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Glucosylated oligomannoseN-linked oligosaccharides
(GlcyMangGIcNAc, where x = 1-3) are not normally
found on mature glycoproteins but are involved in the
early stages of glycoprotein biosynthesis and folding as
(i) recognition elements during proteinN-glycosylation
and chaperone recognition and (ii) substrates in the
initial steps of N-glycan processing. By inhibiting the
first steps of glycan processing in CHO cells using the
a-glucosidase inhibitor N-butyl-deoxynojirimycin, we
have produced sufficient GlgMan,GIcNAc, for struc-
tural analysis by nuclear magnetic resonance (NMR)
spectroscopy. Our results show the glucosyl cap to have
a single, well-defined conformation independent of the
rest of the saccharide. Comparison with the conforma-
tion of ManyGIcNAc,, previously determined by NMR
and molecular dynamics, shows the mannose residues
to be largely unaffected by the presence of the glucosyl
cap. Sequential enzymatic cleavage of the glucose
residues does not affect the conformation of the
remaining saccharide. Modelling of the Glg
MangGIcNACc,, Glc,MangGIcNAc, and Glc;Mang
GIcNAc, conformations shows the glucose residues to
be fully accessible for recognition. A more detailed
analysis of the conformations allows potential recogni-
tion epitopes on the glycans to be identified and can
form the basis for understanding the specificity of the
glucosidases and chaperones (such as calnexin) that
recognize these glycans, with implications for their
mechanisms of action.
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Introduction

N-linked glycosylation of proteins is a highly conserved
process in eukaryotic evolution. The oligosaccharides
Glc,ManyGIcNAC; (Figure 1), wherex = 1-3, are involved

in a number of important steps during the biosynthesis
and folding of glycoproteins, including: (i) thé-glycosyl-

removal of the terminal glucose residue from
GlcgsMangGIcNAc, by a-glucosidase | and from
Glc,MangGIcNAc, and GlgMangGIcNAc, by a-gluco-
sidase 11); and (iii) the chaperone-dependent folding of
glycoproteins in the ER (involving recognition of
Glc;MangGIcNAc, by proteins such as calnexin and
calreticulin).

Although the presence of an oligosaccharide may influ-
ence the physical and biological characteristics of a protein
(Dwek, 1996), a primary role foN-linked glycosylation
in many simple eukaryotes may have been to retain the
protein in the ER so that it folds correctly. Oligosaccharide
motifs, based on GldManyGIcNAC, structures, would then
act as recognition signals for lectins/chaperones located
in the ER.

The requirement for terminal glucose residues as part
of the oligosaccharide during proteM-glycosylation is
species dependent. In mammalian cells, only those glycans
containing three glucose residues are transferred to protein,
even in mutant cell lines that synthesize truncated
GlcsMansGIcNAc, oligosaccharides (Kornfeldet al,
1979). The non-conditionalg3 mutant yeast strain can
only synthesize lipid-linked Ma@GIcNAC,, resulting in
reduced glycoprotein biosynthesis but no reduction in total
secreted protein (Verostet al, 1993). Trypanosomatid
protozoa cannot glucosylate oligosaccharides, resulting in
the normal transfer of non-glucosylated oligosaccharides
to the peptide (Parodi, 1993).

The full role of the glucose residues during glycosylation
is not well understoodin vitro experiments have shown
that these residues produce a 10-fold increase in the
apparent affinity constant of OST for the oligosaccharide
(Breuer and Bause, 1995). The authors also suggest that
the recognition and binding of outer arm glucose residues
induce conformational changes in the active site of OST,
influencing the association constant of the peptide substrate
(Breuer and Bause, 1995).

The first stages of glycan processing involve sequential
removal of the terminal glucose residues from the precursor
N-glycan GlgManyGIcNAc, by a-glucosidase | and Il
The GlgManyGIcNAc, glycan, formed after cleavage
by a-glucosidase | and Il, mediates interaction of the
glycoprotein with the ER-resident chaperones calnexin
and calreticulin (Owet al,, 1993; Heberet al,, 1995; Ware
etal, 1995). These chaperones both retain the glycoprotein
in the ER during folding, and promote folding and
oligomerization (Bergeroet al,, 1994; Arunachalam and
Cresswell, 1995; Zhanet al., 1995). Removal of the final
glucose residue bya-glucosidase Il results in a loss

ation of the nascent peptide chain in the endoplasmic of interaction of the glycoprotein with the chaperones.

reticuum (ER) lumen [involving transfer of Gjc

ManyGIcNACc, to the peptide by the oligosaccharyltransfer-
ase (OST) complex]; (i) the initial steps of glycan
processing on the glycoprotein in the ER (involving
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However, incorrectly folded proteins can be reglucosylated
in the ER and so be recycled through the chaperone
system (Sousat al,, 1992; Helenius, 1994).

Glucosidase inhibitors, ndtablytyl-deoxynojirimy-
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Structure of glucosylated glycans
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Fig. 1. Schematic representation of the @itangGIcNAc, structure
showing the primary sequence and the residue numbering scheme
used. The GlgMan;GIcNAc, structure is missing residues D2 and D3.
The GlgMan;GIcNAc, and GlgMan;GIcNAc, structures are missing
residues G1 and G2 respectively as well. Thes@En,GIcNAc,
structure is missing residues D1, D2, A, B,ahd 1.

cin (NB-DNJ), prevent glycan processing and thus prevent
glycoproteins interacting with chaperones such as calnexin
and calreticulin. This has been shown to produce proteins
which are misfolded, leading to alterations in biological
activity (Fischeret al,, 1996; Mehtaet al., 1997; Petrescu
et al, 1997). r
We have utilized NB-DNJ-treated cells to produce r
a glucosylated oligosaccharide (Gtarn;GICNAC,) in L
sufficient quantities for conformational analysis by NMR W
spectroscopy. We find that the triglucosyl cap has a well-
defined, compact and relatively rigid conformation. The 35 55 75 95
conformation of the mannose residues is very similar to Retention time (minutes)
that previously determined for MgBIcNAc, (R.J.Woods, ) ) )
A.Pathiaseril, M.R.Wormald, C.J.Edge and R.A.Dwek, F9:2.(a) Analytical normal phase HPLC trace of the hydrazine-

. . . released and 2-AB-labelled material obtained from NB-DNJ-treated
Sme'tted)' Further a_naIyS|s ShOWS, that Sequent'al I'emova|CHO cells after lectin affinity chromatography. The hyperglucosylated
of each glucose residue lmglucosidase | and 1l has no  oligosaccharides elute between 70 and 75 by Analytical normal
discernible structural effect on the remaining residues. phase HPLC trace of the GMan;GIcNAc; fraction obtained by
A detailed analysis of the structural features of these Bio-Gel P4 chromatography. Gilan;GIcNAc; elutes at 70 min.
saccharides has significant implications in understanding

Fluorescence Intensity (arbitrary units)

the specificity of the interactions which occur between procedure was carried out on a preparative scale using
thisN-glycan structure and the proteins which interact with unlabelled material and identifying fractions by mass
this structure during glycoprotein folding and biosynthesis. spectrometry. The final sample purity was checked by

mass spectrometry and NMR spectroscopy. All samples
used for NMR analysis were-95% pure. From 10 g (dry

Results weight) of material taken for hydrazinolysis, 3 mg of
Isolation of triglucosylated saccharides from GlcsMan;GIcNAc, were obtained.
NB-DNJ-treated cells

Transformed Chinese hamster ovary (CHO) cells secreting Linkage conformation analysis of the GlczMan
recombinant gpl120 were cultivated for 1 week in the structural unit

presence of tha-glucosidase inhibitor NB-DNJ to obtain Resonance spin-system assignments (Table 1) were

a culture medium enriched in hyperglucosylated glyco- obtained from two-dimensional COSY and RELAY spec-
proteins. Glycoproteins with oligomannose-type glycans tra. This enabled most of the resonances from the three
were separated by lectin affinity chromatography and the glucose residues and the C1H to C4H resonances of the
glycans were released using hydrazine and labelled with mannose residues to be identified. A few further resonances
2-aminobenzamide (2-AB). Only a small proportion of could be assigned to the glucose spin-systems from the

the total 2-AB-labelled material is hyperglucosylated TOCSY spectrum. Sequence-specific assignments were

oligosaccharide (Figure 2a). The hyperglucosylated made on the basis of the pattern of cross-linkage nuclear
species found were GJ®lanyGIcNAc,, GlcsMangGle- Overhauser effects (NOEs) (Table II). For the mannose
NAc, and GlgMarn;,GIcNAG; in the ratio 1:1.5:7 respect-  residues, these could be confirmed by comparison of the
ively. Only GlgMan,GIcNAc, could be prepared in anomeric proton chemical shifts with those of oligoman-
sufficient quantity for NMR structural analysis. There are nose oligosaccharides (see Materials and methods).
two exomannosidases capable of hydrolysiaf— 2- Figure 3 shows the cross-sections through the NOESY
linked terminal mannose residues resident in the ER spectrum at the chemical shifts of the three glucose
(Bauseet al, 1992). Thus, GlgMan,GIcNAc, structures anomeric protons. The initial build-up rates, together with
are potential natural substrates for glucosidase Il, calnexinthe distance constraints derived from the NOE data, are
and calreticulin. given in Table II. All three linkages (@lt-2Glaa,

Pure glucosylated oligosaccharides were obtained by Glcal- 3Glca and Glal- 3Marm) are unusual in that
initial fractionation of the hydrazine-released material only one NOE is observed for each linkage at short mixing
using Bio-Gel P4 chromatography, followed by normal times 200 ms). Thus, the conformational information
phase HPLC of the appropriate fraction (Figure 2b). This available from the absence of NOEs is of great importance,

4303



A.J.Petrescu et al.

L R B I I R A LS LA RS RS AR SRR RAAAN RARRE RN SRR LARAE LR RARAN RARARRRRA | | BARRARASNBARMLAN

5.4 5.0 4.6 4.2 3.8 34

Chemical Shift (ppm)

Fig. 3. Selected traces, parallel to F2, through the 200 ms mixing time NOESY spectrum MaBi6&IcNAG;, in 2H,0, pH = 8.05,T = 30°C,

showing the cross-linkage NOEs (data summarized in Tabled))Tiace through the G1:C1H resonandg) Trace through the G2:C1H resonance.
(c) Trace through the G3:C1H resonance. The spectrum is phased with a positive diagonal (negative NOEs are shown as positive). X, spectral
artefact peak.

Table I. Resonance assignments for residues on the 1,3 arm gM@igGIcNACc, (pH = 8.05), GlgMan;GIcNAc, (pH = 7.85), GlgMan;GIcNAc,
(pH = 8.60) and GlgMan,GIcNAc; (pH = 8.44) in2H,0, T = 30°C, referenced to internal acetone at 2.217 p.p.m.

Residue C1H C2H C3H C4H C5H C6H C6H
G3M7N>
4 5.336 4.088 3.992 3.648
C 5.292 4.105 3.954 3.692
D1 5.032 4.232 3.946 3.846
G3 5.266 3.650 3.910 (3.622} (3.852} (3.752}
G2 5.524 3.692 3.840 3.510 4.060 3.810
Gl 5.174 3.604 3.786 3.454 3.964 {3.842}
G,M;N,

5.336 4.091 3.992 3.666
C 5.295 4.106 3.947 3.705
D1 5.034 4.233 3.941 3.840
G3 5.262 3.655 3.908 3.621 3.852 3.756
G2 5.351 3.553 3.745 3.445 4.003
GiMN;

5.336 4.088 3.993 3.679
C 5.295 4.108 3.948 3.730
D1 5.031 4.231 3.935 3.842
G3 5.248 3.550 3.772 3.394 3.830
GaMaN;

5.337 4.088 3.990 3.680
C 5.287 4.106 3.948 3.716
D1 5.035 4.230 3.941 3.856
G3 5.267 3.653 3.910 3.624 3.849 3.755
G2 5.524 3.695 3.830 3.510 4.060 3.810
G1 5.174 3.609 3.787 3.452 3.964 3.841

For the GlgMan;GIcNAc, assignmentstalics indicate peaks assigned via RELAY spectra (cannot be resolved in COSY) and brackets {...} indicate
peaks assigned to a spin-system via TOCSY spectra. All other assignments were made from TOCSY spectra by comparisgiavi{IGINAC,.
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Structure of glucosylated glycans

Table II. NOE results for the 1,3 arm linkages in @ltan;GIcNAc, 140 [ ek ..l

and the derived distance constraints used to generate the torsion angle
maps in Figure 4

Distance constraint

Proton pair Initial NOE build-up rate
Gy

G1-G2 : Glal- 2Glox linkage

G1:.C1H G1:C2H 1.19 2.30 (calibration)
G2:.C1H 0.66 2.40-3.00
G2:C2H not observed =3.5
G2:C3H not observed =3.5

G1:.C5H G2:C1H not observed =3.5
G2:C2H obscured -

G2-G3 : Glal- 3Glax linkage

G2:C1H G2:C2H 2.66 2.30 (calibration)
G3:C2H not observed =3.5
G3:C3H 3.10 2.10-2.30
G3:C4H not observed =3.5

G2:C5H G3:C2H not observed = 3.5
G3:C3H obscured -
G3:C4H not observed =3.5

G3-D1 : Glol- 3Mam linkage

G3:C1H G3:C2H 3.67 2.30 (calibration)
D1:C2H not observed =3.5
D1:C3H 2.86 2.33-2.50
D1:C4H not observed =3.5
G3:C5H D1:C2H obscured - 3
D1:C3H obscured - oLttt . i Tl
D1:C4H obscured - 110 RN
D1-C : Marul- 2Maru linkage o R
DL:C1H D1:C2H 1.67 2.50 (calibration) -160 -
C:C1H 0.63 2.85-3.15
C:C2H 3.56 2.15-2.30 ‘
C:C3H 0.47 2.90-3.40 140
C:C4H not observed =3.5
D1:C2H C:C2H 0.39 3.1-3.6 90
D1:C5H C:C1H obscured -
C—4 : Marul- 2Mar linkage 40
C:C1H C:C2H medium 2.50 (calibration)
(overlapping)
4:C1H obscured - -10
4:C2H strong <24
(overlapping) -60
4:.C3H very weak >2.8 [
C:C5H 4:.C1H obscured - 10
Not observed indicates that the peak is not seen at short mixing times [ _____
(<200 ms); some of these peaks are observed at longer mixing times -160 "
(in the spin-diffusion regime). -160 -110 -60 -10 40 90 140

. . . . Fig. 4. Torsion angle maps foraf Glcal- 2Glcx (b) Glcal- 3Gl
and in each case this allows large regions of conformational , i ¢} Gica1 . 3Mara glycosidic linkages. The solid lines give the

space to be excluded as not significantly popula_ted regions of conformational space consistent with the distance

(Wormald and Edge, 1993). Figure 4 shows the torsion constraints from the observed NOEs and the dashed lines the

angle maps, derived from the NOE distance, for the three constraints from the absent NOEs (see Table II). The grey areas give
FORTRRT ; ; the regions consistent with all the NOE data. The unshaded areas are

egC.O.SIdIC Ilnkages in the GWan S'.[rucmral unit. In those which cannot be significantly populated, due to the absence of

addition, further areas of conformational space can be characteristic NOEs (Wormald and Edge, 1993).

excluded on the basis of unfavourable steric interactions

predicted by molecular modelling. G2-G3 (Glal- 3Glca) linkage. Figure 4b shows two
G1-G2 (Glarl- 2Glca) linkage. Figure 4a shows two  regions of conformational space consistent with all the
regions of conformational space consistent with all the available NOE dat@,=at-35 = 15, = —15 * 15)
available NOE data, atp(= —60 = 20, y = —90 + 20) and a large region aroundp (= +50, ¢ = —10). The
and (p = +80 = 30,y = —-145= 30). The former region region aroung & +40 = 20, ¢ = -30 £ 20) can be

is consistent with the known conformational preference excluded because of steric interactions between G2:02
of an a-linkage for @ = —60, due to the exo-anomeric and G3:04; however, the regiopat {20 = 25, =
effect (Woodset al, 1995). The latter region can be +10 = 20) is feasible on steric grounds. The region at
excluded because the resulting structure involves severe @ = £35 = 15, y = —15 + 15) is consistent with the
steric interactions between G1:02 and G2:01. known conformational preference of anlinkage for @
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A

G1

Fig. 5. (A) Molecular model of GlgMangGIcNAc,, based on the NMR structure for the @Wan unit and the NMR/molecular dynamics structure
for MangGIcNAc, (R.J.Woods, A.Pathiaseril, M.R.Wormald, C.J.Edge and R.A.Dwek, submit@dptéreo-image of the structure of the ltan
unit from GlgMan;,GIcNAC,, fully consistent with the NMR, X-ray crystallographic and molecular modelling data.

T —60. The disaccharide Gid - 3Glca-OMe has been
crystallized (Neumaret al., 1980) and this gives torsion
angles of ¢ = -18.2, = —-14.9).

G3-D1 (Glarl - 3Mana) linkage. Figure 4c shows two
regions of conformational space consistent with all the
available NOE data, atp(= —65 = 15, = +10 * 30)

and (p = +65 *+ 20,y = —-45 = 25). The former region

is consistent with the known conformational preference
of an a-linkage for @ = —60. The latter region can be
excluded because of steric interactions between G3:02
and D1:04.

Thus, for each linkage there is a single, sterically
allowed conformation consistent with all the available
NMR data, X-ray data and the known linkage conform-
ational preferences. This is in contrast to the Man-—
Man linkages in MagGIcNAc, (R.J.Woods, A.Pathiaseril,
M.R.Wormald, C.J.Edge and R.A.Dwek, submitted) where
the NMR data is not consistent with a single conformation
for each linkage and molecular dynamics simulations
show the linkages to be either flexible or adopt more than
one conformation. This leads to the structure for the
GlcsMan unit shown in Figure 5b. A molecular model of
GlcsMangGIcNACG, is shown in Figure 5a, based on the
NMR structure of GlgMan and the NMR/molecular
dynamics structure of MaGIcNAC,.

The linkage analysis for the Glglan unit in the linear
saccharide GgMan,GIcNAc; in °H,O gave essentially
identical results (data not shown). There are no significant
changes in chemical shifts for residues G1, G2, G3 and
D1 between the two species (Table I). This indicates that
residues 4 A and B do not affect the structure of the
GlczMan unit.

Linkage conformation analysis of the Glc,Man and
Glc;Man units

An identical analysis was also carried out on the species
Glc,Man;GIcNAc, and GlgMan;,GIcNAc,, prepared by
digestion of the parent compound withrglucosidase |
and a-glucosidase Il respectively. The resonance assign-
ments for these oligosaccharides are given in Table I.
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Non-reducing terminus

Glucosidase II
binding site

Calnexin
binding site

Fig. 6. Overlay of the Glal- 3Glca (dark grey) and Glel - 3Mar

(light grey) linkage structures derived from the NMR data for
GlcsMan;GIcNAc,. The points of epimerization for mannose relative

to glucose are labelled on the non-reducing terminal’ Y@ad the
reducing terminal (C2) residues. The proposed binding sites for
a-glucosidase Il and calnexin, based on their known specificities, are
indicated (see text for details). In the oligosaccharide structure, these
linkages are rotated 180° with respect to each other (Figure 7b and c).

Removal of the G1 residue affects the chemical shifts of
the G2 resonances, but not those of G3, D1 or C. Similarly,
removal of G2 does not affect the resonances of D1 or C.
The NOE analyses (data not shown) produced results
both qualitatively and quantitatively very similar to those
obtained from GlgMan;,GIcNAc, for all the remaining
linkages. Thus, sequential cleavage af the2Glico
and Glal- 3Glca linkages does not alter the conform-
ation of any of the other linkages.

Effects of the Glcz unit on the 1,3 arm

oligomannose structure

The NOEs across the D1-C Mah-. 2Mam linkage and

the C-4 Maml- 3Mam linkage were also measured.

The data for these linkages are given in Table Il. Spectral
overlap makes quantitation of the C—4 linkage NOEs very

difficult (as is also observed for MaBIcNAC,). The

observed pattern of NOEs is very similar to that found for
these linkages in MagsIcNAC, (R.J.Woods, A.Pathiaseril,
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a b c

a-glucosidase |
cleavage site

Proposed
a-glucosidase |l
recognition site Proposed
a-glucosidase Il

recognition site

Proposed
calnexin and
calreticulin
recognition sites

A3

Proposed OST
binding site  +

A}

Fig. 7. The proposed recognition sites @) (OST anda-glucosidase | for GkMangGIcNAc,, (b) a-glucosidase 1l for GlgMangGIcNAc, and
(c) calnexin, calreticulin andi-glucosidase Il for GlgMangGIcNAC,.

M.R.Wormald, C.J.Edge and R.A.Dwek, submitted), water is similar to that reported for the synthghitaGlc
indicating that the addition of the Glcunit does not tetrasaccharide in dimethylsulfoxide (DMSO) (Alvarado
significantly alter the structure of the 1,3 arm to which it et al, 1991) except that the authors report a hydrogen
is attached. Again, this is consistent with the similarities bond between G1:0H2 and G3:0H4 for the latter. This
in chemical shift of the resonances from residues C and hydrogen bond gives rise to a conformation for the
4 in the two species. It is interesting to note that the Glcal- 2Glaa linkage that would lead to a strong G1:C1H
change in chemical shift of the D1:C2H resonance on to G2:C2H NOE and no G1:C1H to G2:C1H NOE, in
addition of residue G3 allows an extra weak NOE between contrast to the data presented here (see Figure 3 and Table
D1:C2H and C:C2H to be observed. In M&icNAc, II). This difference may be due to different hydrogen
this peak would lie too close to the diagonal to be resolved. bonding patterns being favoured by different solvents.
Large oligosaccharides, such as {Man;GIcNAc,, are
usually insoluble in DMSO, and so the smaller
GlcsMan,GIcNAc; was prepared. However, this species
We previously have reported on the solution conform- is still not sufficiently soluble in DMSO to make conforma-
ation of the MagGIcNAc, oligosaccharide (R.J.Woods, tional analysis possible.
A.Pathiaseril, M.R.Wormald, C.J.Edge and R.A.Dwek, @ The NMR data show that the triglucosyl cap adopts a
submitted). Comparison of this structure with the NMR single conformation, which is situated at the end of
data on GlgMan,GIcNAc, show the 1,3 arm to be a relatively rigid and extended 1,3 arm (R.J.Woods,
unaffected by the presence of the terminal glucose residues. A.Pathiaseril, M.R.Wormald, C.J.Edge and R.A.Dwek,
Furthermore, removal of the 1,6 arm mannose residuessubmitted). This results in an accessible triglucosyl cap,
(4', A and B) from GlgMan;,GIcNAc, does not alter the ~30 A from the linkage point to the protein (Figure 5).
conformation of the triglucosyl cap. Thus, the oligoman- The OST complex recognizes both the &tap and the
nose core and the glucosylated cap of Slan,GIcNACc, chitobiose core during transfer of the oligosaccharide
can be considered as independent structural units. Thefrom the dolichol intermediate to the proteiim vitro
structure of GlgManyGICNAC, obtained by combining experiments using purified OST have shown that the
these data (Figure 5a) shows the Séap to be remote  dolichol-linked chitobiose core alone is a sufficient sub-
from the rest of the molecule, with no interactions between strate for OST (Breuer and Bause, 1995); Tésdbiles
the glucosyl cap and any of the mannose residues, contribute to the transferase—dolichol intermediate binding
except D1. reaction by producing a 10-fold increase in apparent
The structure of the triglucosyl cap (Figure 5b) is quite affinity constants (Breuer and Bause, 1995). Thus, the OST
compact, forming a tight turn. Molecular modelling shows must have a secondary lectin site involved in recognition of
that the distance between G1:C1H and G3:04 is 1.6 A, the triglucosyl cap ~30 A from the active site (Figure 7a).
indicating a potential hydrogen bond which would stabilize The presence of a single conformation for the triglucosyl
this structure. The GidMan unit must also be quite cap is consistent with its primary role as a recognition
rigid (particularly the Glal-2Gloa linkage), since the element.
permitted areas of conformational space for the linkages, Almost immediately afteen bloctransfer of the oligo-
based on the negative NOE constraints (Figure 4), are saccharide, the terminal glucose residue is hydrolysed by
small. a-glucosidase |, a type Il transmembrane protein with a
The structure presented here for the Han unit in lumenal C-terminal catalytic domain (Kalz-Fuller al,

Discussion
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1995). The structure places this linkage in a sterically a continuous molecular surface gag@IcNAC,
unhindered position accessible for hydrolysis (Figure 7a). (Figure 7c).

This step may be involved in rapid uncoupling of the On the basis of this model, we propose that calreticulin/
OST-donor oligosaccharide—peptide complex. calnexin and glucosidase Il approach their common sub-
o-Glucosidase I, an enzyme that is only loosely associ- strate from different sides of the molecule (Figure 7c).
ated with the ER membrane (Brada and Dubach, 1984), This would allow glucosidase Il to hydrolyse the G3-D1
removes the next twaxl- 3-linked glucose residues. linkage whilst the glycoprotein is bound to calreticulin/
Little is known about the structure of glucosidase 1l calnexin and thus to promote dissociation of the complex.
(Trombettaet al, 1996). Kinetic analysis (Alonset al,, This is consistent with the recent observation that gluco-
1991) has suggested that the protein has two binding sitessidase Il causes dissociation of the complexes formed
which are close together and differ in the value of their between mono-glucosylated ribonuclease B and calreticu-

Kns by a factor of 600. The authors suggest that the two lin or calnexin (Rodaret al,, 1996).

glucose residues of the GMan,GlcNAc,—glycoprotein Both calnexin (A.Vassilakos, M.Michalak, M.A.
could bind to both these sites simultaneously, leading to Lehrman and D.B.Williams, submitted) and calreticulin
cleavage of both linkages before release of GloNAc,— (Spiro et al, 1996) also require the presence of the 4

glycoprotein. This would not allow recognition of the ~Mmannose residue (see Figure 1 for notation) for maximum
newly synthesized glycoprotein by the chaperones calnexinPinding. In GlgMangGIcNAC,, this residue is protected
and calreticulin to take place until after subsequent reglu- from recognition by the oligomannose 1,6 arms (Figure
cosylation by the UDP-GIc:glycoprotein glucosyltransfer- ). A single continuous molecular surface cannot be
ase (Souseet al, 1992). In trypanosomatid protozoa, formed which involves both the 1,3 arm residues and the
this is the only route available for calnexin/calreticulin 4 mannose. One possible explanation for this is that the
recognition (Parodi, 1993). However, the fact that large Presence of the’4residue alters the conformation and/or
quantities of the mono-glucosylated glycan can be pro- flexibility of the 1,3 arm, thus indirectly affecting the
duced by partial hydrolysis of GJMan,GIcNAc, with chaperone binding. Molecular modelling of the
catalytic amounts obi-glucosidase Il demonstrates that, MamGICNAc, structure does suggest the presence of a
for this substrate, glycan release must occur after removalVater-mediated hydrogen bond between residues 4 and 4
of the firstal- 3-linked glucose residue. (R.J.WOO(_js, personal _commumcatlon). We are currently
The conformations of the Gid_3Glca and investigating the solution structures of the glucosylated

Gleal - 3Maro linkages hydrolysed by-glucosidase I MansGICNAC, and ManGIcNAc, saccharides.
are very similar, as shown by their superposition in
Figure 6. The only major structural difference is in the Materials and methods
epimerization at C2 of the inner residue. The two linkages
h tructural epit tending from C6 of peagents
aVQ a Common structural epitope, ex er! Ing rom Ol NB-DNJ was a gift of G.D.Searle & Co. ConA—Sepharose was obtained
the inner residue to C3 of the outer residue. This could from Sigma; Chelex 100, Dowex AG50 X-12 {Horm), Dowex AG3
be a potential epitope fon-glucosidase Il recognition,  X-A4 (OH~ form) and Bio-Gel P4 (400 mesh) were purchased from

requiring only a single active site on the enzyme for Bio-Rad Labqratories Ltd. QAE-_Sephadex A25 was from Pha_rmacia
Ltd. a-Glucosidase | andi-glucosidase Il were prepared as previously

hydrolysis of both I|nkagescijIu003|dafse _” does not described (Karlssoret al, 1993); EndoH was purchased from New

hydrolyse the Maal - 3Man linkage. This linkage only  England Biolabs; Jack bearrmannosidase was prepared as previously

differs from the Glol-3Man linkage by epimerization  reported (Li and Li, 1972).

at C2 of the outer residue (labelled ‘G& Figure 6) which

. . - " . Cell culture

is within this proposed recognition epitope. _ CHO cells, transfected with pPEEBHCMVgp120GS, secreting recombin-
The proposed Girl - 3Glc and Glcil - 3Man linkage ant HIV-IIB gp120 were obtained from Dr P.Stevens (MRC AIDS

epitopes are on opposite sides of the glucosylated oligo- Directed Programme Research Project). Cells were cultured in Glasgow

; ; it MEM culture medium (Gibco Ltd, Uxbridge, UK) supplemented with
mannose structure (Figure 7b and c). The implication of 10% fetal calf serum (FCS, Techgen), 50 U/ml penicillin andugdml

this is that rel_ease and reor'enta_t'on of the egco_proteln streptomycin (Gibco) in the presence of 3 mM NB-DNJ and maintained
would be required before hydrolysis of the second linkage, at 37°C with 5% CQ for 1 week.

thus allowing calnexin/calreticulin recognition. The use
Sugar release

of a single enzyme to cleave both these linkages in a ; L
. . . . - Glycoproteins containing oligomannose glycan structures were separated
process |nv0IV|ng release, reor]en.tat'on and rebmd'ng from the cell culture medium by affinity chromatography on ConA-
would also lead to a longer lifetime for the mono- Sepharose. The material obtained was lyophilized and glycan release
glucosylated glycans. achieved by large scale manual hydrazinolysis (Wéhgl., 1992; Patel
; il if _ etal, 1993). The sugars were desalted on a four resin column consisting
. In contrast, calnexm_ and calreticulin spemﬂcglly recog- 200-3004l each of Chelex 100, Dowex AG50 X-12 (Hform),
nize the Glal - 3Man linkage, not Gla1 - 3Glc, indicat- Dowex AG3 X4A (OH- form) and QAE-Sephadex.
ing that C2 of the mannose residue is involved in the
oligosaccharide—protein interactions (Figure 6). More Gel permeation chromatography _ _ _
recent studies have shown the Glc- 3Mami1 - 2Maro- gédgiﬁﬁzg’ﬁfn rg'her‘;")fne:tosgﬂng‘y "ngﬁgf'ﬁos;%‘?g;dgg &95% rce;‘;'““o”
1-2Man tetrasaccharide to be a 100-fold more potent coumns in series. Columns were maintained at 55°C and eluted with
competitive inhibitor of calnexin than the Gl& - 3Man distiled water. Fractions containing hyperglucosylated sugars
disaccharide (A.Vassilakos, M.Michalak, M.A.Lehrman (GlcMan;_gGIcNAc,) were pooled and lyophilized.
and D.B.Williams, submitted), suggesting that calhexin Normal phase HPLC
recognizes the whole 1,3 arm. These four residues, includ-co-eluting sugars from the P4 chromatography step were separated

ing the proposed recognition epitope in Figure 6, form further by normal phase HPLC on a Waters HPLC system with a
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GlycoSep-N column (size 4X6250 mm, from Oxford GlycoSciences) Graphics 4D/35 workstation using the programs INSIGHT Il and
using the low salt solvent system previously described (Geilal, DISCOVER (Biosym Tech. Inc.).

1996). Briefly, solvent A was 50 mM ammonium formate at pH 4.4 and

solvent B was acetonitrile. A linear gradient of 35-53% A over 100 min

at a flow rate of 0.4 ml/min was followed by an increase to 100% A Ack led

over 3 min and a 17 min wash, before re-equilibration in 35% A. The cknowie gements

same _conditions were used in both analytical and preparative runs. For\ye would like to thank Brian Matthews for performing the large scale
analytical runs, the sugars were fluorescently labelled with 2-AB (Bigge hydrazinolysis and Geoffrey Guile for help with the normal-phase HPLC

et al, 1995) using a Signal™ labelling kit from Oxford Glycosciences system, AJ.P. is supported by a visiting Research Fellowship from The
and monitored using a Jasco FP-920 fluorescence detector. For preparativeyoya| Society. S.P. is a Collaborative Biomedical Research Fellow

runs, guantities of oligosaccharide injected were 6-7 orders of magnitude supported by The Wellcome Trust. F.M.P. is a Lister Institute Research
larger than those normally used for the analytical runs and the sugars pgjiow. T.D.B. and F.M.P. are supported by Searle/Monsanto. We wish

were not fluorescently labelled. Fractions were analysed subsequently acknowledge the use of the EPSRC's Chemical Database Service
using matrix-assisted laser desorption/ionization. at Daresbury.

Mass spectrometry

Matrix-assisted laser desorption/ionization mass spectrometry was per-

formed on a time-of-flight Finnigan LaserMat instrument. Samples References
were prepared using a 2,5-dihydroxybenzoic acid matrix as previously

described (Harveypt al, 1994). Allen,F.H. and Kennard,O. (1993) 3D search and research using the
Cambridge Structural Databagehemical Design Automation News
Preparation of Glc,Man,GlcNAc, and Glc;Man;GIcNAc, 8 1, 31-37.

Glc,Man,GIcNAc, was obtained from GiMan;GIcNAc, by digestion Alonso,J.M., Santa Cecilia,A. and Calvo,P. (1991) Glucosidase Il from
with a-glucosidase | at 37°C until completion. The processed oligosacch-  'at liver microsomes. Kinetic model for binding and hydrolysis.
aride was separated from the enzyme and free glucose by Bio-Gel P4 Biochem. J.278 721-727.

permeation chromatography, as described aboveMaie,GIcNAc, was Alvarado,E., Nukada,T., Ogawa,T. and Ballou,C.E. (1991) Conformation
prepared from GlgMan;GIcNAc, by partial digestion withi-glucosidase of the glucotriose unit in the lipid-linked oligosaccharide precursor

Il. A digestion time of 4 h 30 min was found to give optimal yield for protein glycosylationBiochemistry 30, 881-886.

of Glc;Mam;GIcNAC,. The resulting mixture of GhMan,GIcNAC,, Arunachalam,B. and Cresswell,P. (1995) Molecular requirements for the
Glc;Man,GIcNAc, and ManGIcNAC, species was separated using Bio- interaction of class Il major histocompatibility complex molecules

Gel P4 permeation chromatography, as described above. The and invariant chain with calnexid. Biol. Chem.270 2784-2790.
Glc,Man;GleNAc, fraction obtained in this first run was subjected to a  Bause,E., Breuer,W., Schweden,J., Roeser,R. and Geyer,R. (1992) Effect

second, identical run. The GMan,GIcNAc, fractions from the two of substrate structure on the activity of Man9-mannosidase from pig
runs were pooled and used for NMR studies. liver involved inN-linked oligosaccharide processirtgur. J. Biochem.

208 451-457.
Preparation of GlczMan,GlcNAc, Bergeron,J.J., Brenner,M.B., Thomas,D.Y. and Williams,D.B. (1994)
GlcsMan,GIcNAc; was prepared by enzymatic digestion of Calnexin: a membrane-bound chaperone of the endoplasmic reticulum.
GlcgMan;GlcNAc, with a mixture of EndoH (2 U) and Jack bean Trends Biochem. Scil9, 124-128.

mannosidase (6 U) for 72 h at 37°C. @MamGIcNAcl Subsequenﬂy Blgge,JC, PateI,T.P., Bruce,J.A., Goulding,P.N., Charles,S.M. and
was purified by gel permeation chromatography on Bio-Gel P4, as Parekh,R.B. (1995) Nonselective and efficient fluorescent labeling of

described above. glycans using 2-amino benzamide and anthranilic aai@l. Biochem.

230, 229-238.
NMR spectroscopy Brada,D. and Dubach,U.C. (1984) Isolation of a homogeneous
All NMR experiments were performed on a Varian UNITY 500 spectro- glucosidase Il from pig kidney microsomeBur. J. Biochem.141,
meter, at a probe temperature of 30°C. For sBlan;GIcNAc,, H 149-156.

resonance assignments were obtained from two-dimensional phase-Breuer,W. and Bause,E. (1995) Oligosaccharyl transferase is a
sensitive COSY, RELAY and TOCSY spectra. For all other samples,  constitutive component of an oligomeric protein complex from pig
resonance assignments were obtained from TOCSY spectra with 80 ms  liver endoplasmic reticulumEur. J. Biochem.228 689-696.

mixing time. Spectra were multiplied by unshifted sine- or cosine- Dwek,R.A. (1996) Glycobiology: toward understanding the function of
bell functions in both dimensions, as appropriate. Sequence-specific _sugarsChem. Rey.96, 683-720.

assignments were made by comparison with reported assignments forFischer,P.B., Karlsson,G.B., Butters,T.D., Dwek,R.A. and Platt,F.M.
oligomannose-type oligosaccharides (Vliegentleasl, 1983; Wormald (1996) N-butyldeoxynojirimycin-mediated inhibition of human

et al, 1991) and analysis of the cross-linkage NOE patterns. 2D NOESY  immunodeficiency virus entry correlates with changes in antibody
spectra were recorded at mixing times of 100, 200 and 400 ms without ~ recognition of the V1/V2 region of gp120. Virol., 70, 7143-7152.

any random variation in mixing time. Absolute peak volumes were Fletcher,D.A., McMeeking,R.F. and Parkin,D. (1996) The United
measured from the phase-sensitive data set. Any contributions to the Kingdom Chemical Database servide.Chem. Inf. Comput. S¢B6,
cross-peaks from scalar coupling are anti-phase and thus, whilst distorting  746-749.

the peak shape, will not contribute to the peak volume. Spectral noise Guile,G.R., Rudd,P.M., Wing,D.R., Prime,S.B. and Dwek,R.A. (1996)
was estimated by measuring the volume integrals of regions of the A rapid high-resolution high-performance liquid chromatographic
baseline around the cross-peaks. The NOE build-up curves for specific method for separating glycan mixtures and analysing oligosaccharide
proton pairs were obtained and fitted using a second order polynomial  profiles. Anal. Biochem.240, 210-226.

function to give the initial linear build-up rates (Table I). Inter-proton Harvey,D.J., Rudd,P.M., Bateman,R.H., Bordoli,R.S., HowesK,
distance constraints were obtained from these initial rates using the Hoyes,J.B. and Vickers,R.G. (1994) Examination of complex
two-spin approximation. The intra-residue glucose C1H-C2H distance  oligosaccharides by matrix-assisted laser desorption mass spectrometry

[obtained from the crystal structure of @it- 3Glca-OMe (Neuman on time-of-flight and magnetic sector instrument®rg. Mass

et al, 1980)] was used as the internal calibration for calculating distances  Spectrom.29, 753-766.

from the NOE build-up rates. Hebert,D.N., Foellmer,B. and Helenius,A. (1995) Glucose trimming and
reglucosylation determine glycoprotein association with calnexin in

Molecular modelling the endoplasmic reticulunCell, 81, 425-433.

Torsion angle maps were generated as previously described (WootenHelenius,A. (1994) HowN-linked oligosaccharides affect glycoprotein
et al, 1990), making use of distance constraints from both the presence folding in the endoplasmic reticulunMol. Biol. Cell, 5, 253—-265.

and absence of NOEs (Wormald and Edge, 1993). Standard torsion angleKalz-Fuller,B., Bieberich,E. and Bause,E. (1995) Cloning and expression
nomenclature was used throughout, i.e. for & linkage, = H1-C1- of glucosidase | from human hippocampuur. J. Biochem. 231,
O-Cx’ andy = C1-O-Cx-Hx'. Disaccharide X-ray crystal structures 344-351.

were obtained from searching the Cambridge Crystallographic DatabaseKarlsson,G.B., Butters,T.D., Dwek,R.A. and Platt,F.M. (1993) Effects
(Allen and Kennard, 1993) at the Chemical Database Service at Daresbury of the imino sugam-butyldeoxynojirimycin on theN-glycosylation
(Fletcheret al,, 1996). Molecular modelling was performed on a Silicon of recombinant gpll2iol. Chem. 268 570-576.
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