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Application of High-Field Proton Magnetic Resonance Spectroscopy in 
the Structural Determination of Membrane-Derived Sindbis Virus 
Glycopeptides7 

John Hakimi, Jeremy Carver, and Paul H. Atkinson* 

ABSTRACT: Sindbis virus membrane glycopeptides have been 
purified in chemical quantities and their oligosaccharide 
structures analyzed by 'H NMR spectroscopy at 360 MHz. 
Interpretable spectra could be obtained with approximately 
100 kg of oligosaccharide. Spectral analysis of the sialyl 
glycopeptides S1, S2, and S3 at high and low temperatures 
confirms their structures to be NANAa(2,3)Gal@( 1,4)- 
GlcNAc@(1,2)Mancu( 1,6)-[NANAa(2,3)Galj3( 1,4)- 
GlcNAc@(l,2)Mancu( 1,3)]-Man@(1,4)GlcNAcj3( 1,4)-[Fuccu- 

Interest  in the elucidation of oligosaccharide structures in 
membrane glycoproteins derives from accumulating evidence 
that the oligosaccharides of membrane glycoproteins may be 
involved in cell surface recognition events [reviewed by Frazier 
& Glaser (1979); Neufeld & Ashwell, 19803. In addition, 
some studies suggest that glycosylation is required for the 
establishment and preservation of specific protein conformation 
(Gibson et al., 1981), which in turn affects the biological 
properties of some glycoproteins (Kaluza et al., 1980). In the 
latter studies, a quite subtle alteration in glycosylation changed 
antigenic characteristics of Semliki Forest virus intracellular 
proteins p62 and El .  Presumably such alterations might 
include changes in the ratio of higher mannose polymers to 
lower mannose polymers previously described in the four major 
Sindbis virus (SbV) S4 glycopeptides of glycoproteins E l  and 
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(1,6)]-GlcNAc@l-Asn. These are heterogeneous with respect 
to sialic acid (NANA). Spectra of two endo-fl-N-acetyl- 
glucosaminidase products of the S4 glycopeptides are reported. 
The interpretation of these spectra is consistent with 
Man5GlcNAc and Man,GlcNAc oligosaccharide structures. 
Their chemical shifts are essentially identical with those re- 
ported for ovalbumin glycopeptides of the same composition, 
with exception to the perturbations arising from their oligo- 
saccharide nature. 

E2 (Hakimi & Atkinson, 1980a). 
To better detect fine structural details, we have used 

high-field 'H NMR' analysis of membrane glycopeptides. 
Such spectroscopy at 360 MHz is a powerful tool in structural 
determination of oligosaccharides and glycopeptides [for re- 
view, see Carver & Grey (1981); Montreuil, 19801. Unlike 
classical methods of oligosaccharide structural analysis, 'H 
NMR spectroscopy is a nondestructive technique which yields 
information on sugar composition, anomeric configuration, 
linkage, number of antennae, some sequential details, and 
tertiary structure of oligosaccharides. It also can be used to 
assay sample homogeneity during purification (Cohen & 
Ballou, 1980; Atkinson et al., 1981) which is again illustrated 
in this report, because mixtures give rise to spectra with res- 
onances at nonintegral ratios of intensity. Considerable 'H 
NMR spectra of sialyl-type glycopeptides have been published 
(Dorland et al., 1978; Fournet et al., 1978; Narasimhan et al., 
1980; Vliegenthart et al., 1981), and chemical shift assign- 
ments have been established. Such detailed analysis on the 
oligomannosidic-type glycopeptides has also been reported 
(Gorin et al., 1969; Cohen & Ballou, 1980; Carver et al., 1981; 

I Abbreviations used: IH NMR, proton magnetic resonance; Man, 
mannose; Gal, galactose; Fuc, fucose; GlcNAc, N-acetylglucosamine. 
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FIGURE 1: Bio-Gel P6 chromatography of complex-type ["]Man 
SbV glycopeptides. SbV glycopeptides were fractionated on Bio-Gel 
P6 (200-400 mesh, 0.9 X 150 cm). Pooled glycopeptides were re- 
digested with Pronase and applied to a second Bio-Gel P6 column 
(-400 mesh, 0.9 X 175 an); 0.50-mL fractions were collected. Elution 
of glycopeptides was monitored by assaying 5-pL aliquots for ra- 
dioactivity in 10 mL of Aquasol-2 (New England Nuclear). 

Carver & Grey, 1981; Van Halbeek et al., 1980a,b). In this 
paper, these published chemical shift assignments have been 
used to deduce membrane-derived glycopeptide structures. 

We have isolated membrane glycopeptides in chemical 
quantities from purified SbV for structural analysis by 'H 
NMR spectroscopy at 360 MHz. The structures of S1, S2, 
and S3 glycopeptides and the average structure of the het- 
erogeneous mixture of S4 glycopeptides from SbV have been 
reported (Burke, 1976; Keegstra et al., 1975; Burke & 
Keegstra, 1979). We have obtained 'H NMR spectra for S1, 
S2, and S3 glycopeptides, and our assignments are in agree- 
ment with the published structures. Two of the four high 
mannosyl oligosaccharides from the S4 glycopeptide mixture 
have been purified, and their structures have been elucidated 
by using 'H NMR spectroscopy. This work in part has been 
previously presented (Hakimi & Atkinson, 1980b). A recent 
report has demonstrated the applicability of 'H NMR spec- 
troscopy coupled with methylation analysis in structural studies 
of mixtures of oligosaccharides from plasma membrane gly- 
coproteins (Debray et al., 1981). Our report demonstrates the 
applicability of 'H NMR alone as an assay in purification and 
a method of structural determination of sialyl and oligo- 
mannosyl glycopeptides from defined membrane glycoproteins. 
Our approach has been to use the chemical shifts of C2-H in 
combination with those of C1-H at two different probe tem- 
peratures in the determination of these structures [see Carver 
k Grey (1981)l. As in our previous study (Carver et al., 
1981), the chemical shifts of resonances arising from many 
hydrogens were markedly temperature dependent. We show 
in addition that the method is quite sensitive because inter- 
pretable spectra could be obtained from as little as 100 pg of 
oligosaccharide. 

Materials and Methods 
Purified SbV was prepared from chicken embryo fibroblasts 

as previously described (Hakimi & Atkinson, 1980a). Seven 
separate purified virus preparations each harvested from ap- 
proximately 50 roller bottles were pooled (unless otherwise 
indicated). Purified SbV labeled with [2-3H]mannose (New 
England Nuclear; 2 Ci/mmol) was added to unlabeled virus 
(Hakimi & Atkinson, 1980a). Glycopeptides were prepared 
by exhaustive Pronase (Calbiochem) digestion, desalted on 
Sephadex G-10 (Pharmacia), and fractionated on BieGel P6 
(Bio-Rad) as described previously (Hakimi k Atkinson, 
1980a). The complex-type glycopeptides were rechromato- 
graphed on Bio-Gel P6 (-400 mesh, 0.9 X 175 an) eluted with 
0.10 M NH4HC03. This separation of S1, S2, and S3 is 

I " " l " " l " " l " " l "  
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FIGURE 2: 'H NMR spectrum of S1 glycopeptide at 70 O C .  Sup- 
pression of the HDO signal has been employed. This spectrum was 
accumulated from 7168 scans. 

shown in Figure 1, and hatched areas indicate pooled fractions. 
The S4 glycopeptides were digested with endo-@N-acetyl- 
glucosaminidase-H prepared by the method of Tarentino k 
Maley (1974). The oligosaccharides were passed through an 
AG-50x2 ion-exchange column (200-400 mesh, 0.9 X 21 cm) 
(Bio-Rad) equilibrated in sodium acetate buffer, pH 2.6, as 
previously described (Huang et al., 1970). This step was used 
to remove GlcNAciAsn-X and incompletely digested peptides. 
The oligosaccharides were fractionated on Bio-Gel P2 (-400 
mesh, 0.9 X 175 cm) eluted with 1 mM sodium azide. The 
individual oligosaccharides were rechromatographed on the 
same column. The glycopeptides and oligosaccharides were 
desalted on Sephadex G-10 (2.5 X 120 cm) eluted with 
deionized water. 

The purified glycopeptides and oligosaccharides were pre- 
pared for 'H NMR analysis by chromatography on Chelex- 
100 (Bio-Rad, 200-400 mesh, 0.9 X 10 cm, Na+ form) to 
remove divalent cations. Glycopeptides and oligosaccharides 
were pooled, lyophilized, exchanged twice in deuterium oxide 
(Merck Sharp & Dohme, 99.7 atom % D), and dried over 
P20, in vacuo for several days. Prior to analysis, samples were 
redissolved in 100 pL of deuterium oxide (Stohler Isotope 
Chemicals, Waltham, MA, 100.0 atom % D). Acetone was 
added to samples at roughly equimolar concentration as an 
internal standard for chemical shifts. Microcells, of 100 pL 
(Wilmad Co., 529-E) were used. Spectral analysis was per- 
formed on a Nicolet 360-MHz spectrometer at the Toronto 
Biomedical NMR Center operating in the Fourier transform 
mode at probe temperatures of 23 and 70 OC. Instrument 
conditions and parameters were as previously described (At- 
kinson et al., 1981). 

Results 
The complete 360-MHz 'H NMR spectra of SbV glyco- 

peptide S1 at 70 OC is shown in Figure 2. An expansion of 
the anomeric regions in the spectra of the S1, S2, and S3 
glycopeptides at 70 "C is compared in Figure 3. The chemical 
shifts of the anomeric GlcNAc, Gal, mannose C1-H and 
C2-H, fucose Cl-H, C5-H, and C6-H, and sialic acid C3-H 
axial and equatorial proton resonances from these three gly- 
copeptides at 23 and 70 OC are compiled in Table I. The 
8-10-Hz doublets in the spectrum of S1 at 5.053,4.683, and 
4.59 ppm arise from C1 protons of @-linked N-acetylglucos- 
amine (GlcNAc) residues (Dorland et al., 1977a,b, 1978). The 
resonance at 5.053 ppm is characteristic of GlcNAc attached 



7316 B I O C  HEM I S T R  Y H A K I M I ,  C A R V E R ,  A N D  A T K I N S O N  

5 . 2  5 .O 4 . 8  4 . 6  4 . 4  
PPM 

FIGURE 3: Expansion of the anomeric region of the 'H NMR spectrum 
of SbV complex-type glycopeptides at 70 OC. The spectra of S1, S2, 
and S3 were accumulated from 7168, 1600, and 9216 scans, re- 
spectively. 

to asparagine. Resonances characteristic of asparagine (B-CH2 
protons) are obscured by equatorial C3 hydrogens of sialic acid 
at 2.77 ppm (Figure 2). The resonance at 4.585 ppm belongs 
to C1 protons of the GlcNAc residues substituting the two 
branching mannose (Man) residues (see scheme in Table I). 
At this temperature, the chemical shifts of C1 protons of these 
latter GlcNAc units are indistinguishable from each other 
regardless of whether they are attached to a(1,6)- or a- 
(1,3)-linked mannose. The resonances at 5.129 and 4.910 ppm 
are characteristic of the C1 protons of substituted a( 1,3)- and 
a( 1,6)-linked mannose residues respectively. The resonance 
appearing at 4.757 ppm is characteristic of the C1 proton of 
a disubstituted anomeric 8( 1,4)-Man. These assignments are 
confirmed by analysis of mannosyl C1 -H and C2-H resonances 
at 23 OC (Table I) as described previously (Carver & Grey, 
1981; Dorland et al., 1977a). The resonances at the above- 
mentioned chemical shifts for GlcNAc and Man are un- 
changed in all three spectra, indicating similar positions and 
linkages of these monosaccharides. 

The two 8-Hz coupled resonances in the spectrum of S2 
appearing at 4.536 and 4.480 ppm are characteristic of 
anomeric Blinked galactose (Gal) units (Dorland et al., 1978). 
These two resonances have different intensities in the three 
glycopeptides. The resonance at 4.536 ppm in the spectrum 
of S1 glycopeptide is indicative of two 8-linked Gal residues 
substituted by an cr(2,3)-linked sialic acid. This a(2,3)-sialic 
acid substitution of Gal results in a characteristic downfield 
shift of 0.1 1 pprn in the resonance of the C1 proton in relation 
to an unsubstituted galactose residue (Dorland et al., 1978). 
The spectrum of the S2 glycopeptide reveals one Gal residue 
substituted by an a(2,3)-sialic acid and one unsubstituted 
j3(1,4)-Gal residue whose C1 proton resonates at 4.480 ppm. 
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Unlike similar structures containing a(2,6)-linked sialic acid 
linkages, a(2,3)-sialic acid residues do not produce charac- 
teristic changes in the chemical shift of GlcNAc and Man 
anomeric protons (Dorland et al., 1978). The location of the 
single sialic acid residue on the Mana( 1,6) or the Mana( 1,3) 
arm (scheme in Table I) can theoretically be determined by 
nuclear Overhauser enhancement experiments [see Carver et 
al. (198 l)]. It is possible that S2 is a mixture of two glyco- 
peptides where sialic acid attachment occurs on either 
branching arm. This may arise from the fact that these gly- 
copeptides are derived from two glycoproteins E l  and E2. The 
spectrum of S3 glycopeptide contains predominantly unsub- 
stituted @(1,4)-Gal residues, but the resonance at -4.54 ppm 
which appears with fractional intensity indicates an approx- 
imately 40% contamination of this sample with a glycopeptide 
containing an a(2,3)-sialic acid linked to Gal, probably from 
S2 glycopeptide. Likewise, the intensities of the resonances 
characteristic of substituted and unsubstituted P-Gal residues 
in the S2 glycopeptide spectrum are not equal; a 50% con- 
tamination of this sample with S1 glycopeptide can be esti- 
mated. This contamination is further verified by the ap- 
pearance of subintegral intensities of resonances at -2.76 and - 1.79 ppm (data not shown) characteristic of a(2,3)-linked 
sialic acid C3-H chemical shifts for equatorial and axial iso- 
mers (Dorland et al., 1978). This illustrates that the separation 
of glycopeptides on-Bio-Gel P6 (Figure 1) as pooled was in- 
adequate for obtaining homogeneous glycopeptides. N-Acetyl 
residues of GlcNAc and sialic acid found at the region of -2.0 
ppm in these spectra also supply structural information as 
reported by Dorland et al. (1978). Fucose can be identified 
as a( 1,6) in all three glycopeptides by the characteristic res- 
onances at  chemical shifts of 4.87, -4.1, and 1.20 ppm pro- 
duced by the C1, C5, and C6 protons, respectively (Dorland 
et al., 1977b; Strecker et al., 1978). Fucose linkage to the core 
GlcNAc (attached to asparagine) can be confirmed by the 
chemical shift of the adjacent @(1,4)-linked GlcNAc. In S1, 
S2, S3, and other similar compounds, the P(1,4)-GlcNAc has 
a characteristic chemical shift at -4.69 ppm. In asialio- 
transferrin which contains no fucose, the @( 1,4)-GlcNAc has 
a chemical shift at -4.61 ppm (Dorland et al., 1977a). 

There are several unidentified resonances which may be 
attributed to amino acid protons other than Asn in the peptide 
portion of these compounds (Figures 1 and 2). The glyco- 
peptides are derived from two proteins with one or two gly- 
mylation sites, and the sequence surrounding any glycosylated 
asparagine may be different. Differential Pronase digestion 
of the protein backbone surrounding asparagine can also 
contribute to this amino acid heterogeneity. 

The 'H NMR spectra of only two S4 mannosyl oligo- 
saccharides could be obtained (Figure 4). Only one-third the 
amount of virus used for preparing S1, S2, and S3 glyco- 
peptides was available. This resulted in poorer signal to noise 
ratio explaining the observed lack of resolution compared to 
the sialyl complex type glycopeptides (Figure 3). The anom- 

' eric proton region of these spectra are shown in Figure 4, and 
chemical shifts are listed in Table 11. S4C and S4E corre- 
spond in molecular weight to Man,GlcNAc and 
MansG1cNAc, respectively (Hakimi & Atkinson, 1980a). 
The resonance appearing at 5.25 ppm and the shoulder at 4.76 
ppm are the C1 protons of the a and P anomers of the reducing 
GlcNAc residue, respectively. These resonances are not well 
resolved since small quantities of these oligosaccharides were 
available for analysis. The resonance at 4.783 ppm is char- 
acteristic of the C1 proton of P-Man-linked residues, and the 
large intensity at 5.129 ppm corresponds to C1 protons of two 
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563II), one can distinguish which a( 1,3)-Man residue is 
substituted by a terminal a(l,Z)-Man (Cohen & Ballou, 1980). 
In addition, the C1 proton resonances of S4C are similar to 
the chemical shifts reported for ovalbumin glycopeptide 
Man7GlcNAc2Asn (Cohen & Ballou, 1980; Atkinson et al., 
1981). 

Discussion 
The use of high-field 'H NMR demonstrates that this 

method of oligosaccharide structural analysis is applicable to 
glycopeptides of integral membrane glycoproteins. The oli- 
gosaccharide structures of the SbV glycopeptides S1, S2, and 
S3 discernible in the 'H NMR spectra shown here are in 
agreement with those structures reported previously (Burke 
& Keegstra, 1979). 'H NMR analysis confirms the structures 
of the S4 mannosyl oligosaccharides S4C and S4E to be 
Man,GlcNAc and ManSGlcNAc as previously reported 
(Hakimi & Atkinson, 1980a). By 'H NMR analysis, the S4 
structures are similar to those reported for ovalbumin glyco- 
peptides of the same composition and are in agreement with 
the oligosaccharide processing intermediates originally reported 
(Hunt et al., 1978; Robbins et al., 1977; Tabas et al., 1978). 
One can also conclude from these spectra that the S1, S2, S3, 
and S4 structures of E l  and E2 glycoproteins contain essen- 
tially identical oligosaccharides, since these spectra were ob- 
tained from mixtures of glycopeptides derived from intact virus. 

Though greater initial quantities of glycopeptide (approx- 
imately 50-100 nmol in 100 pL) are required for these studies, 
certain advantages over classical carbohydrate analysis are 
apparent. Both approaches result in similar structural as- 
signments. The 'H NMR method is unique in that it is ca- 
pable of assaying oligosaccharide homogeneity simultaneously 
with structural information in a nondestructive manner. 
Therefore, essentially the entire carbohydrate sample is pre- 
served for either further purification steps, additional structural 
characterization, or biological studies. 
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Structure and Conformation of Pseudouridine Analogues? 
Robert L. Lipnick,$ John D. Fissekis,* and James P. O’Brien 

ABSTRACT: The structural and conformational features of the 
“anomeric” DL-trans- and ~~-cis-5-(3-hydroxytetrahydro- 
furan-2-y1)uracils (3a, 4a) and five similar analogues were 
studied in order to determine their applicability as models of 
0- and a-pseudouridine. The 270-MHz proton NMR spectra 
were measured for all analogues to define their ring geometries 
in solution and to estimate the solution population of model 
N, S conformers in a two-state dynamic equilibrium treatment. 
Two sets of calculations were employed to evaluate the relative 
contributions of these states to the observed vicinal coupling 
constants related to the C(3’)-C(4’) fragment. In the first, 

Reudouridine (I), 1; Figure l), an isostere of uridine (U), 
is unique among the numerous naturally occurring pyrimidine 
or purine nucleosides in being the only C-nucleoside constituent 
of the nucleic acids (RNA) of both prccaryotes and eucaryotes. 
It has been found as a component of the “constant” tetranu- 
cleotide T$CG(A)’ in loop IV of almost every transfer RNA 
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similar geometries were assumed for each pair of conformers, 
while in the second, limited to 3, the geometries were those 
derived from X-ray crystallographic data; both gave compa- 
rable results. The cis analogues 4a and 4b are excellent 
conformational models for a-pseudouridine. In the trans series 
(3a-c), the equilibrium is weighted toward the N conformer 
(- 80%), differing from that found in 0-pseudouridine for 
which each model conformer is equally populated. Possible 
implications of the conformational effects upon the pairing 
properties of pseudouridine in tRNA are discussed. 

(tRNA) that is active in the elongation step of protein bio- 
synthesis (Zamir et al., 1965; Sprinzl et al., 1978). In addition, 
two vicinal I) residues have been identified at the 3’ end of the 
anticodon loop in certain tRNAs. The sequences rw/ or $GI), 
which are derived from UU or UGU, respectively, through 
site-specific enzymatic transitions at the macromolecular level, 
are required for the extended function of such tRNAs in gene 
repression (Turnbough et al., 1979; Bossi & Cortese, 1977; 
Cortese et al., 1974a,b; Singer et al., 1972; Allaudeen et al., 
1972). The presence of I) instead of U at these specific sites 
indicates that certain physicochemical properties unique to the 
C-nucleoside structure of $ are critical to the biological 
function of tRNA molecules. Two features of I) have been 
considered as possible contributors to its role in tRNA: (i) 
its potential to hydrogen bond with adenosine (A) via either 
the N(l),C(2) or the N(3),C(2) sites (Hurd & Reid, 1977) 
and (ii) its ability to form a covalent adduct with cysteine at 
the allylic C(1’) position (Lipnick & Fissekis, 1977). 

I Abbreviations used: I), 8-pseudouridine; A, adenosine; G, guanosine; 
U, uridine; T, thymidine; C, cytidine; tRNA, transfer RNA; NOE, nu- 
clear Overhauser effect; CNDO, complete neglect of differential overlap; 
DSS, sodium 4,4-dimethyl-4-silapentane-l-sulfonate. 

0 1981 American Chemical Society 


