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Chapter 12 

COMPOUND BIOPOLYMERS AND BIOOLIGOMERS 

I n  Chapters 7 - 11 o f  Volume B y  separat ions o f  s imple po lymer ic  o r  o l i gomer i c  

substances were t rea ted ,  i.e., substances composed o f  repeated u n i t s  o f  t h e  same 

type, e.g., amino a c i d s  + pept ides o r  p r o t e i n s ,  nuc leo t i des  + o l i gonuc leo t i des ,  

po l ynuc leo t i des  o r  nuc l  e i c  ac ids,  s imple sugars -+ o l  igosacchar ides o r  po lysac-  

char ides.  I n  t h i s  chap te r  t he  r a p i d  chromatographic separa t i on  o f  n a t u r a l  

o l  igomer ic  o r  po lymer ic  compounds c o n t a i n i n g  a l s o  impor tan t  molecular  m o i e t i e s  

o f  a d i f f e r e n t  type w i l l  be d e a l t  w i t h ,  such as nuc leop ro te in  complexes, 

g l y c o l i p i d s ,  g lycopept ides and g l ycos ide  o l i gomer i c  d e r i v a t i v e s .  I n  a d d i t i o n ,  

separat ions o f  several  n a t u r a l  complex substances t h a t  a r e  n o t  w e l l  known a r e  

discussed. 

IP.I.VIRUSES, BACTERIOPHAGES AND RIBOSOMES 

Viruses, phages and ribosomes o r  t h e i r  subun i t s  a r e  ext remely h igh-molecular -  

weight,  complex p a r t i c l e s ,  d i f f e r i n g  s u b s t a n t i a l l y  i n  t h e i r  molecular  s i z e  and 

shape, and t h e r e f o r e  s i z e  exc lus ion  chromatography (SEC) was t h e  f i r s t  chromato- 

graphic  approach t o  separate them f rom each o t h e r  and f rom va r ious  l ower  

molecular  weight  substances such as p ro te ins ,  pept ides,  o l  i gonuc leo t i des  and 

sugars. I n  o r d e r  t o  f a c i l i t a t e  t h e i r  r a p i d  separat ion,  h i g h l y  macroporous and 

r i g i d  suppor t  m a t e r i a l s  had t o  be found, H a l l e r  (1965) was t h e  f i r s t  t o  propose 

and develop con t ro l l ed -po re  g lass  (CPG) w i t h  pore diameters ranging f r o m  100 t o  

1700 8, s u i t a b l e  f o r  t h i s  purpose. F ig .  1.1 i n  t h e  i n t r o d u c t o r y  p a r t  o f  Volume A 

i l l u s t r a t e d  t h e  success o f  t h i s  e f f o r t .  The advantage o f  t h i s  suppor t  was n o t  

o n l y  t h a t  i t  separated compound biopolymers q u i c k l y ,  b u t  a l s o  t h a t  i t  c o u l d  be  

s t e r i l i z e d  and cleaned w i t h  s t rong  a c i d s  w i t h o u t  adverse ly  a f f e c t i n g  t h e i r  pore 

diameters. Un fo r tuna te l y ,  t he  p o l a r  su r face  o f  CPG (and a l s o  o f  porous s i l i c a )  

was shown t o  sorb i r r e v e r s i b l y  and denature some s e n s i t i v e  b i o l o g i c a l  substances. 

Therefore,  methods were sought f o r  p r o t e c t i n g  t h e  a c t i v e  su r face  o f  CPG o r  s i l i c a  

e i t h e r  by cova len t  bonding (e.g., u s i n g  a Glycophase l a y e r ,  reviewed by Regnier 

e t  a l . ,  1977), o r  by adsorbed p r o t e c t i n g  l a y e r s  (descr ibed i n  Sec t ion  12.1.1). 

However, d u r i n g  the  f u r t h e r  development o f  t h e  r a p i d  and s e l e c t i v e  i s o l a t i o n  

o f  v i ruses  o r  t h e i r  components, o t h e r  separa t i on  modes con-exchange chromato- 
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graphy (IEC) , reversed-phase chromatography (RPC) , a f f i n i t y  chromatography etc.] 

were a l s o  t e s t e d  and s u c c e s s f u l l y  used. Some o f  these methods w i l l  be reviewed 

i n  t h e  f o l l o w i n g  sec t ions .  

12.1.1 Size exclusion chromatography 

12.1.1.1 Plant viruses and ribosomes 

The f i r s t  exper iments were undertaken w i t h  p l a n t  v i ruses .  An example o f  t h e i r  

r a p i d  mutual separa t i on  u s i n g  CPG and on ly  h y d r o s t a t i c  p ressure  i s  i l l u s t r a t e d  

by F ig .  12.1, taken f rom t h e  p ioneer ing  work o f  H a l l e r  (1965). Almost complete 

separa t i on  was achieved i n  l e s s  then 10 min. It i s  i n t e r e s t i n g  t h a t  TM-virus 

appeared a t  an e l u t i o n  volume o f  18 m l ,  which i s  t h e  dead-space o f  t h e  column. 

As t h e  v i r u s  c o n s i s t s  ma in l y  o f  rods  3000 8, l o n g  and 150 1 i n  d iameter  (c f . ,  

Laufer ,  19441, t h i s  i n d i c a t e s  t h a t  t h e  l e n g t h  o f  t h e  v i r u s  p reven ts  i t  f rom 

e n t e r i n g  t h e  pores. The same phenomenon was observed by Steere  (1964) on agar  g e l  

columns and was exp la ined  as be ing  due t o  t h e  r o t a t i o n  mot ion  o f  t h e  rod-shaped 

v i r u s  i n  t h e  s o l u t i o n .  

Effluriit volume (cn1J) 

30 4 0 0 10 90 
I I I 

I 

TM- VIRUS 

F ig .  12.1. Chromatographic separa t i on  o f  a m i x t u r e  o f  tobacco mosaic v i r u s  (TM) 
and tobacc r i n g  spo t  v i r u s  (TRS) on c o n t r o l l e d - p o r e  g l a s s  o f  average pore  diam- 
e t e r  1700 1. Bed dimensions: 50 cm x 1 cm. Sample: a m i x t u r e  c o n t a i n i n g  approx i -  
mate ly  1011 p a r t i c l e s  o f  each v i r u s  i n  0.06 m l  o f  s a l i n e  b u f f e r .  E luen t :  0.01 M 
phosphate b u f f e r  (pH 7.0) c o n t a i n i n g  0.85% NaC1. Flow by  g r a v i t y  was 5.2 ml/min 
cm2. (Repr in ted  f rom H a l l e r ,  1965.) 
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TRS-virus, c o n s i s t i n g  of polyhedra o f  260 a diameter (Steere,  1956), r e a d i l y  

entered t h e  1700 1 pores of g lass;  t he  e l u t i o n  peak was c l o s e  t o  30 m l ,  t y p i c a l  

o f  admi t ted  p a r t i c l e s .  Southern bean mosaic v i r u s  (SBMV) was a l s o  chromato- 

graphed (c f . ,  F i g .  1.1 i n  Volume A); these p a r t i c l e s  had a diameter of 286 a 
(Leonard e t  a l . ,  19531, d i d  n o t  e n t e r  t h e  260 8 pores o f  t he  g lass  used and 

appeared a t  an e l u t i o n  volume o f  18 m l ,  whereas the  accompanying serum albumin 

o f  Mr = 7 10 (Phelps and Putnam, 19601, which was sma l le r  than t h e  pores, 

was delayed and i t s  p o s i t i o n  ( s l i g h t l y  beyond 30 m l )  was a l s o  i n f l u e n c e d  by t h e  

charge e f f e c t  a t  t he  p a r t i c u l a r  pH. I n  a subsequent paper on v i r u s  i s o l a t i o n  

w i t h  CPG, H a l l e r  (1967) descr ibed some o t h e r  successfu l  chromatographic exper i -  

ments w i t h  p l a n t  v i ruses  and bacter iophages (see the  second h a l f  o f  t h i s  s e c t i o n ) .  

However, Marcinka (1972), who a l s o  a p p l i e d  permeat ion chromatography on CPG 

i n  t h e  p u r i f i c a t i o n  o f  p l a n t  v i ruses,  found t h a t  r e d  c l o v e r  m o t t l e  v i r u s ,  

tobacco mosaic v i r u s ,  a l f a l f a  mosaic v i r u s  and w h i t e  c l o v e r  mosaic v i r u s  were 

adsorbed under c e r t a i n  c o n d i t i o n s .  t e c h  e t  a l .  (1977) t r i e d  t o  separate tobacco 

mosaic v i r u s  on Spheron ge l .  Th i s  c o u l d  be prepared i n  an ext remely mcaroporous 

form, and i s  a f u l l y  organic  copolymer hav ing no s i l a n o l  adsorbing groups, t h a t  

cou ld  be used i n  high-performance 1 i q u i d  chromatography (HPLC). 

Himmel and Squi re (1981) descr ibed the  HP-SEC o f  l a r g e  b iopolymers i n c l u d i n g  

v i ruses  and ribosomes on a TSK Gel G 5000 PW p r e p a r a t i v e  column. Th is  suppor t  

i s  a l s o  an organic  polymer. I t  was used i n  t h e  fo rm o f  a 600 mm x 21.5 mm I.D. 

column, connected w i t h  a p r o t e c t i v e  pre-column. The e l u e n t  was 10 mM phosphate 

b u f f e r  (pH 7), 100 m~ i n  KC1, pumped a t  a f l o w - r a t e  o f  0.96 ml/min, and the  

e f f l u e n t  was moni tored by UV by d e t e c t i o n  a t  280 nm. The average sample l o a d  

f o r  c a l i b r a t i o n  was 250 ul o f  a 3 mg/ml p r o t e i n  s o l u t i o n .  I n  a d d i t i o n  t o  a few 

p r o t e i n s  and dextrans, t h e  f o l l o w i n g  v i ruses  were chromatographed: southern bean 

mosaic v i r u s  (SBMV, kfr = 6.6 lo6; c f . ,  Edsa l l ,  1953), tomato bushy s t u n t  v i r u s  

(TBSV, M~ = 8.9 lo6; cf . ,  Edsa l l ,  1953), tobacco mosaic v i r u s  (TMV, kfr = 

39.4 . 10 ; cf. ,  Caspar, 1963), and t u r n i p  y e l l o w  mosaic v i r u s  (TYMV, Mr = 

5.4 lo6; c f . ,  Matthews, 1970). 

corresponding approx imate ly  t o  kfr 1.2 10 and 2.0 lo6, r e s p e c t i v e l y )  showed 

c o - e l u t i o n  a t  t h e  v o i d  volume, and seemed t o  i n d i c a t e  t h a t  t h e i r  s i z e  exceeded 

t h a t  o f  the a v a i l a b l e  pore openings. As t he  corresponding Mr values a r e  n o t  so 

high, i n  t h e  op in ion  o f  t h e  c i t e d  au tho rs  i t  seems l i k e l y  t h a t  t h e  cause o f  t h i s  

phenomenon i s  t h e  ex te rna l  s i z e  exc lus ion  o f  these ve ry  l a r g e  rods, whose l e n g t h  

(0.3 um) i s  comparable t o  t h e  i n t e r s t i t i a l  space between the  spher i ca l  pack ing 

beads o f  r a d i u s  ca. gum. The c i t e d  au tho rs  have undertaken f u r t h e r  d e t a i l e d  quan- 

t i t a t i v e  s t u d i e s  t o  t e s t  t h i s  hypothes is  and t h e  exper iments a r e  i n  progress.  I n  

s p i t e  o f  these problems, theTSK Gel column chromatography may be u s e f u l  as a pre-  

p a r a t o r y  t o o l  d u r i n g  t h e  i s o l a t i o n  and "clean-up'' o f  ribosomes o r  t h e i r  subuni ts .  

4 

6 

The GPC o f  ribosomes and ribosome subun i t s  (30s and 50s f r o m  Escherichia coZi ,  
6 
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P r o t e i n  and v i r u s  samples were e l u t e d  as s i n g l e  symmetr ical  peaks w i t h  good 

r e s o l u t i o n .  GPC c a l i b r a t i o n  cons tan ts  ( f o r  dex t rans )  i n  t h i s  work were c a l c u l a t e d  

bo th  f o r  mo lecu la r  we igh ts  and f o r  mo lecu la r  r a d i i  and t h e  da ta  ob ta ined  a r e  

compared and discussed i n  r e l a t i o n  t o  t h e  o t h e r  separated substances. 

12.1.1.2 Animal v iruses  and bacteriophages 

The f i r s t  exper iments on t h e  r a p i d  chromatography o f  bac ter iophages and 

animal v i r u s e s  were desc r ibed  by H a l l e r  (1967), who used CPG f o r  t h e  separa t ion .  

MS2 c o l  iphage and K i lham r a t  v i r u s  were chromatographed. P u r i f i e d  p repara t i ons  

o f  @X-174, M13, M12, QB and T4 bac ter iophages were ob ta ined  i n  l a r g e  amounts by 

Gschwender e t  a l .  (1969), u s i n g  a l a rge -sca le  p r e p a r a t i o n  on CPG. However, many 

i n v e s t i g a t o r s  have found t h a t  some v i r u s e s  adsorb so a v i d l y  t o  CPG t h a t  SEC 

cannot be app l i ed .  H i a t t  e t  a l .  (1971) found some animal v i r u s e s  ( p o l i o v i r u s ,  

adenovirus,  v e s i c u l a r  exanthema v i r u s  and v i r u s e s  o f  vacc in ia ,  y e l l o w  f e v e r  and 

r a b i e s )  t h a t  belonged t o  t h i s  adsorbed v i r u s  ca tegory .  The a d s o r p t i o n  o f  p o l i o -  

v i r u s  was reduced ( o r  e l i m i n a t e d )  by p re - t rea tmen t  o f  t h e  g l a s s  w i t h  haemoglobin 

s o l u t i o n s  f o l l o w e d  by a u t o c l a v i n g  ( t o  denature haemoglobin i n  s i t u ) ,  b u t  t h i s  

techn ique was n o t  found t o  be u n i v e r s a l  , e.g. , i t  d i d  n o t  p reven t  t h e  adso rp t i on  

o f  r a b i e s  v i r u s .  The c i t e d  au tho rs  examined many techn iques  f o r  p reven t ing  t h e  

adso rp t i on  o f  v i r u s e s  and u l t i m a t e l y  found t h a t  l o w  concen t ra t i ons  o f  po l y (e thy1 -  

ene ox ide ) ,  a p o l y e t h e r  o f  M = 100 OOO", prevented  t h e  adso rp t i on  o f  r a b i e s  

v i r u s  t o  porous g l a s s  o f  average diameter 1250 

Works, Corning, NY, U.S.A.). 

AppZication procedure. The p o l y e t h e r  can e i t h e r  be  added t o  t h e  e l u e n t  a t  a 

concen t ra t i on  o f  0.04% o r  used t o  p r e - c o n d i t i o n  t h e  column by passage o f  one 

v o i d  volume o f  0.4% s o l u t i o n ,  f o l l o w e d  by f i v e  o r  more v o i d  volumes o f  d i s t i l l e d  

water o r  b u f f e r e d  s a l t  s o l u t i o n .  

rab ies  v i r u s  ( f i x e d  s t r a i n  PV,,) a f t e r  passage over  a 450 mm x 11 mm I.D. column 

o f  powdered CPG ( p o r o s i t y  1250 1) which was p recond i t i oned  w i t h  po ly (e thy1ene 

ox ide) ,  as mentioned above. The charge was 0.6 m l  o f  20% mouse b r a i n  suspension. 

The e l u e n t  ( i s o t o n i c  phosphate-buffered s a l i n e  s o l u t i o n ,  pH 7.3) was pumped a t  

a f l o w - r a t e  o f  0.8 ml/min. 

According t o  H i a t t  e t  a l .  (19711, the  e f f e c t  o f  po ly (e thy1ene ox ide )  can be 

exp la ined  as fo l l ows .  Po lye the rs  have a s t rong  a f f i n i t y  f o r  complex fo rma t ion  by 

hydrogen bonding (Smith e t  a l . ,  1959; R'dsch, 1963). I t  seems probab le  t h a t  

(CPG 10-1250, Corn ing  Glass 

An e l u t i o n  p a t t e r n  was pub l i shed  by H i a t t  e t  a l .  (1971) o f  mouse-adapted 

*Polyox WSR IV-10, Union Carbide, New York, U.S.A. Poly(ethy1ene ox ide )  o f  Mr = 
200 000 was a l s o  e f f e c t i v e  i n  p reven t ing  t h e  adso rp t i on .  Po lye the rs  o f  lower  My 
were n o t  t es ted ;  such compounds would be r e q u i r e d  f o r  CPG o f  s m a l l e r  pore  s i z e  
t o  ensure pene t ra t i on .  
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mu1 t i p l e  hydrogen bonds between the pol yether and the el ectronegative oxygen 

atoms i n  the -Si02- repeating structure of the glass account fo r  the adsorption 

of poly(ethy1ene oxide). By competing for  binding positions on the glass surface, 

poly(ethy1ene oxide) thus effectively blocks the adsorption of rabies virus. 

polymers hydrogen bond t o  surface silanol groups of CPG, decreasing the charge 
on the surface and  preventing the adsorption of viruses and proteins. However, 

th i s  i s  unfortunately a reversible process and PEG elutes from columns during 
continuous use. I n  sp i t e  of t h i s ,  Darling e t  a l .  ( 1 9 7 7 )  described the rapid 
purification of an RNA tumour virus and proteins by IIP-SEC on bead columns made 
of CPG treated with PEG. Avian myeloblastosis virus ( A M V )  and hamster melanoma 

virus (HaMV) were purified from plasma proteins and t issue culture media com- 

ponents. The purified HaMV was s t i l l  infectious, and  the AMV-associated RNA- 

directed DNA polymerase ("reversed transcriptase") showed an 1100-fold purifica- 

tion of the virus a f t e r  one column treatment. The time required for  column 
purification was 5 min and electron microscopy of the purified virus showed 
intact  particles.  

The CPG (80-120 or 120-200 mesh) fo r  t h i s  treatment was purchased from 

Analabs (North Haven, CT, U.S.A.) or Electro-Nucleonics (Fa i r f ie ld ,  NJ, U.S.A.). 

The undesirable adsorption of CPG was greatly reduced by a modification of the 

method of Hawk e t  a l .  (1972) ,  consisting in pre-treatment w i t h  PEG solution. 

Pre-treatment procedure (Darling e t  al., 19771.  A 100-9 amount of CPG beads 
was added t o  500 ml o f  degassed solution of 3% PEG 20M in d i s t i l l ed  water. The 

suspension was maintained under vacuum to  ensure tha t  a i r  held in the pores was 
removed t o  allow PEG t o  enter.  The suspension was shaken occasionally t o f r e e  any 
a i r  bubblesadsorbed on the beads. After 30 m i n  the suspension was connected t o  a 
vacuum l ine  overnight. The excess of PEG was removed from the beads by repeated 

washing with d i s t i l l ed  water until foam was n o  longer observed. The beads were 
a i r  dried under vacuum (oven drying had t o  be avoided!). 

Stainless-steel columns 1, 2 or 3 m long and 1/4 in. 0.0. or 4.5 mm I.D. were 

used fo r  chromatography. All columns were coiled, with a coil diameter of 30 cm. 
A simple dry-packing procedure and equilibration of the columns with eluent were 
applied. Separations were carried o u t  a t  ambient temperature (for AMV) or a t  
O°C ( fo r  HaMV). For  example, fo r  the separation o f  AMV and added alkaline 

phosphatase, a 2 m x 1 /4  in. O.D. CPG-10-1250 pre-treated glass bead column was 
eluted with Tris buffer ( 0 . 0 1  M, pH 8.3) a t  a flow-rate 30 m l / h  with a back- 

pressure of 100 p.s.i. Fractions of 0.5 ml were collected. 

ac t iv i ty  versus protein concentration, ( 2 )  by a difference in U V  absorption 
(A254 - A280) and (3) by electron microscopy. Routinely, only the UV difference 

According to  Regnier e t  a l .  (1977)  , apparently polyethylene glycol (PEG) 

Eluting virions were detected ( 1 )  by assay for  detergent-requiring polymerase 
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spectrum was checked, as t h e  p o s i t i o n  o f  t h e  v i r u s  peak, once determined, d i d  
n o t  va ry  by more than 0.1 m l  , which was w i t h i n  exper imenta l  e r r o r .  I f  i t  was 

des i red  t o  r e t a i n  t h e  i n f e c t i v i t y  o f  t h e  v i ruses ,  t h e  r a d i a t i o n  damage caused 

by UV l i g h t  had t o  be avo ided i n  repeated  exper iments.  The UV d e t e c t o r  d i d  n o t  

need t o  be employed, as the  peaks p o s i t i o n s  were rep roduc ib le .  

gene produc ts  o f  av ian- type C r e t r o v i r u s e s  by HPLC. A r a p i d  chromatographic 

separa t i on  o f  t r a n s l a t i o n a l  p roduc ts  o f  t h i s  gene us ing  v o l a t i l e  s o l v e n t s  was 

descr ibed. The v i r a l  s t r u c t u r a l  components p27 ( M ~  = 27 000), p19 (Mr = 19 000) 

and p15 ( M ~  = 15 000), which a r e  t h e  f ragments ( s p l i t  by a p ro te inase )  o f  t h e  

pr in la ry  t r a n s l a t i o n a l  p roduc t ,  i.e., t h e  p recu rso r  p r o t e i n  P r  76 (Mr = 76 OOO), 

were p u r i f i e d  i n  m i l l i g r a m  amounts n e a r l y  t o  homogeneity and i n  h i g h  y i e l d s .  

For  t h e  p u r i f i c a t i o n  o f  p r o t e i n  components o f  t h e  d i s r u p t e d  v i r u s  a s e r i e s  o f  

f o u r  1251 ge l  permeat ion columns (Waters ASSOC., 30 cm x 0.78 cm I.D.) were 

used, e l u t e d  w i t h  a c e t i c  ac id -p ropano l -h igh l y  p u r i f i e d  water  (20:15:65) a t  a 

f l o w - r a t e  o f  0.2 ml/min. The l o a d  was 1 - 2 mg o f  t h e  t o t a l  p r o t e i n  d i s s o l v e d  i n  

a volume n o t  exceeding 100 p l .  The e f f l u e n t  was mon i to red  s p e c t r o p h o t o m e t r i c a l l y  

a t  280 nm. The peaks were c o l l e c t e d  manually, l y o p h i l i z e d  and f u r t h e r  charac- 

t e r i  zed. 

Bhown e t  a l .  (1981) s t u d i e d  t h e  p u r i f i c a t i o n  and c h a r a c t e r i z a t i o n  o f  t h e  gag 

12.1.2 Other chromatographic modes 

I n  t h e  l a s t  few years  o t h e r  methods have been a p p l i e d  t o  t h e  chromatography 

o f  de te rgen t -d i s rup ted  v i r u s  components, e s p e c i a l l y  o f  p r o t e i n s ,  i n  a d d i t i o n  

t o  SEC. Fo r  example, Henderson e t  a l .  (1981) have shown t h a t  RP-HPLC c o u l d  be 

used t o  separa te  p r o t e i n s  i n  murine leukaemia v i r u s .  K i r snas  e t  a l .  (1983) 

descr ibed t h e  p u r i f i c a t i o n  o f  su r face  p r o t e i n s  o f  bov ine  v i r a l  d ia r rhoea  v i r u s  

(BVDV) i n  de te rgen t -con ta in ing  b u f f e r s  by f a s t  p r o t e i n  1 i q u i d  chromatography 

(FPLC). BVDV i s  an RNA v i r u s  o f  t h e  genus Pestivirus,  f a m i l y  Togav i r idae.  F i r s t ,  

t h e  v i r u s  was p u r i f i e d  by Crotalaria juncea l e c t i n  chromatography and t h e  

g l y c o p r o t e i n  peplomers were d i s s o c i a t e d  f r o m  t h e  v i r i o n  by t rea tmen t  w i t h  1% 

Bero l  172 (a non - ion i c  de tergent ,  purchased f r o m  Bero l  Scandinavia,  Stenungsund, 

Sweden). I n  a second CrotaZaria l e c t i n  a f f i n i t y  chromatographic s t e p  t h e  

pep1 omers were re-chromatographed and the  g lycocon jugates  c a r r y i n g  te rm ina l  

ga lac tose  were i s o l a t e d .  Fo r  f u r t h e r  p u r i f i c a t i o n  o f  these g l ycop ro te ins ,  FPLC 

was employed. I n  o rde r  t o  overcome t h e  tendency o f  hydrophobic p r o t e i n s  t o  

aggregate, and w i t h  t h e  l o w  UV t ransparency  o f  most convent iona l  de te rgen ts  

which were a b l e  t o  suppress t h e  aggregat ion,  Bero l  172 was a p p l i e d  as a s u i t a b l e  
e l u e n t  component. 
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For I E C  i n  the FPLC system, a Mono-Q column (Pharmacia, Uppsala, Sweden) was 

used and e lu ted  w i t h  0.05 M Tris-HC1 b u f f e r  con ta in ing  0.2% o f  Berol 172. A f t e r  

20 m l  o f  i s o c r a t i c  e l u t i o n  a l i n e a r  g rad ien t  o f  1 M NaCl was app l i ed  up t o  60% 

(reached i n  ca. 40 m l )  and then i s o c r a t i c  e l u t i o n  was continued a t  t h i s  NaCl 

concentrat ion up t o  the  f i n a l  50 m l .  V i rus - in fec ted  and uninfected ma te r ia l s  

were compared. Prote ins o f  the i n f e c t e d  mater ia l  were e lu ted  above 24-26% NaCl 

i n  one preparat ion l i n e ,  and above 28% NaCl i n  the other. Re-chromatography o f  

the pooled f r a c t i o n s  using 0.02 M piperazine-HC1 b u f f e r  (pH 6 )  + 0.2% o f  Berol 

172 w i t h  a l i n e a r  g rad ien t  o f  s a l t  concentrat ion was successfu l ly  app l i ed  and 

l e d  t o  s ing le  peaks. The in f l uence  o f  the c r i t i c a l  m i c e l l a r  concentrat ion (CMC) 

Of the detergent i n  the e luent  on the chromatographic and de tec t i on  processes 

was a l s o  invest igated.  

conta in ing b u f f e r s  can be used e f f e c t i v e l y  f o r  the separation o f  p r o t e i n  com- 

ponents o f  v i r u s  surfaces. 

and the separation o f  i n f l uenza  v i r u s  components. Major p ro te ins  o f  A/Bangkok 

1/79 x 73 in f luenza v i r u s  were chromatographed. The p u r i t y  o f  the i s o l a t e d  

prote ins,  t h e i r  y i e l d s  and t h e i r  r e a c t i v i t y  w i t h  monoclonal ant ibodies were 

discussed. These p ro te ins  are important, because several s tud ies o f  t he  i n f l uenza  

v i rus,  i t s  components and t h e i r  r o l e s  i n  host  i n f e c t i o n  and immune responses 

depended on the  i s o l a t e d  v i r a l  components. 

Theoret ica l  cons iderat ions were discussed a t  the beginning , consider ing the  

dependence o f  the reso lu t i on ,  R ~ ,  on various g rad ien t  parameters. The v i r u s  was 

p u r i f i e d  by sucrose g rad ien t  c e n t r i f u g a t i o n  and d issoc iated i n  8 M guanidine- 

HC1 and 2 m~ d i t h i o t h r e i t o l  (DTT) t o  a f i n a l  p r o t e i n  concentrat ion o f  3.9 mg/ml 

f o r  chromatography. A 25 cm x 0.46 cm I.D. Aquapore RP-300 column (C03-10A; 

Rainin Instrument, Woburn, MA, U.S.A.) was used f o r  the chromatography. For the 

separation of d isso lved inf luenza X-73 v i rus ,  mater ia l  conta in ing 78 pg o f  t o t a l  

v i r u s  p ro te in  was chromatographed us ing a l i n e a r  g rad ien t  o f  0.05% t r i f l u o r o -  

ace t i c  a c i d  (TFA) i n  water t o  0.05% TFA i n  a c e t o n i t r i l e  over 33 min and a f l ow-  

r a t e  o f  1.0 ml/min. I n  another experiment, a g rad ien t  from 5% t o  75% a c e t o n i t r i l e  

i n  0.05% TFA was used. The in f l uence  o f  g rad ien t  t ime was examined i n  d e t a i l e d  

experiments . 

t o  measure the p r o t e i n  concentrat ion o f  v i r u s  and column eluates, t he  samples 

were hydrolysed i n  5 M NaOH, n e u t r a l i z e d  w i th  5 M HC1 , d i l u t e d  w i t h  1 M borate 

b u f f e r  o f  pH 10.5 (conta in ing 0.1% o f  T r i t o n  X-100, 0.1% o f  2-mercaptoethanol 
and 1% o f  methanol), mixed w i t h  an equal volume o f  borate b u f f e r  conta in ing 

The experiments showed t h a t  FPLC on ion-exchange columns i n  detergent- 

Phelan and Cohen (1983) s tud ied g rad ien t  op t im iza t i on  p r i n c i p l e s  i n  RP-HPLC 

For detect ion,  measurement o f  the absorbance a t  220 nm was applied. I n  order 
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0.08% (w/v) o f  o-phthalaldehyde (P ie rce ,  Rockford, I L ,  U.S.A.) and t h e  f l u o -  
rescence e x c i t e d  a t  340 nm was measured a t  455 nm. C a l c u l a t i o n s  were based on 

the  measurement o f  standards.  Column regenera t i on  t o  improve i t s  p r o p e r t i e s  

a f t e r  p ro longed use was a l s o  descr ibed,  The exper iments showed t h a t  d i s s o l u t i o n  

o f  X-73 i n  8 M guan id ine  h y d r o c h l o r i d e  and 2 mbf DTT f o l l o w e d  by RP-HPLC us ing  

a g r a d i e n t  o f  a c e t o n i t r i l e  i n  0.05% TFA separa ted  t h e  major p r o t e i n s  o f  t h i s  

i n f l u e n z a  v i r u s .  Al though t h e  t o t a l  p r o t e i n  recove ry  was o n l y  ca. 20%, t h e i r  

p u r i t y  was 288%. 

A s e r i e s  o f  papers were pub l i shed  by Van de r  Zee, We l l i ng  and co-workers, 

desc r ib ing  va r ious  methods f o r  t h e  i s o l a t i o n  and p u r i f i c a t i o n  o f  p r o t e i n s  f r o m  

de te rgen t -ex t rac ted  Sendai v i r u s .  I n  the  f i r s t  paper Van d e r  Zee e t  a1 . (1983) 

descr ibed t h e i r  p u r i f i c a t i o n  by RPC. 

e t  a l . ,  1983). I n  a d d i t i o n  t o  t h e  i n t e r n a l  n u c l e o p r o t e l n  (NP) and polymerase 

p r o t e i n  (P) i n  t h e  nucleocapsis,  t h e r e  a r e  t h r e e  1 ipid-envelope-associated 
p r o t e i n s  (HN, F and M) i n  Sendai v i r u s  (Scheid and Choppin, 1974, 1977). Ac- 

co rd ing  t o  Chopin e t  a l .  (19811, NH p r o t e i n  ( M ~  = 66 000) i s  respons ib le  f o r  

haemagg lu t ina t ion  and neuraminidase a c t i v i t i e s ,  and F ( f u s i o n )  p r o t e i n  i s  

i nvo l ved  i n  c e l l  f us ion ,  v i r u s  p e n e t r a t i o n  and haemolysis. T h i s  l a s t  mentioned 

p r o t e i n  i s  p resen t  i n  t h e  fo rm o f  an i n a c t i v e  p recu rso r  Fo, f r o m  which i t  i s  

generated by p r o t e o l y t i c  c leavage. F p r o t e i n  c o n s i s t s  o f  two d i su lph ide -1  i nked  

po lypep t ide  cha ins ,  F1 (Mr = 50 000 - 52 000) and F2 (M,. = 13 500). F i n a l l y ,  

M ( m a t r i x )  p r o t e i n  o f  Mr = 38 000 i s  impor tan t  f o r  v i r u s  assembly and v i r a l  

budding f rom t h e  c e l l  membrane. The envelope-associated p r o t e i n s  o f  Sendai v i r u s  

and t h e i r  separa t i on  were t h e  main i n t e r e s t  o f  t h e  group concerned. 

Van de r  Zee e t  a l .  (1983) d i s r u p t e d  t h e  v i r i o n s  o f  Sendai v i r u s  by  t h e  

a d d i t i o n  o f  2% (w/v) ( f i n a l  concen t ra t i on )  T r i t o n  X-100 f o r  30 min a t  room 

temperature. The de te rgen t  t o  v i r a l  p r o t e i n  r a t i o  was 3.3 (w/v). The de te rgen t  

was removed f rom t h e  supernatan t  u s i n g  Amber l i t e  XAD-2, and a t  t h e  same t ime  

t h e  p r o t e i n s  were reduced by t h e  a d d i t i o n  o f  d i t h i o t h r e i t o l  (DTT) t o  a f i n a l  

concen t ra t i on  20 mM (Amber l i t e  XAD-2 was ob ta ined  f r o m  Serva, He ide lberg ,  F.R.G. , 
and DTT f rom Sigma, S t .  Lou is ,  MO, U.S.A.). Then t h e  p r o t e i n s  were sub jec ted  t o  

RP-HPLC. Two types  o f  column were employed: ( 1 )  a 300 mm x 4.6 mm I.D. column 
was s l u r r y  packed w i t h  N u c l e o s i l  10 CI8 (Machery, Nagel & Co., Diiren, F.R,G.), 

and (2 )  a 40 mm x 3.2 mm column c o n t a i n i n g  Supe lcos i l  LC-318 (Supelco, B e l l e f o n t e ,  

PA, U.S.A.). The pore s i z e s  were 10 and 30 nm, r e s p e c t i v e l y .  

P r o t e i n s  c o n t a i n i n g  e x t r a c t s  were chromatographed a t  a f l o w - r a t e  o f  1 ml/min 

w i t h  a l i n e a r  g r a d i e n t  f rom 10 t o  60% o f  s o l v e n t  B i n  A f o r  24 min. So lven t  A 
was 12 mM HC1 i n  t r i p l y  d i s t i l l e d  water  and B was 12 mv HC1 i n  e thano l - I -bu tano l  

Sendai v i r u s  i s  a paramyxovirus,  rang ing  i n  s i z e  f r o m  150 t o  250 nm ( W e l l i n g  
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(4:1, v /v) .  Both the organic so lvents  were obtained from E. Merck (Darmstadt, 

F.R.G.). The amount o f  prote ins t o  be analysed was very s m a l l  (10-50 pg). The 

p u r i t y  o f  the i s o l a t e d  p ro te ins  was checked e l e c t r o p h o r e t i c a l l y  using SDS-PAGE. 

P ro te in  F2 was i s o l a t e d  i n  r e l a t i v e l y  l a rge  amounts ( the  y i e l d  was about loo%),  

whereas the recoveries o f  three other  p ro te ins  (Fly HN and M I  were r e l a t i v e l y  

low ( f rom less  than 5% t o  50%). The amino a c i d  ana lys i s  o f  F2 was presented. 

Well ing e t  a1 . (1983) examined the anion-exchange chromatography o f  Sendai 

v i r u s  F p r o t e i n  i n  the presence o f  T r i t o n  X-100. P u r i f i e d  v i r i o n s  (46.5 mg/ml 

i n  5 mM Tris-HC1, pH 7.23) were d isrupted w i t h  T r i t o n  X-100 (purchased from BDH, 

Poole, U.K.) a t  a detergent t o  v i r a l  p r o t e i n  r a t i o  o f  0.9 (w/w) and d ia l ysed  

against  0.02 M sodium phosphate b u f f e r  (pH 7.2). The re ta ined  mater ia l  (con- 

t a i n i n g  mainly F and NH p r o t e i n )  was subjected t o  anion-exchange chromatography 

on a 50 mm x 5 mm I.D. Mono Q HR 5 /5  column (Pharmacia, Uppsala, Sweden) and 

e lu ted  w i th  a g rad ien t  from 0.15 t o  1.5 M sodium c h l o r i d e  i n  0.02 M sodium 

phosphate (pH 7.2) conta in ing 0.1% (v /v)  o f  T r i t o n  X-100; the f l ow- ra te  was 

1 ml/min. For de tec t i on  the absorbance a t  260 nm was measured (owing t o  the 

presence o f  the aromatic r i n g  i n  T r i t o n ,  which d i d  n o t  a l l ow  the de tec t i on  a t  

280 nm) and the  peak f r a c t i o n s  were c o l l e c t e d  manually i n  low-protein-adsorption 

(Minisorb) tubes (Nunc, Roskilde, Denmark). To remove most o f  T r i t o n  the tubes 

were covered w i t h  dialysis-membrane tub ing and d ia l ysed  overn ight  a t  4OC against  

water w i t h  Bio-Beads SM 2 (Bio-Rad Labs., Richmond, CA, U.S.A.; c f . ,  Volsky and 

Loyter, 1978). The d ia lysed f r a c t i o n s  were reduced and checked by SDS-PAGE. 

The detergent e x t r a c t  contained F and HN prote ins.  HN was n o t  re ta ined  by 

the column, and e l u t i o n  w i th  a s a l t  gradient  resu l ted  i n  several peaks, con- 

t a i n i n g  mainly o r  on l y  F prote in .  As B r i j  35 detergent d i d  n o t  absorb a t  280 nm, 

the same chromatography was performed w i t h  0.1% (v /v)  B r i j  i n  the e luent .  A 

s i m i l a r  separation resul ted,  although some t a i l i n g  o f  peaks was observed. The 

ion-exchange procedure described was found t o  be a r a p i d  method f o r  the p u r i f i c a -  

t i o n  o f  v i r a l  p ro te ins  i n  the presence o f  non-ionic detergents. 

t i o n  o f  detergent-extracted Sendai v i r u s  p ro te ins  by g e l - f i l  t r a t i o n ,  ion-  

exchange and reversed-phase HPLC and the e f f e c t  o f  immunological a c t i v i t y .  

Well ing e t  a l .  (1985) combined s i ze  exc lus ion and reversed-phase HPLC o f  a 

detergent e x t r a c t  o f  Sendai v i rus,  and Van der Zee and Well ing (1965) s tud ied 

the detect ion o f  Sendai v i r u s  p ro te ins  by RP-HPLC combined w i t h  immuno-chroma- 

tog rap hy . 
system f o r  the separation o f  water- inso lub le p o l i o v i r u s  p ro te ins  by RP-HPLC, 

and Ricard and Sturman (1985) i s o l a t e d  the subunits o f  the coronavirus envelope 

g lycoprote in  E2 by hydroxyapati te HPLC. 

I n  con t inua t ion  o f  these studies, Wel l ing e t  a l .  (1984) described the i s o l a -  

Heukeshoven and Dernick (1985) described the  cha rac te r i za t i on  o f  a so lvent  
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12.2 GLY COSPHINGOLI P I D S  

12.2.1 Introduction 

Glycosphingol  i p i d s  a r e  r e l a t i v e l y  compl ica ted  substances o f  g r e a t  b i o l o g i c a l  

importance and the re fo re  a conc ise  chemical (b iochemica l )  i n t r o d u c t i o n  w i l l  be 

g i ven  before a d e s c r i p t i o n  o f  t h e i r  chromatographic separa t ions .  I t  i s  known 

(Lehninger, 1978a) t h a t  c e l l  coa ts  o f  h i g h e r  organisms c o n s i s t  o f  t h r e e  main 

groups o f  compounds: ( 1 )  g lycosph ingo l  i p i d s ,  (2) a c i d  mucopolysacchar ides and 

(3 )  g l ycop ro te ins .  The f i r s t  group a r e  membrane components and be long t o  t h e  

complex l i p i d s  c a l l e d  s p h i n g o l i p i d s .  They c o n t a i n  long-cha in  a l i p h a t i c  hydroxy- 

amino a l coho ls ,  sa tu ra ted  o r  unsatura ted ,  o r  a r e l a t e d  base as t h e i r  backbone, 

e.g. , sph ingos ine  (4-sphingenine),  CH,(CH2),,CH=CHCH(0H)CH(NH2)CH20H. T h i s  i s  

t he  f i r s t  b u i l d i n g - b l o c k  component. More than 30 d i f f e r e n t  l ong -cha in  amino 

a l c o h o l s  have been found i n  s p h i n g o l i p i d s  o f  va r ious  b i o l o g i c a l  species.  I n  

sph ingo l i p ids ,  t h e  amino group o f  sph ingos ine  ( o r  o t h e r  amino a l c o h o l  ) forms 

an amide bond w i t h  a l o n g  a l i p h a t i c  f a t t y  a c i d  ( s a t u r a t e d  o r  unsatura ted ,  

c o n t a i n i n g  18 - 24 carbon atoms), e.g., o l e i c  ac id ,  CH,(CH2)7CH=CH(CH2),COOH; 
t he  f a t t y  a c i d  i s  t h e  second b u i l d i n g - b l o c k  component. Such amides a r e  c a l l e d  

ceramides and t h e i r  s t r u c t u r e  can be i l l u s t r a t e d  by an example: 

CH3(CH2) ,2CH=CHCH(OH)CHCH20H 
I 

YH 
CH3( CH2),CH=CH( CH2),C0 

Cerami de 

Ceramides c r e a t e  a molecu la r  b a s i s  f o r  t h e  c o n s t r u c t i o n  o f  s p h i n g o l i p i d s .  The 

t h i r d  c h a r a c t e r i s t i c  b u i l d i n g - b l o c k  component o f  s p h i n g o l i p i d s  i s  a p o l a r  head 

group, which may be very  l a r g e  and complex. I n  r e l a t i v e l y  s imp le  sphingomyel ins 

(which a r e  n o t  o l igomers  and w i l l  n o t  be t r e a t e d  i n  t h i s  book) i t  c o n t a i n s  

phosphory lcho l ine ;  t h i s  component con fe rs  a z w i t t e r i o n i c  n a t u r e  on t h e  r e s u l t i n g  

complex compound. 

I f  s p h i n g o l i p i d s  c o n t a i n  one o r  more sugar res idues  i n  t h e  p o s i t i o n  o f  t h e i r  

p o l a r  head, they  a r e  c a l l e d  n e u t r a l  g lycosph ingo l  i p i d s .  

The s imp les t  spec ies  o f  t h i s  group a r e  cerebros ides ,  which c o n t a i n  a mono- 

sacchar ide bound i n  a B -g l ycos id i c  l i n k a g e  t o  t h e  hydroxy group o f  ceramide. 

An example o f  ga lac toce reb ros ide  k o n t a i n i n g  ga lac tose  (Gal ) and 1 i g n o c e r i c  a c i d  

(CZ4)] i s  i l l u s t r a t e d  by t h e  fo rmu la  
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H-C-OH 
I 

HC II (y42)22 

CH3 

Galac tocerebros ide  

I f  two ga lac tose  u n i t s  a r e  bound t o  c r e a t e  ga lac tosy lceramide,  t h e  s t r u c t u r e  o f  

such a d ihexos ide  may be symbol ized as  

G a l l  -+ 4Gal l  --t Ceramide 

A compound c o n t a i n i n g  one g lucose (G lc )  u n i t  bound t o  ceramide i s  c a l l e d  g luco -  

cerebros ide .  Two o r  more ga lac tose  u n i t s  c o n t a i n i n g  g lucosy lceramides  a r e  

symbol ized as i l l u s t r a t e d  below by t h e  example o f  t e t rahexos ide ,  c o n t a i n i n g  

te rm ina l  galactosamine (GalN) i n  t h e  N-ace ty la ted  f o r m  (NAc): 

B a B a 
Gal NAcl -+ 3Gal1 -+ 4Gal1 -+ 4 G l c l  --f Ceramide 

These a r e  examples o f  s o - c a l l e d  n e u t r a l  g l y c o s p h i n g o l i p i d s .  D i - ,  tri- and 

te t rahexos ides  belong t o  b ioo l i gomers  and w i l l  be d e a l t  w i t h  i n  t h e  Sec t ion  12.2. 

Su lphate  e s t e r s  o f  ga lac toce reb ros ides  ( a t  p o s i t i o n  3 o f  Ga l )  a r e  a l s o  found 

i n  n a t u r e  as components o f  b r a i n  t i s s u e ;  t hey  a r e  c a l l e d  su lpha t ides .  

The most complex group o f  g l y c o s p h i n g o l i p i d s  a r e  gang l i os ides ,  c o n t a i n i n g  

2-10 o r  more carbohydra tes .  I n  t h e i r  p o l a r  ol i gosacchar ide  head they  c o n t a i n  

one o r  more res idues  o f  s i a l i c  ac id ,  i.e., N-acety lneuramin ic  a c i d  (NeuAc) ( t h e  

o l d e r  des igna t ion  i s  NANA) w i t h  t h e  fo rmu la  

a a 

COOH 
I 

co 
I 

CH2 

H ~ O H  
I 

CH3CONH-CH 
I 

HOCH 
I 

HCOH 

H ~ O H  
I 
CH20H 

t i -Acetylneuraminic a c i d  (NeuAc) o r  s i a l i c  a c i d  
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[About 20 d i f f e ren t  s i a l i c  ac ids have been found i n  nature, b u t  on l y  a few have 

been detected i n  gangliosides (Ledeen and Yu, 1982). The above-mentioned NeuAc 

belong t o  the two major types.] 

I n  the r e m i n i n g  p a r t  o f  the s t r u c t u r e  D-Gal o r  N-acetyl-D-GalN residues are 

o f ten  present. Nearly a l l  ver tebrate gangl i os ides  are der ived from l a c t o s y l -  

ceramide and hence possess the  glucosylceramide s t ruc tu re ;  they can be c l a s s i f i e d  

i n t o  gangl io  and neolacto ser ies [Wiegandt (1979); Leeden and Yu (1983)1. Excep- 

t i o n a l l y ¶  other  types have a l so  been found. I f  we consider variances i n  the 

s i a l i c  a c i d  type, about 50 i nd i v idua l  gangliosides have been described so f a r ,  

d i f f e r i n g  i n  the number and r e l a t i v e  pos i t i ons  o f  the hexose and s i a l i :  a c i d  

residues (Leeden and Yu, 1982), and t h i s  number i s  increas ing as new d iscover ies 

are being reported. A complicated example o f  a t r i s i a l o g a n g l i o s i d e  i s  repre- 

sented by 

3Gall -+ 3GalNAcl --+ 4Gall+ 4G lc l -  Ceramide 

Most of the known gangliosides have Glc i n  the g l ycos id i c  l i nkage  t o  ceramide. 

a B a a 
+ 
2NeuAc 

3 
I. 
2NeuAc8 + 

2NeuAc 

Even more complicated gangl i os ides  have been found i n  t i ssues  con ta in ing  more 

sugar components , such as monosial omonof ucooctahexaosyl cerami de. 

Sphingolipids have been found i n  both p l a n t  and animal c e l l s  and a re  present 

i n  the l a r g e s t  amounts i n  b r a i n  and nerve t issues.  The neu t ra l  g lycosphingol ip ids 

play an important r o l e  i n  the  c e l l  surface (Lehninger, 1978a). The i r  non-polar 

t a i l s  penetrate i n t o  the l i p i d  b i l a y e r  s t r u c t u r e  o f  c e l l  membranes, whereas the 

polar  heads prot rude ou t  from the surface and have various b i o l o g i c a l  funct ions,  

e.g. , they are responsible f o r  blood-group s p e c i f i c i t y .  I n  t h e i r  p o s i t i o n s  on 

the c e l l  surface the  g lycosphingol ip ids a re  concerned i n  organ and t i s s u e  speci- 

f i c i t y ,  i n  t i s s u e  immunity and c e l l - c e l l  r ecogn i t i on  processes (cancer c e l l s  

have d i f f e r e n t  glycosphingol i p i d s  from those i n  normal c e l l s ,  which i s  important 

i n  cancer research and i n  c l i n i c a l  d iagnost ics) .  The accumulation o f  glyco- 

sphingol ip ids i n  cases o f  enzyme def ic iency (genetic d isorder  i n  metabolism) 

leads t o  various l i p id -s to rage  diseases (glycosphingol ipidoses; c f .  , Stanbury 

e t  a l .  , 1978). 

t o  biochemists and physicians as they are important membrane receptors 

(Svennerholm e t  a l .  , 1980a; Hakomori, 1981; Fishman, 1982). They a re  components 

o f  the plasma membrane and c o n t r i b u t e  t o  the r i c h  carbohydrate glycocylax, which 

determines the  surface p roper t i es  o f  b e l l s  (Ledeen and Yu, 1978, 1982; Wiegandt, 

A t  present a c i d i c  g lycosphingol ip ids ( t h e  gangl ios ides)  a re  o f  g rea t  i n t e r e s t  
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1982). I n  view o f  t h e i r  l o c a l i z a t i o n  i n  t h e  plasma membrane o u t e r  l e a f l e t ,  they 

p a r t i c i p a t e  i n  c e l l  growth c o n t r o l  and c e l l  d i f f e r e n t i a t i o n .  Ma1 i g n a n t  t r a n s f o r -  

mat ion o f  c e l l s  t r i g g e r s  o f f  major  changes i n  t h e i r  composi t ion and t h e r e f o r e  

gangl i o s i d e s  can serve as tumour-associated markers (Hakomori and Kannagi , 1983). 
I n  add i t i on ,  t h e  gangl i o s i d e s  (abundant i n  nerve endings) have a f u n c t i o n  i n  

the  t ransmiss ion o f  nerve impulses across synapses. Al though o r i g i n a l l y  d i s -  

covered i n  the  b r a i n  ( e s p e c i a l l y  t h e  grey m a t t e r  i s  very  r i c h  i n  gangl ios ides,  

where they rep resen t  6% o f  t h e  t o t a l  1 i p i d s ) ,  these a c i d i c  g l y c o s p h i n g o l i p i d s  

have been found i n  o t h e r  v e r t e b r a t e  t i s s u e s  i n  sma l le r  amounts. Several  i n v e r -  

t e b r a t e  gang l i os ides  have a l s o  been i d e n t i f i e d .  

I n  general ,  g l y c o s p h i n g o l i p i d s  c o n t a i n  two long  hydrophobic a l i p h a t i c  hydro- 

carbon chains and a r e  t h e r e f o r e  s o l u b l e  i n  o rgan ic  so l ven ts  (e.g. , c h l o r o f o r m  

o r  methanol), b u t  they a l s o  c o n t a i n  a p o l a r  head. These a r e  good p r o p e r t i e s  f o r  

separat ions by means o f  p a r t i t i o n  chromatography i n  the  normal-phase mode. 

Indeed, t h i s  technique has o f t e n  been used f o r  t h e i r  f r a c t i o n a t i o n .  I n  some 

ins tance  RPC has a l s o  been a p p l i e d  t o  t h e i r  p u r i f i c a t i o n .  Moreover, gang l i os ides  

c o n t a i n  ionogenic groups, a l l o w i n g  t h e i r  s imple i s o l a t i o n  f rom n e u t r a l  g l yco -  

sphingol  i p i d s  by anion-exchange chromatography and a l s o  t h e i r  f r a c t i o n a t i o n  

f rom each other .  Both o f  these methods have o f t e n  been used f o r  t he  chromato- 

graphic  separat ion o f  g lycosphingol  i p i d s .  

There a r e  problems w i t h  t h e  o n - l i n e  d e t e c t i o n  o f  these substances i f  they 

a r e  n o t  mod i f i ed  w i t h  a s u i t a b l e  UV chromophore. Therefore,  o f f - l i n e  d e t e c t i o n  

has o f t e n  been used f o r  mon i to r i ng  i n  column chromatography. A s u i t a b l e  and 

g e n e r a l l y  a p p l i c a b l e  method f o r  t he  on-1 i n e  d e t e c t i o n  o f  g lycosphingol  i p i d s  

remains a problem. 

22.2.2 Neutral glycosphingolipids 

22.2.2.1 Unsubstituted natural products 

HPLC has been a p p l i e d  f o r  t h e  a n a l y t i c a l  separa t i on  o f  g l y c o s p h i n g o l i p i d s  

( G S L )  p r e f e r e n t i a l l y  i n  t h e  fo rm o f  va r ious  d e r i v a t i v e s ,  which w i l l  be discussed 

l a t e r  i n  t h i s  sect ion.  However, t h e  separat ion o f  GSL w i t h o u t  d e r i v a t i z a t i o n  

has a g r e a t  advantage, e s p e c i a l l y  f o r  preparat ions,  because t h e  separated 1 i p i d s  

may be used d i r e c t l y  i n  s t r u c t u r a l  c h a r a c t e r i z a t i o n  and immunological analyses, 

and t h i s  i s  t h e  main reason why i t  has been developed. Non-pressur ized L C  methods 

were o f t e n  used i n  t h e  beginning and va r ious  s i l i c a  ge l  supports were a p p l i e d  

as s t a t i o n a r y  phase f o r  1 i q u i d - s o l  i d  chromatography o f  G S L  (Radin e t  a l .  , 1956; 

Maki ta and Yamakawa, 1962; Gray, 1967; Vance and Sweeley, 1967; S i d d i q u i  and 

McCluer, 1968; Puro, 1970; Hanahan e t  a l . ,  1971; Ando and Yamakawa, 1973). 
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P e l l i c u l a r  suppor ts  have a l s o  been used f o r  t h e  separa t i on  o f  g l y c o l i p i d s ,  which 

a l l owed  high-speed analyses (Stolyhwo and P r i v e t t ,  1973; Sug i ta  e t  a1 ., 1974). 
Unfo r tuna te l y ,  t h e  l ow  c a p a c i t y  o f  t h e  l a s t  ment ioned pack ing  m a t e r i a l s  a l l owed  

on ly  a n a l y t i c a l  a p p l i c a t i o n s .  

o f  l i p i d s  u s i n g  t o t a l l y  porous s i l i c a  ( Ia t robeads ) ,  and a p p l i e d  i t  t o  t h e  

separa t i on  o f  mo lecu la r  spec ies  of GSL. As t h e  p a r t i c l e  s i z e  was r e l a t i v e l y  l a r g e  

(60 um), h y d r o s t a t i c  p ressu re  was s u f f i c i e n t  t o  ach ieve  r a p i d  separa t ions .  

Ceramide d ihexos ide  and ceramide tri hexoside were bo th  separa ted  i n t o  two f r a c -  

t i o n s  o f  d i f f e r e n t  mo lecu la r  species,  and two ceramide te t rasacchar ides  

(g lobos ide  I and parag lobos ide)  were a1 so c l e a r l y  separated. The separa t i on  of 

these mo lecu la r  spec ies  was due t o  d i f f e r e n c e s  i n  t h e i r  f a t t y  a c i d  and long -  

cha in  base composi t ions.  

A sample of 400 mg of human e r y t h r o c y t e  g l y c o l i p i d  m i x t u r e  was a p p l i e d  t o  a 

120 cm x 1.7 cm I.D. column c o n t a i n i n g  140 g o f  I a t robeads  6RS-8060 ( I a t r o n  

Labs., Tokyo, Japan). The column was e l u t e d  w i t h  1700 m l  o f  a l i n e a r  g r a d i e n t  o f  

chloroform-methanol  -water w i t h  t h e  p r o p o r t i o n s  changing f r o m  83: 16 :O. 5 t o  

55:42:3 ( v / v )  u s i n g  two r e s e r v o i r s .  The column c o u l d  be  regenera ted  by washing 

w i t h  t h r e e  column volumes o f  t h e  s t a r t i n g  so l ven t .  I n  p r a c t i c e ,  an Ia t robeads  

column c o u l d  be used f o r  severa l  chromatographic runs .  

( c o n t a i n i n g  g lobos ide  I and parag lobos ide)  were loaded on 85 g o f  I a t robeads  and 

t h e  column was e l u t e d  w i t h  a convex g r a d i e n t  o f  c h l  oroform-methanol -water  w i t h  

t h e  p r o p o r t i o n s  changing f r o m  8:12:2 t o  40:45:5 ( v / v ) .  The g r a d i e n t  was genera ted  

us ing  t h r e e  r e s e r v o i r s  i n  s e r i e s  c o n t a i n i n g  t h e  above e l u e n t  w i t h  p r o p o r t i o n s  o f  

80:18:2, 55:42:3 and 40:55:5 (v /v ) .  

The sugar c o n t e n t  o f  each f r a c t i o n  was determined by  t h e  an th rone-su lphu r i c  

a c i d  r e a c t i o n ,  measuring t h e  absorbance d i f f e r e n c e  between 616 and 720 nm on a 

H i t a c h i  Model 156 double-wavelength spectrometer.  TLC was a p p l i e d  f o r  t h e  i den -  

t i f i c a t i o n  o f  t h e  separated compounds. A l so  GLC ( a f t e r  methano lys is  and tr i- 

f l u o r o a c e t y l a t i o n )  and mass spec t romet ry  were a p p l i e d  f o r  d e t a i l e d  a n a l y s i s  of 

t h e  f r a c t i o n s  obtained. The phys i ca l  p r o p e r t i e s  o f  I a t robeads  were desc r ibed  i n  

d e t a i  1 . 

n e u t r a l  GSL. These g l y c o l  i p i d s  were e x t r a c t e d  f r o m  e r y t h r o c y t e  membranes w i t h  

h o t  e thano l  and f i r s t  p u r i f i e d  by p a r t i t i o n i n g  i n  chloroform-methanol  (2:l). 
Ace ty la ted  g l y c o l i p i d s  were f u r t h e r  p u r i f i e d  ch romatog raph ica l l y  on a F l o r i s i l  

column and n e u t r a l  g l y c o l i p i d s  were separa ted  f r o m  gang l i os ides  on an an ion  
exchanger. Then t h e  samples were a p p l i e d  t o  an HPLC column. 

Ando e t  a1 . (1976a) developed t h e  high-performance p r e p a r a t i v e  chromatography 

I n  another  exper iment,  100 mg o f  t h e  f r a c t i o n  o f  human e r y t h r o c y t e  g l y c o l i p i d s  

Watanabe and Arao (1981) descr ibed a new s o l v e n t  system f o r  t h e  separa t i on  o f  
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A s ta in less -s tee l  column (500 mm x 4 mm I.D.) was slurry-packed with 10-pm 

Iatrobeads 6RS-8010 porous s i l i c a  spheres ( Ia t ron  Labs. 1 using tetrabromoethane- 
2 te t rachloroethylene (60:40) a t  400 kg/cm . The column was washed with iso-  

propanol-hexane (55:45) and equi l ibra ted  with the s t a r t i n g  solvent  (e.g. , 
isopropanol-hexane-water, 55:44: 1). For e lu t ion  a 1 inear  grad ien t  of isopropanol- 

hexane-water was used ( the  concentrat ions of hexane and water were var ied,  

depending on the  glycol ip id  composition). The gradient  was i n i t i a t e d  immediately 

a f t e r  in jec t ion  a t  a f low-rate  of 2.0 ml/min. Every 0.5 or  1 min one e f f l u e n t  

f rac t ion  was co l lec ted  in  the f rac t ion  c o l l e c t o r .  After  use,  the column was 
regenerated by washing with isopropanol-hexane (55:45) a t  a f low-rate  of 1 ml/min 

f o r  60 min and could be used again without any l o s s  of e f f ic iency .  

bre-coated s i l  ica  gel G p la tes ,  developed with chl oroform-methanol -water 
(60:35:8 or  65:25:4); detect ion by spraying with orcinol reagent]. The g lycol ip id  

content  in  each f r a c t i o n  was determined by the  anthrone-sulphuric acid react ion 

and ca lcu la ted  a s  globotetraosylceramide (c f .  , Suzuki e t  a l . ,  1976). 

GSL with mono- t o  dodeca- o r  te t rakisdecasaccharides  were separated highly 
reproducibly within 60 min. The method was applied t o  preparat ive separat ions 

of highly complex g lycol ip ids  with blood group a c t i v i t y .  

No on-line sample detect ion was appl ied.  The f r a c t i o n s  were analysed by TLC 

12.2.2.2 Per-0, N-benzoyZ derivat ives  

chromatography of unsubst i tuted glycosphingol ip ids  (GSL). A simple der iva t iza-  
t ion  method was sought t h a t  would introduce a s u i t a b l e  UV chromophore i n t o  the 
glycol ipid and allow the u t i l i z a t i o n  of a s e n s i t i v e  UV detector .  In addi t ion ,  

the modifying group should be eas i ly  s p l i t  o f f  a f t e r  the chromatographic separa- 

t ion.  This was believed t o  be a prac t ica l  means of taking advantage of HPLC 

methods in glycol ip id  biochemistry. 

Evans and McCluer (1972) reported a system f o r  the  separation o f  neutral  
glycol ipids  by HPLC of t h e i r  benzoylated der iva t ives ,  prepared by react ion with 

benzoyl ch lor ide ,  in  a manner s imi la r  t o  t h a t  described by Acher and Kanfer 

(1972). They demonstrated t h a t  benzoylated cerebrosides  could be readi ly  

separated i n t o  two f r a c t i o n s  by HPLC on a s i l i c a  gel column. I t  was o r i g i n a l l y  

believed t h a t  the  der iva t ives  prepared were only 0-benzoyl der iva t ives  and t h a t  

the parent cerebrosides  could be simply regenerated by c a t a l y t i c  deacylation 

with sodium methoxide in  methanol. However, McCluer and Evans (1973) found t h a t  
the reaction of cerebrosides  containing non-hydroxy f a t t y  ac ids  with benzoyl 
ch lor ide  resu l ted  in acylat ion of the amide in addi t ion t o  the normal 0-acylation 

(and mild a l k a l i  treatment of the  N-diacyl der iva t ive  resu l ted  in  t h e  formation 
of N-benzoylpsychosine). Cerebrosides containing hydroxy f a t t y  ac ids  did not 

The lack of a s u i t a b l e  on-line detect ion method i s  a disadvantage of the 
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create the undesired N-benzoyl derivatives. Derivatization with benzoic anhydride 

avoided amide acylation even in the presence of non-hydroxy f a t t y  acid compo- 

nents; however, t h i s  l a s t  reaction was n o t  sufficiently f a s t .  

McCluer and Evans (1973) described the benzoylation of cerebrosides and 

derivatives that contained hydroxy and  non-hydroxy f a t ty  acids were isolated by 

HPLC with UV detection. 
BenzoyZation procedure. Cerebroside samples (0.1-1 .O mg) were benzoylated 

with 0.6 ml of benzoyl chloride-pyridine (1:5, v / v )  f o r  1 h a t  6OoC (similar 
amounts were benzoylated with 0.6 m l  of 5% benzoic anhydride in pyridine for  
18 h a t  l l O ° C ) .  Two procedures were uti l ized t o  purify the benzoylated products, 

as follows. ( A )  The reaction mixture was dried under a stream of nitrogen and 

the residue was dissolved in 5 ml of hexane and successively washed with 3 ml 

each of 95% methanol saturated with Na2C03, 0.6 M HC1 in 95% methanol and 95% 

methanol. The hexane layer was dried under a stream of nitrogen. ( B )  The reac- 

tion product was refluxed under methanol and chloroform was used fo r  extraction; 

a f t e r  successive washing of the lower layer,  the solution was evaporated and 

dissolved in hexane. 

For HPLC a 50 cm x 2.1 mm I.D. stainless-steel column was dry-packed with 
Zipax pell icular packing (Instrument Products Division, DuPont, Wilmington, DE, 

U.S.A.) and eluted with 0.13% methanol in pentane a t  a flow-rate of 1.5 ml/min. 

a bonded polar phase consisting of 3-aminopropylsilane groups) was used fo r  the 

separation of perbenzoylated galactosyl- and glucosylceramides (McC1 uer and 

Evans, 1976). Suzuki e t  a l .  (1976) also described the separation of molecular 

species of glucosylceramide by HPLC of the i r  benzoyl derivatives. 
Jungalwala e t  a l .  (1977) reported the determination of less  than 1 nmol of 

perbenzoylated cerebrosides by HPLC using gradient elution. Bo th  hydroxy and  
non-hydroxy fatty-acid-containing cerebrosides were analysed with UV detection 

a t  230 or 280 nm. The quantitative range of the method was 0.5-10 nmol of 
cerebrosides. The detection l imi t  fo r  injected samples was about 1 pmol and the 
analysis time was less than 5 min. No preliminary purification of the cere- 

brosides from other l ip ids  in brain extracts was necessary. The moisture-free 
cerebrosides were f i r s t  benzoylated with 50 ~1 of 10% benzoyl chloride i n  

pyridine and then separated on a 50 cm x 2.1 mm 1.0. column of 27 pm Zipax porous 

layer s i l i ca  beads. If gradient elution with 2.8-5.5% dioxane in hexane was 
applied, monitoring a t  230 nm ( i . e . ,  a t  the absorption maximum of benzoylated 
cerebrosides) was possible. The column was regenerated by reversing the gradient 
for 1 min and equilibrating the column w i t h  2.8% dioxane i n  hexane fo r  3-4 min. 

This procedure was a t  l eas t  10 times more sensit ive than isocratic elution with 

detection at 280 nm (McCluer and Evans, 1976). Jungalwala e t  a l .  (1977) also de- 

In addition to Zipax, a MicroPak N H 2  column (microparticulate s i l i c a  gel with 
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sc r ibed  a v a r i a n t  o f  g r a d i e n t  e l u t i o n  w i t h  d e t e c t i o n  a t  280 nm, i n  which a 

l i n e a r  g r a d i e n t  o f  2-7% aqueous e t h y l  a c e t a t e  i n  hexane was used f o r  e l u t i o n .  

The column was regenerated t o  i t s  o r i g i n a l  p o l a r i t y  by r e v e r s i n g  t h e  g r a d i e n t  

f o r  1 min and e q u i l i b r a t i n g  the  column w i t h  2% aqueous e t h y l  a c e t a t e  i n  hexane 

f o r  3-4 min. The methods descr ibed a r e  a p p l i c a b l e  t o  b i o l o g i c a l  m a t e r i a l s  con- 

t a i n i n g  minute amounts o f  cerebros ides.  

perbenzoylated n e u t r a l  GSL were pub l i shed  by Ulman and McCluer (1977, 1978); 

t he  f i r s t  paper descr ibes HPLC w i t h  mon i to r i ng  a t  280 nm and the  second a t  

230 nm. An example o f  separat ions repo r ted  i n  the  f i r s t  paper i s  i l l u s t r a t e d  i n  

F ig .  12.2. 

S i m i l a r  improved methods f o r  t he  q u a n t i t a t i v e  a n a l y s i s  o r  m ic roana lys i s  o f  

12.2.2.3 Per-0-benzoyZ derivat ives  

The a c y l a t i o n  o f  n e u t r a l  g l y c o s p h i n g o l i p i d s  (GSL) w i t h  benzoyl c h l o r i d e  was 

reviewed above. A disadvantage o f  t h i s  procedure i s  t h a t  N-benzoylat ion occurred 

i n  a d d i t i o n  t o  the  des i red  0-benzoylat ion,  so t h a t  t h e  recovery o f  t h e  pa ren t  

GSL a f t e r  m i l d  a l k a l i n e  h y d r o l y s i s  was n o t  poss ib le ,  owing t o  the  fo rma t ion  o f  

a m i x t u r e  o f  products .  Benzoylat ion w i t h  benzoic anhydr ide i n  p y r i d i n e  d i d  n o t  

l e a d  t o  the  fo rma t ion  o f  N-benzoylated products,  b u t  t he  anhydr ide r e a c t i o n  was 

s luggish,  which i s  t h e  reason why t h e  benzoyl  c h l o r i d e  method has been p re fe r red .  

Gross and McCluer (1980) descr ibed an HPLC a n a l y s i s  o f  n e u t r a l  GSL per-0- 

benzoyl d e r i v a t i v e s .  The method was based on t h e  obse rva t i on  o f  Gupta e t  a l .  

(1977) t h a t  N,N-dimethyl-4-aminopyridine (DMAP) ac ted  as a c a t a l y s t  i n  t h e  

a c y l a t i o n  o f  phosphol ip ids by f a t t y  a c i d  anhydr ides. Therefore,  Gross and McCluer 

(1980) t r i e d  t o  a c y l a t e  GSL w i t h  benzoic anhydr ide i n  the  presence o f  DMAP. 

S ing le  products  were formed and t h e  pa ren t  GSL c o u l d  be regenerated by m i l d  

a1 ka l  i n e  h y d r o l y s i s  a f t e r  chromatographic separat ion.  

Per-0-benzoyZation procedure (Gross and MeCZuer, 1980).  Samples O f  200 ng 

each o f  mono- t o  te t rag l ycosy l ce ramides  were d r i e d  under a stream o f  n i t r o g e n  i n  

100 x 13 mm screw-capped tubes and des i cca ted  i n  vacuo over  P205 f o r  a t  l e a s t  

2 h. A f r e s h l y  prepared s o l u t i o n  o f  20% (w/v) benzoic anhydr ide and 5% (w/v) 

DMAP i n  p y r i d i n e  (0.5 m l )  was added. The tubes  were b r i e f l y  f l u s h e d  w i t h  n i t rogen ,  

capped t i g h t l y  and incubated a t  37OC f o r  4 h; the  p y r i d i n e  was then removed under 

a stream o f  n i t rogen .  Hexane (3 m l )  was added and t h e  s o l u t i o n  was washed f o u r  

t imes w i t h  1.8 m l  o f  80% methanol sa tu ra ted  w i t h  sodium carbonate and t w i c e  w i t h  

80% methanol, as descr ibed by U l m n  and McCluer (1978). The so l ven t  was removed 

under a stream o f  n i t r o g e n  and t h e  benzoylated samples thus obta ined were each 

d i sso l ved  i n  an approp r ia te  amount o f  CC14 f o r  i n j e c t i o n  on t o  the  HPLC column. 
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Fig.  12.2. HPLC a n a l y s i s  o f  plasma g l y c o l i p i d s  f rom a hea l thy  person and p a t i e n t s  
s u f f e r i n g  f rom inborn e r r o r s  o f  l i p i d  metabolism. G l y c o l i p i d  f r a c t i o n s  f rom 1 m l  
o f  plasma were i s o l a t e d ,  benzoylated and d i sso l ved  i n  100 pl o f  CCl4 and 40 p1 
were analysed on a p e l l i c u l a r  s i l i c a  ge l  (Z ipax)  column (50 cm x 2.1 mm I.D.) 
us ing  a 10-min l i n e a r  g r a d i e n t  o f  2-17% e t h y l  ace ta te  i n  hexane a t  a f l o w - r a t e  
o f  2 ml/min. The absorbance a t  280 nm was recorded. Peaks: 1 = Glc-Cer; 2 = Lac- 
Cer; 3 = Gal-Lac-Cer; 4 = globoside. The he igh ts  and t h e  exac t  p o s i t i o n s  o f  t h e  
peaks a r e  discussed i n  t h e  o r i g i n a l  paper. On t h e  r i gh t -hand  s i d e  t h e  diseases 
o f  t h e  inborn e r r o r s  o f  l i p i d  metabol ism a r e  designated; f o r  t h e i r  cha rac te r i za -  
t i o n ,  see Table 14.4. (Repr in ted f rom Ullman and McCluer, 1977.) 

The HPLC column was a 50 cm x 2.1 mm I .D. s t a i n l e s s - s t e e l  tube packed w i t h  

Zipax p e l l i c u l a r  s i l i c a  ge l  (DuPont, Wilmington, DE, U.S.A.). Fo r  e l u t i o n  a 

13 min l i n e a r  g r a d i e n t  f rom 2.5 t o  25% dioxane i n  hexane was used, w i t h  a f l o w -  

r a t e  o f  2 ml/min. UV d e t e c t i o n  a t  230 nm was appl ied.  

Conversion of perbenzoylated products t o  the parent GSL (Gross and MeCZuer, 

1980) .  The peaks obta ined f rom HPLC were t r e a t e d  w i t h  0.5 M methanol ic  sodium 

hydrox ide s o l u t i o n  f o r  1 h a t  37OC. A f t e r  p a r t i t i o n i n g  i n  chloroform-methanol-  

water (8:4:3) t h e  l i p i d  products  i n  the  lower  phase were examined by TLC. 
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Prepara t i ve  and a n a l y t i c a l  HPLC o f  modi f ied GSL us ing  a s i m i l a r  method (per-0- 

benzoy la t i on  w i t h  benzoic anhydr ide c a t a l y s e d  by DMAP) was a l s o  descr ibed by 

McCluer and Ulman (1980). 

12.2.2.4 0-AcetyZ-N-p-nitrobenzoyl derivatives 

g l y c o l  i p i d s  by HPLC o f  t h e i r  0-acety l  -N-p-ni t robenzoyl  d e r i v a t i v e s .  The advantage 

o f  t h i s  m o d i f i c a t i o n  o f  g lycosphingol  i p i d s  (GSL) f o r  d e t e c t i o n  i s  t h e  h i g h e r  

molar a b s o r p t i v i t y  a t  254 nm compared w i t h  those o f  benzoyl d e r i v a t i v e s .  T h i s  

l a b e l l i n g  procedure can be e a s i l y  performed on a c e t y l a t e d  g l y c o l i p i d s .  Suzuki 

e t  a1 . ( 1 9 7 7 ~ )  separated 0-acetyl-N-p-ni  t robenzoyl  d e r i v a t i v e s  o f  g lucosy l -  

ceramide, lactosy lceramide,  t r ihexosy lceramide,  g loboside and haematoside 

(N-acetyl  t ype )  i n t o  t h e i r  molecular  species on t h e  b a s i s  o f  f a t t y  a c i d  compo- 

nents by HPLC us ing  a reversed-phase column (VBondapak CI8). A c e t o n i t r i l e  was 

used as the  e luen t .  

Suzuki e t  a l .  ( 1 9 7 7 ~ )  descr ibed t h e  separat ion o f  molecular  species o f  h i g h e r  

Yamazaki e t  a l .  (1979) examined t h e  consecut ive a n a l y s i s  o f  GSL on the  b a s i s  

o f  sugar and ceramide mo ie t i es  by HPLC. A q u a n t i t a t i v e  method f o r  t h e  determina- 

t i o n  o f  GSL i n  b i o l o g i c a l  m a t e r i a l s  was descr ibed and a p p l i e d  t o  e r y t h r o c y t e  

g l y c o l i p i d s .  A crude l i p i d  e x t r a c t  was separated i n t o  n e u t r a l  and a c i d i c  f r a c -  

t i o n s  on DEAE-Sephadex. GSL f r a c t i o n s  were obta ined by a c e t y l a t i o n  and F l o r i s i l  

column chromatography. Acety l  a ted  GSL samples were N-p-ni t robenzoy la ted  and 

chromatographed on a Zorbax SIL s i l i c a  ge l  column. Fo r  e l u t i o n  an isopropanol  

g r a d i e n t  i n  hexane-chloroform was used. D e r i v a t i v e s  were separated on the  b a s i s  

o f  t h e i r  sugar chains.  The peaks obta ined were f u r t h e r  chromatographed on a 

VBondapak CI8 reversed-phase column on the  b a s i s  o f  t h e i r  l i p i d  p o r t i o n s .  

by Suzuki e t  a l .  (1980). 0-Acetyl-N-p-nitrobenzoyl d e r i v a t i v e s  o f  s i x  n e u t r a l  

GSL (91 ucosyl  ceramide, lactosy lceramide,  g l  o b o t r i a o s y l  ceramide, 1 a c t o t r i a o s y l -  

ceramide, g lobotet raosy lceramide and neolactotetraosylceramide) were separated. 

The recove r ies  o f  g lucosy lceramide and g lobotet raosy lceramide f o r  t h e  d e r i v a t i z a -  

t i o n  procedure and chromatographic a n a l y s i s  were about 75%, and 1 nmol o f  

g l y c o l i p i d  c o u l d  be detected. The method was a p p l i e d  t o  t h e  a n a l y s i s  o f  human 

e r y t h r o c y t e  n e u t r a l  g l y c o l  i p i d s  and a l lowed t h e  separat ion o f  c e r t a i n  g l y c o l  i p i d s  

t h a t  conta ined equal numbers o f  sugar mo ie t i es .  The d e r i v a t i z a t i o n  technique was 

the same as t h a t  descr ibed by Yamazuki e t  a l .  (1979), i n c l u d i n g  t h e  p u r i f i c a t i o n  

o f  t h e  d e r i v a t i v e s  on a Sephadex LH-20 column. 

a f l o w - r a t e  o f  0.5 ml/min by programmed e l u t i o n  as f o l l o w s :  5 min i s o c r a t i c  

e l u t i o n  w i t h  1% isopropanol  i n  hexane-dichloroethane (2:1), 55 min w i t h  a l i n e a r  

g r a d i e n t  f rom 1 t o  5% isopropanol  i n  hexane-dichloroethane ( 2 : l )  and 10 min 

An improved technique f o r  t h e  separat ion o f  n e u t r a l  GSL by HPLC was descr ibed 

For  the  HPLC a 25 cm x 4.6 mm I .D.  Zorbax SIL column was used and e l u t e d  a t  



B318 

i s o c r a t i c a l l y  w i t h  5% isopropanol  i n  hexane-dichloroethane (2 : l ) .  Before the  

nex t  ana lys i s ,  t he  column was r e a c t i v a t e d  w i t h  t h e  i n i t i a l  s o l v e n t  f o r  15 min. 

12.2.3 A c i d i c  glycosphingoZipids - gangZiosides 

Gangl iosides a r e  g l y c o l i p i d s  and t h e  composi t ion o f  t h e i r  components de te r -  

mines t h e i r  s o l u b i l i t y  i n  water  and organic  so lvents .  The o r i g i n a l  method f o r  

t h e i r  i s o l a t i o n  and p u r i f i c a t i o n  (Folch e t  a l . ,  1957) was based on p a r t i t i o n i n g  

f rom chloroform-methanol ( i n t o  which they were e x t r a c t e d  f rom n a t u r a l  sources) 

i n t o  t h e  upper water-enr iched phase, l e a v i n g  behind t h e  b u l k  o f  t h e  o t h e r  l i p i d s .  

This  procedure was l a t e r  mod i f i ed  by var ious workers, e.g. by Suzuki (1965); a 

m o d i f i c a t i o n  o f  t h i s  last -ment ioned technique was descr ibed i n  d e t a i l  i n  a 

rev iew by Ledeen and Yu (19821, where o t h e r  approaches were a l s o  discussed. 

Gangl iosides con ta in  one o r  more res idues o f  s i a l i c  acid,  which opens up the  

p o s s i b i l i t y  o f  gang l i os ide  i s o l a t i o n  us ing anion exchangers. The whole group o f  

gangl ios ides can be separated i n  t h i s  way f rom n e u t r a l  g l ycosph ingo l i p ids ,  b u t  

i n d i v i d u a l  gangl i o s i d e  subclasses (mono- t o  pentas ia logangl  i o s i d e s )  can be 

f r a c t i o n a t e d  accord ing t o  t h e  number o f  s i a l i c  a c i d  residues. 

t i ons ,  LSC on s i l i c a  gel  has o f t e n  been used s u c e s s f u l l y  f o r  t h e i r  f r a c t i o n a t i o n .  

I n  a d d i t i o n  t o  column chromatography, TLC has a l s o  been a p p l i e d  f o r  bo th  ana- 

l y t i c a l  and semi -prepara t i ve separa ti ons. 

A l l  t he  column chromatographic separat ion techniques f o r  gangl i o s i d e s  w i l l  be 

reviewed i n  t h e  f o l l o w i n g  p a r t  o f  t h i s  Sect ion.  Most gang l i os ides  have been 

chromatographed i n  the  u n d e r i v a t i z e d  form, which w i l l  be d e a l t  w i t h  f i r s t .  

Because o f  t h e  h y b r i d  1 i p o p h i l  i c -hyd roph i l  i c  cha rac te r  o f  gangl i o s i d e  f r a c -  

12.2.3.1 Ion-exchange chromatography 

I n  1971 Winterbourn pub l i shed  t h e  f i r s t  paper on t h e  separat ion o f  b r a i n  

gangl i o s i d e s  by column chromatography on DEAE-cel l u l  ose (Whatman DE-2) , p r e v i -  

ous ly  washed w i t h  ammonium ace ta te  and methanol. Stepwise e l u t i o n  w i t h  g r a d u a l l y  

i nc reas ing  concen t ra t i ons  o f  ammonium ace ta te  i n  methanol (0.022, 0.04, 0.1 and 

0.25 M )  was a p p l i e d  and the  separat ion o f  gang l i os ides  accord ing t o  t h e  number 

o f  bound s i a l i c  a c i d  res idues was achieved. A group o f  gang l i os ides  o f  human 

myel in  w i t h  sialosylgalactosyceramide (G7) as a major  component was i s o l a t e d  

f rom p u r i f i e d  myel i n  us ing DEAE-Sephadex A-25 (Pharmacia) column chromatography 

by Ledeen e t  a l .  (1973); t h i s  was the  f i r s t  a p p l i c a t i o n  o f  DEAE-Sephadex f o r  t h e  

i s o l a t i o n  o f  t he  t o t a l  gang l i os ide  group. Momoi e t  a l .  (1976) a p p l i e d  a concave 

g r a d i e n t  o f  ammonium ace ta te  i n  methanol f o r  t h e  e l u t i o n  o f  gang l i os ides  f rom 

a column o f  DEAE-Sephadex A-25, and these were f u r t h e r  separated on s i l i c a  ge l .  

Ivamor i  and Nagai (1981a,b) combined a separat ion on DEAE-Sepharose w i t h  
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Ia t robeads 6RS-8060 chromatography. A d e t a i l e d  d e s c r i p t i o n  o f  t he  g r a d i e n t  

e l u t i o n  o f  gang l i os ides  f rom a DEAE-Sephadex A-25 column was descr ibed and 

discussed by Ledeen and Yu (1982). Comparing t h e  separat ion o f  gang l i os ides  on 

DEAE-Sephadex, QAE-Sephadex and DEAE-Sepharose, Ivamor i  and Nagai 11978a) found 

t h a t  t h e  l a s t  m a t e r i a l  gave t h e  bes t  separa t i on  and y i e l d s .  A l l  these methods 

were based on t h e  low-pressure chromatography. 

The a p p l i c a t i o n  o f  DEAE-si l ica ge l  as an i o n  exchanger f o r  t h e  i s o l a t i o n  o f  

g l y c o l i p i d s  (Kundu and Roy, 1978) can be considered as the  f i r s t  s tep  towards 

the  development o f  t he  HPLC o f  gangl ios ides.  A r e l a t i v e l y  r a p i d  and q u a n t i t a t i v e  

method ( b u t  non-pressur ized, w i t h  o n l y  g r a v i t a t i o n a l  e l u t i o n )  was presented f o r  

t he  i s o l a t i o n  o f  gang1 i o s i d e s  and n e u t r a l  g lycosphingol  i p i d s  f rom animal t i s s u e s  

and c e l l s .  The advantages o f  t h i s  method i n  comparison w i t h  i o n  exchangers based 

on a carbohydrate m a t r i x  were: (1 )  f a s t e r  f l ow- ra te ;  ( 2 )  f a s t e r  e q u i l i b r a t i o n  

w i t h  the  s t a r t i n g  b u f f e r ;  (3)  eas ie r  regenerat ion;  ( 4 )  g r e a t e r  economy; and ( 5 )  

less s u s c e p t i b i l i t y  t o  m i c r o b i a l  a t tack .  Kundu and Roy (1978) descr ibed i n  

d e t a i l  t h e  p repara t i on  o f  t he  DEAE d e r i v a t i v e s  o f  porous s i l i c a  ge l  (pore 

diameter 200 nm; 200-400 mesh; su r face  area 150 m /g;  pore volume 1.68 ml /g) .  

y-G1 yc  i doxypropyl  tri me thoxys i 1 ane and N , N-di e thy1 ethanol  ami ne  were used f o r  

synthes is .  The product  had t h e  formula 

2 

and was used i n  a 30 cm x 1.5 cm I.D. column, which was e q u i l i b r a t e d  w i t h  0.2 M 

sodium ace ta te  i n  methanol and thoroughly  washed w i th  methanol, and then washed 

w i t h  a t  l e a s t  t h r e e  bed volumes o f  chloroform-methanol-water(30:60:8, v /v )  before 

use. A 10-ml volume o f  beef  b r a i n  t o t a l  l i p i d  e x t r a c t  was d i l u t e d  t o  50 m l  w i t h  

chloroform-methanol-water (30:60:8, v / v )  and a l lowed t o  f l o w  through t h e  column 

(10 g o f  DEAE-si l ica g e l )  under g r a v i t y .  A f t e r  50 m l  had been added, the  column 

was e l u t e d  with 150 m l  o f  t h e  same s o l v e n t  mix ture.  The combined e lua tes  f rom 

t h i s  f i r s t  f r a c t i o n  cons is ted  o f  t he  uncharged and z w i t t e r i o n i c  l i p i d s .  The 

second f r a c t i o n ,  c o n t a i n i n g  t h e  a c i d i c  l i p i d s ,  was e l u t e d  w i t h  200 m l  o f  c h l o r o -  

form-methanol-0.8 M sodium ace ta te  (30:60:8, v/v) .  The t o t a l  e l u t i o n  t ime was 

approx imate ly  5 h. 

Kundu e t  a l .  (1979) a l s o  developed the  DEAE-si l ica ge l  and DEAE-controlled- 

pore g lass  (CPG) chromatography o f  gang l i os ides  i n t o  a method t h a t  a l l owed  t h e  

separat ion o f  gang l i os ides  accord ing t o  t h e  number o f  s i a l i c  a c i d  res idues  i n t o  

mono-, d i - ,  tri- and t e t r a s i a l o g a n g l  i os ides .  The DEAE-si l ica ge l  was l a b o r a t o r y -  

prepared as descr ibed above. DEAE-CPG was ob ta ined  f rom Elect ro-Nucleonics 
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( F a i r f i e l d ,  NJ, U.S.A.). The sorbents  were compared w i t h  DEAE-Sephadex and t h e  

b e s t  r e s u l t s  were ob ta ined  w i t h  DEAE-si l ica g e l .  A 60 cm x 2 cm I.D. column 

c o n t a i n i n g  40 mg of g a n g l i o s i d e  m i x t u r e  was e l u t e d  w i th  methanol, 0.2 M ammonium 

ace ta te  i n  methanol and 0.5 M ammonium a c e t a t e  i n  methanol. Volumes o f  200 m l  o f  

each s o l v e n t  were connected i n  s e r i e s  w i t h  each o t h e r  th rough a g r a d i e n t  mixer.  

The f l o w - r a t e  was 1.5 ml/min. F r a c t i o n s  o f  15 m l  o f  t h e  e f f l u e n t  were c o l l e c t e d  

and a l i q u o t s  o f  500 ul were used f o r  s i a l i c  a c i d  assay by t h e  r e s o r c i n o l  method 

(Svennerholm, 1957; M i e t t i n e r  e t  a l .  , 1959; Suzuki , 1964). The gang l i os ides  were 

i s o l a t e d  a f t e r  t h e  removal o f  ammonium a c e t a t e  by d i a l y s i s  a g a i n s t  c o l d  water.  

DEAE-si l ica ge l  and DEAE-CPG as  i o n  exchangers f o r  t h e  i s o l a t i o n  o f  g l y c o l i p i d s  

and t h e i r  a p p l i c a t i o n  t o  t h e  separa t i on  o f  gang l i os ides  were desc r ibed  i n  d e t a i l  

by Kundu (1981a). Kundu (1981b) a l s o  descr ibed i n  d e t a i l  techn iques  f o r  t he  TLC 

o f  n e u t r a l  g lycosph ingo l  i p i d s  and gangl i os ides ;  these techn iques  have o f t e n  been 

used f o r  t h e  e v a l u a t i o n  o f  f r a c t i o n s  ob ta ined  by I E C .  

dex t ran  f o r  gang l i os ides  w i t h  t h e  r i g i d i t y  o f  s i l i c a  ge l ,  s u i t a b l e  f o r  HPLC, and 

developed a new t ype  o f  anion-exchange suppor t ,  Spherosil-DEAE-dextran, which 

c o n s i s t s  o f  porous g lass  beads (Spheros i l  s i l i c a  g e l  1 covered w i t h  cross-1 i nked  

DEAE-dextran. The i n v e n t i o n  o f  t h i s  combined i o n  exchanger was desc r ibed  e a r l i e r  

by Tayot e t  a l .  (1978). I n  p r i n c i p l e ,  1 kg o f  Spheros i l  was poured i n t o  2.3 1 o f  

a 7.5% aqueous s o l u t i o n  o f  DEAE-dextran a t  pH 11.5 and then d r i e d  f o r  15 h a t  

8OoC. DEAE-dextran was c ross-1  i nked  wi th l Y 4 - b u t a n e d i o l  d i g l y c i d y l  e t h e r  

( A l d r i c h ,  Milwaukee, W I ,  U.S.A.). The r e s i n  (200 m l )  was f r e e d  f r o m  f i n e s  by 

decan ta t i on  and then s l u r r i e d  i n t o  a g lass  column (3.0 cm 1.0.) and conver ted  

i n t o  t h e  ace ta te  fo rm by thorough washing w i t h  2.0 M sodium a c e t a t e  s o l u t i o n  

( f i v e  bed volumes). I t  was then r i n s e d  w i th  f i v e  bed volumes o f  d i s t i l l e d  wa te r  

and one bed volume o f  methanol. Be fore  use one bed volume (200 m l  ) o f  ch lo ro fo rm-  

methanol-water (60:30:4.5, v / v )  was passed th rough t h e  column. 

D ia l ysed  b r a i n  gangl i o s i d e s  (cor respond ing  t o  1 mmol o f  neuramin ic  a c i d ) ,  

d i sso l ved  i n  200 m l  o f  chloroform-methanol-water (66:30:4.5, v /v )  were p laced  

on t h e  column and f i l t e r e d  a t  a f l o w - r a t e  n o t  exceeding 0.5 ml/min. The column 

was r i n s e d  w i t h  200 m l  o f  t h e  same chloroform-methanol-water m i x t u r e  and 200 m l  

of methanol. The gang l i os ides  were then e l u t e d  s tepwise  w i th  (i) 1000 m l  ( f i v e  

volumes) o f  0.02 M y  ( i i )  2000 m l  ( t e n  volumes) o f  0.10 M y  ( i i i )  1600 m l  ( e i g h t  

volumes) o f  0.25 M y  ( i v )  1000 m l  ( f i v e  volumes) o f  0.50 M and ( v )  600 m l  ( t h r e e  

volumes) o f  1.00 M potassium a c e t a t e  i n  methanol. Mono-, d i - ,  tri-, t e t r a -  and 

pentas ia logang l  i o s i d e  f r a c t i o n s  were separated. The e l u a t e s  were evaporated, 

d ia lysed,  and t h e i r  f u r t h e r  p u r i f i c a t i o n  was ach ieved by chromatography on s i l i c a  

ge l  o r  by TLC. T h i s  method has advantages ove r  t h e  p rev ious  p r e p a r a t i v e  i on -  
exchange chromatography f r a c t i o n a t i o n .  The method was a l s o  desc r ibed  by Fredman 

( 1980). 

Fredman e t  a l .  (1980) t r i e d  t o  combine t h e  good separa t i on  a b i l i t y  o f  DEAE- 
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A very rapid method f o r  the separation of gangl iosides  by anion-exchange 
chromatography on s t rongly basic  Mono Q res in  (9.8 pm, volume of the pre-packed 

bed = 1 ml) in combination with FPLC equipment (Pharmacia, Uppsala, Sweden) was 

presented by Mdnsson e t  a l .  (1985). The gangliosides were separated i n t o  mono-, 
d i - ,  t r i -  and te t ras ia logangl ios ide  f r a c t i o n s  by a discontinuous gradient  of 

potassium a c e t a t e  in methanol. The separation was completed i n  a volume o f  50 ml 

(25 min). The Mono Q column was washed before use with 10 ml of methanol, 50 ml 

of 1 M potassium a c e t a t e  in methanol and 10 ml of methanol a t  a flow-rate of 

1 ml/min. A ganglioside sample dissolved in chloroform-methanol ( 1 : 2 ,  v / v )  was 
introduced on t o  the column a t  a flow-rate of 1 ml/min. The gangl iosides  were 
eluted with a stepwise gradient  from 0 t o  225 m~ potassium a c e t a t e  i n  methanol 

a t  a flow-rate of 2 ml/min. Fractions o f  1 ml were co l lec ted  and a l iquots  were 

assayed by HPTLC with I-propanol-0.25% aqueous potassium chlor ide  (3:  1 ,  v/v). 

The pooled f r a c t i o n s  were dialysed aga ins t  water and f u r t h e r  assayed. After 
each ana lys i s  the  column was washed w i t h  5 ml of 1 M potassium a c e t a t e  in  
methanol and 20 ml of methanol. Very good and rapid separat ions of gang1 ios ides  

were achieved on Mono Q ,  b u t  the appl icat ion of t h i s  s t rongly basic anion 

exchanger had some disadvantages: p a r t  of the te t ras ia logangl ios ide  GQIb was 
eluted among t h e  monosialogangl ios ides ,  probably owing t o  lac toniza t ion  of some 
of the s i a l i c  ac id  residues,  and a c e r t a i n  non-specific adsorption e f f e c t  a l s o  
appeared. 

the  separation o f  gangliosides. Linear gradient  e lu t ion  using ammonium a c e t a t e  
in  methanol resu l ted  i n  the  complete separat ion of mono- t o  pentasialogan- 

g l ios ides  in 35 min. The separation obtained, i l l u s t r a t e d  in  Fig. 12.3, did not 

suf fe r  from the undesirable c a t a l y t i c  a c t i v i t y  of the anion exchanger on the 

s e n s i t i v e  gangliosides. Fractions were assayed by TLC and the technique of 
"ganglioside mapping" was employed (Ivamori and Nagai , 1978a) f o r  t h e i r  de ta i led  
ident i f ica t ion .  The rapid preparat ive separation of gangl iosides  on medium-basic 

anion exchangers was described by h i d  e t  a l .  (1986b). 

h i d  e t  a1 . (1986a) applied the medium-basic anion exchanger DEAE-Spheron t o  

12.2.3.2 Chromatography on siZica gel and controlled-pore glass 

Ion-exchange chromatography permits only t h e  group separation of gangl iosides  
according t o  t h e  number of s i a l i c  ac id  residues,  and these groups usually contain 

more than one gangl ioside species .  Unfortunately, the present  methods of IEC 

are  not able  t o  f r a c t i o n a t e  these groups i n t o  pure individual gangliosides and 

a subsequent separat ion i s  necessary. Some chromatographic methods allowing the 
d i r e c t  f rac t iona t ion  of gangliosides (without any pre-fract ionat ion by IEC) have 

been invest igated.  However, t h e  combination of IEC w i t h  LSC ( s i l i c a  gel chro- 
matography) was used most of ten and became almost customary. 
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Fig. 12.3. Separation o f  gangliosides according t o  the number o f  s i a l i c  ac id  
residues on the medium-basic anion exchanger Spheron 1000-DEAE (17 urn). The 
diagram i l l u s t r a t e s  the whole cyc le  o f  repeated accelerated IEC.  The column 
(25 cm x 0.8 cm I.D.) was e q u i l i b r a t e d  w i t h  2 M ammonium acetate i n  methanol and 
washed w i t h  methanol. The gangl ios ide sample (30 INJ) was suspended i n  a mixture 
o f  400 p l  o f  water and 400 p l  o f  methanol , cooled and appl ied using the under- 
l aye r ing  method. Eluents: A = methanol; 6 = 0.2 M ammonium acetate i n  methanol ; 
C = 0.5 M ammonium acetate i n  methanol; D = '2 M ammonium acetate i n  methanol. 
Fract ions o f  2 m l  were taken a t  35-s i n te rva l s .  Temperature, 25OC; f low-rate,  
3.4 ml/min (i.e., 6.8 ml/cm2 min); pressure, 13 atm. A f t e r  washing w i t h  methanol, 
the column was ready f o r  the next  sample, Mono t o  Penta r e f e r  t o  the number o f  
s i a l i c  a c i d  residues i n  gangl ios ide f rac t i ons .  GD3 i s  a d i s ia logang l i os ide .  SAD= 
r e l a t i v e  c o l o r i m e t r i c  value (580 nm) o f  s i a l i c  a c i d  de tec t i on  (M ie t t i nen  and 
Takki-Luukkainen, 1959). The measurement o f  e l e c t r i c a l  conduc t i v i t y  ( i n  m i l l  i- 
siemens, mS) was found t o  be very usefu l  f o r  moni tor ing both the chromatography 
and the regeneration and e q u i l i b r a t i o n .  (Reprinted from h i d  e t  al. ,  1986.) 

Momoi e t  a l .  (1976) used DEAE-Sephadex f o r  the p re - f rac t i ona t ion  and the 

f r a c t i o n s  obtained were f u r t h e r  chromatographed on t o t a l l y  porous spheres, 

Iatrobeads 6RS-8060 ( d  60 pm) ( I a t r o n  Labs., Tokyo, Japan). Using t h i s  system, 
b r a i n  gangliosides GMI ,  GDla, GDlb and GTI were obtained i n  h igh p u r i t y  and i n  

m i l l i g r a m  ammounts. The p r i n c i p l e  o f  the procedure i s  as fo l lows.  S l u r i e s  o f  

130 g o f  Iatrobeads i n  mixtures o f  chloroform-methanol i n  var ious propor t ions 

(depending on the content o f  the various gangliosides i n  f r a c t i o n s  I - V  from I E C )  

were poured i n t o  120 cm x 1.7 cm I.D. columns and l e f t  overnight. Then so lu t i ons  

o f  100 mg o f  t he  l i p i d  f r a c t i o n s  i n  snlall amounts o f  the appropr ia te chloroform- 

methanol-water mixtures were app l i ed  t o  the column. Each column was e lu ted w i t h  

a l i n e a r  gradient  o f  methanol and water i n  chloroform-methanol-water ( t h e  com- 

P 
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p o s i t i o n  being spec i f i ed  f o r  i n d i v i d u a l  I E C  f r a c t i o n s )  a t  a f l o w - r a t e  o f  0.8- 

1.0 ml/min, and f r a c t i o n s  o f  20 m l  were co l l ec ted .  The components o f  f r a c t i o n  I 1  

were n o t  separated on Iatrobeads , b u t  re-chromatographed on a DEAE-Sephadex 

column. Nagai and Ivamori (1980) a l so  f u r t h e r  separated the f r a c t i o n s  o f  mono- 

t o  te t ras ia logang l  i os ides  ( o r i g i n a t i n g  from chromatography on DEAE-Sepharose) 

using an Iatrobeads column and obtained ind i v idua l  gang1 ios ides.  

F i r s t  they employed I E C  on DEAE-silica gel (Kundu, 1981), i n  which the  sample 

was f rac t i ona ted  i n t o  groups according t o  the number o f  s i a l i c  a c i d  residues. 

Then i n d i v i d u a l  gangl ios ide species were obtained by chromatography on a 25 cm x 

4.6 nun I .D.  column o f  porous s i l i c a  gel (5-um Zorbax S i l ,  obtained f rom DuPont, 

Wilmington, DE, U.S.A.), which was e l u t e d  by programmed g rad ien t  e l u t i o n  w i t h  

a mixture w i th  an increas ing water content  and a decreasing hexane content. The 

column was e q u i l i b r a t e d  w i t h  so lvent  A (see below) p r i o r  t o  i n j e c t i o n  o f  the 

sample. A m i l d l y  sonicated gangl ios ide sample (up t o  500 ug) d isso lved i n  50 ul  
of isopropanol -hexane-water was in jec ted .  A 1 i nea r  g rad ien t  o f  isopropanol- 

hexane-water f rom 55:42:3 ( so l ven t  A )  t o  55:25:20 ( so l ven t  B) was used dur ing 

a pe r iod  o f  2 h. The f l ow- ra te  was 0.5 ml/min. Fract ions o f  1 m l  were obtained 

w i th  a f r a c t i o n  c o l l e c t o r  and assayed by TLC. The column was regenerated a f t e r  

use w i t h  the i n i t i a l  so lvent  f o r  15 min. Major gangl ios ide components o f  human 

erythrocytes and beef b r a i n  were separated and the procedure was found t o  be 

h igh l y  reproduc i b l  e. 

Nakamura e t  a l .  (1983) s tud ied gangliosides o f  hog ske le ta l  muscle. Mono- 

sialogangl i o s i d e  and d is ia logangl  i os ide  groups were i s o l a t e d  on a DEAE-Sephadex 

A-25 column , using a l i n e a r  g rad ien t  o f  sodium acetate i n  methanol f o r  e l u t i o n ,  

and p u r i f i e d  t o  homogeneity o f  the i nd i v idua l  f r a c t i o n s  by Iatrobeads column 

chromatography. For the  f r a c t i o n a t i o n  o f  about 3 g o f  the monosialoganglioside 

f r a c t i o n ,  a 130 cm x 1.4 cm I .D .  column conta in ing 45 g o f  support was e l u t e d  

w i t h  a l i n e a r  gradient  system prepared w i t h  1.2 1 each o f  chloroform-methanol- 

7.5 M ammonia s o l u t i o n  (70:50:3 and 36:65:3, v /v) .  The gangliosides i n  the 

e f f l u e n t  were analysed by TLC. The monosialogangl i o s i d e  f r a c t i o n  was separated 

i n t o  s i x  po r t i ons  and seven gangliosides were f u r t h e r  p u r i f i e d  by successive 

Iatrobeads column chromatography us ing various so lvent  systems t o  ob ta in  

homogeneous preparations. Approximately 500 mg o f  d is ia logangl  i os ides  were chro- 

matographed on a 130 cm x 1.2 cm I .D.  Iatrobeads column w i t h  a l i n e a r  g rad ien t  

o f  1.5 1 each o f  chloroform-methanol-7.5 M ammonia s o l u t i o n  from 55:45:4 t o  

35:65:4 (v /v) .  TLC was used f o r  the e f f l u e n t  analyses. Three pooled f r a c t i o n s  

were f u r t h e r  p u r i f i e d  by successive Iatrobeads column Chromatography and f i v e  

species were iso la ted.  A l l  the f r a c t i o n s  obtained were examined using var ious 

chemical and biochemical mod i f i ca t i on  reac t i ons  i n  order t o  determine t h e i r  

chemical composition and s t ructure.  

Kundu and Sco t t  (1982) described a r a p i d  separation o f  gangl ios ides by HPLC. 
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Several workers have t r i e d  t o  separate  ganglioside mixtures in one chromato- 

graphic s tep.  Tjaden e t  a l .  (1977) described the HPLC of glycosphingolipids 

(with special reference t o  gangl iosides)  within 40 min using 9 pm LiChrosorb 
Si 60 (E. Merck, Darmstadt, F.R.G.) a s  the s ta t ionary  phase in  a 25 cm x 2.8 mm 
I.D. column. A r t i f i c i a l  mixtures of six gangl iosides  and four  neutral  glyco- 

l i p i d s  were analysed. For gang1 ios ides  the  e luent  was chl oroform-methanol -aqueous 

HC1 (60:35:4); the  f i n a l  HC1 concentration was 0.01 M. For detect ion a moving 
v i r e  was applied with a flame ionizat ion detector .  In addi t ion t o  three  unknown 

peaks, s i x  known gangliosides were ident i f ied .  In a separate  chromatography of 

neutral glycosphingolipids, one unknown peak appeared in addi t ion t o  four  known 
species ,  when neutral chloroform-methanol (3 : l )  was used f o r  e lu t ion .  Also here 

the same universal detector  was employed f o r  monitoring. Tjaden e t  a l .  (1977) 

recommended the method f o r  both analyt ical  and micropreparative purposes. 

Watanabe and Tomono (1984) developed a "one-step" f rac t iona t ion  of neutral 

and ac id ic  glycosphingolipids by HPLC. They connected one column of DEAE- 

der ivat ized controlled-pore g lass  (CPG) s e r i a l l y  with two columns of underiva- 

t i zed  CPG. A mixture of gangliosides and neutral glycosphingolipids was loaded 
on the DEAE-CPG column and washed using gradient  e lu t ion  based on chloroform- 

methanol -water with increasing methanol and water contents , f o l l  owed by a second 

gradient  with an increasing amount of l i thium a c e t a t e  solut ion.  In the f i r s t  
gradient  e lu t ion  neutral glycol ip ids  (mono- t o  hexaglycosylceramides) were 
separated within 80 min, and in the  second mono- t o  te t ras ia logangl ios ides  were 
separated within 60 min. 

DEAE-CPG of pore diameter 170 1, 200-400 mesh, were purchased from Electro- 

Nucleonics ( F a i r f i e l d ,  NJ, U.S.A.). The f i r s t  s ta in less -s tee l  column (250 mm x 

2.6 mm I.D.) was packed with DEAE-CPG. The ion exchanger was converted i n t o  the 
ace ta te  from by washing with 0.1 M l i thium a c e t a t e  in solvent  D (see below) a t  

a flow-rate of 1 ml/min f o r  60 min, followed by washing w i t h  solvents  C and B 

f o r  30 min each. The f i r s t  column was connected with a second column (500 mm x 
2.6 mm I.D.) packed with CPG-10, which was further connected t o  a t h i r d  column 
ident ical  with the second. The following mixtures were used a s  mobile phases: 

( A )  chl oroform-methanol (95:5, v / v )  ; ( B )  chl oroform-methanol -water (90 : 1 O : O .  5, 
v / v ) ;  ( C )  chloroform-methanol-water (10:80: 10, v/v); and ( D )  chloroform-methanol- 
1 M l i thium a c e t a t e  (10:80:10, v / v ) .  Glycolipid mixtures were loaded on t o  the  
f i r s t  column and eluted with a l i n e a r  gradient  of solvents  B and C ,  followed by 

gradient  e lut ion from solvent  C t o  D ( f o r  optimal proportions, see the or iginal  

paper). The e f f l u e n t  was co l lec ted  in  a f rac t ion  c o l l e c t o r  and each f rac t ion  
(or  every second f r a c t i o n )  was examined by TLC o r  using resorcinol  reagent 
(Suzuki , 1964). 

Controlled-pore g lass  (CPG-10) of pore diameter 75 A ,  200-400 mesh, and 
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A very good separa t i on  was obta ined us ing  t h i s  one-step f r a c t i o n a t i o n  method. 

This  technique was a p p l i e d  t o  t h e  de te rm ina t ion  o f  bov ine b r a i n  gang l i os ides  

and n e u t r a l  and a c i d i c  g l y c o l i p i d s  i s o l a t e d  f rom r a t  k idney. The procedure was 

found t o  be h i g h l y  rep roduc ib le .  

12.2.3.3 Application o f  reoersed-phase and normalphase chromatography to t h e  

separation of gangliosides 

I n  a d d i t i o n  t o  I E C  and LSC on s i l i c a  ge l ,  RPC and NPC have a l s o  been a p p l i e d  

t o  separat ions o f  gang l i os ides .  A g r e a t  advantage o f  these methods i s  t h e  poss i -  

b i l i t y  o f  a s imple o n - l i n e  d e t e c t i o n  o f  gang l i os ides  i n  t h e  e f f l u e n t  us ing  t h e  

cont inuous measurement o f  t he  UV absorbance a t  low wavelengths. Kundu and Suzuki 

(1981) developed a s imple micro-scale method f o r  t he  i s o l a t i o n  o f  gang l i os ides  

by RPC. A gang l i os ide  f r a c t i o n  ob ta ined  by chromatography o f  t h e  t o t a l  l i p i d  

e x t r a c t  on DEAE-Sephadex ( o r  DEAE-sil i c a  ge l  ) was subjected t o  a1 k a l  i n e  hydro- 

l y s i s  and s a l t s  and o t h e r  n o n - l i p i d  contaminants were removed by RPC on a Sep-Pak 

c18 c a r t r i d g e  (Waters Assoc. , M i l f o r d ,  MA, U.S.A.). The p u r i f i e d  gang l i os ides  

were then obta ined by chromatography on a smal l  Ia t robeads (6RS-8060) o r  U n i s i l  

(200-325 mesh) column (ob ta ined  f rom I a t r o n  Labs. , Tokyo, Japan, and Clarkson 

Chemical , Wi l l i amspor t ,  PA, U.S.A. , r e s p e c t i v e l y ) .  

b r a i n  w h i t e  ma t te r  and human e r y t h r o c y t e s  were t r e a t e d  w i t h  15 m l  o f  0.1 M 

sodium hydrox ide i n  methanol and incubated a t  37OC f o r  2 h t o  des t roy  the  a l k a l i -  

l a b i l e  a c i d i c  phosphol ip ids.  A f t e r  evaporat ion,  t h e  aqueous s o l u t i o n  was neu- 

t r a l i z e d  w i t h  0.5 M HC1 and d i l u t e d  t o  a concen t ra t i on  o f  0.1 M s a l t  and passed 

through a Sep-Pak c18 c a r t r i d g e  a t  a f l o w - r a t e  o f  1 ml/min. p h e  c a r t r i d g e  was 

pre-washed w i t h  25 m l  o f  chloroform-methanol  (1:2), 25 m l  o f  methanol and 50 m l  

o f  water  be fo re  use.] The c a r t r i d g e  was washed w i t h  25 m l  o f  water  and t h e  

gang l i os ides  were then e l u t e d  w i t h  5 m l  o f  methanol f o l l o w e d  by 25 m l  o f  c h l o -  

roform-methanol (1:2). The c a r t r i d g e  c o u l d  be used again a f t e r  washing w i t h  

methanol and e q u i l i b r a t i o n  w i th  water. Sulphat ides and o t h e r  co lou red  i m p u r i t i e s  

were removed l a t e r  by chromatography on Ia t robeads columns. I n  these exper iments 

RPC on a c18 c a r t r i d g e  rep laced  a d i a l y s i s  procedure i n  o rde r  t o  remove t h e  

s a l t s  and low-molecular-weight i m p u r i t i e s .  A q u a n t i t a t i v e  recovery o f  gang1 i o -  

s ides was obtained. 

Sonnino e t  a l .  (1984) descr ibed t h e  HPLC p repara t i on  o f  muscular species o f  

GMI and GDla gang l i os ides  w i t h  a homogeneous long-chain base composi t ion (c18 o r  

C20 sphingosine and CI8 o r  C20 sphinganine, each i n  i t s  n a t u r a l  erythro o r  

unnatura l  threo form).  An a n a l y t i c a l  o r  semi-preparat ive procedure was based on 

the  a p p l i c a t i o n  o f  HP-RPC under c o n d i t i o n s  s u i t a b l e  f o r  r e s o l v i n g  g a n g l i o s i d e  

species on the  b a s i s  o f  ( i )  l eng th ,  ( i i )  double bond occurrence and ( i i i )  C-3 

isomerism o f  t h e  long-chain base. 

The res idues o f  evaporated f r a c t i o n s  a f t e r  the I E C  o f  gang l i os ides  f rom human 
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The gangliosides were p u r i f i e d  by S i l i c a  gel 100 (70-230 mesh, ASTM) column 

chromatography and s t r u c t u r a l l y  character ized as described by Ghidoni e t  a l .  

(1980). Af ter  ox idat ion w i t h  2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) and 

reduct ion w i t h  NaBH4, the erythro form was p a r t i a l l y  converted i n t o  the threo 

f o rm.  

r e d i s t i l l e d  water, was app l i ed  t o  an RP Spherisorb S5 OD S2 column (250 mm x 
4.5 mm I.D.). The temperature was 18-2OoC, the e luen t  was a c e t o n i t r i l e - 5  mM 

sodium phosphate b u f f e r  (pH 7), i n  volume r a t i o s  o f  7:3 f o r  GMI and 3:2 f o r  GDla, 

and the f l ow- ra te  was 1.0 ml/min. One complete ana lys i s  took about 40 min f o r  

GMI  and 20 min f o r  GDla. For semi-preparative experiments the same support was 

used i n  a 250 mm x 10 mm I.D. column (Phase Separations, Queensferry, U.K.) 

using the above condi t ions w i t h  the exception o f  the load (up t o  5 mg o f  na tu ra l  

o r  DDQ/NaBH4-treated gangliosides, d isso lved i n  25 u l  o f  r e d i s t i l l e d  water) and 

f low-rate (7.5 ml/min). The e l u t i o n  was monitored by UV de tec t i on  a t  195 nm. 

The e f f l u e n t  was automat ica l ly  c o l l e c t e d  on a computer programmed f r a c t i o n  

c o l l e c t o r  on the basis o f  t he  UV signals. A complete cyc le  o f  ana lys i s  took 

60 min f o r  GMI  and 40 min f o r  GDI.  Natural GMI and GDla were separated by the 

HPLC preparat ive technique i n t o  f o u r  f rac t i ons ,  t he  composition o f  which was 

c l a r i f i e d  using d e t a i l e d  chemical s tud ies and f u r t h e r  HPLC analyses. 

using a 30-min wash w i t h  the e l u t i o n  so lvent  between cycles, so t h a t  a t o t a l  

o f  20-25 mg o f  gangliosides per day could be processed. 

gangliosides using an RP LiChrosorb RP-8 o r  uBondapak RP-18 column and a mixture 

of a c e t o n i t r i l e  and phosphate b u f f e r  a t  f i x e d  o r  vary ing volume r a t i o s .  The 

HPLC separation resolved a l l  common gangl i os ides  i n t o  f o u r  molecular species 

conta in ing CI8-sphingosine , CI8-sphinganine , C20-sphingosi ne and C20-sphi ngani ne. 

Both the  s e n s i t i v i t y  znd the p rec i s ion  o f  the method were h igh (detect ion l i m i t  

0.1 nmol , r e l a t i v e  standard dev ia t i on  l ess  than 10%). The semi-preparative 

method al lowed the preparat ion o f  100-mg amounts o f  gangliosides o f  each molecu- 

l a r  species i n  2-4 days i n  a f u l l y  automated process, s t a r t i n g  from s ing le  

gangliosides (such as G M I  and GDla). I n  the preparat ive method a c e t o n i t r i l e -  

phosphate buffer-tetrahydrofuran was used as the e luent  and the a d d i t i o n  o f  t he  

corresponding rad ioac t i ve  t r a c e r  was requi red;  t h i s  procedure, app l i ed  t o  GMI, 

was devised f o r  processing up t o  50 mg o f  gangl ios ide per  analys is .  

LiChrosorb RP-8 (5 um) was used i n  the a n a l y t i c a l  column (150 mm x 4.6 mm I .D.)  

(Merck, Darmstadt, F.R.G. 1. The chromatography o f  t he  t o t a l  gangl i o s i d e  mixture 

was c a r r i e d  ou t  a t  18-2OoC w i t h  a c e t o n i t r i l e - 5  m~ sodium phosphate b u f f e r  (pH 7.0) 

i n  a volume r a t i o  o f  1: l  f o r  8 min, then the r a t i o  was a l t e r e d  cont inuously  t o  

For the a n a l y t i c a l  separation, 1-10 pg o f  ganglioside, d isso lved i n  25 u l  o f  

I n  one working day f o u r  o r  f i v e  cyc les as described above cou ld  be performed 

Gazzott i  e t  a l .  (1984a) examined the a n a l y t i c a l  and preparat ive WPLC o f  
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3:2 du r ing  t h e  f o l l o w i n g  6 min and f i n a l l y  kep t  a t  3:2 u n t i l  t h e  end o f  t h e  run. 

The f l ow- ra te  was 0.5 ml/min and UV d e t e c t i o n  a t  195 nm (abso rp t i on  maximum f o r  

gang l i os ides )  was app l i ed .  A complete a n a l y s i s  took about 45 min. A n a l y t i c a l  

check o f  t h e  p u r i t y  of i n d i v i d u a l  gang l i os ides  were c a r r i e d  o u t  under  iSOCratiC 

c o n d i t i o n s  w i th  s u i t a b l e  mobi le  phase composi t ions.  

(250 mm x 10 mm I.D.) (Water ASSOC., M i l f o r d ,  MA, U.S.A.) was used a t  18-20°C. 

The e l u e n t  was a c e t o n i t r i l e - 5  mM sodium phosphate b u f f e r  (pH 7.0) i n  a volume 

r a t i o  o f  7:3 f o r  G M I  and 3:2 f o r  GDla. The f l o w - r a t e  was 3.0 ml/min and UV detec-  

t i o n  a t  195 nm was appl ied.  The automat ion o f  t h e  process was descr ibed. Fo r  

f u l l y  p r e p a r a t i v e  separat ions a 10-pm pBondapak column (250 mm x 10 mm I .D. )  was 

used and e l u t e d  a t  18-2OoC w i t h  a c e t o n i t r i l e - 5  m~ sodium phosphate b u f f e r  

(pH 7.0)- te t rahydrofuran (9:7:4, v / v )  a t  a f l o w - r a t e  o f  7.5 ml/min. A 50 mg 

amount o f  GMI  was appl ied,  mixed w i t h  0.5 pCi o f  t h e  t r i t i a t e d  compound, d i s -  

so lved i n  250 p1 o f  r e d i s t i l l e d  water.  The e l u t i o n  p r o f i l e  was moni tored w i th  

a computer-assisted HPLC r a d i a c t i v i t y  mon i to r  (Ber tho ld,  Model LB 503) equipped 

w i t h  a 120-p1 s o l i d  s c i n t i l l a t o r  c e l l .  

I n  a d d i t i o n  t o  RPC, NPC was a l s o  a p p l i e d  t o  the  r a p i d  f r a c t i o n a t i o n  o f  gan- 

g l  i os ides .  Gazzo t t i  e t  a l .  (1985) descr ibed t h e  a n a l y t i c a l  and semi-preparat ive 

NP-HPLC separat ion o f  u n d e r i v a t i z e d  b r a i n  g a n g l i o s i d e  m ix tu res  i n t o  i n d i v i d u a l  

components. Gangl ios ides were a p p l i e d  t o  a LiChrosorb-NH2 column and e l u t e d  w i t h  

ace ton i t r i l e -phospha te  b u f f e r  mix tures.  For  o n - l i n e  moni tor ing,  f l ow- th rough  

d e t e c t i o n  a t  215 nm was app l i ed .  Mono- and o l  i gos ia logang l i os ides  were separated 

i n  one s tep  i n  a t o t a l  e l u t i o n  t ime o f  l e s s  than 90 min w i t h  h i g h  r e p r o d u c i b i l i t y  

(1-2% r e l a t i v e  s tandard d e v i a t i o n s  o f  r e t e n t i o n  t imes) .  

A 0.1 - 20-nmol p o r t i o n  o f  pure gang l i os ides ,  o r  1 - 50-nmol p o r t i o n s  (as 

l i p id -bound  s i a l i c  a c i d )  o f  c a l f - b r a i n  gang l i os ides  were d i sso l ved  i n  10 p1 o f  

r e d i s t i l l e d  water  and a p p l i e d  t o  an a n a l y t i c a l  column (250 mm x 4 mm I.D.) 

con ta in ing  7-pm LiChrosorb-NH2 (Merck, Darmstadt, F.R.G.) , which was e l u t e d  a t  

2OoC w i t h  the  f o l l o w i n g  s o l v e n t  mix tures:  (A) a c e t o n i t r i l e - 5  mM phosphate b u f f e r  

(pH 5.6) (83:17);  ( 6 )  a c e t o n i t r i l e - 2 0  m~ phosphate b u f f e r  (pH 5.6) ( 1 : l ) .  A com- 

p u t e r - c o n t r o l l e d  g r a d i e n t  programme was app l i ed :  7 min e l u t i o n  w i t h  so l ven t  A, 

53 min w i t h  a l i n e a r  g r a d i e n t  f rom A t o  B (66:34), 20 min w i t h  a l i n e a r  g r a d i e n t  

f rom A t o  B (66:34) t o  A t o  B (36:64). The f l o w - r a t e  was 1 ml/min, and a complete 

a n a l y s i s  took 80 min. 

s i a l i c  a c i d )  was d i sso l ved  i n  100 u l  o f  water  and a p p l i e d  t o  a 250 mm x 25 mm 

I.D. column o f  LiChrosorb-NH2 and e l u t e d  w i th  t h e  above-described g r a d i e n t  

programme. The f l o w - r a t e  was 39 ml/min. F r a c t i o n s  o f  20 m l  were c o l l e c t e d  au- 

I n  an automat ic semi-preparat ive method a 10-pm pBondapak RP-18 column 

For  p r e p a r a t i v e  HPLC, a 1-5 mg p o r t i o n  o f  gang l i os ide  m i x t u r e  ( c a l c u l a t e d  as 
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Fig.  12.4. A p p l i c a t i o n  o f  t h e  NP-HPLC method t o  the  separat ion o f  gang l i os ides  
present  i n  a c a l f - b r a i n  gang l i os ide  mixture.  I n  t h e  middle p a r t  o f  t h e  f i g u r e  
a n a l y t i c a l  runs o f  t he  i n d i v i d u a l  i s o l a t e d  gang l i os ides  a r e  i l l u s t r a t e d .  For  
comparison a p r o f i l e  o f  a s tandard m ix tu re  i s  g i ven  below. Chromatographic 
procedures a r e  descr ibed i n  t h e  t e x t .  (Repr in ted f rom Gazzo t t i  e t  a l . ,  1985.) 

t omat i ca l l y ,  and 0.1-ml a l i q u o t s  were d r i e d  and assayed by t h e  HPTLC method 

described. Pooled f r a c t i o n s  o f  p u r i f i e d  gang1 i o s i d e s  were submi t ted t o  the 

descr ibed a n a l y t i c a l  HPLC methods. 

The f o l l o w i n g  species were separated f rom a m i x t u r e  o f  c a l f - b r a i n  gang l i os ides  

( i n  o rde r  o f  e l u t i o n ) :  GM3, GM2, GMI ,  Fuc-GMI, GDla, GDlb, Fuc-GDlb, GTlb and 

GQ1b. 

Mon i to r i ng  a t  215 nm represents  on l y  60% absorbance compared w i t h  t h e  maximum 

absorpt ion o f  gangl ios ides a t  195 nm. However, t h e  use o f  t h i s  l o n g e r  wavelength 

a l lowed the  base l i ne  v a r i a t i o n s  usual  a t  195 nm ( i f  a g r a d i e n t  was used) due t o  

the s o l v e n t  absorpt i 'on t o  be avoided. The p u r i t y  o f  each separated gang l i os ide  

was a t  l e a s t  99%. F r a c t i o n a t i o n  o f  gang l i os ides  as descr ibed by Gazzo t t i  e t  a l .  

(1985) (c f . ,  F ig .  12.4) seems t o  g i v e  the  most complete separa t i on  o f  these 

under i va t i zed  a c i d  g l ycosph ingo l i p ids  descr ibed so f a r .  
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12.2.3.4 Separation of d e r i v a t i z e d  gangliosides 

the  s imple cont inuous mon i to r i ng  o f  t h e i r  separat ion even i n  LSC on s i l i c a  ge l .  

I n  exper iments w i t h  n e u t r a l  g lycosphingol  i p i d s ,  perbenzoylat ion was found t o  be 

a s u i t a b l e  d e r i v a t i z a t i o n  method (see Sect ion 12.2.2). Such a m o d i f i c a t i o n  was 

b e l i e v e d  t o  a l l o w  the  t rans fo rma t ion  o f  t h e  o l d  LSC i n t o  a modern HPLC technique, 

because o n - l i n e  mon i to r i ng  o f  the e f f l u e n t  was poss ib le .  

g l i o s i d e s  by HPLC o f  t h e i r  perbenzoyl d e r i v a t i v e s .  The method was very s e n s i t i v e  

owing t o  t h e  h i g h  molar  a b s o r p t i v i t y  o f  t h e  benzoyl  d e r i v a t i v e s  a t  230 nm. I t  

was used t o  determine t h e  GM3 con ten t  o f  human plasma. 

b i o l o g i c a l  m a t e r i a l  by a p r e l i m i n a r y  f r a c t i o n a t i o n  (on a DEAE-Sephadex A-25 

column, d i a l y s i s  o r  u s i n g  a Sep-Pak CI8 c a r t r i d g e ,  o r  on a U n i s i l  s i l i c i c  a c i d  

column) was d r i e d  and conver ted i n t o  t h e  perbenzoyl  d e r i v a t i v e  by r e a c t i o n  w i t h  

0.1 m l  o f  10% benzoyl c h l o r i d e  i n  p y r i d i n e  a t  6OoC f o r  1 h. The p roduc t  was 

p u r i f i e d  by s i l i c i c  a c i d  chromatography and analysed by HPLC on a 50 cm x 2.1 mm 

I .D.  L iChrospher S i  4000 column. The most s a t i s f a c t o r y  e l u e n t  was an 18-min 

l i n e a r  g r a d i e n t  f rom 7 t o  23% dioxane i n  hexane, o r  a 10-min g r a d i e n t  f rom 10 t o  

25% dioxane i n  hexane. The f l o w - r a t e  was 2 ml/min and UV d e t e c t i o n  a t  230 nm was 

app l i ed ;  t h e  d e t e c t o r  response was found t o  be p r o p o r t i o n a l  t o  t h e  amount o f  

monosia logangl ios ide present .  As l i t t l e  as 1 pmol o f  gang l i os ide  c o u l d  be 

conven ien t l y  est imated. A f t e r  each g r a d i e n t  r u n  was completed, a s h o r t  reversed 

g r a d i e n t  (3  min)  was used and a f low- through o f  t he  f i r s t  s o l v e n t  f o r  8 min 

re tu rned  t h e  column t o  the  o r i g i n a l  s ta te ,  ready f o r  f u r t h e r  chromatography. 

Lee e t  a l .  (1982) developed t h e  HPLC o f  long-chain n e u t r a l  g l y c o s p h i n g o l i p i d s  

and gangl ios ides.  Perbenzoyl d e r i v a t i v e s  o f  bo th  these types o f  g l y c o l  i p i d s  

were chromatographed i n  a s i n g l e  HPLC system, c o n s i s t i n g  o f  Zipax s t a t i o n a r y  

phase and a l i n e a r  g r a d i e n t  o f  d ioxane i n  hexane as the  mobi le  phase. Twenty- 

f o u r  g l y c o s p h i n g o l i p i d s  c o n t a i n i n g  1-10 sugars and 1 o r  2 s i a l i c  a c i d  res idues  

were s t u d i e d  us ing  t h i s  advantageous system. Gangl ios ides p resen t  i n  h u m n  

leucocytes were evaluated. 

s ides by HPLC o f  t h e i r  perbenzoyl d e r i v a t i v e s  was pub l i shed  by Ulman and McCluer 

(1985). 

t i v e s  o f  b r a i n  gangl ios ides,  which were o r i g i n a l l y  i s o l a t e d  f rom the  n a t u r a l  

m a t e r i a l  by t h e  p a r t i t i o n i n g  method o f  Fo lch  e t  a l .  (1957) i n  t h e  v e r s i o n  of 

Suzuki (1965). The reversed-phase mode was used i n  these exper iments w i t h  

mod i f i ed  gang1 ios ides .  Th is  d e r i v a t i z a t i o n  i nvo l ves  ozonat ion and cleavage o f  

The d e r i v a t i z a t i o n  o f  gang l i os ides  w i t h  a UV chromophore opened up t h e  way t o  

Bremer e t  a l .  (1979) descr ibed the  q u a n t i t a t i v e  a n a l y s i s  o f  monosialogan- 

As l i t t l e  as a 3-nmol sample o f  a monosia logangl ios ide f r a c t i o n  prepared f rom 

A newer ve rs ion  o f  t h e  q u a n t i t a t i v e  a n a l y s i s  o f  more complex b r a i n  gang l i o -  

T r a y l o r  (1983) examined t h e  HPLC r e s o l u t i o n  o f  p-n i t robenzy loxyamine de r i va -  
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the ceramide double bond, followed by oxime formation t o  the nascent aldehyde. 
Ozonolysis a t  -7OOC was performed with a Supelco Microozonizer a t  an oxygen 

flow-rate of 10 ml/min. Ozonation required about 2 min per milligram of gan- 
glioside. Triphenylphosphine was added t o  cleave the ozonide selectively to the 
aldehyde ( the  fuchsin t e s t  fo r  aldehydes was routinely positive within 1 min). 
A molar ra t io  of p-nitrobenzyloxyamine to  the sum of gangl ioside-aldehyde and 
long-chain f a t ty  acid aldehyde of 1:3:1 was routinely used. The reaction mixture 

was incubated in methanol fo r  15 m i n  a t  40-45OC. Immediately following the 
derivatization, chloroform was added to the reaction mixture, the sol vent 

composition was adjusted t o  methanol-chloroform (7:2)  and the mixture was applied 
to a 25 cm x 2 cm I.D. DEAE-Sephadex A-25 column (Ledeen e t  a l . ,  1973); the ion 
exchanger was f i r s t  washed four times with chloroform-methanol-0.8 M sodium 

acetate (30:60:8) and three times with chloroform-methanol-water (30:60:9), and 

then poured in the form of a suspension in methanol-chloroform ( 7 : 2 )  into a 
glass column. The above-mentioned reaction mixture was applied t o  the column a t  
a flow-rate of 1 ml/min and the column was eluted with 300 m l  of methanol- 

chloroform (7 :2) .  The labelled gangliosides were eluted w i t h  200 ml of methanol- 
chloroform (7 :2)  t h a t  had been made 0 . 2  M in ammonium acetate;  the effluent was 

monitored a t  254 nm and the fractions were assayed by the resorcinol method 

o f  Svennerholm (1957). Dialyzed samples were lyophil ized. 

Assoc.) was used and eluted a t  ambient temperature a t  a flow-rate of 1 ml/min. 

Solvent programming began with the in i t i a l  solvent composition methanol-water 
(50:50), which was held constant f o r  1 min and then l inearly adjusted during 
15 min to  methanol-water (70:30). Peak areas were quantitated by a Columbia 

Scientific Industries (Austin, TX, U.S.A.) Model CRS-208 integrator. 

Individual gangliosides were collected and identified by TLC and GC of the i r  
monosaccharides. Quantitative results were obtained in th i s  method, together 

with a mrked increase in sens i t iv i ty  in comparison with conventional analytical 
methods. 

Nakabayashi e t  a l .  (1984) studied the analysis and quantitation of gangl io- 
sides as p-bromophenacyl derivatives by HPLC. This method was found t o  be highly 
sensitive, and involves a simple and specific derivatization of the carboxylic 
group. The molar absorptivity of the derivatives a t  maximum absorption (261 n m )  
was about 23 000. The acidic fractions from IEC pre-fractionation on DEAE- 

Sephadex could be directly derivatized and the reaction mixtures directly 

injected into the HPLC equipment without any preliminary purification. Both 
normal- and reversed-phase modes could be applied for  the separation of gan- 
gl ioside mixtures. 

For HPLC a 30 cm x 2 mm I.D. reversed-phase 10-um VBondapak c18 column (Waters 



B33 1 

Derivatization o f  gangliosides (Nakabayashi e t  a l . ,  1984) .  Gang1 ios ide,  

conta in ing 1-15 pg o f  s i a l i c  ac id ,  was d r i e d  i n  vacuo i n  a PTFE-lined glass tube 

and reacted w i t h  20 p1 o f  p-bromophenacyl bromide (Gasukuro Kogeyo, Tokyo, Japan) 

i n  dimethylformamide (10 mg/ml) a t  6OoC fo r  1 h. When the reac t i on  was completed, 

the so lu t i on  was immediately checked by TLC and 5 p l  o f  the reac t i on  mixture 

was d i r e c t l y  i n j e c t e d  on t o  an HPLC column. 

For HPLC i n  the NPC mode a 25 cm x 4.6 nun I.D. column packed w i t h  s i l i c a  gel 

(5-6 pin, Zorbax SIL, DuPont) was used and e lu ted  according t o  the f o l l o w i n g  

so lvent  programme: 1 min i s o c r a t i c  e l u t i o n  w i t h  so lvent  mix ture A [Iisopropanol- 

n-hexane-water (50:49:1, v/v)], then f rom A t o  B [the same components (55:35:10, 

v / v n ,  a t  a r a t e  o f  P%/min. For HPLC i n  the RPC mode a 15 cm x 4.6 nun I.D. column 

packed w i t h  o c t a s i l y l a t e d  s i l i c a  gel (5-6 pm Zorbax c8y DuPont) was used and 

e lu ted w i t h  acetoni t r i le-methanol  (4:1, v /v) .  UV detect ion a t  261 nm ( the  ab- 

sorbance maximum o f  p-bromophenacyl d e r i v a t i v e s )  was appl ied and the peak areas 

were ca l cu la ted  w i t h  an i n t e g r a t o r  (Shimadzu C-RIA). 

normal-phase mode. The c a l i b r a t i o n  graph was l i n e a r  up t o  100 pg o f  gangl ios ide 

s i a l i c  acid; t he  detect ion l i m i t  was about 10 ng. The reversed-phase mode was 

a l so  successfu l ly  app l i ed  t o  analyses o f  gang1 ios ides.  

Monosialogangliosides GM4, GM3, GM2 and G M I  were we l l  separated us ing the 

12.2.3.5 Sulphatides 

Sulphatides a l so  belong t o  a c i d  g lycosphingol ip ids.  From the chemical p o i n t  

o f  view they are sulphate es te rs  o f  galactocerebrosides and c rea te  g l y c o l i p i d  

components o f  b r a i n  and other  t issues.  Desulphated sulphatides are o f t e n  t rea ted  

together w i t h  cerebrosides. RPC o f  su lphat ides was described by Yahara e t  a l .  

( 1980). 

Shimomura and Kishimoto (1983) presented and improved a procedure f o r  the 

q u a n t i t a t i v e  determination and cha rac te r i za t i on  o f  sulphatides i n  r a t  kidney 

and b r a i n  by RP-HPLC. A s i g n i f i c a n t  improvement was made i n  the  desulphation 

step. A s o l u t i o n  o f  t r i f l u o r o a c e t i c  a c i d  i n  e t h y l  acetate was used f o r  so l vo l ys i s .  

The rev i sed  method was used t o  determine the l e v e l s  o f  cerebrosides and su l -  

phatides i n  r a t  kidney. 

12.2.4 Special separation techniques 

I n  t h i s  sect ion several miscellaneous techniques w i l l  be mentioned t h a t  a re  

n o t  based on l i q u i d  column chromatography, b u t  which may be o f  i n t e r e s t  f o r  

those inves t i ga to rs  who are going t o  separate g l yco l  i p i d s  by HPLC methods. 

o f  glycosphingol i p i d s  t o  sol i d  supports and macromolecules. The o l e f i n i c  bond 

Young e t  a1 . (1979) described an improved method f o r  the covalent  attachment 
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of the sphingosine moiety was oxidized to  a carboxyl group,  which could be 

coupled t o  glass beads, agarose gel,  proteins and polyacryl i c  hydrazide polymers. 

Solid supports and macromolecules prepared in th i s  way may become useful f o r  a 

variety of bioaffinity studies in cell  biology and immunology. 

1979), designated OPTLC, and used i t  for  the class fractionation of neutral 
and acidic glycosphingol ipids. 

o f  drop1 e t  counter-current chromatography (DCC)  f o r  the separation of acidic 
glycosphingol ipids from brain and neutral glycosphingol ipids from mammalian 

erythrocytes (blood group substances), 

Pick e t  a l .  (1984a,b) used a method for  overpressured TLC (Tyihak e t  a l . ,  

Otsuka and Yamakawa (1981) and Otsuka e t  a l .  (1983) described the application 

12.2.5 AppZications of HPLC of gZycosphingoZipids 

12.2.5.1 Discoveries of noveZ glycosphingolipids 

progressive process: nearly every year brings knew knowledge i n  t h i s  f i e ld  and 

new species are discovered and structurally characterized; many o f  them are 
gangl i osi des. 

Ando e t  a l .  (1976b) described the existence and structure of glucosamyl- 

1 actosylceramide acto-N-triose( 1I)ceramide , amino C T H - q  in human erythrocyte 

membranes as a possible precursor of paragloboside and group-active glycol ipids;  
high-speed Iatrobeads chromatography was used fo r  i t s  purification. Ando and 

Yu (1977) reported the isolation and structural characterization of a t r i s i a lo -  
ganglioside, GTla, from human brain; i t  represented 0.6% of the total  ganglio- 
sides. Also here Iatrobeads chromatography was applied as a f inal  fractionation 

and purification step of the trisialogangl ioside fraction obtained by IEC. 
Ivamori and Nagai (1978b) presented results o f  the isolation and characteriza- 

tion of a gangl ioside (monosialosylpentahexaosylceramide) from human brain. Using 
a combination of IEC and Iatrobeads chromatography, approximately 2.1 umol of 

an unknown ganglioside were obtained from 1 kg of human brain (this amount 
comprised 0.09% of the total lipid-bound s i a l i c  acid in the brain).  The charac- 

terization procedures were described. 
Ivamori and  Nagai (1981~)  studied monosialogangl iosides of rabbit skeletal 

muscle and characterized a novel N-acetyl neuraminosyl lacto-N-noroctaosyl 
ceramide. After IEC (DEAE-Sephadex, DEAE-Sepharose) the monosial ogangl ioside 

fraction was further fractionated by LCS on S i l ica  gel 60 and Iatrobeads columns. 

As in the above-mentioned papers, also here the purity of the obtained fractions 
was examined by TLC. The newly isolated ganglioside represented 5.1% of the 
monosialogangl ioside fraction. Chien and Hogan (1983) described a novel pentasia- 

The investigation of glycosphingol ipids i s  a very systematic, thorough and 
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lohexaosyl  gang l i os ide  of t he  g lobo s e r i e s  p u r i f i e d  f rom chicken muscle. This  

monosialosyl  gang1 i o s i d e  was i s o l a t e d  f rom a tetrahydrofuran-aqueous KC1 e x t r a c t  

of ch icken p e c t o r a l  muscle by a combinat ion o f  IEC (DEAE-Sephadex) and s i l i c i c  

a c i d  ( B i o - S i l  A )  chromatography. The f r a c t i o n s  were checked by TLC. 

12.2.5.2 GZycosphingoZipids in research on and diagnostics of cancer 

are  c l o s e l y  connected w i t h  t h e  process o f  tumour growth. Th is  i s  t h e  reason why 

they a r e  i n t e n s i v e l y  s t u d i e d  a l s o  f r o m  the  medical p o i n t  o f  v iew and high-speed 

chromatographic methods f o r  g lycosphingol  i p i d s  can n o t  on l y  c o n t r i b u t e  t o  

research on cancer, b u t  they can be a l s o  used as r a p i d  d iagnos t i c  methods i n  

c l  i n i c a l  b i  oc hemi s try. 

Glycosphingol  i p i d s  p a r t i c i p a t e  i n  c e l l  r e c o g n i t i o n  processes and t h e i r  changes 

Hakomori e t  a1 . (1982) descr ibed t h e  common s t r u c t u r e  o f  fucosy l lactosamino-  

1 i p i d s  accumulat ing i n  human adenocarcinomas and t h e i r  p o s s i b l e  absence i n  normal 

t i ssue .  Two major  g l y c o l i p i d s  accumulat ing i n  human pr imary 1 i v e r  carcinoma 

(absent i n  normal 1 i v e r )  were cha rac te r i zed  as lacto-N-fucopentaosyl(II1)ceramide 

and d i f u c o s y l  lacto-N-norhexaosylceramide. The t i s s u e  e x t r a c t  @ n  isopropanol -  

hexane-water (55:25:20)] was p a r t i t i o n e d  f o u r  t imes (accord ing t o  Fo lch  e t  a l . ,  

1951, as mod i f i ed  by Svennerholm, 1963) and then separated by successive ch ro -  

matography on DEAE-Sephadex (Vu and Ledeen, 1972). Neu t ra l  g l y c o l  i p i d s  were 

p u r i f i e d  by t h r e e  stages o f  HPLC: ( i )  low-pressure chromatography on an 

Ia t robeads 6RS-8060 column, ( i  i )  re-chromatography o f  t h e  se lec ted  f r a c t i o n s  on 

an Ia t robeads 6RS-8060 column and (iii) repeated HPLC p u r i f i c a t i o n ;  f o r  d e t a i l s  

see t h e  o r i g i n a l  paper. Chemical c h a r a c t e r i z a t i o n  o f  t h e  i s o l a t e d  species was 

descr ibed and i t s  comparison w i t h  o t h e r  r e l a t e d  g l y c o l i p i d s  was d iscussed i n  

connect ion w i th  oncogenesis. 

Holmes and Hakomori (1982) i s o l a t e d  and c h a r a c t e r i z e d  a new fucogang l i os ide  

accumulated i n  precancerous r a t  l i v e r  and i n  hepatoma induced by N-2-acetyl-  

aminof luorene. T h i s  novel  gang l i os ide  was found t o  be accumulated i n  t h e  l i v e r  

o f  r a t s  f e d  w i t h  N-2-acetylaminof luorene b e f o r e  the  development o f  hepatoma. 

This  new fucogang l i os ide  was absent i n  normal r a t  l i v e r  and i n  l i v e r s  o f  r a t s  

f e d  w i t h  non -hepa t i t i c  carcinogens. 

The animals were l a b e l l e d  i n  v i v o  w i t h  p f l f ucose .  The crude gang l i os ides  

obta ined a f t e r  t i s s u e  e x t r a c t i o n ,  Folch p a r t i t i o n i n g  ( f o r  c i t a t i o n s  see above 

i n  t h e  preceding paper)  and IEC on DEAE-Sephadex A-25 were f u r t h e r  chromato- 

graphed on an Ia t robeads (6RS-8010) column (50 cm x 1 cm I.D.), e l u t i n g  w i t h  a 

g r a d i e n t  system o f  isopropanol-hexane-water f rom 55:40:45 t o  55:30:15 over  

150 min a t  a f l o w - r a t e  o f  1 ml/min. The e l u t e d  gang l i os ides  were de tec ted  bo th  

by 1 i q u i d  s c i n t i l l a t i o n  coun t ing  and by TLC. F r a c t i o n s  c o n t a i n i n g  f q f u c o s y l  

gang l i os ides  were pooled and p u r i f i e d  by HPLC on an a n a l y t i c a l  Ia t robeads 
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6RS-8010 column (80 cm x 4 mm I.D.) using the  g rad ien t  described above and a 
f l ow- ra te  o f  0.5 ml/min. The biochemical and chemical degradation o f  the novel 

gangl ios ide i n  order t o  e s t a b l i s h  the s t r u c t u r e  was described. 

I n  a d d i t i o n  t o  the mentioned species, a l so  another (second) fucogangl i os ide  

was detected i n  a smaller amount i n  the precancerous l i v e r  and i n  hepatoma i n  
vivo, b u t  n o t  i n  con t ro l  t issue.  The r e s u l t s  i nd i ca ted  t h a t  t he  synthesis o f  

new f u c o l i p i d s  was induced a t  an e a r l y  stage dur ing the process o f  carcinogenesis; 

t h i s  could be a unique marker f o r  the diagnosis o f  hepatoma and i t s  premalignancy. 

ated w i t h  g a s t r o i n t e s t i n a l  cancer i s  a gangl i o s i d e  conta in ing s i a l y l a t e d  1acto-N- 

fucopentaose( 11). Monoclonal ant ibodies were produced by hybridomas obtained from 

a mouse immunized w i th  co lo rec ta l  carcinoma c e l l s .  These ant ibodies b i n d  speci- 

f i c a l l y  t o  humn g a s t r o i n t e s t i n a l  cancer c e l l s .  The antigen corresponsing t o  

t h i s  antibody was i s o l a t e d  and chemical ly determined. I t  appeared t o  be a mono- 

s ia logangl ios ide and i t s  s t ruc tu re  was proposed. The gangl ios ide ant igen was 

i s o l a t e d  from human adenocarcinoma c e l l  l i n e  SW 1116. The e x t r a c t  was f i r s t  

f r ac t i ona ted  by I E C  on DEAE-Sepharose CL-6B and the  monosialoganglioside f r a c -  

t i o n  was f u r t h e r  separated on a B io -S i l  HA (-325 mesh) column (100 cm x 0.9 cm 

I .D.)  using concave gradient  e l u t i o n  from chloroform-methanol (4:1, v /v)  t o  

methanol-0.2% calcium c h l o r i d e  so lu t i on  (50:3, v/v). Fract ions conta in ing ant igen 

and e x h i b i t i n g  only  one band i n  TLC (migrat ing between GMl and GDl) gave 300 pg 

o f  the monosialogangl ios ide,  which was chemical ly character ized and examined by 

i mmun oa s say s . 
Westrick e t  a l .  (1983a) s tud ied gangliosides o f  human acute leukaemia c e l l s  

(from c e l l s  o f  e i g h t  pa t i en ts :  f o u r  lymphoblastic and fou r  non-lymphoblastic) 

and found great  d i f ferences i n  the absolute amounts o f  gangliosides ( they were 

lower than i n  normal c e l l s ) ,  a s i m p l i f i e d  gangl ios ide pa t te rn  and reduced amounts 

o f  N-acetylneuraminosyllactotriaosylceramide. I n  one instance (a p a t i e n t  w i t h  

acute non-lymphoblastic leukaemia) a d i s i a l y l a t e d  gangl i os ide  (GD3) was proved, 

which was n o t  found i n  normal leukocytes. TLC and HPLC methods i n  combination 

w i th  glycosidase treatments were used f o r  the i d e n t i f i c a t i o n  o f  gangl iosides. 

Westric e t  a l .  (1983b) described the i s o l a t i o n  and cha rac te r i za t i on  o f  gan- 

g l  ios ides from chronic myelogenous leukaemia c e l l s .  S i m i l a r l y  t o  the above, they 

found d i f ferences i n  the pat terns ( lower t o t a l  content  o f  gangl ios ides) .  The 

major gangliosides were GM3, a sialosylparagloboside, and another gangl i os ide  

o f  the repor ted s t ruc tu re  (prev ious ly  designated as an "i" a c t i v e  compound). No 
other gangliosides conta in ing more than one s i a l i c  a c i d  residue were detected i n  

chronic myel ogenous 1 eukaemia g l  ycosphingol i p i  ds . Fol ch p a r t i  t i oni ng (mentioned 

a t  the beginning o f  t h i s  section), DEAE-Sephadex chromatography and B io -S i l  A 

Magnani e t  a l .  (1982) proved t h a t  monoclonal antibody-defined ant igen associ- 
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o r  F l o r i s i l  chromatography were used f o r  t he  i s o l a t i o n ,  and TLC, HPLC and 

biochemical  and chemical methods were used f o r  t he  degradat ion and i d e n t i f i c a t i o n  

of these g lycosphingol  i p i d s .  D i f f e rences  between ch ron ic  myel ogenous leukaemia 

and acute leukaemia were discussed. 

Blaszczyk e t  a l .  (1984) s tud ied  a f o e t a l  g l y c o l i p i d  expressed on adenocarci-  

nomas o f  t h e  colon. Using I E C ,  HPLC and TLC they repo r ted  t h e  d e t e c t i o n  and 

c h a r a c t e r i z a t i o n  o f  tumour-associated g l y c o l  i p i d s  f rom c o l o r e c t a l  carcinoma and 

meconium, which resemble t h e  g a s t r o i n t e s t i n a l  cancer an t i gen  descr ibed by Magnani 

e t  a l .  (1981). These g l y c o l  i p i d s  c o n t a i n  t h e  known X-determinant o r  s tage -spec i f -  

i c  embryonic an t i gen - I ,  mod i f i ed  by a s i n g l e  s i a l o  res idue.  Al though the  

X-determinant was p resen t  i n  t h e  normal colon, t he  s ia l y la ted -X  g l y c o l i p i d s  were 

absent and found o n l y  i n  adenocarcinomas. These monosialo-X g l y c o l  i p i d  an t i gen  

might  serve as p o t e n t i a l  tumour markers. Gonwa e t  a l .  (1984) r e p o r t e d  the  i n h i b i -  

t i o n  o f  mitogen- and ant igen- induced lymphocyte a c t i v a t i o n  by human leukaemia 

c e l l  gangl ios ides.  The number o f  v i a b l e  c e l l s  was n o t  reduced and t h e  i n h i b i t i o n  

was due t o  b l a s t  format ion.  Three ( i n  v i t r o )  i n h i b i t i n g  gang l i os ides  were 

i s o l a t e d ,  which were n o t  unique t o  leukaemia c e l l s ,  b u t  t h e i r  concen t ra t i on  was 

increased i n  p a t i e n t s  w i t h  cancer,  S i d d i q u i  e t  a l .  (1984) s t u d i e d  t h e  d i f f e r e n -  

t i a l  express ion o f  gang l i os ide  GD3 by human leukocy tes  and leukaemia c e l l s  (both 

acute and c h r o n i c ) .  Among myelo id  c e l l s  acute leukaemia c e l l s  were p o s i t i v e  f o r  

GD3, whereas ch ron ic  leukaemia c e l l s  and normal n e u t r o p h i l s  d i d  n o t  have de tec t -  

ab le  GD3. A l l  l ymphocyt ic  leukaemia c e l l s  ( ch ron ic  and acu te )  conta ined GD3, 

which were n o t  detected i n  normal lymphocytes. The procedure was as f o l l o w s .  

The upper phase f rom Fo lch  p a r t i t i o n i n g  was chromatographed on an Ia t robeads 

6RS-8010) column us ing  a 1 i n e a r  g r a d i e n t  o f  2-propanol -hexane-water f rom 55:35: 10 

t o  55:30:15 a t  2 ml/min f o r  150 min. The f r a c t i o n s  were analysed on HPTLC p l a t e s ,  

us ing d e t e c t i o n  w i t h  r e s o r c i n o l  reagent  o r  by immunostaining. 

12.2.5.3 MisceZZaneous biomedical appzications 

The a n a l y t i c a l  chromatographic separat ion o f  g lycosphingol  i p i d s  has been 

used f o r  the d i a g n o s t i c s  o f  some i n h e r i t e d  anomalies (enzyme d e f i c i e n c y  

diseases).  Ullman e t  a l .  (1980) descr ibed t h e  a p p l i c a t i o n  o f  HPLC t o  the  s tudy 

o f  sphingol ip idoses.  Perbenzoylated sph ingo l i p ids ,  prepared f rom plasma f rom 

32 Gaucher (6-g lucos idase d e f i c i e n c y )  and 6 Fabry (a-galactos idase d e f i c i e n c y )  

p a t i e n t s  by so l ven t  p a r t i t i o n ,  were chromatographica l ly  separated on s i l i c i c  

a c i d  o r  reversed-phase columns. Chromatographic a n a l y s i s  o f  s p h i n g o l i p i d s  

prov ided use fu l  suppor t i ve  i n f o r m a t i o n  f o r  diagnoses because a f f e c t e d  i n d i v i d u a l s  

were shown t o  possess increased c i r c u l a t i n g  concen t ra t i ons  o f  pathognomic 

sph ingo l i p id .  St rasberg e t  a l .  (1983) a l s o  s t u d i e d  t h e  HPLC a n a l y s i s  o f  per-  

benzoylated n e u t r a l  g l y c o l i p i d s  as an a i d  i n  the  d iagnosis  o f  lysozomal s torage 
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disease. Concentrat ions o f  f o u r  g l y c o l i p i d s  (GLla, GLZa, GL3a and GL4a) were 

determined i n  normal plasma and compared w i t h  t h e  concen t ra t i ons  i n  plasma from 

p a t i e n t s  w i t h  Gaucher, Krabbe, Fabry, Sandhoff and Tay-Sachs diseases and a l s o  

w i t h  hypocholesterolaemia. An U l t rasphere  s i l i c a  column (5 um) e l u t e d  w i t h  a 

g r a d i e n t  o f  isopropanol  i n  hexane proved use fu l  f o r  t h e  analyses (see a l s o  

Fig.  12.2). 

Nagai and Ivamor i  (1980b) examined b r a i n  and thymus gang1 ios ides ,  t h e i r  

molecular  d i v e r s i t y ,  t h e i r  b i o l o g i c a l  imp1 i c a t i o n s  and a dynamic annu la r  model 

f o r  t h e i r  f unc t i on  i n  c e l l  su r face  membranes. Ia t robeads column chromatography 

and gang l i os ide  mapping were used. Gravot ta  and Maccioni  (1985) s t u d i e d  gan- 

g l i o s i d e s  and s i a l o g l y c o p r o t e i n s  i n  coated v e s i c l e s  f rom bovine b r a i n .  

Uemura e t  a l .  (1978) descr ibed the  c h a r a c t e r i z a t i o n  o f  major  g l y c o l i p i d s  i n  

bovine e r y t h r o c y t e  membrane; a combinat ion o f  I E C  (DEAE-Sephadex A-25) and 

chromatography on a mixed s i l i c i c  ac id -Hy f lo  Super C e l l  ( 3 : l )  column were used 

f o r  t he  f r a c t i o n a t i o n  o f  n e u t r a l  and a c i d i c  g l ycosph ingo l i p ids .  Yamakawa e t  a l .  

(1980) repo r ted  t h e  a n a l y s i s  o f  r e d  b lood  c e l l  g l y c o l i p i d s  by HPLC o f  a c e t y l a t e d  

and perbenzoylated d e r i v a t i v e s ;  t he  d e r i v a t i v e s  o f  e r y t h r o c y t e  g l y c o l  i p i d s  were 

separated on a s i l i c a  ge l  column on the  b a s i s  o f  t h e i r  sugar cha in  and t h e  

f r a c t i o n s  were analysed by RPC on the  b a s i s  o f  t h e i r  l i p i d  p o r t i o n s .  

Suzuki e t  a l .  (1977a) used perbenzoylated d e r i v a t i v e s  o f  n e u t r a l  g l yco -  

sph ingo l i p ids  f o r  t he  micro-scale determinat ion o f  semino l i p ids  by HPLC and 

s tud ied  t h e i r  a p p l i c a t i o n  t o  the  determinat ion o f  t h e  seminol i p i d  con ten t  o f  

boar spermatozoa. The decrease i n  the  semino l i p id  con ten t  o f  t e s t e s  o f  r a t s  w i t h  

v i t am in  A d e f i c i e n c y  was a l s o  determined by HPLC us ing  s i m i l a r  methods (Suzuki 

e t  a1 . , 1977b). 

Kosai e t  a l .  (1982) descr ibed a convenient  method f o r  t he  l a r g e - s c a l e  prepara- 

t i o n  of sialo-GM, gang l i os ide  f rom b ra in .  Gazzo t t i  e t  a l .  (1984b) r e p o r t e d  t h e  

p repara t i on  o f  t r i t i a t e d  molecular  forms o f  gang l i os ides  w i th  a homogeneous 

long-chain base composi t ion;  gang l i os ides  were l a b e l l e d  a t  C-6 o f  t h e  te rm ina l  

ga lactose o r  N-acetylgalactosamine o r  a t  C-3 o f  t h e  long-chain base, and us ing  

an HPLC procedure e i g h t  d i f f e r e n t  molecular  species were prepared f rom each 

l a b e l l e d  gang l i os ide ,  which were f u r t h e r  cha rac te r i zed .  The reversed-phase mode 

according t o  Sonnino e t  a l .  (1984) was appl ied,  employing t h e  exper imental  

cond i t i ons  descr ibed i n  Sect ion 12.2.3 (NPC and RPC). For r a d i o a c t i v i t y  coun t ing  

a 12O-ul s o l i d  s c i n t i l l a t o r  c e l l  ( B e r t h o l d  LB 503 r a d i o a c t i v i t y  mon i to r )  was 

used). A computer-assisted automat ic f r a c t i o n  c o l l e c t o r  (G i l son  201) was pro- 

grammed t o  separate peaks on t h e  b a s i s  o f  UV o r  r a d i o a c t i v i t y  s igna ls .  

Chien Jaw-Long and Hogan (1980) s tud ied  g l y c o s p h i n g o l i p i d s  o f  s k e l e t a l  muscle. 
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22.2.6 Comments on l i t e ra ture  

I n  a d d i t i o n  t o  t h e  references g i ven  i n  t h e  i n t r o d u c t o r y  Sect ion 12.2.1 t h e  

f o l l o w i n g  c i t a t i o n s  a r e  impor tant .  G l y c o l i p i d s  were reviewed by McKibbin (1970). 

Weigandt (1980) wrote i n t r o d u c t o r y  remarks on t h e  chemical s t r u c t u r e  o f  gan- 

g l i o s i d e s ,  i n c l u d i n g  the  c l a s s i f i c a t i o n  o f  g l ycosph ingo l i p ids .  The proposed 

pathways f o r  t h e  gang l i os ide  b iosyn thes i s  were discussed by Yu and Ando (1980).  

Svennerholm e t  a l .  (1980b) e d i t e d  symposium proceedings i n  which much u s e f u l  

i n fo rma t ion  on gang l i os ides  can be found. Macher and Sweeley (1978) d e a l t  w i t h  

the  s t ruc tu re ,  b i o l o g i c a l  sources and p r o p e r t i e s  o f  g l ycosph ingo l i p ids .  Ledeen 

and Yu (1982) have w r i t t e n  a methodological  rev iew  on the  s t r u c t u r e ,  i s o l a t i o n  

and a n a l y s i s  o f  gang l i os ides  ( i n c l u d i n g  g l y c o l  i p i d  c l a s s i f i c a t i o n ) .  Kanfer and 

Hakomori (1983) have w r i t t e n  a book on s p h i n g o l i p i d  b iochemist ry .  Eberendu e t  a l .  

(1985) presented a rev iew o f  chromatographic techniques f o r  t h e  a n a l y s i s  o f  

g l y c o l  i p i d s  and phosphol ip ids,  based on 125 references.  McCluer e t  a l .  (1986) 

have w r i t t e n  a modern rev iew on t h e  HPLC o f  g l y c o s p h i n g o l i p i d s  and phosphol ip ids.  

Nagai e t  a l .  (1986) descr ibed the  procedure o f  gene t r a n s f e r  as a novel  approach 

t o  t h e  gene-con t ro l l ed  mechanism o f  t h e  c e l l u l a r  expression o f  g lycosphingo-  

l i p i d s .  

The nomenclature o f  g l y c o l  i p i d s  i s  sometimes compl icated and severa l  recom- 

mendations have been made by i n d i v i d u a l  authors,  and proposals accepted by the  

o f f i c i a l  nomenclature commissions have a l s o  been pub1 ished. A p r a c t i c a l  shortened 

gang1 i o s i d e  nomenclature was proposed by Svennerholm (1963, 1964), and t h e  IUPAC-  

IUB Commissions (1977, 1978) recommended a u n i f i e d  nomenclature f o r  1 i p i d s .  

12.3 GLYCOPEPTIDES AND PEPTIDES OF BACTERIAL CELL WALLS, IMMUNOMODULATORS AND 

SYNTHETIC VACCINES 

12.3. I Introduction 

The polysacchar ides, pept idoglycans and p r o t e i n s  on the su r face  o f  b a c t e r i a l  

c e l l  w a l l s  g i v e  the main impulse f o r  t he  immune response o f  macroorganisms 

a t tacked  by microbes. The d e t a i l e d  mechanism o f  t h e  immune response process i s  

very compl icated, b u t  two general  types o f  compounds can be c l a s s i f i e d  on t h e  

b a c t e r i a l  c e l l  wa l l s ,  which a r e  the  most impor tan t  t o  s t a r t  w i t h :  ( i )  ant igens,  

a g a i n s t  which an t i bod ies  a r e  synthes ized by t h e  macroorganism, and ( i i )  immuno- 

modulators, mod i f y ing  t h e  immune response and the  a c t i v i t y  o f  ant igens.  I n  

Sect ions 12.3.1-12.3.3 the  second t ype  o f  compounds w i l l  be d e a l t  w i th ,  and the  

f i r s t  type w i l l  be discussed i n  t h e  Sect ion 12.3.4. I n  research on bo th  types o f  

compounds chromatographic methods have p layed an impor tant  r o l e .  
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Gram-positive and Gram-negative bacterial ce l l  walls have a common feature, 

viz. , the rigid structural framework consisting of parallel polysaccharide 

chains covalently cross-linked by peptide chains, and th i s  framework constitutes 

10-50% or even more of the weight of the ce l l  wall. We shall n o t  comment here on 
the accessory components, which a re  different i n  the two types of bacterial c e l l ,  
b u t  will focus our attention on the main macromolecular framework, a hetero- 

polymer, which i s  called peptidoglycan or murein (murus means wall in Latin). 
The peptidoglycan forms a completely continuous covalent structure around the 
ce l l .  For example, Gram-positive bacteria are encased in u p  to 20 layers of 
cross-1 inked peptidoglycan (Lehninger, 1978b). The basic recurring unit in 
peptidoglycans (creating long polysaccharide chains) i s  a disaccharide of 

N-acetyl-D-glucosamine and N-acetylmuramic acid in a B (  1 4 )  1 inkage, t o  the 

carboxyl group of which a peptide i s  attached by means o f  the N-terminus. The 

peptidoglycan cross-1 i n k i n g  in the StaphyZococcus aureus ce l l  wall i s  given 

below as an example (according t o  Strominger and Ghuysen, 1967; see a l so  peptido- 

glycan biosynthesis, dealt  with by Strominger e t  a l .  1967). 

Glycan chain NHCOCH, Polypeptide 

0 

I* 
1 Peptide subunit CH3CHC0-~-Ah-D-iGln-~- LYS-D-AIO 

(D) 

- --  _-- - 

Glycan chain NHCOCH, 

0 

Peptide subunit 
I* IE 

1 CH,CHCO-L-Ala- D- i Gln- L-LYS -0-Ala 
(D) 

A tetrapeptide L-Ala-D-isoGln-L-Lys-D-Ala i s  joined by a pentaglycine bridge 

bound with i ts  N-terminus t o  the carboxyl group of D-Ala i n  one chain and by i t s  

C-terminus t o  the €-amino group of Lys in the other chain. In the ce l l  walls of 
other bacteria similar b u t  not identical peptide cross-1 inking patterns have been 
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found [for surveys, see Rogers and Perk ins ( 

Le ive (1973) and Je fek  (1986)]. 

It was found t h a t  f o r  t he  immunizat ion o f  

968) , S c h l e i f e r  and Kandler (1972) , 

the  macroorganism (i.e., f o r  t h e  

p reven t ion  o f  i n f e c t i o n )  the presence o f  i n t a c t  b a c t e r i a l  c e l l s  i s  n o t  necessary; 

some p a r t s  o f  c e l l s  were s u f f i c i e n t ,  e s p e c i a l l y  b a c t e r i a l  c e l l  w a l l s  and t h e i r  

o l i gomer i c  components. Pept idoglycan and t h e i r  f ragments showed i n  bo th  i n  v i t r o  

and i n  v i v o  t e s t s  about 40 types o f  b i o l o g i c a l  a c t i v i t y  (Kotani  e t  a l . ,  1983; 

Adam and Lederer, 1984; Lederer,  1986; Je iek,  1986), such as modulat ion (poten-  

t i a t i o n  o r  i n h i b i t i o n )  o f  t he  immune response, py rogen ic i t y ,  s t i m u l a t i o n  o f  t he  

n a t u r a l  non -spec i f i c  r e s i s t e n c e  a g a i n s t  m i c r o b i a l ,  v i r a l  and p a r a s i t e  i n f e c t i o n s  

and growth o f  tumours and modulat ion o f  c e l l s  p a r t i c i p a t i n g  i n  the  process o f  

t he  n a t u r a l  o r  induced immunity. Some o f  these b i o l o g i c a l  a c t i v i t i e s  d i d  n o t  

seem t o  have any d i r e c t  connect ion w i t h  t h e  immune response process, e.g., t h e  

i n f l u e n c e  on t h e  increase i n  t h e  d u r a t i o n  o f  slow-wave sleep (somnogenic a c t i v -  

i t y ) .  Many papers have been pub1 ished desc r ib ing  the  b i o l o g i c a l  p r o p e r t i e s  o f  

va r ious  pept idoglycan fragments and t h e i r  analogues. The t u r n i n g - p o i n t  i n  

research on these compounds was the  p e r i o d  1974-75, when Adam e t  a l .  (1974), 

E l l o u z  e t  a l .  (1974) and independent ly  Kotani  e t  a l .  (1975) proved t h a t  t h e  

minimum s i z e  f ragment showing h i g h  immunoadjuvant a c t i v i t y  i s  N-acetylmuramyl -L- 
a lany l  -D- isoglutamin,  o f t e n  des ignated muramyl d i p e p t i d e  (MDP) o r  MDP-Pasteur 

i n  the  l i t e r a t u r e ,  owing t o  i t s  d iscovery i n  t h e  Pasteur I n s t i t u t e  i n  Par is .  

CH,OH 
I 

0 
I *  

CH,CHCO- L - A h - D -  iGln 

(D)  MDP 

Adjuvant a c t i v i t y  i s  t h e  s t i m u l a t i o n  o f  t h e  p roduc t i on  o f  an t i bod ies  a g a i n s t  

an an t i gen  i n j e c t e d  s imul taneously  w i t h  the  ad juvan t  g lycopept ide.  Many exper i -  

ments have been undertaken t o  s u b s t i t u t e  chemica l l y  o r  modi fy  t h i s  b a s i c  a c t i v e  

u n i t  (MDP) i n  o rde r  t o  prepare analogues w i th  va r ious  b i o l o g i c a l  a c t i v i t i e s ;  f o r  

reviews see, e.g., Lederer  (1986) and Je iek (1986). 
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Syn the t i c  g lycopept ides rep resen t  a very impor tan t  c o n t r i b u t i o n  t o  t h e  

endeavour o f  d i scove r ing  t h e  b e s t  immunomodulators. The f i r s t  pep t ide  f ragments 

o f  b a c t e r i a l  c e l l  w a l l s  ( t h e  l y s i n e  pentapept ides)  were synthes ized by Garg e t  

a l .  (1962), t h e  f i r s t  l y s i n e  g lycopept ides ( con ta in ing  N-acetylmuramic a c i d )  

were prepared by L a n z i l o t t i  e t  a l .  (1964) and t h e  f i r s t  g lycopept ides c o n t a i n i n g  

d iaminopimel ic  a c i d  were prepared by Arendt e t  a l .  (1974). The s y n t h e t i c  approach 

r e q u i r e d  t h e  working o u t  o f  some a u x i l i a r y  s y n t h e t i c  methods, f o r  i ns tance  f o r  

isoglutamine o r  isoasparagine d e r i v a t i v e s  (e.g. , Straka and Zaoral  , 1977) o r  f o r  

removal o f  p r o t e c t i n g  groups (e.g. , Zaoral  e t  a l .  , 1978). Immunoadjuvant a c t i v i t y  

and s t r u c t u r e  s p e c i f i c i t y  o f  some syn the t i c  g lycopept ides were s t u d i e d  (e.g. , 
MaSek e t  a l . ,  1978, 1979; Adam and Lederer, 1984; Lederer, 1986). Ovchinnikov 

e t  a l ,  (1979) prepared t h e  l o n g e s t  o l i gosacchar ide  g l ycopep t ide  ( t h e  t e t r a -  

sacchar ide w i t h  two bound d ipep t ides  L-Ala-D-iGln) and the l onges t  pep t ide  bound 

t o  d isacchar ide ( i  .e. , t h e  pentapept ide)  us ing  semi-synthet ic  methods. The 

1 a rges t  l y s i  ne g l  ycopept ides p i s  (N-Ac-Mur) tri decapept i  des w i t h  a pentagl  y c i  ne 

o r  penta-L-alanine b r i d g e  moiety] were synthes ized by Zaoral  e t  a l .  (1980) and 

tris(N-Ac-Mur)octadecapeptide by JeZek e t  a l .  (1987). Up t o  now about 1000 

syn the t i c  g lycopept ides have been repor ted,  and most o f  them have been patented 

(c f . ,  e.g., L e f r a n c i e r  and Lederer, 1981; St raka 1983; JeSek, 1986). 

o f  o t h e r  n a t u r a l  pept ides (and t h e i r  s y n t h e t i c  analogues) a l s o  show impor tan t  

a c t i v i t i e s  i n  t h e  immune response process kf., e.g., t he  rev iew  (460 references)  

by Lec le rs  and Vogel (1986)]. S i m i l a r  a c t i v i t y  was found, e.g. , i n  t h e  n a t u r a l  

t e t r a p e p t i d e  t u f t s i n  (Thr-Lys-Pro-Arg) , which i s  a phagocytosis-stimulating 

f a c t o r  i s o l a t e d  f rom t h e  y - g l o b u l i n  f r a c t i o n  o f  human b lood serum and a c t i v a t e s  

a l l  f unc t i ons  o f  phagocyt ic  c e l l s  (Najar  and Nishioka, 1970; Na ja r  e t  a l . ,  1981). 
Tu f t s in  b inds  t o  s p e c i f i c  recep to rs  on phagocyt ic  c e l l s  ( W l e k l i k  e t  a l . ,  1986). 

I n  a d d i t i o n  t o  t u f t s i n  and i t s  analogues, t h e  n a t u r a l  pentapept ide p r o c t o l i n  

(Arg-Tyr-Leu-Pro-Thr) , a neuropept ide f rom the  h indgu t  o f  t he  cockroach, 

PeripZaneta americana L., a l s o  shows a p o s i t i v e  a c t i v i t y  on r e s t o r a t i o n  o f  human 

PMN leukocytes defected by acute lymphoblast ic  leukaemia (Konopinska e t  a l .  , 
1986). I n  c o n t r a s t ,  O r e f i c i  e t  a l .  (1986) found t h a t  pept ides a r e  n o t  necessary 

i n  t h e  modulat ion o f  a l l  t h e  immune responses: po lysacchar ides secreted by 

s t rep tococc i  ( s t rep tococca l  exopolysacchar ides a lone)  cou ld  induce a v a r i e t y  o f  

e f fector  c e l l s  i n  the  per i toneum o f  normal exper imental  mice, i n c l u d i n g  n a t u r a l  

k i l l e r  lymphocytes showing c y t o t o x i c  a c t i v i t y  a g a i n s t  some tumour c e l l  t a rge ts .  

I n  a d d i t i o n  t o  g lycopept ides and pept ides f rom b a c t e r i a l  c e l l  wa l l s ,  a number 
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12.3.2 Chromatography of gzycopeptide imnomodutators 

The c o n d i t i o n s  f o r  t h e  chromatography o f  g lycopept ides a r e  l i m i t e d  t o  t h e  

pH range of s t a b i l i t y  and a l s o  by t h e  s o l u b i l i t y  o f  these substances. N-Acetyl-  

muramyl pep t ides  a r e  r e a d i l y  s o l u b l e  i n  water  and i n  lower  a l coho ls .  They a r e  

very s e n s i t i v e  t o  a l k a l i n e  so lu t i ons ,  e.g., 0.05 M ammonia s o l u t i o n  ( a t  37OC) 

can s p l i t  o f f  l a c t y l  o r  l a c t o p e p t i d e  i n  1 h, and aqueous ammonia (pH 12) w i l l  

dest roy t h e  muramyl pep t ide  immediately ( f o r  c i t a t i o n s ,  see JeZek, 1986). I n  

a m i l d l y  a c i d i c  s o l u t i o n  (pH 2-4) muramyl pept ides a r e  r e l a t i v e l y  s tab le ,  whereas 

i n  s t r o n g l y  a c i d  media muramic a c i d  i s  decomposed. For  mon i to r i ng  i n  column 

l i q u i d  chromatography, measurement o f  t he  UV absorbance a t  200-210 nm may be 

used. I n  p r e p a r a t i v e  separat ions TLC i s  o f t e n  a p p l i e d  f o r  mon i to r i ng  the  p u r i t y  

of f r a c t i o n s ,  i n  a d d i t i o n  t o  HPLC. 

I n  the  s tudy o f  n a t u r a l  g lycopept ides,  I E C  has been used f o r  t h e  separat ion 

o f  pept idoglycan fragments. B a c t e r i o l y t i c  pept idases a r e  capable o f  b reak ing  

some pept ides t h a t  i n t e r 1  i n k  the  pept idoglycan s t rands o f  m i c r o b i a l  c e l l  w a l l s  

and t h e  wa l l  m a t e r i a l  i s  thus t r a n s f e r r e d  i n t o  s o l u t i o n .  I o n  exchangers were 

used t o  f r a c t i o n a t e  such a p a r t i a l  hyd ro l ysa te  (c f . ,  rev iew by Mike2 and Sebesta, 

1979). T ippe r  e t  a l .  (1967) s p l i t  t h e  pep t ide  cross-br idges t h a t  i n t e r l i n k  t h e  

pept idoglycan s t rands o f  Staphytococcus aureus c e l l  w a l l  s by means o f  exo- 

pept idases produced by Myxobacter, and the  d i g e s t  was chromatographed on a 

23 cm x 3 cm I . D .  ECTEOLA-cellulose (Bio-Rad Ce l l ex  E) column us ing  b r i e f  

i s o c r a t i c  e l u t i o n  w i t h  water and then a l i n e a r  g r a d i e n t  o f  L i C l  concen t ra t i on .  

The e l u t i o n  r a t e  was 1 ml/min and t h e  f r a c t i o n  volume was 15 m l .  The desa l ted  

f r a c t i o n s  were f u r t h e r  f r a c t i o n a t e d  on Sephadex and CM-cellulose. On t h e  b a s i s  

o f  t h e  study o f  i s o l a t e d  polysacchar ides and pept ides,  t he  s t r u c t u r e  o f  pep t ido -  

g lycan was proposed. 

L e f r a n c i e r  e t  a l .  (1977) a l s o  used I E C  ( A G I  X-2 r e s i n  f rom Bio-Rad Labs., 

Richmond, C A Y  U.S.A. and Amber1 i t e  IRA-68 r e s i n  f rom Serva, Heidelberg,  F.R.G.) 

f o r  t h e  f r a c t i o n a t i o n  o f  s y n t h e t i c  g l  ycopep t i  des m-ace ty l  muramyl -L-A1 a-D-i G1 n , 
i.e., muramyl d i p e p t i d e  (MDP) and analogues] i n  a d d i t i o n  t o  p r e p a r a t i v e  s i l i c a  

ge l  column chromatography. Zaoral  e t  a l .  (1978), i n  s y n t h e t i c  exper iments on 

the g l ycopep t ide  se r ies ,  p u r i f i e d  270 mg o f  t h e  crude in te rmed ia te  N-acetyl-D- 

glucosamine by chromatography on a s i l i c a  ge l  (60-120 vm) column (60 cm x 2.5 cm 

I.D.) e l u t e d  w i t h  I -bu tano l -ace t i c  ac id-water  ( 4 : l : l )  a t  a f l o w - r a t e  o f  50 ml/h 

and w i t h  a f r a c t i o n  volume o f  10 m l .  The pure product  was e l u t e d  i n  f r a c t i o n s  

40-56 and, a f t e r  evaporat ion a t  reduced pressure,  a y i e l d  o f  203 mg (73%) was 

obtained. The same chromatographic method was a1 so used f o r  t h e  p u r i f i c a t i o n  

o f  o t h e r  in termediates.  I n  an a d d i t i o n a l  c o n t r i b u t i o n  t o  t h e  g l ycopep t ide  s e r i e s  
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(Zaora l  e t  a l . ,  1980), some in te rmed ia tes  were p u r i f i e d  by GPC on a 100 cm x 1 cm 

I.D. column of Sephadex i n  1 M a c e t i c  a c i d  a t  a f l o w - r a t e  o f  6 ml/h,  mon i to red  

by TLC. No apparent  l o s s  due t o  decomposi t ion o f  t h e  produc ts  was observed i n  

these exper iments.  

L e f r a n c i e r  and Lederer (1981) found HPLC of MOP t o  be a p romis ing  method f o r  

va r ious  a n a l y t i c a l  purposes ( t o  check i t s  chemical  o r  even stereochemical  homo- 

gene i ty ,  t o  s tudy  i t s  s t a b i l i t y  o r  t o  quan t i f y  i t s  dosage forms).  Spher isorb  ODS 

and LiChrosorb-NH2 columns e l u t e d  w i t h  ammonium a c e t a t e - a c e t o n i t r i l e  m ix tu res  

were found t o  be very  e f f e c t i v e  even f o r  t h e  separa t i on  o f  isomers (see l a t e r ) .  

P h i l l i p s  e t  a l .  (1984) s t u d i e d  t h e  syn thes i s  and f a s t  atom bombardment-mass 

spectrometry o f  MDP and f o r  t h e  HPLC o f  g l ycopep t ide  samples used a Var ian  (Pa l0  

A l to ,  CA, U.S.A.) MicroPak AX-I0 column (30 cm x 4 mm I.D.), e l u t e d  a t  50°C w i th  

acetonitrile-triethylammonium t r i f l u o r o a c e t a t e  (pH 3.1) (2:3) a t  1 ml/min;  t h e  

pressure  was 9.6 MPa and UV d e t e c t i o n  a t  206 nm was app l i ed .  

If t h e  r e s u l t s  o f  g l ycopep t ide  HPLC a r e  t o  be i n t e r p r e t e d ,  i t  i s  necessary t o  

r e a l i z e  t h a t  t h e  f r e e  muramyl pep t ides  c o n t a i n  a h a l f - a c e t a l  hydroxy  group and 

a r e  t h e r e f o r e  s u b j e c t  t o  mu ta ro ta t i on .  Because t h e  h a l f - t i m e  o f  t h e  m u t a r o t a t i o n  

i s  one o rde r  o f  magnitude l o n g e r  than t h e  chromatographic process, i t  i s  p o s s i b l e  

t o  employ t h i s  techn ique f o r  t h e  separa t i on  o f  i n d i v i d u a l  anomers i n  t h e  py rano id  

o r  f u r a n o i d  forms (e.g., see Jezek, 1981, 1986). 

Spher isororb  ODS ( 5  urn) column (25 cm x 3 cm I.D.) u s i n g  5 

(pH 2 . 5 ) - a c e t o n i t r i l e  (199:1, v /v )  as e l u e n t  and found t h a t  t h i s  approach a l l owed  

the  separa t i on  o f  a- and 6-anomers i n  6 min. T h i s  t i m e  was s h o r t  enough t o  a l l o w  

( w i t h  f a i r l y  good accuracy) t h e  s tudy  o f  t h e  r a t i o  o f  t h e  two anomers and i t s  

v a r i a t i o n  w i t h  t ime  as a r e s u l t  o f  mu ta ro ta t i on  (which proceeds i n  a t i m e  mea- 

su rab le  i n  hours ) .  Je fek  (1981) and BudeSinskY e t  a l .  (1982) examined i n  d e t a i l  

t he  c y c l i z a t i o n  and mu ta ro ta t i on  processes, which i n f l u e n c e  t h e  separa t i on  o f  

i n d i v i d u a l  components o f  g lycopept ides :  double, t r i p l e  o r  quadrup le  peaks o f  t h e  

same component were o f t e n  found and t h e  i s o l a t e d  i n d i v i d u a l  s p l i t  aga in  i n t o  t h e  

o r i g i n a l  forms i f  t h e r e  was enough t ime t o  reach e q u i l i b r i u m  i n  t h e  s o l u t i o n .  

Jefek (1981) s t u d i e d  t h e  syn thes i s  o f  g l ycopep t ides  o f  b a c t e r i a l  c e l l  wa l l s .  

S y n t h e t i c a l l y  prepared MDP con ta ined  f o u r  substances, which were p r e p a r a t i v e l y  

separated on a 25 cm x 0.4 cm I.D. column o f  Separon S i  CI8 (10 pm) (Labora tory  

Ins t ruments  Works, Prague, Czechoslovakia) , e l u t e d  w i t h  0.01 M phosphate b u f f e r  

(pH 5.0) c o n t a i n i n g  5% methanol a t  a f l o w - r a t e  o f  1.5 ml/min and w i t h  UV detec- 

t i o n  a t  210 nm. Two p a i r s  o f  anomers were ob ta ined;  t h e  f i r s t  two isomers were 

the  main produc ts  and t h e  o t h e r  two were i m p u r i t i e s .  The f r a c t i o n s  were i d e n t i -  

f i e d  as f o l l o w s :  1 ( k '  = 4.7) = 8-pyranoid isomer; 2 ( k '  = 8.5) = a-pyranoid;  

H a l l s  e t  a l .  (1980) s t u d i e d  t h e  HPLC o f  MDP and some d e r i v a t i v e s  on a 

ammonium a c e t a t e  
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u on the h o r i z o n t a l  a x i s  
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ALLO-MDP 

1 L 

Fig.  12.5. Chromatography o f  s y n t h e t i c  g lycopept ides by means o f  HP-RPC ( f o r  
cond i t i ons ,  see t e x t ) .  L e f t :  separa t i on  o f  nor-aZZo-MDP (i .e., N-Ac-Nor-aZZo- 
blur-Ala- iGln);  1 = 8-pyranoid isomer; 2 = a - f u r a n o i d  form; 3 = a-pyranoid;  4 = 
8 - fu rano id  (present  i n  o n l y  a s m l l  amount; n o t  numbered). Right :  separa t i on  
o f  aZZo-MDP (i .e., N-Ac-aZZo-Mur-Ala-D-iGln); 1 = a-pyranoid isomer; 2 = B - fu rano id  
form (p resen t  i n  o n l y  a s m l l  amount i n  some exper iments owing t o  r a p i d  i somer i -  
zat ion;  not-numbered); 3 = a-pyranoid;  4 = a - fu rano id .  (Repr in ted f rom Je iek ,  
1981; see a l s o  Bud6Sinsky e t  a l . ,  1982.) 

3 ( k '  = 9.8) = 8-pyranoid,  isomuramic isomer; and 4 ( k '  = 15.8) = a-pyranoid,  

isomuramic isomer. Owing t o  t h e  mu ta ro ta t i on  process, t he  f r e s h l y  prepared so lu -  

t i o n  o f ~ l ' l o - M D P  conta ined f o u r  peaks be fo re  e q u i l i b r i u m  and t h r e e  peaks a f t e r  

e q u i l i b r i u m  had been achieved. 

Ala-D-iGln, N-Ac-nor-aZZo-Mur-L-Ala-D-iGln and N-Ac-aZZo-Mur-L-Ala-D-iGln) 

prov ided a m i x t u r e  o f  a t  l e a s t  t h r e e  forms i n  each ins tance  (c f . ,  F ig .  12.5). A l l  

t h e  i s o l a t e d  i n d i v i d u a l  components 1, 2, 3 o r  1, 3, 4 a f t e r  s tanding a t  an appro- 

p r i a t e  pH y i e l d e d  a m i x t u r e  o f  components o f  t he  o r i g i n a l  composi t ion,  i.e., 

con ta in ing  a- and 8-anomers i n  the  pyranoid and f u r a n o i d  form. 

S i m i l a r  exper iments w i t h  o t h e r  s y n t h e t i c  g lycopept ides (N-Ac-galacto-Mur-L- 



B344 

Le f ranc ie r  and Lederer (1981) used HPLC o f  MDP on a Spher isorb ODS (5  pm) 

column e l u t e d  w i t h  5 M ammonium a c e t a t e  (pH 2 . 5 ) - a c e t o n i t r i l e  (995:5) 

and separated a- and p-anomers; t h i s  method was a b l e  t o  f o l l o w  t h e i r  mutarota-  

t i o n .  Using a LiChrosorb-NH2 column e l u t e d  w i t h  5 - 
(pH 3 ) - a c e t o n i t r i l e  (10:90) t h e  two anomers o f  MDP cou ld  be separated f rom 

the  two peaks o f  i t s  d iastereoisomer c o n t a i n i n g  a D-Ala res idue .  Lebl  and Gut 

(1983) used t h e  data from HPLC o f  muramyldipept ide anomers BDP was prepared 

by Zaoral  e t  a l .  (1978)1 f o r  t he  c a l c u l a t i o n  o f  t h e  r a t e  cons tan t  o f  t h e  

r e v e r s i b l e  anomer izat ion reac t i on .  They employed a Zorbax ODS column (DuPont, 

Wilmington, DE, U.S.A.) e l u t e d  w i t h  0.1% t r i f l u o r o a c e t i c  acid-1% methanol a t  

34OC. For  t h e  determinat ion o f  t h e  r a t e  cons tan t  w i t h  an i s o l a t e d  anomer, 0.5 mg 

o f  MDP was separated a t  a f l o w - r a t e  o f  1.5 ml/min. The t ime o f  e l u t i o n  o f  t h e  

anomer peak t h a t  was c o l l e c t e d  was taken as zero. The anomer s o l u t i o n  was k e p t  

a t  34OC and samples were taken a t  several  t ime  i n t e r v a l s  and analysed a t  a f l o w -  

r a t e  o f  6.8 ml/min. The e q u i l i b r i u m  cons tan t  o f  t h e  r e a c t i o n  was determined a t  

the same f l o w - r a t e  w i t h  a sample o f  MDP d i sso l ved  i n  t h e  mobi le  phase e q u i l i b -  

r a t e d  a t  34OC f o r  2 days. The r a t e  cons tan t  f o r  a- t o  a-anomer convers ion was 

found t o  be k2 = 3.25 lo- '  min-' o r  3.45 lo- '  min-' a t  34OC. An advantage o f  

the method i s  t h e  need f o r  o n l y  two chromatographic exper iments f o r  t h e  determi-  

n a t i o n  and no s t r i c t  requirements w i t h  regard t o  t h e  p u r i t y  o f  t h e  s tud ied  

compounds. 

M ammonium a c e t a t e  

12.3 .3  ExampZes of prepared i m n o m o d u l a t o r s  

A s e r i e s  o f  papers were pub l i shed  on s tud ies  o f  t h e  b i o l o g i c a l  a c t i v i t y  o f  

s y n t h e t i c  subuni ts  o f  Streptococcus pept idoglycan. Rot ta  e t  a l .  (1979) s t u d i e d  

the pyrogenic and th rombocy to l y t i c  a c t i v i t y  o f  severa l  analogues and found t h a t  

s y n t h e t i c  g lycopept ides d i sp layed  bo th  a c t i v i t i e s  comparable t o  those o f  n a t u r a l  

pept idoglycans. Rotta e t  a l .  (1983) examined t h e  r e l a t i o n s h i p  between pept ido-  

glycan subuni ts  and s e r i e s  o f  analogues and t h e  f e v e r  e f f e c t  and i n d u c t i o n  of 

t o le rance  t o  py rogen ic i t y .  The homogeneity o f  t he  t e s t e d  pep t ides  was checked 

by TLC, NMR, HPLC and amino a c i d  analyses. S t r u c t u r e - f u n c t i o n  r e l a t i o n s h i p s  

were discussed. Pekdrek e t  a l .  (1985) descr ibed a r e l a t i o n s h i p  between pept ido-  

glycan subun i t  and analogue s t r u c t u r e s  and ad juvan t  a c t i v i t y  i n  ce l l -med ia ted  

immunity. E i g h t  compounds (homogeneous accord ing t o  TLC, paper e l e c t r o p h o r e s i s  

and HPLC) were tested;  t he  examined compounds were th ree  desmuramyl pept ides,  

MDP-polylysine, aZZo- and nor-aZZo-MDP, mbu] -nor-MDP and MDP. T h e i r  s t r u c t u r e -  

f u n c t i o n  r e l a t i o n s h i p s  were discussed. Ro t ta  e t  a l .  (1986) s t u d i e d  t h e  

p y r o g e n i c i t y  and h y p e r s e n s i t i v i t y  induc ing a c t i v i t i e s  o f  s t rep tococca l  pept ido-  

glycan and i t s  s y n t h e t i c  analogues. Ovalbumin and M25 Streptococcus e x t r a c t  were 
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used as ant igens,  and s i x  g lycopept ides ( f r o m  g l ycod ipep t ide  up t o  g l y c o t r i d e c a -  

pep t ide )  as immunoadjuvants. R jc  e t  a l .  (1986) descr ibed t h e  e f f e c t  o f  

Streptococcus pept idoglycan and i t s  s y n t h e t i c  analogues on r a b b i t  b lood  c e l l s .  

Four l i n e a r  and one c r o s s - l i n k e d  desmuramylpeptide, f o u r  l i n e a r  and one c ross -  

l i n k e d  muramylpeptide and twelve o t h e r  analogues were i nves t i ga ted .  Morphologica l  

and u l t r a s t r u c t u r a l  changes i n  p l a t e l e t s  were fo l lowed.  Pekdrek e t  a l .  (1986) 

examined exper imental  a l l e r g i c  encephalomyel i t i e s  (EAE) and t h e  p roduc t i on  o f  

lymphokins i n  animals s t imu la ted  by Streptococcus pept idoglycan and s y n t h e t i c  

analogues. T h i r t y  pep t ides  (bo th  desmuramyl and muramyl d e r i v a t i v e s ,  some o f  

them cross-1 inked)  were tested;  t en  showed immunoadjuvant a c t i v i t y  and twenty 

were i n a c t i v e .  

t i e s  o f  g lycopept ides c o n t a i n i n g  t h e  N-Ac-Glc-(B14)-N-Ac-Mur-disaccharide u n i t .  

The ant i tumour  a c t i v i t y  o f  e leven s y n t h e t i c  pep t ides  and t h e  ad juvan t  a c t i v i t y  

o f  e i g h t  s y n t h e t i c  pep t ides  were tested.  The e n e r g e t i c a l l y  p r e f e r r e d  conformat ion 

o f  t he  d i sacchar ide  d i p e p t i d e  N-Ac-Glc-N-Ac-Mur-L-Ala-D-iGln (GMDP) was discussed. 

Ivanov (1986) descr ibed s tud ies  on b a c t e r i a l  g lycopept ides (analogues o f  d i -  and 

te t rasacchar ide  muramylpeptides found i n  b l a s t o l y s i n  , the  an t i t umour  p repara t i on  

i s o l a t e d  f rom LactobaciZZus bdgar icus  c e l l s ) .  Nine s y n t h e t i c  g lycopept ides were 

prepared and t h e i r  immunomodulating p r o p e r t i e s  were examined, bo th  i n  an t i t umour  

a c t i v i t y  and exper imenta l  b a c t e r i a l  i n f e c t i o n s  . 

o f  t h r e e  MDP analogues and Krchfidk e t  a1 . (1983) those o f  nor-Mur-N-Ac-a- 

aminobutyryl-D-iG1n-Lys-Lys-Lys, which was prepared by sol id-phase synthes is .  

P repara t i ve  HPLC was performed on a 25 cm x 2 cm I.D. column o f  Separon R 
(Laboratory  Inst rument  Works, Prague, Czechoslovakia) us ing  methanol -water-  

t r i f l u o r o a c e t i c  a c i d  (5:95:0.2) f o r  e l u t i o n  and UV d e t e c t i o n  a t  210 nm. The 

compound forms a m i x t u r e  o f  a- and B-anomers. MaSek and F l e g l  (1983) prepared 

an unusual t ype  o f  hydrophobic desmuramyl d i p e p t i d e  , L-Ala-D-iGln-adamantylamide, 
which showed increased delayed h y p e r s e n s i t i v i t y .  

immunoadjuvant g lycopept ides and t h e i r  a p p l i c a t i o n  forms and a c t i v i t i e s  [see, 

e.g., t h e  paper by Kotani  e t  a l .  (1977) i n  which t h e  e f f e c t  o f  a d m i n i s t r a t i o n  

o f  g lycopept ides w i t h  l iposomes was reported]. Kotani  e t  a l .  (1986) a l s o  s t u d i e d  

s y n t h e t i c  immunomodulators mimicking b a c t e r i a l  c e l l  su r face  components. A de- 

s c r i p t i o n  o f  t h e  acy l  d e r i v a t i v e s  o f  muramylpeptides and low t o x i c  l i p i d  A 

analogues as p o s s i b l e  ad juvants  f o r  vaccines was presented. 6-0-(2-Tetradecy l -  

hexadecanoyl )-Mur-N-Ac-L-Ala-D-iGln ( t h e  so -ca l l ed  8 30 MOP) , Na-(Mur-N-Ac )-Nu- 

methyl -L-Ala-D-iGln-NE-stearoyl -L-Lys and Mur-N-Ac-L-Ala-D-Gln a-n-buty l  e s t e r  

Ivanov e t  a l .  (1981) s t u d i e d  t h e  synthes is ,  s t r u c t u r e  and b i o l o g i c a l  proper-  

Zaoral  e t  a l .  (1982) descr ibed t h e  p repara t i on  and some b i o l o g i c a l  p r o p e r t i e s  

Dur ing the  l a s t  10 years,  Kotani  and co-workers have examined a s e r i e s  o f  
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(Murabutide; c f . ,  Lefrancier e t  a l . ,  1982) were prepared and tested in various 
forms, and a l s o  in the form of virosome influenza vaccine. Masihi and Lange 

(1986) reported the stimulation of non-specific res i s tance  aga ins t  resp i ra tory  
infect ions by immunomodulators. Eleven MDP analogues were found t o  be e f f e c t i v e  

(when combined with 6,6 ' - t rehalose dimycolate) aga ins t  influenza virus  o r  

@cobacteriwn tuberculosis infect ion.  

JeZek e t  a l .  (1986, 1987) continued the synthesis  of peptides and glyco- 

peptides of bacter ia l  c e l l  walls. By means of solid-phase synthesis  and synthesis  
in so lu t ion ,  21 t e t r a -  t o  octapeptides and 4 glycopeptides [N-acetylmuramylhexa- 
peptide t o  tris(N-acetylmuramyl )octadecapeptide] were prepared and tes ted  f o r  
immunoadjuvant a c t i v i t y  and pyrogenicity. For the preparat ive separat ion of 

glycopeptides (30-50 mg) a 250 mm x 9 mm I.D. column of 10-vn P a r t i s i l  ODs-2 

(Whatman, Cl i f ton ,  NJ, U.S.A.) was used, eluted with a gradient  system of 0.1% 

t r i f l u o r o a c e t i c  acid solut ion (or  0.05 M NaH2P04-0.05 M H3P04) and methanol , 
the  methanol concentration being increased a t  l%/min. For ana ly t ica l  checking 
of puri ty ,  a Spherisorb ODS (5  pm) column (250 mm x 4.6 mm I.D.) (Phase Separa- 

t ions ,  Queensferry, U . K . )  was appl ied,  using the same mobile phases. Two of the  
prepared peptides were pyrogenic. Tris(N-acetylmuramyl )octapeptide showed 
immunoadjuvant a c t i v i t y  comparable t o  MDP and was not pyrogenic. 

FarkaS e t  a l .  (1986, 1987) described the synthesis  of a new disaccharide 

analogue of MDP, 0-( 2-acetamido-2-deoxy-6-D-gl ucopyranosyl ) - (  14)-N-acetyl -nor- 
muramoyl -L-aminobutyryl -D-i sogl utamine: 

H,OH 

NHAc 

Ch2CO-L-Abu- D- iGln 

Some intermediates were purif ied by preparat ive column chromatography on 
s i l i c a  gel (30-60 pm) using acetone-chloroform (1 :9, v / v ) ,  chloroform-ethyl 
ace ta te  (2: 1 , v/v) , ethyl acetate- toluene (2: 1 , v/v) o r  chloroform-methanol 
(50:l o r  25:1, v / v ) ,  and checked by RPC on C I 8  s i l i c a  gel (10-15 pin) in  methanol- 
water (3:l o r  97:3, v/v) o r  60% methanol. The f i n a l  product was chromatographed 
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by RP-HPLC on a 25 cm x 0.4 cm I.D. column o f  CI8 s i l i c a  (Laboratory  Inst rument  

Works, Prague, Czechoslovakia) us ing  water-methanol (97:3, v / v )  f o r  e l u t i o n .  The 

immunoadjuvant a c t i v i t y  o f  t h e  f i n a l  compound was determined i n  guinea p igs  by 

the  delayed-type h y p e r s e n s i t i v i t y  assay u s i n g  ovalbumin as ant igen.  The d i sac -  

char ide,  when a p p l i e d  w i t h  Freund's incomplete ad juvant ,  produced a 3 .4 - fo ld  

h i g h e r  immunoadjuvant a c t i v i t y  than MDP i n  c o n t r o l  experiments. The undes i rab le  

pyrogenic e f f e c t  o f  t h e  product,  u n l i k e  t h a t  i n  MDP, was very low (c f . ,  Ro t ta  

e t  a l . ,  1986). 

12 .3 .4  S y n t h e t i c  vaccines 

12.3.4.1 Introduction 

Not o n l y  pept idoglycan mcromolecules on t h e  b a c t e r i a l  c e l l  su r face  b u t  a l s o  

p r o t e i n  macromolecules do n o t  need t o  be i n  t h e  i n t a c t  macromolecular form t o  

be a b l e  t o  e l i c i t  t he  immune response i n  the  a t tacked  macroorganism. Fragments 

o f  p r o t e i n s  a r e  s u f f i c i e n t  t o  a c t  as ant igens.  An t igen ic  determinants  ( so -ca l l ed  

p r o t e c t i v e  ep i topes )  a r e  r e l a t i v e l y  low-molecular-weight segments o f  an t i gens  

and t h e r e f o r e  t h e  p o s s i b i l i t y  o f  p repar ing  s y n t h e t i c  vaccines i s  opened up i f  

t h e  a n t i g e n i c  determinants o f  t he  n a t u r a l  an t i gens  a r e  re1 i a b l y  determined 

(Shinnic  e t  a l . ,  1983; Arnon, 1984). Many s t u d i e s  on t h e  i d e n t i f i c a t i o n  o f  t he  

epi topes have been publ ished. The a n t i g e n i c  determinants  a r e  b e l i e v e d  t o  be  

p resen t  i n  t h e  access ib le  h y d r o p h i l i c  areas on t h e  su r face  o f  p r o t e i n  ant igens,  

which can be found by t h e o r e t i c a l  p r e d i c t i o n .  

Hopp and Woods (1981) pub l i shed  a method f o r  t he  p r e d i c t i o n  o f  a n t i g e n i c  

determinants f rom amino a c i d  sequences, ass ign ing  a h y d r o p h i l i c i t y  va lue  f o r  

each amino ac id,  r e p e t i t i v e l y  averaging these va lues a long t h e  cha in  (a  t a b l e  

o f  h y d r o p h i l i c i t y  values o f  amino a c i d s  was publ ished) .  Kyte and D o o l i t l e  (1982) 

presented a s imple method f o r  d i s p l a y i n g  t h e  hydropath ic  cha rac te r  o f  p r o t e i n s ;  

a computer program was w r i t t e n  t h a t  evaluated the  h y d r o p h i l i c i t y  and hydro- 

p h o b i c i t y  o f  p r o t e i n s  a long t h e  chain.  However, t he  choice o f  pep t ides  t o  be  

synthes ized i s  n o t  always s t r a i g h t f o r w a r d  (Van Regenmortel, 1986), as many 

a n t i g e n i c  determinants  o f  p r o t e i n s  seem t o  be conformat ional  (depending on t h e  

three-dimensional  f o l d i n g  o f  t h e  n a t i v e  molecule) r a t h e r  than sequent ional  

( cond i t i oned  o n l y  by the  amino a c i d  sequence o f  t he  i s o l a t e d  pep t ide  segment, 

n o t  i n f l u e n c e d  by the  t o t a l  s t r u c t u r e  o f  t he  p r o t e i n ) .  D i f f e r e n t  s t r a t e g i e s  have 

been developed f o r  searching f o r  t h e  approp r ia te  a n t i g e n i c  s i t e s  (A tas i ,  1984; 

We i je r  e t  a l . ,  1986). A lso t h e  atomic m o b i l i t y  s i t e s  i n  t h e  three-dimensional  

X-ray s t r u c t u r e  o f  p r o t e i n s  (Ta ine r  e t  a l . ,  1984) and t h e i r  segmental m o b i l i t y  

(Westhoff  e t  a l . ,  1984) were c o r r e l a t e d  w i th  the  l o c a t i o n  o f  a n t i g e n i c  de te r -  

minants and t h e i r  r e a c t i v i t y .  
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I n  addition t o  theoretical methods, experimental techniques have a1 so been 

proposed for  searching fo r  determinants. Jemmerson and Paterson (1986b) presented 
a method for  mapping epitopes on a protein antigen by partial proteolysis of 

the antigen-antibody complexes, in which chromatography played an important role. 
An a n t i b o d y  bound t o  a protein antigen showed a s t e r i c  hindrance e f fec t  and 

decreased the ra te  of proteolytic cleavage of the antigen in regions involved 
i n  the antibody-antigen contact. RP-HPLC of the partial digest has made i t  

possible to identify the contact area according to the relative amount (peak 

heights) and composition of the isolated peptides of the antigen, provided tha t  
the primary structure of the antigen was known and tha t  a protease digest of 
the single antibody and the single antigen were chromatographed in preliminary 

experiments in order to localize the i r  peptide peaks in the chromatogram. 
Cytochrome c and monoclonal antibody against i t  were used in these experiments. 
A 30-min tryptic digestion was found to  be optimal. For HPLC a 250 mm x 4.6 mm 
I.D. column of C I 8  Spherisorb ODs-1 (Custom LC,  Houston, TX, U.S.A.) was eluted 
with a l inear gradient from 0 t o  70% ace toni t r i le  (0 .1% TFA) du r ing  90 min a t  

a flow-rate of 1 ml/min. UV detection a t  214 n m  was applied. Collected peaks 
of the antigen were hydrolysed and analysed i n  an amino acid analyser. The 

applicability of t h i s  method was discussed in de ta i l .  Another, b u t  very expensive 

and time-consuming, experimental method fo r  determining the contact area between 
the antibody and antigen i s  X-ray crystallography of the antibody-antigen 

complex (Amit e t  a l . ,  1985), from which the epitopes could be derived. This 
method i s  very precise b u t  i t  cannot be generally used. 

The theoretically proposed or practically found antigen determinants are the 

start ing p o i n t  f o r  the peptide synthesis (Shinnick e t  a l . ,  1983; Walter, 1986). 

However, so f a r  the purified peptides corresponding t o  protective epitopes often 

possess poor immunogenicity, " a t  l ea s t  partly because of the removal of components 
carrying adjuvant activity of the original vaccines (Kotani e t  a l . ,  1986); hence 
the development of new types of vaccines requires studies of chemically well 

defined i mmunoadj uvants , which ef f ec t i  vel y potentiate the immunogenic i ty of 
protective epitopes". Also, the effect  of additivity or synergism caused by a 
large number of determinants on the same natural macromolecular antigen contrib- 
utes t o  the stronger antigenicity of natural antigens i n  comparison with single 
synthetic pepti des. 

The chromatography of synthetically prepared peptides fo r  vaccination does 
not d i f f e r  from the separation techniques for  any other simple peptides, which 

were described in detail in Chapter 11 ,  and therefore in the following part of 
th i s  section only a few examples of synthetic vaccines will be presented. 



12.3.4.2 Examples of e f f o r t s  t o  prepare synthet ic  vaccines 

F i r s t ,  s y n t h e t i c  vaccines aga ins t  b a c t e r i a l  i n f e c t i o n s  w i l l  be considered. 

Syn the t i c  s t rep tococca l  M-prote in  vaccines were chosen because o f  t h e i r  g r e a t  

medical importance. The usual  vacc ina t i on  a g a i n s t  s t rep tococca l  i n f e c t i o n s  w i t h  

k i l l e d  s t rep tococc i  ( o r  w i t h  a crude e x t r a c t )  i s  r io t  p o s s i b l e  owing t o  se r ious  

comp l i ca t i ons  w i t h  rheumatic f e v e r  (Massel e t  a l . ,  1969). The o n l y  known f a c t o r  

of t h e  v i r u l e n c e  and a n t i g e n i c i t y  o f  Streptococcus pyogenes i s  t h e  M-protein,  

emanating as f i b r i l s  f rom t h e  su r face  o f  s t rep tococca l  c e l l s  (Fox, 1974). The 

s ing le -cha in  p r o t e i n  molecule i s  p resen t  as a dimer and has t h e  fo rm o f  an 

a - h e l i c a l  c o i l e d - c o i l  s t r u c t u r e  ( P h i l l i p s  e t  a l .  , 1981). The i s o l a t e d  M-prote in  

i s  an u n s u i t a b l e  an t i gen  f o r  vacc ina t i on  owing t o  immune c ross - reac t i ons  l e a d i n g  

t o  acute rheumatic f e v e r  (Dale and Beachey, 1985). I t  has become apparent t h a t  

t h e  whole M-prote in  molecule i s  n o t  r e q u i r e d  t o  evoke p r o t e c t i v e  immunity and 

t h a t  va r ious  e x t r a c t s  c o n t a i n i n g  o n l y  po l ypep t ide  f ragments o f  M-prote in  r e t a i n  

t y p e - s p e c i f i c  p r o t e c t i v e  immunogenicity @or  references see Beachey e t  a1 . (1986) 

and Kiihnemund e t  a l .  (1986)]. A s o l u t i o n  t o  t h e  vacc ina t i on  problem migh t  be 

seen i n  the  p repara t i on  o f  s y n t h e t i c  pep t ide  vaccines (as s h o r t  as p o s s i b l e )  

t h a t  c o u l d  r e t a i n  a n t i g e n i c  determinants  f o r  t he  p roduc t i on  o f  p r o t e c t i v e  

an t i bod ies ,  b u t  which would n o t  c o n t a i n  segments respons ib le  f o r  t h e  t o x i c  cross-  

r e a c t i o n s  (Beachey and Stol lerman, 1971). Therefore,  exper iments w i t h  f u r t h e r  

cleavage o f  t h e  f ragments cont inued and y i e l d e d  pept ides c o n t a i n i n g  as few as 

twelve amino a c i d  res idues t h a t  r e t a i n e d  p r o t e c t i v e  epi topes (Beachey e t  a l .  , 
1981 ) . 

o u t  exper iments on t h e  immune responses i n  r a b b i t s  immunized w i t h  s y n t h e t i c  

s t reptococcal  M-prote in  pep t ides  (M5 and M6, c o n t a i n i n g  20 amino a c i d  res idues 

f rom t h e  N-terminus o f  M-protein,  and M24, c o n t a i n i n g  two 35-res idue pep t ides )  

conjugated t o  p o l y l y s i n e  o r  te tanus toxo id .  The l o c a t i o n  and synthes is  o f  

p r o t e c t i v e  epi topes o f  t ype  5 s t reptococcal  M-prote in  were s tud ied  by Seyer 

e t  a l .  (1986). S i x  s y n t h e t i c  pept ides were prepared f rom M5 reg ion  1-35 and 

tested.  The segment SM5 (1-35) was immunogenic i n  r a b b i t s  and evoked opsonic 

an t i bod ies  a g a i n s t  t ype  5 s t rep tococc i  , t h a t  d i d  n o t  n e g a t i v e l y  c ross - reac t  w i t h  

human t i ssues .  A l l  o f  t h e  p r o t e c t i v e  epi topes r e s i d e d  between amino a c i d  res idues  

14 and 26. Kihnemund e t  a l .  (1986) s t u d i e d  types 1 and 12 o f  group A s t rep tococc i .  

The M I  and MI2 p r o t e i n s  were prepared us ing  phage-associated l y s i n  (PAL) e x t r a c -  

t i o n  and a f f i n i t y  chromatography. The maps o f  t r y p t i c  d i g e s t s  o f  samples o f  t he  

two p r o t e i n s  were compared by two-dimensional TLC pep t ide  mapping and n i n e  common 

spots were found. A m i l d  pepsin e x t r a c t i o n  t o  i s o l a t e  M I  p r o t e i n  l e d  t o  a p r o t e i n  

f ragment o f  kfr = 20 000, which ( f o l l o w i n g  a f f i n i t y  chromatography on immobi l ized 

f i b r i n o g e n )  was i d e n t i f i e d  as t h e  N-terminal  p a r t  o f  M-protein.  Mordvek e t  a l .  

These problems were discussed i n  d e t a i l  b y  Beachey e t  a l .  (1986) , who c a r r i e d  
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(1986) f u r t h e r  s t u d i e d  t h i s  p u r i f i e d  f ragment o f  M I  p r o t e i n ,  which represents  

t h e  exposed area o f  t he  molecu le  on t h e  su r face  f i b r i l s  o f  s t rep tococca l  c e l l s ,  

which seems t o  be very  impor tan t  f o r  d i f f e r e n t i a t i o n  o f  t h e  i n d i v i d u a l  

s e r o l o g i c a l  types. The sequence o f  39 amino a c i d  res idues  was determined and t h e  

homology w i t h  the  N-terminus o f  M5, M6 and M24 p r o t e i n s  was discussed, and a l s o  

w i t h  t h e  i n t e r n a l  homology i n  repeated  areas  o f  M24 p r o t e i n .  A l l  t h e  mentioned 

r e s u l t s  p r o v i d e  a g r e a t  impulse t o  e f f o r t s  f o r  t h e  p repara t i on  o f  s y n t h e t i c  

vaccines. 

I n  t h e  second p a r t  o f  t h i s  sec t i on ,  s y n t h e t i c  a n t i v i r a l  vacc ines  (Brown, 1984) 

w i l l  be mentioned and t h e  examples w i l l  be focused on i n f l u e n z a  v i ruses .  Syn- 

t h e t i c  vaccines a g a i n s t  i n f l u e n z a  v i ruses ,  which a r e  o f  g r e a t  pub1 i c -hea l  t h  

importance, a r e  a g r e a t  cha l l enge  f o r  o rgan ic  chemis ts  syn thes i z ing  pept ides .  

T h e i r  e f f o r t s  a r e  d i r e c t e d  t o  t h e  p repara t i on  o f  segments mimick ing  v i r a l  su r face  

p r o t e i n s  which e l i c i t  t h e  p roduc t i on  o f  a n t i b o d i e s  i n  t h e  a t t a c k e d  macroorganism. 

There a r e  two su r face  g l y c o p r o t e i n s  i n  i n f l u e n z a  v i r u s ,  haemagg lu t in in  and 

neuramidinase. The f i r s t  p r o t e i n  i s  t he  major  v i r a l  su r face  a n t i g e n  and w i l l  be 

d e a l t  w i t h  l a t e r  (c f . ,  M i l l e r  e t  a l . ,  1982; Shap i ra  e t  a l . ,  1984; Wabuke-Bunoti, 

1984a,b; HamSikovd e t  a l . ,  1986, 1987). I t  i s  s t r a i n - s p e c i f i c  and can be  seen 

by e l e c t r o n  microscopy t o  fo rm sp ikes  p r o t r u d i n g  f r o m  the  spher i ca l  l i p i d  

envelope i n  t h e  fo rm o f  a t r i m e r ;  t h e  monomer c o n s i s t s  o f  two p o l y p e p t i d e  cha ins  

denoted H A - I  and HA-2. A conc ise  ch rono log ica l  rev iew  o f  v i r a l  a n t i g e n  examina- 

t i o n s  w i l l  i l l u s t r a t e  t h e  research  e f f o r t s  t h a t  have been made and reasons f o r  

t h e  s e l e c t i o n  o f  p a r t i c u l a r  pep t ide  sequences f o r  exper iments.  

from t h r e e  s t r a i n s  o f  i n f l u e n z a  v i r u s .  Brand and Skehel (1972) desc r ibed  c r y s t a l -  

l i n e  an t i gen  f rom t h e  i n f l u e n z a  v i r u s  envelope. Jackson e t  a l .  (1979) s t u d i e d  

t h e  a n t i g e n i c  de terminant  o f  i n f l u e n z a  v i r u s  i n  d e t a i l  and desc r ibed  t h e  immu- 

n o g e n i c i t y  o f  f ragments i s o l a t e d  f r o m  haemagg lu t in in  o f  A/Memphis/72 v i r u s .  The 

cyanogen bromide cleavage fragment (des ignated  CN-1) , prepared f r o m  t h e  heavy- 

cha in  subun i t  HA-1, was respons ib le  f o r  immunogenic a c t i v i t y ,  b u t  i t  was t o o  

l a r g e  f o r  syn thes i s  because i t  con ta ined  170 amino a c i d  res idues .  Wi lson e t  a l .  

(1981) p resented  t h e  th ree-d imens iona l  s t r u c t u r e  o f  t h e  haemaggl u t i n i n  membrane 

g l y c o p r o t e i n  determined by X-ray c r y s t a l l o g r a p h y  a t  3 

(1981) i d e n t i f i e d  t h e  s t r u c t u r e s  o f  t h e  an t i body -b ind ing  s i t e s  o f  Hong Kong 

in f luenza haemagg lu t in in  and t h e i r  involvement i n  t h e  a n t i g e n i c  v a r i a t i o n s .  Ward 

(1981) reviewed t h e  s t r u c t u r e  o f  t h e  i n f l u e n z a  v i r u s  haemagg lu t in in ;  i t  was 

apparent t h a t  t h e  f ragment Ser 91 t o  Leu 108 o f  CN-1 ( f rom HA-I) con ta ined  two 

Pro  and t h r e e  T y r  res idues  ( i m p o r t a n t  f o r  a n t i g e n i c i t y )  and a f o l d e r  co rne r  i n  

t h e  X-ray s t r u c t u r e ;  t h i s  was suggest ing  because t h e r e  was a chance t h a t  t h i s  

As e a r l y  as i n  1964 Laver r e p o r t e d  s t r u c t u r a l  s t u d i e s  on t h e  p r o t e i n  subun i t s  

r e s o l u t i o n .  Wi ley  e t  a l .  
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area might  be hopefu l  f o r  s y n t h e t i c  e f f o r t s .  M i i l l e r  e t  a l .  (1982) r e p o r t e d  an 

a n t i - i n f l u e n z a  response achieved by immunizat ion wi th a s y n t h e t i c  conjugate 

con ta in ing  t h e  mentioned amino a c i d  sequence. Atass i  and K u r i s a k i  (1984) 

pub l i shed  a novel  approach t o  t h e  l o c a t i o n  of t he  cont inuous p r o t e i n  a n t i g e n i c  

s i t e s  by comprehensive s y n t h e t i c  su r face  scanning: ant ibody and T - c e l l  a c t i v i t y  

t o  several  i n f l u e n z a  haemagglut in in s y n t h e t i c  s i t e s .  Arnon and Shapira (1984) 

d e a l t  w i t h  a n t i - i n f l u e n z a  s y n t h e t i c  vaccines and repo r ted  t h a t  a t  l e a s t  twelve 

H3N2 in f l uenza  v i r u s  s t r a i n s  con ta ined  the  above-mentioned sequence Ser 91 t o  

Leu 108, so t h a t  i t  i s  very common i n  i n f l u e n z a  v i ruses.  Syn the t i c  pep t ides  

corresponding t o  the  a n t i g e n i c  s i t e  o f  haemagglut in in  o f  va r ious  l e n g t h  were 

descr ibed by Shapira e t  a l .  (1984), and Wabuke-Bunoti e t  a l .  (1984a,b) s t u d i e d  

c y t o l y t i c  T-lymphocytes i n  r e l a t i o n  t o  ant ibody responses t o  s y n t h e t i c  pep t ides  

o f  i n f l u e n z a  v i r u s  haemagglut in in.  Shapira e t  a l .  (1985) descr ibed a s y n t h e t i c  

vaccine aga ins t  i n f l u e n z a  w i t h  b u i l t - i n  ad juvan t  (HA fragment 91-108 was con- 

j uga ted  t o  te tanus t o x o i d  and then t o  MOP-Lys) and repo r ted  p r o t e c t i v e  a c t i v i t y  

i n  mice immunized w i th  such a system. 

fragments Ser 91 t o  Leu 108 (corresponding t o  H3NP-type haemagglut in in)  i n  which 

Cys 97 was rep laced w i t h  Ala 97 (pep t ide  I )  o r  Met 97 (pep t ide  II), and HA-2 

(1-13) (pep t ide  1111, and H A - I  (185-200) (pep t ide  IV). Pept ide I was i d e n t i c a l  

w i t h  t h e  M i l l e r  e t  a l . ' s  (1982) pept ide.  For the p u r i f i c a t i o n  o f  I ,  I1 and I V  

a column o f  P a r t i s i l  ODs-2 o r  Separon S i  c18 was used, e l u t e d  w i t h  a g r a d i e n t  

30-80% o f  methanol-water (+O. 1% t r i f l u o r o a c e t i c  a c i d ) .  A l l  pep t i des  were checked 

by elemental and amino a c i d  ana lys i s ,  Edman degradat ion and pep t ide  mapping and 

behaved as homogeneous i n  TLC and a n a l y t i c a l  HPLC. With the except ion o f  I11 

the  pept ides were conjugated t o  te tanus t o x o i d  and mixed w i t h  Freund's  ad juvant .  

HamJikovd e t  a l .  (1986, 1987) s t u d i e d  the  immunogenic p r o p e r t i e s  o f  t h e  above- 

mentioned s y n t h e t i c  pep t ides  I and 11. The induced a n t i b o d i e s  reac ted  w i t h  

s y n t h e t i c  pept ides (coupled t o  bov ine serum albumin)  and w i t h  t h e  haemagglut in ins 

o f  t h e  homotypic H3 v i ruses,  b u t  n o t  w i t h  t h e  haemagglut in ins o f  t h e  h e t e r o t y p i c  

i n f l u e n z a  A v i ruses  (when us ing  p u r i f i e d  v i r i o n s  as ant igens,  marked cross-  

r e a c t i v i t y  was observed). The p e t i d e  I1  conjugates appeared t o  be a more p o t e n t  

immunogen then I (probably  owing t o  t h e  presence o f  Met). None o f  t h e  a n t i b o d i e s  

r a i s e d  aga ins t  t h e  pep t ide  conjugates d i sp layed  any a c t i v i t y  i n  the  haemagglu- 

t i n i n - i n h i b i t i o n  n e u t r a l i z a t i o n  o r  complement- f ixat ion t e s t s .  I n  a d d i t i o n ,  i n  

mice immunized w i t h  t h e  same preparat ion,  i n t r a n a s a l l y  admin i s t ra ted  H3N2 v i r u s  

r e p l i c a t e d  t o  the  same e x t e n t  as i n  t h e  c o n t r o l  animals;  these f i n d i n g s  d i d  n o t  

agree w i t h  t h e  observat ion o f  Shapira e t  a l .  (1985). The data obta ined suggest 

t h a t  t h e  reg ion  corresponding t o  Ser 91-Leu 108 i s  n o t  immunogenic under con- 

d i t i o n s  o f  n a t u r a l  i n f e c t i o n  o r  i n  comparison w i th  immunizat ion w i th  more complex 

Bldha e t  a l .  (1986) synthes ized by a so l id-phase method haemagglut in in  HA-2 



B352 

A 2 8 0  1 Deprotection with 1 M TFMSA/thioanisole in TFA - 3 x  1 th, O°C,30min, 2 2 O C  l 
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Fig. 12.6. HPLC of deprotected [Tyr]161-VPl (141-161) peptide preparation. For 
chromatographic conditions, see text.  TSMFA = trifluoromethanesulphonic acid. 
(Reprinted from D'dlling e t  a l . ,  1386.) 

virus material. I t  can be seen from th is  short history t h a t  the preparation of 
an effective synthetic vaccine will no t  be easy. 

t o  foot-and-mouth disease virus (FMDV) using a biphasic solvent system. The 
major immunogenic region of FMDV i s  located on the viral capsid protein V P I  in 

the amino acid sequence 141-160 (Pfaff e t  a l . ,  1982) with the accent on the Leu 

residues 148 and 151 of the immunogenic epitope 146-152 (Geysen e t  a l . ,  1984). 
So f a r  several attempts t o  prepare peptides from th i s  region have been published. 

For references, see D'dlling e t  a l .  (19861, who used a special solution synthesis 

for the preparation of VP1 fragment 141-160, C-terminally extended by a tyrosine 
residue TyrI6' in order t o  allow specific coupling t o  proteins. The detailed 

strategy was discussed. For analyses of deprotected peptides a 5-pm Vydac C4 

(300 

in 0-40 min a t  a flow-rate of 1 ml/min; solutions: A = 0.08% TFA in water- 

n-propanol (9: 1 ) ;  B = 0.05% TFA in water -n-propanol (1 : l ) .  
The TyrI6'  peptide was linked with human serum albumin using bis-diazotized 

benzidine. In preliminary experiments, the peptide showed good reactivity with 
an antiserum directed toward the complete virus, b u t  immunization with the 
albumin-conjugate (peptide to  protein ra t io  = 8: 1 )  gave no virus neutralizing 
anti bodies. 

Krchfidk and Ma19 (1986) used modern technology t o  prepare and t e s t  synthetic 

antigen fragments i n  which the isolation of the real intact-protein antigen was 
no t  necessary. The principle of t h i s  approach can be i l lus t ra ted  by the following 
steps: ( 1 )  determination of the DNA sequence expressing the antigen; (2 )  selec- 

tion of the corresponding protein fragment(s1 based on theoretical translation; 

Ddlling e t  a l .  (1986) described the synthesis of peptide sequences belonging 

column was used ( c f . ,  Fig. 12.61, eluted with a gradient of Z%/min of B 
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(3)  s y n t h e t s i s  o f  t he  se lec ted  pept ide(s1;  ( 4 )  p repara t i on  o f  h a p t e n - c a r r i e r  

conjugate;  ( 5 )  immunizat ion o f  exper imental  animals;  (6) t i t r a t i o n  o f  t h e  

ant ibody;  ( 7 )  i s o l a t i o n  o f  t h e  p e p t i d e - s p e c i f i c  an t i body  (may be omi t ted ) ;  and 

( 8 )  study of t h e  i n t e r a c t i o n  o f  t h e  an t i body  w i t h  t h e  p r o t e i n .  KrchRdk and MalJ 

(1986) used t h i s  method t o  s tudy the  a n t i g e n i c  p r o p e r t i e s  o f  oncoprote in  o f  

av ian mye lob las tos i s  v i r u s  (AMV). AMV i s  a member o f  t h e  av ian  r e t r o v i r u s e s ,  

which a r e  d e f f e c t i v e  f o r  r e p l i c a t i o n  and cause leukaemia. The AMV oncogens a r e  

expressed i n  t h e  t ransformed c e l l  i n  t h e  fo rm o f  subgenomic s p l i c e d  mRNA (which 

i s  a l s o  present  i n  t h e  v i r i o n )  and t h e  p roduc t  o f  i t s  t r a n s l a t i o n  i s  a p r o t e i n  

of Mr = 48 000 (Boyle e t  a l . ,  1983; Klempnauer e t  a l . ,  1983; MalJ and KrchRdk, 

1984). 

t rans fo rm ing  gene (Rushlow e t  a l . ,  1982) and se lec ted  the  fragment 92-110, 

expected t o  be t h e  most hopefu l .  The nonadecapeptide was synthes ized by t h e  

M e r r i f i e l d  so l id-phase method. The product  was p u r i f i e d  on Bio-Gel P-4 and by 

HPLC. The homogeneous p repara t i on  was coupled t o  keyhole l i m p e t  haemocyanin as 

t h e  c a r r i e r ,  e m u l s i f i e d  i n  complete Freund's  ad juvan t  and admin i s te red  i n t r a -  

cutaneously t o  r a b b i t s .  High t i t r e s  were obtained. The d e t a i l e d  immunological 

assays were discussed. 

Mach e t  al; (1986) s tud ied  a n t i b o d i e s  a g a i n s t  a s y n t h e t i c  decapept ide p re -  

c i p i t a t i n g  phosphokinase (measured by enzymic a c t i v i t y )  expressed by s rc  gene, 

which had been o r i g i n a l l y  detected i n  Rous sarcoma v i r u s .  Oncogenes ( i ,e. ,  genes 

respons ib le  f o r  t h e  i n d u c t i o n  and maintenance o f  t h e  t ransformed s t a t e  o f  a c e l l )  

a r e  i n t e n s i v e l y  s tud ied,  because they g i v e  r i s e  t o  tumours n o t  o n l y  i n  model 

systems, b u t  even i n  humans. The d e t e c t i o n  o f  p r o t e i n  products  expressed by 

pa tho log i ca l  genes pe rm i t s  t h e i r  e a s i e r  i n v e s t i g a t i o n  and s p e c i f i c  a n t i b o d i e s  

can be simply used f o r  t h i s  purpose. 

t he  products  o f  s rc  gene, new ways were sought and fragments o f  phosphokinase 

( M ~  = 60 000) were b e l i e v e d  t o  be u s e f u l  f o r  t he  synthes is  o f  ant igens.  Because 

the  amino a c i d  sequence o f  pp60SrC was known, Mach e t  a l .  se lec ted  a su r face  

h y d r o p h i l i c  domain, which c o u l d  be cha rac te r i zed  by a decapept ide c o n t a i n i n g  a 

Ty r  res idue.  Th is  decapept ide was prepared by so l  id-phase syn thes i s  and p u r i f i e d  

t o  99% p u r i t y  by HPLC. The pep t ide  was coupled t o  serum albumin as a c a r r i e r  and 

used f o r  immunizat ion o f  r a b b i t s  u s i n g  Freund's  complete ad juvant .  A l l  t h e  

immunized r a b b i t s  produced a n t i b o d i e s  a g a i n s t  t he  s y n t h e t i c  pep t ide  i n  t i t r e s  

f rom 1:5000 t o  1:lO 000. The an t i body  a g a i n s t  t he  s y n t h e t i c  pep t ide  reac ted  even 

w i t h  n a t i v e  p r o t e i n  pp60SrC. The amino a c i d  sequence o f  t h e  decapept ide used was 

compared w i t h  sequences o f  f o u r  o t h e r  pub1 i shed  heptapept ides (corresponding t o  

d i f f e r e n t  reg ions  o f  t h e  p r o t e i n )  e l i c i t i n g  a n t i b o d i e s  which reac ted  w i th  n a t i v e  

pp60src. 

KrchRdk and Ma19 (1986) s t a r t e d  f rom t h e  pub l i shed  n u c l e o t i d e  sequence of t h e  

Owing t o  d i f f i c u l t i e s  i n  t h e  p repara t i on  o f  a p o t e n t  s p e c i f i c  an t i body  aga ins t  
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12.3.5 Conunents on l i t era ture  

F i r s t  t h e  1 i t e r a t u r e  r e l a t i n g  t o  g l ycopep t ide  ad juvan ts  w i l l  be summarized. 

Kotan i  e t  a l .  (1982) d e a l t  w i t h  t h e  non-spec i f i c  and a n t i g e n - s p e c i f i c  s t imu la -  

t i o n  o f  h o s t  defence mechanism by l i o p h i l i c  d e r i v a t i v e s  o f  muramyl d ipep t ides ,  

Lec le rc  e t  a l .  (1983) reviewed t h e  p o t e n t i a l  use o f  s y n t h e t i c  muramyl pep t ides  

as immunoregulat ing molecules, S t raka  (1983) t h e  p r e p a r a t i o n  o f  f ragments o f  

b a c t e r i a l  c e l l  w a l l  pept idog lycan and analogues ( i n  Czech; 280 re fe rences )  , 
Adam and Lederer  (1984) muramyl pept ides ,  immunomodulators, s leep f a c t o r s  and 

v i t am ins  and Takada and Kotan i  (1985) immunopharmaceutical a c t i v i t i e s  o f  syn- 

t h e t i c  muramyl pept ides .  JeZek (1986) ( i n  Czech, 234 re fe rences )  d e a l t  w i t h  

g l ycopep t ides  o f  b a c t e r i a l  c e l l  w a l l s  f rom t h e  s y n t h e t i c  p o i n t  o f  view. Lederer  

(1986) p resented  an opening l e c t u r e ,  "Muramyl Pept ides  and T h e i r  Use i n  Vaccines", 

a t  a Symposium and i t s  expanded v e r s i o n  con ta ined  133 re fe rences .  Books on t h i s  
theme have a l s o  been pub l i shed  by Friedman e t  a l .  (1981) on immunomodulation by 

b a c t e r i a  and by Adam (1985) on s y n t h e t i c  ad juvan ts ,  and Zaoral  e t  a1 . (1986) 

e d i t e d  Symposium Proceedings on s y n t h e t i c  immunomodulators and vaccines. 

Secondly, a survey o f  t h e  l i t e r a t u r e  r e l a t i n g  t o  t h e  prob lem o f  t h e  p r e d i c -  

t i o n  o f  pep t ide  a n t i g e n i c  de terminants  w i l l  be g iven,  because o f  i t s  importance 

w i t h  regard  t o  s y n t h e t i c  approaches. Hopp and Woods (1981) desc r ibed  t h e  p r e d i c -  

t i o n  o f  p r o t e i n  a n t i g e n i c  de terminants  f r o m  amino a c i d  sequences, and Kyte and 

D o o l i t l e  (1982) a s imp le  method f o r  d i s p l a y i n g  t h e  hyd ropa th i c  c h a r a c t e r  o f  

p ro te ins .  S u t c l i f f e  e t  a l .  (1983) d e a l t  w i t h  a n t i b o d i e s  t h a t  r e a c t e d  w i t h  

predetermined s i t e s  on p r o t e i n s ,  and Berzo fsky  (1985) i n t r i n s i c  and e x t r i n s i c  

f a c t o r s  i n  p r o t e i n  a n t i g e n i c  s t r u c t u r e .  T a i n e r  e t  a l .  (1985) reviewed t h e  a tomic  

m o b i l i t y  component o f  p r o t e i n  a n t i g e n i c i t y ,  and Jemmerson and Paterson (1986a) 

the  mapping o f  a n t i g e n i c  s i t e s  on p r o t e i n s  w i t h  i m p l i c a t i o n s  f o r  t h e  design o f  

s y n t h e t i c  vaccines. 

T h i r d l y ,  severa l  rev iews on s y n t h e t i c  vacc ines  w i l l  be summarized. Sh inn i ck  

e t  a l .  (1983) d e a l t  w i t h  s y n t h e t i c  pep t ide  immunogens as vaccines, Benjamin e t  

a l .  (1984) have w r i t t e n  a reappra i sa l  o f  t h e  a n t i g e n i c  s t r u c t u r e  o f  p r o t e i n s ,  

Arnon (1984) reviewed s y n t h e t i c  vaccines, Brown (1984) p resented  a s p e c i a l i z e d  

rev iew on s y n t h e t i c  a n t i v i r a l  vacc ines  and Wal te r  (1986) commented t h e  produc- 
t i o n  and use o f  a n t i b o d i e s  a g a i n s t  s y n t h e t i c  pept ides .  Rowland (1986) reviewed 

the  s y n t h e t i c  an t i gen  approach t o  t h e  p roduc t i on  o f  vaccines and a new genera- 

t i o n  o f  a n t i v i r a l  vaccines was discussed by B i t t l e  (1986). 
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12.4 MISCELLANEOUS GLYCOPEPTIDES 

2 2 . 4 .  I V i r a l  g l ycopep t ides  

Hollaway e t  a l .  (1979) descr ibed a procedure f o r  t h e  r a p i d  separat ion o f  

Rauscher murine leukaemia v i r u s  type I and I 1  g lycopept ides,  which c o n s i s t e d  o f  

one t o  t h r e e  amino a c i d  res idues  and a l a r g e  o l i gosacchar ide  chain.  The desa l ted  

g l ycosy la ted  components obta ined f rom r a d i o l a b e l  l e d  v i r i o n s  o r  f rom gp70 v i r a l  

g l y c o p r o t e i n  were d i sso l ved  i n  s o l v e n t  A, i .e., i n  0.1% a c e t i c  a c i d  (pH 3.2) o r  

0.1% phosphor ic a c i d  (pH 2.85) and subjected t o  IP-RPC us ing  a VBondapak C,8 

column (30 cm x 4 mm I.D.) and b r i e f  i s o c r a t i c  e l u t i o n ,  f o l l o w e d  by a l i n e a r  

g r a d i e n t  up t o  30% a c e t o n i t r i l e  ( s o l v e n t  B )  a t  ambient temperature and a f l o w -  

r a t e  of 2 ml/min. The pH]glucosamine o r  PHImannose employed f o r  l a b e l l i n g  were 

detected by measurement o f  t h e i r  decomposi t ions per  minute. The i s o l a t e d  com- 

ponents c o u l d  be re-chromatographed us ing  a s i m i l a r  procedure. The u t i l i z a t i o n  

o f  an i o n - p a i r  technique e l i m i n a t e d  t h e  necess i t y  f o r  d e r i v a t i z a t i o n  o f  t h e  

pr imary amino group and hence the  subsequent a n a l y s i s  o f  t he  sample was simple.  

Basak and Compans (1981a) d e a l t  w i t h  v a r i a t i o n s  o f  g l y c o s y l a t i o n  s i t e s  i n  

HINl s t r a i n s  o f  i n f l u e n z a  v i r u s .  The g l y c o s y l a t e d  s i t e s  o f  haemagglut in in  

g l y c o p r o t e i n  o f  s e r i e s  o f  HINl s t r a i n s  ( a f t e r  pronase d i g e s t i o n )  were compared 

by GPC o f  g lycopept ides on a 115 cm x 1 cm I.D. Bio-Gel P-6 column, and a l s o  

( a f t e r  t r y p t i c  d i g e s t i o n )  by mapping us ing  RP-HPLC on a Waters VBondapak CI8 

column, e l u t e d  w i t h  a 0.1% phosphor ic acid-n-propanol  (70:30) g rad ien t .  HPLC was 

found t o  be e f f e c t i v e  f o r  t h e  d e t e c t i o n  o f  changes i n  g l y c o s y l a t i o n  s i t e s .  

Basak and Compans (1981b) pub1 ished an improved separat ion o f  g l y c o s y l a t e d  

t r y p t i c  pept ides o f  haemagglut in in  (HA) g l y c o p r o t e i n  o f  i n f l u e n z a  v i r u s .  F o r  

the  RPC a Waters VBondapak CI8 column (30 cm x 3.9 mm I.D.) was e l u t e d  us ing  a 

g r a d i e n t  f rom 0.1% phosphor ic a c i d  ( s o l v e n t  A )  t o  e i t h e r  a c e t o n i t r i l e  (con- 

t a i n i n g  0.1% o f  phosphor ic ac id) -O, l% phosphor ic a c i d  (40:60) o r  n-propanol  

( con ta in ing  0.1% o f  phosphor ic acid)-0.1% phosphor ic a c i d  (30:70) a t  room 

temperature and a f l o w - r a t e  o f  2 ml/min; t he  g r a d i e n t  t ime was 150 min. Radio- 

l a b e l l e d  f r a c t i o n s  were mixed w i t h  S c i n t i v e r s e  ( F i s h e r  S c i e n t i f i c )  and counted 

i n  a Beckman s c i n t i l l a t i o n  counter .  E x c e l l e n t  separat ion was achieved w i t h  a 

recovery o f  9045%.  When r e d u c t i o n  and a l k y l a t i o n  were c a r r i e d  o u t  b e f o r e  

t r y p t i c  d i g e s t i o n  o f  HA g l ycop ro te in ,  e i g h t  t r y p t i c  p e p t i d e  c lasses o r i g i n a t i n g  

f rom HA g l y c o p r o t e i n  o f  t he  A/USSS-R/90/77 v i r u s  s t r a i n  were p e r f e c t l y  resolved.  

Kemp e t  a l .  (1981) descr ibed the  IP-RPC o f  v i r a l  t r y p t i c  g l ycop ro te ins  f r o m  

i n f l u e n z a  A/WSN(HON1 1 and mink c e l l  focus (MCF)-inducing (MCF-247) murine 

leukaemia v i r u s .  The chromatography was developed f o r  mapping purposes. Hydro- 

p h i l i c  i o n  p a i r i n g  was accomplished us ing  0.1% phosphor ic a c i d  on VBondapak and 
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LiChrosorb RP-18 ODS columns. Solvent A was 0.1% phosphoric a c i d  (pH 2.85) and 

so lvent  B was 60% a c e t o n i t r i l e  i n  so lvent  A. A b r i e f  i s o c r a t i c  e l u t i o n  (10 min) 

was fo l lowed by a l i n e a r  gradient  s t a r t i n g  from 0% a c e t o n i t r i l e  t o  40% aceE3- 

n i t r i l e  a t  a f low-rate o f  ‘2 ml/min, o r  s t a r t i n g  from 12.5% a c e t o n i t r i l e  t o  the 

f i n a l  concentrat ion o f  35% a t  a f low-rate o f  1 ml/min. The glycopeptides 

o r i g i n a t i n g  from fqmannose-label led c e l l s  and the r a d i o a c t i v i t y  o f  I-min 

f r a c t i o n s  were determined by l i q u i d  s c i n t i l l a t i o n  countings. The chromatogram 

o f  the t o t a l  HA t r y p t i c  glycopeptides was compared w i t h  those o f  HA1 and MA2 

t r y p t i c  glycopeptides , prepared from haemagglutinin prev ious ly  separated i n t o  

HA1 and HA2 glycoproteins, which d i f f e r e d  i n  e lect rophores is .  The recovery o f  

glycopeptides was i n  the range 70-80%. 

12.4.2 Glycopeptides indicating lysosomal storage disorders 

Calat ron i  and T i r a  (1976) repor ted the i s o l a t i o n  o f  a c i d i c  glycopeptides by 

means of an anion-exchange r e s i n  (Dowex 1) and the a p p l i c a t i o n  o f  t h i s  method t o  

some cases o f  glycosphingol i p i d o s i s  o r  mucol i p i d o s i s .  

glycopeptides accumulating i n  lysosomal storage disorders. These types o f  com- 

pounds are excreted i n  the u r i n e  o f  a number o f  lysosomal storage disorders. The 

diseases s tud ied were mannosidosis, fucos idos is ,  GM1-gangl i os idos i s ,  GM2-gan- 

g l  i o s i d o s i s  v a r i a n t  0, s i a l  idos is ,  and aspartylglucosaminuria. A t a b l e  was 

pub1 ished g i v i n g  the s t ruc tu res  o f  01 igosaccharides and glycopeptides accumulat- 

ing i n  t issues and excreted i n  the u r i n e  o f  pa t i en ts  s u f f e r i n g  from the  above 

diseases. A 30 cm x 4 mm I.D. uBondapak/carbohydrate column was i s o c r a t i c a l l y  

e lu ted  w i t h  a c e t o n i t r i l e - 1 %  ace t i c  ac id  (60:40, v/v) f o r  s i a l i c  ac id - f ree  

glycopeptides and ace ton i t r i l e -0 .1  M sodium acetate-acet ic  a c i d  b u f f e r  (pH 5.6) 

(54:45, v/v) f o r  s i a l y l  01 igosaccharides and glycopeptides. Re f rac t i ve  index 

measurement was used f o r  monitoring. A l a r g e  de tec to r  response i n  the f i r s t  

3 min represented the low-molecular-weight mater ia l  present i n  the ur ine.  The 

chromatographic separation could be completed i n  20 min. 

method f o r  i s o l a t i n g  glycopeptides from b i o l o g i c a l  f l u i d s ,  us ing Aminex A-7 i n  

a carbohydrate analyser and c i t r a t e  b u f f e r s  f o r  e l u t i o n .  Both n inhyd r in  and 

o rc ino l  reac t i on  pat terns could be obtained. 

Ng Ying-Kin and Wolfe (1980) described the HPLC o f  ol igosaccharides and 

Lou e t  a1 . (1980) repor ted a spl i t - s t ream cation-exchange chromatographic 
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12.5 MISCELLANEOUS POLYMERIC AND OLIGOMERIC SUBSTANCES 

12.5.1 CornpZex carbohydrates 

The chromatography o f  po l ysacchar ide -p ro te in  complexes was reviewed by 

Jur icovd and Deyl (1975) ; glycosaminoglycans (mucopolysaccharides) , g l y c o p r o t e i n s  

and g lycopept ides were d e a l t  w i th .  The separat ion o f  do1 i c h y l  pyrophosphoryl  

o l igosacchar ides by LC was s t u d i e d  by Wel ls  e t  a l .  (1981). Fourteen compounds o f  

t h i s  type (p recu rso rs  o f  t h e  asparagine-1 i nked  01 igosacchar ides i n  p r o t e i n s )  

were separated on base- t reated (Smith and Les te r ,  1974) s i l i c i c  a c i d  P o r a s i l  

A-60 (37-75 pm) (Waters ASSOC., M i l f o r d ,  MA, U.S.A.), packed i n t o  s i x  100 cm x 

0.32 cm I.D. columns l i n k e d  i n  se r ies .  I n  some instances a 3.5 cm x 0.32 cm I .D.  

pre-column was used. Up t o  500 p1 o f  sample d i sso l ved  i n  chloroform-methanol-  

water (10: 10:3) o r  i n  chloroform-methanol-concentrated ammonia so lu t i on -wa te r  

(16:16:1:4) was a p p l i e d  t o  the  column e q u i l i b r a t e d  w i t h  t h e  i n i t i a l  so l ven t ,  

which was then pumped f o r  5 min p r i o r  t o  the  g r a d i e n t .  The f l o w - r a t e  was 2.0 

ml/min and pressures o f  1000 and 2000 p.s. i  . were app l i ed .  

For the  separat ion o f  do1 ichylpyrophosphoryl-N,N'-diacetylchitobiose, a 

programmed non- l i nea r  g r a d i e n t  was used, formed by m ix ing  s o l v e n t  A (ch loroform- 

methanol-concentrated ammonia s o l u t i o n ,  65:29:6) and so l ven t  8 (ch loroform- 

methanol-concentrated ammonia so lut ion-water ,  43:43:6:8). The t o t a l  g r a d i e n t  

t ime was 60 min, a t  which the  so l ven t  composi t ion was 65% A -  35% By and t h i s  

mobi le  phase was pumped i s o c r a t i c a l l y  f o r  a f u r t h e r  30 min. The g r a d i e n t  d e f i n e d  

Separat ion o f  more compl icated dol ichy lpyrophosphory l  o l i gosacchar ides  was 

c a r r i e d  o u t  w i t h  a programmed non- l i nea r  g r a d i e n t  formed w i th  s o l v e n t  A and 

so l  vent C (chloroform-methanol  -concentrated ammonia so lut ion-water ,  40:42:6: 12). 

The g r a d i e n t  was run f o r  120 min f rom 0 t o  100% s o l v e n t  C, f o l l o w e d  by pumping 

so l ven t  C f o r  75 min i s o c r a t i c a l l y .  I n  t h i s  i ns tance  t h e  s o l v e n t  composi t ion 

du r ing  t h e  g r a d i e n t  a t  t min was represented by a percentage o f  s o l v e n t  C o f  

100(t/120)1/2. The complex 01 igosacchar ides thus reso lved  r e t a i n e d  t h e i r  func-  

t i o n  as subs t ra tes  i n  enzyme-catalysed reac t i ons .  

many o f  these s i n g l e  i n te rmed ia tes  f o r  f u r t h e r  study. Wel ls e t  a l .  (1982) 

reviewed the  r e s o l u t i o n  o f  do1 ichy lpyrophosphory l  o l  igosacchar ides by HPLC. 

and i t s  p r o t e o l y t i c  degradat ion products  by HPLC. 

the  composi t ion a t  t min rep resen t ing  a percentage o f  s o l v e n t  B o f  35(t/60) 1 /3 . 

The chromatographic procedures descr ibed f o r  t h e  f i r s t  t ime  made a v a i l a b l e  

Roughley and Mort  (1985) descr ibed the  r e s o l u t i o n  o f  c a r t i l a g e  proteoglycan 
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12.5.2 PteroyZ oligoglutamates 

Pteroyl oligo-y-L-glutamates (PtGlun) a re  f o l i c  acid (FA)  derivatives and  

have the general formula 

OH 

Pteridine p-Aminobenzoic Oligo- 7 -glutamic acid 
moiety acid (PABA) moiety 

moiety 

(for the parent FA n= 1 and fo r  Pt-oligoglutamates n= 2-9) ,  and have important 
biological functions as coenzymes essential in the synthesis of proteins and 

nucleic acids (Baugh and Drumendieck, 1971) and other functions. Because the 
FA derivatives are acids or 01 igoacids, IEC on microparticulate bonded phases 

was used for  the i r  rapid separation f i r s t  (Reed and Archer, 1976; Stout e t  a l . ,  

1976). Naturally, the retention of P t G l u n  in anion-exchange chromatography 
depends on the number of carboxyl groups, being highest with species containing 
most Glu residues. 

Bush e t  a l .  (1979) studied the retention behaviour of PtGlu, in RPC on an 
ODS-silica column and found th i s  method t o  be very suitable fo r  good resolution 
and  rapid analysis. When the carboxylic groups a re  largely undissociated ( a t  

pH 2 ) ,  the retention of PtGlun increases with the number of Glu residues and  

the elution order parallels that  in IEC. A t  sufficiently high pH (e.g., a t  pH 
4.5) the carboxilic groups are dissociated and the elution order i s  reversed 
(c f . ,  Fig. 12 .7) .  The logarithm of the capacity factor i s  l inearly dependent 
(with the exception o f  FA) on the number o f  Glu residues over a wide range of 
eluent pH ( c f . ,  Fig. 4 in the original paper). As can be seen from Fig .  12.8, 
a t  pH 6 ( a t  which the carboxyl groups a re  almost completely dissociated) the 
retention decreases with increasing number of Glu residues, so t h a t  both methods 

(IEC and RPC)  complement each other. In general, the efficiency of IEC with 
bonded phases appears t o  be higher than that o f  RPC a t  low pH on ODS with the 

same particle size and column dimensions. IEC i s  recommended when the elution 
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Fig.  12.7. Capaci ty f a c t o r s  o f  p teroy l -y-g lu tamates as a f u n c t i o n  o f  t h e  e l u e n t  
pH i n  RPC. Column, 5-pm P a r t i s i l  ODs-2; e luen t ,  0.1 M phosphate b u f f e r  c o n t a i n i n g  
6% ( v / v )  a c e t o n i t r i l e ;  temperature, 45%. (Repr in ted f rom Bush e t  a l .  , 1979.) 

order  o f  i nc reas ing  numbers o f  Glu res idues i s  des i red.  RPC i s  eminent ly  s u i t a b l e  

f o r  separat ions w i t h  a reversed e l u t i o n  order ,  as a t  h igh  e l u e n t  pH adequate 

r e s o l u t i o n  can be obta ined by i s o c r a t i c  o r  ( w i t h  more complex m ix tu res )  g r a d i e n t  

e l  u t ion. 

Cashmore e t  a l .  (1980) reviewed t h e  separat ion o f  PtGlun by HPLC. Both RPC 

and I E C  methods were descr ibed i n  d e t a i l  and compared. The c o n d i t i o n s  f o r  t h e  

I E C  o f  PtGlun and PABA-ol igo-y-L-glutamtes were as f o l l o w s :  a 25 cm x 4.6 mm 

I.D. column o f  10-um P a r t i s i l  10 SAX (Whatman, C l i f t o n ,  NJ, U.S .A. ) ,  e l u t e d  w i t h  

a l i n e a r  g r a d i e n t  f rom 0.01 t o  1.0 M sodium phosphate (pH 3.3); temperature, 

5OoC; i n l e t  pressure a t  t h e  s t a r t ,  300 l b / i n 2 ;  f l ow- ra te ,  0.8 ml/min; sample, 

3-10 pg o f  each component i n  0.1 M phosphate b u f f e r  (pH 3.0); de tec t i on ,  UV 

(280 nm); and t ime  requi red,  50 min. 

i 
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Fig. 12.8. RPC of pteroyl-y-glutamates (PtGlu,) obtained by i s o c r a t i c  e l u t i o n  a t  
pH 6. Column, Spherisorb ODS (250 mm x 4.6 mm I.D.); eluent, 0.1 M phosphate 
b u f f e r  (pH 6 )  conta in ing 1% ( v / v )  a c e t o n i t r i l e ;  f low-rate,  1.5 ml/min; i n l e t  
pressure, 11.42 MN/m2; temperature, 45OC; sample size, ca. 10 pg o f  each com- 
ponent. FA = F o l i c  acid. (Reprinted f r o m  Bush e t  a l .  , 1979.) 

Eto and Krumdieck (1982) s tud ied the determination o f  three d i f f e r e n t  pools 

o f  reduced one-carbon subs t i t u ted  f o l a t e s  and described the RP-HPLC o f  the azo 

dye de r i va t i ves  o f  p-aminobenzoyl poly-y-glutamates (AzoGlun) and i t s  appl ica-  

t i o n  t o  the study o f  un label led endogenous PtGlu, o f  r a t  l i v e r .  Picomole amounts 

o f  the AzoGlun could be separated and quant i ta ted.  Azo dye de r i va t i ves  were 

prepared from the  corresponding PABA-y-glutamates (conta in ing 1-7 Glu residues) 

by a Braton-Marshall procedure s l i g h t l y  modi f ied by Eto and Krumdieck (1980) 

and were p u r i f i e d  by Bio-Gel P-2 polyacrylamide gel chromatography. 

A l l  t heana lyses  were performed on a 25 cm x 0.46 cm I.D. column packed w i t h  

5-vm Spherisorb S5 ODS (carbon load  approximately 7%) (Applied Science Div is ion,  

M i l t o n  Roy, Phi ladelphia, PA, U.S.A.). Before sample a p p l i c a t i o n  the  column was 
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Fig. 12.9. Separation o f  synthet ic  azo-p-aminobenzoyl poly-y-g1 utamates (AzoG1 u,) 
by RP-HPLC. For condi t ions,  see tex t .  GI-G7 i n d i c a t e  the number o f  glutamyl 
residues. (Reprinted from Eto and Krumdieck, 1982.) 

r o u t i n e l y  washed w i t h  30 m l  o f  so lvent  B (I-propanol -acet ic  acid-water, 10:7.5: 

82.5) fo l lowed by 30 m l  o f  so lvent  A (ace t i c  acid-water, 7.5:92.5). The 

l y o p h i l i z e d  AzoGlun were d isso lved i n  1.0 m l  o f  so lvent  A and 20-70 111 were 

in jected.  Immediately t h e r e a f t e r  the concentrat ion o f  I-propanol i n  the mobile 

phase was increased t o  10% (v / v )  w i t h i n  3 min, swi tch ing from solvent  A t o  B 

employing a steep convex gradient .  I s o c r a t i c  e l u t i o n  fo l lowed a t  a f low-rate of 

1 ml/min. UV de tec t i on  a t  560 nm was applied. The r e s o l u t i o n  was completed 

w i t h i n  1 h. I n  the case o f  pu lse l a b e l l i n g  w i t h  rad ioac t i ve  FA ( c a r r i e d  ou t  by 

i n j e c t i n g  r a t s  i n t r a p e r i t o n e a l l y  w i t h  1.0 m l  o f  a s o l u t i o n  o f  0.24 119 o f  f q F A  

(25 pCi)  i n  phys io log ic  sa l i ne ) ,  the r a d i o a c t i v i t y  o f  the i s o l a t e d  products was 

monitored w i t h  a Beckman LS-250 l i q u i d  s c i n t i l l a t i o n  spectrometer us ing S c i n t i -  

Verse (Fisher S c i e n t i f i c )  s c i n t i l l a t i o n  f l u i d .  An example o f  the HPLC e l u t i o n  

pa t te rn  i s  i l l u s t r a t e d  i n  F ig .  12.9. 

12.5.3 Oligomers containing nucleobases 

F i e d l e r  (1981a) described the q u a n t i t a t i o n  o f  nikkomycins i n  b i o l o g i c a l  

f l u i d s  by IP-RPC. These a n t i b i o t i c s  a r e  produced by Streptomyces tendae and a re  

i n t e r e s t i n g  f rom an a g r i c u l t u r a l  p o i n t  o f  view because they possess h igh and 

se lec t i ve  an t i f unga l  and i n s e c t i c i d a l  a c t i v i t y  (they i n t e r f e r e  i n  the biosyn- 

thes i s  of c h i t i n  c e l l  wa l l s ) .  Nikkomycins are nucleoside-peptide a n t i b i o t i c s ,  

s i m i l a r  t o  polyoxins. Using a 120 mm x 4.6 mm I.D. column packed w i t h  5-pm 

LiChrosorb RP-8, equipped w i t h  a 40 mm x 4.6 mm I.D. pre-column (Knauer, West 
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B e r l i n ,  F.R.G.), F i e d l e r  was a b l e  t o  determine f i v e  n ikkomyc in  components i n  

t h e  f i l t r a t e  of t h e  fe rmenta t ion  b r o t h  i n  which they  were c u l t u r e d .  

Both types  of e l u t i o n  were used f o r  e f f e c t i v e  separa t ion .  Fo r  i s o c r a t i c  e l u -  

t i o n  t h e  mob i l e  phase employed con ta ined  80 mM ammonium fo rmate  b u f f e r  (pH 4.7) 

and 1 m~ heptanesulphonic ac id .  The f l o w - r a t e  was 1 ml/min and t h e  pressure  was 

100 bar .  Fo r  g r a d i e n t  e l u t i o n ,  s o l v e n t  A was 30 mM ammonium fo rmate  (pH 3.75) 

c o n t a i n i n g  1 m~ heptanesulphonic a c i d  and s o l v e n t  B was methanol c o n t a i n i n g  

30 m~ ammonium fo rmate  (pH 3.75) and 1 mM heptanesulphonic ac id .  The f l o w - r a t e  

was 1 ml/min. UV d e t e c t i o n  a t  290 nm was app l i ed .  A IO-vl volume o f  c l e a r  

supernatan t  o f  t h e  fe rmen ta t i on  b r o t h  was i n j e c t e d .  When u s i n g  g r a d i e n t  e l u t i o n ,  

o n l y  a s h o r t  e q u i l i b r a t i o n  t i m e  under i n i t i a l  c o n d i t i o n s  was necessary t o  ach ieve  

rep roduc ib le  r e s u l t s .  I n  i s o c r a t i c  e l u t i o n  t h e  column had t o  be e q u i l i b r a t e d  f o r  

3 days a f t e r  t h e  regenera t i on  w i t h  methanol i n  o r d e r  t o  o b t a i n  r e p r o d u c i b l e  

r e s u l t s ;  about  300 i n j e c t i o n s  c o u l d  be performed b e f o r e  regenera t i on  o f  t he  

column and when us ing  a pre-column about  3000 i n j e c t i o n s  c o u l d  be  e f f e c t e d  

(however, i t  was necessary t o  change the  pre-column a f t e r  500 i n j e c t i o n s ) .  The 

advantages o f  HPLC o f  nikkomycins were obvious. 

Van Haas te r t  (1981) s t u d i e d  t h e  HPLC o f  nucleobases, nuc leos ides  and nu- 

c l e o t i d e s ,  and i n  t h i s  c i t e d  second paper o f  t h e  s e r i e s  t h e  mob i l e  phase com- 

p o s i t i o n  f o r  t h e  separa t i on  o f  charged s o l u t e s  by I E C  was descr ibed.  He examined 

t h e  a p p l i c a t i o n  o f  a c a t i o n  exchanger ( P a r t i s i l  10 SCX) and an an ion  exchanger 

( P a r t i s i l  10 SAX) and concluded t h a t  these i o n  exchangers a l s o  had reversed-  

phase and normal -phase p r o p e r t i e s ;  t h e i r  occur rence was determined by t h e  

p o l a r i t y  o f  t h e  mob i le  phase. I n  a d d i t i o n  t o  va r ious  t e s t e d  compounds, 

S-adenoxyl-L-methionine (SAM) was chromatographed on a 250 mm x 4.6 mm I .D.  

column o f  P a r t i s i l  10 SCX, us ing  as t h e  mob i l e  phase 1.1 M ammonium a c e t a t e  

(pH 5.6) and a f l o w - r a t e  o f  2 ml/min. SAM was separa ted  i n t o  two peaks ( s te reo -  

isomers a t  t h e  sulphonium S+ atom), SAM I = (-)-S-adenysyl-L-methionine and 

SAM I 1  = (+I-S-adenosyl -L-methionine. The two peaks were i n t e r c o n v e r t i b l e  by 

heat ing .  The t w i n  peaks appeared o n l y  i f  reversed-phase and cat ion-exchange 

p r o p e r t i e s  o f  t h e  suppor t  were p resen t  s imu l taneous ly ,  i .e. , i n  t h e  mixed-mode 

chromatography process. An inc rease  i n  b u f f e r  c o n c e n t r a t i o n  o r  t h e  a d d i t i o n  o f  

propanol s h i f t e d  t h e  peak o f  SAM i n  t h e  oppos i te  d i r e c t i o n .  

Y ip  and A l b a r e l l a  (1985) desc r ibed  t h e  use o f  HPLC i n  t h e  p r e p a r a t i o n  o f  

f l a v i n  adenine d i n u c l e o t i d e  conjugates,  and Ehra t  e t  a l .  (19851, i n  t h e  c o n t e x t  
of research  on neonuc leopro te ins ,  descr ibed t h e  p r e p a r a t i o n  and HPLC charac te r -  

i z a t i o n  of succinyl-lysozyme-dTarninooctylpolycytidy1 i c  a c i d  and r e a l  t e d  po ly -  
c y t i d y l  i c  a c i d  conjugates.  

\ 
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12.5.4 Miscellaneous substances 

Species o f  complex g lycos ides,  reviewed by Cour to i s  and Percheron (1970), 

a l s o  belong t o  b ioo l igomers,  and examples o f  t h e i r  separat ion and d e t e c t i o n  w i l l  

be mentioned i n  t h i s  sect ion.  E rn i  and F r e i  (1977) descr ibed a comparison o f  

reversed-phase and p a r t i t i o n  o r  adso rp t i on  HPLC o f  some d i g i t a l  i s  g lycos ides.  

D i g i t a l i s  g l ycos ides  o f  t h e  ca rdeno l i de  groups a r e  impor tan t  drugs f o r  t h e  

t reatment  o f  h e a r t  diseases. The authors at tempted t o  f i n d  a s imple i s o c r a t i c  

system f o r  a good separa t i on  w i t h  s u f f i c i e n t  r e p r o d u c i b i l i t y .  RPC c o u l d  o f f e r  

some advantages w i t h  rega rd  t o  sample p repara t i on  o f  pharmaceut ical  f o rmu la t i ons .  

D i g i t a l i s  g l ycos ides  o f  t he  C s e r i e s  c o n t a i n  (on the hydroxy group i n  p o s i t i o n  3 

o f  t h e  s t e r o i d  ske le ton )  cha ins  o f  repeated d i g i t o s e  o r  a c e t y l d i g i t o s e  res idues,  

sometimes bound t o  glucose. A chromatogram o f  t h i s  group o f  compounds i s  i l l u s -  

t r a t e d  i n  F ig .  12.10. The d e t e c t i o n  l i m i t s  f o r  d i g i t a l i s  g l ycos ides  i n  t h e  above- 

mentioned paper v a r i e d  between 10 and 100 ng pe r  i n j e c t i o n  and p e r m i t t e d  t h e  

a n a l y s i s  o f  by-products  even i n  low-dosage pharmaceut ical  f o rmu la t i ons .  The 

r e p r o d u c i b i l i t y  f o r  r e p e t i t i v e  chromatograms was about 1% ( r e l a t i v e  s tandard 

d e v i a t i o n ) ;  s i g n i f i c a n t l y  b e t t e r  r e s u l t s  were ob ta ined  w i t h  automat ic  i n j e c t i o n s .  

I n  N i b b e r i n g ' s  (1982) rev iew on i o n i z a t i o n  methods w i t h  emphasis on l i q u i d  

chromatography-mass spectrometry,  an a n a l y s i s  o f  01 igomer ic  purpureaglycos ide A 
(Mr = 926) was mentioned i n  a d d i t i o n  t o  o t h e r  g lycos ides,  accord ing t o  papers 

by B ru ins  (1980a,b). 

i n  marine sediments. Humic and f u l v i c  ac ids  were e x t r a c t e d  w i t h  0.1 M Na4P207- 

0.1 M NaOH s o l u t i o n  f rom t h e  marine sediment obta ined f rom Sagami Bay (Japan) 

a t  a depth o f  88 m and 11 km f r o m  the  shore. The humic a c i d s  were p r e l i m i n a r i l y  

p u r i f i e d  and i n j e c t e d  ( i n  volumes o f  0.025-0.1 m l )  i n t o  a TSK Gel G 3000 SW 

column (60 cm x 0.75 cm I.D.). Pure water  and 0.1 M NaCl were used f o r  e l u t i o n  

a t  f l ow- ra tes  o f  0.5 and 1.0 ml/min. The pressure f o r  a 1.0 ml/min f l o w - r a t e  was 

30 atm. UV d e t e c t i o n  a t  254 nm was appl ied.  The v o i d  volume ( V o )  and the  t o t a l  

e f f e c t i v e  column volume (vo + Vi) were determined u s i n g  B lue  Dextran 2000 and 

acetone, respec t i ve l y .  I n  water  t he  coulombic r e p u l s i o n  f o r c e s  s h i f t e d  t h e  

chromatographed compounds t o  t h e  v o i d  volume, b u t  i n  0.1 M NaCl a normal ch ro -  

matogram was obta ined c o n t a i n i n g  t h e  e l u t e d  compounds between Vo and Vo + Vi. 

P a r t  o f  t he  humic a c i d  was o f  t h e  h i g h e r  molecular  weight  t ype  and r e q u i r e d  a 

more porous support .  

Melander e t  a l .  (1979) s t u d i e d  mobi le  phase e f f e c t s  i n  RPC and descr ibed 

changes i n  t h e  conformat ion and r e t e n t i o n  o f  01 igo(ethy1ene g l y c o l  ) d e r i v a t i v e s  

w i t h  temperature and e l u e n t  composi t ion.  Zorbax ODs and LiChrosorb RP-8 columns 

S a i t o  and Hayano (1979) examined t h e  a p p l i c a t i o n  o f  HP-GPC t o  humic substances 
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Fig .  12.10. Separa t ion  o f  t h e  C s e r i e s  o f  d i g i t a l i s  g l ycos ides  by RPC. A 30 cm x 
3.5 mm I .D.  column o f  10-pm Nuc leos i l  c18 (Machery, Nagel & Co., Diiren, F.R.G.) 
was e l u t e d  w i t h  a 40% s o l u t i o n  o f  a c e t o n i t r i l e - d i o x a n  ( 1 : l )  i n  water;  f l ow- ra te ,  
1.3 ml/min; pressure,  140 bar ;  i n j e c t i o n ,  25-111 loop;  de tec t i on ,  220 nm. (Re- 
p r i n t e d  f rom Erni and F r e i ,  1977.) 

were used. The r e s u l t s  c o n t r i b u t e d  t o  t h e  v e r i f i c a t i o n  o f  v a r i o u s  t h e o r e t i c a l  

approaches t o  chromatography and c o u l d  serve  as a model f o r  s tudy ing  t h e  chro-  

matographic behav iour  o f  b i o l o g i c a l  substances such as pep t ides  and 01 igonu- 

c l  e o t i  des. 

F i e d l e r  (1981b) descr ibed t h e  p repara t i ve -sca le  HPLC o f  f e r r i c r o c i n ,  a m ic ro -  

b i a l  p roduc t .  The c y c l i c  hexapept ide  ( c o n t a i n i n g  t h r e e  a c e t y l a t e d  N -hydroxy- 6 



B36 5 

o r n i t h i n e  residues, capable o f  b i n d i n g  one Fe3+ i o n  i n  a complex bond) i s  a 

metabol ic  p roduc t  o f  AspergiZZus viridi-mutans and was i s o l a t e d  f rom t h e  fermen- 

t a t i o n  b r o t h  by means o f  XAD-2 adsorpt ion.  I t  i s  a member o f  a broad and 

i n t e r e s t i n g  f a m i l y  o f  n a t u r a l  hydroxamates (growth f a c t o r s  and a n t i b i o t i c s )  ( c f . ,  

rev iew by Mikes and Turkovd, 1964) and c l o s e  t o  t h e  s t r u c t u r e  o f  t h e  a n t i b i o t i c  

albomycin ( c f . ,  Turkovd e t  a l .  1964, 1965) o r  g r i s e i n  (Turkovd e t  a l . ,  1966), 

which con ta ins  a p y r i m i d i n e  moiety  i n  a d d i t i o n  t o  c y c l i c  hexapept ide w i t h  t h r e e  

hydroxamate res idues  and one i r o n  atom i n  a complex bond. 

on a C8 support .  Columns 250 mm x 16 o r  4.6 mm I .D.  packed w i t h  7-pm LiChrosorb 

RP-8 e l u t e d  w i t h  w a t e r - a c e t o n i t r i l e  ( 9 : l )  a t  a l i n e a r  f l o w - r a t e  o f  12 cm/min 

and ambient temperature were used f o r  separat ion.  UV d e t e c t i o n  a t  270 nm was 

appl ied.  The c a p a c i t y  o f  t h e  separa t i on  was reached w i t h  a sample we igh t  o f  

20 mg p e r  gram o f  s t a t i o n a r y  phase. 

F e r r i c r o c i n  c o u l d  be p u r i f i e d  t o  a h igh  degree o f  homogeneity by means o f  RPC 
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