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ABSTRACT:	  IR	  spectroscopy	  of	  gas	  phase	  ions	  is	  proposed	  to	  resolve	  positional	  isomers	  of	  sulfated	  carbohydrates.	  Mass	  
spectrometric	   fingerprints	  and	  gas	  phase	  vibrational	   spectra	   in	   the	  near	  and	  mid	   IR	  regions	  were	  obtained	   for	   sulfated	  
monosaccharides,	  yielding	  unambiguous	  signatures	  of	  sulfated	  isomers.	  We	  report	  the	  first	  systematic	  exploration	  of	  the	  
biologically	  relevant	  but	  notoriously	  challenging	  deprotonated	  state	  in	  the	  near	  IR	  region.	  Remarkably,	  anions	  displayed	  
very	  atypical	  vibrational	  profiles,	  which	  challenge	  the	  well-‐established	  DFT	  (Density	  Functionnal	  Theory)	  modeling.	  The	  
proposed	  approach	  was	  used	  to	  elucidate	  the	  sulfate	  patterns	  in	  glycosaminoglycans	  –	  a	  ubiquitous	  class	  of	  mammalian	  
carbohydrates	  –	  which	  is	  regarded	  as	  a	  major	  challenge	  in	  carbohydrate	  structural	  analysis.	  Isomeric	  glycosaminoglycan	  
disaccharide	  from	  heparin	  and	  chondroitin	  sources	  where	  resolved,	  highlighting	  the	  potential	  of	  InfraRed	  Multiple	  Pho-‐
ton	  Dissociation	  spectroscopy	  as	  a	  novel	  structural	  tool	  for	  carbohydrates.	  

INTRODUCTION	  
The	   analysis	   of	   the	   glycome,	   covering	   the	   entire	  

repertoire	   of	   carbohydrate	   structures	   produced	   by	   cells,	  
attracts	   growing	   attention.1,2	   A	   major	   challenge	   in	   the	  
characterization	   of	   glycosidic	   chains	   is	   the	   versatility	   of	  
structures	  as	  a	  consequence	  of	  dynamic	  modifications	  as	  
well	  as	  of	  their	  non-‐gene	  driven	  nature.	  In	  this	  field,	  mass	  
spectrometry	   (MS)	   has	   become	   a	   primary	   technique	   for	  
characterization,	  especially	  when	  only	  small	  quantities	  or	  
complex	   samples	   are	   available.	   However,	   application	   of	  
MS	   in	   glycomics	   is	   also	   notorious	   for	   ambiguities	   raised	  
by	   the	   large	   numbers	   of	   isomers,	   as	   the	   carbohydrate	  
building	  blocks	  can	  differ	  only	  by	  the	  stereochemistry	  of	  a	  
carbon	   atom.	   Other	   key	   isomeric	   features	   making	  
structural	   elucidation	   by	   MS	   difficult	   include	   (i)	   the	  
regiochemistry	   of	   the	   glycosidic	   bond	   linking	   two	  
carbohydrate	  moieties;	  (ii)	  the	  anomer	  stereochemistry	  (α	  

or	  β);	  (iii)	  possible	  epimerization;	  (iv)	  the	  structure	  of	  the	  
monomeric	   ring	   (v)	   the	   identification	   of	   the	   position	   of	  
commonly	  observed	  modifications	  such	  as	  sulfation.	  
The	   elucidation	   of	   sulfate	   patterns	   is	   regarded	   as	   a	  

major	   challenge	   in	   carbohydrate	   analysis,	   and	   in	  
particular	  in	  the	  case	  of	  glycosaminoglycans	  (GAGs).	  This	  
major	  class	  of	  bioactive	  sulfated	  carbohydrates	  illustrates	  
the	  biological	  significance	  of	  sulfation,	  for	  example	  in	  the	  
case	  of	  the	  fine	  tuning	  of	  the	  protein	  binding	  properties	  of	  
heparin	  (Hp)/heparan	  sulfate	  (HS).3	  On	  the	  one	  hand,	  the	  
3-‐O-‐sulfation	   site	   was	   found	   to	   be	   crucial	   for	   the	   blood	  
anticoagulant	  activity	  of	  heparin4	  and	  on	  the	  other	  hand,	  
the	  more	  common	  6-‐O-‐sulfation	  pattern	  on	  HS	  was	  found	  
to	  be	  responsible	  for	  controlling	  cell	  proliferation.5,6	  
In	  this	  context,	  continuous	  efforts	  are	  made	  to	  develop	  

MS	   strategies	   for	   obtaining	   structural	   information	   on	  
carbohydrate	   structures,	   usually	   involving	  
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chromatographic	  or	  electrophoretic	  separation	  associated	  
or	  not	  with	  chemical	  derivation,	  gas	  phase	  reactivity	  with	  
metals,	   ion	   mobility	   spectrometry,	   or	   fragmentation	  
modes	  alternative	  to	  collision	  induced	  dissociation	  (CID),	  
such	   as	   electron	   detachment	   dissociation	   (EDD)	   and	  
InfraRed	   Multiple	   Photon	   Dissociation	   (IRMPD).7–14	   On	  
the	   other	   hand,	   spectroscopic	   approaches	   provide	   direct	  
and	   refined	   structural	   information	   but	   are	   generally	  
technically	  incompatible	  with	  mass	  spectrometry.	  IRMPD	  
spectroscopy	   combines	   the	   advantages	   of	   MS	   and	  
spectroscopy,	  as	   the	  mass	  and	  the	  IR	   fingerprint	  of	  mass	  
selected	   ions	   are	   recorded	   simultaneously.	   Since	   the	  
seminal	  paper	  of	  Ohanessian	  et	  al,	  15	  IRMPD	  spectroscopy	  
has	   become	   a	   key	   physical	   chemistry	   approach	   for	   the	  
conformational	   analysis	   of	   biomolecules.	  However	   it	   has	  
never	   been	   established	   as	   an	   hyphenated	   MS	   analytical	  
tool	   despite	   its	   evident	   potential	   for	   the	   disambiguation	  
of	  isomers.	  Following	  the	  pioneer	  work	  of	  John	  Simons	  on	  
the	  gas	  phase	   IR	  spectroscopy	  of	   sugars16	   and	  our	  earlier	  
report	   of	   the	   first	   application	   of	   IRMPD	   for	   the	  
disambiguation	   of	   isobaric	   sulfated	   and	   phosphated	  
saccharides,17	   we	   propose	   the	   first	   exploration	   of	  
positional	  isomers	  of	  sulfated	  carbohydrates.	  	  
In	   the	   first	   section	   of	   this	   article,	   we	   report	   the	  

structure	  of	  protonated	  glucosamine	  3-‐S	  and	  glucosamine	  
6-‐S,	  supported	  by	  theory,	  then	  we	  show	  that	  these	  species	  
display	  diagnostic	  IRMPD	  signatures	  in	  their	  native	  state,	  
i.e.	   deprotonated.	   In	   the	   second	   section,	   we	   aim	   at	  
exploiting	   the	   analytical	   potential	   of	   a	   frugal	   IRMPD	  
approach	  to	  discriminate	  sulfated	  isomers	  of	  two	  pairs	  of	  
disaccharides	   of	   biological	   interest,	   namely	   heparan	  
sulfate	  and	  chondroitin	  sulfate.	  
	  	  
RESULTS	  AND	  DISCUSSION	  
Spectroscopic	   diagnostic	   of	   positional	   isomers	   of	  

sulfated	  monosaccharides	  
As	  a	  proof	  of	  principle	  of	  the	  resolving	  power	  of	  IRMPD	  

spectroscopy,	   we	   present	   the	   diagnostic	   signatures	   of	  
glucosamine	  3-‐S	  and	  6-‐S	  in	  their	  protonated	  charge	  state;	  
followed	   by	   a	   generic	   IRMPD	   analysis,	   that	   is	   a	   full	  
conformational	   investigation	   supported	   by	   quantum	  
chemistry.	  
The	   IRMPD	   signatures	   of	   the	   pair	   of	   isomers	  

glucosamine	  6-‐sulfate	  and	  3-‐sulfate	  measured	  at	   the	   free	  
electron	   laser	   facility	   FELIX	   (800-‐1700	   cm-‐1)	   and	   using	   a	  
tabletop	  IR	  system	  (2700-‐3700	  cm-‐1)	  are	  reported	  in	  Figure	  
1.	   They	   are	   clearly	   distinct	   in	   both	   the	   long	   and	   short	  
wavelength	   spectral	   ranges	   and	   allow	   for	   facile	  
differentiation	   between	   the	   two	   isomers.	   To	   further	  
exploit	   these	   IRMPD	   patterns	   in	   terms	   of	   molecular	  
conformation	   and	   to	   assign	   spectral	   features	   to	   specific	  
molecular	   vibration,	   a	   thorough	   conformational	   search	  
followed	   by	   DFT	   simulation	   of	   the	   frequencies	   at	   the	  
CAMB3LYP/6-‐311++G(2df,2pd)	   level	   was	   carried	   out.	  
Around	  200	  conformers	  were	  obtained	  for	  each	  anomer	  of	  
glucosamine	   3-‐sulfate,	   including	   19	   conformers	   of	   the	   α	  

anomer	  and	  17	  conformers	  of	  β	  anomer	  below	  25	  kJ/mol.	  
These	   are	   further	   classified	   in	   three	   types	   of	   stable	   ring	  
conformations:	   4C1	   chair,	   1S3	   skew	   and	   1C4	   chair.	   These	  
conformations	   are	   characterized	   by	   a	   H-‐bond	   between	  
one	   of	   the	   protons	   of	   the	   amine	   group	   and	   one	   oxygen	  
atom	  of	  the	  sulfate	  moiety.	  For	  both	  anomers,	  the	  lowest	  
energy	   structure	   is	   a	   4C1	   chair	   stabilized	   by	   a	   H-‐bond	  
between	  OH(4)	  and	  OH(6).	  Other	  4C1	  chairs	  are	  observed	  
at	   higher	   energies	   with	   small	   variations	   in	   OH	  
interactions.	  The	  1S3	  conformation	  stabilized	  by	  a	  H-‐bond	  
between	   OH(1)	   and	   OH(6)	   is	   only	   present	   for	   the	   β	  
anomer,	   and	   the	   third	   ring	   conformation,	   the	   1C4	   chair,	  
does	  not	  show	  any	  OH	  interactions	  for	  the	  α	  anomer;	  the	  
β	   anomer	   in	   this	   conformation	   lies	   at	   relative	   energies	  
higher	   than	   25	   kJ/mol.	   The	   vibrational	   spectra	   for	   these	  
conformations	   are	   then	   computed	   in	   the	   harmonic	  
approximation	   and	   compared	   to	   the	   experimental	  
spectrum	   in	  Figure	  SI1.	  The	  best	  match	   is	  obtained	   for	  a	  
combination	   of	   the	   two	   anomeric	   configurations	   of	   the	  
lowest	   energy	   conformation:	   a	   4C1	   chair.	   The	  
conformational	   analysis	   of	   glucosamine	   6-‐sulfate	   was	  
previousy	   reported.	   18,19	   It	   was	   found	   that	   it	   adopts	   the	  
same	   4C1	   chair	   ring	   conformation.	   The	   differences	  
between	   the	   two	   IRMPD	   spectra	   thus	   originate	   solely	  
from	  the	  different	  positions	  of	   the	   sulfate	  group	  and	   the	  
induced	  differences	  in	  intra-‐molecular	  hydrogen	  bonding.	  
Once	   the	   stable	   conformation	   is	   established,	   the	  

spectra	   can	   be	   interpreted	   in	   terms	   of	   molecular	  
vibration:	   the	   carbohydrate	   OH	   stretches	   between	   3500	  
and	   3680	   cm-‐1,	   a	   distinctive	   NH3

+	   pattern	   between	   3100	  
and	   3400	   cm-‐1	   and	   four	   diagnostic	  modes	   of	   the	   neutral	  
sulfate	   moiety:	   the	   (S)OH	   stretch,	   the	   asymmetric	   SO2	  
stretch,	  the	  symmetric	  SO2	  stretch	  and	  the	  SO(H)	  stretch,	  
which	   range	   from	   800	   to	   3600	   cm-‐1.	   Their	   experimental	  
frequencies	  are	  reported	  in	  Figure	  1	  and	  diagnostic	  bands	  
are	   highlighted	   in	   contrasting	   color.	   In	   the	   FEL	   region,	  
the	   pattern	   of	   sulfate	   vibrational	   bands	   appears	   as	   a	  
distinctive	   diagnostic	   of	   the	   positional	   isomers,	   with	  
frequency	   shifts	   ranging	   from	   -‐47	   to	   +21	   between	  
protonated	   glucosamine	   3-‐sulfate	   and	   6-‐sulfate.	   In	   the	  
high	  energy	  range,	  indirectly,	  the	  pattern	  of	  carbohydrate	  
OH	  stretching	  bands	  is	  also	  a	  straightforward	  signature	  of	  
the	   sulfate	   position:	   the	   functionalization	   of	  O3	   and	  O6	  
results	  in	  the	  disappearance	  of	  the	  OH(3)	  stretch	  at	  3600	  
cm-‐1	   and	   the	  OH(6)	   stretch	   at	   3666	   cm-‐1,	   respectively	   (a	  
detailed	  mode	  analysis	  is	  shown	  in	  Figures	  SI2	  and	  SI3	  of	  
the	  Supporting	  Information).	  
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Figure	  1:	  IRMPD	  spectra	  of	  protonated	  glucosamine	  6-‐sulfate	  (grey:	  [GlcN6S	  +	  H]+	  )	  and	  3-‐sulfate	  (cyan:	  [GlcN3S	  +	  H]+)	  in	  the	  
800-‐1700	  cm-‐1	  and	  2800-‐3700	  cm-‐1	  spectral	  ranges	  and	  table	  of	  experimental	  IR	  frequencies	  for	  protonated	  glucosamine	  3-‐sulfate	  
and	  6-‐sulfate.	  

Sulfated	   biomolecules	   however,	   are	   generally	  
deprotonated	   in	   their	   native	   state.	   Although	   IRMPD	  
spectroscopy	  of	  deprotonated	  ions	  can	  be	  done	  using	  the	  
high	  fluence	  available	  at	  free	  electron	  laser	  facilities,19–22	  it	  
is	   notoriously	   difficult	   to	   achieve	   with	   a	   tabletop	   IR	  
system.23–25	   This	   is	   regarded	   as	   a	  major	   limitation	   of	   the	  
IRMPD	   technique	  and	  constitute	   a	   severe	  obstacle	   to	   its	  
rise	   as	   a	   routine	   analytical	   tool.	  The	  performance	  of	   our	  
IRMPD	  setup	  were	  enhanced	  by	  tignthening	  the	  focus	  of	  
the	   laser	   beam	   (15	   cm	   focus).	   This	   allowed	   to	   overcome	  
this	   limitation	   and	   to	   perform	   systematic	   analysis	   of	  
deprotonated	  ions,	  not	  only	  using	  a	  FEL,	  but	  also	  using	  a	  
compact	  setup.	  
Surprisingly,	   the	   FEL	   spectral	   range	   does	   not	   appear	  

particularly	   informative	   in	   this	   study.	   Indeed,	   the	  
spectrum	   of	   deprotonated	   glucosamine	   6-‐sulfate	   in	   the	  
800-‐1700	   cm-‐1	   spectral	   range	   shown	   in	   Figure	   2	   is	  
remarkably	  similar	  to	  this	  of	  other	  deprotonated	  sulfated	  
compounds	   such	  as	   fucose	  3-‐sulfate	   (shown	   in	  Fig.	   2)	  or	  
even	  sulfoserine	  (from	  ref	  25)	  They	  essentially	  display	  two	  
doublets	  of	  bands,	  one	  centered	  around	  1025	  cm-‐1	  and	  the	  
other	   around	   1250	   cm-‐1.	  Hence,	   the	   infrared	   signature	   in	  
the	   800-‐1700	   cm-‐1	   spectral	   range	   does	   not	   offer	   a	   clear	  
signature	   of	   sulfated	   compounds.	   A	   theoretical	  
exploration	   of	   the	   IRMPD	   signature	   of	   anionic	   sulfated	  
compounds	   in	   the	   FEL	   range	   is	   shown	   in	   Fig.	   SI4.	   It	  
reveals	  that	  these	  features	  correspond	  to	  the	  a	  pattern	  of	  
sulfate	   modes,	   which	   is	   poorly	   isomer	   or	   conformer	  
dependent.	  
In	   contrast,	   the	   spectra	   of	   anionic	   glucosamine	   6-‐

sulfate	   and	   3-‐sulfate	   recorded	   in	   the	   2700-‐3700	   cm-‐1	  

spectral	  range,	  displayed	  in	  figure	  2	  (rignt	  panel),	  show	  a	  
number	   of	   distinctive	   features.	   In	   the	   OH	   stretching	  
range,	   resolved	   features	   are	   observed	   at	   3576	   and	   3495	  
cm-‐1,	  for	  glucosamine	  6-‐sulfate	  and	  3-‐sulfate,	  respectively.	  
A	   broad	   active	   region	   corresponding	   to	   unresolved	   H-‐
bonded	   OH	   stretch	   bands	   is	   observed	   with	   maximal	  
absorption	   at	   3200	   and	   3305	   cm-‐1,	   respectively,	   likely	  
convoluted	  with	  NH2	  stretch	  modes	  expected	  in	  the	  same	  
region.	  The	  CH	  stretch	  patterns	  are	  both	  centered	  around	  
2900	   cm-‐1.	   Thus,	   in	   absence	   of	   diagnostic	   in	   the	   low	  
frequency	   range,	   the	   high	   frequency	   range	   offers	   an	  
excellent	   alternative	   for	   the	   identification	   of	   the	   sulfate	  
position.	   A	   conformational	   search	   followed	   by	   DFT	  
simulation	   of	   the	   frequencies	   at	   the	   CAMB3LYP/6-‐
311++G(2df,2pd)	   level	   was	   carried	   out.	   The	   calculated	  
spectrum	   obtained	   for	   the	   lowest	   energy	   conformer	   og	  
GlcN6S,	  a	  4C1	  chair,	  	  is	  shown	  in	  SI5	  (GlcN3S	  in	  SI6).	  The	  
main	   groups	   of	   features,	   namely	   the	   free	   and/or	   weakly	  
H-‐bonded	  OH	  groups	  (OH1	  and	  OH3)	  at	  high	  energy,	  the	  
NH	  modes	  around	  3400	  cm-‐1,	  and	  the	  strongly	  H-‐bonded	  
OH4	  group	  around	  3200	  cm-‐1	  reasonably	  match	  the	  main	  
features	   observed	   in	   the	   experimental	   spectrum.	   It	   is	  
noteworthy,	   however,	   that	   based	   on	   our	   experience	   of	  
IRMPD	   spectroscopy	  of	   positively	   charged	   species,	   these	  
spectra	   of	   anionic	   species	   are	   very	   atypical.	   Indeed	   only	  
four	  OH	  modes	   and	   two	  NH	  modes	   are	   responsible	   for	  
the	   broad	   feature	   between	   3000	   and	   3600	   cm-‐1	   and	   it	   is	  
very	  surprising	  that	  they	  are	  not	  better	  resolved.	  Further	  
studies	   of	   anionic	   species	   in	   this	   spectral	   range	   will	   be	  
essential	   to	   build	   new	   chemical	   intuition	   and	   better	  
interpret	  these	  atypical	  patterns.	  
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Figure	  2.	  Left:	  IRMPD	  spectra	  of	  deprotonated	  glucosamine	  6-‐sulfate	  (grey:	  [GlcN6S	  -‐	  H]-‐)	  and	  fucose	  3-‐sulfate	  (green:	  [Fuc3S	  -‐	  
H]-‐)	  in	  the	  800-‐1700	  cm-‐1	  spectral	  range.	  Table	  of	  IR	  frequencies	  observed	  in	  the	  800-‐1700	  cm-‐1	  spectral	  range.	  Right:	  IRMPD	  
spectra	  of	  deprotonated	  glucosamine	  6-‐sulfate	  (grey:	  [GlcN6S	  -‐	  H]-‐)	  and	  glucosamine	  3-‐sulfate	  (cyan:	  [GlcN3S	  -‐	  H]-‐)	  in	  the	  2700-‐
3700	  cm-‐1	  spectral	  range.	  

Application	   to	   the	   analysis	   of	   sulfate	   patterns	   in	  
glycosaminoglycan	  fragments	  	  
The	   high	   sensitivity	   of	   IRMPD	   spectroscopy	   for	  

distinguishing	   positional	   isomers	   of	   sulfated	  
monosaccharides	   appears	   promising	   for	   studying	   more	  
complex	   sulfated	   carbohydrates	   like	   GAGs.	   They	   are	  
expressed	   at	   the	   surface	   of	  mammalian	   cells	   and	   in	   the	  
extracellular	   matrix	   (e.g.	   heparan	   sulfate	   (HS)	   and	  
chondroitin	  sulfate	  (CS))	  and	  are	  involved	  in	  a	  wide	  range	  
of	  biological	  processes	  such	  as	  signaling,26	  development,27	  
inflammation,28cancer,29,30	   and	   coagulation.31	   One	   of	   the	  
key	   questions	   in	   the	   understanding	   of	   the	   biological	  
activity	   of	   GAGs	   is	   the	   identification	   of	   the	   sulfate	  
position.	   They	   appear	   naturally	   as	   deprotonated	  
biomolecules,	   therefore,	   the	   capacity	   of	   our	   technic	   to	  
record	   IRMPD	   spectra	   of	   deprotonated	   species	   is	  
particularly	   relevant.	   Four	   GAG-‐derived	   isomeric	   Δ-‐
unsaturated	  monosulfated	   disaccharide	   are	   compared	   in	  
this	  study	  and	  shown	  in	  the	  scheme	  in	  fig.	  3:	  two	  derived	  
from	   heparin	   ΔUA(2S)-[1→4]-‐GlcNAc	   (1,	  Hp	   III-‐A)	   and	  
ΔUA-[1→4]-‐GlcNAc(6S)	   (2,	   Hp	   II-‐A)	   and	   two	   derived	  
from	  chondroitin	  sulfate	  ΔUA-‐[1→3]-‐GalNAc-‐4S	  (3,	  CS-‐A)	  
and	  ΔUA-‐[1→3]-‐GalNAc-‐6S	  (4,	  CS-‐C).	  
The	   two	   heparin	   monosulfated	   disaccharides	   Hp	   II-‐A	  

and	   Hp	   III-‐A	   are	   characterized	   by	   sulfation	   on	   the	   N-‐
acetyl	   glucosamine	   or	   on	   the	   unsaturated	   uronic	   acid,	  
respectively.	   Their	   IRMPD	   spectra	   in	   the	   negative	   ion	  
mode	   between	   550-‐1850	   cm-‐1	   and	   2700-‐3700	   cm-‐1	   are	  
shown	  in	  Figure	  3.	  
In	   the	   low	   frequency	   range,	  both	   spectra	  display	  quite	  

distinct	   patterns	   in	   contrast	   to	   the	   monosaccharides	  
discussed	   above.	   The	   IRMPD	   spectrum	   of	   Hp	   II-‐A	  
displays	  three	  of	  the	  deprotonated	  sulfate	  specific	  modes	  
observed	   also	   in	   the	   spectra	   of	   the	  monosaccharides:	   at	  
1280	  (free	  S=O	  stretch),	  1180	  (H-‐bonded	  S=O	  stretch)	  and	  
1030	   cm-‐1	   (SO3	   sym).	   The	   intense	   C-‐O	   stretch	   observed	  
around	   1060	   cm-‐1	   in	   monosaccharides	   is	   not	   observed	  
here.	  For	  the	  IRMPD	  spectrum	  of	  Hp	  III-‐A,	  the	  pattern	  is	  

different	   from	   the	   sulfated	   monosaccharide	   reference.	  
The	  band	  at	  1033	  cm-‐1	  is	  similar	  to	  that	  in	  the	  spectrum	  of	  
Hp	   II-‐A,	   but	   the	   bands	   at	   1323	   cm-‐1	   and	   1230	   cm-‐1	   are	  
shifted	  to	  higher	  frequencies	  by	  50	  cm-‐1.	  
For	   both	   isomers,	   the	   absence	   of	   the	   characteristic	  

neutral	  sulfate	  modes	  around	  900	  and	  1450	  cm-‐1,	  indicates	  
deprotonation	   of	   the	   sulfate	   group,	   in	   agreement	   with	  
chemical	   intuition.	   Additionally	   carboxylate	   function	  
would	  show	  a	  diagnostic	  mode	  near	  1630	  cm-‐1	   32	  which	  is	  
not	  observed	  here.	  This	  confirms	  the	  deprotonation	  of	  the	  
sulfate	  group.	  
In	  the	  high	  frequency	  range,	  IRMPD	  spectra	  of	  Hp	  II-‐A	  

and	   Hp	   III-‐A	   display	   the	   typical	   features	   of	   negatively	  
charged	   sulfated	   saccharides	   as	   established	   above	   for	  
sulfated	   monosaccharides,	   that	   is:	   a	   CH-‐stretch	  
absorption	   pattern	   around	   2900	   cm-‐1,	   and	   a	   broad	   and	  
unresolved	  region	  at	  higher	  energy.	  They	  also	  display	  two	  
partially	  resolved	  bands	  at	  3510	  and	  3586	  cm-‐1.	  The	  overall	  
shape	   is	   distinctive	   of	   the	   isomer:	   Hp	   III-‐A	   shows	   a	  
dominant	   feature	   between	   3300	   and	   3500	   cm-‐1	   and	   a	  
single	   feature	   at	   2940	  cm-‐1.	   In	   contrast,	  Hp	   II-‐A	   shows	  a	  
broad	  active	   region	  between	  3100	  and	  3500	  cm-‐1	  and	  two	  
C-‐H	  features	  at	  2916	  and	  2944	  cm-‐1.	  IR	  activity	  at	  2915	  and	  
3200	  cm-‐1	  is	  thus	  specific	  of	  Hp	  II-‐A.	  	  
The	   IRMPD	   signatures	   in	   the	   low	   and	   the	   high	  

frequency	  range	  appear	  diagnostic	  of	  the	  sulfate	  position	  
in	  these	  oligosaccharides.	  
The	   case	   of	   unsaturated	   disaccharides	   derived	   from	  

chondroitin	   sulfate	   is	   a	   more	   difficult	   challenge	   as	   they	  
possess	   two	   very	   close	   sites	   of	   sulfation	   on	   the	  N-‐acetyl	  
galactosamine	   that	   is	   O6	   and	   O4.	   These	   two	  
disaccharides	   derived	   from	   CS	   possess	   notoriously	  
ambiguous	   MS/MS	   signatures	   with	   variable	   ratios	   of	   Z	  
and	  Y	  ions	  depending	  on	  the	  experimental	  conditions,33–35	  
it	  is	  hence	  challenging	  to	  identify	  them	  by	  MS/MS.	  
Samples	  of	  CS-‐A	  and	  CS-‐C	  are	  studied	  and	  their	  IRMPD	  

spectra	  in	  the	  high	  frequency	  range	  are	  shown	  in	  Figure	  3.	  
They	  display	  a	  similar	  pattern	  over	  the	  whole	  range,	  with	  
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CH	   features	   around	   2930	   cm-‐1	   and	   a	   broad	   unresolved	  
active	   region	   between	   3100	   and	   3550	   cm-‐1.	  
	  

Figure	  3.	  Scheme:	  Δ-‐unsaturated	  disaccharides	  derived	  from	  HS	  (left)	  and	  CS	  (right).	  A&B:	  IRMPD	  spectra	  of	  deprotonated	  Hp	  
II-‐A	  (red:	  [Hp	  II-‐A	  -‐	  H]-‐)	  and	  Hp	  III-‐A	  (black:	  [Hp	  III-‐A	  -‐	  H]-‐)	  in	  the	  550-‐1850	  cm-‐1	  and	  the	  2700-‐3700	  cm-‐1	  spectral	  ranges.	  Right	  
panels:	  IRMPD	  spectra	  of	  CS-‐A	  (red)	  and	  CS-‐C	  (blue)	  in	  different	  charge	  states.	  C:	  singly	  deprotonated	  [CS-‐A	  -‐	  H]-‐	  and	  [CS-‐C	  -‐	  
H]-‐.	  D:	  doubly	  deprotonated	  [CS-‐A	  -‐	  2H]2-‐	  and	  [CS-‐C	  -‐	  2H]2-‐.	  E:	  NH4+	  cationic	  complexes	  [CS-‐A	  +	  NH4]

+	  and	  [CS-‐C	  –	  NH4]
+

	  

Nonetheless,	   the	   IRMPD	  spectrum	  of	  CS-‐A	   shows	   two	  
bands	  in	  the	  CH	  region	  at	  2954	  and	  2902	  cm-‐1	  and	  a	  broad	  
active	   region	   with	   a	   maximum	   absorption	   at	   3405	   cm-‐1	  
(HWHM=	  218	  cm-‐1),	  whereas	  the	  IRMPD	  signature	  of	  the	  
CS-‐C	   displays	   a	   unique	   band	   in	   the	   CH	   region	   around	  
2930	   cm-‐1	   and	   a	   maximum	   absorption	   at	   3370	   cm-‐1	  
(HWHM=	  140	  cm-‐1)	  in	  the	  broad	  unresolved	  active	  region.	  
Additionally,	   the	   IRMPD	   spectra	   of	   unsaturated	  

disaccharides	   derived	   from	   Hp	   are	   distinct	   from	   their	  
isomers	  derived	  from	  CS.	  Hp	  show	  more	  structure	  with	  a	  
partially	   resolved	  band	   at	   3510	   cm-‐1	  which	   is	  not	  present	  
for	   CSs.	   This	   exploration	   of	   GAG	   fragments	   is	   thus	  
promising	   for	   GAG	   structural	   analysis.	   The	   mid-‐IR	  
spectral	   range	   accessible	   with	   FELs	   offers	   a	   wealth	   of	  
diagnostic	  features	  for	  Hp	  II-‐A	  and	  Hp	  III-‐A,	  but	  requires	  
the	   FEL	   infrastructure	   which	   makes	   it	   impraticable	   for	  
routine	  analysis.	  Instead,	  the	  high-‐energy	  range	  accessible	  
with	  a	  table	  top	  laser	  system	  offers	  a	  relevant	  alternative	  
for	   routine	   analysis:	   Using	   a	   compact	   IRMPD	   setup,	   we	  
have	   been	   able	   to	   discriminate	   two	   Hp	   and	   two	   CS	  
isomeric	  fragments.	  
The	  IRMPD	  signatures	  of	  CS	  fragments	  discussed	  above	  

were	  recorded	  in	  their	  natural	  charge	  state.	  For	  analytical	  
perspectives,	   it	   might	   be	   interesting	   to	   explore	   the	  
spectroscopic	   resolving	  power	  of	  other	  charge	  states	  and	  
counter	   ions	   accessible	   in	   MS.	   As	   an	   example	   doubly	  

deprotonated	   and	  NH4
+	   adduct	   are	   shown	   in	   fig	   3.	   Both	  

spectra	   of	   doubly	   deprotonated	   species	   display	   similar	  
features	   with	   a	   CH	   stretching	   region	   between	   2800	   and	  
3000	  cm-‐1	  and	  a	  broad	  active	  region	  in	  the	  3100-‐3500	  cm-‐1	  
spectral	   range.	   Nonetheless	   the	   IRMPD	   spectrum	   of	  
doubly	   deprotonated	   CS-‐C	   shows	   a	   specific	   absorption	  
band	   at	   3562	   cm-‐1.	   In	   the	   case	   of	   NH4

+	   adduct,	   the	   two	  
IRMPD	   spectra	   show	  more	   structure:	   a	   large	   unresolved	  
region	   between	   2800	   and	   3320	   cm-‐1	   and	   two	   resolved	  
bands	   observed	   at	   3388	   and	   3455	   cm-‐1.	   Remarkably	   the	  
OH	   stretching	   range	   becomes	   highly	   diagnostic:	   the	  
IRMPD	   spectrum	   of	   CS-‐A	   display	   four	   intense	   bands	   at	  
3576,	   3618,	   3642	   and	   3660	   cm-‐1	   whereas	   in	   the	   IRMPD	  
spectrum	  of	  CS-‐C,	  only	  two	  intense	  bands	  are	  observed	  at	  
3574,	  3641	  cm-‐1.	  
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CONCLUSION	  
We	   have	   used	   a	   combination	   of	   gas	   phase	   IRMPD	  

spectroscopy	   with	   mass	   spectrometry	   to	   address	   the	  
differentiation	   of	   positional	   isomers	   of	   sulfated	  
carbohydrates	   on	   monosaccharide	   standards	   and	   GAG	  
disaccharides.	  The	  structure	  of	  protonated	  glucosamine	  3-‐
sulfate	  and	  glucosamine	  6-‐sulfate	  could	  both	  be	  assigned	  
to	  a	   4C1	   chair	   conformation	  using	  DFT	  calculations.	  DFT	  
simulation	  demonstrates	   that	   the	   features	  of	   the	   IRMPD	  
spectrum	   clearly	   depend	   on	   the	   sulfate	   position.	  
Differentiation	   of	   the	   biologically	   more	   relevant	  
deprotonated	   compounds	   is	   more	   challenging	   as	  
compared	  to	  protonated	  compounds.	  Indeed,	  we	  showed	  
that	   the	   IRMPD	   signature	   of	   sulfated	   sugars	   in	   the	   FEL	  
region	   is	   ambiguous	   and	   glucosamine	   3-‐sulfate	   and	  
glucosamine	  6-‐sulfate	  could	  only	  be	  resolved	  in	  the	  OPO	  
region.	  Moreover	  the	  DFT	  simulation	  of	  the	  IR	  spectrum	  
of	   deprotonated	   carbohydrates	   appears	   as	   a	   new	  
challenge	  for	  theoretical	  modelling.	  
Our	  exploration	  of	  anionic	  GAG	  fragments	  validates	  the	  

potential	   of	   the	   spectroscopic	   approach	   to	   resolve	  
isomeric	   disaccharides	   derived	   from	   the	   two	   GAG	  
polysaccharides	  heparin	  and	  chondroitin	  sulfate.	  We	  have	  
demonstrated	   that	   the	   resolving	   power	   of	   the	  
spectroscopic	   signature	   can	   be	   enhanced	   by	   tuning	   the	  
charge	   state	   of	   the	   analyte.	   The	   added	   value	   of	   the	  
spectroscopic	   approach	   will	   be	   particularly	   useful	   when	  
other	   MS-‐based	   analytical	   methods	   fail	   to	   resolve	  
isomeric	  structures.	  
METHODS	  
Samples	  
Samples	   of	   glucosamine	   6-‐sulfate	   and	   3-‐sulfate	   were	  

obtained	   from	  Sigma	  Aldrich.	   Fucose	   3-‐sulfate	  was	   from	  
Grampian	   Enzymes	   (UK),	   heparin	   disaccharides	  Hp	   II-‐A	  
and	   Hp	   III-‐A	   were	   purchased	   from	   Dextra	   Laboratories	  
(UK)	  and	  and	  chondroitin	  sulfate	  disaccharides	  CS-‐A	  and	  
CS-‐C	  were	  obtained	  from	  Iduron	  (UK).	  
MS	  and	  IRMPD	  experiments	  
Solutions	   were	   prepared	   for	   mass	   spectrometry	   at	   a	  

concentration	  of	  250	  µM	  in	  water/methanol	  solution	  (1:1).	  
0.1%	   of	   acetic	   acid	   was	   added	   to	   optimize	   ion	   signal	   in	  
direct	  infusion.	  
IRMPD	   spectra	   of	   mass-‐selected	   ions	   were	   obtained	  

using	   a	   modified	   ion	   trap	   mass	   spectrometer	   with	   an	  
electrospray	  source	  from	  Thermo	  Finnigan	  (LCQ	  classic).	  
Modifications	  allow	  the	  injection	  of	  a	  focused	  laser	  beam	  
into	  the	  mass	  analyzer	  in	  order	  to	  irradiate	  the	  ion	  cloud,	  
as	   described	   in	   our	   previous	   paper.17	   An	   IRMPD	  
spectroscopic	   scheme	   is	   used	   (InfraRed	  Multiple	   Photon	  
Dissociation).	   IRMPD	   spectra	   were	   measured	   in	   two	  
different	  regions,	  the	  3	  µm	  region	  (2700-‐3700	  cm-‐1)	  with	  a	  
YAG-‐pumped	   tunable	   IR	   optical	   parametric	  
oscillator/amplifier(OPO/A)	   (LaserVision)	   and	   the	  
fingerprint	   region	   (550-‐1850	   cm-‐1)	   with	   the	   beamline	   of	  
the	   Free	   Electron	   Laser	   for	   Infrared	   eXperiments	  

(FELIX).36	   Mass-‐selected	   ions	   were	   fragmented	   upon	  
resonant	   IR	  excitation	  and	   the	  photofragmentation	  yield	  
was	   plotted	   as	   a	   function	   of	   the	   wavenumber	   to	   obtain	  
IRMPD	   spectra.	   Each	   experiment	   was	   performed	   at	   a	  
repetition	  rate	  of	  10	  Hz	  and	  averaged	  3	  times	  with	  typical	  
irradiation	   times	   of	   400	   ms	   and	   700	   ms	   for	   FELIX	   and	  
OPO	  experiments,	  respectively.	  
Theoretical	  methods	  
A	   conformational	   search	   was	   achieved	   using	   PM737	   in	  

the	  same	  way	  as	  in	  our	  previous	  paper,17	  and	  optimization	  
of	   the	   geometries	   and	   harmonic	   frequencies	   were	  
computed	  using	  Gaussian09.38	  Density	  Functional	  Theory	  
at	   the	   CAMB3LYP39	   level	   of	   theory	   with	   the	   6-‐
311++G(2df,2pd)40,41	   basis	   set	   was	   chosen	   to	   take	   in	  
account	   the	  difficulties	   to	  simulate	  vibrational	  spectra	  of	  
sulfated	  species.18	  
The	  mode	  analysis	  was	  performed	  using	  Gabedit42	  and	  

an	   empirical	   scaling	   factor	   of	   0.947	   was	   used	   to	   correct	  
the	   frequency	  of	   stretching	  modes	   in	   the	  2700-‐3700	  cm-‐1	  
spectral	  range.	  
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