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Solution Conformation of Asparagine-Linked Oligosaccharides: 
a( 1 -6)-Linked Moiety? 

Jean-Robert Brisson and Jeremy P. Carver* 

ABSTRACT: The solution conformation is presented for rep- 
resentatives of each of the major classes of asparaginyl oli- 
gosaccharides. In this report the conformation of the a( 1- 
6)-linked moiety is described. The conformational properties 
of these glycopeptides were determined by high-resolution 'H 
nuclear magnetic resonance in conjunction with potential 
energy calculations. The NMR parameters that were used 
in this analysis were chemical shifts and nuclear Overhauser 
enhancements. Potential energy calculations were used to 

I n  the preceding paper (Brisson & Carver, 1983a), the so- 
lution conformations of a(1-3)-, a( l-2)-, p( l-2)-, and p( 1- 
4)-linked units of asparagine-linked oligosaccharides were 
examined. For all the major classes of glycopeptides, it was 
found that the conformation of any particular linkage was 
essentially the same from one to the other, although the 
conformations of different linkages were quite dissimilar. The 
inhibitory effect of the bisecting GlcNAc for certain enzymes 
involved in the biosynthetic pathway of glycopeptides (Nar- 
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evaluate the preferred conformers available for the different 
linkages in glycopeptides and to draw conclusions about the 
behavior in solution of these molecules. For all classes, 
identical conformations were found for the 6-arm except for 
the torsional angle, w, about the C5-C6 bond of the al-6 
linkage. For high mannose and hybrid structures w was found 
to be -60°, for bisected biantennary complex structures w was 
1 80°, and for complex biantennary structures averaging be- 
tween -60' and 180' occurs. 

asimhan, 1982) was also explained. The position of the bi- 
secting GlcNAc in the structure was found to be such that its 
ring covered a wide area on the surface of GlcNAcP1- 
2Manal-3Manpl- unit, thus sterically hindering those en- 
zymes from binding to this determinant. 

In this paper the orientation of the a( 1-6)-linked moiety 
in the different classes of N-linked oligosaccharides is de- 
scribed. In contrast to the invariance of the al-3 linkage, 
major differences in the torsional angle about the C5-C6 bond 
of the al-6 linkages are found. 

Experimental Procedures 
The experimental methods and methods of calculation are 

described in detail in the preceding paper (Brisson & Carver, 

0 1983 American Chemical Society 
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FIGURE 1: NOE spectra for saturation of the Manal-6 H1 resonance 
in (a) Manald(Mana1-3)Mana14Me, (b) GGN, (c) GGN(GN), 
(d) D3 (6i), and (e) A3 (6i and 6t). 
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FIGURE 3: Estimation of J5,6, at the Manal-6 linkage from NOE 
spectra. NOE spectra for saturation of 6i H1 in (a) GGN and (b) 
in D3. (c) NOE spectrum for saturation of 6i H2 demonstrating the 
possibility of overlap of NOES between the 4i H6 and 6i H3-H4-H5 
complex signal in the NOE spectrum on saturation of 6i H1 (b). 

Therefore, J5,6 should always have a small value, since for both 
favorable rotamers, the vicinal coupling between H5 and H6 
will be small (1-2 Hz). In contrast, J5,6t will vary considerably 
depending on the population distribution of the rotamers. For 
the bisecting GlcNAc a unique rotamer with w = -60' was 
found and J5,6t had a value of 8 Hz (Brisson & Carver, 1983a). 
Thus, J5,6t will vary from 1-2 to 8 Hz depending on the pop- 
ulation distribution of the rotamers. Since for GGN a value 
of 5.5 f 0.5 Hz is observed, both rotamers are equally probable 
in solution. Thus, the substitutions on the mannotriose unit 
do not affect the conformational mobility about the C5-C6 
bond. 

The observed relative NOE for the 4i H6 resonance, on 
saturation of 6i H1, is much larger than the computed one for 
any energetically favorable conformations (0.5 vs. 1.3 f 0.5) 
(Table I). This discrepancy can be corrected by decreasing 
the correlation time for 6i H2 with respect to 4i H6, since this 
results in a smaller predicted NOE on the 6i H2 and therefore 
a larger predicted relative NOE. Differences in correlation 
times for different atoms arise either from anisotropic tumbling 
or internal motion about the glycosidic bonds at rates similar 
to the tumbling rate of the molecule. In this case, the dif- 
ference between the computed and observed relative NOE's 
for 4i H6 probably arises from conformational averaging 
between the two stable rotamers (w = 180' and w = -60') 
about the 4i C5-C6 bond. 

Orientation of the 6-Arm in Bisected Complex Structures. 
Large chemical shift differences are observed between GGN 
and GGN(GN) (Table 11). The cause of the chemical shift 
perturbations on the 3-arm was previously determined to arise 
simply from the proximity of the bis GN in the structure since 
no major conformational changes on the 3-arm were detected 
from NOE experiments (Brisson & Carver, 1983a). In con- 
trast, the chemical shift differences of protons located on the 
6-arm are interpreted as arising from major conformational 
changes about the Manal-6 linkage in complex and bisected 
complex structures. 

On saturation of 6i H1 in GGN(GN), an NOE is observed 
on 4i H6-H6' (Figures IC and 4b). The vicinal coupling 
constants with H5, which are indicative of the orientation of 
the 6-arm, could not be extracted from the line shape due to 
strong coupling (Figure 4b). However, the 4i H5 resonance 
was located by spin tickling of the isolated 4i H4 resonance 
(Figure 4d) and also observed in the NOE spectrum for 
saturation of 4i H1 (Figure 4c). The other resonances that 
appear in the NOE spectrum (Figure 4c) are due to the si- 
multaneous irradiation of the core G N  H1 resonance. The 
broad resonance which occurs downfield of the 4i H5 reso- 
nance arises from the core G N  H5. The latter resonance was 
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Table I: Nuclear Overhauser Enhancementsa 

relative NOE 
~ 

GGN GGN(GN) 

saturated signal obsd calcd obsd calcd 

6i H1 6i H2 [0.11] 1 .o 6i H2 [0.10] 1.0 
6i H3 0.6 0.3 
4i H6 1.3 0.5 4i H6-H6' 1.0 1.2 
4i H6' 0.5 0.1 
4i H5 0.5 0.1 
GN2 H1 0.9 1.2 GN2 H1 1.5 1.2 

relative NOE 

D3 A3 

saturated signal obsd calcd obsd calcd 

6i H1 6i H2 [0.07] 1.0 6i H2 [0.08] 1.0 
6i H3-H4-H5 0.4 0.4 
4i H6 1.3 0.8 4i H6-H6' 1.7 1.3 
4i H6' 0.4 0.3 

core GN H2-H3-H4 1.0b [0.03] 
Asn GN H6' 
Asn GN H6 0.4 0.8 
Asn GN H5 0.2 0.2 
3t H1 0.3 0.4 
3t H2 0.4 0.2 
4i H2 0.1 0.0 

core GN CH, core GN H1 0.2 0.1 

a The numbers enclosed in brackets are the absolute NOE used to calculate the relative NOE's. Because of the difficulties in quantitating 
small absolute NOE's, the observed values are expressed relative to the NOE found for the complex signal from the core GN H2-H3-H4 and 
the Asn GN H6'. The absolute NOE calculated for this complex was 0.03. 

Table 11: Chemical Shift Perturbations Due to the Bisecting GlcNAc 

H1 H2 H3 H4 H5 H6 H6' NHC 

complex typea residue 
4i 
6i 
6GN2 
core GN 
Fuc 

4i 
6i 
3t 
6t 
core GN 

hybrid type residue 

-0.081 

-0.003 
-0.008 

0.087 

0.008 

-0.038 
0.048 

-0.046 
0.025 

-0.012 

-0.080 
0.028 

-0.003 
0.04 
0.00 

-0.059 
0.019 
0.000 
0.021 

-0.01 

0.10 0.31 -0.08 0.11 -0.06 
-0.06 
-0.14 0.00 -0.1 1 -0.12 

-0.04 
0.05 0.01 0.01 

0.11 0.1 1 0.00 0.12 -0.07 
0.00 

-0.01 
0.02 

-0.01 

Chemical shifts of GGN(GN) minus those of GGN. Chemical shifts of C3B minus those of GNM,. Unpublished results. 

identified as such since it had the same chemical shift and the 
same shape as the core G N  H5 resonance observed in the 
NOE spectrum for saturation of the isolated core GN H1 
resonance in GGN. The broad doublet appearance for the H5 
signal could only be reproduced adequately with J5,6 = J5,6! 
= 2 Hz and J6,6r = -1 1.5 Hz (Figure 4e), indicating that w 
= 180' at the Manal-6 linkage. The H6 and H6' strongly 
coupled signal (Figure 4b) was also reproduced accordingly 
(Figure 4e). Thus, the presence of bis GN in GGN(GN) 
results in the restriction of the orientation of the 6-arm to only 
one conformer (w = 180'). 

This restriction in the orientation of the 6-arm in GGN(GN) 
provides an explanation for all the differences in chemical shift 
observed between the GGN and GGN(GN) (Table 11). The 
large downfield shift (0.3 1 ppm) of the 4i H4, between GGN 
and GGN(GN), is attributed to the orientation of the hy- 
droxymethyl oxygen which is now adjacent to the 4i H4 
(Figure 2) and thus deshields the signal of the former. The 
perturbations observed on resonances of the 6GN2 and the 
core GN residues in GGN(GN) arise from the close proximity 
of these two residues, since, with w = 180' at the a l - 6  linkage, 

the 6-arm is folded backward toward the core. Alterations 
in chemical shifts were observed on the 6GN2 H3, H5 reso- 
nances (assigned from the NOE spectrum for saturation of 
6GN2 H1) and on the 6GN2 N H  resonance. The Fuc H4 
resonance (assigned from the NOE spectrum for saturation 
of the Fuc methyl resonance) was also found to be significantly 
different in GGN and GGN(GN) (Table 11). 

The above results were also consistent with the minimum 
energy conformer with w = 180' at the Manal-6 linkage. 
Potential energy calculations were performed for the 6-arm 
of GGN(GN), keeping the bis GN and the 6GN2 angles fixed, 
as previously determined by NOE experiments (Brisson & 
Carver, 1983a). The Galpl-4 linkage conformation was taken 
to be the same as in the solid state (Longchambon et al., 1981). 
The Fucal-6 orientation was determined by choosing a 
minimum in potential energy such that its orientation was 
similar to the one in the crystal structure of a complex type 
glycopeptide (Deisenhofer, 198 1). The linkage conformations 
for the Manal-6, Manpl-4, and core GlcNAcp1-4 linkages 
were then varied in steps of 20° over a range where no steric 
contacts occur for the disaccharide units. The resulting 
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Table 111: Linkage Conformations: (@, $) (deg, deg) for Asn-Linked Oligosaccharides 

residue 6i w high mannose bisected hybrid complex bisected complex 

Mancul-6 180 (-40, 200) (-40, 140) (-60, 120) (-60, 120) 
-60 (-60, 160) (-60, 160) (-60, 180) (-60, 180) 

GalP 1-4 (30, -20) (30, -20) 
Manal-3 ( - 5 O , - l O )  (-50, -10) 
Manpl-4 180 (60, -20) (60, -10) (50, -10) (50, -10) 

-60 (50, 0) (50, 0) (30, -50) (30, -50) 
core GN 180 (30, -50) (30, -50) 

-60 (50, -10) (50, -10) 

GlCNAco1-2 (40, 30) (40, 30) 

Fuccul-6 180 (60, 150) (60, 150) 
-60 (60, 180) (60, 180) 

bis GN (60, 10) (60, 10) 
relative energyu 180 0.8 0.4 0 0 

-60 0 0 4 5 
In kilocalories per mole. w = 180". 

H6-H6 

4i H2 H4 

a 

' 1 2  Y O  3.8 3 . 6  3 Y PPM 

FIGURE 4: Coupling constants and chemical shifts of the Manbl-4 
residue in GGN(GN). (a) Normal spectrum of GGN(GN); (b) NOE 
spectrum for saturation of 6i H1 showing the detection of the strongly 
coupled H6-H6' signal (3.90 ppm); (c) NOE spectrum for the si- 
multaneous saturations of 4i H1 and the core GN H1 rmnanm (most 
of the 4i and core GN enhancements overlap, except for the H5 
resonances (3.53 ppm and 3.6 ppm, respectively)]; (d) spin tickling 
of 4i H4 (4.077 ppm) to detect the 4i H3 resonance (3.867 ppm) and 
the 4i H5 resonance (3.53 ppm); (e) spectrum simulation with J2,3 

Hz. All coupling constants are in hertz. 

minimum energy conformer is given in Table 111. Smaller 
increments for the linkage conformations near the minimum 
energy conformer in Table I11 did not significantly decrease 
(0.5 kcal/mol) the potential energy. 

For the minimum energy conformer, H3 and H5 of 6GN2 
are proximal to the acetyl group of the core G N  (3-6 A from 
the carbonyl oxygen). This proximity is the probable cause 
for the upfield shifts (as compared to GGN) observed for these 
resonances (Table 11). By use of the theory of ApSimon & 
Beierbeck (1971) to estimate the shielding effect of the car- 
bonyl group, shifts of 0.12,0.04, and -0.38 were predicted for 
the H3, H5, and N H  resonances. Considering that this theory 
was adapted to fit the shielding of keto groups on methyl 
groups and that effects from the methyl group are neglected, 
the predicted shifts serve to indicate that these protons are in 
a region of high magnetic field anisotropy, in agreement with 
the chemical shift perturbations noted on these resonances 
(Table 11). 

The Fuc H 4  resonance was also appreciably different in 

= 3.2, J3,4 = 9.8 HZ, J4.5 = 10.2, J5,6 = J5.6, = 2 and J6,6, = -11.5 

FIGURE 5: Stereo diagrams of complex structures: (a) GGN with 
w = -60' at the Manal-6 linkage; (b) GGN(GN) with w = 180' 
at the Manald  linkage. The large spheres are oxygen atoms, and 
the smaller ones are hydrogen atom. The H atom of hydroxyl groups 
have been omitted. 

GGN(GN) and GGN (Table 11). As can be observed in the 
stereo diagram for GGN(GN) (Figure 5b), H4 of the Fuc 
residue is facing toward the Gal residue. However, the precise 
origin of the interaction between Gal and Fuc is not known 
at the present. If Fuc is oriented in the other direction about 
the C5-C6 bond of its al-6 linkage (w = -60'), the H4 is 
not proximal to the Gal residue and the origin of the Fuc H4 
chemical shift perturbation cannot be explained. 

The hypothesis that the 6-arm in bisected complex structures 
is folded back toward the core thus explains all the major 
chemical shift perturbations observed when bis G N  is intro- 
duced into a complex structure. From potential calculations, 
the minimum energy conformer for w = 180' was found to 
be favored by 5 kcal/mol over the minimum energy conformer 
for w = -60'. This is in accord with the experimental ob- 
servations. However, the same preference is predicted for 
complex structures, in sharp contrast to the experimental 
observations which suggest equal distributions for the rotamers 
w = 180' and w = -60'. Hence, although potential energy 
calculations are useful to find minima in the conformational 
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core GN HI H2-H3-H4 H5 
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FIGURE 6: NOE between the core GN methyl resonance and the H1 
and H2 resonances of the 6-arm Manal-3 residue in a high mannose 
structure. (a) Normal spectrum of D3; (b) NOE spectrum for 
saturation of the core GN methyl resonance (2.059 ppm); (e) NOE 
spectrum for saturation of the core GN H1 resonance. 

energy space, the population distribution among these con- 
formers does not appear to be well predicted. Thus, other 
factors, which are not included in these calculations, such as 
solvent interactions must significantly alter the distribution 
of conformers in solution. 

Orientation of the 6-Arm in High Mannose Structures. For 
D3 two observations suggest that the 6-arm is folded back 
toward the core with the 3t residue close to the core GN: (i) 
the presence of chemical shift perturbations on 3t when the 
core G N  is present and (ii) the existence of an NOE between 
the CH3 of the core G N  and the H1 and H2 of 3t. In 
structures which contain the unit Manal-3Manal- 
6Man/31-4GlcNAc(a,P), the 3t H1 resonance appears as two 
separate resonances, 0.06 ppm apart. It has been suggested 
that this effect arises from the different anomeric configuration 
at the reducing GlcNAc (Carver et al., 1981). When the core 
G N  methyl (2.057 ppm) is saturated, interresidue enhance- 
ments (-0.01) are observed on 3t H1 and 3t H2 (Figure 6b). 
The other enhancements observed in this experiment are as- 
cribed to intraresidue NOEs  with the ring protons of the core 
GlcNAc since, in the NOE pattern for saturation of the core 
G N  H1 resonance (Figure 6c), similar enhancements were 
observed. Other resonances were assigned to Asn GN on the 
basis that their signals were predicted from the computed 
NOE's (Table I). 

The above effects can only arise from the close proximity 
of the 3t residue to the core GlcNAc. In order to attempt a 
more precise orientation of the 6-arm with respect to the core 
GN, the nonbonded and electrostatic potential energy for the 
structure Mana 1-3Mana 1-6Manpl-4GlcNAcp was calcu- 
lated by varying, in steps of lo', all the torsion angles about 
the three linkages while keeping w fmed at either 180' or -60'. 
The range of angles considered covered the region of torsion 
angles which were energetically favorable for the individual 
linkages. For w = -60' a minimum in potential energy oc- 
curred which favored the formation of a hydrogen bond be- 
tween the GlcNAc carbonyl oxygen and the terminal 
Mancrl-3 02 -H (see the stereo diagram in Figure 7). This 
orientation did not require any change from the linkage con- 
formations determined in oligomannosides for the Mana 1-3 
and Manal-6 linkages (Brisson & Carver, 1982b). The re- 
sulting linkage conformation of the Manfil-4GlcNAc linkage 
was the same as in the solid state (Warin et al., 1979). The 

FIGURE 7: Stereo diagram showing the hydrogen-bonded structure 
between the core GN carbonyl oxygen and 02-H of the terminal 
Manal-3 residue on the 6-arm in a bisected hybrid structure (C3B). 
The 6t residue has been omitted. Except for 3t 02-H, the H atoms 
of hydroxyl groups are not shown. 

potential energy calculations, which did not include a hydro- 
gen-bonding energy term, predicted that the rotamer for w = 
180' should be equally probable to the one for w = -60'. 
However, with the inclusion of the favorable hydrogen bond 
between the core G N  carbonyl oxygen and the 3t 02-H, the 
w = -60' rotamer should be preferred. 

The interresidue NOE between the methyl group of the core 
G N  and the 3t H1 and H2 is consistent with the hydrogen- 
bonded conformer (w = -60°), since the computed NOE's 
were comparable to the observed one (Table I). Although the 
error associated with the measurements are large (50-loo%), 
the observation of these NOEs  requires the 3t H1 and 3t H2 
to be within 5 A of the methyl group. Considering the large 
number of degrees of freedom available to the residues between 
3t and the core GN, conformational variability about any of 
the bonds would nullify these interresidue NOE's. Therefore, 
the conformation with the 6-arm folded back toward the core 
( w  = -60') must be relatively stable. Also, the differences 
between the observed and computed NOE's in D3 (Table I) 
were much less than those in GGN, suggesting that confor- 
mational variability about the internal Manal-6 bond in D3 
is not as pronounced as in GGN. 

The unique value of w for the internal Manal-6 bond in 
D3 is consistent with the magnitude of .I5,,+ measured from 
the line shape of the 4i H6' resonance in the NOE spectrum 
on saturation of 6i H1 (Figures Id and 3b). The upfield 
doublet of the H6' multiplet had a spacing of 6 Hz and the 
lowfield one a spacing of 8 Hz. The uneven spacing probably 
arises from the obstruction of the highfield part of the 4i H6' 
multiplet by the intraresidue NOE on the 6i H3-H4-H5 
complex signal (Figure 3c). The observation that J5,6t for D3 
is larger than for GGN supports the conclusion that a single 
rotamer with w = -60' is preferred in the former. 

The postulate that the 6-arm is folded back toward the core 
also explains a number of long-range interactions between the 
3t and core G N  which have been identified through the ob- 
servation of chemical shift perturbations. For example, in the 
methyl mannotetraoside 

31 
Manal-3Manal-GManal-OMe 

I 
Manal-3 

where the core GN is not present, the 3t H1 resonates at 5.154 
ppm (Winnik et al., 1982), while in E3, the 3t H1 resonates 
at 5.092 ppm. Hence, in the latter, the H1 resonance is 
shielded by -0.062 ppm compared to the similar resonance in 
the mannotetraoside. The 3t H2 resonances in both com- 
pounds have similar chemical shifts (4.069 vs. 4.066 ppm). 
Reciprocal perturbations on the core G N  are observed by 
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comparing chemical shifts between the compound Mana 1- 
6Man@ 1 -4GlcNAc@1-4GlcNAc-Asn and E3 (van Halbeek 
et al., 1980): the core GN H1 resonance (4.618 vs. 4.601 ppm) 
and the core G N  CH3 resonances (2.076 vs. 2.060 ppm) are 
significantly different. The core G N  H2-H3 relative chemical 
shift is also significantly different (>0.01 ppm) between these 
two compounds, as judged by the appearance of virtual cou- 
pling on the core G N  H1 when a terminal Manal-3 residue 
is present on the internal Manal-6 residue (Brisson & Carver, 
1982). Such widespread perturbations over most of the proton 
resonances of the core G N  can be explained by the proximity 
of the 3t residue. 

The perturbations on the 3t H1 resonances are also com- 
patible with the long-range shielding effect of the carbonyl 
group on the H1 and H2 signals of the 3t resonances estimated 
by using the theory of ApSimon & Beierbeck (1971). A 
shielding of -0.22 ppm and a deshielding of 0.03 ppm were 
predicted on the 3t H1 and H2 resonances for the conformer 
with w = -60'. As described before for GGN, these values 
serve to indicate that 3t H1 and 3t H2 are in a region of high 
magnetic field anisotropy. Thus, a change of f 10' in any of 
the torsion angles between the core G N  and 3t leads to large 
changes (* 0.2 ppm) in the shielding on the 3t H1 and H2. 
Hence, the a,@ effect in the oligosaccharides containing 
Mana1-3Mana1-6Man@l4GlcNAc could arise from a small 
change in the orientation in the terminal Manal-3 residue 
with respect to aGlcNAc and PGlcNAc. 

When the Manal-3 residue located on the 6-arm is sub- 
stituted at its C2 position by aMan, the postulated hydrogen 
bond between the latter residue and the core GN is not pos- 
sible. Thus, one would expect the conformational properties 
of such a structure to be significantly altered as compared to 
a high mannose structure with a terminal Manal-3 residue 
on the 6-arm. Indeed, this effect is reflected in the 'H NMR 
spectrum of the high mannose oligosaccharide containing nine 
mannoses (van Halbeek et al., 1980) where all the terminal 
residues in D3 have been substitued at their respective C2 by 
aMan. The a,@ effect on the H1 resonance of the internal 
Manal-3 residue of the 6-arm is now only 0.009 ppm, as 
compared to 0.060 ppm for the H1 resonance of the terminal 
Manal-3 residue in D3. A second example is in the Man, 
isomer from IgM described by Cohen & Ballou (1980); in this 
compound the aManl-2 residue is linked to the 6-arm 3t 
residue, thus preventing formation of the hydrogen bond. The 
result is that no splitting of the H1 resonance (-5.1 ppm) of 
3t is observed in the spectrum of the oligosaccharide [Figure 
8B of Cohen & Ballou (1980)l. 

With the linkage conformation for the Manal-2Man unit 
set at ( - S O 0 ,  -20') from previous studies (Brisson & Carver, 
1983a), potential energy calculations on Manal-2Manal- 
3Mana1-6Manpl-4GlcNAc predict that for w = -60°, the 
internal Manal-3 residue can still come into close contact with 
the GlcNAc residue. Thus, if w was restricted to -60°, the 
H1 resonance of the internal Manal-3 should still experience 
a high anisotropic magnetic field (calculated shielding of -0.12 
ppm) characterized by a large a,@ effect. since, for o = 180' 
no appreciable shielding is expected on the H1 resonance of 
the internal Manal-3, the small a,P effect observed for a high 
mannose structure with an internal Manal-3 residue on the 
6-arm suggests that both rotamers (w = -6OO and w = 180') 
are now in dynamic equilibrium, as in GGN. 

Orientation of the 6-Arm in Bisected Hybrid Structures. 
Since in oligosaccharides of C3B and A3, which terminate in 
(a,@)GlcNAc, the a@ effect on 3t H1 (0.05 ppm) is compa- 
rable to that in E3 and D3 (0.06 ppm) (Carver et al., 1981), 
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and in the glycopeptides virtual coupling on the core G N  H1 
is still apparent (Brisson & Carver, 1982), the average ori- 
entation of the 6-arm must be similar for these compounds. 
Therefore, since the 3t H1 is in a region of high magnetic field 
anisotropy, the perturbations observed on the 3t H1 and the 
core G N  H1 resonances (Table 11), when the bis G N  is 
present, are probably due to a slight reorientation of the 6-arm. 

The effect of bis G N  on the energetically available con- 
formers was estimated from potential energy calculations on 
the structure Mana 1-3Mana 1-6(GlcNAc~l-4)Man~l-  
4GlcNAc with a bis G N  linkage conformation of (60°, 10') 
(Brisson & Carver, 1983a). For w = -60°, the minimum was 
the same as that found for high mannose structures containing 
a terminal Manal-3 residue (3t) on the 6-arm, where a hy- 
drogen bond between 3t 02-H and the carbonyl oxygen of the 
core G N  was possible. However, the w = 180' rotamer was 
also energetically probable. Despite this, the average orien- 
tation of the 6-arm was found to be the same as in high 
mannose structures. 

On saturation of 6i H1 and 6t H1 in A3 (Figure le), NOE's 
are observed on the strongly coupled 4i H6-H6' and on the 
strongly coupled 6i H5-H6 resonances. The computed en- 
hancements for these NOE's using the linkage conformations 
deduced above for a bisected hybrid structure account for the 
observed NOE's (Table I). The large perturbations on the 
chemical shifts of the 4i H6 and 4i H6' resonances (0.12 and 
-0.06 ppm, respectively), brought about by the presence of 
a bis G N  in the structure, probably arise from the close 
proximity of the acetamido group of bis G N  to the 4i hy- 
droxymethyl group. 

The orientation of the hydroxymethyl group on 4i is w = 
-6OO for bisected hybrid structures as compared to w = 180' 
for bisected complex structures. This difference in w explains 
the smaller chemical shift perturbation on the 4i H4 resonance 
in the former (0.1 1 ppm, C3B) than in the latter (0.3 1 ppm) 
(Table 11), since the H4 resonance is no longer deshielded by 
0 6  (Figure 2). Also, since bis G N  H1 is close to 4i H4, by 
virtue of the linkage, a similar differential effect occurs for 
bis GN H1 in C3B (4.410 ppm) and in GGN(GN) (4.465 

Conclusion 
In conclusion, nuclear magnetic resonance methods have 

been successfully applied to the determination of the three- 
dimensional structure of Asn-linked oligosaccharides in solu- 
tion. The major conformational difference which exists be- 
tween the various classes of glycopeptides is in the orientation 
and the flexibility of the a( 1-6)-linked moiety. High mannose, 
hybrid, and bisected hybrid structures with a terminal 
Manal-3 residue on the 6-arm have a well-defined stable 
solution conformation with the 6-arm folded back toward the 
core. In contrast, for biantennary complex type structures, 
the 6-arm can interconvert between two favorable rotamers 
about the C5-C6 bond of the internal Manal-6 linkage. 
However, in the F, portion of the crystal structure of a human 
IgG, which bears a complex biantennary structure, a unique 
orientation of the 6-arm was observed (Deisenhofer, 198 l ) ,  
which corresponded approximately to the solution structure 
with w = -60'. Thus, carbohydrate-protein interactions can 
stabilize a particular three-dimensional structure in a situation 
where more than one conformer is available in the isolated 
oligosaccharide. In bisected complex type structures, the 
bisecting GlcNAc stabilized the structure with the 6-arm 
folded back toward the core. However, the value of w at the 
internal Manal-6 linkage was now 180°, as opposed to a value 
of -60' in bisected hybrid, hybrid, and high mannose struc- 

PPm). 
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tures were the 6-arm is also folded back toward the core. 
A knowledge of the three-dimensional structure of the 

carbohydrate chains of Asn-linked glycopeptides has brought 
to light many interesting features of their behavior in solution 
which in turn has led to a better appreciation of the molecular 
basis of the specificity in their biosynthesis (Brisson & Carver, 
1983~).  
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Saburo Neya,* Sakae Hada, and Noriaki Funasaki 

ABSTRACT: The temperature-dependent ultraviolet and visible 
absorption changes of human azide methemoglobin with and 
without inositol hexaphosphate (IHP) were examined in a 4-35 
OC range. The 537-nm absorption change of IHP-free hem- 
oglobin was about 1.2-fold larger than that of IHP-bound 
hemoglobin. The data were analyzed by considering the 
thermal spin equilibrium within the R and T conformers and 
the quaternary equilibrium between the two conformers. The 
spin equilibrium analysis suggested that the T conformer has 
a larger high-spin content than the R conformer. The qua- 
ternary equilibrium analysis, on the other hand, showed that 
the T conformer is more populated at lower temperature. The 
thermodynamic values for the quaternary equilibrium were 

%e increased ligand affinity of oxyhemoglobin relative to 
deoxyhemoglobin lies in a structural difference between the 
relaxed (R) and tense (T) quaternary states. The X-ray 
analyses on the liganded (Ladner et al., 1977) and unliganded 
(Fermi, 1975) hemoglobins suggested that the iron displace- 
ment from the heme plane, linked to the spin state of heme 
iron, could act as a switch in the quaternary structure (Perutz, 
1970). The quaternary structure and spin-state relationship 
were applied to methemoglobin complexes (Perutz et al., 
1974a,b, 1978). On the basis of ligand binding, spectroscopic, 
and X-ray results, it was found that an allosteric effector IHP' 
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determined to be AH = -13.3 kcal/mol and AS = -47.6 eu. 
The large negative A H  and AS values were compensated for 
each other to give a small energy difference between the two 
quaternary states, e.g., AG4 = 670 callmol of tetramer at 20 
OC. The coincidence of the temperature-dependent IHP-in- 
duced changes in the visible and ultraviolet absorptions of heme 
and aromatic chromophores at the subunit boundaries sug- 
gested that the quaternary transition energy is not localized 
at heme moiety. The reverse temperature dependence of the 
T conformer fraction as compared with the high-spin fraction 
of heme iron was interpreted as indicating that the appearance 
of the T state is not directly coupled with an increase in the 
strain of Fe-N(F8 His) linkage in azide methemoglobin A. 

is capable of converting high-spin methemoglobin from the 
R to T states (Fermi & Perutz, 1977; Perutz, 1979). The 
low-spin methemoglobin exhibited much weaker IHP-induced 
responses, which were not regarded as to be associated with 
the quaternary transition. It was, however, found that IHP 
can promote a substantial conversion of low-spin met- 
hemoglobin to the T state (Neya & Morishima, 1981a). The 
presence of the T state in low-spin methemoglobin seems to 
be inconsistent with the simple coupling between the position 
of heme iron and the globin quaternary structure. 

To provide an insight into the influence of iron spin state 
on the globin quaternary structure and to examine the dynamic 

Abbreviations: IHP, inositol hexaphosphate; Pipes, 1,4-piperazine- 
diethanesulfonic acid. 
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