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 In MI8-5 cells, HA associated with calnexin and not cal-

reticulin when under normal physiological conditions where 

lectin chaperone binding could only be mediated through re-

glucosylation. Previous studies have revealed that calnexin 

interacts with the membrane-proximal glycans of HA, whereas 

calreticulin binds to the globular head domain glycans that 

extend deeper into the ER lumen ( Hebert et al., 1997 ;  Daniels 

et al., 2003 ). The head domain of HA folds extensively co-

translationally and is the fi rst native domain of HA formed as 

probed by conformation-specifi c antibodies and disulfi de bond 

formation ( Braakman et al., 1991, 1992a ;  Chen et al., 1995 ). 

Completion of the membrane-proximal stem domain involves 

the posttranslational formation of large loop disulfi de Cys14-

Cys466. It is the last domain to form before HA trimerization. 

HA is an obligatory substrate of calnexin, but not calreticulin, 

emphasizing the requirement of effi cient folding in the stem 

domain to attain its native state ( Molinari et al., 2004 ).  Taylor 

et al., (2003)  found that purifi ed GT1 preferentially reglucosylates 

 The lack of mammalian cellular data concerning regluco-

sylation in the ER of a maturing substrate can be attrib    uted 

to the diffi culty in following its activity in live cells. The use 

of the CHO MI8-5 mutant cell line permits the isolation of the 

reglucosylation process because they assemble Man 9 GlcNAc 2 -

P-P-dolichol rather than the fully glucosy lated Glc 3 Man 9 GlcNAc 2 -

P-P-dolichol because of a defect in the  alg6  gene ( Quellhorst 

et al., 1999 ). Pharmacological inhibition of glucosidase activity 

in MI8-5 cells traps reglucosylated side chains by inhibiting 

glucosidase removal of the reglucosylated glycan. A similar 

approach has been used to study GT1 activity in unicellular or-

ganisms, including  Trypanosoma cruzi , that naturally transfer 

Man 9 GlcNAc 2  and mutant  S. pombe  ( gls2/alg6  double mu-

tant;  Ganan et al., 1991 ;  Fernandez et al., 1998 ). In contrast to 

these studies, which characterized the global effect of re-

glucosylation, our study provides a detailed analysis of the 

reglucosylation of a single dynamic maturing glycoprotein in 

mammalian cells. 

 Figure 7.    GT1 reglucosylates terminally nonnative HA.  (A) Schematic of WT HA, HA with a premature stop codon at aa 514 (HA- � TM), and HA Cys-
14Ser/Cys466Ala (HA-LL*). All three constructs contain seven N-linked glycosylation sites. Both HA WT and HA- � TM have the capacity to form six di-
sulfi de bonds and the three oxidative forms of HA (IT1, IT2, and NT), whereas, HA-LL* is lacking the Cys (ovals) involved in the large loop disulfi de (stars). 
(B) HA constructs were transiently overexpressed in wild-type CHO cells and radiolabeled for 10 min. HA was immunoprecipitated from cell lysates with HA 
antisera and analyzed via both nonreducing and reducing SDS-PAGE. (C) HA was expressed, as in B, in MI8-5 cells. Cells were radiolabeled for 10 min 
in the presence of 4 mM DTT and chased for the indicated time periods. HA was isolated by immunoprecipitation with HA antisera or by GST-calreticulin 
(GST-CRT) pulldown. Quantifi cations represent the percent bound to GST-calreticulin relative to the total immunoprecipitated HA. (D) HA was analyzed 
as in C. Cells were radiolabeled for 10 min in the presence of 4 mM DTT and chased for 60 min under nonreducing conditions. HA was isolated by 
immunoprecipitation with HA, calnexin ( � CNX), or calreticulin ( � CRT) antisera. Samples were resolved by 7.5% reducing SDS-PAGE and visualized by 
phosphorimaging. Quantifi cations represent the percent binding of the total immunoprecipitated HA to the lectin chaperones.   
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soybean agglutinin ( Keith et al., 2005 ). GT1 appears to play a 

role in the retention of orphan subunits in the ER, ensuring 

that oligomerization occurs before exiting the ER ( Gardner and 

Kearse, 1999 ). Together, the observed reglucosylation of HA-LL* 

and - � TM supporting the recruitment of both calnexin and cal-

reticulin demonstrate that GT1 is capable of recognizing termi-

nally defective oxidation and oligomerization species. 

 Lectin chaperone binding initiated by GT1 did not occur 

cotranslationally or for ribosomal- and translocon-associated 

nascent chains. Only full-length chains or puromycin-released 

ribosomal-arrested chains were reglucosylated for both HA and 

tyrosinase. These results are supportive of the localization of 

GT1 to late or smooth regions of the ER, as observed by elec-

tron microscopy and proteomic studies ( Cannon and Helenius, 

1999 ;  Zuber et al., 2001 ;  Gilchrist et al., 2006 ). Cross-linking 

studies have uncovered a large multiprotein ER complex con-

taining GT1, BiP, GRP94, CaBP1, PDI, ERdj3, cyclophilin B, 

ERp72, GRP170, and SDF2-L1 ( Meunier et al., 2002 ). Interest-

ingly, the lectin chaperones and glucosidases are absent from 

this complex. The posttranslational recognition of later folding 

intermediates and uncomplexed subunits by GT1 may also be 

dictated by its localization within complexes in the ER. 

 HA folding and oxidation appear to take place after the 

maturing substrate is released from the lectin chaperones be-

cause when release was inhibited, so was oxidation ( Hebert et al., 

1995, 1996 ). The posttranslational involvement of GT1 pro-

vides a window for folding to occur by initially having a single 

round of monoglucosylated side chains created through degluco-

sylation supporting the fi rst round of binding to calnexin and 

calreticulin. If a domain has not folded completely or oligomer-

ized successfully after this fi rst round of binding by the lectin 

chaperones, the calnexin cycle would then be elicited through 

GT1 recognition. In addition, BiP has been shown to sequester 

irreparably misfolded proteins from calnexin and calreticulin, 

precluding GT1 recognition ( Molinari et al., 2005 ). There has 

been debate on the tenacity of the GT1-directed calnexin cycle. 

A recent study in  GT1  � / �    cells has revealed variability in cal-

nexin binding to glycoproteins in the absence of reglucosylation 

( Solda et al., 2007 ). Glycoproteins that are likely unrecognized 

by GT1 display an unchanged calnexin binding profi le, whereas 

other substrates were released earlier from the lectin chaper-

ones. Surprisingly, HA exhibited prolonged calnexin binding 

and severe delays in its traffi cking out of the ER in the  GT1  � / �    
cells, demonstrating that GT1 may also somehow provide cues 

for release of substrates from the lectin chaperones. 

 GT1 is a sensitive and effi cient sensor of conformational 

instability in the ER. It displays an ability to recognize specifi c 

nonnative regions within glycoproteins during their maturation 

and reglucosylate glycans local to these structural imperfections. 

GT1 recognizes and reglucosylates folding intermediates, or-

phan subunits of multimeric complexes, and terminally aberrant 

or misfolded proteins. These reglucosylated substrates are re-

tained in the ER through their binding to the lectin chaperones. 

The reliance of a maturing glycoprotein on GT1 is dependent 

on the properties of the substrate ( Solda et al., 2007 ). Mutations 

in the  Arabidopsis thaliana  GT1 were recently found to permit 

the release from the ER of a defective cell surface receptor 

glycopeptides possessing a hydrophobic patch C-terminal to 

the carbohydrate. For HA, stem domain glycans at Asn8 and 

Asn22 both possess these signature hydrophobic patches (Fig. S1, 

available at http://www.jcb.org/cgi/content/full/jcb.200712068/

DC1). This is in agreement with recent studies where regluco-

sylation only occurs locally in relationship to the protein lesion 

( Ritter and Helenius, 2000 ;  Ritter et al., 2005 ). However, a con-

fl icting study found that GT1 was able to reglucosylate a glycan 

positioned 40  Å  from the protein defect ( Taylor et al., 2004 ). 

 Transient reglucosylation of HA was observed when di-

sulfi de bond formation was delayed by the inclusion of reduc-

tant in the radioactive pulse followed by an oxidative chase 

period. This procedure prevented cotranslational disulfi de bond 

formation and supported effi cient recognition of the glycosyla-

tion consensus sites by the oligosaccharyltransferase in live 

cells. An active cycle of HA reglucosylation existed that peaked 

shortly after the initiation of oxidation. Interestingly, GT1 ac-

tivity was not observed on completely reduced HA, likely be-

cause of the severity of the unfoldedness of the substrate or 

inactivation of GT1 by reduction. The starting material in the 

posttranslational oxidation reaction had all disulfi de bonds re-

duced, including linkages found in both the top globular and the 

membrane-proximal domains. GT1 appeared to modify all non-

native domains on HA upon restoration of oxidizing conditions 

because both calnexin and calreticulin binding was observed. 

The reglucosylation of the head domain was extremely tran-

sient, indicating that the activity of GT1 toward this domain was 

diminished as disulfi de bonds were rapidly formed. The time-

dependent decrease in reglucosylation observed corresponded 

to an increase in oxidation and folding of HA. 

 The folding sensor abilities of GT1 were further analyzed 

using mutants of HA that possessed maturation defects. Regluco-

sylation supported both calnexin and calreticulin binding 

when the oxidation of HA was inhibited by mutating the two 

Cys involved in the formation of the large loop disulfi de that 

completes its oxidation (Cys14 and Cys466; HA-LL*). The loss 

of a single stabilizing disulfi de bond in RNase B led to its in vitro 

reglucosylation at a position local to the structural perturbation 

( Ritter et al., 2005 ). As the glycan consensus sequence was 

moved distal to the mutated Cys residue, reglucosylation effi -

ciency decreased. Collectively, these results support the hypoth-

esis that GT reglucosylates aberrant domains. 

 HA persists in its association with calnexin until it oligo-

merizes in the ER ( Hebert et al., 1995, 1996 ). The removal of 

the transmembrane region of HA (HA- � TM) generates a mu-

tant that can be oxidized to its native form but cannot oligomer-

ize ( Singh et al., 1990 ). The membrane anchor deletion mutant 

continued to be reglucosylated, supporting its binding to calre-

ticulin. In contrast to the wild-type membrane-anchored fully 

oxidized monomeric protein that only associated with calnexin, 

persistent calreticulin binding was observed with the HA- � TM, 

likely because of its soluble characteristics increasing its access 

to the ER lumen ( Hebert et al., 1997 ). GT1 possibly recognizes 

a hydrophobic surface on the unassembled protein that is hid-

den within the oligomeric interface. A hydrophobic patch is 

found at the trimer interface in the stem region of HA. These re-

sults are consistent with in vitro studies using the multimeric 
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when chaperone coimmunoprecipitations were performed to maintain pro-
tein – protein interactions. For the reducing pulse-chase experiments, pulse 
media contained 4 mM DTT, and the culture dishes were extensively 
washed with chase media ( � -MEM, 5% FCS) to remove the reductant be-
fore the chase period. 

 Immunoprecipitation and SDS-PAGE 
 Anti-HA immunoprecipitations were performed as described previously 
( Hebert et al., 1995 ;  Daniels et al., 2003 ). Anti-calnexin and anti-calreticulin 
precipitations were also performed as previously described ( Daniels et al., 
2003 ;  Wang et al., 2005 ). Radiolabeled samples were resolved by 
SDS-PAGE using standard protocols and scanned in a phosphoimager 
(FLA-500; Fuji). Data were analyzed and quantifi ed using Muti Gauge 
v. 2.02 (Fuji). 

 GST-calreticulin pulldown assay 
 Recombinant GST-calreticulin was expressed and purifi ed as previously de-
scribed ( Baksh and Michalak, 1991 ). After cell lysis, the postnuclear super-
natant was incubated with 8  μ g of purifi ed GST-calreticulin prebound to 
reduced glutathione Sepharose 4B beads and rotated end-over-end over-
night at 4 ° C. After centrifugation at 1,000  g  for 5 min, samples were washed 
twice with 0.5% CHAPS/HBS and resuspended in gel loading buffer. 

 RT-PCR and immunoblotting 
 Cytoplasmic RNA was isolated from wild-type or MI8-5 CHO cells incu-
bated in the presence or absence of 5 mM DTT using the RNeasy kit 
 according to the manufacturer ’ s instructions. The resulting templates were 
used to detect XBP-1 mRNA using the Superscript First-Strand synthesis sys-
tem for RT-PCR (Invitrogen), according to the manufacturer ’ s instructions, 
using specifi c primers for mouse XBP-1 ( Lee et al., 2002 ). PCR-amplifi ed 
cDNA products were resolved on 2% agarose gels and visualized with 
BioMax software (Kodak). 

 For immunoblots, confl uent cells on 10-cm tissue culture dishes were 
washed three times in PBS and detached with 3 ml of 0.25% trypsin/
EDTA. Cells were collected in PBS containing 100  μ g/ml of soybean tryp-
sin inhibitor and centrifuged at 250  g  for 5 min at 4 ° C. After cell lysis, 
samples were vortexed for 10 min at 4 ° C and centrifuged at 18,000  g  to 
isolate the whole-cell lysate. 50  μ g of total protein was loaded per lane 
and resolved by SDS-PAGE. Samples were then transferred to PVDF mem-
branes and immunoblotted according to standard procedures. 

 Online supplemental material 
 Fig. S1 depicts the hydropathic profi les of HA glycan regions. Online 
supplemental material is available at http://www.jcb.org/cgi/content/
full/jcb.200712068/DC1. 
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( Jin et al., 2007 ). In this paper, we demonstrated that the extent 

of the response by GT1 to a folding defect was directly related 

to the maturation capabilities of the substrate. Reglucosylation 

occurred after the protein was released from the translocon, 

supporting GT1 involvement in monitoring the later stages of 

maturation in the ER. We analyzed the reglucosylation of the 

model glycoprotein HA to further our knowledge of the cellular 

activities of GT1. A complete characterization of the activity of 

GT1 is essential to understand the basis for the growing number 

of ER storage diseases, which involve the ER retention and sub-

sequent degradation of proteins evaluated as aberrant by the ER 

quality control system. 

 Materials and methods 
 Reagents 
 Wild-type and MI8-5 CHO cells were a gift from S. Krag (Johns Hopkins 
University, Baltimore, MD). DME,  � -MEM, penicillin-streptomycin, FCS, 
and Lipofectamine 2000 were purchased from Invitrogen. The T7 mMes-
sage mMachine kit was obtained from Ambion. The RNeasy kit and Easy-
Tag [ 35 S]Cys/Met were purchased from QIAGEN and PerkinElmer, 
respectively. Components of the SP cell translation assays were acquired 
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Sepharose 4B beads were purchased from Affi nity BioReagents and GE 
Healthcare, respectively. The GST-calreticulin pGEX-3X plasmid, HA anti-
bodies, and GT1 antisera were gifts from M. Michalak (University of 
Alberta, Edmonton, Alberta), A. Helenius (Eidgen ö ssische Technische 
Hochschule Z ü rich, Zurich, Switzerland), and A. Parodi (Leloir Institute 
Foundation, Buenos Aires, Argentina), respectively. All other reagents were 
purchased from Sigma-Aldrich. 

 Plasmids and in vitro transcription 
 HA cDNA was cloned into pBluescript SK( � ). The 301mer cDNA is a Met-
enhanced construct with six extra Met residues placed at positions 100 – 102 
(Tyr-Asp-Val) and 136 – 137 (Ser-Asn-Ala;  Daniels et al., 2003 ). The full-
length HA mRNA was generated by linearization of pBluescript containing 
wild-type HA cDNA, followed by run-off transcription, and the mRNA was 
purifi ed with the RNeasy kit. The 301mer HA mRNA and the 413mer 
tyrosinase mRNA were produced as described previously ( Daniels et al., 
2003 ;  Wang et al., 2005 ). 

 Preparation of SP cells and translation 
 SP CHO cells were prepared from near confl uent dishes ( � 1  ×  10 7  cells) 
as previously described ( Wilson et al., 1995 ;  Francis et al., 2003 ;  Wang 
et al., 2005 ). Full-length and truncated HA and tyrosinase mRNAs were 
translated and translocated into digitonin-permeabilized cells as previously 
described (  Ú jv á ri et al., 2001 ;  Wang et al., 2005 ). Samples were pre-
warmed at 27 ° C for 10 min before the addition of mRNA, when gluco-
sidase inhibitors were used. After translation at 27 ° C, samples were 
alkylated with 20 mM N-ethylmaleimide (NEM) to block free sulfhydryls. 
For the release of arrested chains from the ribosome, 1 mM puromycin was 
added, where indicated, to the translation mix and incubated for an addi-
tional 45 min. Jack bean  � -mannosidase digestion was performed as pre-
viously described ( Hebert et al., 1995 ). 

 Transfection of CHO cells and pulse-chase analysis 
 CHO cells were infected with recombinant vaccinia virus expressing T7 
RNA polymerase ( Fuerst et al., 1986 ) and transfected with Lipofectamine 
2000 according the manufacturer ’ s instructions, and synthesized HA was 
radiolabeled as previously described ( Braakman et al., 1991 ). In brief, 
cells were starved in Cys/Met-free DME containing 0.5 mM 1-deoxyman-
nojirimycin (DMJ) and 0.5 mM DNJ, where indicated, for 1 h and then la-
beled with 220  μ Ci of [ 35 S]Cys/Met for the indicated time periods at 
34 ° C. Immediately after the pulse period, cells were washed twice with 
cold PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , and 1.4 mM 
KH 2 PO 4 ) containing 20 mM NEM, pelleted, and lysed with either MNT 
(20 mM 2-[N-morpholino] ethanesulfate, 30 mM Tris-Cl, pH 7.5, and 0.5% 
Triton X-100) containing 20  μ M leupeptin, 1.5  μ M aprotinin, 1  μ M pep-
statin A, 100  μ M PMSF, 50  μ M LLnL, and 20 mM NEM or 2% CHAPS 
(3-[(cholamidopropyl)-dimethylammonio]-1-propanesulfonate)/HBS (200 mM 
NaCl, 50 mM Hepes, pH 7.5) with the appropriate protease inhibitors 
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