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Abstract. 

 

Newly synthesized glycoproteins interact 
during folding and quality control in the ER with cal-
nexin and calreticulin, two lectins specific for monoglu-
cosylated oligosaccharides. Binding and release are reg-
ulated by two enzymes, glucosidase II and UDP-Glc:
glycoprotein:glycosyltransferase (GT), which cyclically 
remove and reattach the essential glucose residues on 
the N-linked oligosaccharides. GT acts as a folding sen-
sor in the cycle, selectively reglucosylating incompletely 
folded glycoproteins and promoting binding of its sub-
strates to the lectins. To investigate how nonnative pro-
tein conformations are recognized and directed to this 
unique chaperone system, we analyzed the interaction 
of GT with a series of model substrates with well de-
fined conformations derived from RNaseB. We found 
that conformations with slight perturbations were not 

reglucosylated by GT. In contrast, a partially structured 
nonnative form was efficiently recognized by the en-
zyme. When this form was converted back to a native-
like state, concomitant loss of recognition by GT oc-
curred, reproducing the reglucosylation conditions 
observed in vivo with isolated components. Moreover, 
fully unfolded conformers were poorly recognized. The 
results indicated that GT is able to distinguish between 
different nonnative conformations with a distinct pref-
erence for partially structured conformers. The findings 
suggest that discrete populations of nonnative confor-
mations are selectively reglucosylated to participate in 
the calnexin/calreticulin chaperone pathway.

Key words: folding • glucosyltransferase • glucosi-
dase II • calnexin • calreticulin

 

Introduction

 

The ER provides the folding and assembly environment
for a multitude of soluble and membrane-bound proteins
destined to diverse intra- and extracellular locations. Pro-
tein maturation in this organelle involves translocation,
co- and posttranslational modifications, disulfide bond for-
mation, and chaperone-assisted folding. In addition, newly
synthesized proteins are subjected to quality control,
which restricts forward transport to correctly folded and
oligomerized conformers (Ellgard et al., 1999). Failing to
reach the native conformations, proteins are targeted for
selective degradation (Klausner and Sitia, 1990).

Of the systems that assist and monitor protein matura-
tion, the calnexin/calreticulin cycle is unique in that it di-

rectly depends on the structure of oligosaccharides on
newly synthesized glycoproteins (Bergeron et al., 1994;
Williams, 1995; Helenius et al., 1997). Calnexin and cal-
reticulin are homologous lectins that bind to the monoglu-
cosylated forms of N-glycans Glc

 

1

 

Man

 

6-9

 

GlcNAc

 

2

 

. This as-
sociation promotes correct folding and oligomerization,
supports ER retention of folding intermediates and mis-
folded or incompletely assembled forms, and exposes
them to the glycoprotein-specific thiol oxidoreductase
ERp57 (Trombetta and Helenius, 1998).

The monoglucosylated oligosaccharides central to this
chaperone system are generated in two ways. Initially,
they arise by the removal of the two outermost glucoses by
the sequential action of glucosidases I and II, a rapid
process which is independent of the folding status of
the glycoproteins (Kornfeld and Kornfeld, 1985). Mono-
glucosylated glycans are also generated by an ER lu-
menal enzyme, the UDP-glc:glycoprotein:glucosyltrans-
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ferase (GT),

 

1

 

 which transfers a glucose residue from UDP-
Glc to fully deglucosylated glycans, reestablishing the glu-
cose-

 

a

 

(

 

1,3)-mannose glycosidic bond recognized by cal-
nexin and calreticulin. The opposing actions of glucosidase
II and GT establish a deglucosylation/reglucosylation cy-
cle that drives a cycle of calnexin and calreticulin binding
and release (Hammond et al., 1993).

GT is a soluble glycoprotein of 170 kD with an ER local-
ization signal ubiquitously expressed in the ER of most
cell types, tissues, and species (Trombetta and Parodi,
1992; Parker et al., 1995; Fernandez et al., 1996). Glyco-
protein reglucosylation is a selective reaction that only oc-
curs for incompletely folded proteins (Suh et al., 1989;
Sousa et al., 1992; Trombetta and Parodi, 1992; Fernandez
et al., 1994; Hebert et al., 1995; Parker et al., 1995; Van
Leeuwen and Kearse, 1997; Wada et al., 1997; Cannon and
Helenuis, 1999; Labriola et al., 1999). While the in vitro
studies do not rule out the possibility that it cooperates
with other ER factors in vivo, they strongly suggest that
the conformational sensor function is primarily, if not ex-
clusively, performed by GT itself. Work by Parodi and co-
workers has shown that to be reglucosylated, i.e., glycans
have to be linked to the polypeptide backbone of a pro-
tein with a nonnative conformation, and the innermost
GlcNAc bound to the Asn is a key element in the recogni-
tion process (Sousa et al., 1992; Trombetta and Parodi,
1992; Sousa and Parodi, 1995). It has been proposed that
GT senses the exposure of hydrophobic regions normally
buried in native conformations, in a way similar to HSP70
and other molecular chaperones (Sousa and Parodi, 1995).

However, the mechanism whereby GT discriminates be-
tween native and nonnative protein conformations re-
mains largely unexplored. This is in part due to the experi-
mental challenge imposed by the nonnative nature of the
GT substrates. Once proteins depart from their native
conformation, they tend to aggregate and behave in ways
that are difficult to control and characterize. To analyze
the conformational requirements for glycoprotein regluco-
sylation we generated a panel of defined conformers of
pancreatic RNaseB and studied their interaction with GT.
Using monomeric variants of RNaseB as model substrates,
we found that exposure of an otherwise buried GlcNAc-
Asn bond, in a slightly perturbed conformer or in a com-
pletely unfolded polypeptide chain, was not a sufficient
condition for reglucosylation. On the other hand, a par-
tially structured conformation was better recognized by
GT than a completely unfolded form, indicating that not
all nonnative conformations can be equally reglucosylated
by GT, which showed a preference for structured folding
intermediates. These results show that distinct nonnative
protein conformations are selectively reglucosylated to
participate in the calnexin/calreticulin pathway.

 

Materials and Methods

 

Proteins

 

RNaseB (Sigma R5870) and RNaseA (Sigma R5125) were purified by
chromatography on a 2.5 

 

3

 

 60–cm column of BioRex70 (BioRad) by iso-
cratic elution at 1 ml/min with 0.2 M sodium phosphate pH 6.5. Prepara-

 

tive digestions with EndoH (New England Biolabs 702S) or 

 

a

 

-mannosi-
dase (Sigma M7257) were performed in 0.1 M sodium acetate buffer, pH
5.0 at 20

 

8

 

C for 24 h. Digestions with subtilisin (Sigma P-4789) were per-
formed at a protease/substrate ratio of 1:750 and a protein concentration
of 10–50 mg/ml in 0.1 M Tris-HCl, pH 8.0. After 48 h on ice, pH was
brought to 2.5 with ice-cold 1 N HCl. The acidified samples were incu-
bated for 1 h on ice and the pH was brought back to 6.5 with ice-cold 5 N
NH

 

3

 

. Samples were purified on BioRex70 as described above.
For preparation of RNaseBS-Prot, 1 ml of glacial acetic acid was added

to the 1 ml of RNaseBS on ice. The acidified samples were run on Sepha-
dex G-50 medium (Pharmacia; 1.5 

 

3

 

 45 cm), freshly equilibrated and run
in 50% acetic acid at 4

 

8

 

C. RNaseBS-Prot eluted in the void was concen-
trated in Speed Vac to 0.5 ml and the buffer was exchanged by gel filtra-
tion into 50 mM NaCl and 20 mM Hepes, pH 7.5. To regenerate
RNaseBS

 

9

 

 and RNaseBS

 

99

 

, freshly prepared RNaseBS-Prot was incu-
bated with a 5-M excess of S-peptides in 50 mM NaCl and 20 mM Hepes,
pH 7.5, and purified in BioRex70 as described. 

To prepare reduced and alkylated RNaseB, 10 mg of protein was re-
duced in 1 ml of 8 M urea, 10 mM DTT, and 0.1 M Tris-HCl, pH 8.0. After
30 min at 37

 

8

 

C, the alkylating agents were added at a final concentration
of 80 mM, and samples were incubated for a further 30 min at 37

 

8

 

C, after
which the samples were desalted into 50 mM NaCl and 20 mM Hepes,
pH 7.5.

In all cases, the purity was analyzed by SDS-PAGE and by analytical
chromatography on MonoS 5/5 (Pharmacia) in 20 mM Hepes, pH 7.5,
eluted with a gradient from 0 to 150 mM NaCl during 45 min at 1 ml/min.
Different ribonuclease samples were stored at 

 

2

 

80

 

8

 

C in 0.2 M sodium
phosphate, pH 6.5. To perform the assays, they were exchanged into 50 mM
NaCl, 20 mM Hepes, pH 7.5, buffer and concentrated by ultrafiltration. In
some experiments, the nonnative conformers were supplemented with
20% sucrose and 0.1% octylglucoside to prevent aggregation, which did
not affect the glucosylation reactions.

To analyze the sensitivity of different conformers to EndoH, 

 

N

 

-glycan-
ase, or trypsin, 1 

 

m

 

g of protein was incubated with 250 U of EndoH (New
England Biolabs 702), or 10 U of 

 

N

 

-glycanase (New England Biolabs 704)
or 0.01 

 

m

 

g of trypsin (Sigma T8642) in a final volume of 10 

 

m

 

l containing
10 mM CaCl

 

2

 

, 50 mM NaCl, 20 mM Hepes, pH 7.5. After 5–60 min at 30
or 37

 

8

 

C, samples were analyzed by SDS-PAGE and stained with Coo-
masie blue R-250.

 

Assays

 

GT was purified as previously described (Trombetta and Parodi, 1992).
Glucosylation reactions were performed in a final volume of 50 

 

m

 

l con-
taining 100–500 

 

m

 

g of acceptor glycoproteins, 10 mM CaCl

 

2

 

, 50 mM NaCl,
20 mM Hepes, pH 7.5, 0.05–0.1 

 

m

 

M UDP[

 

3

 

H]Glc. Reactions were initi-
ated by addition of 5 

 

m

 

l of GT (0.1–0.5 

 

m

 

g) and incubated at 30–37

 

8

 

C for
5–10 min. For inhibition studies, 50–100 

 

m

 

g of urea-denatured soybean ag-
glutinin (SBA) was used as an acceptor, and ribonuclease forms were
added at a one- to fivefold molar excess.

The ribonuclease activity was measured in a total volume of 140 

 

m

 

l con-
taining 0.5% RNA (Sigma R6625), 20 mM NaCl and 50 mM Hepes buffer,
pH 7.5. After equilibration at 30

 

8

 

C, reactions were started by the addition
of 5 

 

m

 

l of ribonuclease (140 

 

m

 

g/ml). Aliquots of 20 

 

m

 

l were removed at 30-s
intervals from the incubations and mixed with 10 

 

m

 

l of 25% perchloric
acid and 0.8% uranylacetate. After 10 min at 20

 

8

 

C, samples were centri-
fuged for 5 min at 14,000

 

 g

 

, 10 

 

m

 

l of the supernatant was mixed with 300 

 

m

 

l
of water, and the absorbance was measured at 260 nm.

 

Results

 

Generation of RNaseB Conformers

 

As a model substrate for GT, we selected bovine pancre-
atic ribonuclease B (RNaseB), a small (124 amino acids),
soluble, and well characterized glycoprotein. Since it only
differs from RNaseA by the presence of a single high man-
nose oligosaccharide on Asn34, we generated different
conformers of RNaseB by adapting procedures previously
described for RNaseA. We implemented a modification
known as the ribonuclease S system (Richards, 1958; Rich-
ards and Vithayathil, 1959) in which the peptide bond be-
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tween Ala20-Ser21 is cleaved by limited proteolysis, yield-
ing an altered but fully active ribonuclease. While similar,
intact RNaseA and the cleaved RNAseS differ in certain
aspects: they can be separated chromatographically (Rich-
ards and Vithayathil, 1959); RNaseS is sensitive to pro-
teases that do not digest RNaseA (Allende and Richards,
1962), and the region near the peptide bond cleaved in
RNaseS is disordered and mobile (Kim et al., 1992).

Since the peptide bond cleaved in RNaseS is located
near the glycosylated Asn34, we introduced a localized
perturbation in the vicinity of the glycosylation site of
RNaseB by reproducing the subtilisin treatment previ-
ously described for RNaseA. Cleavage was quantitative
and the resulting form, hereafter designated RNaseBS,
had full ribonuclease activity (Fig. 1 C). The subtilisin
cleavage was also applied to RNaseB, which had been pre-
viously digested with endoglycosidase H to remove all but
the innermost GlcNac residue of the N-linked glycan, and
to RNaseB treated with 

 

a

 

-mannosidase to remove the
mannoses of the glycan (Fig. 1 B). RNaseA was also con-
verted into RNaseS to serve as a nonglycosylated control.

One key feature of the RNaseS system is the possibility
of reversible removal and readdition of the NH

 

2

 

-terminal

 

fragment (the S-peptide, residues 1–20), which remains
bound to the protein after cleavage by subtilisin (Richards,
1958). The protein, which is devoid of a peptide (called
RNaseS-Prot) is soluble but enzymatically inactive (Rich-
ards, 1958). Since it contains all four intrachain disulfide
bonds, it retains much of the native structure (Richards
and Wickoff, 1971; Richards et al., 1972). We found that
after removal of the NH

 

2

 

-terminal peptide from RNaseBS,
the remaining core (RNaseBS-Prot) was well behaved,
soluble, and monomeric (Fig. 2, C and H). Like RNaseS-
Prot, it avidly bound the NH

 

2

 

-terminal peptide (resi-
dues 1–20) to generate RNaseBS

 

9

 

. It also bound a short-
ened version of the peptide (residues 1–15) to generate
RNaseBS

 

99

 

. Both reconstituted forms possessed full ribo-
nuclease activity (Fig. 1 C).

Since the disulfide bonds are critical for the folded struc-
ture, reduction of denatured RNaseA results in an un-
folded polypeptide (Sela et al., 1957). To obtain such un-
structured forms, RNaseB was denatured, reduced, and
alkylated with iodoacetamide or iodoacetic acid, which
produced soluble products (Fig. 1 and Fig. 2 J), or with

 

N-

 

ethylmaleimide or 4-vinylpyridine, resulting in insolu-
ble forms.

Figure 1. RNaseB conform-
ers. (A) Schematic represen-
tation of some of the
RNaseB conformers gener-
ated including RNaseB,
RNaseBS, RNaseBS-Prot,
RNase-B59 and RNase-B599.
Shaded parts depict peptides
added to regenerate RNase-
B59, and RNase-B599. (B)
RNase conformers analyzed
by SDS-PAGE were as fol-
lows: (A) native intact
RNaseB, (B) reduced and
alkylated RNaseB, (C)
RNaseBS, (D) RNaseBS-
Prot, (E) RNaseBS9, (F)
RNaseBS99, (G) a-manno-
sidase–digested RNaseBS-
Prot, (H) EndoH-digested
RNaseBS-Prot, (I) reduced
and alkylated RNaseA, (J)
RNaseS, and (K) RNaseS-
Prot. (C) Ribonuclease activ-
ity of the indicated RNaseB
conformers. “No Add.” indi-
cates reactions where no en-
zyme was added.
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Characterization of the Different Conformers
of RNaseB

 

The procedures described above allowed us to generate a
family of conformers and glycoforms, some of which are
shown in Fig. 1. They were all soluble, with the exception
of the NEM- and 4VP-alkylated forms. Most importantly,
they were monomeric under the experimental conditions
used (Fig. 2, F–J). Since reduced and alkylated RNase is
monomeric (Harrington and Sela, 1959), the increased
Stokes radius (Fig. 2 J) is most likely due to a less compact
structure consequence of unfolding and the loss of the di-
sulfide bonds. Thus, they could be used to analyze the role
of protein conformation in their interaction with GT, with-
out the complications derived from substrate association
and aggregation.

To evaluate the local environment around the glyco-
sylated Asn34, we used endoglycosidases as macromolecu-
lar probes. In native glycoproteins, the innermost GlcNAc
residue can be secluded by the surrounding polypeptide
environment, preventing access of endoglycosidases. This
is the case for intact RNaseB, in which the glycan can be
readily cleaved by EndoH (Tarentino et al., 1974), but is
much more refractive to cleavage by 

 

N

 

-glycanase (Taren-

 

tino and Plummer, 1982; Tarentino et al., 1985; Rudd and
Dwek, 1997), which cleaves between the Asn side chain
and the first GlcNAc. We found that all the conformers
generated were sensitive to EndoH (Fig. 3 A), indicat-
ing that the GlcNAc-GlcNAc bond remained accessible.
However, with the exception of native RNaseB, all the
other soluble conformers were readily degraded by 

 

N

 

-gly-
canase (Fig. 3 B). This indicated that their Asn34 was
more accessible than in native RNAseB. The environment
around the glycosylation site had thus changed, even in
RNaseBS, in which the S-peptide remained bound and the
ribonuclease activity was unaffected.

To further characterize the conformers generated, we
tested their protease sensitivity. Native RNaseB was resis-
tant to cleavage by trypsin, but all other conformers were
readily digested, indicating that they had a more relaxed
structure than native RNaseB (Fig. 3 C). The same pattern
of protease sensitivity was obtained with chymotrypsin
(not shown). Despite the marked susceptibility to protease
digestion of the different conformers, the forms expected
to have ribonuclease activity were fully active on RNA
(Fig. 1 C).

Ion exchange chromatography was also used to monitor
the different conformers. The technique was sensitive to
changes in protein conformation and could differentiate
between RNaseB, RNaseBS

 

9

 

, and RNaseBS

 

99

 

 (Fig. 2, A–E).

Figure 2. Characterization of RNaseB conformers. Elution pro-
files from ion exchange chromatography on MonoS (A–E) and
Gel filtration chromatography on Superdex S-75 (F–J). (A and F)
Native RNaseB, (B and G) RNaseBS, (C and H) RNaseBS-Prot,
(D and I) RNaseBS9, (E) RNaseBS99, and (J) RNaseB reduced
and alkylated with iodoacetamide. Arrows indicate the elution
peaks for 15- and 25-kD markers.

Figure 3. Characterization of RNaseB conformers. Sensitivity of
indicated RNaseB conformers to EndoH (A), N-glycanase (B),
and to trypsin (C). RNase samples were as follows: (B) intact
RNaseB, (BS) RNaseBS, and (B-IAcNH2) RNaseB reduced and
alkylated with iodoacetamide. Samples were digested as indi-
cated in Materials and Methods and run in SDS-PAGE stained
with Coomasie blue.
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It also revealed that freshly isolated RNaseBS-Prot eluted
as a rather homogeneous population. However, upon stor-
age, it slowly populated different conformers and dis-
played more heterogeneous elution patterns. Although
heterogeneous, they could still rebind S-peptide and re-
cover full ribonuclease activity (not shown). Therefore, for
the assays described below, RNaseBS-Prot was used im-
mediately after removal of the S-peptide and neutraliza-
tion.

 

Interaction of the Different Conformers with GT

 

To study the interaction of the various conformers with
GT, we quantitated their capacity to be glucosylated in
vitro by the isolated glucosyltransferase. The glucosylation
assays used measured the rate of incorporation of [

 

3

 

H]Glc
from UDP[

 

3

 

H]Glc into acceptor glycoproteins under con-
ditions of initial velocity. Fig. 4 A shows that native
RNaseB and mock-treated RNaseB were not recognized
as substrates by GT as expected. Moreover, the enzyme
was apparently unable to detect the altered conformation
of RNaseBS. On the other hand, the form without the
S-peptide, RNaseBS-Prot, was glucosylated by GT. As
shown in Figs. 4 A and 5, the ability of RNaseBS-Prot to

 

act as a substrate for GT was almost completely abolished
upon addition of the NH

 

2

 

-terminal S-peptide (residues
1–20) or a truncated form of it (residues 1–15) to regener-
ate RNaseBS

 

9

 

 or RNaseBS

 

99

 

, respectively. Neither peptide
affected reglucosylation of other denatured glycoproteins
(not shown). The loss of recognition by GT upon reconsti-
tution of ribonuclease activity was, due to the restoration
of a nativelike protein conformation upon rebinding of
the S-peptides to the RNaseBS-Prot since it paralleled the
stoichiometric regeneration of RNaseBS

 

9

 

 or RNaseBS

 

99

 

(Fig. 5).
Interestingly, the unfolded conformations presented by

the soluble derivatives obtained by reduction and alkyla-
tion with iodoacetamide or iodoacetic acid were poorly
recognized by GT (Fig. 4 A). The aggregation of RNaseB
by reduction and alkylation with NEM or 4VP, on the
other hand, converted them into much better substrates
for GT (Fig. 4 A).

RNaseB forms were less efficient substrates than dena-
tured soybean agglutinin (SBA, not shown), a glycopro-
tein that contains a single Man

 

9

 

GlcNAc

 

2 

 

oligosaccharide.
In contrast, RNaseB carries a mixture of oligosaccharide
structures (Man

 

4-9

 

GlcNAc

 

2

 

), of which only a minor frac-
tion has the terminal mannose acceptor for the Glc residue
transferred by GT (Trombetta and Parodi, 1992). Since
the remaining glycoforms all contain a GlcNAc residue
linked to Asn34, they have the potential to behave as com-
petitive inhibitors in the glucosylation assay (Sousa et al.,
1992). To test whether this was the case and to further
evaluate the interaction of the different RNaseB forms
with GT, we measured the ability of the different conform-
ers and glycoforms to inhibit GT glucosylation of dena-
tured SBA.

As shown in Fig. 4 B, in native RNaseB, mock-treated
RNaseB, RNaseBS and RNaseS-Prot, or the EndoH– or

 

a

 

-mannosidase–digested forms of RNaseBS did not in-
hibit GT. This indicated that they did not interfere with
the substrate recognition site of the glucosyltransferase

Figure 4. Recognition of RNaseB conformers by GT. (A) Differ-
ent RNaseB conformers were tested as substrates of GT. In all
samples, 350 mg of the indicated RNaseB conformers were used
as substrates in glycoprotein reglucosylation reactions. (B)
RNaseB conformers as inhibitors of GT. For inhibition experi-
ments, the same incubations in A were conducted in the presence
of 100 mg of denatured SBA.

Figure 5. Reversible recognition of RNaseBSProt by GT. The in-
dicated amounts of S-peptides 1–20 (solid diamonds) or 1–15
(solid circles) were added to samples containing 500 mg of
RNaseBS-Prot in a total volume of 45 ml of 10 mM CaCl2, 50 mM
NaCl, 20 mM Hepes, pH 7.5. After 5 min at 208C, glucosylation
reactions were started with 5 ml containing 0.3 mg of GT and
400,000 cpm of UDP[3H]Glc. Reactions were incubated for 5 min
at 308C, stopped with 1 ml of 10% TCA, and radioactivity incor-
porated in TCA insoluble material quantified. Parallel incuba-
tions lacking UDP[3H]Glc were used to measure ribonuclease ac-
tivity (empty diamonds and circles) as described in Materials and
Methods.



 

The Journal of Cell Biology, Volume 148, 2000 1128

 

and did not affect its interaction with denatured SBA. In
contrast, all forms that had a carbohydrate bound to
Asn34 on the protein backbone of RNaseBS-Prot were
potent inhibitors (Fig. 4 B). Although EndoH and 

 

a

 

-man-
nosidase–digested RNaseBS-Prot were not glucose accep-
tors, they were efficient GT inhibitors, showing that sugar
residues extending beyond the first Asn-bound GlcNAc
had little effect on interaction with GT. The soluble re-
duced/alkylated RNaseB forms that were poorly recog-
nized as substrates by GT were also less efficient inhibi-
tors, whereas the insoluble derivatives that were better
substrates were also better inhibitors of GT (Fig. 4 B).

 

Discussion

 

Reglucosylation of incompletely folded glycoproteins in
the ER mediates their interaction with calnexin, calreticu-
lin, and ERp57, which are part of a unique glycoprotein-
specific chaperone system. Most glycoproteins are reglu-
cosylated during their biogenesis (Gañan et al., 1991; Gotz
et al., 1991), and several glycoproteins have been specifi-
cally shown to be reglucosylated in vivo during their matu-
ration in the ER, including vesicular stomatitis G protein
(Cannon and Helenuis, 1999; Suh et al., 1989), influenza
HA (Hebert et al., 1995), transferrin (Wada et al., 1997), T
cell receptor subunits (Van Leeuwen and Kearse, 1997),
and cruzipain (Labriola et al., 1999). The reglucosylating
enzyme uses only nonnative glycoproteins as substrates in
vitro (Sousa et al., 1992; Trombetta and Parodi, 1992;
Fernandez et al., 1994; Parker et al., 1995), recognizing oc-
cupied glycosylation sites covalently attached to nonnative
protein backbones (Sousa et al., 1992; Trombetta and Par-
odi, 1992; Fernandez et al., 1994; Parker et al., 1995; Sousa
and Parodi, 1995). However, little is known about the
mechanism by which GT distinguishes between native and
nonnative protein structures. To investigate the principles
underlying the conformational sensor in the lectin-based
chaperone system, we analyzed the interaction of GT with
a series of defined conformers of a naturally occurring gly-
coprotein, RNaseB.

Intact native RNaseB or a form submitted to mock
treatments, were neither substrates nor inhibitors of GT as
expected. The nicked form, RNaseBS, was also not recog-
nized despite having a partially perturbed conformation,
judging by its distinct chromatographic behavior and its
susceptibility to proteases and 

 

N

 

-glycanase digestion. The
increased exposure of the glycosylated Asn in an altered
protein conformation was not sufficient for reglucosyla-
tion.

Removal of the NH

 

2

 

-terminal S-peptide (residues 1–20)
from RNaseBS resulted, however, in a conformation that
was recognized both as a substrate and inhibitor by GT.
This conformer is an interesting and well-defined sub-
strate. The soluble and monomeric nature of the RN-
aseBS-Prot strongly indicates that some feature of its
conformation is sensed as nonnative by GT. Like RNaseS-
Prot (Richards and Wickoff, 1971; Richards et al., 1972;
Shindo et al., 1979; Rosa and Richards, 1981), RNaseBS-
Prot is likely to be highly structured. This is predicted by
the constraints imposed by the four disulfide bonds and
confirmed by its ability to rebind the S-peptide, which
does not bind to denatured forms of RNaseBS-Prot (not

shown). Although the affinity of the interaction is re-
duced, RNaseS-Prot is also known to bind RNase inhibitor
(Neumann and Hofsteenge, 1994), an intimate association
requiring proper RNaseA folding (Kobe and Deisenhofer,
1995). That GT specifically recognized the conformation
of RNaseBS-Prot as nonnative, was shown by the stoichio-
metric correction of the conformation with the concomi-
tant loss of the GT interaction by the rebinding of S-pep-
tides. Therefore, the RNaseBS system reproduced the
reglucosylation cycle observed in vivo using isolated com-
ponents, underscoring the fact that it resembles the con-
formational requisites encountered in the lumen of the
ER, where partially folded molecules become invisible to
the enzyme upon proper folding.

Completely unfolded RNaseB molecules obtained by
reduction and alkylation were poorly recognized by GT as
substrates or inhibitors. That these were extensively dena-
tured was shown by its enhanced susceptibility to pro-
teases and 

 

N

 

-glycanase, by their larger Stokes’s radius ob-
served by gel filtration, their ATP-dependent interaction
with HSC70 (not shown), and their lack of ribonuclease ac-
tivity. These results indicated that exposure of a glycosyl-
ated Asn, as in RNaseBS, even in combination with expo-
sure of elements normally buried in native conformers, as
in reduced and alkylated RNaseB, do not fulfill the re-
quirements for recognition by GT.

Notably, we observed that GT interacted better with
RNaseBS-Prot than with fully unfolded RNaseB. Some
elements kept in close proximity in RNaseBS-Prot may
become scattered in totally unfolded conformations, re-
sulting in the observed loss of recognition by GT. Alterna-
tively, GT may detect a structural scaffold in RNaseBS-
Prot, resembling a partially structured or collapsed folding
intermediate with limited flexibility, which would be
largely absent in fully unfolded forms. If the loss of such
structured conformation upon reduction of the disulfide
bonds is what dampens recognition by GT, the enzyme
could have a preference for structured folding intermedi-
ates as substrates. This possibility is indirectly supported
by our observation that insoluble reduced/alkylated prod-
ucts of RNaseB interacted with GT better than the corre-
sponding soluble forms. Also, in agreement with the ob-
servations presented here, using isolated components,
reduced forms of glycosylated chimeras of bovine ribonu-
clease and bovine trypsin inhibitor are not reglucosylated
when translated and translocated into microsomes in vitro
(Rodan et al., 1996). Similarly, selective reglucosylation at
advanced stages of folding after nearly complete oxida-
tion-mediated binding of the trypanosomal protein cruzi-
pain to calreticulin in vivo (Labriola et al., 1999).

Aside from the precise mechanism underlying the pref-
erence of GT for collapsed over fully unfolded conforma-
tions of RNaseB, we provide experimental evidence that
GT not only distinguishes between native and nonnative
conformations, but it can also discern between different
nonnative conformations of the same glycoprotein. The
finding that not all nonnative conformations of RNaseB
are equally recognized by GT may be one of the reasons
why protein unfolding, which was caused by the reduction
of disulfide bonds, did not result in a generalized increase
in protein reglucosylation in 

 

Schizosaccharomyces pombe

 

(Fernandez et al., 1998).
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Whereas chaperones of the Hsp70 family recognize
short hydrophobic segments normally buried in native
proteins (Zhu et al., 1996; Bukau and Horwich, 1998), our
results suggest that GT prefers, instead, partially struc-
tured conformations. This observation correlates well with
cases where reglucosylation was shown to mediate the par-
ticipation of glycoproteins in the calnexin/calreticulin
pathway. Influenza HA does not bind to BiP during its
maturation, but is reglucosylated and binds calnexin and
calreticulin (Hebert et al., 1995). On the other hand, vesic-
ular stomatitis virus glycoprotein binds BiP during early
stages of folding, and afterwards reglucosylation mediates
its binding to calnexin (Hammond and Helenius, 1994).
These examples show how the requirements for BiP bind-
ing and reglucosylation also differ in living cells. The de-
velopment of defined substrates allows the design of novel
experimental approaches to test these notions and to ex-
plore the mechanism underlying chaperone functions me-
diated by reglucosylation in the ER.
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