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Subunit-­‐subunit	
  interactions	
  play	
  a	
  key	
  role	
  in	
  the	
  heme-­‐
degradation	
  reaction	
  of	
  HutZ	
  from	
  Vibrio	
  cholerae	
  
Takeshi	
  Uchida,*a,b	
  Kazuki	
  Ohta,b	
  Yukari	
  Sekine,b	
  Nobuhiko	
  Dojun,b	
  and	
  Koichiro	
  Ishimoria,b	
  

HutZ,	
   a	
   dimeric	
   protein,	
   from	
   Vibrio	
   cholerae	
   is	
   a	
   protein	
   that	
   catalyzes	
   the	
   oxygen-­‐dependent	
   degradation	
   of	
   heme.	
  
Interestingly,	
   the	
   ascorbic	
   acid-­‐supported	
  heme-­‐degradation	
   activity	
   of	
  HutZ	
   depends	
  on	
  pH:	
   less	
   than	
   10%	
  of	
   heme	
   is	
  
degraded	
   by	
   HutZ	
   at	
   pH	
   8.0,	
   but	
   nearly	
   90%	
   of	
   heme	
   is	
   degraded	
   at	
   pH	
   6.0.	
   We	
   examined	
   here	
   pH-­‐dependent	
  
conformational	
  changes	
   in	
  HutZ	
  using	
  fluorescence	
  spectroscopy.	
  Trp109	
   is	
  estimated	
  to	
  be	
   located	
  approximately	
  21	
  Å	
  
from	
  heme	
  and	
   is	
   present	
   in	
   a	
   different	
   subunit	
   containing	
   a	
   heme	
  axial	
   ligand.	
   Thus,	
  we	
  postulated	
   that	
   the	
  distance	
  
between	
  heme	
  and	
  Trp109	
  reflects	
  subunit-­‐subunit	
  orientational	
  changes.	
  On	
  the	
  basis	
  of	
  resonance	
  energy	
  transfer	
  from	
  
Trp109	
   to	
  heme,	
  we	
  estimated	
   the	
  distance	
  between	
  heme	
  and	
  Trp109	
   to	
  be	
  approximately	
  17	
  Å	
  at	
  pH	
  8.0,	
  while	
   the	
  
distance	
  increased	
  by	
  less	
  than	
  2	
  Å	
  at	
  pH	
  6.0.	
  We	
  presumed	
  that	
  such	
  changes	
  led	
  to	
  a	
  decrease	
  in	
  electron	
  donation	
  from	
  
the	
  proximal	
  histidine,	
  resulting	
  in	
  enhancement	
  of	
  the	
  heme-­‐degradation	
  activity.	
  To	
  confirm	
  this	
  scenario,	
  we	
  mutated	
  
Ala31,	
  located	
  at	
  the	
  dimer	
  interface,	
  to	
  valine	
  to	
  alter	
  the	
  distance	
  through	
  the	
  subunit-­‐subunit	
  interaction.	
  The	
  distance	
  
between	
   heme	
   and	
   Trp109	
   for	
   the	
   A31V	
  mutant	
   was	
   elongated	
   to	
   24–27	
   Å.	
   Although	
   resonance	
   Raman	
   spectra	
   and	
  
reduction	
  rate	
  of	
  heme	
  suggested	
  that	
  this	
  mutation	
  resulted	
  in	
  diminished	
  electron	
  donation	
  from	
  the	
  heme	
  axial	
  ligand,	
  
ascorbic	
  acid-­‐supported	
  heme-­‐degradation	
  activity	
  was	
  not	
  observed.	
  Based	
  on	
  our	
  findings,	
  it	
  can	
  be	
  proposed	
  that	
  the	
  
relative	
  positioning	
  of	
  two	
  protomers	
  is	
  important	
  in	
  determining	
  the	
  heme	
  degradation	
  rate	
  by	
  HutZ.	
  

1.	
  Introduction	
  
Almost	
   all	
   bacteria	
   require	
   iron	
   for	
   their	
   survival	
   and	
   have	
  
developed	
   sophisticated	
   mechanisms	
   for	
   solubilizing,	
  
sequestering,	
  and	
  releasing	
  iron	
  within	
  the	
  cell.	
  Most	
  bacterial	
  
pathogens	
  have	
  evolved	
  to	
  take	
  advantage	
  of	
  heme-­‐containing	
  
host	
  proteins	
  as	
  a	
  source	
  of	
  iron.	
  Thus,	
  the	
  ability	
  to	
  transport	
  
and	
   utilize	
   heme	
   is	
   a	
   common	
   mechanism	
   employed	
   by	
  
pathogenic	
  bacteria	
  to	
  establish	
  and	
  maintain	
  infection.1–6	
  

The	
   exogenously	
   acquired	
   heme	
   is	
   subsequently	
   oxidized	
  
by	
  a	
  heme-­‐degrading	
  enzyme	
  to	
  release	
  iron	
  for	
  utilization	
  by	
  
the	
   bacteria.	
   Heme	
   degradation	
   is	
   a	
   metabolic	
   function	
  
performed	
   by	
   diverse	
   organisms.	
   Extensive	
   studies	
   on	
  
mammalian	
   heme	
   oxygenase	
   (HO)	
   have	
   revealed	
   the	
   precise	
  
mechanism	
   of	
   heme	
   degradation,7–9	
   demonstrating	
   that	
   HO	
  
binds	
   heme	
   as	
   a	
   substrate,	
   which	
   is	
   reduced	
   to	
   the	
   ferrous	
  
form,	
  followed	
  by	
  formation	
  of	
  oxyferrous	
  heme	
  (Fe2+–O2).	
  The	
  
oxyferrous	
   heme	
   is	
   converted	
   to	
   ferric	
   hydroperoxy	
   heme	
  
(Fe3+–OOH),	
  which	
  reacts	
  with	
  the	
  heme	
  macrocycle	
  to	
  give	
  α-­‐
meso	
   hydroxyheme.	
  The	
  hydroxylated	
  α-­‐meso	
   carbon	
   is	
   then	
  
eliminated	
   as	
   carbon	
   monoxide	
   (CO)	
   with	
   the	
   concomitant	
  

formation	
  of	
  verdoheme	
  in	
  the	
  presence	
  of	
  O2.	
  Verdoheme	
  is	
  
subsequently	
  oxidized	
  to	
  biliverdin.	
  

Bacterial	
  HOs	
  with	
  high	
  homology	
  to	
  mammalian	
  HO	
  have	
  
been	
   discovered	
   over	
   the	
   last	
   decade.10–14	
   These	
  HOs	
   exhibit	
  
significant	
   structural	
   similarity	
   to	
   mammalian	
   HOs	
   and	
   share	
  
the	
  same	
  heme-­‐degradation	
  pathway.	
  Recently,	
  new	
  members	
  
of	
   the	
   heme-­‐degrading	
   enzyme	
   family	
   were	
   discovered	
   in	
  
Staphylococcus	
   aureus.15–17	
   These	
   enzymes,	
   called	
   IsdG	
   and	
  
IsdI,	
   have	
   no	
   sequence	
   or	
   structural	
   homology	
   with	
  
mammalian	
   HOs.	
   Furthermore,	
   IsdG-­‐family	
   enzymes	
   have	
   a	
  
unique	
   heme-­‐degrading	
   mechanism,	
   in	
   which	
   heme	
   is	
  
converted	
  to	
  staphylobilin	
  with	
  the	
  release	
  of	
  meso-­‐carbon	
  as	
  
formaldehyde,	
   not	
   as	
   CO.18–20	
   Recently,	
   an	
   oxygen-­‐
independent	
  heme-­‐degrading	
  enzyme,	
  ChuW,	
  was	
  discovered	
  
in	
   Escherichia	
   coli	
   O157:H7.21	
   ChuW,	
   S-­‐adenosylmethionine	
  
methyltransferase,	
   anaerobically	
   catalyzes	
   radical-­‐mediated	
  
heme	
  degradation.	
  	
  

Recent	
  studies	
  have	
  reported	
  that	
  HugZ	
  from	
  Helicobacter	
  
pylori,	
   possesses	
   heme-­‐degrading	
   activity	
   despite	
   lacking	
  
sequence	
  homology	
  with	
  mammalian	
  HOs	
  or	
  IsdG	
  and	
  IsdI.22,23	
  
Genome	
  sequence	
  analyses	
  have	
  revealed	
  that	
  Vibrio	
  cholerae	
  
contains	
   a	
   homologous	
   protein	
   called	
   HutZ.24	
   Previously,	
   we	
  
found	
  that	
  HutZ	
  from	
  V.	
  cholerae	
  degrades	
  heme	
  to	
  biliverdin	
  
via	
   a	
   verdoheme	
   intermediate	
   (Scheme	
   1),25,26	
   as	
   is	
   the	
   case	
  
for	
  HO	
  catalysis.27–29	
  This	
  finding	
  coincided	
  with	
  the	
  fact	
  that	
  V.	
  
cholerae	
  mutant	
   that	
   lost	
   the	
   hutZ	
   gene	
   does	
   not	
   grow	
  well	
  
when	
  heme	
  is	
  the	
  sole	
  iron	
  source.30	
  The	
  cleavage	
  site	
  is	
  the	
  β-­‐	
  
or	
   δ-­‐meso	
   position,	
   not	
   the	
  α-­‐meso	
   position,	
   as	
   observed	
   in	
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mammalian	
  HOs.24	
   One	
   interesting	
   feature	
   of	
   HutZ	
   is	
   the	
   pH	
  
dependence	
  of	
  its	
  heme-­‐degradation	
  activity:	
  almost	
  no	
  iron	
  is	
  
released	
   by	
   the	
   reaction	
   of	
   HutZ	
   with	
   ascorbic	
   acid	
   as	
   an	
  
electron	
   source	
  at	
  pH	
  8.0,	
  but	
  approximately	
  90%	
  of	
  heme	
   is	
  
broken	
  upon	
  lowering	
  the	
  pH	
  to	
  6.0.25,31	
  

Although	
  crystal	
  structure	
  of	
  the	
  heme-­‐bound	
  form	
  of	
  HutZ	
  
has	
   not	
   been	
   available,	
   resonance	
   Raman	
   spectroscopy	
   data	
  
suggested	
   a	
   unique	
   nature	
   of	
   the	
   structure	
   of	
   heme-­‐HutZ	
   in	
  
the	
   heme	
   environment.25	
   A	
   plot	
   of	
   Fe-­‐CO	
   (νFe-­‐CO)	
   versus	
   C-­‐O	
  
(νC-­‐O)	
   stretching	
   modes	
   of	
   the	
   CO-­‐bound	
   form	
   was	
  
considerably	
  displaced	
  from	
  the	
  line	
  corresponding	
  to	
  proteins	
  
possessing	
  a	
  neutral	
  His	
  as	
  an	
  axial	
  ligand,	
  but	
  fell	
  near	
  the	
  line	
  
for	
  proteins	
  with	
  an	
  imidazolate-­‐like	
  residue	
  as	
  an	
  axial	
  ligand.	
  
Close	
  inspection	
  of	
  the	
  crystal	
  structure	
  of	
  a	
  homologous	
  HugZ	
  
protein	
  from	
  H.	
  pylori	
  showed	
  that	
  Asp207,	
  which	
  is	
  conserved	
  
in	
  HutZ	
  from	
  V.	
  cholerae	
  (as	
  Asp132),	
  is	
  located	
  within	
  range	
  to	
  
make	
   hydrogen	
   bond	
   contact	
   with	
   the	
   proximal	
   His	
   (Fig.	
  
S1†).22	
   Such	
   proximal	
   His-­‐Asp	
   hydrogen	
   bonding	
   is	
   known	
   to	
  
impose	
  an	
  imidazolate	
  character	
  on	
  the	
  axial	
  His,	
  as	
  observed	
  
in	
  most	
  peroxidases.32–34	
   The	
  proximal	
  hydrogen	
  bond	
   that	
   is	
  
typically	
   present	
   in	
   heme	
   peroxidases	
   is	
   favorable	
   for	
  
activation	
   of	
   O2,	
   but	
   not	
   for	
   heme	
   degradation,35	
   because	
   it	
  
promotes	
  cleavage	
  of	
  the	
  O-­‐O	
  bond	
  of	
  the	
  hydroperoxy	
  heme	
  
to	
  produce	
  a	
  high-­‐valent	
  iron-­‐oxo	
  species,	
  which	
  has	
  no	
  heme-­‐
degradation	
   activity.36	
   Therefore,	
   the	
   presence	
   of	
   a	
   strong	
  
proximal	
   hydrogen	
   bond	
   in	
   heme-­‐HutZ	
   seemed	
   to	
   be	
   an	
  
unfavorable	
   characteristic	
   for	
   a	
   heme-­‐degrading	
   enzyme.	
   To	
  
confirm	
   this,	
   site-­‐directed	
   mutagenesis	
   of	
   Asp132	
   had	
  
previously	
  been	
  performed	
   to	
   reduce	
  electron	
  donation	
   from	
  
His170.37	
   Unexpectedly,	
   replacement	
   of	
   Asp132	
   with	
   Asn	
   or	
  
Leu	
   was	
   shown	
   to	
   result	
   in	
   a	
   decrease	
   in	
   heme-­‐degradation	
  
activity,	
  whereas	
   replacement	
  with	
   Glu,	
  which	
   preserved	
   the	
  
proximal	
   hydrogen	
   bond	
   between	
   His170	
   and	
   Glu132,	
   had	
  

little	
   effect	
   on	
   this	
   activity.	
   This	
   result	
   suggests	
   that	
   the	
  
hydrogen	
   bond	
   between	
   His170	
   and	
   Asp132	
   is	
   not	
   a	
  
predominant	
   factor	
   in	
   repressing	
   the	
   heme-­‐degradation	
  
activity	
   of	
   HutZ.	
   The	
   crystal	
   structure	
   of	
   HugZ	
   shows	
   this	
  
protein	
  to	
  be	
  dimer	
  protein	
  (Fig.	
  1),	
  which	
  is	
  also	
  true	
  of	
  HutZ	
  
as	
   determined	
   by	
   size	
   exclusion	
   chromatography.25	
   Unlike	
  
most	
  peroxidases,	
  the	
  hydrogen	
  bond	
  partner	
  (Asp132)	
  of	
  the	
  
heme	
  axial	
  ligand	
  (His170)	
  comes	
  from	
  another	
  protomer.	
  This	
  
character	
   might	
   be	
   correlated	
   to	
   less	
   peroxidase	
   activity	
   in	
  
spite	
   of	
   the	
   strong	
   hydrogen	
   bond	
   between	
   Asp132	
   and	
  
His170	
  (Fig.	
  S1†).	
  

We	
   further	
   recently	
   succeeded	
   in	
   obtaining	
   the	
   Fe-­‐O2	
  
stretching	
   mode	
   (νFe-­‐O2)	
   for	
   heme-­‐HutZ	
   using	
   a	
   rapid	
   mixing	
  
technique	
   combined	
   with	
   resonance	
   Raman	
   spectroscopy.26	
  
The	
  frequency	
  of	
  νFe-­‐O2	
  for	
  oxyferrous	
  heme-­‐HutZ	
  was	
  565	
  cm–

1—significantly	
   lower	
   than	
   that	
   for	
   P450	
   and	
   nitric	
   oxide	
  
synthase	
  with	
  Cys	
  as	
  a	
  heme	
  axial	
   ligand	
   (~520	
  cm–1),38,39	
  but	
  
close	
  to	
  that	
  for	
  proteins	
  with	
  His	
  as	
  a	
  heme	
  axial	
  ligand	
  (~565	
  
cm–1	
   for	
   hemoglobin).40,41	
   The	
   fact	
   that	
   νFe-­‐O2	
   for	
   oxyferrous	
  
heme-­‐HutZ	
   was	
   almost	
   the	
   same	
   as	
   that	
   for	
   HO42	
   indicated	
  
that	
   electron	
   donation	
   from	
   the	
   proximal	
   His	
   of	
   HutZ	
  was	
   at	
  
the	
  same	
  level	
  as	
  that	
  of	
  HO,	
  but	
  not	
  as	
  strong	
  as	
  P450	
  or	
  nitric	
  
oxide	
   synthase.	
   This	
   result	
   raised	
   the	
   question	
   of	
   strong	
  
electron	
  donation	
  from	
  His170.	
  

In	
  addition	
  to	
  the	
  pH	
  dependence	
  of	
  the	
  heme-­‐degradation	
  
activity	
   of	
   HutZ,	
   a	
   pH-­‐dependent	
   structural	
   change	
   in	
   the	
  
heme	
  distal	
   site	
   has	
   been	
   reported.25	
   The	
   absorption	
   spectra	
  
of	
   heme-­‐HutZ	
   depended	
   on	
   the	
   pH,	
   a	
   dependence	
   that	
   was	
  
derived	
   from	
   a	
   spin-­‐state	
   transition	
   of	
   the	
   heme	
   between	
  
Fe3+–H2O	
  (high-­‐spin	
  heme)	
  and	
  Fe3+–OH–	
  (low-­‐spin	
  heme).	
  The	
  
pKa	
   value	
   of	
   the	
   transition	
  was	
   reported	
   to	
   be	
   less	
   than	
   7,

25	
  
which	
   is	
   lower	
   than	
   that	
   of	
   most	
   HOs.43–46	
   The	
   relationship	
  
between	
   the	
   spin	
   state	
   of	
   the	
   ferric	
   heme	
   and	
   heme-­‐
degradation	
  activity	
  suggested	
  that	
  the	
  conformational	
  change	
  
in	
   the	
   heme	
   distal	
   site	
   is	
   transmitted	
   to	
   the	
   proximal	
   site	
  
through	
  the	
  subunit-­‐subunit	
   interaction,	
  which	
   is	
  a	
  key	
   factor	
  
for	
  HutZ	
  to	
  be	
  active.	
  

	
  In	
  this	
  paper,	
  we	
  found	
  that	
  replacement	
  of	
  Ala31,	
  which	
  
is	
   located	
   at	
   the	
   dimer	
   interface	
   of	
  HutZ,	
  with	
  Val	
   decreased	
  
electron	
  donation	
  from	
  the	
  proximal	
  heme	
  ligand,	
  even	
  at	
  pH	
  

Scheme	
  1	
  Proposed	
  heme	
  degradation	
  mechanism	
  of	
  HutZ.	
  

Fig.	
   1	
   Crystal	
   structure	
   of	
   HugZ	
   from	
  H.	
   pylori	
   (Protein	
   Data	
   Bank	
   entry	
   3GAS).	
  
Residues	
   are	
   numbered	
   according	
   to	
   the	
   amino	
   acid	
   sequence	
   of	
   HutZ	
   from	
  V.	
  
cholerae.	
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8.0,	
   despite	
   the	
   fact	
   that	
   heme	
   retained	
   the	
   low-­‐spin	
   state.	
  
Thus,	
   this	
   mutant	
   was	
   a	
   good	
   model	
   for	
   examining	
   the	
  
relationship	
   between	
   electron	
   donation	
   from	
   the	
   heme	
  
proximal	
   ligand	
   and	
   heme-­‐degradation	
   activity.	
   The	
   A31V	
  
mutant	
   exhibited	
   diminished	
   electron	
   donation,	
   while	
   also	
  
showing	
   a	
   decrease	
   in	
   heme-­‐degradation	
   activity,	
   indicating	
  
that	
  proximal	
  electron	
  donation	
  is	
  not	
  the	
  sole	
  determinant	
  of	
  
the	
  reactivity	
  of	
  HutZ.	
  Fluorescence	
  spectra	
   revealed	
   that	
   the	
  
introduction	
   of	
   a	
   larger	
   residue	
   at	
   position	
   31	
   is	
   associated	
  
with	
   realignment	
   of	
   subunit-­‐subunit	
   interactions.	
   We	
   also	
  
found	
  that	
  a	
  slight	
  change	
  of	
  relative	
  orientation	
  of	
  protomers	
  
occurs	
   when	
   wild-­‐type	
   HutZ	
   is	
   converted	
   to	
   be	
   active	
   upon	
  
lowering	
   the	
   pH	
   to	
   6.0.	
   Consequently,	
   a	
   conformational	
  
change	
  that	
  includes	
  interactions	
  at	
  the	
  interface	
  between	
  two	
  
protomers	
  appears	
  to	
  be	
  essential	
  for	
  HutZ	
  to	
  degrade	
  heme.	
  
This	
   activation	
   mechanism	
   would	
   be	
   advantageous	
   for	
   V.	
  
cholerae,	
  as	
  it	
  would	
  allow	
  toxic	
  iron	
  to	
  be	
  obtained	
  only	
  when	
  
needed.	
  

2.	
  Materials	
  and	
  methods	
  

Materials 

The	
   chemicals	
   used	
   in	
   this	
   study	
  were	
  purchased	
   from	
  Wako	
  
Pure	
  Chemical	
  Industries	
  (Osaka,	
  Japan),	
  Nacalai	
  Tesque	
  (Kyoto,	
  
Japan)	
  or	
  Sigma-­‐Aldrich	
  (St.	
  Louis,	
  MO,	
  USA),	
  and	
  used	
  without	
  
further	
  purification.	
  

Protein Expression and Purification 

HutZ	
   mutant	
   proteins	
   were	
   expressed	
   and	
   purified	
   as	
  
described	
   previously.25	
   Briefly,	
   the	
  HutZ	
   gene	
   was	
   subcloned	
  
into	
  pET-­‐28b	
   (Merck	
  Millipore,	
  Darmstadt,	
  Germany)	
  via	
  NdeI	
  
and	
   EcoRI	
   sites,	
   and	
   the	
   thrombin	
   recognition	
   site	
   (Leu-­‐Val-­‐
Pro-­‐Arg-­‐Gly-­‐Ser)	
   in	
  the	
  pET-­‐28b	
  construct	
  was	
  mutated	
  to	
  the	
  
HRV	
   3C	
   protease	
   recognition	
   site	
   (Leu-­‐Glu-­‐Val-­‐Leu-­‐Phe-­‐Gln-­‐
Gly-­‐Pro).47	
   E.	
   coli	
   strains	
   transduced	
   with	
   HutZ	
   expression	
  
plasmids	
  were	
  grown	
  at	
  37	
  °C	
   in	
  LB	
  broth	
  supplemented	
  with	
  
50	
  µg/mL	
  kanamycin.	
  After	
  cells	
  reached	
  an	
  optical	
  density	
  at	
  
600	
  nm	
   (OD600)	
   of	
   0.6–1.0,	
   expression	
   of	
   His-­‐tagged	
   fusion	
  
protein	
  in	
  E.	
  coli	
  BL21(DE3)	
  was	
  induced	
  by	
  adding	
  isopropyl-­‐β-­‐
D-­‐thiogalactopyranoside	
   to	
   a	
   final	
   concentration	
   of	
   0.4	
   mM,	
  
after	
   which	
   cells	
   were	
   further	
   incubated	
   at	
   28	
   °C	
   overnight.	
  
The	
   cells	
  were	
   harvested	
   by	
   centrifugation	
   and	
   suspended	
   in	
  
lysis	
  buffer	
  containing	
  50	
  mM	
  Tris-­‐HCl,	
  150	
  mM	
  NaCl,	
  and	
  0.1%	
  
Nonidet	
   P-­‐40	
   (pH	
   8.0).	
   Cells	
   (~5.0	
   g)	
   obtained	
   from	
   1	
   L	
   of	
  
culture	
   were	
   incubated	
   for	
   60	
   min	
   on	
   ice	
   with	
   1	
   mg/mL	
  
lysozyme	
  and	
  DNase.	
  The	
  sample	
  was	
  centrifuged	
  at	
  40,000	
  ×	
  
g	
   for	
   30	
   min.	
   His6-­‐tagged	
   HutZ	
   was	
   purified	
   by	
   affinity	
  
chromatography	
   using	
   a	
   HisTrap	
   HP	
   column	
   (GE	
   Healthcare,	
  
Uppsala,	
  Sweden).	
  Eluted	
  HutZ	
  was	
  collected	
  and	
  then	
  applied	
  
to	
  a	
  gel-­‐filtration	
  column	
   (HiLoad	
  16/60	
  Superdex	
  200	
  pg,	
  GE	
  
Healthcare)	
   equilibrated	
   with	
   50	
  mM	
   Tris-­‐HCl,	
   150	
  mM	
  NaCl	
  
(pH	
  8.0).	
  

Mutagenesis	
   was	
   conducted	
   utilizing	
   a	
   PrimeSTAR	
  
mutagenesis	
   basal	
   kit	
   from	
   TaKaRa	
   Bio	
   (Otsu,	
   Japan).	
   DNA	
  
oligonucleotides	
   were	
   purchased	
   from	
   Eurofins	
   Genomics	
  
(Tokyo,	
   Japan).	
   The	
   primers	
   employed	
   for	
   the	
   A31V	
   mutant	
  

were	
  5’-­‐CAA	
  CTG	
  GTG	
  ACA	
  GTC	
  GAT	
  GCG	
  CAA	
  GGT-­‐3’	
  (forward)	
  
and	
  5’-­‐GAC	
  TGT	
  CAC	
  CAG	
  TTG	
  CAG	
  CGT	
  TTT	
  ACG-­‐3’	
   (reverse).	
  
The	
  introduced	
  mutation	
  was	
  verified	
  by	
  sequencing	
  (Eurofins	
  
Genomics).	
  	
  

Spectroscopy 

Optical	
   spectra	
   of	
   purified	
   proteins	
   were	
   recorded	
   with	
   a	
   V-­‐
660	
  UV-­‐vis	
   spectrophotometer	
  at	
  25	
   °C	
   (Jasco,	
  Tokyo,	
   Japan).	
  
pH	
  titration	
  of	
  heme-­‐reconstituted	
  HutZ	
  in	
  the	
  ferric	
  form	
  was	
  
conducted	
   by	
   obtaining	
   absorption	
   spectra	
   at	
   different	
   pH	
  
values,	
   achieved	
   by	
   adding	
   small	
   amounts	
   of	
   1	
  M	
  HCl	
   to	
   the	
  
protein	
  solution	
  in	
  50	
  mM	
  sodium	
  phosphate	
  or	
  borate	
  buffer;	
  
actual	
   pH	
  was	
  measured	
  using	
   a	
  micro	
  pH	
  electrode	
   (Horiba,	
  
Kyoto,	
   Japan).	
  pKa	
   values	
  were	
  determined	
  by	
   fitting	
  data	
   for	
  
the	
   fraction	
   of	
   the	
   alkaline	
   form	
   as	
   a	
   function	
   of	
   pH	
   to	
   the	
  
Henderson-­‐Hasselbalch	
  equation.	
  	
  

Resonance	
   Raman	
   spectra	
   were	
   obtained	
   using	
   a	
   single	
  
monochromator	
   (SPEX500M,	
   Jobin	
   Yvon,	
   NJ,	
   USA)	
   equipped	
  
with	
  a	
   liquid	
  nitrogen-­‐cooled	
  CCD	
  detector	
   (Spec-­‐10:400B/LN,	
  
Roper	
   Scientific,	
   Princeton,	
   NJ,	
   USA).	
   The	
   excitation	
  
wavelength	
   employed	
  was	
   413.1	
   nm,	
   delivered	
   by	
   a	
   krypton	
  
ion	
   laser	
   (BeamLok	
  2060,	
  Spectra	
  Physics,	
  CA,	
  USA).	
  The	
   laser	
  
power	
  at	
  the	
  sample	
  point	
  was	
  adjusted	
  to	
  0.1	
  mW	
  for	
  the	
  CO-­‐
bound	
   form	
   to	
   prevent	
   photodissociation.	
   Raman	
   shifts	
  were	
  
calibrated	
  with	
  indene,	
  CCl4,	
  acetone,	
  and	
  an	
  aqueous	
  solution	
  
of	
   ferrocyanide.	
   The	
   accuracy	
   of	
   the	
   peak	
   positions	
   of	
   well-­‐
defined	
  Raman	
  bands	
  was	
  ±1	
  cm–1.	
   Sample	
   concentration	
   for	
  
Raman	
  experiments	
  was	
  approximately	
  10	
  µM	
  in	
  50	
  mM	
  Tris-­‐
HCl	
  and	
  150	
  mM	
  NaCl	
  (pH	
  8.0).	
  

Fluorescence	
   spectra	
   were	
   recorded	
   using	
   a	
   FP-­‐8500	
  
fluorescence	
   spectrometer	
   (Jasco).	
   The	
  protein	
   samples	
  were	
  
excited	
   at	
   295	
   nm	
   to	
   avoid	
   any	
   contribution	
   from	
   tyrosine	
  
residues.	
  The	
  HutZ	
  concentration	
  in	
  samples	
  was	
  10	
  µM	
  in	
  50	
  
mM	
   Tris-­‐HCl	
   and	
   150	
   mM	
   NaCl	
   (pH	
   8.0).	
   The	
   distance	
   (r)	
  
between	
   tryptophan	
   and	
   heme	
   was	
   estimated	
   from	
   the	
  
efficiency	
   (E)	
   of	
   Förster	
   energy	
   transfer	
   from	
   tryptophan	
   to	
  
heme,	
  defined	
  as	
  

	
   E = R0
6

R0
6 + r6

	
   (1)	
  

where	
  R0	
  is	
  the	
  Förster	
  distance.	
  We	
  used	
  R0	
  of	
  29	
  A	
  for	
  heme	
  
and	
   tryptophan.48	
   The	
   energy	
   transfer	
   efficiency,	
   E,	
   was	
  
calculated	
   using	
   the	
   fluorescence	
   intensity	
   of	
   apo-­‐HutZ	
   (Fapo)	
  
and	
  heme-­‐HutZ	
  (Fheme),	
  given	
  by	
  

	
   E =
Fapo −Fheme

Fapo
	
   	
  (2)	
  

We	
  assumed	
  the	
  dipole	
  moments	
  of	
  heme	
  and	
  tryptophan	
  do	
  
not	
  changed.	
  

Heme-Degradation Activity 

The	
   heme-­‐degradation	
   reaction	
   of	
   HutZ	
   was	
   monitored	
   by	
  
spectrophotometry.	
   Briefly,	
   1.9	
   mL	
   of	
   hemin-­‐reconstituted	
  
protein	
  solution	
  (final	
  concentration,	
  10	
  µM)	
  in	
  50	
  mM	
  Tris-­‐HCl	
  
and	
   150	
  mM	
  NaCl	
   (pH	
   8.0)	
  was	
   placed	
   in	
   a	
   cuvette,	
   and	
   the	
  
reaction	
  was	
  started	
  by	
  adding	
  100	
  µl	
  of	
  2	
  mM	
  H2O2	
  or	
  20	
  mM	
  
ascorbic	
   acid	
   in	
   the	
   same	
   buffer	
   at	
   25	
   °C.	
   Spectra	
   were	
  
recorded	
   at	
   1-­‐min	
   intervals	
   for	
   10	
   min	
   for	
   H2O2	
   (final	
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concentration,	
   0.1	
   mM),	
   and	
   2-­‐min	
   intervals	
   for	
   30	
   min	
   for	
  
ascorbic	
   acid	
   (final	
   concentration,	
   1	
   mM).	
   In	
   the	
   case	
   of	
  
reactions	
  with	
  ascorbic	
  acid,	
  1	
  mg/mL	
  of	
  bovine	
   liver	
  catalase	
  
was	
   added	
   to	
   suppress	
   H2O2.	
   After	
   the	
   reaction,	
   ferrozine	
  
(Dojindo,	
   Kumamoto,	
   Japan)	
   was	
   added	
   to	
   a	
   final	
  
concentration	
   of	
   1	
   mM.	
   The	
   amount	
   of	
   released	
   iron	
   was	
  
calculated	
   by	
   measuring	
   absorbance	
   using	
   an	
   extinction	
  
coefficient	
   at	
   562	
   nm	
   (ε562)	
   of	
   29	
   mM–1cm–1.	
   Degradation	
  
activity	
   was	
   determined	
   by	
   measuring	
   the	
   ratio	
   of	
   the	
  
concentration	
  of	
  ferrozine-­‐captured	
  iron	
  to	
  that	
  of	
  the	
  applied	
  
protein.	
  

Kinetic	
  analyses	
  of	
  verdoheme	
   formation	
  were	
  performed	
  
using	
   a	
   stopped-­‐flow	
   apparatus	
   (Unisoku,	
   Osaka,	
   Japan).	
   The	
  
reaction	
   was	
   monitored	
   immediately	
   after	
   mixing	
   equal	
  
volumes	
  of	
   10	
  µM	
  HutZ	
   (50	
  mM	
  MES	
   and	
  150	
  mM	
  NaCl	
   (pH	
  
6.0),	
   or	
   50	
  mM	
  Tris-­‐HCl	
   and	
  150	
  mM	
  NaCl	
   (pH	
  8.0))	
   and	
  200	
  
µM	
   H2O2.	
   The	
   absorbance	
   decay	
   was	
   fitted	
   using	
   a	
   single-­‐
exponential	
  equation.	
  

Redox Midpoint Potential and Heme Reduction Rate 

The	
  redox	
  midpoint	
  potential	
  (Em)	
  for	
  the	
  Fe
2+/Fe3+	
  couple	
  was	
  

determined	
   by	
   potentiometric	
   titration	
   under	
   anaerobic	
  
conditions	
   at	
   25	
   °C	
   with	
   continuous	
   flow	
   of	
   humidified	
  
nitrogen	
  gas.	
  The	
  three-­‐electrode	
  configuration	
  used	
  consisted	
  
of	
   a	
   platinum	
  wire	
  mesh	
   as	
   a	
   working	
   electrode,	
   a	
   platinum	
  
wire	
  as	
  a	
  counter-­‐electrode,	
  and	
  a	
  saturated	
  Ag/AgCl	
  electrode	
  
as	
   a	
   reference	
   electrode.	
   The	
   potentials	
   of	
   these	
   electrodes	
  
were	
   controlled	
   by	
   an	
   HSV-­‐110	
   potentiostat/galvanostat	
  
(Hokuto	
   Denko,	
   Tokyo,	
   Japan).	
   Test	
   samples	
   (0.5	
   mL)	
   used	
  
contained	
  30	
  µM	
  protein	
  in	
  50	
  mM	
  Tris-­‐HCl	
  and	
  150	
  mM	
  NaCl	
  
(pH	
   8.0)	
   or	
   50	
   mM	
   MES	
   and	
   150	
   mM	
   NaCl	
   (pH	
   6.0).	
   The	
  
following	
   redox	
   mediators,	
   at	
   a	
   final	
   concentration	
   of	
   1	
   µM	
  
each,	
   were	
   used	
   to	
   facilitate	
   the	
   equilibrium	
   between	
   the	
  
electrode	
   and	
   the	
   reaction	
   mixture:	
   N,N,N',N'-­‐tetramethyl-­‐p-­‐
phenylenediamine	
   (Em	
   =	
   +260	
   mV),	
   2,6-­‐
dichlorophenolindophenol	
   (Em	
   =	
   +217	
   mV),	
   1,2-­‐
naphthoquinone	
  (Em	
  =	
  +145	
  mV),	
  phenazine	
  methosulfate	
  (Em	
  
=	
  +80	
  mV),	
  gallocyanine	
  (Em	
  =	
  +20	
  mV),	
  indigo	
  trisulfonate	
  (Em	
  
=	
   –80	
   mV),	
   2-­‐hydroxy-­‐1,	
   4-­‐naphthoquinone	
   (Em	
   =	
   –120	
   mV),	
  
anthraquinone-­‐2-­‐sulfonic	
  acid	
  sodium	
  salt	
  monohydrate	
  (Em	
  =	
  
–230	
   mV),	
   benzyl	
   viologen	
   (Em	
   =	
   –350	
   mV),	
   and	
   methyl	
  
viologen	
   (Em	
   =	
   –440	
   mV).	
   Absorption	
   spectra	
   were	
   recorded	
  
from	
   350	
   to	
   700	
   nm	
   using	
   a	
   Hitachi	
   U-­‐3310	
   UV-­‐vis	
  
spectrophotometer	
  equipped	
  with	
  a	
  Peltier-­‐type	
  temperature-­‐
control	
   system	
   (Tokyo,	
   Japan).	
   The	
   potential	
   of	
   the	
   working	
  
electrode	
  was	
  decreased	
  in	
  25	
  or	
  50	
  mV	
  steps	
  until	
  the	
  protein	
  
was	
   fully	
   reduced,	
   and	
   increased	
   stepwise	
   until	
   reoxidation	
  
was	
   complete.	
  Heme	
   reduction	
  was	
  monitored	
   by	
  measuring	
  
the	
   increase	
   in	
   Soret	
   absorption	
   bands.	
   Potential	
   values	
   are	
  
expressed	
  relative	
  to	
  the	
  normal	
  standard	
  hydrogen	
  electrode	
  
(SHE)	
   by	
   adding	
   208	
  mV	
   to	
   the	
   imposed	
   potentials.	
   Titration	
  
data	
   were	
   analyzed	
   by	
   fitting	
   to	
   the	
   Nernst	
   equation	
   for	
   a	
  
single-­‐electron	
   process.	
   Data	
  were	
   collected	
   in	
   reductive	
   and	
  
oxidative	
  directions,	
  and	
  were	
  reproducible	
  within	
  10	
  mV.	
  

The	
   reduction	
   rate	
   of	
   heme,	
   kred,	
   was	
   determined	
   by	
  
following	
   changes	
   in	
   absorbance	
   at	
   418	
  nm.31	
   A	
   5	
   µM	
   ferric	
  
heme-­‐HutZ	
  complex	
  was	
  reduced	
  by	
  addition	
  of	
  1	
  mM	
  ascorbic	
  

acid.	
   Although	
   an	
   oxygen	
   scavenging	
   system	
   composed	
   of	
  
glucose,	
   glucose	
   oxidase,	
   and	
   catalase	
   was	
   added	
   to	
   the	
  
solution	
   to	
   maintain	
   anaerobiosis,49	
   the	
   reaction	
   was	
  
conducted	
  under	
  a	
  CO	
  atmosphere	
  to	
  prevent	
  re-­‐oxidation	
  or	
  
degradation	
  of	
  heme	
  by	
  contaminating	
  O2.	
  The	
  kred	
  value	
  was	
  
obtained	
   by	
   fitting	
   the	
   time	
   course	
   of	
   the	
   changes	
   in	
  
absorbance	
  to	
  a	
  single-­‐exponential	
  expression.	
  

3.	
  Results	
  

Heme-Degradation Activity of HutZ 

In	
   our	
   previous	
   study,	
   we	
   found	
   that	
   HutZ	
   has	
   an	
   ability	
   of	
  
heme	
   degradation.25	
   In	
   the	
   reaction	
   of	
   heme-­‐HutZ	
   with	
  
hydrogen	
   peroxide	
   (H2O2),	
   absorption	
   of	
   the	
   Soret	
   band	
  
decreased	
   and	
   a	
   new	
   band	
   appeared	
   at	
   652	
   nm,	
   which	
   was	
  
assigned	
  as	
  ferric	
  verdoheme.	
  Further	
  oxidation	
  of	
  verdoheme	
  
led	
   to	
   biliverdin	
   formation	
   (m/z	
   583.3),	
   as	
   identified	
   by	
  mass	
  
spectroscopy	
   (Fig.	
   S2†).	
  We	
   conducted	
   the	
   same	
   experiment	
  
using	
  myoglobin.	
   In	
   the	
   case	
  of	
  myoglobin,	
   absorption	
  of	
   the	
  
Soret	
  band	
  decreased,	
  which	
  was	
  accompanied	
  with	
  a	
  red-­‐shift	
  
(408	
  →	
   421	
   nm)	
   (Fig.	
   S3A†).	
   However,	
   the	
   decrease	
   in	
   the	
  
Soret	
  absorption	
  was	
  not	
  due	
  to	
  the	
  formation	
  of	
  verdoheme,	
  
but	
  the	
  formation	
  of	
  the	
  ferryl	
  species	
  (compound	
  II),	
  because	
  
the	
  intensity	
  of	
  the	
  Soret	
  band	
  regained	
  and	
  the	
  maximum	
  of	
  
the	
   Soret	
   band	
   shifted	
   to	
   the	
   original	
   position	
   after	
   the	
  
addition	
  of	
  guaiacol	
  	
  (Fig.	
  S3A†).	
  

We	
   previously	
   observed	
   the	
   heme-­‐degradation	
   reaction	
  
under	
   the	
   single-­‐turnover	
   condition.25,26,31,37	
   We	
   here	
  
conducted	
   the	
   reaction	
   in	
   the	
   presence	
   of	
   2	
   equivalents	
   of	
  
heme.	
  When	
  the	
  reaction	
  was	
  initiated	
  by	
  the	
  addition	
  of	
  HutZ	
  
to	
  the	
  solution	
  containing	
  2	
  equivalent	
  of	
  heme,	
  ascorbic	
  acid	
  
and	
  catalase,	
  the	
  heme-­‐degradation	
  ratio,	
  defined	
  as	
  the	
  ratio	
  
of	
   iron	
   concentration	
   captured	
   by	
   ferrozine	
   to	
   the	
   initial	
  
protein	
  concentration,	
  was	
  ~160%	
  (Fig.	
  S3B†).	
  A	
  similar	
  result	
  
was	
   obtained	
   when	
   1	
   equivalent	
   of	
   heme-­‐bound	
   HutZ	
   was	
  
reacted	
  in	
  the	
  presence	
  of	
  additional	
  1	
  equivalent	
  of	
  heme	
  (Fig.	
  
S3C†).	
   Considering	
   that	
   the	
   heme-­‐degradation	
   ratio	
   of	
   HutZ	
  
was	
  86%	
  under	
  the	
  single-­‐turnover	
  condition,31	
  HutZ	
  was	
  likely	
  
to	
   catalytically	
   degrade	
   heme.	
   Consequently,	
   we	
   concluded	
  

Fig.	
   2	
   pH	
   dependence	
   of	
   the	
   heme-­‐degradation	
   activity	
   of	
   heme-­‐WT	
   HutZ,	
  
determined	
  by	
  the	
  amount	
  of	
  liberated	
  iron.	
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that	
  HutZ	
  definitely	
  has	
  a	
  heme-­‐degradation	
  ability.	
  
One	
  marked	
   feature	
  of	
   the	
  heme-­‐degradation	
   reaction	
  by	
  

HutZ	
   is	
   its	
   pH	
   dependence.25	
   Fig.	
   2	
   shows	
   a	
   plot	
   of	
   ascorbic	
  
acid-­‐supported	
  heme-­‐degradation	
  activity,	
  defined	
  as	
  the	
  ratio	
  
of	
   the	
   iron	
   concentration	
   captured	
   by	
   ferrozine	
   to	
   the	
   initial	
  
heme	
  concentration	
  60	
  min	
  after	
  the	
  reaction,	
  as	
  a	
  function	
  of	
  
pH.	
   This	
   finding	
   raised	
   the	
   possibility	
   of	
   a	
   pH-­‐dependent	
  
structural	
   change	
   around	
   the	
   heme-­‐binding	
   site.	
   Indeed,	
   UV-­‐
vis	
   absorption	
   spectra	
   of	
   heme-­‐HutZ	
   also	
   exhibited	
   pH	
  
dependence.25	
   Absorption	
   spectra	
   of	
   the	
   ferric	
   heme	
   reflect	
  
the	
  protonation	
  (or	
  deprotonation)	
  of	
  the	
  axially	
  ligated	
  water	
  
molecule.	
   The	
   ferric	
   heme	
   complexed	
  with	
   HutZ	
   at	
   pH	
   6.0	
   is	
  
high	
  spin	
  (Fe3+-­‐H2O),	
  whereas	
  that	
  at	
  pH	
  8.0	
   is	
   low	
  spin	
  (Fe

3+-­‐
OH–).25	
  The	
  pKa	
  value	
  of	
  the	
  transition	
  between	
  high-­‐spin	
  and	
  
low-­‐spin	
   heme	
   for	
   heme-­‐HutZ	
   is	
   less	
   than	
   7.25	
  We	
   examined	
  
here	
   the	
  pH-­‐dependent	
   conformational	
   change	
  of	
  HutZ	
  using	
  
fluorescence	
  spectroscopy.	
  HutZ	
  possesses	
  a	
  single	
  tryptophan	
  
at	
   position	
   109,	
  which	
   exists	
   in	
   a	
   different	
   subunit	
   from	
   that	
  
containing	
  a	
  heme	
  axial	
  ligand,	
  His170	
  (Fig.	
  3).	
  

The	
   fluorescence	
   of	
   Trp109	
   was	
   observed	
   at	
   around	
   330	
  
nm	
  when	
  excited	
  at	
  295	
  nm.	
  The	
   fluorescence	
   for	
   the	
  heme-­‐
bound	
   HutZ	
   was	
   much	
   smaller	
   than	
   that	
   of	
   heme-­‐unbound	
  
HutZ	
   (Fig.	
   4),	
   suggesting	
   that	
   the	
   fluorescence	
  of	
   Trp109	
  was	
  
quenched	
  by	
  heme.	
  Using	
  the	
  intensity	
  of	
  the	
  fluorescence	
  at	
  
331	
   nm	
   of	
   HutZ	
   and	
   heme-­‐HutZ,	
   we	
   calculated	
   the	
   energy	
  
transfer	
   efficiency,	
   E,	
   to	
   be	
   approximately	
   90%	
   (Equation	
   2).	
  
On	
   the	
   basis	
   of	
   this	
   value	
   of	
   E	
   and	
   the	
   Förster	
   distance	
  
between	
   heme	
   and	
   tryptophan	
   of	
   29	
   Å,50	
   we	
   calculated	
   the	
  
distance	
   between	
   heme	
   and	
   Trp109	
   at	
   pH	
   8.0	
   to	
   be	
   16.7	
   Å	
  
(Equation	
  1),	
  which	
   is	
   comparable	
   to	
   that	
  between	
   the	
  heme	
  
iron	
  and	
  Cα	
  of	
  the	
  analogous	
  residue,	
  Asp183,	
  in	
  HugZ	
  (21	
  Å),	
  
estimated	
  using	
   the	
   crystal	
   structure	
   of	
  HugZ.22	
   The	
   intensity	
  
at	
  331	
  nm	
  for	
  heme-­‐WT	
  HutZ	
  at	
  pH	
  6.0	
  was	
  larger	
  than	
  that	
  at	
  
pH	
  8.0	
  by	
  approximately	
  30%	
  (Fig.	
  4).	
  Thus,	
  the	
  decrease	
  in	
  the	
  
quenching	
   of	
   tryptophan	
   fluorescence	
   by	
   energy	
   transfer	
   to	
  
heme	
   indicated	
   that	
   the	
   distance	
   between	
  heme	
   and	
   Trp109	
  
at	
  pH	
  6.0	
  was	
  greater	
  than	
  that	
  at	
  pH	
  8.0	
  by	
  <	
  2	
  Å	
  (Fig.	
  S4†).	
  

Reduction of Heme-HutZ 

Since	
  most	
  of	
  the	
  heme	
  remained	
  in	
  its	
  ferric	
  state	
  during	
  the	
  
ascorbate-­‐dependent	
  heme	
  degradation	
  at	
  pH	
  8.0,25	
  the	
  rate-­‐
determining	
   step	
  of	
   this	
   reaction	
   is	
   likely	
   the	
   initial	
   reduction	
  
of	
  the	
  ferric	
  heme	
  (Scheme	
  1).	
  To	
  test	
  this,	
  we	
  compared	
  the	
  
heme-­‐reduction	
   rates	
   at	
   pH	
   6.0	
   and	
   8.0.	
   Fig.	
   5A	
   shows	
   time	
  
courses	
   of	
   absorption	
   changes	
   after	
   the	
   addition	
   of	
   ascorbic	
  
acid	
   to	
   ferric	
   heme-­‐HutZ	
   in	
   the	
   presence	
   of	
   CO.	
   Upon	
  
reduction,	
   the	
   Soret	
   maximum	
   at	
   412	
   nm	
   underwent	
   a	
   red	
  
shift	
   to	
   418	
   nm—the	
   same	
   position	
   as	
   the	
   Soret	
   peak	
   in	
   the	
  
CO-­‐bound	
   form.25	
   Rapid	
   CO	
   binding	
   to	
   the	
   ferrous	
   heme	
  
prevents	
   re-­‐oxidation	
   to	
   ferric	
   heme	
   or	
   undesirable	
   heme	
  
degradation.	
   The	
   time	
   course	
   of	
   absorbance	
   changes	
   at	
   418	
  
nm	
  at	
  pH	
  6.0	
  was	
  well	
   fitted	
  to	
  a	
  single-­‐exponential	
   function,	
  
yielding	
  a	
  ferric	
  heme	
  reduction	
  rate,	
  kred,	
  of	
  2.4	
  ±	
  0.1	
  h

–1	
  at	
  pH	
  
6.0.	
   Upon	
   elevating	
   the	
   pH	
   to	
   8.0,	
   the	
   reduction	
   rate	
  
decreased	
  by	
  approximately	
  3-­‐fold	
  (0.86	
  ±	
  0.08	
  h–1),	
  consistent	
  
with	
  the	
  lower	
  activity	
  at	
  the	
  higher	
  pH.	
  

	
  One	
  of	
  the	
  factors	
  that	
  contributes	
  to	
  the	
  slower	
  reduction	
  
rate	
  of	
  heme-­‐HutZ	
  at	
  pH	
  8.0	
   is	
  strong	
  electron	
  donation	
  from	
  
the	
   proximal	
   heme	
   ligand,	
   as	
   evidenced	
   by	
   the	
   fact	
   that	
   the	
  
correlation	
   plot	
   of	
   νFe-­‐CO	
   versus	
   νC-­‐O	
   for	
   heme-­‐HutZ	
   deviates	
  
from	
   the	
   line	
   for	
   proteins	
   possessing	
   neutral	
   His	
   as	
   a	
   heme	
  
ligand.25	
   To	
   confirm	
   the	
   extent	
   of	
   electron	
   donation	
   to	
   the	
  
heme	
   iron,	
  we	
  measured	
  the	
  reduction	
  potential	
  of	
   the	
   ferric	
  
heme.	
  A	
  plot	
  of	
  the	
  relative	
  ratio	
  of	
  ferrous	
  heme	
  against	
  the	
  
measured	
   potential	
   is	
   shown	
   in	
   Fig.	
   5B.	
   For	
   the	
   reductive	
  
titration,	
   a	
   linear	
   fit	
   of	
   the	
   data	
   obtained	
   at	
   426	
   nm	
   to	
   the	
  
Nernst	
   equation	
   yielded	
   the	
  midpoint	
   reduction	
   potential	
   for	
  
the	
  Fe2+/Fe3+	
  couple,	
  Em.	
  The	
  Em	
  potential	
  at	
  pH	
  8.0	
  was	
  –176	
  ±	
  
22	
   mV	
   versus	
   a	
   standard	
   hydrogen	
   electrode	
   (SHE),	
   a	
   value	
  
much	
   lower	
   than	
   that	
   reported	
   for	
   HO-­‐1	
   (–65	
   mV).51	
  
Decreasing	
  the	
  pH	
  of	
  the	
  protein	
  solution	
  to	
  6.0	
  increased	
  the	
  

Fig.	
   3	
   Location	
   of	
   Trp109	
   and	
   heme	
   on	
   the	
   HugZ	
   crystal	
   structure	
   (PBD	
   3GAS).	
  
Residues	
   are	
   numbered	
   according	
   to	
   the	
   amino	
   acid	
   sequence	
   of	
   HutZ	
   from	
  V.	
  
cholerae.	
   Green	
  and	
   cyan	
   show	
  each	
  protomer.	
   Trp109	
   is	
   present	
   in	
  a	
   different	
  
protomer	
  (green)	
  from	
  that	
  (cyan)	
  containing	
  nearby	
  Asp132.	
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Em	
   potential	
   to	
   –142	
   ±	
   27	
   mV,	
   consistent	
   with	
   easier	
   heme	
  
reduction	
  at	
  lower	
  pH.	
  	
  

Structural Characterization of the Heme-A31V Mutant 

We	
  postulated	
  that	
  the	
  pH-­‐dependent	
  changes	
  in	
  the	
  distance	
  
between	
   heme	
   and	
   Trp109	
   is	
   triggered	
   by	
   the	
   spin	
   state	
  
change	
   in	
   the	
   heme	
   distal	
   site,	
   which	
   is	
   transmitted	
   to	
   the	
  
proximal	
  site	
  and	
  causes	
  alternation	
  of	
  electron	
  donation	
  form	
  
the	
  heme	
  axial	
  ligand.	
  To	
  confirm	
  the	
  relationship	
  between	
  the	
  
conformational	
  change	
  and	
  the	
  heme-­‐degradation	
  activity,	
  we	
  
mutated	
   an	
   amino	
   acid	
   residue	
   at	
   the	
   subunit-­‐subunit	
  
interface.	
   Although	
   the	
   crystal	
   structure	
   of	
   heme-­‐HutZ	
   is	
   not	
  
available,	
   that	
  of	
  HugZ,	
   a	
  homologous	
  protein	
   from	
  H.	
  pylori,	
  
suggested	
  that	
  Ala31	
  in	
  HutZ	
  is	
  located	
  at	
  the	
  interface	
  of	
  two	
  
protomers	
   (Fig.	
   1,	
   Fig.	
   S5†).22	
   Thus,	
   we	
   introduced	
   a	
   bulky	
  
residue,	
   Val,	
   at	
   position	
   31	
   (A31V)	
   into	
   the	
   dimer	
   interface,	
  
which	
   was	
   supposed	
   to	
   affect	
   the	
   conformational	
   change	
  
connecting	
  the	
  distal	
  and	
  proximal	
  heme	
  sites.	
  

The	
  A31V	
  mutant	
  was	
  purified	
  using	
  the	
  same	
  protocol	
  as	
  
used	
   for	
   wild-­‐type	
   (WT)	
   HutZ,	
   and	
   was	
   isolated	
   as	
   an	
  

apoprotein.	
   Gel	
   filtration	
   chromatography	
   showed	
   that	
   the	
  
A31V	
  mutant,	
   like	
  WT	
  HutZ,	
  existed	
  as	
  a	
  dimer	
  (Fig.	
  S6†).	
  The	
  
absorption	
  spectrum	
  of	
  the	
  ferric	
  heme-­‐A31V	
  mutant	
  at	
  pH	
  8.0	
  
resembled	
  that	
  of	
  heme-­‐WT	
  HutZ	
  (Fig.	
  S7†),	
  indicating	
  that	
  the	
  
spin	
  state	
  of	
  heme	
  at	
  pH	
  8.0	
  was	
  not	
  altered	
  by	
  the	
  mutation.	
  

The	
  degree	
  of	
   electron	
  donation	
   from	
   the	
  heme	
  proximal	
  
ligand	
  can	
  be	
  estimated	
  from	
  a	
  correlation	
  plot	
  of	
  νFe-­‐CO	
  versus	
  
νC-­‐O	
  of	
   the	
  CO-­‐bound	
  heme.52,53	
  The	
   frequencies	
  of	
  νFe-­‐CO	
  and	
  
νC-­‐O	
   of	
   the	
   heme-­‐A31V	
   mutant	
   were	
   497	
   and	
   1959	
   cm–1,	
  
respectively	
   (Fig.	
  6A,	
  B).	
  The	
  νFe-­‐CO	
  of	
   the	
  heme-­‐A31V	
  mutant	
  
was	
   downshifted	
  by	
   8	
   cm–1	
   compared	
  with	
   that	
   of	
   heme-­‐WT	
  
HutZ,	
  whereas	
  νC-­‐O	
  was	
  upshifted	
  by	
  24	
  cm

–1.	
  Because	
  of	
  these	
  
frequency	
   shifts,	
   the	
   correlation	
   plot	
   of	
   νFe-­‐CO	
   versus	
  νC-­‐O	
   for	
  
the	
  heme-­‐A31V	
  mutant	
  fell	
  on	
  the	
  line	
  of	
  proteins	
  containing	
  a	
  
neutral	
   His	
   as	
   an	
   axial	
   ligand	
   (Fig.	
   6C),	
   suggesting	
   that	
   the	
  
mutation	
  of	
  Ala31	
  to	
  Val	
  decreased	
  the	
   imidazolate	
  character	
  
of	
   the	
   proximal	
  His.	
   Electron	
   donation	
   from	
   the	
   proximal	
  His	
  
was	
  also	
  estimated	
  from	
  the	
  heme	
  reduction	
  rate.	
  The	
  kred	
  of	
  
the	
  heme-­‐A31V	
  mutant	
  at	
  pH	
  8.0	
  was	
  2.3	
  ±	
  0.2	
  h–1	
   (Fig.	
  S8†),	
  
which	
  was	
  almost	
  the	
  same	
  as	
  that	
  of	
  heme-­‐WT	
  HutZ	
  at	
  pH	
  6.0.	
  
This	
  result	
  also	
  supports	
  the	
  conclusion	
  that	
  the	
  proximal	
  site	
  
of	
  the	
  heme-­‐A31V	
  mutant	
  at	
  pH	
  8.0	
   is	
  close	
  to	
  that	
  of	
  heme-­‐
WT	
  HutZ	
  at	
  pH	
  6.0,	
  but	
  not	
  at	
  pH	
  8.0.	
  

pH-Dependent Conformational Change of the A31V Mutant. 

To	
   examine	
   the	
   changes	
   in	
   the	
   distance	
   between	
   heme	
   and	
  
Trp109	
   in	
   the	
   A31V	
   mutant,	
   we	
   measured	
   fluorescence	
  
spectra	
   of	
   tryptophan.	
   The	
   fluorescence	
   intensity	
   at	
   331	
   nm	
  
for	
   the	
  heme-­‐A31V	
  mutant	
  was	
   considerably	
   larger	
   than	
   that	
  
for	
   heme-­‐WT	
   HutZ	
   (Figs.	
   3	
   and	
   7),	
   which	
   indicates	
   that	
   the	
  
Trp109–heme	
   distance	
   is	
   much	
   longer	
   in	
   the	
   heme-­‐A31V	
  
mutant	
   than	
   in	
   heme-­‐WT.	
   Thus,	
   the	
   heme-­‐A31V	
  mutant	
   also	
  
exhibited	
  a	
  pH-­‐dependent	
  change	
  in	
  conformation	
  (Fig.	
  7).	
  The	
  
distance	
  between	
  heme	
  and	
  Trp109	
  of	
  the	
  heme-­‐A31V	
  mutant	
  
was	
  estimated	
  to	
  be	
  24–27	
  Å,	
  which	
   is	
  much	
   larger	
   than	
  that	
  
of	
  heme-­‐WT	
  HutZ	
  (Fig.	
  S4†).	
  

Introduction	
   of	
   Leu,	
   a	
   larger	
   amino	
   acid,	
   at	
   position	
   109	
  
(A31L),	
  also	
  resulted	
  in	
  larger	
  fluorescence	
  intensity	
  at	
  331	
  nm	
  
comparable	
   to	
   that	
   of	
   the	
   heme-­‐A31V	
  mutant	
   (Fig.	
   S9A†).	
   In	
  
contrast	
   to	
   the	
   A31L	
   mutant,	
   substitution	
   of	
   Ala31	
   with	
   Gly	
  
(A31G)	
   did	
   not	
   affect	
   the	
   fluorescence	
   intensity	
   (Fig.	
   S9B†).	
  
Because	
   Trp109	
   is	
   present	
   in	
   a	
   different	
   subunit	
   from	
   that	
  
containing	
   the	
   heme	
   axial	
   ligand	
   His170,	
   substitution	
   of	
   the	
  
larger	
  side	
  chain	
  at	
  Ala31	
  would	
  cause	
  distortion	
  at	
  the	
  dimer	
  
interface,	
   elongating	
   the	
  distance	
  between	
  heme	
  and	
  Trp109	
  
(Fig.	
  S4†).	
  

The	
  absorption	
  spectrum	
  of	
  the	
  heme-­‐A31V	
  mutant	
  at	
  pH	
  
6.0	
  was	
  indistinguishable	
  from	
  that	
  at	
  pH	
  8.0	
  (Fig.	
  8),	
  indicating	
  
a	
   shift	
   in	
   the	
   pKa	
   of	
   this	
   mutant	
   for	
   the	
   transition	
   between	
  
high-­‐spin	
  and	
  low-­‐spin	
  heme.	
  To	
  obtain	
  the	
  pKa,	
  we	
  measured	
  
absorption	
  spectra	
  of	
  the	
  heme-­‐A31V	
  mutant	
  in	
  the	
  pH	
  range,	
  
6.0–8.9.	
   As	
   shown	
   in	
   Fig.	
   8,	
   absorption	
   spectra	
   of	
   the	
   heme-­‐
A31V	
   mutant	
   were	
   almost	
   independent	
   of	
   pH	
   in	
   this	
   range,	
  
indicating	
  that	
  the	
  pKa	
  was	
  less	
  than	
  6.	
  

Heme-Degradation Activity of the Heme-A31V Mutant. 
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The	
  heme-­‐degradation	
   reaction	
  of	
   the	
  heme-­‐A31V	
  mutant	
   at	
  
pH	
   8.0	
   was	
   investigated	
   using	
   ascorbic	
   acid	
   as	
   an	
   electron	
  
donor.	
   Under	
   these	
   conditions,	
   the	
   Soret	
   band	
   gradually	
  
diminished,	
   indicating	
   that	
   heme	
   was	
   degraded	
   by	
   ascorbic	
  
acid,	
  even	
  at	
  pH	
  8.0	
   (Fig.	
  9A).	
  To	
  quantify	
  the	
  amount	
  of	
   iron	
  
released	
   from	
   the	
   broken	
   heme,	
   we	
   added	
   ferrozine	
   to	
   the	
  
solution	
   30	
   min	
   after	
   initiation	
   of	
   the	
   reaction.	
   Despite	
   the	
  
decreased	
  Soret	
  band,	
  no	
  band	
  appeared	
  at	
  562	
  nm	
  (Fig.	
  9A),	
  
implying	
   that	
   iron	
   was	
   not	
   released	
   from	
   the	
   heme	
   in	
   the	
  
reaction	
  of	
  the	
  heme-­‐A31V	
  mutant	
  with	
  ascorbic	
  acid	
  at	
  pH	
  8.0.	
  
Because	
  the	
  WT	
  HutZ	
  is	
  converted	
  to	
  the	
  active	
  form	
  at	
  pH	
  6.0,	
  
we	
  performed	
  the	
  same	
  reaction	
  at	
  pH	
  6.0.	
  Again,	
  iron	
  was	
  not	
  
released	
   from	
   the	
   heme	
   in	
   the	
   reaction	
   of	
   the	
   heme-­‐A31V	
  
mutant	
  under	
  these	
  conditions	
  (Fig.	
  9B).	
   In	
  spite	
  of	
  the	
   larger	
  
heme	
   reduction	
   rate	
   (Fig.	
   5A),	
   elongated	
   heme-­‐Trp109	
  
distance	
  (Fig.	
  7,	
  Fig.	
  S4†),	
  and	
  less	
  electron	
  donation	
  from	
  the	
  
heme	
  axial	
  ligand	
  (Figs.	
  5A,	
  6C),	
  the	
  A31V	
  mutant	
  did	
  not	
  show	
  
heme-­‐degradation	
   activity	
   when	
   ascorbic	
   acid	
   was	
   used	
   as	
  
electron	
  source.	
  	
  

	
  

	
  

Fig.	
  8	
  pH	
  dependence	
  of	
  the	
  absorption	
  spectra	
  of	
  the	
  ferric	
  heme-­‐A31V	
  mutant.	
  
Spectra	
  were	
  recorded	
  at	
  pH	
  5.5,	
  5.8,	
  6.0,	
  6.4,	
  6.9,	
  7.1,	
  7.4,	
  7.6,	
  8.1,	
  8.5,	
  and	
  8.9.	
  
The	
  spectrum	
  at	
  pH	
  8.9	
  is	
  shown	
  in	
  blue.	
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Next,	
  to	
  determine	
  whether	
  the	
  mutation	
  itself	
   led	
  to	
  loss	
  
of	
   the	
   heme-­‐degradation	
   activity,	
  we	
  monitored	
   the	
   reaction	
  
of	
  the	
  heme-­‐A31V	
  mutant	
  with	
  H2O2	
  at	
  pH	
  8.0.	
  The	
  Soret	
  band	
  
diminished	
   immediately	
   after	
   the	
   addition	
   of	
   H2O2	
   with	
   a	
  
concomitant	
   increase	
   in	
   a	
   band	
   at	
   644	
   nm,	
   indicating	
   the	
  
formation	
  of	
  verdoheme,	
  as	
  was	
  the	
  case	
  for	
  heme-­‐WT	
  HutZ.	
  
Although	
   the	
   band	
   at	
   644	
   nm,	
   which	
   is	
   derived	
   from	
  
verdoheme,26	
   appeared,	
   the	
   absorbance	
   at	
   644	
   nm	
   in	
   the	
  
reaction	
   of	
   the	
   heme-­‐A31V	
   mutant	
   with	
   H2O2	
   was	
  
approximately	
   70%	
   of	
   that	
   of	
   heme-­‐WT	
   (Fig.	
   9C).25	
   These	
  
results	
  indicate	
  that	
  the	
  A31V	
  mutant	
  is	
  a	
  slightly	
  less	
  efficient	
  
heme-­‐degrading	
  enzyme	
  or	
  verdoheme	
  of	
  the	
  A31V	
  mutant	
  is	
  
somewhat	
   unstable	
   to	
   degradation.	
   However,	
   the	
   rate	
  
constant	
  for	
  the	
  increase	
  in	
  the	
  band	
  at	
  644	
  nm	
  for	
  the	
  heme-­‐
A31V	
  mutant	
  at	
  pH	
  8.0	
  was	
  3.3	
  ×	
  10–2	
  s–1	
  (Fig.	
  9C,	
  inset),	
  which	
  
was	
   somewhat	
   larger	
   than	
   that	
   of	
   the	
   heme-­‐WT	
  HutZ	
   (1.2	
   ×	
  
10–2	
  s–1)	
  (Fig.	
  S8†).	
  Therefore,	
  the	
  loss	
  of	
  ascorbic	
  acid-­‐assisted	
  
heme-­‐degradation	
  activity	
  for	
  the	
  A31V	
  mutant	
  is	
  likely	
  due	
  to	
  
that	
   the	
   mutation	
   disrupted	
   interactions	
   between	
   distal	
  
residue(s)	
   and	
   a	
   network	
   of	
   water	
  molecules	
   that	
   prevented	
  

protonation	
   of	
   the	
   oxyferrous	
   intermediate,	
   similar	
   to	
   what	
  
was	
  hypothesized	
  for	
  inhibition	
  by	
  iron	
  chelators.31	
  

The	
   heme-­‐degradation	
   reaction	
   of	
   other	
   two	
   Ala31	
  
mutants	
   (A31G	
   and	
   A31L)	
   was	
   also	
   examined.	
   When	
   the	
  
volume	
   of	
   the	
   amino	
   acid	
   at	
   position	
   31	
   was	
   reduced	
   by	
  
replacement	
   of	
   Ala31	
   with	
   Gly,	
   the	
   ascorbic	
   acid-­‐dependent	
  
heme-­‐degradation	
  activity	
  was	
  retained	
  as	
  that	
  of	
  the	
  WT	
  HutZ	
  
(Fig.	
   9D).	
   In	
   contrast,	
   when	
   Leu	
   was	
   introduced,	
   the	
   mutant	
  
lost	
  the	
  activity,	
  as	
  observed	
  for	
  the	
  A31V	
  mutant	
  (Fig.	
  9E).	
  

Discussion	
  

Role of Electron Donation from the Axial Heme Ligand to 
Heme in the Heme-Degradation Reaction by HutZ. 

As	
   reported	
   in	
   our	
   previous	
   study,	
   heme-­‐degradation	
   activity	
  
of	
  HutZ	
  depends	
  on	
  pH.25	
  The	
  pH	
  profile	
  of	
  the	
  ascorbic	
  acid-­‐
assisted	
   heme-­‐degradation	
   was	
   shown	
   in	
   Fig.	
   2.	
   The	
  
conversion	
   of	
   heme-­‐HutZ	
   to	
   a	
   species	
  with	
   higher	
   activity	
   by	
  
decreasing	
  the	
  pH	
  from	
  8.0	
  to	
  6.0	
  might	
  be	
  related	
  to	
  a	
  change	
  
in	
   the	
   electrostatic	
   character	
   of	
   the	
   proximal	
   His.	
   At	
   pH	
   6.0,	
  
the	
  heme-­‐HutZ	
   reduction	
   rate	
   increased	
  by	
  about	
  3-­‐fold	
   (Fig.	
  
5A),	
   and	
   the	
   Em	
   value	
   showed	
   a	
   positive	
   shift	
   by	
   ~30	
   mV	
  
compared	
   with	
   that	
   at	
   pH	
   8.0	
   (Fig.	
   5B).	
   These	
   changes	
  
suggested	
   a	
   distinct	
   decrease	
   in	
   electron	
   donation	
   from	
   the	
  
proximal	
  His	
  at	
  pH	
  6.0.	
  The	
  Em	
  value	
   for	
  heme	
  peroxidases	
   is	
  
negative	
   (–120	
   to	
  –320	
  mV),54	
   and	
   shows	
  a	
  dramatic	
  positive	
  
shift	
   following	
   disruption	
   of	
   the	
   proximal	
   His-­‐Asp	
   hydrogen	
  
bond:	
  –182	
  mV	
  for	
  WT	
  cytochrome	
  c	
  peroxidase	
  (CcP),	
  –78	
  mV	
  
for	
   the	
   CcP	
   D235A	
   mutant,	
   and	
   –79	
   mV	
   for	
   the	
   CcP	
   D235N	
  
mutant.32	
   In	
   fact,	
   the	
   Em	
   value	
   for	
   heme-­‐HutZ	
   (–176	
   mV)	
   is	
  
close	
   to	
   the	
   values	
   for	
   heme	
  peroxidases,54	
  whereas	
   that	
   for	
  
heme-­‐HO-­‐1	
   (–65	
   mV)51	
   is	
   close	
   to	
   that	
   of	
   the	
   CcP	
   Asp	
  
mutants.32	
   These	
   results	
   indicate	
   that	
   the	
   proximal	
   hydrogen	
  
bond	
   in	
   heme-­‐HutZ	
   at	
   pH	
   8.0	
   is	
   as	
   strong	
   as	
   that	
   in	
   heme	
  
peroxidases,32,55,56	
   whereas	
   a	
   moderate-­‐strength	
   hydrogen	
  
bond	
   is	
   involved	
   in	
   the	
   heme-­‐HO	
   complex.57,58	
   Rapid	
  
autoxidation	
  of	
   the	
  oxyferrous	
  heme	
  of	
  HutZ	
   supports	
   strong	
  
electron	
  donation	
   from	
  the	
  proximal	
   ligand;	
   the	
  half-­‐life	
   (t1/2)	
  
of	
   the	
  oxyferrous	
  heme	
  of	
  HutZ	
   at	
  pH	
  8.0	
   is	
   less	
   than	
  10	
   s,25	
  
which	
  is	
  much	
  faster	
  than	
  that	
  observed	
  for	
  rat	
  HO-­‐1	
  (t1/2	
  ≈	
  1.4	
  
h).59	
  

As	
  discussed	
  above,	
  the	
  heme-­‐degradation	
  activity	
  of	
  HutZ	
  
was	
   significantly	
   enhanced	
   at	
   pH	
   6.0	
   (Fig.	
   2)	
   with	
   a	
  
concomitant	
   increase	
   in	
   the	
   heme-­‐reduction	
   rate	
   (Fig.	
   5A).	
  
However,	
   the	
   increase	
   in	
   the	
   heme	
   reduction	
   rate	
   at	
   pH	
   6.0	
  
was	
   only	
   approximately	
   3-­‐fold	
   that	
   at	
   pH	
   8.0	
   (Fig.	
   5A).	
  
Therefore,	
  heme	
  was	
  reduced	
  by	
  ascorbic	
  acid	
  even	
  at	
  pH	
  8.0,	
  
but	
   heme	
   degradation	
   did	
   not	
   proceed	
   under	
   this	
   condition.	
  
These	
   results	
   suggest	
   that	
   the	
   process	
   of	
   heme	
   reduction	
   is	
  
not	
   a	
  major	
   kinetic	
  obstacle	
   to	
  heme	
  degradation	
  by	
  HutZ	
   at	
  
pH	
  8.0.	
  	
  

To	
   confirm	
   this,	
   we	
   constructed	
   a	
   series	
   of	
   substitution	
  
mutants	
   of	
   Ala31,	
   which	
   is	
   located	
   at	
   the	
   interface	
   of	
   the	
  
protomers	
   and	
   faces	
   Ala31	
   on	
   another	
   protomer	
   (Fig.	
   1).	
  
Mutating	
  Ala31	
  to	
  Val	
  caused	
  a	
  decrease	
  in	
  electron	
  donation	
  
from	
   the	
   proximal	
   His	
   at	
   pH	
   8.0	
   to	
   a	
   level	
   similar	
   to	
   that	
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observed	
   in	
   heme-­‐WT	
   HutZ	
   at	
   pH	
   6.0,	
   judging	
   from	
   the	
  
reduction	
   rate	
   of	
   heme	
   (Fig.	
   S8†),	
   whereas	
   the	
   heme	
   was	
  
retained	
  in	
  the	
  low-­‐spin	
  state	
  (Fig.	
  S7†).	
  Therefore,	
  this	
  mutant	
  
appeared	
   to	
   be	
   suitable	
   for	
   estimating	
   the	
   contribution	
   of	
  
proximal	
   electron	
   donation	
   to	
   heme-­‐degradation	
   activity.	
   As	
  
expected,	
  the	
  absorption,	
  and	
  resonance	
  Raman	
  spectra	
  of	
  the	
  
A31V	
   mutant	
   suggested	
   that	
   the	
   mutation	
   induced	
   no	
  
prominent	
  structural	
  changes	
   in	
   the	
  heme	
  vicinity	
   (Figs.	
  6,	
  8),	
  
because	
   the	
  mutation	
   site	
   is	
   far	
   from	
   the	
   active	
   site	
   (Fig.	
   1).	
  
However,	
   the	
   heme-­‐degrading	
   activity	
   was	
   significantly	
  
decreased	
   (Fig.	
  9).	
   This	
   result	
   supports	
   the	
   idea	
   that	
  electron	
  
donation	
  from	
  the	
  proximal	
  His	
  is	
  not	
  the	
  only	
  factor	
  involved	
  
in	
  repressing	
  the	
  heme-­‐degrading	
  reaction	
  of	
  HutZ	
  at	
  pH	
  8.0.	
  

Role of Subunit-Subunit Interactions in the Heme-
Degradation Reaction by HutZ. 

Unexpectedly,	
   the	
   pKa	
   value	
   for	
   the	
   transition	
   between	
  high-­‐
spin	
   and	
   low-­‐spin	
   heme	
   for	
   the	
   A31V	
   mutant	
   could	
   not	
   be	
  
accurately	
  determined	
  because	
  the	
  absorption	
  spectra	
  showed	
  
almost	
  no	
  pH	
  dependence	
  in	
  the	
  range	
  of	
  pH	
  6–9	
  (Fig.	
  8).	
  It	
  is	
  
well	
  known	
  that	
   the	
  pKa	
  value	
   for	
   this	
   transition	
   is	
  correlated	
  
with	
  the	
  pKa	
  value	
  of	
  the	
  distal	
  amino	
  acid	
  residue(s).60	
  The	
  pKa	
  
value	
  for	
  this	
  transition	
  in	
  myoglobin	
  is	
  8.9,61	
  whereas	
  that	
  of	
  a	
  
mutant	
  myoglobin	
   in	
  which	
  the	
  distal	
  His	
   is	
   replaced	
  with	
  Val	
  
or	
   Leu	
   is	
   greater	
   than	
   10.60	
   Thus,	
   the	
   pKa	
   value	
   reflects	
   the	
  
character	
   of	
   the	
   amino	
   acid	
   residue	
   that	
   interacts	
   with	
   the	
  
iron-­‐bound	
   water	
   molecule.	
   However,	
   Ala31	
   is	
   located	
   far	
  
from	
  heme	
  (~20	
  Å)	
  and	
  thus	
  is	
  unlikely	
  to	
  interact	
  directly	
  with	
  
the	
  heme	
  ligand	
  (Fig.	
  1).	
  

Introduction	
   of	
   Val	
   at	
   position	
   31	
   resulted	
   in	
   a	
   significant	
  
increase	
   in	
   tryptophan	
   fluorescence	
   (Fig.	
   7).	
   Because	
   this	
  
fluorescence	
   is	
   quenched	
   by	
   heme,	
   the	
   intensity	
   reflects	
   the	
  
distance	
   between	
   heme	
   and	
   tryptophan.	
   Thus,	
   the	
   increased	
  
fluorescence	
   intensity	
   of	
   the	
  heme-­‐A31V	
  mutant	
   is	
   indicative	
  
of	
  elongation	
  of	
  the	
  distance	
  between	
  heme	
  and	
  Trp109	
  (24–
27	
  Å).	
  The	
  intensity	
  of	
  the	
  fluorescence	
  spectrum	
  of	
  Trp109	
  for	
  
heme-­‐WT	
  HutZ	
  depended	
  on	
  the	
  pH	
  (Fig.	
  4),	
  as	
  observed	
  in	
  the	
  
absorption	
   spectra.	
   Because	
   Trp109	
   is	
   located	
   in	
   the	
   heme	
  
proximal	
   site	
   (Fig.	
   1),	
   the	
   transition	
   between	
   high-­‐spin	
   (Fe3+-­‐
H2O)	
   and	
   low-­‐spin	
   heme	
   (Fe3+-­‐OH–)	
   that	
   occurs	
   in	
   the	
   heme	
  
distal	
   site	
   also	
   involves	
   a	
   structural	
   change	
   in	
   the	
   heme	
  
proximal	
   site.	
   The	
   distance	
   between	
   heme	
   and	
   Trp109	
   in	
  

heme-­‐WT	
  HutZ	
  was	
  estimated	
  to	
  be	
  17–18	
  Å,	
  which	
  is	
  smaller	
  
than	
  that	
  in	
  the	
  heme-­‐A31V	
  mutant	
  (24–27	
  Å)	
  (Fig.	
  S4†).	
  These	
  
results	
  suggest	
  that	
  introduction	
  of	
  Val	
  at	
  position	
  31	
  extended	
  
the	
   distance	
   between	
   heme	
   and	
   Trp109,	
   and	
   prevented	
   the	
  
spin-­‐state	
   transition	
   from	
   low	
   spin	
   to	
   high	
   spin,	
   leading	
   to	
   a	
  
loss	
  of	
  activity.	
  

Replacement	
  of	
  Ala31	
  with	
  Val	
  caused	
  heme-­‐HutZ	
  to	
  adopt	
  
a	
   chimeric	
   state:	
   low-­‐spin	
   heme	
   with	
   a	
   weak	
   proximal	
  
hydrogen	
   bond	
   (Fig.	
   8).	
   In	
   the	
   reaction	
   of	
   the	
   heme-­‐A31V	
  
mutant	
  with	
  ascorbic	
  acid,	
  almost	
  no	
  iron	
  was	
  released	
  (Fig.	
  9A,	
  
B).	
  Therefore,	
  diminished	
  electron	
  donation	
  from	
  the	
  proximal	
  
ligand	
   of	
   the	
   heme-­‐A31V	
   mutant	
   did	
   not	
   lead	
   to	
   enhanced	
  
HutZ	
  activity.	
  Although	
  the	
  heme-­‐A31V	
  mutant	
  was	
  insensitive	
  
to	
  ascorbic	
  acid	
  (Fig.	
  9A,	
  B),	
  it	
  was	
  active	
  towards	
  H2O2	
  (Fig.	
  9C),	
  
indicating	
  that	
  the	
  mutant	
  retained	
  heme-­‐degradation	
  activity.	
  
Like	
   the	
   heme-­‐A31V	
   mutant,	
   the	
   heme-­‐A31L	
   mutant	
   also	
  
showed	
   diminished	
   heme-­‐degradation	
   activity	
   (Fig.	
   9E),	
  
whereas	
   the	
   heme-­‐A31G	
   mutant	
   showed	
   the	
   same	
   level	
   of	
  
activity	
  as	
  WT	
  HutZ	
  (Fig.	
  9D),	
  and	
  the	
  fluorescence	
  spectrum	
  of	
  
the	
  heme-­‐A31G	
  mutant	
  was	
  indistinguishable	
  from	
  that	
  of	
  WT	
  
HutZ	
   (Figs.	
   S4†,	
   S9B†).	
   These	
   results	
   indicate	
   that	
  
communication	
   between	
   protomers	
   via	
   Ala31	
   is	
   essential	
   for	
  
the	
   heme-­‐degradation	
   activity	
   of	
   HutZ. The	
   high	
   degree	
   of	
  
conservation	
   of	
   Ala31	
   supports	
   the	
   importance	
   of	
   this	
  
interaction	
  in	
  the	
  HugZ	
  family	
  (Fig.	
  S6†).	
  

Inactivation	
  of	
  heme-­‐HutZ,	
  in	
  spite	
  of	
  the	
  fact	
  the	
  heme	
  is	
  
in	
   the	
   high-­‐spin	
   state,	
   was	
   also	
   observed	
   when	
   the	
   reaction	
  
was	
   conducted	
   in	
   the	
   presence	
   of	
   iron	
   chelators,	
   such	
   as	
  
deferoxamine	
   or	
   ferrozine.31	
   Heme-­‐HutZ	
   in	
   the	
   presence	
   of	
  
ferrozine	
   was	
   inactive	
   to	
   ascorbic	
   acid,	
   even	
   at	
   pH	
   6.0,	
  
although	
  verdoheme	
  was	
  formed	
  in	
  the	
  reaction	
  with	
  H2O2.	
  In	
  
this	
   case,	
   we	
   propose	
   that	
   the	
   chelators	
   perturb	
   proton	
  
transfer	
   from	
   water	
   molecules	
   to	
   the	
   reduced	
   oxyferrous	
  
intermediate,	
  Fe3+-­‐OO–.31	
  Thus,	
  a	
  possible	
  explanation	
   for	
   the	
  
lower	
  activity	
  of	
  the	
  A31V	
  mutant	
   is	
  that	
  the	
  mutation	
  places	
  
distal	
   amino	
   acid	
   residues	
   in	
   an	
   inappropriate	
   position	
   by	
  
disrupting	
   the	
   linkage	
   between	
  protomers,	
   thereby	
   causing	
   a	
  
perturbation	
  of	
  the	
  water	
  cluster	
  that	
  renders	
  it	
  unsuitable	
  for	
  
heme	
  degradation.	
  

On	
   the	
   basis	
   of	
   our	
   findings,	
   we	
   propose	
   a	
   possible	
  
scenario	
  to	
  account	
  for	
  HutZ	
  activation	
  (Fig.	
  10).	
  According	
  to	
  
this	
  model,	
  protonation	
  of	
  the	
  low-­‐spin	
  heme	
  (Fe3+-­‐OH–)	
  to	
  the	
  

Fig.	
  10	
  Proposed	
  regulation	
  mechanism	
  of	
  heme	
  degradation	
  by	
  HutZ.	
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high-­‐spin	
  heme	
  (Fe3+-­‐H2O)	
  induces	
  reorganization	
  of	
  the	
  water	
  
cluster,	
   facilitating	
   its	
   function	
   as	
   a	
   proton	
   source.	
   These	
  
structural	
   changes	
   in	
   the	
   heme	
   distal	
   site	
   are	
   transmitted	
   to	
  
the	
   proximal	
   site	
   through	
   subunit-­‐subunit	
   interactions	
   and	
  
modulate	
  the	
  strength	
  of	
  the	
  hydrogen	
  bond	
  between	
  Asp132	
  
and	
  His170,	
   leading	
   to	
   a	
   reduction	
   in	
   electron	
  donation	
   from	
  
the	
  proximal	
  His	
  to	
  heme.	
  Because	
  of	
  these	
  changes,	
  heme	
  is	
  
susceptible	
   to	
   reduction,	
   and	
   autooxidation	
   of	
   oxyferrous	
  
heme	
   is	
   repressed,	
   leading	
   to	
   heme	
   degradation.	
   Thus,	
  
intersubunit	
   communication	
   between	
   the	
   heme	
   distal	
   and	
  
proximal	
  sites	
  through	
  subunit-­‐subunit	
  interactions	
  is	
  essential	
  
for	
  HutZ	
  to	
  degrade	
  heme.	
  

As	
   discussed	
   above,	
  we	
   propose	
   that	
   the	
   subunit-­‐subunit	
  
interactions	
   are	
   essential	
   for	
   the	
   heme-­‐degradation	
   reaction	
  
by	
   HutZ.	
   To	
   modulate	
   the	
   strength	
   of	
   the	
   interactions,	
   HutZ	
  
likely	
   requires	
   some	
   effector	
   molecule(s)	
   or	
   protein(s).	
   One	
  
possibility	
   is	
  that	
  effector	
  molecule(s)	
  enhance	
  the	
  expression	
  
of	
   Hut	
   proteins.	
   We	
   recently	
   found	
   that	
   HutX,	
   which	
   is	
  
expressed	
   as	
   part	
   of	
   the	
   hutWXZ	
   operon,	
   is	
   a	
   heme	
   transfer	
  
protein	
   for	
   HutZ.62	
   However,	
   HutX	
   does	
   not	
   enhance	
   the	
  
activity	
  of	
  HutZ.	
  Another	
  possibility	
  is	
  a	
  reductase	
  protein.	
  The	
  
degradation	
  of	
  heme	
  by	
  HutZ	
   requires	
  electrons,	
  which	
  could	
  
be	
   supplied	
   by	
   reductase.	
   The	
   interaction	
   of	
   HutZ	
   with	
  
reductase	
   could	
   cause	
   a	
   conformational	
   change	
   in	
   HutZ	
   that	
  
modulates	
  the	
  strength	
  of	
  the	
  His-­‐Asp	
  hydrogen	
  bond,	
  leading	
  
to	
   an	
   increase	
   in	
   the	
   redox	
   potential	
   of	
   the	
   heme	
   and	
   rapid	
  
heme	
   degradation.	
   Although	
  HutW	
   is	
   homologous	
   protein	
   of	
  
ChuW,	
   which	
   is	
   recently	
   proposed	
   an	
   anaerobic	
   heme-­‐
degrading	
   enzyme,21	
   it	
   is	
   also	
   a	
   possible	
   reductase	
   of	
   HutZ	
  
because	
   of	
   the	
   presence	
   of	
   the	
   putative	
   Fe-­‐S	
   cluster.	
  
Unfortunately,	
   we	
   failed	
   to	
   express	
   it	
   in	
   E.	
   coli.	
   Finding	
   such	
  
regulatory	
  molecules	
  will	
  provide	
  a	
  means	
  for	
  bacteria	
  to	
  fine-­‐
tune	
   their	
   expression	
   of	
   heme-­‐degrading	
   activity	
   in	
   order	
   to	
  
rapidly	
  adjust	
  to	
  changes	
  in	
  nutrient	
  levels.	
  

Conclusions	
  
In	
  summary,	
  decreasing	
  the	
  pH	
  from	
  8.0	
  to	
  6.0	
  converted	
  HutZ	
  
to	
  the	
  active	
  form	
  by	
  virtue	
  of	
  a	
  slight	
  structural	
  change	
  at	
  the	
  
heme	
   distal	
   site	
   accompanied	
   by	
   spin-­‐state	
   conversion	
   from	
  
low	
   spin	
   to	
   high	
   spin.	
   This	
   conformational	
   change	
   would	
  
modulate	
   the	
   imidazolate	
   character	
   of	
   the	
   proximal	
   His,	
   and	
  
thus	
   the	
   propensity	
   for	
   heme	
   reduction	
   as	
   well	
   as	
  
autooxidation	
  of	
  the	
  oxyferrous	
  heme.	
  The	
  mutation	
  of	
  Ala31,	
  
which	
  is	
   located	
  at	
  the	
  dimer	
  interface,	
  to	
  Val	
  or	
  Leu	
  resulted	
  
in	
  diminished	
  electron	
  donation	
  from	
  the	
  proximal	
  His,	
  but	
  did	
  
not	
   result	
   in	
   enhanced	
   activity.	
   These	
   results	
   indicate	
   that	
  
strong	
  electron	
  donation	
  is	
  not	
  the	
  only	
  factor	
  that	
  determines	
  
the	
  activity	
  of	
  HutZ.	
   Instead,	
   the	
  subunit-­‐subunit	
   interactions,	
  
which	
   transmit	
   structural	
   changes	
   at	
   the	
   heme	
   distal	
   site	
   to	
  
the	
   proximal	
   site,	
   appear	
   to	
   be	
   essential	
   for	
   the	
   heme-­‐
degradation	
   activity.	
   Because	
   HutZ,	
   unlike	
   human	
   HOs,	
   is	
   a	
  
dimeric	
   protein,25	
   such	
   an	
   inactive-­‐to-­‐active	
   switch	
   for	
   the	
  
heme-­‐degrading	
  reaction	
  with	
  a	
  conformational	
  change	
  at	
  the	
  
dimer	
   interface	
   is	
  a	
  prominent	
  feature	
  of	
  HutZ,	
  and	
  would	
  be	
  
important	
  for	
  intracellular	
  iron	
  homeostasis	
  in	
  V.	
  cholerae.	
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