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Abstract 

Molecular dynamics simulations of several Asn-linked oligosaccharides carried out recently have been summarized. These 
oligosaccharides are flexible and the core o( I + 3- and a I - 6-linkages play important roles in determining the overall shape of 
the molecule. The orientation ofthe I - 6-arm is affected not only by changes in x but also by changes in $I and $ around the cr I 

- 6-linkage. The processing of MangGlcNAcz to ManSGlcNAc2 during the biosynthesis of Asn-linked oligosaccharides 
proceeds in well-defined ‘conformation driven’ pathways. These molecular dynamics studies rationalize spectroscopic and 
biochemical observations such as the rate of cleavage of oil - 2-linked mannoses by a-mannosidases, the action of p-1 + 4- 

galactosyltransferase on biantennary oligosaccharides, and the binding affinities of oligosaccharide ligands to the asialogly- 
coprotein receptor. 0 1997 Elsevier Science B.V. 

Kepvords: Conformation; Glycoplipid; Glycoprotein; Molecular dynamics; Oligosaccharides; N-linked oligosaccharide 
processing 

1. Introduction 

1.1. Am-linked oligosaccharides 

Glycoproteins constitute an important class of bio- 

polymers and are involved in many biological pro- 
cesses. Most oligosaccharide moieties of 

glycoproteins fall in one of two major classes, based 
on the type of linkage between the oligosaccharide 
and the protein: Asn-linked, where the oligosacchar- 
ide is linked to the side chain amide group of an 
asparagine residue through a N-glycosyl bond, and 
SerlThr-linked, where the oligosaccharide is linked 

to the side chain hydroxyl group of a serine or threo- 
nine residue through an O-glycosyl bond. (In some 
glycoproteins, saccharides are linked to protein through 

amino acid residues other than Asn and Ser/Thr [ 11.) All 
the Asn-linked oligosaccharides have a common pen- 
tasaccharide core: Man-a 1 - 6(Man-cz I- 3)-Man-61 
- 4-GlcNAc-01 - 4-GlcNAc$l - Asn (Fig. 1). The 
terminal al - 6- and cul - 3-linked mannose 
residues may carry additional residues such as 
mannose, N-acetylglucosamine, fucose, galactose, N- 
acetylgalactosamine, and sialic acid. Based on the 
nature of the residues present on the pentasaccharide 
core, Asn-linked oligosaccharides are further classified 
into three types: high mannose (only mannose resi- 
dues), hybrid type (mannose residues on the (~1 - 6- 
mannose and other residues on the (~1 - 3-mannose) 

and complex type (residues other than mannose) 
(Fig. 1). Besides, the core pentasaccharide is often 
either fucosylated (al - 3/6-linked to GlcNAc) or 

0166.1280/97/$17.00 0 1997 Elsevier Science B.V. All rights reserved 
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Fig. I Representative examples of the three types of Asn-linked oligosaccharides. The pentasaccharide core common to all three types is 

enclosed by dotted lines. The nature of the saccharides linked to the terminal oil - 3- and cul - 6-linked mannose residues of the core 

determines the type of oligosaccharide-high mannose, hybrid or complex. Besides these saccharides that are linked to the terminal mannoses, 

additional saccharides are also often found linked to the core: position and linkage types of such saccharides are shown. 

xylosylated (fil - 2-linked to middle mannose) and 
the hybrid and complex types are sometimes bisected 
(01 -+ 4GlcNAc on middle mannose). Saccharides of 

some glycoproteins are also either sulfated or phos- 
phorylated. The presence or absence, and the type of 
Asn-linked oligosaccharides have been shown to play 
important roles in the biological function of many gly- 
coproteins (see, for example, Refs. [2-71). 

2. Biosynthesis of Am-linked oligosaccharides: 

overview 

In the first step of protein N-glycosylation, a 
Glc3ManoGlcNAc2 precursor is transferred en bloc 
from the dolichol pyrophosphate donor to the Asn- 
residue of the nascent polypeptide chain (Fig. 2; 

Ref. [S]). This co-translational event is followed by 
the processing of the precursor oligosaccharide by 
glycosidases and glycosyltransferases leading to var- 
ious types of Asn-linked oligosaccharides. The three 
terminal glucose residues of the Glc3MangGlcNAc2 
precursor are removed by cu-glucosidases forming 
MangGlcNAcz (M9; see Scheme 1) which is either 
left as such or is processed to different isomers of 
ManxGlcNAc2 by specific Manu-mannosidases [9]. 
One isomer of Man8GIcNAc2 can also be generated 
directly without the prior formation of MangGlcNAc2 
by an endomannosidase which converts Glc, ,_31Mang. 
GlcNAc? to ManBGlcNAc2 [lo]. ManRGlcNAc2 is 
further processed by al - 2-linkage specific manno- 
sidase(s) I to different levels forming other high-man- 
nose type oligosaccharide intermediates which finally 
lead to Man5GlcNAc2 (M5; Scheme 1). Next, 
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Fig. 2. Pictorial representation of the processing of Asn-linked oligosaccharides. Abbreviations and symbols used: D-PP, dolichol pyropho- 

sphate donor; 0, N-acetylglucosamine (GlcNAc); 0, mannose (Man); 0, glucose (Glc); n , galactose (Gal). Solid arrows indicate a single step 

of processing whereas dotted arrows indicate multiple steps of processing. 

GlcNAc transferase I transfers GlcNAc in Pl - 2 
linkage to the core Q! 1 - 3-mannose of Man5GlcNAc2 
to generate GlcNAc ,MansGlcNAc2. Such an addition 
of GlcNAc is a necessary step for the biosynthesis of 
hybrid and complex type oligosaccharides (Fig. 2). 
From GlcNAc ,Man5GlcNAcz, either various hybrid 
oligosaccharides are generated by the concerted 
action of several glycosyltransferases or the complex 
type oligosaccharide biosynthesis is initiated with the 
action of a-mannosidase(s) II. The a-mannosidase II 
removes the terminal oil - 3- and oil - 6-linked 
mannose residues on the al - 6-arm of GlcNAc, 

Man5GlcNAc2 forming GlcNAc ,Man3GlcNAc2. 
This is a committed step in the biosynthesis of com- 
plex type oligosaccharides and this intermediate 
serves as the initial substrate to other glycosyltrans- 
ferases such as GlcNAc-, Gal-, GalNAc-, Fuc- and 
Sialyl-transferases leading to the formation of diverse 
complex type oligosaccharides. 

Even though the assembly and processing of Asn- 
linked oligosaccharides essentially follow the same 
pathways in many organisms, however, under condi- 
tions of glucose starvation and in some lower organ- 
isms like trypanosomatic protozoa, assembly and 
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processing of N-glycosylation has been shown to fol- 
low alternate pathways [ 1 1 - 131. The factors respon- 
sible for the nature and type of the oligosaccharide 
present on the glycoproteins are still not very clear. 
The nature of the oligosaccharide at a glycosylation 
site for some glycoproteins is conserved in different 
species [ 14,151, whereas it differs in some other gly- 
coproteins from one species to another [ 16,171. In 

addition to the species dependency, the exact proces- 
sing and hence the nature of the oligosaccharide has 
also been shown to depend on the tissue, developmen- 
tal stage, the amino acid sequence of the entire protein 
(i.e. the three dimensional structure of the protein) and 
on the specificities and levels of the processing 

enzymes [I g-211. Interestingly, Hsieh et al. [22] 
showed that, of the two glycosylation sites of the 
Sindbis virus envelope glycoprotein El, one site, 
regardless of the host cell type, has exclusively 

complex type oligosaccharides. However, the second 
glycosylation site has different types (high mannose 
or complex) of Asn-linked oligosaccharides in 

different host cells. Presently, more than one Man)- 
mannosidase has been identified in the ER and these 
enzymes have been shown to cleave different terminal 
mannoses of M9 i.e., they show different product spe- 
cificities 1231. Using a mannosidase inhibitor, Korn- 
feld and coworkers showed that one of the ER resident 
Man9-mannosidases processes only about half of the 
glycoproteins 1191. Based on this and several other 

experimental observations, it was suggested that the 
processing of MangGlcNAc2 (M9) to MansGlcNAc2 
(M5) by a-mannosidase(s) I proceeds in well defined 

sequential pathways [24] and that the accessibility and 
conformation of the oligosaccharides play important 
roles in determining these processing steps. Spatial 
and steric considerations of the oligosaccharide 
ligands are important in determining the modes of 
binding and for glycosyltransferase action 1251. 
Hence, a clear understanding of these sequential path- 
ways requires detailed information about the com- 
plexes of these oligosaccharide intermediates with 
glycosidases and glycosyltransferases. In the absence 
of the three dimensional structures of these enzymes, 

the conformations of just the oligosaccharide inter- 
mediates have been studied and the information 

obtained from these studies has been correlated with 
the experimental data. 

3. Conformation of oligosaccharides: the need for 
MD simulations 

Among the various methods that are being used 

today, X-ray diffraction is perhaps the only method 
that gives information about the precise position of 
atoms and hence, about the three-dimensional struc- 
ture of proteins and other molecules. Although a sig- 
nificant number of glycoprotein structures have been 
reported by X-ray crystallographic methods, only in a 
handful of these stmcturs, the Asn-linked oligo- 
saccharide has been completely traced beyond its 
core structure [26-321. In all these structures, oligo- 

saccharides have either been part of a glycoprotein or 
are complexed with the receptor protein and these 

studies gave information about one of the conforma- 

tions accessible to the oligosaccharide. NMR spectro- 
scopy in combination with molecular dynamics 
simulations has also been used to determine the prob- 
able conformations of some of the Asn-linked oligo- 
saccharides [33,34]. However, the results derived 
from NMR studies correspond to the time averaged 
conformation since several conformers of an oligo- 
saccharide exist in equilibrium in solution. As has 

been rightly pointed out earlier [35-371, the confor- 
mations of oligosaccharides when bound to proteins 
need not necessarily correspond to their equilibrium 
conformation in solution. In view of this, molecular 

dynamics (MD) simulations based on force field cal- 
culations serve as a very useful technique to obtain 
information about the accessible conformations of oli- 
gosaccharides. In fact, the conformation of the hepta- 
saccharide Man-al - 6[Man-al-3][Xyl-01 - 2]- 
Man-01 - 4GicNAc-/31-4[L-Fuc-cr 1 - 3]-GlcNAc 
(linked to Asn 17 of Erythrina corallodendron lectin 
subunits) observed in the crystal [31] is also accessed 
in the MD simulations even though this is not the 
preferred conformation for the isolated heptasacchar- 
ide (381. Hence, the probable conformations of 
several Asn-linked oligosaccharides (Scheme 1) that 
either are a part of glycoproteins or are possible 

Scheme I, Structures of the various Asn-linked oligosaccharides that were studied by MD simulations 
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intermediates during the biosynthesis, have been 
recently studied by the MD simulations [38-411, 
and these results are summarized below (Section 5). 

The information obtained from these studies has 
also been used to explain/rationalize some of the 

experimental observations (Section 6). In conclusion, 
a pathway for the possible processing of Man. 
GlcNAc2 to MansG1cNAc2 during the biosynthesis 

“\ 

“\ 
06 
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of Asn-linked oligosaccharides has been proposed 
using the available experimental and computational 
data [40]. 

4. Calculation procedure 

All the calculations were performed on the National 
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Fig. 3. Schematic diagram showing the atom names and torsion angle definitions used in the present study. All the saccharides are ‘C,(D) 
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Cancer Institute’s Cray Y-MP 8Dl8 128 supercompu- 
ter using Biosym’s Insight II and by considering all 

the atoms explicitly. The coordinates were first gen- 

erated using IMPAC (interactive modeling package 
for carbohydrates) developed by P. Sailaja, P.V. 
Balaji, B. Vijaya Sai Reddy and V.S.R. Rao at the 
Molecular Biophysics Unit, Indian Institute of 
Science, Bangalore, India by taking the initial inter- 

glycosidic torsion angles 4, 4 and x (Fig. 3) from 
disaccharide +,II/ maps and energy minimization 
studies [42-461. The initial structures so generated 
were subjected to energy minimization by the 
Newton-Raphson method until the maximum deriva- 
tive was less than 0.001 kcal mall’ A-‘. Neither an 
explicit hydrogen bond potential nor any distance 
cut-offs were considered while calculating non- 
bonded interactions. A distance dependent dielectric 
constant of 4*r was used for calculating electrostatic 
interactions. The minimized structures were subjected 
to an initial equilibration of 40 ps which was followed 
by a productive run (1000-3500 ps). All the calcu- 
lations were in vacua constant energy simulations 
carried out at a temperature of 300 K. Verlet’s leap- 
frog algorithm was used for integration (time step = 
1 fs). Simulations were also done with different seed 
values for the random number generator so that 

different sets of initial velocities were assigned, lead- 
ing to different trajectories from the same minimized 

conformation. The CVFF force field supplied with 
Biosym’s Discover package was used in these studies. 
From the MD trajectories of the Man-al - 3-Man 
disaccharide, relative nuclear Overhauser effect 
(NOE) values relevant to the glycosidic linkage 

were calculated [ 381. These back calculated theoreti- 
cal NOE values were found to be in good agreement 
with the experimental values (Table l), implying that 
the CVFF force field is reasonable and can be used in 
the conformational analysis of carbohydrates to the 
extent of determining the accessible conformations 
of the oligosaccharides. 

5. Conformation of the Asn-linked 
oligosaccharides 

5.1. Nomenclature 

The oligosaccharides have been identified by the 
number of mannose, N-acetylglucosamine (excluding 
those in the core chitobiose) and galactose residues 
that it contains (Scheme 1). For example, M9 denotes 
nine mannoses attached to the 2 core chitobiose 

Table I 

Comparison of back-calculated and experimental NOE values for Man-a I - 3-Man” 

NOE Relatlvr NOE’ 

connectwily” 

JO- IJOd 141-240 241-340 i4lLJ40 4JlLSJO 54lL64ll 641L740 74lL840 XJlLY40 ‘)41~1040 AK Expt. 

NOE NOE’ 

Man,:HI- Loll I .oo I .oo I.00 I .oo I .I30 I .on 1.00 I .no IO0 I .oo I .oo 

Man ,:H2 

Man,:HlL 0.27 0.13 0.22 0.24 0.18 0.3 I 0. I x 0.26 0.26 0.26 0.25 JD’ 

Man ,:H2 

Man,HI- I .28 I .?4 I.37 I.27 I.34 I.31 1.3.5 1.3fl I .42 I.24 1.32 I.63 2 0.3 

-ManZ:H3 

Man ,:HS- 0.33 0.28 0.37 0.40 0.56 0.27 0 52 0.41 0.42 0.35 0.39 0.54 ? 0. I 

Man2:H2 

’ NOE values were back-calculated for discrete 100 ps intervals from the 1000 ps MD trajectory of Man-oi I ,3-Man disaccharide (from Ref. 

[381). 
h Non-reducing mannose is referred to as Man, and the reducing mannose ax Man?. 

’ Relative NOE values calculated using Biosym’s NMR_Refine module with a mixing time of 7.50 ms and a rotatlonal correlation time of 

0.85 ns. The relative NOES were calculated with respect to the intraresidue NOE between Man,:HI and Man ,:H2 in that set of 100 ps interval, 

which is 2.40 2 0.03 in absolute NOE (%) values. 

’ ps interval. 
‘Experimental data taken from Rutherford et al. [74]. 

’ JD. just detectable. 



GlcNAc residues. Oligosaccharides which have the 
same number of mannose residues but differ in posi- 

tion and linkages, are further distinguished by an addi- 
tional alphabet a, b, c, or d. For example M8a, M8b 
and M8c all contain eight mannoses linked to the core 
chitobiose residues but the position and linkages of 
the mannoses are different in the three oligosacchar- 
ides. The oligosaccharides M9, M8a, M8b, M8c, M7a, 
M7b, M7c, M7d, M6a, M6b, M6c and M5 have been 
referred to in Balaji et al. [40] with the prefix ‘G2’ (i.e. 

M9 as G2M9, M8c as G2M8c etc.). In complex and 
hybrid oligosaccharides, the presence of bisecting 
GlcNAc is indicated by the addition of alphabet ‘B’ 

at the end, e.g. in M3G3B, there are three mannoses 
and three GlcNAcs attached to the core chitobiose, 
and one of the three GlcNAcs is bisecting. The oligo- 
saccharide M3G3C3 is the same as oligosaccharide 
#IV of Balaji et al. 1391. The oligosaccharides 

243 uo WI MO layl 

Timetps) 

M3XF and M3GlB are referred to as ‘heptasacchar- 
ide’ and ‘bisected hexasaccharide,’ respectively, 

in [3X]. The letters X and F denote the presence of 
PI - 2 linked xylose and cul - 3-linked L-fucose 
residues, respectively. 

For identifying the saccharide residues in Asn- 
linked oligosaccharides, the following nomenclature 
has been used (Fig. 3(a)). The middle mannose resi- 
due /31 - 4-linked to the core chitobiose (GlcNAc?- 
/31 - 4-GlcNAc,) is termed Man,,,. Mannoses cul - 
3- and cul - 6-linked to Man, are termed Man3 and 
Mane, respectively, where the subscripts ‘3’ and ‘6’ 
denote linkage position. Since all the glycosidic 
linkages (1 - 2-, I + 3-, 1 - 4-, and 1 --t 6-) are 

through C 1, only the position of the second saccharide 
(i.e. 2, 3, 4, and 6) is used as a subscript. For the 
remaining saccharides, the first number in the sub- 
script denotes the hydroxyl through which it is linked 

C. . . 

‘40 2.x 440 w 84 ,m 

Timefps) 

Fig. 4. Variation of the interglycosidic torsion angles around or1 - Slinkages. Torsion angle versus time plots for 42,*q and $J?~.*~~ extracted 

from the dynamics trajectories of (a) M7c, (b) M8a and (c) M8c (from Ref. [40]). 
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to the preceding residue. Numerals following the first 

number indicate how the preceding residue is linked 

up to Man,. Hence, the last numeral in the subscript 
also indicates the ‘arm’ on which the residue is pre- 
sent. Thus, Man23h is the mannose residue I - 2- 
linked to its preceding residue Manjh and both these 
residues are on the 1 - 6-arm. The torsion angles are 
given the same subscript as the saccharide whose 
anomeric carbon is involved in the corresponding gly- 
cosidic linkage. The residue and torsion angle names 

used in Ref. [39] for M3G3G3 have been modified 
following the above convention. 

5.2. al - S-linkages 

Conformation of the Man3-a 1 - 3-Man, fragment 
plays an important role in determining the overall 
‘shape’ of the Asn-linked oligosaccharides. In the 
MD simulations of the Man-al - 3-Man disac- 
charide [38], both 4 and rl, fluctuate frequently 
between - 60” and + 60” suggesting that transitions 
between the different minimum energy conformations 
[47,48] take place easily and can be observed in the 
MD simulations. However, conformations corre- 
sponding to $ around 180” were not accessed in any 
of the disaccharide simulations. Such conformations 
also were not observed in the Monte Carlo simulations 
of this disaccharide [49]. The fluctuations of +j,$j in 
all the oligosaccharides are similar to those observed 

in the isolated disaccharide simulations except M7a, 

M8a, bisected hybrid, and bisected complex oligosac- 

charides (Fig. 4; Refs. [40,38]). In one of the simula- 
tions of the complex oligosaccharide M3G3G3, which 
has two antennae linked to Mani, the fluctuations of 
$3 are even greater (from - 80” to + 120” [39]). MD 
simulations of the oligosaccharide M3XF show that 
the conformational fluctuations of +s,$i are not sig- 
nificantly affected by the pl - 2-linked xylose resi- 
due (381. In some of the simulations of complex 

oligosaccharides, Gj accesses a value around 180”. 
In the high mannose type oligosaccharides, the 

Manjh-c-ul - 3-Mane fragment ($36r$36) shows less 
flexibility than the Man3-cyl - 3-Man, fragment 

($3.$3) (Fig. 4). This restriction on the fluctuations 
of +36,#36 in the favored conformations is probably 

caused by the spatial proximity of Manjh to the core 
GlcNAc residues (Fig. 5). A comparison of the evolu- 
tion of +36 and $36 during the 1000 ps simulation 
period in various high mannose oligosaccharides 
shows that the preferred values for these two angles 
are influenced by the presence of other saccharide 
residues and their conformations (Fig. 4). For 
example, in M8a (only Man2s6 present and not 
Manze6; Scheme 1) and in M7c (only Manzb6 present 

and not Man&, +36,$36 fluctuate around - 60”, - 30” 
whereas in M8c (both Manzj6 and Manzb6 are present), 
$36,#16 fluctuate around 30”,30” (Fig. 4)-a change of 
about 90” and 60” in $36 and $16, respectively. For the 

Fig. 5. Stereo view of one of the conformations of MS accessed during the MD simulations (at 657 ps [40]) to show the proximity of Manl, to 
the core chitobiose residues and the exposure of Man? to solvent and hence possibly to enzymes. Color codes used for stick diagram generated 

using Biosym’s InsightII: carbon, green; oxygen, red; nitrogen, blue; hydrogen, black. 
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Mani-a! 1 - 3-Man, fragment, a hydrogen bond 
between Mans-02 and Man,-05 is possible when 
cP~,$~ is around - 30”, + 30”. 

5.2.1. Effect of bis-GlcNAc on the conformation of 
Man,y-al - 3-Man&-agment 

Simulations of bisected hybrid and complex 

oligosaccharides show that in the presence of bis- 
GlcNAc, the conformational flexibility of the 
Man3-cul + 3-Man, fragment is restricted - 

specifically the transitions of +3 to the positive 
region (i.e. values greater than 0”) are either com- 
pletely absent as in M5G2B or very infrequent as 
in M3G3B (Fig. 6 inset; Ref. [41]). Although similar 
conclusions were drawn from NMR studies, the 
reason for this effect was not clear [5 11. Interestingly, 
in M3GlB, where Man3 is the terminal saccharide 
without any substitutions, the fluctuations of $j,$j 
were similar to those in an isolated Man-o1 - 3- 
Man disaccharide [38]. This shows clearly that 

Fig. 6. Two of the conformations of M3G3B accessed during the MD simulations [41]. Conformations at 2167 ps (a: left) and 1939.5 ps (b; 

right), showing different orientations of GlcNAczq relative to bis-GlcNAc, GlcNAc4. The two conformers were first superposed by considering 

the C I, C3, CS and 05 atoms of Man, as reference atoms and were then separated to avoid spurious orientational differences. r$ I.\Ir 1 are ~ 62”. 
_ 18” and 44,24” in left (2167 ps) and right (1939.5 ps) conformations, respectively. Color code used: GlcNAc residues of the core chitobiose, 

white; trimannosidic core (Man,m, Man, and Mane), green; bisecting GlcNAc (GLcNAc,), brown; GlcNAcs linked to ManI and Mano 

(GlcNAczl and GlcNAcZh), yellow. Oxygen and nitrogen atoms are colored red and blue, respectively. in all the residues. All the color diagrams 

were drawn using MidasPIus software package [50]. Inset (top right): Torsion angle versus time plot for #J i extracted from the MD trajectories of 

M3G3B to show the occasional transitions of 6, from the preferred value of around - 50” to around 45”. 
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bis-GlcNAc dampens the fluctuations of Man?-cyl - 

3-Man, fragment only when a GlcNAc is /31 - 2- 

linked to Mans. Whether similar effects are seen 
when GlcNAc is /31 - 4-linked to Mani remains 
to be determined. As seen in one of the conformations 
of M3G3B (Fig. 6(a)) GlcNAc23 and bis-GlcNAc are 
positioned ‘face-to-face’ and the hydrophobic inter- 
actions between these two residues probably stabilizes 
this conformation of the oligosaccharide leading to 

the dampening of the Mani+ - 3-Man, fragment 
fluctuations. Thus the conformation corresponding to 
positive values of +3, although stereochemically 
possible, is not preferred in the presence of bis- 

GlcNAc. However, M3G3B also occasionally 
accesses conformations in which GlcNAcZ3 and bis- 
GlcNAc are not positioned ‘face-to-face’ (Fig. 6(b)). 

5.3. oil - 64inkages 

Similar to the Man3-al - 3-Man, fragment of the 
core pentasaccharide, the Mane-al - 6-Man, frag- 
ment also plays a very important role in determining 
the overall shape of the Asn-linked oligosaccharides. 
Unlike other linkages, the two saccharides linked 

through (~1 - 6-linkage are separated by three 
bonds and naturally al - 6-linked disaccharides 
have much more conformational flexibility associated 
with them. The third glycosidic torsion angle, x, could 
have either of the three staggered conformations (60”, 
- 60” and 180”). Traditionally, while discussing the 
conformation of Man-al - 6-Man fragments, 4 was 
assumed to be around 180” and the conformation with 
x around 60” has been considered less probable 

because of the Hassel-Ottar effect (unfavorable 

syn-axial interactions between the 04 and 06 

atoms [52]). For the Man-al - 6-Man disaccharide, 
in all the 1000 ps MD simulations started with the 

three initial conformations 4,$,x = - 60”, 150”, 180”; 
- 60”,150”, - 60” and - 60”,150”,60” [38], C#J shows 
fluctuations from - 60” to 60” (through 0”) and $ 
shows fluctuations from 60” to - 60” (through 
180”). In contrast, x fluctuates around one of the 
three staggered conformations: 60”, 180”, or - 60”. 
Although in the simulation started with x = 180” x did 

not show any transition from the initial value during 
the 1000 ps simulation period, the x shows transitions 

from one staggered conformation to another in the 
other two simulations. However, in a simulation 
which was run for 3000 ps (with initial x = 180”), 
though the fluctuations of $I and $ are very similar 
to those in the 1000 ps simulations, x moves from 
180” to - 60” after about 1250 ps, and then from 
-60” to 60” after about 2100 ps (Fig. 7). In the con- 
formation where x is around 60” the ‘repulsive’ syn- 
axial interaction between 04 and 06 atoms is offset 
by a hydrogen bond interaction between the two 

atoms. In the absence of this hydrogen bond (i.e. if 
04 forms a hydrogen bond with the solvent mole- 
cules), the conformation with x around 60” may 

become unfavorable. 
In oligosaccharide simulations, unlike the disac- 

charide simulations, transition of xb to around 60” 
was observed only in M3XF (where Manh is the term- 
inal residue [38]) and M9 [40]. In the simulations of 
M3G3G3 started with initial xh = 60”, x6 changes 
from around 60” to around 180” after about 920 ps 
[39]. In other oligosaccharides, xb assumes conforma- 
tions only around either 180” or - 60” [39,40]. In high 

40 640 1240 1040 2440 3040 ‘; 40 640 1240 10402440 3040 7 40 640 1240 1840 2440 3040 

TIME (ps) TIME (ps] TIME (ps) 

Fig. 7. Variation of the interglycosidic torsion angles 9,$,x in the MD simulations of the disaccharide Man-or1 - 6-Man (from Ref. [38]). 



mannose and hybrid oligosaccharides, in contrast to 
x6, x6h shows ~ansitions among all the three staggered 
~onfo~ations f40,41]. The #h,$hq~6 valnes are inter- 
dependent and in several simulations, (bh and $6 prefer 
values other than around - 60” and 180” respectively. 
High mannose (except M9) and hybrid oligosacchar- 
ides showed a preference for the conformation with 

~~,~~,x~ around - 6@‘,180”, - 60” and in this eon- 

formation, the Man3,&2 to GlcNAcz-07 hydrogen 
bond is possible. Earlier NMR studies [53] had pre- 
dicted that this hydrogen bond accounts for the pre- 
ference of high mannose oligosaccharides far the 
conformations with xh around - 60”. Manj6-02 in 
MSb, M7b, M7d, MSa and M8c, is further extended 
by the addition of Man216, preventing the formation of 
the hydrogen b&d with G1cNAc?-07. In these oligo- 
saccharides also, 46,$h,x6 prefer values around - 6Q”, 

180”, - 60” indicating that the preference for this is 
independent of the aforementioned hydrogen bond 

alone [40]. 

5.3.1. IFnp~rt~~~e qf the torsion angle $ of 
cul - &linkages 

As mentioned earlier, in the MD simulations of the 
disaccharide Man-al - &Man, 4 shows fluctuations 
from - 60° to 6@’ (through 0”) and rS, shows fluctua- 
tions from 60” to - 60” (through 180”; Fig. 7), but in 
oligosaccharides, the fluctuations of (bh and I[/h around 
the ~1 - (i-linkage are restricted. In high mannose 
oligosaccharides (except M9), G6 prefers a value 
around 180”. in M9 and hybrid oligosaccha~des, $6, 
in addition to values around 180” also prefers values 
around - 60” to - 150” (correlated to ~6). In some 
complex oligosacch~ides, G6 seems to prefer values 
around 180” although values around 70” and - 70” are 
also accessed occasionally, as for example in M3Gl 
1411. In others, $h seems to prefer values around 70” 
and rarely accesses &onfo~at~ons around 180” (as in 
M3G2). This shows that the conformation around the 
(Y 1 - 6-linkage is influenced significantly by the addi- 
tion/deletion of saccharides. This is also noteworthy 
since the orientation of the crl - 6-arm is not only 
affected by changes in x, but also by changes in # and 
$. This can be seen clearly by considering M3XF as 
an example: in Fig. 8, four conformers of M3XF that 
are accessed during the MI3 trajectory are shown 
keeping the middle mannose residue (Man,) in the 
same orientation. Comparison of Fig. 8(a) and 

Fig. 8. Stereo view of the heptasac-ckaride M3XF showing the dif- 

ferences in the orientation of the otl -t &arm brought about by the 

changes in x6 atone (a compared to b, c, d) and in (bb,tt6 (b, c and d). 

&,$6,x6 values are: -50”. - 161”, -175”(a); -6O”, - 179”, -58” 

(b); - Js”, - 106’, - 55” (c); and - 64”, - 1 IO”, - 55” (d). The four 

conformers were first supe~osed over one another using the C 1, C3. 

C5 and 05 atoms of the middle mannose residue (Man,,,) for align- 

ment, and then separated to eliminate spurious orientational differ- 

ences. See legend to Fig. 5 for color codes used. 



P. K. Oasba et al.Nournal of Molecular Structure (Theochem) 395-396 (I 997) 333-360 

Man223 Man223 

266 

Fig. 9. Stereo diagram of the three conformers of M9 accessed during MD simulations. $J~,$~,x~, are: (a) -42”, - 176”, - 173” (top); (b) - 22”. 

- 82”. - 13” (middle): and (c) 14”, 8 I”, 175” (bottom) respectively. See legend to Fig. 5 for color codes used. 



346 P.K. O&u et al./Journcrl of Molecular Structure (Theochem) 395-396 (1997) 333S360 

Fig. 8(b) shows the effect of change in x from around 
180” to around - 60” (# and $ being very nearly the 
same). In Fig. 8(b)-(d), x is around - 60” whereas # 
and $ are different. Similar observations have also 
been made in the simulations of M9 (Fig. 9) and 
M3G2 [41]. 

The MD simulations of the disaccharide GlcNAc- 

fll - 4-GlcNAc [38] showed that the interglycosidic 
torsion angles q5,$ access all the minimum energy 
conformations except 70”, - 1 SO” and 25”, 175” pro- 

posed from earlier molecular mechanics calculations 
[54,48]. The fluctuations of 4,$ in the disaccharide 
Man-01 - 4-GlcNAc, although very similar, are 
higher than those in GlcNAc-fll - 4-GlcNAc 
(Fig. IO(a) and (b); Ref. [38]). This is understandable 
since a change in the orientation of the hydroxyl group 
at C2 from equatorial (as in glucose) to axial (as in 
mannose), relieves some of the unfavorable steric 
contacts, and thereby increases the flexibility of the 
saccharide residues about the interglycosidic bonds 
[55]. However, when these two disaccharides are 

part of a larger oligosac~haride, as for example in 
the different types of Asn-linked oligosaccharides, 
the fluctuations of the corresponding torsion angles 
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(bgI4t.‘l and 4,,,,$, (Fig. 3) are restricted and are 
mostly around W, 0” with a deviation of 5 30” 
139,401. However, (pEl and +,, in these oligosacchar- 
ides also access values in the range of 140”-165”. In 
the hybrid oligosaccharides M5Gl and M5G2B (i.e. 
both bisected and unbisected), whenever x6 prefers a 
value around 180” 4,j and $,,, showed a preference for 
values around 140” to 165” [41]. The ~uctuations of 
#l,tc/d, which determine the confomration of the bis- 
GlcNAc in bisected hybrid and complex oligosacchar- 
ides (GlcNAc&l - 4-Man, fragment), are 
restricted to values around 55”,10” as in the case of 

#gr,$Et and q!~,,$~, but transitions of +.r to the 140”- 
165” region was not observed in any of these simula- 
tions. This implies that bis-GlcNAc has rather limited 
flexibility and its relative orientation with respect to 
the middle mannose residue, Man,,, remains very 
nearly the same. Similar conclusions about the 
restricted flexibility of $G,$f have also been drawn 
from NMR studies [Sl]. The conformation around 
the Pl - 4-linkage connecting Gal,&31 - 4- 

GlcNAc43 fragment to Man3 in M3G3C3 is similar 
to that for bis-GlcNAc, in that $I~~, $43 fluctuate 
around 55”, 0” and 443 does not show transitions to 

the 140”-165” region [39]. In contrast, dijzj: $42.ir 
r#~~~3, $443 and c$_,16, $Q~, which determine the con- 
formations of the terminal galactose residues in the 

R 
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Fig. 10. Variation of the interglycosidic torsion angles of 01 - 4-linkages in the MD simulations of the disaccharides (a) GlcNAc-@I - 4- 

GlcNAc and (b) Man-@ - 4-GlcNAc and (c,d) the oligosaccha~de M3XF. 41, $ in (a) and (b), (ifgl,jcgl in (c), and $,,$, in (d). 
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complex oligosaccharide M3G3G3, show a lot of fluc- 
tuations and the terminal galactose residues often 

‘flip’ relative to the penultimate GlcNAc residue 

because of 4 accessing values in the region 140”- 
165” [39]. The 4,$ values obtained in these simula- 
tions are in good agreement with those obtained by 
earlier force field calculations [46,47,49]. 

These MD simulations also provided some infor- 
mation on the effect of the other saccharide residues in 

the oligosaccharide on the conformational behavior of 
the core /31 - 4-linkages. For example, the fluctua- 
tions of @pl,$gl and @,,,rl/,,, are very much dampened 
when GlcNAc , is (~1 - 3-fucosylated as in the oligo- 
saccharide M3XF (Fig. 10(c) and (d)). This effect is 
probably caused by the spatial proximity of the oil - 
3-linked fucose to GlcNAc , . The nature of saccharide 

residues linked to Man, was also found to influence 

the favored values of 4m,$m. In the absence of any 
substitution on Manh as in M3GlB, the fluctuations in 

&lrlC/gl and $m,$m are very similar to those found in 
isolated disaccharides. However, in the simulations of 
high mannose, hybrid and complex oligosaccharides 
where one or more ‘antennae’ are linked to Manh the 
fluctuations in $,,+,,, are considerably less because of 
the spatial proximity of one of the ‘antennae’ to the 
core GlcNAc residues. Thus, the conformation of the 
Man,-/31 - 4-GlcNAc2-/31 - 4-GlcNAc, fragment 
is influenced by the conformation of the Mane-a!1 - 
6-Man, fragment. Contrarily, bis-GlcNAc does not 

seem to have any direct effect on the conformation 
of the core /31 - 4-linkages. 

Hydrogen bonds between GlcNAc,-03 and 
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+-.--7-S 
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Fig. I 1. Variation of the interglycosidic torsion angles around (a,b) 01 + 2. and (c,d) OL l- -t 6-linkages. Torsion angle versus time plots for (a) 
$21,1j,zi and (b) &,,& extracted from the dynamics trajectories of M3G3G3 and for(c) &,$6,x6 and (d) &,$/h6,x66 from the MD trajectories 

of M8a (from Ref. [38]). 



GlcNAcz-05 and GIcNAc2-03 and Man,-05 are 
possible in both the di- and the oligosaccharides. 
Hydrogen bonds between GlcNAcr-03 and 
GlcNAc2-06 (GlcNA+x = 1 SO”/ - 60”) and between 
GlcNAc,-06 (GlcNAc>-x = 60”) and GlcNAc2-07, 
are also possible but the donor-acceptor distance 0 
shows large ~uctuations (3-5 A). However, all 
the above mentioned hydrogen bonds are broken 
when 4 takes a value around 165” in which case 

only a hydrogen bond between GlcNAcr-03 and 
GlcNAc?-07 is possible. 

Man*?? and Manze6 are similar to Manzi. In all the 
oligomannoses (except some conformations of M9), 
Manz3h is placed very close to core GlcNAc, which 
restricts its conformationa~ fluctuations. The values of 
I$,$ obtained in these MD simulations for crl - 2- 
linkages are in good agreement with those obtained by 
earlier force field calculations [46,48,49.343. A hydro- 
gen bond between Man?,,-06 (with Manzj-x around 
-60”) and Man3-05 is possible when $?? is in the 
positive region (i.e. greater than 0”). This hydrogen 

bond is also possible for the terminal mannose 
residues. 

5.5. otl - 2-linkages 

Although all the crl - 2-linkages in high mannose 
type oligosaccharides favor a conformation around 
-4O”,O”, the extent of variation of these torsion angles 
is different in different oligomannose structures. For 

the Man21-ol - 2-Man3 fragment in M6a, M7b, 
M7c, and M&z, I,L*~ fluctuates more ( t 40”) than 
+gj ( t 25”) [40]. However, & occasionally accesses 
confo~ations in the range 0” to 60” also. The con- 
formations of the terminal al - 2-linked mannoses 

(a) f 2 I I ,... I 1 ., ..’ 
. 

TIME (ps) 
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Conformational fluctuations of rj and II/ for 01 - 2- 
linkages in both the hybrid and complex oligosacchar- 
ides are mostly between 0“ and 70”, and - 4O”and 60”, 
respectively. As in the case of /31 - 4-linkages, 4 in 
61 - 2-linkages also frequently accesses values from 

140” to 180” leading to the flipping of one saccharide 
relative to the other. In the bisected hybrid and com- 
plex oligosaccharides, the conformational fluctuations 

I 
u .. 44040 $’ 

40 240 '; 40 240 440 6408401040 
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Fig. 12. Variation in the distance (A) of the Hl (left panels) and H2 (middle panels) atoms of Man ~6 from the C8 atom of GlcNAc? as a function 

of time extracted from the dynamics trajectories of (a) M8c and (b) M7c (MD data from Ref. 1401). As a result of the free rotation of the methyl 

group and the equivalence of the methyl protons in NMR, distances were calculated from the C8 atom instead of the protons attached to C8. 

Distances of the protons are assumed to be about 0.5 A less than those from the C8 atom. Variation of the torsion angle $m as a function of time 

in M7c is also shown (left panel). (c) Schematic diagram of M7c to show the C8. HI and HZ atoms under discussion. 
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Fig. 13. Stereo diagram of the three isomers of Man&lcNAcz. (a) M8a (top). (b) M8b (middle) and (c) M8c (bottom). The conformations are 
accessed in the MD trajectories at 742 ps. 196 ps, and 1034 ps, respectively (from Ref. [40]). See legend to Fig. 5 for color codes used. 
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of $23,$23 are restricted because of the hydrophobic 

interaction between GlcNAcz3 and bis-GlcNAc as 
mentioned earlier. The average conformational angles 
obtained in these MD simulations for the /31 - 2- 
linkage are in good agreement with those reported 
from iso-energy contour maps of /31 - 2-linked 
disaccharides [42,.56]. Conformation of Xyl-/3I - 2- 
Man, either as an isolated disaccharide or as a part of a 
larger oligosaccharide, was found to be very similar to 
that of GlcNAc-01 - 2-Man fragment. In the 

GlcNAc+l - 2-Man disaccharide fragment, 
hydrogen bond between Man-03 and GlcNAc-05 is 

possible when 4 is around 60”. 

5.6.1. Effect of x6 on the conformation of 

GlcNAc&31 - 2-Mundfragment 

The conformational angles, +26,$26 and $23,$23, for 
the GlcNAc-@l - 2-Man disaccharide fragments in 
M3G3G3 show a considerable amount of flexibility, 
and access conformations from - 45” to 120” (4) and 
- 60” to 120” ($) (Fig. 1 l(a)). However, the confor- 

mational angles +z6,$2h were found to correlate to x6. 
Whenever x6 prefers a value around - 60”, 4~~ 
changes from the 60” region to around 165” 

(Fig. 11(b)). In fact, in the crystal structure of the 
human Fc fragment and its complex with fragment 
B of protein A where +?6 is close to 180” x6 is 
around - 60” [29]. Thus, the two /31 - 2-linkages in 
the same oligosaccharide have different con- 
formational preferences. Similar observations have 
also been made for the two al - 3- (Fig. 4) and 
the two (~1 - 6-linkages (Fig. 11 (c),(d)) in 
high mannose oligosaccharides [40], and the 
two inulobiose linkages in nystose [57]. This 
clearly shows that molecular models proposed for 
oligosaccharides based on the global minimum 
energy conformations of disaccharides need not 
necessarily lead to reliable results, and thus 
underlines the need for simulating the oligo- 

saccharides by explicitly considering all the con- 
stituent saccharides. 

6. Correlation of the experimental and MD 

simulations data 

6.1. Effect of bis-GlcNAc on the Man& - 3-Man, 

fragment in complex oligosaccharides 

From NOESY (Nuclear Overhauser Effect Spectro- 
scopy) and ROESY (Rotating frame Overhauser 
Effect SpectroscopY) studies of M3G2 and M3G3B 
(Scheme l), significant differences were found in the 
solution dynamic behavior of only the core (~1 - 3- 

and Cal - 6-linkages [34,51]. In addition to differ- 
ences in ROE intensities across Man3-crl - 3-Man, 

in M3G2 and M3G3B, differences were also observed 
in the chemical shifts of Man,-H2 and Man,-H3. To 
account for these differences, it was suggested that the 

average location of Manx-05 is proximal to Man,-H2 
in M3G2, whereas Man3-05 is farther from Man,-H2 
but closer to Man,-H3 in M3G3B. In the light of these 
NMR studies, the distances of Man,-H2 and Man,H3 
from Man3-05 were extracted from the MD trajec- 
tories of M3G2 and M3G3B [41]. The plots of dis- 
tance as a function of time showed that the 
fluctuations in the distances are comparatively less 
in M3G3B than in M3G2. This is to be expected 
since as discussed earlier (Section 5.2), bis-GlcNAc 
has a dampening effect on the fluctuations of the 

Man3-cY1 - 3-Man, fragment. However, as 
suggested from NMR studies, Man3-05 atom is 
indeed closer to Man,-H3 than Man,-H2 in 
M3G3B. In M3G2, because of the large fluctuations 
in the distance between Man3:05 and Man,:H2, 
Man3:05 very frequently comes as close as 2.5 A to 
Man,:H2. Thus the MD simulations data show 
qualitative agreement with the data from NMR 

studies. 

6.1.1. Orientation of MunjO relative to GlcNAcz in 

M7c and M8c 
The NMR studies on an intact glycoprotein, 

13.6 kDa adhesion domain of human CD2, has also 
been reported recently [58]. This protein has a single 

Fig. 14. One of the conformations accessed during the MD simulations of M3G2 (at 493 ps). Molecular graphic image was generated using 

MidasPlus. Color codes used for the GlcNAc residues of the core chitobiose, white; trimannosidic core mannoses, green; GlcNAcs attached to 

trimannosidic core (GlcNAczj and GIcNAc~~), yellow. Oxygen and nitrogen atoms are colored red and blue respectively in all the saccharides. 
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glycosylation site at Asn65 and from NMR and elec- 

trospray ionization mass spectroscopy, the composi- 

tion of the heterogenous N-glycan was determined to 
be 6% of MSc, 40% of M7c, and 34% of M6a (20% of 
Man5 glycomers of unknown composition). Com- 
parison of the NMR data of the oligosaccharides on 
glycoprotein with those from free model oligo- 
saccharides showed significant differences only in 
the resonances of the core chitobiose GlcNAc resi- 
dues. In addition, all the protein-oligosaccharide 
NOES were assigned to the core GlcNAc residues, 
indicating that the saccharides beyond the middle 
mannose (Man,,,) are away from the protein and 
their conformation is similar to those in the free oli- 

gosaccharides. In view of this, data from the MD 
simulations of free M8c, M7c and M6a [40] were 
compared with those reported from the NMR studies 
[58] and were found to be consistent as discussed 
below. 

The NMR data indicated that one arm of the glycan 
is folded towards the Man,-@1 - 4-GlcNAc&l - 
4-GlcNAc I fragment of the core, and such a folding of 
the (~1 - 6-arm towards the core was also observed in 
the MD simulations. Among the many intra-oligosac- 

charide NOES that were unambiguously assigned 
from the NMR study, two NOES are from the 
ManJ6- Hl and Manj6-H2 atoms with the GlcNAc2 
acetyl group (see Fig. 3(b) for atom nomenclature). 
Interestingly, these NOES were observed in M7c 
(wherein Manjh is the terminal residue; Scheme 1) 
but not in M8c (wherein Mansj6 is linked to Man3& 
In view of this NOE data, distances of the Manjh-Hl 
and Manj6-H2 atoms from the GlcNAc2-C8 atom 
were extracted from the dynamics trajectories of 
M7c and M8c (Fig. 12). In M8c, the two protons of 
Manjg are more than 5 A away from the methyl group 

of GlcNAc2 (Fig. 12(a)), which explains the absence 
of NOE between these atom pan-s. However, in M7c, 

Manj6-Hl is closer than 5 A from GlcNAc2-C8 
throughout the 1000 ps Osimulation period, but 
Manj6-H2 is closer than 5 A from GlcNAcz-C8 only 

during 832 ps to 883 ps interval (Fig. 12(b)). These 

results suggest that the conformation accessed by M7c 

during the 832 ps to 883 ps interval corresponds to its 
conformation when it is part of a glycoprotein. The 
interglycosidic torsion angles which affect the dis- 
tance between the atoms of GlcNAcz and Manjh are 

4,,$, (Man,-@1 - 4-GlcNAc& &,$6,x6 (Man+1 
- 6-Man,), and $36,\k36 (Manjh-cul - 3-Mann; Fig. 
12(c)). Of these, only 4, changes from around 60” to 
around 0” between 832 ps to 883 ps (Fig. 12) suggest- 
ing that when M7c is part of the glycoprotein, 4, 

prefers a value around 0”. 
Comparison of the conformations of M7c and M8c 

showed that the absence of the aforementioned NOES 
in M8c is caused by the change in the conformation of 
Man36-01 - 3-Man6 fragment (+36,$36 around -6O”- 
30” in M7c and around 30”, 30” in M8c; Fig. 4; Sec- 
tion 5.2). The conformation of the Mane-al - 6- 
Man,-@1 - 4-GlcNAc* fragment was found to be 
essentially the same in both M7c and M8c (46,1c/6,x6 
around - 60”, 180”, - 60” and $,,,,gm around - 60”, 
0”). These data show that the conformation of an 
oligosaccharide will be affected by the addition or 
deletion of saccharides. 

6.2. Occurrence of several mannosidases in ER and 

Golgi 

Although several (~1 - 2-mannosidases with dif- 
ferent subcellular localization, molecular and bio- 
chemical properties have been characterized so far, 
as yet no information is available on the size of the 
oligosaccharide binding site of these enzymes 
[59,23,60]. The present simulations show that the 
relative orientation of each of the four Man-al - 2- 
Man disaccharide fragments is different with respect 
to the previous residue(s) (Fig. 9 and Fig. 13). If the 
binding site of these (~1 - 2-mannosidases accommo- 
dates more than the Man-al - 2-Man disaccharide 
fragment (i.e. if they have extended binding sites), it is 
likely that some of the al - 2-mannosidases may be 

Fig. 15. Pentasaccharide Gal,,-/31 + 4-GlcNA~,~-flI + 4(Gal,,,-PI - 4-GlcNAcZ,-/31 - 2)-Man3 superposed over Gal,,,-/31 + 4- 

GIcNAc~~-~I - 6(Gal,&l + ~-GIcNAc~~-~~I --t 2).Mani. Gal&31 + 4.GlcNAc&31 - 2-Man3 fragment (green and white) which is 

common to both the pentasaccharides was taken as the reference point for superposition (C2 and 05 atoms of Gal,2, Cl and C4 atoms Of 

GlcNAc21 and C2 and CS atoms of Man?). The distance between the terminal galactose residues in both the pentasaccharides is about 15 A. 

Molecular graphic images were generated using MidasPlus. Color codes used: Gal,&31 -+ ~-GIcNAc,~-~I - , yellow; Gal,&31 + 4. 
GlcNAch3-/31 + , cyan. 
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Fig. 16. I & 11. Proposed pathways possible for the processing of M9 to M5 (from Ref. [40]) 
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Fig. 16. Continued. 
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highly specific to the terminal tnannose residues on 
certain arms/ branches. This perhaps explains the dif- 
ference in the specificities of (~1 - 2-specific manno- 
sidases present in the Golgi and ER. At least two ER 
a-mannosidases are known, both of which act on M9 
but produce different M8 isomers-one a-mannosi- 
dase, which is inhibited by kifunensine, removes 
ManzX6 of M9 to give M8b, whereas the other ty-man- 
nosidase, which is not inhibited by kifunensine, 
removes Manzeh of M9 to give M8c [9]. 

6.2.1. Rate of cleavage 0fA4un~~~ 

The MD simulations of high mannose type oligo- 
saccharides have shown that the terminal cul - 2- 
linked mannose Man2s6 is placed away from the 
core chitobiose residues in only some conformations 

of M9 (Fig. 9(b); Ref. [40]). The Manzsh residue in 
other conformations of M9 (Fig. 9(a), (c)), and in M8a 
(Fig. 13(a)), M8c (Fig. 13(c)), M7b, M7d and M6b, is 
placed very close to the core chitobiose mainly 

because of the preferred conformations of $)h,$h,~h 
around - 60”, 180”, - 60”. Thus, if Manz36 is not 
cleaved from G2M9 in the first step, it will be cleaved 
only after the other three cwl - 2-linked mannose 
residues are removed. Since in the preferred con- 
formation of M6b, Man23(, is placed close to the 
chitobiose core, its accessibility to the solvent and 
hence to mannosidases is reduced. This may explain 

the 40-fold slower rate of cleavage of Manz16 as 
compared with other cul - 2-linked mannoses by 
ER Many-mannosidase [61,62]. These authors also 
observed that the removal of the GlcNAc, residue 

of the chitobiose increased the hydrolytic suscep- 
tibility of the Man236-a!l - 2-Manj6 linkage. This 
further supports the conclusion drawn from the MD 
simulations that the slow rate of cleavage of Manzs6 is 
caused by its close proximity to the core GlcNAc 
residues. 

62.2. Addition of GlcNAc~j by GlcNAc tran?feruse I 

It has been shown that the addition of GlcNAcz3 to 
Mans of M5 by GlcNAc transferase I is a necessary 
step in the biosynthesis of hybrid and complex type 
oligosaccharides. The MD simulations of M.5 showed 
that 4h,+6,~fi prefer a conformation around - 60”, 
180”, - 60” and cause ManJn and Manhh to be in 
close proximity to the core chitobiose. Thus, of the 
two CYl - It-linked mannose residues Man3 and 

ManJ6, Mans shows more flexibility than Manjh, and 
is more exposed to the solvent (Fig. 5). This explains 
the preference of m~nosidases to cleave Man3 prior 
to Manjh [63-651. Hence, the addition of Pl - 2- 
linked GlcNAc to Man3 by GlcNAc transferase 1, in 
addition to being a prerequisite for mannosidase II 
action [66,67], may also reduce the accessibility of 
Man3 to mannosidases. 

62.3. Rate of addition of gaiactose to biantennary 

oligosaccharide M3G2 

The MD simulations of the biantennary complex 
oligosaccharide M3G2 show that the fluctuations in 
#g, ,qglt ~,~,~~ and ~~,~~,x~ are restricted to a narrow 
region. In these conformations, of the two GlcNAc 
residues, GlcNAcIh on the (~1 - 6-arm is close to 
the core chitobiose, whereas GlcNAc23 on the cul - 
3-arm is away from the core chitobiose and is more 

exposed (Fig. 14). This perhaps explains why the rate 
of addition of galactose to GlcNAc2:, by 61 - 4- 
galactosyltransferase is much faster than the rate of 
addition to GlcNAczh [68]. 

6.3. LXffeP-ences in the binding affinities of two 
pei~tasi~c~h~r~de.~ to os~alo~l~~o~rotei~l receptor 

Asialoglycoprotein receptor (ASGP-R) is present 
on the sinusoidal (blood-facing) surface of hepatocyte 
plasma membranes and binds terminal galactose or 
N-acetylgalactosamine residues of glycoproteins 
circufating in blood. This binding triggers the endo- 
cytosis of the receptor-bound asialoglycoprotein 
resulting in the clearance of the glycoprotein from 

blood circulation [69]. Ligand binding studies 
showed that the affinity of the ligands to ASGP-R 
increases exponentially with the number of terminal 
galactose residues (up to three residues ]70]). Lee and 
coworkers [71] proposed a ‘golden triangle’ model to 
explain the binding of oligosaccharides according to 
which the three galactose binding sites of ASGP-R 
form the vertices of a golden triangle, and thus 
requires that the three terminal galactose residues to 
be in a precise geometric ~angement. However, two 
pentasaccharides-GalJh3-P1 - 4-GlcNAc&31 - 
4(Gal&31 - 4-GlcNAcz3 - 2)-Man3 and GaljJ3- 

01 - 4-GlcNAc.&31 - 6(GalJ1&31 - 4- 
GlcNAc&l - 2)-Manx-which are part of com- 
plex type of oligosaccharides and differ only in 
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one linkage (01 - 4 or /?l - 6) showed about a 
15fold difference in their binding affinity to 

ASGP-R [70,72]. The MD simulations of these two 
pentasaccharides [39] showed that even though the 
distance between the two terminal galactose residues 

is very nearly the same in the two molecules, the 
relative orientation of the two galactose residues are 
different in the two pentasaccharides (Fig. 15) 

thereby explaining the differences in their binding 
affinities. 

6.4. Pathways for the processing of ManpGlcNAcz to 

MansGlcNAcz 

Following the transfer of GlcjMangGlcNAc2 pre- 
cursor to the nascent polypeptide chain, glucosidase I 
and glucosidase II successively remove the a!1 - 2- 

and al - 3-linked glucose residues forming Mang. 
GlcNAc2 or M9 oligosaccharide. This is further pro- 
cessed by oil - 2-linkage specific mannosidases to 
generate ManSGlcNAcz or M5 oligosaccharide. Sev- 

eral mannosidases have been identified both in the ER 
and Golgi, and have been shown to have different 
product specificities. It has been suggested that the 
processing of M9 to M5 proceeds in well defined 
‘conformation driven’ sequential pathways [40]. 

Based on the conformations accessed by the high 
mannose type oligosaccharides in the MD simula- 
tions, possible pathways for the processing of M9 to 

M5 have been proposed (Fig. 16; from Ref. [40]). As 
mentioned earlier (Section 6.2) if ManZX6 of M9 is not 
cleaved first, it will be cleaved only after the other 
three (~1 - 2-linked mannoses have been cleaved. 
In one of the proposed pathways (Fig. 16(a)), M9 is 

converted to M8b by the ER Many-mannosidase 
which specifically hydrolyses the al - 2 linkage 
between Man236 and Manjh [ 191. M5 can be generated 
from M8b either through M7a and M6a or through 
M7c and M6c. Part of this pathway involving the 
steps M9 - M8b - M7c/M7a - M6a is identical 
to the schemes proposed by Cohen and Ballou [ZO] 
from their nuclear magnetic resonance spectroscopic 
experiments, and by Tulsiani and Touster [73] by their 
studies on the action of rat liver mannosidase IA on 
M9. In the alternate pathway (Fig. 16(b)), M9 is 

converted to M8a by the second ER-resident Mang- 
mannosidase [9], or to M8c (M8c can also be gener- 
ated directly by the action of endomannosidase as 

mentioned earlier; Section 2). Part of this pathway 
involving the steps M9 - M8a - M7b - M6b is 
identical to the scheme arrived at by Lee and cow- 

orkers [65] from their studies on the digestion of M9 
by jack bean ol-mannosidase in vitro. It can be seen 
from the proposed pathways that there are no common 
intermediates between the two pathways. From this, 
and based on the observation that the ER-resident 

Man,-mannosidases act only on certain M9 contain- 
ing glycoproteins, it can be inferred that the initial 
conversion of M9 to M8 determines which of the 
high mannose oligosaccharides is likely to be present 
on the glycoproteins. 

7. Conclusions 

1. The MD simulations of several Asn-linked oligo- 

saccharides have provided a wealth of information 

about their preferred and accessible conformations 
and have rationalized some of the biochemical and 
spectroscopic observations. 

2. The conformational preferences of the inter- 
glycosidic torsion angles in the Asn-linked oligo- 
saccharides are interdependent. Even those 
saccharide units which are distant in the primary 
sequence in the oligosaccharide, may affect the 
conformational preferences of a disaccharide 
fragment because of the spatial proximity in the 
oligosaccharide. Significant differences in the 

conformational preferences of interglycosidic tor- 
sion angles are also brought about by the addition/ 
deletion of residues. Hence, the probable confor- 
mations of an oligosaccharide can not be derived 
from the conformational studies of its constituent 
di- and trisaccharides alone. 

3. Asn-linked oligosaccharides are flexible molecules 
and the flexibility of the (~1 - 3- and the oil - 6- 
linkages in the common pentasaccharide core 
plays an important role in determining the overall 
‘shape’ of the oligosaccharide compared to the 
flexibility associated with other linkages. Changes 
in the orientation of al - 6-arm in the Asn-linked 

oligosaccharides are brought about not only by 
changes in x but also by changes in 6 and ri/ for 
the same x. 
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4. Processing of Man9GlcNAc2 to MansGlcNAc2 
during the biosynthesis of Asn-linked oligosac- 
charides is ‘conformation driven’ and proceeds in 
a well-defined sequential manner. Possible path- 

ways for this processing have been proposed, and 
certain segments of these proposed pathways are in 
agreement with those proposed based on earlier 
experimental studies. The preferred conformations 
of Man9GlcNAc2 on the glycoprotein play an 
important role in setting the pathway for the pro- 
cessing steps. 
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