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1.	  Influenza	  

Influenza	   is	   a	   serious	   respiratory	   illness,	   which	   can	   be	   debiliting	   and	   cause	  

complications	  that	  lead	  to	  hospitalisation	  and	  death.	  

The	   global	   burden	   of	   influenza	   epidemics,	   every	   year	   is	   believed	   to	   be	   3-‐5	  

million	   cases	   of	   severe	   illness	   and	   300000-‐500000	   deaths.	   Pandemics,	   in	  

contrast	   to	  epidemics,	  are	   rare	  events	   that	  occur	  every	   ten	   to	   fifty	  years,	  and	  

their	  mortality	  impact	  ranges	  from	  devasting	  to	  moderate	  or	  mild.[2]	  

Human	  influenza	  viruses	  belong	  to	  the	  orthomyxovirus	  family,	  which	  consists	  of	  

the	   following	   genera:	   influenza	   A,	   B	   and	   C	   virus,	   but	   only	   A	   and	   B	   viruses	   in	  

humans	  are	  of	  epidemiological	  interest.	  

Influenza	   viruses	   are	   enveloped	   single-‐stranded	   RNA	   viruses	   with	   a	  

pleomorphic	  appearance,	  and	  an	  average	  diameter	  of	  120	  nm.	  

The	  genomes	  of	   the	   influenza	  A	  and	  B	  viruses	  consist	  of	  8	  separate	  segments	  

covered	   by	   the	   nucleocapsid	   protein.	   Togheter	   these	   build	   the	  

ribonucleoprotein	   (RNP),	   each	   segment	   codes	   for	   a	   functionally	   important	  

protein:	  

1. Polymerase	  B2	  protein	  (PB2)	  

2. Polymerase	  B1	  protein	  (PB1)	  

3. Polymerase	  A	  protein	  (PA)	  

4. Haemagglutinin	  (HA	  or	  H)	  

5. Nucleocapsid	  protein	  (NP)	  

6. Neuraminidase	  (NA	  or	  N)	  

7. Matrix	   protein	   (M):	  M1	   constructs	   the	  matrix,	   and	  M2	   acts	   as	   an	  

ion	   channel	   pump	   to	   lower	  or	  maintain	   the	  pH	  of	   the	  endosome,	  

only	  in	  influenza	  A	  virus	  
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8. Non-‐	  structural	  protein	  (NS),	  with	  an	  hypothetical	  function	  

The	   proteins	   NS1	   and	   NS2	   present	   a	   regulatory	   function	   to	   promote	   the	  

synthesis	  of	  viral	  components	  in	  the	  infected	  cell.	  The	  RNA-‐RNA	  polymerase	  is	  

formed	   from	   PB2,	   PB1	   and	   PA,	   and	   it	   is	   responsable	   for	   replication	   and	  

transcriptation.	  It	  has	  an	  endonuclease	  activity	  and	  is	  linked	  to	  the	  RNP.	  

The	  envelope	  of	  the	  virus	  consists	  in	  a	  lipid	  bilayer	  membrane	  which	  originates	  

from	  the	  virus	  producing	  cell	  and	  which	  contains	  prominent	  projections	  formed	  

by	  HA	  and	  NA,	  as	  well	  as	  the	  M2	  protein	  (Fig.	  1).	  The	  matrix	  formed	  by	  the	  M1	  

protein	  is	  covered	  by	  the	  lipid	  layer.	  

	  

	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

Fig.	  1	  Structure	  of	  an	  influenza	  A	  virus.	  
	  
Influenza	  C	  virus	  has	  only	  7	  genome	  segments,	  and	  its	  surface	  carries	  only	  the	  

glycoproteins	  moreover	  it	  has	  a	  low	  pathogenicity	  in	  humans.	  

Heamagglutinin	   (HA)	   is	   a	   glycoprotein	   containing	   either	   two	   or	   three	  

glycosylation	  sites,	  with	  a	  molecular	  weight	  of	  approximately	  76.000.	  The	  role	  

of	  HA	  is	  to	  bind	  the	  sialic	  acid	  (N-‐acetyl-‐neurmainic	  acid,	  or	  Neu5Ac)	  presents	  in	  

the	   host	   cells	   and	   induces	   penetration	   of	   the	   interior	   of	   the	   virus	   particle	   by	  
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membrane	   fusion.	   Heamagglutinin	   is	   the	   main	   influenza	   antigen,	   and	   the	  

antigenics	  sites	  are	  presented	  at	   the	  head	  of	   the	  molecule,	  while	   the	   feet	  are	  

embedded	  in	  the	  lipid	  layer.	  The	  stalk	  region	  and	  the	  fusiogenic	  domain,	  which	  

is	  needed	  for	  membrane	  fusion	  when	  the	  virus	  infects	  new	  cells,	  are	  contained	  

in	  the	  body	  of	  the	  molecule.	  The	  HA	  forms	  trimers	  and	  several	  trimers	  form	  a	  

fusion	  pore.	  

Fig.	  2	  HA	  structure	  
	  

Every	   2-‐8	   years,	   in	   response	   to	   selection	   pressure	   to	   evade	   human	  

immunity[3][4],	   there	   is	   the	  gradual	  evolution	  of	  viral	  strains,	  due	  to	   frequent	  

mutations,	  called	  antigenic	  drift[5].	  The	  antigenic	  drift	  process	  (Fig.	  3)	  is	  subtle,	  

involving	  point	  mutations	  within	  antibody-‐binding	  sites	   in	  the	  HA	  protein,	  and	  

or	  NA	  protein,	  which	  potentially	  occur	  each	  time	  the	  virus	  replicates.	  The	  major	  

part	  of	  these	  mutations	  are	  “neutral”	  as	  they	  do	  not	  affect	  the	  conformation	  of	  

side view  120 Å 

HA head  
(capside external side) 

HA stem 
(internal side) 

20 Å 
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the	  proteins;	  nevertheless,	  some	  mutations	  cause	  changes	  to	  the	  viral	  proteins	  

affecting	   the	  binding	  of	   the	  host	  antibodies	   [6].	  The	  mutations	   that	  cause	   the	  

antigenic	   drift	   are	   the	   molecular	   explanation	   for	   the	   seasonal	   influenza	  

epidemics	  during	  winter	   time	   in	   temperate	  climatic	   zones[7];	   in	   fact	   the	   ‘new	  

infecting	   viruses’	   can	   no	   longer	   be	   inhibited	   effectively	   by	   host	   antibodies	  

raised	   to	   previously	   circulating	   strains,	   allowing	   the	   virus	   to	   spread	   faster	  

among	  the	  population[8].	  	  

Fig.	  3	  Antigenic	  drift	  scheme	  [7]	  
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The	  immune	  response	  is	  the	  basis	  for	  resolving	  the	  infection	  in	  an	  individual.	  

Fig.	  4	  Antigenic	  shift	  scheme	  [7]	  
	  

Antigenic	   shift	   (Fig.	   4),	   also	   called	   reassortment	   or	   genome	   reassortment,	   is	  

only	  seen	  in	  influenza	  A	  viruses[6],	  and	  it	  arises	  when	  the	  HA	  is	  exchanged	  in	  a	  

virus,	   for	   example	   H1	   replaced	   by	   H5	   resulting	   in	   a	   mosaic	   virus	   formation,	  
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which	  have	  never	  been	  present	  in	  human	  circulation	  or	  last	  circulated	  decades	  

before.	  	  

This	  shift	  may	  happen	  when	  a	  cell	  is	  infected	  by	  two	  different	  influenza	  viruses	  

and	  their	  genome	  segments	  are	  exchanged	  during	  replication,	  and	  may	  have	  a	  

significant	  impact	  causing	  pandemics	  or	  worldwide	  epidemics	  [9].	  This	  genome	  

reassortment	   is	   frequently	   seen	   in	  water	  birds,	   especially	  ducks.	  Once	  a	   virus	  

has	   undergone	   antigenic	   shift,	   it	   remains	   susceptible	   to	   antigenic	   drift,	   as	  

happens	  with	  any	   influenza	  virus.	  Moreover,	  all	   currently	  circulating	   influenza	  

viruses	  are	  drift	  variants	  of	  previously	  pandemic	  influenza	  strains.	  

At	   this	   time,	   a	   major	   concern	   is	   the	   possibility	   that	   the	   highly	   pathogenic	  

A/H5N1	  avian	  influenza	  strain	  undergoes	  antigenic	  drift	   in	  such	  a	  manner	  that	  

makes	   human-‐to-‐human	   transmissibility	   possible,	   resulting	   in	   a	   major	  

worldwide	  human	  pandemic.	  	  

Like	   HA,	   neuraminidase	   (NA)	   is	   a	   glycoprotein	   present	   on	   the	   surface	   of	   the	  

virus.	   It	   presents	   a	   tetrameric	   structure	  with	   an	   average	  molecular	  weight	   of	  

220.000.	  NA	  operates	  as	  an	  enzyme,	  and	  its	  role	  is	  to	  cleave	  sialic	  acid	  from	  the	  

HA	  molecule,	  from	  other	  NA	  molecules	  and	  from	  glycoproteins	  and	  glycolipids	  

at	   the	   cell	   surface.	   The	  NA	  molecule	   also	   acts	   as	   an	   important	   antigenic	   site,	  

and	  in	  addition,	  seems	  to	  be	  necessary	  for	  the	  penetration	  of	  the	  virus	  through	  

the	  mucin	  layer	  of	  the	  respiratory	  epithelium.	  Antigenic	  drift	  can	  also	  occur	   in	  

the	  NA[7].	  	  
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1.1	  Replication	  cycle	  

The	   influenza	   virus	   life	   cycle	   can	   be	   divided	   into	   the	   following	   four	  

foundamental	   steps:	   (1)	   attachment	   and	   entry,	   (2)	   fusion	   and	   uncoating,	   (3)	  

transcription	  and	  replication	  and	  (4)	  assembly	  and	  release.	  

Fig.	  5	  Replication	  cycle	  of	  influenza	  A	  virus[10]	  
	  

HA	  is	  a	  homotrimer	  that	  forms	  spikes	  on	  the	  viral	   lipid	  membrane	  (Fig	  5a).	  To	  

initiate	   infection	   and	   replication,	   the	   HA	   protein	   attaches	   to	   the	   host	   cell	  
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receptors,	   containing	   terminal	  α-‐2,6	   linked	  or	  α-‐2,3	   linked	   sialic	   acid	   (Fig.	  5b)	  

[10]–[12].	  

The	  precursor	  of	  HA,	  HA0,	  is	  composed	  by	  two	  subunits,	  linked	  by	  a	  disulphide	  

bond:	   HA1,	   which	   contains	   the	   receptor	   binding	   domain,	   and	   HA2,	   which	  

contains	  the	  fusion	  peptide[13].	  

Two	  major	  linkages	  are	  found	  between	  sialic	  acids	  and	  the	  carbohydrates	  that	  

are	  bound	  to	  glycoproteins:	  α(2,3)	  and	  α(2,6).  

These	   glycans,	   terminated	   by	   α−D-‐N-‐acetyl	   neuraminic	   acid;	   Neu5Ac,	   act	   as	  

receptors	  for	  the	  HA	  molecules,	  and	  the	  binding	  specificity	  of	  the	  viral	  surface	  

HA	   to	   sialylated	   glycan	   receptors	   on	   the	  host	   cell	   surface	   is	   one	  of	   the	  many	  

factors	   that	   govern	   adaptation	   of	   influenza	   to	   the	   human	   host.	   Viruses	   from	  

avian	  and	  equines	  recognize	  the	  α	  (2,3)	  linkages,	  whereas	  viruses	  from	  human	  

recognize	   specifically	   the	   α	  (2,6) linkage,	   even	   if	   humans	   have	   both	   type	   of	  

receptors,	   α	  (2,6)	   in	   the	   upper	   respiratory	   tract	   and	   α	   (2,3)	   in	   the	   lower	  

respiratory	  tract.	  Pigs,	  on	  their	  tracheal	  epithelial	  cells,	  have	  both	  (α	  (2,3)	  and	  α	  

(2,6))	  types	  of	  receptors	  [12].	  This	  explains	  also	  the	  importance	  of	  swine	  being	  

a	  good	  mixing	  vessel	  for	  avian	  and	  human	  influenza	  viruses,	  as	  a	  consequence	  

producing	  dangerous	  pathogenic	  viruses.	  Moreover,	  since	  sialic	  acid-‐presenting	  

carbohydrates	   are	   present	   on	   several	   cells	   of	   the	   organism,	   the	   binding	  

capacity	   of	   the	   HA	   explains	   why	   multiple	   cell	   types	   in	   an	   organism	   may	   be	  

infected[7].	  After	  attachment,	  the	  virus	  enters	  through	  the	  receptor-‐mediated	  

endocytosis	   of	   the	   virus	   particle.	   The	   endocytosis	   formed	   vescicles	   with	   viral	  

particles	  fuse	  to	  endosomes	  in	  the	  cytoplasm,	  and	  during	  this	  step	  a	  low	  pH	  (5)	  

is	  needed.	  The	  low	  pH	  in	  the	  endosome	  triggers	  a	  conformational	  change	  in	  the	  

HA	  protein	  that	  leads	  to	  fusion	  of	  the	  viral	  and	  endosomal	  membranes.	  The	  low	  
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pH	   also	   triggers	   the	   flow	   of	   protons	   into	   the	   virus	   via	   the	   M2	   ion	   channel,	  

thereby	   dissociating	   the	   vRNPs	   (viral	   ribonucleoproteins)	   from	   M1	   matrix	  

proteins.	  The	  vRNPs	  that	  are	  released	  into	  the	  cytoplasm	  are	  transported	  into	  

the	  nucleus	  [14]	  where	  viral	  RNA	  synthesis	  takes	  place	  (Fig.	  5c).	  	  

Viral	   RNAs	   (vRNAs)	   are	   used	   as	   templates	   by	   the	   viral	   RNA	   polymerase,	   and	  

produce	  two	  kinds	  of	  positive-‐strand	  RNAs	  [15].	  Complementary	  RNAs	  (cRNAs)	  

are	  full-‐length	  copies	  of	  the	  vRNAs,	  and	  mRNAs	  are	  capped	  and	  polyadenylated	  

[16].	   The	   addition	   of	   the	   poly	   (A)	   tail	   occurs	   at	   a	   stretch	   of	   uridine	   residues	  

close	  to	  the	  5'	  end	  of	  the	  vRNAs.	  Amplification	  of	  the	  vRNA	  is	  done	  via	  copying	  

of	  the	  full-‐length	  cRNAs	  into	  new	  full-‐length	  vRNA	  molecules	  [17]–[21](Fig.	  5d-‐

5e).	   Therefore,	   the	   viral	   mRNAs	   are	   transported	   from	   the	   nucleus	   into	   the	  

cytoplasm,	  and	   it	   is	   than	  translated	   into	  proteins	   (Fig.	  5f).	  The	  translated	  viral	  

proteins	   that	   are	   needed	   for	   replication	   and	   transcription	   are	   imported	   back	  

into	  the	  nucleus	  again.	  After	  that,	  newly	  synthesized	  RNPs	  are	  exported	  to	  the	  

cytoplasm	   for	   packaging.	   Viral	   HA,	   NA	   and	   M2	   are	   matured	   in	   the	   Golgi	  

apparatus	  and	  collected	  at	  the	  plasma	  membrane,	  where	  with	  the	  help	  of	  M1,	  

the	  production	  of	  viral	  particles	  begins.	  As	  a	  consequence,	  budding	  starts	  and	  

the	  progeny	  virus	   is	   released	   from	  the	  cell	  by	   the	  activity	  of	  NA	  that	  destroys	  

the	   receptors	  of	   the	  host	   and	  viral	  membranes.	   This	   is	  necessary	   for	  progeny	  

virions	   to	   be	   released	   from	   the	   cell	   surface	   (Fig.5g)	   [22][23].	  

1.2	  Influenza	  A	  virus	  

Highly	  pathogenic	  avian	  influenza,	  or,	  as	  it	  was	  originally	  called,	  “fowl	  plague”,	  

was	   initially	   recognised	  as	   an	   infectious	  disease	  of	  birds	   in	   chicken	   in	   Italy,	   in	  

1878;	   but	   only	   after	   1955,	   Schäfer	   characterised	   these	   agents	   as	   influenza	   A	  
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viruses[7].	   In	   the	  natural	   reservoir	  hosts	  of	  avian	   influenza	  viruses,	  wild	  water	  

birds,	  the	  infection	  generally	  runs	  an	  entirely	  asymptomatic	  course	  as	  influenza	  

A	   virus	   biotypes	   of	   low	   pathogenicity	   coexist	   in	   almost	   perfect	   balance	   with	  

these	  hosts[24][25].	  

When	  low	  pathogenic	  avian	  influenza	  virus	  (LPAIV)	  strains	  are	  transmitted	  from	  

avian	  reservoir	  hosts	   to	  higly	  susceptible	  poultry	  species	  such	  as	  chickens	  and	  

turkeys	  (a	  trans-‐species	  transmission	  step),	  only	  mild	  symptoms	  are	  induced	  in	  

general.	   Moreover,	   in	   some	   cases	   the	   poultry	   species	   are	   able	   to	   support	  

several	   infection	   cycles,	   and	   these	   strains	  may	   undergo	   a	   series	   of	   mutation	  

events	   resulting	   in	   adaptation	   to	   their	   new	   hosts.	   Influenza	   A	   viruses	   of	   the	  

subtypes	   H5	   and	   H7	   not	   only	   run	   through	   a	   host	   adaptation	   phase	   but	  may	  

have	   the	   capability	   to	   saltatorily	   switch	  by	   insertional	  mutations	   into	  a	  highly	  

pathogenic	   form	   (highly	   pathogenic	   avian	   influenza	   viruses,	   HPAIV)	   inducing	  

rapidly	  fatal	  disease.	  

HPAI	   in	   poultry	   is	   characterized	   by	   a	   severe	   illness	   of	   a	   short	   duration	   and	   a	  

mortality	  approaching	  virtually	  100%	   in	  vulnerable	  species.	  Before	  1997,	  HPAI	  

was	   fortunally	   a	   rare	   disease,	   with	   only	   24-‐recorded	   outbreacks	   since	   the	  

1950s.	  

Recently,	   avian	   influenza	   acquired	   world-‐wide	   attention,	   when	   a	   highly	  

pathogenic	  strain	  of	  the	  subtypes	  H5N1,	  which	  probabily	  emerged	  before	  1997	  

in	  Southern	  China,	  become	  a	   regularly	  disease	  wich	  affect	  poultry	   throughout	  

South	   East	   Asia	   and	   unexpectedly	   ‘transversed	   interclass	   barriers’[26]	   when	  

transmitted	  from	  birds	  to	  mammals.	  

During	  the	  20th	  century,	  three	  different	  influenza	  pandemics	  occurred	  and	  their	  

mortality	  impact	  ranged	  from	  devasting	  to	  moderate	  and	  mild.	  
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The	   first	   influenza	   pandemic	   of	   the	   20th	   century	   spread	   more	   or	   less	  

simoultaneusly	   in	   different	  waves	   during	   12	  months	   between	   1918	   and	   1919	  

across	   Europe,	   Asia	   and	   North	   America[27].	   It	   was	   the	   worst	   pandemic	   in	  

history,	   which	   killed	   more	   people	   that	   World	   War	   I,	   and	   at	   least	   50	   million	  

people	  died	  [28].	  The	  1918	  pandemic	  was	  caused	  by	  a	  H1N1	  virus	  of	  apparent	  

avian	  origin	  [29],	  whereas	  the	  subsequent	  pandemic	  strains-‐	  H2N2	  in	  1957	  and	  

H3N2	  in	  1968	  were	  reassortant	  viruses	  containing	  genes	  from	  avian	  viruses.	  	  

During	  the	  spring	  of	  1918,	   the	  first	  wave	  started,	   it	  was	  highly	  contagious	  but	  

not	  particularly	  deadly;	  only	  the	  second	  wave,	  which	  began	  in	  September	  1918,	  

spread	  the	  deadly	  form	  of	  pandemic.	  

The	  1918	  virus	  (H1N1)	  was	  extremely	  virulent	  and	  caused	  many	  deaths	  through	  

secondary	   bacterial	   pneumonia.	   Symptoms	   in	   1918	   were	   so	   unusual	   that,	  

initially,	  it	  was	  misdiagnosed	  as	  dengue	  fever,	  cholera	  or	  typhoid.	  The	  majority	  

of	  the	  deaths	  in	  the	  1918	  pandemic	  occurred	  in	  the	  young	  people	  between	  the	  

second	  and	  fourth	  decates	  of	   life	  [30].	  The	  virulence	  and	   lethality	  of	  the	  1918	  

virus	  were	  theorized	  to	  be	  due	  to	  several	  factors:	  the	  preferred	  binding	  of	  the	  

virus	   in	   the	   human	   respiratory	   epithelial	   cells,	   the	   adaptation	   that	  may	   have	  

occurred	   in	   an	   intermediate	   host	   such	   as	   a	   pig,	   the	   enhanced	   cytokine	   and	  

chemokine	  activation,	  and	  the	  lack	  of	  humoral	  immunity	  in	  the	  human	  host.	  	  

The	  complete	  genotype	  of	   the	  H1N1	   influenza	  virus,	   responsible	   for	   the	  1918	  

influenza	   pandemic	   (Spanish	   influenza),	   has	   been	   recreated	   by	   genetic	  

enginering	  using	  a	   sample	  obtained	   from	  World	  War	   I	   soldier	   and	  an	  Alaskan	  

native	  woman	   preserved	   under	   the	   frost	   in	   the	   Alaska	   area,	   in	   this	  way	   viral	  

samples	  were	  used	  for	  genetic	  sequencing	  [27][30]–[32].	  
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In	   1957	   began	   the	   second	   pandemic,	  which	  was	   caused	   by	   H2N2,	   a	   clinically	  

milder	  virus	   than	  the	  one	  responsible	   for	   the	  1918	  pandemic.	   In	  addition,	   the	  

world	   was	   much	   better	   prepared	   to	   cope	   to	   the	   pandemic[33].	   Mortality	  

showed	   a	   more	   characteristic	   pattern,	   similar	   to	   that	   seen	   in	   seasonal	  

epidemics,	   with	   most	   excess	   deaths	   confined	   to	   infants	   and	   the	   eldery.	   The	  

global	  excess	  mortality	  of	  the	  1957	  pandemic	  has	  been	  estimated	  at	  1-‐2	  million	  

deaths.	  

The	   third	   pandemic	   started	   in	   1968;	   it	   was	   as	   well	   a	   mild	   pandemic,	   but	  

brought	   its	  own	  set	  of	   special	  epidemiological	   surprises.	  The	  mortality	   impact	  

was	   not	   even	   particularly	   severe	   compared	   to	   the	   severe	   H3N2	   epidemic	   in	  

1967-‐1968,	  as	  well	   as	   two	   severe	  H3N2	  epidemics	   in	  1975-‐1976	  and	   in	  1980-‐

1981.	  The	  death	  toll	  has	  been	  estimated	  to	  be	  around	  1	  million,	  and	  in	  the	  U.S.,	  

nearly	  50	  %	  of	  all	   influenza	  related	  deaths	  occurred	  in	  the	  younger	  population	  

under	   65	   years	   of	   age.	   Sero-‐archaeological	   studies	   showed	   that	   most	  

individuals	  aged	  77	  years	  or	  older	  had	  H3	  antibodies	  before	  they	  were	  exposed	  

to	   the	  new	  pandemic	  virus	  and	  that	   the	  pre-‐existing	  anti-‐H3	  antibodies	  might	  

have	  protected	  the	  elderly	  during	  the	  1968	  H3N2	  pandemic[7][33].	  

1.3	  A	  brief	  overview	  of	  the	  current	  situation	  

Major	  pandemics	  have	  occurred	  throughout	  history	  at	  an	  average	  of	  every	  30	  

years	   and	   there	   is	   a	   general	   consensus	   that	   there	   will	   be	   another	   influenza	  

pandemic[7].	  Infectious	  diseases	  are	  the	  result	  of	  a	  conflict	  of	  interest	  between	  

macroorganisms	   and	   microorganism.	   To	   become	   a	   pandemic	   strain,	   an	  

influenza	  virus	  must	  comply	  with	  a	  series	  of	  requirements.	   It	  has	  to:	   (1)	  enter	  
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the	   human	   body	   and	   replicate	   there,	   (2)	   cause	   illness	   in	   humans,	   and	   (3)	   be	  

easily	  transmittable	  between	  humans.	  

In	  theory,	  it	  has	  to	  be	  more	  pathogenic	  than	  other	  competing	  influenza	  strains.	  

A	   good	  adaptation	   is	   the	  prerequisite	   for	   success:	   adaptation	   to	  human	   cells,	  

the	   capability	   to	   produce	   new	   offspring,	   in	   addition	   to	  making	   the	   individual	  

cough	   and	   sneeze	   to	   spread	   the	   offspring	   viruses.	   The	   clue	   to	   success	   is	  

virulence	  and	  novelty:	  if	  the	  virus	  is	  a	  new	  virus,	  most	  humans	  will	  have	  little	  or	  

no	  protection	  at	  all.	  

Fig.	  6.	  Pandemic	  H1N1	  2009.	  Countries	  with	  laboratory	  confirmed	  cases.	  
	  

In	  2009,	  a	  strain	  of	  influenza	  A(H1N1)	  virus,	  emerged,	  spread	  across	  the	  world	  

and	   caused	   the	   2009	   H1N1	   pandemic.	   In	   November	   2008,	   more	   than	   206	  

countries	   in	   the	  world	  have	  reported	   laboratory-‐confirmed	  cases	  of	  pandemic	  

influenza	  H1N1	  2009,	   including	  6250	  deaths[34].	   This	  pandemic	  A(H1N1)2009	  

virus	   has	   been	   idealy	   circulating	   across	   the	   globe	   since	   2009,	   and	   is	   now	  
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established	  in	  human	  population	  as	  seasonal	  influenza	  virus.	  In	  February	  2013,	  

a	   novel	   reassortant	   influenza	   A	   (H7N9)	   birds	  was	   identified	   in	   eastern	   China,	  

which	  by	  30	  April	  had	  spread	  to	  more	  than	  11	  provinces	  and	  municipalities	  (Fig.	  

6)[33][35].	  As	  of	  28	  January	  2014,	  the	  case	  fatality	  rate	  of	  all	  confirmed	  cases	  is	  

22%,	  but	  many	  cases	  are	  still	  hospitalized.	  Of	  all	  cases,	  67%	  were	  male.	  	  

The	  median	  age	  of	  reported	  cases	  is	  58	  years	  old	  and	  that	  the	  avarage	  of	  fatal	  

cases	  is	  66	  years	  old[36].	  	  

Fig.	  7	  Genetic	  evolution	  of	  the	  H7N9	  new	  virus	  strain	  
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Avian	   influenza	   is	   a	   subtype	   of	   influenza	   viruses	   that	   have	   been	   detected	   in	  

birds	  in	  the	  past	  and	  this	  particular	  A(H7N9)	  virus	  had	  not	  previously	  been	  seen	  

in	  either	  animals	  or	  people	  until	  2013	  in	  China.	  The	  HA	  gene	  is	  most	  similar	  to	  

that	  of	  A(H7N3)	  viruses	  detected	  in	  ducks	  in	  Eastern	  China.	  

Fig.	   8	   Aminoacid	   changes	   in	   the	   HA	   of	   viruses	   recovered	   from	   contact	   ferrets	   in	   the	   human-‐
infecting	  H7N9	  virus	  groups.	  The	  3d	  structure	  of	  A/Anhui/1/2013	  (H7N9)	  HA	  is	  shown	  in	  complex	  
with	  human	  receptor	  analogues.	  Mutations	  shown	   in	  cyan	  are	  know	  to	   increase	   the	  binding	  of	  
avian	  H5	  and	  H7	  viruses	  to	  human-‐type	  receptors.	  Mutations	  that	  are	  emerged	  in	  HA	  of	  human-‐
infectin	  H7N9	  viruses	  during	  replication	  and/or	  transmission	  in	  ferrets	  are	  shown	  in	  green[37].	  
	  

The	  NA	  gene	  is	  most	  similar	  to	  N9	  NA	  genes	  from	  viruses	  circulating	  recently	  in	  

domestic	   ducks	   in	   China	   and	   Korea.	   The	   six	   internal	   genes	   are	   derived	   from	  

influenza	   A(H9N2)	   viruses	   circulating	   in	   poultry	   in	   eastern	   Asia.	   Sequence	  

analyses	   have	   shown	   that	   the	   genes	   of	   the	   H7N9	   viruses	   from	   China	   are	   of	  

avian	  origin,	  but	  with	  signs	  of	  adaptation	  to	  mammalian	  species	  (Fig.	  7).	  	  

In	   fig.	   8	   are	   shown	   the	  mutations	   that	   are	   known	   to	   increase	   the	   binding	   of	  

avian	  H5	  and	  H7	  viruses	  to	  human-‐type	  receptors	  (A138S,	  G186V	  and	  Q226L/I).	  

Others	   studies[37]	  using	   sequence	  analyses	  of	   viruses	  obtained	   from	   infected	  

and	  contact	  animals	  identified	  other	  mutations	  in	  HA	  (R131K,	  T71I	  and	  A135T)	  
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that	  seems	  to	  increase	  the	  ability	  of	  the	  virus	  to	  bind	  human	  receptor.	  Positions	  

131	  and	  135	  are	  located	  near	  the	  receptor-‐binding	  pocket.	  	  

Recent	   works[38]–[43]	   have	   highlighted	   that	   these	   viruses	   exhibit	   high	  

replicative	   ability	   and	   limited	   transmissibility	   in	  mammals,	   but	   have	   acquired	  

mammalian-‐adaptating	   amino	   acid	   changes,	   and	   they	   may	   reassort	   with	  

circulating	  human	  viruses.	  Although	  no	  efficient	  human-‐to-‐human	  transmission	  

has	   occurred,	   the	   emerging	   H7N9	   avian	   influenza	   virus	   poses	   in	   any	   case	   a	  

potentially	  high	  risk	  to	  humans,	  for	  more	  than	  one	  reason:	  first	  of	  all,	  this	  new	  

virus	   is	   able	   to	   bind	   both	   avian-‐type	   (α2,3-‐linked	   sialic	   acid)	   and	   human-‐

type(α2,6-‐linked	   sialic	   acid)	   receptors[44],	   it	   has	   a	   high	   growth	   ability	   and	  

furthermore	  human	  population	  does	  not	  have	  the	  pre-‐existing	  immunity	  to	  the	  

H7N9	  virus.	  

1.4	  The	  receptor	  binding	  site	  

As	   already	   discussed,	   the	   cellular	   receptors	   for	   influenza	   virus	   are	   the	  

glycoproteins	   and	   glycolipids	   having	   glycans	   terminated	   at	   their	   non-‐reducing	  

end	  by	  a	  sialic	  acid	   (Neu5Ac).	  They	  bind	   in	  a	  shallow	  depression	  at	   the	  top	  of	  

the	  HA	  molecule,	  which	   is	   composed	  of	   residues	   conserved	   in	  all	   subtypes	  of	  

influenza.	  Several	  studies	  have	  been	  done	  using	  X-‐ray	  of	  complexes	  with	  other	  

receptor	  analogs,	  confirming	  the	  model	  in	  which	  the	  structure	  and	  orientation	  

of	   sialic	   acid	   are	   essentially	   identical	   irrespective	   of	   the	   receptor	   analog	   of	  

these	  complexes.	  One	  side	  of	  the	  pyranose	  ring	  faces	  the	  base	  of	  the	  site,	  and	  

the	  axial	  carboxylate,	  the	  acetamido	  nitrogen,	  and	  the	  8	  and	  9-‐	  hydroxyl	  groups	  

face	  into	  the	  site	  and	  form	  hydrogen	  bonds	  with	  conserved	  side	  chain	  or	  main-‐

chain	  polar	  atoms.	  
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Specifically,	  a	  conserved	  serine	  in	  position	  136	  forms	  a	  hydrogen	  bond	  with	  the	  

carboxylate,	  which	   is	   also	  hydrogen	  bonded	   to	   the	   amide	  of	   peptide	  bond	   at	  

position137,	  histidine	  183	  and	  glutamic	  acid	  190	  form	  hydrogen	  bonds	  with	  the	  

8-‐hydroxyl	   group.	   The	  5-‐acetamido	  nitrogen	   forms	  a	  hydrogen	  bond	  with	   the	  

carbonyl	  of	  peptide	  bond	  135,	  and	  the	  methyl	  group	  of	  this	  substituent	  is	  in	  van	  

der	  Waals	  contact	  with	  the	  six-‐membered	  ring	  of	  tryptophan	  153.	  

	  

Fig.	  9	  Hemagglutinin	  receptor	  binding.	  Schematic	  diagram	  of	  the	  receptor-‐binding	  site	  of	  an	  HA-‐
receptor	  analog	  complex	  showing	  the	  hydrogen	  bonds	  that	  in	  wt	  HA	  form	  with	  bound	  sialic	  acid.	  
	  

The	   7-‐hydroxyl	   group	   and	   acetamido	   carbonyl	   hydrogen	   bond	   to	   each	   other	  

and	  form	  van	  der	  Waals	  contacts	  with	  leucine	  194[12].	  

The	  most	  commonly	  glycans	  used	  to	  represent	  avian	  and	  human	  receptors	  are	  

LS-‐tetrasaccharide	  a	  (LSTa;	  Neu5Acα2−3Galβ1-‐3GlcNAcβ1-‐3Galβ1-‐4Glc)	  and	  LS-‐

tetrasaccharide	   c	   (LSTc;	   Neu5Acα2−6Galβ1-‐4GlcNAcβ1-‐3Galβ1-‐4Glc),	   and	   the	  
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X-‐ray	   co-‐crystal	   structures	   are	   often	   solved	   using	   these	   oligosaccharides.	   The	  

conformation	   of	   LSTa	   and	   LSTc	   have	   been	   characterized	   primarily	   by	   the	  

glycosidic	  torsion	  angles	  of	  the	  terminal	  sialic	  acid	  linkage[45].	  

In	   the	   case	   of	   the	   Neu5Ac	  α(2,3)-‐Gal	   linkage	   in	   LSTa	   complexed	   with	   avian-‐

adapted	  HA,	  the	  torsional	  angle	  ϕ	  (C1-‐C2-‐O-‐C3)	  is	  ∼	  180°	  and	  is	  described	  as	  the	  

trans	   conformation.	   While	   the	   Neu5Ac-‐α(2,6)-‐Gal	   linkage	   in	   LSTc	   complexed	  

with	  human-‐adapted	  HA,	  ϕ	   (C1-‐C2-‐O-‐C6),	   is	  ∼	  -‐60°,	  or	  a	  cis	  conformation.	  This	  

cis	  and	  trans	  definition	  of	  glycan	  receptor	  conformation	  enabled	  distinguishing	  

key	  contacts	  of	   residues	  within	   the	  RBS	   to	  either	  LSTa	  or	   LSTc.	  Even	   if	   the	  cis	  

and	  trans	  definition	  of	  glycan	  conformation	  has	  been	  useful	  to	  characterize	  the	  

distinct	  interactions	  with	  the	  terminal	  Neu5Ac	  α(2,3)-‐Gal	  or	  Neu5Ac	  α(2,6)-‐Gal	  

motif,	   this	   definition	   does	   not	   fully	   describe	   HA	   binding	   to	   a	   range	   of	  

structurally	  diverse	  glycans	  present	  	  in	  human	  respiratory	  cells	  and	  tissues[46].	  

In	  order	  to	  extend	  the	  conformational	  analysis	  beyond	  the	  terminal	  sialic	  acid	  

linkage	  to	  describe	  overall	  topology	  and	  dynamics	  of	  the	  glycan	  receptor	  upon	  

binding	   to	   the	  RBS	  of	   avian	   and	  human-‐adapted	  HAs,	   [47][48]	   a	   parameter	  θ	  

has	  been	  defined	  to	  measure	  the	  angle	  between	  the	  Neu5Ac,	  the	  penultimate	  

Gal,	  and	  the	  third	  GlcNAc	  sugar	  (Fig.	  10	  B).	  Using	  the	  θ	  parameter	  it	  is	  possible	  

to	   classify	   the	   ensemble	   of	   conformations	   sampled	   by	   the	   avian	   and	   human	  

receptors	   within	   the	   HA	   binding	   site.	   In	   the	   case	   of	   avian	   receptors,	   the	  

conformations	   sampled	   by	   the	   Neu5Ac	  α(2,3)-‐Gal	   linkage	   (keeping	   the	   sugar	  

anchored)	   and	   the	   sugars	   beyond	   this	   linkage	   (at	   the	   reducing	   end)	   span	   a	  

region	  on	  the	  binding	  surface	  of	  HA	  that	  resembles	  a	  cone,	  characterized	  by	  a	  θ	  

angle	   >100°.	   The	   different	   conformations	   sampled	   by	   Neu5Ac	   α(2,6)-‐Gal	  
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linkage	  and	  the	  sugars	  beyond	  this	   linkage	  (at	  the	  reducing	  end)	  span	  a	  wider	  

area	  on	  the	  HA	  binding	  surface.	  

In	   this	   case	   there	   are	   two	   portions	   of	   the	   RBS	   receptor	   contacts	   that	   can	   be	  

described	  in	  one	  case	  as	  a	  cone-‐line	  surface,	  whereas	  the	  other	  portion	  is	  more	  

correctly	  described	  as	  umbrella-‐like	  and	  is	  characterized	  by	  θ	  angle<100°.	  It	  was	  

shown	   that	   the	   umbrella-‐like	   topology	   is	   predominatly	   adopted	   by	   human	  

receptors	  that	  posses	  at	  least	  four	  sugars	  including	  Neu5Ac,	  whereas	  the	  cone-‐

like	  topology	  was	  shown	  to	  be	  adopted	  by	  avian	  and	  human	  receptors[46].	  	  

	  
Fig.	  10	  Glycan	  receptor	  conformation	  and	   topology	   in	  hemagglutinin	   (HA)	   receptor	  binding	  site	  
(RBS).	  (A)	  Left	  panel	  shows	  the	  trans	  conformation	  adopted	  by	  LSTa	  in	  the	  RBS	  of	  avian-‐adapted	  
H3	  HA	  (PDB	  ID:1MQM).	  Right	  panel	  shows	  the	  cis	  conformation	  adopted	  by	  LSTc	   	   in	  the	  RBS	  of	  
pandemic	  H3	  HA	  (PDB	  ID:2YPG).	  (B)	  Left	  panel	  shows	  the	  complex	  avian	  HA-‐LSTa	  glycan	  complex	  
where	  θ	   is	   the	  angle	  between	  C-‐2	  atom	  of	  Neu5Ac,	  C-‐1	  atom	  of	  Gal,	   and	  C-‐1	  atom	  of	  GlcNAc.	  
Right	  panel	  shows	  the	  pandemic	  H3	  HA-‐LSTc	  glycan	  complex	  where	  θ<100°.	  
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1.5	  Receptor	  binding	  specificity	  and	  its	  biological	  significance	  

As	  previously	  described,	   two	  major	   linkages	  between	  sialic	  acid	   (Neu5Ac)	  and	  

the	  penultimate	  galactose	  (Gal1)	  residues	  of	  carbohydrate	  chains	  are	  found	  in	  

nature:	  Neu5Ac	  α(2,3)-‐Gal	  and	  Neu5Ac	  α(2,6)-‐Gal.	  Different	  HAs	  have	  different	  

recognition	  specificities	   for	   these	   linkages,	  and	  for	  example	  A/Hong	  Kong/68	   ,	  

X-‐31,	  HA	  binds	  preferentially	  to	  sialic	  acid	  in	  the	  α(2,6)	  linkage.	  In	  contrast,	  the	  

HA	  of	  a	  mutant	  of	  X-‐31,	  with	  a	  single	  mutation	  L226Q	  HA,	  has	  a	  greater	  affinity	  

than	   the	   wild	   type	   HA	   for	   α(2,3)-‐linked	   sialic	   acid.	   The	   single	   aminoacid	  

sequence	   difference,	   L226Q,	   between	  wild	   type	   and	  mutant	  HAs	   defined	   the	  

location	  of	  the	  receptor	  binding	  site.	  	  

Two	   related	   aspects	   of	   linkage	   recognition	   specificity	   have	   been	   extensively	  

researched	   for	   their	   biologic	   significance.	   The	   first	   associates	   to	   differences	  

observed	  in	  the	  recognition	  specificities	  of	  HAs	  from	  viruses	  infecting	  different	  

species[49]–[52].	  These	  differences	  may	  be	  important	  in	  limiting	  the	  transfer	  of	  

viruses	   between	   species	   and	   were	   analysed	   especially	   in	   relation	   to	   the	  

emergence	   of	   new	   pandemic	   viruses	   in	   humans.	   Experiments	   with	   linkage-‐

specific	   lectins	   have	   shown	   an	   abundance	   of	   sialic	   acid	   in	   α(2,6)	   linkage	   in	  

human	   lungs	   and	   of	   sialic	   acid	   in	  α(2,3)	   linkage	   in	   bird	   intestine;	   in	   pig,	   both	  

linkages	   were	   detected	   in	   respiratory	   tract	   cells[50].	  Moreover,	   mucins	   from	  

human	  lung	  are	  reported	  to	  be	  rich	  in	  α(2,3)-‐linked	  sialic	  acid	  and	  in	  contrast,	  

equine	  fluid	  may	  be	  rich	  in	  non-‐specific	  inhibitors	  containing	  sialic	  acid	  in	  α(2,6)	  

linkage[53].	  	  

The	  molecular	  basis	  of	   the	  differences	   in	   receptor-‐binding	  specificity	  between	  

H3	   subtype	   viruses	   isolated	   from	   humans	   and	   avians	   has	   been	   addressed	   by	  

sequence	   analysis[54].	   Residue	  HA	  226	   again	   appears	   to	   be	   involved,	   and	  HA	  
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228	  has	  also	  been	   linked	  with	   specificity	  differences.	  The	  HAs	  of	   viruses	   from	  

humans	   that	   preferentially	   recognize	   the	   α(2,6)	   linkage	   contain	   leucine	   and	  

serine	  at	  226	  and	  228;	  whereas	  the	  avians	  HAs	  contain	  glutamine	  and	  glycine	  at	  

the	   same	   positions[55].	   The	   subtype	   H1	   differs	   in	   this;	   avian	   and	   human	  

isolated	  viruses	  also	  recognize	  α(2,6)	  and	  α(2,3)	  lingakes,	  respectively,	  but	  both	  

of	   their	  HAs	   contain	   glutamine	  at	  position	  226	   in	  HA1	  and	  glycine	   in	  position	  

228	  HA1.	  Other	  residues	  in	  HAs	  of	  this	  subtype,	  including	  186	  (Proline	  in	  avian	  

and	   Serine	   in	   human)	   and	   225	   (Glycine	   in	   avian	   and	   Aspartate	   in	   human),	  

influence	  receptor	  specificity.	  Inside	  the	  H3	  subtype,	  there	  are	  others	  residues,	  

in	   addition	   to	   226	   and	   228,	   which	   have	   been	   shown	   to	   affect	   linkage	  

recognition	  specificity[12].	  

The	   receptor	  binding	   specificity	  of	  human	  and	  avian	   influenza	  viruses	   suggest	  

that	   avian	   viruses	   need	   to	   acquire	   the	   ability	   to	   recognize	   human-‐type	  

receptors	   to	  cause	  a	  pandemic[55],	  but	   it	   is	   clear	   that	   the	   influenza	  A	  viruses	  

remain	  as	  “unpredictable”	  pathogens.	  The	  concept	  of	  switch	  in	  glycan	  receptor	  

specificity	   needs	   to	   be	   defined	   and	   interpreted	   carefully	   to	   enable	   it	   to	   be	   a	  

useful	  tool	  for	  surveillance	  and	  strain	  characterization;	  this	  because	  amino	  acid	  

mutations	  that	  confer	  specific	  receptor	  binding	  properties	  to	  a	  particular	  strain	  

and	   subtype	   of	   HA	   do	   not	   always	   confer	   the	   same	   properties	   to	   a	   HA	   of	   a	  

different	   virus.	   Until	   now	   almost	   only	   X-‐ray	   crystallography	   has	   been	   used	   in	  

order	   to	   characterized	   the	   binding	   between	   HA	   and	   its	   human	   and	   avian	  

receptors[56]–[62],	   even	   if	   due	   to	   the	   conformation	   complexity	   of	   the	   HA-‐

glycan	   complexes,	   the	   structures	   were	   often	   resolved	   with	   a	   trisaccharides	  

instead	   a	   pentasaccharide.	  Only	   recently	  NMR	   (Nuclear	  Magnetic	   Resonance)	  

and	  Molecular	  Dynamic	  (MD)	  are	  emerging	  as	  complementary	  techniques	  able	  
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to	  detect	  the	  dynamics	  of	  glycan	  receptor	  motion	  as	  it	  transition	  from	  unbound	  

to	  bound	  states	  with	  HA.	  	  
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2.	  A	  brief	  introduction	  to	  Nuclear	  Magnetic	  Resonance	  

Nuclear	   Magnetic	   Resonance,	   or	   as	   usally	   called	   by	   its	   users	   NMR,	   was	  

discovered	   in	  1945	  by	  Bloch,	  Hansen	  and	  Packard	  at	  Standford	  University	  and	  

by	   Purcell,	   Torrey	   and	   Pount	   at	   Harvard	   University	   and	   for	   their	   discoveries	  

Purcell	  and	  Bloch	  shared	  the	  Nobel	  Prize	  in	  Physics	  in	  1952.	  

Even	   if	   discovered	   by	   phisichian,	   NMR	   spectroscopy	   is	   used	   principally	   by	  

chemist	  and	  biochemists	  to	  investigate	  the	  properties	  of	  organic	  molecules,	  but	  

it	   is	  also	  a	  powerful	   tool	   for	   studying	   the	   structure,	   function	  and	  dynamics	  of	  

biological	  macromolecules[63][64].	  

2.1	  Overview	  of	  the	  concepts	  

An	  intrinsic	  property	  of	  many	  nuclei	  is	  the	  spin	  angular	  momentum,	  which	  give	  

rise	   to	   magnetic	   moments[65].	   Electrons,	   1H,	   13C	   and	   15N	   nuclei	   are	  

characterized	   by	   a	   common	   spin	   quantum	   number	   s=1/2	   and	   magnetic	   spin	  

quantum	   number	   Is=	   ±1/2.	   Most	   biological	   NMR	   experiments	   utilize	   one	   or	  

more	  of	  the	  above	  nuclei	  for	  investigation.	  	  

There	  are	  two	  possible	  states	  for	  an	  s=1/2	  nuclei:	  spin	  up	  (denoted	  ↑	  or	  α)	  and	  

spin	  down	  (denoted	  ↓	  or	  β)	  associated	  IS=	  +1/2	  and	  -‐1/2,	  respectively	  (Fig.11).	  

When	   no	   magnetic	   field	   is	   present,	   states	   with	   different	   values	   of	   magnetic	  

quantum	  number	   IS	  are	  degenerate	  and	  their	  energy	   is	  equal.	  However,	  when	  

an	   external	   applied	   field	   is	   present	   the	   different	   states	   are	   no	   longer	  

degenerate.	  As	  a	  result,	  the	  energy	  levels	  are	  split	  in	  two	  when	  a	  field	  is	  present	  

[66].	  

The	  difference	  in	  energy	  is	  given	  by:	  Δ𝐸 = 𝐸𝛼 − 𝐸𝛽 = ℎ𝜈 = −𝛾ℏ𝐵!	  
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where	   𝐸𝛼	   and	   𝐸𝛽	   denote	   the	   energy	   for	   the	   α	   and	   β	   states,	   γ	   is	   the	  

gyromagnetic	  ratio	  (the	  proportionality	  constant	  between	  Δ𝐸	  and	  𝐵!𝐼!	  [66]),  ℏ	  

is	  the	  Planck	  constant	  h	  divided	  by	  2π,	  𝐵!	   is	  the	  steady	  magnetic	  field	  applied	  

and	  IS	  is	  the	  quantum	  magnetic	  number.	  	  

The	   application	   of	   a	  magnetic	   field	  𝐵!	   to	   a	   particle	  with	   a	  magnetic	  moment	  

γℏ𝐼!	   generate	   an	   energy	   splitting	   Δ𝐸 = −𝛾ℏ𝐵!	   where	   the	   corresponding	  

frequency	  Δ𝐸 = ℎ𝜈!	  is	  usually	  called	  Larmor	  Frequency.	  In	  a	  classic	  description	  

of	  the	  NMR	  event	  the	  Larmor	  Frequency	  corresponds	  to	  the	  processing	  rate	  of	  

the	  spin	  angular	  momentum	  around	  the	  direction	  of	  the	  know	  component	  (IS),	  

defined	  by	   the	  direction	  of	   the	  external	  magnetic	   field.	  The	   rate	  at	  which	   the	  

vectors	  precess	  depends	  on	  the	  nucleus	  type	  and	  is	  proportional	  to	  the	  applied	  

magnetic	  field[66].	  The	  Larmor	  frequency,	  𝜈L,	  takes	  the	  value:	  	  

𝜈! = −
𝛾𝐵!
2𝜋

.	  

At	   equilibrium	   the	   population	   distribution	   between	   the	   two	   states	   (α	   or	   β)	  

follows	  the	  Boltzmanns	  distribution:	  

𝑁!
𝑁!

= 𝑒!!!/!!! 	  

where	   𝑁! 	   and	   𝑁! 	   are	   the	   number	   of	   spin	   in	   each	   state,	   𝑘!=Boltzmanns	  

constant	  and	  𝑇	  is	  the	  temperature	  (Fig.	  11).	  

At	   equilibrium,	   for	   nuclei	  with	   positive	  𝛾,	  𝑁! 	   is	   slightly	  more	   populated	   than	  

𝑁!,	  and	  vice	  versa	  for	  nuclei	  with	  negative	  𝛾.	  This	  excess	  of	  nuclear	  spins	  gives	  

rise	  to	  a	  bulk	  magnetisation	  Mz	  along	  the	  +z-‐axis	   (defined	  axis	   for	  equilibrium	  

net	   magnetisation).	   In	   the	   xy-‐plane,	   however,	   all	   the	   vectors	   are	   randomly	  

distributed	  and	  their	  individual	  contributions	  cancel	  out[65]–[67].	  
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	  Fig.	  11	  The	  nuclear	  spin	  energy	  levels	  of	  spin	  -‐1/2	  nucleus	  in	  a	  magnetic	  field. 
	  

Nuclear	   magnetic	   resonance	   occurs	   when	   the	   nucleus	   changes	   its	   spin	   state	  

driven	  by	  the	  absorption	  of	  a	  quantum	  of	  energy:	  by	  applying	  radio	  frequency	  

(RF)-‐pulses	  (Larmor	  frequency)	  to	  a	  system,	  transitions	  between	  energy	  states	  

can	   be	   induced.	   Traditionally,	   the	   effect	   of	   applying	   the	   pulse	   for	   a	   defined	  

duration	   (correspond	   to	   the	  π/2	   pulse),	   is	   pictured	   as	   the	   net	  magnetisation	  

vector	   along	   the	   z-‐axis	   flipping	   down	   onto	   the	   xy-‐plane.	   In	   addition,	   due	   to	  

phase	  coherence,	  net	  magnetisation	  in	  the	  xy-‐plane	  can	  now	  be	  observed[68].	  

Phase	  coherence	  is	  the	  alignment	  of	  all	  magnetisation	  vectors	  in	  the	  xy-‐plane:	  

their	  contributions	  no	  longer	  cancel	  out.	  The	  evolution	  of	  magnetisation	  (which	  

is	  a	  product	  of	  decay	  and	  resonance	  frequency)	  is	  measured.	  

There	  are	  essentially	   two	   relaxation	  pathways	   in	  which	   the	   system	   returns	   to	  

the	  original	  state	  that	   is	  measured	   in	  an	  NMR	  experiment:	  1)	  Relaxation	   from	  

the	  xy-‐plane	  to	  the	  z-‐axis	  and	  2)	  relaxation	  within	  the	  xy-‐plane.	  

The	   first	   is	   called	   spin-‐lattice	   relaxation,	   longitudinal	   relaxation	   times	   or	   T1	  

relaxation	   and	   occurs	   because	   there	   is	   an	   exchange	   of	   energy	   between	   the	  

spins	   states	  and	   the	   surrounding	  medium.	   It	   is	   also	   referred	   to	  as	   spin-‐lattice	  
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relaxation	   time,	   because	   the	   excess	   energy	   is	   released	   to	   the	   “lattice”	   (the	  

surrounding	   system	   of	   energy	   states)	   when	   spins	   revert	   from	   the	   β	   to	   the	   α	  

state.	  

The	  second	  relaxation	  pathway	  is	  called	  T2	  relaxation	  or	  transverse	  relaxation,	  

and	   occurs	   with	   exchange	   of	   energy	   between	   different	   nuclear	   spins.	   This	   is	  

also	   called	   spin-‐spin	   relaxation	   time	   to	   reflect	   that	   it	   involves	   the	   relative	  

orientations	   of	   the	   spins.	   It	   is	   useful	   to	   think	   of	   T1	   processes	   as	   affecting	   the	  

lifetimes	   of	   population	   of	   spin	   energy	   levels,	   while	   T2	   processes	   affect	   the	  

relative	  energies	  of	  the	  spin	  levels	  rather	  than	  lifetimes.	  

Through	  the	  two	  relaxation	  pathways,	  the	  system	  relaxes	  back	  to	  equilibrium	  at	  

a	  rate	  dependent	  on	  the	  time	  constants	  T1	  and	  T2.	  The	  signal	  produced	  is	  called	  

FID	   (Free	   Induction	   Decay),	   which	   is	   the	   superimposition	   of	   the	   resonance	  

frequencies	  of	  all	  spins	  in	  the	  molecule	  as	  a	  function	  of	  time,	  F(t).	  	  

Fig.	  12.	  Schematic	  description	  of	  how	  the	  shift	  from	  time-‐domain	  to	  frequency-‐domain	  by	  Fourier	  
Transform	  is	  achieved	  for	  a	  NMR	  spectrum.	  
	  

By	   applying	   the	   Fourier	   transform,	   a	  mathematical	   operation	  which	  allows	   to	  

translates	   a	   function	   in	   the	   time	   domain	   into	   the	   frequency	   domain,	   it	   is	  

possible	  to	  obtain	  the	  corresponding	  spectrum	  F(𝜔),	  as	   intensity	  as	  a	  function	  

of	  frequency	  (Fig.	  12)	  [65]–[67],	  [69],	  [70].	  
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J-‐coupling	  

The	   J-‐coupling,	  or	   indirect	  dipole-‐dipole	   interaction,	   is	  an	   interaction	  between	  

two	   nuclear	   spins	   mediated	   by	   chemical	   bond	   electrons.	   Two	   spins	   have	   a	  

measurable	   J-‐coupling	   if	   they	   are	   connected	   through	   a	   small	   number	   of	  

chemical	  bonds,	  including	  hydrogen	  bonds[70].	  	  The	  interaction	  is	  measured	  by	  

the	   scalar	   coupling	   constant	   nJab,	   where	   n	   denotes	   the	   number	   of	   covalent	  

bonds	   separating	   the	   two	   nuclei	   a	   and	   b.	   With	   scalar	   coupling	   (J-‐coupling),	  

magnetisation	   is	  transferred	  through	  bonds:	  all	   the	  spins	   influence	  each	  other	  

in	   a	   predictable	   way,	   and	   this	   can	   aid	   in	   determination	   and	   labelling	   of	  

functional	   groups.	   J-‐coupling,	   differently	   from	   the	   chemical	   shift,	   is	  

independent	   of	   the	   external	   magnetic	   field.	   Couplings	   between	   nuclei	   cause	  

splitting	   of	   the	   NMR-‐signal.	   J-‐values	   for	   n=1-‐3	   are	   dependant	   not	   only	   on	  

internuclear	  distance	  but	  also	  on	  the	  number	  of	  bonds	  between	  the	  two	  nuclei	  

and	   or	   the	   geometry	   of	   the	   molecule.	   As	   such,	   one	   can	   obtain	   possible	  

parameters	   for	   structure	   calculations	   from	   scalar	   couplings[68].	   3J-‐couplings	  

(vicinal	  couplings)	  are	  particularly	  useful	  in	  this	  respect.	  The	  value	  is	  dependent	  

on	  substituents,	  the	  distance	  between	  the	  two	  carbon	  atoms	  involved,	  H-‐C-‐C-‐H	  

bond	  angle,	   along	  with	   torsional	  and/or	  dihedral	  angles,	  with	   the	   latter	  angle	  

being	  of	  greatest	  interest	  [68].	  
3J-‐couplings	   vary	   in	   magnitude	   in	   a	   bond-‐angle	   dependent	   manner.	   The	  

relationships	   between	   the	   coupling	   constant	   J	   and	   the	   dihedral	   angles φ	   are	  

given	  by	  the	  Karplus	  equation	  [70][71].	  Consequently,	   J-‐couplings	  can	  be	  used	  

to	   measure	   dihedral	   angles	   and	   thus	   conformational	   arrangements	   around	  

bonds.
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2.2	  NMR	  spectroscopy	  and	  carbohydrate	  analysis	  

Aim	   of	   this	   paragraph	   is	   to	   briefly	   elucidate	   some	   NMR	   techniques	   and	  

experiments	  useful	  for	  carbohydrate	  characterization	  and	  used	  in	  this	  thesis	  for	  

the	  characterization	  of	  the	  pentasaccharides.	  	  

Carbohydrates	   are	   a	   group	   of	   compounds	   with	   vast	   structural	   and	   chemical	  

diversity	   but	   with	   limited	   chemical	   shift	   dispersion	   in	   NMR	   spectra,	   which	  

makes	   their	   study	   by	  NMR	   challenging	   and	   interesting.	   The	   assignment	   of	   1H	  

and	   13C	   resonances	   to	   their	   corresponding	   protons	   and	   carbon	   atoms	   are	  

usually	   achieved	   using	   a	   combination	   of	   1D	   and	   2D	  NMR	  experiments.	   1H-‐1D	  

experiments	   are	   usually	   the	   starting	   point.	   In	   spite	   of	   most	   carbohydrate	  

resonances	   are	   concentrated	   in	   the	   region	   between	   3	   and	   4	   ppm,	   anomeric	  

proton	   signals	   (4.3-‐5.8	   ppm)	   are	   usually	   well-‐resolved	   and	   can	   be	   used	   to	  

estimate	  the	  number	  and	  molar	  ratio	  of	  different	  monosaccharides	  present	   in	  

the	   sample.	   In	   order	   to	   resolve	   the	   strong	   signal	   overlapping,	   the	   uses	   of	  

bidimensional	  (2D)	  experiments	  allow	  to	  better	  resolve	  the	  spin	  systems	  and	  to	  

identify	   the	   nature	   of	   the	   corresponding	   monosaccharide.	   The	   COSY	  

(Homonuclear	  COrrelated	  SpectroscopY)	   experiment	  provides	  NMR	  spectra	   in	  

which	  each	  proton	  correlates	  with	  another	  one	  through	  a	  scalar	  coupling.	  The	  

signals	   on	   the	   diagonal	   correspond	   to	   those	   of	   a	   normal	   one-‐dimensional	  

spectrum,	   while	   the	   cross	   peaks	   show	   the	   correlations	   between	   coupled	  

protons.	  	  TOCSY	  (TOtal	  Correlation	  SpectroscopY)	  experiment,	  although	  similar	  

to	  COSY,	  differentiates	  by	  the	  fact	  that,	  each	  nucleos	  is	  correlated	  not	  only	  with	  

directly	  coupled	  atoms	  but	  also	  to	  the	  rest	  of	  same	  spin	  system,	  regardless	  of	  

whether	   they	   are	   themselves	   coupled	   to	   one	   another.	   In	   case	   of	  
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oligosaccharides	   each	   residue	   is	   an	   isolated	   spin	   system	   that	   can	  be	   revealed	  

and	   assigned	   to	   the	   type	   of	   monosaccharide[72].	   In	   the	   NOESY	   (Nuclear	  

Overhauser	   Enhancement	   SpectroscopY)	   experiment,	   differently	   from	   the	  

previously	   discussed	   techniques	   in	  which	   the	   transfer	   of	  magnetization	   takes	  

place	   between	   nuclei	   that	   have	   scalar	   coupling,	   magnetization	   is	   transferred	  

through	  space	  by	  dipole-‐dipole	  interaction	  [73].	  	  

Fig.	   13	   Energy	   level	   diagram	   for	   a	   two-‐spin	   system,	   I	   and	   S,	   showing	   definitions	   of	   transition	  
probabilities	  and	  spin	  states.	  
	  
The	  rate	  of	  cross-‐relaxation	  (relaxation	  between	  two	  spins),	  and	  thus	  the	  NOE	  

enhancement	  factor,	  is	  among	  others	  dependant	  on	  the	  distance	  between	  the	  

coupled	   nuclei	   and	   the	   motion	   of	   the	   molecule.	   Cross	   relaxation	   leads	   to	  

changes	  in	  the	  population	  of	  the	  two	  coupled	  spins.	  This	  change	  of	  population	  

can	  again	  lead	  to	  peaks	  with	  stronger/smaller	  intensities	  as	  a	  result	  of	  the	  NOE-‐

effect.	   Equalizing	   the	   population	   difference	   (saturation)	   of	   a	   spin	   S	   strongly	  

affects	   the	   longitudinal	   magnetisation	   of	   a	   coupled	   spin	   I	   caused	   by	   the	  

increased	  population	  difference	  of	  this	  spin.	  At	  this	  stage	  the	  system	  is	  not	  in	  a	  

state	   of	   equilibrium	   and	   returns	   to	   equilibrium	   by	   relaxation	   mechanisms,	  

mainly	   through	   dipole-‐dipole	   interactions.	   NOE	   and	   dipole-‐dipole	   relaxation	  

mechanisms	  are	  thus	  closely	  connected.	  During	  cross	  relaxation,	  magnetism	  is	  
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transferred	   through	  dipolar	  couplings	  between	   the	   interacting	  nuclei,	  and	   the	  

intensity	   of	   NOE-‐peaks	   is	   proportional	   to	   r-‐6,	   where	   r	   is	   the	   internuclear	  

distance[65][66][70][74][75].	  In	  case	  of	  carbohydrates,	  inter-‐residues	  noe’s	  are	  

often	  used	   to	   sequence	   the	  oligosaccharidic	   chains,	   as	  well	   as	   to	   characterize	  

the	  glycosidic	  linkage	  geometries	  and	  residue	  conformations.	  

Finally,	  the	  1D	  Sel-‐TOCSY	  and	  1D	  Sel-‐NOESY	  are	  the	  one-‐dimensional	  analogues	  

of	   more	   conventional	   2D	   experiments	   which	   allow	   greater	   digital	   resolution	  

and	  thus	  a	  more	  detailed	  insight	  into	  the	  fine	  structure;	  these	  equate	  to	  high-‐

resolution	  slices	  through	  the	  related	  2D	  experiment	  at	  the	  shift	  of	  the	  selected	  

spin.	   They	   may	   also	   benefit	   by	   being	   quicker	   to	   acquire	   and	   analyse.	   These	  

methods	   may	   provide	   faster	   and	   more	   detailed	   answers	   when	   a	   specific	  

structural	   question	   is	   being	   addressed[66].	   These	   types	   of	   experiments,	   for	  

their	  purpose,	  use	  selective	  pulses	  in	  order	  to	  excite	  or	  invert	  single	  resonances	  

that	  can	  be	  either	  singlests	  or	  multiplets	  [76].	  

The	   second	   group	   of	   experiments,	   useful	   for	   the	   structure	   determination	   of	  

carbohydrates,	   is	   called	   heteronuclear,	   and	   correlates	   two	   or	   more	   spins	   via	  

single	   or	  multiple	   bond	   couplings.	   The	  HSQC	   (Heteronuclear	   Single	  Quantum	  

Coherence)	  experiment	  provides	  NMR	  spectra	  where	  the	  correlations	  between	  

the	  proton	  atoms	  and	  carbons	  (or	  nitrogens	  in	  case	  of	  protein)	  directly	  linked	  to	  

them	  can	  be	  observed.	  The	  larger	  chemical	  shift	  dispersion	  for	  carbon	  signals	  is	  

an	  advantage	   in	  structural	  assignments.	  Since	  the	  13C	  anomeric	  signals	  appear	  

in	  a	  characteristic	  region	  between	  90	  to	  110	  ppm,	  HSQC	  can	  provide	  a	  picture	  

of	   the	   number	   and	   type	   of	   different	   monosaccharides	   in	   the	   sample.	  

Multiplicity	  edited-‐HSQC	  experiments	  can	  be	  used	  to	  discriminate	  CH	  and	  CH3	  

carbons	   from	   CH2	   carbons.	   In	   the	  HSQC-‐TOCSY	   experiment	   each	   crosspeak	   is	  

correlated,	   in	   the	   proton	   dimension,	   to	   all	   atoms	   belonging	   to	   the	  



	  
	  

34	  

corresponding	   spin	   system.	   As	   a	   consequence,	   also	   each	   carbon	   of	   the	   same	  

spin	   system	   is	   correlated	   to	   each	   other,	   facilitating	   the	   monosaccharide	  

assignment	  of	  strongly	  overlapped	  systems.	  

The	   HMBC	   (Heteronuclear	   Multiple-‐Bond	   Correlation	   Spectroscopy)	  

experiment	  correlates	  protons	  over	  ranges	  of	  2-‐4	  bonds.	  It	  is	  useful	  to	  provide	  

assignments	   for	  non-‐protonated	  centres	  and	  to	  produce	  unambiguous	  carbon	  

assigments	   when	   proton	   resonances	   exactly	   overlap[66],	   [77]–[79].	   It	   is	   also	  

largely	   used	   to	   find	   correlations	   across	   glycosidic	   linkages	   to	   determine	   the	  

linkage	   between	   adjacend	   sugars.	   Finally	   the	   J-‐HMBC	   experiment	   is	   used	   to	  

measure	   the	   magnitude	   of	   long-‐range	   (3JCH)	   couplings	   also	   in	   molecules	   at	  

natural	   aboundance.	   Since	   3J-‐couplings	   vary	   in	   magnitude	   in	   a	   bond-‐angle	  

dependent	  manner,	   their	  measurement,	   thanks	   to	   the	   relationships	   between	  

the	  coupling	  constant	  value	  and	  dihedral	  angle	  given	  by	  the	  karplus	  equation,	  

allows	   to	   determine	   the	   geometry	   of	   glycosidic	   linkages	   [70][71].

2.3	  NMR	  as	  a	  tool	  for	  interaction	  studies	  

Molecular	   recognition	   lies	   at	   the	   heart	   of	   life	   processes.	   The	   interactions	   of	  

receptors	   with	   natural	   products	   are	   key	   factors	   in	   many	   processes	   of	  

biomedical	  importance,	  and	  therefore	  the	  understanding,	  at	  the	  molecular	  and	  

atomic	   levels,	   of	   the	   diverse	   mechanisms	   by	   which	   these	   molecules	   are	  

recognized	   by	   the	   binding	   site	   of	   receptors,	   antibodies	   and	   enzymes	   is	   of	  

paramount	  importance[80].	  From	  this	  perspective,	  knowledge	  of	  the	  structural,	  

conformational	   and	   dynamic	   features	   of	   the	  molecular	   recognition	   processes	  

between	   proteins	   and	   their	   ligands	   targets	   has	   the	   potentiality	   to	   rationalize	  
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binding	   and	   selectivity	   features,	   and	   therefore	   to	   assist	   in	   the	   design	   of	   new	  

molecular	  probes	  and	  of	  novel	  therapeutic	  agents.	  

NMR	   has	   become	   a	   powerful	   tool	   to	   monitor	   molecular	   interactions	   and	   to	  

deduce	  features	  of	  recognition	  processes	  at	  different	  levels	  of	  complexity,	  from	  

the	   perspective	   of	   the	   receptor	   and	   the	   ligand.	   Moreover	   NMR	   has	   the	  

advantage	  to	  examine	  the	  sample	  in	  solution,	  in	  a	  condition	  quite	  similar	  to	  the	  

physiological	  one,	  and	   the	   results	  obtained	   take	   into	  account	   the	   flexibility	  of	  

the	  protein	  and	  the	  conformational	  changes	  that	  occur	  upon	  ligand	  binding.	  

2.3.1	  NMR-‐Based	  protein-‐ligand	  interaction	  studies	  

The	   study	   of	   protein-‐protein	   and	   protein-‐ligand	   interactions	   in	   solution	   has	  

recently	   become	   possible	   at	   an	   atomic	   level	   by	   new	   NMR	   spectroscopy	  

experiments	  able	  to	  identify	  binding	  events	  either	  by	  looking	  at	  the	  resonance	  

signals	   of	   the	   ligand	   or	   the	   protein.	   Ideally,	   a	   combination	   of	   these	   two	  

informations	   allows	   obtaining	   a	   complete	   picture	   of	   ligand	   binding	   to	   a	  

receptor.	   These	  methodologies	   can	  be	  applied	   to	   the	   lead	  generation	   in	  drug	  

discovery[81],	   that	   is	   the	   identification	   of	   compounds	   that	   demonstrates	  

specific	   activity	   against	   a	   therapeutic	   target,	   as	  well	   as	   to	   dynamic	   structure-‐

activity	   relationships	   (SAR).	   Among	   the	   most	   important	   approaches,	   we	   can	  

distinguish:	   (1)	   chemical-‐shift	   variations	  by	   titration	  experiments	   1H/15N-‐HSQC	  

and	  1H/13C-‐HSQC	  which	  are	  used	  to	  identify	  the	  binding	  pocket	  of	  the	  receptor	  

(2)	   Saturation	   Transfer	   Difference	   (STD)	   experiments,	   used	   to	   identify	   the	  

binding	   motif	   of	   the	   ligand	   (3)	   transferred	   NOEs	   effect	   for	   detecting	   and	  

characterizing	   bound	   conformation	   of	   the	   ligand	   [82],[83][73],	   (4)	   NOE	  

pumping	   experiment	   used	   to	   suppress	   the	   signals	   of	   the	   unbound	  
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molecules[84],	   (5)	  DOSY	   (Diffusion	  Ordered	   Spectroscopy)	   spectroscopy	   seeks	  

to	   separate	   the	   NMR	   signals	   of	   different	   species	   according	   to	   their	   diffusion	  

coefficient[85].	  	  

	  

Characterization	  of	  fast/slow	  exchange	  by	  NMR	  

Using	   NMR	   it	   is	   possible	   to	   characterize	   several	   aspects	   of	   protein-‐ligand	  

interactions:	   (1)	   determine	   the	   binding	   affinity,	   (2)	   location	   of	   ligand	   binding	  

site	   on	   protein	   and	   (3)	   the	   structure	   of	   the	   protein-‐ligand	   complex.	   The	  

knowledge	  of	  the	  strength	  of	  the	   interaction	   is	   foundamental	   for	  the	  study	  of	  

protein	   ligand	   interactions.	   The	   affinity	   of	   ligands	   for	   protein	   targets	   ranges	  

over	   several	   orders	   of	   magnitude,	   and	   it	   is	   represented	   by	   the	   dissociation	  

constant	  Kd,	  where	  Kd	  is	  defined	  as:	  

𝐾! = 𝑇 𝐿 / 𝑇𝐿 	  

where	   T	   refers	   to	   the	   target	   protein,	   L	   the	   ligand	   	   and	   TL	   the	   complex	  

concentrations.	  

In	  general,	  according	  to	  the	  different	  strenght	  of	  binding	  is	  possible	  to	  identify:	  

(1)	   tight-‐binding	   interaction	   when	   Kd	   is	   less	   than	   10-‐8M,	   (2)	   moderate	  

interaction	   for	  Kd	  approx	  between	  10-‐6	   -‐10-‐8	  M	  and	   (3)	  weak	   interaction	  when	  

the	  Kd	  is	  greater	  than	  10-‐6	  M.	  

The	  magnitude	  of	  Kd	  has	  an	  important	  effect	  on	  a	  number	  of	  NMR	  parameters	  

and	   plays	   a	   significant	   role	   in	   determing	   what	   sort	   of	   information	   may	   be	  

obtained	  for	  a	  particular	  protein	  ligand	  interaction.	  

If	   a	   small	   ligand	   binds	   to	   a	   protein	   with	   low	   affinity,	   and	   the	   exchange	   rate	  

between	  the	  free	  and	  bound	  states	  is	  fast	  enough	  (Koff	  larger	  that	  the	  chemical	  

shift	  difference)	  it	  is	  possible	  to	  apply	  the	  following	  equation:	  

A=pboundAbound+pfreeAfree	  
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in	  which	  its	  NMR	  osserable	  A	  equals	  the	  population-‐weighted	  average	  of	  Abound	  

and	  Afree.	  [86].	  

The	  NMR	  monitors	  the	  different	  physical	  properties	  that	  exist	  between	  a	  ligand	  

and	  a	  protein.	  	  

Fig.	  14	  Characteristic	  of	  the	  free	  ligand,	  target	  and	  the	  correspondent	  complex.	  
	  

The	  exchange	  regime	  (slow,	   intermediate	  or	  fast)	  determines	  how	  a	  spectrum	  

of	  a	  protein-‐ligand	  mixture	  changes	  (Fig.	  16)	  during	  a	  titration	  and	  depends	  on	  

Kd.	  	  

Fig.	  15	  Rapresentation	  of	  the	  chemical	  exchange	  and	  correspondent	  spectral	  timescale.	  
	  

It	   is	   important	   to	  determine	   if	   the	  complex	   is	   in	   fast	  or	  slow	  exchange	  on	  the	  

NMR	  timescale	  (Fig.	  15),	  before	  starting	  to	  study	  the	  structure	  of	  a	  complex.	  If	  

the	  complex	  is	  in	  a	  slow	  exchange,	  the	  signals	  of	  the	  free	  and	  bound	  state	  are	  
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separated,	   even	   if	   this	   latter	   is	   usually	   very	   broad.	   If	   the	   complex	   is	   in	   fast	  

exchange,	   only	   one	   signal	   is	   visible	   (Fig.	   16)	   and	   its	   chemical	   shift	   is	   the	  

weighted	  average	  of	  the	  free	  and	  bound	  state	  signals	  [86]–[88].	  Finally,	   in	  the	  

intermediate	  exchange	  the	  signals	  of	   the	   free	  and	  bound	  states	  appear	  broad	  

and	  often	  not	  resolved.	  

	  

Fig.	  16	  Simulated	  spectra	  for	  two	  site	  exchange.	  

2.3.2	  Saturation	  Transfer	  Difference	  (STD)	  

The	   saturation	   transfer	   difference	   (STD)	   method	   permits	   a	   fast	   detection	   of	  

ligand	   binding	   to	   proteins,	   and	   allows	   an	   easy	   discrimination	   of	   ligands	   from	  

non-‐binding	   molecules[80][82].	   For	   this	   experiment,	   the	   chemical	   exchange	  

between	   the	   bound	   and	   free	   states	   of	   the	   ligand	   should	   be	   fast	   on	   the	  

relaxation	   time	   scale	   (Kd	   between	   10-‐3	   and	   10-‐7M).	   In	   STD	   experiment,	  

assignment	  of	  the	  protein	  cross-‐peaks	  (only	  the	   ligand	  signals	  are	  monitored),	  

and	   isotope	   labeling	   of	   the	   protein	   or	   the	   ligand	   are	   not	   required.	   STD	  
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experiments	   require	   small	   quantities	   of	   receptor	   (<20	   µM),	   and	   use	   large	  

excees	  of	  ligand	  (ca.	  100	  molar	  equivalents	  versur	  the	  receptor).	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Fig.	  17	  Schematic	  view	  of	  the	  STD	  experiment.	  The	  protein	  protons	  are	  selectively	  saturated	  at	  a	  
specific	  frequency,	  and	  the	  effect	  of	  the	  saturation	  is	  transmitted	  through	  the	  whole	  polypeptide.	  
Any	   ligand	   interacting	   with	   the	   protein	   will	   also	   be	   affected	   by	   the	   saturation.	   During	   the	  
irradiation	  time,	  the	  saturation	  is	  transferred	  to	  the	  bound	  ligand-‐	  first	  to	  the	  protons	  belonging	  
to	  the	  ligand	  epitope,	  then	  to	  the	  rest	  of	  the	  ligand.	  
	  

STD	  results	  from	  the	  difference	  of	  two	  experiments	  (Fig.	  18).	  	  

In	  the	  first	  experiment,	  the	  “on-‐resonance”	  experiment,	  selective	  saturation	  of	  

the	  signal	  of	  the	  receptor	  nuclei	  is	  achieved	  via	  a	  train	  of	  frequency-‐selective	  rf	  

pulses.	   The	   rf	   train	   is	   applied	   to	   a	   frequency	   window	   that	   contains	   protein	  

resonances,	   but	   not	   resonances	   from	   the	   ligand.	   	   The	   saturation	   propagates	  

rapidly	   from	   the	   point	   of	   application	   to	   other	   protein	   nuclei	   via	   the	   vast	  

network	   of	   intramolecular	   1H-‐1H	   cross-‐relaxation	   pathways;	   this	   process	   of	  

spin-‐diffusion	  is	  very	  efficient,	  due	  to	  the	  typically	  large	  molecular	  weight	  of	  the	  

protein.	  Bound	  ligands	  pick	  up	  this	  saturation	  via	  inter-‐molecoular	  1H-‐1H	  cross-‐

relaxation	   at	   the	   ligand-‐protein	   interface.	   They	   then	  dissociate	   back	   into	   free	  
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solution	   where	   the	   saturated	   state	   persists,	   due	   to	   the	   small	   free	   state	   R1	  

values.	  At	  the	  same	  time,	  more	  “fresh”	  ligand	  exchanges	  on	  and	  off	  the	  protein	  

while	   saturation	   energy	   continues	   to	   enter	   the	   system	   through	   the	   sustained	  

application	  of	  rf.	  Thus,	  saturated	  free	  ligands	  accrue	  during	  the	  saturation	  time	  

and	   this	   allows	   the	   “amplification”	   of	   the	   signal.	   For	   the	   on-‐resonance	  

irradiation,	  frequency	  values	  around	  -‐1	  ppm	  are	  used	  because	  no	  ligand	  nuclei	  

resonances	  are	  found	  in	  this	  spectral	  region,	  whereas	  the	  significant	  line	  width	  

of	   protein	   signals	   still	   allows	   selective	   saturation.	   If	   the	   ligand	   shows	   no	  

resonance	   signals	   in	   the	   aromatic	   proton	   spectral	   region,	   the	   saturation	  

frequency	  may	  also	  be	  placed	  there	  or	  even	  further	  downfield	  (δ	  =	  11-‐12	  ppm).	  	  

	  

	  

	  

	  

	  

	  

	  
	  
	  
	  
	  
Fig.18	   STD	   spectrum	   is	   generated	   by	   subctration	   of	   “on-‐resonance”	   spectrum	   from	   “off-‐
resonance”	  spectrum.	  
	  

In	   order	   to	   achieve	   the	   desiderated	   selectivity	   and	   to	   avoid	   side-‐band	  

irradiation,	   shaped	   pulses	   are	   employed	   for	   the	   saturation	   of	   the	   protein	  

signals.	  

Therefore,	  in	  the	  second	  experiment	  the	  irradiation	  frequency	  is	  set	  to	  a	  value	  

that	   is	   far	   from	  any	   ligand	  and	  protein	  signal	   (off-‐resonance).	  The	  spectrum	  is	  

!
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recorded	  and	  yields	  a	  normal	  NMR	  spectrum	  of	  the	  mixture.	  Subtraction	  of	  the	  

on-‐resonance	  spectrum	  from	  the	  off-‐resonance	  spectrum	  leads	  to	  a	  difference	  

spectrum,	   in	   which	   only	   proton	   signals	   that	   were	   attenuated	   by	   saturation	  

transfer	  are	  visible.	  The	  intensity	  of	  STD	  signals	  is	  related	  to	  their	  distance	  with	  

the	  protein	   surface,	   being	  higher	   for	   those	  protons	   that	   are	   in	   closer	   contact	  

with	  the	  receptor.	  	  

Thus,	   it	   appears	  evident	   that	   the	  STD	  NMR	   is	   an	  excellent	   technique	   to	   show	  

ligand-‐protein	   binding,	   as	   well	   as	   to	   characterize	   the	   binding	   epitope	   of	   the	  

ligand[80][82][89].	  

2.3.3	  	  Transferred	  NOESY	  (trNOESY)	  

NOE	   effects	   (NOEs)	   are	   extremely	   useful	   in	   determining	   the	   3D	   structure	   of	  

molecules	   in	   solution.	  The	  method	  has	  brought	  many	  benefits	  especially	  with	  

regard	   to	   the	   structural	   analysis	   of	   proteins.	  When	   ligand	  molecules	   bind	   to	  

receptor	   proteins,	   the	   NOEs	   undergo	   drastic	   changes,	   leading	   to	   the	  

observation	   of	   transferred	   NOEs	   (trNOEs).	   These	   changes	   are	   the	   basis	   for	   a	  

variety	  of	  experimental	   schemes	   that	  are	  designed	   to	  detect	  and	  characterize	  

binding	  activity.	  

The	   observation	   of	   trNOEs	   relies	   on	   different	   tumbling	   times	   τc	   of	   free	   and	  

bound	   molecules.	   Low	   or	   medium-‐molecular-‐weight	   molecules	   (Mw	   <1000-‐

2000)	  have	  a	  short	  correlation	  time	  τc	  and,	  as	  a	  consequence,	  such	  molecules	  

exhibit	  either	  positive	  NOEs,	  no	  NOEs,	  or	  very	  small	  negative	  NOEs	  depending	  

on	   their	   molecular	   weight,	   shape,	   and	   the	   field	   strength.	   Large	   molecules,	  

however,	  show	  strongly	  negative	  NOEs	  (Fig.19).	  When	  a	  small	  molecule	  (ligand)	  
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is	  bound	  to	  a	  large-‐molecular-‐weight	  protein	  (the	  protein	  receptor	  molecule)	  it	  

behaves	   as	   a	   part	   of	   the	   large	   molecule	   and	   adopts	   the	   corresponding	   NOE	  

behaviour.	  	  

Fig.	  19	  .	  Dependence	  of	  maximum	  homonuclear	  NOE	  enhancement	  on	  𝝎𝝉𝒄.	  
	  

	  

	  

Fig.	  20.	  Range	  of	  Kd	  used	  in	  tr-‐NOESY	  experiment	  
	  

Ligand	  binding	  of	  a	  receptor	  protein	  can	  thus	  easily	  be	  distinguished	  by	  looking	  

at	  the	  sign	  and	  size	  of	  the	  observed	  NOEs.	  	  

The	   estimated	   range	   of	   binding	   affinities	   that	   can	   be	   probed	   by	   trNOESY	   is	  

100nM≤KD≤1mM[90](Fig.20).	  	  

Cross-‐peaks	   among	   protons	   cross-‐relaxing	   across	   the	   glycosidic	   linkages	   and	  

within	  the	  monosaccharide	  units	  can	  be	  monitored	  in	  absence	  and	  in	  presence	  

Kd
[M]

10-15 10-12 10-9 10-6 10-3 10-1

Complessi labiliComplessi stabili:

Limite di utilizzo del
TRNOELimit%use%for%tr,NOE0

Stable%complexes0 Labile%complexes0
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of	   the	   protein,	   identifying	   variation	   of	   the	   conformation	   of	   the	   ligand	   in	   the	  

bound	  state.	  

Fig.	   21	   Left.	   Schematic	   representation	  of	   a	  NOESY	   spectrum	   for	   a	   free	   ligand.	   Cross	  peaks	   and	  
diagonal	   peaks	   have	   different	   sign.	   Right.	   Schematic	   	   representation	   of	   a	   trNOESY	   spectrum	  
recorded	   for	   an	   exchanging	   ligand–protein	   system.	   Cross	   peaks	   and	   diagonal	   peaks	   have	   the	  
same	  sign,	  as	  expected	  for	  a	  large	  molecule,	  thus	  indicating	  binding	  to	  the	  protein.	  
	  

One	  of	  the	  major	  drawbacks	  of	  this	  kind	  of	  experiment	  is	  the	  possible	  presence	  

of	   the	   spin	   diffusion	   effect,	   that	   is	   typical	   for	   high-‐molecular	   weight	  

proteins[82].	  In	  this	  case,	  the	  magnetization	  transfer	  can	  be	  mediated	  by	  other	  

spins,	  including	  receptor	  nucleus,	  and	  by	  protons	  closed	  in	  space.	  

Thus,	  the	  trNOE	  method	  allows	  fast	  screening	  of	  putative	  binders	  in	  respect	  to	  

a	   specific	   target	   and,	   at	   the	   same	   time,	   permits	   the	   knowledge	   of	   the	  

recognized	   conformation	   of	   the	   ligand	   bound	   to	   the	   receptor,	   with	  

considerable	  implications	  for	  a	  rational	  structure-‐based	  drug	  design.	  
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3.	  A	  simplified	  introduction	  to	  Molecular	  Dynamics	  
Simulation	  

The	  NMR	  spectra	  of	  a	  molecule	  or	  macromolecule	   in	  solution	  allow	  the	  direct	  

observation	   of	   the	   magnetic	   properties	   (chemical	   shifts	   measurements,	  

coupling	   constants,	   magnetization	   relaxation,	   ect.)	   that	   are	   related	   to	   the	  

structural,	  conformational,	  and	  dynamic	   features	  of	   the	  molecule,	  and	  also	   to	  

its	  interaction	  with	  neighbour	  species	  in	  the	  studied	  sample.	  In	  this	  context	  the	  

adjective	  “structural”	  for	  a	  molecule	  is	  related	  to	  proprieties	  strictly	  dependent	  

to	  the	  atom	  positions,	  while	  “conformational”	  aspects	  are	   interesting	  anytime	  

the	   molecule	   exist	   in	   equilibrium	   between	   several	   conformers	   that	   can	  

reversibly	   interchange	   without	   breaking	   bonds,	   by	   rotation	   around	   some	   of	  

their	  bond	  axis.	  The	  dynamic	  behaviour	  of	   the	  molecule	   is	   the	  whole	  motion,	  

usually	  decomposed	  in	  the	  internal,	  involving	  only	  internal	  degrees	  of	  freedom,	  

and	  tumbling	  motion.	  The	  modeling	  approach	  allows	  a	  “bottom-‐up”	  description	  

based	  on	  the	  general	  idea	  to	  reproduce	  by	  “numerical	  experiment”	  (computer	  

simulation)	   the	   chemical	   and	   physical	   behaviour	   of	   our	   system	   being	   a	  

molecule	  in	  solution	  or	  a	  macromolecule	  or	  a	  supra-‐molecular	  complex.	  	  

Computer	   simulations	   act	   as	   a	   bridge	   between	   microscopic	   length	   and	   time	  

scales	   toward	   the	  macroscopic	  world	  of	   the	   laboratory:	   roughly	   speaking	   this	  

approach	  provides	  a	  guess	  of	  the	  conformational	  and	  dynamic	  features	  of	  the	  

macromolecule,	  the	  forces	  acting	  between	  atoms	  that	  belong	  to	  the	  same	  or	  to	  

different	   molecules,	   and	   compares	   this	   model	   behaviour	   with	   the	   NMR	  

experiments	   results.	   In	   particular	   the	   molecular	   mechanic	   and	   molecular	  

dynamic	  approach	  are	  suitable	  to	  this	  scope.	  	  
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Molecular	  dynamics	  simulation	  consists	  of	  the	  numerical,	  step-‐by-‐step,	  solution	  

of	   the	   classical	   equations	   of	   motion,	   which	   for	   a	   simple	   atomic	   system	  

belonging	   to	   a	   single	   or	   several	   molecules	   may	   be	   written	   in	   accord	   to	   the	  

Newton	  second	  law	  of	  the	  classical	  mechanic	  

m!r = f!	  	  	  	  	  	  	  	  	  	  	  	  f! = -‐ !
!!!  

U                    (1)	  

For	   this	   purpose	  we	  need	   to	  be	   able	   to	   calculate	   the	   forces	   f!  acting	  on	  each	  

atom	  of	  mass	  mi	   that	   is	   subject	   to	   an	   acceleration	  𝑟!.	   The	   forces	   are	   derived	  

from	  an	  empirical	  potential	  energy	     U	  (rN)	  that	  normally	  is	  parameterised	  for	  a	  

particular	  set	  of	  molecule	  or	  macromolecule	  or	  material.	  The	  parameters	  of	  this	  

potential	  energy	  correspond	  to	  molecular	  structural	  parameter	  for	  a	  particular	  

class	   of	   compound,	   such	   as	   bond	   equilibrium	  distances,	   angles,	   and	   torsional	  

angles.	   There	   are	   also	   other	   parameters	   that	   quantify	   the	   ability	   of	   these	  

degree	  of	  freedom	  to	  fluctuate	  around	  their	  equilibrium	  values,	  and	  represent	  

the	  system	  energy	  cost	  to	  a	  deform	  it.	  	  

In	  an	  atomistic	  detail	  model,	  rN	  =	   (r1;	  r2;	  ….rN)	  represents	  the	  complete	  set	  of	  

3N	   atomic	   coordinates,	   being	  N	   the	   number	   of	   atoms	   of	   the	  model,	  while	   in	  

accord	  to	  the	  statistical	  mechanic	  the	  set	  of	  3N	  velocities	  are	  also	  required	  to	  

define	  the	  complete	  microstate	  of	  the	  system.	  

Non-‐bonded	  Interactions	  

Describing	   macromolecule	   and/or	   supra-‐molecular	   systems	   two	   main	   non	  

bonded	   interaction	  assume	  particular	   importance:	  the	  “Van	  der	  Waals”	  forces	  

and	   the	   electrostatic	   forces,	   the	   former	   are	   generated	   between	   the	   external	  

part	   of	   the	   electronic	   density	   of	   two	   approaching	   molecules,	   and	   are	  

considered	  as	   short	   range	   forces.	  Electrostatic	   interaction	  are	  supposed	   to	  be	  

applied	  between	  partial	  charges	  of	  polar	  groups,	  for	  example	  (δ+)H-‐O(δ-‐),	  and	  
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also	  between	  groups	  owning	  finite	  charges,	   like	  -‐COO(-‐)	  and	  –NH3(+)	  or	  other	  

ionizable	  groups.	  

The	   Lennard-‐Jones	   potential	   is	   the	   most	   commonly	   used	   form	   to	   describe	  

empirically	  the	  van	  der	  waals	  forces:	  

v!" r = 4ε (!
!
)!"-‐(!

!
)! 	  	  	  (2)	  

with	  two	  parameters	  :	    σ	  ,	  the	  diameter,	  and	  ℇ,	  the	  well	  depth.	  	  

If	  electrostatic	  charges	  are	  present,	  we	  add	  the	  appropriate	  Coulomb	  potentials	  

𝑣!"#$%& 𝑟 =
𝑄!𝑄!
4𝜋𝜖!𝑟

,                  (3)	  

where	  Q1,	  Q2	  are	  the	  charges	  and	   	  is	  the	  permittivity	  of	  free	  space.	  	  

Bonding	  Potentials	  

For	  molecular	  systems,	  we	  simply	  build	  the	  molecules	  out	  of	  site-‐site	  potentials	  

of	  the	  form	  of	  Eq.(2)	  or	  similar.	  Typically,	  a	  single-‐molecule	  quantum-‐chemical	  

calculation	   may	   be	   applied	   to	   estimate	   the	   electron	   density	   throughout	   the	  

molecule,	  and	  this	  may	  then	  be	  modeled	  by	  a	  distribution	  of	  partial	  charges	  via	  

Eq.	  (3),	  or	  more	  accurately	  by	  a	  distribution	  of	  electrostatic	  multipoles[91].	  For	  

molecules,	   additionally,	   the	   intra-‐molecular	   bonding	   interaction	   must	   be	  

considered.	   The	   simplest	   molecular	   model	   will	   include	   terms	   as	   reported	  

below:	  	  

𝒰!"#$%&'()*+(%$ =
!
!

𝑘!"!!"#$% (𝑟!" − 𝑟!"
!")!	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (4a)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

                                                              + !
!

𝑘!"#!!"#$  !"#$%& (𝜃!" − 𝜃!"#
!" )!          	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (4b)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  	  	  	  	  	  	  	  	  	                                                        + !
!

𝑘!"#$
!,!

!"#$%"&  !"#$%& (1 + cos 𝑚𝜃!"#$ − 𝛾! )(4𝑐)	  

	  

The	   “bonds”	   will	   typically	   involve	   the	   separation	   𝑟!" = 𝑟! − 𝑟! 	   between	  

adjacent	  pairs	  of	  atoms	   in	  a	  molecular	   framework,	  and	  we	  assume	   in	  Eq.	   (4a)	  
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an	   harmonic	   form	   with	   specifed	   equilibrium	   bond	   length	   rijeq	   and	   energy	  

deformation	   quantified	   by	   the	   “spring	   constant”	   kjir	   .	   This	   functional	   form	  

allows	   to	   describe	   the	   bond	   length	   degree	   of	   freedom	   as	   an	   harmonic	  

oscillator,	   but	   in	   principle	  more	   complex	   functional	   form	   including	   an	   higher	  

number	   of	   parameters	   is	   possible.	   The	   “bond	   angles”	     θ!"#	   are	   between	  

successive	   bond	   vectors	   such	   as	   r!-‐r!  and  r!-‐r!,	   and	   therefore	   involve	   three	  

atom	  coordinates:	  

cos 𝜃!"# = 𝑟!" ∙ 𝑟!" = (𝑟!"𝑟!")
!!!(𝑟!"𝑟!")

!!!(𝑟!" ∙ 𝑟!")	  	  	  	  	  	  	  	  	  	  	  (5)	  

where	  𝑟 = !
!
.  	  

Usually,	  this	  bending	  term	  is	  taken	  to	  be	  quadratic	  in	  the	  angular	  displacement	  

from	  the	  equilibrium	  value,	  as	  in	  Eq.	  (4b),	  although	  periodic	  functions	  are	  also	  

used.	   Even	   in	   that	   case	  θijkeq	   and	   kijk	   are	   the	   equilibrium	   bond	   angle	   and	   the	  

corresponding	  “bending	  stiffness”.	  The	  “torsion	  angles”	  are	  defined	  in	  terms	  of	  

three	  connected	  bonds,	  hence	  four	  atomic	  coordinates:	  

cosϕ!"#$ =    -‐n!"# ∙ n!"#    ,  where	  	  n!"# =    r!"  ×r!"  ,      n!"# = r!"×r!",	  and	  𝑛 =
!
!
,    the	  

unit	  normal	  to	  the	  plane	  defined	  by	  each	  pair	  of	  bonds.	  Tipically	  the	  torsional	  

potential	  involves	  an	  expansion	  in	  periodic	  functions	  of	  order	  m=1,2,…,	  Eq.	  (4c).	  

A	  simulation	  package	  force-‐field	  will	  specify	  the	  precise	  form	  of	  Eq.	  (4),	  and	  the	  

various	  strength	  parameters	  k	  and	  other	  constants	  therein.	  Actually,	  Eq.	  (4)	  is	  a	  

considerable	   oversimplifcation.	   Molecular	   mechanics	   force-‐fields,	   aimed	   at	  

accurately	  predicting	   structures	  and	  properties,	  will	   include	  many	  cross-‐terms	  

(e.g.	   stretch-‐bend).	  Quantum	  mechanical	   calculations	  may	  give	  a	  guide	   to	   the	  

“best”	   molecular	   force-‐field;	   also	   comparison	   of	   simulation	   results	   with	  

thermophysical	  properties	  and	  vibration	  frequencies	  is	  invaluable	  in	  force-‐field	  

development	   and	   refinement.	   A	   separate	   family	   of	   force	   fields,	   such	   as	  
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AMBER[92][93],	  CHARMM,	  are	  oriented	  to	  biological	  macromolecule	  (proteins,	  

polymers)	   in	  condensed	  phases;	  their	   functional	   form	  is	  similar	  to	  Eq.	   (4),	  and	  

their	   parameters	   are	   typically	   determined	   by	   quantum	   chemical	   calculations	  

combined	  with	  thermo-‐physical	  and	  phase	  coexistence	  data.	  

Force	  Calculation	  

Having	   specified	   the	   potential	   energy	   function	     U(r!),	   the	   next	   step	   is	   to	  

calculate	  the	  atomic	  forces	  

𝑓! = − !
!"!
𝒰(𝑟!)	  	  	  	  	  	  	  	  	  	  	  (6)	  

It	  is	  quite	  common	  practice	  in	  classical	  computer	  simulations	  not	  to	  attempt	  to	  

represent	   intramolecular	   bonds	   by	   terms	   in	   the	   potential	   energy	   function,	  

because	  these	  bonds	  have	  very	  high	  vibration	  frequencies	  (and	  arguably	  should	  

be	   treated	   in	   a	   quantum	   mechanical	   way	   rather	   than	   in	   the	   classical	  

approximation).	   Instead,	   the	   bonds	   are	   treated	   as	   being	   constrained	   to	   have	  

fixed	  length.	  
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Objective	  of	  the	  thesis	  

 

As	   previously	   described	   in	   the	   introduction,	   Influenza	   A	   viruses	   have	   been	  

viewed	   as	   ‘unpredictable’	   pathogens,	   because	   they	   have	   the	   potentiality	   to	  

lead	  to	  a	  widespread	  pandemic	  outbreak	  acquiring	  the	  ability	  to	  bind	  with	  high	  

affinity	   human	   receptor.	   One	   of	   the	   most	   relevant	   aspects	   governing	   virus	  

selectivity	   is	   the	   interaction	   between	   the	   influenza	   virus	   surface	   protein	  

hemagglutinin	   (HA)	   and	   its	   cell	   surface	   glycan	   receptors,	   which	   present	   the	  

same	   composition	   but	   they	   differ	   for	   the	   type	   of	   the	   linkage	   between	   the	  

Neu5Ac	  and	  the	  Gal	  residues,	  which	  is	  α(1-‐3)	  in	  the	  avian	  receptor,	  whereas	  is	  

α(1-‐6)	  in	  the	  human	  receptor.	  

Co-‐crystal	   structures	   of	   the	   receptors	   bound	   to	   HA	   have	   been	   previously	  

described,	   highlighting	   differences	   in	   glycan	   receptor	   conformation.	   As	   a	  

consequence,	   the	   conformation	   and	   topology	   characterization	   of	   the	   human	  

and	   avian	   sialylated	   glycan	   receptors	   in	   solution	   is	   required,	   given	   that	   it	   is	  

plausible	   to	   presume	   that	   receptor	   dynamic	   properties,	   strictly	   related	   to	   its	  

structure,	  could	  play	  a	  role	  in	  the	  recognition	  and	  binding	  of	  HA	  proteins.	  	  

In	  order	  to	  obtain	  the	  fully	  description	  of	  the	  conformational	  properties	  of	  the	  

two	  sialylated	  pentasaccharides	  (LSTc,	  Neu5Ac-‐α-‐(2-‐6)-‐Gal-‐β-‐(1-‐4)-‐GlcNAc-‐β-‐(1-‐

3)-‐Gal-‐β-‐(1-‐4)-‐Glc;	   and	   LSTa,	   Neu5Ac-‐α-‐(2-‐3)-‐Gal-‐β-‐(1-‐3)-‐GlcNAc-‐β-‐(1-‐3)-‐Gal-‐β-‐

(1-‐4)-‐Glc),	   used	   as	   models	   for	   human	   and	   avian	   receptors,	   extensive	   NMR	  

analysis	   and	   MD	   simulation,	   followed	   by	   the	   numerical	   analysis	   of	   the	   data	  

generated,	  were	  used.	  	  

The	   second	   step	   of	   our	   work	   was	   the	   interaction	   studies,	   based	   on	   NMR	  

techniques,	   between	   selected	   viral	   HAs	   and	   human	   and	   avian	   glycan	   cell	  
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receptor	   models.	   The	   chosen	   hemagglutinins	   were	   SC18-‐HA	   (hemagglutinin	  

coming	   from	   the	   virus	   A/South	   Carolina/1/1918,	   H1N1,	   responsible	   of	   the	  

pandemic	  event	  in	  1918)	  and	  two	  of	  mutant	  versions:	  a	  single	  (Asp225-‐Gly)	  and	  

double	  mutant	   (Asp225-‐Gly	  and	  Asp190Glu),	   that	  were	  proved	  to	  switch	  their	  

affinity	  from	  LSTc	  (human)	  to	  LSTa	  (avian)	  receptors.	  The	  aim	  of	  this	  study	  was	  

to	  capture	  the	  active	  changes	   in	  conformation	  of	  LSTa	  and	  LSTc	   induced	  upon	  

binding	  to	  HA	  and	  sheds	  light	  on	  distinct	  structural	  constraints	  imposed	  by	  the	  

RBS	  of	  the	  wild	  type	  and	  mutated	  versions	  of	  the	  virus.	  	  

We	   used	   MD	   simulation	   to	   generate	   models	   of	   our	   systems,	   allowing	   the	  

structural	   and	   dynamic	   comparison	   between	   the	   different	   complexes,	   and	  

obtaining	  together	  with	  NMR	  a	  complete	  overview	  of	  these	  interactions.	  	  

Finally,	  we	  used	  NMR	  and	  MD	  simulation	  also	  to	  characterize	  the	  new	  and	  less	  

pandemic	  virus	  (H7N9)	  that	  shows	  the	  ability	  to	  infect	  both	  birds	  and	  humans,	  

but	  it	  is	  unable	  to	  diffuse	  between	  humans.	  The	  complexes	  of	  avian	  and	  human	  

receptors	  with	  the	  H7	  wild	  type	  virus,	  isolated	  from	  Anhui	  H7N9	  virus	  in	  2013,	  

and	  its	  mutant	  forms	  (Gly228Ser	  and	  Gly228Ser/Val186Gly),	  that	  are	  supposed	  

to	  have	  a	  higher	  affinity	  toward	  the	  human	  receptor,	  have	  been	  characterized.	  

Understanding	  the	  structural	  basis	  of	  the	  avian	  virus	  hemagglutinin	  interaction	  

with	   glycans,	   that	   affects	   its	   specificity	   toward	   avian	   or	   human	   cell	   receptor,	  

will	  be	  very	  helpful	  for	  surveillance	  of	  emerging	  new	  influenza	  virus	  potentially	  

pandemic	  for	  human	  species.	  	  
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Human	  (α2-‐6)	  and	  avian	  (α2-‐3)	  sialylated	  receptors	  
of	  influenza	  A	  virus	  show	  distinct	  conformations	  and	  

dynamics	  in	  solution[1]	  
 

	  

INTRODUCTION	  

The	   interaction	  between	   the	   influenza	  A	  virus	   surface	  protein	  haemagglutinin	  

(HA)	  and	   its	  cell	  surface	  glycan	  receptors	   is	  one	  of	  the	  critical	  steps	  governing	  

virus	   selectivity.	   Several	   crystal	   structures	   of	   different	  HAs	   have	   been	   solved,	  

both	  native	  and	  co-‐crystallised	  with	  glycan	  receptors[2]–[6].	  These	  studies	  have	  

provided	   an	   insight	   into	   the	   ability	   of	   HA	   to	   interact	   with	   receptor	   glycans.	  

Human-‐adapted	   influenza	   viruses	   preferentially	   bind	   to	   sialylated	   glycan	  

receptors	   terminated	   by	   N-‐acetyl	   neuraminic	   acid	   (Neu5Ac)	   α2-‐>6	   linked	   to	  

galactose	  (Gal)	   (human	  receptors),	  which	  are	  predominantly	  expressed	  on	  the	  

apical	  surface	  of	  the	  upper	  respiratory	  epithelia	  in	  humans	  [7]–[9].	  In	  contrast,	  

avian-‐adapted	   influenza	   viruses	   preferentially	   bind	   to	   sialylated	   glycans	  

terminated	  by	  Neu5Ac	  α2-‐>3	  linked	  to	  Gal,	  which	  are	  expressed	  predominantly	  

in	   the	   gut	   and	   respiratory	   tract	   of	   birds	   and,	   importantly,	   in	   the	   deep	   lung	  

(alveolar	  region)	  of	  humans[8].	  Therefore,	  one	  of	  the	  characteristics	  of	  human-‐

adaptation	   of	   influenza	   A	   viruses	   is	   the	   change	   in	   glycan	   receptor	   binding	  

preference	  of	  HA	  from	  avian	  to	  human	  receptors[10]–[15].	  	  

Recent	   studies	   based	   on	   analysis	   of	   HA-‐glycan	   co-‐crystal	   structures[16][17]	  

have	   highlighted	   the	   importance	   of	   glycan	   conformation	   and	   topology	   in	  

governing	  receptor	  specificity	  of	  avian-‐	  and	  human-‐adapted	  HAs.	  In	  the	  case	  of	  

avian	  receptors,	   the	  majority	  of	  contacts	  between	  HA	  and	  glycan	   involves	   the	  
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Neu5Ac	   residue	  at	   the	  non-‐reducing	  end.	  Chandrasekaran	  et	  al.	   [17]proposed	  

that,	   by	   fixing	   the	   Neu5Ac	   in	   the	   glycan-‐binding	   pocket	   of	   HA,	   the	   other	  

residues	   in	   this	   trisaccharide	   motif	   sample	   different	   torsional	   angles	   at	   their	  

glycosidic	  linkages,	  such	  that	  the	  space	  occupied	  by	  the	  whole	  glycan	  resembles	  

a	  cone	  with	  Neu5Ac	  at	  the	  vertex,	  characterised	  by	  a	  topological	  angle	  θ >	  100°	  

(Fig.	   10	   of	   Introduction).	   The	   topological	   angle	  θ 	   is	   defined	   by	   the	   anomeric	  

carbon	  of	  the	  three	  residues	  Neu5Ac,	  Gal	  and	  GlcNAc	  (N-‐acetyl	  glucosamine)	  in	  

going	   from	  the	  non-‐reducing	   to	   the	   reducing	  end.	  They	  also	  proposed	   for	   the	  

case	  of	  human	  receptors	  with	  a	  long	  enough	  glycan	  motif,	  comprising	  at	  least	  a	  

tetrasaccharide	   Neu5Ac-‐α(2→6)-‐Gal-‐β(1→4)-‐GlcNAc-‐β(1→3)-‐Gal-‐	   at	   the	   non-‐

reducing	   end,	   spans	   the	   glycan	   binding	   surface	   on	   HA.	   The	   additional	   C5-‐C6	  

bond	  of	  the	  Neu5Ac-‐α(2→6)-‐Gal	  glycosidic	   linkage	  provides	  added	  mobility	  to	  

its	   glycosidic	   junction	   and	   the	   remaining	   backbone	   allowing	   it	   to	   explore	  

conformations	   similar	   to	   an	  umbrella	   progressing	   from	  a	   fully	   open	   to	   a	   fully	  

closed	  form	  (defined	  as	  having	  a	  θ angle	  <	  100°)	  (Fig.	  10	  Introduction)[17].	  It	  is	  

clear	   that	   the	   cone	   and	   umbrella	   topologies	   are	   generated	   by	   their	   motions	  

while	  they	  are	  bound	  to	  the	  receptor,	   instead	  their	  conformation	  in	  no-‐bound	  

state	   appear	   strongly	   dependent	   from	   their	   respective	   non-‐reducing	   end	  

connectivity,	   α(2→3)	   or	   α(2→6).	   The	   role	   of	   glycan	   shape	   and	   topology	   in	  

regulating	  binding	  specificity	  for	  HA	  has	  also	  been	  investigated	  using	  molecular	  

dynamics	  simulations[18],	  indicating	  that	  there	  are	  significant	  differences	  in	  the	  

conformational	   sampling	   of	   avian	   and	   human	   receptors	   from	   the	   different	  

subtypes	  (H3,	  H5	  and	  H9)	  upon	  binding	  to	  HA.	  	  

The	   previously	   mentioned	   studies	   highlighted	   differences	   in	   glycan	   receptor	  

conformation	   and	   structural	   details	   when	   co-‐crystallized	   bound	   to	   HA,	  
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illustrating	  the	  structural	  specificity	  of	  HA-‐glycan	  interactions.	  Consequently,	   it	  

is	   logical	   to	   suppose	   that	   receptor	   dynamic	   properties,	   strictly	   related	   to	   its	  

structure,	   could	   play	   a	   role	   in	   recognition	   and	   binding	   by	   the	  HA	   protein.	   To	  

characterize	   human	   and	   avian	   sialylated	   glycan	   receptors	   in	   term	   of	  

conformation	  and	  topology	  in	  solution,	  detailed	  NMR	  analyses,	  MD	  simulations,	  

followed	  by	   a	   statistical	   analysis	   of	   the	   sampled	   trajectories	  were	  performed.	  

Two	   sialylated	   pentasaccharides:	   LSTc	   (Neu5Ac-‐α(2→6)-‐Gal-‐β(1→4)-‐GlcNAc-‐

β(1→3)-‐Gal-‐β(1→4)-‐Glc)	   and	   LSTa	   (Neu5Ac-‐α(2→3)-‐Gal-‐β(1→3)-‐GlcNAc-‐

β(1→3)-‐Gal-‐β(1→4)-‐Glc)	   were	   used	   respectively	   as	   a	   model	   for	   human	   and	  

avian	  receptor	  (Fig.	  1).	  

Fig.1	   Scheme	   of	   the	   two	   pentasaccharides	   used	   as	   a	  model	   for	   human,	   LSTc,	   and	   avian,	   LSTa,	  
receptors.	  
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We	   refer	   to	   Gal1	   and	   Gal2	   as	   labels	   for	   the	   first	   and	   second	   Gal	   residue	  

encountered	   in	   sequence	   of	   LSTc	   and	   LSTa,	   from	   the	   non-‐reducing	   to	   the	  

reducing	   end.	   NOESY,	   13C-‐NMR	   relaxation	  measurements	   and	   analysis	   of	   the	  

glycan	   MD	   trajectories,	   revealed	   that	   LSTa	   and	   LSTc	   have	   distinct	  

conformational	   dynamics,	   topology	   and	   intra-‐molecular	   hydrogen	   bond	  

networks	   in	   solution.	   Specifically,	   LSTc	   preferentially	   adopts	   a	   bent	   shape	   in	  

solution,	  which	   is	   consistent	  with	   the	   “umbrella”-‐like	   conformation,	  whereas,	  

LSTa	  adopts	  a	  bow	  shape	  in	  solution,	  which	  agrees	  with	  a	  “cone”-‐like	  structure.	  

These	   observations	   suggest	   that	   the	   different	   species-‐adapted	   HAs	   could	  

recognise	   specific	   solution	   glycan	   shape,	   conformations,	   and	   dynamic	  

behaviour.	  

	  

RESULT	  AND	  DISCUSSION	  

NMR	   analyses	   of	   LSTa	   and	   LSTc.	   NMR	   characterisation	   of	   Sialyl-‐lacto-‐N-‐

tetraoses	   LSTa	   and	   LSTc	   (Fig.	   1)	  were	   carried	   out	   using	   homonuclear	   (COSY,	  

TOCSY	   and	   NOESY),	   heteronuclear	   (edited-‐HSQC	   and	   HSQC-‐TOCSY),	   and	  

heteronuclear	   multiple	   bond	   correlation	   HMBC	   (1H/13C)	   experiments.	   This	  

permitted	   to	   obtain	   the	   complete	   assignment	   of	   the	   hydrogen	   and	   carbon	  

resonances	   for	   both	   LSTc	   and	   LSTa.	   In	   Fig.	   2	   the	  HSQC	   spectra	   at	   900MHz	  of	  

LSTc	   (Top)	   and	   LSTa	   (bottom)	   are	   shown,	   in	   which	   is	   possible	   to	   see	   the	  

correlation	   between	   proton	   and	   carbon	   for	   the	   pentasaccharides	   with	   the	  

correspondent	   assignment.	   In	   Table	   1	   the	   corresponding	   chemical	   shift	  

assignments	   for	   1H	   and	   13C	   for	   both	   pentasaccharides	   are	   reported.	   TOCSY	  

analysis	   allowed	   to	   observe	   the	   connectivity	   of	   the	   pyranosyl	   rings,	   with	   H-‐H	  

axial	  correlations	  confirming	  the	  monosaccharide	  identities.	  



	  
 

66	  

Fig.	  2	  1H,13C	  HSQC	  NMR	  spectra	  of	  LSTc	  (A	  and	  B)	  and	  LSTa	  (C	  and	  D).	  
	  

The	  chemical	  shifts	  of	  the	  acetamide	  methyl	  groups	  of	  GlcNAc	  and	  Neu5Ac	  for	  

both	  LSTa	  and	  LSTc	  were	  determined	  by	  2D	  TOCSY	  (buffered	  system,	  10%	  D2O),	  

providing	   NH	   correlations	  with	   some	   of	   the	  hydrogens	   of	   each	   ring	   and	  with	  

those	  from	  acetamide	  (Fig.	  3).	  
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Table	  1	  1H	  and	  13C	  assignements	  of	  LSTa	  and	  LSTc	  (δ	  values	  in	  ppm	  at	  295K).	  
	  

However,	   the	   strong	   peak	   superimposition	   did	   not	   permit	   the	   complete	  

hydrogen	  assignment	  by	  homonuclear	  experiments,	  these	  were	  complemented	  

by	  HSQC-‐TOCSY	  and	  by	  the	  COSY	  effect	  generated	  by	  homonuclear	  coupling	  in	  

sensitivity-‐enhanced	   HSQC.	   These	   correlation	   peaks,	   usually	   considered	   as	  

artifacts,	  are	  very	  useful	   in	   the	  assignment	  of	   signals	   in	  crowded	  spin	  systems	  

when	  performing	  sensitivity-‐enhanced	  HSQC	  experiments[19]	  (Fig.	  4).	  	  
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Fig.	   3	   2D	  partial	   TOCSY	   spectra	  of	  NH	   coupling	   spin	   system	   from	  Neu5Ac	   and	  GlcNAc	   at	  278K,	  
buffered	  system	  containing	  10%	  D2O,	  pH	  7.2.	  (A)	  LSTa	  and	  (B)	  LSTc.	  
	  

Long-‐range	   correlations	   (1H/13C)	   of	   the	   quaternary	   C1	   and	   C2	   from	   the	   sialyl	  

residues	   were	   observed	   between	   the	   H3ax-‐Neu5Ac	   at	   1.782	   ppm	   with	  

corresponding	  carbon	  signals	  at	  176.7	  and	  102.3	  ppm,	  C1	  and	  C2	  respectively.	  

C2	  correlated	  with	  H3-‐Gal1	  at	  4.082/78.2	  ppm	  of	  LSTa,	  confirming	  the	  presence	  

of	   the	   Neu5Ac	   α2-‐>3	   Gal	   linkage.	   Instead,	   LSTc	   correlated	   H3ax-‐Neu5Ac	   at	  

1.711	   ppm	  with	   carbon	   signals	   at	   176.2	   (C1),	   102.7	   (C2)	   ppm,	  with	   the	   latter	  

correlating	  with	  H6α/β-‐Gal1	   at	   3.983α/3.544β/66.0	   ppm,	   confirming	   that	   C2-‐

Neu5Ac	  is	  O-‐linked	  to	  H6 α/β-‐Gal1.	  	  

Anomeric	   proton	   correlations	   from	   LSTa	   were	   observed	   at	   4.513/84.7	   (H1-‐

Gal1/C3-‐GlcNAc),	   4.739/84.5	   (H1-‐GlcNAc	   /C3-‐Gal2)	   and	   4.446/81	   ppm	   (H1-‐

Gal2/C4-‐Glc).	   LSTc	   exhibited	   cross-‐peaks	   at	   4.451/82.9	   (H1-‐Gal1/C4-‐GlcNAc),	  

4.73/84.6	   (H1-‐GlcNAc	   /C3-‐Gal2)	   and	   4.445/80.9	   ppm	   (H1-‐Gal2/C4-‐Glc).	   These	  

measurements	  were	  confirmed	  by	  1D	  selective	  and	  2D	  NOESY	  experiments.	  	  
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Fig.	  4	  Example	  of	  signal	  assignment	  of	  a	  sensitivity-‐enhanced	  HSQC	  spectrum	  using	  cross	  peaks	  
generated	  by	  homonuclear	  proton	  coupling. 
	  

Three	   bond	   proton-‐proton	   coupling	   constants,	   3JH-‐H,	   were	  measured	   for	   both	  

pentasaccharides,	   which	   indicated	   that	   all	   Hexp	   residues	   assumed	   the	   4C1	  

conformation,	  since	  3JH1-‐H2	  vary	  from	  7.9-‐8.2	  Hz	  and	  3JH3-‐H4	  for	  Galp	  residues	  are	  

~3.5	  Hz,	  Glcp	  and	  GlcpNAc	  had	  values	  of	  9.0	  Hz	  and	  9.8	  Hz,	   respectively.	   The	  

Neu5Ac	   residue	   had	   3JH-‐H	   values	   compatible	  with	   those	   of	   a	   pyranosyl	   ring	   in	  

the	   2C5	   conformation,	   3JH3-‐H4	   =	   4.8(eq)	   Hz/12.1(ax)	   Hz	   and	   3JH4-‐H5	   =	   10.1	   Hz,	   thus	  
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suggesting	   no	   significant	   differences	   in	   the	   ring	   conformation	   between	   the	  

pentasaccharides.	  

Temperature	   coefficient	   (Δppb/K)	   and	   CSDs	   (chemical	   shifts	   deviations)	  were	  

determined	  by	  1H	  and	  HSQC	  experiments	  but	  are	  difficult	  to	  interpret,	  since	  for	  

both	   pentasaccharides	   the	   shifts	   are	   very	   similar.	   In	   order	   to	   improve	   and	  

simplify	  the	  differences	  between	  them,	  we	  used	  the	  absolute	  values	  of	  CSD	  and	  
1H	   Δppb/K	   and	   converted	   the	   value	   to	   percentage	   of	   shift	   in	   each	   residue	  

(Table	   2).	   Using	   this	   approach	   it	   becomes	   easier	   to	   observe	   the	   temperature	  

effect	   in	   1H	   and	   13C	   chemical	   shifts	   and	   in	   global	   CSD	   (calculated	   using	   the	  

equation	  2	  in	  the	  experimental	  section).	  	  

CSD	  analysis	  of	  LSTc	  showed	  that	  the	  gradient	  temperature	  had	  a	  major	  effect	  

in	   the	  reducing	  end,	   this	  behavior	   is	   favored	  by	  the	  mutarotation	   in	  C1	  which	  

provides	  huge	  13C	  chemical	  shifts	  at	  C4,	  amplifying	  the	  CSD	  values	  at	  least	  4	  fold	  

when	  compared	   to	   the	  non-‐reducing	  units,	   similar	   results	  were	  also	  observed	  

for	  LSTa.	  In	  fact	  analysis	  of	  1H	  chemical	  shift	  for	  the	  reducing	  ends	  gave	  results	  

which	  were	  less	  spread,	  confirming	  the	  amplification	  effect	  at	  C4	  produced	  by	  

mutarotation.	  

As	   in	  proteins,	  NH	  temperature	  coefficients	  can	  reflect	  the	  extent	  to	  which	  N-‐

acetyl-‐amide	  protons	  are	  protected	  from	  exchange	  through	  hydrogen	  bonding.	  

Evaluation	   of	   NH	   temperature	   coefficients	   showed	   a	   different	   behavior	  

between	  GlcNAc	  and	  Neu5Ac.	  The	  first	  had	  a	  value	  of	  -‐8.28	  ppb/K	  for	  LSTc	  and	  -‐

8.00	   ppb/K	   for	   LSTa,	   while	   NH	   for	   Neu5Ac	   exhibited	   lower	   temperature	  

coefficients	   with	   values	   of	   -‐6.77ppb/K	   and	   -‐6.60	   ppb/K	   for	   LSTc	   and	   LSTa,	  

respectively.	  
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Table	  2.	  Determination	  of	  temperature	  coefficients	  (ppb/K)	  and	  chemical	  shifts	  deviations	  (CSD)	  
of	  LSTa	  and	  LSTc.	  

1H/13C&
&

LSTc&&
(CSD)&&

LSTa&&
(CSD)&

LSTc&&
(ppb/K&

1H)&

LSTa&&
(ppb/K&

1H)&

LSTc&&
(ppb/K&

13C)&

LSTa&&
(ppb/K&

13C)&

LSTc&
(CSD)&
%&

LSTa&
(CSD)%&

H3axNeu& 0.001068& 0.000901& (1.00& (0.26& 1.49& 3.43& 3.1& 2.6&

H3eqNeu& 0.000657& 0.000882& 0.54& 0.18& 1.49& 3.43& 1.9& 2.5&

H4Neu& 0.000857& 0.001469& 0.65& 0.58& (2.22& (5.37& 2.5& 4.2&

H5Neu& 0.000935& 0.001350& (0.57& (0.53& 2.95& 4.94& 2.7& 3.8&

H6Neu& 0.000789& 0.000831& 0.29& 0.70& 2.92& 1.78& 2.3& 2.4&

H7Neu& 0.001164& 0.001195& 0.07& (0.04& 4.62& 4.75& 3.4& 3.4&

H8Neu&& 0.000454& 0.001272& (0.40& (0.86& 0.85& (3.73& 1.3& 3.6&

H9Neu&& 0.001434& 0.001466& 0.10& 0.34& (5.69& 5.67& 4.2& 4.2&

CH3Neu& 0.000474& 0.000341& 0.20& 0.04& 1.71& 1.35& 1.4& 1.0&

H1Gal1& 0.001735& 0.000657& 0.00& (0.41& (6.90& (2.04& 5.0& 1.9&

H2Gal1& 0.001027& 0.000000& 0.26& 0.00& 3.95& 0& 3.0& 0.0&

H3Gal1& 0.000319& 0.001068& (0.11& (0.51& (1.19& 3.73& 0.9& 3.0&

H4Gal1& 0.001000& 0.001260& 0.22& 0.21& 3.88& 4.94& 2.9& 3.6&

H5Gal1& 0.000465& 0.000280& (0.46& (0.28& (0.27& 0& 1.3& 0.8&

H6Gal1a& 0.001570& 0.000000& 1.57& 0.00& 0.00& 0& 4.5& 0.0&

H6Gal1b& 0.000580& 0.000650& (0.58& 0.00& 0.00& 0& 1.7& 1.9&

H1GlcNAc& 0.001874& 0.002033& 0.89& 1.03& (6.56& (6.97& 5.4& 5.8&

H2GlcNAc& 0.001637& 0.001034& (0.18& (0.94& 6.47& 1.71& 4.7& 2.9&

H3GlcNAc& 0.000210& 0.002057& (0.21& 0.81& 0.00& 7.52& 0.6& 5.9&

H4GlcNAc& 0.000850& 0.001195& (0.03& 0.04& (3.38& 4.75& 2.5& 3.4&

H5GlcNAc& 0.000000& 0.000726& 0.00& 0.13& 0.00& 2.84& 0.0& 2.1&

H6GlcNAc& 0.001053& 0.001586& (0.12& (0.49& 4.16& 12.4& 3.0& 4.5&

H6GlcNAc& 0.001393& 0.001586& 0.38& (0.49& 5.33& 12.4& 4.0& 4.5&
CH3GlcNAc& 0.000069& 0.000401& 0.07& 0.21& 0.00& 1.35& 0.2& 1.1&

H1Gal2& 0.000722& 0.000221& 0.38& 0.22& 2.44& 0& 2.1& 0.6&

H2Gal2& 0.001033& 0.000620& 0.77& 0.62& 2.74& 0& 3.0& 1.8&

H3Gal2& 0.000413& 0.000712& (0.13& (0.23& (1.56& (2.68& 1.2& 2.0&

H4Gal2& 0.000460& 0.000400& (0.46& (0.40& 0.00& 0& 1.3& 1.1&

H5Gal2& 0.000220& 0.000573& 0.22& (0.19& 0.00& (2.15& 0.6& 1.6&

H6Gal2& 0.000970& 0.000650& 0.61& 0.23& (3.00& (2.42& 2.8& 1.9&

H1Glcβ& 0.000000& 0.000306& 0.00& (0.23& 0.00& 0.8& 0.0& 0.9&

H1Glcα& 0.000000& 0.000000& 0.00& 0.00& 0.00& 0& 0.0& 0.0&

H2Glcβ& 0.000852& 0.000184& 0.25& 0.18& 3.24& 0& 2.5& 0.5&

H3Glcβ& 0.000000& 0.000000& 0.00& 0.00& 0.00& 0& 0.0& 0.0&

H4Glcαβ& 0.003614& 0.003925& (0.24& (0.31& 14.34& 15.56& 10.5& 11.2&

H5Glcβ& 0.001018& 0.000562& (0.16& 0.34& 4.00& (1.78& 2.9& 1.6&

H6DGlcβ& 0.001802& 0.002026& 0.08& (0.24& 7.16& 8& 5.2& 5.8&

H6DGlcβ& 0.001832& 0.000724& (0.34& (0.53& 7.16& 1.96& 5.3& 2.1&
NHD
GlcNAc& nd& nd& 8.28& 8.0& nd& nd& nd& nd&
NHD
Neu5Ac& nd& nd& 6.77& 6.6& nd& nd& nd& nd&

!
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This	  behaviour	  suggested	  that	  the	  amide	  group	  from	  GlcNAc	  could	  be	  involved	  

in	  an	  intra-‐molecular	  hydrogen	  bond.	  This	  result	  is	  supported	  by	  a	  study	  of	  the	  

half-‐height	   line	   widths	   (Δν½)	   extracted	   from	   each	   NH	   acetamide	   after	   a	  

lorentzian	   deconvolution	   and	   plotted	   at	   different	   temperatures.	   NH	   from	  

Neu5Ac	  N-‐acetyl	  group	  broadened	  before	  those	  of	  GlcNAc,	  suggesting	  that	  the	  

NH	  of	  GlcNAc	  is	  involved	  in	  intra-‐molecular	  hydrogen	  bonds	  (Fig.	  5).	  	  

Fig.	  5	  Experimental	  curves	  of	  NH	  Δυ1/2	  [Hz]	  plotted	  against	  temperature	  [K].	  LSTc	  (square),	  LSTa	  
(circle),	  Neu5Ac	  (red),	  GlcNAc	  (blu).	  
	  

13C	   NMR	   relaxation	   data.	   NMR	   relaxation	   studies	   have	   been	   utilized	   to	  

interrogate	   the	   internal	   motion	   of	   the	   glycans,	   providing	   dynamic	   properties	  

that	   can	   be	   qualitatively	   or	   quantitatively	   assessed	   [20]–[23].	   T1	   and	   T2	  

relaxation	   times	   and	  heteronuclear	  NOEs	  were	  measured	  at	   14.0	   T	   (600MHz)	  

(Table	  3).	   	  The	  numerical	  values	  of	  T1	  varied	  from	  315	  to	  412	  ms	  for	  LSTa	  and	  

from	  328	  to	  421	  ms	  for	  LSTc.	  T2	  varied	  from	  229	  to	  355	  ms	  and	  from	  232	  to	  387	  

ms	  for	  LSTa	  and	  LSTc,	  respectively.	  	  
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Table	   3.	   Spin.lattice	   and	   spin	   spin	   relaxation	   times	   (T1	   and	   T2	   values	   in	  ms)	   and	   heteronuclear	  
NOEs	  of	  LSTa	  and	  LSTc	  measured	  at	  600	  MHz	  in	  acqueous	  solution	  at	  295K.	  
	  

LSTa% T1% T2% RT1/T2% NOE% LSTc% T1% T2% RT1/T2% NOE%
C30axNeu% 159% 135% 1.18% 1.50% C30axNeu% 157% 138% 1.14% 1.75%
C30eqNeu% 162% 151% 1.07% 1.91% C30eqNeu% 140% 155% 0.90% 1.79%
C40Neu% 339% 302% 1.12% 1.69% C40Neu% 331% 299% 1.11% 1.79%
C50Neu% 327% 365% 0.90% 1.69% C50Neu% 341% 218% 1.56% 1.76%
C60Neu% 328% 302% 1.09% 1.65% C60Neu% 335% 235% 1.43% 1.77%
C70Neu% 284% 238% 1.19% 1.60% C70Neu% 315% 270% 1.17% 1.59%
C80Neu% 345% 306% 1.13% 1.62% C80Neu% 361% 329% 1.10% 1.86%
C90Neua% 234.% 200% 1.17% 1.79% C90Neua% 230% 209% 1.10% 1.93%
C90Neub% 230% 190% 1.21% 1.81% C90Neub% 230% 209% 1.10% 1.93%
CH30NAcNeu% 1770% 22.2% 79.7% 1.26% CH30NAcNeu% 2172% 41% 52.9% 1.13%
C10Gal1% 329% 213% 1.54% 1.60% C10Gal1% 352% 258% 1.36% 1.62%
C20Gal1% 337% 211% 1.60% 1.64% C20Gal1% 330% 277% 1.19% 1.57%
C30Gal1% 289% 205% 1.41% 1.67% C30Gal1% 340% 233% 1.46% 1.44%
C40Gal1% 299% 257% 1.16% 1.57% C40Gal1% 297% 261% 1.14% 1.45%
C50Gal1% 351% 258% 1.36% 1.69% C50Gal1% 320% 247% 1.30% 1.64%
C60Gal1a% 220% 203% 1.08% 1.76% C60Gal1a% 176% 135% 1.30% 1.51%
C60Gal1b% %%%220% 203% 1.08% 1.76% C60Gal1b% 192% 150% 1.28% 1.41%
C10GlcNAc% 323% 238% 1.36% 1.60% C10GlcNAc% 335% 267% 1.25% 1.65%
C20GlcNAc% 296% 240% 1.23% 1.69% C20GlcNAc% 326% 226% 1.44% 1.67%
C30GlcNAc% 318% 193% 1.65% 1.53% C30GlcNAc% 329% 266% 1.24% 1.71%
C40GlcNAc% 316% 328% 0.96% 1.62% C40GlcNAc% 324% 176% 1.84% 1.62%

C50GlcNAc% 324% 234% 1.38% 1.62% C50GlcNAc% 418% 224% 1.87% 1.68%
C60GlcNAca% 220% 203% 1.08% 1.76% C60GlcNAca% 263% 224% 1.17% 1.86%
C60GlcNAcb% 220% 203% 1.08% 1.76% C60GlcNAcb% 263% 216% 1.22% 1.44%
CH30GlcNAc% 177% 22.2% 79.7% 1.26% CH30GlcNAc% 2190% 23.2% 94.4% 1.93%
C10Gal2% 333% 269% 1.24% 1.76% C10Gal2% 374% 153% 2.44% 1.80%
C20Gal2% 362% 314% 1.15% 1.83% C20Gal2% 359% 310% 1.16% 1.74%
C30Gal2% 334% 214% 1.56% 1.67% C30Gal2% 335% 249% 1.35% 1.78%
C40Gal2% 354% 379% 0.93% 1.64% C40Gal2% 318% 342% 0.93% 1.62%
C50Gal2% 348% 264% 1.32% 1.88% C50Gal2% 365% 297% 1.23% 1.81%
C10Glcα% 319% 329% 0.97% 1.60% C10Glcα% 340% 306% 1.11% 1.54%
C20Glcα% 442% 334% 1.32% 1.98% C20Glcα% 455% 502% 0.91% 1.83%
C30Glcα% 433% 389% 1.11% 1.97% C30Glcα% 395% 385% 1.03% 2.00%
C40Glcαβ% 385% 275% 1.40% 1.86% C40Glcαβ% 416% 249% 1.67% 1.86%
C50Glcα% 429% 351% 1.22% 1.82% C50Glcα% 414% 485% 0.85% 1.90%
C10Glcβ% 434% 403% 1.08% 1.86% C10Glcβ% 470% 372% 1.26% 1.86%
C20Glcβ% 444% 402% 1.10% 1.76% C20Glcβ% 458% 411% 1.11% 1.93%
C60Glcβa% 285% 194% 1.47% 1.67% C60Glcβa% 191% 191% 1.00% 1.79%
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In	   order	   to	   qualitatively	   observe	   the	  main	   differences	   of	  motional	   properties	  

between	  LSTc	  and	  LSTa,	   the	  average	  values	  of	  T1	  and	  T2	  of	  each	  CH	  ring	  were	  

used	  (Fig.	  6).	  	  

The	  numerical	  values	  of	  T1	  for	  the	  different	  residues	  suggest	  an	  anisotropically	  

tumbling	  molecule,	  since	  the	  Neu5Ac-‐Gal1-‐GlcNAc	  trisaccharide	  of	  both	  glycans	  

gave	  rise	   to	  T1	  values	   ranging	   from	  315	  ms	  to	  346	  ms,	  whereas,	  values	  of	   the	  

reducing	  Glc	  residue	  varied	  from	  410	  to	  421	  ms.	  	  

Fig.	   6	  Average	   13C	   relaxation	   times	  of	  CH	   carbons	   for	  each	  monosaccharide	  unit	   from	  LSTc	   (l)	  
and	  LSTa	  (n).	  The	  solid	  line	  represents	  the	  average	  T1	  of	  each	  monosaccharide,	  while	  the	  dashed	  
line	  represents	  the	  average	  T2	  of	  each	  monosaccharide.	  
	  

This	   finding	   indicates	   a	   higher	   degree	   of	   motion	   for	   the	   reducing	   lactosyl	  

disaccharide	   (Gal2-‐Glc)	   compared	   to	   the	   non-‐reducing	   end	   of	   the	  

oligosaccharide.	  The	  heteronuclear	  NOEs	  corroborate	  the	  T1	  values,	  since	  larger	  
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heteronuclear	  NOEs	  are	  observed	   for	   the	   terminal	  units,	   as	   reported	   in	  Tab3.	  

Using	  the	  same	  approach,	  significantly	  lower	  T2	  values	  were	  detected	  for	  both	  

LSTa	   and	   LSTc,	   T2	   values	   of	   the	   reducing	  Glc	   residue	  of	   both	   glycans	   (355	  ms	  

and	   387	  ms	   for	   LSTc	   and	   LSTa,	   respectively)	   confirmed	   the	   higher	   degree	   of	  

motion	   of	   this	   residue	   compared	   to	   the	   internal	   Gal1	   and	   GlcNAc	   residues	  

showed	  lower	  T2	  values	  between	  228	  ms	  and	  255	  ms	  for	  both	  glycans.	  The	  main	  

difference	   between	   LSTa	   and	   LSTc	   were	   the	   values	   observed	   for	   T2	   of	   the	  

Neu5Ac	   residues,	   being	   303	   ms	   and	   270	   ms,	   respectively,	   such	   a	   difference,	  

higher	  than	  experimental	  error	  (from	  5	  to	  15ms),	  accounts	  for	  the	  significantly	  

higher	  rigidity	  of	  the	  non-‐reducing	  end	  of	  LSTc.	  We	  want	  to	  underline	  how	  the	  

higher	  mobility	   of	   the	   reducing	   end	   residues	   has	   little	   biologically	   relevance,	  

since	  this	  part	  of	  the	  molecule	  in	  vivo	  is	  part	  of	  a	  long	  glycan	  chain.	  A	  relevant	  

disparity	   between	   LSTa	   and	   LSTc	   is	   observed	   in	   the	   T2	   relaxation	   time	   of	   the	  

non-‐reducing	   Neu5Ac	   residues,	   303	   and	   270	   ms,	   respectively.	   Such	   a	  

difference,	  which	  is	  not	  related	  to	  chain	  length	  and	  is	  substantially	  higher	  than	  

experimental	   error,	   accounts	   for	   the	   significantly	   higher	   rigidity	   of	   the	   non-‐

reducing	  end	  of	  LSTc,	  as	  can	  be	  understood	  by	  the	  intra-‐residue	  hydrogen	  bond	  

analysis	  section	  applied	  on	  MD	  simulation	  trajectories	  of	  LSTc	  and	  LSTa.	  

	  

Inter-‐	   and	   intra-‐	   NOESY	   experimental	   distances.	   The	   inter-‐	   and	   intra-‐residue	  

proton-‐proton	  distances	  were	  measured	  by	  NOESY	  enhancement.	  Intra	  residue	  

distances	   from	  H1-‐H3	   of	  Hexp	   units	   and	  H3-‐H5	   of	   the	  Neu5Ac	   residues	  were	  

measured	  between	  2.0-‐2.6Å	  for	  all	  the	  residues	  (Table	  4).	  These	  values	  were	  in	  

agreement	  with	  the	  expected	  4C1	  and	  2C5	  ring	  chair	  conformations,	  supporting	  

the	   observed	   3JH-‐H	   coupling	   constants.	   Inter	   proton-‐proton	   distances	   were	  
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obtained	  mainly	  from	  O-‐glycosidic	  bonds	  (Table	  5).	  LSTa	  exhibited	  NOE	  contacts	  

for	   H3eq/H3ax-‐Neu:H3-‐Gal1	   providing	   distances	   of	   4.7	   and	   2.8Å	   respectively,	  

while,	   LSTc	   exhibited	   an	   inter	   residue	   NOE	   between	   H5-‐Neu5Ac	   and	   CH3-‐

GlcNAc	  corresponding	  to	  an	  estimated	  distance	  of	  4.2	  Å	  (Fig.	  7	  and	  8).	  

Table	   4	   Selected	   experimental	   and	   predicted	   intra-‐residue	   proton-‐proton	   distances	   from	   LSTa	  
and	  LSTc.	  Avarage	  value	  of	  distances	  H1-‐H3	  and	  or	  H3—H5	  for	  each	  residue	  calculated	  on	  100	  ns	  
MD	  simulation.	  In	  bold	  face	  the	  corresponding	  experimental	  distances	  are	  reported	  as	  obtained	  
by	  the	  NOESY	  extrapoleted	  at	  short	  mixing	  time.	  (*)	  For	  Neu5Ac	  the	  considered	  distances	  is	  the	  
H3ax-‐H5.	  	  
	  
This	  contact	  between	  GlcNAc	  and	  Neu5Ac	  residues	  (Fig.8),	  observed	  only	  in	  the	  

NOESY	   spectra	   of	   LSTc,	   can	   be	   considered	   the	   experimental	   proof	   of	   a	   bent	  

conformation	  that	  LSTc	  assumes	  compared	  to	  LSTa,	  which	  does	  not	  exhibit	  this	  

signal	  at	  all.	  In	  fig.	  7	  there	  are	  the	  representation	  of	  the	  NOEs	  observed	  for	  LSTa	  

(top)	  and	  LSTc	  (bottom)	  respectively.	  

In	   addition,	   we	   recorded	   also	   selective	   NOE	   experiments	   (Fig.9)	   of	   LSTc	   and	  

LSTa	   at	   900	  MHz	   at	   different	  mixing	   times,	   and	  we	   compared	   them	  with	   the	  

theoretical	  NOE	  signals	  generated	  by	  proposed	  models	   for	  LSTa	  and	  LTc	  using	  

NOEPROM	   software	   (see	   also	   NMR	   data	   and	   MD	   simulation	   comparison	  

section).	  

For	  same	  selected	   inter-‐glycosidic	   linkage,	  we	  reported	  the	  NOE	   intensity	  as	  a	  

function	  of	  mixing	  time	  (Fig.	  10). 
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Fig.	  7	  3D	  model	  of	  LSTa	  (top)	  and	  LSTc	  (bottom)	  with	  the	  correspondents	  NOEs.	  

	  

The	   theoretical	   values	   (square)	   obtained	   using	   NOEPROM	   are	   in	   agreement	  

with	   the	   experimental	   data	   (circle),	   confirming	   moreover	   the	   validity	   of	   the	  

molecular	   dynamic	   generated	  model	   (see	   also	   NMR	   data	   and	  MD	   simulation	  

comparison).	  	  	  

LSTa 

LSTc 
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Table	   5	   -‐	   Selected	   inter-‐glycosidic	   proton-‐proton	   distances	   (Å)	   for	   LSTa	   and	   LSTc	   derived	   from	  
NOE	  measurements.	  
	  

Fig.	  8.	  2D	  Partial	  NOESY	  (300	  ms	  at	  295K	  spectrum	  of	  LSTc	  showing	  the	  inter-‐residue	  NOE	  contact	  
of	  H5Neu5Ac	  and	  CH3GlcNAc	  and	  the	  intra-‐residue	  NOE	  contacts	  of	  H4-‐,	  H5-‐	  and	  H7-‐Neu5Ac	  in	  
the	  diagonal	  line.	  
 

Fig.	   9.	   Example	   of	   selective	   1H-‐noe	   experiment	   of	   1H	   of	   GlcNAc	   in	   which	   is	   visible	   the	   noe	  
correlation	  with	  the	  H3	  of	  Gal2.	  

! LSTc%(Å)% LSTa%(Å)%
H3ax-Neu5Ac-H3-Gal1% "! 2.76!
H3eq-%Neu5Ac-H3-Gal1% "! 4.70!
H5-Neu5Ac-CH3GlcNAc% 4.24! "!
H1-Gal1-H3-GlcNAc% "! 2.25!
H1-Gal1-CH3-GlcNAc% "! 4.00!
H1-GlcNAc-H3-Gal2% 1.94! 1.95!
H1-GlcNAc-H4-Gal2% 3.05! 2.84!
H1-Gal2-H4-Glc% 1.96! 2.20!
H1-Gal2-H5-Glc% "! 2.80!

!

H1GlcNAc(

H3Gal2(



	  
 

79	  

Fig.	  10	  %	  NOE	  of	  some	  selected	  residue	  for	  LSTa	  and	  LSTc.	  In	  circle	  the	  experimental	  values,	  and	  
in	   square	   the	   theoretical	   values	   of	   the	   inter-‐glycosidic	   linkage.	   In	   continuos	   line	   the	   intra-‐
residues.	  	  
	  

The	   inter-‐glycosidic	   NOE	   between	   the	   CH3	   of	   the	   GlcNAc	   and	   the	   H5	   of	   the	  

Neu5Ac	  was	  further	  confirmed	  with	  1D	  selective	  experiments.	  

	  

Molecular	   dynamic	   simulations	   of	   LSTa	   and	   LSTc.	   To	   complement	   the	   NMR	  

experiments,	  MD	  simulations	  were	  performed	  to	  compare	  the	  dynamics	  of	  the	  

glycans	   in	   solution.	   The	   MD	   simulations	   were	   allowed	   to	   run	   for	   100	   ns,	  

sampling	   conformers	   every	   0.01	   ns,	   therefore,	   producing	   a	   comprehensive	  

dataset,	   with	   the	   simulation	   length	   considerably	   greater	   than	   the	   estimated	  

correlation	  time	  (isotropic	  motion)	  of	  either	  glycan,	  of	  about	  400	  ps.	  After	  70%	  
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of	   the	   simulation	   time	   had	   elapsed	   several	   molecular	   parameters	   exhibited	  

stationary	   behaviour	   without	   significant	   drift,	   these	   include	   the	   end-‐to-‐end	  

distance	  of	  the	  sugars,	  which	  is	  defined	  as	  the	  distance	  between	  C5	  of	  Neu5Ac	  

(non-‐reducing)	  and	  C1	  of	  Glc	  (reducing	  end),	  this	  property	  is	  one	  of	  the	  slowest	  

evolving	  degrees	  of	  freedom	  for	  an	  oligomer.	  	  

	  
	   Fig.	  11	  3D	  model	  of	  LSTa	  (top)	  and	  LSTc	  (bottom)	  with	  the	  correspondent	  θ	  angles.	  
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Stationary	  behaviour	   is	   also	  observed	   for	   the	  θ	   angle	  of	   the	   glycans	   (Fig.	   11),	  

which	  is	  characteristic	  for	  each	  glycan	  (Fig.	  12	  and	  13)	  and	  the	  ω	  torsional	  angle	  

of	  Gal1,	  which	  is	  defined	  the	  H5-‐C5-‐C6-‐O6	  angle	  of	  Gal1	  (Fig.	  14).	  	  

Similar	  behavior	  was	  seen	  over	  the	  same	  timescale	  for	  the	  other	  four	  pairs	  of	  

glycosidic	   torsional	   angles	   (φi/ψi),	   the	   angles	   that	   define	   the	   backbone	  

conformation	  of	  the	  two	  oligomers.	  In	  this	  work,	  the	  torsional	  angle	  (φ	  and	  ψ)	  

are	  defined	  by	  the	  following	  pairs	  of	  dihedral	  angles,	  show	  in	  fig.	  11,	  from	  the	  

non-‐reducing	  termini:	  φ1	  and	  ψ1,	  φ2	  and	  ψ2,	  φ3	  and	  ψ3,	  and	  φ4	  and	  ψ4.	  For	  LSTa,	  

φ1	  is	  the	  C1-‐C2-‐O3-‐C3	  angle	  and	  ψ1	  is	  the	  C2-‐O3-‐C3-‐H3	  angle,	  while	  for	  LSTc,	  φ1	  

is	  the	  C1-‐C2-‐O6-‐C6	  angle	  and	  ψ1	  is	  the	  C2-‐O6-‐C6-‐C5	  angle	  in	  agreement	  with	  Xu	  

et	  al[18].	  	  

The	   successive	  pairs	   are	  defined	  as	  φ1	   and	  ψ1	   [H1-‐C1-‐O4’-‐C4’	   and	  C1-‐O4’-‐C4’-‐

H4’	   (1-‐4	   linkage)	   or	   H1-‐C1-‐O3’-‐C3’	   and	   C1-‐O3’-‐C3’-‐H3’	   (1-‐3	   linkage)],	   as	  

conventionally	  defined	  for	  sugars.	  

Fig.	  12.	  LSTc	  θ	  angle.	  A.	  θ	  angle,	  B.	  density	  of	  θ	  angle.	  
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Atoms	  labeled	  with	  a	  prime	  belong	  to	  the	  monosaccharide	  on	  the	  reducing	  side	  

of	  the	  glycosidic	  linkage,	  while	  atoms	  without	  a	  prime	  are	  on	  the	  non-‐reducing	  

side	  of	  the	  glycosidic	  linkage.	  	  

During	  the	  MD	  simulation	  the	  residues	  comprising	  LSTc	  and	  LSTa	  adopted	  the	  
2C5	   (Neu5Ac)	   and	   4C1	   	   (Gal,	   Glc	   and	   GlcNAc)	   conformations,	   with	   only	   small	  

deviations	  from	  the	  ideal	  chair	  of	  cyclohexane,	  the	  intra-‐residue	  proton-‐proton	  

distances:	  H1-‐H3,	  H1-‐H5	  and	  H3-‐H5	  have	  values	  ranging	  between	  2.5	  -‐	  2.7	  Å	  for	  

the	   five	   sugars,	   compared	   to	   the	   ideal	   value	   of	   2.64	   Å	   for	   cyclohexane.	   The	  

same	   distances	   are	   estimated	   by	   NOE	   enhancement	   using	   the	   two-‐spin	  

approximation	   (see	   Experimental	   Procedures),	   the	   values	   obtained	   ranged	  

between	  2.0	  -‐	  2.6	  Å	  in	  good	  agreement	  considering	  the	  strong	  coupling	  effects	  

(Table	  5).	  

Fig.	  13.	  LSTa	  θ	  angle.	  A.	  θ	  angle,	  B.	  density	  of	  θ	  angle.	  
 
The	   inter-‐sugar	   unit	   conformations	   were	   defined	   using	   four	   pairs	   of	   inter-‐

residue	  glycosidic	  dihedral	  angles,	  running	  from	  the	  non-‐reducing	  to	  reducing-‐

end	  of	  the	  glycans	  (φi/ψi). 
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Fig.	  14	  LSTc	  ω	  angle.	  A.	  ω	  angle,	  B.	  density	  of	  ω	  angle.	  
	  
The	   torsional	   angle	   values	   explored	   during	   the	   whole	   MD	   simulation	   are	  

reported	   in	   Figure	  15,	   the	   torsional	   angles	   are	  displayed	   in	   the	   range	   -‐120	   to	  

240°.	   Visited	   torsional	   states	   are	   reported	   as	   cluster	   centroids	   with	   their	  

relative	  populations	  in	  Table	  6.	  The	  principal	  difference	  between	  LSTa	  and	  LSTc	  

is	   located	   at	   the	   first	   glycosidic	   linkage	   (φ1/ψ1),	   which	   is	   in	   agreement	   with	  

those	   obtained	   by	   molecular	   modelling	   [24],	   and	   is	   related	   to	   the	   different	  

connectivity	   at	   the	   non-‐reducing	   end,	   LSTa	   -‐	   Neu5Ac-‐α(2→3)-‐Gal	   and	   LSTc	   -‐	  

Neu5Ac-‐α(2→6)-‐Gal.	   For	   LSTa	   four	   φ1/ψ1	   torsional	   states	   are	   observed,	   a	  

principal	  state	  is	  located	  at	  -‐62°/-‐8°	  (89.8%),	  while	  the	  most	  significant	  member	  

of	   the	   minor	   states	   is	   located	   at	   -‐83°/-‐55°	   (7.7%)	   (Figure	   15A	   α	   and	   β,	  

respectively).	   LSTc	   possess	   two	   φ1/ψ1	   torsional	   states,	   the	   cluster	   with	   the	  

greater	   population,	   96.2%,	   is	   located	   at	   -‐57°/190°	   and	   the	   minor	   at	  

56°/174°	  (3.8%)	  (Figure	  15E	  ξ	  and	   ο,	  respectively).	  	  

To	  fully	  describe	  the	  first	  glycosidic	  linkage	  of	  LSTc	  (Neu5Ac-‐α(2→6)-‐Gal)	  the	  ω	  

torsional	  angle,	  needed	  to	  be	  considered.	  	  
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Fig.	  15.	  Torsional	  states	  visited	  during	  the	  100	  ns	  simulation	  time	  for	  LSTa	  (left	  column)	  and	  LSTc	  
(right	  column).	  For	  each	  glycan	  the	  dihedral	  angle	  pairs:	  φ1/ψ1	  (A/E),	  φ2/ψ2	  (B/F),	  φ3/ψ3	  (C/G)	  and	  
φ4/ψ4	  (D/G)	  are	  shown.	  The	  red	  dots	  represent	  conformers	  that	  better	  fit	  the	  experimental	  NMR	  
NOESY	  data	   (RMSDexpmin	  set	  of	  conformations),	  while	  blue	  dots	  correspond	   to	   the	  conformers	  
that	  exhibit	  poor	  agreement	  with	  the	  experimental	  constraints	  (RMSDexp	  max).	  The	  positions	  and	  
populations	  of	  the	  torsional	  states	  can	  be	  found	  in	  Table	  6.	  
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This	  degree	  of	  freedom	  is	  absent	  for	  LSTa.	  LSTc	  has	  a	  single	  state	  characterized	  

by	  an	  average	  ω	  value	  of	  -‐50°,	  which	  is	  in	  agreement	  with	  the	  prediction	  of	  Xu	  

et	  al.	  [18](Fig.	  14).	  The	  torsional	  states	  determined	  for	  LSTa	  broadly	  agree	  with	  

those	  described	  by	  Xu	  et	  al.[18],	  while	  the	  torsional	  angles	  determined	  for	  LSTc	  

are	   less	   consistent	   with	   the	   data	   of	   the	   aforementioned	   work.	   Xu	   et	   al.	  

[18]found	   additional	   LSTc	   torsional	   states	   located	   at,	   φ1/ψ1	   ∼180°/180°,	  

φ2/ψ2	  ∼60°/180°,	  φ3/ψ3	  ∼	  30°/160°	  and	  φ4/ψ4	  ∼	  50°/180°.	  We	  predict	  a	  state	  

in	  the	  first	  glycosidic	  linkage	  of	  LSTc	  located	  at	  56°/174°,	  which	  is	  not	  observed	  

by	  Xu	  et	  al.	   [18],	  but	  this	  state	   is	  seen	   in	  the	  conformational	  map	  obtained	  at	  

GlycoMapsDB	  for	  Neu5Ac-‐α(2→6)-‐Gal[25].	  This	  discrepancy	   is	  possibly	   related	  

to	   the	   use	   of	   a	   different	   starting	   conformation	   for	   LSTc	   during	   the	  molecular	  

dynamic	  simulation,	  which	  prevents	  an	  ensemble	  of	  conformations	  from	  being	  

visited	  as	  a	  consequence	  of	  the	  potential	  energy	  walls	  restricting	  exploration	  of	  

the	  conformational	  space.	  

To	   partially	   address	   this	   limitation,	   shorter	   MD	   simulations	   (20ns)	   were	  

performed	   at	   higher	   temperatures,	   T=395	   and	   495K,	   using	   the	   same	   starting	  

conformation	   at	   each	   temperature	   (Fig.	   16	   and	   17).	   At	   these	   higher	  

temperatures	   the	   missing	   LSTc	   torsional	   states	   in	   linkage	   φ1/ψ1	   and	   φ4/ψ4	  

started	  to	  be	  populated	  (Fig.	  16).	  

Interestingly,	  for	  both	  LSTc	  and	  LSTa	  the	  first	  glycosidic	  torsional	  state	  (φ1/ψ1)	  

reproduces	  qualitatively	   in	  position	  and	   shape	   the	   torsional	   angle	  map	  of	   the	  

glycosidic	  junction	  Neu5Ac-‐α(2→6/3)-‐Gal	  shown	  in	  GlycoMapsDB	  [25].	  

A	  parameter	  used	  to	  monitor	  the	  evolution	  of	  a	  MD	  simulation	  is	  the	  root	  mean	  

square	   deviation	   (RMSD)	   of	   the	   atoms	   in	   a	   molecule	   (determined	   using	   the	  

conformation	   at	   t=0s	   as	   reference),	   which	   illustrates	   the	   different	  
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conformational	   states	   that	   the	   molecule	   assumes	   during	   the	   simulation,	   as	  

compared	  to	  the	  starting	  state.	  

	  

LSTa	  (α2-‐3)	  Torsional	  angles	  

	  

	  

	  

	  

	  

	  

	  

LSTc	  (α2-‐6)	  Torsional	  angles	  	  
	  

	  

	  

	  
Table	  6.	  Torsional	  states	  of	  LSTa	  and	  LSTc	  as	  determined	  by	  molecular	  dynamics	  

 
 

linkage  φ  (°) ψ  (°) No % 

1 α -62 -8 8982 89.8 
 β -83 -55 770 7.7 
 γ 196 -19 227 2.3 
 δ 230 47 21 0.2 
2 ε 37 -5 6908 69.1 
 ζ -37 -18 2402 24.0 
 η 60 54 690 6.9 
3 ι 38 35 5534 55.3 
 κ 26 -43 3134 31.3 
 λ -21 -44 1332 13.3 
4 µ 40 -6 7732 77.3 
 ν -32 -31 2268 22.7 

linkage  φ  (°) ψ  (°) No % 

1 ξ -57 190 9622 96.2 
 ο 56 174 378 3.8 
2 π 40 -9 9024 90.2 
 σ -30 -30 976 9.8 
3 τ 39 34 4108 41.1 
 χ 23 -46 4118 41.2 
 υ -21 -45 1774 17.7 
4 Α 39 -7 5840 58.4 
 Β -36 -30 4160 41.6 
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Fig.	   16	  Glycosidic	   torsional	   angles	   of	   LSTc	   at	   295,	   395	   and	   495	   K.	   At	   295	   K	   the	  MD	   simulation	  
length	  was	  100	  ns.	  While	  at	  395	  and	  495	  K	  it	  was	  20	  ns.	  	  
 

Fig.	   17	  Glycosidic	   torsional	   angles	   of	   LSTa	   at	   295,	   395	   and	  495	  K.	  At	   295	  K	   the	  MD	   simulation	  
length	  was	  100	  ns.	  While	  at	  395	  and	  495	  K	  it	  was	  20	  ns.	  
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Unsurprisingly,	  the	  conformational	  states	  assumed	  by	  LSTc	  and	  LSTa	  are	  related	  

to	  the	  torsional	  angle	  states	  of	  their	  glycosidic	  linkages.	  	  

Fig.	  18	  RMSD	  analysis	  of	  LSTc	  over	  MD	  simulation,	  100	  ns,	  295K.	  A.	  RMSD,	  B.	  density	  plot	  of	  the	  
RMSD	   

	  
During	   the	   simulation	   LSTc	  moves	  between	   two	   conformational	   states,	  RMSD	  
states	  located	  at	  ~2.10	  and	  ~3.50	  Å	  (Fig.	  18),	  while	  LSTa	  assumes	  a	  single	  broad	  
distribution	  of	  related	  conformational	  states	  (Fig.	  19)	  centred	  at	  ~2.8	  Å.	  	  

Fig.	  19	  RMSD	  analysis	  of	  LSTa	  over	  MD	  simulation,	  100	  ns,	  295K.	  A.	  RMSD,	  B.	  density	  plot	  of	  the	  
RMSD.	  
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The	   conformers	   that	   populate	   the	   different	   RMSD	   states	   observed	   for	   LSTc,	  

located	   at	   RMSD	   ~2.10	   and	   ~3.50	   Å,	   have	   stark	   differences	   in	   the	   third	  

glycosidic	  linkage	  φ3/ψ3	  (GlcNAc-‐β(1→3)-‐Gal-‐β)	  (Fig.	  20).	  This	  correlation	  is	  also	  

true	  for	  LSTa,	  a	  subset	  of	  conformers	   located	  at	  RMSD	  =	  2.65	  and	  3.80	  Å	  also	  

exhibit	  significant	  differences	  in	  the	  third	  glycosidic	  linkage	  (Fig.	  21).	  This	  result	  

is	  interesting	  for	  the	  case	  of	  LSTc,	  as	  it	  suggests	  that	  the	  third	  glycosidic	  linkage	  

is	   the	   most	   conformationally	   mobile	   junction	   and	   not	   the	   first,	   extended	  

linkage	  Neu5Ac-‐α(2→6)-‐Gal,	  as	  might	  be	  assumed.	  	  

Fig.	  20	  Glycosidic	  torsional	  angles	  of	  LSTc	  with	  conformers	  from	  the	  different	  RMSD	  populations	  
highlighted	  (blu	  1.96	  Å<RMSD<2.16Å	  and	  red	  3.37Å<RMSD<3.57Å).	  	  
	  

This	  could	  be	  related	  to	  the	  hydrogen	  bonds	  network	  that	  involve	  Neu5Ac	  with	  

the	   rest	   of	   the	  molecule,	   the	   result	   being	   that	   the	   first	   linkage	   is	   less	  mobile	  

compared	  to	  the	  third.	  
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Fig.	  21	  Glycosidic	  torsional	  angles	  of	  LSTa	  with	  conformers	  from	  the	  different	  RMSW	  populations	  
highlighted	  (blu	  1.96	  Å<RMSD<2.16Å	  and	  red	  3.37Å<RMSD<3.57Å).	  

	  

NMR	  data	  and	  MD	  simulation	  comparison.	  To	  compare	  the	  conformers	  derived	  

by	   MD	   simulation	   and	   the	   experimental	   NMR	   data,	   a	   root	   mean	   squared	  

deviation	  measure	  (RMSDexp)	  was	  derived	  between	  5	  experimentally	  estimated	  

inter-‐residue	   proton-‐proton	   distances	   and	   the	   corresponding	   MD	   predicted	  

distances	  for	  each	  structure	  in	  the	  MD	  trajectories.	  The	  estimated	  inter-‐residue	  

proton-‐proton	   distances	   for	   both	   LSTc	   and	   LSTa	   using	   the	   two	   spin	   model	  

approximation,	   are	   reported	   for	   LSTc:	  H5-‐Neu5Ac:CH3-‐GlcNac,	  H1-‐GlcNAc:H3-‐

Gal2,	   H1-‐GlcNAc:H4-‐Gal2,	   H1-‐Gal2:H4-‐Glc,	   H1-‐Gal1:H4-‐GlcNac,	   and	   for	   LSTa:	  

H3ax-‐Neu5Ac:H3-‐Gal1,	   H3eq-‐Neu5Ac:H3-‐Gal1,	   H1-‐Gal1:H3-‐GlcNAc,	   H1-‐

Gal1:CH3-‐GlcNac,	  H1-‐GlcNAc:H3-‐Gal2,	  H1-‐GlcNAc:H4-‐Gal2,	  H1-‐Gal2:H4-‐Glc,	  H1-‐

Gal2:H5-‐Glc.	   In	  Eq.	  1	  𝐷!"# ! 	   is	  the	  experimental	   i-‐inter	  proton-‐proton	  distance,	  
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while	   𝐷!"  ! 	   is	   the	   corresponding	   distance	   for	   a	   single	   MD	   generated	  

conformation.	   The	   number	   of	   the	   available	   inter-‐residue	   proton-‐proton	  

distances	  is	  n.	  

 

𝑅𝑀𝑆𝐷!"# = 𝑛!! 𝐷!"# ! − 𝐷!"  !
!!

!!!          (1) 

The	   smaller	   the	   RMSDexp	   value	   the	  more	   closely	   the	   conformer	  matches	   the	  

NMR	   data.	   The	   LSTc	   MD	   generated	   conformers	   have	   two	   distinct	   RMSDexp	  

states,	   the	   first	   state	   located	   at	   0.64	   Å	   is	   very	   narrow	   and	   these	   conformers	  

match	  the	  NMR	  data	  well,	  this	  population	  ends	  at	  1.05	  Å	  and	  thereafter	  there	  is	  

a	   very	   broad	   declining	   population	   of	   conformers	   with	   increasing	   disparity	  

between	   the	   NMR	   estimated	   inter-‐residue	   proton-‐proton	   distances	   and	   MD	  

predicted	   distances.	   The	   conformers	   that	   populate	   these	   states	   have	   distinct	  

glycosidic	   torsional	   states,	   with	   the	   conformers	   that	   more	   closely	   match	   the	  

NMR	  data,	  the	  population	  with	  the	  smaller	  RMSDexp	  values	  (RMSDexp	  <	  1.05	  Å),	  

belonging	   to	   the	   following	  glycosidic	   torsional	  angle	   states,	  φ1/ψ1	  =	   -‐57°/190°	  

and	  φ2/ψ2	  =	  39°/-‐9°	  (clusters	  ξ	  and	  π,	  respectively,	  Figure	  15	  E	  and	  F).	  LSTa	  also	  

has	   two	   RMSDexp	   populations,	   located	   at	   0.75	   Å	   and	   0.97	   Å,	   again	   the	  

conformers	   that	   comprise	   these	   different	   populations	   belong	   to	   differing	  

torsional	  angle	  states.	   In	   this	  circumstance	  the	  differentiating	   linkage	   is	  closer	  

to	   the	   reducing-‐end	  of	   the	   glycan,	  φ3/ψ3,	   the	  MD	  generated	   conformers	   that	  

are	   in	  closer	  agreement	   to	   the	  NMR	  data	  are	  members	  of	   the	   torsional	  angle	  

states	  located	  at	  φ3/ψ3	  =	  -‐21°/-‐45°	  and	  23°/-‐46°	  (clusters	  λ	  and	  κ,	  respectively,	  

Figure	  15C).	   It	   is	   interesting	   to	  note	   that	  on	   the	  whole	   the	  MD	  conformers	  of	  

LSTa	   more	   closely	   match	   the	   NMR	   data,	   with	   the	   whole	   population	   falling	  
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within	  the	  RMSDexp	  range	  0	  -‐	  1.5	  Å,	  whereas,	  the	  LSTc	  conformers	  have	  RMSDexp	  

values	  spanning	  0-‐5	  Å.	  To	  further	  compare	  the	  experimental	  NMR	  data	  with	  the	  

MD	  determined	   structures	   two	  subsets	  of	   conformers	  where	  chosen	   for	  each	  

glycan,	  a	  subset	  containing	  the	  conformers	  with	  the	  40	  smallest	  RMSDexp	  values	  

(RMSDexp	  min)	  [LSTc	  0.24-‐0.33	  Å,	  LSTa	  0.12-‐0.43	  Å]	  and	  a	  subset	  comprising	  the	  

structures	  with	  the	  40	  largest	  RMSDexp	  values	  (RMSDexp	  max)	  [LSTa	  1.26-‐1.41	  Å,	  

LSTc	   3.83-‐4.40	   Å].	   The	   2D-‐NOESY	   spectra	   were	   then	   simulated	   for	   these	  

selected	   structures	  with	   the	   calculated	   intra-‐	   and	   inter-‐residue	  proton-‐proton	  

NOE	  signals	  then	  being	  compared	  (Table	  7).	  The	  intra-‐residue	  NOEs	  signals	  H1-‐

H3,	   H1-‐H5	   and	   H3-‐H5	   are	   qualitatively	   reproduced	   for	   the	   LSTc	   residues	  

Neu5Ac,	  Gal1,	  GlcNAc	  and	  Gal2,	  while	  for	  LSTa	  the	  signals	  are	  only	  reproduced	  

for	  Gal1,	  GlcNAc	  and	  Gal2.	  Interestingly,	  the	  agreement	  between	  the	  simulated	  

and	  experimental	  intra-‐residue	  2D-‐NOEs	  signals	  is	  similar	  for	  both	  RMSDexp	  min	  

and	   RMSDexp	   max	   conformer	   subsets,	   due	   to	   the	   RMSDexp	   values	   being	  

determined	   using	   inter-‐residue	   distances	   and	   not	   intra-‐residue	   distances.	   In	  

fact,	  the	  inter-‐residue	  distances	  H1Gal1-‐H4GlcNAc,	  H1GlcNAc-‐H3Gal2,	  H1Gal2-‐

H4Glc	   and	   CH3GlcNAc-‐H5Neu5Ac	   compare	   well	   for	   the	   LSTc	   RMSDexp	   min	  

conformer	   subset,	   while	   the	   RMSDexp	   max	   conformers	   only	   reproduce	   the	  

H1Gal2-‐H4Glc	  distance.	  This	   trend	   is	  also	   true	   for	  LSTa,	  with	   the	  RMSDexp	  min	  

set	   of	   structures	   reproducing	   the	   inter-‐residue	   distance	  H3Gal1-‐H3axNeu5Ac,	  

H1Gal1-‐H3GlcNAc,	   H1GlcNAc-‐H3Gal2,	   and	   H1Gal2-‐H4Glc	   well,	   while	   the	  

RMSDexp	   max	   conformers	   only	   replicate	   the	   experimentally	   determined	  

distance	  H1Gal2-‐H4Glc	   adequately	   (Table	   7).	   This	   illustrates	   the	   ability	   of	   the	  

RMSDexp	  minimization	  procedure	  to	  select	  conformers	  from	  the	  MD	  simulation	  

trajectory,	  providing	  a	  means	  of	  determining	  that	  quality	  of	  the	  MD	  simulation	  

and	  allowing	  the	  structures	  that	  more	  closely	  match	  the	  experimental	  data	  to	  
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be	  extracted.	  To	  get	  a	  broader	  comparison	  of	  the	  modeled	  and	  measured	  data,	  

with	  MD	  conformers	  not	  being	  chosen	  by	  experimental	  constraints,	  the	  last	  60	  

geometries	  of	  the	  MD	  simulation	  for	  LSTa	  and	  LSTc	  were	  used	  to	  generate	  NOE	  

magnitudes	   (Table	   7).	   For	   both	   glycans	   the	   agreement	   between	   the	   NOE	  

magnitudes	  derived	  from	  MD	  and	  experimental	  data	   is	  qualitatively	  good,	  but	  

the	  NOE	  magnitudes	  for	  the	  RMSDexp	  min	  MD	  conformer	  subset	  more	  closely	  

match	   the	  experimental	  data	   than	   the	  NOE	  magnitudes	  derived	   from	  the	  MD	  

structures,	   which	   were	   chosen	   without	   experimental	   constraints.	   It	   appears	  

that	   the	   first	   glycosidic	   linkage,	   Neu5Ac-‐α(2→6/3)-‐Gal,	   for	   both	   glycan	   is	   the	  

least	  well	  described	  by	  the	  MD	  simulation,	  while	  the	  remaining	  inter-‐glycosidic	  

NOEs	   are	   better	  modeled	   in	   LSTa.	   This	   could	   be	   due	   to	   the	   isotropic	  motion	  

approximation	   introduced	   by	   NOEPROM	   to	   generate	   the	   theoretical	   NOE	  

magnitudes,	   with	   LSTc	   exhibiting	   stronger	   motional	   anisotropy	   compared	   to	  

LSTa,	  which	  is	  observed	  in	  the	  NMR	  relaxation	  measurements.	  	  

The	  torsional	  angles	  for	  the	  RMSDexp	  min	  and	  RMSDexp	  max	  conformer	  subsets	  

are	   shown	   in	   fig.	   15,	   LSTa	   and	   LSTc,	   respectively.	   RMSDexp	  min	   structures	   are	  

highlighted	  in	  red,	  while	  the	  RMSDexp	  max	  conformers	  are	  shown	  in	  blue.	  

Both	  of	  the	  conformer	  subsets	  for	  LSTc	  and	  LSTa	  show	  significant	  differences	  in	  

their	   torsional	   angle	   states;	   φ4/ψ4	   for	   both	   glycans	   is	   the	   only	   linkage	  where	  

there	  is	  little	  divergence.	  

Interestingly,	   the	   LSTa	   RMSDexp	   min	   conformers	   have	   two	   φ1/ψ1	   states,	   the	  

linkage	  between	  Neu5Ac	  and	  Gal1,	  which	  are	  located	  at	  -‐100°/-‐53°	  and	  207°/-‐

24°,	  corresponding	  to	  the	  clusters	  β	  and	  γ,	  respectively.	  The	  conformers	  in	  the	  

state	   centred	   at	   -‐100°/-‐53°	   are	   in	   better	   agreement	  with	   the	   NOE	   values	   for	  

H3axNeu5Ac-‐H3Gal1	   (Table	   7).	   Sabesan	   et	   al.	   also	   observed	   a	   similar	   NOE,	  

between	  H3axNeu5Ac-‐H3Gal1,	  for	  the	  di-‐	  and	  tri-‐saccharide	  structures[26].	  
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Table	  7.	  Comparison	  between	  measured	  and	  simulated	  (NOEPROM)	  inter-‐residue	  proton-‐proton	  
percentage	  NOE	  signals	  (%NOE).	  Percentage	  NOEs	  were	  simulated	  for	  the	  RMSDexp	  min	  and	  max	  
groups	  for	  LSTc	  and	  LSTa,	  mixing	  times	  (Tm)	  span	  0.1	  to	  0.8	  s.	  	  

The	  glycosidic	  torsional	  angles	  of	  the	  conformers	  that	  more	  closely	  fit	  the	  NMR	  

data	  are:	  LSTc	  -‐	  φ1/ψ1	  =	  	  -‐55°/197°,	  φ2/ψ2	  =	  28°/-‐15°,	  φ3/ψ3	  =	  34°/-‐54°,	  φ4/ψ4	  =	  

11°/-‐15°	  and	  LSTa	  -‐	  φ1/ψ1	  =	  207°/-‐24°,	  φ2/ψ2	  =	  41°/-‐1°,	  φ3/ψ3	  =	  27°/-‐34°,	  φ4/ψ4	  

=	  38°/-‐5°.	  	  

To	   corroborate	   this	   result	   selected	   long	   range	   coupling	   constants,	   3JCH,	   across	  

the	   glycosidic	   linkages	   (Jφ	   =	   H1-‐C1-‐Ox-‐Cx	   and	   Jψ	   =	   C1-‐Ox-‐Cx-‐Hx)	   were	  

measured	   using	   J-‐HMBC	   NMR	   experiment	   (Fig.	   22),	   this	   allowed	   an	   indirect	  

estimation	   of	   the	   glycosidic	   torsional	   angles	   for	   both	   glycans.	   Using	   the	  

assignments	  obtained	  with	  HQSC	  spectra,	  it	  is	  possible	  to	  find	  in	  the	  2D-‐J-‐HMBC	  

! ! LSTc! ! ! ! LSTa! !
CH3GlcNAc! ! H5Neu5Ac! ! H3Gal1! ! H3axNeu5Ac! !

Tm(s)! Exp.! RMSDexp!min! RMSDexp!max! Tm(s)! Exp.! RMSDexp!min! RMSDexp!max!
0.1$ 0.07$ 0.04$ 0.00$ 0.20$ 1.26$ 2.10$ 0.10$
0.2$ 0.10$ 0.09$ 0.00$ 0.30$ 1.12$ 3.20$ 0.20$
0.3$ 0.14$ 0.13$ 0.00$ 0.50$ 1.55$ 5.40$ 0.30$
0.5$ 0.19$ 0.23$ 0.00$ 0.80$ 2.21$ 8.90$ 0.50$
0.7$ 0.23$ 0.32$ 0.00$ $ $ $ $
$ $ $ $ $ $ RMSDexp!min!  (φ1/ψ1)!
$ $ $ $ $ $ @99.5°/@52.9°! 206.6°/@23.8°!
$ $ $ $ 0.20$ 1.26$ 0.41$ 4.10$
$ $ $ $ 0.30$ 1.12$ 0.63$ 6.30$
$ $ $ $ 0.50$ 1.55$ 1.10$ 10.6$
$ $ $ $ 0.80$ 2.21$ 1.8$ 17.9$

H1Gal1! ! H4GlcNAc! ! H1Gal1! ! H3GlcNAc! !
0.15$ 3.80$ 3.60$ 0.80$ 0.20$ 4.44$ 5.20$ 1.90$
0.2$ 5.20$ 4.80$ 1.00$ 0.30$ 6.09$ 7.80$ 2.90$
0.3$ 6.80$ 7.30$ 1.5$ 0.50$ 11.07$ 13.10$ 4.80$
$ $ $ $ 0.80$ 18.18$ 20.90$ 7.70$

H1GlcNAc! ! H3Gal2! ! H1GlcNAc! ! H3Gal2! !
0.1$ 1.16$ 1.40$ 1.90$ 0.20$ 5.15$ 7.20$ 0.70$
0.2$ 2.40$ 2.70$ 3.70$ 0.30$ 7.73$ 10.80$ 1.00$
0.3$ 3.50$ 4.10$ 5.60$ 0.50$ 12.98$ 18.00$ 1.70$
0.5$ 7.30$ 6.80$ 9.30$ 0.80$ 19.91$ 28.80$ 2.80$
0.8$ 9.90$ 11.00$ 14.90$ $ $ $ $

H1Gal2! ! H4Glc! ! H1Gal2! ! H4Glc! !
0.15$ 2.40$ 2.80$ 2.50$ 0.20$ 3.80$ 5.70$ 5.20$
0.2$ 2.60$ 3.70$ 3.30$ 0.30$ 5.90$ 8.60$ 7.80$
0.3$ 3.40$ 5.50$ 5.00$ 0.50$ 10.30$ 14.30$ 13.00$
$ $ $ $ 0.80$ 22.30$ 23.00$ 20.90$

!
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spectra	  the	  cross-‐peaks	  corresponding	  to	  the	  C-‐H	  correlation	  between	  different	  

sugars.	   The	   1D-‐extracted	   slice	   permit	   to	   calculate	   the	   3JCH	   using	   a	   specific	  

scaling	  factor	  (Fig.	  22).	  	  	  

Table	  8.	  Experimental	  and	  calculated	  3JCH	  interglycosidic	  coupling	  constant	  (Hz)	  for	  LSTa	  and	  LSTc	  
(Jφ=H1-‐C1-‐O-‐Cx	  and	  Jψ=C1-‐O-‐Cx-‐Hx).	  

The	  measured	  coupling	  constant	  (Hz)	  starting	  from	  the	  first	  torsion	  (φ1/ψ1)	  are	  

for	  LSTa	  Jψ1	  =	  4.4,	   Jφ2/Jψ2	  =	  2.6/5.4,	   Jφ3/Jψ3	  =	  4.2/4.5,	   Jφ4	  =	  4.1	  and	  for	  LSTc	  	  

Jψ1	  =	  2.6,	   Jφ2	  =	  3.6,	   Jφ3/Jψ3	  =	  4.1/4.4,	   Jφ4	  =	  3.4.	  Calculated	  pairs	  of	  couplings	  

(Jφ/Jψ),	   determined	   using	   the	   RMSDexp	   min	   subset	   of	   conformers,	   in	  

accordance	  to	  the	  Karplus-‐type	  equation	  [27],	  are	  reported	  in	  Table	  8.	  The	  only	  

measured	   long	   range	   coupling	   that	   does	   not	   agree	   with	   the	   RMSDexp	   min	  

selected	  subset	  of	  conformers	  is	  φ1/ψ1	  for	  LSTa,	  the	  measured	  coupling,	  (Jexpψ1	  

=	  4.4	  Hz),	   is	   in	  better	  agreement	  with	  the	  glycosidic	  torsional	  angles	  φ1/ψ1	  =	  -‐

99°/-‐53°	   and	   not	   φ1/ψ1	   =	   207°/-‐24°,	   which	   was	   determined	   by	   the	   NMR	  

LSTa% Jexpφ (Hz)% Jcalcφ %(Hz)% Jexpψ (Hz)% Jcalcψ %(Hz)%
Neu5Ac4Gal1%

(φ1/ψ1)%
!" !" 4.4" 2.2"(φ1/ψ1=!

99°/!52°)"
% " " " 4.7"

(φ1/ψ1=207°/!
24°)"

Gal14
GlcNAc(φ2/ψ2)%

2.6" 3.7" 5.4" 5.5"

GlcNAc4Gal2%
(φ3/ψ3)%

4.2" 4.8" 4.5" 3.8"

Gal24Glc%
(φ4/ψ4)%

4.1" 3.8" !" 5.6"

LSTc% " " " "
Neu5Ac4Gal1%

(φ1/ψ1)%
!" !" 2.6" 4.0"

Gal14
GlcNAc(φ2/ψ2)%

3.6" 4.4" !" 5.3"

GlcNAc4Gal2%
(φ3/ψ3)%

4.1" 3.9" 4.4" 2.2"

Gal24Glc%
(φ4/ψ4)%

3.4" 3.5"(φ4/ψ4=39°/!7°)" !" 5.5"
(φ4/ψ4=39°/!

7°)"
" " 3.7(φ4/ψ4=!36°/!

30°)"
" 4.3"(φ4/ψ4=!

36°/!30°)"
!
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selected	  MD	  conformers.	  J-‐HMBC	  spectra	  of	  LSTa	  and	  LSTc,	  overlaid	  with	  HSQC	  

spectra,	  can	  be	  found	  in	  fig.	  22.	  

	  

Analyses	  of	  the	  shape	  and	  topology	  of	  LSTc	  and	  LSTa.	  The	  global	  shape	  of	  the	  

two	   oligosaccharides	   is	   described	   by	   the	   topological	   θ	   angle	   (Fig.	   11).	  

Chandrasekaran	  et	  al.	  as	  previously	  described	  in	  chapter	  1,	  proposed	  that	  the	  θ	  

angle	  of	  LSTc	  and	  LSTa	  defines	  their	  conformation,	  with	  LSTa	  adopting	  a	  linear	  

form,	  called	  	  “cone”,	  which	  is	  defined	  as	  having	  a	  θ	  angle	  >	  100°.	  While	  LSTc	  -‐

Neu5Ac-‐α(2→6)-‐Gal-‐β(1→4)-‐,	   forms	   a	   bent	   conformation,	   called	   the	  

“umbrella”	  form,	  defined	  as	  having	  a	  θ	  angle	  <	  100°	  [17].	  The	  LSTc	  conformers	  

determined	  by	  MD	  have	  two	  θ	  angle	  populations,	  the	  much	  larger	  population	  is	  

located	  at	  87°,	  with	  the	  second	  smaller	  population	  starting	  above	  109°	  (Fig.	  12).	  

These	   differences	   in	   θ	   angle	   also	   correspond	   to	   differences	   in	   the	   torsional	  

angle	   states	   for	   the	   linkage	   between	   Gal1	   and	   GlcNAc,	   the	   subset	   of	  

conformers	  with	   a	   θ	   angle	   centered	   at	   87°	   correlate	  with	   the	   torsional	   angle	  

state	   φ2/ψ2	   =	   39°/-‐9°,	   while	   the	   structures	   with	   a	   θ	   angle	   greater	   than	   88°	  

populate	  torsional	  states	  belonging	  to	  φ2/ψ2	  =	  39°/-‐9°	  and	  -‐30°/-‐30°.	  

This	   indicates	   that	   the	   second	   glycosidic	   linkage	   is	   important	   in	   the	   “opening	  

and	  closing”	  of	  the	  umbrella	  conformation	  proposed	  for	  LSTc	  and	  not	  the	  first	  

glycosidic	   linkage,	   which	   might	   be	   assumed	   because	   of	   the	   α2→6	   linkage	  

between	   Neu5Ac	   and	   Gal1.	   LSTa	   also	   has	   two	   θ	   angle	   populations,	   with	   the	  

more	  populated	  state	  centered	  at	  153°	  while	  the	  less	  populated	  state	  is	  located	  

at	  119°	  (Fig.	  13).	  As	  for	  LSTc,	  the	  LSTa	  conformers	  belonging	  to	  the	  different	  θ	  

angle	   populations	   correlate	   strongly	   with	   the	   torsional	   states	   of	   the	   second	  

glycosidic	  linkage,	  φ2/ψ2.	  
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Fig.22	  J-‐HMBC	  (red)	  and	  HSQC	  (blu)	  spectra	  of	  LSTa	  (top)	  and	  LSTc	  (bottom).	  The	  1D-‐J-‐HMBC	  slice	  
extracted	   for	   LSTa	   is	   the	   long	   range	   coupling	   for	   C2Neu/H3Gal1,	   while	   the	   1D-‐J-‐HMBC	   slice	  
shown	  for	  LSTc	  is	  the	  long	  range	  coupling	  costant	  for	  H1Gal2/C5Glc	  

3JCH=measured-

distance/scaling-factor--

3JCH=measured-

distance/scaling-factor--



	  
 

98	  

The	   θ	   angle	   population	   centered	   at	   153°	   correlates	   with	   the	   torsional	   state	  

located	  at	  φ2/ψ2	  =	  37°/-‐5°,	  while	  the	  population	  located	  at	  119°	  correlates	  with	  

the	   torsional	   state	   φ2/ψ2	   =	   -‐37°/18°.	   These	   results	   highlight	   that	   the	  

conformational	  and	  subsequent	  dynamic	  properties	  of	  both	  LSTc	  and	  LSTa	  are	  

correlated	   to	   the	   second	   glycosidic	   linkage.	   The	   LSTc	   conformers	   that	   more	  

closely	   fit	   the	  NMR	  data	   (RMSDexp	  min	  structures)	  have	  an	  average	  θ	  angle	  of	  

87°,	  while	  the	  corresponding	  LSTa	  conformers	  have	  an	  average	  θ	  angle	  of	  159°.	  

These	  values,	  for	  the	  NMR	  selected	  MD	  generated	  conformers,	  agree	  with	  the	  

results	   published	   by	   Xu	   et	   al.	   [18]	   and	   the	   hypothesis	   proposed	   by	  

Chandrasekaran	  et	  al.	  [17].	  

	  

Inter-‐residue	  hydrogen	  bond	  analysis.	  To	  further	  understand	  the	  consequences	  

and	   driving-‐forces	   behind	   the	   different	   conformations	   assumed	   by	   LSTc	   and	  

LSTa,	   the	   possible	   inter-‐residue	   hydrogen	   bonds	   were	   determined	   for	   the	  

RMSDexp	   min	   and	   RMSDexp	   max	   conformer	   subsets.	   The	   analysis	   employed	  

distance	  and	  angular	  restrictions;	  the	  distance	  between	  the	  donated	  hydrogen	  

and	  the	  acceptor	  was	  ≤	  2.6	  Å	  and	  the	  angle	  between	  X-‐H•••Y	  (X-‐donor	  and	  Y-‐

acceptor)	  was	   greater	   than	  110°	   tending	   towards	  180°.	  We	   take	   into	  account	  

the	  proposed	  hydrogen	  bonds	   for	   the	  RMSDexp	  min	   subset	  of	   conformers,	   the	  

structures	  that	  more	  accurately	  represent	  the	  experimental	  data,	  the	  hydrogen	  

bond	   analysis	   for	   the	   RMSDexp	   max	   conformers.	   For	   both	   glycans	   several	  

possible	  hydrogen	  bonds	  were	  determined	  for	  the	  RMSDexp	  min	  conformers,	  5	  

for	  LSTa	  and	  11	  for	  LSTc,	  illustrated	  in	  figure	  23.	  	  	  
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Fig.	   23	   Proposed	   hydrogen	   bond	   network	   for	   LSTc	   and	   LSTa	   RMSDexp	   min	   conformers.	   The	  
hydrogen	   bond	   network	   at	   the	   non-‐reducing	   end	   of	   each	   glycan	   is	   strongly	   affected	   by	   the	  
different	  linkage	  between	  Neu5Ac	  and	  Gal1	  [	  LSTa,	  α(2→3)	  and	  LSTc,	  α(2→6)].	  	  

	  

The	  hydrogen-‐bond	  networks	  present	  at	  the	  non-‐reducing	  end	  of	  either	  glycan	  

are	   a	   direct	   consequence	   of	   their	   θ	   angles.	   The	   non-‐reducing	   end	   hydrogen	  

bond	   network	   for	   LSTc,	   which	   has	   a	   bent	   form	   in	   solution	   (θ	   =	   86°	   for	   the	  

selected	   conformers),	   originates	   from	   GlcNAc,	   with	   two	   predicted	   bonds	   to	  

Gal1	   (H3O-‐GlcNAc:O5-‐Gal1	   (100%),	  H3O-‐GlcNAc:O6-‐Gal1	   (25.0%))	  and	  5	  other	  

spanning	   across	   Gal1	   to	   Neu5Ac	   (O3-‐GlcNAc:H7O-‐Neu5Ac	   (55.0%),	   O5-‐

Gal1:H8O-‐Neu5AC	  (20.0%),	  H2N-‐GlcNAc:O5N-‐Neu5Ac	  (15.0%),	  H3O-‐GlcNAc:O6-‐

Neu5Ac	  (12.5%)	  and	  H2N-‐GlcNAc:O7-‐Neu	  (12.5%))	  (Fig.	  23).	  Owing	  to	  the	  bow-‐

like	   backbone	   conformation	   of	   LSTa	   its	   hydrogen	   bonds	   can	   only	   be	   formed	  
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between	   directly-‐adjacent	   residues:	   H4O-‐GlcNAc:O5-‐Gal1	   (92.5%),	   H4O-‐

Gal1:O1A/O1B	   (acid	   group)-‐Neu5Ac	   (52.5%),	   H4O-‐Gal2:GlcNAc	   (22.5%)	   and	  

H3O-‐Glc:O5-‐Gal2	  (80.0%)	  (Fig.	  23).	  	  

 

Principal	   component	   analysis	   of	   the	   LSTa	   and	   LSTc	  MD	   trajectories.	   Principal	  

component	  analysis	  (PCA)	  has	  been	  applied	  on	  the	  MD	  simulated	  trajectory	  to	  

extract	  the	  independent	  mode	  of	  motion	  of	  both	  oligosaccharides,	  allowing	  an	  

easier	  correlation	  with	  its	  structural	  properties.	  The	  convergence	  of	  the	  distinct	  

ensembles	   of	   motion	   was	   observed	   by	   determining	   the	   rmsip	   (root-‐mean-‐

square	   internal	   product)	   of	   the	   MD	   trajectory	   eigenvectors,	   comparing	   the	  

eigenvectors	  generated	  by	  PCA	  of	  the	  whole	  MD	  tracjectory	  (100	  ns)	  to	  the	  PCA	  

of	  the	  trajectory	  at	  different	  time	  points	  (increasing	  steps	  of	  1	  ns).	  The	  rmsip	  is	  

defined	  as	  :	  

	  𝑟𝑚𝑠𝑖𝑝 =    10!! (𝜂!!"
!!!

!"
!!! 𝜈!)!,	  	  	  (2)	  

where	  𝜂! 	   is	   the	   ith	  eigenvector	  of	   trajectory	  𝜂	  and	  𝜈! 	   is	   the	   ith	  eigenvector	  of	  

trajectory	  𝜈.	  	  

The	   rmsip	   provides	   a	   measure	   of	   the	   similarity	   of	   the	   “essential	   modes”	  

extracted;	  if	  the	  value	  is	  zero	  then	  they	  are	  dissimilar,	  while	  if	  the	  value	  is	  one	  

the	  subspaces	  have	  converged.	  The	  rmsip	  for	  both	  LSTc	  and	  LSTa	  is	  greater	  than	  

or	  equal	  to	  0.9	  for	  at	  least	  50%	  of	  the	  trajectory,	  Amadei	  et	  al.	  [28]	  suggested	  

that	  values	  greater	  than	  0.7	  provide	  evidence	  of	  good	  convergence.	  

The	  first	  4	  components	  generated	  by	  PCA	  for	  LSTa	  and	  LSTc	  explain	  73.8%	  and	  

66.2%	  of	  the	  total	  variance,	  respectively.	  
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Figures	  24	  and	  25	  provide	  an	   illustration	  of	   this	  mode	  of	  motion,	  “porcupine”	  

representations	   of	   the	   first	   four	   eigenvector	   for	   LSTc	   and	   LSTa.	   The	  

independent	  modes	  of	  motion	  described	  by	   component	  one	   for	   LSTc	  has	   the	  

non-‐reducing	   end	   of	   the	   glycan	   close	   to	   stationary	   compared	   to	   the	   other	  

residues,	   while	   the	   reducing-‐end	   (Gal2-‐Glc)	   rotates	   around	   their	   glycoside	  

linkages,	  moving	  as	  a	  single	  unit.	  This	  is	  in	  agreement	  with	  the	  RMSD	  analysis	  of	  

the	  LSTc	  MD	  trajectory.	  	  

Fig.	   24	   Porcupine	   plot	   representations	   of	   the	   first	   four	   eigenvectors	   for	   LSTc.	   The	   first	   four	  
distinct	  modes	  of	  motion	   revealed	  by	  PCA	  are	   illustrated	   in	  panels	  A-‐D.	  The	  direction,	   size	  and	  
colour	  of	  the	  spines	  are	  proportional	  to	  the	  direction	  and	  the	  magnitude	  of	  the	  atom	  motion. 

The	   three	   other	   distinct	   modes	   of	   motion	   extracted	   for	   LSTc	   show	   both	   the	  

non-‐reducing	   and	   reducing	   ends	   of	   the	   molecule	   are	   in	   motion,	   with	   the	  

reducing-‐end	  disaccharide	  (Gal2-‐Glc)	  moving	  as	  one	  unit	  and	  the	  sialyl	  group	  of	  

Neu5Ac	  moving	  toward	  the	  N-‐acetyl	  group	  of	  GlcNAc	  (Fig.	  24).	  The	  least	  mobile	  

residue	   is	   Gal1,	   which	   exhibits	   the	   smallest	   variation	   in	   the	   4	   components	  

examined.	   These	   results	   are	   consistent	   with	   a	   small	   θ	   angle.	   This	   dynamic	  
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description	   agrees	   also	   with	   the	   results	   of	   the	   T1	   and	   T2	   relaxation	  

measurements.	   The	   distinct	   modes	   of	   motion	   isolated	   for	   LSTa	   are	   very	  

different	   from	   those	   of	   LSTc.	   LSTa	   has	   “bow-‐like”	   dynamics	   for	   the	   4	  

components	  examined	   (Fig.	  25),	   the	  whole	  molecule	  moving	   in	  unison,	   this	   is	  

particularly	  true	  of	  the	  motion	  isolated	  for	  component	  1.	  	  

 

Fig.	   25	   Porcupine	   plot	   representations	   of	   the	   first	   four	   eigenvectors	   for	   LSTa.	   The	   first	   four	  
distinct	  modes	  of	  motion	   revealed	  by	  PCA	  are	   illustrated	   in	  panels	  A-‐D.	  The	  direction,	   size	  and	  
colour	  of	  the	  spines	  are	  proportional	  to	  the	  direction	  and	  the	  magnitude	  of	  the	  atom	  motion.	  	  
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CONCLUSION	  

This	   study	  has	   identified	   the	  distinct	   conformational,	   topological	  and	  dynamic	  

properties	  of	  the	  two	  pentasaccharides,	  used	  as	  a	  model	  for	  glycan	  receptors,	  

LSTc	   and	   LSTa,	   of	   influenza	   A	   viruses	   free	   in	   solution.	   The	   study	   involved	  

utilizing	   extensive	   NMR	   measurements	   –	   including	   the	   complete	   1H/13C	  

assignment	  for	  each	  glycan,	  molecular	  dynamic	  simulations	  and	  the	  numerical	  

analysis	   of	   the	   MD	   generated	   trajectory	   to	   provide	   not	   only	   information	  

concerning	  the	  conformation	  in	  solution	  (no	  bound	  state)	  but	  also,	  for	  the	  first	  

time,	   details	   of	   its	   overall	   dynamic	   properties	   that	   could	   be	   related	   to	   the	  

receptor	  binding	  ability.	  	  

Conformers	  from	  the	  MD	  simulations	  were	  selected	  using	  a	  root	  mean	  squared	  

deviation	   (RMSDexp)	   function,	   comparing	   NOE	   enhancement	   derived	   inter-‐

glycosidic	   proton-‐proton	   distances	   and	   the	   corresponding	   predicted	   distance.	  

Using	  this	  approach	  two	  subsets	  of	  conformers	  were	  selected,	  in	  good	  (RMSDexp	  

min)	   or	   poor	   (RMSDexp	   max)	   agreement	   with	   the	   experimental	   data.	   In	  

particular,	   the	   conformers	   which	   were	   in	   closer	   agreement	   with	   the	  

experimental	   restraints,	  RMSDexp	  min,	  generated	  2D-‐NOESY	  spectra,	  using	   the	  

multi-‐spin	   approximation	   (NOEPROM),	   in	   good	   agreement	   with	   the	   values	  

measured	  at	  600	  and	  900MHz.	  These	  results	  were	  subsequently	  corroborated	  

by	  experimental	   nJC,H	  heteronuclear	  coupling	  constants,	  which	  were	  measured	  

across	   the	   glycosidic	   linkages	   for	   LSTc	   and	   LSTa.	   LSTc	   exhibits	   a	   bent	   shape	  

characterized	  by	  a	   topological	  angle,	  θ	  =	  87°,	  whereas	  LSTa	  has	  a	  more	   linear	  

form	   and	   therefore	   a	   greater	   θ	   angle	   of	   159°,	   a	   structural	   difference	   in	  

agreement	  with	   the	  previous	  work	  of	  Chandrasekaran	   [17],	  Xu	  et	  al.	   [18]	  and	  

concurs	  with	  the	  glycan	  ligand	  co-‐crystallized	  with	  HA	  [16].	  	  
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As	   a	   consequence	   of	   these	   structural	   differences,	   the	   non-‐reducing	   end	  

terminal	  Neu5Ac	  of	  LSTc	  could	  form	  an	   intricate	  hydrogen	  bond	  network	  with	  

GlcNAc,	  which	  is	  not	  the	  case	  for	  its	  isomer	  LSTa,	  since	  hydrogen	  bond	  analysis	  

revealed	  only	  interactions	  with	  directly	  adjacent	  residues.	  	  

In	   Figure	   26	   the	   structure	   of	   LSTc	   and	   LSTa	   extracted	   from	   the	   respective	  

RMSDexp	  min	  sets	  are	  superimposed	  on	  the	  Neu5Ac	  and	  Gal1	  residues	  in	  the	  co-‐

crystallised	  glycan-‐HA	  complexes	  (right	  PDB:	  2WRG	  46	  and	  left	  PDB:	  1RVX	  2).	  

 

Fig.	  26	  Comparison	  of	  the	  MD	  generated	  LSTa	  (A)	  and	  LSTc	  (B)	  conformers	  (structures	  with	  the	  
smallest	   RMSDexp	   value,	   RMSD	   exp	   min)	   and	   crystal	   structures	   of	   LSTa	   and	   LSTc	   bound	   to	  
haemagglutinin	   from	  H1.	  The	  conformers	  generated	  though	  molecular	  dynamic	  simulations	  are	  
cyan	  (C	  atoms)	  and	  red	  (H	  atoms),	  while	  the	  conformers	  determined	  by	  x-‐ray	  crystallography	  are	  
yellow.	  The	  RMSD	  values	  between	   the	  molecular	  dynamic	   simulation	  generated	  structures	  and	  
the	  co-‐crystallised	  glycans	  are	  6.2	  and	  6.5	  Å,	  LSTa	  and	  LSTc	  respectively.	  

RMSD	   values	   between	   the	   superimposed	   structures	   and	   the	   co-‐crystallised	  

ligand,	  considering	  the	  three	  non-‐reducing	  end	  residues	  (i.e.	  Neu5Ac,	  Gal1	  and	  

GlcNAc)	   are	   6.5	   and	   6.2	   Å	   for	   LSTa	   and	   LSTc,	   respectively.	   These	   results	  

illustrate	  how	  the	  NMR	  selected	  conformation	  for	  LSTc	  and	  LSTa	  in	  solution,	  i.e.	  

determined	  without	  HA,	  match	  qualitatively	  the	  co-‐crystallised	  ligand	  bound	  to	  



	  
 

105	  

HA,	   and	   also	   suggest	   that	   the	   respective	   sugar	   conformation	   does	   not	  

significantly	   change	   on	   interacting	   with	   HA.	   This	   observation	   supports	   the	  

hypothesis	  that	  HA	  recognizes	  the	  solution	  conformation	  of	  the	  glycan,	  instead	  

to	   modify	   it	   during	   the	   interaction	   process.	   This	   study	   contributes	   to	   an	  

improved	  understanding	  of	  the	  structural	  basis	  for	  glycan	  receptor	  specificity	  of	  

HA	  in	  influenza.	  

	  

EXPERIMENTAL	  PROCEDURES	  

NMR	   chemical	   shift	   mapping	   -‐	   NMR	  measurements	   were	  made	   using	   Bruker	  

500,	   600	   and	   900	   MHz	   AVANCE	   series	   NMR	   spectrometers	   (Bruker	   GmbH,	  

Silberstreifen,	   Germany)	   with	   a	   high	   sensitivity	   5	   mm	   TCI	   cryoprobe.	   Human	  

milk	   lactosyl	   sialyl-‐N-‐tetraoses	   namely	   LSTa	   (PROzyme,	   Hayward,	   CA,	   USA),	  

(Neu5Ac-‐α(2→3)-‐Gal(Gal1)-‐	   β(1→3)-‐GlcNAc-‐β(1→3)-‐Gal(Gal2)-‐	   β(1→4)-‐Glc))	  

and	   LSTc	   (PROzyme,	   Hayward,	   CA,	   USA),	   (Neu5Ac-‐α(2→6)-‐Gal(Gal1)-‐	   β(1→4)-‐

GlcNAc-‐β(1→3)-‐Gal(Gal2)-‐	   β(1→4)-‐Glc)	   were	   dissolved	   in	   D2O	   (99.9%)	   or	  

buffered	  solution	  (150	  mM	  sodium	  chloride,	  100	  mM	  sodium	  phosphate,	  10%	  

D2O,	  pH	  7.2)	  according	  to	  the	  NMR	  experiment.	  Chemical	  shifts	  (1H	  and	  13C)	  of	  

the	   oligosaccharides	   were	   measured	   at	   295	   K	   in	   D2O	   (99.9%)	   2	   mg	   /	   0.2	   ml	  

using	  a	  3	  mm	  NMR	  tube.	  2D	  NMR	  experiments	  were	  carried	  out	  using	  edited-‐

HSQC,	   HSQC-‐TOCSY,	   HMBC,	   TOCSY	   and	   NOESY	   (using	   different	   mixing	   times	  

between	   100-‐1000	   ms),	   recorded	   for	   quadrature	   detection	   in	   the	   indirect	  

dimension	  and	  acquired	  using	  16-‐48	  scans	  per	  series	  of	  1024x320	  data	  points,	  

with	  zero	  filling	  in	  F1	  (4096)	  prior	  to	  Fourier	  transformation.	  	  
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Estimation	   of	   intra	   and	   inter-‐proton	   distances	   -‐	   Experimental	   distances	   were	  

obtained	  by	  selective	  1D	  and	  2D	  NOESY	  experiments	  recorded	  at	  mixing	  times	  

between	  100-‐800ms	   (295	  K)	  and	  used	  to	  construct	   the	  kinetic	  NOEs.	  Selected	  

distances	  were	  estimated	  based	  on	   the	   (two	   spin	  model	   approximation)	   time	  

dependent	   NOEs	   measurements	   extrapolated	   to	   short	   mixing	   times,	  

considering	   the	   initial	   build-‐up	   enhancement	   up	   to	   300ms	   [29].	   The	  

extrapolated	  NOEs	  signals	  were	  converted	  to	  proton	  distances	  considering	  the	  

distance	  Neu5Ac	  (H3ax-‐H3eq)	  as	  a	  reference	  (1.78	  Å).	  

13C	  NMR	  relaxation	  data	  -‐	  NMR	  relaxation	  times	  were	  obtained	  at	  295K	  using	  a	  

14.0	  T	  magnetic	  field.	  13C	  longitudinal	  relaxation	  (T1)	  and	  transverse	  relaxation	  

(T2)	   were	   measured	   via	   2D-‐double	   INEPT	   based	   inverse	   detection	   methods	  

optimized	   to	   suppress	   the	   cross-‐correlation	   between	   the	   chemical	   shift	  

anisotropy	   (CSA)	   and	   the	   dipolar	   relaxation.	   The	   2D	   spectra	   were	   performed	  

using	  1024x192	  data	  points,	  recording	  24-‐32	  scans	  at	  eight	  different	  relaxation	  

delays	   arranged	   randomly	   to	   avoid	   systematic	   errors	   in	   every	   experiment.	   T1	  

relaxation	  delays	  were	  namely	  0,	  0.1,	  0.2,	  0.3,	  0.5,	  0.8,	  1.0,	  1.4	  s.	  T2	  transverse	  

relaxation	  times	  were	  obtained	  by	  the	  CPMG	  pulse	  sequences	  differing	  in	  spin	  

echo	   delays	   (22.4,	   44.8,	   67.2,	   89.6,	   134.4,	   179.2,	   224.0	   and	   313.6	   ms).	   The	  

volume	   of	   the	   cross-‐peaks	   were	   integrated	   using	   Topspin	   2.1	   and	   relaxation	  

times	  were	  obtained	  by	  best	  non-‐linear	  and	  linear	  fitting	  of	  normalized	  data	  of	  

the	   evolution	   of	   the	   peak	   volumes	   as	   a	   function	   of	   the	   inversion	   recovery	  

delays.	  All	  the	  values	  and	  estimated	  errors	  (2-‐10%)	  were	  calculated	  and	  plotted	  

in	  Origin	  8.0	  (OriginLab	  Corp.,	  Northampton,	  MA,	  USA).	  	  

Determination	  of	  the	  nJ(C,H)	  heteronuclear	  coupling	  constants	  –	  Long	  range	  J(C-‐H)	  

couplings	   were	   measured	   using	   the	   J-‐HMBC	   pulse	   sequence	   (295	   K),	   with	   a	  
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delta	  delay	  corresponding	  to	  a	  nJ(X-‐H)	  of	  2	  Hz	  (LSTc	  (0.7	  mg)	  and	  LSTa	  (1	  mg)	  were	  

dissolved	  in	  220	  µL	  of	  D2O).	  Data	  matrices	  of	  1024	  x	  320	  points	  covering	  2003.2	  

x	   9054.9	   Hz	   were	   expanded	   2048	   x	   1024	   points	   using	   linear	   prediction	   and	  

subsequently	   zero-‐filled	   to	  8192	  x	  2048	  points	  prior	   to	  echo/antiecho	  Fourier	  

transformation.	   The	   traditional	   sequence	   was	   applied	   for	   LSTa,	   while	   the	  

uniform	  sampling	  (NUS)	  variant	  was	  used	  for	  LSTc	  (Bruker	  Topspin	  3.1).	  	  

Determination	   of	   temperature	   coefficients	   and	   chemical	   shift	   deviations	   -‐	  

Temperature	   coefficients	   were	   recorded	   for	   0.5	   mg	   /	   0.2	   ml	   oligosaccharide	  

solutions	  in	  buffered	  D2O	  or	  in	  90:10	  H2O:D2O	  pH7.2.	  All	  temperature	  gradients	  

were	  measured	  by	  differences	  observed	  in	  spectra	  recorded	  at	  3	  -‐	  9	  K	  intervals	  

between	  278	  to	  313	  K	  (1H).	  Temperature	  coefficients	  are	  expressed	  in	  units	  of	  

ppb/K	  with	  a	  negative	  sign	   indicating	  an	  upfield	  shift	  upon	  warming,	  chemical	  

shifts	   were	   measured	   using	   1H	   and	   HSQC	   experiments	   and	   chemical	   shift	  

deviations	  were	  obtained	  using	  AMIX	  viewer	  3.8	  (Bruker	  GmbH,	  Silberstreifen,	  

Germany)	  and	  global	  shifts	  deviations	  (CSD)	  determined	  using	  the	  equation:	  

Δ𝛿 = (Δ𝛿!)! + (
!!"!
!!!

Δ𝛿!)!	  	  	  	  	  	  	  	  	  (2),	  

Where	  Δ𝛿! 	  and	  Δ𝛿! 	  are	  the	  changes	  in	  proton	  and	  carbon	  chemical	  shifts	  and	  

quantification	  was	  normalized	  by	  the	  gyromagnetic	  (𝛾)	  ratio.	  

Molecular	   dynamic	   simulations	   -‐	   The	   starting	   geometries	   of	   both	  

oligosaccharides	   LSTa	   and	   LSTc	   were	   generated	   using	   the	   carbohydrate	  

biomolecule	   builder	   (Woods	   Group	   (2005-‐2012)	   GLYCAM	  web),	   following	   the	  

primary	   structure	   and	   the	   glycosidic	   constraints,	   both	   structures	   were	  

minimized	   by	   the	   on-‐line	   energy	   minimiser	   (Woods	   Group	   (2005-‐2012)	  
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GLYCAM	  web).	   The	   energy	   description	   of	   both	   oligosaccharides	   included	   the	  

amber/glycam06	   force	   field	   [30].	   The	   atomic	   partial	   charges	   required	   by	   the	  

oligosaccharides	   force	   field	   were	   calculated	   using	   the	   semi-‐empirical	   bond	  

corrected	   AM1-‐BCC	   scheme[31].	   The	   molecular	   dynamics	   (MD)	   simulations	  

were	   conducted	   in	   explicit	   solvent	   using	   the	   TIP3P	   water	   model[32].	  

Oligosaccharides	   partial	   charge	   management	   and	   topology	   files	   were	  

constructed	  with	   AmberTools	   1.4.	   The	  MD	   trajectories	  were	   generated	   using	  

the	  NAMD	  MD	  engine[33].	  Non-‐bonded	   interactions	   i.e.	   electrostatic	   and	  van	  

der	   Waals,	   are	   described	   using	   the	   cut-‐off	   approach	   set	   to	   12.0	   Å	   with	   a	  

switching	   function	   beginning	   at	   6.0	   Å,	   the	   time	   step	   for	   the	   integration	  

algorithm	   is	   1	   fs.	   The	   simulation	   cell	   including	   the	   oligosaccharide	   was	   built	  

enveloping	   the	   solute	   molecule	   in	   a	   layer	   of	   water	   20.0	   Å	   wide	   in	   each	  

direction;	   the	   result	   is	   a	   cubic	   cell	   of	   approximately	   60	   x	   67	   x	   59	   Å.	   The	  

oligosaccharide	   models	   that	   were	   compared	   to	   the	   experimental	   data	   were	  

generated	  by	   the	   following	  procedure;	   the	   simulation	   cell	  was	   first	  optimized	  

applying	   10000	   minimization	   steps	   of	   the	   NAMD	   minimizer	   algorithm	  

restraining	   each	   atom	   of	   the	   carbohydrate	   to	   the	   initial	   conformation	   by	   an	  

harmonic	  restraint	  with	  a	  scaling	  constant	  of	  500	  Kcal/mol.	  The	  next	  step	  was	  a	  

MD	   simulation	   reproducing	   the	   constant	   temperature	   and	  pressure	   statistical	  

ensemble	   (NPT)	   applying	   a	   pressure	   on	   the	   cell	   walls	   of	   1.01325	   bar	  

(atmospheric	  pressure).	  The	  simulation	   temperature	  was	  set	  at	  295K	  and	  was	  

controlled	   by	   a	   Langevin	   thermostat	   as	   implemented	   in	   NAMD.	   The	   Nosé-‐

Hoover	   Langevin	   piston	   algorithm	   controlled	   the	   pressure	   applied	   on	   the	   cell	  

walls	   and	   periodic	   boundary	   conditions	   were	   applied	   to	   the	   cell	   walls.	   The	  

whole	  length	  of	  the	  simulation	  was	  104	  ns,	  where	  the	  first	  4	  ns	  were	  conducted	  

restraining	   the	   carbohydrate	   atoms	   (solute)	   by	   an	   harmonic	   potential	   with	   a	  



	  
 

109	  

scaling	  constant	  of	  50	  Kcal/mol	   to	   initially	  equilibrate	   the	  cell	  density	  without	  

changing	  the	  solute	  conformation	  significantly,	  while	  the	  remaining	  simulation	  

time	  was	  undertaken	  with	  the	  solute	  free	  to	  move.	  The	  cell	  densities	  calculated	  

for	  LSTa	  and	  LSTc	  after	  equilibration	  (~	  4	  ns)	  was	  in	  both	  cases	  1.04	  g/cm3.	  The	  

MD	   trajectory	   consisted	   of	   the	   last	   100	   ns,	   with	   a	   single	   geometry	   being	  

sampled	   every	   10	   ps.	   During	   the	   whole	   dynamic,	   the	   conformation	   of	   the	  

residues	   remained	   in	   2C5	   for	   Neu5Ac	   and	   4C1	   for	   the	   others,	   as	   set	   from	   the	  

beginning	   for	   both	   LSTa	   and	   LSTc,	   and	   in	   agreement	   with	   the	   three	   bond	  

proton-‐proton	  coupling	  constants	  (3JH-‐H).	  

The	  progression	  of	  the	  MD	  simulation	  were	  observed	  by	  determining	  the	  root	  

mean	   squared	  displacement	   (RMSD)	  of	   the	   trajectories,	   performed	   in	  R	  using	  

the	  rmsd	   function	   from	  the	  Bio3D	   library	   [34],	  with	   the	  starting	  conformation	  

as	   the	   reference.	   The	   RMSD	   distances	   were	   determined	   using	   the	   following	  

equation	  (2):	  

𝑟𝑚𝑠𝑑 𝑡 = 𝑛!! 𝐷! 𝑡 − 𝐷!
!"# !!

!!! 	  	  	  	  	  	  	  	  	  (3)	  

Where	  𝐷!
!"#	  is	  the	  position	  of	  the    𝑖th	  atom	  of	  the	  reference	  structure	  (𝑡 = 0)	  ,	  

𝐷! 𝑡 	  is	  the	  position	  of	  atom	  𝑖	  at	  time	  𝑖	  and	  𝑛	  is	  the	  number	  of	  atoms.	  

2D-‐NOESY	   spectra	   simulation	   (Multi-‐spin	   model	   relaxation)	   -‐	   The	   2D-‐NOESY	  

spectra	  was	  simulated	  using	  two	  different	  sets	  of	  40	  conformations	  each	  from	  

the	   MD	   trajectory:	   40	   with	   the	   smallest	   RMSD	   (RMSDexp	   min)	   and	   highest	  

(RMSDexp	   max)	   respectively.	   The	   2D-‐NOESY	   simulation	   was	   undertaken	  

assuming	   an	   isotropic	   motion	   with	   a	   single	   correlation	   time	   τc	   estimated	   at	  

400ps.	  The	  τc	  estimation	  was	  done	  on	  the	  smallest	  RMSD	  set	  of	  conformations	  



	  
 

110	  

(RMSDexp	   min)	   and	   simulating	   the	   intra-‐residue	   H1-‐H3	   and	   H1-‐H5	   2D-‐NOEs	  

signals	  for	  the	  selected	  residue:	  GlcNAc	  for	  LSTc	  and	  Gal1,	  GlcNAc	  and	  Gal2	  for	  

LSTa.	   The	   τc	   parameter	   was	   adjusted	   by	   trial	   and	   error	   until	   the	   NOE	   kinetic	  

enhancement	   from	   0	   until	   500	  ms	  mixing	   time,	   reproduced	   qualitatively	   the	  

corresponding	  experimental	  values.	  The	  software	  for	  2D-‐NOESY	  simulation	  was	  

NOEPROM.	  

Principal	   component	   analysis	   of	   the	   MD	   trajectory	   -‐	   The	   MD	   trajectories	   for	  

LSTc/LSTa	  were	  exported	  as	  XYZ	  coordinates	  via	  VMD	  [35],	  allowing	  the	  data	  to	  

be	   imported	   directly	   in	   to	   R	   [36].	   Principal	   component	   analysis	   (PCA)	   was	  

performed	   using	   the	   bio3d	   library,	   the	   pca.xyz	   function	   [34].	   The	   data	   were	  

referred	  to	  the	  first	  conformer	  of	  the	  MD	  trajectory,	  removing	  translational	  and	  

rotational	  effects	   from	  the	  analysis,	  and	   then	  mean	  centered	  before	  PCA	  was	  

performed.	   The	   calculated	  eigenvalues	  provide	  a	  weighting	   for	   importance	  of	  

the	   eigenvectors	   [illustrated	   as	   porcupine	   plots]	   and	   the	   component	   scores	  

(score	   plot)	   illustrate	   the	   relationship	   between	   the	   determined	   eigenvector	  

(independent	  molecular	  motion)	   and	   the	   conformers	   that	   constitute	   the	  MD	  

trajectory.	   Porcupine	   plots	   were	   produced	   by	   constructing	   a	   trajectory	   along	  

the	  desired	  principal	  component,	   imposing	  the	  molecular	  motion	  extracted	  by	  

that	  component	  on	  to	  the	  average	  geometry	  of	  the	  conformers	  [34].	  This	  was	  

then	   visualized	   using	   VMD	   and	   the	   porcupine	   plot	   created	   using	   a	   VMD	  

script[35].	  
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Insights	  into	  Human	  Glycan	  Receptor	  conformation	  of	  
1918	  Pandemic	  Haemagglutinin-‐Glycan	  Complexes	  

derived	  from	  NMR	  and	  MD	  studies[1]	  
	  

	  

INTRODUCTION	  

Influenza	   A	   viruses	   are	   among	   the	   most	   rapidly	   evolving	   pathogens	   with	  

potential	   for	   new	   strains	   to	   adapt	   to	   human	   hosts	   and	   result	   in	   a	   pandemic	  

outbreak,	   with	   significant	   economic	   and	   public	   health	   impact	   [2][3].	   The	  

emergence	   of	   novel	   influenza	   strains	   such	   as	   2009	   H1N1	   and	   2010	   H3N2	  

through	   genetic	   reassortment	   [4]–[6]	   pose	   a	   constant	   threat	   in	   terms	   of	   the	  

evolution	  of	  various	   subtypes,	   including	  H5N1,	  H7N2,	  H7N7,	  H7N9,	  and	  H9N2	  

to	   generate	   a	   pandemic	   strain.	   The	   H5	   and	   H7	   subtypes,	   among	   others,	   are	  

categorized	   as	   avian-‐adapted	   since	   they	   primarily	   circulate	   within	   birds,	   but,	  

through	   contact	   with	   infected	   animals,	   they	   can	   jump	   species	   and	   infect	  

humans.	  Some	  of	  these	  avian-‐adapted	  viruses,	  including	  H5N1	  and	  H7N9,	  upon	  

infection,	  can	  replicate	  efficiently	  in	  various	  human	  organs,	  and	  lead	  to	  severe	  

infection	   and	  mortality	   [7]–[12].	   However,	   these	   avian-‐adapted	   subtypes	   are	  

not	   capable	   of	   efficient	   human-‐to-‐human	   aerosol	   transmission	   [13][14]	   a	  

characteristic	   feature	   of	   subtypes	   such	   as	  H1N1,	  H2N2,	   and	  H3N2,	  which	   are	  

considered	  human-‐adapted.	  	  

A	  key	  factor	  governing	  human	  adaptation	  of	  the	  influenza	  A	  virus	  is	  the	  binding	  

specificity	  of	  viral	  surface	  glycoprotein	  haemagglutinin	  (HA)	  to	  sialylated	  glycan	  

receptors	   on	   the	   host	   cell	   surface	   (glycans	   terminated	   by	   α-‐D-‐N-‐acetyl	  
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neuraminic	   acid;	   Neu5Ac).	   A	   canonical	   definition	   of	   this	   binding	   specificity	  

based	   on	   the	   terminal	   sialic	   acid	   linkage	   has	   been	   used	   in	   the	   field	   in	   recent	  

decades.	  HA	  from	  avian-‐adapted	  subtypes	  such	  as	  H5,	  H7	  and	  H9	   is	  known	  to	  

bind	   specifically	   to	   glycans	   terminated	   by	   α(2→3)	   linked	   sialic	   acid	   (α(2→3)	  

glycans	   or	   avian	   receptors)	   [15][16].	   Meanwhile,	   HA	   from	   human-‐adapted	  

subtypes	   such	   as	   H1,	   H2	   and	   H3	   is	   known	   to	   bind	   specifically	   to	   glycans	  

terminated	  by	  α(2→6)	  linked	  sialic	  acid	  [17][18].	  This	  definition	  based	  on	  sialic	  

acid	   linkage	   alone,	   while	   useful	   to	   characterize	   many	   influenza	   strains,	   has	  

misclassified	   some	   notable	   virus	   strains	   in	   terms	   of	   their	   ability	   to	   effect	  

efficient	   human-‐to-‐human	   respiratory	   droplet	   transmission	   [19][20][21],	   in	  

particular	  H5N1	  and	  H7N9.	  	  

Glycan	   receptors	   have	   been	   defined	   according	   to	   their	   overall	   conformation,	  

via	  a	  parameter	  called	  the	  θ	  angle,	  which	  defines	  the	  form	  of	  the	  non-‐reducing	  

end	  of	  the	  glycan	  receptors	  (Fig.	  1)	  [19].	  Specifically,	  in	  the	  case	  of	  influenza,	  we	  

previously	   demonstrated	   that	   the	   apical	   surface	   of	   human	   upper	   respiratory	  

epithelia,	  which	  is	  a	  primary	  target	  for	  human-‐adapted	  viruses,	  predominantly	  

expresses	   glycan	   receptors	  with	   long	   oligosaccharide	   branches	   terminated	   by	  

α(2→6)-‐linked	   sialic	   acid	   (α(2→6)	   glycan	  or	  human	   receptors)	   [19][22].	   Based	  

on	  analyses	  of	  glycan	  conformation	  and	  topology	  in	  HA-‐glycan	  X-‐ray	  co-‐crystal	  

structures,	   we	   noted	   that	   the	   α(2→6)	   glycans	   adopted	   an	   ‘umbrella-‐like’	  

topology,	  θ	  angle	  <	  100°,	   in	  the	  receptor-‐binding	  site	  (RBS)	  of	  H1	  and	  H2	  HAs,	  

while	   α(2→6)	   and	   α(2→3)	   glycans	   adopted	   ‘cone-‐like’	   topologies,	   θ	   angle	   >	  

100°,	  in	  the	  RBS	  of	  H5	  HA[19].	  This	  topology-‐based	  definition,	  in	  addition	  to	  the	  

specific	   sialic	   acid	   linkage	   (i.e.,	   α(2→3)	   vs.	   α(2→6))	   distinguished	   HA	   from	  

human-‐adapted	   subtypes	   binding	   to	   human	   receptors	   from	   the	   HA	   of	   avian-‐

adapted	  viruses	  binding	  to	  avian	  and	  human	  receptors[23].	  
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Fig.	  1.	  Schematic	  of	  LSTc	  (top)	  and	  LSTa	  (bottom).	  The	  θ	  angle	  parameter	  is	  defined	  by	  the	  angle	  
across	   anomeric	   carbons	   of	   the	   three	   successive	   residues	   starting	   from	   the	   non-‐reducing	   end	  
(Neu5Ac,	  Gal1	  and	  GlcNAc).	  
	  

The	   relationship	   between	   glycan	   receptor	   specificity	   of	   HA	   and	   aerosol	  

transmissibility	   of	   the	   virus	   in	   ferrets	   (a	   well-‐established	   animal	   model	   for	  

respiratory	   droplet	   transmission)	  was	   first	   demonstrated	  using	   the	  prototypic	  

1918	   H1N1	   pandemic	   HA	   (A/South	   Carolina/1/18	   or	   SC18)	   [24].	   While	   SC18	  

showed	  efficient	  aerosol	   transmission	   in	   ferrets,	  a	  single	  amino	  acid	  mutation	  

in	  HA	  (Asp225→Gly;	  numbering	  based	  on	  H3	  HA)	  resulted	  in	  a	  virus,	  NY18,	  that	  

exhibited	   inefficient	   transmission,	   and	   a	   second	   further	   mutation,	  

Asp190→Glu,	   resulted	   in	   a	   virus,	   AV18,	   which	   was	   unable	   to	   transmit.	   In	   a	  

recent	   work[21],	   the	   authors	   demonstrated	   that	   SC18	   HA	   showed	   highly	  

specific	   and	   high	   affinity	   binding	   to	   human	   receptors,	   while	   AV18	   HA	  
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demonstrated	   high	   affinity	   binding	   to	   avian	   receptors.	   NY18	   bound	   to	   both	  

avian	   and	  human	   receptors	   at	   a	   substantially	   lower	   binding	   affinity	   than	   that	  

observed	  for	  AV18	  and	  SC18,	  respectively.	  Despite	  dramatic	  differences	   in	  the	  

aerosol	  transmissibility	  of	  these	  three	  viruses	  and	  their	  glycan	  receptor	  binding	  

properties,	   they	   notably	   showed	   similar	   infectivity,	   replication	   efficiency	   and	  

tissue	   distribution	   in	   ferrets	   directly	   inoculated	  with	   virus.	  More	   recently	   this	  

approach	  was	  extended	  to	  the	  2009	  H1N1	  system,	  revealing	  that	  the	  receptor	  

specificity	   affects	   neither	   replication	   nor	   virulence	   of	   this	   pandemic	   virus	   in	  

both	  mice	  and	  ferrets,	  again	  after	  intranasal	  inoculation,	  but	  did	  affect	  animal-‐

to-‐animal	   transmission	  by	  respiratory	  droplet	   [25].	  These	  studies	  highlight	  the	  

significance	  of	  HA	  mutations	  and	  glycan	  receptor-‐binding	  specificity	  (given	  that	  

all	  other	  genes	  between	  the	   three	  viruses	  are	   intact)	   in	  distinguishing	  aerosol	  

transmissibility	  from	  other	  phenotypic	  properties	  of	  the	  virus	  such	  as	  infectivity	  

and	  replication	  efficiency.	  

The	  dramatic	  changes	  in	  relative	  glycan	  receptor	  binding	  affinities	  and	  aerosol	  

transmissibility	  resulting	  from	  single	  amino	  acid	  changes	  to	  SC18,	  prompted	  an	  

investigation	   into	   the	   structural	   nuances	   governing	   HA-‐glycan	   interactions.	  

While	   HA-‐glycan	   X-‐ray	   co-‐crystal	   structures	   revealed	   differences	   in	   overall	  

glycan	   topology	   (‘cone-‐like’	   vs.	   ‘umbrella-‐like’),	  when	  bound	   to	  different	  HAs,	  

these	  ‘static’	  structures	  did	  not	  entirely	  capture	  the	  restrictions	  imposed	  on	  the	  

conformational	   space	   of	   the	   glycan	   receptor	   by	   the	   RBS	   of	   different	   HAs,	   in	  

moving	  from	  the	  free	  to	  HA-‐bound	  state.	  

For	  what	   is,	   to	   the	  best	   of	   our	   knowledge	   the	   first	   time,	  we	  present	   solution	  

structures	   of	   LSTc	   (human	   receptor	   -‐Neu5Ac-‐α(2→6)-‐Gal-‐β(1→4)-‐GlcNAc-‐

β(1→3)-‐Gal-‐β(1→4)-‐Glc)	   and	   LSTa	   (avian	   receptor	   -‐	   Neu5Ac-‐α(2→3)-‐Gal-‐

β(1→3)-‐GlcNAc-‐β(1→3)-‐Gal-‐β(1→4)-‐Glc)	   bound	   to	   SC18,	  NY18	   and	  AV18	  HAs,	  
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based	   on	   comprehensive	   NMR	   (STD	   and	   trNOESY)	   analyses	   and	   molecular	  

dynamics	   simulations.	   The	   combination	   of	   both	  NMR	   and	  molecular	   dynamic	  

simulations	   is	   particularly	   powerful	   when	   investigating	   protein:	   carbohydrate	  

interactions,	   specifically	   when	   dealing	   with	   the	   highly	   mobile	   carbohydrate	  

ligand	   [26].	   We	   find	   that	   these	   'dynamic'	   structures	   are	   instrumental	   in	  

delineating	   the	   conformational	   features	   of	   glycans	   when	   bound	   to	   HA.	   Our	  

study	   captures	   the	   active	   changes	   in	   conformation,	   θ	   and	   glycosidic	   linkage	  

torsional	  angles,	  of	  LSTa	  and	  LSTc	  induced	  upon	  binding	  to	  HA	  and	  shed	  light	  on	  

distinct	   structural	   constraints	   imposed	   by	   the	   RBS	   that	   differ	   by	   one	   or	   two	  

amino	  acids.	  We	  report	  the	  new	  finding	  of	  defining	  the	  restriction	  on	  the	  glycan	  

conformational	  space	  and	  mobility	  of	  glycan	  bound	  to	  HA	  that,	   importantly,	   is	  

not	  captured	  in	  the	  corresponding	  ‘snapshot’	  co-‐crystal	  structures.	  Importantly,	  

these	   data	   are	   consistent	   with	   the	   observed	   differences	   in	   the	   biochemical	  

binding	  affinities	  to	  these	  glycans	  to	  SC18,	  NY18	  and	  AV18	  HAs.	  We	  discuss	  the	  

implications	   of	   these	   findings	   for	   our	   understanding	   of	   HA	   binding	   to	   human	  

receptors	   specifically	   the	   significance	   of	   glycan	   conformation,	   θ	   angle	   and	  

glycosidic	  torsional	  angles,	  and	  HA	  RBS	  interactions	  in	  determining	  appropriate	  

specificity	   and	   affinity.	   Our	   findings	   will	   greatly	   aid	   future	   studies	   aimed	   at	  

delineating	   appropriate	   structural	   constraints	   on	   glycan	   topologies	   for	   other	  

influenza	  subtypes	  (such	  as	  H5N1	  and	  H7N9),	  including	  surveillance	  of	  adaption	  

to	  humans	  by	  these	  deadly	  viruses.	  

RESULTS	  AND	  DISCUSSION	  

NMR	   Structural	   analyses	   of	   HA-‐glycan	   Interactions.	   NMR	   analyses	   were	  

performed	   using	   a	   900	   MHz	   spectrometer,	   which	   permitted	   unprecedented	  

resolution	   when	   observing	   HA-‐glycan	   interactions.	   Saturation-‐transfer	  
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difference	   (STD)	   NMR	   experiments	   were	   employed	   to	   obtain	   a	   qualitative	  

description	   of	   the	   glycan	   residues	   that	   interact	   with	   HA.	   Nuclear	   magnetic	  

resonance	   analysis	   indicated	   that	   for	   both	   LSTa	   and	   LSTc	   (Fig.	   1)	   in	   complex	  

with	   the	   different	  HAs,	   the	  main	   sugar	   residue	   involved	   in	   the	   contact	   is	   the	  

terminal	   sialic	   acid	   (Neu5Ac).	   However,	   there	   are	   differences	   in	   the	  mode	   of	  

binding	  for	  these	  glycans	  to	  the	  various	  HAs.	  

To	   aid	   assignment	   of	   the	   1D	   STD	   signals	   spectra	   of	   LSTc	   bound	   to	   SC18	   and	  

NY18	  were	  superimposed	  on	  the	  HSQC	  spectrum	  of	  LSTc	   (Fig.	  2	  and	  3).	  While	  

the	   interaction	   between	   LSTc	   and	   SC18	   occurs	   primarily	   through	   the	   non-‐

reducing	  end	  Neu5Ac	  moiety,	  involving	  protons:	  H3ax,	  H3eq,	  H4,	  H5,	  H7	  and	  H9	  

(Fig.	  2),	  signals	  belonging	  to	  Gal-‐1	   (H6),	  GlcNAc	  (methyl	  group),	  Gal-‐2	   (H4	  and	  

H1)	  and	  Glc	  (H5,	  H6)	  are	  also	  present	  in	  the	  STD	  spectrum	  (Fig.	  2).	  	  

Fig.	   2	  Main	   region	  of	   the	  overlaid	   STD	  HSQC	   spectra	  of	   LSTc	   receptor	   complex.	   STD	   spectra	  of	  
LSTc-‐SC18	  (purple)	  and	  LSTc-‐NY18	  (green)	  complexes	  overlaid	  upon	  the	  HSQC	  spectrum	  of	  LSTc.	  
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Similarly,	  LSTc	  interacts	  with	  NY18	  principally	  through	  Neu5Ac,	  (H4,	  H5,	  H7	  and	  

H9),	   whereas,	   signals	   belonging	   to	   Gal-‐2	   and	   Glc	   appear	   to	   be	   absent,	   or	   at	  

best,	  weaker	  compared	  to	  those	  found	  in	  the	  STD	  spectrum	  of	  LSTc-‐SC18.	  

Notably,	  both	  methyl	  groups	  of	  GlcNAc	  and	  Neu5Ac	  still	  interact	  with	  NY18,	  but	  

these	   signals	   are	   weaker	   with	   respect	   to	   those	   observed	   in	   the	   LSTc-‐SC18	  

complex	  (Fig.	  3).	  

 

Fig.	  3.	  N-‐Acetyl	  regions	  of	  the	  overlaid	  STD	  HSQC	  spectra	  of	  LSTc-‐receptor	  complex.	  STD	  spectra	  
of	   LSTc-‐SC18	   (purple)	   and	   LSTc-‐NY18	   (green)	   complexes	   overlaid	   upon	   the	   HSQC	   spectrum	   of	  
LSTc.	  
	  

The	  greater	  number	  of	  proton	  signals	  corresponding	  to	  the	  monosaccharides	  of	  

LSTc	   that	   interact	   with	   SC18	   compared	   to	   NY18	   is	   consistent	   with	   the	   dose-‐

dependent	   direct	   biochemical	   binding	   of	   these	  HAs	   to	   this	   glycan	   in	   an	   array	  

platform	   (Fig.	   4)	   and	   also	   with	   previously	   reported	   higher	   human	   receptor	  
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affinity	  of	  SC18	  HA	  over	  NY18	  HA	  [21].	  The	  absence	  of	  STD	  signals	  observed	  for	  

the	   complex	   LSTc-‐AV18	   (Fig.	   5),	   indicates	   that	   LSTc,	   does	   not	   interact	   with	  

AV18,	  consistent	  with	  minimal	  to	  no	  binding	  of	  AV18	  to	  LSTc	  that	  is	  observed	  in	  

the	  dose-‐dependent	  binding	  assay	  (Fig.	  4).	  

Fig.	  4	  Dose-‐dependent	  binding	  of	  SC18,	  NY18	  and	  AV18	  Haemagglutinin	  to	  LSTa	  and	  LSTc.	  
	  
The	   avian	   receptor,	   LSTa,	   on	   the	   other	   hand,	   interacts	   with	   AV18	   and	   NY18	  

almost	  exclusively	  through	  Neu5Ac	  (Fig.	  6).	  Owing	  to	  the	  overlapping	  signals	  of	  

the	   methyl	   groups	   belonging	   to	   Neu5Ac	   and	   GlcNAc	   it	   was	   not	   possible	   to	  

establish	  definitively	  which	  group	  interacts	  with	  the	  corresponding	  HA	  (Fig.	  7).	  

Among	   the	   few	   STD	   signals	   that	   were	   observed	   for	   the	   interaction	   between	  

LSTa-‐AV18/NY18	   that	   did	   not	   belong	   to	  Neu5Ac,	  weak	   signals	  were	   observed	  
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for	  Gal-‐1	  H3	  and	  H4,	  consistent	  with	  the	  partial	  involvement	  of	  Gal-‐1	  residue	  in	  

the	  binding.	  

Given	   the	   conformational	   flexibility	   of	   glycans,	   arising	   from	   the	   numerous	  

glycosidic	   torsion	   angles,	   the	   parameter	   θ	   has	   been	   defined	   to	   quantify	   the	  

form	  of	  the	  non-‐reducing	  end	  of	  the	  receptors	  (Fig.	  1	  and	  Methods	  Section).	  To	  

compare	   the	  conformational	   space	  sampled	  by	   the	   free	  and	  bound	   ligand,	   tr-‐

NOESY	  experiments	  were	  performed	   for	   LSTc	   interacting	  with	  SC18	  and	  NY18	  

(Fig.	  	  8).	  	  

Fig.	   5	   LSTc:AV18	   STD	   spectrum	   (red)	   superimposed	   on	   the	   top	   of	   the	   HSQC	   spectrum	   of	   LSTc	  
(black).	  There	  is	  little	  evidence	  of	  an	  interaction	  between	  the	  receptor	  and	  HA.	  
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Notably,	   by	   comparing	   the	   results	   from	   bound	   and	   unbound	   LSTc,	   the	   NOE	  

signals	  of	  the	  GlcNAc	  methyl	  group	  are	  substantially	  different.	  	  

Fig.	  6	  Main	  region	  of	  the	  overlaid	  STD	  HSQC	  spectra	  of	  LSTa-‐receptor	  complexes.	  STD	  spectra	  of	  
LSTa-‐AV18	  (orange)	  and	  LSTa-‐NY18	  (blu)	  complexes	  overlaid	  upon	  the	  HSQC	  spectrum	  of	  LSTa.	  
	  

Whereas,	  only	  the	  NOE	  between	  the	  methyl	  group	  of	  GlcNAc	  and	  H5	  of	  Neu5Ac	  

was	   observed	   for	   unbound	   LSTc,	   additional	   NOEs	   are	   observed	   in	   the	   bound	  

state	   with	   SC18,	   including	   signals	   associated	   with	   the	   H8/H9	   protons.	   These	  

findings	   agree	   with	   a	   reduction	   in	   the	   distance	   between	   the	   GlcNAc	   (CH3	  

protons)	   and	   Neu5Ac	   (H5,	   H8/H9	   protons),	   which	   is	   likely	   correlated	   with	   a	  

reduction	  of	  the	  θ	  angle	  between	  the	  free	  and	  the	  bound	  state.	  	  

This	  analysis	  indicates	  that,	  upon	  binding	  to	  SC18	  and,	  to	  a	  lesser	  extent	  NY18,	  

LSTc	  undergoes	  a	  conformational	  change,	  reducing	  the	  θ	  angle	  and	  subsequent	  

conformational	   freedom	   of	   the	   Neu5Ac	   residue,	   particularly	   in	   the	   region	  

between	  carbons	  C6	  to	  C9.	  
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Fig.	  7	  N-‐Acetyl	  region	  of	  the	  overlaid	  STD	  HSQC	  spectra	  of	  LSTa	  receptor	  compexes.	  STD	  spectra	  
of	  LSTa-‐AV18	  (orange)	  and	  LSTa-‐NY18	  (blu)	  complexes	  overlaid	  upon	  the	  HSQC	  spectrum	  of	  LSTa.	  

Fig.	  8	  NOESY	   spectrum	  of	   LSTc	   (A.)	   and	   tr-‐NOESY	   spectra	  of	   LSTc-‐SC18	   (B.)	   and	  LSTc-‐NY18	   (C.).	  
The	  new	  stronger	  dipolar	   interactions	  measured	  between	   the	  CH3	  of	  GlcNAc	  and	  Neu5Ac	   (H5,	  
and	   H8/H9)	   residues	   suggests	   a	   reduction	   of	   the	   distances	   between	   these	   contacts,	  
corresponding	   to	   a	   decrease	   in	   the	   θ	   angle	   induced	   by	   binding	   to	   HA,	   and	   a	   reduction	   of	   the	  
Neu5Ac	   sialyl	   (C6	   to	   C9)	   conformational	   freedom.	   	   The	   change	   in	   NOE	   magnitude	   is	   more	  
significant	  in	  the	  case	  of	  SC18	  than	  it	  is	  for	  NY18.	  
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Molecular	  Dynamic	  simulation	  of	  HA-‐glycan	   interactions.	  The	   impact	  of	  glycan	  

conformational	   differences	   and	   points	   of	   glycan-‐HA	   interactions	   observed	   in	  

the	  NMR	  experiments	  were	  further	  investigated	  using	  MD	  simulations,	  allowing	  

a	   structural	   and	   dynamic	   comparison	   between	   the	   various	   complexes	   (LSTc-‐

SC18/NY18/AV18	  and	  LSTa-‐AV18/NY18)	  to	  be	  made.	  

During	   the	  MD	  simulations	   the	  conformational	  and	  dynamic	  properties	  of	   the	  

HA-‐glycan	  complexes	  progressively	  change,	  especially	  the	  glycan	  conformation,	  

with	   differences	   arising	   in	   the	   complexes	   due	   to	   the	   amino	   acid	   mutations	  

within	   the	   receptor-‐binding	   site	   (RBS).	   It	   should	   be	   noted	   that	   the	   glycan	  

starting	  geometries	  are	   the	  same	   in	   the	   two	  sets	  of	  MD	  simulations,	  with	   the	  

LSTa	   and	   LSTc	   starting	   geometries	   taken	   from	   the	   solution	   forms	   identified	  

during	   the	   previous	   work	   with	   the	   glycan	   free	   in	   solution[27].	   The	   mobility	  

observed	   for	   the	   glycan	   in	   the	   HA	   RBS	   was	   monitored	   using	   principal	  

component	  analysis	  (PCA).	  Briefly,	  the	  analysis	  was	  performed	  on	  the	  distance	  

matrix	   between	   the	  HA	   and	   receptor,	   unlike	   the	   conventional	   PCA	  of	   protein	  

MD	   simulations	   which	   uses	   the	   position	   of	   the	   protein	   backbone	   or	   the	  

dihedral	   angles	   of	   the	   protein,	   this	   focuses	   the	   analysis	   on	   the	   interaction	  

between	  receptor	  and	  ligand.	  	  

The	   analyses	   were	   performed	   on	   the	   time	   interval	   20	   –	   120	   ns,	   the	   MD	  

simulation	  trajectories	  were	  decomposed	  in	  to	  distance	  matrices	  between	  the	  

glycan	  atoms	  and	  HA	  amino	  acid	  side	  chains,	  it	  was	  these	  distance	  matrices	  that	  

were	  scrutinized	  by	  PCA.	  

The	  temporal	  changes	  in	  the	  conformational	  state	  of	  LSTc-‐SC18	  are	  reported	  in	  

Fig.	   9C,	   the	   conformer	   subset	   identified	   by	   cluster	   g3	   represents	   the	   final	  

bound	   state	   of	   the	   complex,	   a	   similar	   representation	   for	   LSTc-‐NY18	   and	  

LSTc:AV18	  is	  shown	  in	  Fig.	  9F	  and	  J.	  	  
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Fig.	  9	  PCA	  analysis	  of	  the	  LSTc	  bound	  to	  SC18	  (A.	  -‐	  C.),	  NY18	  (D.	  -‐	  F.)	  and	  AV18	  (G.	  -‐	  J.).	  Panels	  A.,	  
D.	   and	  G.	   contain	   the	   score	  plots	  produced	  by	  PCA,	   the	   clusters	  within	   this	   plot	   represent	   the	  
different	   glycan-‐HA	   conformational	   states	   visited	   in	   the	   MD	   simulation.	   The	   conformational	  
subsets	  were	  identified	  by	  performing	  non-‐parametric	  density	  estimation	  cluster	  analysis	  on	  the	  
score	   plot	   (B.,	   E.	   and	   I.).	   The	   occurrence	   of	   the	   different	   conformational	   subsets	   is	   time	  
dependent	   (C.,	  F.	  and	   J.),	  with	   the	  MD	  simulations	  ending	  with	  each	  of	   the	  LSTc-‐HA	  complexes	  
finding	  a	  single,	   final,	   state.	  The	  colour	   represents	   the	  density	  of	  conformers	   in	  each	  state,	   red	  
represents	  a	  high	  density	  while	  blue	  signifies	  low	  density.	  
	  

When	  LSTc	   is	  bound	   to	  any	  of	   the	  HAs	   it	  appear	   to	   find	  a	   final	   singular	   state,	  

this	   is	  not	   the	   case	   for	   LSTa-‐AV18	  or	   LSTa-‐NY18,	   the	   final	   state	  of	   the	   former	  

MD	   simulation	   is	   represented	   by	   at	   least	   4	   conformational	   subsets	   (Fig.	   10C;	  

clusters	  g2,	  g3,	  g4	  and	  g5),	  while	  the	   latter	  has	  2	  final	  conformational	  subsets	  

(Fig.	   10F;	   clusters	   g1	   and	   g2),	   indicating	   a	   greater	   conformational	   freedom	  

compared	  to	  LSTc	  interacting	  with	  HAs.	  

Inspection	  of	  the	  MD	  trajectory	  indicates	  that,	  in	  the	  case	  of	  LSTc-‐SC18,	  all	  the	  

monosaccharides	  of	  LSTc	  are	  positioned	  to	  interact	  with	  the	  RBS,	  this	  could	  be	  

visualized	   in	   Fig.	   11A,	  which	   describe	   the	   contact	   network	   between	   LSTc	   and	  

SC18.	  



	  
 

129	  

	  
Fig.	   10	   .	  PCA	  analysis	   of	   the	   LSTa	  bound	   to	  AV18	   (A.	   -‐	  C.)	   and	  NY18	   (D.	   -‐	  F.).	   Panels	  A.	   and	  D.	  
contain	   the	   score	   plots	   produced	   by	   PCA,	   the	   clusters	   within	   this	   plot	   represent	   the	   different	  
glycan:HA	  conformational	  states	  visited	  in	  the	  MD	  simulation.	  The	  conformational	  subsets	  were	  
identified	  by	  performing	  non-‐parametric	  density	  estimation	  cluster	  analysis	  on	  the	  score	  plot	  (B.	  
and	  E.).	   The	  occurrence	  of	   the	  different	   conformational	   subsets	   is	   time	  dependent	   (C.	   and	  F.),	  
with	  the	  MD	  simulations	  ending	  with	  each	  of	  the	  LSTa-‐HA	  complexes	  have	  many	  states	  at	  the	  end	  
of	   the	   MD	   simulation,	   indicating	   that	   the	   receptor	   is	   very	   mobile	   in	   the	   RBS.	   The	   colour	  
represents	   the	   density	   of	   conformers	   in	   each	   state,	   red	   represents	   a	   high	   density	   while	   blue	  
signifies	  low	  density.	  
	  
It	   is	   also	   apparent	   that	   both	   hydrogen	   bonds	   and	   dispersive	   forces	   are	  

important	   components	   in	   the	   interaction	   of	   LSTc	   with	   SC18,	   specifically	   the	  

methyl	  groups	  of	  GlcNAc	  show	  persistent	  contacts	  with	  Leu194	  (Fig.	  11D)	  and	  

Asp190,	  while	  the	  methyl	  group	  of	  Neu5Ac	  interaction	  with	  Gly134	  and	  Trp153	  
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(Fig.	   11A).	   Another	   noteworthy	   interaction	   within	   the	   LSTc-‐SC18	   complex	   is	  

between	   Gal-‐1	   and	   Gln226,	   Lys222	   and	   Asp225.	   The	   single-‐point	   mutation	  

forming	  NY18,	  Asp225-‐Gly,	  drastically	  alters	   the	   interaction	  between	  the	  non-‐

reducing	  end	  of	  the	  receptor	  and	  HA,	  and	  the	  major	  interactions	  with	  Gal-‐1	  are	  

removed	   (panel	   11B	   compared	   to	  panel	   11A).	   The	  presence	  of	  Gly	   instead	  of	  

Asp	  in	  position	  225,	  as	  a	  matter	  of	  fact,	  removes	  the	  hydrogen	  bond	  interaction	  

between	  Gal-‐1	  (OH3,	  OH4)	  and	  the	  RBS	  (specifically	  involving	  residues	  Gln226,	  

Lys222	  and	  Asp225)	  (Fig.	  11B),	  thereby	  promoting	  a	  greater	  distance	  between	  

Gal-‐1	  and	  HA	  (Loop220)	  compared	  to	  SC18	  (Fig.	  12B	  and	  Fig.	  11B).	  	  

This	  result	  is	  clearly	  supported	  by	  the	  STD	  NMR	  data	  (Fig.	  2	  and	  3),	  where	  Gal-‐1,	  

GlcNAc,	   Gal-‐2	   and	   Glc	   resonances	   are	   weaker	   or	   absent	   in	   the	   spectrum	   of	  

LSTc-‐NY18	   compared	   to	   the	   wild	   type	   complex,	   corresponding	   to	   a	   weaker	  

interaction.	  The	  additional	  modification	  forming	  AV18,	  Asp190-‐Glu,	  allows	  Gal-‐

1	   to	   re-‐engage	  with	   HA,	  which	   leads	   to	   the	   interaction	   between	   GlcNAc	   and	  

amino	  acids	  190	  and	  Ser193	  being	  lost	  (compare	  panel	  11C	  to	  panels	  11B	  and	  

11A).	   	   In	   fact,	   the	   LSTc-‐AV18	   complex	   the	   further	   mutation	   of	   Asp19-‐Glu,	  

introduces	   a	   greater	   steric	   hindrance	   preventing	   the	   optimal	   interaction	  

between	   the	   reducing	   end	   of	   LSTc	   and	   Helix190	   of	   AV18,	   as	   can	   be	   seen	   by	  

comparing	   the	   corresponding	   distances	   in	   the	   MD	   simulation	   trajectories	   of	  

LSTc-‐AV18	  with	  the	  reference	  complexes	  LSTc-‐SC18	  or	  LSTc-‐NY18	  (Fig.	  11).	  

The	  consequence	  of	  this	  is	  that	  the	  interaction	  between	  Gal-‐1	  and	  the	  HA	  RBS	  

is	  re-‐established	  and	  Neu5Ac	  is	  drawn	  closer	  to	  the	  RBS,	  while	  the	   interaction	  

of	  GlcNAc	  is	  weaker	  compared	  to	  LSTc-‐SC18	  and	  LSTc-‐NY18	  (specifically	  Asp190	  

and	  Leu194	  with	  GlcNAc-‐OMe)	  (Fig.	  11D),	  with	  the	  whole	  residue	  moving	  away	  

from	  the	  RBS.	  	  
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Fig.	   11	   (A-‐C)	   Contact	   network	   between	   LSTc	   and	  HA.	   If	   two	   vertices	   are	   linked,	   they	   are	   <6	   Å	  
apart;	  the	  thicknesses	  of	  the	  graph	  edges	  are	  inversely	  proportional	  to	  the	  distance	  between	  the	  
glycan	  atom	   (circular	  vertex)	  and	   the	  protein	  amino	  acid	   (square	  vertex)	   (the	   thicker	   the	  edge,	  
the	   closer	   the	   two	   are	   together).	   The	   square	   vertices	   that	   are	   white	   with	   a	   black	   boundary	  
indicate	   that	   this	  amino	  acid	  has	  been	  mutated.	  The	  networks	   represent	   the	  average	  distances	  
found	  in	  the	  final,	  “bound”,	  conformer	  subsets	  identified	  by	  PCA	  (Fig.	  9):	  cluster	  g3,	  LSTc−SC18;	  
cluster	   g2,	   LSTc−AV18;	   and	   cluster	   g2,	   LSTc−NY18.	   (D)	   Distances	   between	   Leu194	   and	   CH3	   of	  
GlcNAc	  of	  SC18(red),	  NY18(green)	  and	  AV18(blu)	  during	  the	  MD	  simulation.	  

D 
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The	  analyses	  here	   reaffirms	   that	   it	   is	   interaction	  of	  Neu5Ac,	  Gal1	  and	  GlcNAc	  

with	  HA	  that	  is	  important	  for	  human	  adaptation	  of	  influenza.	  

Fig.	  12	  (A)	  Structure	  of	  the	  LSTc−SC18	  complex	  in	  the	  g3	  cluster	  conformation	  subset	  (Figure	  9C).	  
(B)	   Superposition	   of	   the	   RBSs	   of	   the	   LSTc−SC18	   complex	  with	   that	   of	   the	   LSTc−NY18	   complex	  
(rmsd	   =	   0.78	   Å).	   The	   reported	   complex	   structures	   belong	   to	   g3	   and	   g2	   conformations,	  
respectively	   (Fig.	   9C	   and	   F).	   The	   carbon	   skeleton	  of	   LSTc	  bound	   to	   SC18	   is	   colored	   cyan,	  while	  
LSTc	   interacting	   with	   NY18	   is	   colored	   yellow.	   (C)	   Structure	   of	   the	   LSTa−AV18	   complex	  
corresponding	  to	  conformation	  subset	  g2	  of	  the	  PCA	  conformational	  characterization	  (Fig.	  10C).	  
(D)	  Superimposed	  structures	  of	   the	  LSTa−AV18	  and	  LSTa−NY18	  complexes	   (rmsd	  =	  0.74	  Å).	  The	  
reported	  structure	  of	  the	  LSTa−NY18	  complex	  corresponds	  to	  g2	  and	  g1	  conformation	  subsets	  as	  
obtained	   from	  PCA	   (Fig.	   10F).	   LSTa	   linked	   to	  AV18	   is	   colored	   cyan,	  while	   LSTa	   interacting	  with	  
NY18	   is	   colored	   yellow.	   The	   relevant	   amino	   acid	   residues	   of	   the	   shown	   HA	   active	   sites	   are	  
underlined	  by	  a	  tube	  representation,	  with	  the	  name	  and	  numbering	  relative	  to	  PDB	  entry	  2WRG.	  
The	  reported	  distances	  are	  in	  angstroms.	  
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These	  results	  provide	  a	  structural	  description	  of	  the	  effect	  caused	  by	  the	  single	  

and	   double	   amino	   acid	   mutation	   in	   the	   RBS	   of	   HA,	   which	   correlates	   with	   a	  

progressive	  weakening	  of	  the	  interaction	  between	  LSTc	  and	  HA	  (SC18	  >	  NY18	  >	  

AV18),	   a	   result	   also	   supported	   by	   NMR-‐STD	   experiments	   and	   the	   measured	  

binding	  affinities.	  

In	  the	  case	  of	  the	  LSTa-‐AV18	  complex,	  the	  primary	  contacts	  involve	  Neu5Ac	  of	  

LSTa,	   with	   the	   carboxyl-‐,	   acetyl-‐	   of	   Neu5Ac	   interacting	  with	   the	   HA	   RBS	   (Fig.	  

12C	   and	   Fig.	   13).	   Importantly,	   contacts	   are	   also	   observed	   between	  AV18	   and	  

Gal-‐1	  in	  LSTa.	  This	  involves	  the	  interaction	  of	  O6-‐Gal-‐2	  with	  Glu190	  and	  Pro186,	  

which	  is	  afforded	  by	  the	  presence	  of	  the	  α(2→3)	  linkage	  in	  LSTa.	  The	  PCA	  of	  the	  

LSTa-‐AV18	   MD	   simulation	   trajectory	   also	   indicates	   a	   greater	   mobility	   of	   the	  

reducing	  end	  region	  of	  LSTa	  compared	  to	   its	  non-‐reducing	   terminal	   (Neu5Ac),	  

which	   remains	   strongly	   attached	   to	   the	   RBS	   during	   the	   MD	   simulation	   time	  

scale	   (Fig.	   10,	   and	   Fig.	   13).	   Comparing	   LSTa-‐NY18	  with	   LSTa-‐AV18	   complexes,	  

the	   mutation	   of	   Glu190-‐Asp	   reduces	   the	   interaction	   between	   Gal-‐1	   and	   the	  

RBS,	  with	  only	  the	  non-‐reducing	  end	  Neu5Ac	  residue	  interacting	  with	  the	  RBS.	  

A	  consequence	  of	  this	  is	  that	  the	  number	  of	  interactions	  between	  the	  Neu5Ac	  

residue	  and	  the	  RBS	  are	  decreased	  and	  the	  interaction	  between	  Gln226	  and	  the	  

carboxyl	  group	  of	  Neu5Ac	  is	  no	  longer	  observed	  (Fig.	  12D,	  and	  Fig.	  14).	  

This	  corresponds	  to	  a	  weaker	  interaction	  between	  LSTa	  and	  NY18	  compared	  to	  

AV18,	  in	  agreement	  with	  the	  NMR-‐STD	  experiments	  and	  biochemical	  assay.	  The	  

LSTa-‐NY18	   complex	   samples	   two	   conformational	   states	   during	   the	   MD	  

simulation,	  which	   differ	   based	   on	   contacts	   between	  Neu5Ac	   and	   the	  HA	   RBS	  

(Fig.	  14).	  	  

The	   features	   of	   LSTa	   binding	   to	   AV18	   and	   NY18	   obtained	   from	   the	   MD	  

simulations	  is	  consistent	  with	  the	  corresponding	  NMR	  STD	  signals,	  where	  data	  
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from	  both	  complexes	  indicate	  that	  Neu5Ac	  is	  the	  main	  interacting	  residue	  with	  

HA,	  while	   the	  methyl	   group	  of	  GlcNAc	   is	   no	   longer	   a	   key	  point	   of	   interaction	  

with	  either	  NY18	  or	  AV18.	  

Fig.	  13	  Contact	  network	  between	  LSTa	  and	  AV18.	  If	  two	  vertices	  are	  linked	  they	  are	  less	  than	  6	  Å	  
apart,	   the	   thicknesses	  of	   the	  graph	  edges	  are	  proportional	   to	   the	  distance	  between	   the	  glycan	  
atom	  (circular	  vertex)	  and	  protein	  amino	  acid	  (square	  vertex),	  the	  thicker	  the	  edge	  the	  closer	  the	  
two	   are	   together.	   The	   square	   vertex	   that	   are	   white	   with	   a	   black	   boundary	   indicate	   that	   this	  
amino	  acid	  has	  been	  mutated,	   for	   example	  Asp190→Glu.	   The	  networks	   represent	   the	  average	  
distances	   found	   in	   the	   final,	   ‘bound’,	   conformer	   subsets	   identified	   by	   PCA,	   Fig.	   10	   panel	   c.,	  
clusters	  g2,	  g3,	  g4	  and	  g5.	  
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Fig.	  14	  Contact	  network	  between	  LSTa	  and	  NY18.	  The	  networks	  represent	  the	  average	  distances	  
found	  in	  the	  final,	  ‘bound’,	  conformer	  subsets	  identified	  by	  PCA,	  Fig.	  10	  panel	  f.,	  clusters	  g1	  (left)	  
and	  g2	  (right).	  	  

	  

Dynamics	   of	   LSTa	   and	   LSTc	   conformation	   upon	   binding	   to	   HA.	   The	   θ	   angle	  

parameter	   is	   a	   key	   conformational	   descriptor	   of	   the	   non-‐reducing	   end	  of	   the	  

glycan	  receptor,	  indicating	  the	  different	  forms	  of	  the	  glycans.	  Here	  we	  analyzed	  

the	  θ	  angle	  parameter	  for	  the	  PCA-‐extracted	  conformers.	  As	  shown	  previously,	  

the	   θ	   angle	   of	   unbound	   LSTc	   had	   a	   predominant	   distribution	   at	   87°	   and	   a	  

smaller	  population	  located	  at	  119°	  (Fig.	  15A)	  [27].	  Binding	  to	  SC18	  substantially	  

restricts	   the	   conformational	   population	   of	   LSTc,	   as	   reflected	   by	   the	   narrow	  

distribution	   of	   the	   θ	   parameter,	   with	   a	   single	   distribution	   centered	   at	   82°.	  

Binding	  to	  NY18	  also	  restricts	  the	  conformational	  space	  sampled	  by	  LSTc,	  with	  a	  

θ	  angle	  distribution	  being	  located	  at	  approximately	  90°.	  Interestingly,	  the	  small	  

population	  of	  θ	  angles	  values	  around	  119°	  in	  the	  unbound	  LSTc	  is	  absent	  in	  the	  

bound	   state,	   consistent	  with	   an	   earlier	   study	   in	  which	   it	  was	   postulated	   that	  
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long	   α(2→6)	   glycans	   would	   predominantly	   adopt	   umbrella-‐like	   topology	  

(characterized	  by	  θ	  <	  100°)	  when	  bound	  to	  the	  RBS	  of	  human-‐adapted	  HAs	  [19].	  

Fig.	   15	  Density	   distribution	   plots	   of	   the	   topological	   θ	   angles	   of	   LSTc	   (A)	   and	   LSTa	   (B)	   free	   and	  
bound	  to	  HA.	  The	  interaction	  of	  LSTc	  or	  LSTa	  with	  HA	  alters	  the	  topological	  θ	  angle	  assumed	  by	  
the	   glycan	   receptor.	   The	   θ	   angles	   shown	   here	   are	   for	   the	   PCA-‐extracted	   conformers;	   a	  
comparison	  of	  these	  with	  the	  θ	  angles	  for	  all	  of	  the	  conformers	  can	  be	  found	  in	  Figure	  16. 

This	  restriction	  in	  θ	  angle	  when	  LSTc	  binds	  to	  SC18	  and	  NY18	  is	  experimentally	  

supported	   by	   the	   new	   NOE	   signal	   appearing	   between	   GlcNAc	   and	   Neu5Ac	  
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H8/H9	   in	   the	   tr-‐NOESY	   spectra	   of	   LSTc-‐SC18	   and	   by	   the	   stronger	   NOE	   signal	  

between	  GlcNAc	  and	  Neu5Ac	  H5	  in	  LSTc-‐NY18	  (Fig.	  8).	   In	  contrast,	   low	  affinity	  

interaction	   of	   LSTc	   with	   AV18	   predominantly	   samples	   cone-‐like	   topology	   as	  

indicated	   by	   the	   θ	   distribution	   around	   113°,	   which	   is	   consistent	   with	   the	  

constraints	  imposed	  by	  avian-‐adapted	  HAs	  and	  is	  due	  to	  the	  lack	  of	  interaction	  

between	   GlcNAc	   and	   the	   RBS.	   These	   results	   show	   how	   LSTc	   assume	   distinct	  

conformations	  originated	  by	  the	  different	  constrains	  imposed	  by	  the	  three	  HA:	  

SC18,	   NY18	   and	   AV18,	   corresponding	   to	   different	   biochemically	   measured	  

affinity.	  	  

In	   the	   unbound	   state	   the	   θ	   angle	   of	   LSTa	   samples	   two	   distinct	   populations	  

centred	  around	  118°	   and	  154°	   (Fig.	   15B),	   both	  of	  which	   correspond	   to	   ‘cone-‐

like’	   topologies	   (θ	  >	  100°).	   The	  binding	  of	   LSTa	   to	  NY18	  does	  not	   significantly	  

alter	   the	   position	   of	   the	   θ	   angle	   distribution	   compared	   to	   free	   glycan,	  

distributions	   located	  at	  117°	  and	  158°	   in	  the	  bound	  state,	  but	   it	  does	  strongly	  

affect	   their	   relative	  populations,	  with	   the	  population	   located	  at	   the	   smaller	  θ	  

angle	  being	  the	  largest.	  The	  binding	  of	  LSTa	  to	  AV18	  HA	  imposes	  restrictions	  on	  

the	   θ	   angle,	   removing	   the	   population	   distributed	   around	   117°	   (Fig.	   15B).	  

Consistent	  with	  our	  previous	  studies,	  the	  avian	  receptor	  LSTa	  exclusively	  adopts	  

a	  ‘cone-‐like’	  topology	  whether	  present	  in	  the	  unbound	  or	  when	  bound	  to	  NY18	  

and	   AV18	   HA.	   For	   completeness	   the	   θ	   angle	   density	   plots	   for	   the	   entire	  MD	  

trajectory	  [20	  –	  100	  ns]	  can	  be	  found	  in	  Fig.	  16.	  

To	   complete	   our	   conformational	   studies	   we	   also	   considered	   the	   glycosidic	  

torsion	  angles	  of	   the	   free	  and	  bound	  glycan	   receptor	   sampled	  during	   the	  MD	  

simulation	  -‐	  in	  the	  case	  of	  the	  bound	  receptors	  the	  conformer	  subset	  extracted	  

by	  PCA	  are	  considered	  (Tables	  1	  and	  2).	  	  
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Fig.	  16	  θ	  angle	  observed	  for	  LSTx	  when	  free	  and	  bound	  to	  HA	  (A.	  LSTc-‐HA	  and	  B.	  LSTa-‐HA).	  The	  θ	  
angles	  seen	  in	  the	  period	  20-‐120	  ns	  of	  the	  MD	  simulations	  (dashed	  lines)	  are	  compared	  to	  those	  
seen	  in	  the	  PCA	  selected	  conformers	  (solid	  lines)	  [LSTc	  PCA	  selected	  conformers:	  cluster	  g3	  LSTc-‐
SC18,	  cluster	  g2	  LSTc-‐AV18	  and	  cluster	  g2	  LSTc-‐NY18	  (Fig.	  9)	  and	  LSTa	  PCA	  selected	  conformers:	  
LSTa-‐NY18	  clusters	  g1	  and	  g2	  and	  LSTa-‐AV18	  clusters	  g2,	  g3,	  g4	  and	  g5	  (Fig.	  10)].	  
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First,	  consistent	  with	  the	  θ	  angle	  distributions	  described	  above,	  comparison	  of	  

the	   glycosidic	   torsional	   angles	   in	   the	   unbound	   and	   various	  HA-‐bound	   glycans	  

indicates	  there	  are	  distinct	  structural	  constraints	   imposed	  by	  the	  RBS	  of	  SC18,	  

NY18	  and	  AV18	  HA	  on	  LSTa	  and	  LSTc.	  	  

 Linkage Cluster Size Percentage Phi °  
(φ) 

SD Phi °  
(φ) 

Psi °  
(ψ) 

SD Psi °  
(ψ) 

LSTc	   1	   1	   9858	   98.6	   -‐57	   11	   190	   17	  
	   	   2	   48	   0.5	   -‐71	   12	   -‐114	   5	  
	   	   3	   73	   0.7	   -‐60	   9	   111	   13	  
	   2	   1	   5430	   54.3	   42	   11	   -‐3	   11	  
	   	   2	   2419	   24.2	   -‐38	   13	   -‐29	   11	  
	   	   3	   2151	   21.5	   24	   13	   -‐32	   10	  
	   3	   1	   4691	   46.9	   20	   14	   -‐47	   13	  
	   	   2	   3981	   39.8	   39	   15	   34	   18	  
	   	   3	   1328	   13.3	   -‐25	   11	   -‐43	   11	  
	   4	   1	   5934	   59.3	   39	   13	   -‐8	   18	  
	   	   2	   4066	   40.7	   -‐37	   14	   -‐30	   13	  
LSTc:SC18	   1	   1	   2763	   100.0	   -‐58	   7	   189	   7	  
	   2	   1	   2763	   100.0	   50	   9	   -‐5	   9	  
	   3	   1	   2724	   98.6	   -‐2	   21	   -‐42	   11	  
	   	   2	   39	   1.4	   40	   7	   25	   8	  
	   4	   1	   1192	   43.1	   45	   10	   0	   11	  
	   	   2	   1069	   38.7	   19	   13	   -‐30	   11	  
	   	   3	   502	   18.2	   -‐33	   18	   -‐28	   11	  
LSTc:NY18	   1	   1	   1826	   100.0	   -‐46	   10	   194	   7	  
	   2	   1	   1826	   100.0	   41	   9	   -‐7	   11	  
	   3	   1	   1826	   100.0	   17	   14	   -‐43	   12	  
	   4	   1	   1826	   100.0	   -‐31	   13	   -‐27	   9	  
LSTc:AV18	   1	   1	   2698	   100.0	   -‐51	   8	   192	   7	  
	   2	   1	   2698	   100.0	   -‐24	   14	   -‐32	   11	  
	   3	   1	   2698	   100.0	   24	   13	   34	   11	  
	   4	   1	   2698	   100.0	   -‐28	   12	   -‐24	   9	  
Table	  1.	  Glycosidic	  torsional	  angles	  for	  LSTc,	  free	  and	  bound	  to	  SC18,	  NY18	  and	  AV18.	  The	  angles	  
presented	  in	  the	  table	  for	  the	  ligand	  receptor	  complexes	  were	  determined	  for	  those	  conformers	  
that	  were	  extracted	  by	  PCA;	  g3,	  LSTc-‐SC18;	  g2,	  LSTc-‐NY18	  and	  g2,	  LSTc-‐AV18	  (Fig.	  9).	  The	  angles	  
were	   determined	   by	   cluster	   analysis	   of	   the	   data	   illustrated	   in	   Fig.16,	   the	   analysis	   used	  
nonparametric	   density	   estimation	   to	   determine	   the	   members	   of	   each	   cluster.	   The	   angles	  
represented	  in	  the	  table	  are	  the	  average	  values	  for	  each	  φ	  and	  ψ	  cluster.	  
	  
When	  LSTc	  binds	  to	  SC18	  and	  NY18	  the	  distribution	  of	  states	  seen	  for	  ϕ1/ψ1,	  

ϕ2/ψ2	  and	  ϕ3/ψ3	  are	   very	   similar,	   only	  by	  using	  density	   cluster	   analysis	   is	   it	  
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possible	   to	   observe	   the	   different	   central	   locations	   of	   the	   states	   (Fig.	   17	   and	  

Table	  1).	  

 
Fig.	  17	  Glycosidic	  torsional	  angles	  of	  LSTc,	  free	  (A	  -‐	  D)	  and	  when	  bound	  (PCA	  selected	  conformers;	  
g3, LSTc-SC18; g2, LSTc-NY18; g2, LSTc-AV18 (Fig. 9 and	  Fig.	  11))	  to	  SC18	  (E	  -‐	  H),	  NY18	  (I	  -‐	  L)	  
and	  AV18	  (M	  -‐	  P).	  The	  colour	  represents	  the	  density	  of	  conformers	  in	  each	  state,	  red	  represents	  a	  
high	  density	  while	  blue	  signifies	  low	  density.	  

	  

Indicating	   the	   modification	   of	   amino	   acid	   225	   (Asp-‐Gly)	   and	   the	   subsequent	  

change	   in	   the	   interaction	  between	  LSTc	  and	  HA,	   the	   loss	  of	   the	   interaction	  of	  

Gal-‐1	  with	  Gln226,	   Asp225,	   and	   Lys222	   does	   not	   have	   a	   strong	   effect	   on	   the	  
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glycosidic	  torsional	  angles,	  whereas	  binding	  of	  LSTc	  to	  AV18	  differing	  from	  SC18	  

in	  position	  190	  and	  225,	  which	  eliminates	  the	  interaction	  between	  GlcNAc	  and	  

Leu194,	  Asp190,	  and	  Ser193,	  affecting	  the	  positions	  of	  ϕ2	  and	  ψ2	  and	  those	  of	  

ϕ3	   and	   ψ3,	   which	   are	   distinct	   from	   those	   observed	   in	   the	   LSTc−SC18	   and	  

LSTc−NY18	  complexes	  (Figure	  17	  and	  Table	  1).	  

In	  the	  case	  of	  when	  LSTa	  binds	  to	  HA,	  the	  interactions	  with	  AV18	  and	  NY18	  are	  

very	   different.	   The	   interaction	   between	   LSTa	   and	   NY18	   is	   solely	   through	   the	  

non-‐reducing	  end	  Neu5Ac	  (Fig.	  14)	  and	  this	  is	  evident	  by	  the	  diversity	  of	  states	  

observed	  for	  ϕ2/ψ2,	  ϕ3/ψ3	  and	  ϕ4/ψ4	  (Fig.	  18	  and	  Table	  2).	  	  

The	   opposite	   is	   seen	   for	   the	   LSTa-‐AV18	   complex,	   even	   though	   the	   glycan	   is	  

dynamic	  with	  four	  conformational	  states	  being	  extract	  by	  PCA	  of	  the	  complexes	  

MD	   trajectory	   (Fig.	   10),	   the	   glycosidic	   torsional	   angle	   states	   observed	   in	   the	  

glycan	  are	  restricted	  for	  all	  four	  linkages.	  

	  

	  

CONCLUSION	  

The	  NMR	  and	  MD	  simulation	  analyses	  described	  in	  this	  study	  offer	  new	  insights	  

into	  the	  interaction	  between	  haemagglutinin	  and	  its	  glycan	  receptors,	  providing	  

a	   detailed	   description	   of	   the	   contacts	   observed	   in	   the	   interactions	   between	  

LSTc	  and	  LSTa	  withH1	  of	  Sc18	  and	  their	  tested	  mutants,	  and	  their	  consequential	  

change	   in	   glycan	   conformation.	   The	  principal	   consequence	  of	  modifying	   SC18	  

to	  form	  NY18,	  Asp225-‐Gly,	  is	  that	  Gal-‐1	  of	  LSTc	  can	  no	  longer	  interact	  with	  the	  

HA	  RBS	   (Gln226,	   Lys222	  and	  Asp225),	  which	  allows	  Gal-‐1	   to	  move	  away	   from	  

the	  protein	  surface,	  also	  effecting	  the	  interaction	  between	  the	  Neu5Ac	  residue	  

of	  LSTc	  and	  the	  RBS.	  
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Fig.	  18	  Glycosidic	  torsional	  angles	  of	  LSTa,	  free	  (A-‐D)	  and	  when	  bound	  (PCA	  selected	  conformers)	  
to	  AV18	  (E-‐H)	  and	  NY18	  (I-‐L).	  The	  colour	  represents	  the	  density	  of	  conformers	  in	  each	  state;	  red	  
represents	  a	  high	  density	  while	  blue	  signifies	  low	  density.	  The	  torsional	  angles	  of	  LSTa	  bound	  to	  
AV18	   and	  NY18	   are	   the	   combination	   of	   the	   states	   found	   by	   PCA	   to	   be	   the	   final	   ‘bound’	   state	  
(AV18	  (g2/g3/g4/g5)	  –	  Fig.	  10	  and	  13-‐	  NY18	  (g1/g2)	  Fig.	  10	  and	  14).	  A	  trend	  can	  be	  seen	  that	  as	  
the	  affinity	  between	   the	   receptor,	   LSTa,	   and	   the	   various	   ligands	  decreases	   the	   variation	   in	   the	  
glycosidic	  torsional	  angles	  states	  increases.	  In	  the	  case	  of	  LSTa-‐NY18	  the	  variation	  in	  the	  reducing	  
end	  linkages	  is	  similar	  to	  that	  observed	  in	  the	  free	  receptor.	  
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	   Linkage	   Cluster	   Size	   Percentage	   Phi	  ° 	  (φ)	   SD	  Phi	  ° 	  (φ)	   Psi	  ° 	  (ψ)	   SD	  Psi	  ° 	  (ψ)	  
LSTa	   1	   1	   8771	   87.7	   -‐62	   10	   -‐7	   13	  
	   	   2	   1191	   11.9	   -‐81	   9	   -‐55	   9	  
	   	   3	   21	   0.2	   230	   6	   47	   8	  
	   	   4	   17	   0.2	   209	   12	   -‐26	   8	  
	   2	   1	   7317	   73.2	   41	   13	   -‐1	   17	  
	   	   2	   1917	   19.2	   -‐37	   13	   -‐20	   13	  
	   	   3	   766	   7.7	   61	   12	   57	   10	  
	   3	   1	   5939	   59.4	   39	   16	   32	   19	  
	   	   2	   3290	   32.9	   20	   13	   -‐48	   14	  
	   	   3	   771	   7.7	   -‐28	   11	   -‐44	   13	  
	   4	   1	   7861	   78.6	   40	   13	   -‐6	   17	  
	   	   2	   2139	   21.4	   -‐34	   14	   -‐30	   12	  
LSTa:AV18	   1	   1	   2426	   100	   206	   15	   -‐20	   8	  
	   2	   1	   2426	   100	   51	   9	   19	   15	  
	   3	   1	   1118	   46.1	   49	   9	   53	   13	  
	   	   2	   1308	   53.9	   25	   12	   42	   12	  
	   4	   1	   2426	   100	   54	   22	   5	   21	  
LSTa:NY18	   1	   1	   3421	   97.1	   -‐64	   11	   -‐6	   14	  
	   	   2	   101	   2.9	   -‐73	   10	   -‐50	   8	  
	   2	   1	   2674	   75.9	   -‐40	   11	   -‐16	   14	  
	   	   2	   484	   13.7	   45	   11	   1	   12	  
	   	   3	   364	   10.3	   23	   13	   -‐26	   10	  
	   3	   1	   1939	   55.1	   22	   15	   -‐44	   14	  
	   	   2	   1234	   35	   -‐24	   17	   -‐42	   14	  
	   	   3	   349	   9.9	   47	   14	   14	   19	  
	   4	   1	   1760	   50	   -‐36	   14	   -‐30	   12	  
	   	   2	   1762	   50	   35	   15	   -‐11	   19	  
Table	   2.	   Glycosidic	   torsional	   angles	   for	   LSTa,	   free	   and	   bound	   to	   NY18	   and	   AV18.	   The	   angles	  
presented	  in	  the	  table	  for	  the	  ligand	  receptor	  complexes	  were	  determined	  for	  those	  conformers	  
that	  were	   extracted	   by	   PCA;	   g2/g3/g4/g5,	   LSTa-‐NY18;	   g1/g2,	   LSTa:AV18	   (Fig.	   10).	   Unlike	  when	  
LSTc	  is	  bound	  to	  HA	  multiple	  bound	  states	  were	  evident	  when	  LSTa	  was	  bound	  to	  HA.	  The	  angles	  
were	  determined	  by	  cluster	  analysis	  of	   the	  data	   illustrated	   in	  Fig.	  18.The	  angles	   represented	   in	  
the	  table	  are	  the	  average	  values	  for	  each	  φ	  and	  ψ	  cluster.	  
	  

A	  further	  second	  modification	   forming	   the	  avian-‐adapted	  AV18,	  Asp190→Glu,	  

permits	   Gal-‐1	   of	   LSTc	   to	   re-‐engage	  with	   the	   HA	   RBS,	   interacting	  with	   Gly225	  

and	  Lys222.	  While,	  GlcNAc	  can	  no	  longer	  interact	  with	  the	  RBS	  in	  the	  LSTc-‐AV18	  

complex,	   it	   is	   this	   interaction	   that	   is	   a	   key	   decider	   for	   human-‐adaption.	   The	  

interaction	   between	   LSTa	   and	   AV18,	   avian-‐adapted	   HA,	   is	   principally	   via	  
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Neu5Ac	   and	   Gal-‐1	   of	   the	   receptor.	   The	   non-‐reducing	   end	   α(2→3)	   linkage	  

between	  Neu5Ac	  and	  Gal-‐1	  in	  LSTa	  permits	  Glu190	  and	  Pro186	  to	  interact	  with	  

the	  methyl-‐group	  of	  Neu5Ac	  and	  O6-‐Gal-‐1	  of	  LSTa.	  

The	  interaction	  between	  the	  glycan	  receptors	  and	  HA	  imposes	  conformational	  

constraints	  upon	  the	  glycan,	  which	  is	  characterized	  in	  terms	  of	  θ	  angle	  and	  the	  

glycosidic	   torsional	   angles.	  We	   also	   correlated	   this	   analysis	   with	   biochemical	  

HA-‐glycan	   binding	   specificity	   and	   affinity	   to	   ensure	   that	   this	   analysis	   is	  

consistent	  with	  available	  crystal	  structure	  information.	  Importantly,	  using	  the	  θ	  

angle	  as	  a	  parameter	  to	  characterize	  the	  overall	  shape	  of	  the	  glycan,	  our	  study	  

demonstrates	  key	  differences	  in	  the	  form	  of	  LSTa	  and	  LSTc	  when	  they	  are	  free	  

versus	  their	  bound	  states	  (LSTc-‐SC18/NY18/AV18	  and	  LSTa-‐AV18/NY18),	  which	  

have	  not	  been	  possible	  to	  ‘capture’	  through	  x-‐ray	  crystal	  structures.	  

Previously,	  we	  have	  noted	  that	  human	  receptors	  in	  their	  unbound	  state	  sample	  

a	   conformational	   space	   that	   resembles	   both	   a	   ‘cone-‐like’	   (θ	   ≥	   100°)	   and	  

‘umbrella-‐like’	  (θ	  <	  100°)	  topology,	  whereas,	  avian	  receptors	  exclusively	  sample	  

‘cone-‐like’	   topology[27].	   By	   analysing	   HA-‐glycan	   co-‐crystal	   structures,	   we	  

postulated	   that	   glycans	   binding	   to	   ‘avian-‐adapted’	   HA	   RBS	   (such	   as	   AV18)	  

would	   impose	   constraints	   on	   the	   human	   receptor	   (for	   example	   LSTc)	   to	  

preferentially	   sample	   a	   ‘cone-‐like’	   topology,	   whereas,	   glycans	   binding	   to	  

‘human-‐adapted’	  HA	  (such	  as	  SC18)	  would	  constrain	  the	  glycan	  to	  preferentially	  

sample	   ‘umbrella-‐like’	   topology	   [19].	   Based	   on	   the	   NMR	   analyses	   and	   MD	  

simulations	  presented	  in	  this	  study,	  we	  demonstrate	  the	  former	  hypothesis	  to	  

be	  correct.	  The	  θ	  angle	  of	  LSTc	  (Figure	  15A)	  samples	  two	  distinct	  populations	  in	  

the	   unbound	   state	   corresponding	   to	   ‘umbrella-‐like’	   and	   ‘cone-‐like’	   topology.	  

Upon	  binding	  to	  AV18	  HA,	  LSTc	  predominantly	  samples	  a	  ‘cone-‐like’	  topology	  (θ	  

~	   110°),	   this	   is	   due	   to	   GlcNAc	   of	   LSTc	   not	   being	   able	   to	   interact	   with	   the	  
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helix190	   in	   the	  RBS	  of	  HA.	  On	   the	  other	  hand,	  binding	   to	   the	  RBS	  of	   SC18	  or	  

NY18	   imposes	  constraints	  on	  LSTc	  such	  that	  the	  glycan	  exclusively	  samples	  an	  

‘umbrella-‐like’	  topology.	  	  

Futhermore,	  compared	  to	  free	  LSTc	  the	  bound	  glycan	  has	  restricted	  glycosidic	  

torsional	   angles,	   with	   the	   torsional	   states	   observed	   for	   LSTc-‐SC18	   and	  

LSTc:NY18	  being	  similar,	  whereas	  the	  mutation	  of	  Asp190	  to	  Glu,	  seen	  in	  AV18,	  

which	  abolishes	  the	  interaction	  between	  GlcNAc	  of	  LSTc	  and	  helix190,	  produces	  

unique	   glycosidic	   angles	   for	   linkage	   ϕ2/ψ2	   and	   ϕ3/ψ3,	   which	   are	   distinct	   to	  

those	   seen	   in	   the	   LSTc-‐SC18	  and	   LSTc-‐NY18	   complexes.	   This	   restriction	   in	   the	  

glycosidic	   torsional	   angles	   is	   also	   observed	   in	   the	   LSTa-‐AV18	   complex,	   even	  

though	  the	  receptor	   is	  dynamic	  in	  the	  RBS,	  as	   indicated	  by	  the	  multiple	  states	  

observed	  at	  the	  end	  of	  the	  MD	  simulation	  (Fig.	  10).	  Whereas,	  in	  the	  LSTa-‐NY18	  

complex,	   were	   the	   non-‐reducing	   end	   Neu5Ac	   is	   the	   sole	   point	   of	   interaction	  

with	  HA,	  linkages	  ϕ2/ψ2,	  ϕ3/ψ3	  and	  ϕ4/ψ4	  all	  have	  glycosidic	  torisional	  angles	  

which	  are	  similar	  to	  those	  seen	  in	  the	  free	  glycan	  (Fig.	  18).	  	  

This	   higher	   restriction	   correlates	   with	   a	   greater	   number	   of	   LSTc-‐SC18	   HA	  

contacts,	   which	   can	   be	   observed	   in	   the	   STD	   NMR	  measurements	   and	   higher	  

measured	  binding	  affinity	  when	  compared	  to	  LSTc-‐NY18	  HA.	  The	  constraints	  on	  

the	  avian	   receptor,	   LSTa,	  are	   consistent	  with	   the	  predominant	   contacts	  made	  

by	   HA	   RBS	  with	  Neu5Ac-‐α(2→3)-‐Gal	  motif	   as	  measured	   by	   STD	  NMR	   signals,	  

which	  permit	  a	  higher	  degree	  of	  flexibility	  to	  the	  sugars	  on	  the	  reducing	  end	  of	  

this	   terminal	   motif	   (as	   seen	   in	   the	   φ3/ψ3	   ,	   φ4/ψ4	   conformational	   map	   in	  

Fig.18).	  

The	   results	   presented	   here	   clearly	   indicate	   that	   even	   one	   or	   two	   amino	   acid	  

changes	   in	   the	  HA	  RBS	   impose	  different	   constraints	  on	   the	   conformation	  and	  

topology	   of	   bound	   glycan	   receptors,	   which	   in	   turn	   governs	   the	   biochemical	  
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binding	   specificity	   and	   affinity.	   Based	   on	   this	   evidence,	   it	   is	   important	   to	  

carefully	   assess	   the	   effects	   of	   transferring	   amino	   acid	   changes	   that	   lead	   to	  

specific	  receptor-‐binding	  properties	   for	  a	  given	  HA	  to,	  and	  from,	  a	  completely	  

different	  strain	  or	  subtype.	  As	  stated	  earlier,	   the	   receptor	  specificity	  of	  avian-‐	  

and	   human-‐adapted	   HAs	   has	   been	   broadly	   classified	   based	   solely	   on	   a	  

preference	   for	   α(2→3)	   and	   α(2→6)	   linked	   sialic	   acid.	   Based	   on	   the	   data	  

presented	  here,	  we	  find	  that	  the	  amino	  acid	  composition	  of	  the	  RBS	  of	  various	  

avian-‐adapted	   HA	   subtypes	   would	   critically	   govern	   structural	   constraints	  

imposed	  on	  diverse	  and	  distinct	   sets	  of	  glycans	  expressed	   in	  different	   tissues,	  

consistent	   with	   the	   ability	   of	   viruses	   from	   H5,	   H7	   and	   H9	   subtypes	   to	   infect	  

distinct	   tissue	   types.	   On	   the	   other	   hand,	   human-‐adapted	   HAs	   share	   a	  

characteristic	   binding	   to	   glycans	   expressed	   in	   human	   upper	   respiratory	  

epithelia	   (particularly	  non-‐ciliated	  goblet	  cells)	   [21][22][28].	  This	  characteristic	  

binding	  can	  be	  explained	  on	  the	  basis	  of	  the	  structural	  constraints	  imposed	  by	  

SC18	   and	   NY18	   on	   LSTc,	   which,	   in	   turn,	   is	   reflected	   by	   the	   θ	   parameter	  

distribution.	   Given	   that	   goblet	   cells	   secrete	   mucins,	   it	   is	   possible	   that	   the	  

characteristic	  binding	  of	  human-‐adapted	  HAs	  to	  these	  cell	  types	  would	  increase	  

their	  propensity	  for	  aerosol	  formation	  and	  transmission.	  

Finally,	   methods	   and	   framework	   presented	   in	   this	   study	   to	   measure	   the	  

restriction	   imposed	   by	   the	   RBS	   of	   different	  HAs	   on	   the	   conformational	   space	  

and	  topology	  sampled	  by	  glycan	  receptors	  could	  be	  useful	  tool	  to	  enable	  more	  

exact	   surveillance	   of	   emerging	   influenza	   viruses	   such	   as	   H7N9	   and	   H5N1	   to	  

closely	   monitor	   their	   ability	   to	   bind	   to	   human	   receptors	   and	   acquire	   the	  

capability	  for	  human-‐to-‐human	  transmission.	  
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EXPERIMENTAL	  PROCEDURES	  

Cloning,	   baculovirus	   synthesis,	   expression	   and	   purification	   of	   HA.	   The	   soluble	  

form	   of	   HA	   was	   expressed	   using	   the	   Baculovirus	   Expression	   Vector	   System	  

(BEVS).	   SC18	   (A/South	   Carolina/1/1918;	   SC18)	   baculovirus	   (generated	   from	  

pAcGP67-‐SC18-‐HA	  plasmid	  26,	  27)	  was	  a	  gift	  from	  Dr.	  James	  Stevens.	  pAcGp67-‐

NY18-‐HA	   and	   pAcGp67-‐AV18-‐HA	   plasmids	   were	   generated	   from	   pAcGP67-‐

SC18-‐HA	   by	   [Asp225→Gly]	   and	   [Asp190→Glu,	   Asp225→Gly]	   mutations	  

respectively.	   Mutagenesis	   was	   carried	   out	   using	   QuikChange	   Multi	   Site-‐

Directed	  Mutagenesis	  Kit	  (Stratagene).	  The	  primers	  used	  for	  mutagenesis	  were	  

designed	   using	   the	   web	   based	   program,	   PrimerX	  

(http://bioinformatics.org/primerx/),	  and	  synthesized	  by	  IDT	  DNA	  technologies	  

(Coralville,	   IA).	   NY18	   and	   AV18	   baculoviruses	   were	   created	   from	   a	   pAcGP67-‐

NY18-‐HA	   and	   pAcGP67-‐AV18-‐HA	   constructs	   using	   Baculogold	   system	   (BD	  

Biosciences,	   San	   Jose,	   CA)	   according	   to	   manufacturer's	   instructions.	   The	  

baculoviruses	  were	  used	   to	   infect	  300	  ml	   suspension	  cultures	  of	   Sf9	   cells	   (BD	  

Biosciences,	   San	   Jose,	   CA)	   cultured	   in	   BD	   BaculoGold	   Max-‐XP	   Insect	   Cell	  

medium	   (BD	   Biosciences,	   San	   Jose,	   CA).	   These	   cultures	   were	   monitored	   for	  

signs	  of	  infection	  and	  harvested	  4-‐5	  day	  post-‐infection.	  BEVS	  produces	  trimeric	  

HA	  which	  provides	  multivalent	  binding	  to	  glycans.	  The	  soluble	  form	  of	  HA	  was	  

purified	   from	   the	   supernatant	   of	   infected	   cells	   using	   the	   protocol	   described	  

previously	  [29].	  Briefly,	  the	  supernatant	  was	  concentrated	  using	  Centricon	  Plus-‐

70	   centrifugal	   filters	   (Millipore,	   Billerica,	   MA)	   and	   the	   trimeric	   HA	   was	  

recovered	   from	   the	   concentrated	   cell	   supernatant	   using	   affinity	  

chromatography	   with	   columns	   packed	   with	   Ni-‐NTA	   beads	   (Qiagen,	   Valencia,	  

CA).	   Eluting	   fractions	   that	   contained	   HA	  were	   pooled	   and	   dialyzed	   overnight	  
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with	   a	   10	   mM	   Tris-‐HCl,	   50	   mM	   NaCl	   buffer	   (pH	   8.0).	   Ion	   exchange	  

chromatography	  was	  then	  performed	  on	  the	  dialyzed	  samples	  using	  a	  Mono-‐Q	  

HR10/10	  column	   (GE	  healthcare,	  Piscataway,	  NJ).	   The	   fractions	   containing	  HA	  

were	  pooled	  together	  and	  subjected	  to	  ultrafiltration	  using	  Amicon	  Ultra	  100	  K	  

NMWL	   membrane	   filters	   (Millipore,	   Billerica,	   MA).	   The	   protein	   was	   then	  

concentrated	   and	   reconstituted	   in	   PBS.	   The	   purified	   protein	   was	   quantified	  

using	  Bio-‐Rad's	  protein	  assay	  (Bio-‐Rad,	  Hercules,	  CA).	  

	  

NMR	  Analysis	  of	  SC18,	  NY18,	  and	  AV18	  with	  LSTc	  and	  LSTa.	  Saturation	  Transfer	  

Difference	   (STD)	   and	   tr-‐NOESY	   samples	   were	   prepared	   washing	   the	   proteins	  

SC18,	   NY18	   and	   AV18	   (1	   mg/mL)	   with	   buffered	   solution	   (150	   mM	   sodium	  

chloride,	   100	   mM	   sodium	   phosphate,	   0.3	   mM	   d-‐	   EDTA,	   D2O,	   pH7.2)	   using	  

Amicon®	   Ultra	   centrifugal	   filters,	   10	   KDa	   membrane	   (Millipore).	   Each	   ligand	  

(LSTc	  or	  LSTa)	  were	  added	  to	  the	  corresponding	  protein	  sample	  reaching	  a	  final	  

molar	   ratio	   of	   100:1	   [glycan	   receptor-‐HA]	   for	   the	   STD	  measurements	   and	   of	  

25:1	   [glycan	   receptor-‐HA]	   for	   the	   tr-‐NOESY	   measurements,	   the	   protein	  

concentration	  for	  the	  STD	  measurements	  was	  0.01	  mM	  while	  for	  the	  trNOESY	  

experiments	   it	  was	  0.04	  mM.	  NMR	  spectra	  were	  acquired	  using	  a	  Bruker	  600	  

and	   900	  MHz	   AVANCE	   series	   NMR	   spectrometer,	   both	   equipped	  with	   a	   high	  

sensitivity	  5	  mm	  TCI	  cryoprobe.	  LSTc	  and	  LSTa	  resonances	  could	  be	  found	  in	  fig.	  

2	  and	  table	  1	  chapter	  2	  .	  For	  the	  STD	  experiments	  the	  on-‐resonance	  frequency	  

was	   set	   at	   7.3	   ppm	   [6600	   Hz]	   and	   the	   off-‐resonance	   frequency	   at	   20.0	   ppm	  

[18000	  Hz],	  a	  train	  of	  40	  gaussian-‐shaped	  pulses	  of	  50	  ms	  each	  were	  applied	  to	  

produce	  a	  selective	  saturation	  of	  2	  s	  and	  D1	  was	  6	  s.	  The	  number	  of	  scans	  was	  

1K	  and	  the	  spectral	  width	  used	  was	  12626	  Hz.	  The	  2D-‐NOESY	  experiments	  were	  
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carried	  out	  using	  300	  ms	  of	  mixing	  time,	  recorded	  for	  quadrature	  detection	  in	  

the	  indirect	  dimension	  and	  acquired	  using	  16	  scans	  per	  series	  of	  2048x416	  data	  

points.	  The	  spectra	  were	  recorded	  at	  295	  K.	  

	  

Dose	   dependent	   direct	   binding	   of	   SC18,	   NY18	   and	   AV18	   to	   glycan	   receptors	  

LSTa	   and	   LSTc.	   LS-‐tetrasaccharide	   c	   ((LSTc	   -‐	   Neu5Ac-‐α(2→6)-‐Gal-‐β(1→4)-‐

GlcNAc-‐β(1→3)-‐Gal-‐β(1→4)-‐Glc))	   and	   LS-‐tetrasaccharide	   a	   (LSTa	   -‐	   Neu5Ac-‐

α(2→3)-‐Gal-‐β(1→3)-‐GlcNAc-‐β(1→3)-‐Gal-‐β(1→4)-‐Glc;	   Accurate	   Chemicals)	  	  

were	   biotinylated	  with	   EZ-‐Link	  Biotin-‐LC-‐Hydrazide	   (Thermo)	   according	   to	   the	  

manufacturer’s	   instructions.	   Streptavidin-‐coated	   High	   Binding	   Capacity	   384-‐

well	  plates	  (Pierce)	  were	  loaded	  to	  the	  full	  capacity	  of	  each	  well	  by	  incubating	  

the	  well	  with	   50	   µl	   of	   2.4	   µM	  of	   biotinylated	   LSTa	   or	   LSTc	   overnight	   at	   4	   °C.	  

Excess	  glycans	  were	  removed	  through	  extensive	  washing	  with	  PBS.	  The	  trimeric	  

HA	   unit	   comprises	   three	   HA	   monomers	   and	   the	   spatial	   arrangement	   of	   the	  

biotinylated	  glycans	  in	  the	  wells	  of	  the	  streptavidin	  plate	  array	  favours	  binding	  

to	   only	   one	   of	   the	   three	   HA	   monomers	   in	   the	   trimeric	   HA	   unit.	   In	   order	   to	  

specifically	  enhance	  the	  correct	  multivalency	  in	  the	  HA-‐glycan	  interactions,	  the	  

recombinant	  HA	  proteins	  were	  pre-‐complexed	  with	  the	  primary	  and	  secondary	  

antibodies	   in	   the	  molar	   ratio	   of	   4:2:1	   (HA:	   primary:	   secondary).	   The	   identical	  

arrangement	  of	  4	  trimeric	  HA	  units	  in	  the	  pre-‐complex	  for	  all	  the	  HAs	  permitted	  

comparison	  between	  their	  glycan	  binding	  affinities.	  A	  stock	  solution	  containing	  

appropriate	  amounts	  of	  Histidine	  tagged	  HA	  protein,	  primary	  antibody	  (Mouse	  

anti	  6X	  His	  tag	  IgG)	  and	  secondary	  antibody	  (HRP	  conjugated	  goat	  anti	  Mouse	  

IgG	   (Santacruz	  Biotechnology)	  was	   combined	   in	   the	   ratio	  4:2:1	  and	   incubated	  

on	   ice	   for	   20	   min.	   Appropriate	   amounts	   of	   pre-‐complexed	   stock	   HA	   were	  
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diluted	  to	  250	  µl	  with	  1%	  BSA	  in	  PBS.	  50	  µl	  of	  this	  pre-‐complexed	  HA	  was	  added	  

to	  each	  of	  the	  glycan-‐coated	  wells	  and	  incubated	  at	  room	  temperature	  for	  2	  hrs	  

followed	   by	   the	   wash	   steps	   described	   above.	   The	   binding	   signal	   was	  

determined	   based	   on	   HRP	   activity	   using	   Amplex	   Red	   Peroxidase	   Assay	  

(Invitrogen,	  CA)	  according	  to	  the	  manufacturer's	  instructions.	  The	  experiments	  

were	   conducted	   in	   triplicate.	   Minimal	   binding	   signals	   were	   observed	   in	   the	  

negative	   controls	   including	   binding	   of	   pre-‐complexed	   unit	   to	   wells	   without	  

glycans	  and	  binding	  of	  the	  antibodies	  alone	  to	  the	  wells	  with	  glycans.	  The	  data	  

obtained	  from	  this	  analysis	  can	  be	  found	  in	  Fig.	  4.	  	  

	  

Molecular	  Dynamic	  simulations.	  The	  dynamic	  and	  conformational	  properties	  of	  

the	   interaction	   between	   LSTc	   and	   HA	   was	   studied	   by	   comparing	   the	   MD	  

simulation	  trajectory	  of	  three	  complexes:	  LSTc-‐SC18,	  LSTc-‐NY18	  and	  LSTc-‐AV18.	  

The	   X-‐ray	   co-‐crystal	   structures	   of	   SC18	   and	   NY18	   were	   recently	   solved	   with	  

LSTa	   and	   LSTc	   [30].	   However,	   when	   we	   started	   our	   work,	   the	   available	   co-‐

crystal	  structures	  were	  that	  of	  SC18	  with	  LSTc	   (PDB	   ID:	  2WRG),	  a	  swine	  H1N1	  

HA	   (A/swine/Iowa/30)	   with	   LSTa	   and	   LSTc,	   45	   ma	   These	   X-‐ray	   co-‐crystal	  

structures	   constituted	   reasonable	   starting	  models	  of	  HA-‐glycan	  complexes	   for	  

MD	   simulations.	   The	   LSTc-‐SC18	   complex	   was	   built	   starting	   with	   LSTc	   co-‐

crystallized	   with	   SC18	   HA	   (2WRG;	   coordinates	   were	   available	   for	   a	  

tetrasaccharide	   Neu5Ac-‐	   α(2→6)-‐Gal-‐β(1→4)-‐	   GlcNAc-‐	   β(1→3)-‐Gal-‐)	   [31].	   The	  

protein,	   HA	   portion,	   of	   the	   complex	   was	   taken	   directly	   from	   the	   pdb	  

coordinates,	   selecting	   a	   sequence	   between	   60	   to	   260	   amino	   acid	   (2WRG	  

numbering)	   that	   includes	   the	   HA	   RBS.	   The	   solution	   conformation	   of	   LSTc,	  

determined	  previously	   in	   the	   first	  part	  of	  our	  work,	  was	  superposed	  onto	   the	  
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co-‐	  crystallized	  glycan	  structure,	  with	  the	  non-‐reducing	  residues	  -‐	  Neu5Ac	  and	  

Gal-‐1	  giving	  a	  RMSD	  =	  6.5Å.	  The	  remaining	  complexes	  were	  obtained	  from	  the	  

previously	  built	  LSTc-‐SC18	  applying	  the	  single	  mutation	  Asp225-‐Gly	   in	  silico	  to	  

generate	   LSTc-‐NY18	   and	   the	   double	   mutation	   Asp225-‐Gly,	   Asp190-‐Glu	   to	  

obtain	  LSTc-‐AV18.	  Is	   important	  to	  note	  that	  at	  the	  start	  of	  the	  MD	  simulation,	  

the	   three	   complexes	   are	   characterized	   by	   exactly	   the	   same	   conformation	   of	  

LSTc	  and	  HA	  with	  the	  exception	  of	  mutated	  residues.	  

LSTa-‐AV18	  was	  built	  superimposing	  a	  previously	  selected	  conformation	  of	  LSTa	  

28	  on	   the	   LSTa	   like	   trisaccharides	   co-‐crystallized	  with	  H1	   (A/Puerto	  Rico/8/34	  

H1N1)	  with	  amino	  acids	  within	  the	  binding	  site	  typical	  of	  an	  avian	  HA	  (pdb	  code	  

1RVX).	   The	   RMSD	   between	   the	   superposed	   glycans	   is	   6.2Å	   calculated	   on	   the	  

Neu5Ac	  and	  Gal-‐1	  residues.	  The	  previously	  built	  AV18	  protein	  was	  superposed	  

to	  the	  HA	  in	  1RVX	  structure	  matching	  the	  protein	  Cα	  backbone	  (RMSD	  =	  0.38Å);	  

then	  the	  complex	  was	  built	  taking	  LSTa	  and	  AV18.	  LSTa/NY18	  complex	  was	  built	  

from	  the	  latter	  (LSTa/AV18)	  substituting	  Glu190	  with	  Asp.	  Even	  in	  that	  case	  the	  

model	   complexes	   LSTa/AV18	   and	   LSTa/NY18	   have	   the	   same	   geometry	   at	   the	  

beginning	  of	  the	  MD	  simulations.	  

Ambertools	  1.4	  was	  used	  to	  build	  the	  force	  field.	  GLYCAM06/Amber	  was	  used	  

to	   describe	   the	   glycan	   and	   protein	   part	   of	   the	   complexes,	   respectively.	   The	  

simulation	   cell	   was	   built	   enveloping	   each	   macromolecule	   by	   a	   water	   layer	  

(TIP3P	  water	  model)	  15	  Å	  wide	   in	   three	  directions,	   resulting	   in	  an	  orthogonal	  

cell	  with	  an	  edge	  of	  approximately	  100	  Å.	   	  Non-‐bonded	  potential	   energy	  was	  

described	  using	  the	  standard	  cut-‐off	  (12	  Å)	  technique	  for	  both	  electrostatic	  and	  

dispersive	  interactions.	  Each	  cell	  was	  minimized	  using	  100	  K	  steps	  of	  the	  default	  

minimization	   algorithm	   included	   in	   NAMD.	   Then	   1	   ns	   of	   MD	   simulation	  

sampling	   the	   NPT	   ensemble,	   was	   used	   to	   equilibrate	   the	   cell	   density.	   The	  
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simulation	   temperature	   was	   set	   at	   T	   =	   295K	   and	   maintained	   by	   a	   Langevin	  

thermostat	  as	   implemented	   in	  NAMD,	  while	  the	  Nosé-‐Hoover	  Langevin	  piston	  

algorithm	   controlled	   the	   pressure	   (1.01325	   bar)	   applied	   on	   the	   cell	   walls.	  

During	   the	  minimization	  and	   the	   cell	   density	  equilibration	   steps,	   an	  harmonic	  

potential	  energy	  restrain	   (harmonic	  constant	  50	  Kcal/mol)	  on	  all	   the	  atoms	  of	  

the	   complex	   was	   applied,	   while	   the	   water	   molecules	   were	   allowed	   to	   move	  

freely.	  The	  MD	  simulation	  for	  all	  the	  modelled	  complexes	  was	  about	  120	  ns	  and	  

was	  completed	  by	  applying	  a	  soft	  harmonic	  restrain	  on	  the	  HA	  backbone	  atoms	  

(Cα,	  N,	  carbonyl	  carbon)	  with	  a	  harmonic	  constant	  of	  2.0	  Kcal/mol.	  This	  allows	  

the	   ligand	   and	   the	   side	   chain	   residues	   to	   be	   adjusted,	   while	   the	   secondary	  

structure	  elements	  are	  maintained.	  The	  MD	  simulation	  trajectory	  was	  sampled	  

every	  10	  ps	  and	   the	  comparison	  between	   the	  different	  complexes	  were	  done	  

monitoring	   selected	   distances	   between	   the	   ligand	   and	   the	   HA	   active	   site	  

residues.	  

MD	   simulation	   trajectory	   principal	   component	   analysis	   (PCA).	   PCA	   was	   used	  

with	   the	   aim	   of	   extracting	   distinct	   and	   independent	   motional	   modes,	   it	   has	  

been	   used	   in	   our	   study	   to	   identify	   the	   final	   bound	   states	   in	   the	   LSTx-‐HA	  

complexes.	  Each	  frame	  of	  the	  glycan-‐HA	  md	  trajectories	  were	  converted	  from	  

Cartesian	  coordinates	  to	  a	  distance	  matrix,	  measured	  between	  the	  glycan	  and	  

protein.	  The	  distances	  were	  determined	  between	  the	  non	  carbon	  and	  hydrogen	  

atoms	  of	  the	  glycan	  (excluding	  the	  glycosidic	  linkage	  oxygens	  and	  including	  the	  

carbon	  of	   the	  N-‐acetyl	  groups)	  and	   the	  amino	  acid	  side	  chains	  of	  HA,	   the	   last	  

carbon	  in	  the	  amino	  acid	  side	  chains.	  A	  6	  Å	  cut-‐off	  was	  applied	  to	  the	  distance	  

matrices,	   this	  means	   that	  only	   glycan-‐HA	   interactions	  were	  observed	  and	  not	  

the	   glycan	   rearranging	   in	   solution,	   away	   from	   the	   RBS.	   These	  matrices	   were	  
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then	  converted	  in	  to	  a	  vector	  and	  all	  of	  them,	  for	  a	  single	  MD-‐trajectory,	  were	  

placed	   in	   to	   a	   matrix,	   this	   dataset	   was	   then	   mean-‐centered	   before	   principal	  

component	   analysis	   could	   be	   performed.	   Density	   based	   cluster	   analysis	   was	  

performed	  on	  the	  first	  two	  component	  loadings	  (the	  most	  significant),	  the	  time	  

each	  cluster	  appeared	  in	  the	  MD	  trajectory	  could	  then	  be	  compared.	  The	  first	  

20	  ns	  of	  each	  trajectory	  was	  discarded,	  this	  left	  the	  time	  interval	  20	  to	  120	  ns	  to	  

be	   investigated,	   which	   was	   decomposed	   in	   to	   10000	   distance	   matrices	   that	  

were	   examined	   by	   PCA.	   This	   approach	   allows	   the	   evolution	   of	   the	   glycan-‐HA	  

complex	   to	  be	  observed,	   from	   the	   initial	   state	   to	   the	   final	   state.	   For	   the	   final	  

bound	   states	   the	  φ,	  ψ	   and	  θ	   angles	  were	   determined	   as	  well	   as	   the	   average	  

glycan-‐protein	  contacts	  for	  that	  subset	  of	  conformers.	  The	  glycan-‐contacts	  are	  

represented	   as	   networks,	   with	   the	   edge	   thickness	   being	   proportional	   to	  

distance,	  the	  thicker	  the	  edge	  the	  closer	  the	  vertices	  are,	  these	  can	  be	  found	  in	  

Fig.	  11,	  13	  and	  14.	  	  

	  

Parameters	  that	  define	  glycan	  conformation	  and	  topology.	  The	  torsional	  angles	  

(phi	   (φ)	   and	   psi	   (ψ))	   are	   defined	   as	   the	   following	   pairs	   of	   dihedral	   angles:	  

φ1/ψ1,	  φ2/ψ2,	  φ3/ψ3	  and	  φ4/ψ4,	  starting	  from	  the	  non-‐reducing	  termini.	  For	  

LSTa	   the	   first	   pair	   is	   defined	   as	   φ1	   =	   C1-‐C2-‐O3-‐C3,	   and	   ψ1	   =	   C2-‐O3-‐C3-‐	   H3,	  

while	  for	  LSTc	  φ1	  =	  C1-‐C2-‐O6-‐C6	  and	  ψ1	  =	  C2-‐O6-‐C6-‐C5,	  as	  previously	  defined	  

by	  Xu	  et	  al.	  [32].	  Thereafter	  successive	  pairs	  are	  defined	  as	  φi/ψi	  =	  H1-‐C1-‐O4’-‐

C’4/C1-‐O4’-‐C’4-‐H4’	   for	   the	   (1→4	   linkage)	   or	  H1-‐C1-‐O3’-‐C’3/C1-‐O3’-‐C’3-‐H3’	   for	  

the	   (1→3	   linkage).	   Atoms	   labelled	   by	   an	   apostrophe	   belong	   to	   the	  

monosaccharide	   on	   the	   reducing	   side	   of	   the	   glycosidic	   linkage,	   while	   atoms	  
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without	   are	   on	   the	   non-‐reducing	   side	   of	   the	   glycosidic	   linkage.	   The	   torsional	  

angles	  are	  for	  the	  LSTc-‐HA	  and	  LSTa-‐HA	  complexes	  are	  reported	  in	  Tables	  1	  and	  

2,	   respectively.	   The	   angles	   were	   determined	   by	   cluster	   analysis	   of	   the	   data	  

illustrated	  in	  Fig.	  17	  and	  18,	  the	  analysis	  used	  nonparametric	  density	  estimation	  

[33]	  to	  determine	  the	  members	  of	  each	  cluster.	  The	  angles	  represented	  in	  the	  

tables	  are	  the	  average	  values	  for	  each	  φ	  and	  ψ	  cluster.	  

The	  topology	  of	  LSTa	  and	  LSTc	  is	  defined	  using	  a	  θ	  angle	  parameter.	  The	  θ	  angle	  

is	  defined	  by	   the	  C2,	  C1	  and	  C1	  atoms	  of	   the	   three	  residues	  Neu5Ac,	  Gal	  and	  

GlcNAc	   (N-‐acetyl	   glucosamine),	   going	   from	   the	   non-‐reducing	   to	   the	   reducing	  

end	  (Figure	  1).	  
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NMR	  and	  MD	  investigation	  of	  a	  new	  avian	  virus	  strain	  
H7N9	  and	  its	  interaction	  with	  avian	  and	  human	  

receptor	  
	  

	  

INTRODUCTION	  

In	   February	   2013,	   a	   new	   influenza	   A	   virus	   subtype	   H7N9	   infected	   humans	  

mainly	  in	  China,	  resulting	  in	  rapidly	  progressing	  severe	  respiratory	  infection	  and	  

high	  mortality.	   Infection	   of	   poultry	   with	   influenza	   A	   subtype	   H7	   virus	   occurs	  

worldwide,	  but	  the	  introduction	  of	  this	  subtype	  to	  humans	  in	  Asia	  has	  not	  been	  

observed	  previously[1].	  	  

Even	   though	   it	  was	  classified	  as	  a	   low	  pathogenicity	  avian	   influenza,	   the	  virus	  

was	  able	   to	   rapidly	   infect	  more	   than	  100	  people,	  40	  of	  which	  died	  and	  many	  

were	   severely	   ill.	   Infection	   seems	   to	   involve	   people	   being	   in	   contact	   with	  

infected	  poultry,	   a	   direct	   human-‐to-‐human	   transmission	  was	  never	   observed,	  

recently	  evidence	  was	  found	  of	  a	  virus	   isolated	  from	  humans	  that	  was	  able	  to	  

transmit	  efficiently	  between	  ferrets	  by	  respiratory	  droplet	  [2].	  Others	  problems	  

were	   due	   to	   the	   nonpathogenic	   nature	   of	   the	   virus	   (H7N9)	   in	   poultry,	  which	  

enables	   the	   avian	   H7N9	   virus	   to	   replicate	   ‘silently’	   in	   avian	   species	   and	   than	  

transmit	   to	   humans.	   Its	   replication	   in	   humans	   provides	   further	   opportunities	  

for	   the	   virus	   to	   acquire	   more	   mutations,	   becoming	   more	   virulent	   and	  

transmissible	   in	   the	  human	  population.	  All	   these	   reasons	  explain	   the	   concern	  

regarding	   the	   transmissibility	   of	   the	   virus	   between	   humans.	   Two	   different	  
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viruses	  were	   isolated	   in	   human:	  A/Shanghai/1/2013	   (SH-‐H7N9),	   characterized	  

by	   the	   “avian	   signature”	   Gln226,	   and	   the	   A/Anhui/1/2013	   (AH-‐H7N9)	  

characterized	  by	  the	  “human	  signature”	  Leu226.	  	  

Gene	   Sites	   Position	   A/Shanghai/1/2013	   A/Anhui/1/2013	  
	  
	  
	  
	  
	  
	  
	  

HA	  

Cleavege	  site	   	   PEIPKGR*G	   PEIPKGR*G	  
RBS	  positions	  

(H3	  
numbering),	  

altered	  
receptor	  
specificity	  

	   	   	  

Q226L	   226	   Q	   L	  

G228S	   228	   G	   G	  
Glycosylation	  

motifs	  
30NGTK,	  
46NATE,	  
249NDTV,	  
421NWTR,	  
493NNTY	  

(conserved	  in	  
H7	  HA	  
viruses)	  

30NGTK,	  46NATE,	  
249NDTV,	  
421NWTR,	  
493NNTY	  

(conserved	  in	  H7	  
HA	  viruses)	  

30NGTK,	  46NATE,	  
249NDTV,	  
421NWTR,	  
493NNTY	  

(conserved	  in	  H7	  
HA	  viruses)	  

Table	  1.	  Molecular	  analysis	  of	  two	  of	  the	  2013	  H7N9	  Viruses,	  reproduced	  from	  Gao	  et	  al.	  	  [1]	  
	  

It	  has	  been	  demonstrated	  [3]	  that	  the	  Shanghai	  and	  Anhui	  H7N9	  	  viruses	  were	  

able	  to	  bind	  both	  avian	  and	  human	  receptors,	  with	  the	  Shanghai	  virus	  having	  a	  

strong	  preference	  for	  the	  avian	  receptor,	  whereas,	  Anhui	  shows	  a	  comparable	  

affinity	  for	  both	  avian	  and	  human	  receptors	  [4][4].	  	  

It	   is	   interesting	   to	   note	   that	   the	   H7N9	   HA	   subtypes	   exhibit	   a	   smaller	   affinity	  

toward	  avian	  and	  human	  glycan	  receptors	  compared	  to	  H1N1	  and	  H5N1.	  	  

It	  is	  also	  true	  that	  all	  these	  data	  could	  describe	  the	  attempt	  of	  the	  avian	  A	  virus	  

H7N9	   to	   progressively	   acquire,	   by	   amino	   acid	   mutation,	   the	   affinity	   for	   the	  

human	   receptor,	   until	   now	   this	   has	   been	   achieved	   without	   losing	   affinity	  

towards	   the	   avian	   receptor,	   a	   behavior	   not	   common	   to	   potentially	   pandemic	  
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virus	  in	  human	  host,	  such	  as	  H1N1	  (Fig.	  1),	  that	  loose	  affinity	  toward	  the	  avian	  

receptor.	   Other	   studies	   [5]	   reported	   an	   increased	   in	   human	   receptor	   binding	  

due	  to	  a	  single	  Gly228-‐Ser	  amino	  acid	  change.	  

Fig.	  1	  Receptor	  binding	  properties	  at	  virus	   level.	  Binding	  of	  virus	  to	  α-‐2,3-‐linked	  or	  α-‐2,6-‐linked	  
receptor	  was	  determinated	  by	  solid	  phase	  binding	  assay.	  (A)	  rAH-‐H7N9(reverse	  genetics-‐rescued	  
A/Anhui/1/2013)	   virus	   (B)	   rSH-‐H7N9	   (reverse	   genetics-‐rescued	   A/Shanghai/1/2013)	   virus.(C)	  
CA04-‐H1N1	   virus;	   (D)	   AH05-‐H5N1	   virus.	   Blu,	   binding	   to	   α-‐2,3,	   red	   binding	   to	   α-‐2,6	   [4].	  
Reproduced	  from	  Shi	  et.al[4] 
	  

The	  glycine	  in	  position	  228	  of	  AH-‐H7N9	  does	  not	  possess	  the	  inter-‐amino	  acid	  

network,	   which	   instead	   seems	   to	   be	   important	   in	   another	   virus	   H3	   HA	  

(A/Aichi/1/1968,	  pandemic	  virus)	  that	  has	  a	  serine	  in	  position	  228.	  This	  Ser228	  

in	  H3	  of	  Aichi68	  is	  required	  for	  the	  inter-‐amino	  acid	  hydrogen	  bonding	  network	  
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involving	  Ser186,	  Thr187	  and	  Glu190,	  which	  positions	  Glu190	   to	  make	  critical	  

contacts	  with	  the	  Neu5Ac.	  

The	   substitution	  Gly186-‐Val,	   also	   increases	   the	   hydrophobicity	   of	   the	   binding	  

site,	  consequently	  favoring	  interactions	  with	  human	  receptors	  [3].	  

Even	  thought	  a	  lot	  of	  work	  has	  been	  undertaken,	  regarding	  the	  H7N9	  subtype,	  

the	  molecular	  base	  by	  which	  H7	  switches	  preferences	  between	  human	  (α2-‐6)	  

and	  avian	  (α2-‐3)	  glycan	  receptor,	  remains	  poorly	  understood;	  even	  though	  the	  

evolution	  tendency	  of	  the	  H7N9	  virus	  is	  to	  extend	  its	  infection	  ability.	  

We	  combined	  NMR	  and	  molecular	  dynamic	   simulation	   in	  order	   to	   investigate	  

the	   solution	   structure	   of	   LSTc	   and	   LSTa	   bound	   to	   H7N9wt	   with	   the	   aim	   to	  

understand	   the	   H7	   molecular	   recognition	   ability	   toward	   LSTa	   and/or	   LSTc.	  

H7N9	  binding	  ability	  will	  be	  compared	  on	  its	  previously	  cited	  mutants.	  H7N9sm	  

(Gly228-‐Ser)	  and	  H7N9dm	  (Gly228-‐Ser	  and	  Val186-‐Gly)	   in	  order	  to	  understand	  

their	  effects	  on	  the	  H7	  glycan	  recognition	  ability.	  Finally,	  a	  comparison	  between	  

H7N9wt	   and	   H1N1(SC18)	   RBS	   and	   their	   ability	   to	   binding	   to	   the	   avian	   and	  

human	  glycan	  receptors	  will	  be	  made.	  

	  

RESULTS	  AND	  DISCUSSION	  

NMR	   analysis	   of	   HA-‐glycan	   interactions.	  NMR	   spectra	   were	   obtained	   using	   a	  

900	  MHz	  spectrometer,	  equipped	  with	  a	  5mm	  cryoprobe.	  	  

Saturation-‐transfer	   difference	   (STD)	   experiments	  were	   performed	   in	   order	   to	  

obtain	   a	   description	   of	   the	   epitope	  mapping	   of	   the	   interaction	   between	   the	  

human	  (LSTc)	  and	  avian	  (LSTa)	  receptors	  and	  HAs.	  The	  NMR	  analysis	  of	  the	  LSTc	  

and	   LSTa	   in	   complex	   with	   H7N9	   wild	   type	   (Fig.	   2-‐4)	   indicated	   that	   both	   the	  

receptors	  interact	  with	  HA,	  principally	  through	  the	  non-‐reducing	  terminal	  sialic	  
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acid	   (Neu5Ac).	   Nevertheless,	   a	   deeper	   analysis	   of	   the	   STD	   spectra,	   revealed	  

some	  differences	  in	  the	  epitope	  mapping	  of	  the	  interaction	  between	  LSTc	  and	  

LSTa	  interacting	  with	  H7N9wt.	  

Fig.2	  Main	  region	  of	  the	  overlaid	  STD	  HSQC	  spectra	  of	  LSTa	  receptor	  complex.	  STD	  spectrum	  of	  
LSTa-‐H7N9wt	   (green),	  while	   the	   correspondent	   reference	   spectrum	   is	   in	  black,	   superimpose	   to	  
the	  HSQC	  spectrum	  of	  LSTa.	  
	  

The	  1H	  STD	  spectrum	  of	  LSTa	  bound	  to	  H7N9wt	  was	  superimposed	  on	  the	  HSQC	  

spectrum	  of	  LSTa	  and	  to	  the	  correspondent	  reference	  spectrum	  of	  STD	  (Fig.	  2	  
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and	  Fig.	  4	  left)	  in	  order	  to	  better	  assign	  the	  STD	  signals.	  The	  same	  was	  reported	  

for	  LSTc	  (Fig.	  3	  and	  Fig.	  4	  right).	  

Fig.3	  Main	  region	  of	  the	  overlaid	  STD	  HSQC	  spectra	  of	  LSTc	  receptor	  complex.	  STD	  spectrum	  of	  
LSTc-‐H7N9wt	   (green),	  while	   the	   correspondent	   reference	   spectrum	   is	   in	   black,	   superimpose	   to	  
the	  HSQC	  spectrum	  of	  LSTc.	  
	  

In	   addition	   to	   the	   non-‐reducing	   end	   Neu5Ac,	   LSTa	   interacts	   with	   H7N9	   also	  

through	  H3	   and	  H4	  of	  Gal1	   and	  H2	  of	  Gal2	   (Fig.	   2),	   unfortunately	   due	   to	   the	  

overlap	   of	   the	   signals	   of	   the	   CH3	   of	   Neu5Ac	   and	   the	   CH3	   of	   GlcNAc,	   it	   is	   not	  

H5Neu&
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possible	   to	  distinguish	  which	   signal	   is	  more	   involved	   in	   the	   interaction	   (Fig.	   4	  

left).	  	  

While,	   LSTc	   bound	   H7N9wt	   via	   H1	   and	   H4	   of	   Gal1	   and	   Gal2,	   even	   if	   these	  

signals	  are	  weaker	  compared	  to	  those	  signals	  belonging	  to	  the	  Neu5Ac	  (Fig.	  3).	  	  

Fig.4	  N-‐Acetyl	  regions	  of	  the	  overlaid	  STD	  HSQC	  spectra	  of	  LSTa	  and	  LSTc-‐	  receptor	  complex	  with	  
H7N9wt.	   STD	  spectrum	  of	   LSTa-‐H7N9wt	   (left)	   and	  of	   LSTc-‐H7N9wt	   (right)	  are	   in	  green	  overlaid	  
upon	   the	  HSQC	   spectrum	   of	   LSTa	   (left)	   and	   LSTc	   (right).	   In	   black	   the	   correspondent	   reference	  
spectra.	  	  
	  
Particularly,	   in	   this	   case	   it	   is	   possible	   to	   distinguish	   between	   the	   two	  methyl	  

groups	  (Fig.	  4	  right),	  and	  only	  the	  methyl	  group	  of	  Neu5Ac	  appears	  in	  the	  STD	  

spectrum	  of	  LSTc-‐H7N9wt	  complex,	  indicating	  the	  proximity	  of	  Neu5Ac	  methyl	  

group	  to	  the	  protein;	  whiles	  no	  signal	  belonging	  to	  the	  methyl	  group	  of	  GlcNac	  

appears	  in	  the	  STD	  spectrum.	  

The	  NMR	  glycan-‐HA	   interaction	  study	  was	  performed	   involving	  also	   the	  H7N9	  

mutants.	   The	   tested	   complexes	   include:	   AH-‐H7N9sm	   (Gly228-‐Ser,	   single	  
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mutant)	   and	   AH-‐H7N9dm	   (Gly228-‐Ser	   and	   Val186-‐Gly,	   double	   mutant)	   with	  

human	  (LSTc)	  and	  avian	  (LSTa)	  receptors.	  	  

	  
Fig.	   5	   In	   black	   the	   STD	   spectrum	   of	   LSTa/H7N9wt	   complex,	   in	   blue	   the	   STD	   spectrum	   of	  
LSTa/H7N9sm	   and	   in	   red	   the	   STD	   spectrum	   of	   LSTa/H7N9dm	   superimposed	   to	   the	   HSQC	  
spectrum	  (black)	  of	  LSTa.	  
	  

The	  comparison	  of	  the	  STD	  spectra	  of	  the	  complexes	  between	  wt,	  sm	  and	  dm	  

and	  LSTa	  are	  reported	  in	  Fig.	  5	  and	  7	  (left)	  for	  LSTa,	  whereas	  those	  between	  wt,	  

sm	  and	  dm	  and	  LSTc	  are	  reported	  in	  Fig.	  6	  and	  7	  (right).	  
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Fig.	   6	   In	   black	   the	   STD	   spectrum	   of	   LSTc	   /H7N9wt	   complex,	   in	   blue	   the	   STD	   spectrum	   of	  
LSTc/H7N9sm	   and	   in	   red	   the	   STD	   spectrum	   of	   LSTc/H7N9dm	   superimposed	   to	   the	   HSQC	  
spectrum	  (black)	  of	  LSTc.	  
	  

The	   STD	   spectra	   of	   the	   LSTa-‐H7N9sm	   and	   LSTa-‐H7N9wt	   complexes	   show	   a	  

similar	   profile	   (Fig.	   5,	   blue	   and	   black	   lines),	   indicating	   that	   the	   sugar	   residue	  

involved	   in	   the	   interaction	   of	   the	   sm	   and	   the	  wt	   with	   LSTa	   is	   principally	   the	  

Neu5Ac.	  On	  the	  other	  hand,	  in	  the	  STD	  spectrum	  of	  the	  LSTa-‐H7N9dm	  complex	  
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a	  weak	  signal	  belonging	  to	  Glc	  appears	  (Fig.	  5,	  red	  line),	  indicating	  that	  the	  non-‐

reducing	  end	  of	  LSTa	  could	  be	  closer	  to	  HA	  in	  H7N9dm	  compared	  to	  the	  wt.	  	  

The	  human	  receptor,	  LSTc	  also	  interacts	  with	  the	  sm	  and	  dm	  mainly	  using	  the	  

Neu5Ac	   residues,	   even	   if	   also	   in	   this	   case	   some	  differences	  are	   visible.	   In	   the	  

STD	   spectra	   of	   LSTc-‐H7N9sm	   and	   LSTc-‐H7N9dm	   complexes	   (Fig.	   6)	   a	   signal	  

belonging	   to	  H2	  of	  Gal1	   appears,	  while	   the	   signal	  of	  H5	  of	  Neu5Ac	   in	   the	   sm	  

and	   dm	   is	  weaker	   compared	   to	   the	  wt.	  Notably,	   LSTc	   interacts	  with	  H7N9sm	  

and	   H7N9dm	   also	   with	   the	   methyl	   group	   of	   the	   GlcNAc	   (Fig.	   7	   right),	   even	  

though	  this	  interaction	  is	  weaker	  compared	  to	  that	  of	  the	  methyl	  group	  of	  the	  

Neu5Ac.	  	  

Fig.	  7.	  N-‐Acetyl	   regions	  of	   the	  overlaid	  STD	  HSQC	  spectra	   (black)	  of	  LSTa	   (left)	  and	  LSTc	   (right)-‐	  
receptor	  complex	  with	  H7N9wt	  (black),	  H7N9sm	  (blue)	  and	  H7N9dm	  (red).	  	  
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These	   results	   indicate	  a	   slightly	  difference	   in	   term	  of	   interaction	  between	  wt,	  

sm	  and	  dm	  and	  human	  and	  avian	  receptors,	  respectively.	  

In	  order	  to	  qualitatively	  compare	  H7N9sm	  and	  H7N9dm	  affinity	  toward	  LSTc	  or	  

LSTa,	   competitive	   experiments	   were	   performed	   [6]	   (Fig.	   8	   and	   9).	   STD-‐NMR	  

experiments	   (Fig.	   8	   and	   9	   respectively)	  were	   recorded	   on	   a	   sample	   prepared	  

adding	  to	  the	  same	  NMR	  tube	  an	  equal	  amount	  of	  human	  and	  avian	  glycans	  to	  

the	  H7N9sm	  or	  H7N9dm.	  	  

Fig.	   8	   Competitive	   experiments.	   STD	   NMR	   experiment	   between	   H7N9sm	   and	   LSTa	   (green),	  
H7N9sm	  and	  LSTc	  (purple)	  and	  H7N9sm	  and	  a	  mixture	  of	  LSTc	  and	  LSTa	  	  (red)	  superimposed	  to	  
HSQC	  spectra	  of	  LSTc	  (blue)	  and	  LSTa	  (black).	  
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STD	   signals	  belonging	   to	   LSTa	  appear	   slightly	   stronger	   to	   those	  of	   LSTc	   in	   the	  

spectrum	   of	   sample	   where	   both	   glycans	   are	   mixed	   and	   added	   to	   H7N9sm,	  

suggesting	  that	  LSTa	  preferentially	  binds	  the	  single	  mutant	  HA	  (Fig.	  8).	  	  

Fig.	   9	   Competitive	   experiments.	   STD	   NMR	   experiment	   between	   H7N9dm	   and	   LSTa	   (blue),	  
H7N9sm	  and	  LSTc	   (green)	  and	  H7N9sm	  and	  a	  mixture	  of	  LSTc	  and	  LSTa	   	   (red)	  superimposed	  to	  
HSQC	  spectra	  of	  LSTc	  (blue)	  and	  LSTa	  (black).	  
	  

The	   LSTa	   and	   LSTc	   competitive	   STD	   experiment	   toward	   the	   double	   mutant	  

(H7N9dm)	  is	  reported	  in	  Fig	  9.	  Although,	  also	  in	  this	  case	  the	  results	  are	  difficult	  
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to	   interpret,	   due	   to	   the	   low	   signal-‐to-‐noise	   and	   many	   overlapping	   features,	  

signals	  belonging	  to	  LSTa	  appear	  to	  be	  prevalent	  in	  the	  STD	  spectrum.	  	  

Titration	   experiments,	   largely	   used	   to	   study	   protein-‐ligand	   interaction,	   are	   a	  

promising	  strategy	  to	  identify	  the	  best	  ligand	  in	  competitive	  experiments.	  Even	  

if	  the	  lack	  of	  sufficient	  glycans	  requested	  for	  the	  titration	  experiments	  did	  not	  

allow	   to	   perform	   these	   part	   of	   the	   study,	   preliminary	   data	   obtained	   clearly	  

indicate	  that	  the	  studied	  mutations	  has	  not	  lead	  H7N9	  to	  acquire	  preference	  to	  

bind	  the	  human	  receptor.	  

	  

	  

Molecular	   Dynamics	   Simulation	   of	   H7N9wt	   HA	   and	   its	   mutant	   forms	   with	  

Glycan	  Receptors.	  This	  part	  of	  the	  work	  should	  be	  considered	  preliminary,	  since	  

during	   the	   drafting	   of	   the	   thesis	   the	   Molecular	   Dynamic	   simulation	   of	   LSTc-‐

H7N9dm,	   LSTa-‐H7N9sm	   and	   LSTa-‐H7N9dm	   were	   still	   incomplete,	   60	   ns	  

compared	  to	  the	  100	  ns	  of	  the	  others	  complexes,	  even	  though	  this	  time	  should	  

be	  sufficient	  to	  	  draw	  some	  preliminary	  conclusions.	  

MD	   simulations	   were	   used	   with	   the	   aim	   to	   optimize	   the	   structures	   of	   the	  

complexes	  obtained	  through	  X-‐ray	  and	  qualitatively	  compared	  the	  models	  with	  

the	  NMR	  results.	  The	  comparison	  between	  models	  of	   the	  different	  complexes	  

(LSTc-‐H7N9wt,	   LSTc-‐H7N9sm,	   LSTc-‐H7N9dm,	   LSTa-‐H7N9wt,	   LSTa-‐H7N9sm,	  

LSTa-‐H7N9dm)	   allows	   to	   observe	   how	   H7N9wt	   interact	   with	   LSTc	   and	   LSTa,	  

drawing	  a	  3D	  structural	  and	  dynamic	  picture	  of	  the	  binding	  interaction	  and	  also	  

how	   the	   single	   (Gly228-‐Ser)	   and	   double	   mutations	   (Gly228-‐Ser,	   Val186-‐Gly)	  

modify	  binding	  and	  recognition	  ability	  of	  HAs	  toward	  LSTc	  and	  LSTa.	  
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It	   should	   be	   noted	   that	   the	   glycan	   starting	   geometries	   are	   the	   same	   for	   the	  

different	   MD	   simulations,	   corresponding	   to	   the	   solution	   forms	   identified	  

previously[7].	  

Observation	   of	   the	   LSTc-‐H7N9wt	   and	   LSTa-‐H7N9wt	   simulations	   (Fig.	   10)	  

indicated	   that	   the	  Neu5Ac	   is	   the	  major	   residue	   involved	   in	   the	   interaction	   in	  

both	  glycans.	   In	   fact	   in	  both	  complexes,	   this	   residue	  maintains,	   for	   the	  whole	  

duration	   of	   the	   MD	   simulation	   (approximately	   100	   ns),	   its	   starting	   position	  

found	  in	  the	  H7	  RBS	  co-‐crystallized	  in	  4BSE	  and	  4BSF[3].	  	  

Fig.	  10	  Snapshot	  of	  the	  LSTc-‐H7N9wt	  (top)	  and	  LSTa-‐H7N9wt	  (bottom)	  complexes	  at	  simulation	  
time	  of	  25ns	  (small	  thickness)	  and	  56	  ns	  (medium	  thickness)	  and	  100	  ns	  (wide	  tube).	  	  
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In	  agreement	  with	   literature	  data	  [4],	  the	  dynamic	   indicates	  that	  the	  reducing	  

end	  of	  LSTc	  (Gal2-‐Glc,	  Fig.	  10	  in	  green	  at	  the	  top)	  shows	  greater	  conformational	  

freedom	  compared	  to	  LSTa.	  The	  reducing	  end	  of	  LSTa	  interacts	  with	  the	  groove	  

between	   loop	  220	  and	  helix	  190,	  but	   the	  most	   involved	   residues	   remains	   the	  

Neu5Ac,	  as	  observed	  also	  in	  the	  STD	  NMR	  experiments	  (Fig.	  2	  and	  3).	  

The	  differences	  in	  LSTc	  and	  LSTa	  glycan	  binding	  maps	  are	  particularly	  visible	  in	  

their	  reducing	  ends,	  where	  they	  extend	  in	  two	  different	  directions:	  LSTc	  toward	  

the	   190	   helix,	   and	   LSTa	   between	   loop220	   and	   190	   helix	   (Fig.	   10).	   The	  

hemagglutinin	  of	  H7N9wt	  can	  be	  visualized	  as	  a	  hand	  that	  catches	  LSTc	  or	  LSTa,	  

while	   loop130	  and	   loop220	  can	  be	   imagined	  as	   two	   fingers	   that	  cooperate	   to	  

seize	  the	  receptor.	  	  

The	   comparison	   of	   the	   distances	   between	   loop	   220	   and	   loop130	   in	   LSTa-‐

H7N9wt	  along	   the	  MD	  simulation	   (Fig.	  11	   left),	   shows	  smaller	   fluctuation	  and	  

average	  distances	  in	  the	  former	  compared	  to	  the	  latter,	  possibly	  correlated	  to	  a	  

slightly	  stronger	  interaction.	  From	  another	  point	  of	  view	  the	  distances	  between	  

hydrogens	  of	  the	  glycans	  and	  H7N9wt	  in	  the	  short	  range	  (2	  to	  11	  Å)	  are	  slightly	  

more	   populated	   in	   LSTa-‐H7N9	   (Fig.	   11	   right)	   indicating	   a	   stronger	   binding	  

interaction	  of	  H7N9wt	  toward	  the	  avian	  receptor.	  

In	  the	  LSTc-‐H7N9sm	  complex,	  the	  presence	  of	  the	  serine	  in	  position	  228	  instead	  

of	  glycine,	  introduces	  an	  hydrogen	  bond	  at	  the	  bottom	  of	  the	  RBS,	  making	  the	  

interaction	  between	  the	  Neu5Ac	  tail	  (C8	  and	  C9)	  and	  the	  HA	  stronger,	  without	  

modifying	  the	  Neu5Ac	  position	  in	  H7	  RBS,	  in	  accordance	  to	  the	  STD	  experiment	  

(Fig.	  6).	  
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Fig.	   11	   The	   h-‐h	   histogram	   is	   calculated	   between	   50ns	   until	   the	   end	   of	   the	   MD	   simulation	  
trajectory,	  using	  a	  step	  =	  2	  geometries	  and	  a	  selection	  (protein	  and	  hydrogen)	  
	  

On	  the	  contrary	  the	  LSTc	  reducing	  end	  modifies	  its	  interaction	  pattern	  with	  190	  

Helix	   upon	  H7	  mutation,	   as	   can	   be	   appreciated	   in	   Fig.	   12.	   In	   this	   picture	   the	  

structure	  of	  LSTc-‐H7N9wt	  and	  LSTc-‐H7N9sm	  complexes	  at	  different	  simulation	  

time	   are	   superposed	   by	   the	   protein	   backbone	   (ribbon),	   while	   the	  

corresponding	   ligand	   appears	   colored	   in	   yellow	   or	   in	   blue.	   LSTc	   presents	   a	  

smaller	   mobility	   when	   binds	   H7N9wt,	   this	   suggests	   that	   the	   additional	  

hydrogen	   bond	   introduced	   upon	   mutation	   at	   the	   RBS	   bottom	   perturbs	   the	  

whole	  ligand	  mobility.	  

In	   the	   double	   mutant	   the	   additional	   mutation	   at	   position	   186,	   with	   glycine	  

replacing	  a	  valine,	  reduces	  the	  steric	  hindrance	  (hydrophobic	  surface)	  between	  

loop220	  and	  helix	  190	  in	  the	  RBS	  of	  HA	  (Fig.	  13),	  allowing	  LSTc	  to	  better	  adapt	  

its	   reducing	   end	   trisaccharides	   (GlcNAc-‐Gal2-‐Glc)	   between	   these	   secondary	  

structure	  elements.	  

The	  MD	   simulation	   description	   predicts	   that	   upon	   this	   mutation	   (G228S	   and	  

V186G)	   the	   distances	   between	   LSTc	   reducing	   end	   and	   H7	   RBS	   surface	  

hydrogens	  decrease	  significantly	  (Fig.	  14).	  
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Fig.	  12	  LSTc-‐H7N9	  complexes	  (wt	  and	  sm)	  at	  41,	  51	  and	  61	  ns	  are	  superposed	  by	  the	  CA	  backbone	  
in	   two	   different	   orientations	   (right).	   The	   three	   different	   ligand	   snapshot	   are	   shown	   in	   yellow	  
(LSTc-‐H7N9wt)	   and	   in	   blue	   (LSTc-‐H7N9sm).	   The	   orange	   ribbon	   shows	   the	   protein	   backbone	  
restrained	   by	   harmonic	   potential	   during	   the	   MD	   simulation,	   while	   the	   white	   ribbon	   indicate	  
protein	  backbone	  not	  restrained,	  i.e.	  free	  to	  adjust	  around	  the	  glycan.	  
	  

The	  superposition	  of	  several	  snapshots	  sampled	  in	  a	  comparable	  timescale,	  as	  

showed	   in	   fig.	   12	  and	  13,	   give	   the	   chance	   to	  qualitatively	  distinguish	   the	   two	  

MD	   trajectories	  not	  only	   in	   term	  of	   conformation,	  but	  also	   from	   the	  dynamic	  

behavior.	   It	   is	   important	   to	  underline	  that	   the	  two	  MD	  simulation	  trajectories	  

showed	   in	   fig.	   12	   and	   13	   have	   at	   the	   beginning	   (T	   =0	   ns)	   exactly	   the	   same	  

complex	  structure,	  except	  the	  mutation	  point	  in	  the	  RBS.	  	  

Common%start%geometries%at%the%
beginning%(Simula3on%3me%0n)%
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Fig.	   13	   LSTc-‐H7N9	   complexes	   (wt	   and	   dm)	   at	   41,	   51	   and	   61	   ns	   are	   superposed	   by	   the	   CA	  
backbone	  in	  two	  different	  orientations	  (right).	  The	  three	  different	  ligand	  snapshots	  are	  shown	  in	  
yellow	  (LSTc-‐H7N9wt)	  and	  in	  red	  (LSTc-‐H7N9dm).	  The	  orange	  ribbon	  shows	  the	  protein	  backbone	  
restrained	   by	   harmonic	   potential	   during	   the	   MD	   simulation,	   while	   the	   white	   ribbon	   indicate	  
protein	  backbone	  not	  restrained,	  i.e.	  free	  to	  adjust	  around	  the	  glycan	  
	  

In	   light	   of	   these	   considerations,	  MD	   simulation	   predicts	   for	   LSTc	   a	   significant	  

modification	   in	   the	   binding	   map	   when	   binding	   to	   H7	   upon	   the	   considered	  

mutations	  and	  also	  a	  reduced	  mobility,	  corresponding	  to	  a	  stronger	  binding.	  	  

Fig.	   14	   reports	   the	   distribution	   (histograms)	   of	   the	   distances	   between	   the	  

methyl	  hydrogens	  of	  GlcNAc	  and	   the	  hydrogens	  belonging	   to	   the	  H7	  RBS,	   for	  

the	  three	  simulated	  complexes:	  LSTc-‐H7N9wt	   (red),	  LSTc-‐H7N9sm	  (green)	  and	  

LSTc-‐H7N9dm	  (blue)	  calculated	  to	  the	  second	  half	  of	  each	  simulation	  trajectory.	  	  

	  

Common%start%geometries%at%the%beginning%
(Simula3on%3me%0n)%
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Fig.	   14	   The	   h-‐h	   histogram	   is	   calculated	   between	   50ns	   until	   the	   end	   of	   the	   MD	   simulation	  
trajectory,	   using	   a	   step	   =	   2	   geometries	   and	   a	   selection	   (protein	   and	   hydrogen).	   The	   distances	  
between	  GlcNAc	  of	  LSTc	  and	  hydrogen	  of	  H7N9	  are	  show	  in	  red	  for	  the	  wt,	   in	  green	  for	  the	  sm	  
and	  in	  blu	  for	  the	  dm.	  
	  

The	  histogram	  of	  the	  distances	  (Fig.	  14)	  shows	  a	  population	  increase	  between	  2	  

and	  6	  Å	  in	  going	  from	  H7N9wt	  to	  H7N9sm	  and	  more	  significantly	  to	  H7N9dm,	  

corresponding	  to	  a	  prediction	  of	  an	  increase	  of	  the	  binding	  interaction	  after	  the	  

first	   but	   more	   significantly	   the	   second	   mutation.	   These	   results	   are	   partially	  

confirmed	  by	  the	  STD	  experiments	  reported	  in	  fig	  7-‐right,	  where	  is	  possible	  to	  

see	   the	  GlcNAc	  methyl	   hydrogens	   resonance	  of	   LSTc	   interacting	  with	  H7	   that	  

become	   visible	   in	   the	   single	   or	   in	   the	   double	   mutants.	   The	   effect	   of	   the	  

mutations	  seems	  to	  slightly	  decrease	  the	  mobility	  of	  LSTc	  in	  going	  from	  H7N9wt	  

to	  H7N9sm	  and	  to	  H7N9dm.	  	  

The	  same	  mutation	  effects	  on	  the	  recognition	  ability	  of	  H7	  are	  also	  considered.	  

Also	   in	   the	   case	   of	   LSTa-‐H7N9sm	   complex,	   the	   mutation	   of	   Gly228Ser	  

introduces	  a	  hydrogen	  bond	  at	  the	  bottom	  of	  the	  RBS	  (Fig.	  15),	  reinforcing	  the	  

interaction	  between	  Neu5Ac	  and	  the	  bottom	  of	  RBS	  of	  HA.	  
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In	  the	  double	  mutant	  of	  H7,	  where	  in	  addition	  to	  the	  mutation	  at	  position	  228,	  

a	   glycine	   is	   replaced	   by	   valine	   at	   position	   186,	   reducing	   the	   steric	   hindrance	  

between	  helix	  190	  and	   loop220	   in	  the	  RBS	  of	  HA,	  the	  binding	  epitope	  of	  LSTa	  

changes	   when	   it	   interacts	   with	   H7N9dm	   in	   comparison	   with	   H7N9sm	   and	  

H7N9wt.	  

	  
Fig.	   15	   LSTa-‐H7N9	   complexes	   (wt	   and	   dm)	   at	   36,	   46	   and	   56	   ns	   are	   superposed	   by	   the	   CA	  
backbone	  in	  two	  different	  orientations	  (right).	  The	  three	  different	  ligand	  snapshots	  are	  shown	  in	  
yellow	   (LSTa-‐H7N9wt),	   in	   blu	   (LSTa-‐H7N9sm)	   and	   in	   red	   (LSTc-‐H7N9dm).	   The	   orange	   ribbon	  
shows	   the	  protein	  backbone	  restrained	  by	  harmonic	  potential	  during	   the	  MD	  simulation,	  while	  
the	  white	  ribbon	  indicate	  protein	  backbone	  not	  restrained,	  i.e.	  free	  to	  adjust	  around	  the	  glycan	  
	  

The	   mutation	   effects	   on	   LSTa-‐H7N9	   binding	   interaction	   can	   be	   visualized	  

drawing	   the	  distances	  between	  GlcNac	  and	   the	  Glu190	   (Fig.	  16),	   in	  which	   the	  

Common%start%geometries%at%the%beginning%
(Simula3on%3me%0n)%
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distance	   between	   GlcNAc	   and	   H7N9dm	   is	   smaller	   compared	   to	   the	   same	  

distance	  observed	  in	  the	  complexes	  with	  H7N9wt	  and	  H7N9sm	  (Fig.	  16).	  

The	  reducing	  end	  of	  LSTa	  changes	  significantly	  its	  contacts	  as	  a	  consequence	  of	  

the	  mutations	  in	  the	  RBS	  of	  HA,	  whereas	  the	  non-‐reducing	  end	  remains	  almost	  

unvaried.	   The	   features	   of	   LSTa	   binding	   to	   H7N9	   and	   its	  mutant	   forms	   are	   in	  

agreement	  with	  the	  corresponding	  STD	  NMR	  experiments,	  where	  data	  from	  all	  

complexes	  indicate	  that	  Neu5Ac	  is	  the	  major	  residue	  involved	  in	  the	  interaction	  

and,	   as	   observed	   previously	   for	   LSTc,	   its	   binding	   map	   in	   term	   of	   hydrogen	  

resonances	  does	  not	  change	  upon	  mutation	  (Fig.	  17).	  

	  

Fig.	  16	  Distances	  between	  GlcNAc	  and	  helix190	  of	  H7N9wt	   in	   red,	   in	  green	  H7N9sm	  and	   in	  blu	  
H7N9dm.	  The	  distances	  are	  defined	  between	  the	  GlcNAc	  nitrogen	  atom	  and	  the	  carboxyl	  atom	  of	  
Glu190	   side	   chain.	   The	   MD	   simulations	   of	   the	   sm	   and	   dm	   are	   considered	   preliminary	   data	  
because	  the	  timescale	  explored	   is	  significantly	  smaller	  compared	  to	  the	  reference	  system	  LSTa-‐
H7N9wt.	  
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Fig	  17	  (Left)	  three	  snapshots	  of	  the	  LSTc-‐H7	  complexes	  at	  41,	  51	  and	  61	  ns	  are	  superposed	  by	  the	  
CA	   backbone	   showing	   in	   particular	   the	   position	   of	   the	   Neu5Ac.	   The	   three	   different	   ligand	  
conformations	   are	   shown	   in	   yellow	   	   (LSTc-‐H7wt)	   blue	   (LSTc-‐H7N9sm)	   and	   red	   (LSTc-‐H7N9dm).	  
(Right)	  three	  snapshots	  of	  the	  LSTa-‐H7	  complexes	  at	  36,	  46	  and	  56	  ns	  are	  superposed	  by	  the	  CA	  
backbone	   showing	   in	   particular	   the	   position	   of	   the	   Neu5Ac.	   	   The	   three	   different	   ligand	  
conformation	  are	  shown	  in	  yellow	  (LSTa-‐H7wt),	  blue	  (LSTa-‐H7N9sm)	  and	  red	  (LSTa:H7N9dm)	  
	  
The	   reducing	  end	  of	   LSTa	  when	   interacting	  with	  H7N9dm	   is	   closer	   to	   the	  RBS	  

compare	  to	  the	  wt	  complex,	  in	  agreement	  with	  STD	  experiments	  which	  showed	  

a	  weak	  signal	  corresponding	  to	  the	  resonance	  of	  H2	  of	  Glc	   in	  the	  spectrum	  of	  

LSTa-‐H7N9dm	  complex	  (Fig.	  5).	  	  

	  

Comparison	   between	   LSTc	   with	   H1N1(SC18)	   and	   H7N9wt.	   The	   comparison	   of	  

the	  interaction	  between	  the	  pandemic	  virus	  H1N1(SC18)	  and	  H7N9wt	  with	  the	  

human	   receptor	   LSTc,	   could	   help	   to	   define	   differences	   of	   recognition	   and	  

interaction	   between	   two	   viruses	   which	   could	   be	   correlated	   in	   differences	   in	  

term	  of	  virulence	  and	  transmissibility.	  	  

When	  LSTc	  binds	  HA,	  the	  interactions	  with	  SC18	  and	  H7N9wt	  are	  very	  different	  

(Fig.	  18).	  The	  interaction	  between	  LSTc	  and	  H7N9wt	  occurs	  principally	  through	  

Neu5Ac,	   on	   the	   contrary	  when	   LSTc	  binds	   SC18,	   the	   STD	  NMR	   spectrum	   (Fig.	  

LSTc% LSTa%
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18top)	  shows	  signals	  belonging	  to	  Gal1	  (H1,	  H4,	  H5	  and	  H6),	  GlcNAc(CH3),	  Gal2	  

(H4)	  and	  Glc	  (H5	  and	  H6).	  

In	   H7N9wt,	   loop150	   includes	   two	   extra	   amino	   acids	   that	   make	   it	   longer	  

compared	  to	  SC18	  and	  causes	  the	  protrusion	  of	  the	  150-‐loop	  into	  one	  edge	  of	  

the	  binding	  site	  where	  it	  has	  the	  potential	  to	  influence	  receptor	  specificity	  (Fig.	  

18	   bottom).	   In	   fact	   the	   variation	   of	   the	   loop150	   changes	   significantly	   the	  

binding	   epitope	   of	   LSTc	   when	   interacts	   with	   SC18	   compared	   to	   H7N9	   (in	  

agreement	  with	  Xiong	  et	  al.	  [3]).	  As	  a	  matter	  of	  fact	  the	  presence	  of	  this	  longer	  

150-‐loop	  in	  H7N9	  does	  not	  allow	  LSTc	  to	  interact	  optimally	  with	  the	  helix190	  as	  

in	  SC18.	  

The	   interaction	   between	   the	   two	   complexes	   is	   quite	   different	   also	   in	   the	  

distance	   between	   the	   methyl	   group	   of	   GlcNAc	   and	   the	   RBS	   of	   HA,	   which	   is	  

shorter	  in	  LSTc-‐SC18	  compare	  to	  LST-‐H7N9wt	  complex.	  	  

This	  result	  is	  clearly	  supported	  by	  the	  STD	  NMR	  data	  (Fig.	  18	  top),	  in	  which	  the	  

signal	  of	  the	  CH3	  of	  the	  GlcNAc	  is	  absent	  in	  the	  STD	  spectrum	  of	  LSTc-‐H7N9wt,	  

whereas	  is	  quite	  strong	  in	  the	  STD	  of	  LSTc-‐SC18	  complex.	  

The	   presence	   of	   a	   leucine	   in	   position	   226	   in	  H7N9,	   instead	   a	   glutamine	   as	   in	  

SC18,	   introduces	   a	   hydrophobic	   space	   between	   loop220	   and	   loop130,	  

increasing	  their	  distance	  in	  H7N9	  compared	  to	  SC18.	  The	  difference	  in	  the	  LSTc	  

binding	   maps	   during	   the	   interaction	   with	   H7N9	   and	   SC18	   correlates	   with	  

different	  measurable	  binding	  affinity,	  that	  for	  SC18	  is	  significantly	  stronger	  than	  

H7N9,	  as	  measured	  by	  Shi	  et	  al.	  [4]	  (Fig.1	  A	  and	  Fig.	  1C).	  
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Fig.	  18	  On	   the	   top	   in	  black	   the	  STD	   spectrum	  of	   LSTc-‐H7N9wt	   complex	  while	   in	  green	   the	  STD	  
spectrum	  of	   LSTc-‐SC18	   complex	   superimpose	   to	   the	  HSQC	   spectrum	   (in	   black)	   of	   LSTc.	  On	   the	  
bottom	  superimposition	  by	  protein	  backbone	   (type	  CA,	  and	  resid	  2	   to	  200)	  of	  LSTc-‐SC18	   (grey)	  
and	  LSTc-‐H7N9wt	  (cyan),	  simulation	  time	  =	  100ns.	  Residual	  RMSD	  =	  6.144	  Å.	  Thinner	  lines	  draw	  
LSTc	  at	  intermediate	  time	  (simulation	  time	  =	  50ns)	  binding	  to	  H7	  (cyan)	  and	  SC18	  (grey).	  
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CONCLUSION	  

Combining	  NMR	  experiments	  and	  MD	  simulation	  analysis	  we	  have	  obtained	  an	  

overview	  of	   the	   interaction	  between	   LSTc	   and	   LSTa	  with	  H7N9wt	  and	   its	   two	  

mutant	  forms,	  with	  the	   idea	  to	  find	   if	   these	  mutations	  may	  switch	  H7	  binding	  

preference	   from	   the	   original	   avian	   (LSTa	   type)	   to	   the	   human	   (LSTc	   type)	   cell	  

surface	  receptors.	  

In	  this	  case,	  the	  single	  (Gly228-‐Ser)	  or	  double	  mutant	  (Gly228-‐Ser,	  Val186-‐Gly)	  

does	   not	   change	   dramatically	   the	   interaction	   with	   both	   human	   and	   avian	  

receptor	   models.	   In	   both	   glycans	   receptors	   the	   interaction	   occurs	   principally	  

through	  the	  Neu5Ac,	  as	  shown	   in	  the	  model	  proposed	  by	  the	  MD	  simulations	  

and	   confirmed	  by	   STD	  NMR	  experiments.	   The	  double	  mutant	  of	  H7	   seems	   to	  

slightly	  increase	  the	  binding	  with	  both	  LSTc	  and	  LSTa,	  because	  in	  both	  cases	  the	  

reducing	  end	  of	  the	  glycan	  receptors	   is	  closer	  to	  the	  protein	   in	  comparison	  to	  

the	  wild	  type	  taken	  as	  binding	  epitope	  reference.	  Notably,	  the	  major	  difference	  

in	  term	  of	   interaction	  between	  human	  or	  avian	  glycan	  receptors	   is	  due	  to	  the	  

reducing	  end,	  in	  which	  in	  LSTc	  shows	  grater	  mobility	  than	  LSTa.	  	  

All	   these	   data	   indicate	   that	   these	   two	   mutations	   in	   H7N9	   are	   not	   crucial	   to	  

switch	  preferences	  from	  avian	  to	  human	  receptors.	  	  

This	  study	  also	  permit	  to	  compare	  the	  differences	  of	   interaction	  between	  two	  

different	   hemagglutinin	   proteins,	   specifically	   the	  pandemic	  H1N1	   (SC18)	   virus	  

and	  the	  less	  pandemic	  H7N9wt	  virus,	  with	  the	  human	  glycosidic	  receptor	  model	  

(LSTc),	   in	   order	   to	   understand	   how	   different	   classes	   of	   viruses	   recognize	   the	  

same	  glycan	  receptor.	  

This	   study	   requires	   further	   investigations,	   first	   of	   all	   to	   complete	   the	   MD	  

simulations	   of	   all	   the	   complexes	   and	   to	   perform	   analysis	   upon	   them,	   and	   to	  
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perform	   some	   competition	   and	   titration	   experiments	   using	   different	  

concentrations	   of	   ligands	   using	   further	   amounts	   of	   glycan	   receptors.	   Another	  

interesting	  study	  could	  involve	  some	   in	  silico	  mutations	  in	  H7N9,	  with	  the	  aim	  

to	  find	  new	  indication	  for	  point-‐like	  mutations	  able	  switch	  the	  specificity	  of	  H7	  

from	   the	   original	   avian	   (α2-‐3)	   to	   the	   human	   (α2-‐6)	   glycan	   receptor,	  

corresponding	  to	  a	  requisite	  for	  an	  avian	  virus	  to	  become	  pandemic.	  	  

	  

EXPERIMENTAL	  PROCEDURES	  

Cloning,	  Baculovirus	   Synthesis,	   and	  Mammalian	  Expression	  and	  Purification	  of	  

HA.	  Anh13	  WT,	  Gly228-‐Ser	  and	  Gly228-‐Ser/Val186-‐Gly	   sequences	  were	  codon	  

optimized	   for	  mammalian	   expression,	   synthesized	   (DNA2.0,	  Menlo	   Park,	   CA),	  

and	   subcloned	   into	   modified	   pcDNA3.3	   vector	   for	   expression	   under	   CMV	  

promoter.	   Recombinant	   expression	   of	   HA	   was	   carried	   out	   in	   HEK293-‐F	  

FreeStyle	  suspension	  cells	  (Invitrogen,	  Carlsbad,	  CA)	  cultured	  in	  293-‐F	  FreeStyle	  

Expression	  Medium	  (Invitrogen,	  Carlsbad,	  CA)	  manteined	  at	  37°	  C,	  80%	  umidity,	  

and	   8%	   CO2.	   Cells	   were	   transfected	   with	   poly-‐ethylene-‐imine	  Max	   (PEI-‐MAX,	  

PolySciences,	  Warrington,	  PA)	  with	  the	  HA	  plasmid	  and	  were	  harvested	  7	  days	  

post-‐infection.	  The	  supernatant	  was	  collected	  by	  centrifution,	   filtered	  through	  

a	   0.45	   µm	   filter	   system	   (Nalgene,	   Rochester,	   NY),	   and	   supplemented	   with	  

1:1,000	   diluted	   protease	   inhibitor	   cocktail	   (Calbiochem	   filtration	   and	  

supplemented	  with	  1:1,000	  diluted	  protease	  inhibitor	  cocktail	  (	  EMD	  Millipore,	  

Billerica,	  MA)).	   HA	  was	   purified	   from	   the	   supernatant	   using	  His-‐trap	   columns	  

(GE	  Healtcare)	  on	  an	  AKTA	  Purifier	  FPLC	  system.	  Eluting	  fractions	  containing	  HA	  

were	  pooled,	   concentrated,	  and	  buffer	  exchanged	   into	  1	  x	  PBS	   (pH	  7.4)	  using	  
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100	  kDa	  MWCO	  spin	   columns	   (Millipore).	   The	  purified	  protein	  was	  quantified	  

using	  the	  BCA	  method	  (Pierce,	  Rockford,	  IL).	  

	  

NMR	  Analysis	  of	  H7N9wt,	  sm	  and	  dm	  with	  LSTc	  and	  LSTa.	  Saturation	  Transfer	  

Difference	  (STD)	  samples	  were	  prepared	  washing	  the	  proteins	  H7N9wt,	  sm	  and	  

dm	   (1	   mg/mL)	   with	   buffered	   solution	   (150	   mM	   sodium	   chloride,	   100	   mM	  

sodium	   phosphate,	   0.3	   mM	   d-‐	   EDTA,	   D2O,	   pH7.2	   (Sigma	   Aldrich))	   using	  

Amicon®	   Ultra	   centrifugal	   filters,	   10	   KDa	   membrane	   (Millipore).	   Each	   ligand	  

(LSTc	  or	  LSTa)	  were	  added	  to	  the	  corresponding	  protein	  sample	  reaching	  a	  final	  

molar	   ratio	  of	  100:1	   [glycan	   receptor:HA]	   for	   the	  STD	  measurements.	   For	   the	  

competitive	  experiment	  to	  a	  200	  µg	  of	  the	  first	  ligand	  (100:1),	  another	  200	  µg	  

of	  the	  second	  ligand	  was	  added	  to	  the	  NMR	  tube.	  The	  protein	  concentration	  for	  

the	   STD	   measurements	   was	   0.01	   mM.	   NMR	   spectra	   were	   acquired	   using	   a	  

Bruker	   600	   and	   900	  MHz	   AVANCE	   series	   NMR	   spectrometer,	   both	   equipped	  

with	  a	  high	  sensitivity	  5	  mm	  TCI	  cryoprobe.	  LSTc	  and	  LSTa	  resonances	  could	  be	  

found	   in	   fig.	   2	   and	   table	   1	   chapter	   2	   .	   For	   the	   STD	   experiments	   the	   on-‐

resonance	   frequency	   was	   set	   at	   7.3	   ppm	   [6600	   Hz]	   and	   the	   off-‐resonance	  

frequency	  at	  20.0	  ppm	  [18000	  Hz],	  a	  train	  of	  40	  gaussian-‐shaped	  pulses	  of	  50	  

ms	  each	  were	  applied	  to	  produce	  a	  selective	  saturation	  of	  2	  s	  and	  D1	  was	  set	  to	  

6	  s.	  The	  number	  of	  scans	  was	  1K	  or	  2K	  and	  the	  spectral	  width	  used	  was	  12626	  

Hz.	  The	  spectra	  were	  recorded	  at	  295	  K.	  

Molecular	  Dynamics	   Simulations	  The	   structures	  4BSE	  and	  4BSF	  of	   the	  Protein	  

Data	   Bank	   include	   a	   single	   monomer	   of	   the	   H7	   (AH-‐H7N9)	   protein	   made	   by	  

chain	  A	   and	  B,	  with	   a	   co-‐crystallized	   trisaccharides	   resolved	   structure	  of	   LSTc	  
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and	  LSTa	  in	  H7	  principal	  RBS.	  The	  trisaccharides	  resolved	  structure	  in	  4BSE	  and	  

4BSF	   (Neu5Ac-‐Gal-‐GlcNAc)	  correspond	  to	  the	  three	  residues	  starting	   from	  the	  

non-‐reducing	  end	  of	  LSTc	  and	  LSTa	  respectively.	  The	  trisaccharide-‐H7	  complex	  

structures	  in	  4BSE	  and	  4BSF	  are	  used	  as	  template	  to	  build	  the	  LSTc:H7N9wt	  and	  

LSTa:H7N9wt	   model	   complexes	   that	   are	   at	   the	   base	   of	   the	   investigation	   on	  

H7N9	   recognition	   ability	   toward	   LSTc	   (human)	   and/or	   LSTa	   (avian)	   glycan	  

receptors.	   The	   LSTc	   and	   LSTa	   penthasaccharide	   conformations	   taken	   as	   the	  

most	  probable	   in	  solution	  (Sassaki	  et	  al.[7]),	  and	  they	  are	  superposed	  by	  their	  

Neu5Ac	   residues	   on	   the	   corresponding	   co-‐crystallized	   trisaccharides	   in	   4BSE	  

and	  4BSF	  structure	  respectively;	  the	  RSMD	  distance	  after	  superposition	  of	  the	  

Neu5Ac	   residue	   are	   3.32	   and	   3.34Å	   respectively.	   The	   LSTc-‐H7N9wt	   and	   LSTa-‐

H7N9wt	  models	  structures	  were	  built	  merging	  the	  3D	  structure	  of	  LSTc	  or	  LSTa	  

glycan	  with	   the	   RBS	   structure	   of	   H7,	   corresponding	   to	   the	   chain	   A	   sequence	  

between	   L60	   and	   L260	   (H3	   numbering)	   extracted	   from	   4BSE	   and	   4BSF	  

respectively.	   The	   software	   used	   for	   this	   molecular	   editing	   was	   VMD.	   The	   H7	  

mutated	   complexes	   including	   the	   single	   mutant	   H7N9sm	   (H7G228S)	   and	   the	  

double	  mutant	  H7N9dm	  (Gly228Ser,	  Val186Gly)	  were	  obtained	  applying	  the	  “in	  

silico”	   mutation	   (MAESTRO9.8	   graphical	   interface)	   on	   the	   RBS	   of	   the	   two	  

previously	   built	   complexes,	   generating	   four	   additional	   complexes:	   LSTc-‐

H7N9sm	  and	  LSTc-‐H7N9dm,	  with	  the	  corresponding	  including	  the	  avian	  glycan	  

receptor:	   LSTa-‐H7N9sm	  and	   LSTa-‐H7N9dm.	  Ambertools	  1.4	  was	  used	   to	  build	  

the	  force	  field.	  GLYCAM06/Amber	  was	  used	  to	  describe	  the	  glycan	  and	  protein	  

part	   of	   the	   complexes.	   The	   simulation	   cell	   was	   built	   by	   enveloping	   each	  

macromolecule	   by	   a	   water	   layer	   (TIP3P	   water	   model)	   15	   Å	   wide	   in	   three	  

directions,	  resulting	  in	  an	  orthogonal	  cell	  with	  an	  edge	  of	  approximately	  100	  Å.	  

The	  non	  bonded	  potential	  energy	  was	  described	  using	  the	  standard	  cutoff	  (12	  
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Å)	   technique	   for	   both	   electrostatic	   and	   dispersive	   interactions.	   Each	   cell	   was	  

minimized	  using	  100	  K	  steps	  of	  the	  default	  minimization	  algorithm	  included	  in	  

NAMD.	  Then	  1	  ns	  of	  MD	   simulation	   sampling	   the	  NPT	  ensemble	  was	  used	   to	  

equilibrate	   the	  cell	  density.	  The	  simulation	   temperature	  was	  set	  at	  295	  K	  and	  

maintained	   by	   a	   Langevin	   thermostat	   as	   implemented	   in	   NAMD,	   while	   the	  

Nosé-‐Hoover	   Langevin	  piston	  algorithm	  controlled	   the	  pressure	   (1.01325	  bar)	  

applied	  to	  the	  cell	  walls.	  During	  the	  minimization	  and	  cell	  density	  equilibration	  

steps,	   a	   harmonic	   potential	   energy	   restraint	   (harmonic	   constant	   of	   50	   kcal	  

mol−1)	  on	  all	  the	  atoms	  of	  the	  complex	  was	  applied,	  while	  the	  water	  molecules	  

were	  allowed	  to	  move	  freely.	  The	  MD	  simulation	  for	  all	  the	  modeled	  complexes	  

was	   approximately	   100	   ns,	   and	   was	   completed	   leaving	   the	   H7	   sequence	  

surrounding	   the	   glycan	   (35-‐50	   and	   70-‐173	   A.A.	   residues	   in	   H7	   RBS)	   free	   to	  

move.	  Soft	  harmonic	  restraint	  on	  the	  HA	  backbone	  atoms	  (Cα,	  N,	  and	  carbonyl	  

carbon)	  with	  harmonic	  constant	  of	  2.0	  kcal	  mol−1,	  were	  applied	  on	  the	  remain	  

sequences,	   to	  maintain	   as	  much	   as	   possible	   the	   II	   and	   III	   structure	   of	   the	  H7	  

RBS.	  
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GENERAL	  CONCLUSIONS	  

This	   work	   provides	   new	   insights	   into	   the	   detailed	   description	   of	   the	  

conformation	   of	   the	   human	   (LSTc)	   and	   avian	   (LSTa)	   glycan	   receptors	   of	   the	  

influenza	   A	   viruses	   free	   in	   solution	   and	   upon	   binding	   with	   different	  

hemagglutinins.	  

The	  aim	  of	  the	  first	  part	  of	  the	  project	  was	  the	  characterization	  of	  the	  dynamic	  

and	   conformation	  of	   the	   two	  glycans	   in	   solution.	  Detail	   study	   involving	  NMR,	  

MD	   and	   numerical	   analysis	   of	   the	   data	   generated	   provided	   information	  

regarding	   the	   different	   conformations	   acquired	   from	   the	   LSTc	   and	   LSTa	   and	  

also	   the	   dynamic	   properties	   of	   both	   the	   receptors.	   While	   LSTc,	   in	   solution,	  

assumes	   preferentially	   a	   bent	   shape	   characterized	   by	   a	   topological θ	   angle	   (	  

which	  is	  the	  angle	  between	  the	  three	  anomeric	  carbons	  of	  Neu5Ac,GlcNAc	  and	  

Gal)	  of	  87°;	  LSTa	  presents	  a	  more	   linear	  conformation	  with	  a	  θ	  angle	  of	  159°.	  

These	   structural	   peculiarities	   result	   in	   great	   differences	   in	   term	   of	   dynamic:	  

LSTc	  has	  the	  Neu5Ac	  that	  moves	  in	  tandem	  with	  the	  N-‐acetyl	  group	  of	  GlcNAc,	  

and	   its	   movement	   is	   independent	   of	   the	   reducing	   end,	   whereas	   LSTa	   has	   a	  

movement	   similar	   to	   a	   flexible	   bow	   that	   has	   the	   reducing	   and	   non-‐reducing	  

disaccharides	   that	   move	   around	   the	   GlcNAc	   fulcrum.	   This	   is	   also	   due	   to	   the	  

intricate	   hydrogen	   bond	   network	   between	  GlcNAc	   and	   the	   non-‐reducing	   end	  

(Neu5Ac)	  of	  LSTc;	  these	  hydrogen	  bonds	  are	  not	  present	  in	  LSTa,	  which	  exhibits	  

only	  interactions	  between	  directly	  adjacent	  residues.	  

The	   interaction	   between	   LSTc	   and	   LSTa	   respectively	   and	   three	   different	  

hemagglutinins,	   SC18	   derived	   from	   the	   virus	   H1N1	   (A/South	   Carolina/1/18),	  

NY18	   derived	   from	   SC18	   with	   a	   single	   Asp225-‐Gly	   mutation;	   and	   AV18,	   a	  
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double	   mutant	   of	   SC18	   (Asp225-‐Gly/Asp190-‐Glu),	   were	   investigated.	   On	   the	  

basis	  of	   the	  NMR	  STD	  experiments	  and	  MD	  simulations,	   it	  was	  demonstrated	  

that	  mutations	   of	   HA	   RBS	   imposed	   different	   constrains	   on	   the	   conformation	  

and	   topology	   of	   the	   bound	   glycan	   receptors,	   governing	   the	   specificity	   and	  

affinity	  of	  the	  binding.	  More	  specifically,	  the	  receptor	  binding	  site	  (RCB)	  of	  SC18	  

and	  NY18	   imposes	   constrains	   on	   human	   receptor	   (LSTc)	   such	   that	   the	   glycan	  

assumes	   exclusively	   an	   umbrella-‐like	   topology,	   characterized	   by	   a	    θ	   angle	  

<100°,	  whereas	  RCB	  of	  AV18	  predominantly	   samples	   a	   cone	   like	   topology	   for	  

both	  human	  and	  avian	  receptor,	  characterized	  by	   θ	  angle	  >100°.	  Moreover,	  the	  

bound	  human	  receptor	  exhibits	  restricted	  glycosidic	  torsional	  angles	  compared	  

to	  the	  free	  state	  when	  bound	  to	  SC18	  and	  NY18,	  which	  are	  distinct	  from	  those	  

observed	  on	  the	  double	  mutant	  AV18.	  	  Even	  to	  lesser	  extent,	  these	  restrictions	  

were	  observed	  also	  in	  the	  LSTa-‐AV18	  complex,	  whereas	  in	  LSTa-‐NY18	  complex	  

all	  glycosidic	  torsional	  angles	  are	  similar	  to	  those	  seen	  in	  the	  free	  state.	  Results	  

indicated	   that	   even	   one	   or	   two	   amino-‐acid	   changes	   in	   the	   HA	   RBS	   impose	  

different	  constrains	  on	  the	  conformation	  of	  the	  bound	  glycan	  which	  are	  strictly	  

related	   to	   the	   specificity	   and	   affinity	   of	   the	  binding	   (LSTc	   SC18>NY18>>AV18;	  

LSTa	  AV18>NY18>>SC18).	  

During	   the	   last	   part	   of	   the	   study,	   the	   investigation	   was	   focused	   on	   the	  

characterization	  of	  the	  interaction	  between	  human	  and	  avian	  glycan	  receptors	  

and	  the	  new	  H7N9	  influenza	  A	  virus	  strain,	  which	  emerged	  in	  2013,	  and	  two	  of	  

its	  mutants.	  The	  binding	  epitope	  of	  both	  ligands	  for	  each	  complex	  tested	  were	  

described.	   The	   interaction	   in	   each	   complex	   occurs	   principally	   through	   the	  

Neu5Ac,	   and	   in	   these	   cases	   the	   mutations	   do	   not	   change	   dramatically	   the	  

interaction.	   STD-‐NMR	   and	   MD	   results	   obtained	   for	   the	   LSTc-‐H7N9	   complex	  
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compared	  to	  the	  more	  pandemic	  H1N1	  (SC18)	  virus	  showed	  a	  different	  pattern	  

of	   interaction,	   the	   former	   interacting	  mainly	  with	   the	   Neu5Ac	   residue.	   H7N9	  

has	   a	   130	   loop	   longer	   compared	   to	   the	   same	   loop	  of	   SC18.	   This	   longer	   loop,	  

pushing	  away	  the	  reducing	  end	  of	  LSTc,	  shrinks	  the	  conformational	  constrains	  

of	  the	  glycan	   imposed	  by	  SC18,	  correlated	  with	  the	   lower	  affinity	  of	  the	  virus.	  	  

Preliminary	   NMR	   and	   MD	   experiments	   showed	   that	   Gly228Ser	   and	  

Gly228Ser/Val186Gly	   mutations	   in	   H7N9	   do	   not	   affect	   the	   specificity	   of	   the	  

virus,	  since	  they	  did	  not	  show	  any	  preference	  for	  human	  and	  avian	  receptor.	  

The	   future	  developments	  of	   this	  project	  will	   regard	   the	   in	   silico	   generation	  of	  

mutant	  forms	  of	  H7N9	  in	  order	  to	  identify	  mutation/s	  able	  to	  switch	  completely	  

the	  preference	  from	  avian	  to	  human	  receptor	  and	  in	  this	  way	  characterize	  the	  

conformation	  and	   topology	  of	   interaction	  between	  the	  RBS	  of	  hemagglutinins	  

which	  present	  high	  affinity	  and	  specificity	  toward	  human	  receptor.	  	  
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RIASSUNTO	  

Le	   interazioni	   proteine-‐glicani	   regolano	   numerosi	   processi	   biologici,	   uno	   di	  

questi	   è	   il	   processo	   d’infezione	   ad	   opera	   del	   virus	   dell’influenza	   A.	   Il	   virus	  

dell’influenza	  A	  è	  un	  virus	  a	  RNA	  formato	  da	  otto	  geni,	  tre	  dei	  quali	  esprimono	  

proteine	   -‐	   emoagglutinina	   (HA),	   neuraminidasi	   (NA)	   e	   polimerasi	   (PB)	   –,	   che	  

risultano	   particolarmente	   critiche	   nell’infezione	   e	   nella	   trasmissione	   uomo-‐

uomo[1].	   L’infezione	   inizia	   con	   il	   legame	   dell’HA,	   una	   proteina	   espressa	   sulla	  

superficie	  del	  virus,	  ai	  recettori	  glicanici	  presenti	  sulle	  cellule	  dell’ospite;	  questa	  

interazione	   è	   governata	   dal	   tipo	   di	   legame	   (α2→6	  o	  α2→3)	   tra	   l’acido	   sialico	  

(Neu5Ac)	   e	   il	   galattosio	   (Gal)	   dell’estremità	   terminale	   non	   riducente	   del	  

recettore.	  	  

I	   recettori	   glicanici	   umani,	   siti	   di	   riconoscimento	   per	   i	   virus	   human-‐adapted,	  

sono	   espressi	   principalmente	   nel	   tratto	   superiore	   dell’epitelio	   respiratorio	   e	  

presentano	  un	  legame	  α2→6	  tra	  l’acido	  sialico	  e	  il	  galattosio	  nell’estremità	  non	  

riducente.	   I	   virus	   aviari,	   presenti	   nel	   tratto	   inferiore	   dell’epitelio	   respiratorio	  

umano	  o	   nell’intestino	  degli	   uccelli,	   riconoscono	   invece	   recettori	   glicanici	   che	  

esprimono	   un	   legame	   α2→3	   tra	   l’acido	   sialico	   e	   il	   galattosio.	   Per	   cambiare	  

specificità	   (da	   aviario	   a	   umano)	   un	   virus	   deve	   quindi	   modificare	   la	   sua	  

preferenza	   da	   recettori	   glicanici	   legati	   α2→3	   (aviari)	   a	   quelli	   legati	   α2→6	  

(umani)[2].	  

Tramite	   analisi	   di	   strutture	   a	   raggi	   X	   e	   studi	   di	   dinamica	   molecolare	   su	  

complessi	   glicano-‐HA	   è	   stato	   dimostrato	   che	   la	   conformazione	   e	   la	   topologia	  

dei	   recettori	   glicanici,	   ricoprono	   un	   ruolo	   chiave	   nella	   regolazione	   della	  

specificità	  e	  dell’affinità	  di	  queste	  interazioni[2],[3].	  
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In	   aggiunta	   alle	   informazioni	   ottenute	   dalla	   cristallografia,	   l’applicazione	   di	  

tecniche	   NMR,	   quali	   l’STD	   (Saturation	   Transfer	   Difference),	   possono	   fornire	  

informazioni	   relative	   alla	   dinamica	   del	   recettore	   in	   soluzione	   e	   alle	   eventuali	  

transizioni	   conformazionali	   del	   recettore	   causate	  dall’interazione	   con	   l’HA	  del	  

virus.	  

Nella	   prima	   fase	   del	   lavoro	   ci	   siamo	   occupati	   di	   caratterizzare	   in	   dettaglio	   la	  

dinamica	   e	   la	   conformazione	   in	   soluzione	   di	   due	   pentasaccaridi,	   usati	   come	  

modelli	   per	   il	   recettore	   aviario	   (LSTa,	   Neu5Ac-‐α(2→3)-‐Gal-‐β(1→3)-‐GlcNAc-‐

β(1→3)-‐Gal-‐β(1→4)-‐Glc)	   e	   umano	   (LSTc,	   Neu5Ac-‐α(2→6)-‐Gal-‐β(1→4)-‐GlcNAc-‐

β(1→3)-‐Gal-‐β(1→4)-‐Glc),	   utilizzando	   tecniche	   NMR	   (Nuclear	   Magnetic	  

Resonance)	  e	  simulazioni	  di	  dinamica	  molecolare	  (MD).	  

Fig.	  1	  Struttura	  rispettivamente	  di	  LSTc	  ed	  LSTa.	  L’angolo	  θ	  è	  definite	  dagli	  atomi	  C2	  di	  Neu5Ac,	  
C1	   di	   Gal1	   e	   C1	   di	   Glc	   NAc	   rispettivamente,	   andando	   dall’estremità	   non-‐riducente	   a	   quella	  
riducente.	  
 
Abbiamo	   iniziato	   caratterizzando	   entrambi	   i	   recettori	   (LSTc	   ed	   LSTa)	   in	  

soluzione,	   utilizzando	   esperimenti	   NMR	   mono	   e	   bi-‐dimensionali,	   quali:	   1H,	  

COSY,	   TOCSY,	   HSQC,	   HSQC-‐TOCSY	   ed	   HMBC;	   ottenendo	   in	   questo	   modo	  

l’assegnamento	   completo	   dei	   due	   pentasaccaridi.	   A	   questo	   punto	   la	  

caratterizzazione	   conformazionale	   dei	   due	   pentasaccaridi	   in	   soluzione	   è	   stata	  
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fatta	   tramite	   esperimenti	   selettivi	   e	   di	   2D-‐NOESY,	   grazie	   ai	   quali	   è	   stato	  

possibile	  stimare	  anche	  le	  distanze	  protone-‐protone	  e	  confrontare	  quindi	  i	  dati	  

sperimentali	   con	   quelli	   teorici,	   ottenuti	   tramite	   dinamica	   molecolare.	   La	  

presenza	  di	  un	  segnale	  NOE	  tra	  l’H5	  di	  Neu5Ac	  e	  il	  CH3	  di	  GlcNAc	  nello	  spettro	  

NOESY	  di	  LSTc	  ha	  consentito	  di	  confermare	  la	  conformazione	  ripiegata	  di	  LSTc.	  	  

L’assenza	  di	  questo	  segnale	  nello	  spettro	  NOESY	  di	  LSTa,	  suggerisce	  invece	  una	  

conformazione	   lineare	   per	   quest’ultimo	   oligosaccaride.	   Queste	   peculiarità	  

conformazionali,	  caratteristiche	  dei	  due	  recettori,	  potrebbero	  essere	  correlate	  

alla	  specificità	  dell’interazione	  tra	  il	  recettore	  glicanico	  e	  l’emoagglutinina.	  	  

Un	  parametro	  importante	  per	  descrivere	  le	  conformazioni	  	  dei	  glicani	  è	  l’angolo	  

θ,	  definito	  dall’angolo	  compreso	  tra	  i	  tre	  carboni	  anomerici	  successivi,	  partendo	  

dal	  residuo	  di	  Neu5Ac	  dell’estremità	  non-‐riducente	  dell’oligosaccaride	  (Fig.1).	  I	  

NOE	   sperimentali,	   hanno	   confermato	   il	  modello	   ottenuto	   tramite	   la	   dinamica	  

molecolare[3],	   che	  ha	  permesso	  di	  dimostrare	  che	  mentre	  per	  LSTa	  θ	   assume	  

preferenzialmente	  valori	  intorno	  a	  160°,	  LSTc	  presenta	  un	  valore	  di	  θ	  intorno	  a	  

90°,	  confermando	  quando	  precedentemente	  osservato	  [4].	  

La	   seconda	   parte	   del	   lavoro	   è	   stata	   focalizzata	   allo	   studio	   dell’interazione	   tra	  

HAs	   (wild	   type	   e	   mutate)	   del	   virus	   dell’influenza	   A	   con	   i	   recettori	   glicosidici	  

umano	  e	  aviario;	  con	  lo	  scopo	  di	  capire	  come	  pochissime	  mutazioni	  all’interno	  

dell’emoagglutinina	  del	  virus,	  siano	  in	  grado	  di	  cambiare	  la	  specificità	  del	  virus,	  

ed	  anche	  la	  sua	  trasmissibilità.	  

Nel	  1918	  “la	  spagnola”,	  come	  fu	  soprannominata	  all’epoca	  la	  pandemia	  causata	  

dal	   virus	   dell’influenza	   aviaria	   H1N1,	   fu	   di	   profonda	   importanza	   storica	   e	  

geopolitica,	   poiché	   circa	   50	   milioni	   di	   persone	   morirono	   a	   seguito	  
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dell’infezione,	  che	   fece	  più	  morti	  della	  stessa	  prima	  guerra	  mondiale:	  una	  sua	  

caratteristica	  chiave	  fu	  l’elevata	  trasmissibilità.	  

Nel	  2009,	  l’emergenza	  data	  dall’arrivo	  di	  un	  nuovo	  virus	  H1N1	  pose	  fortemente	  

la	  questione	  circa	  il	  rischio	  di	  una	  nuova	  pandemia	  a	  seguito	  dell’evoluzione	  di	  

un	  virus	   in	  una	  variante	  epidemica;	  alcuni	  di	  questi	  sotto-‐tipi	  sono	  considerati	  

avian-‐adapted	   poiché	   derivano	   da	   virus	   che	   infettano	   gli	   uccelli	   ma	   sono	   in	  

grado	  di	  trasferirsi	  anche	  all’uomo.	  

La	   relazione	   tra	   la	   specificità	   dell’HA	   verso	   i	   recettori	   e	   la	   trasmissibilità	   del	  

virus	  è	   stata	  precedentemente	  dimostrata	  usando	   il	   prototipo	   	  del	   virus	  SC18	  

(H1N1)	   A/South	   Carolina/1/1918.	   Mentre	   SC18	   mostra	   un’efficienza	   di	  

trasmissione	   molto	   alta	   nei	   furetti	   (usati	   come	   modello	   per	   studiare	   la	  

trasmissibilità	   aerea	   del	   virus),	   una	   singola	   mutazione	   (Asp225-‐Gly)	   nell’HA	  

risulta	   in	   un	   virus	   (NY18)	   che	   presenta	   invece	   un’efficienza	   di	   trasmissione	  

bassa.	   Infine	   una	   seconda	   mutazione	   nell’HA	   (Asp190-‐Glu	   e	   Asp225-‐Gly)	  

produce	   un	   virus	   (AV18)	   che	   non	   è	   più	   in	   grado	   di	   trasmettersi.	   Studi	  

precedenti	  hanno	   inoltre	  dimostrato	  che	   	  mentre	   le	  emoagglutinine	  di	  SC18	  e	  

AV18	   mostrano	   un’alta	   affinità	   rispettivamente	   verso	   il	   recettore	   umano	   e	  

aviario,	  NY18	  lega	  entrambi	  i	  recettori,	  ma	  con	  bassa	  affinità[1][3][4].	  

Utilizzando	   esperimenti	  NMR	  di	   STD,	   si	   può	   ottenere	   l’epitope	  mapping	   della	  

porzione	  del	   recettore	   che	   interagisce	   con	   l’emoagglutinina.	  Questa	   tecnica	  è	  

stata	   quindi	   utilizzata	   per	   studiare	   l’interazione	   tra	   SC18,	   NY18	   ed	   AV18	   con	  

LSTa	   ed	   LSTc.	   Oltre	   a	   confermare	   la	   specificità	   di	   interazione	   del	   recettore	  

umano	  e	  aviario,	   già	  definite	  da	   test	  biochimici,	  mediante	  esperimenti	   STD,	   è	  

stato	  inoltre	  possibile	  definire,	  anche	  per	  il	  recettore	  aviario,	  l’epitope	  mapping	  

dell’interazione,	   dimostrando	   come	   LSTa	   interagisca	   con	  NY18	   ed	  AV18	   quasi	  
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esclusivamente	  tramite	   il	  Neu5Ac[5].	  Al	  contrario,	  LSTc	   interagisce	  con	  SC18	  e	  

NY18	  sia	  tramite	  Neu5Ac	  che	  con	  Gal1	  e	  GlcNAc.	  

Per	   verificare	   se	   l’interazione	   tra	   LSTc	   e	   SC18	   o	   NY18	   comporta	   variazioni	  

conformazionali,	  sono	  stati	  utilizzati	  esperimenti	  di	  tr-‐NOESY.	  Il	  segnale	  NOE	  tra	  

l’H5	   di	   Neu	   e	   il	   CH3	   di	   GlcNAc,	   osservato	   nello	   spettro	   dell’oligosaccaride	   in	  

soluzione,	  è	  presente	  anche	  nello	   spettro	   tr-‐NOESY	  del	   complesso	  LSTc/NY18,	  

indicando	   che	   la	   conformazione	   ripiegata	   del	   ligando	   viene	   mantenuta	  

all’interno	  del	   complesso.	  Nello	   spettro	   tr-‐NOESY	  del	   complesso	   LSTc/SC18,	   è	  

possibile	  osservare	  un	  segnale	  NOE	  aggiuntivo	  tra	  il	  CH3	  di	  GlcNAc	  e	  l’H8/H9	  di	  

Neu5Ac,	   compatibile	   con	   una	   variazione	   conformazionale	   di	   LSTc	   a	   seguito	  

dell’interazione	  con	  SC18,	  dovuta	  ad	  una	  riduzione	  della	  distanza	  tra	  GlcNAc	  e	  

Neu5Ac.	  	  

L’identificazione	   dei	   contatti	   che	   permettono	   l’interazione	   del	   mutante	   NY18	  

con	   entrambi	   i	   recettori	   rappresenta	   un	   punto	   chiave	   per	   studiare	   il	  

meccanismo	   tramite	   il	   quale	   il	   virus	   dell’influenza	   A	   è	   in	   grado	   di	   adattarsi	   e	  

passare	   dal	   legame	   con	   il	   recettore	   aviario	   a	   quello	   umano.	   Partendo	   dalle	  

strutture	   ottenute	   tramite	   raggi	   X,	   abbiamo	   dunque	   utilizzato	   la	   dinamica	  

molecolare	   allo	   scopo	   di	   descrivere	   l’interazione	   tra	   recettori	   glicanici	   ed	  

emoagglutinina,	   e	   vedere	   come	   queste	   interazioni	   cambiano	   a	   seguito	   delle	  

mutazioni.	  Il	  complesso	  LSTc/SC18	  è	  stato	  costruito	  a	  partire	  dalla	  struttura	  co-‐

cristallizzata	  di	  SC18	  con	  LSTc	  (2WRG),	  a	  cui	  abbiamo	  sovrapposto	   la	  struttura	  

di	   LSTc	   in	   soluzione	   ottenuta	   precedentemente[6].	   I	   complessi	   con	   i	  mutanti,	  

sono	   stati	   invece	   ottenuti	   partendo	   dal	   complesso	   LSTc-‐SC18	   inserendo	   la	  

singola	  e	  doppia	  mutazione.	  

In	  maniera	  analoga	  sono	  stati	  costruiti	  i	  complessi	  LSTa-‐AV18	  ed	  LSTa-‐NY18.	  In	  

questo	   modo	   tutti	   i	   complessi	   presentavano	   la	   stessa	   geometria	   di	   partenza	  
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all’inizio	   della	   simulazione	   di	   dinamica	   molecolare,	   garantendo	   così	   la	  

confrontabilità	  tra	  le	  varie	  strutture	  alla	  fine	  della	  stessa.	  Durante	  le	  simulazioni	  

tra	  LSTc	  e	  HA,	  si	  nota	  come	  la	  distanza	  media	  tra	  LSTc	  e	   i	  residui	  più	  vicini	  del	  

sito	   attivo	  dell’emaggluininina	   sia	  minore	  nel	   complesso	   LSTc-‐SC18	   rispetto	  al	  

complesso	  LSTc-‐NY18	  (Fig.	  2a	  e	  2b).	  	  

	  

Fig.	  2	  (a)	  Struttura	  del	  complesso	  LSTc-‐SC18	  (b)	  Sovrapposizione	  dei	  RBSs’	  di	  LSTc-‐SC18	  (cyan)	  con	  
LSTc-‐NY18	  (giallo)	  (c)	  Struttura	  del	  complesso	  LSTa-‐AV18	  (d)	  Sovrapposizione	  delle	  strutture	  dei	  
complessi	  LSTa-‐AV18	  (cyan)	  e	  LSTa-‐NY18	  (giallo).	  
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La	   simulazione	   ottenuta	   per	   LSTc-‐NY18	   mostra	   infatti	   che	   la	   mutazione	   in	  

posizione	  225	  risulta	  in	  una	  riduzione	  delle	  interazioni	  elettrostatiche	  sul	  fondo	  

del	  sito	  di	   legame	  del	  recettore	  (Fig.	  2b),	  mentre	  la	  doppia	  mutazione	  in	  AV18	  

introduce	   una	   catena	   laterale	   più	   ingombrante	   nell’elica	   190,	   riducendo	   in	  

questo	  modo	  l’interazione	  tra	  LSTc	  e	  l’elica	  stessa.	  

Nelle	   simulazioni	   di	   dinamica	   molecolare	   tra	   i	   complessi	   LSTa-‐HA,	   è	   invece	  

possibile	  osservare	  che	  la	  distanza	  media	  tra	  LSTa	  e	  AV18	  è	  minore	  in	  confronto	  

al	   complesso	   LSTa-‐NY18	   (Fig.	   2d).	   Questo	   è	   dovuto	   al	   fatto	   che	   la	   catena	  

laterale	  del	  Glu190	  in	  AV18	  è	  posizionata	  in	  maniera	  ottimale	  per	  interagire	  con	  

LSTa,	  in	  confronto	  alla	  catena	  più	  corta	  dell’Asp	  presente	  in	  NY18.	  	  

Sembra	  dunque	  che	  Il	  virus	  pandemico	  SC18,	  a	  confronto	  con	  il	  singolo	  (NY18)	  e	  

doppio	   (AV18)	   mutante,	   imponga	   vincoli	   conformazionali	   più	   stringenti	   al	  

recettore	   umano,	   proprietà	   che	   sembra	   essere	   correlata	   all’affinità	  

dell’interazione	  recettore-‐HA,	  misurata	  anche	  tramite	  saggi	  biochimici[5].	  	  

L’angolo	  θ	   per	   LSTc	   legato	   ad	  HA	   cresce	   infatti	   andando	  da	   SC18	   verso	  AV18	  

(Fig.	   3).	   Questa	   relazione	   tra	   affinità	   e	   vincoli	   conformazionali	   imposti	   al	  

recettore,	   è	   stata	   osservata	   anche	   per	   il	   virus	   aviario-‐adattato	   AV18,	   il	   quale	  

impone	  vincoli	  più	  stringenti	  al	  recettore	  aviario	  in	  confronto	  a	  quelli	  imposti	  da	  

NY18.	  	  

Durante	   il	   2013,	   una	   nuova	   forma	   virale	   d’influenza	   A	   si	   è	   diffusa	   in	   Cina.	   Il	  

nuovo	  virus,	  H7N9,	  deriva	  da	  un	   riassortimento:	  un	  processo	   in	   cui	  due	  o	  più	  

virus	  influenzali	  co-‐infettano	  un	  singolo	  ospite	  e	  scambiano	  così	  geni.	  Isolando	  

due	  virus,	  A/Anhui/1/2013	  e	  A/Shanghai/1/2013	  è	  stato	  osservato	  [7][8]	  come	  

il	   primo	   possedesse	   la	   mutazione	   Gln226Leu,	   associata	   solitamente	   ad	  

un’affinità	  maggiore	  verso	  il	  recettore	  umano.	  
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Fig.	  3	  (a)	  Valori	  di	  angolo	  θ	  per	  LSTc	   in	  soluzione	  (grigio),	  LSTc-‐SC18	  (verde),	  LSTc-‐NY18	  (blu)	  ed	  
LSTc-‐AV18	   (rosso)	   (b)	   Valori	   di	   angolo	  θ	   per	   LSTa	   in	   soluzione	   (grigio),	   LSTa-‐NY18	   (blu)	   e	   LSTa-‐
AV18	  (rosso).	  
 
Nell’ultima	   parte	   del	   nostro	   lavoro	   tramite	   l’impiego	   di	   approcci	  

complementari,	   quali	   NMR	   e	   dinamica	   molecolare,	   abbiamo	   così	   esteso	   il	  

nostro	   studio	   a	   un	   virus	  meno	   pandemico,	   H7N9,	   e	   a	   due	   suoi	   mutanti,	   allo	  

scopo	  di	  caratterizzarne	  l’interazione	  con	  LSTc	  ed	  LSTa.	  Precedenti	  studi	  	  hanno	  

evidenziato	  come	  questo	  nuovo	  virus,	  A/Anhui/1/2013	  (H7N9wt)	  è	  in	  grado	  di	  

legare	   sia	   il	   recettore	   umano	   che	   aviario,	   mentre	   una	   singola	   mutazione	  

Gly228-‐Ser	  in	  HA	  sembra	  in	  grado	  di	  aumentare	  l’interazione	  verso	  il	  recettore	  

umano[9]–[11].	  

Utilizzando	   esperimenti	   STD	   abbiamo	   confermato	   che	   entrambi	   i	   recettori	  

interagiscano	  con	  H7N9wt	  prevalentemente	  tramite	   il	  Neu5Ac.	  Partendo	  dalle	  

strutture	  co-‐cristallizzate	  di	  LSTc	  con	  H7	  di	  origine	  umana	  (4BSE)	  e	  di	  LSTa	  co-‐

cristallizato	   con	  H7	   (4BSF)[12]	   sono	   stati	   generati	   i	  modelli	   di	   partenza	  per	   le	  
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simulazioni	   di	   dinamica	   molecolare;	   da	   cui	   è	   stato	   possibile	   osservare	   come	  

l’estremità	  non	   riducente	  di	   LSTc	  possieda	  una	   libertà	   conformazionale	  molto	  

maggiore	  in	  confronto	  a	  LSTa.	  In	  maniera	  analoga	  sono	  stati	  studiati	  i	  complessi	  

LSTc-‐H7N9	  singolo	  mutante	  (Gly228-‐Ser),	  LSTc-‐H7N9	  doppio	  mutante	  (Gly228-‐

Ser,	  Val186-‐Gly),	  LSTa-‐H7N9sm	  e	  LSTa-‐H7N9dm.	  Il	  recettore	  umano	  è	  in	  grado	  

di	   interagire	   con	   il	   singolo	   e	   doppio	   mutante,	   tramite	   Neu5Ac	   ed	   il	   CH3	   di	  

GlcNAc,	   segnale	   che	   non	   è	   invece	   presente	   nello	   spettro	   STD	   del	   complesso	  

LSTc-‐H7N9wt.	  I	  dati	  sperimentali	  sono	  in	  accordo	  con	  le	  simulazioni	  di	  dinamica	  

molecolare,	   queste	   ultime	   mostrano	   delle	   fluttuazioni	   minori	   della	   distanza	  

misurata	  tra	  il	  CH3	  di	  GlcNAc	  e	  l’elica	  190	  di	  H7N9sm	  in	  confronto	  con	  H7N9wt.	  

Inoltre	  tramite	  dinamica	  si	  evidenzia	  come	  la	  sostituzione	  della	  serina	  con	  una	  

glicina	   nella	   mutazione	   in	   posizione	   228,	   introduca	   un	   ulteriore	   legame	  

idrogeno	  sul	  fondo	  del	  sito	  di	  legame	  del	  recettore,	  rinforzando	  l’interazione	  tra	  

l’H5	   di	   Neu5Ac	   e	   H7N9sm.	   Esperimenti	   STD	   sono	   stati	   acquisiti	   anche	   con	   i	  

complessi	   LSTa-‐H7N9sm	   e	   LSTa-‐H7N9dm.	   Nell’interazione	   con	   H7N9dm	   lo	  

spettro	   STD	   mostra	   anche	   un	   segnale	   del	   glucosio,	   indicando	   la	   maggiore	  

vicinanza	  dell’estremità	  riducente	  di	  LSTa	  all’elica	  190	  rispetto	  al	  wt.	  	  

Le	   strutture	   dei	   complessi	   LSTc-‐H7N9,	   ottenuti	   tramite	   dinamica	   mostrano	  

come	  l’effetto	  delle	  mutazioni	  sembra	  ridurre	  leggermente	  la	  mobilità	  di	  LSTc,	  

andando	   dall’interazione	   con	   H7N9wt,	   passando	   per	   H7N9sm	   ed	   infine	  

diminuendo	   ulteriormente	   con	   H7N9dm.	   Sebbene	   i	   medesimi	   complessi	  

interagiscano	  con	  LSTa	  essenzialmente	   con	   il	  Neu5Ac,	   le	  mutazioni	   rinforzano	  

tali	   interazioni,	   coinvolgendo	   parzialmente	   anche	   alcuni	   residui	   dell’estremità	  

riducente	  in	  H7N9dm.	  

L’ultima	  parte	  dello	  studio	  ha	  avuto	  come	  oggetto	  il	  confronto	  dell’interazione	  

tra	   il	   recettore	  umano	   (LSTc)	   e	  due	  virus,	  H7N9wt	  e	   SC18,	   con	   caratteristiche	  
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differenti	  a	  livello	  di	  trasmissibilità;	  allo	  scopo	  di	  capire	  come	  virus	  differenti	  e	  

con	  diversa	  virulenza	  siano	  in	  grado	  di	  riconoscere	  e	  legare	  lo	  stesso	  recettore.	  

Sulla	  base	  dei	  dati	  sperimentali	  e	  di	  dinamica	  molecolare,	  abbiamo	  dimostrato	  

che	  LSTc	  interagisce	  con	  SC18	  con	  una	  conformazione	  sostanzialmente	  diversa	  

rispetto	   a	   quella	   che	   assume	   quando	   lega	   H7N9wt.	   Inoltre,	   l’interazione	   tra	  

LSTc	   ed	   SC18	   risulta	   più	   forte	   in	   confronto	   a	   quella	   con	   H7N9wt,	   dato	  

confermato	  sia	  tramite	  esperimenti	  STD	  (numero	  maggiore	  di	  segnali	  STD	  nello	  

spettro	  LSTc-‐SC18	  rispetto	  a	  quelli	  presenti	  in	  	  LSTc-‐H7N9wt),	  sia	  dallo	  studio	  di	  

dinamica	  molecolare	  (LSTc	  appare	  più	  vicino	  a	  SC18	  rispetto	  a	  H7N9wt)	  (Fig.	  4).	  

Fig.	  4.	  Sovrapposizione	  tramite	  backbone	  dei	  complessi	  LSTc-‐SC18	  (grey)	  e	  LSTc_H7N9wt	  (cyano)	  
	  

In	   questo	   lavoro	   abbiamo	   descritto	   le	   basi	   strutturali	   dell’interazione	   tra	  

l’emoagglutinina	   di	   nuovi	   virus	   e	   i	   recettori	   umani	   e	   aviari,	   combinando	  

l’approccio	   sperimentale	   a	   tecniche	   computazionali.	   Pertanto	   questa	  

metodologia	   potrà	   essere	   usata	   per	   predire	   la	   potenziale	   infettività	   di	   nuove	  

varianti	   del	   virus	   dell’influenza	   e	   quindi	   come	   strumento	   utile	   per	   la	  

sorveglianza	  di	  nuovi	  virus	  pandemici.	  	  
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ABBREVIATIONS	  
	  

AV18:	  Double	  mutant	  (Asp225-‐Gly/Asp190-‐Glu)	  of	  SC18	  

dm:	  Double	  mutant	  

Glc:	  Glucose	  

Gal:	  Galactose	  

GlcNAc:	  N-‐acetylglucosamine	  

HA:	  Hemagglutinin	  

LSTa:	  Neu5Ac-‐α(2→3)-‐Gal-‐β(1→3)-‐GlcNAc-‐β(1→3)-‐Gal-‐β(1→4)-‐Glc	  

LSTc:	  Neu5Ac-‐α(2→6)-‐Gal-‐β(1→4)-‐GlcNAc-‐β(1→3)-‐Gal-‐β(1→4)-‐Glc	  

MD:	  Molecular	  Dynamic	  

NA:	  Neuraminidase	  

Neu5Ac:	  N-‐Acetylneuraminic	  acid	  or	  sialic	  acid	  

NMR:	  Nuclear	  Magnetic	  Resonance	  

NOE:	  Nuclear	  Overhauser	  Effect	  

NY18:	  Single	  mutant	  (Asp225-‐Gly)	  of	  SC18	  	  

PCA:	  Principal	  Component	  Analysis	  

RBS:	  Receptor	  Binding	  Site	  

SC18:	  Hemagglutinin	  from	  virus	  A/South	  Carolina/1/1918	  

sm:	  Single	  mutant	  

STD:	  Saturation	  Transfer	  Difference	  
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con	  te	  so	  di	  avere	  sempre	  una	  spalla	  su	  cui	  appoggiarmi!	  
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Le	  mie	  socie,	  Eli	  e	  Coppi..che	  dire..:GRAZIE!	  Perchè	  anche	  se	  ora	  siamo	  lontane,	  

ci	   siete	   sempre	  e	  comunque!	  Perchè	  basta	  un	   ristorante	  cinese	  ed	  è	  come	  se	  

questi	   quattro	   e	   più	   anni	   non	   fossero	  mai	   passati!	   Perchè	   sono	   orgogliosa	   e	  

felice	  di	  avervi	  come	  AMICHE!	  

Come	  dimenticare	  poi	   le	  persone	  che	  con	  il	   loro	  lavoro	  hanno	  reso	  possibile	   il	  

mio:	  tutto	  lo	  staff	  del	  Ronzoni,	  senza	  dimenticare	  nessuno!	  Un	  grazie	  di	  cuore	  a	  

tutti!	  	  

Un	  ringraziamento	  particolare	  va	  però	  al	  gruppo	  NMR!	  Marco	  Guerrini	  (il	  boss)	  

e	   Stefano	   Elli	   (MD	  man)	   perchè	   senza	   di	   loro	   questo	   traguardo	   non	   sarebbe	  

stato	  possibile!	  Poi	   Laura,	  per	   i	   consigli,	   le	   chiacchierate	  e	  gli	   sfoghi!	  Cesare	  e	  

Lucio	  per	  il	  supporto	  morale!	  E	  poi	  Tim,	  per	  le	  correzioni	  al	  mio	  inglese	  e	  a	  tutti	  

i	  suoi	  preziosi	  consigli	  e	  suggestion	  anche	  da	  oltre	  manica!	  

Infine	   un	   grazie	   ad	   Hans	   per	   il	   support	   tecnico	   e	   morale	   ad	   Utrecht	   sul	   900	  

MHz,	   a	   Giacomo,	   Davide	   e	   Francesca	   per	   il	   supporto	   vario	   ed	   eventuale	   in	  

questi	  anni!	  
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