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An extracellular  phosphoglycan (exPG), present  in 
the  culture medium  of  the  promastigote  form  of Leish- 
mania donovani, was purified and structurally  char- 
acterized.  The  purification  scheme  included  ethanol 
precipitation of  the  culture  medium,  anion  exchange 
chromatography,  hydrophobic  chromatography on 
phenyl-Sepharose,  and  preparative  polyacrylamide gel 
electrophoresis.  Structural analysis by ‘H-’H NMR, 
methylation  linkage analysis, and  glycosidase diges- 
tion  revealed  that  the  exPG  consisted  of  the following 
structure: (CAP)+[P04-6Galp@1-4Manpal]lo-11-POr- 
6GalpB1-4Man.  The  cap was found  to  be  one  of several 
small,  neutral  oligosaccharides,  the most  abundant  of 
which was the  trisaccharide Galp@l-4(Manpal- 
2)Man.  The  results  indicated  structural  analogy  to  the 
cellular-derived  lipophosphoglycan  (LPG)  from L. 
donovani. The  important  exceptions  are  a  lack of the 
lipid  anchor,  the entire phosphosaccharide  core,  and 
several of  the  repeating  disaccharide  units.  Although 
the function  of  exPG is presently  unknown, it may play 
a protective  role  for  the  promastigote  in  the  insect 
vector or during  infection  of  a  mammalian  host. 

The protozoan parasite Leishmania donouani is the causa- 
tive agent of the human disease kala azar, or visceral leish- 
maniasis. These  parasites have the remarkable ability to 
survive and proliferate in several very hydrolytic environ- 
ments during their digenetic life  cycle. As extracellular pro- 
mastigotes, they multiply in the alimentary tract of the phle- 
botomine sandfly vector. During infection of host macro- 
phages, they avoid the destructive effects of the oxidative 
burst, differentiate, and proliferate as amastigotes in  the 
phagolysosomes. The ability to live in these hydrolytic envi- 
ronments may  be due, at least  in  part, to  the glycocalyx  of 
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marked “advertisement” in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 
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lipophosphoglycan (LPG)’ that covers the cell surface of the 
promastigote form (reviewed  by Turco (1990)) and  has re- 
cently been reported to be synthesized by Leishmania major 
amastigotes (Turco and Sacks, 1991; Glaser et aL, 1991), 
although it  is  not detected in L. donouani amastigotes (Mc- 
Conville and Blackwell, 1991). LPG  has been implicated in 
the binding of the parasite to epithelial cells of the sandfly 
midgut (Davies et al., 1990), in receptor-mediated phagocy- 
tosis of promastigotes (reviewed by Sacks (1989) and  Tala- 
mas-Rohana et al. (1990)), in  attenuation of the oxidative 
burst via inhibition of protein kinase C (McNeely and Turco, 
1987;  McNeely et al., 1989), as well as in neutralization of 
toxic oxygen metabolites produced during the oxidative burst 
(Chan et al., 1989). 

Structurally, the LPG of L. donouani is composed of re- 
peating phosphorylated disaccharide units of P04-6Gal/31- 
4Manal attached via a phosphosaccharide core to  the phos- 
pholipid 1-0-alkyl-2-lyso-phosphatidylinositol (Orlandi and 
Turco, 1987, Turco et al., 1987,  1989). Recently it has been 
demonstrated that  the  LPG of L. donouani contains  nonre- 
ducing terminal oligosaccharide cap structures  containing 
mannose and galactose, as well as  a  Glcpal-PO,  substitution 
of the core mannose distal to  the phospholipid.’ 

In  this study, we report the purification and  structural 
characterization of an extracellular phosphoglycan (exPG) 
from L. donouani. We demonstrate that  this exPG, like LPG, 
consists primarily of repeating phosphorylated disaccharides 
(P04-6Ga1/31-4Manal-) and nonreducing terminal oligosac- 
charide caps. Unlike LPG, we demonstrate that exPG lacks 
the lipid anchor, the phosphosaccharide core, and several of 
the repeating disaccharide units. The origin and function of 
exPG are presently unknown, but the  structure presented 
here may provide insight into  its biological significance. 

EXPERIMENTAL PROCEDURES AND RESULTS 

DISCUSSION3 

LPG-like substances, collectively termed excreted factor, 
have been previously reported to be present in conditioned 

The abbreviations used are: LPG, lipophosphoglycan; exPG, ex- 
tracellular phosphoglycan; PI-PLC, phosphatidylinositol-specific 
phospholipase C;  AcyM, Aspergillus phoenicus cy-mannosidase;  GC- 
MS, gas chromatography-mass spectrometry; HPLC, high-perform- 
ance liquid chromatography; PAS, periodic acid Schiff staining; TFA, 
trifluoroacetic acid. 

* Thomas, J. R., McConville, M. J., Thomas-Oates, J. E., Homans, 
S. W., Ferguson, M. A. J., Gorin, P. A. J., Greis, K. D., and Turco, S. 
J. (1992) J.  Bid.  Chem 267, in press. 

Portions of this paper (including “Experimental Procedures,” 
“Results,” Figs. 2-9, Tables 1-111, and Footnote 4) are presented in 
miniprint at  the end of this paper. Miniprint is easily read with the 
aid of a standard magnifying glass. Full size photocopies are included 
in the microfilm edition of the Journal that is available from Waverly 
Press. 
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A. exPG 
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FIG. 1. The proposed structure of 
the extracellular phosphoglycan 
from L. donovani. 

B. LPG 

OLIGOSACCHARIDE 
CAPS 

PHOSPHORYLATED 
-7s 

GIco1-F0.-6 

OLIGOSACCWDE PHOSPHORYLATED  PHOSPHOSACCHARIDE 

CAPS REPUTS CORE 

LEO-ALKYL-PI 

medium from Leishmania promastigotes (El-On et al., 1979; 
Slutzky et al., 1979; Handman and Goding,  1985; King et al., 
1987; Jaffe et al., 1989,1990). The components of the excreted 
factor  can be organized into  three categories. In one, LPG 
can form  very tight complexes with albumin in the medium 
(King et al., 1987). Analysis of this form indicates that  the 
LPG in the medium is identical in  all respects with the cell- 
associated LPG  (King et al., 1987). One probable interpreta- 
tion is that  the lipid portion of LPG  interacts with the 
hydrophobic-binding pocket of albumin, facilitating its release 
from the surface of the promastigote. In a second category, 
the repeating phosphorylated saccharides, which are  the 
prominent  feature of LPG, have been shown to constitute  a 
carbohydrate component of an acid phosphatase secreted by 
L. donovani (Bates et al., 1990), Leishmania tropica (Jaffe et 
al., 1990), and Leishmania  mexicam (Ilg et al., 1991). The 
third category of LPG-like substances found in conditioned 
medium is a hydrophilic form of LPG in which the lipid is 
absent from the glycoconjugate. It is the purification and 
structural  characterization of this  latter extracellular material 
that is reported here. 

The proposed structure of the extracellular phosphoglycan 
(exPC) from L. donovani is shown in Fig. 1. The key features 
of the purified exPG that led to  the proposed structure  in- 
cluded the following. (i) It had a molecular weight somewhat 
smaller than  that of delipidated LPG  (about 8,300), as judged 
by TSK G2000SW  gel filtration chromatography. (ii) The 
reducing terminal fragment of exPG was a disaccharide repeat 
of P04-6Galpl-4Man,  as determined by reduction studies 
with NaB3H4. (iii) Pretreatment of exPG with mild  acid 
generated repeat  units of P04-6Galpl-4Man  and  neutral 
oligosaccharide caps in  an  11:l molar ratio, indicating the 
presence of about 11 repeat  units/exPG molecule. (iv) Com- 
positional analysis of exPG, reduced with NaB2H4, resulted 
in a  12:l  ratio of total mannose to total  deuterated  mannitol, 
again indicating approximately 10-11 repeat  units/exPG.  (v) 
The proton NMR spectrum of exPG was consistent with a 
polymer of repeating PO4-6Ga1/3l-4Man units  attached 
through  mannosyl-al-phosphate linkages. Taken together, 
these  data show that exPG  contains an average of  10-11 
repeating phosphorylated disaccharides and one of several 
oligosaccharide caps, resulting in a calculated average molec- 
ular weight of  4,700-5,200. 

The structure and relative abundance of the five neutral, 
oligosaccharide caps isolated from exPG are nearly identical 
with those found on the cell-associated LPG of L. donovani.' 
A sixth  neutral fragment isolated by Dionex HPLC  contained 
only free mannose (Fig. 6a). A time course of mild acid 
hydrolysis of exPG and  quantitation of the released mannose 
by GC-MS showed a  linear increase of mannose with in- 
creased hydrolysis time. It was therefore concluded that  the 
mannose was produced as  an artifact of the hydrolysis con- 
ditions due to minor hydrolysis of the P04-6Gal/31-4Man 
repeat  units. 

It was previously suggested that exPG originates by a 
phospholipase C cleavage of the membrane-bound LPG in 
Leishmania parasites  (Handman and Goding,  1985; Jaffe et 
al., 1989); however, no such endogenous enzyme activity has 
yet been demonstrated. The structure of exPG presented here 
argues against  a single phospholipase cleavage  due to  the 
absence of any detectable phosphosaccharide core-like struc- 
ture analogous to phosphatidylinositol-specific phospholipase 
C-treated LPG. Instead,  this  structure might suggest the 
possibility of a specific phosphodiesterase, although several 
attempts  to  demonstrate an in vitro enzymatic conversion of 
[3H]LPG to I3H]exPG have thus far been unsuccessful. It is 
possible that exPG may be secreted as an entity analogous to 
bacterial secretion of polysaccharides (Braatz  and  Heath, 
1974). In  either event, the similarity in the cap  structures  and 
repeat  units strongly suggest that  the biosynthetic machinery 
for the two  molecules is likely to be the same. Metabolic 
labeling of variant promastigote lines that produce little  or 
no LPG also produce no detectable amounts of exPG,6 again 
suggesting a common biosynthetic pathway. Furthermore, to 
rule out the artifactual generation of exPG by chemical deg- 
radation of LPG  during purification, a number of control 
experiments were performed. In these control studies, purified 
[3H]LPG was subjected to  the same purification conditions 
as  those described for exPG. At  each step, the [3H]LPG was 
recovered with the lipid and phosphosaccharide core intact, 
thus precluding the artifactual generation of exPG due to 
degradation of LPG  during purification. 

The function of the exPG is unknown. Since the structure 

K. D. Greis, S. J. Turco, J. R. Thomas, M. J. McConville, S. W. 
Homans, and M. A. J. Ferguson, unpublished observations. 
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of exPG is nearly identical with the repeat units of LPG,  it is 
reasonable to suggest that exPG might act  in  a similar func- 
tional capacity as  LPG with respect to scavenging of oxygen 
metabolites (Chan et al., 1989; El-On et al., 1990;  McNeely 
and Turco, 1990) and  the chelating of cations that may  be 
needed for host defense function (Eilam et al., 1985). The 
amount of exPG produced during 3 days of culture (1-2 mg/ 
liter) is approximately equal to  the amount of LPG on the 
promastigotes' cell surface at  that time.' ExPG is therefore 
likely to be present in the mouth  parts of the sandfly vector 
in sufficient amounts to provide such protection. Further- 
more, exPG may play a role in the development of metacyclic 
promastigotes during the insect vector stage. In one study, it 
appears that  the promastigotes shed their surface LPG  in the 
midgut of the vector, possibly to facilitate the anterior migra- 
tion of the developing promastigotes (Davies et al., 1990). 
However, it is presently unclear whether this released LPG- 
like material is in  the form of exPG or LPG. 

Although the possible  role of exPG in  the survival of 
leishmanial parasites remains to be  resolved, the purification 
and structure presented here allows for experiments to be 
performed with a purified molecule. Therefore, the effector 
molecule(s) of the previously undefined excreted factor of 
leishmanial parasites may now  be investigated. 

Acknowledgments-We are indebted to Drs. Charles J. Waechter, 
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10 

PURlFlCATlON AND CHARACERIZATION OF AN  EXTRACELLULAR 
PHOSPHOGLYCAN  FROM LEISHMANIA DONOVAN1 

Kenneth D. Greir, Salvatore I. Turco, Jerry 8. Thomar.  Malcolm J. McConville, 
Steven W. Homans,  and  Michael  A.J.  Ferguson 

by 

EXPERlMENTAL PROCELIURES 

M a k r i & - A I I  materials were obrained as followr: Back-Brain Hean Infusion from Difm; (2- 
Wlmannore (20 Cilmmol),  [l-'Hlgalactou (I5 Cdmmol),  and NaB'H, (120 mCllmmol) from American 
Radiolabeled  Chemicals; NaBD, from F l u b ,  E. coli alWine phoqhatare, Jack bean 8-galamoridase  and 

phenylLSephamu fmm Sigma; Arprgillw phoenicu o-mannoridase from Oxford Cilycosystemr; lack bean 
o-mannondau  and  bovine  testicular  E-galactoridare from Bahringsr  Mannheim;  Sephadex G25. Scphadcr 
GlSO, and  TSK GZWOSW HPLC column from PharmacidLKB: OE52-cellulose fmm Whatman;  3500 

prepared  by  PI-PLC treatment as described  previously  (Turco a, ol.,  1989). All other reagents were af the 
molecular weight cutoff dialysis  mcmbnner fmm SpectrdPor;  and  delipidated  'H-mannore  labeled  LPG war 

highcsl  purity  commercially available. 

previoudy  dernbed (King and  Turco. 1988). The eclls were grown at 25 'C in  Dulbecco'r  Modified 
F~glc 's  Medium ~upplemcnted with 0.30 mglml bovmc Y N ~  albumin.  adenosine 10.05 mM),  xanthine 
(0.05 mM). blotin ( I  mglL), Tween 80 (40 mglL).  hemin (5 mglL), and methanolamine (0.5 mllL). For 

Brain-Hean Infusion supplemented wlth triethanolamine (I mllL),  hemin (5 mglL) and adenosine (0.1 mM) 
large-sale isolation of chemleal  quantities of the extracellular phosphoglycan  (exPC), one liter cullure~ of 

were ded with 50 ml of the stanel cdture. The cells were grown for 3 day a1 25 "C wilh gentle r h h n g  
and hmesred  at a density of 3-5 x 10' celllml. 

Esraslter a n d  Gro-Leishmania donovan, ( IS20 clone) were p a ~ g e d  in culture as 

Q c h b y d r p t e  Anal~-Phenoll~ulfuric acid carbohydrate  analysis as dexnbed by Duboir el 

u1.(1956) was u u d  to quanutale  the amount of total galaclou and mannose present  durmg  purification of 

quanl6tm of a I: I mmtuce of galaclorc and mannose The   cahhydra t e  conmining macmmol~culer 

exPG.  Absorbance at 490 nm was monitored in comparison to a standard curve generated by using how" 

reparated by  polyacrylamide gel electrophareris were visualized by periodic acidlSchiff  (PAS) staining as 

previourly  dercnbed  (Zacharius et d l . ,  1969). 

components by S U E C ~ S S W ~  parrages over a I5 ml Column of BioRad AGI-X2 (acetate form) anion exchange 
resin quihbrated in IO mM NH,OH. After  applying the rample  (suspended tn IO  mM NH,OH) to the 
~olumn, neutral and acmdic compnents were eluted batchwise with E U C E ~ E S L V ~  50 ml washer with 0. 0.2. 0.4, 

250 mM NaCI, followed by a gradtent Of NaCl (250 mM-1.0  M) !n 10 mM NH,OH. 
1.0.2.0 M  NaCl !n 10 mM NH,OH. A  second passagage on ?he column consisted of batch washer a tOand 

Anipn Exchsnee ChrOmdOP4.h*--ExPG was s e p a r a t e d  from neulral and other  acidic  carbohydrate 

-Gel Elwlroohomis m - S D S - P A C E  (Laemmli, 1970) was used to determine 
the purity of Ihc crPG with rerpct Io &hydrate and protein using a Hoeffer  Mighty Small mmigel 

apparatus. The acrylamide concenlration Of the  reparating gel and the slacker were either 12.5% or 15% and 
3.5%,  rerpectively.  Electmphorerlr was unied out at 20 mA for 45-50 minutes. Preparative  PAGE was 

The reparaling gel was 12.5% acrylamide  and h e  rrackr was 3.5 % acrylamide.  Electrophoresis was Camed 
performed according to the m e h d  of k m m l i  (1970), but in the abrence of dim dodecyl sulfate (SOS). 

out a140 mA for 6.5-7  h. 
m n  01 ~H-lskkKLExtll.ecll"hr Ph&l!agl"ca" (e 

exponential rlage of gmwth (2 x I@-? x 10' cclllml) were centrifuged at 3oM) I g for 7 mi", washed once 
with 10 ml phosphate  buffered d i n e  (PBS;  Hubbard  and  Robbins,  1979) and centrifuged again. The cells 

(5 mglL)  and adenosine (0. I mM)  conraining 5W pCi  [2~'Hlmannore or (I-'H]galactose. The cells wcw 
were resuspended in 8 ml of BacwBrain H e m  Infusion supplemented with lriethanolamme ( I  miIL),  hemin 

and an q u a l  volume of 95% ethanol was added to the  conditioned  medium at 4 'C.  The medium was dried 
mubated with the  iwtope for 4 to 16 h 81 25 'C. Subuquently.  the cells were removed by  cenlrifugation 

column of Sephader  GI50 (2.5 x 55 cm) qwlibraled in the Pame buffer.  A  broad pea* of radioactivity that 
under reduced pressure, resuspended m I ml Of 40 mM NH,OH and I mM  EDTA and fraclionated over a 

eluled shonly after the void V O ~ U ~ C  was p l e d .  mnccntrared under reduced pressure  and  dialyzed  (Mr 
culoff=3.5 m a )  againsl 0.1 M acetic acid  and 0.1 M  NaCI.  The  dialysate was lhen fractlonaled by 
hydrophobic  chmmatography on phenyl-Sephamrs as described  below. The non-binding.  hydrophilic 
radmactivity was termed Wextracellular  phosphoglycan  (erPG). The IH-erPG &solated in thls way was 

judged to be radioactively  pure since all of the glyeaonjugate was hydmlyred inlo small fragments by mild 
acid (0.02 N  HCI, 100 "C. 5 min) as analyzed  by  rechromatography on Sephader GI50 Idam not shown). 
Funhermare, Le major fragment r e l e a s e d  by mild acid  hydmlyoir was shown Io be a phosphorylald 
d l racchdde  Of galactore  and  mannore using methodl d e r n b e d  for the  chamtenzation of 'H-mannou  and 
W g a l a c t o u  labeled LPG Crurco ct ol., 1984). 

~ t l o n  of NaW'HrRsduced-Appmrimately 20 nmoles of exPG was reduced with (50 
pCl) NaB)H, [I20 mCilmmol] in 1W pl of0.05 N  NaOH  (3h,  37 'C) essentially as described  by T W  
and Kobam (1974). The reaction war stopped with 2W pl of 1.0 M acetic acid,  twice evaporated to dryness 
with I .O M acetic acld  under a s m m  Of nitrogen. and desalted over P column of Ssphader G25 ( I  x 5 em). 
The lH-reduced  exPG war repurified by anion  exchange over AGI-X2 (acetate form) as above. 

xPG1- Pmmartigoter IIOP) harvested in 

RE52-Celblose  ChromnloPnohr-Samples were applied IO a column of  0!3Z~elluI0re (0.5 I 2 
cm) equdibraled in I .O mM Tris,  pH 8.0. ARer  the fifth fmlion was collecled. a gradient of NaCl (0-0. I 
M) in 1 .O mM T h ,  pH 8.0 was applied to the column. Aliquots of each 0 .6  ml fraction were arrayed for 
radioactiwty  by  liqud  inf fill at ion counting. 

Phenvl-Seoha- Ch".'H-labeld ramplcr were suspended ~n 0.6  mlO.1  M NaCl and 
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0.1 M aalic acid and applied to a column (1.0 ml) of phenyl-Sephamx quilibrated  in Ihc same buffer. The 
mlumn was lhen quentially washed with 3.0 ml of 0. I M NaCl and 0. I M acetic  acid. 1.2 ml0. I M acelic 
acld. 0.6 ml HIO. and 3.6 ml solvcnl E (H,Olclhanolldielhyl clherlpyridindNH,OH: 15:15:5:1:0.017). Far 
chemical purificatiqnr. the volume of Ihe solvmls and  the column were ua1ed.u~ by I factor of 3.5. 

r~ l l n - i no r~ lo l  IP an mlernal standard were rcduced with 2W PI 0.25 M NaRD. Oh. 25 'C). n>e remion 
P R r d u O i o n - A b o u l  2.0 nmolcl of exPG con!mmg 2.0 nmoles of 

effclvcreenre was no  longer visible. M e r  desalting over AGSO.XI2 (H') and  evaporation  under w w m  
um lerminaled and  the fxws NaRD, was deamyed wilh 20 PI diquoIs of 1.0 hl acclic acid unlil 

with melhanol. lhc samplc was hydrolyzed wilh 2 N TFA (2h. 1 0 0  'C) in an evacualed captllnry labe. 
Slandnrd miresol mannosdmannilol [(1:1).(5:1),(101~.~l5:1~] cach containing 2.0nmolerofro.lln~inorilol 
were also hydrolyzed to dclermine the rclatiw mponw faclon of mannore and mannilol 10 the inlernal 
rtandnd. hfkr  hydmlyrir. the  sample; wcre dried onm wnh H,O and nncc with mclhmol Io rcmo\'c any 

anhydride (1:2) (16 h. 25 'Cor I h. 1 0 0  "C) in a scaled glass lube. 'TIC acclylalcd unlpler wcre d r l d  

rerdml TFA. The rerulling hcrorer and  deuterated aldilols wcrc acclylaled with 50 PI pyridlndlacelic 

trndef rcduced prcsrurc and  suspended in fresh  diehloromelhane. The rerulling arelylnld hcxows and 
dec!!eralCd aldilolr awlales wfrc quanliraled by GC-MS and Ihe mannou:dcaleraled mannilol rat10 wa1 

cnlculalcd. 

BlanararchaddehnpWTSampler conraining xyll+inorilol as a inlcrnal standard were wbjcclcd IO 

melhnnolysls and lnmelhylrdyl (TMS) dcrivaliralion prior to GC-MS analysis as dcscrlbed (hlcConrdlc (I, 
"1.. 1990). Analysis of phorphorylaled sugars rquircd mclhylalion of Ihc pho$phalc with clhcr (r~luraled 

dwomclhanc al 0 'C (Perpuson n 01.. 1988) followed by a racond ThIS.dcnvat,rrlmn step prmr to GC.LIS 
anrtyr,r. 

MrthviltionAnllrrir-Panially mclhylalcd alditol ~mtalcl (PMAA) wcre genrrslcd from nca8lr~l 
ohporncchandcr urmg the mclhcd of Ciucanu  and  Kerek (1984) as dcxribcd  by Fetguson <.r ul. (1988).  The 
PhlAAl were lhcn analyzed by GC-MS. 

Enarmmiensian-Phorphorylalcd oligosaccharides wcrc dcphorphorylalcd with E. m6 alknhne 
phorphalare (0.3.0 5 units) in I mM  TridHCI.  pH 8.0 (16 h. 31 "C). Neutral ohgoucchariclcr w r c  
digrued with eilhcr Arprrxill#u  phomiclu wmmnmidare or jack benn a-mnnnord~re tn 0. I mbl rodirmm 

acetate. pH 5.0 (16 h. 37 'Ct. or bovine tcslicular B-galacloridau or Jack Dean 0-galaeloridare 111 SO l m U  

pho~phnltl i lnle buffer. pH 5.0 (16 or 40 h. 37 T ) .  Thc cnlymc digerlr were demtred by p n w g e  
through a column of AG50-XI2 (H') over AG3.X4 (OH) followed by fillralion through a 0  ? phl filler 

prmr IO HP1.C injection. 

Carbohydralc Analyxrcquipped with a Pulred Ampemmelric Dcleclor (PAD) and a CarboPx PA1 a n m  

erehnoge mlumn (4 x 250 mm) or a Vanm Modcl 5W liquid ehmmalogrnph  equipped w lh  P TSK 

G ? W S W  gel fillralion mlumn (7.5 x 3W mm). Neulnl and phorphorylatcd sa~char td~s  W ~ L I  rprralrd by 
D m e x  HPLC using programs A or B with P flow ralc of I .O and 0.6 mllm,n. rerpeelively Program A was 
an iwcralic elulfon over 10 min with 20 mM NaOH. Program B slaned wth an i w x m c  ~ t t ~ l r o n  n 111, 97% 
lluffcr I (I50 mhl NnOH) and 3% Buffer 2  (I50 mM NaOH. 5W m M  rodium ncemlc) over 25 mm. A 

Ihnear gradient from 3% Buffer 2 Io IW% Buffer 2 was applied over Ihe next I S  mm (2.5 IO 40 min). 
Program R ended wilh an ilocratic elulion at 100% Buffer 2 OVCr 20 min I40 to MI mi") followd by 
qmlnbralion back to inilial  mndilionr over Ihe next 20 mi". Chcmtcll quanutier of mnel exPC. delqxdatrd 
INi. or NaB'H,-rcduced erPG WEE riled  by TSK G2WSW gel filtratmn in 0. I LI amrnonnm acctalc. pll 

6.0 w h  a flow nle of 1.0 mllmin. Thc void and rclendon VolUmes of Ihe Column w m  t l ~ l ~ r m m ~ d  ulth Ill. 
Dcxlran and  "C.glucow. Npeclivcly. The ~lu l ion porilion of radialabeld fractionr was dclcrmined by 

glyca'onjugalu were delermined by phenollrulfuric acid carbohydnle analysis ( D u b l r  cr a/ . .  1956) of each 
liquid xinrtllalion counting of an sliquol of cach 0.25 min fraction. while chemical quanlilter of the 

fraclion. Preparative  samplcr  isolated by HPLC wcre all dcionfred over a column of AG5O-XI2 (H') 
followed by cvaporalion under rcductd pmrure with loluene prior IO funhcr Characlcnmion. 

WEb RIfnnnanPc t i o d d  ChromnlPOCaDhy-HPLC was done on either a Dionex Model RwLC 

Packard 58904910 GC-MS rynem: electron ioniralion energy 7 k V .  Trimclhylsitylaled monoracchxidcs 
and pamally melhylaled ddilol acetales were analyired on capillary columns (30 m x 0.25 a m )  of SK.54 

ul., 1 9 9 0 ) .  Acctylalcd hexores  and aldilols were  analyzed on a capillary column of SP239.0 R w d  (111ca. 'The 
lured silica (Alllwh Asrocialcd and  SF2380 lured silica (Supelm). rerpecl,vely as described (McConrtllu PI 

o w n  lempenlurc was held a1 80 'C for I min. inemred lo 200 'C at 30 'Clmm. and lhm raiwd IO 2S0 'C 
at 5 'Chin. 

. .  --Combined GCWS was performed on a Hewlctl 

llrlng a RNkcr AM 503  S ~ l r o m c l e r .  wilh a s w q  wdlh of 2 . W  Hz  and 8 . W  real d m  poinlr. Chemical 
shifts wcre referenced indmclly relalive to acelonc. 1=2.225 ppm ill 3WK. Sampler w m  pmpxcd for 
NMR rludier by "pealed dmolullon  in 99.96% D,O [Aldrich] w iL  inlermcdiale flash cvaponhon. The 

samplcr were analyzed in 0.4 ml of D,O. 

S l ! k X h l l l - l H  NMR rpeetra were recorded at a probe tcmFrawre of3WK 

RFSULTS 

Puriliralion o f th r  Extncellular PhMphoglycsn-The medium from 3 day cullt~rer of I.. d o n o w ! ; ,  

d e % d x d  in 'Experimental Pmealum'. Purificalion wl monilored by phcnollrutfuric acid carbhydrm 
grown in 12 L of rupplemenled brain-hcan infusion was u x d  for large scale prepanlion of exPG as 

annlynr and by co.dulion with 1W.W CPM of  erogenous 'H-mannou Inheled EIPG added IO Ihc 
pmpnnlion. Purification was inilialed by clhanol pmlpitalion of Ihc erPG fmm Ihe cullurc ~MIIIIII and 
crlnctlon of lhc precipilalc with ddae MgCI,. The MgCI, was removed  from Ihc  exPC by dlnlyrir ngrinq 
40 mhl NH.OH. The rample was applied lo a mlumn of  AGI-X2 anion  cxchangc resn 2nd  maler rial war 
elulcd with a gradient of NaCI. The firsl. balehwiu. passage of Ihc dialyzed EXI~~CI OYCI the a n m  crrhnnge 
mlllmn climinaled > 90% of the carbohydnlc p i l i v c  malcrial in the "on-band fraction. while Ihc exrti 

ellmmalion of ovcrlapping p k r  of Contamtnalfng  carbohydralc  and re;ulled in cwlu~ion of !he  'H.mannow 
was clulcd with I .O M NaCl (dam no1 shown). Rechmmalognphy of Ihc frPG pool over AGl-X2 mpmd 

labeled eXPG  and 8 rtnglc carbohydralc  peak alO.5 M NaCl (Fig. 2). 
We had prcviourly reponed (King rt a/.. 1987) that  substantial amounls of LPG from I.. dmomrm; w e  

rclmred lnllcl inlo the cullurc medium. II was lhercfore nccerrary lo rcmovc any  rcsidudl LPG from Ihc 
crPG pool. This was  accomplished by parrage of the dialyled cxPG.  oblnined by chmmnlognphy on AGI. 

wilh Ihc hydrophobic suppon  whercar LPG or any  other lipophilic malerial would be remtnd. 

X2. over a mlumn of phcnyl-Scphamu. Undcr  the mnditions "red. the hydrophilic exPG did not interac! 

Chromalography of CIPG over phenyl-Sephamw removed a b u t  15.202 of Ihe carbohydrate (dam no1 
shown). 
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Fiwm 1. Anion exchange rhmmalography of IhC exIraccIIuIa~ phosphoglycan. The 1.0 M NaCl clwl 
fmm the finl, balchwm. puvge of crPG over AGI-X2 was dcralted. rcapplted Io an AGI.X2 column. and 
e1uk-d with a gradient of NaCl (0.25-1.0 M) in 10 mM NH,OH. Thc earbohydralc eonlent was assayed by 

phenollrulhne acid analyr,~ while Ihc 'HcxPG lracer was detsled by liquid xinlillalion counling. C l o d  
mangler. CPM: solid line.  carbohydralc m y  (Absorbance 490 nm): dashed  line. NaCl gradiml. 

The purity of Ihe C X P G  at this point YN judged by PAS-ruining of SDS-polyacrylamide minigelr 
before and ancr pretreatment of the  ramplcs with mild HCI. Fmm the chmclmratm of 'H.erffi (Lu nn 
shorn). il was determined lhal erPG. like LPG muld bedcpolymcrized with mild acid into small. 
phorphorylalcd diracehande fragments. Thew small earbohydnle containing fragments could not k fixed 
mlo a polyacrylamide gel and conwqwntly could no1 be virualired by PAS-stainmg of the gel. ThTherefore. 
the loss of PAS-stained  carbohydrates afler mild acid lmlmenl was used as a crilerion lo establish  Ihe purily 
of E X P G .  An aliquol of the erPG p-lion was subjccled lo eleclmpharcrir and  PAS.rtained on a 12.5% 
SDSpolyacrylamide minigel as shown in Ftg. 3.4 For a comparison. an qual aliquot of 
pharphalidylinosilol-IpeclRe phorpholi- C (PI-PLC)m%ed LPG w a s  also  elcclmphorered. The 
dclipldaled LPG m a r  a heterogmcour smear of carbohydrate near the gel front (lane I). The erPG 

carbohydnle similar in sizc Io the dclipidaled LPG. The ~ImcluraI Irmilarily of Ihe delipidated LPG and Ihe 
prcpanlton (lam 3) cantained an unknown high molecular weight (MI) carbohydrate  and 1 low Mr 

hydrolyzed by prelmlmcnt with mild HCI (Imer 2 and 4. rcrpeclively). In addilion. gel s l i m  of an 
low MI carbohydrale fmm the C X P G  prepanlion was confined sinm both glycwnjugalcr were mmplclely 

identical gel. whm arrayed for tritium. mdicated  that dl of the  'H-ExPG clutcd only in IhC fraclion near lhe 
gel front (Figure 38). The high M r  component fmm the exPG prepanlion was delemined to be I 
contaminant.  since 11 also appeared in  mmk purification$ of Bra in-Hm Infusion lhat had not ban 
condilmed wuh pmmasligoler (&la no1 shown). 

Final purification of the erPG was achieved by removal of the  undefined high Mr mntaminanl by 
preparative polyacrylamide gel clcclmphomir  in Ihc abwmr of SDS. Aflcr  clstmphorerir. the gel YN cut 

inlo 1 high M r  raclion and a low Mr raclion. The Urbohydnte fmm cach  section Of !he gel was eluled by 
dnffunon wish 4 volumes of dilute NH.OH ovcr 16 h. Gel fragmma and small contaminants  that  may  have 

Subwqucnlly. an aliquol of Ihe cxPG eluant was mn on a 15% SDS~polyacrylamidc minigel and ruined for 
~ s u l l d  fmm Ihe p-live PAGE were removed by  gel-filmlion on G25 Sephader  and by dialysis. 

carbohydnle with periodic acid-Schiff sllining (Ftgure 3C. lanes 6-10). Again for csmparison. an aliqwl of 
PI-PLC Imld LPG was also cleclmphorered (lane IO). Pnrealmml of the PI-PLC lrcaled LPG with dilute 
acid mulls in depolymeriration and lherrfore 10s of staining (lane 9). The purified low Mr carbohydrate 
fmm the ex% preparalive gel (lane 8 )  rnigraled as a helcmgenmus  subslance similar Io the dclipidaled LPG 
(lane IO). Prclmlment of the purified erPG wilh  mild acid rerulled in eomplele hydmlysis s judged by lhe 
loss of PAS-slalning (lane 7). Thue rludier indicaled lhal the low Mr component was an LPG4ike molecule 
(erPG) with similar acid  labnlc bonds. 

by Wray rr 01. (1981).  the lanes eonmining erPG or delipidated LPG exhibited no rigniReanl pmtein bands 
above background. Funhermore. the  behavior of cxPG on SDS-PAGE in the  abwnec of mild acid 
pnlmlmenl suggcrled !ha1 i t  had I similar. but no1 idenlid size IO dclipidalcd LPG (compare lanes 8 and 

purification of about 2.6oO-fold. 
IO). A rcprexnlallve purification =heme for exPG is Smmarized in Table 1. indicating an ovcnll 

When an i d m l i d  mintgel was stained for pmlcin with silver stain (Figure 3C. lanes 1-5) as bribed 

PAS 

a I O  

Fipm 3. PAGE of crPG. ExPG and LPG nmpler were wived by polyacrylamide gel c lcc lmpbo~i r  PI 

devribed tn Txpzrirmntd pmoodum.' The cahhydrale and pmlcin were virualized by PAS  and silver 
rtainmg of the gel. rerpelively. Rwl A: A PAS-mined 12.5% SDS-polyacrylamide minigel of PLPLC. 
lrcalcd LPG or erPG isolaled by phenyl-Sephamu ehmmatography before and aner prelreatment with mild 
HCI (0.02 N. IW 'C. 5 min). lane I .  PI-PLC-lrealcd Lffi; lone 2. PI-PLC-lrealcd LPG aner mild acid 
hydmlysir: low 3. C X P G  isolaled by phmyl-Sephamx: lone 4. erPG isolaled by phenyl-Sephamw alvr mild 
acid hydmlyrir. Rncl B Liquid  szinlillalim counting of 0.5 Cm gel sliccs fmm a duplicalc fun of P a m 1  A, 

wilh  mild HCI. I m s  I and IO. PI-PLC-lrealcd Lffi, Iews 2 ond 9. PI-PLC-lmted LPG sncr mild %id 
lane 3. Rrvl C 15% SDSPAGE of purified exPG or PI-PLC-treated LPG before and after prclreatmenl 

hydmlyris: lanu 3 ond 8, purified exf f i  lanu 4 ond 7, purified exPG after mild acid hydmlyrir: l m s  5 
ond 6. pmlein rmdudr. Lvlcr 1-5 were silver-ruined: lancr 6-10 were PAS-mined. The pmlcin s l l n d u d t  

include: phorphorylsv b (91.4  kDa); S A  (66.2 km): ovalbumin (42.7 k h ) :  Urbonic anhyd- I31 
km): soybean lrypsiin inhihilor (21.5 kDa)  and  lysozyme  (14.4  kDa). 
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a12 liters of rupplemmled Bmin-Hcan Infusion war inoculated with pramastigates to L density of 
about 2 x IlY cclldml and the cultursr were incubated for 3 days a1 25 'C with gentle rhakmg 10 a 
denrily of 3-5 x 10' cclldml (we 'Expenmental Proeedurcr"). The conditioned medim was 
separated fmm the cells by cenlrifugalion and fraclionated 10 islate exPG. 

b o t a i  hexose as determined by phenollsulfutic acid wbohydrale analysis (Dubois el ai.. 1956). 
CPurified p ~ - e x P G  was added lo the condilioned medium aflcr the removal of cells by 

ce"trif"gati0". 

Stmclud A d p i s  of exPC. 

comparison 10 Ihc delipidated LPG of L. donowni. Compositional analysis by GC-MS (data not shown) 

Elwidstion of lhe  Reducing  End of rxPGInitial ~lrncl~ral  rtudisr of exPG focused on I 

Indica14 lhat crffi lacked both myo-inositol and a nom-acetylated glucosamme, two known components of all 

glycosyl phorphatidylinorilol (GPI) lipid anchors. including LPG. Dekrminatm of the reducing end Of 

exPG was therefore an lmportanl first step in ~ l r n c f ~ r a l  analysis. Thm was achwed by reductmn of 
unlabeled. intact exPG wilh NaB'H, (TM and Kobata. 1974 &'Expenmental Procedures"). To remove 

radiochemical contaminanU. the Wreduced exPG was repurified by gel filtralion on Sephadu G25 and 
anion exchange chromatography over BioRad AGI-X2 (dam no1 shown). The repurified. reduced exPG war 

als c u m i d  by TSK GZmO HPLC and corn@ to the elulion profile$ of chemical quantities of non- 
zedwed uffi and lo delipidaled LPG. n e  resulu indicated that NaB'H, reduclion, 8s expected. did no1 

dcgnde affi and lhal the size of sxf f i  was smaller than PI-PLC-treated LPG (Fig. 4). To  chmcletizt the 
reducing end fragmmt, the reduced exPG W ~ J  h y d m l y d  with  mild acid and the fragments were analyzed ar 
by DEI2-cellulow anion exchange ehmmlography (Fig. 5 ) .  A single IH-labeled fragmcnl(> 98%) eluted 
fmm DEI2-ccllulou with P gradient of NaCl as a monophosphorylsled molsule. Enzymatic digestion of 
this fragmenl wilh alkaline phosphatw r e 1 4  a neulral diraeeharilol which comigrald on Dtooncr HPLC 
with a standard aldilol of GalE14Mannilol (Fig. 6) .  Funhemore. smng acid hydmlyris with 2 N TFA, 110 
'C for 2 h 01 enzymatic digestion wilh Jack 8an 6-galaclosidaw liberatad f m  Wmannml as judged by 
paper el~~tmphoresis (no1 shown) and Dionu HPLC (Fig. 6). Taken together, there data indicated that the 
nducing end of cxf f i  is PO-Gal(B)Man. 
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F l p ' e  4. TSK G2oWSW HPLC gel filmtion ehmmatography of 'H-reduced CXPG. HPLC eondilionr were 

1s ovllined in 'Experimental proeeduru.' n e  'H-reduced c x f f i  was detsled by liquid rint~llation 
counting while the carbohydrale mntenl of subsequent N ~ S  was assayed by phenollrulfuric acid analysis. 
C l o d  triangles, CPM; wlid line. carbohydrate pmfile (Abwrbance 490 nm) of "on-reduce exPG; a, peak 
elution position of chemical amounts of delipidated LPG. 
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JH-reduced exffi w u  hydmlyred with 0.02 N HCI for 5 min &t IW 'C, dned under reduced prerrurc. 
FIem 5. DEI2 ccllulw c h m m q r a p h y  of lhs mild acid hydmlydr  prcdu~ts of 'H-reduced r r f f i .  The 

nruspenckd in 1 mM Trir-HCI, pH 8, and applicd 10 a column of DES2 esllulorp as described in 
"Exprimenml P m e d u r u . '   C l o d  vianglcr. mild acid hydmlyzed 3H-uPG; open triangles. mild acid 
hydrolyzed and alwine phosphatase treated 'H-exPG dashed line. NaCl gradient. Standard 
monophosphorylated saccharid- slutcd in fractions 29-35. 
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npum 6. Dionei HPLC analysis Of the dephosphorylated fragment pmduced by miid acid hydmlylis of 'H- 
reduced exffi. The single Wlrbcled, monophosphorylated iragment lslated by DESZ-cellulaw 
chmmalography (Fig. 5 )  w dephorpborylated with alkaline phorphatw and analyled by Dionex HPLC 
(program A) in the presence or absence of preueafmenl with strong acid or Jack bean 8-galactoridaw PI 

dcrcnkd in 'F.xperimsntal Pmcedureo.' C l o d  triangles, the dephosphorylated fragment; c l o d  quarrs. 
the dephoophorylsted fragment afur pnlrmlmcnl with Jack Bean 6-galaeloridaw; c l o d  circler. the 
dephosphorylated fragment r h r  p r e l u m e n t  with 2 N lritluamacetic acid for 2 h at I IO 'C. Standards: a, 

mannitol; b, GalBI4Mannilol. 

Separation of lhe  Oligmpcchwidr Fragments R e l a d  from ex% by Mild Acid Hydrolysis-. 
ExPG was depolymerized wilh 40 mM T€A. IW 'C. 8 min and lhe iragmenfr were fractionated by Dmnex 
HPLC. The neulral fractions were nwlved by iyxratic elution with I50 mM NaOH and I5 m M  rodlum 
acetate for 25 mi" (Fig. 7A). The rodium acetate foncenlration was then inerased to 500 mM over the next 

lalter condilionr are capable of eluting of mane and diphorphorylated saccharides (McCanville et ai., 1990). 
I5  min foilowed by an additional 20 min of ivrratic elution a1 5W mM rodium acetate (Fig. 78). These 

Under there conditions, one major monophosphorylated fngmsnt and four neutral oligosaccharides were 
isolated. The neulral fragments w e n  believed to be non-reducing terminal cap I I N C I Y ~  PI seen for the LPG 
of L donowni2, L. m u i c o d .  and L. m a y  (McConville el a!.. 1990) whde rhe malor ohomhowlaled 
fragment war found to be PO,-hGalPIdMan (see below). 

RCIEN"O* nrr W W L . . ,  

Figure 7. Dimer HPLC of the neutral and phosphorylated oligosacchahder generated from exPG by  mild 
acid hydmlyrir. ExPG was hydrolyzed with 40 mM lntluoroacetie acid far 8 mi" at 1W 'C  and iractmated 
by Dionex HPLC using pmgnim B. Each PAD response peaL was collecled and dcionmed as described i n  

"Expenmenlal P r o c e d u ~ ~ "  prior 10 funher  chmclerizatm. Panel A. thc PAD response of the neutral 
ohgosacchaider. P&  NZ, N3. N4, and N5 were 29%. 6%. 59% and 6% rerpstively Of the lold PAD 
response of the 4 pra*s. The @ labeled "Man" was determined 10 be an mifact Of hydrolysis (see 
"Dixurrion"). Panel B. the PAD response of lhe phosphorylated fragments. Only p e a k  PI contained any 
rlgmfieant carbohydnle as judged by GC-MS compositional analysis (we "Rcrultr'). 

pmponions of the cxPG caps wen nearly identical to those reponed for L. domwni Lffiz; therefore, il was 

each crPG cap was examined. Compodtional analysis of the major cap, N4 (Table 11) as well as mcthyl&tion 
likely that the exPG cap composition was the sa% as for LPG. To confirm this possibility. the ltrncture of 

linkage analysis in the p r e ~ n c e  or absence of p n m m c a  with Manoi~zMan specific Arprgillvr 01- 

mannolidaw (Table 111) indicated lbal N4 wls  the branched triracchande Galpal4(Manpl-ZlMan. n e  
anorneric linkages were confirmed by cxoglycoridaw digestion followed by Dionsx HPLC (Fig. SA-C). 
Digestion of N4 with hpergillvr a-mannoridas (Fig. 88) liberated mannose and a disaccharide of Gall- 
4Man (7.5 min). The galactosyl residue in the disaccharide was confirmed lo be in the 8sonfiguralion by 
dlgeslion wilh bovine temcular 8-galactoddaw (Fig. 8C) which convened this disaccharide into (hs 

4(Manpk-z)Man. 
monosaccharides, galactose and mannose. Thuc data confirmed that Ihe  N4 cap i s  the trisaccharide Gal?[- 

Charselcrhl ion of the Neutral Cap Stmdurrr"The Dionex HPLC elution position and relative 

Table I1 

Monosaccharide campll ionnl   andyrk of neutral and  monophorphoslalrd  ollgornecharide 
mleased from ex% by mild acid hydrolyrk  and  Sepamled by Dloncx-HPLC 

Frsgne"1 
Dloncx Man Gal GaILlV, a o l e r b  ~ ~ b ~ ~ b d  

Hcxar  Olirarsccharidc 

Molar R a t i d  

N2 I 0.4 0 29.8 14.9 31.8 

Wigosaceharider WSR prepared, analyzed and quantitated as dercribed in "Expimental 

bvalues wen calculated by integration of total-ion ehmmatogramn obmined by GC-MS using qual 
P r d u r e r . '  The molar ratio were all normalired 10 mannose. 

vol~mes of earh Dionex-HPLC iwlated oligoraccharids. 'Includer bolh mannow and gdaClo-6 

Ecalculated from nMalen h e r o s  divided by number Of hexoses determined for each oligosaccharide. 
pholphak. 

dhlolar % of each of the neulral oligosaccharides (Caps1 compared lo total moles of Cap fragments. 

Ilg, T.,  Etges, R., Overath, P., McConville, M. J., Thomas-Oates, 
J., Thomas, J., Homans, S. W., and Ferguson, M. A. J. (1992) J. Bwl. 
Chem. 267, in  press. 
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Figure 9. IH pmton NMR spectrum of crPG. Chemical rhiftr are referenced relative to external acetone 
6=2.225 ppm at 300K 
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