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S1	  Model	  Systems	  

Figure	  S1	  shows	  the	  model	  systems	  used	  in	  the	  parameterization	  of	  the	  force	  field	  of	  the	  [2Fe-‐
2S]	  cluster-‐binding	  domain	  (see	  2.1).	  
 
 

 
Figure	  S1	  
NEET	  proteins’	  cluster-‐binding	  domain	  parametrization.	  Models	  I	  (A)	  and	  II	  (B)	  for	  which	  
QM	  calculations	  have	  been	  carried	  out.	  
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S2.	  Results	  
	  
S2.1	  Parameters	  of	  the	  protein	  cluster-‐binding	  domain	  
	  
Here	  we	  present	  the	  Amber-‐like	  force	  field	  parameters	  for	  the	  [2Fe-‐2S]	  cluster	  for	  NAF-‐1	  and	  
mNT,	  in	  their	  His:Nε	  protonated	  state	  and	  deprotonated	  states	  (Tables	  S1-‐3).	  	  
	  
We	  notice	  the	  following:	  (i)	  The	  bond	  force	  constant	  parameters	  are	  one	  order	  of	  magnitude	  
smaller	  than	  those	  related	  to	  the	  covalent	  bonds1a	  (Tables	  S1-‐S2).	  This	  has	  been	  also	  seen	  in	  
ref.	   2.	   (ii)	  The	  partial	   charges	   compare	  well	  with	   the	  partial	   charges	  estimated	   for	   the	  4Cys	  
coordination	  set	  of	  the	  [2Fe-‐2S]	  cluster-‐binding	  domain	  of	  Ferredoxin2	  (detailed	  in	  Table	  S3).	  	  
	  
Table	  S1	  
Bond	   parameters	   of	   the	   His-‐protonated	   cluster.	   Bond	   stretching	   (A)	   and	   bending	   (B)	  
parameters.	  S1	  and	  S2	  are	  the	  bridges	  sulfur	  of	  the	  iron	  sulfur	  clusters	  while	  SA	  (Cys72/99:Sγ),	  
SB	  (Cys74/101:Sγ),	   SC	   (Cys83/110:Sγ)	   and	  NX	   (His87/114:Nδ)	   are	   the	   coordinating	   atoms	   of	  
the	  protein	  (See	  Figure	  S1).	  	  
	  
	  
A	  

	  
B	  

	  
	   	  

Table 1: Charges of the system here reported

Bond rmin [nm] Kr [kJ/(mol nm

2
)] Bond rmin [nm] Kr [kJ/(mol nm

2
)]

FeX -S1 0.23689 20585.3 FeX -SA 0.23048 33513.8

FeX -S2 0.23443 22970.2 FeX -SB 0.23142 33388.3

FeY -S1 0.22467 36610.0 FeY -SC 0.23341 29706.4

FeY -S2 0.22552 35982.4 FeY -NX 0.21767 16777.8

Table 1: Charges of the system here reported

Angle ✓min [deg] K✓ [kJ/(mol deg

2
)] Angle ✓min [deg] K✓ [kJ/(mol deg

2
)]

SA-FeX -S1 110.9 143.595 SC-FeY -S1 116.3 240.915

SA-FeX -S2 113.9 173.259 SC-FeY -S2 119.3 238.07

SB-FeX -S1 113.5 181.084 NX -FeY -S1 112.4 200.665

SB-FeX -S2 113.8 195.811 NX -FeY -S2 119.3 238.07

SA-FeX -SB 108.6 113.303 SC-FeY -NX 100.5 124.516

S1-FeX -S2 95.8 396.811 S1-FeY -S2 102.0 336.184

FeX -S1-FeY 80.9 259.157 FeX -S2-FeY 81.3 251.835

C�-SA-FeX 103.5 262.672 C�-SB-FeX 102.8 267.818

C�-SC-FeY 104.8 332.084 C�-NX -FeY 131.9 288.863

C✏-NX -FeY 120.1 296.771
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Table	  S2	  
Bond	   parameters	   of	   the	   His-‐deprotonated	   cluster.	   Bond	   stretch	   (A)	   and	   bending	   (B)	  
parameters.	  Labels	  as	  in	  Table	  S1.	  
	  
A	  

	  
B	  

	  
	   	  

Table 1: Charges of the system here reported

Bond rmin [nm] Kr [kJ/(mol nm

2
)] Bond rmin [nm] Kr [kJ/(mol nm

2
)]

FeX -S1 0.22638 34476.2 FeX -SA 0.23574 27488.9

FeX -S2 0.22600 34894.6 FeX -SB 0.23443 29539.0

FeY -S1 0.22433 37572.3 FeY -SC 0.23560 27572.6

FeY -S2 0.22476 37656.0 FeY -NX 0.20590 30375.8

Table 1: Charges of the system here reported

Angle ✓min [deg] K✓ [kJ/(mol deg

2
)] Angle ✓min [deg] K✓ [kJ/(mol deg

2
)]

SA-FeX -S1 113.8 156.021 SC-FeY -S1 109.8 201.920

SA-FeX -S2 111.7 147.779 SC-FeY -S2 110.6 198.071

SB-FeX -S1 111.5 190.581 NX -FeY -S1 114.9 217.568

SB-FeX -S2 113.5 190.163 NX -FeY -S2 112.2 220.078

SA-FeX -SB 105.2 127.486 SC-FeY -NX 106.9 136.022

S1-FeX -S2 101.4 309.700 S1-FeY -S2 102.5 317.649

FeX -S1-FeY 78.0 253.216 FeX -S2-FeY 78.0 265.558

C�-SA-FeX 104.5 274.512 C�-SB-FeX 104.1 302.210

C�-SC-FeY 105.6 338.737 C✏-NX -FeY 123.9 245.768

C✏-NX -FeY 131.2 251.835
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Table	  S3	   	  
Partial	   charges	   of	   the	   NEET	   cluster-‐binding	   domain.	   The	   partial	   charges	   for	   the	   His-‐
protonated	  (columns	  2-‐5)	  and	  His-‐deprotonated	  (columns	  6-‐9)	  systems,	  are	  compared	  to	  the	  
partial	   charges	   calculated	   for	   ferredoxin	  4Cys	   coordination	   system2.	  The	   first	   two	   rows	  are	  
related	   to	   the	  partial	   charges	   of	   the	   atoms	  within	   the	   [2Fe-‐2S]	   cluster	   (see	   Figure	   S1).	   The	  
other	  rows	  contain	  the	  different	  atoms	  of	  the	  specified	  amino	  acids	  in	  each	  column.	  	  
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S2.2	  Molecular	  dynamics	  results	  of	  NEET	  proteins:	  Additional	  details	  
	  
RMSD	   of	   mNT	   and	   NAF-‐1	   Cα’s	   in	   their	   His	   protonated	   and	   deprotonated	   states.	   We	  
removed	  the	  last	  three	  residues	  at	  the	  C-‐terminal	  of	  each	  monomer	  to	  avoid	  the	  contribution	  
of	  large	  fluctuations	  due	  to	  these	  highly	  mobile	  domains.	  Figure	  S2	  shows	  the	  results	  obtained	  
for	  NAF-‐1	   protonated	   (red	   colored),	  NAF-‐1	   deprotonated	   (green	   colored),	  mNT	  protonated	  
(blue	   colored)	   and	   mNT	   deprotonated	   (magenta	   colored).	   Figure	   S2.A	   shows	   the	   time	  
evolution	  of	  the	  RMSD	  (running	  average)	  relative	  to	  the	  crystal	  structures3.	  Figure	  S2.B	  shows	  
the	   distributions	   of	   the	   RMSD	   relative	   to	   the	   crystal	   structure.	   Figure	   S2.C	   shows	   the	  
distributions	   of	   the	   RMSD	   relative	   to	   the	   most	   representative	   structure	   of	   each	   simulated	  
system.	  In	  all	  cases	  the	  deviations	  from	  the	  crystal	  structures	  are	  below	  1Å	  RMSD.	  Therefore,	  
the	  systems	  appear	  to	  fluctuate	  around	  a	  structure	  which	  is	  not	  too	  dissimilar	  from	  the	  X-‐ray	  
structure3.	  	  
	  
Other	  properties	  of	  mNT	  and	  NAF-‐1.	  The	  secondary	  structures	  (Figure	  S3)	  of	  NAF-‐1	  (A	  
His-‐protonated,	   B	   His-‐deprotonated)	   and	   of	   mNT	   (C	   His-‐protonated,	   D	   His-‐
deprotonated)	   are	   preserved	   during	   the	   molecular	   dynamics	   (preserved	   secondary	  
structure	   over	   the	   80%).	   Table	   S4	   shows	   the	   structural	   parameters	   obtained	   in	   the	  
simulation	   for	   the	   two	   proteins	   and	   their	   comparison	   to	   the	   measured	   values	   of	   the	  
crystallography	   solved	   corresponding	   structures3.	   Figure	   S4	   compares	   the	   calculated	   15N	  
(Figure	  S4.A),	   1H	   (Figure	  S4.B)	   chemical	   shifts	   (CS)	  of	  mNT	   in	   its	  protonated	   state	  with	   the	  
experimental	   values25.	   Our	   data	   are	   in	   agreement	   with	   experiment:	   indeed	   the	   standard	  
deviation	  of	   the	  difference	  between	  experiment	  and	  simulations	  are	  below	   the	   limits	  of	   the	  
method	  for	  each	  chemical	  species19.	  
Figure	  S5	  shows	  the	  local	  flexibility	  of	  the	  two	  proteins	  in	  the	  two	  protomeric	  states.	  We	  used	  
the	   so-‐called	  protein	   angular	  dispersion	  value	   (PAD)26.	  The	  values	   for	   the	   four	   systems	  are	  
similar	   except	   for	   the	   N	   and	   C	   terminals	   and	   L2-‐domain,	   which	   are	   much	   larger	   than	   the	  
others.	  	  
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Figure	  S2	  
RMSD	   of	   the	   simulated	   proteins	   on	   1μs	   of	   MD.	   (A),	   (B)	   RMSD	   relative	   to	   the	   X-‐ray	  
structures3	  of	   the	  Cα	  of	   the	   core	  domain	  of	   the	  proteins	   (aa	  69-‐132	   in	  NAF-‐1,	   aa	  43-‐105	   in	  
mNT).	  (B)	  Distributions	  of	  the	  RMSD	  values.	  (C)	  Distributions	  of	  the	  RMSD	  values	  relative	  to	  
the	  main	  representative	  structures	  of	  the	  simulations.	  “dep”	  and	  “prot”	  in	  the	  legend’s	  labels	  
refer	  to	  the	  deprotonated	  and	  protonated	  states	  of	  the	  histidine	  coordinating	  to	  the	  [2Fe-‐2S]	  
cluster	   respectively.	   The	   NAF-‐1	   protonated	   is	   red	   colored,	   NAF-‐1	   deprotonated	   is	   green	  
colored,	  mNT	  protonated	  is	  blue	  colored	  and	  mNT	  deprotonated	  is	  magenta	  colored.	  
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Figure	  S3	  
Secondary	  structures	  of	  the	  simulated	  systems.	  Secondary	  structure	  content	  (calculated	  as	  
in	  ref.27)	  of	  (A)	  His-‐protonated	  NAF-‐1,	  (B)	  His-‐deprotonated	  NAF-‐1,	  (C)	  His-‐protonated	  mNT	  
and	  (D)	  His-‐deprotonated	  mNT,	  plotted	  as	  a	  function	  of	  simulated	  time.	  The	  average	  contents	  
are	  reported	  in	  Table	  S5.	  
	  

NAF$1&His$protonated& NAF$1&His$deprotonated&

mNT&His$protonated& mNT&His$deprotonated&

A& B&

C& D&

Coil β-Sheet β-Bridge Bend Turn α-Helix π-Helix 310-Helix Chain Separator
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Figure	  S4	  
Comparison	  between	  experimental25	  and	  calculated	  15N	  (A),	  1H	  (B)	  NMR	  chemical	  shifts	  
of	  mNT.	  Error	  bars	  are	  assigned	  accordingly	  to	  SHIFTX2	  RMSE19.	  The	  experimental	  value	  is	  
compared	  with	  the	  estimation	  for	  monomer	  A	  (violet)	  and	  monomer	  B	  (green).	  	  
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Table	  S4	  
Structural	  parameters	  within	  the	  cluster	  binding	  domain.	  Comparison	  between	  the	  MD-‐
averaged	  distances	  of	  mNT	  and	  NAF-‐1	  proteins	  in	  both	  their	  protonation	  states	  and	  the	  values	  
measured	  in	  the	  X-‐ray	  structures	  3.	  
	  

	  
	  
	  
	  	  

	  
Figure	  S5	  	  
Flexibility	  of	  mNT	  and	  NAF-‐1	  proteins.	  PAD	  values	  17	  for	  NAF-‐1(69:135)	  and	  mNT(43:108)	  
in	  both	  protonation	  states.	  The	  residues	  are	  aligned	  accordingly	  to	  their	  structural	  overlap.	  	  
	  
	  
	  
	   	  

Table 1: Charges of the system here reported

D[Å] mNT dep mNT prot NAF-1 dep NAF-1 prot mNT Xray NAF-1 Xray

S1-Fe1 2.19±0.08 2.21±0.09 2.19±0.08 2.19±0.10 2.14 2.22
S2-Fe1 2.19±0.07 2.24±0.09 2.19±0.08 2.23±0.10 2.19 2.27
S1-Fe2 2.19±0.07 2.11±0.07 2.17±0.07 2.11±0.07 2.19 2.24
S2-Fe2 2.22±0.07 2.21±0.07 2.23±0.07 2.20±0.08 2.18 2.23
Fe1-C1:S 2.30±0.09 2.23±0.08 2.29±0.09 2.23±0.08 2.32 2.33
Fe1-C2:S 2.26±0.09 2.20±0.08 2.25±0.09 2.20±0.08 2.19 2.29
Fe2-C3:S 2.29±0.09 2.22±0.09 2.27±0.09 2.22±0.09 2.31 2.32
Fe2-H:N 2.01±0.09 2.03±0.1 1 2.00±0.08 2.02±0.10 2.16 2.18
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Table	  S5	  
Secondary	  structure	  content27.	  (A)	  Values	  for	  each	  monomer	  of	  NAF-‐1	  without	  one	  [2Fe-‐2S]	  
cluster	  in	  monomer	  B,	  apo-‐NAF-‐1,	  mNT	  without	  one	  [2Fe-‐2S]	  cluster	  in	  monomer	  A	  and	  apo-‐
mNT.	   In	   the	   third	  column	  “X”	  remarks	   in	  which	  monomer	   the	   [2Fe-‐2S]	  cluster	   is	  contained.	  
(B)	  Values	  for	  NAF-‐1	  and	  mNT	  in	  their	  His-‐Protonated	  (His-‐prot)	  and	  His-‐Deprotonated	  (His-‐
dep)	   states	   and	   their	   structures	   without	   one	   (-‐[2Fe-‐2S])	   and	   two	   [2Fe-‐2S]	   (-‐2*[2Fe-‐2S])	  
clusters.	  
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S2.3	  REST2	  calculations	  
	  
In	  the	  REST2	  simulation	  of	  the	  mNT-‐holo	  protein	  (Figure	  S6),	  the	  RMSD	  relative	  to	  the	  X-‐ray	  
structure3a	   fluctuates	   below	   0.2nm,	   similarly	   to	   what	   found	   in	   our	   plain	   MD	   simulations.	  
RMSD	  and	   secondary	   structure	   analyses	   of	  REST2	   simulations	   on	  NAF-‐1	  with	   one	   [2Fe-‐2S]	  
cluster	  in	  monomer	  A	  and	  apo-‐NAF-‐1	  are	  reported	  in	  Figure	  S7	  and	  S8	  respectively.	  The	  same	  
analyses	  for	  mNT	  with	  one	  [2Fe-‐2S]	  cluster	  on	  monomer	  B	  and	  apo-‐mNT	  are	  shown	  in	  Figure	  
S9	  and	  S10	  respectively.	  Table	  S5	  showed	  the	  secondary	  structure	  content	  of	   these	  systems	  
estimated	  on	   the	   second	  half	  of	   each	   trajectory.	  The	  data	  were	   reported	   for	  each	  monomer	  
(Table	  S5.A)	  and	  the	  entire	  protein,	  and	  then	  compared	  with	  the	  results	  obtained	  on	  the	  holo-‐
states	  (Table	  S5.B).	  Figure	  S7-‐S10	  show	  for	  each	  system	  the	  time	  evolution	  of	  the	  RMSD	  with	  
respect	   to	   the	   corresponding	   crystal	   structure	   (panel	   A);	   the	   distribution	   of	   the	   RMSD	  
estimated	  on	  the	  second	  half	  of	  each	  trajectory	  (panel	  B);	  the	  time	  evolution	  of	  the	  secondary	  
structure	   (panel	   C);	   the	   three	   main	   representative	   structures	   of	   each	   trajectory	   are	  
superimposed	  on	  the	  crystal	  structure,	  transparent	  color	  in	  (panel	  D).	  The	  RMSD	  distribution	  
of	  mNT	  with	  one	  [2Fe-‐2S]	  cluster	  on	  monomer	  B	  (Figure	  S9.B)	  showed	  smaller	   fluctuations	  
from	  its	  crystal	  structure	  with	  respect	  NAF-‐1	  with	  one	  [2Fe-‐2S]	  cluster	  on	  monomer	  A	  (Figure	  
S7.B).	  The	  reduced	  deviation	  with	  respect	   to	   the	  holo-‐state	  of	  mNT	  was	  also	  observed	   from	  
the	  secondary	  structure	  assignment	  (Figure	  S9.C).	  Indeed,	  while	  there	  is	  a	  residual	  content	  of	  
the	  α-‐helix	  on	  monomer	  A,	  the	  α-‐helix	  of	  monomer	  B	  is	  well	  preserved.	  The	  other	  secondary	  
structure	  contents	  were	  more	  preserved	  with	  respect	   the	  holo-‐state	  (crystal	  structure)	  (see	  
Table	   S5).	   Apo-‐mNT	   (Figure	   S10)	   showed	   structures	   that	   were	   closer	   by	   mean	   of	   RMSD	  
(Figure	   S10A,B)	   and	   secondary	   structure	   (Figure	   S10.C	   and	   Table	   S5)	   to	   its	   folded	   crystal	  
structure	  than	  Apo-‐NAF-‐1	  to	  its	  crystal	  structure.	  The	  simulations	  here	  shown	  were	  not	  fully	  
converged	  due	  to	  the	  presence	  of	  large	  disordered	  domains.	  Nevertheless	  we	  observed	  that	  in	  
both	   proteins	   without	   one	   cluster	   the	   folding	   β-‐cap	   is	   highly	   preserved.	   The	   remarkable	  
difference	   in	   the	   secondary	   structure	   content	   of	   the	   two	   proteins	   in	   their	   apo-‐states	   (table	  
S5),	  clearly	  shows	  that	  mNT	  folding	  is	  more	  stable	  than	  NAF-‐1.	  
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Figure	  S6	  	  
Test	  of	  REST2	  simulation	  protocol	  on	  holo-‐mNT.	  (A)	  RMSD	  of	  Cα’s	  of	  the	  mNT	  (residues	  
43-‐105),	   relatively	   to	   the	   X-‐ray	   structure3a,	   plotted	   as	   a	   function	   of	   simulated	   time.	   (B)	  
Distribution	  of	  the	  RMSD	  shown	  in	  (A).	  	  
	  
	  
	  
	  

	  
Figure	  S7	  
NAF-‐1	  with	  [2Fe-‐2S]	  cluster	  on	  monomer	  A.	  (A)	  RMSD	  relative	  to	  the	  X-‐ray	  structure	  (PDB	  
code	   4OO7)3b	   of	   the	   Cα’s	   in	   the	   core	   domain	   (residues	   69-‐132),	   plotted	   as	   a	   function	   of	  
simulated	  time	  during	  our	  MD	  simulation.	  (B)	  Distribution	  of	  the	  RMSD	  in	  the	  final	  part	  of	  the	  
REST	   simulation.	   (C)	   Time	   evolution	   of	   the	   secondary	   structure27.	   Here,	   the	   secondary	  
structure	   assignment	   of	   “Bend”	   secondary	   structures27	   has	   been	   considered	   together	   with	  
“Coil”.	  	  
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Figure	  S8	  
NAF-‐1	   without	   [2Fe-‐2S]	   clusters.	   The	   descriptions	   of	   (A),	   (B)	   and	   (C)	   are	   analogous	   to	  
Figure	  S7	  for	  this	  studied	  case.	  
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Figure	  S9	  
mNT	  with	  [2Fe-‐2S]	  cluster	  on	  monomer	  B.	  The	  plot	  reported	  in	  (A,B,D)	  were	  based	  only	  on	  
the	  core	  domain	  (residues	  43-‐105).	  For	  the	  description	  of	  (A),	  (B)	  and	  (C)	  see	  Figure	  S7.	   	  In	  
this	  case	  the	  reference	  X-‐ray	  structure	  (PDB	  code	  2QH7)	  is	  in	  ref.3a.	  (D)	  Superposition	  of	  the	  
main	  representatives	  of	   the	  REST2	  simulation	  with	   the	  corresponding	  X-‐ray	  structures.	  The 
color code, assigned based on the PAD analysis17, ranges from blue (for the more rigid residues) to 
red (for the more flexible one).	  	  
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Figure	  S10	  
mNT	  without	   [2Fe-‐2S]	   clusters.	  The	  descriptions	  of	   (A),	   (B),	   (C)	  and	  (D)	  are	  analogous	   to	  
Figure	  9	  for	  this	  studied	  case.	  
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S2.5	   Additional	   details	   on	   the	   cluster	   in	   NAF-‐1	   and	   mNT	   in	   His-‐
protonated/deprotonated	  states	  
	  
Structural	  features.	  The	  bridging	  sulfur	  atoms	  (S1,	  S2)	  are	  not	  solvent	  exposed:	  A	  calculation	  
of	   the	   radial	   distribution	   function	   of	   these	   atoms	  with	   the	   solvent	   shows	   that	   the	   shortest	  
sulfur-‐water	  oxygen	  distance	   is	  6.0Å	  (Fig.	  12).	   Instead,	   the	  bridging	  atoms	  S1	   interacts	  with	  
Arg73:H	  and	  Cys74:H	   in	  mNT,	  Arg100:H	  and	  Cys101:H	   in	  NAF-‐1.	  S2	   interacts	  with	  Asp84:H,	  
Gly85:H,	  Ala87:H	  and	  His87:H	   in	  mNT,	   and	  Asp111:H,	  Gly112:H,	   Ser113:H	  and	  His114:H	   in	  
NAF-‐1	   independently	   on	   the	   His-‐protonation	   state.	   Regarding	   to	   the	   coordinating	   to	   the	  
cluster,	   Cys83(110):Sγ	   formed	   a	   H-‐bond	   with	   water	   (Figure	   S11.B	   reported	   as	   cumulative	  
distribution	  of	   the	  bond	  distance);	  His87(114):Nε	   formed	  H-‐bond	  with	  one	  water	  oxygen	   in	  
the	  protonated	  state	  (Figure	  S11.A	  reported	  as	  cumulative	  distribution	  of	  the	  bond	  distance),	  
while	   in	   the	  deprotonated	   state	   it	   could	   form	  H-‐bond	  either	  with	  water	  or	  with	   the	  nearby	  
Lys55(81):Nζ	   (see	  Figure	  S11.A).	   In	  particular	   the	  occurrence	  of	  H-‐bond	   formation	  with	   the	  
nearby	  Lys	  is	  different	  for	  the	  two	  proteins	  (Figure	  S11.C).	  
	  
Electronic	  structure.	  The	  NBO	  analysis	  performed	  on	  NAF-‐1	  (Table	  S6)	  and	  mNT	  (Table	  S7)	  
provided	  similar	  results.	  In	  particular,	  in	  both	  cases	  the	  major	  effect	  on	  the	  polarization	  of	  the	  
Fe-‐N	  bond	  is	  due	  to	  the	  protonation	  state	  of	  the	  coordinating	  HIS:Nε.	  
	  
Next,	   we	   investigated	   the	   influence	   of	   interacting	   groups	   and	   of	   the	   electric	   field	   on	   the	  
polarity	  of	  the	  Nδ-‐Fe	  bond	  calculated	  using	  the	  Boys	  orbitals	  centroids	  (BOCs)	  (Table	  1).	  The	  
presence	   of	   the	   positively	   charged	   Lys	   in	   the	   deprotonated	   form	  makes	   the	   polarity	   of	   the	  
bond	  not	  too	  dissimilar	  from	  that	  in	  the	  protonated	  form.	  Instead,	  the	  bond	  is	  less	  polar	  when	  
the	   water	   molecule	   H-‐bonds	   to	   the	   histidine	   in	   the	   deprotonated	   form.	   However,	   this	   is	   a	  
rather	  rare	  event,	  as	  most	  of	  the	  time	  the	  cluster	  histidine	  H-‐bond	  to	  the	  lysine	  (Figure	  S11.C).	  
A	   significant	   decrease	   in	   bond-‐polarity	   upon	  His	   deprotonation	   however	   re-‐emerges	   if	   one	  
includes	  the	  electrostatic	  field	  of	  protein	  and	  that	  solvent	  (Figure	  3.D)	  In	  fact,	  the	  difference	  
between	  the	  distances	  of	  the	  BOC	  form	  His114:Nδ	  in	  the	  His-‐deprotonated	  and	  His-‐protonated	  
states	  without	  considering	   the	  external	  electric	   field	  was	  0.019	  and	  0.026Å,	   for	   the	  α	  and	  β	  
spins	   respectively,	   while	   following	   the	   addition	   of	   the	   electrostatic	   filed,	   the	   values	   were	  
0.041	  and	  0.032Å	  for	  the	  α	  and	  β	  spins	  respectively.	   In	  these	  conditions,	   the	  polarization	  of	  
the	  His-‐deprotonated	   state	   does	   not	   vary	   depending	   the	  H-‐bonding	   partner	   (0.542±0.017Å	  
for	  His114:Nε-‐Lys:Nζ	  H-‐bond,	  0.543±0.014Å	  for	  His114:Nε-‐Wat:O	  H-‐bond).	  In	  conclusion,	  the	  
protonation	  state	  of	  the	  His:Nε	  is	  the	  key	  factor	  that	  affects	  the	  bond	  polarization.	  	  
 
Table S8 reports the results obtained using the BOCs analysis on mNT. The results are similar to 
those obtained for NAF-1 (table D in Figure 3). Therefore, in this Section we do not add any further 
details to this analysis. 
 
In absence of the protein electrostatic field, the bond order and the polarization of the Nδ-Fe bond, 
as emerging from the NBO analysis, are similar for the two systems (see Table S9). The addition of 
the protein electrostatic field (Tables S6 for NAF-1, S7 for mNT) causes a decrease in polarity 
(along with an increase of bond order) of the Nδ-Fe bond. 
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Figure	  S11	  	  
Hydration	   of	   the	   [2Fe-‐2S]	   cluster.	  His:Nε-‐H2O:O	  distance	   cumulative	  distribution	   function	  
(A).	  Cys:Cγ-‐H2O:O	  distance	  cumulative	  distribution	  function	  (B).	  Distribution	  of	  the	  distances	  
between	   of	   NAF-‐1	   His114:Nε	   and	   the	   Lys81:Nζ	   (green),	   and	   between	   mNT	   His87:Nε	   and	  
Lys55:Nζ	  (magenta)	  (C).	  Hence,	  an	  H-‐bond	  between	  water	  and	  Cys110(83):Sγ	  in	  NAF-‐1	  (mNT)	  
is	   	   present	   in	   the	   systems	   simulated	   here.	   However,	   this	   does	   not	   affect	   the	   electronic	  
properties	  calculated	  here	  (Table	  3.D	  and	  S8).	  	  The	  two	  proteins	  here	  considered	  are	  in	  their	  
His-‐	  Nε	  deprotonated	  states.	  
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Figure	  S12	  
Hydration	   of	   the	   sulphur	   atoms	   of	   the	   [2Fe-‐2S]	   cluster.	   The	   number	   of	   the	   water	  
molecules	   as	   function	  of	   the	  distance	   is	   here	   reported	   for	   S1	   (A)	   and	  S2	   (B)	   of	   the	   [2Fe-‐2S]	  
cluster.	  
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Table	  S6	  
[2Fe-‐2S]	  cluster-‐binding	  domain	  bond	  properties	  upon	  HIS:Nε	  protonation	  in	  the	  NAF-‐1	  
protein.	  NBO	  analysis22	  performed	  on	  the	  cluster-‐binding	  domain	  of	  NAF-‐1	  (see	  methods)	  for	  
the	  His-‐protonated	  (A)	  and	  His-‐deprotonated	  (B)	  states.	  Each	  row	  is	  related	  to	  a	  specific	  bond	  
orbital	  estimated	  by	  the	  method.	  The	  first	  two	  columns	  are	  related	  to	  the	  protein	  and	  cofactor	  
atoms	  involved	  in	  the	  specific	  bond.	  The	  third	  column	  is	  the	  spin	  and	  bond	  orbital	  order	  of	  the	  
row.	  The	   fourth	   column	   is	  mean	  values	   and	   standard	  deviations	  of	   the	  polarization	   (by	   the	  
mean	  of	  NBO	  theory)	  of	  the	  specific	  molecular	  orbital,	  and	  the	  fifth	  column	  is	  the	  occurrence	  
ratio	  (see	  main	  text).	  	  

 
	  
	   	  

Table 1: NBO analysis of the 2Fe-2S cluster and the coordination system in
HIS-protonated NAF-1.

Protein Cofactor Spin-BO � Occurrence

Protonated state
C99 S� Fe1 ↵1 87.28± 1.12 0.99

�1 75.54± 2.24 1
�2 88.94± 1.60 0.94

C101 S� Fe1 ↵1 87.1± 1.20 0.986
�1 75.50± 1.48 1
�2 88.44± 1.92 0.97

C110 S� Fe2 ↵1 75.36± 1.57 1
�1 86.29± 0.76 1
↵2 89.60± 1.94 0.93

H114 N� Fe2 ↵1 87.24± 1.16 0.98

Derotonated state
C99 S� Fe1 ↵1 90.23± 1.54 0.87

�1 81.11± 1.63 1
�2 94.22± 1.35 0.59

C101 S� Fe1 ↵1 89.7± 1.40 0.81
�1 82.91± 1.54 1
�2 90.98± 1.84 0.46

C110 S� Fe2 ↵1 75.88± 1.81 1
�1 88.25± 1.22 0.98
↵2 89.65± 1.71 0.32

H114 N� Fe2 ↵1 82.47± 1.23 1
�1 91.06± 1.24 0.21

A 

B 
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Table	  S7	  
[2Fe-‐2S]	  cluster-‐binding	  domain	  bond	  properties	  upon	  HIS:Nε	  protonation	  in	  the	  mNT	  
protein.	  See	  Table	  6	  for	  the	  description	  of	  the	  numerical	  parameters	  reported	  in	  these	  tables.	  

  
 
	  
	  
	  
	  
	   	  

Table 1: NBO analysis of the 2Fe-2S cluster and the coordination system in HIS-
protonated NAF-1. Comparison between protonate and deprotonated mNT in
the presence of the environmental charges.

Protein Cofactor Spin-BO � Occurrence

Protonated state
C72 S� Fe1 ↵1 87.57± 1.19 0.98

�1 75.70± 1.61 1
�2 88.99± 1.52 0.87

C74 S� Fe1 ↵1 87.23± 1.03 0.99
�1 75.72± 1.19 1
�2 88.28± 1.77 0.97

C83 S� Fe2 ↵1 74.88± 1.43 1
�1 86.27± 0.77 1
↵2 89.15± 1.77 0.95

H87 N� Fe2 ↵1 87.35± 1.18 0.99

Deprotonated state
C72 S� Fe1 ↵1 89.10± 1.64 0.94

�1 76.03± 1.53 1.00
�2 90.48± 1.35 0.64

C74 S� Fe1 ↵1 87.94± 1.43 0.87
�1 76.13± 1.32 1.00
�2 88.32± 2.15 0.99

C83 S� Fe2 ↵1 74.42± 1.52 1.00
�1 87.81± 0.81 0.99
↵1 91.23± 1.64 0.85

H87 N� Fe2 ↵1 84.77± 0.98 1.00
�1 91.72± 0.27 0.15

A 

B 
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Table	  S8	  
Fe-‐Nδ	  Boys	  orbital	  polarization	  in	  mNT.	  The	  polarization	  is	  here	  measured	  as	  the	  distance	  
between	   Boys	   orbitals	   centroids	   (BOCs)	   and	   Nδ.	   The	   BOCs	   distances	   from	   Nδ	   (Val)	   in	   the	  
presence	  (yes)	  and	  in	  the	  absence	  (no)	  of	  coordinating	  histidine	  Nε	  proton	  (His:Nε-‐Η),	  nearest	  
water	  molecules	  to	  the	  coordinating	  sites	  (Wat),	  Lys55	  (Lys)	  and	  protein	  environment	  (Env).	  
The	  distances	  are	  reported	  for	  both	  α	  and	  β	  electron	  populations	  (Pop).	  The	  H-‐bond	  column	  
(where	  specified)	  indicates	  the	  H-‐bonding	  partner	  (Lys55	  or	  water)	  of	  the	  Nε.	  

	  
	   	  

Table 1

His:N✏-H Wat Lys Env Pop H-bond Val [Ang]

no no no no ↵ 0.533± 0.016
� 0.447± 0.014

yes no no no ↵ 0.473± 0.011
� 0.404± 0.008

no yes no no ↵ 0.529± 0.016
� 0.443± 0.011

yes yes no no ↵ 0.481± 0.010
� 0.409± 0.008

no yes yes no ↵ 0.504± 0.014
Lys 0.501± 0.012
Wat 0.511± 0.014

� 0.430± 0.012
Lys 0.430± 0.010
Wat 0.433± 0.012

no yes yes yes ↵ 0.547± 0.019
� 0.453± 0.013

yes yes no yes ↵ 0.502± 0.010
� 0.421± 0.009
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Table	  S9	  
[2Fe-‐2S]	  cluster-‐binding	  domain	  bond	  properties	  upon	  His:Nε	  protonation	  in	  mNT	  and	  
NAF-‐1	   proteins	   without	   the	   protein	   environment.	   NBO	   analysis22	   (see	   methods)	  
performed	   on	   the	   cluster-‐binding	   domain	   of	   NAF-‐1	   for	   the	   His-‐protonated	   (A)	   and	   His-‐
deprotonated	   (B)	   states	   and	   of	   mNT	   for	   the	   His-‐protonated	   (C)	   and	   His-‐deprotonated	   (D)	  
states.	  Each	  row	  is	  related	  to	  a	  specific	  bond	  orbital	  estimated	  by	  the	  method.	  The	  first	   two	  
columns	  are	  related	  to	  the	  protein	  and	  cofactor	  atoms	  involved	  in	  the	  specific	  bond.	  The	  third	  
column	   is	   the	   spin	   and	   bond	   orbital	   order	   of	   the	   row.	   The	   fourth	   column	   provides	   mean	  
values	  and	  standard	  deviations	  of	  the	  polarization	  (by	  the	  mean	  of	  NBO	  theory)	  of	  the	  specific	  
molecular	  orbital,	  and	  the	  fifth	  column	  is	  the	  occurrence	  ratio	  (see	  SI	  text).	  
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