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Introduction and General Background 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In this  remarkable  age of  genomics ,  proteomics ,  
and funct ional proteomics ,  I  am often asked by 
my col leagues why glycobio logy has apparently 
lagged so far behind the other f ie lds .  The simple 
answer is  that g lycoconjugates are much more 
complex,  variegated,  and diff icult  to study than 
proteins or nucle ic  acids .  
 
Saul Roseman in “Reflect ions on Glycobiology” 
J .  Biol .  Chem .  (2001) 276 ,  41527-41542  

 
 



 
 
 
 
 



Carbohydrates  as  Ce l l  Recogn i t ion  Po in ts  

Carbohydrates as cell recognition points 
 

Carbohydrates  in  na ture  form an  impor tan t  fami ly  o f  b iomo lecu les ,  as  s imp le  o r  complex  en t i t i es ,  
e i ther  a lone o r  cova lent l y  l i nked  to  p ro te ins  or  l i p ids .  Years  ago ,  sugar  mo lecu les  were  near ly  
exc lus ive ly  ass igned as  bu i ld ing  b locks  o f  pro tec t ive  ce l l  wa l l  cons t i tuents  ( fo r  example ,  ce l lu lose  and 
ch i t in )  or  as  b iochemica l  fue ls  in  energy metabo l i sm (born  to  be  c leaved ,  Manue l  R ico ,  persona l  
communicat ion) .  On ly  recen t l y  i t  has been demonst ra ted  that  they  a lso  p lay  numerous  and  d i f fe ren t  
b io log ica l  func t ions (Dwek 1996;  Gab ius  e t  a l .  2004;  Sc ience  2001;  So l is  e t  a l .  2001 ;  Vark i  1993) .  
G lycob io logy  has thus  emerged as  a  new and cha l leng ing  research area a t  the  in ter face  o f  b io logy and 
chemis t ry .  Nowadays  i t  i s  c lear  tha t  sugars  are  the  key  po in t  in  mo lecu la r  recogn i t ion  even ts ,  w i th  
lec t ins ,  tox ins ,  enzymes and an t ibod ies ,  (Akama et  a l .  2002;  Dr ickamer  e t  a l .  1993;  Guo e t  a l .  2004;  L is  
e t  a l .  1998 ;  Rudd e t  a l .  1994;  Weis  e t  a l .  1991)  and  tha t  p lay  a  key  ro le  in  impor tan t  b io log ica l  
phenomena invo lv ing ce l l - ce l l  in terac t ion  such  as  fer t i l i za t ion ,  bac te r ia l  in fec t ion ,  in f lammatory  
p rocesses ,  ce l l  g rowth,  e tc . . .  The  g lycocon juga tes ,  i . e . ,  g lyco l ip ids ,  g lycopro te ins ,  and 
g lycosaminog lycans  present  a t  the  ce l l  su r face ,  d isp lay  d iverse g lycosy la t ion  pa t te rns  be tween spec ies ,  
wh ich appear  to  be  to  be d r i ven  by  evo lu t ionary  se lec t ion  pressures (Gagneux  e t  a l .  1999) ,  bu t  wh ich 
a lso  can  occur  between ce l l  t ypes  in  the  same organ ism.  Mod i f i ca t ions o f  ce l l  g lycosy la t ion  a lso  occur  
dur ing  ce l l  ac t i va t ion ,  in f lammat ion ,  and  cancer .  E luc ida t ion  o f  the  three-d imens iona l  s t ruc tures  and the 
dynamica l  proper t ies  o f  o l igosacchar ides  i s  a  p rerequ is i te  fo r  a  be t te r  unders tand ing  o f  the  recogn i t ion  
p rocesses  and  for  the ra t iona l  des ign  o f  carbohydra te-der ived  drugs.   

The  las t  two  decades  have  w i tnessed t remendous  advances  in  the  e luc ida t ion  and  unders tand ing 
o f  the  con format ions  and dynamics o f  o l igosacchar ides  thanks to  the  techn ica l  deve lopments  in  nuc lear  
magnet ic  resonance  (NMR) ,  X- ray d i f f rac t ion ,  and  computer  mode l ing methods .   

Carbohydrate sequences 
To answer  to  the  ques t ion  o f  why  carbohydrates  have  remained  near ly  unnot iced  for  so  long  i t  

shou ld  be  under l ined  that  g lycocon juga tes  are  much more  complex ,  d iverse,  and  d i f f i cu l t  to  s tudy  than  
p ro te ins  or  nuc le ic  ac ids  (Roseman 2001) .  

Carbohydrates  have  poten t ia l  i n format ion con tent  tha t  i s  severa l  o rders  o f  magn i tude  h igher  
than any  o ther  b io log ica l  macromolecu le .  Cons ider ing  nuc leot ides  and  amino ac ids  as pr ime b iochemica l  
hardware  in  t rans fer r ing  in format ion ,  (La ine 1994)  compara t i ve  ca lcu la t ions  can  be  per formed.  A t  the 
leve l  o f  t r imer ,  64 sequence permuta t ions (4 3 )  fo r  nuc leo t ides  us ing  the  four  t ypes o f  pur ine and  
pyr im id ine  bases  may be formed,  wh i le  8000 i somers (20 3 )  fo r  pept ides and  the  s tandard co l lec t ion  o f  
20  amino  ac ids .  To  appra ise  the  respec t i ve  ab i l i t i es  o f  sugars ,  s im i la r  ca lcu la t ion  can  be  per fo rmed 
lead ing  to  a  number  o f  n ine  mi l l ion  carbohydrate  i somers  (La ine 1994) .   

In t roduc t ion  o f  one  subs t i tuent ,  e .g .  a  su l fa te  group ,  to  a  f ree hydroxy l  g roup  y ie lds  a  10- fo ld 
inc rease  o f  th is  number .  Because  the  p resence  o f  more  than  one  l inkage po in t  per  bu i ld ing  b lock  makes  
i t  poss ib le  to  dev ise  branched o l igomers ,  th is  new fea tu re  shou ld  be  re f lec ted  in  the  poo l  s ize  o f  
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Carbohydrates  as  Ce l l  Recogn i t ion  Po in ts  

o l igomers  la rger  than  t r imers .  For  ins tance ,  the  number  o f  hexamers  for  pept ides  w i th  64 mi l l i ons  looks  
impress ive  compared  to  4096 hexanuc leod ides .  However ,  i t  i s  surpassed by  the  i somer  quant i t y  o f  

hexasacchar ides ,  i .e .  1 .44x10 1 5 .  Thus,  even  a  smal l  number  o f  monosacchar ide  un i ts  can  prov ide  a  

la rge  number  o f  d i f fe ren t  o l igosacchar ides .   

Th is  s t ruc tura l  d ivers i t y  a l lows  carbohydrate  to  encode in fo rmat ion  for  spec i f i c  mo lecu lar  
recogn i t ion  and  to  serve  as  de terminan t  o f  pro te in  fo ld ing ,  s tab i l i t y  and pharmacok ine t i cs .  And because 
g lycosy la t ion  i s  one  o f  the  most  ub iqu i tous  forms o f  pos t - t rans la t iona l  mod i f i ca t ion ,  the  unexpec ted 
smal l  number  genes  iden t i f i ed  in  the  ana lys is  o f  the  human genome sequence prov ide  even  more 
impetus  for  unders tand ing the b io log ica l  ro le  o f  carbohydrates .  

Principles of Protein-Carbohydrate Recognition: toward the 
concept of glycomimetics 
 

We hav e  l ong  l i v ed  w i t h  t he  pa rad igm o f  t he  “ l ock  and -k ey ”  mode l  o f  p ro te i n - c a rbohy d ra te  
i n te rac t i ons .  In  s u rv ey ing  the  res u l t s  o f  r ec en t  mo lec u la r  mode l l i ng  c a lc u la t i ons ,  the re  a re  
h i n t s  t ha t  we  s hou ld  a t  l eas t  c ons ide r  t ha t  c a rbohy d ra tes  occ upy  d iv e rs e  g l yc os id i c  l i nk age  
c on fo rma t i ons .  An  a l t e rna t i v e  me tapho r  to  t he  “ l ock -and -k ey ”  mode l  i s  t en ta t i v e l y  s ugges ted ,  
l abe led  “ t he  bunc h  o f  k eys ” .  The  c a rbohyd ra te  mov es  i n  s o lu t i on  t h rough  a  bunc h  o f  s hapes  
eac h  o f  wh i c h  may  be  s e lec ted  by  a  rec ep to r .  The  rec ep to r  may  c hoos e  a  l a rge  k ey  o r  a  s ma l l  
k ey ,  and  s o  t he  c ons ide ra t i on  o f  dens i t i es  o f  c on fo rma t i ons ,  wh ic h  i nc lude  m ino r  
c on fo rma t i ons ,  i s  a  p rom is ing  and  s ens ib l e  me thod  o f  des c r i p t i on .  The  i nv es t i ga t i on  o f  t h i s  
i dea  s u re ly  p rov ides  an  exc i t i ng  j ou rney  o f  ex p lo ra t i on  ahead .  
 
B ar ry  J .  H a r dy  i n  “The  g lycos id i c  l i nk age  f l ex i b i l i t y  and  t ime -sc a le  s im i l a r i t y  hy po thes es ” ,  J .  
Mo l .  S t ruc t .  ( 1997 )  395 -396 ,  187 -200 .  

 
 

As imp l ied  by  re fe r r ing  to  the  ex is tence  o f  a  g lycocode in  the  p rev ious  sec t ion,  in format ion 
s to red ,  as  sequence and shape w i l l  have  to  be  t rans la ted  and  t ransmi t ted  i t  i n to  the  in tended responses.  
Thus,  in  add i t ion  to  serv ing  phys icochemica l  ro les  to  con t ro l  fo ld ing ,  o l igomer iza t ion,  and  access o f  
p ro teo ly t i c  enzymes (Dr ickamer  e t  a l .  1998;  Gab ius e t  a l .  1997 ;  Gagneux  e t  a l .  1999 ;  Reute r  e t  a l .  1999 ;  
Vark i  1996) ,  o l igosacchar ides  in  g lycan  cha ins  can  be  compared  to  the  pos ta l  code in  an  address  fo r  
convey ing  d is t inc t  messages  read  by the  appropr ia te  receptors .  These  carbohydrate-b ind ing  pro te ins  
a re  c lass i f ied  in to  enzymes respons ib le  for  assembl ing ,  mod i fy ing,  and degrad ing  sugar  s t ruc tu res,  
immunog lobu l ins  homing  in  on  carbohydra tes  as an t igens,  and ,  f ina l l y ,  lec t ins .  The  th i rd  o f  these 
c lasses  ev iden t l y  encompasses  a l l  ca rbohydra te-b ind ing  p ro te ins ,  wh ich  a re  ne i ther  an t ibod ies  nor  
enzymes wh ich  coup le  l igand recogn i t ion  w i th  ca ta ly t i c  ac t i v i t y  to  p rocess  the  ta rge t  (Barondes 1988;  
Gab ius  1994) .  Lec t ins  a re  found in  mos t  organ isms,  rang ing  f rom v i ruses and  bacter ia  to  p lan ts  and 
an ima ls .  They  are  read i l y  ob ta inab le  in  pur i f i ed  form,  mos t l y  by  a f f in i t y  chromatography  on  the 
immob i l i zed l igand,  and  more recent ly  a lso  by  recombinant  DNA techn iques .  They  represen t  a  
he terogeneous  g roup  o f  o l igomer ic  p ro te ins  tha t  va ry  w ide ly  in  s ize ,  s t ruc tu re ,  mo lecu la r  organ izat ion ,  
as  we l l  as  in  the  cons t i tu t ion  o f  the i r  combin ing  s i tes .  Nonethe less ,  many o f  them be long  to  d is t inc t  
p ro te in  fami l ies  w i th  s im i la r  sequences  and s t ruc tu ra l  fea tu res.  In  fac t ,  sequence s im i la r i t y  w i th  known 
lec t ins  p rov ides  a  nove l  gu ide l ine  for  the  de tec t ion and iden t i f i ca t ion  o f  new ones .   
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Carbohydrates  as  Ce l l  Recogn i t ion  Po in ts  

Al though lec t ins  were  f i r s t  descr ibed a t  the  turn  to  20 t h  cen tury ,  the i r  s tudy  s tar ted  to  ga in 
momentum on ly  in  the  1960s  (L iener  e t  a l .  1986;  Sharon  e t  a l .  1987;  Sharon  e t  a l .  1989) .  Lect ins  
became inva luab le  too ls  fo r  the  s t ruc tura l  and  func t iona l  inves t igat ion  o f  complex  carbohydra tes,  
espec ia l l y  g lycopro te ins ,  and  for  the  examina t ion  o f  changes  tha t  occur  on  ce l l  su r faces  dur ing 
phys io log ica l  and  pa tho log ica l  p rocesses ,  f rom ce l l  d i f fe rent ia t ion  to  cancer  (Go lds te in  e t  a l .  1997;  L is  
e t  a l .  1986) .  A t  presen t ,  they  are  the  focus  o f  in tense  a t ten t ion  because  o f  the  rea l i za t ion  that  they  ac t  
as  recogn i t ion  de terminants  in  d iverse b io log ica l  p rocesses  (Sharon  e t  a l .  1993;  Sharon e t  a l .  1989) .  
These  inc lude  c learance  o f  g lycopro te ins  f rom the  c i rcu la tory  sys tem,  cont ro l  o f  in t race l lu la r  t ra f f i c  o f  
g lycopro te ins ,  adhes ion  o f  in fec t ious  agents  to  hos t  ce l l s ,  recru i tment  o f  leukocy tes  to  in f lammatory  
s i tes ,  as  we l l  as  ce l l  i n terac t ions  in  the  immune sys tem,  in  mal ignancy  and metas tas is .  Inves t iga t ion o f  
lec t ins  and  the i r  ro le  in  ce l l  recogn i t ion ,  as  we l l  as  the  app l ica t ion  o f  these  pro te ins  fo r  the s tudy o f  
ca rbohydra tes  in  so lu t ion  and  on  ce l l  su r faces ,  are  mak ing marked  con t r ibu t ions  to  the  advancement  o f  
g lycob io logy (Dwek 1996) .  Deve lopments  in  lec t in  research  and  g lycob io logy ,  are  now mov ing  ahead 
hand in  hand and  ma in ly  th is  was  made poss ib le  by the  re f inement  o f  o ld  techn iques  and  deve lopment  o f  
new ones .  In  par t i cu lar ,  h igh  reso lu t ion  X- ray  c rys ta l lography  o f  lec t ins  in  complex  w i th  the i r  l i gands  
a l lowed the iden t i f i ca t ion  o f  the  chemica l  groups  on  the  pro te in  and on the  carbohydra te  that  in teract  
w i th  each  o ther  and  o f  the  types  o f  bond  fo rmed.  Fur ther  in format ion  on  the  con t r ibu t ion  o f  ind iv idua l  
amino  ac ids  to  the  ac t i v i ty  o f  a  lec t in  has  been ob ta ined  by  s i te -d i rec ted  mutagenes is  exper iments  and  
a lso  by mo lecu la r  mode l ing .   

Plant Lectins: General Overview 
The members  o f  the  d iverse  g roup  o f  p lan t  lec t ins  tha t  are  s tud ied  and  used most  f requent ly  are 

l i s ted  in  F igure  1 .  The  lead ing  pos i t ion  i s  he ld  by  concanava l in  A ,  the  ”c lass ica l ”  Man/Glc-b ind ing  lec t in  
f rom Jack  beans .  I t s  proper t ies  exp la in  why  th is  lec t in  has  a t ta ined  i t s  s ta tus  as  a  re l iab le  and  popu la r  
workhorse ,  espec ia l l y  fo r  ca rbohydra te  chemis ts  look ing  for  a  lec t in  to  use in  an  a t tempt  to  prove  the 
l igand proper t ies  o f  a  sugar  compound a t tached to  a  new synthe t i c  sca f fo ld .  The  o ther  lec t ins  l i s ted  in  
F igure  1  are  capab le  o f  fo l low ing  the ro le  mode l  concanava l in  A ,  a l though they  are  less  p rominent l y  
used  in  research.  These compounds fo rm a pane l  o f  p robes for  i so la t ion  and  s t ruc tura l  charac ter i za t ion  
o f  g lycocon juga tes  (g lycopro te ins ,  g lyco l ip ids ,  or  po lysacchar ides) ,  as  we l l  as  use  in  var ious  assays  in  
ce l l  b io logy ,  h is tochemis t ry ,  and  the  med ica l  sc iences  (Cummings  1997;  Damjanov  1987;  Danguy  e t  a l .  
1994;  Gab ius 2000;  L is  e t  a l .  1986;  Osawa e t  a l .  1987 ;  Peumans e t  a l .  1998 ;  Rud iger  e t  a l .  2001) .   

Lec t ins  f requent ly  d isp lay  mi togen ic  ac t i v i t y ,  and  the  fac t  tha t  p lan t  lec t ins  can  a f fec t  
l ymphocyte  ac t i v i t y  and  pro l i fe ra t ion  has  led  to  sugges t ions  that  the  labora tory  too ls  cou ld  be  in t roduced 
as  immunomodu la tory  therapeut ic  agents  in  c l in ica l  app l i ca t ions .  The  example  o f  the  ga lactos ide-
spec i f i c  m is t le toe  lec t in  (VAA,  former ly  ML-1) ,  a  cons t i tuent  o f  propr ie tary  ex t rac ts  used  in  Aus t r ia ,  
Germany,  and  Swi tzer land ,  shows that  immune func t ions  such  as  secre t ion  o f  pro in f lammatory  cy tok ines 
o r  pr im ing  o f  g ranu locy tes /  ac t i v i t y  o f  NK ce l l s  can  indeed be  s t imu la ted  a t  non tox ic  doses  o f  lec t in  
(VAA concent ra t ion  needed to  e l i c i t  in  v ivo  e f fec ts :  1±2 ng  kg - 1  body we igh t ,  g iven  subcu taneous ly )  
(Ha j to  e t  a l .  1990;  Ha j to  e t  a l .  1989) .  However ,  th is  immunomodu la tory  capac i ty  i s  un l ike ly  to  have a  
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Carbohydrates  as  Ce l l  Recogn i t ion  Po in ts  

c l in ica l  perspec t i ve ,  because i t  i s  becoming ev iden t  tha t  these immune facto rs  can a lso  t r igger  growth 
responses in  ma l ignant  ce l l s  (Choua ib  e t  a l .  1997 ;  Coussens  e t  a l .  2002 ;  Gab ius  2001;  Sogn 1998;  Yu e t  
a l .  2003) .   

 

 

F igure  1 .  Examples o f  p lan t  lec t ins  and  the i r  in ter -  and  in t ra fami ly  d ivers i t ies  (Gab ius e t  a l .  2004)  
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A recent  rev iew on  the  con t rovers ia l  i ssue  o f  the  c l in ica l  use o f  V iscum a lbum ex t racts  in  cancer  
t rea tment  conc luded that  “m is t le toe  therapy  has  the  potent ia l  to  harm cancer  pa t ien ts ” (Erns t  e t  a l .  
2003) .  By  the  way ,  i t  i s  d i f f i cu l t  to  p roduce a  succ inc t  compend ium o f  lec t in  funct ions  i n  s i tu .  In  
p r inc ip le ,  each  lec t in  m igh t  have  d is t inc t  funct ions a t  the  s i te  o f  express ion  and  through in terp lay  w i th  
b ind ing  par tners  in  the  ce l l  and  the ex t race l lu lar  env i ronment ,  an  idea  a lso  va l id  fo r  an ima l  lec t ins .  One 
par t i cu la r  p ro te in  can  thus  take  care  o f  severa l  tasks .  Power fu l  techn iques  used to  regu la te  lec t in  
p resence on the leve l  o f  gene express ion  in  v i t ro  and  in  v ivo  tha t  were a  boon for  the  e luc idat ion  o f  
lec t in  func t ions  in  an ima ls  a re  s tar t ing  to  be  exp lo i ted  in  p lants , (Br i l l  e t  a l .  2001;  Es teban e t  a l .  2002;  
Yong e t  a l .  2003)  so  p rogress  in  re f in ing  and  ex tend ing  cur rent  knowledge o f  the  func t ions  o f  p lan t  
lec t ins  w i l l  no t  be  long  in  coming .   

Animal Lectins: General Overview 
A min imum of  f i ve  lec t in  fami l ies  has  been so l id ly  de f ined :  C- ,  I - ,  and  P type  lec t ins ,  pen t rax ins ,  

and  ga lect ins  (Gab ius 1997;  K i lpa t r i ck  2002) .  As  p resen ted in  F igure  2 ,  a l l  these  lec t ins  b ind  d is t inc t  
g lycan  de terminants ,  prov id ing  a  genera l  mechan ism o f  recogn i t ion  and  communica t ion  (Roth  1973) ,  and 
o f fer  enormous  potent ia l  fo r  app l ied  research  in  chemica l  b io logy .   

Endocy t i c  recep tors  o f  the  C- type  lec t in  fami ly ,  fo r  ins tances  those  tha t  a l low the  up take in to  the  
hepatocy tes  ce l l ,  a re  idea l  as  targe ts  fo r  syn the t i ca l l y  ta i lo red  drug car r ie rs ,  due  to  the i r  f i xed  geometry  
o f  b ind ing  s i tes  (Dav is  e t  a l .  2002 ;  Lee  1992;  Me i je r  e t  a l .  1995;  R ice  1997;  Rogers  e t  a l .  1971) .  
An t i v i ra l  d rugs  can  thus  be  de l i vered to  hepatocytes ,  fo r  example  by  us ing  t r ian tennary  N-g lycans  w i th  
Ga lNAc in  the  te rmina l  pos i t ion  as  a  pos t  code.  F ixed  topo log ica l  p resen ta t ion  o f  b ind ing s i tes  i s  a lso  a  
p rerequ is i te  fo r  b lock ing  access  to  bac ter ia l / v i ra l  lec t ins ,  a  new concept  fo r  in te r fer ing  w i th  the 
adhes ion  s tep  o f  in fec t ions  and  the  b ind ing  o f  AB5- tox ins  (Aros io  e t  a l .  2004;  Mammen et  a l .  1998 ;  
Schengrund 2003) .  The  f i ve fo ld  symmetry  o f  the  p resenta t ion  o f  the  b ind ing  s i tes  in  these  tox ins  
p rov ides  the po ten t ia l  fo r  ex t remely  t igh t  b ind ing  by a  su i tab ly  des igned pen tava lent  l i gand .   

G lycodendr imers  have  indeed been shown to  impa i r  b ind ing o f  ga lec t ins  bo th  in  so l id -phase 
assays  and  in  ce l l -b ind ing  s tud ies  (Andre  e t  a l .  2000;  Andre  e t  a l .  2004;  Andre  e t  a l .  2003;  Andre  e t  a l .  
1999;  Andre e t  a l .  2001 ;  Vras idas e t  a l .  2003) .  The f ine  spec i f i c i t y  d i f fe rences  be tween these  
homologous  endogenous  lec t ins  are  be ing  de l ineated  to  enhance p robe  se lec t i v i t y ,  ano ther  cha l lenge for  
chemica l  b io logy  (H i rabayash i  e t  a l .  2002 ;  Wu e t  a l .  2002) .  A theory  i s  fo rming  tha t  the s t ruc ture  o f  the  
l igand  and  the  spa t ia l  mode o f  i t s  p resen ta t ion  modu la te  b ind ing  in  marked ly  d i f fe ren t  ways fo r  
ind iv idua l  lec t ins  o f  a  fami ly .  The  detec t ion  o f  these  d i f fe rences  lends  cred i t  to  the  assumpt ion  tha t  
in t ra fami ly  d ivers i f i ca t ion  i s  accompan ied  by  quant i ta t i ve  a l te ra t ions  o f  the  l igand p ro f i le .  Sys temat ic  
chemica l  mapp ing  w i th  l igand der iva t i ves  and  screen ing  o f  ar rays / l ib rar ies  to  d iscover  po ten t  l i gand  
mimet ics  are  l i ke ly  eventua l l y  to  a l low mo lecu les to  be  dev ised  tha t  f i t  hand- in-g love in to  a  par t icu la r  
ga lec t in  (o r  any  o ther  lec t in  o f  c l in i ca l  in teres t )  (Bark ley  e t  a l .  2001;  Marcaure l le  e t  a l .  2002;  Ramst rom 
e t  a l .  2002;  Rud iger  e t  a l .  2000 ;  So l i s  e t  a l .  2001) .  
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F igure  2 .  Func t ions o f  an ima l  lec t ins  (Gab ius  e t  a l .  2004)  
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Protein-Carbohydrate Interactions: CH-π,  polar interactions, hydrogen 
bonding, and the role of water.  

When  o l i gos acc ha r i des  b i nd  t o  p ro te i ns ,  i t  i s  us ua l l y  w i t h  d i ss oc ia t i on  c ons tan t s  i n  t he  
m i l l imo la r  r ange  and  on l y  occ as iona l l y ,  m ic romo la r .  Ye t  i t  i s  gene ra l l y  ac cep ted  t ha t  
r ec ogn i t i on  phenomena  requ i re  a t  l eas t  nanomo la r  d i s soc ia t i on  c ons tan t s  bec aus e  o f  t he  l ow  
e f f ec t i v e  c onc en t ra t i ons  o f  r ec ep to rs .  How,  t hen ,  can  o l i gos accha r i des  ac t  as  s i gna ls ?  
Ex amina t i on  o f  t he  t he rmody namics  o f  o l i gos acc ha r i de  b ind ing  revea l s  t he  phenomenon  o f  
" en t ropy /en tha lpy  c ompensa t i on " … Mo lec u la r  mode l s  f o r  t he  bas i s  o f  c ompens a t ion ,  s ugges t  
s ome  answers  t o  t he  ques t i on  o f  how  o l i gos ac c har i des  can  ac t  as  s i gna l s .  
 
J e r emy  P .  C a rv e r  “Ol igos acc ha r i de :  How c an  f l ex i b l e  mo lec u les  ac t  as  s i gna ls ? ”  Pure  &  App l .  
Chem.  (1993 )  65 ,  763 -770  

 

The  typ ica l  con t r ibu t ions to  the  G ibbs ’  f ree  energy  o f  l i gand b ind ing  o r ig ina te  bas ica l l y  f rom 
hydrogen bond ing,  van  der  Waa ls  fo rces ,  and  consequences o f  the  hydrophob ic  e f fec t .  Fac tors  that  a re 
impor tan t  fo r  pred ic t ing  the  a f f in i t y  o f  a  l igand  a lso  inc lude any  a l te ra t ions in  the geometry  and  mot ion 
dynamics  o f  the  recep tor ,  l i gand,  and/o r  so lven t  mo lecu les.  As  exper imenta l l y  access ib le  parameters  by  
ca lo r imet r i c  techn iques ,  de termina t ion  o f  the  reac t ion  entha lpy  and  en t ropy  de l inea tes  the  g loba l  dr i v ing 
force  towards  complex format ion .  These  parameters  have  been measured ,  fo r  example ,  fo r  an  a r ray  o f  
mono-  and d isacchar ides in  the cases  o f  a  p lant  and  an  an ima l  lec t in  shar ing spec i f i c i t y  to  D-ga lac tose 

(Bharadwa j  e t  a l .  1999) ,  and  the  p lo t  o f  the  da ta  (F ig .  3 ;  accord ing  to  the  equat ion :  -∆H=-∆G-T∆S)  

revea ls  a  s lope  near  un i ty  and  in tercep ts  o f  -16.45  kJ /mo l  (p lan t  lec t in )  and -23.12 kJ /mo l  (an ima l  
lec t in ) .  Th is  conveys  a  fundamenta l  message on the  re la t ionsh ip  between en tha lp ic  and  en t rop ic  fac to rs  
a t t r ibu ted to  the  par t i c ipat ion  o f  weak  in termo lecu la r  fo rces.  An increase  in  en tha lpy  for  l i gand b ind ing 
i s  inheren t l y  ba lanced by  an ent rop ic  pena l ty  (o r  v ice  versa) ,  as  a  common en tha lpy -en t ropy  
compensat ion  e f fec t  (Dun i tz  1995;  Lumry e t  a l .  1970) .   

 
F i g .  3 .  En tha lpy -en t ropy  c ompens a t i on  p l o t  f o r  t he  b i n d ing  o f  a  pan e l  o f  mono -  a nd  d i s acc ha r ides  
t o  t he  ga lac tos ide -s pec i f i c  m is t l e toe  l ec t i n  ( f i l led  c i rc les )  and  t he  ga lec t i n  f r om adu l t  c h icken  
l i v e r  (open c i rc les )  

There  a re  three  preva i l ing  mode ls  fo r  the  mo lecu la r  bas is  o f  en t ropy /en tha lpy  compensat ion  in  
the  b ind ing  o f  o l igosacchar ides  to  pro te ins  (Vyas  1991) .  The  Lemieux  group  f i r s t  repor ted compensat ion 
in  the  b ind ing  o f  o l igosacchar ides  to  p ro te ins  (H indsgau l  e t  a l .  1985) .  In i t i a l l y  they a t t r ibu ted  the 
observed compensat ion  to  the  losses in  pro te in  degrees  o f  f reedom.  More  recen t l y ,  Lemieux  (Lemieux 
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1989)  sugges ted  tha t  d i f fe ren t ia l  so lva t ion  e f fec ts  a re  respons ib le  for  the  compensat ion ,  a  hypo thes is  
c loser  to  that  o f  Lumry  & Ra jender  (Lumry  e t  a l .  1970) .  Carver  sugges ted  a  th i rd  mode l  where  the  loss  
o f  con format iona l  ent ropy by  the  l igand  on  b ind ing p rov ides  the ma jor  source  o f  the  en t rop ic  bar r ie r ,  a t  
leas t  fo r  o l igosacchar ide  l igands  (Carver  e t  a l .  1989) .  A l l  th ree  mechan isms are  undoubted ly  opera t i ve  
to  some exten t .  The  ques t ion  remains ,  however ,  as  to  wh ich e f fec t  i s  predominant ;  and  a  comple te  
answer  cou ld  poss ib le  der ive  by  on ly  an  accura te  ana lys is  o f  the  behav io r  o f  each  par t i c ipant  a t  the  
mo lecu lar  recogn i t ion  p rocess .  

Carbohydrate  d isp lay  many  hydroxy l  g roups .  Th is  suppor ts  the  v iew that  hydrogen bonds  might  
domina te  b ind ing  forces .  When the spac ing  be tween two hydroxy l  g roups  o r  the  ax ia l  4 ’ -hydroxy l  g roup 
and  the  r ing  oxygen a tom matches tha t  o f  an  amino  ac id  s ide  cha in  (amide  o r  carboxy la te ) ,  two 
ne ighbor ing s i tes  on  the l igand  can  we l l  be  engaged in  b identa te  hydrogen bonds .  The  necess i ty  for  
topo log ica l  complementar i t y  to  y ie ld  the  in t r i ca te  ne twork ,  schemat ica l l y  shown in  F ig .  4 ,  may  be  a  
source  no t  on ly  fo r  en tha lpy  bu t  a lso  fo r  se lect i v i t y ,  d is t ingu ish ing  anomers  such  as  D-Ga l  vs .  D-Man/D-
Glc .  I t  can  thus  be  expec ted  tha t  the ax ia l  4 ’ -pos i t ion  for  recogn i t ion  o f  D-Ga l  and  the  equator ia l  3 ’ ,4 ’ -
pos i t ions  for  b ind ing  D-Man/D-Glc  p lay  dec is ive  ro les .  Th is  i s  s t r ik ing ly  ver i f ied  by  X- ray  crys ta l lography 
and  in  so lu t ion  by  chemica l l y  eng ineered  l igand  der iva t i ves  (L is  e t  a l .  1998;  Lor is  e t  a l .  1998;  R in i  1995;  
Rud iger  e t  a l .  2000;  So l i s  e t  a l .  1996 ;  Weis  e t  a l .  1996) .  The same pr inc ip le  a lso  app l ies  to  the  
charac ter i s t ic  fo rmat ion  o f  two  coord ina t ion  bonds  w i th  the  cent ra l  Ca 2 +  ion  in  the  C- type  lec t ins  (Gab ius  
1997;  L is  e t  a l .  1998;  Loukas  e t  a l .  1999) .   

 

 
F i g .  4 .  The  p o ten t i a l  o f  D -ga lac tos e  f o r  es tab l i s h ing  i n te rac t i ons  w i t h  c ons t i t uen ts  o f  t he  b i nd i ng  
poc k e t  o f  a  s uga r  r ec ep to r .  Wh i l e  t he  ra the r  po la r  uppe r  s i de  c an  be  engaged  i n  f r e quen t  hy d rogen  
bonds  ex p lo i t i ng  l one  e lec t ron  pa i r s  o f  oxy gen  a toms  as  ac c ep to r s  and  t he  p ro tons  o f  app rop r i a te l y  
pos i t i oned  hyd roxy l  g roups  as  dono rs  (and  a l s o  c oord ina t i on  bonds  w i t h  a  Ca 2 +  i on  i n  t he  c as e  o f  
C - t y pe  l ec t i ns ) ,  C -H /π - e l ec t ron  i n te rac t i ons  and  en t rop i c a l l y  f av o rab le  s tack ing  c an  be  f ac i l i t a t ed  
by  an  i n t ima te  c on tac t  o f  an  a roma t i c  ( he re :  i ndo l y l )  am ino  ac id  s i de  c ha in  and  t he  s uga r ’ s  l ess  
po la r  bo t t om sec t i on .  

F igure  4  a lso  ind ica tes  ano ther  impor tan t  fea tu re  dr i v ing  l igand  b ind ing .  Whi le  the  upper  s ide  o f  
Dga l  i s  ra ther  po lar ,  the  B- face  exh ib i t s  a  hydrophob ic  charac te r .  S tack ing  to  the  bu lky  a romat ic  amino 
ac id  s ide  cha in  in  the  b ind ing  pocket  removes  bo th  nonpo la r  sur faces  f rom so lvent  access ib i l i t y ,  
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a l though the  two r ings  may no t  be  a l igned per fec t l y  para l le l  .  Th is  a l ignment  s t i l l  con t r ibu tes  to  complex  
s tab i l i t y  and  a lso  to  l igand se lec t ion  desp i te  i t s  lower  degree  o f  d i rec t iona l i t y  re la t i ve  to  hydrogen 
bonds.  The  sh ie ld ing  o f  the  indo ly l  s ide  cha in  by the  l igand  i s  re f lec ted  for  ga lect ins  in  mo lecu lar  
dynamics  ca lcu la t ions  and  in  d i f fe ren t ia l  UV,  f luo rescence,  and laser  pho to  chemica l l y  induced dynamic  
nuc lear  po lar i za t ion  spec t ra  (Asens io  e t  a l .  2000;  Bernard i  e t  a l .  2004;  Lev i  e t  a l .  1981;  S ieber t  e t  a l .  
1997) .  In  add i t ion  to  th is  impac t  on so lven t  mo lecu les  by  reduc ing  the  apo lar  sur face  a rea ,  the  p -
e lec t ron  c loud  o f  the  aromat ic  r ing  i s  l i ke ly  to  in te ract  w i th  the  a l iphat i c  D-Ga l  pro tons,  wh ich  exh ib i t  a  
ne t  pos i t i ve  charge  (Dougher ty  1996;  N ish io  e t  a l .  1995;  Weis  e t  a l .  1996) .  Hydrophob ic  e f fec t  and  van 
der  Waa ls  in terac t ions  may no t  to  be  underest imated  in  a f fec t ing  the  overa l l  G ibb ’s  f ree  energy  ga in .  In  
fac t  the  ana lys is  o f  dominant  fo rces in  t igh t  l igand  b ind ing  for  a  var ie ty  o f  cases  demonst ra te  that  these 
fac tors  can  even  surpass  by  far  the con t r ibu t ion  o f  hydrogen bonds  (Kuntz  e t  a l .  1999) .  

CH-π Interactions 
Sugars  have s ign i f i can t  nonpo lar  pa tches  formed by  the  a l ipha t i c  pro tons  and  carbons  a t  the  

var ious  ep imer ic  cen te rs  wh ich ex tend  out  to  the exocyc l i c  6  pos i t ion  o f  hexoses  (F igure  5)  and  the  
g lycero l  mo ie ty  o f  s ia l i c  ac ids .  Th is  pa tch  i s  usua l l y  packed aga ins t  the  face  o f  one  or  more  aromat ic  
s ide  cha ins  o f  the  pro te in .  Remova l  o f  the  apo lar  patch  on  the  sugar ,  as  we l l  as  the  aromat ic  amino  ac id  
s ide  cha in  f rom bu lk  so lven t  i s  be l ieved  to  prov ide  s ign i f i can t  b ind ing  energy .  In  a l l  lec t in -Ga l  complex  
s t ruc tu res ,  the  apo la r  pa tch  o f  the  Ga l  B  face  (F igure  5 )  packs  aga ins t  the  face  o f  a romat ic  res idues  
(see  F ig .  6  as  example) .  Th is  ar rangement  i s  f requent ly  descr ibed  as  s tack ing ,  wh ich imp l ies  tha t  the  
r ing  o f  Ga l  i s  para l le l  to  the  p lane  o f  the  aromat ic  r ing  (Fernandez-A lonso e t  a l .  2005) .  In  genera l  sugar  
r ing  i s  a lways  can ted  o f f  somewhat  f rom a  para l le l  pos i t ion .  Superpos i t ion  o f  the  bound Ga l  seen  in  the 
var ious  s t ruc tures  revea ls  tha t  the  aromat ic  r ings  fo rm an  ang le  be tween 17°  and  52°  w i th  the  leas t -
squares  p lane  th rough the  pyranose  r ing  and  exocyc l i c  carbon ,  w i th  an  average  ang le  o f  32°  (Ko la tkar  
e t  a l .  1996) .  In  add i t ion  to  the  B- face  o f  the  sugar  r ing ,  the  methy l  g roup o f  the  acetamido  mo ie ty  o f  
G lcNAc,  Ga lNAc,  and  NeuNAc o f ten  in terac ts  w i th  an  a romat ic  r ing  in  lec t ins  tha t  spec i f i ca l l y  recogn ize 
th is  g roup,  inc lud ing  WGA (Asens io  e t  a l .  1995 ;  Asens io  e t  a l .  2000 ;  Wr ight  1990)  and  HA (Weis  e t  a l .  
1988) .  The  carbon  backbone o f  the  g lycero l  mo ie ty  o f  NeuNAc can  a lso  presen t  an  apo la r  sur face  to  the  
p ro te in .  For  example ,  the  g lycero l  mo ie ty  packs  aga ins t  the  face  o f  a  ty ros ine  in  WGA (Wr igh t  1990) .  
The in f requent  use  o f  a l ipha t i c  s ide  cha ins  in  nonpo la r  in terac t ions  w i th  sugars  sugges ts  that  in teract ion  
w i th  the  de loca l i zed  e lec t ron  c loud  o f  the  aromat ic  r ing  i s  energet i ca l l y  s ign i f i cant ,  beyond s imp ly  
p rov id ing  a  geometr i ca l l y  complementary  apo lar  sur face .  Most  l i ke ly ,  the  in terac t ion  i s  d r i ven  by  the  

p rox im i ty  o f  the  a l ipha t i c  p ro tons  o f  the  sugar  r ing ,  wh ich  car ry  a  ne t  pos i t i ve  par t ia l  charge,  and  the  π -

e lec t ron c loud  o f  the aromat ic  r ing .  Whi le  Ga l  has  thus  far  a lways  been found packed aga ins t  an 
a romat ic  s ide  cha in ,  th is  s i tua t ion  w i th  Man is  un f requent .  These  observa t ions  may re f lec t  the  fac t  tha t  
the  ax ia l  d ispos i t ion  o f  the  Ga l  4-OH,  as  opposed to  the  equato r ia l  4 -OH o f  Man,  c reates  a  more  
ex tens ive  and  cont inuous nonpo lar  sur face  (F igure  5 ) .  No  aromat ic  in terac t ions  are  found in  MBPs or  
GNA.  
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F i gu re  5  Compar i s on  o f  nonpo la r  a reas  on  Man  and  Ga l .  The  B  f ac e ,  de f i ned  as  t ha t  s i de  o f  t he  
r i ng  t ha t  g i v es  c l ockw is e  number i ng  a long  t he  r i ng  (Ros e  e t  a l .  1980) .  i s  s how n  i n  two  v i ews  f o r  
eac h  s uga r .  The  ax ia l  4 -OH o f  Ga l  g i v es  a  more  c on t i nuous  a l i pha t i c  pa t c h  f o rmed  by  t he  3 ,  4 ,  5  
and  6 -c a rbons  re l a t i v e  t o  Man .  

 

Polar Interactions: Recognition of Charged Groups on Sugars and the Role 
of Divalent Cations 

The most  ex tens ive  s t ruc tu ra l  da ta  ava i lab le  for  recogn i t ion  o f  charged sugars  by  lec t ins  a re  for  
s ia l i c -ac id  b ind ing  lec t ins ,  namely  Cho le ra  Tox in  (CT)  (Mer r i t t  e t  a l .  1994) ,  in f luenza  HA (Sauter  e t  a l .  
1992;  Watowich  e t  a l .  1994 ;  Weis  e t  a l .  1988;  Wr igh t  1990 ;  Wr igh t  1984) ,  and  WGA (Wr igh t  1990 ;  Wr igh t  
1984) .  Thus  far ,  on ly  complexes  w i th  the  most  common s ia l i c  ac id ,  N  -ace ty lneuramin ic  ac id  (NeuNAc) ,  
and  some o f  i t s  der iva t i ves  (Sauter  e t  a l .  1992 ;  Watowich  e t  a l .  1994)  have  been s tud ied.  A l though sa l t -
b r idge  format ion  be tween the  NeuNAc carboxy la te  and  pos i t i ve ly  charged amino  ac ids  migh t  be 
expec ted  to  be  impor tan t  to  recogn i t ion ,  the  da ta  show that  the  carboxy la te  mo ie ty  in terac ts  w i th  ma in -
cha in  amide g roups ,  po la r  s ide  cha ins  (espec ia l ly  ser ine) ,  and  o rdered  water  mo lecu les ,  ra ther  than 
fu l l y  charged s ide  cha ins  (see  F ig .  6  as  example)  in  what  are  essen t ia l l y  hydrogen-bond in terac t ions .  In  
con t ras t ,  fo rmat ion  o f  sa l t  b r idges  w i th  the  ac id  appears  to  be  a  common fea tu re  o f  neuramin idases 
(Burme is te r  e t  a l .  1992;  Crenne l l  e t  a l .  1994 ;  Varghese  e t  a l .  1983) .  Charge-charge  in terac t ions  do 
appear  to  have  ro les  in  the  in terac t ion  between po lyoma v i rus  and NeuNAc-conta in ing  l igands.  A low-
reso lu t ion  (3 .6Å)  s t ruc ture  o f  po lyoma v i rus  complexed w i th  s ia ly l - lac tose ind ica tes  tha t  the  NeuNAc 
carboxy la te  in terac ts  w i th  an  arg in ine  s ide  cha in  (Steh le  e t  a l .  1994) .  Severa l  c lasses  o f  lec t ins  requ i re  
d iva lent  ca t ions  for  func t ion .  Of  those  w i th  known three-d imens iona l  s t ruc ture ,  the  legume lec t ins  use 
Ca 2 +  and  Mn 2 +  to  s tab i l i ze  the  b ind ing  s i te  and  f i x  the  pos i t ions o f  amino  ac ids  tha t  in te rac t  w i th  sugar  
l i gands.  
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F igu re  6  S t ruc tu re  o f  CT  pen tamer  i n  c omp lex  w i t h  t he  pen tas acc har i de  GM1 (Mer r i t t  e t  a l .  1994 ) ] .  

 

The Ca 2 +  fo rms coord ina t ion bonds w i th  the  s ide-cha in  carbony l  oxygen o f  a  conserved  
asparag ine  res idue,  wh i le  the  s ide-cha in  NH 2  o  f  th is  asparag ine  donates  a  hydrogen bond to  the  sugar  
l i gand.  L ikewise ,  one  carboxy la te  oxygen o f  an  ac id ic  amino  ac id  i s  bound to  a  water  mo lecu le  tha t  i s  in  
tu rn  a  Ca 2 +  l i gand,  and  the  o ther  one accep ts  a  hydrogen bond f rom the  sugar .  The  Ca 2 +  coord ina t ion 
she l l  thus  f i xes  s ide cha ins  for  op t ima l  b ind ing  to  the  sugar .  

The C- type lec t ins  a re  un ique  among the  s t ruc tura l ly  charac ter i zed  lec t ins  in  tha t  a  requ i red  Ca 2 +  fo rms 
d i rec t  coord ina t ion  bonds w i th  the  sugar  l i gand .  In  th is  case ,  the  fu l l  noncova lent  bond ing  potent ia l  o f  
two v ic ina l  OHs is  used (Ko la tkar  e t  a l .  1996 ;  Ng e t  a l .  1996 ;  Weis  e t  a l .  1992) :  one  lone  pa i r  o f  
e lec t rons  f rom each  OH fo rms a  coord ina t ion  bond w i th  the  Ca 2 + .  A  Ca 2 +  a lso  in te rac ts  d i rec t l y  w i th  the  
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carboxy la te  mo ie ty  o f  a  4 ,6 -0 - (1 -carboxyethy l idene)  ga lac tos ide  der iva t i ve  in  SAP (Emsley  e t  a l .  1994) .  
However ,  the  Ga l  mo ie ty  does  no t  in terac t  w i th  the  Ca 2 + ,  and  whether  b ind ing  o f  SAP to  na tura l ly -
occur r ing  sugars  invo lves  d i rec t  in terac t ions  w i th  Ca 2 +  i s  no t  known.  The  on ly  o ther  d i rec t  sugar -meta l  
in terac t ion  known in  p ro te ins  i s  xy lose  i somerase,  in  wh ich  the  sugar  fo rms d i rec t  coord ina t ion  bonds  
w i th  two  Mg 2 +  (Lav ie  e t  a l .  1994) .  

Hydrogen Bonding and Water-Mediated Hydrogen Bonds 
Cooperat i ve  hydrogen bond ing,  in  wh ich  the  hydroxy l  g roup  (OH)  ac ts  s imu l taneous ly  as  a  

hydrogen-bond donor  and acceptor ,  i s  charac ter i s t ic  o f  the  in terac t ion  o f  lec t ins  and  o ther  carbohydrate -
b ind ing  pro te ins  w i th  sugar  hydroxy ls .  The  oxygen a tom of  the  -OH is  sp 3  hybr id ized ,  g iv ing  an 
approx imate ly  te t rahedra l  a r rangement  o f  two  lone  pa i rs  o f  e lec t rons  and a  p ro ton .  The  -OHs can  
there fore  ac t  as  an  acceptor  o f  two  hydrogen bonds  and as  a  donor  o f  a  s ing le  hydrogen bond (Munoz  e t  
a l .  2002;  V icen te  e t  a l .  2004) .  Genera l l y ,  one  ac id ic  s ide cha in  i s  used  as a  hydrogen bond accepto r  
f rom one o r  two  sugar  OHs.  Hydrogen-bond donors  come pr imar i l y  f rom main-cha in  amide  g roups or  
f rom the  s ide-cha in  amide  g roup  o f  asparag ine  and ,  less  f requent l y ,  g lu tamine .  Charged s ide-cha in  
donors  a lso  occur  w i th  some f requency .  Pro te in  -OHs f rom tyros ine ,  ser ine ,  and  threon ine  are  much less  
common as  e i ther  donors  o r  accep tors  o f  hydrogen bonds  w i th  sugar  –OHs (Asens io  e t  a l .  2000) .  Thus ,  
the  most  common hydrogen bond ing scheme invo lv ing  sugar  -OHs is :  (NH) n   OH  O=C;  where  NH is  
a  hydrogen bond donor  g roup ,  O=C is  a  carbony l  or  carboxy la te  accep tor ,  OH is  a  non-anomer ic  sugar  
hydroxy l ,  and  n= l  or  2 .  The  hydrogen bond geomet ry  o f  p lanar  donors  and  accepto rs  i s  f i xed ,  whereas  
an  OH has  to rs iona l  f reedom in  the  p lacement  o f  the  pro ton  and  lone  pa i rs .  Presumab ly  ro ta t iona l  
f reedom permi ts  op t im iza t ion o f  hydrogen bonds be tween the -OH and ne ighbor ing  g roups ,  a lbe i t  w i th  
some en t rop ic  cos t  due  to  f i x ing  the  -OH ro tamer .  The  in f requent  use  o f  pro te in  -OHs in  hydrogen bonds 
w i th  sugar  OHs sugges ts  tha t  the  en t rop ic  cos t  o f  f i x ing  the  ro tamers  o f  both  sugar  and  p ro te in  OHs is  
too  la rge .   

In  some cases ,  a  pa i r  o f  v i c ina l  sugar  hydroxy l  g roups  (or  one –OH group  and  the  r ing  oxygen)  
in terac ts  w i th  two func t iona l  groups  in  a  s ing le  amino  ac id  s ide  cha in  or  w i th  consecut i ve  ma in-cha in  
amide  groups .  Exce l len t  hydrogen-bond geometry  can  be  ach ieved be tween p lanar  amino  ac id  s ide 
cha ins  and  v ic ina l  sugar  -OHs in  an  equator ia l /equator ia l  o r  equato r ia l /ax ia l  con f igura t ion :  bo th  sugar  

con f igura t ions  g ive  an  OH-OH spac ing  o f  about  2 .8  Å  (Vyas  1991) .  For  example ,  Nδ2 o f  Asn90 in  CT 

donates  to  Ga l  2-OH,  and 0δ1 accepts  a  bond f rom Ga l  3-OH (F ig .  6 ) .  

The sugar  r ing  oxygen a tom is  a lso  sp 3  hybr id ized  and  has  two lone  pa i rs  o f  e lec t rons  in  
te t rahedra l  geometry  tha t  can  ac t  as  hydrogen-bond acceptors  bu t  cannot  par t i c ipate  in  coopera t ive  
hydrogen bonds .  When used in  d i rec t  p ro te in  in terac t ions,  th is  oxygen usua l l y  shares  a  hydrogen bond-
donat ing  amino-ac id  s ide  cha in  w i th  one  o f  the sugar  hydroxy l  g roups.  In  genera l ,  th is  oxygen is  
common to  a l l  sugars  and  thus  cannot  be  used  to  d is t ingu ish  among sugars .  The  ace tamido  mo ie ty  o f  
G lcNAc,  Ga lNAc,  and  NeuNAc is  o f ten  a  dominant  o r  s ign i f i cant  recogn i t ion  de terminant .  In  con t rary  to  
the  hydroxy l  g roup ,  the  amide  g roup and  carbony l  oxygen o f  the  ace tamido  subs t i tuen t  have  f i xed,  
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p lanar  geometry .  The  amide  group  ac ts  as  a  hydrogen bond donor  to  p lanar  carbony l  o r  carboxy la te  
oxygens  in  a l l  cases  observed  to  da te  (see  F ig .  6  as  example) ,  wh i le  the  acetamido  oxygen o f ten 
accepts  hydrogen bonds  f rom ser ine .  

 In  genera l ,  sugar  func t iona l i t i es  that  fo rm hydrogen bonds  w i th  the  lec t in  are  those  requ i red for  
spec i f i c  recogn i t ion  and d isc r im ina t ion ,  whereas those  pos i t ions  that  are  no t  used  as  recogn i t ion  
e lements  tend  to  be  so lven t  exposed and  form no  d i rec t  contac ts  w i th  the  p ro te in .  Hydrogen bonds 
be tween lec t ins  and  essent ia l  recogn i t ion  de terminants  on  sugars  are  sh ie lded  f rom bu lk  so lven t ,  
mean ing  tha t  they  ex is t  in  a  lower  d ie lec t r i c  env i ronment  and are  probab ly  en tha lp ica l l y  s t ronger  than 
those  formed w i th  water  (Qu iocho  1986) .  Moreover ,  the  use  o f  hydrogen bond donors  and  accep tors  w i th  
f i xed  geometry  may be  impor tant  to  spec i f i c i t y .  A  f ree ly  ro ta t ing  group l i ke  the  -OH of  ser ine has some 
p las t i c i t y  in  the  format ion o f  hydrogen bonds  w i th  the  sugar  (Asens io  e t  a l .  1998;  Asens io  e t  a l .  1995;  
Asens io  e t  a l .  2000)  and  there fore  may  no t  be capab le  o f  d isc r im inat ing  abso lu te ly  be tween,  fo r  
example ,  ep imer ic  hydroxy l  g roups.  

Regard ing  the  ro le  water  mo lecu les ,  i t  was  observed  tha t  they  med ia te  hydrogen bonds  be tween 
sugar  and  pro te in  in  many o f  the  lec t in -carbohydrate  complex  s t ruc tures  de te rmined a t  h igh  reso lu t ion .  
S tud ies  o f  g lycogen phosphory lase  inh ib i to rs  have shown tha t  water -med ia ted  hydrogen bonds  between 
sugar  and pro te in  can be  as  s t rong as  d i rec t  pro te in-sugar  hydrogen bonds  (Watson  e t  a l .  1994) .  
Compar ison  o f  a  ser ies  o f  sugars  bound to  a  g iven lec t in ,  o r  a  ser ies  o f  re la ted  lec t ins  bound to  a  g iven 
sugar ,  somet imes  revea ls  common water  mo lecu les,  wh ich  can  be  presumed to  be  impor tan t  e lements  in  
recogn i t ion .  For  example ,  th ree water  mo lecu les  are  observed  to  med ia te  iden t i ca l  in te rac t ions  be tween 
Ga l  and  bo th  LT  and  CT (Mer r i t t  e t  a l .  1994 ;  Mer r i t t  e t  a l .  1994) ,  and  in  both  the ga lac tose  and  lac tose 
complexes  o f  LT  (Mer r i t t  e t  a l .  1994 ;  S ixma e t  a l .  1992)  (F ig .  6) .  A lso ,  compar ison  o f  the  b ind ing  s i te  in  
i t s  f ree  and  bound s ta tes shows that  some water  mo lecu les  bound to  the  pro te in  in  the  sugar - f ree  s ta te  
remain  in  the  p resence  o f  sugar  and  form hydrogen bonds  w i th  the  l igand .  In  th is  case  the  water  
mo lecu les  act  as  f i xed  s t ruc tura l  e lements ,  equ iva len t  to  hydrogen-bond ing  g roups  o f  the  pro te in ,  and  
can  there fore  be  cons idered  par t  o f  the  b ind ing s i te  arch i tec ture .  
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The three dimensional structures of oligosaccharides and 
glycomimetics. Factors and facts 

The shape o f  a  g iven  o l igosacchar ide  i s  de te rmined by  the  con format ion o f  the 
furanose /pyranose r ings and the  re la t i ve  pos i t ion ing o f  the  r ings in  the  cha in .  Based on X- ray 
c rys ta l lography ,  neu t ron  d i f f rac t ion ,  and  homonuc lear  coup l ing  cons tan t  data ,  the  4 C 1  cha i r  conformer  
( 1 C 4  for  L-sugars)  i s  the  energet i ca l l y  p re fer red  D-pyranose  r ing  s t ruc ture  ( (Abeygunawardana e t  a l .  
1993;  Brown e t  a l .  1965) .  In  rare  cases,  fo r  example ,  fo r  L- iduron ic  ac id ,  as  cons t i tuent  o f  heparan  and 
dermatan  su l fa tes,  and  to  accommodate  mechan ica l  s t ress ,  confo rmat iona l  f lex ib i l i t y  and  e las t i c i t y  o f  a  
py ranose  can  be  genera ted  by  cha i r -boa t  t rans i t ions ,  wh ich  a l low L- iduron ic  ac id  to  acqu i re  the  skew-
boa t  fo rm 2 S 0  (Bush  e t  a l .  1999 ;  Canales  e t  a l .  2005 ;  Casu e t  a l .  1988 ;  Marsza lek e t  a l .  1998;  von  der  
L ie th  e t  a l .  1998) .  However ,  the  ma in  con t r ibu t ion  to  def in ing  the  shape o f  a  g lycan  genera l l y  does  no t  

o r ig ina te  f rom th is  source  bu t  ra ther  f rom changes o f  the  three  d ihedra l  ang les  Φ ,  Ψ  and  ω  o f  each 

g lycos id ic  bond (F ig .  7 ) .  S ince  the  pyranose r ings  l inked  by  the  g lycos id ic  bond and the i r  exocyc l i c  
subs t i tuents  a re  ra ther  bu lky ,  the i r  s i ze  imposes  topo log ica l  res t ra in ts  on  the  in t ramolecu la r  movements  
o f  the  o l igomer .   

 

F i gu re  7  Sc hema t i c  v i ew  o f  t he  g l y c os id i c  t o r s i on  ang les  
wh i c h  de f i ne  t he  t h ree  d imens iona l  s hape  o f  an  
o l i gos acc ha r i de  

 

Compared  to  o l igopept ides  w i th  sma l l  s ide  cha ins ,  the  con format iona l  space  access ib le  to  the 
mo lecu le  a t  room tempera ture  i s  thus re la t i ve ly  res t r i c ted .  That  th is  spa t ia l  fac tor  l im i ts  the  range o f  
in terchangeab le  con format ions has  been in fe r red  by  computer -ass is ted mo lecu lar  mechan ics  and  
dynamics ca lcu la t ions  and  conv inc ing ly  documented  by exper imenta l  ev idence  p r imar i l y  f rom 
soph is t i ca ted magnet ic  resonance  spec t roscopy  (Bush  e t  a l .  1999 ;  von  der  L ie th  e t  a l .  1998) .  Exp lor ing  
the  ac tua l  pos i t ion(s)  o f  each  o l igosacchar ide  on  the  sca le  be tween h igh  f lex ib i l i t y  w i th  an  ensemble  o f  
con formers  and  a lmos t  comple te  r ig id i t y  de f in i te ly  has  sa l ien t  imp l i ca t ions  fo r  p red ic t ing  i t s  ro le  as  a  
cod ing un i t .  In  th is  respec t ,  i t  i s  a lso  wor th  po in t ing  out  tha t  a  no tab le  leve l  o f  in t ramolecu la r  f lex ib i l i t y  
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The three  d imens iona l  s t ruc tures  o f  o l igosacchar ides  

i s  no t  a  favorab le  fac tor  fo r  c rys ta l l i za t ion .  Indeed,  such  an ex ten t  o f  unrest ra ined  con format iona l  
en t ropy can con t r ibu te  to  exp la in ing the  f requent l y  f rus t ra t ing  exper ience in  respec t ive  a t tempts  a t  
ca rbohydra te  chemis t ry .  I f ,  on  the  o ther  hand,  the leve l  o f  conformat iona l  en t ropy i s  con f ined  to  on ly  
very  few s tab le  con formers  (keys) ,  the  p resented  shape d is t r ibu t ion  i s  a  func t ion  no t  on ly  o f  the  
sequence but  a lso  o f  ex te rna l  fac tors  a f fec t ing  the  cur rent  s ta tus  o f  the  equ i l ib r ium.  Sugar  recep tors  as 
p robes  for  d is t ingu ish ing b ioac t i ve  or  b io iner t  g lycan  p resenta t ion  modes on  p ro te ins  have  a l ready 
p rov ided  the hypo thes is  exper imenta l  suppor t  (Mann e t  a l .  1998 ;  Noorman e t  a l .  1998 ;  So l i s  e t  a l .  
1987) .  In  nex t  sec t ions  a  genera l  overv iew o f  fac tors  and fac ts  tha t  def ine  the 3D-s t ructure  o f  a  
o l igosacchar ide  i s  p resented .  

 The shape of the six-membered rings 
 Emi l  F ischer  in t roduced the  c lass ica l  p ro jec t ion  formu lae for  sugars ,  w i th  a  s tandard  o r ien ta t ion  

(carbon  cha in  ver t i ca l ,  ca rbony l  group  a t  the  top;  F ig .  8) ;  s ince  he  used mode ls  w i th  f lex ib le  bonds 
be tween the  a toms,  he  cou ld  eas i l y  ' s t re tch '  the  sugar  mode ls  in to  a  pos i t ion  su i tab le  for  pro ject ion .  He 
ass igned to  the  dext roro ta tory  g lucose  (v ia  the  der ived  g lucar ic  ac id )  the pro ject ion  w i th  the  OH group 
a t  C-5  po in t ing  to  the  r igh t ,  we l l  knowing  tha t  there  was  a  50% chance tha t  th is  was  wrong.   

 

D-g lucose  
 

L-g lucose  

F igure  8  F isher ’s  pro jec t ions  for  g lucose  
 

Towards the end o f  the  n ine teenth  cen tury ,  i t  was  rea l i zed tha t  the  f ree sugars  (no t  on ly  the  
g lycos ides)  ex is ted  as  cyc l i c  hemiace ta ls  or  hemiketa ls .  Mutaro ta t ion ,  d iscovered in  1846 by  
Dubrun fau t ,  was  now in te rpre ted  as  be ing  due  to  a  change in  the  con f igura t ion  o f  the  g lycos id ic  
(anomer ic )  ca rbon a tom.  Emi l  F ischer  assumed the  cyc l ic  fo rm to  be  a  f i ve -membered  r ing ,  wh ich  
To l lens  des igna ted  by  the  symbo l  <1 ,4> ,  wh i le  the s ix -membered  r ing  rece ived  the symbo l  <1 ,5> .  In  the 
1920s,  Hawor th  proposed the terms ' fu ranose '  and 'pyranose '  fo r  the two  forms.  He a lso  in t roduced the  
'Hawor th  dep ic t ion '  fo r  wr i t ing  s t ruc tura l  fo rmu lae,  a  convent ion tha t  was soon w ide ly  fo l lowed.  

Cyc l i c  fo rms w i th  a  three-membered r ing  are  ca l led  ox i roses,  those  w i th  a  four -membered  r ing 
oxe toses ,  those  w i th  a  f i ve -membered  r ing  furanoses ,  w i th  a  s ix -membered  r ing  pyranoses ,  w i th  a  
seven-membered  r ing  septanoses ,  w i th  an  e ight -membered  r ing  oc tanoses ,  and  so on.  

I f  a  cyc l i c  fo rm o f  a  sugar  i s  to  be  represented  in  the  F ischer  p ro jec t ion ,  a  long  bond can  be 
d rawn be tween the  oxygen invo lved  in  r ing  format ion  and  the  (anomer ic)  ca rbon  a tom to  wh ich  i t  i s  
l i nked ,  as  shown in  the fo l low ing  fo rmulae  fo r  cyc l i c  fo rms o f  a-D-g lucose  (F ig .  9)  
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In  the  Hawor th  represen ta t ion  o f  the  cyc l i c  fo rm (F ig .  10)  the  r ing  is  o r ien ta ted a lmos t  
perpend icu lar  to  the  p lane  o f  the  paper ,  bu t  v iewed f rom s l igh t l y  above  so  tha t  the  edge c loser  to  the 
v iewer  i s  drawn be low the more  d is tan t  edge,  w i th  the  oxygen beh ind  and  C-1  a t  the  r igh t -hand end .  To 
de f ine  the  perspect i ve ,  the  r ing  bonds  c loser  to  the  v iewer  are  o f ten  th ickened.  

 
α -D -G luc oox i ros e  

 
α -D -G luc oox e tos e  

 
α -D -G luc o fu ranos e  

 
α -D -G luc opy ranos e  

 
α -D -G luc os ep tanos e  

F igure  9  F isher  p ro jec t ions  fo r  the  cyc l i c  fo rms 

 

Figure  10  shows the schemat ic  representa t ion  o f  pyranose  r ing  c losure  in  D-g lucose w i th  the  
reor ien ta t ion  a t  C-5  necessary  to  a l low r ing  fo rmat ion .  

 

Figure  10  Hawor th  represen ta t ion  o f  D-g lucopyranose  

 

The or ienta t ion  o f  the  mode l  descr ibed  above  resu l ts  in  a  c lockwise  number ing  o f  the  r ing  
a toms.  Groups  tha t  appear  to  the  r igh t  o f  the  mod i f ied  F ischer  p ro jec t ion  appear  be low the  p lane  o f  the  
r ing ;  those  on  the  le f t  appear  above .  In  the common Hawor th  representa t ion  o f  the  py ranose  form of  D-
a ldohexoses,  C-6 i s  above the p lane .  

The  Hawor th  represen ta t ion  imp l ies  a  p lanar  r ing .  However ,  due  to  the  te t rahedra l  geometr i c  o f  
ca rbon  backbone,  monosacchar ides assume con format ions  that  are  no t  p lanar .  The  conformat ion and 
the  spa t ia l  a r rangements  o f  the  r ing  a toms o f  a  monosacchar ide in  the  cyc l i c  fo rm is  we l l  descr ibed  by  
the  IUPAC- IUB Jo in t  Commiss ion  on B iochemica l  Nomenc la ture i and  i s  ind ica ted  w i th  a  con format iona l  
descr ip tor  a t  the  end o f  the name o f  the  monosacchar ide .  F igure  11  l i s ts  some examples o f  
con format iona l  descr ip tor  w i th in  sugar  t ypes .  

 

Type of  
 

Conf .  Atoms of  
f  l  

Above 
l  

Be lo
 

Notat ion  Example  

                                                 
i Conformational nomenclature for five- and six-membered ring forms of monosaccharides and their derivatives (Recommendations 1980), 
Eur.J.Biochem., 111, 295-298 (1980); Arch. Biochem. Biophys., 207, 469-472 (1981); Pure Appl. Chem., 53, 1901-1905 (1981); ref. 2, pp. 158-161. 
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sugar  re ference p lane p lane w 
p lane 

Aldo furanose 

(1)  
enve lope  O - 4 , C - 1 , C - 3 , C - 4  -  C - 2  E2

 

A ldo furanose 

(2)  
enve lope  C - 1 , C - 2 , C - 4 , O - 4  C - 3  -  3E 

 

A ldo furanose 

(3)  
tw is t  C - 1 , O - 4 , C - 4  C - 3  C - 2  3T2

 

A ldo furanose 

(4)  
tw is t  C - 3 , C - 4 , O - 4  C - 2  C - 1  2T1

 

A ldopyranose  

(5)  
cha i r  C - 2 , C - 3 , C - 5 , O - 5  C - 4  C - 1  4C1

 

Pyrano id  
lac tone  

(6)  
cha i r  C - 2 , C - 3 , C - 5 , O - 5  C - 1  C - 4  1C4

 

A ldopyranose  

(7)  
boa t  O - 5 , C - 1 , C - 3 , C - 4  C - 2 , C - 5  -  2 , 5

C - 2 , C - 3 , C - 5 , O - 5  -  C - 1 , C -
4

 

A ldopyranose  
skew C - 2 , C - 4 , C - 5 , O - 5  C - 1  C - 3  1S3

 

B 

 

A ldopyranose  

(8)  
boa t  

4  B1 ,

(9)  
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Aldopyranose  

(10)  
skew C - 1 , C - 3 , C - 4 , C - 5  C - 2  O - 5  2SO

 

A ldopyranose  

(11)  
ha l f - cha i r  C - 1 , C - 2 , C - 3 , C - 4  C - 5  S - 5  5HS

 

Pyrano id  
lac tone  

(12)  
enve lope  C - 1 , C - 2 , C - 3 , C - 4 , O - 5  C - 5  -  5E 

 
F igure  11  Nota t ion  for  r ing  shape.  The appropr ia te  le t te rs  a re  as  fo l lows .  F ive-membered  r ings :  E 
for  enve lope (examples  1  and 2)  and T  for  tw is t  (examples  3  and  4) ;  s i x -membered r ings :  C  for  
cha i r (examples  5  and  6) ,  B  for  boa t  (examples  7  and  8) ,  S  fo r  skew (examples  9  and  10) ,  H  for  
ha l f - cha i r  (example  11) ,  and  E for  enve lope (example  12) .  

 

The r igorous descr ip t ion  o f  the  shape o f  the s ix -membered r ing  can  be  de f ined  in  te rm o f  i t s  

to rs ion  ang les .  Aga in ,  fo l low ing  IUPAC ind icat ions ii,  to rs ion  ang les  a re  de f ined as  ν  ang les  (F ig .  12) :  

 Hexapyranose  (A)  Pen ta furanose  (B)  

ν0 C4-O4-C1-C2 C5-O5-C1-C2 
ν1 O4-C1-C2-C3 O5-C1-C2-C3 
ν2 C1-C2-C3-C4 C1-C2-C3-C4 
ν3 C2-C3-C4-O4 C2-C3-C4-C5 
ν4 C3-C4-O4-C1 C3-C4-C5-O5 
ν5 -  C4-C5-O5-C1 

 

 

Figure  12.  Nota t ion  fo r  to rs ion  ang les  ν  fo r  (A)  a  hexapyranose 
and  (B)  a  pen ta fu ranose  un i t .  The  exocyc l i c  to rs ion  ang les  χ  a re  
a lso  de f ined .  

 

                                                 
ii IUPAC-IUB Joint Commission on Biochemical Nomenclature (JCBN) Conformational nomenclature for five and six-membered ring 
forms of monosaccharides and their derivatives, Recommendations 1980. Arch. Biochem. Biophys. 207, 469-472 (1981); Eur. J. 
Biochem. 111, 295-298 (1980); Pure Appl. Chem. 53, 1901-1905 (1981) 
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The three  d imens iona l  s t ruc tures  o f  o l igosacchar ides  

I t  fo l lows  tha t  the  py ranose  r ing  have  38  bas ic  con format ions(Fernandez-A lonso  e t  a l .  2005;  
S toddar t  1971)  tha t  have  been recen t l y  rev iewed (Bérces  e t  a l .  2001)  in  te rms o f  con format iona l  
descr ip tors  (Tab le  1) .  

Tab le  1 .  Endocyc l i c  to rs ion  ang les  o f  the  38  idea l  bas ic  
con format ions  o f  py ranose  
c o n f o r m a t i o n a l  

d e s c r i p t o r  ν 1 ν 2 ν 3 ν 4 ν 5 νO

1 C 4 60  -60 60  -60 60  -60 
4 C 1 -60 60  -60 60  -60 60  
1 , 4 B  0  60  -60 0  60  -60 
B 2 , 5 60  0  -60 60  0  -60 
O , 3 B  60  -60 0  60  -60 0  
B 1 , 4 0  -60 60  0  -60 60  
2 , 5 B  -60 0  60  -60 0  60  
B O , 3 -60 60  0  -60 60  0  
1 S 5 30  30  -60 30  30  -60 
O S 2 60  -30 -30 60  -30 -30 
3 S 1 30  -60 30  30  -60 30  
5 S 1 -30 -30 60  -30 -30 60  
2 S O -60 30  30  -60 30  30  
1 S 3 -30 60  -30 -30 60  -30 
1 H 2 45  -15 0  -15 45  -60.2  
3 H 2 60  -45 15  0  15  -45 
3 H 4 45  -60 45  -15 0  -15 
5 H 4 15  -45 60  -45 15  0  
5 H O 0  -15 45  -60 45  -15 
1 H O 15 0  15  -45 60  -45 
4 H 5 -15 45  -60 45  -15 0  
O H 5 0  15  -45 60  -45 15  
O H 1 -15 0  -15 45  -60 45  
2 H 1 -45 15  0  15  -45 60  
2 H 3 -60 45  -15 0  -15 45  
4 H 3 -45 60  -45 15  0  15  
1 E  30  0  0  -30 60  -60 
E 2 60  -30 0  0  30  -60 
3 E  60  -60 30  0  0  -30 
E 4 30  -60 60  -30 0  0  
5 E  0  -30 60  -60 30  0  
E O 0  0  30  -60 60  -30 
4 E  -30 60  -60 30  0  0  
E 5 0  30  -60 60  -30 0  
O E 0  0  -30 60  -60 30  
E 1 -30 0  0  30  -60 60  
2 E  -60 30  0  0  -30 60  
E 3 -60 60  -30 0  0  30  
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The three  d imens iona l  s t ruc tures  o f  o l igosacchar ides  
 

Regard ing  r ing  subs t i tuen ts ,  i t  shou ld  des igna te  as  be ing  ax ia l  o r  equator ia l  in  a  g iven 
con format ion.  For  the  prec ise  spec i f i ca t ion  o f  the  o r ien ta t ion ,  i t  i s  necessary  to  spec i fy  the  to rs ion  ang le  

about  the  exocyc l i c  bond.  The exocyc l i c  to rs ion  ang le  i s  denoted  by  χ (ch i ) ,  fo l lowed by  the  a toms to  

wh ich  i t  re fe rs .  e .g .  χ (C1-C2-O2-H) .  or ,  i f  no  ambigu i ty  a r i ses ,  s imp ly  by  χ2.  The  re ference  a tom in  the 

r ing  i s  the carbon a tom w i th  the  number  one lower  than  that  o f  the  subs t i tu ted  carbon ;  e .g .  fo r  χ5 

subs t i tu ted  carbon  i s  C5 and  re ference  a tom is  C4 (see F ig .  13) .  

 

Figure  13 .  Newman pro jec t ions  showing  the  exocyc l i c  
to rs ion  ang les  χ5 (A)  and  χ2 (B) .  

 

O f  par t i cu lar  in teres t  i s  the  re la t i ve  pos i t ion  o f  the  hydroxy lmethy l  g roup  in  pos i t ion  6  due to  the 
fac t  that  d i f fe ren t  popu la t ions  for  the three poss ib le  ro tamers (see  F ig .  14)  are  s t r i c t l y  co r re la ted  w i th 
the  g loba l  s t ruc ture  o f  the  sugar  and  hence i t s  proper t ies  (Asens io  e t  a l .  1995;  Bouwst ra  e t  a l .  1990;  
K i rschner  e t  a l .  2001 ;  Lee f lang  e t  a l .  1990)  Accord ing  to  IUPAC convent ion  descr ibe  here  above ,  

ro ta t ion  around C5-C6 bond cou ld  be  descr ibed  by χ5 tors ion  ang le ,  even  i f  the  use  o f  d ihedra l  ang le  

ω,  as w i l l  be  descr ibed  in  the  next  sect ion ,  i s  genera l l y  employed.  

 

   
 tg  

t rans-gauche 
gg 

gauche-gauche 
gt  

gauche- t rans 
χ5 (C4-C5-C6-O6)  -60°  +60°  180°  
ω  (O5-C5-C6-O6)  180°  -60°  +60°  

F igure  14 .  Pre fer red or ienta t ion  o f  the  hydroxy lmethy l  g roup OH6 in  the  pyranose  r ing  

 

In  the  nomenc la ture  in t roduced in  F ig .  14  ( tg ,  gg  and  g t ) ,  the  f i r s t  l e t te r  def ine  the re la t ive  
pos i t ion  o f  the  endocyc l i c  oxygen respec t  the  exocyc l i c  one  (O5 and O6 respect ive ly) ;  whereas  the  
second le t te r  de f ine  the  re la t i ve  pos i t ion  o f  C4 w i th  respec t  to  O6.   In  genera l ,  ga lac tose  mo ie ty  adopts  
p re feren t l y  gauche- t rans  and  t rans-gauche or ien ta t ions ,  due  to  the  s te r i c  h indrance  tha t  occurs  be tween 
OH4 and  OH6 in  the  gg  ro tamer .  For  the  same reason pre fer red  or ienta t ion  in  g lucose  are  the  gauche-
gauche and the  gauche- t rans .  
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The three  d imens iona l  s t ruc tures  o f  o l igosacchar ides  

With  respect  to  the  secondary  OH groups ,  they  tend  to  adopt  those  pos i t ions  tha t  a l low them to  
c reate  the max imum number  o f  hydrogen bonds.  In  tha t  sense ,  the poss ib le  or ien ta t ion  o f  OHs is  
reduced to  two  poss ib i l i t ies :  “c ” ,  c lockw ise  o r ien ta t ion  and  “ r ” ,  reverse-c lockw ise  o r ien ta t ion  (F ig .  15) .  

 
A  

 
B  

F igure  15 .  Poss ib le  o r ienta t ions  o f  hydroxy l  g roups  in  the  pyranose  r ing .  (A)  c lockw ise and  
(B)  reverse  c lockw ise.  

 

F ina l l y  jus t  a  br ie f  ment ion  to  the  concept  o f  α  and  β  anomer ism.  α  i s  used  to  denote  the 

anomer  where  the  abso lu te  s tereochemis t ry  o f  the  anomer ic  pos i t ion  and  the  most  remote  s tereocente r  

in  the  sugar  cha in  are  the  same;  β  i s  used  for  the case  where  they  have  oppos i te  conf igura t ions  (F ig .  

16) .  

 

 

Figure  16 .  α  and  β  anomer ism in  py ranose  and  furanose  ga lactose  r ings .  

 

Common assumpt ion  i s  tha t  α  =  ax ia l ,  wh ich  i s  cor rec t  fo r  D-pyranose  r ing ,  bu t  i t  i s  par t icu la r l y  

m is lead ing  in  the  case o f  fu ranose sugars :  in  5  membered r ings ,  con format iona l  pre ferences  are  o f ten 
sub t le  and  the  term “ax ia l ”  can  be  ambiguous (F ig .  16) .  

Glycosidic and aglyconic linkages 
When the  number  o f  sugar  r ings  is  inc reased,  a  new var iab le ,  the  g lycos ide  bond,  and  

consequent ly  a  new f lex ib i l i t y  degree  has  to  be  in t roduced.  The  o r ien ta t ions  o f  the  g lycos id ic  bonds  are  

spec i f ied  by  the  cor respond ing  d ihedra l  ang les  Φ  e  Ψ  ( respec t ive ly  H1-C1-O1-Cx and  C1-O1-Cx-Hx  w i th  

x  be ing  the  ag lycon ic  l i nkage pos i t ion ,  see  F ig .  17) .   
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The three  d imens iona l  s t ruc tures  o f  o l igosacchar ides  
 

 

 

F igure  17.  Dep ic t ion  o f  the  ma in  source  o f  con format iona l  
f lex ib i l i t y  o f  the  d isacchar ide  Ga l  β1 3Gal  by  independent  
ro ta t ions  about  the  two d ihedra l  ang les  φ  and  ψ  o f  the  
g lycos id ic  bond.  

 

When the  g lycos id ic  bond does  no t  invo lve  a  carbon  a tom loca ted  in  the  r ing ,  bu t  on  a  s ide  

cha in ,  the  ω ang le  i s  in t roduced.  In  the case  o f  1 6  l inkage,  ω  i s  de f ined as O5-C5-C6-O6 (F ig .  18) .  

 

Figure  18 .  The  th ree  tors ion  ang les tha t  de f ine  a  1 6  l inkage 
 

The anomeric effects 
Anomer ic  and  exoanomer ic  e f fec ts  are  two  impor tan t  fac to rs  tha t  de termine the  three 

d imens iona l  s t ruc tures  o f  ca rbohydrates  (REF LEMIEUX) .  Bo th  e f fec ts  re fer  to  the  pre fer red  o r ien ta t ion  
o f  the  subs t i tuen ts  a t  anomer ic  carbon.  For  the  anomer ic  e f fec t iii (A l tona  e t  a l .  1963;  Ep io t i s  e t  a l .  1976;  
Juar is t i  e t  a l .  1995 ;  Romers e t  a l .  1969)  an  ax ia l  con f igura t ion  o f  the  e lec t ronegat ive  subs t i tuen t  a t  C1 
i s  pre fe r red  (F ig .  19A) .  In  fac t ,  th is  con f igura t ion  a l lows  an hypercon jugat i ve  de loca l i za t ion  between the 

non bond ing  e lec t ron  pa i r  o f  the  endocyc l i c  oxygen and the  σ *  o rb i ta l  o f  C1-O1 bond as  i l l us t ra ted  in  

F igure  19A.  

The  exo-anomer ic  e f fec t ,  in t roduced by  Lemieux  in  1979 (Lemieux  e t  a l .  1979) ,  de f ined  the 
p re fer red  o r ien ta t ion  around the  in te rg lycos id ic  l i nkage and  hence  de f ines  the  most  popu la ted  d ihedra l  
ang les.  As  i l l us t ra ted  in  f igure  19B,  a  favorab le  in terac t ion  occurs  be tween the  e lec t ron  lone  pa i r  o f  the  

exocyc l i c  oxygen bond to  C1 and orb i ta l  σ *  o f  endocyc l ic  C1-O5.  

 

                                                 
iii IUPAC “Compendium of Chemical Terminology”, 2nd Edition, 1997 
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The three  d imens iona l  s t ruc tures  o f  o l igosacchar ides  
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F igure  19 .  Anomer ic  and  exoanomer ic  e f fec ts .  (A)  Schemat ic  represen ta t ion  o f  in terac t ions 
responsab les o f  ax ia l -p re fer red  con f igura t ion ;  (B)  exoanomer ic  e f fec t  fo r  fo r  a  β (1 4)  
d isacchar ide .  

 

 

Symbol Representation for Glycans 
The Consor t ium for  Func t iona l  G lycomics ,  NLM/NCBI  and  The Glycob io logy  Research  and 

Tra in ing  Center  a re  deve lop ing  a  new nomenc la ture  fo r  g lycans  tha t  bet ter  in te rac t  w i th  g lycob io logy .  
S ince  numerous  paper  have  been a l ready  pub l i shed  fo l low ing  th is  new symbo l i sm,  i t  wou ld  be  
in teres t ing  to  po in t  out  the  genera l  p r inc ip le  and  the  essent ia l  symbo ls  employed (Tab le  2)  (Vark i  
1999) iv.   

The a im o f  th is  new nomencla tu re  sys tem cou ld  be  de f ined  w i th  the  fo l low ing  po in ts :  

 Avo id  same shape/co lor  bu t  d i f fe rent  o r ienta t ion  to  represen t  d i f fe rent  sugars ,  s ince  
annota t ion  o f  mass  spec t ra  i s  hard  to  show as  hor izon ta l  car toons .  

 Choice  o f  symbo ls  shou ld  be  log ica l  and  s imp le  to  remember .  

 Each monosacchar ide  type  (e .g .  hexose)  shou ld  have  the  same shape,  and  i somers  are  
to  be  d i f fe ren t ia ted  by  co lo r /b lack /wh i te /shad ing.   

 Use same shad ing /co lor  fo r  d i f fe ren t  monosacchar ides  o f  same s tereochemica l  
des igna t ion  e .g . ,  Ga l ,  Ga lNAc,  Ga lA  shou ld  a l l  be  the  same shad ing /co lor .   

 To min imize  var ia t ions,  s ia l i c  ac ids  and  u ron ic  ac ids  a re  same shape.  On ly  ma jor  uron ic  
and  s ia l i c  ac id  types  are  represented.  

 Whi le  co lo r  is  use fu l ,  the  sys tem shou ld  a lso  func t ion  w i th  b lack  and wh i te ,  and  co lo red  
representa t ions  shou ld  surv ive  b lack-and  wh i te  pr in t ing  o r  Xerox ing .  

                                                 
iv and webpage http://grtc.ucsd.edu/
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The three  d imens iona l  s t ruc tures  o f  o l igosacchar ides  
 

 Pos i t ions  o f  l i nkage or ig in  a re  assumed to  be  common ones  un less  ind ica ted .  Anomer ic  
no ta t ion  and  des t ina t ion  l inkage ind ica ted  w i thou t  spac ing /dashes.  

 Modi f i ca t ions o f  monosacchar ides  (e .g . ,  su l fa t ion ,  O-acety la t ion)  ind ica ted  by  a t tached 
smal l  le t te rs ,  w i th  numbers  ind ica t ing l inkage pos i t ions ,  i f  known.  

 Only  common monosacchar ides  in  ver tebra te  sys tems are  ass igned a  spec i f i c  symbo l .   
A l l  o ther  monosacchar ides  a re  represented  by an open Hexagon,  and  def ined in  the 
f igure  legend.   I f  there  i s  more  than one  type  o f  undes igna ted  monosacchar ide  in  a 
f igure ,  an  le t te r  des igna t ion  in terna l   to  the  Hexagon can  be  inc luded to  d i f fe ren t ia te  
be tween them -  aga in ,  spec i f ied  in  the  f igure  legend.  

Symbol Representations 
 

Tab le  2 .  Essent ia l  second ed i t ion  symbo ls .  Co lo r  ( in  paren thes is  the  cor respond ing  RGB 
va lues  a re  ind ica ted)  and  B lack&Whi te  representa t ion .  

LEGEND 
Hexoses: Circles

N-Acetylhexosamines: Squares 
Hexosamines: Squares divided diagonally

SYMBOL  
RGB co lors  

SYMBOL 
B lack&Whi te  

Galactose stereochemistry: YELLOW (255,255,0) with Black 
outline   

Glucose stereochemistry:  BLUE (0,0,250) with Black outline   
Mannose stereochemistry: GREEN (0,200,50) with Black 
outline   

Fucose: RED (250,0,0) with Black outline 
  

Xylose: (5-pointed star) ORANGE (250,100,0) with Black 
outline   

Acidic Sugars (Diamonds)   

Neu5Ac: PURPLE (125,0,125) with Black outline 
  

Neu5Gc: LIGHT BLUE (200,250,250) with Black outline 
  

KDN: GREEN (0,200,50)  with  Pattern & Black outline 
  

GlcA: BLUE (0,0,250)/Upper segment with Black outline 
  

IdoA: TAN (150,100,50)/Lower segment with Black outline 
  

GalA: RED (250,0,0)/Left segment with Black outline 
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The three  d imens iona l  s t ruc tures  o f  o l igosacchar ides  

ManA: GREEN (0,200,50)/Right segment with Black outline 
  

Other  Monosacchar ide  
(use le t te r  des ignat ion ins ide  symbo l  to  spec i f y  
i f  needed)  

AA
 

AA
 

 
  
 

L inkages  descr ip t ion  based on the  fo l low ing ru les :  

 Al l  monosacchar ides  are  assumed to  be in  the  D-conf igura t ion  excep t  fo r  Fucose  and  
Iduron ic  ac id ,  wh ich  a re  in  the  L-  con f igura t ion  

 Al l  g lycos id ica l l y - l i nked  monosacchar ides  are  in  the pyranose form 

 Al l  monosacchar ide  g lycos id ic  l i nkages  a re  assumed to  o r ig inate  f rom the 1-pos i t ion  
except  fo r  the  s ia l i c  ac ids ,  wh ich  a re  l inked  f rom the  2-pos i t ion  

 O-es ters  and e thers  are  shown at tached to  the  symbo l  w i th  a  number ,  fo r  ins tance:  

9Ac  fo r  9 -O-acety l  g roup 

3S  fo r  3-O-su l fa te  group  

6P  fo r  a  6-O-phosphate  group 

8Me  fo r  8 -O-Methy l  g roup 

9Acy  fo r  9-O-acy l  group  

9Lt  fo r  9 -O-Lacty l  g roup  

 For  N-subs t i tu ted groups ,  i t  i s  assumed that  there  i s  on ly  one amino  group  on  the  
monosacchar ide  w i th  an a l ready  known pos i t ion  e .g . ,  use NS fo r  N-su l fa te  group  on  
G lucosamine,  assumed to  be  a t  the 2-pos i t ion  

Examples  o f  the  Symbo ls  u t i l i t y  i s  represented  in  f igures  20 .  

 

 

FULL REPRESENTATION 

3-O-SO Galpβ1-4GlcNAcpβ1-2Manpα1 

9OAc-Siapα2-3Galpβ1-4GlcNAcpβ1-2Manpα1 
Manpβ1-4GlcNAcpβ1-4GlcNAcpβ1-Asn

Fucpα1 
66

3
33-O-SO Galpβ1-4GlcNAcpβ1-2Manpα1 

9OAc-Siapα2-3Galpβ1-4GlcNAcpβ1-2Manpα1 
Manpβ1-4GlcNAcpβ1-4GlcNAcpβ1-Asn

Fucpα1 
66

3
3  

MODIFIED REPRESENTATION 

3S-Galβ1-4GlcNAcβ1-2Manα1 

9Ac-Siaα2-3Galβ1-4GlcNAcβ1-2Manα1 
Manβ1-4GlcNAcβ1-4GlcNAcβ1-Asn

Fucα1 
66

33S-Galβ1-4GlcNAcβ1-2Manα1 

9Ac-Siaα2-3Galβ1-4GlcNAcβ1-2Manα1 
Manβ1-4GlcNAcβ1-4GlcNAcβ1-Asn

Fucα1 
66

3
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The three  d imens iona l  s t ruc tures  o f  o l igosacchar ides  
 

SIMPLIF IED  REPRESENTATION ( IUB- IUPAC JCBN Recommendat ions ,   J .B io l .Chem.  
262 :13-18,   1985)  

3-O-SO Galβ4GlcNAcβ2Manα

9OAc-Siaα3Galβ4GlcNAcβ2Manα
Manβ4GlcNAcβ4GlcNAcβ-Asn

Fucα  
66

3
33-O-SO Galβ4GlcNAcβ2Manα

9OAc-Siaα3Galβ4GlcNAcβ2Manα
Manβ4GlcNAcβ4GlcNAcβ-Asn

Fucα  
66

3
3  

SYMBOLIC  REPRESENTATIONS 

β4 β-Asnβ4
α
6

3α

β2β4

β2β4

α69Ac

3S

α
6

β4 β-Asnβ4
α
6

3α

β2β4

β2β4

α69Ac

3S

α
6

 

9Ac
β4

β-Asnβ4
α

6

3
α

β2β4

β2β4

α6

3S

α69Ac
β4

β-Asnβ4
α

6

3
α

β2β4

β2β4

α6

3S

α6β4
β-Asnβ4

α
6

3
α

β2β4

β2β4

α6

3S

α6

 

-Asn
9Ac

3S

-Asn
9Ac

3S  

Figure  20 .  D i f fe rent  represen ta t ions o f  the same o l igosacchar ide.  
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Investigations of sugar conformations: the Free State 
 

L ike  po lypept ides  and  po lynuc leot ides,  complex  o l igosacchar ides  may adopt  th ree-d imens iona l  
(3D)  conformat ions  that  are  re la t i ve ly  f i xed ,  o r  tha t  may  ex is t  as  severa l  con format ions  in  equ i l ib r ium,  
thereby lead ing  to  a  f lex ib le  model .  The  monosacchar ides,  in  a l l  mammal ian  g lycopro te ins  and 
g lyco l ip ids ,  as  we l l  as  a lmos t  a l l  the  bac te r ia l  po lysacchar ides ,  are  composed o f  py ranos ides .  
Homonuc lear  NMR coup l ing  cons tan t  da ta  show that  fo r  the  great  ma jor i t y  o f  cases ,  these s ix -membered 
r ings adopt  f i xed cha i r  con format ions ,  a  4 C 1  cha i r  fo r  D  sugars  and a  1 C 4  cha i r  fo r  L  sugars  

(Abeygunawardana e t  a l .  1993) .  For  f ixed  py ranos ide  r ing  con format ions ,  the two d ihedra l  ang les ,  φ  and  

ψ ,  about  the  g lycos id ic  l i nkage are  the  ma in  in terna l  coord ina tes  spec i fy ing  the  o l igosacchar ide  

con format ion.  A l though th is  para l le ls  the  po lypept ide  case ,  the pyranos ide  r ings are  la rger  and  bu lk ie r ,  
in t roduc ing  greater  s tereochemica l  res t r i c t ion ,  wh ich  leads  to  d isacchar ide  maps  w i th  sma l le r  m in imum 
energy  space  than  occurs  in  d ipep t ide  maps .  The fu ranos ides found in  nuc le ic  ac ids  are  much more  
f lex ib le .  A l though our  unders tand ing  o f  the  con format ion  o f  complex  carbohydrates  remains  pr im i t i ve  by  
compar ison  w i th  the  s t ruc tures o f  pro te ins  and  nuc le ic  ac ids ,  there  i s  no  obv ious reason why  the 
spec tacu lar  success  o f  X- ray c rys ta l lography,  NMR spect roscopy ,  and computer  mo lecu lar  mode l ing  
cannot  be  dup l i ca ted  for  th is  cha l leng ing  prob lem.  Hopefu l l y  appropr ia te  app l i ca t ions  o f  these  methods  
a re  y ie ld ing  p rogress  toward the  unders tand ing  o f  ca rbohydra te  con fo rmat ion  and  in teract ions .  

X-Ray Crystallography 
The methodo logy  used  for  ex t rac t ing  s t ruc tura l  data  f rom crys ta l l i ne  carbohydrates  depends  on 

the  s ize  o f  the  mo lecu le  and  i t s  ab i l i t y  to  fo rm crys ta ls .  For  compounds as  smal l  as  d isacchar ides or  
o l igosacchar ides ,  c rys ta l l i za t ion  i s  the  ma in  d i f f i cu l ty ,  a l though the  cause  i s  no t  obv ious .  I t  cou ld  resu l t  
in  par t  f rom the  h igh  po la r i t y  o f  the  hydroxy l  g roups ,  f rom the  f lex ib i l i t y  o f  the  carbohydra te  l inkage,  o r  
s imp ly  f rom the  lack  o f  pure  samples  in  su f f i c ien t  quant i t y  and  qua l i t y .  As  a  resu l t ,  on ly  about  50  
s t ruc tures o f  d isacchar ides  are  ava i lab le  in  the  Cambr idge  S t ruc tura l  Da tabase.  For  la rger  
o l igosacchar ides ,  fewer  than  20  s t ruc tures  have  been so lved (exc lud ing  cyc lodex t r ins) ,  mos t  o f  them 
sucrose  conta in ing  mo lecu les .  In  fac t ,  on ly  two t r isacchar ides  tha t  a re  par t  o f  complex  g lycans  have 

been c rys ta l l i zed ,  i .e .  the  αMan(1 3)βMan(1 4)GlcNAc (Perez  e t  a l .  1996 ;  War in  e t  a l .  1979)  and  the 

Lewis-X  h is to—blood  group  an t igen  (Perez  e t  a l .  1996) .  The in fo rmat ion tha t  can  be ex t racted  f rom 
c rys ta l  s t ruc tu res o f  d i -  and  o l igosacchar ides  inc ludes ,  no t  on ly  the  con fo rmat iona l  fea tu res,  bu t  a lso  
the  in termo lecu la r  in terac t ion .  For  example ,  ne tworks  o f  hydrogen bond ing tha t  invo lve one  or  two water  
mo lecu les  have  been ex tens ive ly  s tud ied  by  Jef f rey  &  Saenger  (Je f f rey  e t  a l .  1991) .  In  o ther  cases ,  the  
ana lys is  o f  the  c rys ta l  pack ing  can  be  d i rec t l y  compared  w i th  b io log ica l  da ta .  In  the  Lewis-X  c rys ta l  
s t ruc ture  (Perez  e t  a l .  1996) ,  some in terac t ions  observed  between ad jacen t  rows o f  t r i sacchar ide  can 
p rov ide  the  bas is  fo r  the p rev ious ly  pos tu la ted  invo lvement  o f  Lex-Lex  in terac t ion  in  ce l l - ce l l  adhes ion  
(Eggens  e t  a l .  1989) .  A l though o l igosacchar ides  a re  d i f f i cu l t  to  c rys ta l l i ze  in  the i r  na t i ve  s ta te ,  they  can  
be  “ t rapped”  in  p ro te in  c rys ta ls ,  e i ther  cova len t l y  l i nked  to  the  pep t ide  cha in  (g lycoprote ins)  o r  as  
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l i gands to  the  pro te in .  More than  100 o f  the  pro te in  s t ruc tures ava i lab le  f rom the  Pro te in  Data  Bank 
(Berns te in  e t  a l .  1977)  a re  N-g lycosy la ted.  The  con format iona l  features  o f  the  G lcNAc-Asparag ine  
l inkage have been ana lyzed  f rom the  s t ruc tures  so lved  a t  h igh  reso lu t ion  ( Imber ty  e t  a l .  1995) .  Because  
the  g lycan  mo ie ty  i s  o f ten poor ly  reso lved ,  on ly  one  o r  two  carbohydra te  res idues  can  genera l l y  be  seen 
in  g lycoprote in  c rys ta l  s t ruc tures .  More  in format ion  can  be  obta ined  f rom complexes  be tween pro te in  
and  carbohydrate  l igands,  as  d iscussed be low.  Because i t  i s  imposs ib le  to  ob ta in  s ing le  c rys ta ls  f rom 
po lysacchar ides  su i tab le  for  X- ray ana lys is ,  d i f fe ren t  s t ra teg ies  have been used  for  d i f f rac tomet ry .  One 
poss ib i l i t y  i s  to  s t re tch  the  po lysacchar ide  in to  an  o r ien ted  f iber .  S ince  the  beg inn ing  o f  X- ray  f iber  
d i f f rac t ion ,  in  the  ear ly  1950s,  more than  200  b io log ica l  and syn the t i c  po lymer  he l i ces  have  been 
success fu l l y  inves t iga ted ,  among them over  50 po lysacchar ides (Chandrasekaran  1997) .  Th is  inc ludes 
the  ma jor  p lan t  po lysacchar ides ,  amy lose  and  ce l lu lose ,  bu t  a lso  many  macromolecu les  f rom an ima l  and 
bac ter ia l  o r ig in .  An  a l te rna te  s t ra tegy  i s  to  use e lec t ron d i f f rac t ion  for  s tudy ing very  smal l  c rys ta ls ,  
need les ,  o r  p la te le ts  that  can  be  ob ta ined  f rom po lysacchar ides  (Perez  e t  a l .  1989) .  In  bo th  X- ray f ibe r  
d i f f rac t ion  and  e lec t ron  d i f f rac t ion ,  the  amount  o f  da ta  co l lec ted  i s  sma l l ,  and  bu i ld ing  a  mode l  by  
mo lecu lar  mechan ics  i s  necessary  for  the  reso lu t ion  o f  the  3D s t ruc ture .  

NMR Methods for Structure Determination  
 

Dur ing  the  pas t  decades ,  s t ruc tura l  ass ignment  o f  complex  carbohydrate  s t ruc tures  by NMR 
spec t roscopy has  demonst ra ted i t s  vas t  impor tance  and th is  i s  expec ted  to  con t inue  in  the  fu ture .  As 
a l ready  ment ioned,  bu i ld ing  b locks  in  o l igosacchar ides  a re  more  d iverse  in  Nature  than  in  p ro te ins  o r  
nuc le ic  ac ids .  Carbohydrates  o f ten  d i f fe r  on ly  f rom each  o ther  in  the  s tereochemis t ry ,  and  the  pa t te rn  o f  
in ter res idue  l inkages  can be  very  he te rogeneous (Rud iger  e t  a l .  2000) .  The in format ion  capac i ty  o f  the  
carbohydra tes  i s  much la rger  than  in  p ro te ins ,  par t i cu lar l y  due to  branched s t ruc tures .  Consequent ly ,  
the  s t ruc tu re  de terminat ion  o f  complex  o l igosacchar ides  i s  a  cha l leng ing  p rob lem.  A  wea l th  o f  
techn iques  a re  cur rent ly  be ing app l ied  in  the iden t i f i ca t ion  o f  known o l igosacchar ides  o r  the 
de termina t ion  o f  new s t ruc tu res ;  e .g .  cap i l la ry  e lec t rophores is  (E l  Rass i  e t  a l .  1997) ,  f luorescence 
de tected  HPLC (Anumula  e t  a l .  1998)  and  mass  spec t romet ry  (Ahn e t  a l .  1999;  Sa to  e t  a l .  2000) .  
However ,  sugar  s te reochemis t ry  cannot  be  so lved  by cur ren t  methodo logy  used rou t ine ly  in  mass  
spec t roscopy and for  NMR spec t roscopy  represen ted  a  new cha l lenge (J imenez-Barbero e t  a l .  2003) .  

Assignment Methods 
 

In  th is  Thes is ,  the  bas is  and  the  fundamenta ls  o f  NMR techn ique  w i l l  no t  be  d iscussed.  I  w i l l  
focus  on  the methodo log ies  that  address  to  the s t ruc ture  de termina t ion for  a  sugar  mo lecu le .   

There  are  severa l  ways to  per fo rm a  p r imary  s t ruc tura l  ana lys is  o f  a  mono- ,  o l igo- ,  o r  
po lysacchar ide  by  NMR spec t roscopy and  a  good s ta r t ing  po in t  i s  the  anomer ic  pro ton chemica l  sh i f t .  
In tegra t ion  o f  the  anomer ic  resonances  o f fers  an in i t ia l  es t imate  on  the  number  o f  d i f fe ren t  
monosacchar ide  res idues  p resen t .  The anomer ic  pro ton resonances  are  found in  the  sh i f t  range 4 .4-5 .5  
ppm.  The remain ing r ing  pro ton resonances  are  found in  the range 3-4 .2  ppm in  unprotec ted 
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o l igosacchar ides .  Add i t iona l l y ,  the  number  o f  anomer ic  C 1  resonances  presen t  in  a  1D 1 3 C  NMR 
spec t rum w i l l  con f i rm the  number  o f  d i f fe rent  res idues .  Such  resu l ts  can  a lso  be  ob ta ined  f rom 2D 1 3 C-
1 H HSQC (Bodenhausen e t  a l .  1980)  HMQC (Bax e t  a l .  1983 ;  Mue l le r  1979)  or  HMBC (Bax  e t  a l .  1986)  
spec t ra ,  wh ich  in  many  cases  are  more  sens i t i ve  than  a  1D 1 3 C spec t rum.  Homonuc lear  TOCSY and 
DQF-COSY spec t ra  are  use fu l  in  the  iden t i f i ca t ion  o f  ind iv idua l  monosacchar ide  res idues .  In  TOCSY 
spec t ra  o f  o l igosacchar ides  acqu i red  w i th  a  fa i r l y  long  mix ing t ime (>100 ms) ,  i t  i s  o f ten  poss ib le  to  
measure  the  s ize  o f  the  coup l ing  constan ts  and  the cor re la t ions to  revea l  the  iden t i t y  o f  the  res idue.  In  
cases  w i th  s ign i f i can t  over lap  in  the  bu lk  reg ion  (3 -4 .2  ppm) ,  a  1D TOCSY may be  usefu l  in  reso lv ing  
ambigu i t ies .  In  Tab le  2  the  most  common sugars  a re  l i s ted  w i th  the i r  NMR charac ter i s t ics  and coup l ing  
pa t te rn ,  and NMR spec t ra  o f  se lec ted  monosacchar ide  res idues  are  shown.  Both  1 H  and  1 3 C chemica l  
sh i f t s  fo r  mos t  monosacchar ides  can  be  found in  the  l i te ra ture  (Tab les  2  and  3 ) ,  and  based on  such 
va lues ,  an  ass ignment  o f  the  ind iv idua l  res idues  can  be  made.  Re levant  da tabase are  a lso  ava i lab le  

on l ine  l i ke  CarbBank and SUGABASE∗  da tabase  (Doubet  e t  a l .  1989;  van  Ku ik  e t  a l .  1992 ;  van  Ku ik  e t  

a l .  1992)  o r  CASPER (Hermansson e t  a l .  1992;  Jansson e t  a l .  1991;  Jansson e t  a l .  1991)  where  bo th  
p red ic t ion  and  a t tendance in  the  ass ignment  a re  ava i lab le  for  the  ma in  o l igosacchar ides and 
po l i sacchar ides .  

The  1 3 C chemica l  sh i f t  va lues  can  eas i l y  be  ob ta ined  f rom a HSQC or  HMQC spec t rum.  The 
TOCSY and HSQC (or  HMQC)  da ta  may a lso  be ob ta ined  s imu l taneous ly  us ing  the  2D vers ion  o f  the  
HSQC-TOCSY (de  Beer  e t  a l .  1994 ;  Kover  e t  a l .  1997)  or  the  HMQC-TOCSY (Lerner  e t  a l .  1986)  
exper iments .  These  exper iments  are  use fu l  and  g ive  add i t iona l  d ispers ion  in  the  carbon  d imens ion ,  
wh ich  may fac i l i ta te  the  ass ignment  o f  ind iv idua l  sp in  sys tems.  For  NeuAc der iva t i ves (see  Tab le  2 ) ,  
w i thou t  an  anomer ic  pro ton ,  charac ter i s t i c  s igna ls  as  the  H3eq or  H3ax  pro tons  are  a  good s tar t ing  po in t  
fo r  the  ass ignments .  1 3 C  chemica l  sh i f t s  are  o f ten  ob ta ined  f rom mul t id imens iona l  he teronuc lear  
exper iments  us ing  an  inverse detec t ion  probe ,  because  the 1D carbon-observed  exper iment  requ i res 
more  compound.  Wi th  the  in t roduc t ion  o f  pu lse- f ie ld  grad ients ,  many  o f  the  NMR exper iments  have  
ga ined  add i t iona l  sens i t i v i t y ,  because  the  grad ien t -enhanced exper iments  g ive  fewer  spec t ra l  a r t i fac ts ,  
a l low fo r  be t te r  so lven t  suppress ion ,  and  requ i re  a  shor te r  phase cyc le  (Kee le r  e t  a l .  1994) .  Many 1D,  
2D,  3D,  and 4D homonuc lear  and  heteronuc lear  exper iments  have  been adapted  to  grad ient  vers ions  
(Kee ler  e t  a l .  1994)  

                                                 
∗ available at  http://www.boc.chem.uu.nl/sugabase/carbbank.html
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Tab le  2 .  Carac ter i s t i c  chemica l  sh i f t ,  J -coup l ing  pa t tern  and  re ference  spect rum of  the  mos t  
common monosacchar ides 
 

 
G l c :   Jα  (Hz ) :  3 .6 ,  9 .5 ,  9 .5 ,  9 .5 1

 Jβ  (Hz ) :  7 .8 ,   9 .5 ,  9 .5 ,  9 .5 1

G lcNAc :  t he  coup l i ng  pa t t e rn  i s  
s im i l a r  as  G l c  
 δNAc ~ 2ppm 
up f i e l d  sh i f t :   
 δC 2 , α ~55 .4ppm;  δC 2 , β ~58ppm 1 , 2

 
1 H  spec t rum o f  Me thy l  α -D  g luc opy ranos ide  

 

 
Ga l :   Jα  (Hz ) :  3 .8 ,  10 ,  3 .8 ,  1 1

 Jβ  (Hz ) :  8 ,   10 ,  3 .8 ,  1 1

Ga lNAc :  t he  coup l i ng  pa t t e rn  i s  
s im i l a r  as  Ga l  
 δNAc ~ 2ppm 
up f i e l d  sh i f t :  δC 2 , α ~51 .4ppm;    
 δC 2 , β ~54 .9ppm 1 , 2

 

1 H  s pec t rum o f  Me thy l  a -D -ga lac topy ranos ide  

 

 

Jα  (Hz ) :  1 .8 ,  3 .8 ,  10 ,  9 .8 1  
Jβ  (Hz ) :  1 .5 ,  3 .8 ,  10 ,  9 .8 1   

1 H  spec t rum o f  Me thy l  α -D -mannopy ranos ide  

 
 

 

 

δH 3 a x ~1 .9ppm;  δH 3 e q ~2 .3ppm 3  
up f i e l d  s h i f t  a t  δC 3

Jα , C 1 - H 3 a x ~6Hz ;  Jβ , C 1 - H 3 a x < 1H z 4 , 5  
1 H  spec t rum o f  N-acety lneuramin ic  ac id  
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δ C 6 ~18  ppm;  δ H 6 ~1 .2ppm 1  
S im i l a r  c oup l ing  pa t t e rn  t o  Man ,  
J 5 6 =6 .2Hz 1  1 H  spec t rum o f  Methy l  α -L - rhamnos ide  

1.  Bock ,  K . ;  Thøgersen ,  H .  Annu.  Rep.  NMR Spect rosc .  1982,  13 ,  1 -57  
2.  Bock ,  K. ;  Pedersen ,  C .  Adv .  Carbohydr .  Chem.  B iochem.  1983,  41,  27-66  
3.  P ry tu l la ,  S . ;  Lamber t ,  J . ;  Lau te rwe in ,  J . ;  K less inger ,  M. ;  Th iem,  J .  Magn.  Reson.  Chem. 
1990,  28 ,  888-901  
4.  Haverkamp,  J . ;  Spoormaker ,  T . ;  Dor land ,  L . ;  V l iegenthar t ,  J .  F .  G. ;  Schauer ,  R .  J .  Am. 
Chem.  Soc .  1979,  101 ,  4851-4853.  
5.  Pry tu l la ,  S . ;  Lau terwein ,  J . ;  K less inger ,  M. ;  Th iem,  J .  Carbohydr .  Res .  1991,  215 ,  345-
349  

 

A  genera l  summary  o f  chemica l  sh i f t  tab les  co l lec t ions  appeared  in  the las t  years  i s  presen ted  in  
Tab le  3 .  

Tab le  3 .  Chemica l  Sh i f t  Tab le  Co l lec t ions  

 

 

The pro ton  and  carbon  chemica l  sh i f t s  are  sens i t i ve  to  the  a t tachment  o f  a  non-carbohydra te 
g roup l i ke  a  methy l ,  ace ty l ,  su l fa te ,  o r  a  phosphate  g roup.  A t tachment  o f  such  a  group w i l l  a f fec t  the  
p ro ton  and  carbon  resonances  where  the  group  i s  loca ted .  Norma l l y  downf ie ld  sh i f t s  ~0.2-0 .5  ppm are  

observed  (Van Ha lbeek  1996)  fo r  pro tons  and  h igher  ∆δ  va lues  fo r  1 3 C.  Th is  p laces  these resonances  in  

a  less  c rowded area  o f  the  spec t ra  and  he lps  the iden t i f i ca t ion  o f  mod i f ied  res idues .  Such  appended 
groups  may a lso  con ta in  NMR-ac t i ve  nuc le i ,  wh ich may g ive  r i se  to  add i t iona l  sp l i t t i ngs  due  to  coup l ings 
(e .g . ,  3 1 P- 1 H long- range coup l ings) .  The  use  o f  o ther  homo-  or  he te ronuc lear  cor re la t ions  may he lp  in  
the  de te rmina t ion o f  the i r  pos i t ion .  
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Scalar Coupling Constants 
One fea tu re  that  d is t ingu ishes the s t ruc tura l  ana lys is  o f  o l igosacchar ides  by NMR f rom 

b iomolecu les such  as  pro te ins  i s  that ,  in  genera l ,  the  number  and  d is t r ibu t ion o f  the  NOEs ob ta ined  f rom 
convent iona l  exper iments  i s  no t  su f f i c ien t  to  fu l l y  charac ter i ze  the so lu t ion  con format ion w i th  
reasonab le  cer ta in ty  (Homans 1990) ,  espec ia l l y  when f lex ib i l i t y  i s  p resent  among the  g lycos id ic  l i nkages 
(Xu  e t  a l .  1996) .  I f  the  in terpre ta t ion  o f  in ter res idue  NOE da ta  in  te rms o f  an  un ique  s t ruc ture  i s  
imposs ib le ,  a  combina t ion o f  conformat ions ,  or  a  v i r tua l  con format ion  i s  requ i red (Cumming  e t  a l .  1987) .  
For  these  s i tua t ions ,  NOE da ta  genera l l y  mus t  be  combined  w i th  o ther  sources  o f  s t ruc tura l  cons t ra in ts ,  
such  as  those  ob ta ined  f rom sca la r  coup l ing  cons tan ts .  In  f lex ib le  s t ruc tures ,  sca lar  coup l ing  cons tan ts  
have  the  advantage  tha t  ca lcu la t ion  o f  average va lues  over  an  ensemble  o f  con format ions  i s  s imp le r  
than  for  NOE.  In  add i t ion  to  the  1 / r 6  dependence on  d is tance ,  NOE has  a  complex  t ime dependence,  in  
wh ich  the  overa l l  mo lecu la r  tumb l ing  may in te rac t  w i th  k ine t i cs  o f  the  con format iona l  exchange invo lved 
in  the  in terna l  mot ion .  The  sca lar  coup l ing  va lues  fo r  a  f lex ib le  s t ruc tu re  a re  s imp le  l i near  averages  
over  the  ensemble  o f  ind iv idua l  con formers .  Recent  deve lopments  in  mu l t id imens iona l  NMR have  made 
poss ib le  a  number  o f  new methods fo r  measurement  o f  the  requ i red heteronuc lear  coup l ing  cons tan ts .  
The  poor  sens i t i v i t y  charac ter i s t i c  o f  1 3 C  detec t ion  methods  in  na tura l  abundance can  be  improved by 
such  1H detec t ion  methods  as  heteronuc lear  mu l t ip le  bond cor re la t ion  (HMBC)  (Poppe e t  a l .  1991 ;  
Poppe e t  a l .  1991) .  Recent l y ,  the  access  to  1 3 C enr iched carbohydra tes  (Jones  e t  a l .  1989)  has  a l lowed 
the  use o f  new 2D and 3D NMR exper iments  fo r  the de termina t ion  o f  long- range H-C coup l ing  cons tan ts ,  
such  as  HMQC-NOESY (Xu e t  a l .  1996)  and  HMQC-TOCSY (G i t t i  e t  a l .  1994) .  Wi th  h igh ly  enr iched  
o l igosacchar ides  and  po lysacchar ides,  i t  a lso  poss ib le  to  measure long- range C-C coup l ing  constants  
tha t  prov ide  add i t iona l  in fo rmat ion  on  the  g lycos id ic  d ihedra l  ang les  (Mar t in -Pas tor  e t  a l .  2003 ;  M i l ton  et  

a l .  1998;  Xu e t  a l .  1998) .  
In  genera l ,  homonuc lear  3 J H H  coup l ing  constants  charac ter ize  the  d ispos i t ion  o f  ax ia l  and 

equator ia l  subs t i tuents  in  a  pyranose  and  furanose  res idue  (Tab.  2) .  For  ins tance,  v ic ina l  coup l ing  
cons tan t  be tween the  anomer ic  H1 and  the  H2 ind ica tes  the  re la t i ve  o r ienta t ion  o f  the  two pro tons:  I f  
they  are  bo th  in  an ax ia l  con f igura t ion  in  pyranose  s t ruc tures ,  a  la rge coup l ing  constan t  (7-8  Hz)  i s  
observed,  whereas  i f  they  a re  equator ia l -ax ia l ,  th is  i s  sma l le r  (J1 , 2 ~4  Hz) ,  and  for  ax ia l -equator ia l  o r  
equator ia l -equator ia l  o r ien ted  pro tons,  even  smal le r  coup l ing  cons tan ts  are  observed  (<2  Hz)  (Jansson 
e t  a l .  1987)  used  when ass ign ing  the  re la t i ve  or ien ta t ion  o f  p ro tons  in  a  hexopyranose  r ing  as  f i r s t  
demons t ra ted  by  Lemieux e t  a l .  in  1958 (Lemieux e t  a l .  1958) .  

In  add i t ion ,  the  homonuclear  3 JH 5 - H 6 p r o R  and  3 JH 5 - H 6 p r o S  coup l ings  are  re la ted  to  the ω  to rs ion  

ang le  (de f ined  by  a toms O5-C5-C6-O6)  o f  the  hydroxymethy l  group  in  pyranose  r ings .  These  coup l ings 
a re  usua l l y  in terpre ted in  te rms o f  a  combina t ion  o f  the  th ree  poss ib le  s taggered  con format ions,  gauche-

gauche (ω  =  -60±) ,  gauche- t rans  (ω  =  60±) ,  and  t rans-gauche (ω  =  180±) .  The  recen t  use  o f  

exper iments  such  as  HCCH-COSY or  HCCH-TOCSY in  1 3 C-enr iched carbohydrates  a l lows accura te  
measurements  o f  these homonuc lear  coup l ing  cons tan ts ,  wh ich  are  s ign i f i can t  to  the overa l l  
con format ion o f  o l igosacchar ides tha t  have  a  1 6 l inkage (van  Ha lbeek 1994) .  Bu t  most  impor tant ly ,  
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the  one  bond 1 3 C- 1 H coup l ing  cons tan ts  in  pyranoses  can  be  used  to  determine  the  anomer ic  
con f igura t ion  unequ ivoca l ly  (Bock  e t  a l .  1974) .  For  D  sugars  in  the  4 C 1  con format ion ,  a  1 JC 1 , H 1  ~  170  Hz 

ind ica tes  an  α -anomer ic  sugar  conf igura t ion  whereas 1 JC 1 , H 1  ~  160  Hz  ind ica tes a  β -anomer ic  sugar  

con f igura t ion  (Bock e t  a l .  1974) .  Th is  is  reversed  for  L  sugars .  The  use  o f  one-bond coup l ing  constants  
in  fu ranose  s t ruc tures does  no t  cor re la te  in  the  same way  w i th  the  anomer ic  s t ruc ture .  For  sugars  such 
as  NeuAc w i th  no  anomer ic  pro ton ,  the  anomer ic  con f igura t ion  can  be  ob ta ined  f rom measurements  o f  
the  carbony l -H3eq/H3ax  coup l ing  cons tan ts  (Haverkamp e t  a l .  1979;  Pry tu l la  e t  a l .  1991)  the  C2-H3 
coup l ing  cons tan ts  (Pry tu l la  e t  a l .  1990) ,  o r  f rom chemica l  sh i f ts  o f  the  H4 and  H6 pro tons ,  respec t i ve ly .  
A lso ,  he teronuc lear  coup l ing  constants  a re  ex t remely  impor tant  to  deduce the  re la t i ve  d ispos i t ion  o f  the  
monomers  w i th in  the  cha in  and  hence  the  geomet ry  o f  the  g lycos id ic  l i nkage in  te rm o f  i t s  d ihedra l  
ang les (Cano e t  a l .  1987) .   

The  in terpre ta t ion  o f  heteronuc lear  coup l ing  cons tants  3 J C O C H  across  a  g lycos id ic  l i nkage 

requ i res  a  Karp lus  re la t ionsh ip  to  cor re la te  the da ta  w i th  the φ  and  ψ  g lycos id ic  to rs ion  ang les.  The 

Equat ion  1  (Tvaroska  e t  a l .  1989)  s imi la r  to  one proposed by Mu l loy  e t  a l  (Mu l loy  e t  a l .  1988) ,  

3 J C O C H  (θ )  =  5 .7  cos 2 (θ )  –  0 .6  cos(θ )  +  0 .5  

represents  the  cor re la t ion  o f  the  coup l ing  cons tan ts  3 JC O C H  across  the  g lycos id ic  l inkage wh ich  

a l lows  to  deduce s t ruc tura l  const ra in ts .  Never the less ,  impor tan t  res t ra in ts  fo r  the  φ  and  ψ  to rs ion  

ang les  can  a lso  be  deduced f rom the  the  v ic ina l  coup l ing  cons tan ts ,  3J C 2 C 1 O 1 C x ,  3 J C 1 O 1 C x C x - 1 ,  and 
3 J C 1 O 1 C x C x + 1 ,  and  a  cons iderab le  e f for t  has  been ded ica ted  to  th is  top ic  (M i l ton  e t  a l .  1998) .   

Nuclear Overhauser Effect: theory and related experiments 
Cons ider  two  sp ins ,  I  and  S which  a re  no t  coup led .  The  two sp ins  have  be tween them four  

energy  leve ls ,  wh ich  can  be  labe l led  accord ing  to  the  sp in  s ta tes o f  the  two sp ins  (F ig .  21) .   

 

  

F igure  21 .  (a)  shows the  energy  leve ls  o f  a  two  sp in  sys tem;  the  leve ls  a re  labe l led  w i th  
the  sp in  o f  I  f i r s t  and  the  sp in  o f  S  second.  The  dashed ar rows ind ica te  a l lowed 
t rans i t ions  o f  the  I  sp in ,  and  the  so l id  a r rows ind ica te  a l lowed t rans i t ions o f  the  S  sp in .  
D iagram (b)  shows the  re laxa t ion  induced t rans i t ions  wh ich  are  poss ib le  amongst  the 
same se t  o f  leve ls .  
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I t  tu rns  ou t  tha t  in  such  a  sys tem i t  i s  poss ib le  to  have  re laxa t ion  induced t rans i t ions be tween a l l  
poss ib le  pa i rs  o f  energy  leve ls ,  even  those  t rans i t ions  wh ich  a re  forb idden in  norma l  spec t roscopy .  The  
ra te  cons tan ts  fo r  the  two a l lowed I  sp in  t rans i t ions w i l l  be  denoted  WI ( 1 )  and  W I ( 2 )  ,  and  l i kew ise  fo r  the  

sp in  S  t rans i t ions .  The  ra te  cons tan t  fo r  the t rans i t ion  be tween the αα  and ββ  s ta tes  is  denoted  W 2 ,  

tha t  i t  i s  a  doub le  quantum t rans i t ion .  F ina l l y ,  the  ra te  cons tan t  fo r  the  t rans i t ion  be tween the  αβ  and 

βα  s ta tes i s  denoted W 0 ,  a  zero  quantum t rans i t ion  (F ig .  21) .  

The bas is  o f  the  nuc lear  Overhauser  e f fec t  can  read i l y  be  seen f rom the  So lomon equat ion :  

[ equa t i on  1 ]  
in  wh ich  i t  i s  c lear  tha t  i f  the  S  sp in  magnet iza t ion  dev ia tes  f rom equ i l ib r ium there  w i l l  be  a  change in  

the  I  sp in  magnet iza t ion  a t  a  ra te  propor t iona l  to  the  c ross- re laxa t ion  ra te ,  σ I S ,  and  to  the ex tent  o f  the  

dev ia t ion  o f  the  S  sp in  f rom equ i l ib r ium.  Th is  change in  the  I  sp in  magnet iza t ion  w i l l  man i fes t  i t se l f  as  a  
change in  the  in tens i ty  in  the  cor respond ing  spec t rum,  and  th is  change in  in tens i ty  o f  the  I  sp in  when  
the  S  sp in  is  per turbed  i s  denomina ted  the  nuc lear  Overhauser  e f fec t .  P la in ly ,  there  w i l l  be  no  such 

e f fec t  un less σ I S  i s  non-zero ,  wh ich  requ i res  the  presence  o f  the  W 2  and  W 0  re laxa t ion  pa thways .  Such  

pa thways  a re  on ly  presen t  when there  is  d ipo lar  re laxa t ion  between the  two sp ins  and  tha t  the  resu l t ing  
c ross- re laxa t ion  ra te  cons tan ts  have a  s t rong  dependence on  the  d is tance be tween the  two sp ins.  The  
observa t ion  o f  a  nuc lear  Overhauser  e f fec t  i s  there fore  d iagnos t i c  o f  d ipo la r  re laxat ion and hence  the 
p rox im i ty  o f  pa i rs  o f  sp ins .  The  e f fec t  i s  o f  enormous  va lue,  there fore ,  in  s t ruc ture  de te rminat ion  by 
NMR.  

A  s imp le  exper iment ,  wh ich  revea ls  the  NOE,  i s  to  inver t  jus t  the  S ,  sp in  by  app ly ing  a  se lec t i ve  
180°  pu lse  to  i t s  resonance  ( the  so  ca l led  t rans ien t  NOE exper iment ) .  The S  sp in  i s  then no t  a t  
equ i l ib r ium so  magnet iza t i on  i s  t rans fe r red  to  I  sp in  by  cross- re laxa t ion .  A f ter  a  su i tab le  per iod ,  ca l led  

the  mix ing t ime,  τm ,  a  non-se lec t i ve  90°  pu lse i s  app l ied  and  the  spect rum recorded.  

A f ter  the se lec t i ve  pu lse the  s i tuat ion i s  

[  equa t i on  2 ]  

where  Iz  has been wr i t ten  as  Iz ( t )  to  emphas ize  that  i t  depends on  t ime and l i kew ise for  S .  To  work  ou t  
what  w i l l  happen dur ing the  mix ing  t ime the d i f fe rent ia l  equat ions 

[  equa t i ons  3 ]  

need to  be  so lved  ( in tegra ted)  w i th  th is  in i t ia l  cond i t ion .  One s imp le  way  to  do  th is  i s  to  use  the  in i t ia l  
ra te  approx imat ion .  Th is  invo lves  assuming  that  the  mix ing  t ime is  su f f i c ien t l y  shor t  tha t  i t  can  be  
assumed tha t  the in i t ia l  cond i t ions  set  ou t  in  Eq.  [2 ]  app ly ;  so ,  fo r  the  f i r s t  equat ion  
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[ equa t i on  4 ]  

Th is  i s  now easy  to  in tegra te  as  the  r igh t -hand s ide  has no dependence on  I z ( t )  

[ equa t i on  5 ]  

 

In  Eq . [5 ]  fo r  zero  mix ing t ime,  the  I  magnet iza t ion  i s  equa l  to  i t s  equ i l ib r ium va lue ,  bu t  as  the  
mix ing  t ime inc reases ,  the  I  magnet iza t ion  has an add i t iona l  con t r ibu t ion,  wh ich i s  propor t iona l  to  the 

mix ing  t ime and  the  c ross- re laxa t ion  ra te ,  σ I S .  Th is  la t te r  te rm resu l ts  in  a  change in  the  in tens i t y  o f  the  

I  sp in  s igna l ,  and  th is  change i s  ca l led  an  NOE enhancement .  The  normal  p rocedure  for  v isua l i z ing 
these  enhancements  i s  to  record  a  re ference  spec t rum in  wh ich  the  in tens i t ies  a re  unper tu rbed .  In  te rms 
o f  z -magnet iza t ions th is  means tha t  I z , r e f  =  I 0 z  .  The  d i f fe rence  spec t rum,  def ined as  (per turbed spect rum 
–  unper turbed  spect rum)  cor responds  to  the  d i f fe rence  

[equa t i on  6 ]  

The NOE enhancement  fac tor ,  η ,  i s  de f ined  as  

[equa t i on  7 ]  

so  in  th is  case  η  i s  

[ equa t i on  8 ]  

and  i f  I  and  S  a re  o f  the  same nuc lear  spec ies  (e .g .  bo th  pro ton) ,  the i r  equ i l i b r ium magnet iza t ions  are  
equa l  so  that  

[ equa t i on  9 ]  

Hence ,  a  p lo t  o f  η  aga inst  m ix ing  t ime w i l l  g ive  a  s t ra igh t  l ine  o f  s lope  σ I S ;  th is  i s  a  method used for  

measur ing  the  c ross- re laxa t ion  ra te  cons tant .  A  s ing le  exper iment  fo r  one  va lue  o f  the  mix ing  t ime w i l l  
revea l  the  p resence o f  NOE enhancements .  The dynamics o f  the  NOE in  2D-NOESY exper iments  a re 
very  s im i la r  to  those  for  the t rans ien t  NOE exper iment .  The  key  d i f fe rence  i s  tha t  ins tead  o f  the 
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magnet iza t ion  o f  the  S  sp in  be ing inver ted a t  the  s tar t  o f  the  mix ing  t ime,  the  magnet iza t ion  has an 
ampl i tude labe l ,  wh ich  depends on the evo lu t ion  dur ing t 1 .  

The  t ime dependence and  s ize  o f  the  NOE enhancement  depends  on  the  re la t i ve  s izes o f  the 

c ross- re laxa t ion  ra te  cons tan t  σ I S  and  the  se l f - re laxa t ion  ra te  cons tan ts  R I  and  R S .  I t  tu rns  out  that  

these  se l f - ra tes  are  a lways  pos i t i ve ,  bu t  the  cross- re laxa t ion  ra te  cons tan t  can  be pos i t ive  or  negat i ve .  

The reason fo r  th is  i s  that  σ I S  =  (W2  –  W 0 )  and  i t  i s  qu i te  poss ib le  for  W0  to  be  greater  o r  less  than  W2 .   

A  pos i t i ve  cross- re laxa t ion  ra te  constan t  means  tha t  i f  sp in  S  dev ia tes  f rom equ i l ib r ium c ross-
re laxa t ion  w i l l  i nc rease the  magnet iza t ion  on  sp in  I .  Th is  leads  to  an  increase  in  the  s igna l  f rom I ,  and 
hence a  pos i t i ve  NOE enhancement .  Th is  s i tua t ion  i s  t yp ica l  fo r  sma l l  mo lecu les  in  non-v iscous 
so lven ts .   

A  negat i ve  cross- re laxa t ion  ra te  constan t  means  tha t  i f  sp in  S  dev ia tes  f rom equ i l ib r ium c ross-
re laxa t ion  w i l l  decrease  the  magnet iza t ion  on  sp in  I .  Th is  leads  to  a  negat ive  NOE enhancement ,  a  
s i tua t ion  typ ica l  fo r  la rge mo lecu les  in  v iscous  so lven ts .  A lso ,  W 0  and  W 2  can  become equa l  and  then 
the  NOE enhancement  goes  to  zero .  

Thus,  σ I S  can  be  e i ther  pos i t i ve  or  negat ive .  I f  σ I S  i s  pos i t i ve ,  the  d iagona l  and  cross  peaks  w i l l  

be  o f  oppos i te  s ign,  whereas  i f  σ I S  i s  negat ive  a l l  the  peaks  w i l l  have the  same s ign .  

In  conc lus ion ,  the  d ipo la r  mechan ism is  the  on ly  common re laxa t ion  mechan ism,  which  can 
cause  t rans i t ions  in  wh ich  more  tha t  one  sp in  f l ips .  Spec i f i ca l ly ,  the  d ipo lar  mechan ism g ives  r i se  to  

t rans i t ions  be tween the αα  and the  ββ  s ta tes  (W 2 )  and  be tween the  αβ  and  βα  s ta tes (W 0 )  and  hence 

to  the  NOE e f fec t .  The  re laxa t ion  induced by  the  d ipo lar  coup l ing  i s  propor t iona l  to  the square o f  the  
coup l ing ,  and  i t  goes as  

6
22 1

IS
SI r

γγ  

where  γ I  and γS  a re  the  gyromagnet ic  ra t ios  o f  the  two nuc le i  invo lved ,  and  r I S  i s  the  d is tance  be tween 

them.  I t  i s  ev iden t ,  hence ,  that  NOE enhancement  cou ld  be  s t r i c t l y  cor re la ted  w i th  the  geometry  o f  the  
mo lecu le .  

Residual Dipolar Coupling: Theory and General Concepts 
Th is  a l i gnmen t  t ens o r  i s  a  key  c onc ep t  t ha t  i s  c ruc ia l  t o  unde rs tand  res idua l  
d i po la r  c oup l i ngs .  Howeve r ,  i n  ou r  ex pe r i enc e ,  the re  a re  c onc ep tua l  
d i f f i c u l t i es  t o  f u l l y  unde rs tand  t he  phy s ica l  mean ing  o f  t he  a l i gnmen t  t ens o r ,  
wh i c h  s ome t imes  l ead  t o  s e r i ous  m is c onc ep t i ons .  Th i s  may  res u l t  i n  pa r t  
f r om the  c ommon  p rac t i c e  in  l i t e ra tu re ,  to  de r i v e  t he  a l i gnmen t  t enso r  us ing  
ma thema t i c a l l y  e l egan t ,  bu t  no t  v e ry  i n tu i t i v e  approac hes  bas ed  on  sphe r i c a l  
ha rmon i cs ,  t he i r  add i t i on  t heo rems ,  Legend re  po l y nomia l s ,  W igne r  r o ta t i on  
ma t r i c es ,  and  a  c on fus ing  number  o f  ang les  be tween  v a r i ous  ax es .  
  
 F .  K ramer  e t  a l .  i n  “ Res idua l  D ipo la r  Coup l i ng  Cons tan t :  An  E lemen ta ry  
De r i v a t i on  o f  Key  Equa t i ons ” ,  Conc ep ts  Magn .  Res onanc e  (2004 )  21A ,  10 -21  
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The use  o f  res idua l  d ipo la r  coup l ings  (RDCs)  in  the  ana lys is  o f  b iomolecu lar  s t ruc tu re  and 
dynamics  has  expanded rap id ly  s ince  i t s  po ten t ia l  as  a  source  o f  s t ruc tura l  in format ion  on  pro te ins  was  
demonst ra ted  in  the  mid  1990s  (T jandra e t  a l .  1997 ;  To lman e t  a l .  1995) .  The  deve lopment  o f  RDC 
app l i ca t ions  has  been rev iewed per iod ica l l y  s ince  the i r  in t roduct ion  to  the  s t ruc tura l  b io logy  f ie ld  (see 
Tab le  3  fo r  re ferences  l i s t ,  J iménez-Barbero  and Peters ,  2002) )  and app l i ca t ions  have  spread  to  nuc le ic  
ac id  s t ruc tu re ,  carbohydra te  s t ruc ture ,  p ro te in- l igand in te rac t ions ,  pro te in  domain  re la t ionsh ips,  h igh-
throughput  s t ra teg ies for  s t ruc tura l  genomics ,  and s tud ies  o f  mot iona l  ampl i tudes  in  f lex ib le  assembl ies .  

 

Tab le  3 .  Res idua l  D ipo la r  Coup l i ng  rev iews  

Authors  T i t l e  Year  

Zhou ,  H . ;  Ve rmeu len ,  A . ;  
Jucker ,  F .  M . ;  Pa rd i ,  A .  

I nc o rpo ra t i ng  Res idua l  D ipo la r  Coup l i ngs  i n to  t he  NMR 
So lu t i on  S t ruc tu re  De te rm ina t i on  o f  Nuc le i c  Ac ids  1999  

P res tega rd ,  J .  H . ;  A l -
Has h im i ,  H .  M. ;  To lman ,  
J .R .  

NMR s t ruc tu res  o f  b i omo lecu les  us ing  f i e ld  
o r i en ted  med ia  and  res idua l  d i po la r  c oup l ings  2000  

Bax ,  A . ;  Kon tax is ,  G . ;  
T j and ra ,  

D ipo la r  c oup l ings  i n  mac romo lec u la r  s t r uc tu re  
de te rm ina t i on  2001  

B runne r ,  E .  Res idua l  D ipo la r  Coup l i ngs  i n  P ro te i n  NMR 2001  

To lman ,  J .  R .  D ipo la r  c oup l ings  as  a  p robe  o f  mo lec u la r  dy namics  and  
s t r uc tu re  i n  so lu t i on  2001  

A l -Has h im i ,  H .  M . ;  Pa te l ,  
D .  J .  

Res idua l  d i po la r  c oup l i ngs :  sy ne rgy  be tween  NMR and  
s t ruc tu ra l  genomic s  2002  

de  A lba ,  E . ;  T jand ra ,  N .  NMR d ipo la r  coup l i ngs  f o r  t he  s t r uc tu res  de te rm ina t i on  o f  
b i opo l y mers  in  s o lu t i on  2002  

Mac D ona ld ,  D . ;  Lu ,  P .  Res idua l  d i po la r  c oup l i ngs  in  nuc le i c  ac id  s t r uc tu re  
de te rm ina t i on  2002  

Bax ,  A .  D .  Weak  a l i gnmen t  o f f e r s  new  NMR oppo r tun i t i es  t o  s t udy  
p ro te i n  s t r uc tu re  and  dy namics  2003  

L ips i t z  RS ,  T jand ra  N .  Res idua l  d i po la r  c oup l i ngs  in  NMR s t ruc tu re  ana l ys i s  2004  

P res tega rd  J H ,  Bougau l t  
CM,  K is ho re  A I .  

Res idua l  d i po la r  c oup l i ngs  in  s t r uc tu re  de te rm ina t i on  o f  
b i omo lec u les  2004  

 

I f  we  cons ider  two  sp ins I  and  S  (F ig .  22) ,  we  can  iden t i f y  the i r  d ipo lar  coup l ing  w i th  the  in ternuc lear  

vec tor  R#  and  i t s  o r ien ta t ion  respec t  the  externa l  magnet ic  f ie ld .   

The forma l  ana ly t i ca l  express ion  o f  d ipo lar  coup l ing  i s  represented  in  Eq.  10:  

  [Equa t i on  10 ]  

 

                                                 
# vector entities are here indicated with their corresponding bold letters. 
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F i gu re  22 .  De f i n i t i on  o f  t he  ang le  θ  be tween  t he  i n te rn uc lea r  v ec to r  R  
( c onnec t i ng  sp ins  I  and  S )  and  t he  magne t i c  f i e l d  v ec to r  B .  The  un i t  
v ec t o rs  r  and  b  po in t  i n  t he  d i r ec t i on  o f  R   and  B  ,  r espec t i ve ly .  

 

where  θ  i s  the  ang le  be tween the in te rnuc lear  vec to r  and the  magnet ic  f ie ld  (see F ig .  22)  and the  te rm 

k :  

 [Equa t i on  11 ]  

on ly  depends on  γ I  and γS ,  gyromagnet ic  ra t ios  o f  sp in  I  and  S  respect i ve ly ;  the  P lanck  constan t  

π/2h=h  and  the  permeab i l i t y  o f  vacuum µ 0 .  For  example ,  fo r  1 H– 1 H,  1 3 C– 1 H,  and  1 5 N– 1 H sp in  pa i rs ,  

k=-360.3 ,  -90 .6 ,  and  36 .5  kHz  Å 3 ,  respec t i ve ly .  The  max imum poss ib le  va lue  o f  cos 2  θ  i s  1  ( fo r  θ=  0  o r  

π ) ,  and hence ,  accord ing to  Eq .  [10 ] ,  the  max imum poss ib le  d ipo la r  coup l ing  cons tan t  i s  

 [Equa t i on  12 ]  

wh ich cor responds,  e .g . ,  to  21 .7  kHz fo r  a  1 5 N– 1 H sp in  pa i r  w i th  d is tance  R= 1 .04 Å .  

I t  tu rns  out  tha t  a l though d ipo lar  coup l ing  are  the dominant  in terac t ions  in  so l id  s ta te  NMR of  
sp in  -1 /2  nuc le i ,  they are  averaged to  zero  for  i so t rop ica l l y  reor ien t ing  mo lecu les in  the  l iqu id  s ta te .  
Th is  makes  i t  poss ib le  to  ach ieve  h igh- reso lu t ion  spec t ra  w i th  re la t i ve  ease  in  l i qu id  s ta te  NMR.  On the 
o ther  hand,  a  wea l th  o f  s t ruc tura l  in fo rmat ion  i s  los t  i f  d ipo lar  coup l ings  van ish .  For tuna te ly ,  in  l iqu id  
s ta te  NMR,  mo lecu les  can  be  par t ia l l y  a l igned,  e .g . ,  by  ex te rna l  f i e lds  (magnet i c  or  e lec t r i c )  or  by  
an iso t rop ic  so lven ts .  For  example ,  in  l i qu id  crys ta l l i ne  so lven ts ,  the  d isso lved  mo lecu les  a re  par t ia l ly  
a l igned th rough s te r i c  and an isot rop ic  in terac t ions  w i th  the  so lven t  mo lecu les ,  and  d ipo lar  coup l ings  can  
be  observed  (Saupe e t  a l .  1963) .  The  recen t  success  and  w ide  use  o f  such  res idua l  d ipo lar  coup l ings  is  
due  to  the  deve lopment  and  charac ter i za t ion  o f  severa l  new a l ignment  med ia  such  as  b ice l les  (T jandra  
e t  a l .  1997) ,  f i l amentous phage Pf1  (Hansen e t  a l .  1998) ,  and po lyacry lamide  ge ls  (Sass  e t  a l .  2000 ;  
Tycko  e t  a l .  2000) ,  wh ich  make i t  poss ib le  to  c rea te  a  re la t i ve ly  smal l ,  tunab le  degree  o f  a l ignment .  Th is  
a l lows  to  ad jus t  the  a l ignment  in  such a  way  that  the  s ize  o f  the  average d ipo lar  coup l ing  i s  on  the  order  
o f  the  J  coup l ings .  In  th is  case ,  the  resu l t ing  spec t ra  a re  s t i l l  s imp le ,  and  d ipo lar  coup l ing  cons tan ts  can  
be  measured ,  in  a  re la t i ve ly  easy  manner ,  by  compar ing  l ine  sp l i t t i ng  in  i so t rop ic  and  in  a l igned 
samples.  In  a  weak  a l ignment  med ium,  the to ta l  Hami l ton ian  (sum of  d ipo la r  and sca la r  Hami l ton ians)  
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d i rect l y  cor responds  to  the  exper imenta l l y  observed  l ine  sp l i t t i ng  in  un i ts  o f  Hz.  By  repeat ing  the  same 
measurements  in  i so t rop ic  cond i t ions ,  on ly  sca la r  coup l ing  can  be measured  and hence  by  jus t  
sub t rac t ing  th is  resu l t  to  the  p rev ious,  on ly  d ipo la r  con t r ibu t ion can  be  ext rac ted .  

In  the  las t  coup le  o f  years ,  RDCs measurements  have  become fa i r l y  common methodo log ies,  
espec ia l l y  fo r  so lv ing  re la t i ve  s tereochemis t ry  o f  remote  centers  (Arou landa e t  a l .  2003 ;  Yan e t  a l .  
2003)  tha t  a re  o therw ise  imposs ib le  to  e luc ida te  by  employ ing  s tandard  approaches  l i ke  sca la r  
coup l ings  and  NOEs contac ts .  In  these  cases ,  jus t  the  exper imenta l  RDC va lues ,  w i thou t  any  fur ther  
mathemat ica l  ana lys is  have  so lved  the  re la t i ve  or ien ta t ion  o f  C-H vec to rs  (c is  versus  t rans or  ax ia l  
ve rsus equato r ia l ) .  

The  qua l i ta t ive  approach  for  RDCs is  ev ident l y  no t  enough when incorpora t ing  them in  mo lecu lar  
mode l ing  pro toco ls  as  add i t iona l  res t ra ins  to  the  NOEs.  In  par t icu la r ,  back  ca lcu la t ions  o f  RDCs requ i re  
a  prev ious  knowledge o f  the  or ien ta t ion  and  o f  the  three  components  o f  the  so-ca l led  a l ignment  tensor .  
In  a  s im i la r  geometr i c  approach  o f  the  o r ig ina l  der i va t ion  f rom Saupe (Saupe e t  a l .  1963) .  The a l ignment  
tensor  cou ld  be  der ived  f rom the  re la ted  p robab i l i t y  tensor .  So ,  f rom a  geomet r i ca l  po in t  o f  v iew,  the  cos  

θ  te rm in  Eq .  10  cou ld  be  in terpre ted  as  the  sca la r  p roduc t  be tween the  two  un i t  vec tors  b  and  r  ( f igure 

22)  and  the  cos  θ  te rm can  a lso  be expressed in  the  form 

 [Equa t i on  13 ]  

where  b T  i s  a  row vector  ( the  t ranspose  o f  the  co lumn vector  b  )  tha t  a l lows to  wr i te  the  sca la r  p roduct  
o f  the  two vec to rs  as  a  usua l  mat r i x  p roduc t  between the  1X 3  mat r i x  b T  and  the  3X 1  mat r i x  r .  

When we cons ider  the  two sp ins I  and S ,  we know tha t  they are  par t  o f  a  mo lecu le  in  so lu t ion .  In  
the  lab  f rame,  the  magnet ic  f ie ld  vec to r  B  i s  cons tan t  (po in t ing  a long the z L  ax is ) ,  but  the  in ternuc lear  
vec tor  R  i s  t ime-dependent  [ see F ig .  23A] .  For  s imp l i c i t y ,  we  assume tha t  the  mo lecu le  i s  r ig id  (no 
in terna l  dynamics  w i th  a  cons tan t  d is tance ,  R ) ,  such  that  the  t ime dependence  o f  R  i s  so le ly  due to  the  

ro ta t iona l  tumb l ing  mot ion  o f  the  mo lecu le .  Hence ,  the  term cos  θ  (and  as  a  resu l t  a lso  the  d ipo la r  

coup l ing  cons tant  D  and  the  d ipo la r  coup l ing  Hami l ton ian)  i s  t ime-dependent .  For  pro te ins ,  the  
ro ta t iona l  cor re la t ion  t ime i s  on  the  o rder  o f  nanoseconds  and  on  the  t ime sca le  o f  the  NMR exper iment ,  

on ly  the  t ime-averaged d ipo lar  Hami l ton ian  DH  g ives  r i se  to  sp l i t t i ng  in  the  spec t rum.  The t ime-

averaged d ipo la r  coup l ing  cons tan t  

[Equa t i on  14 ]  

represents  the  so-ca l led  res idua l  d ipo la r  coup l ing  cons tan t ,  wh ich  depends  on  the  average  a l ignment  o f  
the  mo lecu le .  
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F igu re  23 .  E f f ec t  o f  mo lecu la r  t umb l i ng  o f  a  r i g i d  mo lec u le  as  s een  (A )  f r om the  l ab  f r ame  o f  
r e fe renc e  (w i th  ax es  x L ,  y L ,  z L )  and  (B )  f r om an  a rb i t r a ry  mo lec u la r  f r ame  o f  r e fe renc e  (w i t h  ax es  
x ,  y ,  z ) .  I n  t he  l ab  f r ame  (A ) ,  t he  magne t i c  f i e l d  B  i s  c ons tan t  and  po in t s  by  de f i n i t i on  a l ong  t he  z L  
ax i s ,  whe reas  t he  i n te rnuc lea r  v ec to r  R  k eeps  c hang ing  i t s  d i r ec t i on .  In  a  mo lec u la r  f r ame  (B ) ,  t he  
s i t ua t i on  i s  r ev e rs ed :  he re ,  any  g i v en  i n te rnuc lea r  v ec to r  i s  c ons tan t ,  whe reas  t he  o r i en ta t i on  o f  
t he  magne t i c  f i e l d  i s  t ime -dependen t .  

 

When der iv ing  a  genera l  approach  for  the  ca lcu la t ion  o f  D ,  the  eas ies t  way  i s  to  use  a  second 
re fe rence  sys tem d i f fe ren t  to  the  one dep ic ted  in  F ig  23A,  and  hence move f rom the  lab  f rame to  a  
f rame o f  re fe rence  that  is  f i xed  to  the  mo lecu le  (F ig .  23B) .  In  th is  arb i t rar i l y  chosen mo lecu lar  f rame,  
w i th  axes  (x ,  y ,  z ) ,  a  g iven  in ternuc lear  vector  R  i s  cons tan t  (s t i l l  assuming  a  r ig id  mo lecu le  w i thout  
in terna l  dynamics)  and  equa l  to  

 

whi le  the  d i rec t ion  o f  the  magnet ic  f ie ld  vec to r  B  i s  t ime-dependent :  

 

And now,  the de f in i t ion  o f  cos  θ  can be  rewr i t ten  in  th is  new re fe rence  system as :   

 [Equa t i on  15 ]  

and 
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 [Equa t i on  16 ]  

 

Rear rang ing  Eq .  16 ,  i t  i s  poss ib le  to  express the  t ime average cos 2 θ in  te rms o f  the  p robab i l i t y  mat r ix ,  

P:  

[Equa t i on  17 ]  

And  f rom the knowledge o f  the  probab i l i t y  mat r i x ,  P ,  the  res idua l  d ipo la r  coup l ing  cons tan t  can  be  
ca lcu la ted  f rom Eq.  18 :  

[Equa t i on  18 ]  

The mat r ix  P  i s  rea l ,  symmetr i c ,  and  has  a  t race  o f  1  because 

 [Equa t i on  19 ]  

S ince  by def in i t ion ,  b  i s  a  un i t  vec to r ,  hence,   fo r  a l l  t imes t .  Therefore ,  P  i s  

fu l l y  spec i f ied  by  on ly  f i ve  independent  parameters .  

1)()()( 222 =++ tbtbtb zyx

In  the  NMR l i te ra ture ,  i t  i s  no t  cus tomary  to  cons ider  the  probab i l i t y  tensor  P ,  bu t  to  use  i t s  
t race less  par t ,  wh ich i s  ca l led  the  a l ignment  tensor  A :  

[Equa t i on  20 ]  

Or  a l te rnat i ve ly ,  i t  i s  poss ib le  to  use  the  pr inc ipa l  va lues  S x ,  S y  and  S z  o f  the  Saupe mat r i x  (or  order  
mat r i x )  S :  

[Equa t i on  21 ]  
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these  de f in i t ions  a l low to  in t roduce  the  ax ia l  component  Aa  and  the  rhombic  component  A r  o f  the  
a l ignment  tensor  as :  

 
and 

 

 

And hence the  three  most  impor tan t  parameters  when s tudy ing RDCs in  weak  a l ignment  med ia  are  
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Fina l l y ,  one o f  the las t  f ron t ie rs  in  the  app l i ca t ion  o f  RDCs,  and  the  most  in teres t ing  for  the  purpose  o f  
th is  work ,  i s  the  s tudy  o f  the  dynamics o f  a  carbohydrate  (Mar t in -Pastor  e t  a l .  2005;  T ian  e t  a l .  2001;  Y i  
e t  a l .  2004) ,  wh ich  in  combina t ion  w i th  mo lecu la r  dynamic  s imu la t ions  can  fac i l i ta te  the  ab i l i t y  to  
separa te ly  de f ined  s t ruc tu res  and  mot ions  and  cou ld  d rast i ca l l y  improve  the phys ica l  descr ip t ion  o f  the  
con formers  sampled .  

NMR and molecular modeling 
Molecu lar  mode l ing ,  a lso  known as  mo lecu lar  mechan ics ,  i s  a  method to  ca lcu la te  the  s t ruc ture  

and  energy  o f  mo lecu les  based on  nuc lear  mot ions .  E lec t rons  a re  no t  cons idered  exp l i c i t l y ,  bu t  ra ther  i t  
i s  assumed tha t  they w i l l  f i nd  the i r  op t imum d is t r ibu t ion ,  once the pos i t ions  o f  the  nuc le i  a re  known.  
Th is  assumpt ion  i s  based on  the  Born-Oppenhe imer  approx imat ion  o f  the  Schröd inger  equat ion .  The  

Born-Oppenhe imer  approx imat ion  s ta tes  tha t  nuc le i  a re  much heav ier  
and  move much more s low ly  than e lec t rons .  Thus,  nuc lear  mot ions ,  
v ib ra t ions and  ro ta t ions can  be  s tud ied  separate ly  f rom e lec t rons ;  
the  e lec t rons  a re  assumed to  move fas t  enough to  ad jus t  to  any 
movement  o f  the  nuc le i .  In  a  very  s imp le  sense ,  mo lecu lar  mode l ing 
t rea ts  a  mo lecu le  as  a  co l lec t ion  o f  we igh ts  connec ted  w i th  spr ings,  
where  the  weigh ts  represen t  the  nuc le i  and  the  spr ings  represen t  the 

bonds.   

A  fo rce  f ie ld  i s  used  to  ca lcu la te  the energy  and  geometry  o f  a  mo lecu le .  I t  i s  a  co l lec t ion  o f  
a tom types  ( to  de f ine  the a toms in  a  mo lecu le) ,  parameters  ( fo r  bond lengths ,  bond ang les ,  e tc . )  and 
equat ions  ( to  ca lcu la te  the  energy  o f  a  mo lecu le ) .  In  a  force  f ie ld ,  a  g iven  e lement  may  have  severa l  
a tom types .  For  example ,  e thy lbenzene conta ins  bo th  sp 3 -hybr id ized  carbons  and aromat ic  carbons.  sp 3 -
Hybr id ized  carbons  have a  te t rahedra l  bond ing  geometry ,  wh i le  aromat ic  carbons  have  a  t r igona l  
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bond ing  geometry .  The  C-C bond in  the  e thy l  g roup  d i f fe rs  f rom a  C-C bond in  the  pheny l  r ing ,  and the  
C-C bond be tween the  pheny l  r ing  and the  e thy l  g roup  d i f fe rs  f rom a l l  o ther  C-C bonds  in  e thy lbenzene.  
The force  f ie ld  (Perez  e t  a l .  1998)  con ta ins  parameters  for  these  d i f fe rent  types  o f  bonds  and the  mos t  
common in  carbohydra te  comput ing  a re  CHARMM (Ha e t  a l .  1988 ;  Re i l i ng  e t  a l .  1996) ,  AMBER (Homans 
1990;  Woods e t  a l .  1995) ,  Macromodel -AMBER*  (Senderowi tz  e t  a l .  1997) ,  GROMOS (Ot t  e t  a l .  1996) ,  
OPLS (Damm et  a l .  1997) ,  CVFF (Hwang e t  a l .  1998) ,  TRIPOS (Perez   e t  a l .  1995) ,  and  MM3 (A l l inger  e t  
a l .  1990) .  

The to ta l  energy  o f  a  molecu le  i s  d iv ided  in to  severa l  par ts ,  ca l led  force  po tent ia ls ,  o r  po ten t ia l  
energy  equat ions .  Force po tent ia ls  are  ca lcu la ted  independent ly ,  and  summed to  g ive  the  to ta l  energy o f  
the  mo lecu le .  Examples o f  fo rce  po ten t ia ls  are  the  equat ions for  the  energ ies assoc ia ted w i th  bond 
s t re tch ing ,  bond bend ing,  to rs iona l  s t ra in  and  van  der  Waa ls  in terac t ions .  These  equat ions  def ine the 
po ten t ia l  energy  sur face  o f  a  mo lecu le .  

E T O T A L  =  E S T R E T C H  +  E B E N D  +  E T O R S I O N  +  E V d W  +  E D P - D P  

 

Energy due to Bond Stretching  

Whenever  a  bond is  compressed or  s t re tched the energy  goes up .  
The energy po ten t ia l  fo r  bond s t re tch ing  and  compress ing  i s  
descr ibed by an  equat ion  s im i la r  to  Hooke 's  law for  a  spr ing :  

( )2
0IIkS −=

2
 ES  [ equa t i on  22 ]  

where  kS  i s  the  fource  cons tant  in  mdyn/Å 
I 0  i s  the  natura l  bond length  in  Å  
I  i s  the  ac tua l  bond leng th  in  Å  
For  a  typ ica l  a lkene,  C-C bond ks=4.4mdyn/  Å  and I0=1.523  Å  

 

Energy due to Bond Angle Bending 
As ang les  a re  bent  f rom the i r  norm the  energy  inc reases .  The 

po ten t ia l  func t ion  be low works  very  we l l  fo r  bends o f  up to  about  10 
degrees.   

(  
2

  E 2
0Θ−Θ= Θ

Θ

k )  [ equa t i on  23 ]  

where  kΘ  i s  the  fo rce  cons tan t  in  mdyn/ (Å  rad 2 )  
Θ 0  i s  the natu ra l  bond ang le  in  degrees  
Θ  i s  the  ac tua l  bond ang le  in  degrees 
For  an  a lkane  C-C-C bond ang le  kΘ i s  0 .45  mdyn/ (Å  rad 2 )  and  Θ  i s  109.5°  
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Energy due to Torsional Strain 
In t ramolecu la r  ro ta t ions  ( ro ta t ions  about  to rs ion  o r  d ihedra l  

ang les)  requ i re  energy .  For  example ,  i t  takes  energy  fo r  cyc lohexane 
to  go  f rom the  cha i r  con format ion  to  the  boat  con format ion.  The 
tors ion  po tent ia l  i s  a  Four ie r  ser ies  tha t  accounts  fo r  a l l  1 -4  through-
bond re la t ionsh ips :  

( ) ( ωωω 3cos1
2

)2cos1(
2

cos1 321 +++++=
VVV

2
  Etor ) [ equa t i on  24 ]  

where  V 1 ,  V2 ,  V3  a re  force cons tan ts  in  the Four ier  ser ies  in  kca l /mo l  
ω  i s  the  to rs ion  ang le  f rom 0°  to  180° 
For  a  typ ica l  to rs ion  ang le  in  an  a lkane,  V1 =0 .20 ,  V 2 =0 .27 ,  V 3 =0 .0093 

 

Energy due to van der Waals Interactions 
The van  der  Waa ls  rad ius o f  an  a tom is  i t s  e f fec t i ve  s ize .  

As  two  non-bonded a toms are  brought  together ,  the  van  der  Waals  
a t t rac t ion  between them inc reases  (a  decrease  in  energy) .  When 
the  d is tance be tween them equa ls  the sum o f  the  van  der  Waals  
rad i i ,  the  a t t rac t ion  i s  a t  a  max imum.  I f  the  a toms are  b rought  s t i l l  
c loser  together ,  there  i s  s t rong  van  der  Waa ls  rep lus ion  (a  sharp  
inc rease  in  energy) :  

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

6

0

0 2
r
r

r
r V

V

ε  EVdW  [ equa t i on  25 ]  

where  ε  i s  the  energy  parameter  wh ich se ts  the depth  o f  the  po ten t ia l  energy we l l  
r V  i s  the  sum o f  the Van der  Waa ls  rad i i  o f  the  in te rac t ing a toms 
r 0  i s  the  d is tance  be tween the  in teract ing  cen te rs  
For  carbon-carbon  in teract ions  ε  i s  0 .044  
For  carbon-hydrogen in terac t ions ε  i s  0 .046  

 

Energy due to Dipole-Dipole Interactions 
In  some force  f ie lds ,  the  e lec t rosta t i c  in teract ions  are  

accounted for  by  a tomic  po in t  charges .  In  o ther  fo rce f ie lds ,  such  
as  MM2 and MMX,  bond d ipo le  moments  are  used  to  represen t  
e lec t ros ta t i c  con t r ibu t ions.  One can  read i l y  see  that  the  equat ion 
be low s tems f rom Cou lomb 's  law.  The  energy  is  ca lcu la ted by 
cons ider ing  a l l  d ipo le -d ipo le  in terac t ions  in  a  mo lecu le .  I f  the  
mo lecu le  has a  ne t  charge  (e .g . ,  NH 4 + ) ,  charge-charge  and 
charge-d ipo le  ca lcu la t ions  must  a lso  be  car r ied  out .  
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( ) ( )j
rD i

ij

j ααχ
µµ

coscos3cos3 −= i
dipole   E  [ equa t i on  26 ]  

where  D is  the  d ie lec t r i c  cons tan t  o f  the  so lven t  
χ  i s  the  ang le  between two the  d ipo les µ i  and  µ j
A i ,  a j  a re  the ang les  be tween the d ipo les  and  the  vec tor  connect ing  the two d ipo les  
R i j  i s  the d is tance between the  d ipo les 

 

The der iva t i ve  o f  the  force  potent ia l  energy ,  and  hence  the der iva t i ve  o f  each  term o f  the  sum,  
de termine the  forces tha t  ac t  on  each a tom def ined for  the  mo lecu le .  

ii
i

i am
x
VF =

∂
∂

−=  [ equa t i on  27 ]  

Consequent ly ,  m in im iza t ion  o f  th is  func t ion  for  a l l  the  poss ib le  ex is t ing  con formers  a l low to  pred ic t  
wh ich  are  the  geometr ies  a t  the  equ i l ib r ium and the i r  cor respond ing  re la t i ve  energ ies.  Knowledge o f  the 
forces ,  and  hence o f  the acce lera t ion  and ve loc i t y  o f  each a tom,  a l lows  to  so lve  the c lass ica l  Newton  
equat ion,  bu t  a t  a tomic  leve l .  Th is  i s  the  task  o f  Mo lecu lar  Dynamic  s imu la t ions ,  where  a tom pos i t ions  
a re  pred ic ted  dur ing  the t ime on the bas is  o f  the  force poten t ia l  energy.  As  consequent ,  the  cor rec t  
cho ice  o f  wh ich  fo rce  f ie ld  has  to  be  app l ied  became fundamenta l  before  runn ing any  mo lecu la r  
s imu la t ion  (Jensen 1999) ,  inc lud ing  th is  par t i cu lar  case  o f  carbohydra te  mo lecu les  (Woods 2003) .  

Molecular Modeling and Nuclear Overhauser Enhancement 
Quant i ta t i ve  in terpre ta t ion  o f  the  NOEs became very  common pro toco ls  s ince  NOEs are  the  ma in  

cons t ra in ts  ava i lab le  f rom NMR spec t roscopy ,  espec ia l l y  when mode l ing macromolecu les .  Severa l  
approaches  to  quant i f y  d is tances f rom NOE-s igna l  in tens i t ies  ex is t ,  and  here  are  presented  the ma in  
four :  

•  I so la ted  sp in  pa i r  approx imat ion  ( ISPA) ;  
•  D i rec t  compar ison  o f  c ross  and  d iagona l  peaks (DIRECT) ;  
•  Re fe rence s t ruc ture  based i te ra t i ve  methods  ( IRMA,  MARDIGRAS) ;  
•  S imu la t ion  o f  nOe (NOEPROM).  

G iven  a  mo lecu le  w i th  known d is tance  re la t ions,  the  c ross  peak  in tens i t ies  fo r  a  spec ia l  m ix ing  t ime,  

V(τ m )  in  a  2D NOESY spec t rum can be  reca lcu la ted  f rom known d iagona l  peak  in tens i t ies  V(0)  a t  m ix ing  

t ime τm =0 by:  

 [ equa t i on  28 ]  

 
Here,  R  i s  the  re laxat ion mat r i x  whose e lement  are  de f ined  by :  
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[ equa t i on  29 ]  

[equation 30] 

A 1 , i  i s  the  con t r ibu t ion  by  non-d ipo lar  re laxat ion  mechan isms,  wh ich  can  be  neg lec ted in  the  
absence o f  paramagnet ic  nuc le i .  Cross and  d iagonal  e lements  o f  the  re laxa t ion  mat r i x  are  a  func t ion  o f  
the  spec t ra l  dens i ty  J  tha t  descr ibes  the  f requency dependence o f  a  mot ion :  

 [ equa t i on  31 ]  

 

Isolated Spin Pair Aproximation (ISPA) 
Al though the re la t ionsh ip  be tween NOE-peak  in tens i ty  and  d is tance  i s  non l inear ,  the  t ime course  

can  be  l inear ized  under  severa l  exper imenta l  cond i t ions  (Gronenborn  e t  a l .  1985) :  

 shor t  m ix ing t ime;  
 shor t  cor re la t ion  t ime.  

T runca t ion  o f  a  Tay lor  ser ies  expans ion  for  [Eq .16]  a f ter  the  second term descr ibes  th is  l i near  
re la t ionsh ip :  

 [ equa t i on  32 ]  

The cross-peak  in tens i t ies  depend on ly  on  the  cor respond ing o f f -d iagona l  e lement  in  R .  Ca l ib ra t ion  of  
the  unknown in terpro ton d is tances  i s  then  poss ib le  us ing the  peak  in tens i ty  and  d is tance  o f  a  pro ton  
pa i r  w i th  a  f ixed  d is tance  r r e f  as  re ference  by:  

[ equa t i on  33 ]  

The ISPA method shows a  smal l  e r ro r  fo r  long- range d is tances  and ,  there fore ,  can be  used  to  revea l  
secondary  s t ruc ture  e lements  and ter t ia ry  s t ruc tu res .  In  genera l ,  d is tances  smal le r  than  the  re ference 
a re  underes t imated ;  o thers  are  overes t imated  by  a  fac tor  o f  5-6  be tween the  percen tages  in  d is tance  
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and in tens i t y  e r ror .  A  so lu t ion  for  er rors  ar i s ing  f rom inadequate  re ference  d is tances  i s  the  u t i l i za t ion  o f  
two d i f fe rent  re ferences  spann ing  a  w ider  d is tance  range and  a  mod i f ied  formu la  [Eq .22 ]  fo r  ca lcu la t ion  
o f  d is tances .  

[ equa t i on  34 ]  

 

Direc

d.  Rear rangement  o f  [Eq .16 ]  a l lows  ob ta in ing the  
d is tance  est imates d i rec t ly  f rom the  in tens i ty  mat r i x :  

t Comparison of cross and diagonal peaks 
The DIRECT method (O le jn iczak  1986)  imp l ies  that  the  c ross-  and  d iagona l -peak  in tens i t ies  for  

a l l  p ro tons  can  be iden t i f ied  and  accurate ly  quant i f i e

[equa t i on  35 ]  

The d iagona l -peak  in tens i t ies  a t  m ix ing  t ime =  0  can  be  der ived  by  ex t rapo la t ing  a  ser ies  o f  NOE 
spec t ra

nd  comple te  re laxa t ion 
mat r i x  represent ing  the  spa t ia l  a r rangement  o f  a l l  p ro tons w i l l  no t  be  eva lua ted .  

Refer

s ,  and  jus t  fo r  c i t ing  some o f  these  
xamples  are  MARDIGRAS (Borg ias 1990) ,  IRMA (Boe lens 1988) .  

Simu

 run  a t  d i f fe rent  m ix ing  t imes  (bu i ld -up  ra te  measurements ) .  

Under  typ ica l  exper imenta l  cond i t ions no t  a l l  d iagona l  peaks  are  reso lved  and c ross  peaks  may 
be  d is turbed by  over laps  and  c lose  prox im i ty  to  the  d iagona l .  Hence,  the  idea l  a

ence structure based iterative methods 
I te ra t i ve  a lgor i thms are  des igned to  cope w i th  incomple te  in tens i ty  in format ions and  are  based 

on  equat ion 23 .  A l l  approaches  a im to  min im ize  the  dev ia t ion  be tween measured  and  ca lcu la ted 
in tens i t ies  wh i le  they  re fe r  to  a  proposed s t ruc tura l  mode l .  The  p rograms d i f fe r  in  the  mod i f ied  sub jec t  
to  reach  agreement  between ca lcu la ted  and  measured  in tens i t ie
e

 

lation of nOe: NOEPROM Software 
Noeprom sof tware  was  deve loped in  our  labora to r ies  (Mar t in -Pas tor  1997)  and  can  know be  f ree  

down loadab le  a t  Dr .  M.  Mar t in  Pas tor ’ s  web page h t tp : / /desof t03.usc .es /mmar t in /so f tware.h tml  where 
a lso  a  comple te  documenta t ion  can  be  found.  I t  can  s imu la te  and  hence  back  ca lcu la te  NOEs as  1D-
NOE,  2D-NOESY or  2D-ROESY s tar t ing  f rom a  s ing le  s t ruc ture  o r  a  bunch  o f  s t ruc tures o r ig ina ted  f rom 
a  Conformat iona l  Search  (Bo l tzmann dependence)  o r  f rom Molecu la r  Dynamics  s imu la t ions .  Inpu t  f i l es  
can  be  norma l  PDB or  Macromode l   (ex tens ion  .ou t  or  .da t )  f i les .  Genera l  exper imenta l  inpu ts  tha t  have 
to  be dec lared  before  runn ing  the  ca lcu la t ion  are :  spec t rometer  f requency,  m ix ing  t ime,  tempera ture ,  
co r re la t ion  t ime o f  the  mo lecu le  (o r  an  es t imat ion o f  i t )  and  the  mode l  to  s imu la te  mo lecu lar  mot ions  
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( r ig id  i so t rop ic  o r  L iparo-Szabo mode l ) .  The  so f tware  runs  in  Windows p la t form,  a lbe i t  a  L inux  vers ion  i s  
ava i lab le  f rom the  au thor  upon reques t  as  be ta-vers ion ;  in  the  case  o f  Windows a  n ice  in ter face  (F ig .  
24)  gu ides  the  user  w i th in  a l l  the  poss ib le  en t r ies  and  setup.   

 [a ]  

 [b ]  
F igure  24 .  Ma in  w indow o f  Noeprom so f tware d isp lay ing the  resu l t ing  
.so l  f i l e  [a ] ;  the  v iewer  w indow,  wh ich a l lows  an easy  a tom se lec t ion  
f rom the input  s t ruc ture  [b ] .  

 

As  i l l us t ra ted  in  F ig .  24-b ,  in  the  f i r s t  s tep ,  the  a tom se lect ion  i s  requ i red .  The V iewer  w indow 
a l lows t

 s imu la t ion  resu l ts  (noe  percentages) ,  and  appear  in  

 tom pa i r  se lec ted.  Th is  

The app l i ca t ion  o f  th is  so f tware  w i l l  be  found in  the  second par t  o f  the  p resent  work .  

o  customize a tom labe ls  and to  save  i t  as  * .hhh  f i l e .  

A f ter  ca lcu la t ion ,  Noeprom genera tes two  d i f fe ren t  f i l es  as  ou tput :  

* . so l :  th is  i s  the log f i l e  tha t  conta ins  the 
the  ma in  w indow o f  the  program (F ig .24-a)  

* .NOE:  th is  f i l e  con ta ins the  average d is tances  ca lcu la ted  for  each  a
d is tances  f i le  cou ld  be use  as  input  fo r  a  new ca lcu la t ion  w i th  Noeprom 

 
Silvia Mari, Molecular Recognition of Glycomimetics by Proteins. A 3D view by using NMR  

 
58 
 

 



Inves t iga t ion o f  Sugar  Conformat ion :  the  Free S ta te  

References 
Abeygunawardana,  C .  and  C.  A .  Bush  (1993)  "Determina t ion o f  the  chemica l  s t ruc tu re  o f  complex 

po lysacchar ides  by heteronuc lear  NMR spec t roscopy"  Adv.  B iophys .  Chem.  3 :  199–249.  

Ahn,  Y .  H .  and  J .  S .  Yoo (1999)  "E f fec t  o f  the  labe l ing  group  in  s t ruc tura l  ana lyses o f  ma lonon i t r i le -
labe led  o l igosacchar ides by  mat r i x -ass is ted  laser  desorpt ion / ion iza t ion  t ime-of - f l i gh t  mass  
spec t romet ry  and  e lec t rospray  ion iza t ion  mass  spec t romet ry"  Rapid  Commun Mass  Spec t rom  
13 (20) :  1985-90.  

A l l i nger ,  N .  L . ,  M.  Rahman and  J . -H .  L i i  (1990)  "A  mo lecu la r  mechan ics  fo rce  f ie ld  (MM3)  for  a lcoho l  
and  e thers . "  J  Am Chem Soc  112 :  8293-8307.  

Anumula ,  K .  R .  and  S.  T .  Dhume (1998)  "H igh  reso lu t ion  and  h igh sens i t i v i t y  methods  fo r  
o l igosacchar ide  mapp ing and  charac te r i za t ion  by  norma l  phase  h igh per formance l iqu id  
chromatography  fo l low ing  der iva t i za t ion  w i th  h igh ly  f luo rescent  an thran i l ic  ac id"  Glycob io logy  
8 (7) :  685-94.  

Arou landa,  C . ,  V .  Boucard ,  F .  Gu ibe ,  J .  Cour t ieu  and  D.  Mer le t  (2003)  "Weak ly  or iented l iqu id-crys ta l  
NMR so lven ts  as  a  genera l  too l  to  de te rmine re la t ive  conf igura t ions"  Chemis t ry  9 (18) :  4536-9 .  

Bax ,  A. ,  R .  H .  Gr i f fey  and  H.  B.  L .  (1983)  "Cor re la t ion  o f  pro ton and  n i t rogen-15  chemica l  sh i f t s  by  
mu l t ip le  quantum NMR"  J Magn Reson  55 :  301-315.  

Bax ,  A .  and M.  F .  Summers  (1986)  "Pro ton  and  carbon-13 ass ignments  f rom sens i t i v i t y -enhanced 
de tect ion  o f  he teronuc lear  mu l t ip le-bond connec t i v i t y  by  2D mul t ip le  quantum NMR"  J  Am Chem 
Soc  108 :  2093-2094.  

Berns te in ,  F .  C . ,  T .  F .  Koetz le ,  G.  J .  Wi l l i ams,  E .  F .  Meyer ,  J r . ,  M.  D.  Br ice ,  J .  R .  Rodgers ,  O.  Kennard ,  
T .  Sh imanouch i  and  M.  Tasumi  (1977)  "The  Pro te in  Data  Bank:  a  computer -based arch iva l  f i l e  
fo r  macromolecu lar  s t ruc tu res"  J  Mo l  B io l  112 (3) :  535-42.  

Bock ,  K . ,  C .  Pedersen  and  H.  Hed ing  (1974)  "A 13C-NMR spec t roscop ic  s tudy  o f  a lpha-  and  beta-
s t rep tomyc in"  J  Ant ib io t  (Tokyo)  27 (2) :  139-40 .  

Bodenhausen,  G.  and  D.  J .  Ruben (1980)  "Natura l  abundance  n i t rogen-15  NMR by  enhanced 
he teronuc lear  spec t roscopy"  Chem Phys  Le t t  69 (1) :  185-189.  

Boe lens,  R .  (1988)  J Mo l  S t ruc t  173 :  299-311.  

Borg ias ,  B .  A.  (1990)  J  Magn Reson  87 :  475-487 .  

Cano,  F .  H . ,  C .  Foces-Foces ,  J .  J imenez-Barbero ,  A .  A lemany ,  M.  Bernabe and  M.  Mar t in -Lomas (1987)  
"Exper imenta l  Ev idence Of  Dev ia t ions  From A Karp lus-L ike  Re la t ionsh ip  Of  V ic ina l  Carbon-
Proton Coupl ing  Cons tants  In  Some Conformat iona l l y  R ig id  Carbohydra te  Der iva t i ves"  J  Org  
Chem  52 :  3367-3372.  

Chandrasekaran,  R .  (1997)  "Mo lecu lar  arch i tec ture  o f  po lysacchar ide  he l i ces  in  o r ien ted  f ibers"  Adv 
Carbohydr  Chem B iochem  52 :  311-439.  

Cumming ,  D .  A .  and  J .  P .  Carver  (1987)  "Reeva lua t ion  o f  ro tamer  popu la t ions  fo r  1 ,6  l i nkages :  
reconc i l ia t ion  w i th  po ten t ia l  energy  ca lcu la t ions"  Biochemist ry  26 (21) :  6676-83 .  

Damm, W. ,  A .  F ron tera ,  J .  T i rado-R ives  and W.  L .  Jorgensen (1997)  "OPLS a l l -a tom force  f ie ld  fo r  
ca rbohydra tes . "  J Comput  Chem  18 :  1955-1970.  

de  Beer ,  T . ,  C .  W.  van  Zuy len ,  K .  Hard,  R .  Boe lens ,  R .  Kapte in ,  J .  P.  Kamer l ing  and  J .  F .  V l iegen thar t  
(1994)  "Rap id  and  s imp le  approach  for  the  NMR resonance  ass ignment  o f  the  carbohydra te 
cha ins  o f  an in tac t  g lycoprote in .  App l i ca t ion  o f  grad ient -enhanced na tura l  abundance 1H-13C 
HSQC and HSQC-TOCSY to  the a lpha-subun i t  o f  human chor ion ic  gonadot rop in"  FEBS Le t t  
348 (1) :  1 -6 .  

Doubet ,  S . ,  K .  Bock,  D .  Smi th ,  A.  Darv i l l  and P .  A lbershe im (1989)  "The Complex  Carbohydrate  
S t ruc ture  Database"  Trends B iochem Sc i  14 (12) :  475-7.  

 
Silvia Mari, Molecular Recognition of Glycomimetics by Proteins. A 3D view by using NMR 

 
59 
 

 



Inves t iga t ion o f  Sugar  Conformat ion :  the  Free S ta te  

Eggens ,  I . ,  B .  Fenderson ,  T .  Toyokun i ,  B .  Dean,  M.  S t roud  and  S .  Hakomor i  (1989)  "Spec i f i c  in terac t ion  
be tween Lex and  Lex  determinan ts .  A  poss ib le  bas is  fo r  ce l l  recogn i t ion  in  p re imp lan ta t ion  
embryos and in  embryona l  ca rc inoma ce l ls "  J B io l  Chem  264 (16) :  9476-84 .  

E l  Rass i ,  Z .  and  Y .  S .  Mechref  (1997)  Capi l la ry  E lec t rophores is ,  Theory  and  Prac t i ce ,  London,  CRC 
Press.  

G i t t i ,  R . ,  G.  Long and  C.  A .  Bush  (1994)  "Measurement  o f  long- range2 13C-1H coup l ing  cons tan ts  o f  
95% un i fo rmly  13C- labe led  po lysacchar ide  f rom St rep tococcus  mi t i s  J22"  Biopo lymers  34 (10) :  
1327-38 .  

Gronenborn ,  A .  M.  and  G.  M.  C lo re  (1985)  " Inves t iga t ion  o f  the  so lu t ion  s t ruc tu res  o f  shor t  nuc le ic  ac id  
f ragments  by means  o f  nuc lear  overhauser  enhancement  measurements"  Prog Nuc l  Magn Reson 
Spec t rosc  17 :  1 -32.  

Ha ,  S.  N . ,  A .  G iammona,  M.  F ie ld  and  J .  W.  Brady  (1988)  "A  rev ised  po tent ia l -energy  sur face  fo r  
mo lecu lar  mechan ics  s tud ies  o f  carbohydrates"  Carbohydr  Res  180 (2) :  207-21 .  

Hansen,  M.  R . ,  L .  Mue l le r  and  A.  Pard i  (1998)  "Tunab le  a l ignment  o f  macromolecu les by  f i l amentous 
phage y ie lds  d ipo lar  coup l ing  in terac t ions"  Nat  St ruct  B io l  5 (12) :  1065-74 .  

Haverkamp,  J . ,  T .  Spoormaker ,  L .  Dor land ,  J .  F .  G.  V l iegenthar t  and  R.  Schauer  (1979)  "Determinat ion 
o f  the  .be ta . -anomer ic  con f igura t ion  o f  cy t id ine  5 ' -monophospho-N-ace ty lneuramin ic  ac id  by 
carbon-13  NMR spec t roscopy"  J  Am Chem Soc  101 :  4851-4853.  

Hermansson,  K . ,  P .  E.  Jansson,  L .  Kenne,  G.  Widmalm and F .  L indh  (1992)  "A  1H and  13C NMR s tudy o f  
o l igosacchar ides  f rom human mi lk .  App l i ca t ion  o f  the  computer  p rogram CASPER"  Carbohydr  
Res  235 :  69 -81 .  

Homans,  S .  W.  (1990)  "A  mo lecu la r  mechan ica l  fo rce  f ie ld  fo r  the  con format iona l  ana lys is  o f  
o l igosacchar ides :  compar ison  o f  theore t i ca l  and  c rys ta l  s t ruc tu res  o f  Man a lpha  1-3Man be ta  1-
4GlcNAc"  Biochemis t ry  29 (39) :  9110-8.  

Homans,  S.  W.  (1990)  "O l igosacchar ide  con fo rmat ions :  App l i ca t ion  o f  NMR and energy  ca lcu la t ions"  
Prog Nuc l  Magn Reson Spec t rosc  22 :  55-81 .  

Hwang,  M.  J . ,  X .  N i ,  M.  Waldman,  C .  S .  Ewig  and  A .  T .  Hag ler  (1998)  "Der iva t ion  o f  c lass  I I  fo rce  f ie lds .  
V I .  Carbohydrate  compounds  and  anomer ic  e f fec ts"  Biopo lymers  45 (6) :  435-68 .  

Imber ty ,  A .  and  S .  Perez  (1995)  "S te reochemis t ry  o f  the  N-g lycosy la t ion  s i tes  in  g lycopro te ins"  Prote in  
Eng  8 (7) :  699-709 .  

Jansson,  P .  E . ,  L .  Kenne and  G.  Widmalm (1987)  "Casper—a computer i sed  approach  to  s t ruc ture  
de terminat ion  o f  po lysacchar ides  us ing  in format ion  f rom n.m.r .  spec t roscopy  and s imp le  
chemica l  ana lyses"  Carbohydr  Res  168 (1) :  67-77 .  

Jansson,  P .  E . ,  L .  Kenne and  G.  Widmalm (1991)  "CASPER:  a  computer  p rogram used fo r  s t ruc tura l  
ana lys is  o f  ca rbohydra tes"  J  Chem In f  Comput  Sc i  31 (4) :  508-16.  

Jansson,  P.  E . ,  L .  Kenne and G.  Widmalm (1991)  "Computer -ass is ted  s t ruc tu ra l  ana lys is  o f  
o l igosacchar ides  us ing  CASPER"  Ana l  B iochem  199 (1) :  11-7 .  

Je f f rey ,  G.  A .  and  W.  Saenger  (1991)  Hydrogen bond ing  in  b io log ica l  s t ruc tures ,  Ber l in  ;  New York ,  
Spr inger -Ver lag .  

Jensen,  F .  (1999)  In t roduct ion  to  Computa t iona l  Chemis t ry ,  Eng land ,  John Wi ley  &Sons .  

J imenez-Barbero ,  J .  and  T .  Pe ters  (2003)  NMR spec t roscopy  o f  g lycocon jugates ,  We inhe im,  Wi ley-VCH.  

Jones ,  D .  N .  K .  and  J .  K .  M.  Sanders  (1989)  "B iosyn thet i c  s tud ies  us ing carbon-13-COSY:  the  K lebs ie l la  
K3  sero type po lysacchar ide"  J Am Chem Soc  111 :  5132-5137.  

Kee ler ,  J . ,  R .  T .  C lowes ,  A .  L .  Dav is  and  E .  D .  Laue (1994)  "Pu lsed- f ie ld  grad ien ts :  theory  and  prac t i ce"  
Methods  Enzymol  239 :  145-207 .  

Kover ,  K.  E. ,  V .  J .  Hruby  and D.  Uhr in  (1997)  "Sens i t i v i t y -  and  g rad ien t -enhanced heteronuc lear  
coup led /decoup led  HSQC-TOCSY exper iments  for  measur ing  long- range hete ronuc lear  coup l ing  
cons tan ts"  J  Magn Reson  129 (2) :  125-9 .  

 
Silvia Mari, Molecular Recognition of Glycomimetics by Proteins. A 3D view by using NMR  

 
60 
 

 



Inves t iga t ion o f  Sugar  Conformat ion :  the  Free S ta te  

Lemieux ,  R .  U . ,  R .  K .  Ku l ln ig ,  H .  J .  Bernste in  and W.  G.  Schne ider  (1958)  "Conf igura t iona l  E f fec ts  on 
the  Pro ton  Magnet ic  Resonance Spec t ra  o f  S ix-membered  R ing  Compounds"  J Am Chem Soc  80 :  
6098-6105.  

Lerner ,  L .  and  A .  Bax  (1986)  "Sens i t i v i t y -enhanced two-d imens iona l  he teronuc lear  re layed  coherence 
t rans fer  NMR spec t roscopy"  J  Magn Reson  69 :  375-380 .  

Mar t in -Pas tor ,  M.  (1997)  "Est ruc tu ra  y  D inamica  de  o l igo  y  po l i sacar idos med ian te  RMN"  PhD Thes is  
UAM .  

Mar t in -Pas tor ,  M. ,  A.  Cana les,  F .  Corzana,  J .  L .  Asens io  and J .  J imenez-Barbero  (2005)  "L im i ted 
f lex ib i l i t y  o f  lac tose detec ted  f rom res idua l  d ipo lar  coup l ings  us ing  mo lecu lar  dynamics 
s imu la t ions  and  s te r i c  a l ignment  methods"  J Am Chem Soc  127 (10) :  3589-95.  

Mar t in -Pas tor ,  M. ,  A.  Cana les-Mayordomo and J .  J imenez-Barbero  (2003)  "NMR exper iments  for  the  
measurement  o f  pro ton-pro ton and  carbon-carbon  res idua l  d ipo lar  coup l ings  in  un i formly  
labe l led  o l igosacchar ides"  J  B iomol  NMR  26 (4) :  345-53 .  

M i l ton ,  M.  J . ,  R .  Har r i s ,  M.  A .  Prober t ,  R .  A .  F ie ld  and  S .  W.  Homans (1998)  "New con format iona l  
cons t ra in ts  in  i so top ica l l y  (13C)  enr iched o l igosacchar ides"  Glycob io logy  8 (2 ) :  147-53.  

Mue l le r ,  L .  (1979)  "Sens i t i v i t y  enhanced de tect ion  o f  weak nuc le i  us ing  he teronuc lear  mul t ip le  quantum 
coherence"  J Am Chem Soc  101 :  4481-4484.  

Mu l loy ,  B . ,  T .  A.  F renk ie l  and  D.  B.  Dav ies  (1988)  "Long- range carbon—proton  coup l ing  cons tan ts :  
App l i ca t ion  to  conformat iona l  s tud ies  o f  o l igosacchar ides"  Carbohydr  Res  184 :  39 -46 .  

O le jn iczak ,  E.  T .  (1986)  J Magn Reson  67 :  28-41.  

Ot t ,  K .  H .  and  B .  Meyer  (1996)  "Parametr i za t ion  o f  GROMOS force  f ie ld  fo r  o l igosacchar ide and 
assessment  o f  e f f i c iency  o f  mo lecu lar  dynamics s imu la t ions . "  J Comput  Chem  17 :  1068-1084.  

Perez ,  S.  and  H.  Chanzy  (1989)  "E lec t ron crys ta l lography  o f  l inear  po lysacchar ides"  J  E lec t ron  Microsc  
Tech  11 (4 ) :  280-5 .  

Perez ,  S . ,  A.  Imber ty ,  S.  B .  Enge lsen ,  J .  Gruza ,  K .  Mazeau,  J .  J imenez-Barbero,  A .  Poveda,  J .  F .  
Esp inoza,  B.  Van Eyck,  G.  Johnson,  A.  F rench,  M.  L .  Kouwi jzer ,  P .  Grootenhu is ,  A .  Bernard i ,  L .  
Ra imond i ,  H .  Senderow i tz ,  V .  Dur ier ,  G .  Vergoten and  K.  Rasmussen (1998)  "A  Compar ison  and 
Chemometr i cs  Ana lys is  o f  Severa l  Molecu lar  Mechan ics  Force  F ie lds  and  Parameters  Se ts  for  
Carbohydrates"  Carbohydr  Res  314 :  141-155.  

Perez  ,  S . ,  C .  Meyer  and  A .  Imber ty  (1995)  in  Mode l l ing  o f  B iomolecu lar  S t ruc tures  and  Mechan isms .  
P ract i ca l  too ls  fo r  accura te  mode l ing  o f  complex  carbohydra tes  and the i r  in te rac t ions  w i th 
p ro te ins .  A.  Pu l lman,  Jor tner ,J .  and Pu l lman,B.  Dordrech t ,  K luwer  Academic ,  p .  425-454 .  

Perez ,  S . ,  N .  Mouhous-R iou ,  N .  E .  N i fan t 'ev ,  Y .  E .  Tsve tkov,  B .  Bachet  and A .  Imber ty  (1996)  "Crys ta l  
and  mo lecu la r  s t ruc ture  o f  a  h is to-b lood  group  an t igen  invo lved  in  ce l l  adhes ion:  the  Lewis  x 
t r i sacchar ide"  Glycob io logy  6 (5) :  537-42 .  

Poppe,  L .  and  H.  Van Ha lbeek  (1991)  "1Hdetec ted  measurements  o f  long- range he teronuc lear  coup l ing  
cons tan ts .  App l i ca t ion  to  a  t r i sacchar ide"  J  Magn Reson  92 :  636-641 .  

Poppe,  L .  and  H.  Van Ha lbeek  (1991)  "Se lec t i ve ,  inverse-de tec ted  measurements  o f  longrange C-H 
coup l ing  cons tan ts .  App l ica t ion  to  a  d isacchar ide. "  J  Magn Reson  93 :  214-217 .  

Pry tu l la ,  S . ,  J .  Lamber t ,  M.  K less inger  and  J .  Th iem (1990)  Magn Reson Chem  28 :  888-901.  

Pry tu l la ,  S . ,  J .  Lauterwe in ,  M.  K less inger  and  J .  Th iem (1991)  "Conf igura t iona l  ass ignment  o f  N-
ace ty lneuramin ic  ac id  and  ana logues v ia  the  v ic ina l  C ,H coup l ing  constan ts "  Carbohydr  Res  
215 (2) :  345-349 .  

Re i l ing ,  S. ,  M.  Sch lenkr ich  and J .  Br i ckmann (1996)  "Force f ie ld  parameters  fo r  carbohydrates"  J  
Comput  Chem  17 :  450-468 .  

Rud iger ,  H . ,  H .  C .  S ieber t ,  D .  So l i s ,  J .  J imenez-Barbero ,  A .  Romero,  C .  W.  von  der  L ie th ,  T .  D iaz -
Mar ino  and H.  J .  Gab ius (2000)  "Medic ina l  chemis t ry  based on the  sugar  code :  fundamenta ls  o f  
lec t ino logy  and  exper imenta l  s t ra teg ies  w i th  lec t ins  as  ta rge ts"  Cur r  Med Chem  7 (4 ) :  389-416.  

 
Silvia Mari, Molecular Recognition of Glycomimetics by Proteins. A 3D view by using NMR 

 
61 
 

 



Inves t iga t ion o f  Sugar  Conformat ion :  the  Free S ta te  

Sass ,  H .  J . ,  G .  Musco,  S.  J .  S tah l ,  P .  T .  Wingf ie ld  and  S.  Grzes iek  (2000)  "So lu t ion  NMR of  pro te ins  
w i th in  po lyacry lamide  ge ls :  d i f fus iona l  p roper t ies  and  res idua l  a l ignment  by  mechan ica l  s t ress  o r  
embedd ing  o f  or iented purp le  membranes"  J  B iomol  NMR  18 (4) :  303-9 .  

Sa to ,  Y . ,  M.  Suzuk i ,  T .  N i rasawa,  A .  Suzuk i  and  T .  Endo (2000)  "M icrosequenc ing  o f  g lycans  us ing  2 -
aminobenzamide  and  MALDI -TOF mass  spec t romet ry :  occur rence  o f  un ique  l inkage-dependent  
f ragmenta t ion"  Ana l  Chem  72 (6 ) :  1207-16 .  

Saupe,  A.  and  G.  Eng ler t  (1963)  "H igh- reso lu t ion  nuc lear  magnet ic  resonance spec t ra  o f  o r ien ted 
mo lecu les . "  Phys Rev Le t t  11 :  462-464.  

Senderowi tz ,  H .  and  W.  C.  St i l l  (1997)  "  A  quantum mechan ica l l y  der ived  a l l -a tom force  f ie ld  fo r  
py ranose  o l igosacchar ides .  AMBER*  parameters  and  f ree  energy  s imu la t ions. "  J  Org  Chem  62 :  
1427-1438.  

T ian,  F . ,  H .  M.  A l -Hash imi ,  J .  L .  Cra ighead and  J .  H .  Pres tegard  (2001)  "Conformat iona l  ana lys is  o f  a  
f lex ib le  o l igosacchar ide us ing  res idua l  d ipo la r  coup l ings"  J Am Chem Soc  123 (3) :  485-92.  

T jandra ,  N .  and  A .  Bax  (1997)  "D i rect  measurement  o f  d is tances and  ang les  in  b iomolecu les  by  NMR in  
a  d i lu te  l iqu id  c rys ta l l i ne  med ium"  Sc ience  278 (5340) :  1111-4 .  

To lman,  J .  R . ,  J .  M.  F lanagan,  M.  A .  Kennedy  and J .  H .  Pres tegard  (1995)  "Nuc lear  magnet ic  d ipo le  
in terac t ions  in  f ie ld -or ien ted  p ro te ins :  in format ion  fo r  s t ruc ture  de terminat ion  in  so lu t ion"  Proc  
Nat l  Acad Sc i  U  S  A  92 (20) :  9279-83 .  

Tvaroska ,  I . ,  M.  Hr icov in i  and  E .  Pe t rakova  (1989)  "An  a t tempt  to  der ive  a  new Karp lus - type  equat ion o f  
v ic ina l  p ro ton-carbon coup l ing  cons tan ts  fo r  C- - -O- - -C- - -H segments  o f  bonded a toms. "  
Carbohydr  Res  189 :  359-362 .  

Tycko ,  R . ,  F .  J .  B lanco  and Y.  I sh i i  (2000)  "A l ignment  o f  b iopo lymers  in  s t ra ined ge ls :  A  new way to  
c reate  detec tab le  d ipo le-d ipo le  coup l ings  in  h igh- reso lu t ion  b iomolecu lar  NMR."  J  Am Chem Soc  
122 :  9340  -9341 .  

van  Ha lbeek ,  H .  (1994)  "NMR deve lopments  in  s t ruc tu ra l  s tud ies  o f  carbohydrates and  the i r  complexes . "  
Curr  Op in  S t ruc t  B io l  4 :  697-709.  

Van Ha lbeek ,  H .  (1996)  in  Carbohydrates  and  G lycocon juga tes .  Encyc loped ia  o f  NMR.  New York ,  Wi ley .  

van  Ku ik ,  J .  A . ,  K .  Hard  and  J .  F .  V l iegenthar t  (1992)  "A  1H NMR database  computer  p rogram for  the 
ana lys is  o f  the  pr imary  s t ruc ture  o f  complex  carbohydrates"  Carbohydr  Res  235 :  53-68.  

van  Ku ik ,  J .  A .  and  J .  F .  V l iegenthar t  (1992)  "Databases  o f  complex  carbohydra tes"  Trends  B io techno l  
10 (6) :  182-5 .  

War in ,  V . ,  F .  Baer t  and  R.  Foure t  (1979)  "The  c rys ta l  and  mo lecu la r  s t ruc ture  o f  O-a-D-mannopyranosy l -
(1 -3 ) -O-ß-D-mannopyranosy l - (1 -4) -2 -ace tamido-2-deoxy-a-D-g lucopyranose"  Carbohydr  Res  76 :  
11-22 .  

Woods,  R .  J .  (2003)  in  NMR spec t roscopy  o f  g lycocon juga tes .  J imenez-Barbero ,  J .  Pe ters ,  T .  We inhe im,  
Wi ley -VCH.  

Woods,  R .  J . ,  R .  A.  Dwek and  C.  J .  Edge (1995)  "Mo lecu lar  mechan ica l  and  mo lecu la r  dynamica l  
s imu la t ions  o f  g lycopro te ins  and  o l igosacchar ides .  1 .  GLYCAM-93 parameter  deve lopment . "  J 
Am Chem Soc  99 :  3832-3846.  

Xu ,  Q.  and C.  A .  Bush  (1996)  "Mo lecu lar  mode l ing  o f  the  f lex ib le  ce l l  wa l l  po lysacchar ide o f  
S t rep tococcus  mi t i s  J22 on  the  bas is  o f  heteronuc lear  NMR coup l ing  constan ts"  Biochemis t ry  
35 (46) :  14521-9.  

Xu ,  Q.  and  C.  A.  Bush  (1998)  "Measurement  o f  long- range carbon-carbon  coup l ing  cons tan ts  in  a  
un i formly  enr iched complex  po lysacchar ide"  Carbohydr  Res  306 (3 ) :  335-9 .  

Xu ,  Q. ,  S .  Mohan and  C.  A .  Bush (1996)  "A  f lex ib le  mode l  fo r  the  ce l l  wa l l  po lysacchar ide o f  
S t rep tococcus  mi t i s  J22  de termined by th ree-d imens iona l  13C ed i ted  nuc lear  overhauser  e f fec t  
spec t roscopy and  13C-1H long- range coup l ing  cons tan ts  combined  w i th  mo lecu lar  mode l ing"  
Biopo lymers  38 (3) :  339-53 .  

 
Silvia Mari, Molecular Recognition of Glycomimetics by Proteins. A 3D view by using NMR  

 
62 
 

 



Inves t iga t ion o f  Sugar  Conformat ion :  the  Free S ta te  

Yan,  J . ,  A .  D .  K l ine ,  H .  Mo,  M.  J .  Shap i ro  and  E .  R .  Zar t le r  (2003)  "A  nove l  method  fo r  the  de terminat ion 
o f  s tereochemis t ry  in  s ix -membered  cha i r l i ke  r ings  us ing  res idua l  d ipo lar  coup l ings"  J  Org  Chem  
68 (5) :  1786-95 .  

Y i ,  X . ,  A .  Venot ,  J .  G lushka  and  J .  H .  Pres tegard  (2004)  "G lycos id ic  to rs iona l  mot ions  in  a  b ice l le -
assoc ia ted  d isacchar ide f rom res idua l  d ipo lar  coup l ings"  J  Am Chem Soc  126 (42) :  13636-8 .  

 

 
Silvia Mari, Molecular Recognition of Glycomimetics by Proteins. A 3D view by using NMR 

 
63 
 

 



Inves t iga t ion o f  Sugar  Conformat ion :  the  Bound Sta te  

The bound state 
The process  under ly ing  most  NMR-based l igand b ind ing  screen ing  exper iments  can  be  descr ibed  

by  Eq.36 :  

   [Equa t i on  36 ]  [ ] [ ] [ ]ELLE ↔+
on

off

k

k

Equat ion  36  represents  a  dynamic  equ i l ib r ium invo lv ing  th ree  spec ies :  the  f ree  receptor  E ,  the  
f ree  l igand  L ,  and  the  recep to r - l igand  complex ,  EL .  The  un imo lecu lar  ra te  cons tan t  k o f f  i s  inverse ly  

p ropor t iona l  to  the  mean l i fe t ime τ B  o f  the  receptor - l i gand  complex .  The b imo lecu lar  ra te  cons tan t ,  k o n ,  

measures  the  probab i l i t y  o f  a  product i ve  encounter  between the  f ree  receptor  and the l igand and is  
o f ten  assumed to  be cont ro l led  by  d i f fus ion .  Thus ,  ko n  can  vary  be tween 107  and  10 9  M - 1  s - 1 .  The b ind ing 
a f f in i t y  can  be  descr ibed  by  the  temperature-dependent  equ i l ib r ium d issoc ia t ion  cons tan t ,  K D :  
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 [Equa t i on  37 ]  

the  bound recep tor  f rac t ion  i s  de f ined  by   

[ ]
[ ] [ ]ELE

ELE
B +

=P  [Equa t i on  38 ]  

Eq .  25  and  26  can be combined y ie ld ing  equat ion  27 :  

[ ]
[ ] DK

P
+

=
L

LE
B  [Equa t i on  39 ]  

where  PB E  i s  the  f rac t iona l  occupat ion  o f  the  recep to r  b ind ing  s i te  by  l igand  L .  

When [L ]«KD ,  PB E  i s  p ropor t iona l  to  [L ] .  When [L ]=K D ,  the  receptor  i s  ha l f - sa tura ted ;  tha t  i s ,  ha l f  

o f  the  recep to r  mo lecu les ex is t  in  a  one- to  one complex  w i th  the  l igand.  When [L ]»  KD ,  the  receptor  is  

comple te ly  sa tura ted  and P B E  =  1 .0 ;  in  th is  l im i t ,  every  recep to r  b ind ing  s i te  i s  occup ied  by  one  l igand,  
wh ich  on  average exchanges  w i th  a  second d is t inc t  l i gand  every  ≈  1/k o f f  seconds.  Accord ing  to  these  
po in ts ,  l i gands  w i th  weak a f f in i t y  have la rge  KD  and  thus  requ i re  the  add i t ion  o f  more  l igand  to  sa tura te  
the  recep tor  b ind ing  s i te .   

In  the  two-s ta te  equ i l ib r ium g iven  by  Eq .  36 ,  l igand and receptor  mo lecu les  w i l l  ex is t  in  e i ther  a  
f ree  (L ,  E)  or  complexed  (EL)  s ta te .  In  the  f ree  s ta te ,  both  receptor  and  l igand  re ta in  the i r  in t r ins ic  NMR 
parameters  (e .g .  chemica l  sh i f t s ,  re laxa t ion  ra tes ,  t rans la t iona l  d i f fus ion  coe f f i c ien ts) .  In  each  o ther ’s  
p resence,  the  mutua l  b ind ing  a f f in i t y  o f  l i gand  and  recep tor  dr i ves  an  exchange process  tha t  togg les  
bo th  se ts  o f  mo lecu les  be tween the  f ree  and comp lexed s ta tes .  A t  equ i l ib r ium,  they  adopt  f ree  and 
bound s ta te  popu la t ions ( [E ] ,  [L ] ,  [EL ] )  cons is ten t  w i th  Eq 36 .  Under  these  cond i t ions ,  the  l igand 
t rans ient l y  adopts  NMR parameters  charac ter i s t i c  o f  the  typ ica l l y  much la rger  receptor .  A l te rna t i ve ly ,  
f rom the recep tor ’ s  perspec t i ve ,  the  l igand t rans ien t l y  per turbs  the b ind ing  s i te  m icroenv i ronment (s ) ,  
wh ich  may a l te r  the  d is t r ibu t ion  o f  con format ions  sampled  by  the  ensemble  o f  receptor  mo lecu les .  In  
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e i ther  case ,  the  exchange modu la tes  the  NMR parameters  o f  bo th  mo lecu les .  I t  i s  the  ab i l i t y  to  
exper imenta l l y  d is t ingu ish  these  exchange-modu la ted  parameters  f rom those  o f  the  f ree s ta te  what  
enab les  NMR detec t ion  o f  the  recep tor - l i gand in te rac t ion  and hence  NMR-based screen ing.  

A  comple te  d iscuss ion  o f  how chemica l  exchange mod i f ies  the  NMR parameters  (dynamic  NMR)  
shou ld  inc lude  a  descr ip t ion  o f  the  mod i f ied  B loch  equat ion  forma l i sm o f  Hahn,  Maxwe l l ,  and  McConne l l  
(Hahn e t  a l .  1952;  McConne l l  1958) .  Th is  fo rma l i sm (HMM)  prov ides  an  exce l len t  theoret i ca l  f ramework 
to  descr ibe  the  ma jor i t y  o f  the  exchange phenomena that  occur  in  NMR screen ing  exper iments ,  under  a l l  
exchange reg imes .  Such  a  t rea tment  i s  beyond the scope o f  the  p resen t  Thes is  bu t  can be  found in  a  
recen t  rev iew (Peng e t  a l .  2004) .  For  most  app l i ca t ions descr ibed  here ,  i t  i s  su f f i c ien t  to  cons ider  on ly  
the  case  o f  fas t  exchange.  

Fast Exchange Approximation 
The so lu t ions  to  the HMM equat ions  (Hahn e t  a l .  1952;  McConne l l  1958)  descr ibe  the  behav io r  

o f  sys tem magnet iza t ion  on  a rb i t ra ry  exchange t ime sca les.  In  NMR-based screen ing ,  however ,  these 
equat ions  are  a lmos t  never  so lved,  and  fas t  exchange is  s imp ly  assumed.  Th is  assumpt ion  i s  made for  
two  reasons .  F i rs t ,  the  exper imenta l  cond i t ions  for  l i gand-based NMR screen ing  are  o f ten  we l l  su i ted to  
fas t  exchange.  These  exper iments  a re  typ ica l l y  car r ied  ou t  w i th  L T /E T  >  10  (where  L T  and   L T  a re  to ta l  

l i gand  and  to ta l  receptor  concent ra t ion  respec t i ve ly )  and  the  b ind ing  compounds  have  KD  ≥  100µM. I f  

k o n  i s  we l l  approx imated  by  a  d i f fus ion- l im i ted  va lue  (10 7 -10 9  M - 1  s - 1 ) ,  then  the  s lowest  exchange ra te  
k e x  va lues  l ie  in  the  range 1000 <  k e x  <  100 000 s - 1 .  L igand-based NMR screen ing  methods  are  p r imar i l y  
1 H  based and  consequent ly ,  k e x  exceeds  most  d i f fe rences  in  in t r ins ic  1 H  re laxa t ion  ra tes  and  ro ta t ing  
f rame precess ion  f requenc ies ,  thus  ensur ing  tha t  the  fas t  exchange assumpt ion  is  va l id .  A  second 
mot iva t ion  fo r  assuming fas t  exchange is  the  resu l t ing  a lgebra ic  s imp l ic i t y .  Genera l l y ,  the  NMR 
parameters  Q become the  s imp le  averages .   

FFBBavg QPQPQ +=  [Equa t i on  40 ]  

Here,  Q a v g  i s  the  observed  exchange-averaged parameter  fo r  the  l igand  (or  recep to r )  in  the 
p resence o f  the  recep tor  (or  l igand) .  Observed  d i f fe rences between Q a v g  and  Q F  p rov ide  a  s ignature  o f  
recep tor  b ind ing  and  ind ica te  a  h i t  in  a  NMR screen ing  based on  that  parameter .  In  the  case  o f  Eq .28 ,  
Q a v g  i s  a  s imp le  popu la t ion-we igh ted  average  and  i t  app l ies  to  those  parameters  Q for  wh ich  chemica l  
sh i f t  modu la t ions  are  not  re levant .  These  parameters  inc lude long i tud ina l  au tore laxa t ion  and  c ross-
re laxa t ion  ra tes ,  ro ta t ing- f rame sp in- lock ing  au tore laxa t ion  and  c ross- re laxa t ion  ra tes,  and  t rans la t iona l  
d i f fus ion  coef f i c ients .  The bound s ta te  con t r ibu t ion in  Eq .28  i s  P B Q B .  The  ab i l i t y  to  de tec t  b ind ing  w i th  
adequate  sens i t i v i t y  depends  cr i t i ca l ly  on  PB Q B ,  be ing s ign i f ican t  re la t i ve  to  PF Q F .  However ,  t yp ica l  

sc reen ing  cond i t ions  where  L T  »  ET  make P B  «  PF .  For  th is  reason,  i t  i s  much p re fer red  to  measure  NMR 

parameters  Q that  become ampl i f i ed  in  the  bound s ta te  ( i .e .  Q B  »  Q F ) .  
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Ligand-Based versus Receptor-Based Screening 
Screen ing  may p roceed by  l igand-  or  recep to r -based methods.  Receptor -based methods  observe 

and  compare the  NMR parameters  o f  the  recep to r  mo lecu le  resonances  in  the  p resence  and  absence o f  
compound mix tu res .  Thus  far ,  the  recep to r -based methods  have  focused most ly  on p ro te ins .  Such 
methods  incorpora te  s i te -spec i f i c  charac ter i za t ion  a f forded  by  ass igned pro te in  NMR spec t ra  a long  w i th 
a pr io r i  knowledge o f  the  p ro te in ’s  th ree-d imens iona l  s t ruc tu re  (e i ther  f rom X- ray  or  NMR)  to  dr i ve  lead  
generat ion.  By  iden t i f y ing  per turba t ions  o f  ass igned pro te in  resonances ,  not  on ly  are  l i gands  iden t i f ied ,  
bu t  a lso  the i r  b ind ing  s i tes  a re  loca l ized .  Loca l i za t ion  o f  b ind ing  s i tes  a lso  enab les  one  to  immed ia te ly  
d is t ingu ish  spec i f i c  f rom nonspec i f i c  b ind ing .  F ina l l y ,  un l i ke  l i gand-based methods ,  recep tor -based 
methods  do  no t  re ly  on  fas t  exchange to  re t r ieve bound s ta te  in fo rmat ion .  Observa t ion  o f  recep to r  
resonances  permi ts  the character i za t ion  o f  both  h igher  and  lower  a f f in i t y  h i t s .   

NMR methods  demand phys icochemica l  proper t ies  o f  the  pro te in  ta rge t  tha t  p resen t  
p rogress ive ly  more  d i f f i cu l t  cha l lenges.  F i rs t ,  m i l l ig ram quant i t ies  o f  so lub le ,  non-aggregated  pro te in  
mus t  be  over -expressed and  pur i f ied .  Then,  su i tab le  express ion hos ts  must  be  found tha t  permi t  i so tope 
enr ichment  (e .g .  1 3 C ,  1 5 N ,  2 H)  cr i t i ca l  fo r  the resonance ass ignment  o f  typ ica l l y  la rge  (>30000 Da)  
therapeut ic  ta rge ts .  A f te r  su f f i c ient  quant i t i es  o f  labe led  pro te in  a re  ava i lab le ,  i t  mus t  be  ensured  tha t  
the  sample  is  s tab le  for  the  t ime requ i red  for  sequent ia l  resonance  ass ignment .  A l though new da ta  
acqu is i t ion  approaches  promise  to  acce le ra te  resonance ass ignment ,  i t  can  s t i l l  be  a  re la t i ve ly  leng thy 
p rocess  (weeks)  fo r  the  la rge  monomer ic  p ro te ins  (>30000 Da)  rou t ine ly  encounte red  in  pharmaceut ica l  
research .  Unfor tuna te ly ,  the  t ime requ i red  for  NMR ass ignment  o f  such  ta rge ts  inev i tab ly  favors  o ther  
approaches ,  such  as  X- ray  c rys ta l lography ,  tha t  can  p rov ide  h igh- reso lu t ion  s t ruc tura l  in fo rmat ion to  
med ic ina l  chemis t ry  on a  fas ter  t ime sca le  ( i f  c rys ta ls  are  ava i lab le) .  A l te rnat i ve ly ,  the  typ ica l  
imp lementa t ion  o f  l i gand-based methods  compares the  NMR parameters  o f  a  m ix tu re  o f  compounds  in  
the  presence and  absence  o f  the  recep tor  mo lecu les .  Th is  approach  renders  the  mo lecu la r  we igh t  o f  the  
recep tor  mo lecu le  i r re levan t .  In  fac t ,  the  most  power fu l  l i gand-based approaches  become more sens i t i ve  
when dea l ing  w i th  la rger  recep to rs .  Add i t iona l l y ,  l i gand  observat ion bypasses  the  need to  p roduce 
mi l l i g ram quant i t ies  o f  i so tope  labe led  receptor .  Depend ing  on  the  approach ,  less than  a  mi l l i g ram of  

un labe led pro te in  i s  requ i red  for  these  exper iments  ( recep to r  concent ra t ion  i s  o f ten ≤1µM, and no 

ass ignments  a re  necessary) .  Th is  a l lows  the  sc ien t i s t  to  eva lua te  new ta rge ts  more rap id ly  and to  
con t r ibu te  on a  t ime sca le  use fu l  fo r  chemis t ry  and  h igh- throughput  screens .  An  obv ious  d isadvantage  o f  
l i gand-based approaches i s  the  inab i l i t y  to  loca l i ze  the  b ind ing  s i te  o f  the  smal l  mo lecu le  h i t s  on  the 
recep tor .  A lso ,  l i gand-based approaches  re ly  on  the  exchange-med ia ted  t rans fer  o f  bound s ta te  
in format ion  to  the  f ree  s ta te .  Th is  requ i rement  b iases  l igand-based methods  towards  the  iden t i f i ca t ion  o f  

weak ly  b ind ing  l igands  ( rap id  exchange)  and  the  use  o f  la rge l igand mo lar  excesses  (L T /ET»1) .  The 

consequent  r i sk  i s  tha t ,  under  these cond i t ions ,  l i gand  may s tar t  to  occupy ,  weaker  a f f in i t y ,  nonspec i f i c  
b ind ing  s i tes .   

Bo th  recep to r -  and  l igand-based approaches  have  d is t inc t  advantages  and  d isadvantages .  
C lear ly ,  i f  recep tor -based methods are  poss ib le ,  then  the  po ten t ia l l y  h igher  in format ion  con ten t  that  cab 
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be obta ined  makes  these the  methods o f  cho ice .  However ,  due  to  the  scarc i t y  o f  low-molecu lar  we ight  
d rug  targe ts ,  l i gand-based sc reen ing  is ,  in  genera l ,  o f  b roader  app l i cab i l i t y  and  p laces  less  demands on  
o ther  research  d isc ip l ines  and  in f ras t ruc ture .  The ma in  research  summar ized  in  th is  Thes is  re fers  to  
l i gand-based NMR methods  and  in  par t i cu lar  to  t r -NOE and STD techn iques.  Nex t  sec t ions  w i l l  exp la in ,  
in  deta i l ,  the  fundamenta l  o f  these  methodo log ies.   

Ligand-Based NMR Methods 
L igand-based methods  re ly  on  the  poss ib i l i t y  to  d i f fe ren t ia te  be tween f ree  and bound s ta tes  f rom 

the  NMR po in t  o f  v iew.  Genera l l y ,  l i gand-based sc reen ing  methods  use  mo lecu les  w i th  masses  <  1kDa.  
These  compounds  exh ib i t  sma l l  re laxa t ion  ra tes  R 1 =1 /T 1  and  R 2 =1 /T 2 ,  2D-NOESY cross-peaks  tha t  have 
oppos i te  s ign  o f  d iagonal  peaks ,  and la rge  t rans la t iona l  d i f fus ion  coef f i c ien ts ,  D .  Bound compounds 
share  the  NMR proper t ies  o f  the  much la rger  recep tor  (mass  >  30000 Da) .  There fore ,  bound compounds 
have  la rge  R 2  (and  la rge  se lec t i ve  R 1 ) ,  2D-NOESY cross-peaks  o f  the  same s ign  o f  d iagona l  peaks ,  and  
h igh ly  e f f i c ien t  sp in  d i f fus ion ,  a long  w i th  sma l le r  mo lecu lar  d i f fus ion  coe f f i c ien ts  D .   

These  d is t inc t  d i f fe rences  imp ly  tha t  changes  in  NMR spec t ra l  parameters  o f  the  l igand  can  be  
mon i to red  as  a  way  to  assess  ta rge t  b ind ing .  Most  l igand-based NMR exper iments  de tec t  b ind ing  by  one 
o f  two mechan isms:  (1 )  exp lo i t ing  the  d i f fe ren t ia l  mob i l i t y  o f  the  l igand in  the  f ree  versus  bound s ta te ,  
and  (2)  exp lo i t ing  a  1 H magnet iza t ion  t rans fer  process  f rom the  recep to r .  

 Transferred NOE 
I t  i s  we l l  es tab l i shed  tha t  NOE ef fec ts  (NOEs)  a re  ex t remely  use fu l  in  de termin ing  the  3D 

s t ructure  o f  mo lecu les  in  so lu t ion  (see  above)  (Neuhaus  e t  a l .  2000)  When l igand mo lecu les  b ind  to  
recep tor  pro te ins ,  the  NOEs undergo  d rast i c  changes  lead ing to  the  observa t ion o f  t rans fer red NOEs 
( t rNOEs) .  These  changes a re  the  bas is  fo r  a  var ie ty  o f  exper imenta l  schemes that  a re  des igned to  
de tect  and  charac ter i ze  b ind ing  ac t i v i t y .  The  observat ion  o f  t rNOEs re l ies  on  the  ex is tence  o f  ra ther  

d i f fe ren t  tumb l ing t imes  τ c  fo r  the  f ree  and  bound mo lecu les .  Low-  or  med ium-molecu la r -we igh t  

mo lecu les  (M W <1000Da)  have  a  shor t  co r re la t ion  t ime τ c  and,  as  a  consequence,  such  molecu les  exh ib i t  

pos i t i ve  NOEs.  Large  mo lecu les,  however ,  exh ib i t  s t rong ly  negat ive  NOEs.  When a  smal l  mo lecu le  
( l i gand)  i s  bound to  a  la rge-mo lecu lar  we ight  pro te in  ( the  pro te in  receptor  mo lecu le) ,  i t  behaves  as a  
par t  o f  the  la rge mo lecu le  and adopts  the  cor respond ing  NOE behav ior ,  tha t  is ,  i t  shows s t rong negat ive  
NOEs,  so-ca l led  t rNOEs.  These  t rNOEs re f lec t  the  bound conformat ion  o f  the  l i gand.  B ind ing  o f  a  l i gand  
to  a  recep tor  p ro te in  can thus  eas i l y  be  d is t ingu ished by  look ing  a t  the  s ign and  s ize  o f  the  observed 
NOEs (F igure  25) .  Fur thermore ,  the  d isc r im ina t ion  be tween t rNOEs or ig inat ing  f rom the  bound s ta te  and  
NOEs of  the l igand  in  so lu t ion  can  a lso  be  ach ieved  by  the  bu i ld -up  ra te ,  tha t  i s ,  the  t ime requ i red  to  
ach ieve  max imum in tens i ty ,  wh ich  for  t rNOEs is  in  the  range o f  50  to  100  ms,  whereas  fo r  sma l l ,  non-
b ind ing ,  mo lecu les  i t  i s  four -  to  ten- t imes  longer .  There fore ,  the  max imum enhancement  fo r  t rNOEs is  

observed a t  s ign i f i can t l y  shor ter  m ix ing  t imes  τ m  than  for  i so la ted  smal l  molecu les  in  so lu t ion .  Var ious 

exper imenta l  imp lementa t ions  have  been exp lo red  in  the  las t  two  decades ,  rang ing  f rom 1D se lec t ive  
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s teady-s ta te  exper iments  to  1D and  2D t rans ien t  NOE exper iments  (J imenez-Barbero  e t  a l .  2003 ;  
Neuhaus e t  a l .  2000) .  

 However ,  one  o f  the  ma jo r  drawbacks  o f  th is  exper iment  i s  the  poss ib le  ex is tence  o f  sp in 
d i f fus ion  e f fec ts ,  wh ich  a re  typ ica l  fo r  la rge  mo lecu les .  In  th is  case ,  apar t  f rom d i rec t  enhancements  
be tween pro tons  c lose  in  space ,  o ther  sp ins  ( inc lud ing  those  o f  the  recep tor )  may  med ia te  the  exchange 
o f  magnet iza t ion ,  thus produc ing  negat ive  cross  peaks  between pro tons  far  apar t  in  the  macromolecu le .  
Thus,  pro te in -med ia ted ,  ind i rec t  t rNOE e f fec ts  may  lead  to  in te rpre ta t ion  er rors  in  the  ana lys is  o f  the  
l igand  bound con format ion .  However ,  us ing t rNOEs in  the  ro ta t ing  f rame (TR-ROESY)  exper iments  
(Arepa l l i  e t  a l .  1995;  Asens io  e t  a l .  1995) ,  i t  i s  poss ib le  to  d is t ingu ish  wh ich c ross  peaks a re  dominated 
by  an ind i rec t  e f fec t ,  usua l l y  med ia ted  by a  pro te in  pro ton,  and  hence d is t ingu ish ing  d i rec t  f rom ind i rec t  
enhancements .  
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F i gu re  25 .  Le f t .  Sc hema t i c  r ep resen ta t i on  o f  a  NOESY spec t rum fo r  a  f r ee  sugar .  C ross  peaks  and  
d iagona l  peak s  hav e  d i f f e ren t  s i gns .  R igh t .  Sc hema t i c  r ep res en ta t ion  o f  a  TR-NOESY s pec t rum 
rec o rded  f o r  an  ex c hang ing  l i gand–p ro te in  s ys tem.  C ross  peaks  and  d iagona l  peak s  hav e  t he  s ame  
s i gns ,  as  ex pec ted  f o r  a  l a rge  mo lec u le ,  t hus  i nd ic a t i ng  b ind ing  t o  t he  p ro te i n .  The  re l a t i v e  s i z es  o f  
t he  peak s  and  t he  appea r anc e  o f  new  ones  may  be  us ed  t o  de tec t  c on fo rma t i ona l  v a r i a t i ons .  
(Pov eda  e t  a l .  1998 )  

F rom a  more  r igorous  po in t  o f  v iew,  the  d ipo le-d ipo le  cross re laxa t ion  ra te  cons tan ts  in  the 

labora tory  f rame (σN O E )  and  in  the  ro ta t ing  f rame (σR O E )  under  fas t  exchange,  became the  popu la t ion-

we igh ted  averages  o f  the  f ree  and  the bound s ta tes:  
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In  te rms o f  spec t ra l  dens i t y  func t ions ,  they  have the  form:  
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where  i  and  j  a re  the  two  p ro ton pa i rs .  

The chang ing  in  the  s ign o f  the  cross-peaks  pass ing  f rom the  f ree to  the bound-s ta te  can  be 

seen in  Eq.  41a .  In  the  f ree  s ta te ,  the  mo lecu le  i s  character i zed  by smal l  τ c ,  sa t i s fy ing  ωHτ c  «  1 ,  

J i j ( 2ωH )≈J i j ( 0 ) ,  and  σ F N O E  ≈+5  J i j ( 0 ) .  In  the  bound s ta te ,  la rge  τ c  characte r i ze  the  sys tem,  sa t i s fy ing  

ωHτ c  »  1 ,  J i j ( 2ωH )≈0,  and  σB N O E  ≈  -  J i j ( 0 ) .  By  con t ras t ,  σR O E  does  not  f l i p  in  s ign .   The  es t imated range 

o f  b ind ing  a f f in i t i es  that  can  be  probed by  t rans fer red  σN O E  i s  100nM≤KD≤1mM (Mayer  e t  a l .  2000) .  

In  conc lus ion ,  the t rNOE method a l lows  fas t  sc reen ing o f  poss ib le  b inders  respect  to  a  spec i f i c  
ta rge t  recep to r  and ,  a t  the  same t ime,  permi ts  the  knowledge o f  the  recogn ized  con fo rmat ion  o f  the  
l igand  bound to  the  recep tor ,  what  has  cons iderab le  imp l i ca t ion  for  a  ra t iona l  s t ruc ture -based drug  
des ign.  

Saturation Transfer Difference 
 

Satura t ion- t rans fer  NMR spec t roscopy has  been used  for  a  long  t ime in  the charac ter i za t ion  o f  
b ind ing  between l igands  and  recep tors  (Akasaka  1979) .  More  recen t l y ,  Bernd  Mayer  and  Thomas Peters  
have  deve loped a  method  based on the  t rans fe r  o f  sa tura t ion  f rom the  p ro te in  to  the  bound l igands ,  
wh ich  in  tu rn ,  by  exchange,  i s  moved in to  so lu t ion ,  where  i t  i s  de tec ted  (Mayer  e t  a l .  1999) .  By  u t i l i z ing  
d i f fe rence  spec t roscopy,  homonuc lear  methods,  espec ia l l y  pro ton  NMR exper iments  can eas i l y  be used  
to  ob ta in  we l l - reso lved  spec t ra  o f  the  l igand.  By  subs t rac t ing  one  spec t rum in  which  the  p ro te in  
resonances  a re  satura ted  f rom a  second one ,  w i thout  p ro te in  sa tura t ion ,  a  d i f fe rence  spec t rum is  
p roduced in  wh ich  on ly  the  s igna ls  o f  the  l igand(s )  tha t  have fe l t  the  t rans fer  o f  sa tura t ion  f rom the 
p ro te in  do appear  (F igure  26) .   

The  i r rad ia t ion  f requency i s  se t  a t  a  pos i t ion  where  on ly  resonances  f rom the  pro te in  nuc le i  and 
no  resonances  f rom the  l igand  nuc le i  a re  loca ted .  There fore ,  in  the  on- resonance exper iment ,  se lect ive  
sa tura t ion  o f  the  s igna ls  o f  the  pro te in  nuc le i  i s  ach ieved.  For  the  on- resonance i r rad ia t ion  f requency 
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va lues  around -1  ppm are  prac t i ca l  because no  l igand nuc le i  resonances  a re  found in  th is  spec t ra l  
reg ion ,  whereas  the  s ign i f i can t  l ine  w id th  o f  p ro te in  s igna ls  s t i l l  a l lows se lec t i ve  sa tu ra t ion .  I f  the  
l igands  show no  resonance s igna ls  in  the  a romat ic  p ro ton  spec t ra l  reg ion ,  the  sa tura t ion  f requency  may 

a lso  be  p laced  there  (7  ppm)  or  even  fur ther  downf ie ld  (δ=11– 12  ppm) .  In  o rder  to  ach ieve  the  des i red  

se lec t i v i t y  and  to  avo id  s ide-band i r rad ia t ion ,  shaped pu lses are  employed for  the  sa tura t ion  o f  the  
p ro te in  s igna ls  (Meyer  e t  a l .  2003) .   

The  degree  o f  l i gand  sa tu ra t ion  na tu ra l l y  depends on  the  res idence  t ime o f  the  l i gand in  the 
p ro te in-b ind ing  pocke t .  The  d issoc ia t ion  o f  the  l igand  w i l l  then  t ransfer  th is  sa tura t ion  in to  so lu t ion ,  
where  the  f ree  l igand aga in  g ives r i se  to  resonance s igna ls  w i th  nar row l ine  w id ths .  

 

F igu re  26 .  De tec t i on  o f  b ind ing  us ing  the  s a tu ra t i on  t r ans fe r  d i f f e renc e  (STD)  ex pe r imen t .  
(Mey e r  e t  a l .  2003 ;  Peng  e t  a l .  2004 )  F requency  s e lec t i v e  i r r ad ia t i on  ( l i gh tn i ng  bo l t )  c aus es  
s e lec t i v e  1H  s a tu ra t i on  ( s had ing )  o f  t he  t a rge t  r ec ep to r .  I r r ad ia t i on  i s  app l i ed  f o r  a  s us ta ined  
i n te r v a l  du r i ng  wh i c h  s a tu ra t i on  s p reads  t h roughou t  t he  en t i r e  r ec ep to r  v i a  1 H - 1 H  c ross -
re lax a t i on  ( s p in  d i f f us i on ) .  Sa tu ra t i on  i s  t r ans fe r red  t o  b i nd ing  c ompounds  ( c i r c l es )  du r i ng  t he i r  
r es i denc e  t ime  i n  t he  recep to r  b i nd ing  s i t e .  The  number  o f  l i gands  hav ing  ex pe r i enc ed  
s a tu ra t i on  t r ans fe r  i nc reases  as  more  l i gand  exc hanges  on  and  o f f  t he  rec ep to r  du r i ng  t he  
s us ta ined  s a tu ra t i on  pe r i od .  Nonb ind ing  compounds  ( s ta r s )  a re  una f fec ted .  

 

For  those  l igand pro tons  that  in terac t  w i th  p ro te in  pro tons  th rough an in termo lecu lar  NOE,  a 
decrease  in  in tens i t y  i s  observed .  However ,  in  the p resence  o f  o ther  mo lecu les  such  as impur i t ies  and 
o ther  non-b ind ing  components  i t  i s  no t  usua l l y  poss ib le  to  iden t i f y  such  a t tenuated  s igna ls .  Therefo re ,  
in  a  second exper iment ,  the  i r rad ia t ion  f requency  is  se t  a t  a  va lue  tha t  i s  fa r  f rom any  s igna l ,  l igand  o r  
p ro te in ,  fo r  example ,  40  ppm (o f f - resonance  spect rum) .  The  spec t rum is  recorded  and y ie lds  a  normal  
NMR spec t rum o f  the  mix tu re .  Sub t ract ion  o f  the  on- resonance  f rom the  o f f - resonance  spec t ra  leads  to  a  
d i f fe rence  spec t rum,  in  wh ich  on ly  the s igna ls  o f  the  p ro tons  that  were  a t tenuated  by  sa tura t ion  t rans fer  
a re  v is ib le .  A l l  mo lecu les  w i thou t  b ind ing  act i v i t y  a re  cance l led  ou t  (F igure  27) .   

Sa tura t ion  o f  the pro te in  and  the bound l igand i s  very  fas t  (abou t  100 ms) .  There fore ,  a  fas t  o f f  
ra te  o f  the  l igand t rans fers  the in fo rmat ion about  sa tura t ion  qu ick ly  in to  so lu t ion .  I f  a  la rge  excess o f  
the  l igand  i s  p resen t ,  one b ind ing  s i te  can  be  used to  satura te  many  l igand mo lecu les in  a  few seconds.  
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L igands  in  so lu t ion  loose the i r  in format ion  by  norma l  T 1 /T 2  re laxa t ion ,  wh ich  i s  in  the o rder  o f  one 
second for  sma l l  mo lecu les .  

 

F igu re  27 .  a )  Re fe renc e  1D  1H  NMR s pec t r um o f  a  GM1 m im ic  w i t hCTB5  ( ra t i o  25 :1 )  i n  D2O a t  300  
K .  b )  STD s pec t rum w i t h  1  s  p res a tu ra t ion  o f  t he  p ro te i n  env e lope  p ro tons .  L i gand  p ro ton  s i gna l s  
a re  ev iden t  i n  t he  a roma t i c  r eg ion .  P ro tons  a r e  t hos e  be long ing  t o  t he  Ga l  and  Ga lNAc  mo ie t i es  
a re  c l ea r l y  v i s i b l e ,  wh i l e  t he  o the r  p ro tons  o f  t he  m im ic  do  no t  appea r  i n  t he  STD s pec t rum.  De ta i l s  
abou t  t h i s  ex pe r imen ts  w i l l  be  f ound  i n  t he  s ec ond  pa r t  o f  t h i s  Thes is .  

 

Thus,  the  propor t ion  o f  sa tura ted  l igands  in  so lu t ion  inc reases dur ing  the  sa tura t ion  t ime,  and  so 
the  in format ion  about  the  bound s ta te  resu l t ing  f rom the sa tura ted pro te in  is  ampl i f ied ,  wh ich  means 
tha t  on ly  a  re la t i ve ly  smal l  amount  o f  p ro te in  is  requ i red .  On the  o ther  hand,  i f  b ind ing is  very  t igh t ,  and 
consequent ia l l y  o f f  ra tes  a re  in  the  range o f  0 .1–0.01  Hz ,  the  sa tura t ion  t rans fer  to  l i gand  mo lecu les i s  
no t  very  e f f i c ien t .  Th is  i s  usua l l y  the  case  for  KD  va lues  less  than  1  nM.  I f  the  K D  va lues  a re  100  nM,  o r  
la rger ,  fas t  exchange o f  f ree  and  bound l igands  leads  to  a  very  e f f i c ient  bu i ld  up  o f  sa tura t ion  o f  the  
l igand mo lecu les  in  so lu t ion .   

The  observed  in tens i t ies  o f  the  s igna ls  a r i s ing  f rom the  l igand  in  the  STD NMR spec t rum are  no t  
d i rec t l y  p ropor t iona l  to  the  b ind ing  s t reng th .  STD NMR ef fec ts  depend la rge ly  on  the o f f  ra te .  As 
ou t l ined  above ,  la rger  o f f  ra tes  shou ld  resu l t  i n  la rger  STD s igna ls .  However ,  when b ind ing  becomes 
very  weak  the  p robab i l i t y  o f  the  l igand  be ing  in  the  recep tor  s i te  becomes very  low,  wh ich  resu l ts  in  
weak STD s igna ls .  STD NMR spec t roscopy  can  be  used f rom t igh t  b ind ing  up to  a  KD  o f  abou t  10 mM. 

The in tens i t y  o f  the  STD s igna ls  depends ,  among o ther  th ings ,  on  the  i r rad ia t ion  t ime/satura t ion  
t ime (F igures 28)  and  on  the  excess  o f  l i gand  mo lecu les  used  (Meyer  e t  a l .  2003) .  The  more l igand  tha t  
i s  used  and  the  longer  the  i r rad ia t ion  t ime,  the  s t ronger  the  STD s igna l  i s .  In  genera l ,  the  i r rad ia t ion  
t ime is  2s  and  a  100- fo ld  excess o f  l i gand  i s  used  to  g ive  good resu l t  s .  Upon d issoc ia t ion ,  the 
sa tura t ion  o f  the  l igand  i s  t ranspor ted  in to  so lu t ion ,  where  i t  accumula tes  as  a  resu l t  o f  the  s low dec l ine  
o f  the  sa tura t ion  by  re laxa t ion  processes  in  so lu t ion .  Before  l igands  in  so lu t ion  have  los t  the i r  
sa tura t ion ,  the  p rocess  o f  assoc ia t ion  ( fo l lowed by  d issoc ia t ion)  can  occur  many  t imes  and  thus pu t  
many  more  sa tura ted  l igands  in to  so lu t ion .  The  max imum net  e f fec t  o f  sa tura t ion  on l igand  p ro tons 
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occurs  i f  a  la rge  excess  o f  l i gand  i s  used ,  because  i t  i s  very  un l i ke ly  tha t  a  l i gand  w i th  sa tura t ion  re-
en ters  the  b ind ing s i te .  F rom the  h igh l igand:pro te in  ra t ios  i t  i s  c lear  tha t  the  amount  o f  p ro te in  requ i red 
for  the  measurements  i s  very  sma l l .  A t  500  MHz,  an  amount  o f  approx imate ly  0 .3  nmol  o f  p ro te in  is  

su f f i c ien t  to  record  STD spec t ra .  At  a  mo lecu lar  we igh t  o f  50  kDa,  th is  t rans la tes  in to  about  15  µg p f  

p ro te in .  
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F igu re  28 .  Pe rs ona l  r es u l t s  on  dependenc e  o f  STD s igna l s  w i t h  r es pec t  s a tu ra t i on  t ime  (he re  
rep res en ted  as  number  o f  l oop  c yc les ,  nc )  f o r  t he  c as e  o f  a  GM1 m im ic  bound  t o  VAA l ec t i n  (mo la r  
r a t i o  50 :1 ) .  Eac h  nc  l as t  f o r  50  ms ,  and  henc e  t he  t o ta l  s a tu ra t i on  t ime  v a r i es  f r om 500ms  ( s econd  
s pec t rum f rom the  bo t t om)  t o  more  t han  2s  ( f i r s t  s pec t rum f rom the  t op ) .  Re fe rence  1H  s pec t rum i s  
a l s o  i l l us t ra ted  ( f i r s t  s pec t rum on  t he  bo t t om) .   

 

I t  has  been a l ready  shown (F igure  27)  tha t  STD-NMR is  an  exce l len t  techn ique  fo r  de termin ing 
the  b ind ing  ep i tope  o f  the  l igand,  in fo rmat ion  that  i s  o f  p r imar i l y  impor tance  fo r  a  ra t iona l  drug  des ign  
p rocess .  As  consequence o f  the  in termo lecu lar  sa tura t ion  t rans fe r  process  descr ibed  above ,  the  l igand 
sa tura t ion  i s  h igher  fo r  those pro tons  that  are  in  c loser  con tac t  w i th  the  recep to r .  Th is  k ind  o f  
in format ion  can  be  accura te ly  ana lyzed  (Jaya lakshmi  e t  a l .  2002)  and  the  STD e f fec t  can be 
quant i ta t i ve ly  ana lyzed  in  a  s im i la r  way  to  that  ment ioned above  for  quant i ta t i ve  es t imat ion  o f  t rNOEs.  
The resu l ts  d iscussed in  th is  Thes is  re fer  exc lus ive ly  to  a  qua l i ta t i ve  ana lys is  o f  STD exper iments .  

 

Applications of RDCs to the study of multiple fragments or 
complexes 

One o f  the  inherent  l im i ta t ions  tha t  ar i ses  for  the ana lys is  o f  d ipo lar  da ta  s tems f rom the  fact  
tha t  d ipo lar  coup l ing  measurements  do  not  have  a  one- to-one  cor respondence to  a  pa i r  o f  po lar  ang les  
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descr ib ing  the  two sp in  pa i rs  in terac t ion  vec tors .  A  g iven  res idua l  d ipo lar  coup l ing  measurement  can 
on ly  res t r i c t  the  or ien ta t ion  o f  the  cor respond ing  in ternuc lear  vec tor  to  two  cones  (or  d is to r ted  cones) ,  
as  shown in  F ig .  29.  The add i t ion  o f  da ta  cor respond ing  to  o ther  vec to rs ,  i f  they are  r ig id ly  re la ted to  
the  f i r s t  one,  can  reduce the  number  o f  poss ib le  so lu t ions ,  but  i t  cou ld  not  reduce  the so lu t ion  to  a  
s ing le  po in t .   

 

F i gu re  29 .  I n  t he  abs enc e  o f  mo t i ona l  av e rag ing ,  a  s i ng le  res idua l  d i po la r  
c oup l i ng  measu remen t  r es t r i c t s  t he  o r i en ta t i on  o f  an  i n te rnuc lea r  v ec to r  t o  
two  c ones  o f  o r i en ta t i ons ,  s ub tended  by  t he  ang le  h ,  r e l a t i v e  t o  t he  
magne t i c  f i e l d .  

 

 The  degeneracy  ar i ses  because  the  re la t ionsh ip  be tween the  ind iv idua l  vec to rs  and  the  order  

tensor  pr inc ip le  axes  depend on  cos 2 θ ,  and  a re ,  thus ,  insens i t i ve  to  invers ion  o f  any  o f  the  pr inc ipa l  

axes  o f  the  a l ignment  tensor .  

 Hence ,  two  mo lecu lar  f ragments  ( two  p ro te in  subun i ts  or  a  l igand  in terac t ing  w i th  i t s  recep tor )  
can  be assembled re la t i ve  to  one  another ,  bu t  on ly  w i th  a  four - fo ld  degeneracy ;  “n”  mo lecu lar  f ragments  
can  be  assembled on ly  w i th  a  4 n − 1 - fo ld  degeneracy  (F ig .  30a) .  Such  degeneracy c lear ly  wou ld  l im i t  our  
ab i l i t y  to  de f ine  p ro te in  s t ruc tu res ,  i f  on ly  d ipo la r  da ta  were  used.  In  many c i rcumstances ,  NOE data  
and /o r  bond ing  const ra in ts  m ight  be used  to  overcome th is  l im i ta t ion .  However ,  the  mos t  re l iab le  method  
for  reduc ing th is  degeneracy  i s  by  employ ing,  a t  leas t ,  a  second a l ign ing med ium.   

The approach  used in  combin ing  da ta  i s  i l l us t ra ted  in  F ig .  30b  (A l -Hash imi  e t  a l .  2000;  Rami rez  
e t  a l .  1998) .  Br ie f l y ,  measurement  o f  f i ve  or  more independent  res idua l  d ipo lar  coup l ings  in  each  
mo lecu lar  f ragment ,  MF1 and  MF2,  a l lows  de te rmina t ion o f  order  tensor  e lements ,  and  a  pr inc ipa l  

a l ignment  f rame for  each .  St ruc ture  de termina t ion  then proceeds  by  a l ign ing the  resu l t ing  
p r inc ipa l  order  f rames.  For  two mo lecu la r  f ragments ,  MF1 and MF2,  th is  g ives  r i se  to  four  un ique  
re la t i ve  or ienta t ions  tha t  are  cons is ten t  w i th  res idua l  d ipo la r  coup l ing  measurements  (F ig .  30a) .  I f  a  new 
se t  o f  res idua l  d ipo lar  coup l ing  da ta  i s  recorded  by us ing  a  second a l ign ing med ium,  th is  cho ice  
p roduces a  new non-co inc iden t  order  tensor  or ien ta t ion .  
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 Ana logous ly ,  i t  i s  poss ib le  to  genera te  a  new set  o f  four  poss ib le  or ien ta t ions  o f  MF2 re la t i ve  to  
MF1.  F ragment  MF1 can  now be  or iented  iden t i ca l l y  fo r  the  two sets  (F ig .  30b) ,  and  the  re la t i ve  
o r ien ta t ions fo r  MF2 in  the  two  med ia  can  be  compared .  I f  the  med ia  do not  b ias  the  conformat ion o f  the  
mo lecu le  o r  supramolecu le ,  the  re la t ive  o r ien ta t ion  o f  the  f ragments  shou ld  be  iden t i ca l  in  on ly  one 
case .  Th is  cor responds  to  the  cor rect  o r ien ta t ion  o f  MF1 re la t i ve  to  MF2 (dark  grey  f ragments) .  Th is  
approach  has  been demonst ra ted  for  two f ragments  in  the  pro te in  rubredox in  (A l -Hash imi  e t  a l .  2000) .  
The de termined or ienta t ion  o f  two  mo lecu lar  f ragments  us ing  th is  procedure proved  to  be in  exce l len t  
agreement  w i th  the  ava i lab le  crys ta l  s t ruc ture .  

a) Alignment Medium 1 

 

b) Alignment Medium 2 

 

F igu re  30 .  Res o lv i ng  o r i en ta t i ona l  degene racy  us ing  tw o  non -c o inc iden t  o rde r  t ens o rs .  ( a )  The  f ou r  
pos s ib l e  ways  t o  ass emb le  two  mo lec u la r  f r agmen ts  us ing  a  s i ng le  o rde r  t ens o r  f r ame  f r om 
a l i gnmen t  med ium 1 .  No te  t ha t  wh i l e  t he  mo lec u la r  o r ien ta t i ons  MF2o ,  MF2x ,  MF2y  and  MF2z  w i l l  
a lways  be  d i s t i ngu i s hab le  fo r  non -sy mmet r i c a l  mo lec u les ,  t he  des igna t i on  ‘ o ’ ,  ‘ x ’ ,  ‘ y ’  and  ‘ z ’  i s  
a rb i t r a r y .  ( b )  The  o r i en ta t i on  o f  t he  o rde r  t ens o r  f r ame  ( x ’ ,  y ’ ,  z ’ )  us i ng  a l i gnmen t  med ium 2  f r om 
the  po in t  o f  v i ew  o f  t he  mo l ec u la r  o r i en ta t i ons ) .  On ly  one  o f  t he  f ou r  pos s ib l e  o r i en ta t i ons  (MF2x  
s haded  i n  da rk  g ray )  has  a  c o inc iden t  o rde r  t ens or  f r ame  w i t h  MF1 .  
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. . I s  i t  just  a matter how much curious we are? 



Results and Discussion 
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Resu l ts  and  D iscuss ion   

Objectives 
In  th is  Thes is ,  we  have  addressed the s tudy  o f  the mo lecu lar  recogn i t ion  o f  g lycomimet ics  and 

na tura l  sugars  by  us ing  NMR spec t roscopy .  Apar t  f rom my persona l  fo rmat ion  i ssue,  we have  se lec ted 
th is  top ic  because we fee l  tha t  i t  i s  t ime ly ,  sc ient i f i ca l l y  in teres t ing ,  and  very  few examples  have  been 
descr ibed f rom a  r igorous  v iew po in t .  D i f fe rent  b io log ica l l y  re levan t  systems have  been se lec ted  tha t  
vary  f rom tox ins  to  enzymes,  pass ing through a  var ie ty  o f  p lan t  and  an imal  lec t ins .  In  a l l  these  cases ,  
apar t  o f  the  in t r ins ic  nature  o f  the  inves t iga t ion ,  we have  t r ied  to  imp lement  new methods and  to  ex tend 
the  use  o f  d i f fe ren t  NMR pro toco ls .  

The  exper imenta l  work  is  p resen ted  here  in  a  format  tha t  inc ludes  a  br ie f  in t roduct ion to  the 
top ic  fo l lowed by  the  pub l i shed  paper /s  (or  documents  in  submiss ion)  in  sc ien t i f i c  journa ls .  F ive  
d i f fe ren t  top ics  a re  here  d iscussed,  de f ined  w i th  regard  to  poss ib le  targe ts  w i th  par t i cu la r  b iomed ica l  
in teres t .  Tab le  4  summar izes  the  f ie lds  and  the re la ted  pub l i ca t ions .  

Tab le  4  

TOPIC REFERENCE 

Cho lera  Tox in  B 5  pen tamer  Mimics  o f  gang l ios ide  GM1 as  cho lera  tox in  l i gands :  rep lacement  o f  the  
Ga lNAc res idue  

In t ramolecu la r  carbohydra te-aromat ic  in terac t ions and  in te rmolecu lar  van 
der  Waa ls  in terac t ions  enhance  the  mo lecu lar  recogn i t ion  ab i l i t y  o f  GM1 
g lycomimet ics  for  cho lera  tox in  

Syn thes is  and  con format iona l  ana lys is  o f  ga lac tose-der ived  b icyc l i c  
sca f fo lds  

DC-SIGN 1D sa tura t ion  t ransfer  d i f fe rence NMR exper iments  on  l i v ing  ce l l s :  the  DC-
SIGN/o l igomannose in terac t ion  

G lycos idase  inh ib i to rs  The Conformat iona l  Behav ior  o f  Nove l  G lycos idase  Inh ib i to rs  w i th  
Subs t i tu ted  Azepan St ruc tures :  An  NMR and Mode l ing  Study  

Carbamannose  
g lycomimet ic  

Syn thes is ,  Conformat iona l  S tud ies  and Mannos idase  S tab i l i t y  o f  a  Mimic  o f  
1 ,2-Mannob ios ide  

VAA,  CG14 and CTB5 Conformer  se lec t ion  o f  a  pheny l - lac t i c  GM1 g lycomimet ic  by  three  d i f fe rent  
lec t ins  

  

Fo l low ing  th is  sec t ion ,  a  genera l  v iew o f  my par t i c ipa t ion  to  in ternat iona l  congresses  as pos ter  
con t r ibu t ions or  ora l  communicat ions/ lec tures  are  presen ted .  
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Second par t :  the  Co lera  Tox in  case  

The Cholera Toxin B5 pentamer and its ligands 
 

The entero tox in  produced by  V ibr io  Cho lera  (CT)  be longs  to  a  fami ly  o f  tox ins  w i th  common 
func t iona l  proper t ies  l i ke ,  fo r  ins tance ,  ADP-r ibosy la t ion  o f  ATPase.  Th is  fami ly  inc ludes  a lso  
Escher ich ia  Co l i  entero tox in  (LT) ,  d iph ther ia  tox in ,  per toss is  tox in  and the  exo tox in  A .  The  s t ruc tu res  o f  
these  pro te ins  a re  the  majo r  causes  for  severe  en te r i t i s  and  bac te r ia l  d ia r rhea ,  bo th  in  human (CT and  
LT)  and  an ima ls  (LT) .  CT and  LT  are  s t r i c t l y  re la ted  in  te rms o f  the i r  phys io log ica l  ac t i v i ty  and  f rom the 
s t ruc tura l  po in t  o f  v iew,  bo th  are  hexamers  AB5- type ,  w i th  a  sequence  homology  o f  more  than  80% 
(F inke ls te in  1988) .   

 The  s t ruc tures  o f  these  p ro te ins  (Mer r i t t  e t  a l .  1994 ;  S ixma et  a l .  1993 ;  S ixma e t  a l .  1991)  and 
o f  some o f  the i r  complexes  w i th  l i gands  (Job l ing  e t  a l .  1991 ;  Mer r i t t  e t  a l .  1994;  Mer r i t t  e t  a l .  1994 ;  
S ixma e t  a l .  1992)   have  been invest iga ted  by  X ray  d i f f rac t ion  and  e lect ron  mic roscopy .  LT  and  CT 
tox ins  are  syn thes ized  in  the  cy toso l  o f  the  bac te r ia  as  A  and  B  monomers ,  wh ich  consequent ly  are 
assembled  in  the per ip lasmat ic  space to  fo rm the AB 5  complex.  Some V ibr io  Cho lerae  s t rands  d i rec t l y  
p roduce ex t race l lu lar  CT tox in ,  whereas  some ente ro tox igen ic  s t rands  o f  Escher ich ia  co l i  cou ld  secre te  
the  tox in  w i th in  membrane f ragments .  In  a  second phase,  the  f ree  tox in  in te rac tS  w i th  the hos t  in tes t ina l  
ep i the l ia l  ce l l s  by  spec i f ic  recogn i t ion  be tween B5 pentamer  and  the  GM1 gang l ios ide ,  wh ich  i s  presen t  
in  the  externa l  par t  o f  the  doub le  layer  ce l l  membrane (F igure  31) .  The  A-subun i t  i s  the  ac tua l  tox ic  par t  
o f  the  mo lecu le .   In  order  to  produce the  tox ic  e f fec t ,  p ro teo lys is  be tween f ragment  192  and  194  is  
requ i red as  we l l  as  reduct ion  o f  the  d isu l f ide  br idge  between 186  and  199 .  

 

Figure  31 .  Schemat ic  represen ta t ion  o f  CT tox in  act i v i t y  
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 These  processes  genera te  two  f ragments :  the  so-ca l led  A1 (cons t i tu ted  by  res idues  1-
192(194) ) ,  respons ib le  o f  the  pa tho log ica l  ac t i v i t y  o f  the  tox in  and  probab ly  fo r  the  recogn i t ion  o f  NAD + ,  
and  the  A2 f ragment ,  (cons t i tu ted  by  res idues 193(195) -240) ,  respons ib le  o f  the  un ion  to  the B5 
pen tamer .   Dur ing  the  f i r s t  s tage  o f  the  in fec t ion ,  the  A1  f ragment  o f  CT is  ab le  to  c ross  the  ce l l  
membrane o f  the  targe t  ce l l  and  to  ca ta lyze the  t ransfer  o f  an  ADP-r ibose  group  f rom NAD+ to  a  
a rg in ine ’s  guan id ium group  o f  the  A subun i t  o f  the  G pro te in  ( f igure  31) .  Upon th is  t ransfer ,  the  G 
pro te in  i s  locked  in  i t s  ac t i ve  s ta te  and ,  consequent ly ,  the  cAMP leve ls  inc rease ,  lead ing  to  the  los t  o f  
sa l t s  and  f lu ids  f rom the  in fec ted  ce l l ,  and  thus  the deve lopment  o f  the  d isease .  On the  o ther  hand,  the 
f i ve  B  subuni ts  cons t i tu te  the  cen ters  fo r  the  spec i f i c  recogn i t ion  o f  the  GM1 receptor  loca ted  on  the 
membrane sur face  o f  the  targe t  ce l l .  Upon b ind ing ,  the  B5  pen tamer  does  no t  exh ib i t  any  dramat ic  
changes  and,  above  a l l ,  the  GM1 b ind ing  s i te  on  the  pen tamer  i s  re la t i ve ly  fa r  w i th  respec t  to  the A  
subun i t .  The  cor re la ted  d isease  evo lves  p r inc ipa l l y  w i th  an  in test ina l  i l l ness ,  wh ich cou ld  man i fes t  f rom 
a  weak  d iar rhea  to  a  severe  dehydra t ion ,  wh ich  cou ld  end  w i th  the  dea th  o f  the  pa t ient .  Knowledge o f  
the  s t ruc ture  o f  th is  p ro te in  and  i t s  ac t i v i t y  became very  impor tan t  in  the  deve lopment  o f  poss ib le  drugs 
and  vacc ines aga ins t  these  d iseases .  Th is  wou ld  exp la in  why CT and LT  are  ob ject  o f  in tense  s tud ies .  

The membrane receptor: GM1 ganglioside 
 

GM1 {Ga l (β1-3)Ga lNAc(β1-4) [NeuAc(α2-3) ]Ga l (β1-4)G lc(β1-4)ceramide}  is  a  gang l ios ide ,  whose 

termina l  par t  i s  const i tu ted  by  a  pen tasacchar ide.  Th is  i s  the  recep tor  fo r  CT tox in  (F igure  32) .    

GM1 has  been found anchored  in  d i f fe ren t  human ce l l  membranes ,  par t i cu la r l y  o f  the  nervous 
sys tem,  bu t  i t s  phys io log ica l  funct ion  on  the  ep i the l ia l  in tes t ina l  ce l l s  i s  s t i l l  unknown.  Even so ,  the  
in terac t ion  be tween GM1 and CT has  been demonst ra ted to  be very  spec i f i c  (De Wol f  e t  a l .  1981) :  those  
ce l l s  tha t  do no t  presen t  GM1 receptor  on  the  sur face  do  not  recogn ize  the tox in ;  and  by  add ing  GM1 
those ce l l s ,  they  are  sens i t i ve  respect  to  the  tox in  in terac t ion .  Fur thermore ,  GM1 spec i f i ca l l y  b inds to  
the  AB 5  hexamer  and  to  the  B 5  pen tamer ,  bu t  no t  to  the  B  monomer .  In  fac t ,  the  b ind ing s i te  fo r  GM1 is  
found to  be on  the  in ter face  w i th in  two  B  monomers .  As  a  consequence,  the f i ve  b ind ing  s i tes  on  B5  ac t ,  
in  a  coopera t i ve  manner ,  fo r  GM1 recogn i t ion .  

 

F igure  32 .  Sacchar id ic  por t ion  o f  GM1 
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The CT:GM1 complex 
The f i r s t  da ta  about  recogn i t ion  o f  th is  t ype  o f  tox ins  and sugars  were  ob ta ined  w i th  the X- ray 

s t ruc ture  o f  the  LT: lac tose  complex ,  wh i le  in  1994 the  f i r s t  s t ruc ture  o f  the  CT:GM1 complex  was  so lved 
(Mer r i t t  e t  a l .  1994) .  As  dep ic ted  in  f igu re  33 ,  the  ga lactose  and  s ia l i c  ac id  mo ie t ies  o f  GM1 are  in  
con tact  w i th  the  pro te in ,  the  N-Acet i l  ga lac tosamine res idue  has  a  minor  con t r ibu t ion ,  whereas  the  o ther  
two GM1 res idues  seem to  serve  as a  mere  sca f fo ld .  

 

Figure  33 .  Scheme o f  the b ind ing  s i te  o f  the  complex  CT:GM1 
 

Approx imate ly ,  350Å 2  o f  the  GM1 sur face ,  wh ich,  in  pr inc ip le ,  a re  access ib le  to  the  so lven t  are  
invo lved  in  the  in terac t ion  w i th  the  p ro te in .  In  par t i cu la r ,  43% are  re la ted  to  the  s ia l i c  ac id ,  39% to  the 
termina l  ga lac tose ,  and  17% to  the  N-Acet i l  ga lac tosamine  res idue .  As  a l ready  ment ioned,  the  hydroxy l  
g roups O-2 ,  O-3 and  O-4 o f  the ga lactose  are  hydrogen bond accep to rs  w i th  respec t  to  donors  a t  the  
Asn90 and  Lys91 la tera l  cha ins .  A lso ,  ind i rec t  hydrogen bonds ,  med ia ted by  water ,  a re  found w i th  
res idues Asn14 and G ly51 .  F ina l l y ,  the  ga lac tose  r ing  s tacks  w i th  the  aromat ic  por t ion  o f  T rp88,  wh ich  
a l lows the  hydrophob ic  in te ract ion  ment ioned in  the  f i r s t  par t .  

Regard ing  s ia l i c  ac id ,  d i rec t  hydrogen bond ing  in terac t ions  are  found w i th  Tyr12,  G lu11,  H is13,  
as  we l l  as  w i th  the  N-Acet i l  ga lactosamine  mo ie ty .  A lso ,  two ind i rec t  hydrogen bonds,  med ia ted  by 
water ,  a re  found w i th  the  termina l  ga lac tose .  The  N-Acet i l  ga lactosamine  does  no t  seem to  take  par t  a t  

any  hydrogen bond ing ,  on ly  a  con tact  be tween the  Cβ of  H is13  and  i t s  methy l  g roup  i s  observed .  No 

o ther  in teract ions  a re  seen between the  lac tose  mo ie ty  and  the pro te in .  

Development of CT artificial ligands  
 

The knowledge o f  the  exac t  b ind ing mot i f  o f  GM1 w i th  CT cou ld  a l low a  ra t iona l  des ign,  
deve lopment  and  syn thes is  o f  a r t i f i c ia l  l i gands  for  the  tox in .  These  mo lecu les cou ld  poss ib le  func t ion  as  
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spec i f i c  drugs  by  inh ib i t ing  the  coord ina t ion  o f  the  B 5  pentamer  w i th  the  human in tes t ina l  ep i the l ium.  In  
p r inc ip le ,  a  good ar t i f i c ia l  l i gand  shou ld  show a 3D-s t ructure  c lose  to  GM1 fo r  those par ts  tha t  a re  
fundamenta l  fo r  the  b ind ing .  Moreover ,  i t  shou ld  be syn thet i ca l l y  s imp le  for  those  reg ions  tha t  are  not  in  
con tact  w i th  the  p ro te in .  

Here,  I  w i l l  p resen t  two  papers  and  a  manuscr ip t  tha t  re fer  to  the  ra t iona l  des ign  o f  new CT 
b inders ,  w i th  a  de ta i led  s tudy  o f  the i r  con format ions bo th  in  f ree and  bound s ta te ,  us ing  NMR and 
mo lecu lar  mode l ing .  
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Two new cholera toxin (CT) ligands (4 and 5) are described. The new ligands were designed starting from the
known GM1 mimics 2 and 3 by replacement of their GalNAc residue with the C4 isomer GlcNAc. As predicted
by molecular modelling, the conformational properties of the equivalent pairs 2–4 and 3–5 are very similar and
their affinity for CT is of the same order of magnitude. NMR experiments have also proved that 5 occupies the
GM1-binding site of the toxin and have revealed its bound conformation.

Introduction
Carbohydrate–protein complexes are formed in the initial steps
of a large number of physiological and pathological processes,
which range from cell–pathogen interaction, to cell–cell recog-
nition, to tumor metastasis, etc. 1 Interference with these
recognition events could be used to modulate or alter signal
transmission, or to prevent the onset of diseases. Therefore the
synthesis of functional sugar mimics capable of antagonising
oligosaccharides at the protein receptor level has attracted a
great deal of attention as a way to develop drugs with good
stability and synthetic availability.2

Our group is currently involved in an effort to devise a
rational approach to the design and synthesis of glycomimetics
by scaffold replacement.3 In brief, we have proposed the use of
conformationally stable cyclic diols 4 to replace non-pharmaco-
phoric parts of bioactive oligosaccharides, while preserving
the correct pharmacophore orientation. Computational tools
can be used to predict the three-dimensional structures of the
mimics and compare them with the structure of the natural
ligand. When supported by adequate experimental work,
molecular modelling also makes it possible to obtain at least
qualitative predictions on the binding mode of new substrates,
and to design further simplifications of the glycomimetic struc-
tures aimed at reducing the carbohydrate-likeness of the mimics
and increasing their drug-like properties.

This approach has been validated 5 using as a model system
the recognition pair composed of the head-group of ganglio-
side GM1 1 (Chart 1) and the two bacterial enterotoxins
(cholera toxin (CT) and heat-labile toxin of E. coli (LT)) that
use it as their target on cell membranes. GM1 interacts with CT
and LT using the Gal and NeuAc residues at the oligosacchar-
ide non-reducing end, as has been shown by biochemical 6 and
structural 7 studies. Not long ago, we described the rational
design and the synthesis of the pseudo-oligosaccharide 2 5,8

(Chart 1), a functional and structural mimic of ganglioside
GM1 based on the use of a conformationally restricted cyclo-
hexanediol (CHD) 3 to replace the reducing end of the ganglio-
side head-group, which is not involved in toxin binding. Mimic

† Electronic supplementary information (ESI) available: synthetic
details, product characterisations and full NOE contact list. See http://
www.rsc.org/suppdata/ob/b2/b210503a/ Chart 1D
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2 was found to be as active as GM1 in binding to CT.5 More
recently, we reported three second-generation mimics 9 that
were conceived by replacing the sialic acid (NeuAc) moiety of 2
with simple α-hydroxyacids. The most active compound of this
series was the (R)-lactic acid-containing ligand 3 (Chart 1).

In an effort to further simplify the synthetic complexity of
the structure we also examined the pseudo-tetrasaccharide 4
(Chart 1), which is derived from 2 by replacing the GalNAc
residue with an N-acetylglucosamine (GlcNAc). Modification
of the hexosamine was considered because it would simplify
the synthesis of the artificial receptors (GalNAc is actually
made from GlcNAc), while not negatively interfering with the
formation of the toxin complex, since the GalNAc of GM1
interacts with the protein only via the N-acetyl group. Further-
more, the 4-hydroxy group of GalNAc in the experimental
CT–GM1 complex 7 and in the computational LT–GM1 10 and
LT–2 5 models is located outside the protein binding pocket
and fully exposed to the solvent. Assuming that 4 will bind to
CT and/or LT with the same general mode of GM1 and 2,
it appeared likely that inversion of configuration at C4 of
the hexosamine could allow new H-bond contacts to be
formed between the toxin and the substrate. In principle, these
may or may not compensate for the loss in complex solvation
due to the burying of the hydroxy group in the binding cavity.
To evaluate the potential of 4 as a GM1 antagonist, computer
simulations were used to model the free ligand 4 and its LT
complex, followed by comparison with the corresponding
structures of 2.11

The following predictions were made: 11

1. Changing the hexosamine in the pseudo GM1 structure
should not modify the overall molecular conformation, and, in
particular, should not alter the relative position of the Gal and
NeuAc binding determinants.

2. Compared to 2, the new compound 4 will indeed insert one
more hydroxy group within the protein binding site. Molecular
dynamics simulations suggested that, in turn, this may trigger a
series of rearrangements and reorientations of side chains and
crystallographic water molecules in the toxin, leading to new H-
bond contacts which may result in enhanced affinity of the new
inhibitor.

3. Free Energy Perturbation (FEP) calculations performed by
carrying out the 2  4 mutation in solution and in the protein
complex suggested that the GlcNAc mimic 4 should be a
stronger binder than its parent compound 2.

We now report the experimental data relative to the GlcNAc-
containing mimics 4 and 5, the latter being the GlcNAc-
containing version of the second generation binder 3. The
ligands have been synthesised and their solution structure has
been studied by NMR spectroscopy, confirming the compu-
tational predictions.11 The complex formed by 5 with the recog-
nition element of CT, CTB5, has been studied by TR-NOE
NMR, and the bound conformation of the ligand has been
determined. Competition experiments, carried out by adding
oGM1 to a solution of the CTB5–5 complex, could also be
monitored by NMR, and have confirmed that the GlcNAc-
containing ligand and the ganglioside are indeed competing
for the same binding site. Affinity constants for CTB5 have been
obtained for 4 and 5 by fluorescence titrations, and found to be
similar to those of the parent compounds 2 and 3, respectiv-
ely. Thus, the computational predictions on the GlcNAc
binders were revealed to be qualitatively correct, but the FEP
calculations were quantitatively incorrect.

Results

Synthesis of the ligands

The GlcNAc-containing ligands 4 and 5 were prepared follow-
ing the synthetic scheme adopted for the parent compounds 2 8

and 3 9 and reported in Scheme 1.

The full synthetic sequence and product characterisations are
reported in the Supplementary Information. † Briefly, the known
acceptors 6 8 and 7 9 (Scheme 1) were glycosylated at the axial
hydroxy group using the trichloroacetimidate 8 as a Galβ-1,3-
GlcNAc donor, and TfOH or TMSOTf as the promoter. The
adducts were routinely deprotected to yield the free ligands.

NMR studies of the free ligands 4 and 5

Two-dimensional 400-MHz NOESY and ROESY spectra of 4
and 5 were obtained in D2O. The relevant inter-residual con-
tacts are collected in Table 1, and compared with the data
reported in the literature for 1,12 2 5 and 3 13 in D2O. Complete
spectral assignments and full contact lists are collected in the
Supplementary Information. †

The NMR data obtained for 4 (Table 1, column 4) show the
characteristic set of NOE cross-peaks (Fig. 1b) which is also
observed for 1 12 and 2 5 (Table 1, columns 1 and 2; Fig. 1a). The
data are consistent with one major conformation of the oligo-
saccharide framework featuring the Galβ-1,3-GlcNAcβ-1,4-

Fig. 1 a. Observed NOE contacts in the NMR spectra of 2. b.
Observed NOE contacts in the NMR spectra of 4. c. Overlap of the
calculated structures of 2 (light blue) and 4 (white). For the Galβ-1,3-
GalNAcβ-1,4-CHD pseudo-trisaccharide the glycosidic angles � and ψ
are defined as H1–C1–O–Cn and C1–O1–Cn–Hn, respectively. For the
NeuAcα-2,3-CHD fragment � and ψ are defined as (O��)C1–C2–O–Cn
and C2–O–Cn–Hn, respectively.
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Table 1 Relevant NOE contacts in ligands 1–5 a

Residue  1 b 2 c 3 d 4 e 5 e free state 5 e CTB5 complex

NeuAc [N] N-3ax
N8

GII-3 (s)
GN1 (m) f

CHD3 (s/m)
g

CHD4 (w)

— CHD3 (s/m)
g

— —

 
(R)-lactic acid H — — CHD3 (s)

CHD4 (s)
CHD2eq (m)
GN1 (w)

— CHD3 (s)
CHD4 (s)
CHD2eq (m/w)
GN1 (w)

CHD3 (m)
—
CHD2eq (s)
—

Me   CHD3 (s)
GN1 (m)

 CHD3 (s)
GN1 (m)

CHD3 (m)
—

 
GalNAc [GN] GN1 GII-4 (s) CHD4 (s) CHD4 (s) — — —
 
GlcNAc [GN] GN1 — — — CHD4 (s) CHD4 (s) CHD4 (s)
 
Gal [G] G1 GN3 (s) f

GN2 (w)
GN4 (w) f

GN3 (s)
GN2 (w)
GN4 (w)

GN3 (s)
GN2 (w)
GN4 (w)

GN3 (s)
h

GN3 (s)
GN2 (w)

GN3 (s)

a ROESY cross-peaks in D2O solution. In parentheses the observed intensities; s: strong, m: medium, w: weak. b From ref. 12. c From ref. 5. d From
ref. 13. e This work. f Data from DMSO-d6 solution (ref. 31); not seen in D2O, due to signal overlap. g N8–GN1 not measurable, due to signal overlap.
h GN2 overlaps with GN3. 

Scheme 1 Synthesis of 4 and 5.

CHD pseudo-trisaccharide and the NeuAcα-2,3-CHD frag-
ment exclusively in the syn, syn (�, ψ 55�, 0�) and the anti, syn
(�, ψ �170�, �30�) conformations, respectively (for the defin-
ition of the �, ψ inter-glycosidic torsion angles, see the caption
of Fig. 1). A marked conformational restriction is a distinctive
feature of the oGM1 pentasaccharide and its mimics. In gener-
al, all experiments find that the ganglioside head-group can be
broken down into two areas: a so-called “core trisaccharide”,
the GalNAcβ1-4(Neu5Acα2-3)Gal trisaccharide which is often
described as “rigid”, and more mobile regions corresponding to
the external sugars at both ends of the head-group. However,
also the mobility of the Galβ1-3GalNAc fragment at the non
reducing end is actually limited to ample oscillations around
well-defined average glycosidic torsion angles. Dynamic simu-
lations of the oligosaccharide suggest that the NMR data show-
ing two weak and equivalent NOE contacts between Gal-H1
and GalNAc-H2 and H4 (Table 1, column 1; see Fig. 1 for the

equivalent contacts in 2) are accounted for by a model
whereby the Galβ1–3GalNAc bond populates a single, broad
energy minimum, rather than two individual conformations.14

The energy well is centered at �, ψ 55�, �5�, which is also the
conformation observed in the CTB5–oGM1 X-ray structure
(�, ψ 55� ± 10�, 0� ± 10�).7 Therefore it can safely be asserted
that oGM1 exists largely as one main conformer. The same
behaviour has been observed for 2, which assumes the con-
formation depicted in Fig. 1c (light blue structure).5 In 4, the
flexibility of the Galβ-1,3-GlcNAcβ-1,4-CHD fragment is
further reduced by the H-bond interaction of GlcNAc-OH4
with the Gal oxygen, which constrains the amplitude of the
oscillations closer to the observed bound conformation. In fact,
the conformational analysis of 4 11 led to 18 conformers within
10 kJ mol�1 from the global minimum that all shared a common
conformation of the core fragment. This conformation is com-
pletely superimposable with the NMR solution structure of 2,
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Fig. 2 Experimentally observed side-chain conformations in the (R)-lactic acid-containing ligand 5. The intensity of the observed NOE cross-peaks
is indicated: w:weak; s:strong; m/w:medium/weak. a. Free state. The mutually exclusive NOE contacts H/H4 and H/H2eq reveal the existence of
two different conformations in water solution. The conformation depicted is the prevalent one. b. Bound state. The single conformation selected by
the toxin is not the most abundant one in the free state.

Fig. 3 NMR spectra of 5. a) NOESY spectrum of 5 in the free state. b) TR-NOESY spectrum of 5 in the CTB5 complex. c)TR-NOESY spectrum
of the CTB5–5 complex after adding oGM1. Blue cross-peaks are due to the free state form, red cross-peaks are TR-NOE signals arising from the
bound state of 5.

which also corresponds to the bound structure observed in the
CT–GM1 complex (Fig. 1c). The experimental data that are
now available for 4 confirm the computational prediction by
showing exclusively the expected pattern of NOE contacts
(Fig. 1b).

For the (R)-lactic acid-containing ligand 5 the NMR data
(Table 1, column 5, free state) are once more consistent with a
syn, syn disposition of the Galβ1-3GlcNAcβ-1,4-CHD pseudo-
trisaccharide, but show a substantial flexibility of the (R)-lactic
acid side-chain. At least two conformations are represented
with χ 60� (major, Fig. 2a) and χ 180� (minor), where χ is the
improper dihedral angle H3–C3–C–C(��O) (see Fig. 2) defining
the position of the carboxylate relative to the cyclohexanediol
ring. This is inferred by the presence of two mutually exclusive

NOE contacts from H to CHD4 and CHD2eq (Fig. 3a), which
should arise from the χ 60� and χ 180� conformations (Fig. 2),
respectively. The same pattern of NOE contacts was also
observed for the GalNAc derivative 3 13 (Table 1, column 3).

Thus, the NMR experiments for the unbound ligands suggest
that the GalNAc-containing and the GlcNAc-containing mole-
cules are indeed adopting identical conformations, regardless
of the nature of the hexosamine.

NMR studies of the CT–5 complex

Information about the conformation of complexed ligands
can be derived from transferred nuclear Overhauser effect
(TR-NOE) studies,15 provided that the exchange between the
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Fig. 4 TR-NOESY spectrum of the CTB5–5 complex after addition of the GM1 oligosaccharide 1 (oGM1). In-phase (red) TR-NOESY cross-
peaks belonging to the H3ax of the NeuAc residue in oGM1 (N3ax) show that oGM1 is bound to CT.

complexed and uncomplexed states is sufficiently fast.16 When a
ligand interacts with a macromolecule, the cross-relaxation
rates of its bound states become opposite in sign to those of the
free ligand and generate negative NOEs. So, in the TR-NOESY
experiment the cross-peaks which are due to bound species are
in phase with the diagonal signals, whereas unbound species
give rise to cross-peaks which are out of phase. The bound form
in-phase signals can be exploited to assess the conformational
properties of the bound state. The TR-NOE technique allows
the study in solution of how a ligand fits into a protein binding
site. The phase behaviour of NOESY cross-peaks can be used
to analyze the affinity of individual ligands within mixtures of
compounds,17 and can also be exploited for competition
experiments.18 Our group has recently used it to study the com-
plexes formed by CTB5 and a group of GM1 mimics, including
3.13

The affinities of 1,19 2 5 and 4 (see below) for CTB5 are on the
upper limit of what can be revealed by the TR-NOE tech-
nique,20 but the study of the CTB5–5 complex yielded much
important information. No difference is observed between the
free-state and bound-state conformations of the Gal-GlcNAc
and GlcNAc-CHD fragments of 5, which are always found to
be syn (�, ψ 55�, 0�; see Table 1, column 5, CTB5 complex). In
contrast, a clearly different set of cross-peaks was observed for
the NOEs involving the hydroxyacid protons HL and CH3 (see
Table 1) upon passing from the free to the bound state. In par-
ticular, the cross-peaks observed for HL in both free and bound
states are shown in Fig. 3a and 3b, respectively. The out-of-
phase NOESY cross-peaks relative to the free state of 5 are
depicted in blue, whereas the in-phase TR-NOESY peaks aris-
ing from its bound state are shown in red, like the diagonal
signals. The free state spectrum (Fig. 3a) shows the set of NOE
contacts (blue cross-peaks) discussed above, and sketched in
Fig. 2a (CHD3 and CHD4 strong, CHD2eq m/w). The TR-
NOESY spectrum obtained upon addition of CTB5 to the
solution is shown in Fig. 3b (see also Table 1). The strong HL/
CHD-H4 cross-peak found in the free state NOESY of 5
(Fig. 3a) almost disappears in the TR-NOESY spectrum of the
CTB5–5 complex, and the small residual signal is still out-of-
phase (blue), therefore it still belongs to the free state of the
ligand. The in-phase (red) cross-peaks belonging to the bound
state of 5 show a close H/CHD-H2eq contact, much stronger
than in the free state. This implies a conformational transi-
tion of the hydroxyacid side-chain, with the χ 180� conformer
(Fig. 2b) being selected in the bound state preferentially with
respect to the most abundant χ 60� conformer (Fig. 2a). The
behaviour of 5 described here closely parallels the observations
already reported for 3,13 and is strongly suggestive of a common
binding mode for the two ligands in the toxin.

Finally, a competition experiment was performed by adding
oGM1 to the CTB5–5 complex (Fig. 3c). oGM1 has a much
higher affinity for CT than 5 (see below), therefore in a competi-
tion experiment it is expected to bind selectively to the toxin
and displace 5 from its binding site. Indeed, the cross-peaks of 5
which are in phase (red) in the TR-NOESY spectrum of its CT
complex (e.g. H/CHD3 and H/CHD2eq in Fig. 3b) become
out-of-phase (blue) upon addition of oGM1 to the mixture
(Fig. 3c), and the relative intensity of the H/CHD4 and

H/CHD2eq cross-peaks typical of the free state of 5 (CHD4 s,
CHD2eq m/w) is also restored. Thus, it clearly appears that 5 is
no longer bound to the toxin. Furthermore, the NeuAc-H3eq/
Gal-H3 NOE contact typical of GM1 (see Table 1) is observed
(Fig. 4) as an in-phase (red) cross-peak in the same spectrum,
proving that GM1 has indeed displaced 5 from the toxin bind-
ing site. This experiment clearly establishes that oGM1 and 5
are competing for the same binding site in CTB5, as expected
on the basis of the computational results.

Binding studies

The interaction of cholera toxin B5 pentamer (CTB5) with Gal-
containing ligands can be studied using the intrinsic fluor-
escence of the Trp88 residue in the toxin binding site.21 Binding
of 1–3 to CTB5 induces bathochromic shifts in the emission
spectrum whose extent depends on the ligand.9 oGM1 binding
is also accompanied by an increase in the intensity of fluor-
escence emission, whereas a variable decrease in fluorescence is
seen upon binding of 2 (small decrease) and 3 (larger decrease).
Surprisingly, when 0.5 µM CTB5 was titrated with the GlcNAc-
containing ligands 4 and 5 no bathochromic shift occurred.
However, a small decrease in fluorescence was observed with 4
and a larger one with 5 (see Supplementary Information,
Figs. S1 and S2).† The binding isotherms of GalNAc-containing
and GlcNAc-containing ligands were therefore compared by
analysing the intensity data. This requires a relatively high
CTB5 concentration (0.5 µM). However, wavelength titrations
performed for 1 and 2 at lower toxin concentrations (0.1 µM)
gave comparable results (See Supplementary Information,
Fig. S3). †

Binding of 1 to CTB is known to occur cooperatively.19 The
observed concentration of the ligand at 50% saturation (IC50) in
our titration (0.5 µM CTB5, see Fig. 5) is 1.5 µM. Under the
same conditions, the intrinsic association constant, determined
by calorimetric titration, is 1.05 × 106 M�1.19 The first gener-
ation mimic 2 was also found to bind cooperatively and with
comparable affinity (IC50 1.2 µM, see Fig. 5).9 Binding of the

Fig. 5 Fluorescence intensity titrations of CTB5 (0.5 µM) with
o-GM1 1 (black square, dotted line); ps-GM1 2 (empty circles, solid
line); the GlcNAc-containing analogue 4 (black circles, broken line).
The absolute values of the variation of fluorescence intensity emission
at 350 nm (|δI|) have been normalised to 10, and plotted against the
total concentration of the ligands (nM).
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GlcNAc analogue 4 fits a simple 1 : 1 isotherm and doesn’t
show any cooperativity (Fig. 5), the IC50 is 1.3 µM and the
dissociation constant, determined by nonlinear regression
analysis, is 1.8 µM. Although quantitative comparison is com-
plicated by the different cooperativity behaviour, the relative
binding affinities of 1, 2, and 4 toward CTB5 can be appreci-
ated by comparing the corresponding binding isotherms,
collected in Fig. 5 and showing that the three ligands clearly
appear to be of comparable potency.

The two lactic acid-containing compounds 3 and 5, both
binding CTB5 without any cooperativity effect, allow an easier
estimation of relative affinity. The binding isotherms obtained
in a titration of 0.5 µM CTB5 are reported in Fig. 6. The dis-
sociation constants calculated by non-linear regression analysis
are 190 and 450 µM for 3 and 5, respectively.

Thus, it appears that, compared to the parent ganglioside
and pseudo-gangliosides, the GlcNAc compounds 4 and 5 are
indeed showing a comparable affinity for CT, as expected based
on the conformational analysis and molecular dynamic simu-
lation of the toxin–4 complex.11 However, contrary to the FEP
predictions,11 4 is not more active than 2, nor does 5 appear to
be any more active than 3.

Discussion
The complex formed by ganglioside GM1 [Galβ1-3GalNAcβ1-
4(NeuAcα2-3)Galβ1-4Glcβ1-1Cer] and the two AB5 entero-
toxins CT and LT is one of the best characterised protein–
carbohydrate pairs. Both toxins recognise the pentasaccharide
head-group of ganglioside GM1 (o-GM1, 1) on the host cell
epithelial surface using the B5 pentamer. The pentamer has a
characteristic, doughnut-like shape, with a central pore. Once
the toxin is attached to the membrane, a fragment of the A
monomer moves through the pore and is finally translocated
through the host cell membrane into the cytosol. Biochemical 6

and structural 17 data have shown that there are five binding
sites in the toxin, and that the ganglioside binds to them using
the two terminal sugars at its non-reducing end, a galactose
(Gal) and a sialic acid (NeuAc). Binding of oGM1 to CT dis-
plays positive cooperativity, as determined by calorimetric titra-
tions,19 and in biological settings the interaction between the B5
pentamer and several membrane-bound GM1 molecules is a
text-book case of high-affinity multivalent interaction.22

We have shown that it is possible to replace the reducing end
lactose of oGM1 with an appropriate diol as in psGM1 2 with
no loss of affinity or cooperativity effect.5 The sialic acid can
also be replaced with various hydroxyacids, as in the lactic acid
derivative 3.9 In this case, the amount of affinity retained varies

Fig. 6 Titrations of CTB5 0.5 µM with 3 (empty triangles, solid line)
and 5 (black triangles, broken line). The absolute values of the variation
of fluorescence intensity emission at 350 nm have been normalised to
10, and plotted against the total concentration of the ligands (µM). The
dissociation constants calculated by non-linear regression analysis are
190 and 450 µM, respectively.

with the nature of the hydroxyacid side-chain,23 but in all the
analogues we have studied so far cooperativity is lost.9,23

Much less is known about the role played by the hexosamine.
In the X-ray structure of the CTB5–oGM1 complex the Gal-
NAc residue does not exhibit any directed or mediated H-bond
interaction with the protein, but the acetamide methyl group
makes a van der Waals contact with the Cβ of His13.7 There is
no natural glycolipid which contains a Galβ1,3-GlcNAcβ-1,4-
(NeuAcα-2,3-)Gal fragment, and, to the best of our knowledge,
no binding data are available for this oligosaccharide or for
larger entities that contain it. In a previous paper,11 we evalu-
ated the potential of 4, a GlcNAc analogue of psGM1 2, to
behave as a GM1 antagonist using computer simulations to
model the free ligand 4 and its LT complex. On the basis of this
computational work it was expected that exchanging GalNAc
with GlcNAc would yield a new molecule with the same over-
all molecular conformation of 2, capable of fitting the GM1-
binding site of CT and displaying a higher affinity than
psGM1.

The experimental results described above concerning 4 and
its lactic acid analogue 5 have now shown that the prediction
was qualitatively correct, in particular:

1. NMR experiments have shown that the conformation of
GlcNAc-containing ligands 4 and 5 in the free state and in the
CTB5–5 complex do not differ from those observed for
the GalNAc substrates 2 5 and 3 13 (free state) and CTB5–3 13

complex.
2. Competition experiments using the TR-NOESY technique

have unequivocally shown that 5 binds into the GM1-binding
site of CTB5, from which it can be displaced by the higher-
affinity natural ligand oGM1.

3. Fluorescence emission titrations of CTB5 have shown that
the affinities of the GlcNAc-containing ligands 4 and 5 are of
the same order of magnitude as those measured for the corre-
sponding GalNAc-containing compounds 2 and 3. However, in
contrast with the behaviour of 2, binding of 4 to CTB5 is not
cooperative. Furthermore, the increase of affinity predicted by
FEP calculations 11 in the 2 to 4 mutation is not borne out by
experiment.

The structural reasons leading to the cooperative behaviour
of GM1 binding to CT are unclear, thus it is very difficult to
understand what leads to the loss of cooperativity in some of
the psGM1 analogues. Computational analysis (let alone pre-
diction) of cooperativity in systems of this size is currently
unfeasible, so at this time we can only try a speculative inter-
pretation of the available experimental data. Based on X-ray
structures of bound and unbound CT and LT, the main struc-
tural effect that sugar binding has on these toxins is a tightening
of the 51–60 loop of the B subunits, a loop that connects beta
strand β4 to helix α2 of the B monomer.24 The position of the
α2 helix controls the size of the pore in the B5 doughnut,25 and
thus it may regulate translocation of the A fragment through
the pore and ultimately through the host cell membrane.
Through the α2 helix, carbohydrate binding to one site could
in principle be signalled to the adjacent B monomer. However,
this same tightening is elicited by sugars that are cooperative
binders, such as GM1, and sugars that are non-cooperative
binders, such as galactose.24 When we first determined the
affinity of 3 and other analogues obtained by sialic acid
replacement,9 we found that none of them displayed cooper-
ative binding and speculated that the communications between
CTB monomers elicited by 1 and 2 may be mediated by the
NeuAc residue. The NeuAc side-chain, in fact, is in contact
with the Gly-33 residue of the B�1 monomer through one
water molecule (W2) located at crystallographic site two in the
CT–GM1 complex.7 This molecule is not seen in the known
X-ray structures of isolated enterotoxins,24 but it is present in
many 24 (but not all) 26 of the known toxin–ligand structures.
Neither of the new GlcNAc-containing mimics 4 and 5
appears to exhibit cooperative behaviour in binding to CTB5,
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independent of the presence of the sialic acid moiety (see Fig.
6), apparently suggesting that NeuAc is not the cooperativity
determinant. However, it should be noted that during the
dynamics simulations of the LT–4 complex 11 a displacement of
the water molecule W2 was observed from the position it occu-
pies in CT–1 7 and LT–2 11 and toward the 4-hydroxy group of
the GlcNAc residue of 4. Thus, in the LT–4 complex W2 loses
its interaction with Gly-33(B�1) and participates in a different
H-bond network.11 On the basis of this dynamics simulation
and of the above speculation on inter-monomer communic-
ation, it is still possible that the cooperativity behaviour observed
for 1 and 2 is indeed determined by the sialic acid side-chain
via the W2 water molecule. The latter, however, is displaced
from its normal position by the GlcNAc-containing ligands
and cannot transmit its signal to the adjacent (B�1) monomer
through the Gly-33 residue. If this is not the case, more subtle
effects must be operating in defining the cooperativity
behaviour of ganglioside binding to CT.

Free Energy Perturbation (FEP) calculations have recently
been systematically applied to a series of antibody–sugar com-
plexes using GLYCAM, TIP3P water, RESP charges and step-
wise perturbations.27 The simulations were shown to reproduce
reasonably the known geometries of ligand–protein complexes,
while the calculated values of ∆∆G of binding were found to be
qualitatively reproduced and to depend heavily on the choices
made about the protonation state of an His located in the vicin-
ity of the binding site. Our estimate of the ∆∆G of binding
between 2 and 4 was obtained 11 with a similar set of parameters
(GLYCAM, TIP3P water, ESP-derived charges on the carbo-
hydrate atoms) and the mutation was performed in the 4 to 2
sense using the slow-growth algorithm rather than stepwise
perturbations of the ligand. The energetic gain calculated for 4
(3.8 ± 1.9 kcal mol�1) resulted from both a better solvation of
the GalNAc ligand 2 in the free state, and a more favourable
interaction of 4 with the protein. Since, as we have discussed
above, the pseudo-ganglioside oligosaccharides experimentally
display a limited internal flexibility,5,13,14 incomplete sampling
of the free ligands doesn’t appear to be a likely explanation of
the rather large error in the relative free energies computed.
However this might not hold in the case of the protein-com-
plex, where sampling of the protein’s degrees of freedom is also
important (vide infra). The use of LT rather than CT in the
calculation was also taken into account as a possible source of
error in the calculation. However, preliminary fluorescence
titrations 28 obtained with a sample of the entire LT toxin 29

showed the same trends observed with CT, i.e. equivalent pairs
of ligands (3 and 5, and 2 and 4) have similar affinity for LT as
well as for CT.

The most likely explanation for the error in the computed
relative free energies lies in the computational treatment of the
pseudo-ganglioside–toxin complex part of the FEP. First,
incomplete sampling of the complex simulation cannot be ruled
out, particularly considering that a substantial amount of side-
chain rearrangements occur in the protein binding site on pass-
ing from the LT–4 to the LT–2 complex. Furthermore, the state
of protonation of His-57, one of the amino acids most involved
in the rearrangement, was not addressed at all during the FEP
simulation.

Although achieving a quantitative prediction of relative
binding energies for oligosaccharide–protein complexes may
well require a lot more effort, this work shows that compu-
tational tools can be used with success to design new inhibitors
of carbohydrate–protein interaction, and that they yield quali-
tatively useful results. Indeed, at the start of this project, noth-
ing could suggest that inversion of the hexosamine C4 in
psGM1 2 would yield a ligand with good CT affinity. We have
already noted that, to the best of our knowledge, the natural
counterpart of 4 has never been described, and certainly has
never been tested as a ligand for bacterial enterotoxins. The
calculations correctly predicted that inversion of the hexo-

samine C4 in 2 would yield a new molecule with overall shape
and conformational properties very similar to psGM1. It also
allowed a prediction that the new molecule 4 would be able to
interact with the cholera toxin in a way similar to its GalNAc
analogue. The question remains open of how to reliably achieve
quantitative prediction of relative binding affinities in this and
similar systems.

In conclusion, two new artificial ligands of the cholera toxin,
the pseudo sugars 4 and 5 are described. The new ligands were
designed starting from the known GM1 mimics 2 and 3 by
replacement of their GalNAc residue with the C4 isomer Glc-
NAc. Such substitution had been suggested by inspection of the
CT–GM1 complex, and supported by computational predic-
tions, which suggested that the three-dimensional shape of the
new ligands and their mode of interaction with CT would be
similar to those of the starting structures. These predictions are
now confirmed by the experimental results showing that the
conformational properties of the equivalent pairs 2–4 and 3–5
are indeed very similar and that their affinity for CT is of the
same order of magnitude. NMR experiments have also allowed
the gathering of information on the structure of the CT–5
complex showing that 5 occupies the GM1-binding site of the
toxin and that it binds with a conformation similar to the one
adopted by 3 in the CT–3 complex. Since GalNAc is normally
synthesised by C4 inversion of GlcNAc, the GlcNAc ligands
constitute a new class of GM1 mimics with improved synthetic
accessibility.

Experimental section

Synthesis

The synthesis of compound 6 was described in ref. 8. The full
synthetic sequence leading to 4 and 5 and the product charac-
terisations are reported in the Supplementary Information.

NMR

NMR spectra of 4 and 5 were recorded at 25–30 �C in D2O, on
Varian Unity 500 MHz or Bruker AVANCE 400 MHz spectro-
meters. For the experiments with the free ligands, the corre-
sponding compound (1–1.5 mg) was dissolved in D2O and the
solution was degassed by passing N2. COSY, TOCSY and
HSQC experiments were performed using standard sequences
at temperatures between 298 and 310 K. NOESY experiments
were performed with mixing times of 500, 700, 1000 ms (4) and
400, 600, 700, 800 ms (5). ROESY experiments 30 were per-
formed with mixing times of 50, 100, 150, 200, 300 ms (4) and
100, 200, 250, 300 ms (5).

The cholera toxin CTB pentamer (CTB5) was purchased
from List Biological Laboratories Inc. The commercial sample
was ultrafiltered to remove EDTA and tris salt, redissolved in
phosphate buffer and subjected to two cycles of freeze-drying
with D2O to remove traces of H2O. The sample was then dis-
solved with D2O, and the solution transferred to the NMR tube
to give a final concentration ca. 0.1 mM. TR-NOESY experi-
ments were performed with mixing times of 100, 200 and 300
ms, for a ca. 50 : 1 molar ratio of 5 : lectin. TR-ROESY experi-
ments were also performed with mixing times of 100, 200, 250,
300 ms. In the competition experiment, 1.5 mg of oGM1 1 (gift
from Professor Sandro Sonnino, Dipartimento di Chimica e
Biochimica Medica, Universita’ di Milano) were added to the
same solution and the TR-NOESY spectra were recorded as
described above.

Titrations

Fluorescence titrations were performed with an LS50 Perkin
Elmer fluorimeter, using a pH 7.5 tris buffer to dissolve CTB5
(0.5 µM) and ligands. Fluorescence from TRp-88 was measured
with an excitation of 280 nm and an emission from 300 to 450
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nm. The emission spectra are reported as Supplementary
Information. The Kd reported in the text were determined by
non-linear regression analysis, using Sigma Plot 2.0 (Jandel
Corporation).
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Intramolecular Carbohydrate–Aromatic Interactions and Intermolecular
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Introduction

Many biologically significant processes are known to be con-
trolled in their early stages by the interaction of proteins
with oligosaccharides, often in the form of glyconjugates.
Thus, oligosaccharide mimics that can antagonize oligosac-
charides at the protein receptor level are receiving much at-
tention, both as tools to modulate or alter signal transmis-
sion and to be developed into drugs.[1] Our groups have
been exploring this field by using the GM1 ganglioside 1a
as a model system (Scheme 1). GM1 is a membrane glycoli-
pid which functions as the cellular receptor of two related

bacterial enterotoxins, the cholera toxin (CT) and the heat-
labile toxin of Escherichia coli (LT). Both toxins are hex-
americ AB5 proteins and use the GM1 headgroup pentasac-
charide (o-GM1, 1b, Scheme 1) as their molecular target to
attack and penetrate the host cells. The recognition pair
composed of GM1 and these two bacterial enterotoxins has
been particularly well studied, both from a biochemical and
a structural point of view.[2,3] This information served as the
basis for the rational design of the pseudooligosaccharide 2
(Scheme 1),[4,5] which was found to be as active as GM1 in
binding to CT.[4] More recently, we have reported on a
group of second-generation mimics, 3–7 (Scheme 1),[6,7] ob-
tained by replacing the sialic acid (NeuAc) moiety of 2 with
simple a-hydroxy acids. All of these compounds show mod-
erate to good affinity for CT (Table 1); this affinity depends
critically on the configuration of the hydroxy acid stereocen-
ter and on the nature of the substituent R (Table 1).
The design process of this series of mimics was supported

by extensive NMR spectroscopy studies.[8] After the first
group of three ligands (3–5, Scheme 1) was synthesized and
tested, their conformation was investigated first in solution
and then upon binding to the cholera toxin by using trans-
ferred nuclear Overhauser effect (TR-NOE)[9,10] measure-
ments. It was found that CT selects a conformation similar
to the global minimum of the free pseudosaccharides from
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Abstract: The design and synthesis of
two GM1 glycomimetics, 6 and 7, and
analysis of their conformation in the
free state and when complexed to chol-
era toxin is described. These com-
pounds, which include an (R)-cyclohex-
yllactic acid and an (R)-phenyllactic
acid fragment, respectively, display sig-
nificant affinity for cholera toxin. A de-
tailed NMR spectroscopy study of the
toxin/glycomimetic complexes, assisted

by molecular modeling techniques, has
allowed their interactions with the
toxin to be explained at the atomic
level. It is shown that intramolecular
van der Waals and CH–p carbohy-

drate–aromatic interactions define the
conformational properties of 7, which
adopts a three-dimensional structure
significantly preorganized for proper
interaction with the toxin. The exploi-
tation of this kind of sugar–aromatic
interaction, which is very well descri-
bed in the context of carbohydrate/pro-
tein complexes, may open new avenues
for the rational design of sugar mimics.

Keywords: carbohydrate–aromatic
interactions · carbohydrate–protein
interactions · cholera toxin ·
glycomimetics · oligosaccharides
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the ensemble of the presented conformations, and no evi-
dence of major conformational distortions was obtained. In
the free state the three molecules were shown to be rather
flexible in the hydroxy acid region. In the bound state[8] the
protein appeared to select for binding one or two side-chain
conformations that could reproduce the orientation of the
NeuAc carboxy group in GM1. The NMR data were inter-
preted with the aid of molecular-modeling techniques, which
allowed workable models for the ligand:toxin complexes to
be derived. These models suggested that the higher affinity
of the (R)-lactic acid derivative 5 relative to 3 and 4
(Table 1) could result from van der Waals interactions estab-
lished between its side-chain methyl group and a hydropho-
bic area in the toxin binding site near the sialic acid side-
chain binding region of the CT/GM1 complex. This informa-
tion in turn suggested that the affinity of the pseudo-GM1
binders could be improved by adding appropriate hydropho-
bic fragments to the framework of the (R)-lactic acid GM1
mimic 5.[8] We now report on the pseudo-GM1 ligands 6 and
7, which include a cyclohexyl group and a phenyl group, re-
spectively. Their synthesis is described (see the Supporting
Information) and detailed NMR spectroscopy and computa-

tional studies in the free state
and in the complex with CT are
discussed. A preliminary com-
munication has been reported.[7]

Definitions and abbreviations :
Residues of the pseudosugars
5–7 are defined as indicated in
Scheme 2. The CHD residue is
numbered as depicted in
Scheme 2, to help comparison
with the branching galactose
unit of GM1. Glycosidic angles
are defined as follows:
Galb(1!3)GalNAc: F=

GalH1-GalC1-O1-GalNAcC3,
Y=GalC1-O1-GalNAcC3-Gal-
NAcH3; Galb(1!4)CHD: F=

GalH1-GalC1-O1-CHDC4, Y=

GalC1-O1-CHDC4-CHDH4;
hydroxy acid–CHD: F=C(O)-
Ca-O-CHDC3, Y=Ca-O-
CHDC3-CHDH3. The improp-

er dihedral angle c (see Figure 3) describes the relative ori-
entation of the carboxy group and the CHD ring and is de-
fined as follows: c=C(O)-Ca-CHDC3-CHDH3. The dihe-
dral angle q (see Figure 4) describes the orientation of the
cyclohexyl group in the hydroxy acid side chain and is de-
fined as q=C(O)-Ca-CH2-CCy.

Results

Synthesis of the ligands : The synthetic pathway followed for
the preparation of ligands 6 and 7 is shown in Scheme 3.
The full synthetic sequence and product characterizations
are reported in the Supporting Information for this paper.

Binding-affinity determination : Dissociation constants (Kd)
were obtained from fluorescence intensity titrations of
0.5 mm CT solutions (in Tris buffer, pH 7, room temperature)

Scheme 1. Ganglioside GM1 and its mimics.

Table 1. CT affinity constants of the second-generation GM1 mimics 3–7
as determined by fluorescence titration experiments.[a]

Compound R (configuration) Kd [mm] Ref.

3 H 750 [6]

4 Me (S) 1000 [6]

5 Me (R) 190 [6]

6 CH2C6H11 (R) 45 [7]

7 CH2Ph (R) 10 [7]

[a] Kd values were obtained from fluorescence intensity titrations of
0.5 mm CT solutions (in tris(hydroxymethyl)aminomethane (Tris) buffer,
pH 7, room temperature) and nonlinear fitting (SigmaPlot) of data ob-
tained in duplicate runs.

Scheme 2. GM1 mimics nomenclature, abbreviations, and definitions.
Gal=galactose, GalNAc=N-acetyl galactosamine, CHD=cyclohexane-
diol, HL=H-L in the text and other figures.
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as previously described.[7] In particular, the Kd values shown
in Table 1 were obtained by nonlinear fitting (SigmaPlot) of
data obtained in duplicate runs. Remarkably, the simple
(R)-2-hydroxy-3-phenyl pro-
pionic acid (phenyllactic acid)
derivative 7 showed a dissocia-
tion constant of 10 mm, which is
only one order of magnitude
less potent than the monovalent
association of the natural ligand
o-GM1 against the cholera
toxin.[11] The cyclohexyl deriva-
tive 6 showed a somewhat
lower affinity, with Kd=45 mm ;
this is still better than the value
obtained for the simple (R)-
lactic derivative 5 (Kd=

190 mm). This experimental fact
enforces the hypothesis drawn
from the previous modeling
studies[8] and emphasizes the
importance of setting a nonpo-
lar group bulkier than a methyl group at the proper posi-
tion. The fine details of the differences between 6 and 7 will
be given below.

NMR studies of the free ligands 6 and 7: NMR spectroscopy
experiments were carried out at 400 and 500 MHz at tem-
peratures of 293–300 K. A complete assignment of the 1H
and 13C NMR signals of 6 and 7 was achieved on the basis
of COSY, TOCSY, HSQC, and NOESY experiments. Chem-
ical shifts and coupling constants are reported in the Sup-
porting Information. No changes in the NOESY spectra
were noticed upon addition of calcium ions (up to 5 mm). It
has been reported[12] that GM1 and other gangliosides might
form complexes with calcium ions. Probably, the lack of a
lipid chain, which might also affect local concentrations,
may somehow influence this type of interaction in this case.
For both compounds, the analysis of the vicinal proton–pro-
ton coupling constants for the six-membered rings indicates
that the Gal and GalNAc chairs are in the usual 4C1 confor-
mation. The diol moiety also adopts a chair conformation
with the ester groups in the equatorial orientations.

The intraresidue NOE cross-peaks also support the theory
that all the six-membered rings of the molecules are in chair
conformations (see below and Tables 2 and 3).

Vicinal J5,6 couplings for the hydroxymethyl groups could
be measured for 6 and 7. The coupling values were between
7.5–9 Hz for both the Gal and GalNAc residues, in agree-
ment with a gt :tg equilibrium of the w torsion angle, as is
usually the case for these Gal-type sugars.[13]

The conformation of oligosaccharides is defined by the F

and Y torsion angles around the glycosidic linkages
(Scheme 2). For 6 and 7, the rotation around the ether link-
age in the hydroxy acid side chain must also be described.
F,Y definitions can be extrapolated from the glycosidic
bond convention and defined as described in Scheme 2. Ex-
perimental information on these geometrical parameters can
be gathered by using NOE measurements.[14] Specifically, se-
lective 1D NOESY and 2D T-ROESY[14] experiments were
carried out that provided experimental interproton distan-
ces.
These, in turn, allowed the conformation equilibria pres-

ent in solution to be profiled and average molecular confor-
mations to be derived (Tables 2 and 3).
The relationship between NOE signals and proton–proton

distances is well established[15,16] and can be worked out at

Scheme 3. Synthesis of 6 and 7. a) Bu2SnO, benzene, reflux; then CsF, DME, and 9 or 10 ; b) 13 (0.5 equiv) and TfOH (0.05 equiv) in CH2Cl2, RT!
reflux; c) H2/Pd-C, MeOH; then cat. MeONa in MeOH. Bn=benzyl, DME=1,2-dimethoxyethane, TCA= trichloroacetic acid, Tf= triflate= trifluorome-
thanesulfonyl.

Table 2. Principal NOE contacts for compound 6 in the free state and bound to cholera toxin. The distances r
(�10%) are estimated according to a full-matrix relaxation approach.[32] The intraresidue Gal and GalNAc
H-1/H-3 and H-1/H-5 contacts were taken as internal references.[a]

Proton pair Observed intensity Deduced r Observed intensity Deduced r
free state [S] bound state [S]

H-1 GalNAc H-4 CHD strong 2.4 strong 2.4
H-L n.o.[a] >3.5 n.o.[a] >3.5

H-1 Gal H-3 GalNAc strong 2.4 strong 2.4
H-3 CHD H-L medium 2.7 strong 2.5

CH2
[b] strong strong

H-2ax CHD n.o.[a] very weak
H-L H-2eq CHD weak 2.9 medium-strong 2.7

H-3 CHD medium 2.6 strong 2.5
H-4 CHD very weak 3.1 very weak 3.2
H-2ax CHD n.o.[a] >3.5 very weak 3.3

H-4 CHD H-1 GalNAc strong 2.5 strong 2.5
H-L n.o. >3.5 weak 3.2

[a] ax=axial, eq=equatorial, n.o.=no observable NOE contact. [b] CH2 and H-5ax CHD are isochronous.
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least semiquantitatively by using a relaxation matrix.[16] The
NOE intensities reflect the conformer populations, and
therefore information on the population distributions in free
solution can be obtained by focusing on the key, mutually
exclusive NOE interactions that characterize the different
possible conformations.[17]

At 400 MHz all the cross-peaks observed in the NOE
spectra of 6 and 7 were very weak. The wtc value is close to
1.1, which provides an almost zero longitudinal NOE con-
tact (tC is the overall correlation time). Although some ini-
tial information could be derived from T-ROESY spectra,
many crucial proton signals (for example, H-L and H-2
GalNAc) were basically isochronous; this prompted us to a
500 MHz analysis. At 293 K, the corresponding NOESY
spectra (Figures 1 and 2) were
good enough to extract the ob-
served cross-peaks, which are
reported in Tables 2 and 3.
The orientation around the

Galb(1!3)GalNAc linkage can
be defined[8,18] by the NOE con-
tact observed between the
anomeric proton of galactose,
H-1 Gal, and the protons on
the GalNAc moiety, especially
H-3, H-4, and H-2. The H-1
Gal/H-3 GalNAc cross-peak is
very strong for both 6 and 7
(see Tables 2 and 3), with an in-
teraction similar to or even
stronger than the corresponding
intraresidue H-1 Gal/H-3 Gal
and H-1 Gal/H-5 Gal cross-
peaks. As we have already de-
scribed for 3–5,[8] the H-1 Gal/
H-3 GalNAc distance obtained
from the NMR spectroscopy
data (approximately 2.4 S) can

be correlated with one major
orientation around the
Galb(1!3)GalNAc F/Y tor-
sion angles. This region corre-
sponds to the global minimum
syn conformation, characterized
by F/Y values of around 608/
�208.
A similar situation occurs for

the GalNAcb(1!4)CHD
moiety, with a similar NOE pat-
tern.[8,18] In fact, only the very
strong interresidue H-1
GalNAc/H-4 CHD cross-peak
is observed; this cross-peak cor-
responds to a H-1 GalNAc/H-4
CHD distance of 2.5�0.2 S.
The average conformation in
solution for this linkage corre-
sponds to the global minimum
syn conformer, characterized by

F/Y values of around 508/208. Conformers in the anti-F or
anti-Y regions of both glycosidic linkages with populations
above 5% would give rise to exclusive H-1 Gal/H-2, H-4
GalNAc and/or H-1 GalNAc/H-5ax, H-5ax CHD NOE con-
tacts that are not observed in these cases.
Regarding the orientation of the acetamide moiety[18] of

both 6 and 7, the cross-peak of the methyl group with the
corresponding H-2 GalNAc proton is a very weak, and no
cross-peaks to either H-1 or H-3 GalNAc are observed.
Therefore, these observations are in agreement with a major
orientation in solution with the methyl group pointing out
of the pyranoid ring with an anti-like relationship with the
C-2 atom.

Table 3. Principal NOE contacts for compound 7 in the free state and when bound to cholera toxin. The dis-
tances r (�15%) are estimated according to a full-matrix relaxation approach.[32] The intraresidue Gal and
GalNAc H-1/H-3 and H-1/H-5 contacts were taken as internal references.

Proton pair Observed intensity Deduced r Observed intensity Deduced r
free state [S] bound state [S]

H-1 GalNAc H-4 CHD strong 2.4 medium-strong 2.5
H-L n.o. >3.5 n.o. >4.0

H-1 Gal H-3 GalNAc strong 2.4 strong 2.4
Ph H-1 GalNAc medium 2.8 medium 2.8

H-L medium 2.7 medium 2.7
H-4 CHD medium 2.8 medium 2.8
H-6 GalNAc weak 3.1 medium 2.8
H-3 GalNAc[a] medium 2.8 medium 2.8
H-5 GalNAc medium 2.8 medium 2.8

H-L H-3 CHD[a] strong 2.3 strong 2.3
H-2eq CHD strong 2.4 strong 2.4
H-1 CHD weak 3.0 weak 3.2

H-4 CHD H-1 GalNAc strong 2.5 strong 2.5
H-L strong >3.5 weak 3.2
H-1 GalNAc strong 2.5 strong 2.5
H-L n.o. >3.5 weak 3.2

[a] H-3 GalNAc and H-3 CHD are isochronous.

Figure 1. 500 MHz NOESY spectrum of 6 in D2O at 293 K.
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Thus, all data so far concur to describe the “upper” por-
tion of both 6 and 7 as a pseudotrisaccharide with relatively
little flexibility, which can be described by oscillations
around one single major conformation. This is the same sit-
uation observed for all the GM1 mimics synthesized so
far,[8] and for the Galb(1!3)GalNAcb(1!4)Gal fragment
of o-GM1 itself.[19]

The additional torsional degrees of freedom available for
6 and 7, correspond to the hydroxy acid side-chain bonds.
Due to the absence of anomeric effects, the ether linkage
that connects the CHD ring to the hydroxy acid moiety is
more flexible than the interglycosidic linkages described so
far. The NOE contacts observed in this region can arise
form multiple combinations of F,Y values that happen to

determine similar through-
space proton–proton interac-
tions for the reporter H-L.
Thus, the experimental inter-
proton distances generated by
NMR spectroscopy analysis can
be analyzed more conveniently
by using the improper dihedral
angle descriptor c(C(O)-Ca-
CHDC3-CHDH3), which is de-
fined in Figure 3, and univocal-
ly describes the orientation of
H-L (and of the hydroxy acid
carboxy group) relative to the
CHD ring. In principle, three
idealized staggered orientations
can be drawn across the ether
connector (Figure 3); these can
be identified as anti-c, (�g)-c,
and (+g)-c and they give rise to
specific interactions between H-
L and the protons on the C-3,
C-2 and C-4 carbon atoms of
the CHD ring. The major orien-
tation(s) of the hydroxy acid
relative to the CHD ring can

thus be defined by focusing on the NOE cross-peaks for the
H-L proton to H-3, H-4, H-2eq, and H-2ax of CHD
(Tables 2 and 3). Further information on the mobility of the
side chain and on its conformation(s) can be gathered from
the NOE contacts observed for the R side-chain substituent.
For the cyclohexyl derivative 6, medium and weak NOE

contacts are observed between H-L and the key CHD pro-
tons (see Table 2). Nevertheless, the NOE intensity of the
H-L/H-3 CHD cross-peak is higher than that of the H-L/H-
2eq CHD connectivity and also stronger than the H-L/H-4
CHD one. The H-L/H-1 GalNAc and H-L/H-2ax NOE
cross-peaks are also negligible. In turn, the cyclohexyl
moiety of the side chain only displays weak cross-peaks to
its vicinal H-3 CHD proton. No cross-peaks are observed

Figure 2. Fragments of the 500 MHz NOESY spectra of 7 in D2O at 300 K, from which the orientation of the
side chain is deduced. The NOE contacts for H-L (top) and for the aromatic protons (bottom) are indicated.

Figure 3. Newman projections along the ether linkage between the CHD ring and the hydroxy acid moiety. The exclusive NOE contacts expected for
H-L in each rotamer are shown. Each of these projections may correspond to multiple F,Y combinations. c= the improper dihedral angle. See text for
further details.
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between the cyclohexyl side chain and H-2eq or H-4 CHD.
The absence of cross-peaks between H-L and H-1 GalNAc
and the very weak intensity of those between H-L and H-4
CHD and between H-L and H-2 CHD are consistent with a
very flexible side chain and indicate that probably all three
staggered rotamers depicted in Figure 3 are contributing to
the equilibrium.
For the conformation analysis of 7, the key NOE contacts

that allow the conformation equilibrium present in solution
to be described were obtained from NOESY and T-ROESY
experiments carried out at 500 MHz and 300 K. Several in-
terresidual cross-peaks were observed. As described above
for 6, the major arrangement of the hydroxy acid side chain
can be defined by focusing on the NOE contacts between
H-L and the CHD protons. In this case, important informa-
tion is also obtained from the through-space interactions be-
tween the aromatic protons and the CHD and GalNAc resi-
dues (Figure 2, Table 3). The H-L proton shows NOE cross-
peaks of strong intensity with H-2eq and H-3 CHD (with
corresponding distances of 2.4 and 2.3�0.1 S, respectively),
while no cross-peaks are observed between H-L and H-4
CHD (Figure 2a, Table 3). This pattern, which is markedly
different from what was measured for 6, is in agreement
with one major anti-c orientation (Figure 3) between the
carboxyl group and the H-3 CHD proton. In addition, the
aromatic protons also show clear cross-peaks to a variety of
protons (Figure 2b, Table 3) located not only on the CHD
moiety (H-4), but also on the a face of the GalNAc residue
(H-1, H-3, and H-5, Figure 2b). Thus, it appears that in the
major solution conformation of 7 the phenyl moiety stacks
below the GalNAc residue.
Collectively, these experimental data allow us to conclude

that the phenyllactic derivative 7 is significantly less flexible
in the hydroxy acid fragment than the cyclohexyllactic ana-
logue 6 and suggest that a single conformation of the hy-
droxy acid chain can describe the conformational properties

of 7 in aqueous solution. Importantly, the origin of this con-
formation lock appears to be intramolecular van der Waals
and CH–p interactions between the aromatic ring and the
GalNAc residue; this may be described as hydrophobic
packing. These interactions are not so favorable in 6 where
the cyclohexyl ring obviously differs from the phenyl moiety
in its electronic and geometrical features. The importance of
carbohydrate–aromatic interactions for the molecular recog-
nition of oligosaccharides by the binding sites of proteins
has been well documented.[20–24] Here, we present clear evi-
dence of the importance of this type of interaction for favor-
ing a given type of three-dimensional structure.
Computational models of 6 and 7 were generated by

using previously established protocols (MC/EM conforma-
tion searches and MC/SD molecular-dynamics simulations,
AMBER* force field augmented by the Kolb parameters[25]

for hydroxy acids, GB/SA water solvation) and compared to
the experimental results. The calculations showed that the
Gal–GalNAc–CHD fragment of both molecules is populat-
ing the syn conformation for both glycosidic linkages.
Minima were located at f/y values of 508/08 for the Gal–
GalNAc linkage and 258/308 for the GalNAc–CHD linkage.
By contrast, and in agreement with the experimental data
discussed above, the computational description of the hy-
droxy acid side chain differs significantly for the two mole-
cules. For 6, MC/EM calculations located three conformers
within 1 kcalmol�1 of the global minimum, at c=150, 65,
and 398 (Figure 4a and Table 4). MC/SD dynamics showed
that the molecule is highly flexible along the variable c

angle and continuously populates an ample region with c

varying from 40–1608 plus a secondary low-energy region at
c=�608 (Figure 4b). The presence of this extensive confor-
mation equilibrium agrees with the experimental observa-
tion.
MC/EM calculations also showed that the side chain of 7

is significantly less flexible than that of 6, although computa-

Figure 4. Conformation analysis of 6. a) Low-energy conformations within 1.2 kcalmol�1 of the global minimum. b) MC/SD dynamics simulations (5 ns).
The improper dihedral angle, c, is plotted against the dihedral angle, qC(O)-Ca-CH2-CCy.
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tionally the restriction of mobility is mostly confined to the
orientation of the phenyl ring, which is always calculated to
stack either with the Gal or the GalNAc ring (Figure 5).
Two energetically equivalent orientations of the carboxyl
group were calculated, with c�1508 (anti-c) and c�608
((+)g-c ; Figure 5a and b). However, in this case, the NMR
experimental data (see above) allows us to conclude that
only one major orientation of the side chain, corresponding
to the anti-c conformation, is in fact present. The best fit
with the NOE data is represented by a conformation found
near the global minimum, as shown in Figure 5c. Based on
these data, ligand 7 appears to be preorganized for toxin
binding, in contrast with the conformational behavior of its
aliphatic analogue 6, which is fairly flexible.
It is interesting to note that the stacking effect between

the aromatic ring and the sugars is somewhat “understood”
by the molecular mechanics computations, which most likely
“see” it as a solvation effect (the hydrophobicity of the ring)
combined with a positive van der Waals interactions be-
tween the phenyl group and the a face of the sugars. This
latter interaction appears to be precluded to the cyclohexyl
substituent for steric reasons.

NMR studies of the CT complexes : NMR experiments, in-
cluding TR-NOESY[9,10] and saturation transfer difference
(STD),[26–28] were performed to deduce the bound conforma-

tions of 6 and 7 to the CT
B pentamer. As previously
shown, for ligands which are
not bound tightly and exchange
between the free and bound
states at a reasonably fast rate,
the TR-NOESY experiment
provides an adequate means for
determining the conformation
of the bound ligand.[9,10] As
mentioned above (Table 1), the
present systems bind in the mi-
cromolar range to CT and thus
can properly be studied by this
technique. The addition of chol-
era toxin to a D2O solution of 6
and 7 induced broadening of

the resonance signals in the 1H NMR spectrum, a result indi-
cating that binding occurs (Figures S1 and S2 in the Support-
ing Information). TR-NOESY experiments were performed
on the ligand/CT samples at different mixing times and with
different ligand to toxin molar ratios (25:1 to 50:1). Nega-
tive cross-peaks were clearly observed at 300 K, as expected
for ligand binding.
For the phenyllactic acid based ligand 7, the cross-peak

pattern is similar to the one described above for free 7 in
aqueous solution. Indeed, the same set of interresidue cross-
peaks with basically identical intensities (relative to the in-
traresidual contacts) were observed (Table 3). The orienta-
tion around the Galb(1!3)GalNAc and GalNAcb(1!
4)CHD fragments is unchanged upon binding, as deduced
by the corresponding H-1 Gal/H-3 GalNAc and H-1
GalNAc/H-4 CHD cross-peaks. The orientation of the phe-
nyllactic acid moiety relative to the GalNAc and CHD resi-
dues is also almost identical to that observed in the free
state, as shown by the H-L/H-2eq CHD, H-L/H3 CHD, and
aromatic/H-1, H-3, H-5 GalNAc short contacts (Figure 6,
Table 3). TR-ROESY experiments allowed spin-diffusion ef-
fects to be excluded for these key cross-peaks.[29]

For 6, TR-NOESY experiments were also performed at a
32:1 ligand/receptor molar ratio. Negative cross-peaks were
clearly observed at 300 K, both at 400 and 500 MHz, a result
indicating ligand binding (Table 2). In this case, the analysis

Table 4. Three different conformation (conf.) families were found by an MC/EM[a] conformation search, each
with a different value of the improper angle, c (F=C(OO)-Ca-O-CD3; c=C(OO)-Ca-CD3-HD3). The key interatom-
ic proton–proton distances are outlined.

Distances [S]
conf. 1 conf. 2 conf. 3

(DE=0.0 kcalmol�1, (DE=0.2 kcalmol�1, (DE=1.1 kcalmol�1,
c=146.68) c=658) c=398)

H-L/H-3 CHD 2.51 2.81 2.42
H-L/H-2eq CHD 2.25 3.92 4.24
H-L/H2ax CHD 3.39 4.49 4.47
H-L/H-4 CHD 4.39 3.22 2.47
H-L/H-1 GalNAc 4.36 3.71 2.81
H-1 GalNAc/H-4 CHD 2.69 2.24 2.31

[a] 10000 steps of MC/EM with the H2O GB/SA solvent model and the Amber* force field were employed.

Figure 5. Two major conformation families, a and b, were found for the side chain of 7 by the MC/EM conformation search. They are characterized by a
different value of the improper torsional angle, c. According to the experimental results, only the anti-c conformation (c�1508) is found in solution. The
best fit with the NOE data is obtained with conformer c, which belongs to the a family.
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of the cross-peaks shows that, out of the conformation equi-
librium observed in the free state, one main conformation,
which features an anti-type relationship of the carboxyl
group to the H-3 CHD proton (anti-c in Figure 3), is select-
ed for binding. In fact, cross-peaks between H-L/H-2eq
CHD and H-L/H-3 CHD were observed (Figure 7) that
agreed with the conformation selection of the anti-c rotamer
(c�1508). A minor proportion of a gauche-c rotamer
cannot be discarded, as indicated by the presence of a very
weak H-L/H-4 CHD TR-NOESY cross-peak.
Finally, in order to map the binding epitope of the glyco-

mimetics bound to the cholera toxin, 1D STD NMR experi-
ments were also performed.[26–28] For 7, the difference spec-

trum showed that the aromatic
protons, together with H-4 Gal
and H-6 Gal, give rise to the
most prominent STD signals
(Figure 8). Thus, it can be infer-
red that this region (aromatic
ring and Gal moiety) of the gly-
comimetic is in more intimate
contact with the toxin binding
site. Additionally, the resonance
signals of H-3 and H-1 Gal, H-1
GalNAc, and H-4 CHD also
appeared in the difference spec-
trum but with smaller intensi-
ties. The weakest STD signals
were observed for the CHD
moiety protons, except for H-4,
a result indicating that this part
of the molecule is not involved
in the molecular recognition
process (Figure 8) to a signifi-
cant extent.
The STD spectrum of the

CT/6 mixture (Figure 9) also allowed the binding epitope to
be deduced. Resonance signals belonging to the Gal moiety
(H-1, H-2, H-4, H-5, H-6) were evident in the difference
spectrum. Additional peaks for H-1, H-4, and H-5 GalNAc
were also clearly observed. However, those belonging to the
CHD ring and to the pendant cyclohexyl moiety were rather
weak, or basically nonexistent, including the H-3 CHD and
H-4 CHD protons (see Figure 9). This indicates that these
moieties establish only marginal interactions with the pro-
tein, in contrast to the aromatic ring of the phenyllactic de-
rivative 7.
As a final step, a three-dimensional model of the complex

structures was obtained by performing MC/EM calculations
within the binding site of the
LT toxin, according to the pro-
cedure already described for
the lactic acid analogues.[8] The
corresponding views are depict-
ed in Figure 10. It clearly ap-
pears that the phenyl ring in the
LT/7 complex (Figure 10a) is
calculated to be in close prox-
imity to the protein binding site.
On the contrary, and in accord-
ance with experimental obser-
vations, the cyclohexyl ring in
LT:6 projects away from the
protein surface (Figure 10b).
Dynamics simulations (MC/

SD) also showed that the
phenyl ring of 7 is locked be-
tween the protein and the
GalNAc ring (see Figure S3
(animated gif file) in the Sup-
porting Information). A clear
intramolecular carbohydrate–ar-

Figure 6. TR-NOESY spectrum of 7 bound to CT (solvent D2O, 293 K).

Figure 7. TR-NOESY spectrum of 6 bound to CT (solvent D2O, 300 K).
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omatic stacking interaction
takes place and locates the
phenyl ring in the proper posi-
tion to establish additional con-
tacts with the hydrophobic
patch in the protein. The typical
Gal–toxin interaction, which
defines the structure of cholera
toxin complexes, is also evident.
In contrast, in the LT/6 com-

plex the cyclohexyl ring appears
to display more flexibility even
in the bound state, with the Gal
moiety establishing the major
contacts with the toxin. No
stacking of the GalNAc moiety
with the aliphatic cyclohexyl
side chain takes place. The cy-
clohexyl ring appears to move
in and out of the toxin binding
side and to sample at least two
different orientations relative
to the protein cavity (see Fig-
ure S4 (animated gif file) in the
Supporting Information).

Discussion

All the known structural data
on the complexes formed be-
tween CT and GM1 or the
pseudo-GM1 mimics 2–5 show
that the principal interactions
between the protein and the
(pseudo)carbohydrate ligands
are established through the
nonreducing end galactose unit
and the carboxy group of the
NeuAc residue (in 1 and 2) or
of the surrogate hydroxy acid
(in 3–5). NMR and computa-
tional studies performed on the
complexation of 3–5 by CT

have suggested that additional van der Waals interactions
can be gained by lipophilic substituents on the (R)-hydroxy
acid side chain,[8] which, in the bound conformation of the
ligand, can extend towards a hydrophobic area of the toxin
binding site close to the region that accommodates the sialic
acid side chain in the CT/GM1 complex.[3] The present work
shows that the pseudo-GM1 ligands 6 and 7, which include
an (R)-cyclohexyllactic acid fragment and an (R)-phenyllac-
tic acid fragment, respectively, do indeed display stronger af-
finity for CT than 5.
Although the two ligands described in this paper are simi-

lar in nature and activity, a detailed analysis of their behav-
ior in solution and in the binding site of the cholera toxin re-
veals striking differences, both in terms of conformational
flexibility and of binding mode. Intra- and intermolecular in-

Figure 8. a) Reference 1D 1H NMR spectrum of 7 with CTB5 (ratio 25:1) in D2O at 300 K. b) STD spectrum
with 1 s presaturation of the protein envelope protons. Ligand proton signals are evident in the aromatic
region. Protons are those belonging to the Gal moiety (H-4 and H-6). H-1 GalNAc, H-1 Gal, H-4 CHD, and
H-3 GalNAc are also clearly visible, while the other protons of the CHD unit do not appear in the STD spec-
trum.

Figure 9. a) Reference 1D 1H NMR spectrum of 6 with CTB5 (ratio 32:1) in D2O at 298 K. b) STD spectrum
with 2 s presaturation of the protein envelope protons. Protons belonging to the GalNAc and Gal moiety (H-1
GalNAc, H-1 Gal, H-4 GalNAc, H-2 GalNAc, H-4 Gal, H-6 GalNAc, H-6 Gal, H-5 GalNAc, H-5 Gal, and
H-2 Gal) are clearly visible.

Figure 10. a) Molecular model (MC/EM, Amber*, H2O, GB/SA, best fit
with experimental data for 7). b) Molecular model (MC/EM, Amber*,
H2O, GB/SA, lowest energy conformer for 6).
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teractions among the different residues strongly modulate
the conformational features of these molecules in solution
and when bound to the toxin. The major differences be-
tween 6 and 7 may be ascribed to the presence of an intra-
molecular aromatic–carbohydrate interaction in the phenyl-
lactic acid derivative 7 that strongly biases its conformation-
al behavior by severely restricting its conformational free-
dom. This conformational constraint is lacking in the cyclo-
hexyllactic acid derivative 6, which behaves similarly to the
lactic acid derivative 5 in terms of flexibility and preferred
orientations of the hydroxy acid side chain. As a result of
the conformation lock, the side chain of 7 is preorganized in
an anti-c conformation that allows optimal interaction of the
carboxy group in the carboxylate binding region of CT. The
same conformation appears to be attained by 6 in its bound
state, but it has to be selected from a pool of different ro-
tamers that are simultaneously present in solution. NMR
analysis of the bound state of the ligands also reveals that
the phenyl ring of 7 is in close contact with the protein, as
revealed by the intense signal of the aromatic protons in the
STD spectrum of the CT:7 complex. In contrast, the cyclo-
hexyl group of 6 appears to make a much loser contact with
the toxin. Thus, the preorganization effect and a more effi-
cient van der Waals interaction between the side-chain sub-
stituent and the protein appear to concur in determining the
high affinity of 7 for CT.
The phenyl ring–GalNAc stacking interaction that we

have observed in 7 has been described here for the first
time as an element of a conformation lock in the structure
of a sugar mimic. This kind of sugar–aromatic interaction,
which is very well described in the context of carbohydrate/
protein complexes[20–24] may have a broader application,
which we intend to explore, as an element in conformation-
based design of sugar mimics. Additionally, it has been re-
ported that the presence of the hydrophobic ceramide
moiety may influence the head-group presentation of the
glycan[30] and may even influence the binding to cholera
toxin.[31] Thus, although this report has focused on the im-
portance of the oligosaccharidic part, further studies in our
groups are paying attention to the importance of the lipid
chain for the interaction under different experimental condi-
tions.

Experimental Section

NMR spectroscopy experiments : NMR spectra were recorded at 25–
30 8C in D20 on Varian Unity 500 MHz and Bruker Avance 400 and
500 MHz spectrometers. For the experiments with the free ligand, the
compound was dissolved in D2O and the solution was degassed witha
stream of argon. COSY, TOCSY, and HSQC experiments were per-
formed by using the standard sequences. 2D T-ROESY experiments were
performed with mixing times of 300 and 500 ms. The strength of the
180 pulses during the spin-lock period was attenuated 4 times with re-
spect to that of the 90 hard pulses (between 7.2 and 7.5 ms). In order to
deduce the interproton distances, relaxation matrix calculations were per-
formed by using software written inhouse which is available from the au-
thors upon request.[32] For the bound ligands, STD and TR-NOE experi-
ments were performed as previously described.[8] First, the B chain of
cholera toxin was subjected to 2 cycles of freeze–drying with D2O to
remove traces of H2O. It was then transferred in solution to the NMR

spectroscopy tube to give a final concentration of approximately 0.1–
0.2 mm. TR-NOESY experiments were performed with mixing times of
100, 200, and 300 ms, for molar ratios of ligand/protein between 15:1 and
50:1. No purging spin-lock period to remove the protein background sig-
nals was employed. First, in all cases, line broadening of the sugar pro-
tons was monitored after the addition of the ligand. STD experiments
were carried out by using the method proposed by Meyer, Peters, and
their respective co-workers.[26–28] No saturation of the residual HDO
signal was employed and, again, no spin-lock pulse was employed
remove the protein background signals. In our hands, the use of a spin-
lock period induced artifacts in the difference spectrum. The theoretical
analysis of the TR-NOE contacts of the sugar protons was performed ac-
cording to the protocol employed by London, with a relaxation matrix
with exchange as described.[8] Different exchange-rate constants, k, de-
fined as pf·k=K�1 (where pf is the fraction of the free ligand), and leak-
age relaxation times were employed to obtain the optimal match between
the experimental and theoretical results for the intraresidue H-1/H-3 and
H-1/H-5 cross-peaks of the Gal and GalNAc moieties for the given pro-
tein/ligand ratio. Normalized intensity values were used since they allow
correcting for spin-relaxation effects. The overall correlation time, tc, for
the free state was always set to 0.15 ns and the tc for the bound state was
estimated as 15 ns according to the molecular weight of the toxin (tc=
10–12WMW). To fit the experimental TR-NOE intensities, exchange-rate
constants, k, between 100–1000 s�1 and external relaxation times, 1*, for
the bound state of 0.5, 1, and 2 s were tested. Optimal agreement was
achieved when k=150 s�1 and 1*=1 s.

TR-ROESY experiments were also carried out to exclude spin-diffusion
effects. A continuous-wave spin-lock pulse was used during the 250 ms
mixing time. Key NOE contacts were shown to be direct cross-peaks,
since they showed different signs to diagonal peaks. In some cases, they
allowed the detection of intra-Gal and intra-GalNAc H-1/H-4 and H-1/
H-6 cross-peaks that were due to spin diffusion.

Computational methods

Conformation search and dynamics of isolated 6 and 7: The calculations
were performed by using the MacroModel/Batchmin[33] package (ver-
sion 7.0) and the AMBER* force field. KolbXs parameters were used for
the hydroxy acid moiety.[25] Bulk water solvation was simulated by using
MacroModelXs generalized Born GB/SA continuum solvent model.[34]

The conformation searches were carried out by using 20,000 steps of the
usage-directed MC/EM procedure according to previously established
protocols.[35, 19] Extended nonbonded cut-off distances (a van der Waals
cut-off of 8.0 S and an electrostatic cut-off of 20.0 S) were used.

For the MC/SD[36] dynamic simulations, van der Waals and electrostatic
cut-offs of 25 S, together with a hydrogen-bond cut-off of 15 S, were
used. The dynamic simulations were run with the AMBER* all-atom
force field. Charges were taken from the force field (all-atom option).
The same degrees of freedom of the MC/EM searches were used in the
MC/SD runs. All simulations were performed at 300 K, with a dynamic
time step of 1 fs and a frictional coefficient of 0.1 ps�1. Typically, 2 runs
of 5 ns each were performed, with 2 conformations of the substrates as
the starting point; these conformations differed at the hydroxy acid link-
age and were selected from the MC/EM outputs. The Monte Carlo ac-
ceptance ratio was about 4%, and each accepted MC step was followed
by an SD step. Structures were sampled every 1 ps and saved for later
evaluation. Convergence was checked by monitoring both energetic and
geometrical parameters.

Conformation search (MC/EM) of the LT complexes : The conformation
searches were carried out by using the usage-directed MC/EM procedure,
with slight variations of the protocol used in the study of the LT/psGM1
complex.[4] In brief, the starting structure for LT/7 was obtained by super-
imposing the conformation of 7 that exhibits the best fit with the NOE
data (conformer c in Figure 5) on the psGM1 ligand in our model of the
LT:psGM1 complex by using the galactose coordinates. This “docking”
step was followed by substructure energy minimization. The starting stru-
ture of the LT/6 complex was obtained from the LT/7 complex by graphi-
cally converting the phenyl ring into a cyclohexyl group.

The explicit torsional variables were the same as those used for the free-
state calculations, that is, the Gal–GalNAc and Gal–CHD anomeric link-
ages, the C-5–C-6 bonds of Gal and GalNAc, and the five bonds of the
hydroxy acid moiety. Furthermore, the ligand was allowed to rotate (max
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1808) and translate (max. 1 S) within the binding site (MOLS command
of Batchmin). 10000 MC/EM steps were performed. Bulk water solvation
was simulated by using the GB/SA model. Five crystallographic water
molecules were retained, as previously described.[4,35] All calculations
were carried out on a B2 (B+B(+1)) dimer. Only the ligand and a shell
of residues surrounding the binding site of LT were subjected to energy
minimization. All the residues within 6 S of the sugars were completely
included in the shell. An all-atom treatment was used for the ligand and
for the aromatic residues of the protein. The rest of the toxin was treated
with a united-atom model. The ligand and all of the binding site polar hy-
droxy and amino hydrogen atoms were unconstrained during energy min-
imization. All other atoms that belonged to the substructure being mini-
mized were constrained to their crystallographic coordinates by parabolic
restraining potentials that increased with the distance from the sugar sub-
strate. The following force constants were used: 100 kJS�2 for atoms
within 0–3 S of any atom of the ligand; 200 kJS�2 for atoms within 3–
4 S; 400 kJS�2 for atoms within 4–5 S. The periphery of the restrained
structure was checked with the EdgeD command of MacroModel, and
isolated atoms were included to avoid incomplete functional groups. All
other atoms were ignored.

MC/SD dynamics of the LT:ligand complexes : The simulations were car-
ried out by using the same substructure and explicit MC variables descri-
bed above, but with the lowest energy conformation from the MC/EM
search as the starting point. Extended nonbonded cut-offs were employed
(van der Waals and electrostatic cut-off of 25 S, hydrogen-bond cut-off
of 15 S). The simulations were performed for 1 ns, at 300 K, with a dy-
namic time step of 1 fs and a frictional coefficient of 0.1 ps�1. Structures
were sampled every 2 ps and saved for later evaluation.
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Introduction 
Carbohydrates  can  be  regarded  as  idea l  scaf fo lds  for  l i b rary  generat ion: i they  a re  ma in ly  

po lyhydroxy la ted  (bu t  they  a lso  bear  amino  and  carboxy  funct iona l i t i es)  and  each  group  has  a  we l l  
de f ined  or ien ta t ion ,  en fo rced  by  the  con format iona l  const ra in ts  o f  the  cyc l i c  s t ruc tu re .  Natura l  
carbohydra tes ,  however ,  a re  non-or ig ina l  sca f fo lds ,  and  the i r  chemica l  and  metabo l i ca l  s tab i l i t y  i s  no t  
very  h igh.  The  chemica l  mod i f i ca t ion  o f  carbohydra tes  can  a f fo rd  or ig ina l ,  s tab le ,   and  poss ib ly  more 
r ig id  compounds .  Such  s t ruc tures  can  be  decorated  by  append ing  d iverse  pharmacophores  to  the i r  
func t iona l  groups .   For  prac t i ca l  purposes  i t  i s  impor tan t  tha t  the  new scaf fo lds  be  read i l y  access ib le  on  
a  la rge  sca le  a t  a  l im i ted  cos t .  In format ion  about  the i r  s t ruc ture  and  dynamics  in  water  so lu t ion  i s  a lso 
very  va luab le  for  s t ruc ture -based (drug)des ign  pro jec ts  and  for  the  ra t iona l  des ign  o f  ind iv idua l  l i gands  
and  l ib rar ies  thereof .  In  th is  con tex t ,  where  computa t iona l  too ls  a re  requ i red,  the i r  ab i l i t y  to  render  the  
three-d imensiona l  s t ruc ture  o f  the  scaf fo lds  shou ld  be  tes ted  aga ins t  the  ava i lab le  exper imenta l  da ta  fo r  
va l ida t ion ,  be fore  embark ing  in  subsequent  mo lecu la r  des ign  pro jec ts .  

 In  the  course  o f  a  co l labora t ion  w i th in  an European Research Network  
(h t tp : / /www.a l taweb. i t /g lyc id ic / index .h tml )  we  have deve loped a  shor t  syn thes is  o f  the  func t iona l l y  r ich  
b icyc l i c  s t ruc tu res  1  and 2  (Char t  1 ) .  These  mo lecu les  a re  eas i l y  obta ined  f rom ga lactose  in  a  few 
s teps ,  w i thout  the  need o f  p ro tect ing  group  chemis t ry  (see  be low)  and  can  be  var ious ly  func t iona l i zed a t  
the  appended s ide-cha in .  Bo th  charac ter i s t i cs  make them par t i cu la r l y  a t t rac t ive  for  fu r the r  
(combina tor ia l )  deve lopment .  To  fu l l y  exp lo i t  the i r  po ten t ia l ,  a  thorough con format iona l  s tudy  by  NMR 
spec t roscopy suppor ted by  mo lecu lar  mode l ing  has  been per formed and has  a l lowed to  es tab l i sh  the i r  
3D s t ruc ture .  The  resu l ts  a re  repor ted in  th is  paper .  

Results 
Synthesis 

The prepara t ion  o f  the  b icyc l ic  ace tamides 1  and 2  s tar ted  f rom the commerc ia l l y  ava i lab le  

methy l  α -D-ga lac topyranos ide  3 (Scheme 1) ,  accord ing  to  a  p rocedure  descr ibed by  Gray  and  

coworkers . ii S i l y la t ion  o f   3  us ing  b is( t r imethy ls i l y l ) t r i f luoroace tamide (BTSFA)  was fo l lowed by  in  s i tu  
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t rea tment  w i th  a l l y l t r imethy ls i lane  and  ca ta ly t i c  t r imethy ls i l y l  t r i f luo romethane, iii and a f forded   the  α -C -

a l l y l  ga lac tos ide  4  as  a  s ing le  d ias te reomer .  The  s tereochemis t ry  o f  compound 4  was  ass igned by  
eva luat ion o f  the coup l ing  cons tan t  J  o f  the  H(1)  and  H(2)  hydrogen a toms in  i t s  ace ty la ted  der iva t i ve ,  
J H 1 - H 2  =  4 .8  Hz ,  revea l ing  thus the i r  c is  re la t ionsh ip .   

d
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Scheme 1 .  a )  i .  BTSFA,  CH 3 CN,  re f l ux ,  1  h ;  i i .  a l l y l t r ime thy l  s i l ane ,  TMSOTf  
(0 .5  eq ) ,  0  °C  -  r t ,  18  h ,  85 %;  b )  I 2 ,  NaHCO 3 ,  DMF,  r t ,  12  h ,  84 %;  c )  
nBu 4 N N 3 ,  DMF,  r t ,  14  h ,  75%;  d )  H 2 ,  Pd (OH) 2 /C ,  Ac 2 O ,  MeOH,  r t ,  24  h  70 %.  

 

Iodocyc l i za t ion  o f  compound 4  p rov ided  a  2 .6 :1  inseparab le  mix ture  o f  d ias tereomer ic  iod ides  

5 , iv wh ich  was then  submi t ted  to  az ide  d isp lacement  to  a f fo rd  a  the  b icyc l i c  az ides  6 .  Hydrogenat ion  o f  

th is  m ix ture ,  over  20% Pd(OH) 2 /C ,  in  methano l  and  in  the  presence  o f  ace t ic  anhydr ide,  a t  a tmospher ic  
p ressure ,  a f fo rded a  mix tu re  o f  b icyc l i c  ace tamides  1  and  2 ,  wh ich  were  separa ted  by  HPLC,  us ing a  
Waters  h igh per formance carbohydra te  60Å co lumn.  The  synthes is  o f  compounds  1  and  2  was  thus 
per formed w i thout  the  use o f  p ro tect ion /depro tect ion  chemis t ry ,  in  four  s teps  and  37% overa l l  y ie ld .   
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Char t  1 .  S t ruc tu re  o f  c ompounds  1  and  2  and  de f i n i t i ons  o f  d i hed ra l  ang les  ω ,  τ 4 ,  τ 1 ,  χ 1  and  χ 2  as  
O C 5 C 6 O 6 ,  C 1 OC 5 C 4 ,  C 1 C 2 C 3 C 4 ,  O ’C 4 ’ C 5 ’ N ,  C 4 ’ C 5 ’ NC(O)  respec t i ve ly .   
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Conformational studies: NMR data 
In  order  to  de f ine  the i r  th ree-d imensiona l  s t ruc ture  and  dynamics  1  and  2  were  sub jec ted  to  

NMR s tud ies in  D 2 O so lu t ion  a t  400  MHz and 500  MHz.  Bo th  coup l ing  constan t  ana lys is   (Tab le  1)  and 
NOE data  (Tab le  2)  sugges t  that  the  b icyc l i c  cores  o f  bo th  compounds  exp lo re  mu l t ip le  con format ions .  
In  par t i cu la r ,  the  da ta  obta ined  for  the  6 -membered  r ing  p ro tons  a re  c lear ly  no t  cons is ten t  w i th  the  
s ing le  4 C 1  cha i r  tha t  i s  usua l l y  adopted  by  ga lacto -pyranoses:  the  observed  J 2 , 3  va lues  a re  too  smal l ,  
and  the  J4 , 5  va lues  too  la rge  (Tab le  1 ) .  Cons is ten t l y ,  the  H3-H5 NOE crosspeaks  are  weaker  than 
expec ted  for  a  typ ica l  4 C 1  py ranose  r ing ,  and  the  H1-H6proR  p ro ton  pa i r  g ives  r i se  to  med ium in tens i ty  
NOE con tac ts  wh ich  are  no t  compat ib le  w i th  a  4 C 1  r ing  con format ion  (Tab le  2 ) .  Hence ,  the  1 ,2-c is - fused 
furane  r ing  appears  to  d is tor t  the  s ix -membered  r ing  o f  bo th  1  and  2  ou t  o f  the  usua l  ga lac to -pyranose 
con format ion by  a  measurab le  ex ten t .  

The  or ien ta t ion  o f  the  hydroxy l  methy l  g roup  te thered  to  the  pyrane  r ing  was  a lso  inves t iga ted:  
as  a  expec ted  fo r  a  ga lactose  res idue  the  measured  coup l ing  cons tan ts  were  cons is tent  w i th  a  pre fer red  

g t  ro tamer  (  ω= +  60°  ) . v    

 

Tab le  1 .  Exper imenta l  3 J H H  va lues for  compounds 1  and 2 .  

Protons pairs 
Exp.

3JH - H (Hz) 
for 1 (R)

Exp.  

3JH - H  (Hz) 
for 2 (S)

H1-H2 6 .6  5 .9  

H2-H3 6 .4  6 .7  
H3-H4 2 .8  3 .0  
H4-H5 2 .8  3 .2  

H1-H3 ’proS  6 .6  

H1-H3 ’proR  6 .6  
6 .9 ;  5 .3 ( c )  

H4 ’ -H3 ’proS  

H4 ’ -H3 ’proR  
6 .8 ;  7 .8 ( c )  7 ,4 ;  ? ( c )  

c )  The  sc a la r  c oup l i ng  be tween  thes e  p ro ton  pa i r s  c ou ld  no t  be  ass igned :  t he  
c o r res pond ing  v a lues  were  no t  us ed  i n  t he  f o l l ow ing  f i t t i ng  p roc edu re .  

 
 

 

Table  2 .  Exper imenta l l y  observed   Noe con tac ts  

Compound Proton pai r  Exper imenta l  nOe (%) a  

1 H1-H4 ’  2 .30  
 H3 ’proS-H3 3 .70  
 H3 ’proS-H5 7 .09  
 H3-H5 3 .24  
 H1-H6proR 3 .01  
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 H4 ’ -H2 2 .72  
2 H1-H3 ’proR 3 .94  
 H1-H3 ’proS 0 .43  
 H1-H6proR 2 .89  
 H5-H3 3 .43  
 H4 ’ -H3 2 .14  
 H6proS-H4 2 .61  
 H3 ’proS-H3 1 .93  
 H3 ’proS-H5 5 .10  
 H3 ’proR-H2 1 .28  

a )   % o f  nOe  c ross  peak  re l a t i v e  t o  i t s  c o r res pond ing  d iagona l  peak   
 

Modeling results 
In  order  to  iden t i f y  the  o ther  access ib le  con format ions ,  a  con format iona l  ana lys is  o f  1  and  2  was 

per formed by mo lecu la r  mechan ics ,  us ing  three  d i f fe ren t  fo rce  f ie lds  (AMBER* ,  MM3*  and  OPLSAA)  and  
the  imp l i c i t  wa ter  sa lva t ion  mode l  GB/SA vi o f  Macromode l . vii

A  con format iona l  search was  per formed us ing  the  MC/EM pro toco l , viii and  the  resu l t ing  

con format ions  w i th in  3  kca l /mo l  f rom the  g loba l  m in imum were c lus tered fo r  each mo lecu le  based on the 

va lues  o f  two  d ihedra l  ang les  o f  the  r ing  τ1  and  τ4  (C1-C2-C3-C4 and C1-O-C5-C4,  respec t i ve ly  (See 

Char t  1) .  S t ruc tures  were c lass i f ied  as  skew-boat  (S) ,  cha i r  ( 4 C 1 ) ,  o r  inver ted  cha i r  ( 1 C 4 )  con format ions  

o f  the pyrane mo ie ty . ix The b icyc le  con format ions  o f  the  c lus te r  leaders  were  found to  be  independent  o f  

the  conf igura t ion  o f  the  s te reocenter  a t  C-4 ’ ,  and  hence  bas ica l l y   iden t ica l  fo r  bo th  mo lecu les .  The  
resu l ts  tu rned  ou t  to  be  h igh ly  fo rce  f ie ld  dependent  ( fo r  deta i ls ,  see  the  Supp.  In fo )  and  a re  i l l us t ra ted  
in  F igure  1 ,  wh ich  shows the  lead ing  members   o f  the  c lus ters  found by  the th ree  d i f fe ren t  fo rce  f ie lds ,  
the i r  re la t i ve  energy and  the i r  Bo l tzmann d is t r ibu t ion  a t  room temperature .  

For  each  force  f ie ld  one d i f fe rent  con format ion  shou ld  represen t  a t  leas t  92% o f  the  g loba l  
popu la t ion ,  as  based on  the  Bo l tzmann d is t r ibu t ion  a t  room tempera ture  (F igure  1 ,  las t  co lumn) .  
AMBER*  favors  a  4 C 1  cha i r ,  MM3* the  1 S 3  skew-boat  and  OPLSAA a  1 C 4  cha i r .  Each  con format ion  o f  the  
py rane r ing  is  assoc ia ted w i th  mu l t ip le  fo lds  o f  the  5-membered  r ing  and  mu l t ip le  conformat ions  o f  the  
pend ing  s ide cha in ,  wh ich a re  descr ibed  in  de ta i l  in  the  Supp. In fo .  sec t ion .  Here we ’ l l  on ly  no te  tha t  fo r  
1  the  1 S3  c lus te r  s t ruc tures  ca lcu la ted  by AMBER* and those ca lcu la ted  by  MM3*  are  assoc ia ted  w i th  
d i f fe ren t  fo lds  o f  the  5-membered  r ing .  F rom F igure  1  i t  can  a lso  be  noted  tha t  the  gt  o r ien ta t ion  o f  the  
hydroxy l  methy l  g roup  i s  cor rect l y  reproduced by  AMBER* and OPLSAA,  bu t  consp icuous ly   no t  by  MM3* 
(see the  c lus ter  leaders  in  F igures  1  ) .  

None o f  the force f ie ld  represen ta t ions  can  reproduce the exper imenta l  observa t ions .  For  
ins tance ,  based on  the  popu la t ion  d is t r ibu t ions  o f   F igure  1  the d iagnos t i c  J 4 , 5  coup l ing  cons tan ts  for  1  
wou ld  be  0 .9  Hz  (AMBER*) ,  4 .1  Hz  (MM3*)  and  6 .0  Hz  (OPLSAA) ,  respec t i ve ly  fo r  the  three  force  f ie lds ,  
none o f  wh ich  agrees  w i th  the  measured  va lue  o f  2 .8  Hz  (see  Tab le  1) .  Ana logous  cons idera t ions  can  be 
ex tended to  2 .  S im i la r l y ,   the  NoE da ta  es t imated  by  a  fu l l  mat r i x  re laxa t ion  approach x us ing  the  
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Noeprom sof tware xi f rom the  ca lcu la ted  s t ruc tures  and  re la t i ve  energ ies  d id  no t  reproduce  the 
exper imenta l l y  observed  c ross  peaks  in tens i t ies .  The  use  o f  dynamics  s imu la t ions  d id  no t  improve  the 
f i t t i ng ,  sugges t ing  tha t  the  prob lem is  no t  caused by  improper  s imu la t ion  o f  the  dynamic  behav ior  o f  the  
byc ic les ,  bu t  ra ther  by  poor  representa t ion  o f  the  ac tua l  po ten t ia l  energy  sur face  by  a l l  the  force  f ie lds  
examined.  We there fore  dec ided  to  use  the  ca lcu la ted  geometr ies  as  templa tes  and  to  ex t rac t  the i r  
re la t i ve  popu la t ions  f rom the  exper imenta l  data  by  a  f i t t ing  p rocedure  based on  both  the  coup l ing  
cons tan t  va lues  and  the  in tens i ty  o f  the  NoE cross  peaks .  

Coupling Constant Fitting 
As d iscussed above ,  depend ing  on  the  force  f ie ld  (AMBER* ,  MM3,  o r  OPLSAA)  d i f fe ren t  

con format ions  o f  the  6  and  the  5-membered  r ings were  pred ic ted .  Fur thermore ,  the  fo ld  o f  the  fused 
f i ve -membered  r ing  appears  to  depend on the  conformat ion o f  the  pyrane  mo ie ty .  Wi th  AMBER*,  MM3 
and  OPLSAA geometr ies  a t  hand,  averaged 3 JH - H  were  ca lcu la ted  for  each  c lus ter  o f  con formers  by 
app ly ing  the empi r i ca l  genera l i za t ion  o f  Karp lus equat ion  proposed by  Haasnoot  e t  a l . xii  t o  the 
cor respond ing  pro ton-pro ton  to rs ion  ang les .  The  c lus ter -averaged J  va lues  were  found to  be somewhat  
fo rce  f ie ld  dependent ,  par t i cu lar l y  fo r  the  5 -membered r ing  pro tons ,  re f lec t ing  the  d i f fe ren t  5-membered 
r ing  fo lds  loca ted by  each force  f ie ld .  

 

Figure  1 .  MC/EM search  o f  1  and  2 :  c lus ter ing  o f  the  pyrane  r ing .  Lead ing  members   o f  the  c lus ters  
found  by the  three  d i f fe ren t  fo rce  f ie lds  a re  shown,  toge ther  w i th  the i r  re la t ive  energy  (kJ /mo l ) .   
1 :   4 C 1 :  1 S3  97 :3  (AMBER*) ,  4 C 1 :  1 S3 :  1 C 4  4 :95:1  (MM3*)  and  4 C 1 :  1 C 4  1 :99 (OPLSAA)  
2 :  4 C 1 :  1 S 3  98 :2  (AMBER*) ,  4 C 1 :  1 S3 :  1 C 4   3 :92 :5  (MM3*)  and   4 C 1 :  1 C 4  1 :99  (OPLSAA) .  
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These  va lues  were  used to  ob ta in  the  re la t i ve  popu la t ion  o f  each  c lus te r  by  f i t t i ng  to  the 
exper imenta l  3 J H H  va lues .  Th is  procedure  a l lowed to  account  fo r  the d i f fe rent  5-membered  r ing 
pucker ing  represen ted  in  each  c lus ter .  We fe l t  tha t  th is  p rocedure  was  more  robus t  than  the  a l te rna t i ve  
poss ib i l i t y  o f  us ing  on ly  the  c lus te r  leader  geomet ry  as  representa t i ve  o f  each  c lus te r  in  the  f i t t ing  
p rocess .  An  in i t ia l  va lue was  ass igned to  the  we igh t  o f  each c lus ter  and an  est imat ion  o f  the  sca la r  
coup l ings  ca lcu la ted ;  then,  the dev ia t ion  be tween the  ca lcu la ted  and  exper imenta l  sca lar  coup l ings  was 
i te ra t i ve ly  min im ized  (up to  10.000  s teps) ,  thus ob ta in ing  the  best - f i t t ing  popu la t ion  we igh ts .  The 
re la t i ve  popu la t ions o f  the c lus ters  obta ined by  th is  f i t t ing  procedure  (  J - f i t ted  popu la t ions)  a re  repor ted  
in  Tab le  3  (J- f i t ted  ra t io  row)  toge ther  w i th  the i r  assoc ia ted  sca la r  coup l ings  cons tan ts  va lues ,  tha t  can 
be  compared to  the exper imenta l  va lues .  

Accord ing  to  AMBER*,  the  exper imenta l  J  va lues  measured  for  1  were  bes t  f i t ted  by  a  60 :40 
ra t io  o f  4 C 1 :  1 S 3  con format ions .  The sum of  a l l  the  dev ia t ions  for  the 8  measured  J-coup l ings  i s  4 .13  Hz .  
In  con t ras t ,  f i t t i ng  based on  the  s t ruc tu res  ca lcu la ted  by  MM3*  led  to  a  re la t i ve  popu la t ions  48 :  25 :  27 
for  the  4 C 1 :  1 S 3 :  1 C 4  con formers .  In  th is  case  the  dev ia t ions ’  sum over  the  e igh t  coup l ing  va lues  i s  3 .46  
Hz .  F ina l l y  fo r  the  OPLSAA s t ruc tures  the  best  f i t  o f  the  exper imenta l  va lues  i s  ob ta ined  by  60 :40  ra t io  
o f  the  4 C 1  and  1 C 4  c lus te rs .   The  sum of  the  dev ia t ions in  th is  case i s  the  h ighest  va lue  found and  
cor responds  to  5 .64 Hz.   

S im i la r  resu l t s  were  obta ined  for  compound 2 .  Wi th  Amber* ,  the  f i t ted  4 C 1 :  1 S 3  ra t io  is  45:55  and 
the  cor respond ing  dev ia t ion  i s  4 .1  Hz ;  the  MM3*  f i t ted  ra t io  i s  60 :24:16  4 C 1 :  1 S 3 :  1 C 4  w i th  a  dev ia t ion  o f  
3 .0  Hz  wh i le  w i th  OPLSAA the f i t t i ng  gave  80 :20  o f  4 C 1 : 1 C 4   (dev ia t ion  i s  4 .4  Hz) .   

Thus,  the  exper imenta l  resu l ts  can  be  reproduced w i th  d i f fe ren t  se ts  o f  con format ions .  In  a l l  
cases  the  4 C 1  cha i r  i s  found  to  be  the  ma jor  i somer  and  to  represen t  45% -  80% o f  the  g loba l  con former  
popu la t ion .  However ,  the  J  ana lys is  a lone  does not  a l low to  d iscr im ina te  among fo rce  f ie lds .  

 

Tab le  3 .  Exper imenta l  and  es t imated  3 J H H  va lues  for  compounds 1  and  2.  

C o m p .  Protons 
pa irs  

Exp.  
3 J H - H  
(Hz)  

Amber*  
3 J H -

H (Hz) ( a )  

3 J H - H  
Amber*  
f i t t ing  
(Hz) ( b )  

MM3 
3 J H - H  (Hz) ( a )  

3 J H - H
MM3 f i t t ing  

(Hz)  ( b )  
OPLSAA 

3 J H - H  (Hz) ( a )  

3 J H - H  
OPLSAA 

f i t t ing  
(Hz)  ( b )  

              

C o n f .
J - f i t t e d  

r a t i o  
  

4 C 1  
 

1 S 3
 

4 C 1 :  1 S3
60:40  

4 C 1  
 

1 S 3
 

1 C 4  
 

4 C 1 :  1 S3 :  1 C 4
48:25:27  

4 C 1  
 

E 3 ’
 

1 C 4  
 

4 C 1 :  E3 ’ :  1 C 4  
60:0:40  

1R H 1 - H 2  
 

6 .6  
 

6 .4  4 .3  5 .4  6 .9  5 .8  2 .1  5 .3  7 .1  5 .1  2 .1  5 .1  

 H 2 - H 3  6 .4  8 .3  5 .9  7 .2  7 .8  7 .3  2 .7  6 .3  7 .0  0 .7  2 .4  5 .2  

 H 3 - H 4  2 .8  2 .9  2 .2  2 .6  2 .7  1 .8  3 .4  2 .7  3 .3  6 .7  4 .2  3 .7  

 H 4 - H 5  2 .8  0 .8  3 .7  2 .1  0 .7  4 .3  5 .2  2 .9  0 .7  0 .2  6 .0  2 .8  

 H 1 - H 3 ’ p r o S  6 . 6  6 .5  6 .0  6 .3  6 .3  9 .4  5 .1  6 .8  6 .4  9 .7  6 .3  6 .4  
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 H 1 - H 3 ’ p r o R  6 . 6  10 .7  1 .2  6 .3  10 .7  4 .8  1 .5  6 .7  10 .7  4 .8  1 .3  7 .0  

 H 4 ’ - H 3 ’ p r o S  5 . 7  9 .0  7 .2  4 .8  5 .5  9 .4  8 .8  4 .5  5 .4  9 .4  6 .4  

 H 4 ’ - H 3 ’ p r o R  
6 . 8 ;  

7 .8 ( c )  11 .0  2 .1  6 .9  11 .3  10 .5  2 .7  6 .2  11 .4  10 .9  5 .1  8 .9  
C o n f .

J - f i t t e d  
r a t i o  

  
4 C 1  

 
1 S 3

 
4 C 1 :  1 S3
45:55  

4 C 1  
 

1 S 3
 

1 C 4  
 

4 C 1 :  1 S3 :  1 C 4
60:24:16  

4 C 1  
 

1 S 3
(0)  

1 C 4  
 

4 C 1 : 1 C 4  
80:20  

2S H 1 - H 2  5 .9  6 .3  4 .4  5 .3  6 .8  5 .8  2 .7  5 .9  6 .8  -  2 .2  5 .9  

 H 2 - H 3  6 .7  8 .3  6 .0  7 .0  7 .3  7 .3  2 .4  6 .5  7 .3  -  2 .3  6 .3  

 H 3 - H 4  3 .0  2 .9  2 .2  2 .5  3 .4  1 .8  3 .3  3 .0  3 .4  -  4 .2  3 .6  

 H 4 - H 5  3 .2  0 .9  3 .7  2 .4  0 .7  4 .2  5 .0  1 .9  0 .7  -  6 .1  1 .8  

 H 1 - H 3 ’ p r o S  7 . 2  4 .8  5 .9  7 .2  5 .0  4 .3  6 .2  7 .4  -  4 .7  6 .9  

 H 1 - H 3 ’ p r o R  

6 . 9 ;  
5 .3 ( c )  10 .0  1 .4  5 .2  8 .8  1 .5  1 .8  5 .9  8 .7  -  1 .6  7 .3  

 H 4 ’ - H 3 ’ p r o S  2 . 4  11 .4  7 .4  7 .1  11 .4  10 .5  8 .7  6 .8  -  10 .0  7 .4  

 H 4 ’ - H 3 ’ p r o R  

7 , 4 ;  
? ( c )  8 .5  5 .1  6 .6  8 .6  4 .2  6 .2  7 .2  7 .5  - -  6 .7  7 .3  

a )  c l us te r -av eraged  J -v a lues .  b )  Sc a la r  c oup l i ng  es t ima ted  f o r  t he  J - f i t t ed  c l us te r  r a t i o  s hown  be low  c )  The  s c a la r  
c oup l i ng  be tween  thes e  p ro ton  pa i r s  c ou ld  no t  be  ass igned :  t he  co r res pond ing  v a lues  were  no t  us ed  i n  the  f i t t i ng  
p roc edu re .  
 

NOE contact analysis  
As d iscussed in  the  preced ing  sec t ions,  the  three fo rce  f ie lds  have  pred ic ted  s t r i k ing ly  d i f fe rent  

m ix tures o f  4 C 1 ,  1 S3  o r  4 C 1  con fo rmat ions .  As  an  add i t iona l  ev idence  fo r  the p resence and 
charac ter i za t ion  o f  these equ i l ib r ia ,  a  NOE-based ana lys is  was  a lso  per fo rmed us ing the  set  o f  nOe 
con tacts  co l lec ted  in  Tab le  2 .  These  con tacts  were  se lec ted  because they  were  iden t i f ied  as  exc lus ive  
for  spec i f i c  c lus ters ,  as  shown in  Tab les  4-6 .  The  force  f ie ld -p red ic ted  in te rpro ton  d is tances  and  NOE 
in tens i t ies  (%)  fo r  each  c lus ter  were der ived us ing  a  fu l l  mat r i x  re laxa t ion ca lcu la t ion 8  ex tended to  a l l  
the  members o f  each c lus ter  (Tab le  4-6  Noeprom co lumns) .  Aga in  these  va lues  are  somewhat  fo rce  f ie ld  
depedent ,  however  some genera l i za t ions  can  be  drawn.  For  the (4 ’ -R )  i somer  1  the  H1-H4 ’ ,  H3-H3 ’proS 
and H5-H3 ’proS NOE contac ts  are  exc lus ive  for  the  4 C 1  c lus te r ,  whereas  the  H1-H6proR contac t  is  
exc lus ive  fo r  e i ther  the  skew boat  o r  the  inver ted  cha i r  fami l ies .  Contac t  H2-H4 ’  i s  h igh ly  enhanced in  
the  1 S3  c lus te r  re la t i ve  to  the  4 C 1 ,  wh i le  the  H3-H5 d is tance  i s  s im i la r  in  both  the  cha i r  and  skew boat  
con format ions  (around 2 .5  and  2 .7  Å  respec t i ve ly ) ,  bu t  i s  much longer  fo r  the  inver ted  cha i r  1 C 4   c lus te r  
(>  4 .2  Å) .  In  the  case  o f  the  (4 ’ -S )  compound 2 the  exc lus ive  nOe contac ts  fo r  the  4 C 1  fami ly  a re  H4 ’ -H3,  
H3-H3 ’proS and  H5-H3 ’proS,  wh i le  fo r  the 1 S3  c lus te r  they  are  H1-H6proR and H2-H3 ’proR.  Aga in ,  the  
H3-H5 d is tance  i s  s im i la r  in  bo th  the  cha i r  and  skew boat  con fo rmat ions  (around 2 .5  and 2 .7  Å 
respec t i ve ly) ,  but  i s  much longer  fo r   the  inver ted cha i r  1 C 4   c lus ter  (>  4 .2  Å) .  

F ina l l y ,  the  con former  d is t r ibu t ion  was  es t imated by f i t t ing  the  Noeprom-based % nOe in tens i t ies  
to  the exper imenta l  ones.  As  descr ibed  for  the  J- f i t t i ng  procedure,  an  in i t i a l  va lue  was ass igned to  the 
we igh t  o f  each  c lus ter  and  an  est imat ion  o f  the  to ta l  % nOe in tens i ty  ca lcu la ted ;  then ,  the  dev ia t ion  
be tween the ca lcu la ted and  exper imenta l  va lues was i te ra t i ve ly  m in im ized  (up to  10.000  s teps)  and  
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thus ,  the  bes t - f i t t i ng  popu la t ion  we igh ts  were obta ined.  As observed  above  for  the  J- f i t t i ng  process,  a  
s imp ler  procedure  cou ld  have  used  the  leader  geometry  as  represen ta t i ve  o f  each  c lus ter  in  the  f i t t i ng  
p rocess .   

 However ,  us ing  c lus ter -averaged nOe in tens i t ies  as  a  represen ta t ion  o f  each  c lus te r  a l lows  to  
account   fo r  the  d i f fe ren t  5 -membered  r ing  pucker ings  represen ted  in  each  c lus ter .  The  popu la t ion  thus  
es t imated  a re  repor ted  in  Tab les  4 ,  5  and  6  (noe- f i t ted  ra t io  co lumns)   toge ther  w i th  the  nOe in tens i ty  
va lues  they  o r ig ina te  (noe- f i t ted  % nOe co lumns) .  J - f i t ted  popu la t ion  es t imates are  a lso  inc luded in  
Tab le  4-6 ,  fo r  compar ison.  The  noe  data  can  be reproduced by a l l  se ts  o f  f i t ted  con former  popu la t ions  
w i th  average dev ia t ions  go ing  f rom 2% to  13% (see  Tab les ’  legends) .  Popu la t ions  ob ta ined  by  J - f i t t i ng  
o r  nOe- f i t t i ng  don ’ t  d i f fe r  s ign i f i can t l y  when the  AMBER* (Tab le  4)  or  OPLSAA (Tab le  6)  geomet r ies  a re 
used  .   

Table  4 .  Use  o f  the exper imenta l  nOe in tens i t ies  to  est imate  the  re la t i ve  popu la t ion  o f  the  AMBER* 
con format ions  

Comp.  Pro ton pa i r  
Noeprom Amber*  

4 C 1   
 nOe (%) a  

( d i s t a n c e ,  Å ) b  

Noeprom Amber*  
1 S 3   

nOe (%) c  ( d i s t a n c e ,  
Å ) b  

Exp .  
nOe (%)  

Amber*  
noe-  f i t ted  nOe(%) e  

     
4 C 1 :  1 S 3

noe - f i t t ed  ra t io  57 :43  
( J - f i t t ed  60 :40) d  

1 H1-H4 ’  3 .48  ( 2 . 6 2 )  0 .00 ( 4 . 0 1 )  2 .30  1 .97  
 H3 ’proS-H3 8 .55 (2 . 4 2 )  0 .00 (4 . 6 3 )  3 .70  4 .85  
 H3 ’proS-H5 12 .49  ( 2 . 2 5 )  0 .00  ( 4 . 5 4 )  7 .09  7 .09  
 H3-H5 4 .20  ( 2 . 5 0 )  2 .63 ( 2 . 7 1 )  3 .24  3 .52  
 H1-H6proR 0 .00  ( 4 . 6 9 )  3 .30 ( 2 . 5 7 )  3 .01  1 .43  
 H4 ’ -H2 0 .58  ( 3 . 5 1 )  0 .94 ( 3 . 3 2 )  2 .72  0 .74  

     
4 C 1 :  1 S 3

noe - f i t t ed  ra t io  40 :60  
( J - f i t t ed  45 :55) d  

2 H1-H3 ’proR 4 .31 (2 .40)  4 .69  (2 .38)  3 .94  4 .54  
 H1-H3 ’proS 0 .46  (2 .95)  1 .57  (2 .70)  0 .43  1 .13  
 H1-H6proR 0 .00  (4 .69)  3 .92  (2 .51)  2 .89  2 .36  
 H5-H3 4 .88  (2 .52)  3 .12  (2 .71)  3 .43  3 .82  
 H4 ’ -H3 1 .90  (2 .92)  0 .94  (3 .34)  2 .14  1 .32  
 H6proS-H4 3 .44  (2 .71)  2 .37  (2 .88)  2 .61  2 .80  
 H3 ’proS-H3 7 .21  (2 .50)  0 .00  (4 .65)  1 .93  2 .86  
 H3 ’proS-H5 12 .84   (2 .24)  0 .00  (4 .57)  5 .10  5 .10  
 H3 ’proR-H2 0 .00  (4 .12)  3 .36  (2 .80)  1 .28  2 .02  

a )  Noeprom va lue  f rom a fu l l -mat r i x  c ross  peak  in tens i t y  ca lcu la t ion  ex tended to  the  AMBER* 4 C 1  
c lus ter .  b )  D is tances  be tween pro ton pa i rs  Bo l tzmann-averaged over  the  c lus ter .  c )  Noeprom va lue  
f rom a  fu l l -mat r i x  c ross peak  in tens i ty  ca lcu la t ion  ex tended to  the  AMBER* 1 S3  c lus te r .  d )  J - f i t ted  
re la t i ve  popu la t ions  f rom Tab le  3  e )  NoeProm ca lcu la t ions  fo r  a  c lus ter  ra t io  cor respond ing  to  the 
f i t ted  popu la t ion  in  the  preced ing  co lumn.  The sum o f  a l l  dev ia t ions  o f  the  n ine  f i t ted  NOE va lues  
re la t i ve  to  the  exper imenta l  va lues  are  o f  5 .31% fo r  1  and  4 .90% for  2 .  
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 For  ins tance ,  us ing  AMBER* geomet r ies  bo th  f i t t ing  p rocedures  descr ibe  the  sys tem as  an  
a lmos t  equ imo lar  m ix ture  o f   4 C 1  and   1 S 3  con fo rmat ions .  On the  con t rary ,  when the  MM3*  geometr ies  
were  used  to  f i t  the  nOe in tens i t y  da ta ,  the  bes t  f i t  was  ob ta ined  by  exc lud ing  the  1 C 4  inver ted  cha i r ,  
tha t  was  s t i l l  accepted (as  15 % or  27 % o f  the  con former  popu la t ion  for  1  and  2 ,  respec t ive ly )  by  the J -
f i t t i ng  p rocedure .  Thus  the  ana lys is  o f  the  nOe con tacts ,  wh ich  i s  more  sens i t i ve  than   the  sca lar  
coup l ing  cons tan t  ana lys is  to  smal l  changes  in  the  th ree-d imens iona l  s t ruc tu re  o f  the  sys tems examined,  
appears  to  suggest  tha t  a  conformer  d is t r ibu t ion  inc lud ing  4 C 1  and 1 S3  geometr ies  on ly  reproduces  the  
exper imenta l  da ta  be t te r  than  a  d is t r ibu t ion  wh ich  a lso  inc ludes  the  inver ted 1 C 4  cha i r .  

   

Table  5 .  Use o f  the  exper imenta l  nOe in tens i t ies  to  es t imate  the  re la t i ve  popu la t ion  o f  the  MM3*  
con format ions  

Comp.  Pro ton pa i r  

Noeprom 
MM3*  
 4 C 1    

nOe (%) a  
(d is tance,  Å) b  

Noeprom 
MM3*  

1 S 3   
nOe (%) c  

(d is tance,  Å) b  

Noeprom 
MM3*  

1 C 4  
 nOe (%) d  

(d is tance,  Å) b  

Exp .  
nOe (%)  

MM3*  
Noe-  f i t ted  nOe(%) f  

      
4 C 1 :  1 S 3  :  1 C 4

noe - f i t t ed  ra t io  50 :50 :0  
( J - f i t t ed  48 :  25 :27 ) e  

1 H1-H4 ’  3 .79 (2 .60)  0 .78 (3 .22)  0 .00 (4 .07)  2 .30  2 .30  
 H3 ’proS-H3 7 .57 (2 .47)  0 .00 (3 .89)  0 .00 (5 .40)  3 .70  3 .82  
 H3 ’proS-H5 13 .14  (2 .22)  0 .00 (4 .28)  0 .00 (4 .51)  7 .09  6 .63  
 H3-H5 4 .21 (2 .50)  2 .25 (2 .78)  0 .00 (4 .31)  3 .24  3 .24  
 H1-H6proR 0 .00 (4 .91)  2 .33 (2 .70)  4 .51 (2 .39)  3 .01  1 .15  
 H4 ’ -H2 0 .67 (3 .44)  4 .47 (2 .57)  1 .70 (3 .00)  2 .72  2 .55  

      
4 C 1 :  1 S 3  :  1 C 4

noe - f i t t ed  ra t io  21 :79 :0  
( J - f i t t ed  60 :24 :16 ) e  

2 H1-H3 ’proR 2 .57 (2 .51)  4 .31 (2 .42)  3 .96 (2 .45)  3 .94  3 .94  
 H1-H3 ’proS 3 .51 (2 .42)  1 .53 (2 .74)  1 .86 (2 .70)  0 .43  1 .95  
 H1-H6proR 0 .00 (4 .87)  2 .51 (2 .67)  6 .76 (2 .28)  2 .88  1 .98  
 H5-H3 3 .71 (2 .63)  2 .76 (2 .77)  0 .00 (4 .31)  3 .43  2 .96  
 H4 ’ -H3 7 .88 (2 .34)  2 .28 (2 .87)  0 .00 (4 .43)  2 .14  3 .46  
 H6proS-H4 2 .25 (2 .87)  1 .05 (3 .20)  0 .00 (4 .02)  2 .61  1 .30  
 H3 ’proS-H3 1 .15 (3 .19)  0 .00 (4 .43)  0 .00 (5 .37)  1 .93  0 .24  
 H3 ’proS-H5 5 .35 (2 .51)  0 .00 (4 .52)  0 .00 (4 .53)  5 .10  1 .13  
 H3 ’proR-H2 0 .00 (4 .08)  1 .91 (3 .04)  4 .83 (2 .64)  1 .28  1 .51  

a )  Noeprom va lue  f rom a fu l l -mat r i x  c ross  peak  in tens i ty  ca lcu la t ion  extended to  the  MM3*  4 C 1  c lus te r .  
b )  Bo l tzmann-averaged d is tances between pro ton  pa i rs .  c )  Noeprom va lue f rom a  fu l l -mat r i x  c ross  peak  
in tens i t y  ca lcu la t ion  extended to  the  MM3* 1 S3  c lus ter .  d )  Noeprom va lue  f rom a  fu l l -mat r i x  c ross  peak  
in tens i t y  ca lcu la t ion  extended to  the  MM3* 1 C 4  c lus ter .   e )  J - f i t ted  re la t i ve  popu la t ions  f rom Tab le  3 .  f )  
NoeProm ca lcu la t ions  for  a  c lus te r  ra t io  cor respond ing  to  the  f i t ted  popu la t ion  in  the  preced ing  co lumn.  
The sum o f  a l l  dev ia t ions  o f  the  n ine  f i t ted  NOE va lues  re la t i ve  to  the exper imenta l  va lues  a re  o f  2 .59% 
for  1  and 11.39% fo r  2 .  
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Table  6 .  Use o f  the  exper imenta l  nOe in tens i t ies  to  es t imate  the  re la t i ve  popu la t ion  o f  the  
OPLSAA conformat ions  

Comp.  Pro ton pa i r  

Noeprom 
OPLSAA 

 4 C 1    
nOe (%) a  

(d is tance,  Å) b  

Noeprom 
OPLSAA 

 1 C 4
nOe (%) c  

(d is tance,  Å) b  

Exp .  
 nOe (%)  

OPLSAA 
Noe-  f i t ted  

nOe(%) e  

  

 

  

4 C 1 :  1 C 4
f i t t ed  ra t i o  

55 :45  
( J - f i t t ed  60 :40) d  

1 H1-H4 ’  4 .27  (2 .56)  0 .00  (3 .70)  2 .30  2 .33  
 H3 ’proS-H3 5 .04  (2 .66)  0 .00  (4 .96)  3 .70  2 .75  
 H3 ’proS-H5 12 .98   (2 .25)  0 .00  (4 .06)  7 .09  7 .09  
 H3-H5 3 .20  (2 .62)  0 .00  (4 .14)  3 .24  1 .75  
 H1-H6proR 0 .00  (4 .54)  6 .05  (2 .32)  3 .01  2 .75  
 H4 ’ -H2  0 .81  (3 .31)  3 .31  (2 .69)  2 .72  1 .95  

  
  

 
4 C 1 :  1 C 4

f i t t ed  ra t i o  
76 :24   

( J - f i t t ed  80 :20) d  
2 H1-H3 ’proR 2 .15  (2 .57)  4 .27  (2 .39)  3 .94  2 .65  
 H1-H3 ’proS 3 .59  (2 .42)  1 .62  (2 .62)  0 .43  3 .13  
 H1-H6proR 0 .00  (5 .02)  3 .01  (2 .54)  2 .88  0 .71  
 H5-H3 3 .76  (2 .63)  0 .00  (4 .25)  3 .43  2 .88  
 H4 ’ -H3  6 .20  (2 .43)  0 .00  (4 .48)  2 .14  4 .74  
 H6proS-H4 1 .70  (2 .96)  0 .00  (3 .86)  2 .61  1 .30  
 H3 ’proS-H3 1 .39  (3 .12)  0 .00  (5 .35)  1 .93  1 .06  
 H3 ’proS-H5 4 .48  (2 .55)  0 .00  (4 .47)  5 .10  3 .43  
 H3 ’proR-H2 0 .00  (4 .05)  5 .46  (2 .61)  1 .28  1 .28  

a )  Noeprom va lue  f rom a  fu l l -mat r i x  c ross  peak  in tens i t y  ca lcu la t ion  extended to  the  OPLSAA 
4 C 1  c lus te r .  b )  Bo l tzmann-averaged d is tances  between pro ton pa i rs .  c )  Noeprom va lue  f rom a  
fu l l -mat r i x  c ross  peak  in tens i ty  ca lcu la t ion  ex tended to  the  OPLSAA 1 C 4  c lus ter .  d )  J - f i t ted  
re la t i ve  popu la t ions  f rom Tab le  3  e )  NoeProm ca lcu la t ions  for  a  c lus ter  ra t io  cor responding  to  
the  f i t ted  popu la t ion  in  the  preced ing co lumn.  The  sum o f  a l l  dev ia t ions  o f  the  f i t ted  va lues 

re la t i ve  to  the  exper imenta l  va lues  are  o f  3 .51% fo r  1  and  13 .17% fo r  2 .  

 

Conclusions 
The s t ruc ture  and  dynamics  o f  1  and  2  have  p roven hard  to  p red ic t  us ing  computa t iona l  

methods .  The exper imenta l  da ta  cou ld  no t  be  in te rp re ted  based on  a  s ing le  con format ion  o f  the  b icyc l i c  
s t ruc tures.  However ,  a  combinat ion o f  NMR spec t roscopy  and  mo lecu lar  mode l l ing  was  f ina l l y  v iab le  to  
de f ine  the  three-d imens iona l  s t ruc tures  and  dynamics  o f  these  f lux iona l  mo lecu les  in  water  so lu t ion.  We 
cou ld  a lso  de termine  wh ich  o f  th ree  we l l - known force  f ie lds  a re  most  re l iab le  in  reproduc ing  the 
exper imenta l  observat ions ,  and  shou ld  there fore  be  used  in  des ign  s tud ies.   
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The NMR data  sugges t  tha t  the  pyrane  r ing  in  both  mo lecu les rap id ly  (on  the  NMR t ime sca le)  
in terconver ts  be tween two ( 4 C 1 ,  1 S 3 )  o r  th ree ( 4 C 1 ,  1 S 3  and 4 C 1 )  con format ions,  and  da ta- f i t t i ng  ind ica tes  
tha t  the  canon ica l  pyranose  4 C 1  cha i r  represen ts  about  50-60% o f  the  to ta l  con former  popu la t ion .  Bo th 
NOE and J  ana lys is  concur  in  descr ib ing  a  f lux iona l  sys tem tha t  samples  a t  leas t  two conformat ions  fo r  
the  pyrane  r ing ,  a  4 C 1  cha i r  and  a  1 S3  skew-boat ,  w i th  a  poss ib le  con t r ibu t ion  by a  1 C 4  inver ted  cha i r .  
However ,  a  la rge  presence  o f  th is  la t te r  con former ,  wh ich  i s  pred ic ted  as  the  g loba l  m in imum by  the  
OPLSAA fo rce  f ie ld ,  i s  un l i ke ly ,  on  the  bas is  o f  the  med ium-s t rong H3-H5 nOe c rosspeaks tha t  cou ld  be  
observed  for  both  1  and  2 .  Indeed,  a l though the  overa l l  NOE f i t t ing  obta ined  us ing  OPLSAA 
con format ions  i s  comparab le  w i th  those  ob ta ined w i th  MM3 or  AMBER*,  the  in tens i ty  o f  the  H3-H5 
c rosspeak  i s  very  poor ly  reproduced us ing  the  two cha i rs  on ly  (Tab le  6 ,  OPLSAA force  f ie ld ) ,  and  much 
be t te r  reproduced us ing  con formers  o f  the  4 C 1  and  1 S 3  t ype  (Tab le  4  and 5 ,  AMBER and MM3) .  Indeed,  
noe- f i t ted  popu la t ions  tend  to  exc lude the  1 C 4   inver ted  cha i r  a lso  when i t  i s  inc luded in  the  in i t ia l  
popu la t ion ,  as  in  the  MM3*  case  (Tab le  5) .  Hence,  OPLSAA,  wh ich  y ie lds  an  inver ted cha i r  as  i t s  g loba l  
m in imum,  appears  to  be  the  leas t  p red ic t i ve  o f  the  fo rce f ie lds  tes ted .  

Bo th  the o ther  fo rce  f ie lds  examined,  AMBER* and  MM3* ,  can  account  fo r  the exper imenta l l y  
observed  NMR data ,  bu t  MM3*  i s  less accura te  in  the  descr ip t ion  o f  the  C5-C6 ex t ra -annu lar  to rs ion .  
Ne i ther  AMBER* or  MM3*  po ten t ia l  energy  sur faces  d i rec t ly  y ie ld  an  accura te  represen ta t ion  o f  
con former  d is t r ibu t ion :  AMBER*  tends  to  over - represen t  the  4 C 1  cha i r ,  and  MM3*  the 1 S 3  skew-boat .  
These  er rors  a re  re f lec ted  in  the  poor  reproduct ion o f  exper imenta l  resu l t s  fo r  bo th  1 ,2 -sca la r  coup l ings 
(J)  and  nOe in tens i t ies  ca lcu la ted  d i rec t l y  f rom the  mode l ing-der ived  popu la t ions  us ing  fu l l -mat r i x  
approx imat ions .   On the con t rary ,  con former  d is t r ibu t ions  compat ib le  w i th  exper iment  can  be  back-
ca lcu la ted  by  f i t t i ng  the J  and nOe exper imenta l  va lues  w i th  sca lar  coup l ings  and  ( fu l l -mat r ix  
approx imated)  nOe in tens i t ies  ca lcu la ted for  s ing le  c lus te rs  o f  conformat ions  or ig ina t ing  by mo lecu la r  
mode l ing .  I t  was  shown tha t  the  popu la t ions  ca lcu la ted  w i th  the  two f i t t i ng  p rocedures  a re  in  fu l l  
agreement  s ta r t ing  f rom the  AMBER* geometr ies ,  bu t  nOe ana lys is  tends  to  d iscount  the  1 C 4  inver ted  
cha i r  found by  MM3*  and  re ta ined  by  the  J - f i t t ing  procedure.   

The  s tereo isomer ic  b icyc l i c  s t ruc tures  descr ibed in  th is  paper  la rge ly  re ta in  the  s t ruc tura l  
charac ter i s t ics  o f  na tura l  ga lac tos ides ,  and  ye t ,  as  C-g lycos ides ,  they  are  s tab i l i zed  aga ins t  chemica l  
and  enzymat ic  hydro lys is .  Hence,  they  cou ld  be deve loped as  drug- l i ke  l i gands  and   inh ib i to rs  o f  
ga lac tose-b ind ing  pro te ins .  Indeed,  cho lera  tox in  B5  pen tamer ,  a  parad igmat ic  example  o f  a  ga lac tose 

recep tor ,  b inds  to  1  and  to  ga lactose  w i th  s im i la r  a f f in i t y ,  as  measured  by  f luorescence spec t roscopy . xiii 

W i th  the  same approach,  s im i la r  scaf fo lds  cou ld  be  obta ined  s ta r t ing  f rom d i f fe ren t  monosacchar ides .  
The syn thes is  o f  these  s t ruc tures ,  wh ich  can  be  ach ieved  in  jus t  four  h igh-y ie ld  s teps ,  w i thout  the  need 
for  ted ious p ro tec t ion-deprotec t ion  sequences ,  makes  them very  a t t rac t i ve  fo r  l i b ra ry  des ign ,  or  
d ivers i t y -or ien ted syn the t ic  p ro jec ts .  Fur ther  s tud ies  a re  in  progress  to  deve lop  the  synthe t i c  potent ia l  
o f  these s t ruc tu res .   
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Experimental section 

NMR Methods 
NMR spec t ra  were  recorded  in  D2 O us ing  Bruker  AVANCE 400 and  500  spec t rometers ,  a t  293K.  

1D,  as  we l l  as  2D- ,  COSY,  HSQC and NOESY exper iments  were recorded us ing  the  s tandard  pu lse  
sequences .  NOESY exper iments  were car r ied  ou t  us ing  mix ing t imes  o f  600ms and 800ms.  Exc lus ive  
nOe contac ts  fo r  bo th  compounds  were  ident i f i ed  and  in tegra ted  f rom the  NOESY spect rum re la t i ve  to  
the  d iagona l  peak  o f  the cor respond ing rows.  

Exper imenta l  sca la r  coup l ing  cons tan ts ,  3 J H - H ,  were  ex t rac ted  f rom s igna l  sp l i t t i ngs  and 
compared  w i th  those  es t imated  for  the  4 C 1 ,  1 C 4 ,  and  skew boat  geometr ies  ca lcu la ted  f rom the  mo lecu la r  
mechan ics  ca lcu la t ions .   

Cross-peaks f rom NOESY exper iments  were  in tegra ted us ing the Mes tReC so f tware.xiv The i r  

vo lumes were  compared  w i th  those  es t imated  for  Bo lz tmann-averag ing  by  NOEprom x i  us ing  a  fu l l -mat r i x  
re laxa t ion  approach ,  as  descr ibed  be low.  

Computational methods 
Al l  s t ruc tu res  were  invest iga ted  w i th  MacroMode l  8 .1 , v i i  us ing  GB/SA imp l ic i t  wa ter  so lven t , v i  

cons tan t  d ie lec t r i c  and  extended e lect ros ta t i c  t rea tment  (8  Å  for  Van der  Waa ls  cu t -o f f  o f  in terac t ions ,  
and  20  Å  as  cu t -o f f  o f  e lec t ros ta t i c  in te rac t ions) .  Ca lcu la t ions  were  per formed us ing  the  AMBER*,  
OPLS-AA and MM3*  force f ie lds .  

A  10000 s tep Monte  Car lo /Mu l t ip le  Min im iza t ion v i i i  was  per formed us ing  500 s teps  Po lak-R ib iere 
Con jugate  Grad ien t  a lgor i thm for  m in im iza t ion .  A l l  found  min ima converged to  0 .05 kJ . A - 1  fo r  the  
g rad ient  va lue .  The  pyrane  r ing  was  a l lowed to  open and a  ch i ra l i t y  check  was added to  avo id  
con f igura t ion  changes .  Other  var iab les for  the  Monte  Car lo  search  were  a l l  the  C-C,  C-O and C-N s ing le  
bonds.  The  o r ien ta t ion  o f  the  hydroxy l  g roups  was  no t  inc luded in  the  l is t  o f  exp l i c i t  va r iab les .  The 
resu l ts  were  ana lyzed  tak ing  in to  account  a l l  con format ions  found by  each  fo rce  f ie ld   w i th in  the  f i r s t  3  
kca l /mo l  f rom the  respect i ve  g loba l  min imum.  The s t ructures  were  c lus tered based on  the  con format ion 
o f  the  pyrane  r ing  ( 4 C 1  cha i r ,  1 C 4  inver ted  cha i r  and  1 S3  skew-boat ) .  Each  c lus ter  con ta ins  mu l t ip le  
con format ions ,  wh ich  d i f fe r  ma in ly  by  the  pucker ing  o f  the  5-membered  r ing  and  by  the  or ienta t ion  o f  the  
amide s ide-cha in  (see  Sup.  In fo . ) .   

The  nOe vo lumes were  genera ted  f rom the  computa t iona l  mode ls  us ing  the NOEprom so f tware 

based on  a  fu l l  mat r i x  re laxa t ion  approach  and us ing  a  r ig id  i so t rop ic  mode l . xv The  nOe vo lumes 

repor ted  in  the  Tab les  cor respond to  a  400  MHz spec t rometer ,  us ing  0 .8  second mix ing  t ime and a  
cor re la t ion  t ime o f  60  ps .  The f i t t i ng  for  the  500  MHz da ta  and  o ther  m ix ing  t imes  produced bas ica l l y  the 
same conc lus ions  as  those  repor ted  here .  The  fo rce- f ie ld  pred ic t ions  were  ob ta ined  as  Bo l tzmann-
we igh ted  averages  o f  a l l  the  con format ions  ca lcu la ted by  each  force f ie ld ,  w i th in  3  kca l /mo l  f rom the  
g loba l  m in imum.  The c lus ter -averaged nOe va lues  o f  Tab les  4 -6  were  ca lcu la ted as  Bo lz tmann 
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d is t r ibu t ions  over  the  conformers  be long ing  to  ind iv idua l  c lus ters .  These  c lus te r -averaged nOe vo lumes 
were then  used  as inpu t  fo r  the f i t t i ng  p rocesses .   

S imi la r l y ,  c lus ter  averaged va lues  o f  the  sca lar  coup l ings   3 J H - H  were es t imated  us ing  the 
empi r i ca l  genera l i za t ion  o f  Karp lus  equat ion  p roposed by  Haasnoot  e t  a l . x i i  as  Bo l tzmann averages  over  
the  members o f  ind iv idua l  c lus ters .  These  c lus ter -averaged J  va lues  were used  in  the fo l low ing  f i t t i ng  
p rocedure  to  ob ta in  J- f i t ted  c lus te r  popu la t ions .  

Mo lecu lar  dynamics  ca lcu la t ions  were  per formed w i th  AMBER* and  MM3*  us ing  s tochast i c  

dynamics  (SD) . xvi (M ixed-Mode Monte  Car lo-  s tochas t i c  dynamicsxvii can  no t  be  used  for  cyc l i c  

s t ruc tures) .  S imu la t ions  were  run  for  1ns,  us ing  the  same fo rce  f ie ld ,  so lven t  and  non-bonded 
in terac t ions  t reatment  used  for  the  MC/MM search .  The t ime s tep  was  se t  to  1  fs ,  the  tempera ture  to  300  
°  K  and  the f r i c t iona l  coe f f i c ien t  to  0 .5  ps - 1 .  Conformat iona l  sampl ing  was  done every  p ico-second.  
Under  these cond i t ions ,  SD s imu la t ions  a re  no t  l i ke ly  to  have reached convergence,  there fore ,  they  
were  no t  used to  ext rac t  the  expec ted  nOe in tens i t ies ,  bu t  on ly  used to  assess  the  dynamic  f lex ib i l i t y  o f  
the  r ing  sys tem (see Supp l .  In fo )  

Fitting procedures 
Fi t t ing  o f  the  exper imenta l  3 J H H  va lues was  ob ta ined  by  us ing  the  S imp lex  a lgor i thm.xviii An  in i t ia l  

va lue  was  ass igned to  the  we ight  o f  a  g iven c lus te r  and  an  es t imat ion o f  the  average sca lar  coup l ing  
ca lcu la ted ;  then ,  the dev ia t ion  be tween the  ca lcu la ted  and exper imenta l  va lues was  i te ra t i ve ly  
m in im ized  (up  to  10 .000  s teps)  and  thus ,  the  best - f i t t i ng  popu la t ion  we ights  were  ob ta ined .  The  same 
procedure  was  app l ied  to  es t imate  the f i t ted  con fo rmat iona l  d is t r ibu t ions f rom NOE in tens i t ies .  

                                                 
i   a )C ipo l la ,  L . ;  Per i ,  F . ;  La  Fer la ,  B. ;  Redae l l i  C . ;  N ico t ra ,  F .  Cur r .  Org .  Syn thes is  2005 ,  2 ,  153;  b)  
Gruner ,  S .  A .  W. ;  Locard i ,  E . ;  Loho f ,  E . ;  Kess le r ,  H .  Chem.  Rev.  2002 ,  102 ,  491;  c )  Le ,  G.  T . ;  
Abbenante ,  G. ;  Becker ,  B . ;  Gra thwohl ,  M. ;  Ha l l iday ,  J . ;  Tometzk i ,  G . ;  Zuegg,  J . ;  Meutermans,  W.  DDT  
2003 ,  8 ,  701 ;  d)  O l i ver ,  S .  F . ;  Abe l l ,  C .  Cur r .  Op in .  Chem.  B io l .  1999 ,  3 ,  291 
ii  Bennek ,  J .  A . ;  Gray ,  G.  A . ,  J .  Org .  Chem.  1987 ,  52 ,  892-897 .  See  a lso  Broxterman,  H .  J .  G. ;  
Kooreman,  P.  A . ;  E ls t ,  H .  van  den;  Roe len ,  H .  C .  P .  F . ;  Mare l ,  G .  A .  van  der ;  Boom,  J .  H .  van ,  
Rec l .Trav.Chim.Pays-Bas  1990 ,  109 ,  583-590.  
iii  I n  the  o r ig ina l  paper ,  5  eq  o f  TMSOTf  and  5  eq  o f  TMAl l  were used .   
iv  a )  C ipo l la ,  L ;  Lay,  L . ;  N ico t ra ,  F .  J .  Org .  Chem.  1998 ,  62 ,  6678-6681;  b)  Lay ,  L . ;  C ipo l la ,  L . ;  La 
Fer la ,  B. ;  Per i ,  F . ;  N icot ra ,  F .  Eur .  J .  Org .  Chem.  1999 ,  3437-3440  
v  Asens io ,  J . ;  J imenez-Barbero ,  J . ,Biopo lymers ,  1995 ,  35 ,  55-73  
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DC-SIGN  

 The DC-SIGN#  receptor 
 Dendr i t i c  ce l l s  (DC)  a re  impor tan t  sen t ine ls  o f  our  immune sys tem tha t  de fend aga inst  invad ing 

pa thogens .  These  pro fess iona l  an t igen-presen t ing  ce l l s  are  seeded throughout  per iphera l  t i ssues to  
mon i tor  fo r  pa thogens,  wh ich  they  cap tu re  and  p rocess  to  ant igen ic  f ragments  (Banchereau  e t  a l .  1998) .  
A f ter  m icrob ia l  o r  in f lammatory  s t imu l i ,  immature  DC undergoes a  process  o f  matura t ion  and  migra te  to  
secondary  l ympho id  o rgans  to  present  processed an t igens  to  na ïve T  ce l ls .  Ant igen-spec i f i c  T  ce l l s  
d i f fe ren t ia te  in to  e f fec tor  T  ce l l s  tha t  a re  ins t rumenta l  in  combat ing  in fec t ions.  DC express  on i t s  
sur face  d iverse  C- type  lec t ins ,  such as  the  mannose recep tor  (MR)  (Sa l lus to  e t  a l .  1995) ,  DEC-205 
(Kato  e t  a l .  2000) ,  BCDA-2  (Dz ionek  e t  a l .  2001) ,  DC-ASGPR (Va l ladeau e t  a l .  2001)  and ,  par t i cu lar l y  
fo r  th is  case,  DC-SIGN recep tor .   

 

 

 

 

[A]  [B]  

F igu re  34 .  S t ruc tu re  o f  t he  C - ty pe  l ec t i n  DC-S IG N.  [A ]  R ibbon  d iag ram o f  t he  C - t ype  l ec t i n  doma in  o f  DC-S IGN.  
The  two  a -he l i c es  a re  s hown i n  b l ue ,  t he  b - s t r ands  i n  r ed ,  t he  c a l c i um i ons  a t  s i t e  1  and  2  i n  g ree n ,  and  t he  t h ree  
d i s u lph ide  b r i dges  i n  y e l l ow .  Bo th  t he  N -  and  t he  C - te rm in i  a re  a t  t he  bo t t om  o f  t he  imag e .  [B ]  Sc hema t i c  
s t r uc tu re  o f  DC-S IGN.  DC-S IGN i s  a  t y pe  I I  t r ans -membr ane  C - ty pe  l ec t i n ;  t he  ex t r ac e l l u l a r  N - te rm inus  c on ta ins  
t he  C - ty pe  l ec t i n  doma in .  The  i n t r ac e l l u l a r  C - te rm inus  con ta ins  t h ree  in te rna l i z a t i on  mo t i f s .  

 DC-SIGN is  a  type I I  t ransmembrane pro te in  tha t ,  based on  i t s  s t ruc ture ,  be longs  to  the  C- type 
lec t in  fami ly  (F ig .  34)  (A lvarez e t  a l .  2002;  Co lmenares e t  a l .  2002;  Cur t i s  e t  a l .  1992;  Ge i j tenbeek e t  a l .  
2000;  Ge i j tenbeek e t  a l .  2003;  Ha lary  e t  a l .  2002) .  DCSIGN con ta ins  a  shor t  cy top lasmic  N- termina l  
domain  w i th  severa l  in t race l lu lar  sor t ing  mot i f s ,  an ex t race l lu lar  s ta lk  o f  seven comple te  and  one  par t ia l  
tandem repeat ,  and  a  C- te rmina l  lec t in  domain  w i th  a f f in i t y  fo r  mannose-con ta in ing  carbohydra tes  (F ig .  
34) .  

                                                 
# The acronym stays for “Dentritic Cell specific intercellular adhesion molecule (ICAM)-3 grabbing non-integrin” 
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DC-SIGN 

As far  as  we know,  DC-SIGN has  two ma jor  ro les .   I t  can ac t  as  adhes ion  recep tor  dur ing  the 
in i t i a l  recogn i t ion  o f  T  ce l l s  w i th  DC,  wh ich  i s  an  an t igen- independent  in terac t ion  (F ig .  35A) ;  but  i t  can  
a lso  func t ion as  an  ant igen  recep tor  fo r  pa thogen ic  an t igens,  s im i la r l y  to  o ther  C- type lec t ins  (F ig  35B)  
(Ge i j tenbeek e t  a l .  2003) .   

  

[A ]  T  ce l l  p r im ing  [B ]  An t igen  cap ture  and  presen ta t ion  

F igu re  35 .  [A ]  I n i t i a l  DC-T  c e l l  c l us te r ing ,  nec ess a ry  f o r  an  e f f i c i en t  immune  res pons e ,  i s  
med ia ted  by  t r ans ien t  i n t e rac t i ons  be tween  DC-S IG N and  ICAM-3 .  Th i s  i n te rac t i on  f ac i l i t a t es  t he  
f o rma t i on  o f  l ow -av id i t y  LF  1 / ICAM-1  i n te rac t i on  and  s cann ing  o f  t he  an t i gen -MHC repe r to i r e .  [B ]  
DC-S IG N a lso  f unc t i ons  as  an  an t i gen  rec ep to r .  DC-S IGN rap id l y  i n t e rna l i z es  upon  b ind ing  
s o lub le  l i gand  and  i s  t a rge ted  t o  l a te  end os omes / l ys osomes ,  whe re  an t i gens  a re  p roc ess ed  and  
p res en ted  by  MHC c lass  I I  mo lec u les .  

 

Al though the f i r s t  ment ioned ro le  invo lves  b ind ing to  in te rce l lu lar  adhes ion  mo lecu le  3  ( ICAM-3) ,  
wh ich or ig ina l l y  led  to  recep tor ’ s  des igna t ion ;  the  second func t ion ,  pa thogen ’s  recogn i t ion ,  i s  be l ieved 
to  invo lve  b ind ing o f  sur face  carbohydrates  and  i t  i s  hence  in teres t ing for  our  purposes .  

The  presence  o f  the  C- type  carbohydra te  recogn i t ion  domain  (CRDs)  in  DC-SIGN is  cons is ten t  
w i th  the  recep tor ’ s  ro le  in  the  recogn i t ion  o f  ca rbohydrate  l i gands .  B ind ing  to  h igh  mannose 
o l igosacchar ide  under l ies  the  in teract ion  o f  DC-SIGN wi th  enve loped v i ruses  (Cambi  e t  a l .  2003) ,  
inc lud ing  the human immunodef ic iency  v i rus  (HIV) ,  hepat i t i s  C  v i rus  and  Ebo la  v i rus  (van  Kooyk  e t  a l .  
2003;  van  Kooyk  e t  a l .  2003) .  B ind ing  o f  H IV  to  DC-SIGN on  dendr i t i c  ce l l s  enhances  in fec t ion  on  T  
ce l l s ,  but  in  some cases ,  DC-SIGN can  serve  d i rec t l y  as  a  rou te  for  in fec t ion  o f  ce l l s  (A lvarez e t  a l .  
2002;  S immons e t  a l .  2003) .  For  ins tance ,  the  in terac t ion  o f  DC-SIGN wi th  mannose-conta in ing  g lycans  
under l ies  the  dendr i t i c  ce l l  b ind ing o f  Mycobac te r ium tubercu los is ,  yeas t  Cand ida a lb icans  and  
Le ishaman ia  paras i tes  (van  Kooyk  e t  a l .  2003 ;  van  Kooyk  e t  a l .  2003) .  DC-SIGN a lso  b inds  to  fucose-
con ta in ing g lycans  (Fr i son  e t  a l .  2003) ;  inc lud ing  those  found on  sch is tosomes Hel icobac te r  py lo r i  

(Appe lme lk  e t  a l .  2003) .  The carbohydrate  spec i f ic i t y  has recen t l y  been sc reened by Dr ickamer  and co-
workers ,  who ana lyzed  in  dep th  the  s t ruc ture  complexes  o f  DC-SIGN bound to  the  two c lasses  o f  l i gands 
(Guo e t  a l .  2004) .  In  par t icu la r ,  i t  i s  known tha t  a  mannan l igand i s  ab le  to  b lock  HIV ’s  gp120 in terac t ion  
w i th  DC-SIGN (Cur t i s  e t  a l .  1992 ;  Ge i j tenbeek  e t  a l .  2000)  and  f rom th is  background,  we thought  on  the 

 
Silvia Mari, Molecular Recognition of Glycomimetics by Proteins. A 3D view by using NMR 

 
119 

 



DC-SIGN  

poss ib i l i t y  o f  de tec t ing  the  mannan-DC-SIGN in te rac t ion  by  NMR d i rec t l y  employ ing  dendr i t i c  ce l l s .  In  
the  fo l low ing paper  a  nove l  l i v ing-ce l l  NMR techn ique  i s  d iscussed.   
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Molecular Recognition

1D Saturation Transfer Difference NMR
Experiments on Living Cells: The DC-SIGN/
Oligomannose Interaction**

Silvia Mari, Diego Serrano-G�mez, F. Javier Ca�ada,
Angel L. Corb�,* and Jesffls Jim�nez-Barbero*

Dedicated to Professor Luis Castedo
on the occasion of his 65th birthday

Molecular recognition by specific targets is at the heart of the
drug discovery process. Recently, it has been demonstrated
that NMR screening is ideal for finding ligands that bind to a
receptor.[1] Although modern NMR experiments and tech-
nologies permits the exploration of the interaction process
using nanomole quantities of the receptor, in some cases the
availability of the target protein might pose a problem in the
detection of the molecular recognition event, especially in the
case of membrane-bound proteins. On this basis, we hypothe-
sized that receptor-rich living cells could be used as a first step
to screen the binding of different molecules to some types of
receptors. The study of the role of the carbohydrate-binding
C-type lectin and lectin-like receptors in the immune system
is a topic of current interest. In particular, the dendritic-cell-
specific ICAM-3-grabbing non-integrin (DC-SIGN) recep-
tor[2] mediates the binding and internalization of a large array
of pathogens including HIV,[3] Ebola virus,[4] SARS-CoV,[5]

Leishmania amastigotes,[6] Mycobacterium tuberculosis,[7]

Schistosoma mansoni, Helicobacter pylori,[8] and Candida[9]

in a Man- or Fuc-dependent manner.[10] Moreover, DC-SIGN
plays an important role in the establishment of the initial
contact between the dendritic cell and naive T lymphocytes
through recognition of ICAM-3,[2] and also mediates dendritic
cell trafficking through interactions with endothelial ICAM-
2.[11] In this context, Saccharomyces cerevisiae mannan has
been shown to compete with most of these DC-SIGN-
dependent pathogen recognitions.[12] Herein, we demonstrate
that the direct interaction between the DC-SIGN receptor

and S. cerevisiae mannan may be easily detected by simple 1D
saturation transfer difference (STD) NMR experiments[13]

that employ living cells directly, without the necessity for
isolating the protein receptor. This evidence may open new
avenues in the drug discovery process, since NMR spectros-
copy may also provide key structural information.

The cell line K562 transfected with the prototype DC-
SIGN, namely K562-CD209 (DC-SIGN + ),[12] and mock-
transfected K562 (DC-SIGN�) were employed. These two
cell types differ only in the expression of the receptor DC-
SIGN on the cell surface. Thus, the untransfected cells were
used as a control. The K562-CD209 DC-SIGN expression
level was determined by flow cytometric analysis (see the
Supporting Information). The S. cerevisiae mannan was
obtained from Sigma and its average molecular weight was
estimated to be 100 kDa by DOSY NMR experiments[14] (see
the Supporting Information).

To perform the STD NMR experiments, about 5 � 106 cells
were counted, washed, and dissolved in deuterated phos-
phate-buffered saline (PBS), and mannan (5 mg) was dis-
solved in the same deuterated PBS. Typical NMR tube
volumes were 600 mL. Additional experiments with a com-
mercial beta-glucan preparation, which does not bind to DC-
SIGN, were also performed as blank experiments. All the
experiments were repeated three times, and carried out using
different batches. The estimated concentration of DC-SIGN
in the NMR tube was approximately 0.1 mm.[15,16]

NMR control experiments were recorded in all cases. As
illustrated in Figure 1, the STD control spectrum (Figure 1d)
of mannan confirmed that the on-resonance irradiation (d =

6.8 ppm, aromatic region) did not affect the mannan signals.

Figure 1. a) 1H NMR spectrum of mannan in PBS; b) 1H NMR spec-
trum of K562-CD209 cells in PBS, enhanced 20 � ; c) 1H NMR spec-
trum of mannan with K562-CD209 cells in PBS; d) STD reference spec-
trum of mannan: number of scans (NS) = 256, on-resonance frequen-
cy = 6.8 ppm, off-resonance frequency= 100 ppm, total saturation
time = 2 s, enhanced 100 � ; e) STD reference spectrum of K562-CD209
cells under the same experimental conditions as (d), enhanced 600 � ,
signals enhanced 16 � ; f) STD spectrum of mannan with K562-CD209
cells: NS= 64, on-resonance frequency= 6.8 ppm, off-resonance fre-
quency = 100 ppm, signals enhanced 800 � . All the samples (cells and
mannan) were dissolved in deuterated PBS at pH 7.3 containing CaCl2
(1 mm). Total sample volumes were 600 mL.
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Identical results were obtained with saturation at d = 1.3 ppm
(aliphatic side-chain region). Control NMR data of the living
cells were acquired in an analogous manner (Figure 1b and
e). The cells used to obtain these spectra were then
centrifuged and the pellet was dissolved in the mannan
solution used to generate the spectra in Figure 1 a and d.[17]

The resulting reference spectrum is shown in Figure 1c, while
its corresponding STD NMR spectrum is displayed in
Figure 1 f. The mannan signals are observed unambiguously.
Thus, irradiation at the aromatic or aliphatic regions protons
of the DC-SIGN receptor protein expressed in living cells
results in transfer of magnetization to the polysaccharide
protons. The control spectra support the notion that the
observed process is specific for the interaction of living cells of
K562-CD209 (DC-SIGN + ) with mannan. Indeed, when the
same set of experiments was repeated with mock-transfected
K562 cells (DC-SIGN�) instead of K562-CD209 (DC-
SIGN + ) cells, no mannan signals were detected in the STD
NMR experiment (Figure 2 f). Additional reference experi-

ments were performed using beta-glucan as the ligand. In this
case, and as expected for a molecule that does not bind to DC-
SIGN, no STD signals were observed with either cell line
(data not shown), which supports the NMR-based detection
of the specific interaction between the K562-CD209 cells and
mannan.

Direct detection of interactions between a ligand and a
membrane protein by employing living cells could open new
possibilities in the screening of compound libraries in a fast
and efficient way. By using our current experimental setup for
this K562-CD209/mannan system robust data have been
obtained with 32 scans, which correspond to a total exper-

imental time of 3 minutes, and includes a recycling of the
mannan solution from a previous experiment. The cells were
checked by optical microscopy before and after the NMR
experiments to determine their biological stability, and cell
viability was also evaluated by the Trypan Blue exclusion
method. Both assays demonstrated that cell viability was not
significantly affected during the NMR experiments (see the
Supporting Information).

In conclusion, receptor–ligand interactions with integral
membrane proteins may be investigated by 1D STD NMR
spectroscopy as the initial step in screening processes, which
use living cells directly in a manner similar to that previously
reported for detecting virus–ligand and platelet–ligand inter-
actions.[16] This protocol represents a significant advance in
molecular recognition studies, since it eliminates time-con-
suming purification processes, especially in the case of
receptors that are difficult to isolate.[18]

Experimental Section
Cells: K562 cells were cultured in RPMI media supplemented with
10% fetal calf serum (FCS), 2-[4-(2-hydroxyethyl)-1-piperazinyl]-
ethanesulfonic acid (HEPES, 25 mm), and glutamine (2 mm; complete
medium). DC-SIGN-expressing K562 transfectants (K562-CD209)
have been previously described,[12] and were cultured in complete
medium supplemented with G418 (300 mgmL�1, Gibco).

NMR experiments: All the experiments were recorded on a
Bruker 500-MHz instrument at 283 K. A basic STD sequence was
used, with the on-resonance frequency variable between d = 6.8 and
1.3 ppm.[13] The off-resonance frequency was maintained at 100 ppm.
A train of 40 Gaussian-shaped pulses of 50 ms each was employed,
with a total saturation time of the protein envelope of 2 s. All the
samples (cells and mannan) were dissolved in deuterated PBS at
pH 7.3 containing CaCl2 (1 mm)previously exchanged with D2O. Total
sample volumes were 600 mL.

Flow cytometry and antibodies: Cellular phenotypic analysis was
carried out by indirect immunofluorescence. Monoclonal antibodies
used for cell-surface staining included 9E10 (anti-c-Myc) and MR-1
(anti-DC-SIGN, CD209).[12] All incubations were performed in the
presence of human immunoglobulin G (50 mgmL�1) to prevent
binding through the Fc portion of the antibodies. Flow cytometric
analysis was performed with an EPICS-CS instrument (Coulter
Cient�fica, Madrid, Spain) using log amplifiers.
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Glycos idases and G lycomimet ics  

Glycosidases and Glycomimetics 
Glycos idases are  a  la rge  group  o f  enzymes respons ib le  o f  the  degradat ion  o f  po l i -  and 

o l igosacchar ides  by  hydro lys is  o f  the  g lycos id ic  l i nkages.  Dys func t ion  or  def i c iency  o f  human 
g lycos idases  cou ld  lead to  severa l  d iseases,  l i ke  cancer  (Goss  e t  a l .  1995;  Yarema e t  a l .  1998) ,  
in to lerance  to  lac tose  (Sebas t io  e t  a l .  1989) ,  o r  pa tho log ies  re la t i ve  to  l ysosomal  s to rage  (Ko l ter  e t  a l .  
1999;  Neufe ld  1991) .  In  tha t  sense ,  knowledge o f  the  s t ruc ture  and  the  mechan ism of  ca ta lys is  wou ld  
he lp  to  unders tand the  mo lecu la r  bas is  o f  these  processes ,  and  the  poss ib i l i t y  to  deve lop  spec i f i c  d rugs.  

Glycosidases: mechanism of reaction 
The hydro lys is  o f  the  g lycos id ic  l i nkage occurs  fo l low ing  a  genera l  ac id ic  ca ta lys is  mechan ism,  

where  the  presence  o f  two  res idues  i s  fundamenta l :  an  ac id ic  pro ton  donor ,  and  a  nuc leoph i le  or  bas ic  
res idue  (Kosh land e t  a l .  1953 ;  McCar ter  e t  a l .  1994;  Whi te  e t  a l .  1997;  Zeche l  e t  a l .  2000) .  

Based on  the  s te reochemis t ry  o f  the  reac t ion  they  ca ta lyze,  the  g lycos idase  fami l ies  can  be  
d iv ided  in to  two  ma in  groups .  F rom one hand,  there  a re  those  enzymes tha t  ac t  w i th  re ten t ion o f  
con f igura t ion  a t  the  anomer ic  cent re ,  and  hence ,  the  anomer ic  con f igura t ion  in  the  p roduc t  i s  the  same 
as  in  the  subs t ra te .  On the  o ther  hand,  there  a re  o ther  g lycos idases  tha t  ac t  w i th  invers ion o f  
con f igura t ion ,  and  the anomer ic  con f igura t ion  in  the  produc t  i s  the  oppos i te  o f  tha t  in  the subs t ra te .  I t  i s  
genera l l y  accep ted  tha t ,  in  bo th  cases ,  the  t rans i t ion  s ta te  i s  charac ter ized  by a  d is to r t ion  o f  the  
py ranose r ing  a t  the  non- reduc ing end.  In  the  case o f  the  mechan ism o f  invers ion  o f  conf igura t ion ,  two 
res idues  on the  enzyme are  fundamenta l :  one   res idue  acts  as ac id ,  and  the o ther  as  bas ic  ca ta lys t .  The 
two res idues are  approx imate ly  a t  10  Å  d is tance,  wh ich a l lows the en t rance  o f  the  subst ra te  and  o f  one 
water  mo lecu le .  As  dep ic ted  in  f igu re  36A,  the  reac t ion  occurs  in  a  s ing le  s tep ,  wh ich  imp l ies  the 
format ion  o f  an  oxocarbon ium in termed ia te .  On the o ther  hand ,  fo r  those  enzymes that  ac t  w i th  re tent ion 
o f  conf igura t ion ,  the  ava i lab le  space  be tween the p ro te in  res idues  on ly  i s  a round 5  Å.  In  th is  case ,  
hydro lys is  occurs  in   a  two s teps  mechan ism,  in  wh ich  the  reac t ion  in termed ia te  i s  cons t i tu ted  by a  
cova len t ly  l inked enzyme-subs t ra te  sys tem (F ig .  36B) .  In  the  more  complex  case,  [B ] ,  as  p roposed 
in i t ia l l y  by  Kosh land  in  1953,  (Kosh land  e t  a l .  1953)  a  res idue ,  wh ich  i s  norma l l y  a  carboxy l i c  ac id ,  ac ts  
as  the  genera l  ac id  ca ta lys t ,  and  pro tona tes  the  in terg lycos id ic  oxygen o f  the  subs t ra te .  Th is  leads  a lso  
to  an improvement  o f  the  p roper t ies  o f  the  remain ing  ag lycon ic  par t ,  tha t  migh t  ac t  as  a  be t ter  leav ing 
g roup.  As  consequence o f  th is  p ro tonat ion ,  the  pyranose r ing  d is to r t ion  i s  a lso  fac i l i ta ted  (Whi te  e t  a l .  
1997) ,  and  hence  a  weaken ing o f  the  in terg lycos id ic  l i nkage does  occur .  Th is  leads to  the  nuc leoph i l ic  
a t tack a t  the  anomer ic  carbon  and the format ion  o f  a  cova lent  g lycosy l -enzyme in termed ia te ,  wh ich  has  
the  inver ted  anomer ic  s tereochemis t ry  respec t  the  subs t ra te  (Vocad lo  e t  a l .  2001) .  In  the second s tep o f  
the  hydro lys is ,  the  same res idue ,  wh ich  ac ted  prev ious ly  as  p ro ton  donor ,  now ac ts  as  base,  and  
depro tonates a  water  mo lecu le  tha t  f ina l l y  a t tacks the  anomer ic  carbo ,n  and  breaks the cova lent -bound 
g lycosy l -enzyme in te rmed ia te .  
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F i gu re  36 .  Scheme  o f  t he  mec han i s ms  fo r  t he  g l yc os idas e  i n  t he  c as e  o f  i nv e rs i on  [A ]  and  re ten t i on  [B ]  o f  t he  
c on f i gu ra t i on  o f  t he  s ubs t ra te  

 

Glycosidase inhibitors 
Due to  the  ma jo r  ro les  o f  g lycos idases  in  b io log ica l  p rocesses ,  ra t iona l i za t ion  o f  the  recogn i t ion  

and  o f  the  reac t ion  mechan ism has  become fundamenta l  in  order  to  deve lop  poss ib le  therapeut ic  agents  
aga inst  par t icu la r l y  re la ted  d iseases .  Var ious  rev iews can  be  found in  l i te ra ture ,  concern ing  d i f fe ren t  
c lasses  o f  inh ib i to rs ,  wh ich  can be d iv ided  in  two ma in  groups :  i r revers ib le  and  revers ib le  (e l  Ashry  e t  
a l .  2000;  e l  Ashry  e t  a l .  2000;  e l  Ashry  e t  a l .  2000) .  
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The f i r s t  c lass  o f  compounds ,  the i r revers ib le  inh ib i to rs ,  a re  charac ter i zed  by  permanent  
b lock ing  o f  the  enzymat ic  ac t i v i t y .  L igand ’s  s t ruc tu re  shou ld  be  very  c lose to  the  na tura l  one ,  but  i t  
shou ld  a lso  inc lude  some mod i f i ca t ions ,  wh ich  a l lows  the  format ion  o f  a  cova lent  l i nkage w i th  those 
res idues a t  the  act i ve  s i te  o f  the  p ro te in .  In to  th is  group  there  a re  h igh ly  reac t i ve  mo lecu les ,  l i ke  the N-
bromoacety l  g lycosy lamine ,  wh ich  can react  d i rec t ly  w i th  aminoac id  res idues  l i ke  meth ion ine ,  h is t id ine 
o r  cyste ine  (Na ider  e t  a l .  1972) ;  the  fami ly  o f  the  g lycosy l - th iocyanates  tha t  bound cova len t l y  to  the 
amine group o f  the  aminoac id  la tera l  cha ins  (Shu lman e t  a l .  1976) ,  o r  the  g lycosy l -methy l  t r iaz ines ,  
wh ich  are  very  react i ve  aga ins t  nuc leoph i les   in  ac id ic  med ia  (Marsha l l  e t  a l .  1981) .  A  second c lass  o f  
i r revers ib le  inh ib i to rs  inc ludes  those  compounds tha t  have low in t r ins ic  reac t i v i t y  and  that  can be  la ter  
ac t i va ted .  Be long ing  to  th is  c lass ,  i t  i s  poss ib le  to  cons ider  the  epox ides  (Macar ron  e t  a l .  1993;  Wacker  
e t  a l .  1992)  and  the deoxy f luorog lycos ides  (Geb ler  e t  a l .  1992;  McCar te r  e t  a l .  1997 ;  Vocad lo  e t  a l .  
2001) .  A l l  these  s t ruc tures  have  in  common a  g lycos id ic  mo ie ty  wh ich,  in  the  f i r s t  s tep  o f  the  reac t ion ,  
a l lows the  recogn i t ion  by  the  enzyme.  

The mayor  c lass  o f  used  inh ib i to rs  be long  to  the  revers ib le  one ;  in  par t i cu la r ,  we  re fer  here  to  
those  mo lecu les  that  compete  w i th  the  subs t ra te  fo r  the  b ind ing  to  the  enzyme (compet i t i ve  revers ib le  
inh ib i to rs) .  In  th is  context ,  two  mayor  c lasses  can  be  de f ined:  those  mo lecu les  w i th  s t ruc tures  mimick ing 
the  subs t ra te  t rans i t ion  s ta te ,  as  pos tu la ted  by  Pau l ing (Pau l ing  1946)  and  those subs t ra te  ana logues  
based on  the complementar i t ies  o f  the  enzyme and subs t ra te ,  as  f i r s t   descr ibed  by F ischer  in  h is  “ lock -
and-key”  [F ischer ,  1894]  pos tu la te .  

Mo lecu les  be long ing  to  the  f i r s t  c lass  shou ld  have  a  3D-s t ructure  s im i la r  o f  tha t  o f  the  
a lkoxycarben ium- l i ke  t rans i t ion  s ta te  and ,  in  p r inc ip le ,  the  c loses t  these  s t ruc tu res  a re  to  the  real  
t rans i t ion  s ta te ,  the  s t ronges t  the  b ind ing  wou ld  expec t  (L i l le lund  e t  a l .  2002) .  There a re  two  majo r  
fea tu res  o f  the  t rans i t ion  s ta te ,  wh ich a re  d is tor t ion  o f  the  4 C 1  cha i r  con format ion  and  the  presence  o f  a  
pos i t i ve  charge  a long C1-O5 bond.  Based on  th is  pr inc ip les  severa l  mo lecu les  have  been descr ip t  in  
l i te ra tu re  l i ke  the  a ldon-1 ,5  lac tone  (Levvy  e t  a l .  1972) ,  the  no j i r imyc in ,  deoxyno j i r imyc in ,  swanson ine  
and  cas tanospermine  (Asano e t  a l .  2000) ,  po lyhydroxy la ted  azepanes  (L i  e t  a l .  2004 ;  L i  e t  a l .  2004)  o r  
the  te t razo l - l i ke  g lycos id ic  (He igh tam e t  a l .  1999) .  

Inh ib i to rs  o f  the  second c lass  (ana logues  o f  the  subs t ra te)  are  in  genera l  the  s imp lest  mo lecu les 
to  des ign ,  due  to  the i r  s t ruc tura l  s im i la r i t y  w i th  the  subst ra te .  The  ma jo r  d i f fe rences  respec t  the i r  
na tura l  ana logs  a re  the  in t roduc t ion  o f  mod i f i ca t ions  tha t  prevent  the i r  hydro lys is  by  the  ta rge t  enzyme.  
Examples  o f  th is  s t ruc tures  a re  the  carbag lycos ides  (e l  Ashry  e t  a l .  2000) ,  the  C-g lycos ides  (Esp inosa 
e t  a l .  1998 ;  Wang e t  a l .  2000) ,  the  th iog lycos ides  (Dr iguez  2001;  For t  e t  a l .  2001)  o r  the N- l inked 
ana logs  (Per i  e t  a l .  2004)  wh ich  are  a lso  been s tud ied  in  the i r  in terac t ion  w i th  g lycos idase(Agu i le ra  e t  
a l .  1998;  Compa in  e t  a l .  2001) .  

In  the  f i r s t  fo l low ing  paper ,  nove l  g lycos idase  inh ib i to rs ,  w i th  azepane-based s t ruc tures ,  a re  
p resen ted ;  wh i le  in  the  second paper ,  a  m imic  o f  the  na tura l  1 ,2 -mannob ios ide  i s  i l lus t ra ted .  NMR and 
computa t iona l  s tud ies  o f  f ree and  bound s t ruc tures  a re  a lso  d iscussed.  
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Eliazar Rodrı́guez-Garcı́a,[c] Pierre Vogel,[c] Hongqing Li,[b] Yves Blériot,*[b] Pierre Sinaÿ,*[b]
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The conformational analysis of a series of configurational iso-
mers of 2-(hydroxymethyl)azepan-3,4,5,6-tetrols 1−4 has
been carried out. 1H NMR spectroscopic data, especially vi-
cinal J couplings and nuclear Overhauser enhancements
(NOE), assisted by molecular mechanics, molecular dy-
namics and Monte Carlo calculations, have been used. A
fairly good agreement between experimental and calculated
data has been found. The different isomers exist in a con-
formational equilibrium between two chair-like structures.

Introduction

The quest for glycosidase inhibitors has been the subject
of extensive research in the past few years due to their po-
tential use as therapeutic agents.[1] Indeed, several molecules
with this capacity have been shown to interact with recep-
tors related to diabetes,[2] Gaucher’s disease,[3] HIV infec-
tion,[4] viral infections,[5] and even cancer.[6] Moreover, they
have also been used as chemical probes, in combination
with crystallography, modeling and other biochemical and
biophysical methods, to provide new insights into the glyco-
sidase mechanism[7] and they are now expected to find an
increasing number of applications as beneficial drugs.[8]

We have recently reported the synthesis and biological
evaluation of a variety of azepan derivatives with four
hydroxy groups attached to the ring,[9] as well as a hydroxy-
methyl moiety (Figure 1), which mimic monosaccharides
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TR-NOE experiments have also allowed us to demonstrate
that the bound conformation of compound 2 to the β-glucosi-
dase from almonds is the major one of this compound present
in solution. Finally, molecular docking of the different con-
formations of these compounds in the binding site of three
different enzymes has been performed in order to try to ra-
tionalize the observed inhibition of these molecules.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Figure 1. Schematic view of compounds 1�4

with different stereochemistries, that is, α--gluco (1), β--
ido (2), β--manno (3), and α--gulo (4). These compounds
were shown to behave as moderate to good glycosidase in-
hibitors with 1 and 3 inhibiting bovine liver β-galactosidase
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and coffee bean α-galactosidase in the low micromolar
range, respectively, despite showing gluco- and manno-like
configurations.[9]

On this basis, and in order to try to clarify the structural
basis for this behavior, we now report on the confor-
mational study of these seven-membered ring compounds
by using a NMR/modeling approach. These seven-mem-
bered ring systems, such as 1�4, are inherently flexible and
may assume several conformations that can interconvert
with relative low energy barriers.

Proton magnetic resonance (1H NMR) spectra have been
recorded at neutral and acidic pH, the corresponding coup-
ling constants have been deduced, and nuclear Overhauser
effect (NOE) experiments have been evaluated for 1�3.
These data along with the results from molecular mech-
anics, molecular dynamics, and Monte Carlo calculations[10]

have permitted us to evaluate the conformational behavior
of these iminoalditols. In a further step, STD[11] (Saturation
Transfer Difference) and TRNOE[12] experiments have been
carried out to deduce the conformation of 3 bound to β-
glucosidase from almonds. Finally, molecular docking stud-
ies[13] of these molecules have been carried out in order to
characterize their binding mode to three different glycosid-
ase enzymes[14] and to try to rationalize the ability of 1�4
to behave as gluco- and galactosidase inhibitors.

Methods

Materials: The synthesis of these molecules has been
published elsewhere.[9]

NMR: Proton assignments were performed using stand-
ard 1D, 2D-COSY, NOESY, and HSQC experiments.[15]

The coupling constants for 1�3 were obtained from 1H
NMR spectra recorded in acidic media; additional experi-
ments were carried out under neutral conditions for β--ido
(2) and α--gluco (1). Proton�proton interatomic distances
were estimated from the enhancements measured by selec-
tive 1D NOE experiments, with the DPFGSE NOE se-
quence proposed by Shaka and co-workers.[16]

Molecular Modeling: Molecular mechanics (MM), molec-
ular dynamics (MD) and Monte Carlo (MC) studies[17]

were conducted with the MACROMODEL program, ver-
sion 5.5.[18] Both the AMBER*[19] and MM3*[20] force fi-
elds were used. The energies were minimized by using the
PR conjugate gradient method. A bulk dielectric constant
of 80 was used when calculations were performed ’’in vac-
uo’’. The GB/SA (Generalized Born Surface Area) solv-
ation model[21] was also used. The starting coordinates for
dynamics calculations were those obtained after energy mi-
nimizations. Simulations were carried out over 2 ns at
300 K. Monte Carlo studies were conducted by using de-
fault parameters implemented in MACROMODEL; 300
trial structures were generated for each molecule. Coupling
constants were calculated by using the empirical Karplus
equation proposed by Haasnoot et al.[22] Interatomic H�H
distances and estimated NOEs were calculated by using the
NOEPROM program, which is available from the authors
upon request.[23]

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2004, 4119�41294120

Docking simulations were conducted with AutoDock
3.0.[24] X-ray coordinates for the enzymes were taken form
the Protein Data Bank or other work.[25�27] This program
performs automated docking of the whole ligand with user-
specified dihedral flexibility within a rigid protein binding
site. Before docking, ligands as well as all water molecules
were removed except for the putative catalytic water mol-
ecule of the glucoamylase. Docking studies with β-gluco-
sidase were conducted with the B chain. Polar hydrogen
atoms were added by using the auxiliary program Auto
Dock Tools. Energies were evaluated from precalculated
grids with molecular affinity potentials. Affinity grid files
were generated using the auxiliary program Autogrid. The
centers of the coordinates of the crystal ligands were taken
as the centers of the grids, and the dimensions of the grids
were 23 � 23 � 23 Å with points separated by 0.375 Å.

The possible conformations of the analogues (see below)
were protonated at the nitrogen atom and minimized with
the AMBER* force field and the PR conjugate gradient
method. The dielectric constant was set to 80. Gasteiger
charges were computed with the auxiliary program Auto
Dock Tools and nonpolar hydrogens merged. AutoDock
randomized the initial position.

With α-galactosidase and glucoamylase, the configura-
tional and translational exploration was conducted with a
Monte Carlo simulated annealing technique. With β-gluco-
sidase, the Lamarckian Genetic Algorithm implemented in
the program was used. For each starting structure a total
of 100 independent Monte Carlo or genetic algorithm simu-
lations were made. For each Monte Carlo simulation there
were 50 constant temperature cycles with a maximum of
3000 steps accepted or rejected. The initial temperature was
RT � 1000 cal·mol�1 and was reduced by a factor of 0.95
each cycle. All the other values for the Monte Carlo simu-
lations as well as Lamarckian genetic algorithm search par-
ameters were taken from the default values of AutoDock.

After docking, the 100 solutions were clustered into
groups with RMS deviations less than 1.0 Å. The clusters
were ranked on the basis of the lowest energy representative
of each cluster. Note that the AutoDock energies as re-
ported here may not represent the true energies, rather they
are just a measure of the scoring function used.

Results and Discussion

The conformational analysis of the different molecules
was performed by using a combination of experimental
NMR spectroscopic data, assisted by modeling methods.
The analysis of the shapes of seven-membered rings is chal-
lenging and a variety of forms may occur. The substitution
of different carbon atoms by hydroxy groups, with different
stereochemistries, and, moreover, by a bulky hydroxymethyl
moiety must obviously modify the set of conformations that
are accessible. The conformation of the seven-membered
ring as well as of that of the hydroxymethyl group were
explored.[28] In all cases, the NMR spectrum obtained un-
der acidic conditions was of higher quality than the one
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recorded under neutral conditions and allowed a more pre-
cise measure of the key J and NOE parameters.

α-D-gluco-Like Compound 1

The experimental vicinal proton�proton coupling con-
stants and NOE enhancements (from which interatomic
H�H distances may be estimated) are shown in Table 1 and
2, respectively. Molecular mechanics, dynamics and Monte
Carlo calculations predicted the existence of two major con-
formations, dubbed A1 and B1 (Figure 2), although with
some flexibility around the conformers depicted in the fig-
ures. Conformer B1 is about 5.6 kJ·mol�1 more stable than
A1 according to the AMBER* force field and the GB/SA
solvent model. Similar results in terms of energies and geo-
metries were obtained when either a bulk dielectric constant
(ε � 80) or when the MM3* force field was employed. The
bulk hydroxymethyl group (C7) is attached to C6 in the
more stable pseudoequatorial orientation in both conform-
ers. For simplicity, and as sugar mimics, the chosen number-
ing is related to the sugar nomenclature, with the deoxy
position of 1�4 being C-1. The hydroxy groups at positions
3, 4, and 5 of conformer B1 are also equatorially oriented,
while OH-2 has a pseudoaxial disposition. In contrast, the
OH-3 of conformer A1 is the only hydroxy group that as-
sumes a relative pseudoaxial orientation. Table 1 also gives
the AMBER*-computed proton�proton dihedral angles
for A1 and B1, along with the estimated couplings. Table 2
shows the AMBER*-MM/MD predicted average in-
teratomic distances, along with the expected NOEs. It may

Table 1. Experimental and expected 3JH,H and estimated torsion
angles (τ) for the α--gluco-like derivative 1

Table 2. Experimental and calculated NOEs and H�H distances for α--gluco-like derivative 1

[a] Average of those obtained at different mixing times. s: strong; ms: medium strong; m: medium; mw: medium weak; w: weak; vw: very
weak. [b] Upper limits of distances (Å) are provided, according to the observed intensities, as 2.6, 2.8, 2.9, 3.1, 3.3, 3.5 Å. [c] NOE
intensities calculated with NOEPROM (%).
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be observed that conformers A1 and B1 may be differen-
tiated on the basis of the expected couplings for J1,2 and
J3,4. Indeed, the experimental data seem to indicate that B1
is predominant (Table 1) although with some contribution
from A1-type conformers. The experimental couplings for
the vicinal ring proton pairs can be explained using the
same rationale. According to the data, similar confor-
mational equilibria are seen at neutral and acidic pH.

Figure 2. Conformations A1 (right) and B1 (left) of α--gluco-like
analogue 1 (AMBER*; ε � 80)

Similar conclusions are reached from the interatomic dis-
tances. In this case, key differences between the two calcu-
lated conformations are found for the H1��H3 and
H2�H5 proton pairs. Again, the experimental NOEs sug-
gest a major contribution from B1-type conformers, since
the H1��H3 cross-peak displays an appreciable intensity
and the H2�H5 cross-peak intensity is just above the noise
level, in contrast to what is expected for the A1-type ge-
ometry. The average distances and NOE values obtained
from the MD calculations are in all cases in between those
values predicted for the single A1 and B1 conformers and
are also in agreement with the observed data. Thus, the MD
trajectory seems to provide a reasonable estimate of the
conformational distribution (Table 2). Indeed, several re-
versible transitions between the A1 and B1 forms (Support-
ing Information, see also the footnote on the first page of
this article) take place during the simulation, which also
indicates that the energy barrier for interconversion should
be relatively low.
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Regarding the rotamer distribution around the C6�C7

linkage of the hydroxymethyl group, Table 3 gives the ex-
pected coupling values for the three possible staggered rota-
mers and also the experimental data for comparison. The
conformers were dubbed gg, gt, and tg, following the cur-
rently used nomenclature for sugars. The GB/SA AMBER*
calculations predicted small energy differences between the
three rotamers (less than 3 kJ·mol�1), gt being the most
populated one. However, the observed results, with one
small and one medium coupling constant value, indicate
that a rotational equilibrium between the gg and the gt rota-
mers occurs, with a similar population of both forms. Simi-
lar behavior has been described for Glc/Man pyranose
rings, since in these cases, the equatorially oriented O4 in
the six-membered chair of Glc/Man precludes the existence
of the tg rotamer displaying destabilizing O1�O3 interac-
tions. The results obtained at neutral and acidic pH are very
similar, which indicates the same type of equilibrium exist
under both experimental conditions. Thus, the state of pro-
tonation of the nitrogen atom does not seem to influence
the conformational distribution at the C6�C7 torsion, as
also observed for the seven-membered ring itself (see also
Table 1).

Table 3. Experimental and expected coupling constants (Hz) [from
the proton�proton torsion angles, in brackets (°)] for the three
staggered rotamers of the hydroxymethyl group of α--gluco-like
compound 1; the geometry of the B1 conformer was employed

[a] Calculated with AMBER*; GB/SA.

β-L-ido-Like Compound 2

Compound 2 differs from 1 by the stereochemistry at po-
sition C6, to which the C7 hydroxymethyl group is attached.
The experimental and calculated coupling constants are
given in Table 4, while the corresponding NOE-based infor-
mation is gathered in Table 5. Again, only the results ob-
tained by using AMBER* and GB/SA are shown, since
those with MM3* and a bulk dielectric constant of 80 are
very similar.

Table 4. Experimental and expected 3JH,H and estimated torsion
angles (τ) for the β--ido-like derivative 2
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The Monte Carlo search followed by minimization pro-
duced two stable conformations of the β--ido-like com-
pound 2. One of them, named A2 had a very similar ge-
ometry to that described above as A1 for the α--gluco-like
derivative 1. The second one was not exactly like B1, but
somehow distorted, probably due to the different stereo-
chemistry at C6, and was dubbed C2 (Figure 3). This was
the global minimum, stabilized with respect to A2 by
12.5 kJ·mol�1. The conformational equilibrium was evalu-
ated as above. From the coupling values, key differences
between the conformers are expected for J1,2, J2,3 and J4,5

(Table 4). It is evident that the observed values are between
those expected for A2 and C2. From the NOE data, the
major proton�proton interatomic distance differences oc-
cur for the H1��H3, H1��H6 and H3�H6 proton pairs
(Table 5). Therefore, a conformational equilibrium between
A2 and C2 is evident, C2 being predominant. By comparing
the major conformers of α--gluco (1) and β--ido (2), B1
and C2, respectively, we can assume that the difference is
due to the necessity of the hydroxymethyl group to adopt a
pseudoequatorial orientation, which cannot be accommo-
dated by the B1-type geometry. Distortion of the ring B
seen in C can be attributed to the different conformation at
C6. Despite the relatively high predicted energy difference,
which would preclude the existence of A2-type conformers,
their presence is acknowledged due to the experimental ob-
servations. Moreover, MD simulations starting form either
A2 or C2 gave rather stable trajectories with no interconver-
sions, somehow proving the conformational stability of
these geometries.

The conformation of the lateral C6�C7 chain was also
analyzed. The highest relative energy of the three possible
rotamers is ca. 4 kJ·mol�1 (from gg to gt, see Table 6). The
coupling constants for the hydroxymethyl group of the
three main rotamers are shown in Table 6. Following the
reasoning used above for compound 1, the two intermediate
values obtained at neutral pH are in agreement with an al-
most 50:50 conformational distribution of the gt and tg rot-
amers, as expected for -ido-type sugars, with essentially no
contribution from the gg form. However, in this case, lower-
ing the pH towards acidic conditions (pH � 4.5) influences
the conformational distribution of the lateral chain. Indeed,
the increase in one of the J6,7 couplings (from 7 to 9 Hz) is
in agreement with a change in the conformational distri-
bution to a 75:25 ratio in favor of the gt rotamer.

β-D-manno-Like Compound 3

The experimental (at acidic pH) and calculated coupling
constants of β--manno-like compound 3 are compared in
Table 7. The difference between compounds 1 and 3 lies in
the stereochemical differences at positions 2 and 3 (sugar-
related nomenclature). In this case, again two conformers
A3 and B3 were found by the MC protocol with very simi-
lar geometries to those found for 1. The main difference lies
in the relative disposition of the substituents at C2 and C3
and in this case these groups are orientated differently.
Thus, the OH-3 and OH-2 groups of conformer B3 are axi-
ally and equatorially oriented, respectively, while in con-
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Table 5. Experimental and calculated NOEs and H�H interatomic distances for the β--ido-like derivative 2

[a] s: strong; ms: medium strong; m: medium; mw: medium weak; w: weak; vw: very weak.

Figure 3. Conformations A2 (left) and C2 (right) of β--ido-like
analogue 2 (AMBER*; GB/SA)

Table 6. Experimental and expected coupling constants (Hz) [from
the proton�proton torsion angles (°), in brackets] for the three
staggered rotamers of the hydroxymethyl group of the β--ido-like
compound 2; the geometry of the major C2 conformer was em-
ployed

[a] Calculated with AMBER*; GB/SA.

Table 7. Experimental and expected 3JH,H and estimated torsion
angles (τ) for the β--manno-like derivative 3

former A3 the OH-3 and OH-2 groups are equatorially and
axially oriented, respectively, with the hydroxymethyl group
always adopting a pseudoequatorial orientation. The exper-
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imental data indicate the existence of a conformational
equilibrium between A3 and B3 with the B form prevalent,
as observed for 1 (Figure 4). Actually, the application of the
MM/MD/MC protocols to β--manno (3) produced results
remarkably similar to those for α--gluco (1).

Figure 4. Conformations A3 (left) and B3 (right) for the β--
manno-like analogue 3 (AMBER*; GB/SA)

The couplings for the hydroxymethyl group of 3 are
shown in Table 7, while the reasoning can be followed with
the Newman projections and the expected values for gg, gt,
and tg rotamers given in Table 7. The observed values (2.8,
7.0 Hz) are in agreement with a gg�gt equilibrium similar
to those predicted for Glc/Man pyranose analogues (see
above for 1), but with a higher predominance of gt rotamers
than was the case with 1.

α-L-gulo-Like Compound 4

The peaks in the 1H NMR spectrum of 4 showed extens-
ive overlapping at any pH, and it was not possible to unam-
biguously deduce the relevant J couplings and/or NOEs to
account for the conformational distribution. However, the

Figure 5. Conformations A4 (right) and B4 (left) for the α--gulo-
like analogue 4 (AMBER*; GB/SA)
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application of the modeling protocol also led to a partici-
pation of two chair-like forms, dubbed A4 and B4 (Fig-
ure 5), similar to those reported for 2, with the B4 con-
former being the preferred one from the molecular mech-
anics calculations. Indeed two axial substituents may be ob-
served for A4, namely the hydroxymethyl group and OH-2,
while only OH-3 adopts an axial disposition in conformer
B4.

Therefore, the conformational behavior of the four com-
pounds can be described as a conformational equilibrium
between two calculated chair-like conformations, with one
being predominant. The hydroxymethyl substituent group
can also adopt two conformations, with one predominating
in some cases.

The Bound State

In a further step, we investigated the mode of binding of
these molecules to glycosidase enzymes. NMR experiments

Figure 6. (a) 1H NMR spectrum of the free ligand (1.5 m) (50 m in phosphate buffer, pH 5.8, and 25 °C); (b) 1H NMR STD spectrum
of the ligand (1.5 m) bound to almond glucosidase (50 µ) (50 m in phosphate buffer, pH 5.9, and 25 °C); NOE data for 3 in the free
and enzyme-bound states: (c) NOESY (300 ms) of free 3; (d) TRNOESY (150 ms) of 3 (1.5 m) with almond glucosidase (50 µ)
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have been shown to be useful for deducing the confor-
mation of carbohydrate analogues bound to lectins, and in
some cases, to enzymes. Thus, we performed TRNOE and
STD experiments in order to study the complexes of 3 with
bovine liver β-galactosidase and with the β-glucosidase
from almonds. Unfortunately, it was not possible to obtain
any NMR spectroscopic data for 3 bound to the former
enzyme. Very probably, given the good inhibition ability of
3, the kinetic features of the molecular recognition phenom-
enon are not suitable for the strict requirements of STD and
TRNOE experiments. Fortunately, both STD and TRNOE
experiments (Figure 6) permitted us to deduce some infor-
mation as regards the binding of 3 to the β-glucosidase
from almonds. The STD experiment shows that the major
transfer of magnetization from the enzymic protons to the
ligand involves H2, H3, H4, and to some extent H5 atoms,
that is, one of the sides of the molecule.

Figure 6 allows the NOESY spectrum (mixing time 300
ms) of free 3 to be compared with the TRNOESY spectrum
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of 3 (mixing time 150 ms) in the presence of the glucosidase
(30:1 molar ratio). It is observed that despite some anti-
phase character in the cross peaks of the spectrum of the
free molecule, as expected for a small molecule and a rela-
tively short NOE mixing time, the set and pattern of the
observed cross peaks are basically identical. This seems to
indicate that very probably, the β-glucosidase from almonds
recognizes 3 in its major conformation present in solution,
that is 3B.

Inhibition Experiments

The inhibition ability of these molecules towards several
glycosidases has been demonstrated previously.[9] As shown
below, docking experiments enabled us to predict the rela-
tive inhibitory ability of these compounds. In order to test
whether this protocol (NMR, molecular mechanics � dock-
ing) could be extended to other glycosidases, the inhibition
abilities of 1�4 towards two additional glucosidases were
evaluated and the percentages of inhibition at a concen-
tration of 1 m of the inhibitor were determined at optimal
pH, and at 35 °C. For G1 glucoamylase,[27] the percentages
of inhibition observed for compounds 1, 3, and 4 were 23%,
39%, and 52%, respectively, while compound 2 showed no
inhibition. Curiously, the fagomine homologue, with only
three substituents,[9] displayed a 61% inhibition at a 1 m
concentration. For the A385T mutant of β-glucosidase
from Paenybacillus polymyxa,[26] only the β--manno-like
analogue (3) was able to inhibit this enzyme (72% inhibition
at a 1 m concentration, which corresponds to an IC50 of
350 µ). As will be shown in the following section, the pre-
dictions of the docking experiments perfectly match the ob-
served inhibitions. We wish to emphasize the fact that the
docking experiments were carried out before performing the
inhibition assays.

Molecular Docking of Compounds 1�4 Towards
Glycosidases

With all this information available, we decided to explore
the atomic features of the interaction process. Therefore,
molecular docking experiments of the two major confor-
mations of each of the four compounds 1�4 in the binding
site of three different glycosidases were performed to find
the most favored conformation of these analogues in their
binding state and to try to rationalize the observed inhibi-
tory capacity of these molecules. They are indeed able to
interact with different enzymes, even when they show differ-
ent relative stereochemistries to those of the compounds
targeted by the enzymes.

Thus, the two main low energy conformers of the four
monosaccharide analogues 1�4 in solution were docked in
the binding site of α-galactosidase from rice[25] (family
GH27, with a β/α8 fold, and two Asp catalytic residues,
Asp185 and Asp130) as an analogue of A. niger α-galactosi-
dase, glucoamylase from A. awamori var. X-100[26] (family
GH15, with a α/α6 fold, and two Glu catalytic residues,
Glu179 and Glu400), and β-glucosidase A from B. poly-
myxa[27] (family GH1, with a β/α8 fold, and two Glu cata-
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lytic residues Glu166, Glu352) using AutoDock 3.0. These
enzymes were chosen since their crystallographic structures
(see Table 8) with some inhibitors have been published. Fur-
thermore, they belong to the same families and therefore
may resemble the features of some of the enzymes whose
inhibition features by 1�4 have been studied.

Table 8. Details of the enzyme X-ray crystal structures

Validation of the Docking Method

To ensure that the ligand orientations and positions ob-
tained from the docking studies were likely to represent va-
lid and reasonable potential binding modes of the inhibi-
tors, the docking parameters were first validated for each
crystal structure used.[25�27] Each ligand found in the crys-
tal structure of the enzyme�inhibitor complexes was
docked into its corresponding enzyme and the AutoDock
results were compared with the X-ray ones. The results for
the validation method are given in Table 9. The low number
of structures found for each cluster suggests that several
independent docking runs can be conducted with ease, as
performed here, to allow the minimization protocol to find
a true energy minimum. Thus, the root mean square
deviations (RMSD) for the lowest energy member indicate
that the docking parameters can successfully predict the
positions of the natural ligands, especially of -galactose.

Table 9. Docking details of the natural ligands

Docking of Compounds 1�4 in α-Galactosidase from Rice,
as a Model of Coffee Bean α-Galactosidase

After energy minimizations with the AMBER* force
field, all protonated structures maintained the initial ge-
ometry, referred to as A, B or C. The results of docked
monosaccharide analogues in the binding site of α-galactos-
idase from rice are listed in Table 10. The type of confor-
mation (A, B or C) is given next to the compound code.
The results of the inhibition studies of α-galactosidase from
coffee beans are also included.[9] All the compounds 1�4
were found to occupy the same binding site as -galactose
within α-galactosidase. The different conformers can bind
in approximately the same region of the enzyme, with con-
former 1A having the most favorable interaction energy
with the enzyme (see Table 10), being more favorable than



Y. Blériot, P. Sinaÿ, J. Jiménez-Barbero et al.FULL PAPER

Table 10. Docking of monosaccharide analogues in the binding site of α-galactosidase from rice[25]

[a] All energies are in kcal·mol�1. [b] At a concentration of 1 m of inhibitor, optimal pH, see ref.[9]

conformer 1B by about 0.5 kJ·mol�1, which also binds to
the enzyme better than any other conformer of the other
compounds. As a key example, the conformation 1A of the
-gluco analogue in the protein’s binding site is shown in
Figure 7.

Figure 7. Docked structure of conformer 1A of the -gluco ana-
logue in the binding site of α-galactosidase from rice[25]

The same amino acid residues involved in the binding of
galactose are also involved in the proposed complexes of
the different monosaccharide mimics. In the crystal,[25]

Arg181, Trp164, as well as Asp185 formed hydrogen bonds
with the O2 oxygen atom of galactose. Lys128 is hydrogen
bonded to the two hydroxy oxygen atoms O3 and O4.
Asp51 and Asp52 are hydrogen bonded to O4 and O6
atoms, respectively. In addition, a hydrophobic contact is
observed for residue Trp16. The activity of 1A as a galac-
tose analogue can be explained by the replacement of the
axial O4 of galactose by an axially oriented O3 in the 1A
conformer (Figure 7). Asp185 provides a bifurcated hydro-
gen bond to both O4 and O5, which adopt a pseudoequa-
torial orientation. Lys128, Arg181, Asp 51, and Asp52 are
also involved in hydrogen bonding. Additionally, in this
binding mode for 3, the seven-membered ring of 1A is sur-
rounded by Trp16 and Trp164, a type of sugar�aromatic
interaction seen in a variety of complexes between proteins
and carbohydrates,[29] which is also present in the other two
docking models (see below). Also, the additional stabiliz-
ation found in this conformer is probably due to hydrogen
bonding between one of the protons attached to the nitro-
gen and Asp51, a feature that only occurs for the 1A con-
former.
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Most strikingly, a fairly good quantitative relationship is
observed between the experimental percentage of enzyme
inhibition and the estimated free energy of binding for all
compounds (Figure 8). This good agreement indicates that
the binding modes proposed are reasonable. Although these
results should be taken with caution due to the different
nature of the enzymes tested for inhibition and used for
docking, it is tempting to try to rationalize the interaction
on the basis of the 3D structure of the complex.

Figure 8. Relationship between the inhibition measured[9] for A.
niger α-galactosidase and the estimated Ki (inhibition constant)
(from the interaction binding energies) of 1�4 for α-galactosidase
of rice; the measured inhibition versus the free energy of binding
also showed a fairly good correlation (r2 � 0.985)

Glucoamylase from A. awamori

The results of the docking protocol for the binding of
1�4 to the glucoamylase from A. Awamori are summarized
in Table 11. The X-ray structure of this enzyme presents its
complex with 1-deoxynojirimycin.[26] Residues that provide
hydrogen bonding to 1-deoxynojirimycin are Asp55,
Arg305, and Arg54. Besides, Glu179 is the catalytic acid
and Glu400 is the catalytic base. The available biological
data concerning inhibition[9] with A. Niger and G1 glu-
coamylase (this work) are also included in the same table.
It can be observed that the inhibition profile for both en-
zymes is similar.
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Table 11. Docking of monosaccharide analogues in the binding site[26] of glucoamylase from A. awamori

In all cases, the docking protocol again leads to a binding
mode fairly similar to that present in the crystal structure,
with a perfect superimposition between 1-deoxynojirimycin
and the glycomimetics. The residues mentioned above are
interact similarly with the different glycomimetics. However,
in this case, the best binding energy is provided by the α--
gulo-like compound 4 in the 4B conformation. The struc-
ture of 4B docked in the enzyme’s binding site is depicted
in Figure 9 (a). Apart from hydrogen bonding involving
Asp55, Arg305, Arg54, Glu179, and Glu400, there are also
interactions with several aromatic residues (Tyr48, Trp52,
Trp178, Trp317, and Trp417) that further stabilize 4B.
There is a fairly good superimposition with 1-deoxynojiri-
mycin in the X-ray complex,[26] and since only O3 of 4B
adopts a pseudoaxial orientation, the rest of the hydroxy
groups may resemble the -gluco-type configuration. Again,
there is a very good correlation between docked energies,
binding energies, and the inhibition data (Table 11).[9] The
compounds that provided no inhibition or weak inhibition
to both enzymes are those that have the worst binding ener-
gies. The data suggest that compound 4 will be bound in a
B-type conformation. The relative docked energies of α--
gulo, 4B, and β--manno, 3A, analogues agree with the ex-
perimental relative inhibition of the two glucoamylases.[9]

β-Glucosidase A from B. polymyxa

The results of these docking experiments and the inhi-
bition data (for β-glucosidases from almonds[9] and B. Poly-
myxa, this work) are summarized in Table 12. The best
docking and binding affinity is provided by conformation
3B of the β--manno-like analogue, as depicted in Figure 9
(b).

Again, the docking results predict that the monosacchar-
ide analogues occupy the same binding site as the natural
acyclic gluconic acid, as observed for the perfect superim-
position for 3B and the ligand in the crystallographic data-
set[27] [Figure 9 (b)]. In the crystal structure, hydrogen
bonding to the ligand is provided by Gln20, His121,
Glu405, and the two catalytic residues, Glu166 and Glu352.
For all compounds, the conformation with the lowest dock-
ing energy is the one that predominates in free solution,
with the exception of compound 2. Strikingly, only the com-
pound with the best docking energy (compound 3) is able
to inhibit B. polymyxa, while the best docking energies
(manno 3 and gulo 4) correlate well with the inhibition of
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Figure 9. (a) The 4B conformation of the α--gulo-like compound
in the binding pocket of the glucoamylase from A. awamori;[26] only
O3 adopts a pseudoaxial orientation; (b) the 3B conformation of
the β--manno-like compound in the binding pocket of the β-gluco-
sidase A from B. polymyxa;[27] only O3 adopts a pseudoaxial orien-
tation; monosaccharide analogues are represented as ball and stick
models, and the ligands in the X-ray structure [deoxynojirimycin[26]

in (a) and gluconic acid[27] in (b)] as stick models; hydrogen atoms
have been removed for clarity
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Table 12. Docking of monosaccharide glycomimetics in the binding site of β-glucosidase A from B. polymyxa [27]

[a] All energies are in kcal·mol�1. [b] At a concentration of 1 m of inhibitor, optimal pH, see ref.[9] NI: unmeasurable inhibition.

β-glucosidase from almonds. Therefore, the binding mode
shown in Figure 9 (b) may be taken as an indication of the
binding of these monosaccharide analogues. In the docking
complex, all the residues involved in hydrogen bonding to
gluconic acid in the crystal, Asn165 and Asn294 interact
with the ligand, which is in turn surrounded by Tyr296, and
four Trp residues, Trp122, Trp326, Trp398, and Trp406. The
almost equatorial orientation of the substituents of 3B (ex-
cept for O3) provides a good match for the required glucose
shape that this glucosidase is able to hydrolyse.

Conclusions

These polyhydroxyazepan glycomimetics 1�4 may adopt
two conformations in solution which display some selec-
tivity towards different glycosidases. On this basis, they
have been docked in the binding sites of three selected en-
zymes whose X-ray coordinates are available. These en-
zymes, which belong to the same family as those used in
the inhibition assays, served as models to predict the actual
conformation of the analogues in the binding state. In all
cases a strikingly good correlation was observed between
the docked energies of the models and the percentages of
inhibition of the tested enzymes. Although with the α-galac-
tosidase from rice, the preferred conformation of the best
analogue in the bound state is the less favored one in solu-
tion (although there is still selectivity with respect to the
other analogues), for the other two chosen enzymes, glu-
coamylase from A. awamori and β-glucosidase A from B.
polymyxa, the preferred conformer for binding is the one
which is more populated in solution. According to our re-
sults, this protocol may be used to understand the inhi-
bition ability of glycomimetics. Further studies in our
laboratories are aimed at the design of novel analogues with
enhanced inhibitory potency.
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Synthesis, Conformational Studies and Mannosidase Stability of a Mimic of
1,2-Mannobioside

Silvia Mari,[b] Helena Posteri,[a] Gilles Marcou,[a] Donatella Potenza,[a] Fabrizio Micheli,[c]
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Dimethyl (1S,2S,4S,5S)-4-allyloxy-5-(α-mannosyloxy)cyclo-
hexane-1,2-dicarboxylate (3) was designed as a structural
mimic of α(1,2)mannobioside (1). Its synthesis and structural
analysis by NMR spectroscopy and molecular modelling are
described. The results show that 3, like 1, populates two low-
energy conformations — stacked (S) and extended (E) — that
are in fast dynamic equilibrium around the glycosidic lin-
kage. Thus, the data confirm the expectation that the

Introduction

During the past few years a number of publications and
reviews have illustrated the potential of sugar mimics in dif-
ferent fields of drug discovery.[1�3] The main advantage of
this approach is rooted in the improved drug-like character
of glycomimetics compared to natural carbohydrates. Sugar
mimics are generally more soluble and membrane penetr-
ant, less hydrophilic and less metabolically labile than the
sugars themselves.

Our groups are actively involved in the rational design
and synthesis of glycomimetics based on the concept of
scaffold replacement.[4] In brief, we have proposed the use
of conformationally stable cyclic diols to replace the non-
pharmacophoric parts of bioactive oligosaccharides, while
preserving the correct orientation of the pharmacophoric
portion of the sugar. Computational tools have been used
to predict the three-dimensional structures of virtual mimic
candidates and to compare them with the structure of the
natural counterpart. This approach has been validated for
a 3,4-disubstituted galactose scaffold (a cis diol) using the
GM1:CT recognition pair as a model system.[5,6] Supported
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pseudo-disaccharide can be used as a structural mimic of
mannobioside. The mannosidase stability of 3 was found to
be significantly higher (sixfold) than that of natural manno-
bioside. This is a very useful feature of this mimic and is en-
couraging for its future development.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

by appropriate experimental work,[7�10] molecular model-
ling has also allowed us to obtain qualitative predictions of
the binding mode of the new substrates and to design
further simplifications of glycomimetic structures. We now
present our results relative to glycomimetics containing an
analog of the αMan1,2-disubstituted framework (a trans-
diaxial diol). A mimic of the 1,2-mannobioside 1 was pre-
pared by replacing the reducing-end mannose unit with the
carbocyclic diol 2 [(1S,2S,4S,5S)-dicarboxycyclohexane
diol, DCCHD; Figure 1],[4] a conformationally stable 1,2
trans-diaxial diol.[4,11] Computer-aided molecular design
(see below) suggested that 2 can be used as a mimic of the
2-substituted α-mannose unit in 1 without altering the over-
all shape of the molecule and therefore the presentation of
the terminal (non-reducing end) residue. NMR studies con-
firmed that the resulting pseudo-mannobioside 3 has indeed
the same conformational behavior as the natural disacchar-
ide, but exhibits improved stability towards the activity of
jack-bean mannosidase.

Synthesis of the Mannobioside Mimic 3

The enantiopure trans-diaxial DCCHD scaffold 5
(Scheme 1) was synthesized in 81% overall yield starting
from the known diacid 4[12] by m-chloroperbenzoic acid
(MCPBA) double-bond oxidation, followed by Cu(OTf)2-
promoted opening of the epoxide with allyl alcohol.[4] The
pseudo-disaccharide skeleton was then assembled by glyco-
sylation of the acceptor 5 (Scheme 1) with tetraacetylman-
nose trichloroacetimidate (6).[13] The reaction was pro-
moted by 0.25 molar equivalents of trimethylsilyl triflate
(TMSOTf) in CH2Cl2 at �20 °C. At very short contact
times (10 min) the orthoester 7 was initially formed by nu-
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Figure 1. Mannobioside 1 and its DCCHD-based mimic 3

cleophilic attack of 5 on the 2-acetate protecting group of
6.[14] This product could be isolated by flash chromatogra-
phy, and converted into 8 by treatment with TMSOTf in
CH2Cl2 at �20 °C.[14] When allowing the reaction between
5 and 6 to stand for a somewhat longer time (20 min), the
desired product 8 was obtained directly in 65% yield, after
chromatography. Deacetylation (NaOMe in MeOH) quan-

Scheme 1. Synthesis of the pseudo-mannobioside 3: (a) MeOH,
cat. H2SO4 (95%); (b) MCPBA, CH2Cl2 (95%); (c) allyl alcohol,
10% Cu(OTf)2 (90%); (d) 25% TMSOTf, CH2Cl2, �20 °C (65%);
(e) NaOMe, MeOH (88%)

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2004, 5119�51255120

titatively afforded 3, whose structure was unequivocally
confirmed by 1H and 13C NMR spectroscopy and by
mass spectrometry.

Conformational Analysis of the Mannobioside Mimic 3

The conformation and dynamics of the Manα1-2-Man
linkage were studied extensively in the oligomannose oligo-
saccharide Man9GlcNAc2.[15] Computational[15,16] and ex-
perimental[17] results suggested that the linkage exists in two
distinct, flexible conformations with similar ϕ values and
different, slowly interconvertings ψ values. The two confor-
mations, which have been termed S, for ‘‘stacked’’, and E,
for ‘‘extended’’, (Figure 2) are both represented in available
X-ray structures of mannose oligosaccharides and account
for the set of four NOE contacts typically observed across
the glycosidic linkage.[17] The H1-H1� contact (Figure 2)
can arise from conformer S, and the H5-H1� and H1-H3�
contacts (Figure 2) from conformer E. The fourth observed
NOE contact belongs to the interglycosidic H1-H2� pair,
which is at NOE distance in both conformations. (The
mutually exclusive NOE contacts are marked by arrows in
Figure 2).

We recently reported[16] that modeling of 1 using the AM-
BER* force field and GB/SA solvation model gives results
that are fully compatible with previous simulations and
available experimental data. Two conformers, S (global
minimum) and E (�6 kJ/mol), were located by an MC/EM
conformational search, and were found to be freely in-
terconverting and almost equally populated by MC/SD dy-
namic simulations. The same approach was then used to
predict the three-dimensional structure of the 1,2-α-manno-
bioside mimic 3; the molecule was calculated to populate
the same region of conformational space as 1. These results
are presented in Figure 3. The unconventional numbering
of the DCCHD ring shown in Figure 3 is used to facilitate
comparison with 1. An MC/EM conformational search of
3 located the S (ϕ � 94°, ψ � �72°; see c in Figure 3) and
E (ϕ � 70°, ψ � �117°; see d in Figure 3) conformers at
�2.6 kJ/mol and 0.0 kJ/mol relative energy, respectively.
The dynamic simulation (10 ns, see b in Figure 3) showed
that the two conformations are in fast dynamic equilibrium
around the glycosidic linkage. Compared to 1, the confor-
mational space available to 3 is more biased towards the
region populated by extended (E) conformations. Further-
more, the E region of the conformational space appears
broad and is not centered around its local minimum at ϕ �
70°, ψ � �117°, but rather around larger values of ψ. This
can clearly be seen in the map of Figure 3, and has import-
ant consequences on the calculated interproton distances,
some of which display a strong dependence on the value of
the ψ torsion (cf the distances calculated by the MC/SD
dynamics with those of the isolated minima in Table 1). In
summary, computer-aided molecular design clearly sup-
ports the expectation that the pseudo-disaccharide 3 can be
used as a structural mimic of mannobioside 1.

NOESY data were collected at 400 MHz for 3 in D2O
solution at 25 °C (Table 1, column 1) and compared with
the MC/SD simulation predictions. A qualitative analysis
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Figure 2. Low-energy conformations of the 1,2-mannobioside 1: (a) the stacked conformation S (Φ � 88°, Ψ � �58°); (b) the extended
conformation E (Φ � 72°, Ψ � �138°); characteristic NOE contacts are indicated by arrows

Figure 3. Conformational studies on pseudo 1,2-α-mannobioside 3 (MMOD 5.5, AMBER*, GB/SA water solvation); an unconventional
numbering of the DCCHD moiety is used to help comparison with 1,2-mannobioside. Φ: O5�C1�O1-C2�; Ψ: C1�O1�C2��C1�; (a)
10000 steps of MC/EM conformational search; (b) 10 ns of MC/SD dynamic simulation; (c) conformer S (∆E � 2.6 kJ/mol; Φ � 94°,
Ψ � �72°); (d) the lowest energy conformation E (Φ � 70°, Ψ � �117°)

Table 1. Interresidue NOE contacts observed in the D2O spectrum of 3

Proton pair[a] NOE intensity[b] Calcd. distance Calcd. distance E Calcd. distance S Exp. distance range in 1
(D2O) (Å)[c] (Å) (Å) (Å)[d]

H1-H1� w 3.4 3.9 2.6 2.9�3.0
H1-H2� s 2.3 2.2 2.2 2.1�2.2
H1-H4� w 3.8 4.2 4.6 no NOE
H1-H3�ax � 4.0 4.1 4.5 3.2�3.6
H1-H3�eq s 2.7 3.0 4.0 �
H2-H4� m 3.7 4.0 4.8 n.r.[e]

H5-H2� m 3.4 3.6 3.6 n.r.[e]

H5-H1� s 2.6 2.3 4.4 2.5�2.7
H5-H6�ax m 2.8 2.9 2.2 �
H5-H4� w 4.2 4.5 3.2 n.r.[e]

[a] Numbering as in Figures 2 and 3. [b] s: strong, m: medium, w: weak. [c] Evaluated from �r�6� monitored during 10 ns of the MC/
SD simulation. [d] From ref.[15] [e] Not reported.

Eur. J. Org. Chem. 2004, 5119�5125 www.eurjoc.org  2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 5121
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Figure 4. NOESY spectrum of mimic 3 in D2O at 400 MHz (25 °C) with a mixing time of 800 ms; exclusive S and E conformation NOE
contacts (indicated by the arrows) are found in the spectrum (circles), thus confirming that both the predicted conformations coexist

of the NOE crosspeaks using a basic strong-medium-weak
intensity approach allowed us to deduce the presence of
both E and S conformers in fast conformational equilib-
rium. Both sets of mutually exclusive NOE contacts were
found in the spectra — the H1-H1� contact originating
from the S conformers, and the H1-H3� and H5-H1� con-
tacts originating from the E conformers (Figure 4).

Despite this qualitative approach, we could safely deduce
that the E conformer is the major one in solution, given the
strong differences between the intensities of the correspond-
ing NOE cross-peaks. Indeed, the observed correlations are
in excellent agreement with the simulations (Table 1).

Compared to the experimental data range reported for
the equivalent distances in 1[15] (Table 1, last column), our
data confirm that the conformational space of pseudo-man-
nobioside 3 is biased towards the extended conformation
region. This is clearly shown by the weak intensity of the
H1-H1� cross-peak (Table 1, entry 1, and Figure 4, inset of
the NOESY spectrum), a reporter signal of conformer S
(Figure 4, S), which is much stronger in 1 than in 3. Fur-
thermore, the strong interaction observed in the NOESY
spectrum of 3 for the H5-H1� pair (Table 1, entry 8) is typi-
cal of extended conformations (Figure 4, E). This picture is
also supported by the intense H1-H3�eq cross-peak
(Table 1, entry 5, and Figure 4) and by the presence of a
medium intensity H2-H4� NOE contact (Table 1, entry 6),
which is not seen in 1. This latter contact could not be ex-
plained by the calculated structure of the E local minimum
(Table 1, Column 3), but is in good agreement with the re-
sults of the dynamic simulation (Table 1, Column 1) and is
an indication that the dynamic behavior of the molecule is
well reproduced by the AMBER* calculations.

Thus, the NMR studies experimentally support the com-
putational hypothesis that 3 behaves as a structural mimic

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2004, 5119�51255122

of mannobioside, and preferentially populates the extended
(E) conformation.

Mannosidase Stability of 3

The stability of 3 to mannosidase-catalyzed hydrolysis
was investigated by submitting it to hydrolytic conditions
in the presence of commercial jack-bean mannosidase. The
substrate was incubated with increasing concentrations of
the enzyme at pH 4.5 (maximum activity pH for α-mannos-
idases).[18] After 30 min of incubation at 37 °C the reaction
mixture was lyophilized and the products were analyzed by
GC. The extent of hydrolysis was evaluated by integration
of the peaks relative to 3 (retention time, tR, of 13.5 min)
and to the aglycon 5 (tR � 7.1 min). At the lowest enzyme
concentration (0.5 µg/mL) 4% hydrolysis of mimic 3 was
revealed by GC analysis, while, upon increasing the enzyme
concentration up to 10 µg/mL, only 10% hydrolysis was ob-
served. Under the same conditions 24% of the natural di-
saccharide 1 is already hydrolysed at an enzyme concen-
tration of 0.5 µg/mL and 60% is hydrolysed at 10 µg/mL
enzyme concentration. Thus, 3 indeed appears to be a sub-
strate of jack-bean mannosidase, but it appears to be signif-
icantly more stable than 1 to the action of the enzyme.
These observations prompted us to examine the ability of 3
to perform as an inhibitor for this enzyme.

Investigation of 3 as a possible inhibitor of mannosidase
activity was carried out using α-mannosidase from jack-
bean and p-nitrophenol-α--mannoside (PNP-Man) as the
substrate (Table 2). The enzymatic reactions were run at 25
°C for 20 min and then quenched by adding a 1  carbonate
solution until pH 12, which inactivates the enzyme. The ex-
tent of the reaction was calculated from the absorbance of
p-nitrophenoxide measured at a wavelength of 400 nm
(ε400 � 1.77 � 104 �1cm�1). The concentration of p-nitro-
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phenoxide versus concentration of substrate in the reaction
volume was plotted and fitted to the Michaelis�Menten
equation to give a KM value of 4.7 � 10�3 , which is simi-
lar to the reported value of 2.5 � l0�3 .[18] Qualitative
inhibition studies were then performed using 3 as inhibitor
and working with an enzyme concentration of 2.5 µg/mL
(Table 2). The inhibitory effect of 3 allows us to estimate an
average value for the inhibition constant, Ki, of 1.0 � 10�2

, assuming a competitive inhibitor model (Table 2). The
Ki values obtained are similar to those reported in the lit-
erature[18] for the known inhibitors mannono (1�4) and
(1�5) lactone (1.0 � 10�2  and 1.2 � 10�4 , respec-
tively).

Table 2. Inhibition of jack-bean-mannosidase-catalyzed hydrolysis
of PNP-Man using 3. The inhibition experiments were carried out
for 20 min at 25 °C using 1.8 m PNP-Man in citrate buffer (pH
4.5), a constant concentration of the enzyme (2.5 µg/mL) and vari-
able concentrations of the inhibitor 3. The reaction was quenched
at pH 12 carbonate buffer and the concentration of the p-nitro-
phenoxide [PNP] was measured by UV spectroscopy. v0 (0.025 m/
min) was obtained under the same conditions but in the absence
of 3.

[3] [PNP] vInhibited vI/v0 Ki
[a]

(m) (m) (m/min) (m)

12.8 0.28 0.014 0.565 11.9
10.1 0.31 0.015 0.626 12.3
5.1 0.32 0.016 0.651 6.8
2.5 0.41 0.021 0.841 9.7

[a]

,

where KM � 4.67 m, [I] � [3] and [S] � [PNP-Man].

Discussion and Conclusions

The results presented here show that the enantiopure
trans-diaxial diol scaffold 5 can be used as a replacement
for a 1,2-disubstituted α-mannose residue to give, in a facile
and high-yielding synthetic sequence, a pseudo-mannobio-
side 3 which shows a high structural similarity with the
natural α-1,2-mannobioside. The conformational analysis
of 3 performed by NMR spectroscopy and supported by
computational modelling reveals that 3, like 1, populates
two low-energy conformations S (stacked) and E (extended)
that are in fast dynamic equilibrium. Relative to the natural
counterpart, the conformational space available to the
pseudo-disaccharide appears to be biased toward the E re-
gion.

The α-1,2-mannobioside is the recognized epitope in vari-
ous important sugar-protein complexes.[19] Appropriate epi-
tope presentation is a key factor in determining ligand af-
finity to carbohydrate-binding proteins. For instance, it has
been shown recently that, although sialic acid and galac-
tose, per se, interact weakly with the cholera toxin (with
millimolar dissociation constants), when appropriately pre-
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sented on three-dimensionally well-defined structures, such
as the GM1 ganglioside[20] or appropriate structural mim-
ics,[5] they give rise to tight complexes with dissociation con-
stants in the nanomolar range. The structural similarity of
3 with the natural disaccharide 1 is therefore an important
element that depends critically on the nature of the dicar-
boxycyclohexanediol aglycon chosen to mimic the reduc-
ing-end mannose. The mimic 3 could thus be introduced
into more complex oligosaccharidic structures, preserving
epitope presentation, while imparting metabolic stability to
the synthetic construct. Furthermore, the structure of 3 al-
lows easy conjugation to polyvalent aglycons, using either
the carboxy groups or the ether substituent. The confor-
mational behaviour of mimic 3 that we describe here could
have useful implications in recognition events where the E
conformation of the 1,2-mannobioside is selectively recog-
nized by the receptor.

An increased stability to enzymatic degradation is often
cited as one of the advantages of glycomimetics over natural
oligosaccharides in the development of drugs. The stability
of 3 to mannosidase-catalyzed hydrolysis appears, indeed,
to be significantly higher than the stability of the natural
compound 1. This is a very useful feature of this mimic and
is very encouraging for the future developments of
DCCHD-based glycomimetic drugs.

Experimental Section

NMR spectra were recorded at 25�30 °C on Bruker AVANCE
400 and 500 MHz spectrometers. The cyclohexanediol moiety is
numbered as in Figure 3. Chemical shifts 1H and 13C NMR spectra
are expressed in ppm relative to TMS or to DSS for spectra re-
corded in D2O. The NOESY spectra of 3 were recorded with mix-
ing times of 400, 600 and 800 ms. Mass spectrometry was per-
formed with a VG 7070 EQ-HF apparatus (FAB ionization), an
Omniflex apparatus (MALDI ionization) or an Apex II ICR
FTMS (ESI ionization). Optical rotations [α]D were measured in a
1-dm path-length cell with 1 mL capacity on a Perkin�Elmer 241
polarimeter. Thin layer chromatography (TLC) was carried out
with precoated Merck F254 silica gel plates. Flash chromatography
(FC) was carried out with Macherey�Nagel silica gel 60 (230�400
mesh). Solvents were dried by standard procedures and reactions
requiring anhydrous conditions were run under nitrogen. The di-
acid 4[12] and the trichloroacetimmidate 6[13] were prepared by pub-
lished procedures.

Synthesis of Dimethyl (1S,2S,4S,5S)-4-Allyloxy-5-hydroxycyclohex-
ane-1,2-dicarboxylate (5): H2SO4 (0.5 mL, 0.009mol) was added to
a solution of the diacid 4[12] (7.02 g, 0.041mol) in dry MeOH (100
mL). The solution was stirred at reflux for about 20 h and then
concentrated under vacuum to about half of the original volume.
EtOAc was added, the organic phase was washed with saturated
NaHCO3 and dried with Na2SO4 and the solvent was evaporated
under reduced pressure to give dimethyl (1S,2S)-cyclohex-4-ene-
1,2-dicarboxylate in 95% yield. An analytical sample was purified
by flash chromatography: [α]D � �127.3 (c � 1.23, CHCl3). 1H
NMR (200 MHz, CDCl3, 25 °C): δ � 2.6�2.1 (m, 4 H, CH2), 2.85
(m, 2 H, H1, H2), 3.7 (s, 6 H, OCH3), 5.7 (m, 2 H, H4, H5) ppm.
13C NMR (53.3 MHz, CDCl3, 25 °C): δ � 24.5, 40.96, 51.45,
124.66, 174.79 ppm.
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The crude reaction product was then sumbitted to epoxidation con-
ditions. Thus, MCPBA (1.85 g, 7.6 mmol) was added to a solution
of the diester (1.5 g, 5.5 mmol) in CH2Cl2 (13 mL). The solution
was stirred at room temperature for 3 h and the organic phase was
washed with saturated NaHCO3, dried and the solvents evaporated
under reduced pressure. The crude was purified by flash chroma-
tography on silica gel (hexane/EtOAc, 85:15) to yield the epoxide
in 95% yield. [α]D � �71.6 (c � 1.27, CHCl3). 1H NMR (200 MHz,
C6D6, 25 °C): δ � 1.55 (ddd, J � 15, J � 11, J � 2.3 Hz, 1 H),
1.95 (m, 2 H), 2.30 (ddd, J � 15, J � 4, J � 2 Hz, 1 H), 2.55 (m,
1 H), 2.65 (m, 1 H), 2.75 (m, 1 H), 3.10 (ddd, J � 11, J � 11, J �

4.6 Hz, 1 H), 3.28 (s, 3 H), 3.30 (s, 3 H) ppm.
The catalyst Cu(OTf)2 (0.07 mmol) was added to a solution of the
epoxide (150 mg, 0.7 mmol) in allyl alcohol (1.5 mL, 2.2 mmol).
The reaction mixture was stirred for 3 h at room temperature,
whilst monitoring by TLC (hexane/EtOAc, 6:4). After completion
of the reaction a saturated solution of NH4Cl and NH3 was added
and the mixture was extracted with EtOAc. The organic layer was
dried and the solvents evaporated under reduced pressure. The
crude mixture was purified by flash chromatography on silica gel
(hexane/EtOAc, 1:1) to give 5 in 90% yield. 1H NMR (200 MHz,
C6D6, 25 °C): δ � 2.05 (m, 5 H), 2.52 (br. s, 1 H, exch), 3.40 (m,
9 H), 3.70�4.00 (m, 4 H), 5.15 (m, 2 H), 5.80 (m, 1 H) ppm. 13C
NMR (75 MHz, CDCl3, 25 °C): δ � 27.0, 30.6, 39.0, 39.4, 51.9,
67.3, 69.8, 75.9, 116.9, 134.8, 175.0 ppm. MS (FAB�): m/z � 273
[M � H�].

Mannosylation of 5. Synthesis of 8: Ground 4-Å molecular sieves
were added to a solution of 5 (493 mg, 1.81 mmol) and 6[13] (1.33 g,
2.71 mmol) and the mixture was dried in vacuo overnight. Dry
CH2Cl2 (50 mL) was then added under N2 and the solution was
stirred for about 15 min. The temperature was then adjusted to
�20 °C and TMSOTf (63 µL, 0.724 mmol) was added. The solu-
tion was stirred at �20 °C for about 10 min, until TLC revealed
the disappearance of 5 (hexane/EtOAc, 6:4). The reaction was neu-
tralized by adding triethylamine and concentrated. The molecular
sieves were then removed by filtration and the product was isolated
by flash chromatography (hexane/EtOAc, 6:4), and purified a se-
cond time by chromatography (CHCl3/acetone, 95:5), to give the
orthoester 7 in 86% yield. [α]D � �47 (c � 1, CHCl3). 1H NMR
(400 MHz, CDCl3, 25 °C): δ � 1.75 (s, 3 H, CH3), 1.8�1.99 (m, 4
H, H3Dax,eq), 2.2�2.15 (m, H9, COCH3), 2.95�3 (m, 2 H, H4D,
H5D), 3.51 (d, 1 H, H1D), 3.69 (s, 3 H, OCH3), 3.7 (s, 3 H, OCH3),
3.71 (m, 1 H, H5D), 3.89 (m, 1 H, H2D), 3.92 (dd, J � 12, J � 5
Hz, 1 H, H7a), 4.09 (dd, J � 12, J � 6 Hz, 1 H, H7b), 4.11 (dd,
J � 12, J � 5 Hz, 1 H, H6a), 4.28 (dd, J � 12, J � 2.5 Hz, 1 H,
H6b), 4.6 (m, 1 H, H2), 5.12�5.31 (m, 2 H, H9), 5.19 (s, 1 H, H3),
5.25 (s, 1 H, H4), 5.45 (d, J � 2 Hz, 1 H, H1), 5.8�6.0 (m, 1 H,
H8) ppm. 13C-HETCOR (100.6 MHz, CDCl3, 25 °C): δ � 34, 35,
40, 62.5, 66, 69, 70.5, 71, 73, 75, 77.5, 98, 117, 135 ppm. MS
(FAB�): m/z � 603 [M � H�].
Rearrangement of the orthoester was achieved by adding TMSOTf
(0.65 µL, 0.0035 mmol), to a cold (�20 °C) solution of the orthoes-
ter 7 (21.3 mg, 0.035 mmol) in CH2Cl2 (600 µL). The mixture was
stirred under nitrogen whilst monitoring by TLC (CHCl3/acetone,
95:5). After 10 min the reaction was complete. The mixture was
then treated with triethylamine and the solvents evaporated under
reduced pressure. The residue was purified by flash chromatogra-
phy on silica gel (CHCl3/acetone, 97:3) to give 8 in 50% yield. The
same product was also obtained in 65% yield by running the man-
nosylation of 5 with 6 at �20 °C for 20 min, and monitoring the
conversion of 7 by TLC (CHCl3/acetone, 95:5). [α]D � �38 (c �

1.26, CHCl3). 1H NMR (400 MHz, C6D6, 25 °C): δ � 1.74 (s, 3 H,
COCH3), 1.77 (s, 3 H, COCH3), 1.81 (s, 3 H, COCH3), 1.85 (s, 3
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H, COCH3), 2.04�2.17 (m, 4 H, H3D, H6D), 3.3�3.5 (m, 2 H,
H4D, H5D), 3.40 (s, 3 H, OCH3), 3.46 (s, 3 H, OCH3), 3.57 (m, 1
H, H1D), 3.85 (dd, J � 13, J � 6 Hz, 1 H, H7a), 3.95 (m, 2 H, H7b,
H2D), 4.34 (m, 1 H, H5), 4.37 (dd, J � 12, J � 8 Hz, 1 H, H6a),
4.49 (dd, J � 12, J � 6 Hz, 1 H, H6b), 5.11 (dd, J � 9.2, J � 1.5
Hz, 1 H, H9a), 5.15 (d, J � 1.5 Hz, 1 H, H1), 5.27 (dd, J � 16,
J � 1.5 Hz, 1 H, H9b), 5.65 (dd, J � 3, J � 2 Hz, 1 H, H2), 5.8 (t,
J � 9.7 Hz, 1 H, H4), 5.82�5.91 (m, 2 H, H3, H8) ppm. 13C-
HETCOR (100.6 MHz, C6D6, 25 °C): δ � 28.5, 52, 63, 70, 71, 72,
73, 75, 96, 118 ppm. MALDI-TOF: m/z � 625.45 [M � Na�].

Synthesis of the Pseudo-1,2-α-mannobioside 3: 1  Methanolic so-
dium methoxide (398 µL, 0.398 mmol) was added to a solution of
8 (120 mg, 0.199 mmol) in MeOH (20 mL) and stirring was con-
tinued at room temperature for 18 h. The reaction was monitored
by TLC (CHCl3/MeOH/H2O, 60:35:5). Amberlite IR-120 was then
added, the resin was removed by filtration and the solution was
concentrated. The residue was purified by flash chromatography
(CHCl3/MeOH, 9:1), to give 3 in 88% yield. [α]D � �58.2 (c � 1,
CH3OH). 1H NMR (500 MHz, D2O, 25 °C): δ � 1.75 (m, 1 H,
H3Dax), 1.82 (m, 1 H, H6Dax), 2.09 (m, 2 H, H3Deq, H6Deq), 2.88
(dt, J � 11.5, J � 3.4 Hz, 2 H, H4D, H5D), 3.57 (m, 1 H, H5), 3.58
(m, 1 H, H4), 3.65 (s, 3 H, OCH3), 3.66 (s, 3 H, OCH3), 3.68 (m, 1
H, H6b), 3.74 (q, J � 3 Hz, 1 H, H1D), 3.77 (q, J � 3.4 Hz, 1 H,
H3), 3.79 (m, 1 H, H6a), 3.94 (dd, J � 3.4, J � 1.8 Hz, 1 H, H2),
3.97 (q, J � 3 Hz, 1 H, H2D), 4.03 (m, 1 H, CH2Oallyl), 4.09 (m,
1 H, CH2Oallyl), 4.95 (d, J � 1.8 Hz, 1 H, H1), 5.20 (m, 1 H,
CH2�), 5.29 (m, 1 H, CH2�), 591 (m, 1 H, CH�) ppm.13C NMR
(125 MHz, D2O, 25 °C): δ � 27, 39.2, 52.6, 61.05, 66.9, 70, 70.5,
70.6, 70.7, 73.5, 73.7, 98.7, 118.3, 134.2 ppm. MS (FAB�): m/z �

457 [M � Na�]. HRMS (ESI�) for C19H30O11Na�: calcd.
457.16803; found 457.16586.

Enzymatic Studies: Mannosidase stability assays were performed in
20 µL samples of 5 m substrate (3 or 1) in pH 4.5 0.1  phos-
phate-citrate buffer at 37 °C. Substrates were submitted to increas-
ing concentrations of jack-bean mannosidase. Three enzymatic re-
actions were run, with 0.5, 2.5 and 10 µg protein/mL solutions
prepared from stock commercial enzyme suspension (Sigma-
M7257, 5 mg/mL). After 30 min incubation the crude mixtures
were frozen and freeze-dried. In all cases lyophilized samples were
completely trimethylsilylated by treatment with trimethylsilylimi-
dazole and pyridine at 60 °C for 30 min, and were then analyzed
by gas chromatography. GC analysis was performed with a
Perkin�Elmer Autosystem. A fused silica column was employed
(dimension 5 m � 0.25 mm � 0.22 µm) with SPB-1. Carrier gas:
He flow at 20 psi. Volume injected: 1 µL. Program temperature
used: 80 °C for 2.5 min, 10 °C/min to 150 °C and 15 °C/min to
250 °C. Injector temperature: 280 °C; FID temperature: 280 °C.
Retention times: 3 13.5 min, 5 7.1 min,mannose 8.1 min, manno-
bioside 1 13.1 min.
Determination of the KM (4.67 m) and vMAX (0.13 m) param-
eters was performed in 50 µL reaction volume with 0.25 µg/mL
enzyme concentration with p-nitrophenol-α--mannoside (PNP-
Man) as substrate. Seven different substrate concentrations were
used (from 0.3 m to 15 m), with an incubation time of 20 min.
Quenching was performed by adding 300 µL of 1  carbonate
buffer at pH 12. The absorbance of the p-nitrophenoxide released
during the enzymatic reactions was measured at 400 nm and 25 °C
on a UV/Vis Spectrometer (Perkin�Elmer Lambda 6).
Mannosidase inhibition studies were performed using a fixed
1.8 m substrate (PNP-Man) concentration and variable inhibitor
(3) concentrations in a reaction volume of 20 µL (Table 2). Enzy-
matic reactions were run with 2.5 µg/mL enzyme concentration in
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pH 4.5 0.1  phosphate-citrate buffer at 25 °C. After 20 min the
reactions were quenched by addition of 130 µL of 1  carbonate
solution (pH 12) and the absorbance was measured at 400 nm and
25 °C on a UV/Vis Spectrometer.

Computational Methods: All calculations were performed using the
MacroModel/Batchmin[21] package (version 5.5) and the AMBER*
force field with the Senderowitz�Still all-atom pyranose param-
eters.[22] Charges were taken from the force field (all-atom charge
option). Water solvation was simulated using MacroModel’s gen-
eralized Born GB/SA continuum solvent model.[23] The confor-
mational search for 3 was carried out using 10000 steps of the us-
age-directed MC/EM procedure. The glycosidic linkages and all the
extra-annular C�C bonds were used as explicit variables during
the Monte Carlo search. Extended non-bonding cut-off distances
(a van der Waals cut-off of 8.0 Å and an electrostatic cut-off of
20.0 Å) were used both for the MC/EM and MC/SD calculations.
The same degrees of freedom of the MC/EM searches were used
in the MC/SD runs. All simulations were performed at 300 K, with
a dynamic time-step of 1.5 fs and a frictional coefficient of 0.1
ps�1. One Monte Carlo step was performed after each dynamic
step. The average acceptance ratio was 6%. Two simulations of 5 ns
each were performed starting from the lowest energy E and S con-
formations. Structures were sampled every 2 ps and saved for later
evaluation. The interatomic distances reported in Table 1 under the
MC/SD header were evaluated from �r�6�, which was monitored
during the simulation (option MDDI of Batchmin).
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J. Cañada, J. Jiménez-Barbero, Chem. Eur. J. 2002, 8,
4597�4612.

Eur. J. Org. Chem. 2004, 5119�5125 www.eurjoc.org  2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 5125

[8] A. Bernardi, D. Arosio, L. Manzoni, D. Monti, H. Posteri, D.
Potenza, S. Mari, J. Jimenez-Barbero, Org. Biomol. Chem.
2003, 1, 785�792.

[9] [9a] E. A. Merrit, S. Sarfaty, F. v. d. Akker, C. L�Hoir, J. A.
Martial, W. G. J. Hol, Protein Sci. 1994, 3, 166�175. [9b] E. A.
Merrit, S. Sarfaty, M. G. Jobling, T. Chang, R. K. Holmes, T.
R. Hirst, W. G. J. Hol, Protein Sci. 1997, 6, 1516�1528. [9c] E.
A. Merrit, W. G. J. Hol, Curr. Opin. Struct. Biol. 1995, 5,
165�171 and references cited therein.

[10] [10a] D. Arosio, S. Baretti, S. Cattaldo, D. Potenza, A. Bernardi,
Bioorg. Med. Chem. Lett. 2003, 13, 3831�3834. [10b] A.
Bernardi, D. Arosio, D. Potenza, I. Sanchez-Medina, S. Mari,
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Conformer  Se lec t ion :  pheny l  lac t i c  GM1 mimic  

Conformer selection of a phenyl-lactic GM1 glycomimetic by three 
different lectins 
Article in preparation 
 

In  th is  las t  sec t ion ,  our  pre l im inary  resu l ts  on the  conformat iona l  se lec t ion  o f  l i gands  by 
d i f fe ren t  pro te ins  are  d iscussed.  In  par t i cu lar ,  we  here  re fer  to  a  spec i f i c  mo lecu le  des igned and 
syn thes ized  to  be  a  CTB5 l igand.  bu t  wh ich  cou ld  be a lso  recogn ized  by  o ther  ga lac tose-spec i f i c  lec t ins ,  
such  as  VAA (V iscum A lbum agg lu t in in )  and  CG14 (Ch icken  Ga lec t in  14) .  The  in teres t ing  behav ior  o f  
these  sys tems is  the  d i f fe ren t  con former  se lec t ion  o f  the  same molecu le  by d i f fe ren t  p ro te ins .   

These  pre l iminary  NMR resu l ts  sugges ted  us  to  t ry  to  mode l  a lso  the  b ind ing  s i te  o f  VAA,  by 
us ing  the same pro toco l  a l ready  descr ibed  for  the  CTB5 case .  

NMR studies of phenyl-lactic mimic with VAA and CG14 
Charac ter i za t ion  o f  the  b ind ing fea tures  o f  1  ( see Char t  1  fo r  de f in i t ion)  in  so lu t ion  was car r ied  

w i th  a  f ina l  concent ra t ion  o f  1 .24  mM o f  1  and  25  µM of  the  cor responding  lec t in  in  D 2 O,  thus  w i th  a 

mo lar  ra t io  l igand:subun i t  o f  about  25 :1  (cons ider ing  tha t  bo th  VAA and CG14 have  two b ind ing s i tes  fo r  
compound 3 ) .  
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Char t  1 .  Pheny l - lac t i c  m imic  (compound 1 ) .  Descr ip t ion  and 
nomenc la ture  employed .  

 

TR-NOESY exper iments  were  per formed a t  d i f fe ren t  m ix ing  t imes  (150  and  300  ms for  the  VAA 
con ta in ing  sample ,  and  100 ,  200  and 300  ms fo r  the  CG14 one)  and  ROESY spec t ra  were  a lso  recorded 
(w i th  200  ms o f  m ix ing  t ime for  the  VAA,  wh i le  150  and  300  ms fo r  the  CG14 one) .  In  order  to  iden t i f y  
the  b ind ing  ep i tope ,  A l l  the  exper iments  were  recorded  on  a  Bruker  500  MHz a t  298 K  ( for  the  VAA 
con ta in ing  samples)  and 288  K ( for  the  CG14 con ta in ing  samples) .  No  d i f fe rences in  chemica l  sh i f t s  
were  de tected  pass ing  f rom the  f ree  to  the  bound s ta te ,  wh i le  a  genera l  b roaden ing  o f  the  s igna ls  was  
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obta ined.  Moreover ,  in  the  bound s ta te  bo th  w i th  VAA and w i th  CG14,  sca la r  coup l ing  less  than  5  Hz  -
tha t  were  eas i l y  de tec ted in  the f ree s ta te-  were  imposs ib le  to  be  d is t ingu ished;  fu r thermore,  the typ ica l  
inc reas ing in  the background s igna ls  o f  the  a l iphat i c  reg ion  were observed .  These behav io rs  conf i rmed 
the  b ind ing  o f  the  l igand to  the  pro te ins  (F ig .  1) .  

a 
 

b 

c 

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm  

Figure  1 .  1D spec t ra  o f  compound 1 .  Re fe rence  spec t rum (a)  o f  the  f ree  s ta te ,  
and  1D spect ra  o f  the  bound s ta tes w i th  VAA (b)  and  CG14 (c) .  

 

The NOEs contacts  de tec ted  in  the  TR-NOESY and ROESY spec t ra  a re  l is ted  in  the  tab le  1 .  
Compar ing  the  NOE sets  for  the  f ree  l igand  ( f ig .2 )  w i th  tose  for  the  bound s ta tes  w i th  VAA ( f ig .3A)  and 

CG14 ( f ig .3B) ,  i t  i s  poss ib le  to  sugges t  tha t  the  pseudo- t r i sacchar ide  un i t  [Ga l (β1→3)  

Ga lNAc(β1→4)d io l ]  ma in ta ins  i t s  confo rmat ion .   

The  NOEs in t ra - res idue  con tacts ,  Ga lNAc H1 w i th  H3 and  H5,  and  Ga l  H1 w i th  H3 and  H5 Ga l ,  
as  we l l  as  those  for  the  the  d io l  mo ie ty ,  con f i rmed tha t  a l l  the  th ree  s ix -membered  r ings a re  adopt ing  a  
cha i r  con format ion  in  f ree  and  bound s ta tes.  Regard ing  the  in te r - res idue  NOEs contac ts ,  the  s t rong  H-1 

Ga l  /  H-3  GalNAc con tact  can  be  cor re la ted  w i th  a  ma jor  syn con fomat ion  around the  Gal (β1→3)Ga lNAc  

l inkage.  The  same behav io r  i s  found  fo r  the  Ga lNAc(β1→4)d io l  mo ie ty ,  where  a  s t rong  H-1  Ga lNAc /  H-

4  CHD cross peak  i s  observed.  
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Conformer  Se lec t ion :  pheny l  lac t i c  GM1 mimic  

Tab le  1 .  Key NOE con tacts  fo r  1  i n  the f ree  s ta te ,  bound to  VAA,  and  bound to  CG14.  The las t  co lumn 
shows the  NOE cross  peak  se t  o f  the  bound s ta te  w i th  Cho lera  Tox in  B  Pentamer ,  as  descr ibed  in  
re ference  a .  The  es t imated  d is tances ( r ,  Å)  accord ing  to  a  fu l l  mat r i x  re laxa t ion  approach  a re  a lso  
g iven  (±10%) .  

Pro ton  Pa i r  
In tens i ty  

FREE 
STATE 

r   (Å)   
In tens i ty  

bound 
s ta te  w i th  

VAA  
r   (Å)   

In tens i ty  
bound s ta te  

w i th  
CG14 

r   (Å)   
In tens i ty  

bound  
s ta te  w i th  

CTB5 a

r   (Å)  

GN1 GN3 s t rong  2 .5   s t rong  2 .5   s t rong  2 .5   med ium 2 .5  
 GN5 s t rong  2 .6   s t rong  2 .6   s t rong  2 .6   s t rong  2 .6  

 CHD-4  s t rong  2 .5   s t rong  2 .5   s t rong  2 .5   s t rong  2 .5  

 HL  N.O.  >3 .5   N .O.  >3 .5   N .O.  >3 .5   N .O.  >3 .5  

G1 G3 med ium 2 .5   s t rong  2 .5   s t rong  2 .5   med ium 2 .5  
 G5 s t rong  2 .6   s t rong  2 .6   s t rong  2 .6   s t rong  2 .6  
 GN3 s t rong  2 .4   s t rong  2 .4   s t rong  2 .4   s t rong  2 .4  

Ph  GN1 med ium 2 .8   N .O.    N .O.    med ium 2 .8  

 HL  med ium 2 .7   N .O.    N .O.    med ium 2 .7  
 CHD-4  med ium 2 .8   N .O.    N .O.    med ium 2 .8  
 GN6 weak    N .O.    N .O.    med ium  

 GN3*  med ium   N .O.    N .O.    med ium  

 GN5 med ium   N .O.    N .O.    med ium  
HL CHD-3*  s t rong  2 .3   med ium   ve ry  weak  >3 .3   s t rong  2 .3  

 CHD-2eq s t rong  2 .4   ve ry  weak    ve ry  weak  >3 .3   s t rong  2 .4  
 CHD-1  weak  3 .0   N .O.  >3 .5   ve ry  weak  >3 .3   weak  3 .0  

CHD-4  CHD-5eq s t rong    s t rong    s t rong    s t rong   
 CHD-3  s t rong    s t rong    s t rong    s t rong   
 GN1 s t rong    s t rong    s t rong    s t rong   
 HL  N.O.  >3 .5   med iumº  2 .5   med ium 2 .5   weak   

*  GN3  and  H3-CHD a re  i s oc hronous  
N .O .  =  no t  obs e rv ab le  noe  c on tac t  
º  obs erv ab le  on l y  on  CHD4  l i ne  
a )  A .  Berna rd i ,  J .  J iménez -Ba rbe ro  e t  a l .  Chem.  Eu r .  J .  2004 ,  10 ,  4395  –  4406  
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Conformer  Se lec t ion :  pheny l  lac t i c  GM1 mimic  

  

4.5 4.0 3.5 3.0 2.5 2.0 ppm4.5 4.0 3.5 3.0 2.5 2.0 ppm4.5 4.0 3.5 3.0 2.5 2.0 ppm
 

Figure  2 .  2D NOESY o f  compound  1  i n  the  f ree  s ta te  
 

The la te ra l  cha in ,  represented  by  the  pheny l  and  HL cross  peaks  se ts ,  shows the  most  
in teres t ing  behav iour .  For  1  bound to  the  Cho lera  Tox in  B  Pentamer ,  the  observed  NOE con tac ts  were 
the  same both  in  f ree  s ta te  and  when bound to  CTB5,  thus  sugges t ing  tha t  th is  m imic  ex is ts  in  a  wel l  
de f ined  con fo rmat ion  that  was  the same found in  the tox in  b ind ing s i te .  There fore ,  l igand  1  d id  no t  
su f fer  f rom any  conformat iona l  pena l ty  fo r  tox in  b ind ing .  

However ,  fo r  the  bound s ta te  w i th  bo th  VAA and CG14 lec t ins ,  a  comple te  d i f fe rent  s i tua t ion  we 
found.  Ma jo r  d i f fe rences ,  in  bo th  cases ,  are  found in  the aromat ic  noe  con tac ts  (Tab .  1 ) .  As  shown in  
the  cor respond ing  spec t ra  ( f ig .  3A and  B) ,  no  c ross  peaks  a re  de tected  a t  the  a romat ic  resonance l ine .  
Th is  fac t  ind ica tes  that  the  pheny l  group  adopts  a  d i f fe ren t  or ien ta t ion  in  the  VAA and CG14 recogn i t ion  
s i tes  and  does  no t  s tack  w i th  the  N-ace ty l  ga lactosamine  r ing ,  in  con t rast  w i th  the  observed  behav ior  fo r  
the  bound s ta te  to  cho lera  tox in .  In  these  cases ,  the  pheny l  r ing  shou ld  move away f rom the  Ga lNac 
mo ie ty  and  to  po in t  in  a  d i f fe ren t  o r ien ta t ion  w i th  respect  to  bo th  ga lac tosamine  and cyc lohexand io l  
r ings.  
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Conformer  Se lec t ion :  pheny l  lac t i c  GM1 mimic  
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F igure  3 .  TR-NOESY spec t ra  o f  1  bound to  VAA [A ]  and  CG14 [B ]  (D 2 O,  m ix ing  t ime 
300ms)  

 

Moreover ,  the  d is t inc t  in tens i t ies  o f  the  exc lus ive  H4-CHD /  HL NOE cross  peak  suggested  tha t  
d i f fe ren t  ro tamers  are  se lec ted  by  these  two lec t ins .  Th is  cross-peak  i s  no t  p resen t  e i ther  in  the  f ree  
s ta te  or  in  the  bound s ta te  to  CTB5 ( f ig .  4 ) ,  wh i le  i t  c lear l y  appears  in  the  presence o f  VAA or  CG14.   
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Figure  4 .  Pre fer red  ro tamers  fo r  the  la tera l  cha in  or ienta t ion  o f  1  i n  the  d i f fe rent  f ree 
o r  bound sa tes .  

 

Never the less,  conformat iona l  d i f fe rences  cou ld  a lso  be found fo r  the  bound s ta te  o f  the  
g lycomimet ic  w i th  these  two lec t in , .  The  TR-NOESY spec t ra  fo r  the  VAA con ta in ing  sample  ( f ig .3A)  
revea led  the HL /  H4-CHD and HL /  H3-CHD cross-peaks  tha t  cou ld  on ly  be  exp la ined  by  the  ex is tence 
o f  ro tamer  (c )   in  f ig .4 .  However ,  fo r  the  CG14 con ta in ing  complex ,  on ly  the  HL /  H4-CHD cross-peak 
was  ev idenced,  and  the HL /  H3-CHD contac t  was  neg l ig ib le .  Thus,  ro tamer  (b)  o f  1  seems to  be 
p redominant  in  the  CG14 b ind ing  s i te .  Thus,  ro tamer  (c)  i s  p re fer red  in  the  bound s ta te  w i th  VAA ( f ig .4 ) ,  
wh i le  ro tamer  (b)  i s  predominant  in  the bound s ta te  w i th  CG14.  

As  conc lus ion ,  i t  can  be  sa fe ly  s ta ted  tha t  the  three  d i f fe rent  recep tors  b ind  d is t inc t  
con format ions  o f  the  same ana logue.  Reasonab ly ,  th is  fac t  has to  do  w i th  the  d i f fe rent  a rch i tec ture  o f  
the  cor respond ing  b ind ing  s i tes .  Thus ,  we are  present l y  car ry ing  ou t  a  var ie ty  o f  mode l ing  pro toco ls ,  
inc lud ing  dock ing  methods  to  present  a  def in i t i ve  s t ruc tura l  v iew to  fur ther  jus t i f y  the  non  ambiguous 
exper imenta l  NMR data .  
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Cont r ibut ions to  Sympos ia  

 Contributions to Symposia 
One o f  the  fundamenta l  aspec ts  o f  my Thes is  per iod  has  been the  poss ib i l i t y  to  par t i c ipa te  to  

in ternat iona l  congresses and  courses ,  bo th  in  te rms o f  pos ter  presen ta t ion ,  o ra l  communicat ions  and 
inv i ted ta lks .  Thus ,  I  wou ld  l i ke  to  l i s t  a l l  th is  cont r ibu t ions :  

12 th  European Carbohydra te  Sympos ium 
Grenob le ,  F rance   
6 -11Ju ly  2003 
(h t t p : / / eu roc a rb12 .c e rmav .c n r s . f r / )  

Poster :   
M imics  o f  Gang l ios ide GM1 as  Cho lera  tox in  l i gands :  
s t ruc tura l  s tudy  by NMR of  the i r  f ree  and tox in -bound 
con format ion.  

XX Reun ión  B iena l  de  Química  Orgán ica  
Zaragoza,  Spa in   
9 -12  June  2004 
(h t t p : / /wz a r .un i z a r . es /ac tos / xx rbqo / )  

Oral  communicat ion :   
M imics  o f  Gang l ios ide  GM1:  St ruc tu ra l  S tudy  by NMR of  
the i r  F ree  and  Bound Conformat ions w i th  Cho lera  tox in ,  
V iscum a lbum agg lu t in in  and  Ga lec t in  CG14 

Course :   
Ta l le r  de Resonanc ia  Magnét ica  Nuc lear  de s is temas paramagnét icos y  d iamagnét icos.  In teracc iones  
Mo lecu lares ,  
Barce lona ,  Spa in  
20-22  Apr i l  2004  

I I  Reun ión B inea l  de  RMN,   
Sant iago  de  Composte la ,  Spa in   
11-12  September  2004 
(h t t p : / / des o f t 03 .usc .es /b i ena l . as p)  

Poster :   
1D-STD NMR Exper iments  on  l i v ing  ce l l s  

Course :  
Curso Avanzado de  Resonanc ia  Magnet ica  Nuc lear ,  
Jaca ,  Spa in   
13-17  June 2005 

Euromar  2005 (18 t h  EENC)   
Ve ldhoven,  The  Nether lands   
3 -8  Ju ly  2005 
(h t t p : / /www.eenc 2005 .o rg / )  

Poster :   
Conformat iona l   Ana lys is  o f  oGM3 and i t s  Der iva t ive  us ing  
Res idua l  D ipo la r  Coup l ing and Aqueous  Mo lecu lar  Dynamic  

SMASH Congress  
Verona,  I ta ly  
25-  28 September  2005 
(h t t p : / /www.smas hnmr .o rg /home .h tm)  

Oral  communicat ion :   
Smal l  Mo lecu les  B ind ing to  Pro te in  Receptors :  the  NMR 
po in t  o f  v iew 

 

In  the  nex t  pages ,  the  i l l us t ra t ions o f  the  above ment ioned pos te rs  are  g iven.  
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http://eurocarb12.cermav.cnrs.fr/
http://wzar.unizar.es/actos/xxrbqo/
http://desoft03.usc.es/bienal.asp
http://www.eenc2005.org/
http://www.smashnmr.org/home.htm
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