have revealed 
that UGT1 recognizes near-native molten globule substrates via 
surface-exposed hydrophobic patches (Sousa and Parodi, 1995; 
Caramelo et al., 2003, 2004). Deletion of ugt1 is lethal for mice; 
however, ugt1/ mouse embryonic fibroblast (MEF) cells have 
been generated (Molinari et al., 2005). Overexpression of the 
temperature-sensitive misfolded VSVG (vesicular stomatitis  
virus G protein) in ugt1/ cells resulted in its accumulation in 
covalent-linked aggregates. A study involving the heterologous 
expression of influenza hemagglutinin demonstrated that the 
magnitude of substrate misfolding dictates the degree of regluco-
sylation (Pearse et al., 2008). Understanding the cellular role 
of UGT1 has been hindered by the inability to follow its activity 
in live cells and the dependence on overexpressed substrates, and 
in vitro studies have relied largely on the analysis of nonnatural 
or engineered substrates (Sousa et al., 1992; Caramelo et al., 
2003, 2004; Taylor et al., 2003, 2004; Keith et al., 2005). The  
biological limitation of these studies underscores the importance 
of understanding the physiological role of UGT1 in the matura-
tion and quality control of endogenous cellular proteins in their 
natural environment.

In this study, the role of UGT1 in endogenous protein mat-
uration and quality control was investigated. Using a cellular  
assay to isolate endogenous substrates of the enzyme, prosapo-
sin was identified as a prominent natural substrate for UGT1 re-
glucosylation. In the absence of UGT1, there was a significant 
decrease in monoglucosylated prosaposin and prosaposin secre-
tion. Prosaposin formed nonnative conformations and accumu-
lated in cytoplasmic perinuclear aggresome-like inclusions 
in ugt1/ cells. Together, these results provide evidence for an 
integral involvement of UGT1 in glycoprotein maturation, as 
without this critical folding sensor, dramatic protein folding and 
trafficking defects occurred.

Results
Prosaposin is an endogenous  
UGT1 substrate
To understand the role of UGT1 in the maturation and quality 
control of glycoproteins within the cell, the identification of 
endogenous cellular substrates of UGT1 was explored. The 
oligosaccharyl transferase of MI8-5 CHO cells transfers truncated 
unglucosylated N-linked glycans (Man9GlcNAc2) as the result  
of a deficiency in the dolichol-P glucose–dependent glycosyl-
transferase (Alg6; Quellhorst et al., 1999). This permits the  
isolation of glycoproteins reglucosylated by UGT1 because in  
these cells, reglucosylation is the exclusive mechanism by which 
proteins can reach a monoglucosylated state (Fig. 1 A; Pearse 
et al., 2008). As CHO cells lack an endomannosidase activity 
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(Rajagopalan et al., 1994; Hebert et al., 1996; Vassilakos et al., 
1996). The topology of a substrate and the location of its gly-
cans typically dictate whether it interacts with the membrane- 
bound calnexin, the soluble calreticulin, or both chaperones 
(Wada et al., 1995; Hebert et al., 1997; Danilczyk et al., 2000). To 
determine whether reglucosylated prosaposin was redirected 
for calnexin and/or calreticulin binding, radiolabeled substrates 
of the lectin chaperones were isolated with calnexin and cal-
reticulin antisera followed sequentially by a pull-down with 
prosaposin antisera. Reglucosylated prosaposin was bound  
by both calnexin and calreticulin in MI8-5 cells (Fig. 2 A, 
lanes 5 and 7).

traffic to lysosomes where it is processed by cathepsin D into 
four separate proteins, or it can be secreted as a full-length pro-
tein lacking its signal sequence (Lefrancois et al., 2003; O’Brien 
et al., 1994).

Prosaposin reglucosylation supports 
persistent lectin chaperone binding
Reglucosylation by UGT1 drives the lectin chaperone binding 
cycle or chaperone rebinding (Hebert et al., 1995; for reviews 
see Helenius, 1994; Caramelo and Parodi, 2008). This is be-
lieved to increase the fidelity of the glycoprotein folding process 
and support the ER retention of immature or aberrant proteins 

Figure 1. Isolation and identification of an endogenous substrate of UGT1. (A) Schematic of the glycoforms generated in wild-type and MI8-5 cells. Wild-
type cells transfer triglucosylated N-glycans to nascent secretory proteins, which are trimmed by glucosidases I/II (Gls I/II) to generate the chaperone-binding 
monoglucosylated state. This last glucose is trimmed by a second digestion by glucosidase II, resulting in an unglucosylated N-glycan. UGT1 transfers a 
single glucose back to N-glycans to reinitiate chaperone interactions. In MI8-5 cells, unglucosylated N-glycans are transferred and monoglucosylated form 
is generated exclusively through UGT1 activity. (B) MI8-5 CHO cells were pulse labeled for 2 h and chased for the indicated times. 0.5 mM DNJ was 
included in the pulse and chase media where indicated. Radiolabeled monoglucosylated proteins were isolated by GST-calreticulin pull-down from either 
cell lysates or media and subjected to 7.5% SDS-PAGE. The 60-kD substrate was identified as prosaposin (Psap) and is marked with a closed circle.  
(C) Wild-type (WT) and MI8-5 cells were pulse labeled for 1 h with DNJ. Lysates were immunoprecipitated with saposin D antisera (SapD; lane 2, 4, 7, 
and 9) or pulled down with GST-calreticulin (CRT; lanes 1, 3, 5, 6, 8, and 10). G indicates the initial binding to protein G to rule out nonspecific binding. 
Lanes 3–5 and 8–10 were sequentially precipitated as indicated. (B and C) Molecular mass is indicated in kilodaltons. (D) Schematic of mouse prosaposin 
(available from Protein Knowledgebase [UniProtKB] under accession number Q61207). The signal sequence is depicted as a black box. N-glycans are marked 
by branched structures with the modified Asn residue identified. Cys residues are labeled as red ovals, and disulfide bonds are drawn as connecting lines. 
Dashed lines represent the position of cathepsin D cleavage. Dotted lines represent the position of cleavage by unidentified lysosomal proteases.
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the absence of UGT1 (Fig. 2 B). This phenotype has been 
observed previously in an analysis of endogenous calnexin 
substrates (Soldà et al., 2007). However, the mechanism by 
which glucose trimming is slowed is not understood. In sum-
mary, prosaposin was efficiently reglucosylated by UGT1 during 
its maturation.

UGT1 is critical for the proper maturation 
of prosaposin
Prosaposin is reglucosylated by UGT1, and this reglucosylation 
occurs readily during the maturation of prosaposin. A portion of 
prosaposin is secreted from cells as full-length protein (Griswold  
et al., 1986; Collard et al., 1988). To investigate the importance 
of UGT1 in prosaposin secretion, wild-type and ugt1/ cells 
were pulse labeled with [35S]Met/Cys, and prosaposin was iso-
lated from cell lysates and media. Secreted prosaposin was de-
tectable after 0.5 h of chase and reached 72% secretion after 1 h 
of chase (Fig. 3, A and B). In ugt1/ cells, secretion was greatly 
reduced, reaching a maximum of only 24% after 1 h of chase 
(Fig. 3 A, compare lane 6 with lane 12). Only a minimal level of 
prosaposin was processed to saposins in either cell type after a 
1-h chase (Fig. 3 A and Fig. S5 A, low molecular bands in cell 
lysates labeled SAPs).

Prosaposin is reglucosylated by UGT1 and targeted to the 
lectin chaperones. To determine the extent to which prosapo-
sin is reglucosylated by UGT1, ugt1/ MEF cells were used 
(Molinari et al., 2005; Soldà et al., 2007). Wild-type and ugt1/ 
MEF cells were pulse labeled and chased for the designated 
times (Fig. 2 B). Total monoglucosylated glycoproteins were iso-
lated at each time point with GST-calreticulin. In wild-type cells, 
50% of monoglucosylated prosaposin remained after 22 min. 
However, in ugt1/ cells, there was a significant reduction in 
monoglucosylated prosaposin, exhibiting a monoglucosylated 
half-time of 8 min. A portion of reglucosylated prosaposin could 
be observed in wild-type cells when DNJ was added at the 30-min 
chase time point (39%). The DNJ-trapped prosaposin fraction 
was largely absent from ugt1/ (7%; Fig. 2, B and C). These 
results indicate that UGT1 plays a significant role in regenerat-
ing monoglucosylated endogenous prosaposin. In addition to 
prosaposin, several other potential endogenous substrates dis-
played significant alterations in their monoglucosylated state in 
ugt1/ cells. An unknown protein of 100 kD exhibited a dra-
matic decrease in GST-calreticulin binding from ugt1/ cells, a 
similar phenotype as observed for prosaposin, which is indica-
tive of reglucosylation. Interestingly, an additional protein of 
80 kD displayed an increase in GST-calreticulin binding in 

Figure 2. Reglucosylation supports persistent lectin chaperone association. (A) MI8-5 cells were pulse labeled for 1 h in the presence of 0.5 mM DNJ. 
Lysates were subjected to GST-calreticulin (CRT) pull-down (lanes 2 and 3) or immunoprecipitated with calnexin (CNX; lanes 4 and 5) or calreticulin (lanes 
6 and 7) antisera. Some samples (+) were sequentially precipitated with saposin D antisera (SapD). (B) Wild-type (WT) and ugt1/ cells were pulse 
labeled for 15 min and chased for the indicated times. Monoglucosylated prosaposin (Psap) was isolated by GST-calreticulin pull-down. DNJ was added 
at the 0.5-h time point until the completion of the assay for the indicated lanes. Samples were resolved via 7.5% SDS-PAGE. (A and B) Molecular mass is 
indicated in kilodaltons. (C) Quantifications of B using n = 3 and mean ± SD (error bars).

http://www.jcb.org/cgi/content/full/jcb.200912105/DC1
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To confirm that the deficient secretion of endogenous pro-
saposin in ugt1/ cells was the result of the lack of UGT1 re-
glucosylation activity, a catalytic mutant of UGT1 (D1360A) 
was expressed, and the trafficking of prosaposin was analyzed. 
The mutation of the DxD motif in the C-terminal domain of 
UGT1 has been shown to prevent the catalytic transfer of glu-
cose in vitro (Tessier et al., 2000). Protein C epitope–tagged 
UGT1D1360A was transfected into ugt1/ cells. Expression lev-
els were similar to those observed for wild-type UGT1 (Fig. 3 E). 
Whereas overexpression of pUGT1-C was able to rescue the 

To ensure that the decreased secretion of prosaposin ob-
served in ugt1/ cells was caused by the absence of UGT1,  
human UGT1 tagged at its C terminus with a protein C epitope 
(pUGT1-C) was transfected into ugt1/ cells (Fig. 3 E). Cells 
transfected with pUGT1-C or empty vector were subjected to 
pulse-chase analysis. As observed previously (Fig. 3, A and B), 
only 20% of total prosaposin was secreted from ugt1/ cells 
(Fig. 3, C and D). However, expression of pUGT1-C restored 
prosaposin secretion to a level similar to that observed in wild-
type cells (Fig. 3, C and D).

Figure 3. UGT1 is critical for prosaposin secretion. (A) Wild-type (WT) and ugt1/ cells were pulse labeled for 15 min and chased for the indicated 
time periods. Radiolabeled prosaposin (Psap) was immunoprecipitated with saposin C antisera from the lysate (lys) and media fractions. SAPs, saposins. 
(B) Quantifications of A using n = 4 and mean ± SD (error bars). (C) ugt1/ cells were transfected with either empty vector or pUGT1-C (wild type or 
catalytic mutant [D1360A]) and radiolabeled for 15 min with or without a 1-h chase period. Radiolabeled prosaposin was immunoprecipitated from  
lysate and media fractions with saposin C antisera. Transfection of pUGT1-C was confirmed by immunoblotting in E. GAPDH (glyceraldehyde 3-phosphate 
dehydrogenase) served as a loading control. (A, C, and E) Molecular mass is indicated in kilodaltons. (D) Quantifications of C with n = 3 and mean ± 
SD (error bars).
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by differential interference contrast (DIC) microscopy and com-
pared with the localization of prosaposin using prosaposin anti-
sera. A large juxtanuclear punctate structure was found in ugt1/ 
cells, which colocalized with endogenous prosaposin (Fig. 4 B). 
Altogether, endogenous prosaposin at steady-state in ugt1/ 
cells existed in dense perinuclear inclusions that were distinct 
from the ER and Golgi. These inclusions shared the characteristic 
vimentin colocalization with aggresomes, intracellular sequestra-
tions that function to compartmentalize malformed protein sub-
strates from the active folding/maturation events occurring 
in the cell.

Prosaposin exhibits nonnative 
conformations in ugt1/ cells
The localization of proteins to intracellular inclusions is usually 
the result of a folding defect. Because prosaposin failed to be 
secreted in significant quantities and was found in aggresome-
like inclusions in ugt1/ cells, the folding status of endogenous 
prosaposin was analyzed. To investigate the extent of the non-
native conformations found in prosaposin derived from ugt1/ 
cells, the accessibility of free sulfhydryls was probed by poly-
ethylene glycol (PEG)–maleimide modification.

Prosaposin contains several rapidly forming disulfide 
bonds (Fig. 1 D; Ruiz-Canada et al., 2009). Wild-type and 
ugt1/ cells were radiolabeled, lysed, and subjected to PEG-
maleimide treatment. After quenching with DTT, radiolabeled 
prosaposin was immunoprecipitated. In wild-type cells, pro-
saposin was nearly completely resistant to PEG-maleimide mod-
ification with or without a chase period, indicating that there 
were no exposed free sulfhydryls on Cys residues (Fig. 5 A,  
lanes 2 and 4). Interestingly, prosaposin was highly sensitive 
to PEG-maleimide addition in ugt1/ cells (52% resistant), 
and this sensitivity increased with chase time, with only 37% 
resistant to modification after 0.5 h of chase (Fig. 5 A, lanes 
6 and 8).

To further evaluate the status of prosaposin in ugt1/ cells, 
the detergent solubility of prosaposin was analyzed. In a previous 
study, proteins localized to aggresomes have been found to dis-
play detergent insolubility (Johnston et al., 1998). Wild-type and 
ugt1/ cells were pulsed with [35S]Met/Cys for 15 min, and  
endogenous prosaposin was isolated from Triton X-100–soluble 
and –insoluble fractions under nonreducing conditions after 
various times of chase. The detergent solubility levels of pro-
saposin were similar in wild-type and ugt1/ cells under non-
reducing conditions (Fig. 5 B, lanes 1–10). This is in agreement 
with the analysis of intracellular prosaposin levels under reducing 
conditions (Fig. 3, A and B). However, in ugt1/ cells, there was 
a visible amount of prosaposin found in the detergent-insoluble 
fractions, as some of the prosaposin resided in high molecular 
weight disulfide-associated aggregates that did not enter the re-
solving gel regardless of the duration of the chase period (Fig. 5 B, 
lanes 16–20). Therefore, endogenous prosaposin in ugt1/ cells 
possessed exposed reactive Cys residues, which resulted in a  
portion of prosaposin forming large disulfide-linked detergent-
insoluble aggregates.

To verify that the prosaposin maturation defect and the re-
sultant deficiency in secretion was not the result of a pleiotropic 

secretion defect of endogenous prosaposin, the expression of 
the corresponding catalytic mutant was unable to increase the 
levels of prosaposin found in the media (pUGT1D1360A-C; Fig. 3,  
C and D). Together, these results implicate UGT1 in playing a 
critical role in prosaposin maturation, as the absence of UGT1 
resulted in a significant decrease in the secretion of prosapo-
sin, and its secretion can be efficiently rescued by overexpres-
sion of the folding sensor. This defect arises as the result of the 
absence of the catalytic reglucosylation activity of UGT1 be-
cause expression of a catalytic mutant of UGT1 was incapable 
of improving secretion levels of endogenous prosaposin in 
ugt1/ cells.

Prosaposin is located in juxtanuclear 
aggresome-like inclusions in ugt1/ cells
Because there was a striking decrease in the level of secreted 
prosaposin in ugt1/ cells, the subcellular localization of pro-
saposin was investigated by immunofluorescence microscopy 
using a saposin antibody. In wild-type cells, prosaposin was 
found in punctate structures dispersed throughout the cell, with 
a portion of prosaposin colocalizing with the ER marker protein 
disulfide isomerase (PDI; Fig. 4 A). Only minimal levels of 
saposin were localized to lysosomes in wild-type or ugt1/ 
cells (Fig. S4 A). Surprisingly, in approximately one fifth of the 
ugt1/ cells, prosaposin was located in an additional region 
that corresponded to large dense juxtanuclear structures. These 
structures did not colocalize with the ER markers PDI or cal-
nexin (Fig. 4 A and Fig. S4 B).

Because the trafficking of properly folded prosaposin in-
volves passage through the Golgi, colocalization of prosaposin 
with the Golgi marker GM130 was analyzed. In wild-type cells, 
a portion of prosaposin was found localized with GM130. The 
large intracellular prosaposin structures observed in ugt1/ cells 
did not colocalize with GM130 (Fig. 4 A). In addition, neither  
the ER nor the Golgi appeared to be morphologically disturbed  
in the ugt1/ cells.

There are several studies that have revealed intracellular in-
clusions to sequester malformed proteins from the cellular milieu 
in mammalian cells. One such inclusion is the aggresome, a peri-
nuclear inclusion generated by misfolded proteins delivered by 
microtubule motor proteins and localized to the microtubule- 
organizing center (Johnston et al., 1998, 2002). Unlike Russell 
bodies (Valetti et al., 1991) or the ER-derived quality control 
compartment (Kamhi-Nesher et al., 2001), aggresomes are not 
surrounded by a membrane coat. Instead, aggresomes are encap-
sulated by the reorganized intermediate filament protein vimentin 
(Johnston et al., 1998). Because the prosaposin inclusions ob-
served in ugt1/ cells were juxtanuclear and did not colocalize 
with PDI, calnexin, or GM130 (Fig. 4 A and Fig. S4 B), their co-
localization with vimentin was investigated (Fig. 4 A). In wild-
type cells, colocalization with prosaposin and vimentin was not 
observed as vimentin was mainly localized to the cell periphery. 
However, in ugt1/ cells, vimentin localized just outside the nu-
cleus in large punctate structures, which colocalized with the pro-
saposin inclusions.

To further examine the aggresome-like inclusions visualized 
by immunofluorescence microscopy, ugt1/ cells were examined 

http://www.jcb.org/cgi/content/full/jcb.200912105/DC1
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decrease in the secretion efficiency of prosaposin in ugt1/ 
cells (17%; Fig. 5, C and D). In conclusion, the secretion de-
fect that was observed with endogenous prosaposin in ugt1/ 
cells (Fig. 3, A and B) was also observed for overexpressed  
human prosaposin, indicating that the folding defect that arises 
in the absence of UGT1 is robust and not caused by a defect in 
the prosaposin gene in ugt1/ cells.

effect of the ugt1/ cells, affinity-tagged human prosaposin 
was transfected in wild-type and ugt1/ cells. Cells were pulse 
labeled with [35S]Met/Cys, and the overexpressed human pro-
saposin was isolated from cell lysates and media using antisera 
directed against their C-terminal myc tag. Nearly 50% of the 
overexpressed prosaposin was secreted from wild-type cells after  
1 h of chase (Fig. 5, C and D). In contrast, there was a significant 

Figure 4. Prosaposin is localized to  
aggresome-like inclusions in ugt1/ cells. 
Prosaposin localization in wild-type (WT) and 
ugt1/ cells was determined by confocal im-
munofluorescence microscopy. Cells were fixed 
in 4% paraformaldehyde/PBS and permeabi-
lized in 0.1% Triton X-100. (A) Samples were 
double labeled with saposin C (SapC) antisera 
and PDI (ER), GM130 (Golgi), or vimentin  
(aggresome) antisera. The white boxed regions 
denote the area magnified in the panels to the 
right. (B) Samples labeled with full-length pro-
saposin (Psap) antisera were compared with 
DIC images. Bars, 10 µm.
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reglucosylation using a mutant mammalian cell line that  
allows the monitoring of the reglucosylation reaction and the 
isolation of UGT1 substrates. Prosaposin was efficiently re-
glucosylated by UGT1, and in its absence, prosaposin was 
unstable. Endogenous prosaposin secretion was drastically 
reduced without UGT1 as it existed in nonnative conformations 
sequestered in large intracellular perinuclear aggregates. Together, 
these results demonstrate the importance of UGT1 in glyco-
protein maturation.

Discussion
A complete picture of the role of UGT1 in glycoprotein matu-
ration within the mammalian cell has remained elusive since 
its discovery more than 20 yr ago in pioneering studies by 
Parodi et al. (1984), Trombetta et al. (1989), and Sousa et al. 
(1992). This can be attributed in part to technical difficulties 
in following its activity within the mammalian ER. In this 
study, we have identified an endogenous substrate of UGT1 

Figure 5. Prosaposin displays nonnative 
characteristics. (A) Wild-type (WT) and ugt1/ 
cells were pulse labeled for 15 min, chased 
for 30 min where indicated, lysed, and treated 
with 5 mM PEG-maleimide (PEG-Mal) for  
30 min on ice. PEG-maleimide was quenched in 
DTT, and prosaposin was immunoprecipitated 
with saposin C antisera. Samples were re-
solved via 7.5% SDS-PAGE. (B) Wild-type and 
ugt1/ cells were pulse labeled for 15 min 
and chased for the indicated times. After cell 
lysis, the Triton X-100 (TX-100)–insoluble pel-
let was solubilized in 1% SDS and quenched 
with excess Triton X-100. Samples were then 
subjected to immunoprecipitation with saposin C  
antisera. Samples were resolved via 7.5% 
nonreducing SDS-PAGE. (C) Myc/His-tagged 
human prosaposin (hPsap) was transiently 
overexpressed in wild-type and ugt1/ cells, 
pulse labeled for 15 min, and chased for the in-
dicated times. Human prosaposin was isolated 
from cell lysates (lys) and media with antisera 
recognizing the myc epitope and analyzed via 
7.5% SDS-PAGE. (A–C) Molecular mass is in-
dicated in kilodaltons. (D) Quantifications of C 
using n = 3 and mean ± SD (error bars).
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in which the fifth Cys of saposin C and D was mutated, revealed 
that the combined C/D mutation resulted in increased ER reten-
tion of prosaposin and decreased processing to the individual  
saposin domains (Sun et al., 2007). Surprisingly, the loss the fifth 
or fourth Cys of the saposin D and B domains, respectively, 
supported trafficking to the lysosome and normal processing 
of prosaposin with the exception that the saposin containing the 
mutation was unstable and absent from the lysosome (Sun et al., 
2007, 2008). The remaining three saposins were present at nor-
mal levels. Therefore, it appeared that the folding defect in pro-
saposin that was evident in ugt1/ cells was more severe than the 
loss of a single prosaposin Cys residue. Evidently, only one of the 
two disulfides that connect the two saposin helices are needed to 
pass the ER quality control test; however, both disulfides appear 
to be required to survive the harsh conditions encountered in 
the lysosome.

Like the decreased secretion of endogenous prosaposin 
in ugt1/ cells, the overexpressed human protein also failed 
to traffic out of cells in significant quantities. This indicated 
that the folding defect that occurs in ugt1/ cells was evident 
even at elevated levels of the substrate protein, illustrating 
the effectiveness of the ER quality control process and the 
necessity of the folding sensor of UGT1 for the proper folding 
of prosaposin.

In the secretory pathway, nonnative proteins are targeted 
for ER-associated degradation by quality control machinery, re-
sulting in their subsequent degradation by the cytoplasmic pro-
teasome (Hebert and Molinari, 2007). The aberrant prosaposin 
created in ugt1/ cells was not efficiently turned over by the 
proteasome but rather was sequestered in large intracellular juxta-
nuclear inclusions. These inclusions colocalized with a known 
aggresomal marker protein, vimentin. Aggresomes have been 
defined as a cellular response to protein misfolding (Johnston 
et al., 1998). A driving force for aggresome formation appears 
to be evasion of proteasomal degradation. Aggresomes are gener-
ally observed after cells overexpressing a mutant protein are treated 
with proteasome inhibitors (Johnston et al., 1998; Kawaguchi 
et al., 2003). In the present study, aggresome-like inclusions 
were found to accumulate in ugt1/ cells in the absence of pro-
teasome inhibition when proteins were expressed at their en-
dogenous levels. The rapid self-association of prosaposin is 
likely caused by structural defects that develop in the absence of 
UGT1, which precludes efficient degradation by the protea-
some. The large number of hydrophobic residues within pro-
saposin, which are packed into folded domains and are also 
involved in lipid binding in the lysosome, may contribute to the 
inability of the proteasome to degrade the aberrant protein 
(Rossmann et al., 2008). Because the aggresome-like structures 
were sufficiently large to be viewed by DIC microscopy, they 
likely contain additional secretory cargo that is defective in the 
ugt1/ cells.

The loss of secreted prosaposin in ugt1/ cells implicates 
a role for the calnexin/calreticulin cycle in the normal matura-
tion of prosaposin. Because calnexin and calreticulin binding 
can slow the folding of a protein in a domain-specific manner, it 
has been proposed that glycans can help to direct the molecular 
choreography of the maturation process (Hebert et al., 1997; 

Identifying cellular substrates of UGT1 has proven diffi-
cult because monoglucosylated glycoproteins that have been 
generated via glucosidase I/II trimming versus those generated 
by reglucosylation are indistinguishable. To circumvent this  
issue, we have used the alg6-deficient mammalian cell line 
MI8-5, which allows for the isolation of products of UGT1 re-
glucosylation (Quellhorst et al., 1999; Pearse et al., 2008). Sub-
strates of reglucosylation were enriched by the inhibition of 
glucosidase II to prevent glucose removal and isolated with pu-
rified GST-calreticulin. Furthermore, cellular maturation studies 
commonly rely on the use of overexpressed proteins (Wada et al., 
1997; Johnston et al., 1998; Danilczyk et al., 2000; Kamhi-Nesher 
et al., 2001; Kawaguchi et al., 2003; Molinari et al., 2005; Soldà 
et al., 2007; Pearse et al., 2008). The use of overexpressed pro-
teins can be problematic because the ER homeostasis is tightly 
controlled by the unfolded protein response (Schröder and 
Kaufman, 2005). The unfolded protein response pathway can 
be activated by protein overexpression, supporting a change in 
the balance of the ER-resident proteins, which are frequently 
the proteins under study (Schröder and Kaufman, 2005; Farhan 
et al., 2008). The ugt1/ cells have previously been shown to 
possess an adaptive stress response (Rutkowski et al., 2006). 
Furthermore, aggregation is a concentration-dependent reaction, 
which can be nonphysiologically favored by protein overexpres-
sion, and quality control/sorting steps can be saturated, resulting 
in the aberrant trafficking of overexpressed proteins. Therefore, 
it is of important significance to study the reglucosylation of  
endogenous proteins by this critical quality control factor in 
the intact ER.

A prominent endogenous cellular UGT1 substrate identified 
was prosaposin. Prosaposin is a soluble glycoprotein comprised of 
four domains that each contain three overlapping disulfide bonds 
and a single N-linked glycan (Fig. 1 D; Kishimoto et al., 1992). 
After passage through the ER, prosaposin has multiple fates. It can 
be secreted as a full-length protein, whose function appears to be 
wide ranging, with proposed involvement in neurological devel-
opment, stress and antiapoptotic signaling, reproductive develop-
ment, and cancer (O’Brien et al., 1994; Hiraiwa et al., 1997; 
Morales et al., 2000; Misasi et al., 2001). Alternatively, prosaposin 
can traffic to lysosomes via a mannose 6-phosphate receptor– 
independent mechanism involving the Golgi receptor sortilin 
(Lefrancois et al., 2003). Cathepsin D, a lysosomal prote-
ase, cleaves prosaposin into four individual proteins called  
saposin A–D (Fig. 1 D). In the lysosome, the individual saposins 
act as cofactors for different lipid hydrolases (Hiraiwa et al., 
1997; Gopalakrishnan et al., 2004).

Each of the saposins exists as a stable protein, displaying 
resistance to elevated temperatures, low pH, and several prote-
ases (Kondoh et al., 1991; Hiraiwa et al., 1993; Vaccaro et al., 
1995). In wild-type MEF cells, prosaposin was largely secreted 
with only a minor fraction being diverted to the lysosomes (Figs. 3 
and 4 and Figs. S4 A and S5 A). Prosaposin secretion was signifi-
cantly reduced in ugt1/ MEF cells (Fig. 3, A and B). This is 
likely caused by the persistent conformational instability of pro-
saposin found in the absence of UGT1, as disulfide bonding was 
found to be incomplete and aberrant, and prosaposin displayed an 
increase in detergent insolubility (Fig. 5). A recent study in mice, 
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assisting in the proper folding of sequential domain–containing 
proteins. The discovery of additional UGT1 substrates and their 
sites of reglucosylation will provide us with a more comprehen-
sive knowledge of the magnitude of the role of UGT1 in cell  
homeostasis. UGT1 is not only a critical quality control factor 
that evaluates the maturation process for the ER retention and 
proper sorting of secretory cargo, but it also appears to be a criti-
cal protein folding factor that determines the timing and duration 
of chaperone binding to help optimize the fidelity of the folding 
process for complex multidomain proteins.

Daniels et al., 2003). Carbohydrate trimming and reglucosyl-
ation determine which glycans will be bound by the lectin chap-
erones and the timing and duration of the interaction. Glycans 
reglucosylated by UGT1 support persistent binding to a given 
domain, which in turn can delay the folding of the reglucosyl-
ated domain. We have previously analyzed the reglucosylation 
of a maturing model glycoprotein, influenza hemagglutinin, in 
the intact mammalian ER of MI8-5 CHO cells (Pearse et al., 
2008). UGT1 preferentially targets slow-folding domains of a 
glycoprotein to specifically direct chaperone binding to im-
mature regions. In the case of hemagglutinin, this involved the 
reglucosylation of the N-terminal portion of a nonsequential 
domain comprised of two distal regions, thereby providing 
protection to the N-terminal domain until its C-terminal por-
tion was translated.

UGT1 appears to recognize and reglucosylate near-native 
structures, as demonstrated using purified enzyme (Caramelo  
et al., 2003, 2004; Taylor et al., 2004; Keith et al., 2005). Studies 
in Schizosaccharomyces pombe and Trypanosoma cruzi demon-
strated that UGT in these organisms recognizes substrates 
with near-native disulfide bonds and not fully reduced pro-
teins (Fernández et al., 1998; Labriola et al., 1999). That UGT1 
does not appear to recognize grossly misfolded substrates is in 
agreement with our results that incorporation of AZC (l-azetidine- 
2-carboxylic acid) into glycoprotein in MI8-5 cells does not in-
crease the level of reglucosylation observed (Fig. S5 B).

UGT1 selectivity appears to be driven by exposed hydro-
phobic residues that are hallmarks of nonnative or immature 
proteins (Sousa and Parodi, 1995; Caramelo et al., 2003; Taylor 
et al., 2003). Purified UGT1 was found to preferentially re-
glucosylate glycopeptides possessing dual hydrophobic patches 
situated C-terminal to the glycan (Taylor et al., 2003). Analysis 
of the hydrophobicity of the regions C-terminal to the glycans 
of prosaposin found that the two C-terminal glycans on saposin C 
and D possess the signature hydrophobic patches associated 
with UGT1 recognition (Fig. 6). Protein folding for secretory 
proteins is initiated co-translationally and co-translocationally, 
supporting a vectorial folding reaction whereby N-terminal do-
mains can fold first, helping to taper the number of available 
folding conformations or the width of the associated protein fold-
ing funnel (Clark, 2004). As prosaposin is comprised of four  
sequential homologous folding domains, a single round of 
calnexin/calreticulin binding to the N-terminal domains directed 
by glucose trimming of the triglucosylated modification may 
minimize their time encumbered by chaperone binding and sup-
port their rapid folding. It is of interest to note that saposin A in 
humans contains an additional N-linked glycan that increases the 
overall hydrophilicity of this domain, which would presumably 
further disfavor the reglucosylation of its glycans by UGT1 and 
ensure transient binding to the lectin chaperones (Wang et al., 
2008). Persistent chaperone binding to the C-terminal domains 
as dictated by UGT1 reglucosylation could aid in this vectorial 
reaction by extending the time permitted for the N-terminal do-
mains to fold before being hindered by exposure to the immature 
C-terminal domains.

The identification of the prosaposin as a prominent sub-
strate of UGT1 implicates UGT1 and the calnexin-binding cycle 

Figure 6. Hydropathic profiles of mouse prosaposin glycan regions. The 
hydropathic profiles of the amino acids C-terminal to the N-glycans of pro-
saposin are depicted. Kyte-Doolittle values were used in calculating the 
mean hydrophobicity with a window size of 3 aa. The Asn residue for 
each N-glycan is positioned at 0 on the plots. Note that the C and D gly-
cans of prosaposin possess the oscillating hydrophobicity profiles associ-
ated with efficient reglucosylation by UGT1 (Taylor et al., 2003). Positive 
values indicate hydrophobicity.
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wild-type and ugt1/ cells. Fig. S5 shows partial prosaposin processing 
to saposin and that AZC does not increase the reglucosylation of glyco-
proteins. Online supplemental material is available at http://www.jcb 
.org/cgi/content/full/jcb.200912105/DC1.
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Materials and methods
Reagents
Wild-type and MI8-5 CHO cells were a gift from S. Krag (Johns Hopkins 
University, Baltimore, MD; Quellhorst et al., 1999). Wild-type and ugt1/ 
MEFs and the protein C–tagged UGT1 expression plasmid were described 
previously (Molinari et al., 2005; Soldà et al., 2007). The pGEX-3X GST-
calreticulin plasmid was a gift from M. Michalak (University of Alberta,  
Edmonton, Alberta, Canada). The following antibodies were obtained as 
indicated: saposin D antisera (K. Sandhoff, Universität Bonn, Bonn, Ger-
many), saposin C antisera (Santa Cruz Biotechnology, Inc.), calreticulin 
(Thermo Fisher Scientific), PDI (Thermo Fisher Scientific), GM130 (BD), pro-
tein C epitope (Roche), and vimentin and myc (Sigma-Aldrich). Additional 
prosaposin and saposin antibodies used were described previously (Sun  
et al., 2007). Cell culture materials and Lipofectamine 2000 were pur-
chased from Invitrogen. [35S]Met/Cys and reduced glutathione Sepharose 4B 
beads were acquired from PerkinElmer and GE Healthcare, respectively. All 
other reagents were purchased from Sigma-Aldrich.

Transfection, metabolic labeling, and immunoprecipitation
Cells were pulse labeled with [35S]Met/Cys and chased for the indicated 
times as described previously (Pearse et al., 2008). For the overexpression 
of pUGT1–protein C, nearly confluent cells were transfected with Lipo-
fectamine 2000 according to manufacturer’s instructions. GST-calreticulin 
pull-down was performed as previously described (Pearse et al., 2008). In 
brief, bacterially expressed GST-calreticulin was purified according to a 
previous study with reduced glutathione Sepharose beads (Baksh and  
Michalak, 1991). After cell lysis in MNT (20 mM 2-[N-morpholino] ethane 
sulfate, 30 mM Tris-Cl pH 7.5, and 0.5% Triton X-100) containing 20 µM 
leupeptin, 1.5 µM aprotinin, 1 µM pepstatin A, 100 µM PMSF, and 50 µM 
LLnL, postnuclear supernatants were incubated with reduced glutathione 
Sepharose beads, which were prebound by 8 µg GST-calreticulin. Samples 
were rotated overnight at 4°C, subsequently centrifuged at 1,000 g for  
5 min, and washed twice. Immunoprecipitations were performed as previ-
ously described (Pearse et al., 2008). In the case of sequential immuno-
precipitation/pull-down, samples were eluted from the initial isolation by 
incubation in 1% SDS at 100°C for 10 min and quenched in excess buffer 
containing 2% Triton X-100. Radiolabeled samples were resolved via SDS-
PAGE and visualized by phosphorimaging (FLA-500; Fujifilm). Quantifica-
tions were determined using Multigauge version 2.02 (Fujifilm).

Confocal immunofluorescence microscopy
Cells were split onto coverslips and were fixed by 4% paraformaldehyde 
in PBS for 10 min at room temperature and then permeabilized with 0.1% 
Triton X-100 for 1 min at 2°C in the immunostaining buffer (20 mM Hepes, 
pH 7.5, 150 mM NaCl, 2 mM MgCl2, 1 mM EGTA, and 2% bovine serum 
albumin). Cells were incubated with primary antibody in immunostaining 
buffer and then stained with goat anti–rabbit or mouse IgG conjugated 
with Alexa Fluor 488 or 594 (Invitrogen). After a rinse with distilled water, 
coverslips were mounted face down on slide glasses with VectaShield (Vector 
Laboratories) and sealed with nail polish. Images were taken with a con-
focal microscope (LM510; Carl Zeiss, Inc.) and processed with Photoshop 
software (Adobe).

PEG-maleimide and detergent insolubility
The sensitivity of prosaposin to PEG-maleimide was determined as previ-
ously described (Ruiz-Canada et al., 2009). In brief, after metabolic label-
ing, cells were lysed in MNT containing the aforementioned protease 
inhibitors with or without 5 mM PEG-maleimide 5K (Sigma-Aldrich) and in-
cubated on ice for 30 min. Samples were then diluted in MNT containing 
20 mM DTT and immunoprecipitated as described in the section Transfec-
tion, metabolic labeling, and immunoprecipitation. For detergent solubility 
assays, cells were lysed in MNT containing protease inhibitors after meta-
bolic labeling. After complete lysis, samples were centrifuged at 18,000 g 
for 15 min at 4°C. Detergent-soluble supernatants were immunoprecipi-
tated with prosaposin antisera. Detergent-insoluble pellets were solubilized 
in 1% SDS in 100 mM Tris, pH 8.0, for 10 min at 100°C. The samples 
were then diluted in MNT and subjected to immunoprecipitation with 
prosaposin antisera.

Online supplemental material
Figs. S1 and S2 show the analysis of the prominent UGT1 substrate termed 
PUGST1 and its identification as prosaposin. Fig. S3 demonstrates that 
PUGST1 binds to both calnexin and calreticulin in MI8-5 cells treated 
with DNJ. Fig. S4 displays the intracellular localization of prosaposin in 
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