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The conformations of a disialylated monofucosylated biantennary glycan of the N-acetyllactosamine type were 
analysed using the Tripos 5.3 force field from the Sybyl software currently used for molecular modelling. The 
conformation of each glycosidic linkage was calculated when included in oligosaccharide structures of up to 5 
units and the influence of the glycosidic environment on the overall slructure was measured. The study clearly 
shows that the conformation of a branched glycan cannot result from the simple addition of the different low 
energy conformers of each of the glycosidic linkages constituting the glycan structure. The asymmetrical 
conformation of the two antennae was demonstrated. The lowest energy conformations of the overall glycan 
structure were built and classified into 5 main models: the Y, T, bird and broken wing conformations already 
described and a new one called the 'back folded wing conformation'. 
Keywords: molecular modeling, glycan, glycoprotein, three dimensional structure 

The primary structure of N-glycosidically linked glycans 
from numerous glycoproteins has been determined [t 4], 
but up to now and since the pioneering work of Montreuil 
[1, 5-8], only few glycan conformations have been resolved. 
However, the knowledge of the three dimensional structure 
of glycan moiety is important as it may lead to a better 
understanding of the molecular basis of the biological role 
[-9] of glycoproteins. 

X-ray diffraction and nuclear magnetic resonance spec- 
troscopy (NMR) are the two important tools which permit 
the resolution of the three dimensional structure of 
molecules having a stable conformation [t0-12], However, 
until now their use in the determination of the conformation 
of a glycoprotein biantennary glycan failed to give any 
definitive solution. In fact, X-ray diffraction of crystallized 
glycoproteins has allowed only the resolution of the 
conformation of the glycan moiety of the Fc fragment of 
human IgG [13] and the partial resolution of the glycan 
moiety of the F1 fragment of bovine prothrombin [14] and 
of human leukocyte elastase [15]. The available crystallo- 
graphic data related to the glycan moiety of glycoproteins 
concern mainly di- and trisaccharides. The lack of crystallo- 
graphic data can be due either to the difficulty encountered 
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in the crystallization of glycoproteins or in the low 
resolution of the glycan moiety of the crystallized glyco- 
proteins. Another possibility involves the mobility of the 
glycan structure which precludes any organized conforma- 
tion except in some particular cases where the polysaccha- 
ride chains are immobilized due to strong interactions with 
polypeptide chains [-13, 16]. 

The use of 1H NMR in association with semi-empirical 
calculations such as HSEA El7, 18], or calculations only 
using empirical potential functions [19] or specialized force 
fields as MM2CARB [20] or PFOS E21, 22] provides some 
information. The conformation of short oligosaccharides or 
glycopeptides [23-29] has been intensively studied. From 
earlier studies, the three dimensional structure of glycans 
was considered to be the result of the combination of rigid 
and flexible regions [-28] with flexibility mainly associated 
with the Man(~l-6)Man(/~l-) linkage. The transitions 
between two conformational states were described as being 
under the control of some key residues such as Xyl(/~l-2) 
or bisecting GIcNAc(/~I-4) [28, 30, 31]. Taking into 
account the work of Homans et al. E32] and of Cumming 
and Carver [-33], it appears that the conformation of 
oligosaccharides in solution is not unique but varies 
between several conformational states. Thus, the 1H 
NMR-derived conformation represents an average con- 
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Figure I. Structure of the disialylated monofucosytated bianten- 
nary glycan of the N-acetytlactosamine type from human 
laclotransfcrrin [36, 3711- 

formation which does not necessarily rellect the true picture 
[33]. 

In order to study the interactions between glycans and 
proteins, we have undertaken the molecular modelling of 
an N-glycosidically linked glycan using a theoretical 
approach. As up to now the potential function methods are 
of not sufficient quality [33], we have tried to investigate 
the performance of the empirical force field, Tripos 5.3 [34] 
of Sybyl software [35]. The conformational investigation 
was first performed on the disialylated monofucosylated 
biantennary glycan of the N-acetyllactosamine type (Fig. 1) 
found, tot example, in human lactotransferrin [36, 37] and 
for which the ~H NMR parameters of each glycosidic 
linkage have been described previously [24, 25, 28, 30-33, 
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As it is not yet possible to solve a calculation on such a 
large structure containing 321 atoms, we first considered 
that the glycan moiety was composed of 12 glycosidic 
linkages, 8 of them being different: Fuc(el-6)GlcNAc(fll-), 
GlcNAc(fll-4)GtcNAc(fll-), Man(fll-4)GlcNAc(fll-), Man 
(c~l-3)Man(fll-), Man(c~l-6)Man(fll-), GtcNAc(fll-2)Man 
(M-), Gal(fll-4)GlcNAc(fll-), NeuAc(c~2-6)Gal(fil-) and we 
have calculated their conformational parameters. Then, we 
have analysed the influence of the polysaccharide environ- 
ment on the conformation of each of the glycosidic linkages 
found in trisaccharide structures and the conformation of 
the three following linkages Man(cd-3)Man(fll-), Man(M- 
6)Man(fll-) and GlcNAc(fil-2)Man(M-)in t w o  pentasac- 
charides: Man(M-3)[GlcNAc(fll-2)Man(M-6)] Man(fll- 
4)GlcNAc(fll-) and Man(M-6)[GlcNAc(fll-2)Man(cd-3)] 
Man(fil-4)GlcNAc(fll-). Finally, using the calculated data, 
we built and minimized one low energy conformation of the 
disialylated monofucosytated biantennary glycan of the 
N-acetyltactosamine type and we analysed the influence of 
the complete glycan conformation on each of the glycosidic 
linkage. 

Methods 

All calculations were carried out on an Evans and 
Sutherland PS 350 graphic station and on a Vax 6320 host 
computer. The energy calculations were performed using 
the molecular mechanics force field Tripos 5.3 [34] of the 

Sybyl molecular modelling software [35]. The three 
dimensional Connolly [39] representation of the surface 
(accessible surtace of solvent) of the molecular models was 
obtained from Hydra [40], 

Geometry of monosaccharides 
The geometry and the conformation of each monosaccharide 
were taken from crystallographic data when available, tl 
was assumed that N-acetylneuraminic acid residues were in 
a 2C 5 ring conformation and that all the other monosaccha- 
ride residues were in a 4Ct ring conformation. The proton 
of nitrogen N6 of the asparagine residue linked to the 
GlcNAc-1 residue was taken in the trans position of the 
anomeric proton of the GIcNAc-I residue [41]. 

The different disaccharide and trisaccharide subunits as 
well as the disialylated monofucosylated biantennary glycan 
of the N-acetytlactosamine type were built using the 
following atomic labelling and torsional angles for the 
glycosidic linkages: q~u--@(HI-CI-()t-C'~), ~PH = 7'(C1- 
OI-C'~AcI'~) where x varies from 1 to 4 and 6, with C' and 
H' belonging to the reducing sugar, In the case of the 
N-acetylneuraminic acid residue, the definitions of the 
torsional angles were as follows: ~u = (b(C1-C2-Oz-C',), 

~ t r T H (C2-O2-C~-H,). The third torsional angle, .(2, was 
defined as: ~H = ~(Oi'C'6-C~-H'5) and then the definition 
was modified as: 7"H = T(C1-Ot-C'~,-C}). The 4~ H, V-' u and 
~ .  nomenclature is the most commonly adopted in the 
NMR studies. The sign of the torsional angle was considered 
as positive as recommended by the IU PAC-IU B Commission 
on Biochemical Nomenclature [42]. The hydroxymethyl 
group of each monosaccharide was assumed to be as 
observed in crystal structure, The value of the glycosidic 
valence angle was used as measured in the corresponding 
crystal structure when determined. 

Calculations 
For a given subunit, a minimization of all internal 
coordinates (stretchings, bendings and torsional angles) was 
performed. In the energy calculations, all of the above 
internal energy terms were added to van der Waals and 
Coulombic electrostatic contributions. The charge distribu- 
tion used in the electrostatic term was calculated using the 
AM~ quantum mechanical procedure [43]. 

For the relaxed structure, a conformational analysis was 
investigated using the Search subroutine procedure. The 
energy levels expressed in kcal tool-1 are given relative to 
the lowest energy found in the respective disaccharide. For 
larger oligosaccharides, they are given for respective 
conformers. 

Strategy 
For the eight different glycosidic linkages constituting the 
glycan (Fig. 1), the conformational analysis was first 
performed on the dissaccharide unit in a 10" by lff ~ grid of 
(q~H, I/-'H) (g2u when existing) space. Then, the influence of 
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the neighbouring glycosidic linkage in both nonreducing [ex- 
cept for NeuAc(~2-6)Gal(fll-) and Fuc(cd-6)GlcNAc(fll-)] 
and reducing end on the conformation of the given linkage 
was analysed in the two derived trisaccharides. In such a 
study, the low energy conformers were calculated in a 15 ° 
by 15 ° grid of @H and ~H and ~ for both glycosidic 
linkages. The conformation of the mannotriose core was 
checked on the Man(cd-3)[Man(7l-6)]Man(fll-) trisac- 
charide; the Man (~l-3)[Man(cd-6)]Man(fll-4)GlcNAc(fll-) 
tetrasaccharide; the pentasaccharide I, Man(cd-3)[GlcNAc- 
(fll-2)Man(c~1-6)]Man(fll-4)GlcNAc(fll-); and the pentasac- 
charide II, Man(~l-6)[GlcNAc(fll-2)Man(cd-3)]Man(fll-4) 
GlcNAc (ill-). The size of the tetrasacchride and pentasac- 
charide structures increased the time of computation consider- 
ably, so the conformations of the Man(cd-6)Man(fll-) linkage 
were calculated considering the Man(fll-4)GlcNAc(fll-) 
linkage as fixed, for the four lowest energy conformers of 
the GlcNAc(fll-2)Man(c¢t-) linkage and the three lowest 
energy conformers of the Man(el-3)Man(cd-) linkage. For 
this analysis a 15 ° by 15 ° grid was used. In a last step, taking 
into account the different optimal possibilities for each 
linkage, a low energy glycan conformation was built and 
relaxed. Finally, the influence of the conformation of the 
glycan of tow energy conformation was checked on each of 
the glycosidic linkage constituting the glycan structure. The 
values of energy levels and of torsional angles can present 
small errors due to the inherent limitations of any methods 
using empirical parameterization and due to the steps used 
in the grid space determinations. 

Results and discussion 

In order to investigate the influence of neighbouring 
monosaccharides on a glycosidic linkage, we calculated 
for the 8 different glycosidic linkages constituting the 
disialylated monofucosylated biantennary glycan of the 
N-acetyllactosamine type, the values of the torsional angles 
of each linkage obtained for a disaccharide, a trisaccharide 
and for the two pentasaccharides ! and II including the 
mannotriose core. 

GlcNAc(flI-4)GIcNAc(fit-) 

The calculated values of the torsional angles of the 
GlcNAc(fll-4)GlcNAc(fll-) linkage were found to be 
restrictive to ~H equal to 60 ° and ~H about -- 10 ° to - 15 °, 
in the disaccharide unit as well as in the Man(ilt- 
4)GtcNAc(fll-4)GlcNAc(fll-) and the GlcNAc(fll-4)[Fuc 
(c¢l-6)]GlcNAc(fit-) trisaceharides. The calculated values of 
the torsional angles were nearly identical to the values 
measured for the crystalline structure of the N,N'- 
diacetylchitobiose [44] or calculated by HSEA derived- 
method [12, 23, 45]. In contrast, Biswas et al. [19] calculated 
two conformational states (51, 6) and (10, -40) ,  and 
Imberty et al. [22] described variations between 25 ° and 
145 ° and - 5 0  ° and 210 ° for @H and tPH, respectively. It 
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was also verified that the presence of the Asn side chain 
does not modify the conformation of the GlcNAc(fll- 
4)GlcNAc(fll-) linkage. The intramolecular H - - H  bond 
between 0 5 and O~ probably stabilizes the conformer (60, 
10-15) in the disaccharide sub-unit. 

M an(il l-4)G Ic U Ac(fl l-) 

Only one family of stable conformers was detected for the 
4 following analysed structures: Man(fll-4)GlcNAc(fll-) 
disaccharide; Man(fll-4)GtcNAc(fll-4)GlcNAc(fll-), Man 
(~l-3)Man(fll-4)GlcNAe(fll-) and Man(~I-6)Man(fll-4) 
GlcNAc(fll-) trisaccharides; and the vatues of dihedral 
angles were calculated to be within 40 ° to 75 ° and - 3 0  ° to 
- 1 5  ° for @H and ~n,  respectively. The occurrence of an 
intramolecular H - - H  bond between 0 5 and O~ is probably 
the reason why these values are not very far from the values 
measured by Warin et al. [46] (48, -0 .5)  for the 
Man(fll-4)GlcNAc(/~l-) linkage found in the crystallized 
structure of Man(~l-3)Man(fll-4)GlcNAc(fll-) and from the 
values calculated by the HSEA derived-method [12, 23, 45]. 
Although, we did not find, like Biswas et al. [19] and Imberty 
et al. [22], any clearly differentiated conformational states, 
our data strongly suggest that some mobility can have 
occurred for the Man(fll-4)GlcNAc(fll-). The mobility of 
the Man(fl 1-4)GlcNAc(fll-) linkage is accentuated following 
the addition of the Man(~l-6)-linkage, suggesting a destabi- 
lization of the intramolecular hydrogen bond. 

Fuc(~t-6)GIcNAc(fll-) 

The energy calculation for the Fuc(~l-6)GlcNAc(fll-) 
disaccharide linkage showed the presence of four confor- 
mers: I: (60, 170, 180), hE = 0 kcal tool-l ;  tI: (60, t80, 50), 
6E = 0.38 kcal mol- l ;  III: (60, 180, -60) ,  hE = 1.40 kcal 
mol-  1, and IV ( - 6 0 ,  150, 170) 6E = 3.58 kcal tool- 1 Upon 
addition of the Asn residue, the values of the dihedral angles 
of the two lowest energy conformers (I and II) remained 
unchanged. In contrast, the conformation of conformer III 
was considerably modified as the torsion angle ~v shifted 
from 180 ° to 90 ° and led to conformer V (40, 90, -60) .  
Moreover, the difference in energy level of conformer IV 
decreased from 3.58 to 1.32kcal tool -1 and the new 
conformer VI (60, - 60, - 4 0 )  appeared showing a difference 
in energy level of 0.83 kcal mot-  ~. Addition ofa GlcNAc(fll- 
4) linkage on the GlcNAc-1 residue increased considerably 
the difference in energy level of conformers II-V and only 
conformer I remains stable in the trisaccharide unit, even 
in the presence of the Asn residue. The calculated values of 
conformer I are in good agreement with the values (60, 150, 
180) measured by Brisson and Carver [24, 25] by 1H NMR 
analysis of fucosytated oligosaccharides. The two other 
conformers (IV and V) possess a high energy difference. 
However, it is still possible that, in solution, they coexist 
with a minimum energy conformation. These results 
strongly suggest that the degree of freedom of the 
Fuc(~l-6)GlcNAc(fll-) glycosidic bond is restricted because 
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of steric hindrance interactions due to the acetamido group 
of GlcNAc-2. 

Man(cG-3)Man(fil-) 

Two low energy conformers: I ( -60 ,  -30), fiE = 0 kcal 
tool -1 and II ( -30,  60), fiE = 1.52kcalmol -~ were 
calculated for each studied structure: Man(cO-3)Man(fll-), 
Man(e 1-3)Man(fll-4)GlcNAc(fll-), Man(cd-3)[Man(c~ 1-6)I- 
Man(fll-), GlcNAc(fil-2)Man(cd-3)Man(fll-) and penta- 
saccharides I and II. The values of the dihedral angles 
calculated for the lowest energy conformer I ( -60 ,  -30)  
are in a good agreement with the corresponding values 
measured in the crystal structure by Warin et al. [46] 
(-57.6, -19.4) on Manel-3Manfll-4GlcNAcfl and by 1H 
NMR studies: ( -50,  -10)  [12, 23, 25, 26] on N-linked 
glycans or the values calculated using the force field program 
[45]. Conformer II, which has already been described [24], 
will display, when included in the disaccharide, a difference 
in energy level which renders its continued existence 
unlikely. However, its substitution by a Man(~l-6) linkage 
will give it a reasonable probability of existence in the 
mannotriose core. New conformers with positive value of 
CH appeared consecutively to the addition of Man 
(flt-4)GlcNAc(fil-) linkage (conformer III (45, 30), fiE = 
3.39 kcal mol-1) and of Man(cd-6)Man(fll-) linkage (con- 
formers III (40, 40), 6E = 0.62 kcal tool- ~ and IV (80, 60), 
6 E = 0 . 0 9 k c a l m o l - ~ ) .  The addition of a GlcNAc 
(fll-2)Man(cd-) linkage in the GlcNAc(fll-2)Man(el-3) 
Man(ill-) trisaccharide and in the pentasaccharides I and 
II led to an important increase in the difference in energy 
level of conformers II, III and IV, so that only conformer 
I still remains with a low energy level. Nevertheless, the 
existence of conformer II with a difference in energy level 
of about 5 kcal mol- 1 in pentasaccharides I and II cannot 
be definitively excluded. 

GlcNAc(fll-2)Man(cG-) 

The calculation methodology we used showed directly the 
existence of two conformers, I (70, 55), cSE = 0 kcal tool 
and II (40, -55), 6E = 0.60 kcal tool-1, of low difference 
energy level in the disaccharide, while the HSEA-NMR 
analysis showed for the GlcNAc(fll-2)Man(cd-) linkage 
only one conformation (40-55, 10-30) [12, 23, 26, 45]. 
However, recent re-interpretation of the data by Cumming 
and Carver [33] using a GlcNAc(fll-2)Man~-O-methyl 
disaccharide led us to consider the NMR-derived conforma- 
tion as the average between two populations: (48, 19) and 
(54, -3) ,  and demonstrated that the 1H NMR-derived 
conformation cannot only be interpreted in term of a single 
conformer. Moreover, the addition of either a Gal 
(fll-4)GlcNAc(fll-), Man(M-3)Man(fil-) or a Man(cd- 
6)Man(fll-) linkage resulted in the appearance of a third 
conformer: ( -20,  -40), ~SE ranging from 0.09 to 0.21 
kcal mol-1. Conformer I was calculated with the highest 
probability of existence in the disaccharide structure 

only, while conformer II became the most favourable in all 
the other structures. The conformationat states of the 
GlcNAc(fll-2)Man(cd-) linkage vary depending on the 
antenna on which it is located. The torsional angles are 
always 20°-40 ° less when the GlcNAc(fll-2)Man(~l-) 
linkage is located on the Man,  l-3 antenna. Furthermore, 
a fourth conformer, (100, -40), 6E = 2.74 kcal tool -1, is 
predicted for the Man(cd-3)-antenna. 

Man(cH-6)Man(flt-) and mannotriose core 

Five conformers (I IV and VI) were calculated in the 
disaccharide unit to be with negative values of around 
~H = --60° and only one conformer (V) with a positive 
value of 50 ° (Table 1). The calculated conformations are in 
quite good agreement with the recent 1H NMR data 
concerning the Man(cd-6)Manfl-O-methyl disaccharide 
[33] which allowed specification of the torsional angles to 
the following values: @H = - 60°, t/'H = 90°--200° and -(2 H = 
--60 ° or 180 °. Similar results were obtained by Paulsen 
[12], Biswas et al. [19], Imberty et al. [22] and Struike-Prill 
and Meyer [45]. Differences were observed only concerning 
-O H , for which we calculated an additional value of about 
50 °. Conformer VI, calculated with 3 negative values of 
dihedral angles, presented the most important difference of 
energy level and was never observed in the other structures. 
The addition of Man(fil-4)GlcNAc(fil-) linkage forbids the 
conformer with a positive value of @H and allows the 
existence of a new conformer, VII ( -  60, 90, - 60). 

The effect of the addition of Man(~l-3)Man(fll-) linkage 
(Table 2) on the Man(c~ 1-6)Man(fit-) linkage was calculated 
in the Man(~ 1- 3) [Man(c~ 1-6)] Man(fl 1-4)GlcNAc(fi 1-) tetra- 
saccharide and the results are given for three conformations 
( -60,  -40), ( -40,  40) and (80, 60) of Man(~l-3)Man(fil-) 
linkage. For the lowest energy conformation ( -60,  -40)  
all the conformers previously described for Man(cd- 
6)Man(fll-) (I-V, and VII) and one additional conformer 
(VIII) were calculated with low difference energy. As the 
difference in energy level of the torsional angles of the 
Man(cd-3)Man(fll-) linkage increased, the number of 
conformational states of the Man(cd-6)Man(fll-) linkage 
decreased, and only three conformers (I-III) have been 
described for the conformation (80, 60) of the Man 
(M-3)Man(fll-) linkage. 

The effect of the addition of GlcNAc(fll-2) linkage on 
either Man(cO-3) or Man(~l-6) was studied in pentasac- 
charides I and II, for a constant value of Man(fll- 
4)GlcNAc(fll-) (60, -15). Considering, first, the optimal 
Man(cd-3)Man(fll-) torsional angle values ( -60,  -40), 
conformers I to III were calculated (Table 3) with different 
energy levels for the 4 possible conformers of the GlcNAc 
(fil-2)Man(M-) linkage. In contrast, conformer VII of the 
Man(el-6)Man(fll-) linkage was calculated with low 
difference in energy level for the only 2 conformations (60, 
-40)  and ( -20,  -40)  of the GlcNAc(fll-2)Man(~l-) 
linkage. Our results show that the distribution of the 
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Table I. Calculated values of the dihedral angles q~, ~P and g2 and relative energy 6E for the 
Man(~l-6)Man(fll-) linkage. 

Structure Conformer q), ~P, £2 fie 
(degrees) (kcal tool- 1) 

Man(ctl-6)Man(fll-) I ( -  60, 180, 180) 0.00 
II (-60,  180, -50) 0.59 

III ( - 70, 80, 170) 0.69 
IV (-60,  180, 60) 1.03 
V (50, 180, 50) 1.26 

VI ( -40,  -50, -40)  1.33 
Man(cd-6)Man(/31-4)-GlcNAc(fll-) I ( - 60, 180, 180) 4.08 

II ( -60,  180,-75) 0.00 
III ( -  60, 90, 165) 4.62 
V (--60, t80, 60) 4.58 

VII ( -60,  90, -60)  5.42 
GlcNAc(fll-2)Man(al-6)-Man(fil-) I (-60,  180, t80) 0.00 

II (-60,  180, -60) 0.50 
IV (-60,  180, 45) t}.86 

VI1 (-60,  75, -75) 151 

Table 2. Values of the dihedral angles 4~, tiu and ~'2 and relative energy 6E for the 
Man(cd-6)Man(/31-) linkage located in the Man(~l-3)[Man(~l-6)]Man(/31-4)GlcNAc(fll-) 
tetrasaccharide and calculated for the three lowest energy conformations of the Man(el- 
3)Man(fit-) linkage. The torsional angles of Man(fll-4)GlcNAc(fll-) linkage were taken as (60, 
-15). 

Conformation of Conformer @, ~, ,(2 6E 
man(HI-3)Man(fll-) (degrees) (kcal tool- t) 
linkage 

Man(H 1-3) Man(/31-) ( - 60, - 40) 

Man(cO-3)Man(/~l-) ( -40,  40) 

Man(~l-3)Man(fll-) (80, 60) 

I ( -60,  180, 180) 0.33 
II ( -60,  180, -60)  0.37 

III ( -60,  90, 180) 0.85 
IV (-60,  180, 40) 0.53 
V (60, 180, 40) 0.32 

VII (-60,  80, -60) 2.56 
VIII (60, 180, -40)  1.74 

I (-- 60, 180, 180) 0.02 
!I (--60, 180, -60)  0.04 

Ill ( -  60, 80, 160) 1.40 
V (60, 180, 40) 0.00 

IX (-60,  180, 0) 1.89 
I ( -60,  180, t80) 0.62 

II ( -60,  180, -60)  0.19 
III ( -60,  80, 160) 1.09 

rotamers about the dihedral angle .O H depends upon the 
conformation of the GlcNAc(fll-2)Man(H1-), while Wooten 
et al. [38] have recently shown that the flexibility of the 
dihedral angle .OH is dependent on the oligomannosides 
primary sequence. The conformation (120, - 4 0 )  of GlcNAc- 
(fll-2)Man(H1-) was only found associated with conformers 
I-III of Man(H1-6)Man(fll-) in pentasaccharide I, underlining 
the asymmetrical behaviour of the GtcNAc-5 and -5' 
residues. When calculations were performed using the 
torsional angle values ( - 20, 40) for the Man (H1-3)Man(fl 1-) 

linkage, similar results were obtained for the Man(Hl- 
6)Man(fll-) linkage with an energy shift of 4.94 kcal tool- 1 
(data not shown). Therefore, we take into consideration 
only the glycosidic bond (60, - 4 0 )  for GlcNAc(fll- 
2)Mart(HI-) and the conformer ( - 6 0 ,  180, - 6 0 )  for 
Man(H1-6)Man(fll-). 

Gal(fl I-4)Glc N Ac(fl l-) 

Only one conformer was calculated with (O n and tP n values 
about 50 " and - 1 5  ° tbr Gal(fll-4)GlcNAc(fll-), Gal 
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Table 3. Influence of the values of the dihedral angles ~ and q~ of the GlcNAc(fll-2)Man(cd-) linkage on 
the conformation of the Man(~l-6)Man(fll-) linkage included in the pentasaccharides I and II. The values 
of the torsional angles of Man(~l-3)Man(fll-) and Man(fil-4)GlcNAc(fll-) linkages were taken as ( -60,  
-40)  and (60, -15), respectively. 

Conformation of Conformer cI), 7 ~, [2 
GlcN Ac(fil-2)Man(M-) (degrees) 

6E (kcal mol- :) 
in pentasaccharides 

I ti 

GlcNAc(/31-2)Man(~t-) (60, -40)  

GIcNAc(fl I-2)M an(71 -) ( - 20, - 40) 

GlcNAc(fil-2)Man(~l-) (80, 40) 

GlcNAc(fll-2)Man(cd-) (120, -40) 

I (--60, 180, 180) 2.05 3.22 
II ( -- 60, 180, - 60) 0.25 0.00 

III (-- 60, 80, 160) 0.00 3.77 
VII ( -60,  80, -60)  3.91 4.93 

I ( -60,  180, 180) 1.70 4.70 
II ( -60,  180, -60) 2.25 0.77 

III ( -60,  80, 160) -" 4.38 
VII ( -60,  100, -80) 2.87 _a 

I ( -60,  180, 180) 2.65 4.42 
1I ( -60,  180, -60)  2.89 1.37 

1II ( -  60, 80, 160) 3.34 5.09 
I ( -60,  180, 180) 3.59 

II ( -  60, 160, - 60) 2.74 a 
III ( -60,  80, 160) 3.58 -" 

Difference in energy level too high. 

(fil-4)GlcNAc(fll-2)Man(cd-) and NeuAc(c~2-6)Gal(fil-4)- 
GlcNAc(fil-) structures. The values calculated for the 
torsional angles are in a good agreement with the values 
measured by Breg et al. [48] (q)~ = 60 °, ~H = 0°) for the 
oligosaccharide NeuAc(c~2-6)Gal(B1-4)GlcNAc(fil-) and 
calculated by Paulsen [12] and Bock et aI. [23]. 

NeuAc(c~2-6) Gal(fil-) 

Four conformers were predicted for the NeuAc(~2-6)Gal- 
(fll-) linkage in the disaccharide: I ( - 6 0 ,  180, 60), 
bE = 0 kcal tool-  :, II ( - 170, 180, 60), 6E = 0.96 kcal tool-  1, 
III ( - 7 0 ,  - 9 0 ,  70) bE = 1.09 kcal tool - : ,  and IV (50, 180, 
60) bE = 1.33 kcaI tool-  1. They all possessed only one value 
of .O H = 60 ° corresponding to the tg definition of Sundara- 
lingam [47] formalism (O6-C6-C5-C4) used by Breg et aI. 
[48]. The torsional angle ~H is restricted to 2 values equal 
to 180 ° or - 9 0  °, in contrast to @H which allows free 
rotation. Since the addition of a Gal(fil-4)GlcNAc(fil-) 
linkage increased considerably the difference in energy level 
of the 2 conformers II and IV, we did not take them into 
consideration. Furthermore, a new conformer, V ( - 6 0 ,  210, 
-60 ) ,  c~E = 0.68 k c a l m o l - : ,  was generated with a gt 
orientation of _OH. The values of the torsional angles we 
calculated for the two linkages of NeuAc(c~2-6)Gal(fil- 
4)GlcNAc(fil-) trisaccharide structure are in a good 
agreement with the values ( - 6 0 ,  120-210, + 60) measured 
by IH NMR by Breg et aI. [48] on the trisaccharide in 
solution. However, the gt and tg orientation of the -OH angle 
we calculated were associated with conformers I and II, 

respectively. In contrast, the tg and gt orientations could 
not be distinguished by :H NMR analysis. 

Influence of the overall glycan structure on the 
conformation of each 91ycosidic linkage 

We arbitrarily built a glycan conformation by adding the 
lowest energy conformations of each glycosidic linkage 
(Table 4), and we checked its influence on the conformation 
of each of the glycosidic linkages. The results obtained show 
that the low energy conformers calculated for the GlcNAc- 
(fll-4)GlcNAc(fll-), the Man(fll-4)GlcNAc(fil-), the Man- 
(:d-3)Man(fll-) and the Man(cd-6)Man(fll-) linkages were 
similar to the low energy conformers calculated without 
taking into account the influence of the overall glycan 
structure. In contrast, the conformations of the Fuc(el-  
6)GlcNAc(fll-) linkage and of the glycosidic linkages 
constituting the antennae were modified. First, the stabilizing 
effect of the GlcNAc(fl l-4) residue on the Fuc(c~ 1-6)GlcNAc- 
(~1-) linkage was abolished in the biantennary N-acetyltac- 
tosamine structure as the difference in energy level of 
conformers IV and V substantially decreased. The energy 
level of conformer III ( - 3 0 ,  - 5 0 )  of the GlcNAc(fil- 
2)Man(~l-) linkage decreased and it became the most likely 
conformer. A new conformer (@H = 170°, ~H = 0°) was 
predicted for the Gal(fll-4)GlcNAc(fll-) linkage located on 
a Man(cd-6) linked antenna. Finally, for NeuAc(~2- 
6)Gal(fll-), only conformers I and V were observed with 
low energy level. Conformer I was mainly associated with 
the Man(~l-3) linked antenna and conformer V with the 
Man(c~l-6) linked antenna. 



396 Mazurier, Dauchez, Vergoten, Montreuil and Spik 

T a b l e  4. Values of the dihedral angles ~, 7 ~ and ,62 and relative energy 6E of the glycosidic linkages 
constituting the disialylated monofucosylated biantennary glycan of the N-acetyllactosamine 
type, calculated taking into account the influence of the overall structure of a tow energy conformer. 

Glycosidic linkage a Conformer ~, ~, ~ fie 
(degrees) (kcal mol- 1) 

GlcNAc(fll-4)GlcNAc(fil-) (63, - 25) 
Fuc(M-6)GlcNAc(fil-) (54, 16t, 180) 

Man(fll-4)GlcNAc(fll-) (63, --25) 
Man(~ 1-3)Man(fl 1-) ( - 61, - 31) 

Man(M-6)Man(fll-) ( -64,  164, 58) 

5 4 

GlcNAc(flt-2)Man(M-) (50, -47)  

5" 4 ~ 

GlcNAc(fll-2)Man(M-) (50, -47) 

6 5 

Gal(fll-4)GlcNAc(fll-) (45, -44)  
6' 5' 

Gal(fll-4)GlcNAc(fll-) (45, -44)  

7 6 

NeuAc(~2-6)Gal(fil-) ( -  60, 210, - 60) 

7 ~ 6 '  

NeuAc(~2-6)Gal(fi 1-) ( - 60, 2 ! 0, - 60) 

I (60,  - -  20)  0 .00  
I (60,  170, 170) 0.00 

IV (--60, 150, 170) 0.91 
V (40, 90, -60)  1.69 
1 (60,  - 15) 0.00 
1 ( -  60, - 30) 0.00 

II (-40,  30) 0.10 
VII ( -  60, 80, - 60) 0.00 

II ( -  60, 180, - 60) 1.03 
III ( -60,  80, 180) 1.74 

I (--60, 180, 180) 4.49 

IlI ( -  30, - 50) 0.00 
I (75 ,  70) 0.16 

II (45, -50)  0.67 

IIl ( -  30, - 50) 0.00 
II (75, 55) 1.16 
I (60, - 30) 1.93 

I (45,  - 30)  0 .00  

I (45,  - 30) 0.00 
II (170, 0) 0.28 

V ( -  60, 210, - 60) 0.00 
I ( -60,  180, 60) 0.60 

I ( - 6 0 ,  180, 60) 0 .00  
V (-60,  210, --60) 0,5t 

a The data in parentheses indicate the values of dihedral angles of the glycosidic linkages of the lowest energy 
confornaation used in the calculation. 

Building and molecular modelling of the conformations of 
the disialylated monoJhcosylated biantennary glycan of the 
N-acetyllactosaminic type 

The combination of the different conformations of each of 
the glycosidic linkages constituting the glycan structure will 
result in hundreds of conformations. However, the combina- 
tion of the lowest minimum energy conformation we 
calculated for both pentasaccharides and Gal( i l -4)GlcNAc 
(ill-) and NeuAc(0~2-6)Gal(fll-) linkages lead to the 
description of only about 40 glycan conformation families. 
The average conformation of each of these families was 
constructed and the resulting structures were minimized. 
The minimization always led to a decrease of the values of 
the dihedral angles, which was particularly important for 
the linkages of the Man(el-3) linked antenna, so demon- 
strating the asymmetric behaviour of both antennae. 

The overall shape of the glycan shows a great deal of 

variation, and some of the calculated conformations (Table 
5), particularly ABDF for the Man(cd-6)Man(i l - )  linkage 
and B for the GlcNAc(fll-2)Man(M-) are in good agreement 
with the structures previously calculated by other theoretical 
and experimental methods [12, 19, 24, 25, 28, 30-33, 45]. 
We have selected 6 examples of conformation, as shown in 
Fig. 2, the torsional angles of which are given in Table 5. 
These examples were selected in order to show the influence 
on the glycan conformation of Man(cd-6)Man(fil-), Man 
(M-3)Man(fll-) and GlcNAc(fll-2)Man(M-) linkages, all 
the other linkages remaining constant. The variations of the 
GlcNAc( i l -2)Man(M -) unit do not produce important 
changes in the shape of the glycan (Fig. 2b, d). On the 
other hand, the variations in the Man(cd-6)Man(M-) 
linkage parameters induce very important conformational 
changes and lead to the classification in 5 main models. The 
3 conformations (a), (b) and (d) (Fig. 2) were identified with 
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Table 5. Values of the dihedral angles (P, 7Sand ~ofthe glycosidic 
linkages constituting the 6 minimized conformations of the 
disialylated monofucosylated biantennary glycan of the N- 
acetytlactosamine type, represented in Fig. 2. 

Glycosidic linkage Conformation el), 7 s, ~2 
(degrees) 

GlcNAc(/~ t-4)GlcNAc(]~ 1 -) 
Fuc(~l-6)GlcNAc(]?l-) 
Man(/~l-4)GlcNAc(/~l-) 
Man(el-3)Man(/~l-) 

Man(al-6)Man(fll-) 

5 4 

GlcNAc(/~ 1-2)Man(c~ 1-) 

5' 4' 

GlcNAc(fll-2) Man(ccl-) 

Gat(/31-4)GlcNAc(/~l-) 
NeuAc(~2-6)Gal(/~t-) 

(a-f) (60, - 10) 
(~f) (60, 170, 170) 
(a-f) (60, - 15) 
(a-e) (-- 60, - 30) 
(f) ( -  20, 40) 
(a, b, d, f) ( -  60, I80, - 60) 
(c) ( -  60, 80, - 80) 
(e) (-60, 80, 180) 

(a, c, e, f) (20, -60) 
(b) (60, 20) 
(d) ( -  20, - 40) 

(a, c, e, f) (40, -60) 
(b) (80, 40) 
(d) ( -  20, - 60) 
(a-f) (45, - 30) 
(a-e) ( -  60, 210, - 60) 
(f) (-60, 180, 60) 

the T conformation [5] and conformations (c) and (f) with 
the broken-wing [5, 7] and the Y [l,  8] conformations 
previously described. The change in the angle _On of the 
Man(el-6)Man(cd-) linkage from - 80 ° to 180 ° is illustrated 
by conformations (a) and (e) (Fig. 2). The conformation (e), 
in which the Maned-6 antenna is projected to the rear of 
the core, has not previously been described and we propose 
to call it the back-folded wing conformation. 

Some conformations such as the T conformation (Fig. 2F) 
cover a large area which can indeed reach 400 A2 when the 
Man(~l-6)Man(/~l-) and Man(el-3)Man(/~l-) linkages are 
defined as ( -  60, 180, - 60) and ( - 20, 40), respectively. In 
contrast, the area covered by some other conformers is 
smaller, mainly when the Man(el-6)Man(fll-) linkage takes 
the values ( - 6 0 ,  80, - 8 0 )  and ( -  60, 80, 180). 

The Connolly representation of the conformation reveals 
the hydrogen bonds. Some are common to all the structures: 
between 0 3 of GlcNAc-1 and O5,, of GtcNAc-2 and between 
0 6 of galactose and 05,, of N-acetylneuraminic acid and 
between O of the acetamido group of GlcNAc-2 and O~ of 
Man(el-6). Some are characteristic, as is the case of the 
hydrogen bond between the acetamido group of NeuAc(ct2-) 
residue with either the GlcNAc-1 or Asn residue of 
conformation (e) (Fig. 2, Table 5) and of the hydrogen bond 
between 03 of GlcNAc-2 and O~ of Man(el-6) in structures 
(a) and (b). Conformation (e) has been identified as the T 
conformation previously described by Montreuil (3, 7). 

Conclusion 

The force field Tripos 5.3 [34] we used is based on molecular 
mechanics and is not specifically suited to the energy 
calculation of oligosaccharides. Nevertheless, it permits 
reproduction of the results obtained with HSEA derived 
methods. The minimization of all complete structures pro- 
ceeded until the convergence criterion of the root mean 
square over all atoms of less than 0.1 kcal mot -1 A 1 was 
obtained. We verified that the torsional barriers obtained 
for disaccharides Man(cd-3)Man(/?l-) and Man(/~l-4)GIc- 
NAc(/?I-) using Tripos 5.3 were close to the values obtained 
using the AM1 quantum mechanics procedure. The size (291 
atoms) of the disialylated monofucosylated glycan of the 
N-acetyllactosamine type, the calculation software available 
and the computational possibilities presently do not permit 
energy calculations on the whole structure. However, the force 
field Tripos 5.3 [34] allowed us to study polysaccharides 
composed of up to 5 monosaccharides and to analyse the 
conformation of 1 glycosidic linkage in the environment of 
the overall glycan. Generally, the conformations calculated 
using the Tripos 5.3 [34] force field tie in well with the 
experimental results obtained by ~H NMR and X-ray analyses. 
In addition, the calculations allow, in particular cases, the 
description of conformers which are not assessed by ~H NMR 
analysis. This is the case for the NeuAc(e2-6)Gal(fll-) linkage, 
where the calculations give the precise orientation of the _O n 
torsional angle. 

It is generally assumed that the flexibility of oligosac- 
charides in solution is mainly associated with Man(cd- 
6)Man(/31-) linkages [25, 26] even if some narrow torsional 
oscillations have already been described [29, 30] for the 
Man(el-3)Man(/~l-) glycosidic linkage ( -  20, - 40). Our 
approach led us to define one new flexible linkage: 
GlcNAc(/?l-2)Man(el-) and to show, in agreement with 
Imberty et al. [22], the presence of 2 additional conformers 
in the Man(cd-3)Man(/31-) linkage when involved in di- and 
trisaccharides. 

Conformation of the oligosaccharides may be under the 
control of some keys [28]. In the present paper, we 
demonstrate that the residue GlcNAc(/~I-2) is a key residue 
as it modulates the conformation of the mannotriose core. 
The lower energy conformation of the Man(~l-6)Man(/~l-) 
linkage depends upon the values of the GlcNAc(/3t- 
2)Man(el-) linkage. Moreover, the resulting effect of the 
GlcNAc(/31-2) residue is not identical for each antenna, so 
demonstrating the asymmetric conformation of the two 
antennae. 

The lower energy conformers calculated for a glycosidic 
bond in a disaccaride unit and in a complete gtycan structure 
are generally different. In fact, an overall glycan structure 
of the N-acetyltactosamine type can never result from 
summation of the lower minimum energy conformer of each 
of the glycosidic bonds constituting the molecule, as was 
assumed by Imberty et al. [22]. 
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Figure 2. Connolly representation of six of the conformational states of the disialylated monofucosylated biantennary glycans of 
the N-acetyllactosamine type. The values of the dihedral angles of each glycosidic linkage are given in Table 5. Numbering refers to 
the glycan formula given in Fig. 1. 
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The energy calculations and the molecular modelling of 
the N-linked glycan structure we performed corroborate  the 
pioneering observations of Montreuil [1-3, 5 7] and of 
Montreuil et al. [8], and the conformations described by 
Brisson et al. [25, 26] and by Homans  et al. [28, 30 32], 
by Meyer [10] and by Paulsen [12]. Finally, the energy 
calculations using Tripos 5.3 force field lead to the 
description of new models which will be useful in the study 
of the interactions between glycans and proteins. This 
methodology at least allows testable predictions to be made 
which in turn will stimulate researchers in the field of 
physico-chemicat experimentation. 

Acknowledgements 

J.M., J.M. and G.S. were supported by the Universit~ des 
Sciences et Techniques de Lille Ftandres-Artois, the 
Minist6re de l 'Education Nationale and the Centre National  
de la Recherche Scientifique ( U M R  n ° l l l ,  Director: 
Professor A. Verbert), M.D. and G.V. were supported by 
the G r o u p e m e n t  Scientifique In terna t ional  Business 
Machine-Centre National  de ta Recherche Scientifique: 
Mod61isation Mol6culaire. The authors are indebted to the 
Centre d'Etudes et de Recherches en Informatique Mddicale 
de l'Universit6 du Droit  et de la Sant6 de Lille (CERIM) 
where all the calculations were performed. 

References 

1. Montreuit J (1980) Adv Carbohydr Chem Biochem 37:157-223. 
2. Montreuil J (1982) In Comprehensive Biochemistry, Vol 19B, 

part II (Neuberger A, Van Deenen LLM, eds) pp 1-188. 
Amsterdam: Elsevier. 

3. Montreuil J (1984) Pure Appl Chem 56:859-77. 
4. Kornfeld R, Kornfeld S (1985) Ann Rev Biochem 54:631 64. 
5. Montreuil J (1974) Pure Appt Chem 42: 431-77. 
6. Montreuil J (1983) Biochem Soc Trans 11:134-6. 
7. Montreuil J (1984) Biol Cell 51:115-32. 
8. Montreuil J, Fournet B, Spik G, Strecker G (t978) C R Acad 

Sci Paris 287D:837-40. 
9. Rademacher TW, Parekh RB, Dwek RA (1988) Ann Rev 

Biochem 57:785-838. 
10. Meyer B (1990) Topics Current Chem 154:143-208. 
11. Homans SW (1990) Progr NMR Spectrosc 22:56-81. 
12. Pautsen H (1990) Angew Chem Int Edn, 29:823-39. 
13. Deisenhofer J (1981) Biochemistry 20:2361-70. 
14. Harlos K, Boys CWG, Holland SK, Esnouf MP, Blake CCF 

(1987) FEBS Lett 224:97-103, 
15. Bode W, Meyer E, Powers JC (1989) Biochemistry 28:1951-63. 
16. Bourne Y, Roug6, Cambillau C (1990) J Biol Chem 265: 

18161-5. 

17. Lemieux RV, Bock K, Delbaere LT, Koto S, Rao VS (1980) 
Can J Chem 58:631-53. 

18. Thorgersen H, Lemieux RV, Bock K, Meyer B (1982) Can J 
Chem 60:44-57. 

19. Biswas B, Sekharudu YC, Rao VSR (1986) Int J Biol Macromol 
8:1 8. 

20. Tvaroska I, P6rez S (1986) Carbohydr Res 149:389-410. 
21. P6rez S (1978) D Sc Thesis, Grenoble, France. 
22. Imberty A, Gerber S, Tran V, P6rez S (1990) Glycoconjugate 

J 7: 27-54. 
23. Bock K, Arnarp J, L6nngren J (1982) Eur J Biochem 

129:171 8. 
24. Brisson JR, Carver JP (1982) J Biol Chem 257:11207-9. 
25. Brisson JR, Carver JP (1983) Biochemistry 22:3671-80. 
26. Brisson JR, Carner JP (1983) Biochemistry 22:3680-6. 
27. Homans SW, Dwek RA, Fernandes DL, Rademacher TW 

(I982) FEBS Lett 150:5036. 
28. Homans SW, Dwek RA, Boyd J, Mahmoudian M, Richards 

WG, Rademacher TW (1986) Biochemistry 25:6342-50. 
29. Paulsen H, Peters T, Sinnwell V, Heume M, Meyer B (1986) 

Carbohydr Res 156:87-106. 
30. Homans SW, Dwek RA, Rademacher TW (1987) Biochemistry 

26:6553-60. 
31. Homans SW, Dwek RA, Rademacher TW (1987) Biochemistry 

26:6571 8. 
32. Homans SW, Pastore A, Dwek RA, Rademacher TW (1987) 

Biochemistry 26:6649-55. 
33. Cumming DA, Carver JP (1987) Biochemistry 26:6664-76. 
34. Clark M, Cramer III R, Van Opdenbosh N (1989) J'Comput 

Chem 10:982-1012. 
35. Sybyl (1988) Tripos Associates, assignee, St Louis, MO, USA, 

pp. 189 213. 
36. Spik G, Vandersyppe R, Fournet B, Charet P, Bouquelet S, 

Strecker G, Montreuil J (1973) In Acres du Colloque Intern n ° 
221 sur les Glycoconjugubs, pp 483-99. Paris: CNRS. 

37. Spik G, Strecker G, Fournet B, Bouquelet S, Montreuil J, 
Dorland L, van HaIbeek H, Vliegenthart JFG (1982) Eur J 
Biochem 121:413-9. 

38. Wooten EW, Bazzo R, Edge C J, Zamze S, Dwek RA, 
Rademacher TW (1990) Eur Biophys J 18:139-48. 

39. Connolly M (1983) Science 221:709- t 3. 
40. Hydra (1985) Hubbard R, Heslington York, USA. 
41. Bush A (t982) Biopolymers 21:535-45. 
42. IUPAC-IUB Commission on Biochemical Nomenclature 

(i971) Arch Biochem Biophys 145:405-21, 
43. Dewar M, Zoebisch E, Healy E, Stewart J (1985) J Am Chem 

Soc 107:3902-9. 
44. Mo F, Jensen L (1978) Acta Cryst B34:1562-9. 
45. Struike-Prill R, Meyer B (1990) Eur. J Biochem 194:903-19. 
46. Warin V, Baert F, Fouret R, Strecker G, Spik G, Fournet B, 

Montreuil J (1979) Carbohydr Res 76: ll-22. 
47. Sundaralingam M (1968) Biopolymers 6:189-213. 
48. Breg J, Kroon-Batenburg L, Strecker G, Montreuil J, 

Vliegenthart, JFG (1989)Eur J Biochem 178:727-39. 


