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ABSTRACT: The solution conformation of an agalactosyl penta-antennary "bisected" N-linked glycan from 
hen ovomucoid has been determined using a combination of 'H-NMR NOE measurements and restrained 
molecular dynamics (MD) simulations. The majority of glycosidic linkages exhibited restricted torsional 
fluctuations about the global minimum energy configuration, of an extent which was generally less than 
that observed in N-linked glycans with a smaller number of antennae. The locations of terminal galactose 
residues in the native glycan, which exhibit branch specificity, could not readily be rationalized in terms 
of relative accessibility by the relevant galactosyltransferase of the various nonreducing terminal 
2-acetamido-2-deoxy-~-glucopyranose (GlcNAc) residues in the agalactosyl glycan, suggesting either that 
the parent protein exhibits substantial control over glycosylation or that more than one transferase is 
responsible for galactosylation. 

N-Glycosylation mediates the biological activity and 
turnover of many proteins and whole cells [reviewed by 
Varki (1993)l. The recognition of oligosaccharides and their 
specificity as acceptors for glycosyl transferases are depend- 
ent upon their three-dimensional structure in solution. 
Glycoform composition is dependent upon the regulated 
expression of glycosidases and glycosyl transferases, which 
may vary according to tissue type and stage of development 
and may be altered in disease states (Takasaki et al., 1980). 
Knowledge of the conformations of the various glycoforms 
is a prerequisite for understanding their mode of action and 
the specificity of their interactions with receptors and glycan- 
processing enzymes. 

Conformational studies have been extensively reported for 
the lower complex oligosaccharides and their fragments [see 
Homans (1993) for review]. Key monosaccharide residues 
exert substantial conformational control which affects the 
recognition of the oligosaccharide. For example, addition 
of GlcNAc to the central mannose 4-OH, intersecting the 
Mana( 1-6)[Mana( 1-3)IMan branch point, was shown to 
modify the conformational behavior both of the 6-arm 
(Brisson & Carver, 1983; Homans et al.,  1986) and the 3-arm 
(Homans et al., 1987). In the current study we have 
determined the conformation of a penta-antennary "bisected' 
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FIGURE 1: Structure and residue numbering of the penta-antennary 
bisected N-glycan used in this study. 

complex N-glycan (I, Figure 1) terminating in GlcNAc to 
investigate the influence of the degree of branching on the 
overall conformation and to shed light upon the incomplete 
addition of terminal galactose residues in the native glycan. 

MATERIALS AND METHODS 

Release and Purification of N-Glycan. N-Glycans were 
released from 1 g of hen ovomucoid (Sigma, trypsin inhibitor 
Type 111-0) by preparative scale hydrazinolysis (Pate1 et al., 
1993) and degalactosylated by treatment with 2 units of jack- 
bean P-galactosidase in 50 mM sodium acetate, pH 5.0, 37 
"C, 5 h. The complex mixture of N-glycans was separated 
initially by Bio-Gel P4 gel-permeation chromatography (1 

1334 463808. m x 1.5 cm), and the different isomers of biantennary 
$ University of St. Andrews. through penta-antennary glycans were purified by high- 
9 University of Dundee. 
@ Abstract published in Advance ACS Abstracts, October 15, 1995. performance anion-exchange chromatography (isocratic elu- 
I Abbreviations: Gal, D-galactopyranose; GlcNAc, 2-acetamido-2- tion with 92 mM aqueous sodium hydroxide, 10 mM sodium 

deoxY-D-glucoPYranose; HOHAHA, hO~onuclear HarWfm"Hahn acetate through a CarboPac-PA 1 column) using a Dionex 
spectroscopy; Man, D-mannopyranose; MD, molecular dynamics; NOE, 

crementation. detector. The glycan fractions were desalted by passage 
nuclear Overhauser enhancement; TPPI, time-proportional phase in- BioLC equipped with a pulsed amperometric 
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through a mixed-bed ion-exchange column (Bio-Rad AGSOW- 
X12 over AG3-X4), dried by evaporation, and exchanged 
three times in D20. 

'H-NMR spectra revealed one set of signals for each 
mannose residue, indicative of no major contamination from 
other glycoforms. Electrospray mass spectra (in positive 
mode) of a partially purified mixture of N-glycans identified 
molecular ions for the monosodium adducts of the per- 
methylated penta-antennary glycans (mlz 2642.3; expected 
2643.9) as the major component and permethylated tetra- 
antennary glycan (mlz 2398.7; expected 2398.7) as a minor 
component. 'H chemical shifts in the structural reporter 
group region of the major component were identical to those 
of the purified glycan used for conformational analysis. 

NMR Spectroscopy. 'H-NMR spectra were recorded with 
a Bruker AM-500 spectrometer (operating at 500.13 MHz), 
with a nominal probe temperature of 300 K. NOESY spectra 
were acquired with TPPI forfi quadrature, using the standard 
Bruker microprogram. Spectra were acquired over a spectral 
width of 2000 Hz with 256 and 4096 data points in tl and 
t2, respectively. The matrix was processed with cosine-bell 
apodization in both dimensions using Varian VNMR soft- 
ware. The digital resolution in the final spectrum was 4.0 
Hzlpoint infi and 1.0 Hz/point in&. NOE intensities were 
determined from cross-peak volumes, following fifth-order 
polynomial base line correction. 

Molecular Modeling. The NMWmolecular dynamics 
(MD) modeling protocol used in this study has been 
demonstrated to give excellent agreement with experimental 
data for small oligosaccharides (Rutherford et al., 1993, 
1994; Kogelberg & Rutherford, 1994; Rutherford & Homans, 
1994). The protocol utilizes in uacuo MD simulations which 
incorporate NOE-derived distance constraints to compensate 
for the poor performance that is observed for molecular 
mechanics force fields over the entire range of conforma- 
tional space. As previously described (Rutherford & Homans, 
1994), by applying loose constraints in the form of a flat- 
bottomed pseudopotential well there is scope for considerable 
variation between experimental and back-calculated relative 
NOE values, but in practice excellent correlations are found 
between theoretical back-calculated values and experimental 
values, not only for relative NOEs, but also for interglyco- 
sidic 3 J ~ ~  which are independent of the applied constraints 
(Rutherford et al., 1993, 1994; Kogelberg & Rutherford, 
1994). Moreover, in studies to date there are no short 
interproton distances that are not evident from the NOE 
spectra. The restrained MD model depicts the minimum 
conformational space that is compatible with experimental 
data, but, given that in all studies to date this has included 
the conformers with lowest potential energy, it is difficult 
to envisage alternative equilibria that are also compatible 
with experimental data. The penta-antennary glycan is a 
highly branched structure, and significant inaccuracies in the 
modeled conformational equilibria would inevitably result 
in many short time-averaged H-H distances that could not 
be confirmed from NMR experiments. This structure 
therefore represents a rigorous test for conformational 
modeling procedures. 

All modeling calculations were performed using the 
DISCOVER molecular mechanics package (Biosym Tech- 
nologies Inc., San Diego, CA) running on an Iris Indigo- 
4000 computer. Simulations were performed in U ~ C U O  with 
a dielectric constant E = 80.0, using the AMBER force field 

Rutherford et al. 

(Singh et al., 1986; Weiner et al., 1986) with the carbohy- 
drate parameter set described previously (Homans, 1990) but 
with all torsion terms corresponding to the exo-anomeric 
effect set to zero (Rutherford et al., 1993). Initial velocities 
were assigned at random according to a Maxwell-Boltzmann 
distribution at 300 K, and the system was coupled to a 
temperature bath with a time-constant of 0.6 ps. The cutoff 
distance for calculating nonbonded interactions was 15 A. 
NOE-derived distance restraints were applied as symmetrical 
biharmonic restraints with a force constant of 10 kcal/A2 and 
a maximum force of 10 kcaYA. Constraints were classified 
as strong, medium, or weak, with lower and upper distance 
bounds of 1.8-2.7, 1.8-3.3, and 1.8-5.0 A, respectively. 
The modeling protocol was identical to that described 
previously for oligosaccharides (Rutherford et al., 1993, 
1994; Kogelberg & Rutherford, 1994; Rutherford & Homans, 
1994), using MD calculations at 750 K to generate 10 starting 
structures with pseudorandom geometries and annealing the 
10 models with NOE constraints (running 1 ps of MD at 
each temperature from 500 to 300 K in steps of 50 K, then 
from 290 to 10 K in steps of 10 K and finally at 5 K followed 
by steepest-descents minimization). The lowest energy 
model from the annealing simulations was used as the input 
structure for 510 ps MD simulations at 300 K. MD 
coordinates were stored after every 250 time steps of 1 fs, 
and time-averaged full relaxation matrix NOE values were 
computed from the final 500 ps of archive data using the 
in-house written program MDNOE, with a formalism ap- 
propriate for internal motions that are fast with respect to 
the overall tumbling time of the molecule (Tropp, 1980; 
Homans & Forster, 1992). This formalism is implemented 
using the assumption that the zero-quantum spectral density 
dominates the cross-relaxation rate [eq 19.1 in Tropp (1980)], 
which is clearly the case in the present study since all NOEs 
are significantly negative. In addition, overall isotropic 
motion of the glycan is assumed, and a single internal 
correlation time with averaging between N sites is assumed 
for the internal motions. While a more detailed model for 
the nature of the internal motion would clearly be more 
rigorous, in practice the eigenvalues and eigenvectors of the 
matrix of rate constants describing the motion cannot be 
specified in general, and it is necessary to approximate 
motional limits in which these constants drop out in order 
to calculate the spectral densities analytically (Tropp, 1980). 
Clearly the relevant spectral densities could be obtained 
numerically by Fourier transformation of the relevant auto- 
correlation functions derived directly from the dynamics 
trajectory, but this would require a simulation including 
explicit solvent water molecules for a time much greater than 
is currently computationally tractable for a molecule the size 
of I. 

The glycosidic torsion angles 4 and q are defined by the 
torsion angles H1-C1-01-Cxand C1-01-Cx-Hx where 
Cx and Hw are aglyconic atoms and are formally designated 
& and q~ in IUPAC nomenclature. For 1-6 linkages l / l~  
and OJH are defined with respect to C1-06-C6-C5 and 
06-C6-C5-H5, respectively. The numbering of residues 
(Figure 1) follows the convention of Vliegenthart et al. 
(1983). 

RESULTS 
'H-NMR Assignment. The penta-antennary complex N- 

glycan (I, Figure 1) is composed solely of mannose and 
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FIGURE 2: ‘H-IH NOESY spectrum of I obtained with a mixing time of 300 ms. 

FIGURE 3: Stereoview of the “global minimum” energy configuration of I derived from restrained simulated annealing calculations. 

N-acetylglucosamine and as might be expected many of the 
residues have virtually degenerate ‘H spin systems. Assign- 
ment of the many overlapping GlcNAc resonances employed 
HOHAHA experiments with constant-time evolution during 
tl, refocussing the H1 -H2 spin-couplings in order to 
maximize resolution in the f, dimension, as previously 
described (Rutherford & Homans, 1995). Approximate 3.h 
values measured from the 2D spectra indicated that each ring 
adopts predominantly the expected 4C 1 chair conformation. 
In a slice parallel to A in the HOHAHA spectrum (not 
shown), at the Manp (3) H-4 chemical shift infi ,  the H-5 
resonance appears with unresolved spin-couplings to H-6 
protons. The only orientation of the hydroxymethyl group 
in which both 3&5-H6 values are small (-1.5 Hz) (Nishida 
et al., 1987) is w = 180” (the “gauche-gauche” or “gg” 
rotamer), consistent with previous reports that the w angle 

for the Mana( 1-6)Manp linkage in intersected N-glycans 
is fixed in the gg rotamer (Brisson & Carver, 1983; Homans 
et al., 1986). Stereospecific assignments were made for the 
two H-6 protons of the Manp residue on the basis of the 
NOESY correlation between H-4 and H-~,,R. 

Previous NOESY time-course experiments with N-glycans 
have indicated that a mixing time of 300 ms is within the 
linear NOE build-up region, where the measured NOE is 
directly proportional to the cross-relaxation rate, 0, and the 
isolated spin pair approximation is valid (Homans et al., 
1987). However, in the present study we have utilized a 
complete relaxation matrix analysis of the data (see below). 
A total of 24 interresidue correlations were obtained from 
the NOESY spectrum (Figure 2 and Table 1) and were 
utilized as distance constraints in the annealing calculations 
and MD simulations. The modeling constraint between the 
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Table 1 : 
from Time-Averaged Distances in Restrained and Free MD 
Simulations for I 

Experimental Absolute NOE and Values Back-Calculated 

protons exptl calculated NOE (%y 
from to constraint NOE (%) restrained free 

H-1 (2) H-4 (1) 
H-1 (3) H-4(2) 
H-1 (4) H-2 (3) 
H-1 (4) H-3 (3) 
H-1 (4) H-2 (9) 
H-2 (4) H-6 (9) 
H-5 (4) H-2 (3) 
H-1 (4’) H-6pros (3) 
H-1 (4’) H-6pro~ (3) 
H-3 (4’) H-4 (3) 
H-1 (5) H-1 (4) 
H-1 (5) H-2 (4) 
H-1 (5) H-2 (9) 

H-1 (5’) H-2 (4’) 
H-1 (7) H-4 (4) 

H-1 (9) H-4 (3) 
H-1 (9) H-6pro~ (3) 
H-1 (9) H-3 (4’) 
H-1 (9) H-5 (4’) 
H-4 (9) H-5 (5) 

H-1 (5’) H-1 (4’) 

H-1 (7’) H-6 (4’) 

H-1 (10) H-4 (4’) 
H- 1 ( 10) H-6 (4’) 

S n.d.b 
S 11.9‘ 
W 1 .od 
S 8.5 
W 1.4 
M 4.2 
S 7.3‘ 
S 4.4 
M 1.5 
W 1.5 
S 5.7 
S 4.1 
S 3.7‘ 
S 5.3 
S 5.6‘ 
S n.d. 
M‘ 2.6‘ 
S 5.3 
M 4.5 
W 1.8 
M 3.6 
W 2.7 
S 8.2‘ 
W n.d. 

3.0 
5.0 
0.4 
4.0 
1.3 
1.012.0 
4.0 
3.9 
1.3 
2.5 
4.1 
4.7 
2.7 
2.7 
3.0 
3.2 
0.7l1.1 
4.0 
1.5 
1.2 
1.5 
2.5 
3.5 
0.310.3 

1.6 
1.8 
1.4 
5.1 
0.1 
0.110.1 
0.3 
0.6 
0.4 
0.2 
0.4 
2.8 
0.3 
1 .o 
1.6 
1.5 
1.511.0 
2.3 
2.0 
0.3 
0.3 
0.1 
0.4 
0.110.2 

Computed with a rotational correlation time, tc = 1.1 ns. n.d. = 
not determined due to extreme resonance overlap. Approximate value 
due to substantial resonance overlap. Approximate value due to low 
signal-to-noise ratio. e Measured NOE was “strong”, but since the 
assignment of H-6 protons was not stereospecific a weaker constraint 
was applied to both H-6’s. 

intersecting GlcNAc (residue 9) and the Manp (3) H-~,,R 
was applied stereospecifically, whereas for all other residues 
hydroxymethyl groups were not restricted to a single rotamer 
as H-6 protons could not readily be assigned stereospe- 
cifically. Modeling constraints involving these H-6 protons 
treated both H-6 protons together as a pseudoatom. 

Molecular Modeling Calculations. Ten models of I were 
generated by high-temperature (750 K) unrestrained molec- 
ular dynamics calculations to provide pseudorandom starting 
structures that sample a wide range of conformational space. 
Low-energy models were generated for I by restrained 
simulated annealing of pseudorandom starting structures. Due 
to the imperfect nature of the annealing, one structure was 
caught in an unrealistic local energy minimum with distorted 
ring geometries and was discarded. The lowest energy 
(“global minimum”) structure (Figure 3) from the 10 
annealed models had a low NOE distance-forcing potential 
(totaling 0.28 kcaVmol for the 24 constraints), and it is 
therefore unlikely that the constraints were forcing the model 
into a high-energy virtual conformation. The lowest energy 
model was used as the starting point for a 5 10 ps restrained 
molecular dynamics (MD) simulation in vacuo at 300 K. 

In addition to the restrained MD simulation an unrestrained 
510 ps MD simulation was performed under otherwise 
identical conditions. Theoretical time-averaged MD simula- 
tions were computed over the last 500 ps of each simulation 
using a full relaxation matrix approach which considered all 
nonexchangeable protons, and with a formalism (see Materi- 
als and Methods) appropriate for internal motions which are 
fast with respect to overall reorientational tumbling of the 
molecule (Tropp, 1980; Homans & Forster, 1992). A 

comparison of the experimental NOE values with those back- 
calculated from each MD simulation is included in Table 1. 
The absolute NOE values were computed as follows. Using 
a suitable intraresidue NOE (Man 4 H- 1 -Man 4 H-2), the 
ratio of diagonal peak to cross-peak volumes was compared 
with that obtained from the time-averaged full relaxation 
matrix calculation above, and the overall tumbling time (z,) 
was adjusted in the calculation such that the ratio of 
theoretical intensities matched those obtained experimentally. 
The absolute NOE obtained from the calculation was then 
used to derive the experimental absolute NOEs from the 
respective cross-peak volumes, using the volume of the Man 
4 H-l-Man 4 H-2 cross-peak volume as a reference. 

The results in Table 1 indicate that the restrained MD 
model shows significantly better agreement with the experi- 
mental data than the unrestrained simulations. As indicated 
previously (Rutherford & Homans, 1994), a small error in 
the simulated distances due to the many inaccuracies inherent 
in the force field parametrization translate to very large errors 
in the back-calculated NOEs due to the r-6 dependence, and 
we regard agreement between experimental and back- 
calculated NOEs within a factor of 2 as satisfactory. The 
majority of NOEs calculated from the restrained simulation 
are within or are close to this criterion. In contrast the free 
dynamics simulations do not reproduce many of the experi- 
mental NOE intensities, primarily as a result of torsional 
excursions for significant periods of time into regions of 
conformational space divorced from the minimum energy 
conformation, as seen clearly in Figure 4. These data 
therefore suggest that a plausible model of the solution 
dynamics of the glycan is given by the restrained dynamics 
simulation. A possible criticism of this interpretation is that 
the derivation of simulated NOE data from a dynamics 
trajectory which is restrained by experimental NOE data is 
rather circular. However, as described at length previously 
(Rutherford & Homans, 1994), the simulated NOE can vary 
over a wide range despite the presence of restraints, yet good 
agreement is obtained with experimental values. In any 
event, the dynamic model generated from a restrained 
trajectory can be at least interpreted as representing the 
minimum extent of torsional fluctuation consistent with 
experimental data. Time-averaged values of 4 and 11, for 
each glycosidic linkage over the time course of the restrained 
simulation are given in Table 2. 

The total NOE distance-forcing potential was monitored 
during a separate restrained MD simulation, in which the 
calculation was stopped and resumed at 1 ps intervals to 
record the contributions from each individual term in the 
force field. The force potential remained low throughout 
the MD simulation, averaging 0.70 kcal/mol over the 500 
ps time course, with a maximum of 3.86 kcal/mol at any 
one point. 

Further evidence for the plausibility of the model can be 
obtained by consideration of time-averaged NOEs predicted 
from the simulation which are not observed experimentally. 
A total of 19 such NOEs are predicted (Table 3). However, 
since the limit of detection is on the order of 1% NOE (based 
on the NOE between Man 4 H-1 and Man 3 H-2, which is 
just detectable), at least 13 of these can immediately be 
discounted. The NOE between Man 4‘ H-2 and Man 3 H-4 
(2.6%) cannot be discounted, but, however, it is essentially 
unobservable experimentally due to the proximity of these 
proton resonances. The only other NOE which is substan- 



Conformation of a Penta-Antennary Glycan Biochemistry, Vol. 34, No. 43, 1995 14135 

n .  
M .  

a :  
e;; 0- 

I 7  

v 

2: 

-180 180 
Phi (deg) 

-180 1 80 
Phi (deg) 

P 
-180 180 

Phi (deg) 

-180 180 
Phi (deg) 

n 
M 

P 
v 

0 

I 
Q - 2  

-180 180 
Phi (deg) 

0 

-180 1 80 
Phi (deg) 

0 . . I , , , , , , , 

21 f q , , , , ,  ,;,,I 
L 2  

I 

- 180 180 
Phi (deg) 

8 
4 

n 

P 
3 
V 

Q 
I 

- 180 1 80 
Phi (deg) 

0 
2 

n 

P 

h 2  

a 
V 

* G j  0 

I 

- 180 180 
Phi (deg) 

0 

V 
V 

';; 0 
h 2  TZil I -180 1 80 

Phi (deg) 

0 , , . , , , , , , ,  

2]C 
0 , , , , , , , , 

q d  

Phi (deg) 
-180 180 

Phi (deg) 

0 
2 

n 

a P 
v 

- 180 1 BO 
Phi (deg) 

0 
-2 3 a 
V 

m 
a 0  

I 

M 

8 2  
10 510 

Time(ps) 

I I  
-180 180 

Phi (deg) 

0 
2 

n 
M 

Q 
v 

'2 0 

I 
a 2  

-180 180 
Phi (deg) 

0 m 
" h  

-180 1 BO 
Phi (deg) 

Time (ps)  

-180 1 80 
Phi (deg) 

-180 180 
Phi (deg) 

0 0 0 0 
2 m CI -2 & 

P) 
Q 

3 
v 

Q - n M 
Q V 

W P 
';; 0 .;; 0 
L 2  b 2  

I I 

m m 
M v v 

- 180 180 -180 180 10 510 10 510 
Phi (deg) Phi (deg) Time ( ps) Time(ps) 

FIGURE 4: Instantaneous values of 4 us 11, and w over the last 500 ps of restrained (upper panels) and free (lower panels) MD simulations 
of I. Panels correspond with the following glycosidic linkages and torsion angles: (a) GlcNAcPl-4GlcNAc; (b) ManPl-4GlcNAc; (c) 
Manal-3Man; (d) GlcNAcPl-2Manal-3; (e )  GlcNAcPl-4Manal-3; (f') GlcNAc/31-4ManP; (g) Manal-6Man; (h) GlcNAcPl- 
2Manal-6; (i) GlcNAcPl-4Manal-6; (j) GlcNAcPl-6Man; (k) w for Manal-6Man; (1) w for GlcNAcfil-6Man. 

tially greater than the detection limit is that between GlcNAc Small NOEs (close to the limit of detection) that were 
9 H-4 and Man 5 H-1 (2.l%), and this NOE could predicted from the model between protons on the B-face of 
retrospectively be assigned with an experimental intensity GlcNAc 5' and the B-face of GlcNAc 2 could not be 
of 2.0%. The remaining NOEs at or around the 1% limit observed experimentally. However, significant negative 'H 
could not be detected with certainty. glycosylation shifts (Lemieux et al., 1980; Bock et al., 1986; 
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Table 2: 
Last 500 ps of 5 10 ps restrained MD Simulation of I” 

Time-Averaged Glycosidic Bond Torsion Angles over the 

linkage 
GlcNAc 2-GlcNAc 1 
Man 3-GlcNAc 2 
Man 4-Man 3 
GlcNAc 9-Man 3 
Man 4’-Man 3 
GlcNAc 5-Man 4 
GlcNAc 5’-Man 4’ 
GlcNAc 7-Man 4 
GlcNAc 7’-Man 4’ 
GlcNAc 10’-Man 4‘ 

(4) 
23 (28) 
24 (28) 

-50 (1 1) 
56 (12) 
19 (26) 
18 (14) 
28 (16) 
14 (26) 
23 (52) 
33 (25) 

( w )  
-19 (21) 

-9 (20) 
-13 (12) 

5 (10) 
112 (24) 
34 (13) 
31 (15) 

-26 (19) 
180 (64) 

-10 (23) 
a Angles are in degrees. RMS deviations are given in parentheses. 

Table 3: 
Modeling Constraints File but Which are Predicted from the 
Restrained MD Simulation 

Absolute NOES between Proton Pairs not Included in the 

protons protons 
from to NOE (%) from to NOE(%) 

H-1 (2) 
H-1 (2) 
H-3 (2) 
H-3 (2) 
H-5 (2) 
H-1 (3) 
H-1 (3) 
H-2 (3) 
H-2 (3) 
H-2 (4‘) 

0.5 
0.2 
0.7 
0.7 
0.5 
0.7 
0.5 
0.8 
0.4 
2.6 

H-2 (4‘) 
H-2 (4’) 

H-5 (4‘) 
H-3 (4‘) 

H-1 (5) 
H-3 (5) 
H-1 (7) 
H-1 (7) 
H-2 (7‘) 

H-6pros (3) 
H-6pro~ (3) 
H-5 (9) 
H-5 (9) 
H-4 (9) 
H-2 (9) 
H-6pro~ (4) 
H-6pros (4) 
H-3 (9) 

1.1 
0.4 
1.2 
1 .o 
2.1 
0.9 
1.3 
0.7 
0.4 

Homans et al., 1987; Jansson et al., 1989) were observed 
for H-3 and H-5 of the terminal GlcNAc 5‘ (but not for H-2, 
H-4, or either H-6), supporting the proposal that GlcNAc 5‘ 
is folded back with the B-face in proximity to the glycan 
core. 

DISCUSSION 

The data above suggest that the majority of glycosidic 
linkages in the penta-antennary glycan exhibit limited 
torsional oscillations in solution. A notable exception is the 
GlcNAcPl -6Man linkage, which is more highly disordered. 
In general, the glycosidic linkages in the penta-antennary 
glycan which are common to the biantennary bisected glycan 
occupy similar minimum energy regions of @,q space 
(Rutherford & Homans, 1994) but are more highly ordered 
in the former as a direct result of steric hindrance due to the 
additional substituents. As a result, the “global minimum” 
conformation (Figure 3) is a good approximation to the 
average solution conformation. It is important to recognize 
that the NOE restraints provide a small contribution to 
compensate for the poor performance of the molecular 
mechanics force-field in regions away from the global energy 
minima. As discussed previously, these limitations are not 
unique to the current force field, and reflect the difficulty of 
parametrizing for flexible polar molecules in solution (Ru- 
therford & Homans, 1994). Since the restraint energy is low 
in the MD simulation, and the structure occupies the global 
minimum energy well, the restraints are not forcing the 
structure to adopt a high-energy virtual conformation that is 
consistent with NMR data but lacks physical meaning. 

In the native glycan, the extent of galactosylation of the 
nonreducing terminal GlcNAc residues is highly limited: 
-20% of penta-antennary chains bear Gal/? in 1-4 linkage 

to the GlcNAcPl-4Manal-6 unit, -13% bear GalP in 1-4 
linkage to the GlcNAcP1-4Manal-3 unit, -8% contain 
both, and less than 2% bear Galp in 1-4 linkage to either 
the GlcNAcPl-2Manal-6 or GlcNAcPl-2Manal-3 units 
(Yamashita et al., 1982). There is no galactosylation of the 
GlcNAcP1-6Manal-6 unit. This cannot be rationalized 
in terms of a simple model based upon steric hindrance: 
While none of the terminal GlcNAc residues is buried in 
the three-dimensional structure of the glycan, both GlcNAc 
residues on the Manal-3 antenna and the GlcNAcPl-4 
and GlcNAcPl-6 residues on the Manal-6Man antenna 
would be predicted from Figure 3 to be the most accessible 
to a galactosyl transferase. Taken together, these data 
suggest either that different galactosyl transferases are 
required for full galactosylation of the penta-antennary 
glycan, and these are expressed at various levels of activity 
in hen oviduct, or that N-acetyllactosamine synthetase adds 
galactose to the terminal GlcNAc residues at different rates, 
as suggested by Yamashita et al. (1982). In the latter case 
it is difficult to reconcile such differences in rates with the 
three-dimensional structure of the glycan, but, however, the 
protein itself may influence the rate of galactosylation. It 
should be possible to distinguish between these possibilities 
by galactosylation with N-acetyllactosamine synthetase of 
the penta-antennary glycan in vitro both free and in covalent 
association with the parent glycoprotein, followed by detailed 
sequence analysis of products. Such studies are currently 
in progress. 
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