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Glvcosvl-Phosphatidvlinositol Moietv That 
~ n i h o k  ~vvaahosornk bmcei Variant surface 

Glycoprotein to the Membrane 

Two forms of protein-membrane anchor have been de- 
scribed for the externally disposed glycoproteins of eu- 
karyotic plasma membranes; namely, the hydrophobic 
transmembrane polypeptide and the complex glycosyl- 
phosphatidylinositol (G-PI) moiety. The chemical struc- 
tures of the major species of G-PI anchors found on a 
single variant surface glycoprotein (VSG) of the parasitic 
protozoan Typanosma bmcei were determined by a com- 
bination of nuclear magnetic resonance spectroscopy, 
mass spectrometry, chemical modification, and exoglyco- 
sidase digestions. The G-PI anchor was found to be 
heterogeneous with respect to monosaccharide sequence, 
and several novel glycosidic linkages were present. The 
results are pertinent to the mechanism of the biosynthesis 
of G-PI anchors. 

T HE PARASITIC PROTOZOAN Trypanosoma brucei HAS A CON- 

tinuous cell-surface coat made up of a tightly packed mono- 
layer of variant surface glycoprotein (VSG) molecules. This 

VSG coat acts as a macromolecular difision barrier protecting the 
parasite from Iytic host-serum components. A single trypanosome 
expresses only one type of VSG (variant) at a time, but has several 
hundred VSG genes encoding immunologically distinct VSG vari- 
ants. It is the sequential expression of different VSG coats that 
allows the parasite to evade the host's immune response by antigenic 
variation (1). All of the different VSG variants analyzed have 
molecular sizes of about 55 kD and one or more asparagine 
glycosylation sites. Despite the lack of extensive primary amino acid 
sequence homology the VSG molecules are thought to share similar 
tertiary structures (2). 

The authors are members of the Oxford Oligosaccharide Group, Deparunent of 
Biochemistry, University of Oxford, South Parks Road, Oxford, OX1 3QU, England. 
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From the comparison of complementary DNA (cDNA) se- 
quences and VSG carboxyl-terminal peptide sequences (1) and from 
biosynthetic studies (3) it appears that VSG messenger RNA 
(mRNA) encodes a short COOH-terminal hydrophobic domain 
which is rapidly removed after polypeptide synthesis (< 1 minute) 
and directly replaced by the addition of a glycosyl-phosphatidylino- 
sitol (G-PI) moiety. The G-PI moiety serves as the sole anchor to the 
membrane for the glycoprotein which then traverses the Golgi 
stacks to the plasma membrane. The membrane binding form of the 
glycoprotein (mfVSG) can be converted to a water soluble form 
(sVSG) by the action of an endogenous G-PI-specific phospholi- 
pase C (GPI-PLC) which removes the hydrophobic diacylglycerol 
group from the G-PI anchor (4). 

The VSG G-PI anchor includes an amide linkage from the 
COOH-terminal amino acid a-carboxyl group to an ethanolamine 
residue, which bridges the VSG polypeptide to a mannose- and 
galactose-containing glycan (5). In addition, the glycan is known to 
contain a glucosamine residue (6) that is not N-acetylated and that is 
glycosidically linked to dimyristylphosphatidylinositol (7). We now 
report the complete chemical structure of the G-PI moiety present 
on a T. brucei variant surface glycoprotein. 

Preparation of VSG and G-PI components. Trypanosome 
clones, MITat 1.4 (variant 117), of T. brucei strain 427 were 
purified from infected rat blood (8). Trypanosomes were also 
cultured in vitro with [9,10-3~]myristic acid (9) for 1 hour before 
processing to produce biosynthetically labeled mfVSG. The isola- 
tion of the glycan moieties (NG) from mfVSG is described in Fig. 1. 
The mfVSG and sVSG glycoproteins were purified (8, lo) ,  and the 
intact G-PI moiety was prepared by Pronase digestion of mfVSG 
(1 1) and purified by HPLC (high-performance liquid chromatogra- 
phy) (12). Demyristylated G-PI (dMG-PI) was prepared from G-PI 
by the action of a mild base (13), and N-acetylated clMG-PI (NAc- 
dMG-PI) was prepared as described (14). The sVSG COOH- 
terminal glycopeptide (sCt-gp) represents the entire G-PI anchor 
attached to the COOH-terminal aspartic acid residue minus the 
dimyristylglycerol lipid moiety and was purified as described earlier 
1 7  1 \  
( " I .  

Chemical analysis. Purified sCt-gp (800 nrnol) was analyzed by 
one- and two-dimensional 'H NMR (nuclear magnetic resonance) 
(Fig. 2A) and by GC-MS (gas chromatography-mass spectrometry) 
analysis (Tables 1 and 2). Unfractioned NG was analyzed by GC- 
MS compositional analysis (Table 1) and GC-MS methylation 
analysis before and after digestion with coffee bean a-galactosidase 
(Table 2). Gel-filtration on Bio-Gel P-4 (Fig. 3) resolved NG into 
three fractions (NG1, NG2, and NG3), which were subsequently 
analyzed by one-dimensional ' H  NMR (Fig. 2B) and GC-MS for 
composition (Table 1). The NG1, -2, and -3 fractions were also 
permethylated, purified by reversed-phase HPLC (15), and subject- 
ed to methylation analysis (Table 2). A sample of 3H-labeled NG 
was also analyzed by Bio-Gel P-4 chromatography in order to 
determine the precise relative hydrodynamic volumes of the various 
neutral glycan species (Table 3). 

Methylation analysis showed that all NG fractions contain three 
mannose residues per mole (one nonreducing terminal mannose, 
one 2-0-substimted mannose, and one 3,6-di-0-substituted man- 
nose) (Table 2). Galactose residues are attached to the 3-position of 
the 3,6-di-0-substituted mannose residue since digestion with 
coffee bean a-galactosidase yields a single glycan species (Table 3) in 
which the 3,6-di-0-substituted mannose is quantitatively replaced 
by a 6-0-substimted mannose residue (Table 2). Treatment of 
unfractionated NG with a mixture of coffee bean a-galactosidase 
and jack bean a-mannosidase produced one major product at 1.7 
glucose units as shown by Bio-Gel P-4 chromatography, which 
corresponds to free 2,5-anhydromannitol (2,5-AHM) (Table 3). 

Purified NG1, -2, and -3, isolated by Bio-Gel P-4 chromatography, 
were individually treated with the Manal-2Man-specific a-manno- 
sidase from ~sp&llusphoenicis (16). In all cases Grther analysis on 
Bio-Gel P-4 showed a reduction in hydrodynamic volume of 
approximately one glucose unit, consistent with the removal of one 
terminal al-2-linked mannose residue common to all or most of the 
structures (Table 3). These data, together with interresidue nuclear 

Fig. 1. Isolation of G- 
PI glycan fragments 
for structural analysis. 
In this study mfVSG 
was converted to 
sVSG by the action of 
the endogenous try- 
panosome GPI-PLC, 
which removes the dia- 
cylglycerol (DAG) 
moeity. Exogenous 
bacterial ~hos~hat idv-  
hositol @ec& phds- 
pholipase C (PI-PLC) 
mav be used instead 
(7): The sVSG i~~~~~~ 
COOH-terminal gly- 

N H 2  
copeptide (Kt-gp) 
was produced by Pron- 
ase digestion and puri- 
fied (800 (11). nmol) The was sCt-gp dis- koeoQ G L Y C A N  

solved in 200 p1 of 
NH2 P 

O . M  sodium acetate, 
pH 4.0, and dearninat- ~ H O ~ O ~ N ~ B * ~ :  
ed (200 pl of 0.5 
NaN02; 2.5 hours); 
the material was then 
split into two portions 
of 760 and 40 nmole 
and reduced with 
NaBHa and NaB3Hd. 
respectively; reduction 

I 

was achieved by add- 
ing 0.26 volume of H0H2C@ E 
400 mM boric acid, -0 CH;OH 

1.26M NaOH, fol- 
lowed immediately by 1.26 volumes of either M NaBH4 or 12 mM 
NaB3H4 (8 Ciimmol) in 50 mM NaOH, boric acid buffer pH 11.0. 
Reduction was continued for 3 hours in both cases, except that excess 
NaBH4 was added to the NaB3H4-treated sample after the first 80 minutes. 
The reduced oligosaccharitols with 2,5-anhydromannitol termini were de- 
salted after acidification by passage throu h AG50X12(H+) and methanol B evaporation. Material reduced ai th  NaB H4 had radiochemical impurities 
removed by descending chromatography on Whaunan 3 MM paper for 60 
hours in 1-butanol, ethanol, water system (4: 1: 1). The labeled oligosacchari- 
tols remained at the origin and were eluted with water. They were further 
purified by high-voltage electrophoresis on Whatman 3 Mbl paper for 30 
minutes at 80 Vlcm in pyridine, acetic acid, and water (3:1:387), pH 5.4. 
The acidic oligosaccharitols (a broad series of overlapping peaks) were eluted 
from the paper a i th  water, passed through 0.1 ml of Chelex 100(Na+) over 
0.2 ml of AG50X12(H+) and filtered through a 0 . 5 - ~ m  Teflon membrane. 
The specific activity of the deaminated and reduced glpcopeptide (ciAR-gp) 
was 1 Ciimmol; half of this material (20 pCi) was added to the bulk NaBH4 
reduced material to act as labeled tracer. The dAR-gp fraction was dephos- 
phorylated with 50 p1 of 50 percent aqueous HF at 0°C for 38 hours. The 
sample was added to 275 pl of frozen saturated LiOH. The LiF precipitate 
was removed by centrifugation and washed nvice with 50 p1 of HZO. The 
pooled Supernatants were neutralized with 100 pl of samrated NaHC03; the 
salt was removed on a column of 0.2 ml of Chelex 100(Na+) layered over 1 
ml of AG50X12(H+), over 0.8 ml of AG3X4(OH-), over 0.2 ml of QAE- 
Sephadex A25 equilibrated with water. After filtration through a 0.5-pm 
Teflon filter the final yield of the neutral glycan (NG) fraction was about 70 
percent. For other G-PI anchors containing N-acetylhexosamines a second 
N-acetylation step (RE N-Ac) is necessary. Abbreviations: AA, the COOH- 
terminal aspartic acid residue; EtN, ethanolamine; and P, phosphate. The 
hexagon represents myo-inositol. 
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Overhauser effect (NOE) measurements (Fig. 2) are consistent with 
the following composite structure: 

Manal -2Mana l -6  
7 5 \ 1 N 

(k) Gala1 -2Galal-6 Manal-4GlcNH2 
\ / 
' ~alal -3 ' 

(+) Ga la l  -2 
/ 4 

6 

The heterogeneity of the a-galactose antennae branch is evident 
from the composition and methylation analyses (Tables 1 and 2) and 
'H-NMR spectra (Fig. 2) of the sCt-gp and NG fractions. The 
smallest fraction from Bio-Gel P-4 gel-filtration, NG3 (Fig, 3), 
contains one terminal nonreducing galactose residue and one 6-0- 

L L 

substituted galactose residue, which defines this branch as Galal- 
6Galal-. The methylation analvsis of NG2 shows both 2,6-di-0- 
substituted galactos-e and 2-0-substituted galactose present in a 
ratio of 7:3 (Table 2), indicating the presence of two monosaccha- 

ride sequences in this fraction. The NG2 fraction therefore contains 
an a l - 2  linked galactose residue, which can be found linked to either 
the galactose-5 residue of the NG3 structure forming a linear 
sequence Galal-2Galal-6Gala- or to the internal galactbse-4 resi- 
due of the NG3 structure forming a second antennae Galal- 
2(Galal-6)Gala-. The NG1 fraction has one more a l - 2  linked 
galactose residue than NG2 and contains the sequence Galal- 
2Galal-6(Galal-2)-Galal- (Fig. 2). 

The four major glycan structures described account for about 70 
percent of the glycans. A further 15 percent can be accounted for in 
fractions NGA and NGB (Fig. 3) which most likely represent 
structures containing five or more and one or no galactose residues, 
respectively (Table 1). Other minor species (15 percent) present in 
the NG1 and NG2 fractions contain 2,3-di-0-substituted mannose 
(Table 2). These minor species have not been defined further. 

The bridge between the G-PI moiety and the COOH-terminal 
aspartate residue involves an ethanolamine residue in an amide 
linkage to the aspaql  a-carboxyl group (5). Periodate oxidation 
was used to confirm that the ethanolamine is in a phosphodiester 

Fig. 2. 'H NMR spectra of the A 
sCt-gp and NG fractions (A) 
The unfractlonated sCt-gp struc- HOD 
tures mere anal~zed bv high-reso- 1 
lutlon m o-dlmenslonal l H . 1 ~  -JyjJ- 'J J -Lh 2 h h b  P 4'- ,---Jhk- 
correlated spectroscop! (COSY), 
top left of figure The spectrum 
mas recorded as described (38) 
nlth a smeep nldth of 21300 
Hz, and 1024 data pomts 111 each 
dimension For each t ,  increment B 

, 3 00 - Y  s -  

64 translellts mere collected 3 

Tune domam data 1% ere a~odlzed v 
2 I 
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in each dimension by means of a 
phase-shifted (7112) sine-bell 
h c t i o n .  Both negative and posi- 
tive contour levels are plotted 
with positive intensity. The one- 
dimensiollal spectrum obtained 
upon Fourier transformation of 
the data at t l  = 0 is shown above. 
Off diagonal peaks (cross-peaks) 
correlate protons between tvhich 
a resolved scalar (J) coupling ex- 
ists. Through-bond-coupled pro- 
tons lvere identified, and most of 
the resonances in the one-dimen- 
sional spectrum could be assigned 
steptvise from the resolved ano- 
meric (EI- 1) protons (lvhich reso- 
nate in the region 4.9 to 5.5 
ppm). The magnitudes of the sca- 
lar (J) coupling benveen the H - l  

: B  B m.&" 1 5 

? - 350 

m I 

~ 8 %  s 

8 , - - _ I  -T1 

-400 > 
a 

1 . , . I  I .  
1 1 H556' 

- 4 50 

r-- -- 1 - 1  , , --- 
3 2 1 5  

- 5 00 
^; 1 

N L : 

' NOESY N 2 -- -r--- ----- 
and H-2 protons (39), which 550 5 00 4 50 4 00 3 so 3 00 2 so 5 1 5c L 6  i 2 

P P E.4 
P P l l  

were measured from the splitting 
of the H - l  protons in one-dimen- 
sional spectra (B), were used to determine the monosaccharide residue type and the primary sequences of the monosaccharide residues \yere determined 
and the anomeric configuration. The presence of prlll~aty sequence heteroge- stepwise along the molecule with the use of these connectivities and 
neity in the unfractionated sCt-gp structures was evident in the one- methylation analysis data. Representative connecti~ities are shown for the 
dimensional NMR spectrum by the presence of anomeric proton resonances largest glycan structure, where the cross-peak label abbreviations correspond 
of less than unit intensity. The additional spectral dispersion afforded by the tvith the residue descriptors (described in the text) followed by the ring 
COSY experiment allotved the ~0nlle~tiYity networks for each residue to be proton number. Cross-peaks labeled I are due to inositol. (B) One- 
traced separately, and four major species could be identified. After resonance dimensional 'H NMR spectra of major neutral glycan fractions NG3 (top 
assignment, all through-space connecti~ities between proximal protons (<4 panel), NG2 (middle panel), and NG1 (lotver panel). Each spectrum lvas 
A distant) were mapped by use of 'H- 'H nuclear Overhauser effect recorded with a sweep width of i- 1300 Hz, 16,384 data points, and 200 
spectoscopy (NOESY) as described previously (38), bottom right of figure. transients. The chemical shift axis is referenced to acetone, F = 2.225 ppm at 
The spectrum was recorded under identical conditions to the COSY 30°C. The proposed resonance assignments are deduced from the magni- 
experiment with a mhing time of 500 msec. The cross-peaks in NOESY, for tudes ofJI2 (39) and from the characteristic chemical shifts obsewed benveen 
this particular mixing time, generate qualitative through-space connectivities fractions, which are due to differences in primary sequence. The notation 
within the molecule. Connectivities lvere assigned to specific protons by corresponds lvith that described earlier. In the middle panel, the a and b for 
means of the resonance assigtlmellts derived from COSY. Intraresidue and residues 1, 4, and 5 correspond to each of the two structures found in 
interresidue through-space connecti~ities lvere defined for each structure, fraction NG2. 



linkage to the 6-position of either the terminal or the penultimate 2- 
0-substituted mannose as suggested by the presence of mannose-6- 
phosphate in the methanolyzates of sCt-gp (Table 1). In either case, 

I II 

300 1500 

Retenton tnie (ninutesi 

Fig. 3. Bio-Gel P-4 chromatography of the neutral glycan (NG) fraction. 
The 'H-labeled neutral glycan (NG) fraction of the 1nfVSG G-PI anchor 
(Fig. 1) was fractionated on hvo columns in series (1.5 x 100 cm each) 
packed with Bio-Gel P-4 (-400 mesh) held at 55°C and eluted with water at 
0.2 d m i n .  The eluate was monitored for radioactivity (Berthold LB503 
radioactivity flow monitor) and refractive index (Erma ERC7510 monitor) 
before collectio~l in 0.5-ml fractions. The upper broad trace represents 
radioactivity and the lower smooth trace refractive index. The major peaks 
NG1, NG2, and NG3 and the minor flalhng regions NA and NB were 
pooled separately for analysis. The numbers at the top represent the elution 
positions of dextran oligomers (number of glucose units) determuled in a 
separate experiment. 

Table 1. Compositional analyses. AU analyses were performed 111 the 
presence of a scyllu-inositol internal standard. Samples were subjected to 
methanolysis (50 pl of 0.5M HCI, 20 percent methyl acetate in dry 
methanol, 20 hours, 70°C), N-acetylation (by the subsequent addition of 10 
pl of pyridine and 5 pl of acetic anhydride, 30 minutes at room temperature) 
and trimethylsilylation (TMS) with 15 pl of Sil-A (Sigma) after drying. The 
TMS derivatives were analyzed with a Hewleb-Packard 5996 GC-MS 
equipped with an open-split interface for simultaneous mass spectral identifi- 
cation and flame ionization detector (FID) quantitation. Spectra were 
recorded by electron-impact (70 eV). A fused silica bonded phase columu~ 25 
m x 0.32 mm (RSL150, Alltech) with He as carrier gas at 3 d m i n  was 
used in the GC system. Direct on-column injection was used with a 
temperature program of 140°C (2 minutes) and a linear gradient to 250°C at 
6" per minute, held for 15 minutes. All figures shown here and in Table 2 
and Fig. 5 are means of at least hvo analyses and are subject to experimental 
error of 5 1 5  percent. ND, not determined. 

Pro- Molar ratio 
Material pottion 

(%)+ 2,5-AHM Man Gal Man-6-Pt myu-inositol 

sct-gp 
dAR-gp 
NG 
Bio-Gel P-4 

fractions§ 
NGA 
NG 1 
NG2 
NG3 
NGB 

+Percentage of the total 'H label In each fiactlon. t A ~ d v s e s  for mannose- 
6-phosphate werc as dcscr~bed above except that afier rrimethylsil!;lation thc products 
\vcre d r ~ e d ,  rcdissol\rcd in 10 percent mcthnnol In ether (O0C, 10 minutes) and treated 
nvice with an equal \rolurnr of cthcr saturated lvith diazomethanr at 0". The dimethyl 
phosphate deri\ati\w werc drled, redissol\ed m Sil A (Slbma), a i d  analyzed as described, 
a b v c .  lbbsent in these m~lyses due to  the acid stabihn of the inositol-phosphate and 
glucosanline-~nos~td i x ~ n d ~  to mcthmolysls (7). $See legend to  Flg. 3. 

periodate oxidatio~l would cleave the mannose residue between C-3 
and C-4 to yield a [ l-2~]glycerol  group after reduction with 
NaB2H4 (derived from mannose C-4, C-5, and C-6), with the 
phosphoylethanolamine-aspartic acid group remaining attached to 
the mannose-6-hydroxyl (Fig. 4A). In addition, acid hydrolysis was 
used on the periodate-oxidized and NaB2H4-reduced demyristylated 

10 0 12 0 14 0 16 0 18 0 20 0 

- 299 Retenton tme  (minutes) 
m 50- 

J 1 

(nilz) 

CH,-CH,-NiTMSI, 
I 

I 
O=P-OTMS 

I 
I 

CHD-CH-CH, 
I I 
OTMS O T Y S  

Fig. 4. Periodate oxidation of the mannose-6-phosphorylethanolm~ine 
bridge. (A) The wavy lines indicate the sites of periodate oxidation cleavage. 
The bold lines indicate the regions of the mannose carbon backbone which 
suwive oxidation. Periodate oxidation was performed on 120 nmol of dMG- 
PI in 30 m M  NaIO,, 200 mM sodium acetate buEer,pH 4.5, containing 0.1 
percent 1-propanol as radical scavenger. Oxidation was performed at hvofold 
molar excess of periodate over theoretical oxidation sites (estimated as 13 
mol per mole of dMG-PI) at 4°C in the dark. The reaction was followed by 
monitoring the decrease in absorbance due to the 104  ion at 223 nm after 
dilution (1:300) of small portions with water. Oxidation reached a maxi- 
mum by about 15 hours. After 20 hours, the reaction was stopped by m k n g  
the solution 1 percent (by volume) with respect to ethylene glycol. After 30 
minutes, the products were reduced by the addition of an equal volume of 
1M N~B*H, in 1M NH,OH (final p H  9.8). After 3 hours, the excess 
NaR2H4 was destroyed with acetic acid, and the mixture was desalted by 
passage through AG50X12(H+), followed by repeated evaporation with 
acidified methanol. (8) Periodate oxidized and borodeuteride-reduced 
dMG-PI was hydrolyzed (2M HCI, 10O0C, 4 hours), dried, and trimethylsi- 
lylated with the reagent described in (40). The products were analyzed by 
GC-MS as described in the legend to Table 1 escept that the GC program 
was 100°C (held for 2 minutes) to 260°C at 6" per minute. The total ion 
chromatogram (upper panel) shows the presence of [I-'~Ierythritol-TMS4 
(peak 1) and a- and P-mannose-TMSS (peaks 3 and 4).  Peak 2 had the sanle 
retention time and mass spectnlm (lower panel) as the TMS derivative of 
authentic glycerophosphoryl ethanolamine generated by deacylation of 
pkphatidylethanolamine (13). The spectrum shows the ions characteristic 
ot a [l-ZH]glycerophosphonl derivative at miz. 

+O-H 0 
ll I I  

446 [(TMS-0-CHD-CH-CH2-0-P-OTMS) mlnus CH4]+, nilz 357 [CH=CH2-0-P-0-TMS]+, 
I I I I 

mlz 387 [(TMS0)4P]+, m!z 31 5 (TMSO),POH]+ and 
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G-PI (dMG-PI) to exploit the relatively acid-stable phosphodiester 
linkage while quantitatively removing the acid-labile aspartic acid 
group. After trimethplsilylation of the above, [l-2~]glycerophos- 
phoryl ethanolamine was identified by GC-MS (Fig. 4B) and 
confirmed the presence of ethanolamine phosphate linked to the 6- 
position of m k o s e .  

Susceptibility to digestion by jack bean a-mannosidase was used 
to probe the position of the ethanolamine phosphate bridge. From 
the substrate specificity of jack bean a-mannosidase the terminal 
mannose residue should be resistant to digestion onlp if this residue 
is the site of the ethanolamine phosphate linkage. The deaminated 
and reduced glycopeptide (dAR-gp) fraction, which still contains 
the aspartic acid-ethanolamine phosphate bridge (Fig. l ) ,  was first 
treated with coffee bean a-galactosidase to remove the a-galactosyl 
branch heterogeneity. Subsequent cold aqueous hydrogen fluoride 
dephosphorylation produced one major elution product with 4.2 
glucose units on Bio-Gel P-4, corresponding to the Manal- 
2Mancu1-6Manal+4,2,5-AHM region (Table 3). Digestion of this 
neutral structure with jack bean a-mannosidase converted this peak 
to one at 1.7 glucose units (2,5-anhpdromannitol). In contrast, 
digestion of the agalactospl dAR-gp with the a-mannosidase prior 
to H F  dephosphorylation and Bio-Gel P-4 analysis failed to remove 
any of the a-mannose residues. This result suggests that it is the 
terminal a-mannose residue that is linked to the ethanolamine 
phosphate bridge. 

Periodate oxidation was also used to probe the mannose+gluco- 
samine+inositol monosaccharide sequence. The predicted sites of 
periodate oxidation of the demyristylated G-PI (dMG-PI) fraction 
are shown in Fig. 5A; the hexose residues not shown have free 
hpdroxyl groups at C-3 and C-4 and will be oxidized and reduced to 
[l-2~]glycerol. The periodate-oxidized and ~ a ~ ~ ~ d - r e d u c e d  dMG- 

Table 2. Methylation analyses. In d cases samples were permethylated 
according to (35). Permethylated glycans were hydrolyzed (2.5 hours at 
80°C in 100 p1 of 0.25M H2S04, 93 percent aqueous acetic acid), applied to 
a 0.5-ml column of AG3X4 (acetate form) and eluted with five column 
volumes of 50 percent aqueous methanol. Following repeated evaporation 
with toluene the hydrolyzates were reduced with NaB2H4 (200 ~ 1 ;  10 mgl 
ml; 3 hours) with sonication. Excess NaB2H4 was destroyed with acetic acid, 
and boric acid was removed by repeated evaporation (five times) with 0.2 ml 
of methanol. The products were dried and acetylated with 250 p1 of acetic 
anhydride (100"C, 2.5 hours). The acetic anhydride was removed at reduced 

PI was hydrolyzed, treated with alkaline phosphatase, and analyzed 
by GC-MS after peracetylation of the products (Fig. 5B). The three 
predicted major products were found: [l-2~]glycerol, an intact 
mannose residue (derived from the protected 3,6-di-0-substituted 
mannose branch-point residue), and [l-2~]erythri tol  (derived from 
the glucosamine residue) (Fig. 5B). 

'H NMR data suggest that the glucosamine is linked al-6 to the 
myo-inositol residue as evidenced by a NOE linking GlcNH2 H-1 to 
inositol H-6 (Fig. 2A). The predicted oxidation and reduction 
product of the inositol ring is therefore [1,4-di-2~]threitol (derived 
from carbons 1, 2, 5, and 6) .  However this component was 
observed only in trace amounts in the products of periodate 
oxidation of the dMG-PI sam~le  described above. On the basis of 
the observations of (17) it is likely that this product is lost because of \ ,  

the rapid overoxidation of the glucosamine residue from C-2, and 
onward through to the inositol ring. N-Acetylation of the gluco- 
samine residu; present on dMG-PI ienders the residue resist& to 
periodate oxidation (Fig. 5A). The NAc-dMG-PI was treated as 
above for dMG-PI, and Fig. 5C shows the recovery of [ l - 2 ~ ] g l p -  
cerol, an intact protected mannose residue as before, and intact N- 
acetylglucosamine in place of the [ l-2~]erythri tol .  In addition, the 
predicted [1,4-di-2~]threitol product is now observed in good 
yield. A di-deuterated tetritol can only arise from the prior oxidation 
of a polyol (in this case myo-inositol) and not from a hexose or 
hexosamine, which can onlp generate a monodeuterated tetritol. 
From the stereochemical arrangement of the myo-inositol ring, 
threitol must be derived from carbons at positions 1, 2, 5, and 6 .  
This implies that the inositol ring was originally substituted at C-1 
and C-6. The phosphatide group is known to be at C-1 (7), thus - .  

leaving only C-6 for glycosidic substitution by the glucosamine 
residue. 

pressure. The resulting partidy methylated alditol acetates (PMAA's) were 
recovered by partitioning between CH2C12 and water. The CH2C12 phase 
was concentrated to about 20 ~ 1 ,  and 2 - 4  portions were analyzed by GC- 
MS (Supelcowax 10 column, 30 m by 0.32 mm; Supelco) with He as carrier 
gas (2.5 d m i n )  and direct on-column injection. The temperature program 
was started at 90°C (1 minute) followed by a linear gradient to 140°C at 
30°C per minute, and then to 250°C at 5°C per minute, and held for 15 
minutes. The PMAA's were identified by their characteristic mass spectra and 
retention times, and were quantified by their flame-ionization detector 
response with semiempirical molar correction factors (36). 

PMAA 

a-Galact- Subfractions 

Origin sCt-gp* NG osidase 
treated 

NG NG 1 NG2 NG3 

2,5-Anhydro mannitolt 
(1,3,6-tri-0-methyl-4-0-acetyl) 

Mannitol 
(2,3,4,6-tetra-0-methyl- 1,s-di-0-acetyl) 
(3,4,6,-tri-0-methyl-1,2,5-tri-0-acetyl) 
(2,3,4-tri-0-methyl- 1,5,6-tri-0-acetyl) 
(2,4-di-0-methyl-1,3,5,6-tetra-0-acetyl) 
(4,6-di-0-methyl- 1,2,3,6-tetra-0-acetyl) 

Galactitol 
(2,3,4,6-tetra-0-methyl- 1,5-di-0-acetyl) 
(2,3,5,6-tetra-0-methyl-1,4 di-0-acetyl) 
(3,4,6,-tri-0-methyl-1,2,5-tri-0-acetyl) 
(2,3,4-tri-0-methyl-1,5,6-tri-0-acetyl) 
(3,4-di-0-methyl-1,2,5,6-tetra-0-acetyl) 

2-N-Methylacetamido-2-deoxyglucitol 
(3,6-di-0-methyl-1,4,5-tri-0-acetyl) 

4-0-subs. 2,5-AHM 

Terminal-Man 
2-0-subs. Man 
6-0-subs. Man 
3,6-0-disubs. Man 
2,3-0-disubs. Man 

Terminal-Gal 

2-0-subs. Gal 
6-0-subs. Gal 
2,6-0-disubs. Gal 

4-0-subs. GlcNAc 

*The intact sCt-gp sample (35 nrnol) was subjected to methylation analvsis following N-acetylation in 100 pl of saturated NaHCO, with 5 pI of acetic anhydride at 0°C. The N- 
acetylated sCt- was passed through AG50X12(H+) and dried in the presence of a tenfold molar excess of viethylamine to produce demethyl sulfoxide soluble uiethvlamine salts 
of the sCt-gp %r permethylation. The resulting PMAA's were analyzed by GC-MS with a bonded OV-17 column (24 m by 0.32 nun, RSL-300, AUtech ~ssociates) with a 
temperature rogram of 90°C (1 minute) to 200°C at 30°C er minute, held for 30 minutes. +l,3,6-tri-O-methyl-4-0-acetyl-2,5-anhy&omannitol was detected in low and 
variable yie~d!due to its high volatility. $The square bracfets indicate the presence of free galactose in the a-galactosidase digest. 
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Features of  the G-PI anchor. The biochemistn of glycosyl- 
phosphatidylinositol (G-PI)-anchored proteins has been reviewed 
(18). Of these examples, rat Thy-1 glycoprotein and T~panosoma 

A 
Overaxid~zed 

Products 

- - -\ 
Glycerol. E~ythrtol, Thretol Man, GcNAc 

1 

v--~..,/."~....-""~,..rm 
12  16 2 0  2L 

Reten1,on llme (minutes) 

Pi ': 

Trace 0.7 1.0 1.2 

Fig. 5. Periodate oxidation of the Mancul-4GlcNH2ul-6 myo-inositol core 
region. Samples (120 nmol) of dMG-PI and its N-acetylated form, NAc- 
dlMG-PI, were periodate oxidized, and NaB2H4 reduced (Fig. 4). The 
desalted products were hydrolyzed (2iM HCI, 10O0C, 3 hours), dried, and 
treated with 5 units of bovine alkaline phosphatase in 15 pl of 66 m M  
NH4HC03 for 24 hours at 37°C. After passage through AG50X12(H+), the 
products Jvere dried and per-0-acetplated with 15 pl of acetic anhydride and 
pyridine (1 : l )  at 100°C for 30 minutes. Samples (1  to 2 pl) were analyzed by 
GC-MS. The Supelco~vax 10 column was used with a temperature program 
of 100°C (held for 2 minutes) to 260°C at 10°C per minute, held for 15 
minutes. The products Jvere quantitated from their flame ionization detector 
signals with the use of empirically determined relative response and hydrolyt- 
ic destruction correction factors. (A) The periodate oxidation sites are shown 
by waved lines. The bold lines represent the carbon-carbon bonds resistant to 
oxidation. (B) The GC-MS analysis of the periodate-treated dMG-PI sample 
showing the total ion current chromatogram (upper panel) and the mass 
spectrum of peak 2, [l-2H]erythritol (lower panel). (C) The GC-MS analysis 
of the periodate-treated NAc-dMG-PI sample showing the total ion current 
chromatogram (upper panel) and the mass spectrum of peak 3, [1,4-di- 
'Hlthreitol (lower panel The other numbered peaks were identified as the 1. acetate derivatives of [ l -  H]glycerol, peak 1; a- and p-mannose, peaks 4 and 
5; and N-acet).lglucosamine, peak 6. 

brucei variant surface glycoprotein (VSG) are the best characterized 
in terms of the structure of their G-PI anchors (7, 19). The 
trypanosome is a good model system for the study of the structure 
and biosynthesis of G-PI anchors since the VSG coat represents 
about 10 percent of the total cell protein and can be readily purified 
in tens of milligrams. 

The VSG G-PI anchor as described above contains several novel 
structural features (Fig. 6) ,  particularly in the glycan region. The 
monosaccharide sequences Gala 1 -2Ga1, Gala 1 -6Ga1, Gala1 - 3Man, 
Mmal-4GlcNH2, and GlcNHzal-6myo-inositol apparently have 
not been previously described in eukaryotic glycoproteins. 

Nonacetylated glucosamine bearing a free amino group appears to 
be a common feature of G-PI anchors and has been found in rat 
Thy-1 (19, 20), human erythrocyte acetylcholinesterase (AChE) 
(21), and human erythrocyte decay accelerating factor (DAF) (22). 
Furthermore a GlcNH2-inositol linkage has been inferred for Torpe- 
ah AChE and human placental and bovine intestinal alkaline phos- 
phatase by deamination studies (23). The ethanolamine bridge 
between the COOH-terminal amino acid and the G-PI anchor is 
also consenred in Thy-1 (19) and human erythrocyte AChE (21). 
However, these examples (Thy-1, AChE) and DAF also contain 
additional ethanolamine residues with unsubstituted amino groups 
(20-22). Similarities in the glycan structures of several G-PI anchors 
are also suggested by immunological studies. A cross-reacting 
determinant (CRD) is present in the G-PI glycans of different 
sVSG's (24). These antibodies to CRD (anti-CRD) have also bound 
to PI-PLGsolubilized Leishmania antigen, DAF, and To?pedo and 
human erythrocyte AChE (25). The h l l  extent of the structural 
homology indicated by anti-CRD binding must await definition of 
the CRD epitope. Clearly, some differences in the G-PI glycans do 
occur since the Thy- 1 anchor contains N-acetylgalactosamine and no 
galactose (19). Nevertheless, it is possible that the mannose branch 
(Fig. 6)  is consewed since the Thy-1 anchor contains comparable 
amounts of mannose (19). 

A number of other glycosylated phosphoinositides exist in nature, 
although not linked to protein. These include the mannosylphos- 
phatidylinositols of mycobacteria, the glycosylated inositol phos- 
phoceramides of plants and yeasts (26), and a complex acidic 
lipophosphoglycan of Leishmania donovani. The last mentioned 
resembles a G-PI anchor in that it is a glycosyl-(1ysoalk)il)-phospha- 
tidylinositol-linked to a series of repeating disaccharide units rather 
than to protein (27). The pl~osphatidylinositol-glycans reported to 
be the precursors of second messengers for some of the actions of 
insulin also contain a GlcNH2-inositol linkage and appear to be 
structurallv related to G-PI anchors (28). 

The signal for G-PI addition to nascent polypeptide resides in a 
short hydrophobic COOH-terminal peptide sequence which is 
removed and replaced by the G-PI anchor (18). The rapid kinetics of 
G-PI addition to VSG strongly suggests that the anchor is added as 
a unit (en bloc) to the polypeptide, and candidate precursor G-PI 
molecules have been identified and characterized (29, 30). Whereas 
the G-PI biosynthetic pathway is not well understood, the compos- 
ite structure (Fig. 6)  indicates that it \till involve several novel 
enzymes. Holtever, studies on the class E thymoma mutant suggest 
that, for Thy- 1, dolichol-phosphoryl-mannose (Dol-P-Man) may be 
involved in G-PI synthesis (31). Since enzymes that catalyze the 
formation of Manal-2Man and Manal-6Man linkages (Fig. 6) 
from a Dol-P-Man donor are knoltn in the dolichol cycle of N- 
glycosylation (32), it is possible that G-PI biosynthesis may share 
one or both of these enzymes. The novel a-galactose antennae of the 
VSG anchor is probably added after transfer of G-PI to VSG 
polypeptide since the putative G-PI precursor contains only man- 
nose (30). The extent and heterogeneity of galactosylation found in 
an individual VSG may reflect steric constraints of the attached 
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polypeptide to the approach of the relevant a-galactosyltransferases 
since there is a correlation between the degree of galactosylation 
with VSG subclass (24). These subclasses are based on COOH- 
terminal peptide homology where class 1 VSG's contain about 4 
mol of galactose per mole of G-PI, class 2 VSG's contain eight 
galactose residues, and class 3 VSG's do not contain any galactose 
residues. 

At present the hnctional significance of using a G-PI anchor 
rather than a transmembrane amino acid sequence is unknown. 

I 
0 

0 
I 

-0-P=O 

P r o t e ~ n -  Ethanaiomine i 

I 
0 
i 

Phosphate CH,-CH-CH, 

Fig. 6. Complete primary structure of the G-PI anchor of VSG variant 117. 
The area enclosed by the broken line represents the common region of the 
glycan moiety which is hrther substituted with one or two a l - 2  linked 
galactose residues, residues A and B. The four structures represented account 
for 70 percent of all the structures present on VSG vanant 117 (25 percent 
plus A and B, 22 percent minus A plus B, 8 percent plus A minus B, and 15 
percent minus A and B). 

Table 3. Exoglycosidase studies. In the left-hand column mannose residues 
are represented by 0, galactose by 0, and 2,5-anhydro-mannitol by B. The 
glycosi&c linkages are shown in the NG1 structure. The various structures 
were generated by exoglycosidase digestion of the whole NG fraction 
(NGl, -2, and -3) or individual NG substrates (NG1, NG2, or NG3). AU 
enzyme digests were performed on NaB3H4-reduced glycans (Fig. 1) at 
substrate concentrations of 50 p.M in 0 . M  sodium acetate, pH 5.0, for 18 
hours at 37°C. The enzymes used were Aspergillus phoenicis Manal-21Man 
specific (16) a-mannosidase (Apal-21Man), 20 ~ g l m l ;  coffee bean a- 
galactosidase (CBa-Gal), 30 unitlrnl; and jack bean a-mannosidase (JBa- 
Man), 60 unitlml. The size (relative hydrodynamic volume) of each species 
was determined by Bio-Gel P-4 chromatography as described in Fig. 3 
except that the samples were coinjected with a set of glucose oligomers (200 
kg of dextran hydrolyzate). The sizes of the radioactive glycans (1  to 3 KCi) 
were determined by interpolation of their elution positions between the 
glucose oligomer elution positions as described in (37). 

Possible advantages may include conservation of space in the lipid 
bilayer, a higher aegree of lateral mobility in the bilayer, as foundfor 
Thy-1 (33), and the potential to be solubilized by endogenous 
anchor-specific phospholipases (4) .  

Note added inpro@ Since submission of this article some structur- 
al details of another VSG G-PI anchor have been described (34). 
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