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Abstract. The oligomannose series of oligosaccharides 
from bovine thyroglobulin (BTG) and the variant surface 
glycoprotein (VSG) of Trypanosoma brucei have been iso- 
lated and sequenced by 1HNMR. The structure of 
MangGlcNAc2, the parent molecule of the series, is shown 
below. Structural isomerism occurs within this series 
through the removal of residues D1, D2, D3, and C. Using 
spin-spin coupling and chemical shift data the rotamer 
distributions about the dihedral angle co for the Man~l -  
6Manfl and Man~1-6Man~ linkages were determined for 
each member of the series. It is shown that the dihedral 
angle co of the Man~1-6Man/~ linkage exhibits low flexi- 
bility with a preference for the co= 180 ~ conformation 
when residue D2 is present and high flexibility when this 
residue is absent. Flexibility of co for the Man~1-6Man~ 
is largely independent of primary sequence and is inter- 
mediate between the two Man~l-6Manfl  extremes, 
again with a preference for the co = 180 ~ conformation. 
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There are, however, data which indicate that removal of 
residue D3 may confer additional flexibility upon the di- 
hedral angle co of the Man~1-6Man~ linkage. Molecular 
graphics modelling, together with chemical and enzymat- 
ic modification studies, suggest that the origin of the ob- 

Abbreviations. AMBER, assisted model building with energy re- 
finement; BTG, bovine thyroglobulin; COSY, IH-1H correlation 
spectroscopy; Endo-H, endo-fl-N-acetylglucosaminidase H; NMR, 
nuclear magnetic resonance; NOE, nuclear Overhauser effect; 
NOESY, two dimensional 1H-1H nuclear Overhauser effect spec- 
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copy; HSEA, hard sphere exo-anomeric effect, RECSY, multistep 
relayed correlation spectroscopy; VSG, variant surface glyco- 
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served primary sequence dependence of the Mane1- 
6Manfl linkage arises from steric factors. On the basis of 
these observations taken together with previous work, it 
is postulated that recognition of individual oligomannose 
conformations may play a role in the control of N-linked 
oligosaccharide biosynthesis. 
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Introduction 

Oligosaccharides have been implicated in a wide range of 
biological phenomena and are thought to play important 
biological roles, in both health and disease states 
(Rademacher et al. 1988). An attempt to rationalise these 
phenomena on a molecular level requires a knowledge 
of the three dimensional structure of oligosaccharides. 
1H NMR is at present the most precise method of deter- 
mining oligosaccharide solution structure, and many 
studies of oligosaccharide solution conformation have 
been performed (Bock et al. /982; Brisson and Carver 
1983b, c; Paulsen etal. 1986; Homans etal. 1983b; 
Homans et al. 1987a-c; Koerner et al./987). 

The picture which has gradually emerged is that 
oligosaccharides have definite secondary structure which 
is in some way dependent upon primary sequence. Fur- 
thermore, solution conformations of oligosaccharides 
often exhibit regions of both ordered and disordered 
structure (Homans et al. 1987b). The flexibility of 1-6 
linkages is not surprising since for linkages other than the 
/ -6 ,  the two rigid sugar rings are separated by a single 
atom, whereas two atoms separate the rings in the 1-6 
case. As a consequence, the motion about the torsional 
angles ~b=HIC101CX and ~b=C/O1CXHX of this gly- 
cosidic linkage will be intrinsically less hindered. An addi- 
tional feature of 1-6 linkages is that there can be free 
rotation about a further bond, so that in addition to 
torsional angles ~b and 0, the dihedral angle co= 
O6C6C5H5 must also be characterised. These angles are 
shown in Fig. 1. 
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Fig. 1. The disaccharides Man/~l- 
4GlcNAc/~ and Mancd-6Man/~ 
showing the dihedral angles ~b, ~, 
and co 

The angle co is extremely important since changes 
in this angle will drastically alter the overall three 
dimensional appearance of an oligosaccharide, whereas 
the same may not be true for transitions of q~ and ~. 
Hence, a good deal of literature can be found involving 
the determination of co in oligosaccharides and model 
compounds using chemical shift, spin coupling, and theo- 
retical data (Marchessault and Perez 1979; Bock et al. 
1982; Brisson and Carver 1983a, c; Paulsen et al. 1986; 
Homans et al. 1986; Berman 1987; Cumming and Carver 
1987; Biswas et al. 1987; Nishida et al. 1988). We have 
previously examined rotamer distributions about co 
(Homans et al. 1986) in the oligomannose oligosaccha- 
rides MangGlcNAc 2 and MansGlcNAc2, the beginning 
and ending structures of a section of the N-linked 
oligosaccharide biosynthetic pathway. It was found 
(Homans et al. 1986) that in Man9GlcNAcz, both 1 -6  
linkages are restricted to a single value of co, whereas the 
same linkages oscillate between two equally populated 
conformers in Ma%GlcNAc2. In order to determine the 
reason why the two very similar structures have such 
different conformational properties, it is necessary to look 
at a series of structurally related compounds. 

In this study, the major naturally occurring oligo- 
mannose biosynthetic intermediates MangGlcNAc 2- 
MansGlcNAc 2 from bovine thyroglobulin and the vari- 
ant surface glycoprotein of T. brucei are isolated and 
sequenced using ~H NMR. Sequence specific assignment 
enables J5 6 and J5 6' to be measured and the distribution 
of rotamers about both el - 6  linkages to be calculated for 
each compound. Because we examine a series consisting 
of isomers, we are able to relate specific changes in 
oligosaccharide primary sequence to specific changes in 
secondary structure, and can therefore generate "selec- 
tion rules" for conformational transitions in oligoman- 
nose oligosaccharides. We find in particular that the ro- 
tamer distributions are primary sequence dependent, 
with major variation associated with the Maned - 6Man/3 
linkage, and that this primary sequence dependence can 
be traced to the presence or absence of mannoses D2 and 
D3. Molecular modelling together with chemical and enzy- 
matic modification studies provide some insight into the 

physical basis for the observed rules, the significance of 
which are discussed in light of current theories of oligosac- 
charide biosynthesis. 

Experimental procedures 

Preparation of oligomannose oligosaccharides 

Oligomannose oligosaccharides were isolated from bo- 
vine thyroglobulin (BTG) and the variant surface glyco- 
protein (VSG) of T. brucei using methods similar to those 
previously described (Homans et al. 1984; Ashford et al. 
1987; Parekh et al. 1987; Zamze et al. 1989). The intact, 
unreduced sugars were purified using gel filtration chro- 
matography with refractive index detection. 

2 mg of Man9GlcNAc 2 was reduced with sodium 
borodeuteride in 100 mM NaOH/boric acid buffer (0.25 M 
NaBH 4 in 0.5 ml, 4 h, 25~ pH 11.0). Deionisation was 
accomplished by passing the sample down a column of 
A650 x 12(H § after acidifying with glacial acetic acid. 
The borate was removed by flash evaporation with 
methanol, and finally a few drops of toluene were added 
and flash evaporated. Reduction was seen to be complete 
by aH NMR. 1 mg of MangGlcNAc2oD was incubated 
with endo-/%N-acetylglucosaminidase H (Endo H, Strep- 
tomyces plicatus, Boehringer - Mannheim) at 20 units/ml 
in 200 gl of 100 mM citrate buffer (pH 5.4, 37~ 17 h 
under toluene). The reaction was stopped by heating at 
100~ for 2 rain. Purification by ion exchange chro- 
matography and filtration were performed as before. Gel 
filtration with refractive index detection together with 
1H NMR showed digestion to be complete. MangGlcNAc 
was reduced and purified as above. 

NMRSpectroscopy 

Samples for ~H NMR were prepared as previously de- 
scribed (Homans et al. 1984). Concentrations varied be- 
tween 5 mM and < 0.2 mM. One dimensional ~H N M R  
spectra were obtained at 500 MHz on a Bruker AM500 at 
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a probe temperature of 300 K. A sweep width of 1200 Hz 
and 8192 time domain points were used with a recycle 
time of 5 s. All chemical shifts are relative to DSS (indi- 
rectly to acetone, 3 = 2.225 ppm). 

Two dimensional 1H-1H COSY experiments (Aue 
et al. 1976; Marion and Wuthrich 1983; Homans et al. 
1983a) were performed using 64 signal-averaged tran- 
sients consisting of 2048 total points in t2,512 points in 
tl ,  and a recycle time of 1 s. The time domain data were 
zero-filled in ta to 2048 total points and multiplied by 
unshifted sine-bell functions in both dimensions prior to 
transformation. 

Phase sensitive NOESY spectra (Jeener et al. 1979; 
Kumar et al. 1980; Macura et al. 1981; Homans et al. 
1983 b) were recorded under identical conditions to those 
in COSY, except using 128 scans per t I and Gaussian 
multiplication for resolution enhancement. A mixing 
time of 500 ms was used. For precise measurement OfJs 6 
and J5 6, in Man9GlcNAc 2 and MansGlcNAc2, 4096 
points were collected in t 2 to improve digital resolution. 
After transformation in both dimensions, the relevant 
row for measuring J was selected, inverse Fourier trans- 
formed, multiplied by an unshifted sine-bell to minimise 
line-overlap errors, and zero-filled to 8192 points. The 
resulting FID was then transformed to give a spectrum 
from which J was measured. 

A phase sensitive (TPPI) version of the RECSY ex- 
periment with incremented delays (Eich etal. 1982; 
Homans etal. 1984) was performed under the same 
conditions as in COSY except using 164 scans per h .  
Zero-filling and multiplication with unshifted sine-bell 
functions in both dimensions produced a 2-D map with 
minimal dispersion tails. HOHAHA experiments were 
performed as previously described (Homans eta1. 
1987d). 

Computer graphics structures were generated as de- 
scribed previously (Homans et al. 1987c; Homans et al. 
1989). 

Results 

The oligomannose oligosaccharides from BTG and VSG 
were assigned and sequenced using the methods de- 
scribed previously (Vliegenthart etal. 1983; Homans 
et al. 1986; Homans et al. 1987b). In particular, the as- 
signment of the resonance positions of the chemically 
equivalent H6 protons is based on the work of Homans 
et al. Because of structural isomerism, confusion can arise 
over whether minor components come from cross-con- 
tamination with adjacent chromatography peaks or 
whether they are true minor isomers. We find that the 
4H1/4H2 cross-peak position in COSY is a sensitive 
probe of primary sequence. Consideration of the entire 
oligomannose series allows specific cross-peak positions 
to be assigned to specific structures and resolves all ambi- 
guity except for one case. It is not possible to say whether 
the small cross-peak in the COSY of ManTGlcNAc2 from 
BTG is M7 (D2) or contaminating M8 (D2, D3) and so 
M7 (D2) is not included in the study. Table 1 lists the 
major oligomannose oligosaccharides of BTG and VSG. 

Y' .6 ",' .6. 
Ho.-C~O' . .  Ho-C~-~ O'- Ho-C~O "- 

H6~AH6  HO~..~'H6' H6"k~OH 
H5 H5 H5 

gg (180") tg (,60 ~ gt (-60*) 
Fig. 2. The conformation about the C5-C6 bond is defined by the 
dihedral angle co = O6C6C5H5. Values of co are given in parentheses 
for the gauche-gauche (gg), trans-gauche (tg), and gauche-trans (gt) 
rotamers 

The dihedral angle co is defined as O6C6C5H5 with 
positive values of co corresponding to anticlockwise rota- 
tions of C5H5 while looking down the C5C6 bond as 
shown in Fig. 2. The Karplus equation (Karplus 1959), 
modified and applied to carbohydrates (Altona and 
Haasnoot 1980; Haasnoot et al, 1980; Wu et al. 1983; 
Nishida et al. 1988), gives a fairly accurate relationship for 
calculating J's from dihedral angle. The observed J will 
then be an average obtained from the sums of products: 

J5 6 (obs) = J5 6 (60) P6o +Js 6 (180) P18o + Js 6 (-- 60) P-6o 

J5 6, (obs) = J5 6,(60) P6o + J5 6,(180) P18o + J56,(- 60) P- 6o 

1 = P60+Plso+P_6o , 

assuming fast rotation on the NMR timescale and the 
three state model of Fig. 2. 

NOESY can resolve the H6 and H6' protons of 
residues 3 and 4' and can in principle give two measure- 
ments for each J. There is an NOE from 4'H1 to 3H6 and 
3H6' and from BHI to 4'H6 and 4'H6'; plus, the H6/H6' 
correlations can be observed for residues 3 and 4'. It is 
desirable to measure the J's from the H6/H6' correlation 
since the signal-to-noise ratio of these peaks is greater 
than for the H1 to H6 and H6' connectivities. Provided 
that care is taken to ensure that contributions from line 
overlap, zero-quantum coherence, and second order cou- 
pling are negligible, it is possible to measure J to a preci- 
sion of + N for a digitisation of N Hz/point. 

Because cross-peaks are in-phase, overlap adds and 
can easily be reduced by applying severe resolution en- 
hancement without affecting the measured J. One dimen- 
sional spectral simulation of cross-sections showed that 
after resolution enhancement, error in the measured J due 
to overlap is minimal. In the case of the H6/H6' correla- 
tion, care must be taken to ensure that contributions from 
zero-quantum coherence are negligible. It is expected that 
at a 500 ms mixing time all of the zero-quantum should be 
relaxed, and this is confirmed by the good agreement of 
the J's measured from the H6/H6' correlation with those 
obtained from the H6/H6' cross-peaks, where there can 
be no zero-quantum contribution. Although second or- 
der coupling will not affect the measured J in a two spin 
system, the same is not true for larger spin systems. The 
H5, H6, and H6' can be considered as an ABX spin system 
with H6' as the X part. The X part of an ABX spin system 
is comprised of six lines, four X transitions and two M 
transitions. The theoretical analysis of such an ABX sys- 
tem (Corio 1966) using the measured chemical shifts and 
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Table 1. The major oligomannose oligosaccharides from bovine thyroglobulin and the variant surface glycoprotein of T. brucei. Percentages 
in brackets refer to the molar proportion of each isomer of the parent structure 
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coupling constants shows that the error due to strong 
coupling will certaintly be less than 0.1 Hz. 

Cross-sections through the H6/H6'  correlations for 
residues 3 and 4' of Man9GlcNA % and MansGlcNAc 2 
are shown in Fig. 3. While Js 6, can be easily measured, 
J5 6 is too small to be resolved. An upper limit can be 
placed on Js 6 by noting that the coupling becomes unre- 
solvable when vl/2 = 1.4 J. Careful shimming and measur- 
ing linewidths of several different lines gave values at 
about 4.4 Hz, yielding a maximum J =  vi/2/L4=3.1 Hz, 

To obtain a lower limit on J5 6, we take the minimum 
value of Js 6 predicted by the Altona-Haasnoot parame- 
trisation of the Karplus equation (Haasnoot et al. 1980). 
The chemical shifts for H5, H6, H6' together with J5 6 
and J5 6, for residues 3 and 4' of Man9GlcNA % and 
MansGlcNA % are given in Table 2. We note that we have 
refined the values of our previous study. (Homans et al. 
1986). 

For  the remaining oligomannose structures, measur- 
ing the J's from the H6/H6'  correlation can be difficult or 
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Fig. 3. NOESY cross-sections through the H6/H6' correlation for 
residues 3 and 4' of Man9GlcNAc 2 (M9) (left) and MansGlcNAc 2 
(M5) (right). The coupling constants Js 6, J~ 6', and J6 6' are shown 
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impossible because of cross-peak overlap of different iso- 
mers or poor signal-to-noise ratios, and here the measure- 
ment must be made using the NOE's from H1 to H6 and 
H6'. In this case the J~ 6, can also be impossible to 
measure precisely because of the fact that the H1 to H6' 
NOE is small. In the case of the BH1 to 4'H6' NOE, the 
4'H6' proton is partially or fully obscured by the BH1/ 
BH2 cross-peak. These situations are shown in Fig. 4. 
Figure4A shows cross-sections through the NOESY 
spectrum at 4'H1 giving the NOE's to 3H6 and 3H6'. As 
all isomers of a given oligomannose structure possess 
residue 4', and all have closely magnetically equivalent 
environments, cross-peaks corresponding to all struc- 
tures will be present. Assignments of these cross-peaks for 
mixtures are then made by assuming that all isomers have 
the same effective correlation time, and hence the relative 
intensities of the H6 cross-peaks are a reflection of the 
relative amounts of isomers as determined from the 1-D 
spectrum. 

Figure 4B and C shows cross-sections through BHI. 
Note that, unlike the 4'H1 case, there are two BHI's to 
consider as BH1 resonates at different frequencies de- 
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L I l I I I I , I I I 
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I I I I I I I I I I 
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MS(D2,D3) 
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Fig. 4A-C.  Cross-sections through NOESY spectra of the oligomannose oligosaccharides from BTG and VSG at A 4'H1, B BH1 when 
substituted by D3, and C BH1 when unsubstituted 
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Table 2. Assignments (ppm) and coupling constants (Hz) for the 
H5, H6 and H6' protons of residues 3 and 4' of Man9GlcNAc 2 and 
MansGlcNAc z 

M9 : 3 M9 : 4' M5 : 3 M5 : 4' 

H5 3.58 3.80 3.62 3.80 
H6 3.72 3.70 3.77 3.74 
H6' 4.02 4.00 3.95 3.98 
Js 6 2.2+0.9 2.2+0,9 2.2_+0.9 2.2+_0.9 
J5 6' 3 . 4 + _ 0 . 3  4 . 3 + - - 0 . 3  5 . 5 + - - 0 . 3  4.1+,,0.3 

Table3. Rotamer populations (%) about the C5-C6 bond of 
residues 3 and 4' of the oligomannose oligosaccharides from bovine 
thyroglobulin and the variant surface glycoprotein of T. brucei 

Plso (+--7) P-6o (+--6) P6o (+--9) 

~,'H2 

3H6 

/,120' 6,!10' ~.!00' 3.'90' 3'.80' 3120' 3160 ' 
ppm 

MQngGIcNAc 2 

l,.langGI.cNAcTOD 

NangGtcNAc 

l'lan~OlcNAcoD 

3 A  a 

M9 : 3 80 25 - 5  
M9 : 4' 71 39 - 1 0  
M8 (D1, D2) : 3 80 25 - 5  
M8 (D1, D2) : 4' 73 37 - 10 
M8 (D1, D3) : 3 59 41 0 
M8 (D1, D3) : 4' 71 39 - 1 0  
M8 (D2, D3) : 3 80 25 - 5  
M8 (D2, D3) : 4' 71 39 - 1 0  
M7 (DI) : 3 59 41 0 
M7 (DI) : 4' 73 37 - 1 0  
M7 (D3) : 3 59 41 0 
M7 (D4) : 4' 72 39 - 1 0  
M6 : 3 59 41 0 
M6 : 4' 73 37 - 20 
M5 : 3 59 41 0 
M5 : 4' 73 37 - 10 

P18o (_+6) P-6o (+--5) P6o (+--8) 

3B b 

M9 : 3 76 18 6 
M9 : 4' 68 27 5 
M8 (D1, D2) : 3 76 18 6 
M8 (DI, D2) : 4' 70 25 5 
M8 (D1, D3) : 3 57 40 3 
M8 (Dt, D3) : 4' 68 27 5 
M8 (D2, D3) : 3 76 18 6 
M8 (D2, D3) : 4' 68 27 5 
M7 (D1) : 3 57 40 3 
M7 (D1) : 4' 70 25 5 
M7 (D3) : 3 57 40 3 
M7 (D3) : 4' 68 27 5 
M6 : 3 57 40 3 
M6 : 4' 70 25 5 
M5 : 3 57 40 3 
M5 : 4' 70 25 5 

Calculated from the equation of Haasnoot et al. 1980 
b Calculated from the equation of Wu et al. 1983 

pend ing  on  whe ther  it  is subs t i tu ted  by  res idue D3. In  the 
case where  B is unsubs t i tu ted ,  it  is imposs ib le  to measure  
J5 6, since 4 'H6 '  lies under  BH2. A very i m p o r t a n t  point ,  
however ,  is tha t  in all cases, H6  is c lear ly resolved,  and  the 
pos i t i on  of  the H6  resonance  will change  as a funct ion of 
the  ro t amer s  presen t ;  for example ,  0 4  will deshie ld  H6  
when o9 = - 6 0  ~ (Fig. 2). The  chemical  shift of  H6  (and 

B H2 g 6,' H6' 4'H6 

l, tQng(fJcNAcz 

NongGicNAc2o D 

NQngG[cNAc 

MongGicNAcoo 

L~ 00 390 3 80 3.70 
ppm 

Fig. 5A, B. NOESY cross-sections through A 4'H1 and B BHI of 
MangGlcNAc 2 when the structure is unreduced, reduced, treated 
with Endo-H, or reduced following Endo-H treatment 

H6')  is thus  po ten t i a l ly  sensitive to co in the same way  as 
J and  so the chemica l  shift can be used to infer the values 
of J5 6 and  J5 6,. I t  can be dange rous  to rely on chemical  
shift d a t a  a lone;  however ,  the subspec t ra  in Fig.  4 show 
r e m a r k a b l e  consis tency in the chemica l  shifts t h r o u g h o u t  
the  o l i g o m a n n o s e  series, and  hence inferr ing J f rom the 
chemical  shift in o rde r  to get co seems valid.  

I t  is seen tha t  for res idue 3, H6  can resona te  at  
3.77 p p m  with  J5 6 of 2.2 H z  as in M a n s G l c N A c  2 or  a t  
3.72 p p m  with J5 6 of 2.2 H z  as in M a n 9 G l c N A c  2. H6 '  
comes  at  e i ther  3.95 p p m  and  J5 6, equal l ing  5.5 Hz  as in 
M a n s G l c N A c  z or  4.02 p p m  and  J5 6, of 3.4 H z  as in 
M a n g G l c N A c  z . S imi la r ly  4 'H6 can  resona te  at  3.74 p p m  
or  3.70 p p m  b o t h  with  J5 6 ,'s of 2.2 H z  in M a n s G l c N A c  2 
and  M a n 9 G l c N A c  2 respectively.  4 'H6 '  can occur  at  
3.98 p p m  or  4.00 p p m  with  effectively the same J5 6,, 
4.1 H z  for M a n s G l c N A c  2 and  4.3 H z  for M a n 9 G l c N A c  2 . 

The  mos t  s t r ik ing obse rva t ions  to be m a d e  f rom 
Fig.  4 are  the cond i t ions  unde r  which  the H6 's  change  
their  r e sonance  pos i t ion .  Careful  e x a m i n a t i o n  reveals  
tha t  when res idue D2  is present ,  the H6  of res idue 3 is 
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mations (co(Man~l-6Manfl), co(Manel-6Man~)) of 
(180 ~ 180~ ( -  60 ~ 180~ (180 ~ - 60~ and ( -  60 ~ 
- 60~ 

Fig. 6. The MangGlcNAc z structure, derived from NOE con- 
straints and AMBER minimisation, is shown in the four possible 
conformations (co (Mancd -6Man/?), co (Manet -6Mane0) of(clock- 
wise from top left) A (180 ~ 180~ B (-60 ~ 180~ C (180 ~ -60~ 
and D ( -  60 ~ - 60~ Residue D2 is shown in yellow and residue D3 
is shown Jn red. There is an unfavorable steric interaction between 
residue D2 and GlcNAcl and GlcNAc2 in B and D. There also may 
be a small unfavorable steric interaction between residue D3 and 
GlcNAc2 in D 

found at 3.72 ppm, but upon removal of this residue H6 
becomes deshielded to 3.77 ppm. In the case of residue 4', 
when D3 is present H6 resonates at 3.70 ppm, but be- 
comes deshielded to 3.74 ppm when D3 is absent. In the 
former case, this chemical shift difference implies a shift 
from Js 6. =3.4 Hz to J5 6' 5,5 Hz upon removal of D2. In 
the latter case, the coupling constants stay effectively the 
same, although as will be discussed, the chemical shift 
may be used independently to make arguments about the 
conformation. 

Several Karplus relationships have been proposed, 
but there has been little improvement upon the widely 
used equations of either Wu et al. (1983) or of Haasnoot 
et al. (1980). Calculated values of rotamer populations 
using this last method and both equations are shown in 
Table 3. The uncertainties in the populations come from 
propagation of uncertainties in J only, and no attempt 
has been made to address uncertainty in the J values 
calculated from the Karplus equation. 

Figure5 shows NOESY cross-sections through 
4'HI and BH1 for MangGlcNAc 2 when the structure 
is reduced, treated with Endo-H, or reduced sub- 
sequent to Endo-H treatment. Figure 6 A - D  shows the 
Man9GlcNAc 2 structure, derived from NOE constraints 
and AMBER minimisation, in the four possible confor- 

Discussion 

The results presented here clearly show that there is vari- 
ation in conformation within the oligomannose series and 
that this variation depends upon primary sequence. Be- 
cause of the crudeness of the three state model, only a 
qualitative picture of the conformations of these com- 
pounds can be obtained at this stage from the NMR data. 
A more detailed picture would clearly involve considering 
distributions of rotamers about different potential wells, 
rather than the fixed rotamers implied by our model. 
Different approaches have been used. Cumming and 
Carver (1987) used HSEA based calculations to obtain 
ensemble averaged J's. Homans et al. (1986) used molecu- 
lar orbital calculations to derive stable energy minima 
and then fitted those to measured J's. However, these 
approaches do not provide more accurate results given 
the inherent uncertainties in the theoretical models, 
Karplus equation, and experimental data. In fact, while 
the qualitative picture can reliably be derived from NMR, 
the detailed picture must necessarily depend for the most 
part on theoretical energy calculations and molecular dy- 
namics simulations including solvent. Reliable calcula- 
tions are only now becoming available on model com- 
pounds (Edge et al. 1990). The results obtained from the 
classical three state approach are summarised below. 

In all cases, it is seen that the co = + 60 ~ conformer is 
not significantly populated. This result is in agreement 
with many experimental and theoretical studies 
(Marchessault and Perez 1979; Ohrui etal.  1985; 
Homans et al. 1986; Berman 1987; Nishida et al. 1988), 
and has been explained by invoking the Hassel-Ottar 
effect (Hassel and Ottar 1947), a syn-periplanar repulsion 
between 0 4  and 06  that can significantly destabilise the 
(n= +60 ~ form. The negative values (Table 3) for P6o 
have recently been shown to stem from imperfect stagger- 
ing of the three conformers (Nishida et al. 1988). The ro- 
tamers in solution will thus be distributed between the 
remaining two dihedral angles, and the degree to which 
P18o and P-6o are the same is a measure of the dynamic 
flexibility of the linkage. 

It is seen that the Manel -6Man/~  (4' to 3) linkage 
possesses a high degree of flexibility when residue D2 is 
absent (P_6o/P~8o,.~40/60), but upon addition of this 
residue, flexibility becomes low with a preference for 
co= 180 ~ (P-6o/Plao ~20/80). The Manel  ~-6Mane (B to 
4') linkage shows a flexibility which is intermediate be- 
tween the two Manc~1-6Man/~ extremes and is largely 
invariant to changes in primary sequence (P_6o/P~so 
30/70). Since the 4'H6 resonance moves downfield upon 
addition of D3, it may be argued that removal of D3 shifts 
the equilibrium slightly toward co = -60 .  (The H6 reso- 
nance is expected to be more deshielded with increasing 
population of co = -60 ,  because H6 is brought close to 
04  in this conformer.) 
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These observations may be rationalised by consider- 
ing the AMBER minimised structure of MangGlcNA% 
in the various conformations (co(Manal-6Manfl), 
m(Manal-6Mana)) seen in Fig. 6A-D.  It is observed 
that when MangGlcNAc z is in the (180 ~ 180 ~ conforma- 
tion, the arms and core are spread apart and do not 
interact significantly with each other. In the ( - 6 0  ~ 180 ~ 
conformation, however, residue D2 makes Van der Waals 
contact with the terminal GlcNAcl and to a lesser extent 
with GlcNAc2. It is therefore expected that in the pres- 
ence of residue D2, the co = - 6 0  ~ state of the Mancd-  
6Manfi linkage would be so high in energy as to have a 
small population. 

The above conclusions regarding residue D2 provide 
a firm molecular basis to observations made as early as 
1980 (Cohen and Ballou 1980) that in oligomannose 
oligosaccharides which had been treated with Endo-H (an 
enzyme which cleaves between the two GlcNAc's of the 
core thereby leaving GlcNAc2 as the reducing terminus) 
the H1 of residue A was split into two. In their study of 
Man9GlcNAc, van Halbeek et al. (1980) suggested that 
this split at 5.398/5.409 ppm derives from the "anomeriza- 
tion effect", where the H1 senses the anomericity of the 
terminal GlcNAc. Because the effect is so much smaller in 
the other residues, they argued, it must indicate that 
residue A is close to GlcNAc2, and so the A-D2 branch of 
Man9GlcNAc 2 must be oriented along the core. In their 
comparison of MangGlcNAc and MansGlcNAc, where 
the major isomer lacked D2, Byrd et al. (1982) noted that 
whereas the split resonance of MangGlcNAc occurs at 
5.397/5.409 with a difference of 0.010 ppm, the same split 
in MansGlcNAc occurs at 5.106/5.071 with a difference of 
0.035 ppm. They interpreted this as showing that the in- 
teraction in MansGlcNAc was fundamentally different 
from the one discussed by van Halbeek et al. (1980). 

It is, though, the same interaction, for as van Halbeek 
et al. (1980) at least imply, the strength of the interaction, 
and hence the magnitude of the splitting, will depend 
upon the proximity of AH1 to the anomeric center. In the 
case of structures with D2, the splitting will be small 
(0.010ppm) because the conformation which places 
residue A close to the reducing terminus is sterically hin- 
dered by D2. Conversely, structures without D2 will show 
a large (0.035 ppm) splitting because A spends a large part 
(40%) of its time next to GlcNAc2. The reducing terminus 
of Man9GlcNAc 2 was reduced with sodium borodeute- 
ride. No change in rotamer distribution was observed. 
The chain was then cleaved with Endo-H to give 
Man9GlcNAc. Although a slight increase in J5 6, does 
occur, no gross change in conformation is observed, 
thereby formally proving that the observations and inter- 
pretations made regarding the anomerization effect are 
not completely artifactual. 

By contrast with D2, the effect of D3 is not easily 
rationalised. Although chemical shifts suggest that loss of 
D3 may confer additional flexibility on the M a n a l -  
6Mane linkage, examination of the conformers (180 ~ 
180 ~ and (180 ~ - 60 ~ of the AMBER minimised struc- 
ture for Man9GlcNAc 2 (Fig. 6) does not show any reason 
why either should be higher in energy with or without D3. 
There is also no obvious indication of why the flexibility 

of this linkage should be intermediate between the ex- 
tremes of the other linkage. Another point to consider is 
the mutual exclusivity of the four conformational states 
(180 ~ , 180~ (180 ~ , -60~ ( - 6 0  ~ , 180~ and ( - 6 0  ~ , 
-60~ In other words, it may not be possible to achieve 
all four states independently. The first two conformations 
should be invariant to primary sequence, while the sec- 
ond two should have reduced populations with D2. In 
addition, however, Fig. 6 shows that D3 may sterically 
hinder the ( - 6 0  ~ - 6 0  ~ conformation because there is a 
small unfavorable steric interaction between D3 and the 
core. 

In the first instance, conformational transitions in 
oligomannose oligosaccharides are governed by a confor- 
mational selection rule which allows transitions only be- 
tween the o)=180 ~ and c o = - 6 0  ~ states. The physical 
basis for this rule lies in an unfavorable syn-periplanar 
interaction (Hassel-Ottar effect). Other transitions may 
additionally be forbidden with the presence of certain 
residues. These further selection rules have their basis in 
steric hindrance caused by interactions between distal 
residues. 

Although rotamer populations determined by Kar- 
plus relationships may only be viewed qualitatively, we 
may still speculate on the possible biological role of these 
conformational transitions. Oligomannose oligosaccha- 
rides are intermediates common to the N-linked oligosac- 
charide biosynthetic pathways of both plants and ani- 
mals. The work of Schachter (Schachter et al. 1983; 
Schachter 1986) has suggested that in addition to the 
relative activities of pathway enzymes, biosynthetic out- 
come can be controlled by the addition or removal of key 
residues which convert substrates into non-substrates 
and vice versa, leading to the proposal that N-linked 
oligosaccharide biosynthesis can be either sterically 
(Brisson and Carver 1983d) or conformationally 
(Homans et al. 1987a) controlled. 

The results obtained in the present study are consis- 
tent with a conformationally driven biosynthetic model. 
It appears that the major structure to leave the rough 
endoplasmic reticulum (RER) is the MansGlcNAc2 iso- 
mer without D2, unless there is a delay, in which case 
Man6GlcNAc 2 is the major structure (Kornfeld and 
Kornfeld 1985). Lubas and Spiro (1988) have recently 
provided evidence that there are two possible processing 
pathways. One pathway retains residue D2, while the 
other tends to lose D2. It is therefore possible that a 
transport receptor in the RER lumen will recognise the 
co---60 ~ conformer, but not the ~0= 180 ~ conformer. 
Hence, proteins with MansGlcNAc2 having a high pro- 
portion of c o = - 6 0  ~ would be transported to the 
cis-Golgi, whereas those with MangGlcNA % would not. 

It is also possible to conceive of biological systems 
with two kinds of receptor, one for the co = 180 ~ con- 
former and another for the co = -  60 ~ form. Although 
structures without D2 could still be recognised by the 
co = 180 ~ receptor, the rate of recognition/transport might 
be very much less than that for structures with D2 (in 
which the 180 ~ conformer is more populated), if the rate 
of interconversion between the two rotamers was very 
much greater than the timescale for recognition. Evidence 



for such conformational modulation of reaction kinetics 
can be seen by following the digestion products as a func- 
tion of time of oligomannose structures treated with jack 
bean ~-mannosidase (Maley and Trimble 1981; Berman 
and Allerhand 1981; Carver and Brisson 1984). As might 
be expected in light of the above discussion, it is found 
that the Maned-3Manfl linkage is cleaved much more 
rapidly than the Manc~1-3Mane linkage, the linkage on 
the 1-6 arm. 

We note the evidence recently provided by Lazzarino 
and Gabel (1989) that the sequence of mannose process- 
ing and resulting conformational changes are an impor- 
tant factor in the phosphorylation patterns of the oligo- 
mannose oligosaccharides of acid hydrolases. 
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