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Abstract: X-ray absorption spectroscopy was used to examine the ligation of the heme of 

Azotobacter vinelandii bacterioferritin scrupulously c leaned of non-heme iron. W e  find that the 

iron of the protoporphyrin IX of the protein has two axial sulfur l igands at 2.35& with four 

nitrogen l igands at 1.97A. This result confirms the previous suggestion of Cheesman et al. (Na- 

ture 1990, 346, 771-773, Biochem. J. 1992,286, 361-367), on the basis of less direct spectro- 

scopic techniques, that the heme of bacterioferritin is ligated by a  pair of methionme ligands. 

To date, this mode of coordination is unknown in any other heme protein. 
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- ~  In tro d u c tio n  

T h e  ferr i t ins a re  a  c lass o f i ron-s torage prote ins,  fo u n d  in  b o th  eukaryot ic  a n d  p ro-  

karyot ic  o rgan isms,  th a t safe ly  s tore i ron  u n til it is n e e d e d  fo r  ce l lu lar  m e tabo l i sm (1). T h e y  a re  

la rge  prote ins,  wi th 2 4  subun i ts  e a c h  o f M r a p p r o x i m a te ly  1 8 ,0 0 0  d e fin i n g  a  rhomb ic  d o d e c a h e -  

d ra l  she l l  th a t c a n  enc lose  u p  to  4 0 0 0  i ron  a to m s  in  a n  ox ide /hydrox ide /phospha te  core.  T h e  

b a c ter ioferr i t ins a re  d is t ingu ished by  possess ing  a  p ro toporphyr in  IX  h e m e  o f remarkab ly  l ow  

ox ida t ion- reduc t ion  m idpo in t  p o te n tial,  th e  va lue  o f wh ich  d e p e n d s  u p o n  th e  p r e s e n c e  a n d  s ize 

o f th e  i ron  co re  (2-4).  C h e e s m a n  e t al.  h a v e  c o m p a r e d  b a c ter ioferr i t in n e a r  inf ra red  m a g n e tic 

c i rcular  d ich ro ism (MCD)  a n d  e lec t ron p a r a m a g n e tic r e s o n a n c e  ( E P R )  spect ra  wi th m o d e l  c o m -  

p o u n d s , (5,6)  a n d  h a v e  s u g g e s te d  th a t th e  b a c ter ioferr i t in h e m e  h a s  b is -meth ion ine  l igat ion.  A s  

s u d h  l igat ion is- u n p r e c e d e n te d , a n d  as  E P R  g-va lues  o f ferr ic  h e m e s  a re  sensi t ive to  m a n y  fac-  

tors,.m c $ .rding,  fo r  e x a m p l e , r ing  or ienta t ion o f a n y  h is t idme l igands,  w e  h a v e  invest igated th e  
$  

l i gands  o f th e  h e m e  i ron  o f b a c ter ioferr i t in m o r e  direct ly.  Us ing  E x te n d e d  X -ray A b s o r p tio n  

F ine  S tructure ( E X A F S ) , w e  fin d  th a t th e  h e m e  d o e s  i n d e e d  possess  two sul fur  l igands,  a t a  d is-  

’ ta n c e  o f 2 .3 5 A  f rom th e  i ron.  T a k e n  to g e ther ,  th e  E X A F S , E P R  a n d  M C D  resul ts  p rov ide  c o m -  

pe l l ing  e v i d e n c e  fo r  a  b is -meth ion ine  coord ina ted  h e m e . 

E xper imen ta l  S e c tio n  

B a c ter ioferr i t in w a s  p r e p a r e d  f rom A z o to b a c te r  v ine land i i  as  prev ious ly  desc r ibed  

(3,7).  T h e  i ron  co re  w a s  r e m o v e d  by  th iog lycol l ic  ac id  d ia lys is  fo l l owed  by  a n a e r o b i c  t reatment  

wi th 1 m M  bipyr idy l  a n d  r e d u c e d  m e thy l  v io logen  fo r  3 0  m in., a n d  ge l  f i l trat ion (4,8).  P ro ton  

i n d u c e d  X -ray emiss ion ,  induct ive ly  c o u p l e d  p l a s m a  emiss ion  spect romet ry  a n d  o p tical spec-  

t roscopy ind ica ted  1 2 .7  i ron  a to m s , a n d  1 2 .3  h e m e s , respect ively,  pe r  2 4  subuni ts .  M icrocou-  

l o m e try s h o w e d  th a t 1 3 .1  e lec t rons w e r e  requ i red  to  fu l ly  r e d u c e  th e  h e m e s . T h e s e  resul ts  a re  
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consistent with the presence of iron only in the hemes. Samples were prepared in 25mM N-tris- 

[Hydroxymethyllmethyl-2aminoethanesulfonate, pH 7.5, with 20% glycerol, and frozen in lu- 

cite cuvettes with thin mylar windows. X-ray absorption spectroscopy was done at the Stanford 

Synchrotron Radiation Laboratory on beam-line SB07-3 using a Si(220) double crystal 

monochromator, with an upstream  vertical aperture of lmm. Six thirty m inute scans were accu- 

mulated while the samples were maintained at a temperature close to 5K in an Oxford Instru- 

ments CF1204 flowing liquid helium  cryostat. X -ray absorption spectra were measured as fluo- 

rescence excitation spectra using a Canberra 13-element detector (9), and the absorption of an 

iron foil standard was measured simultaneously by transm ittance. The EXAFS oscillations were 

quantitatively analyzed as previously described (lo), using theoretical curve-wave phase and 

amplitude functions calculated from  the program  feff of Rehr and colleagues (11). The X-ray 

energy was calibrated with respect to the first inflection of the iron metal foil, which was as- 
. .-, -_ - 

$sumed to be 7111.3 eV. 

Results and Discussion 

Figure 1 shows the iron K-edge absorption spectrum  of A. vinelandii 

bacterioferritin. The spectra of horse-heart myoglobin azide, and horse heart cytochrome c are 

also shown for comparison. As discussed above, it has been suggested that bacteriofen-itin con- 

tains iron coordinated by four pyrole nitrogens and two methionine sulfurs. Cytochrome c is 

Aown to contain iron coordinated to five nitrogens and a single methionine sulfur, while 

_ myoglobin azide contains iron coordinated by six nitrogens. The small feature at about 7 112eV 

is the formally dipole forbidden ls+3d transition, which gains small intensity from  being 

quadrupole allowed, or from  gaining dipole allowed character by m ixing with p-orbitals in non 

centrosymmetric environments. The intensity of the ls+3d peak can be used as an indicator of 

the coordination state (12); being most intense for five coordinate hemes, and least intense for 
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six (an increase in intensity corresponding to a decrease in molecular symmetry and increased 

p-orbital mixing). The weak presence of the ls+3d feature in Figure 1 confirms that all three 

proteins contain six coordinate low-spin ferric iron. There are, however, clear differences be- 

tween the different absorption edges. In particular, there is a subtle shift of the edge to lower 

energy with increasing sulfur coordination, which is to be expected from the greater covalency 

of the Fe-S bond, compared to the Fe-N bond. 

Figure 2 shows the Fourier transform of the EXAFS oscillations of the heme of bac- 

terioferritin collected to k=14.2A-l. There are two pronounced features in the first shell, due to 

Fe-N (or 0) and Fe-S (or Cl) . The former, at a distance of 1.97& is undoubtedly dominated by 

contributions from the pyrole nitrogens, while the latter, at 2.35& probably originates from ax- 

ial ligands to the iron. The pronounced features at about 3 and 4A originate from the outer shell 

carbons of the pyrole rings ( 13). 
. ._, -_ - 

&- . ” Figures 1 and 2 are certainly consistent with the bis-methionine ligation proposed 

by Cheesman et al. (5,6), but in order to more accurately address the number of sulfur ligands 

to the iron, we have Fourier filtered the EXAFS oscillations with a 0.3A width half-Gaussian ) 

window function from R=1.3-2.8A to exclude all but the first shell interactions. We then per- 

_ formed best integer fits (see Table 1) on the filtered data, with the results illustrated in Figure 3, 

and tabulated in Table 1. The best fit to the data is 4 Fe-N interactions (from the tetrapyrole) 

and 2 Fe-S interactions from the axial ligands. The Fe-N distance is consistent with low-spin 

i;e3+ 9 with the iron atom being close to the plane of the heme. The Fe-S distance is appropriate 

_ for bis-methionine ligation. Although there are no other reports of biological systems with bis- 

methionine heme coordination, there are well characterized low molecular weight model com- 

pounds. Mashico et al. (14) have synthesized bis(tetrahydrothiophene)(meso- 

tetraphenylporphinato)iron(II) and bis(pentamethylene sulfide)(meso-tetraphenylporphinato) 

iron(III). Both possess iron with thioether coordination similar to that proposed for the heme of 

5 



-- bacterioferritin. The similarity of the model compound Fe-S and Fe-N bond-lengths to those of 

A. vinelandii bacterioferritin is quite striking; for the iron(IlI) compound the average model Fe- 

S distance is 2.34A compared to 2.35A for the protein, and the model Fe-N distance is 1.98& 

compared to 1.97A in the protein. In contrast to bis-thioether hemes, there are few examples of 

low-spin heme model compounds possessing bis-thiolate coordination. A bis-benzenethiolato 

low-spin spin ferric heme has been reported (15), possessing Fe-S bond-lengths of 2.27A and 

2.43A. Our EXAFS results indicate that this type of ligation is not present in A. vinelandii 

bacterioferritin, as Fe-S bonds lengths differing by more than O.l2A, should be resolved in the 

EXAFS analysis. In agreement with this, attempts to fit the data starting with two different Fe-S 

bond lengths converged to a fit with a single value of 2.35A. Taken together, the EXAFS pre- 

sented-here, and the EPR.and MCD results (5,6) provide very strong evidence that the heme 

iron in A. vinelandii bacterioferritin possesses bis-methionine ligation. 
. .-, -_ - ? : P Cheesman et al. (5) have discussed how only four amino acids have side chains 

with sufficient ligand field strengths to maintain hemes in the low-spin state; histidine, lysine, 

methionine and cysteine. To date, only a few of the potential combinations have been found. 

Bis-histidine [e.g. mammalian cytochrome bg (16)], histidine-methionine [e.g. cytochrome c 

(17)] and histidine-lysine [e.g. cytochrome f (18)] have all been described. Bacterioferritin is so 

far the only known case of bis-methionine ligation. 

Whether all bacterioferritins possess hemes with bis-methionine coordination re- 

mains to be determined. Cheesman et al. (5,6) have shown that the bacterioferritins from A. 

vinelandii, Escherichia coli and Pseudomonas aeruginosa display quite similar EPR and MCD 

spectra, suggesting that at least these share such coordination. While there have been specula- 

tions, based on sequence information, upon the identity of putatively coordinating methionines 

(5,6,19), it is not yet clear whether this should focus on potential ligands within or between 
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subunits. Bacterioferritin contains 24 identical subunits. If a single amino acid ligand is sup- 

plied by each subunit then this allows a maximum of 12 hemes, in apparent agreement with pre- 

vious (3-6) and present analytical data. In contrast, Kadir and Moore (20) suggest a maximum 

of 24 hemes for Ps. aeruginosa bacterioferritin, but it is not yet clear whether all share bis- 

methionine coordination. Mammalian ferritin does not contain heme as typically prepared, al- 

though it can be made to bind up to approximately 16 hemes per 24 subunits (21). Moore et al. 

(22) have recently suggested that these hemes are bound with his-histidine axial ligation be- 

tween subunits, and it is conceivable that such ligation might account for the extra binding sites 

in Ps. aeruginosa bacterioferritin. 
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TABLE 1 

Results of best-integer fits to the EXAFS oscillations from the heme iron of bacterioferritin. 

Scatterer Number Distance (A) cJ2 (A2) AEo GW 

Fe-N 4 1.971 (0.012) .00594 (.00077) -12.65 (2.29) 

Fe-S 2 2.350 (0.010) .00575 (-00071) -2.51 (1.57) 

The best integer fit was found by constraining the total coordination number to be six, which is 

expected for a low-spin ligand field, and fitting all possible combinations of Fe-N and Fe-S co- 

ordination numbers. The interatomic distances, the Debye-Waller factors (Go, the mean square 

deviation in interatomic distance), and AE, values (the shift in threshold energy) were refined \ 

dur.mg the fits. The values in parentheses are the 95% confidence limits determined by the : : p 
curve-fitting algorithm, although the systematic error (statistical. bias) arising from inaccuracy 

of the EXAFS phase and amplitude functions will add to this to yield an accuracy of about 

’ ‘0.02A. The error function, F, which was minimized in the curve-fitting is defined as, 

F= CC Xobsd - &ak) k6 

c 

where the summations are over all data points. During the best- 
xobsd k6 ’ 

intger fits F varied between 0.342 for an Fe-S coordination number of one, to 0.211 for an Fe-S 

coordination number of two, to 0.341 for an Fe-S coordination number of three. The possibility 

of a five coordinate heme was also tested, and rejected because of a poor fit (F = 0.33) with a 

chemically unreasonable (negative) value for o2 for the Fe-S interaction. The differing values 

obtained for @Z. should not cause errors of more than 0.02A in the fits. 

11 



Figure Legends 

Figure 1. Iron K-edge X-ray absorption spectra of A. vinelandii apobacterioferritin (solid line) 

compared with horse ferri-cytochrome c (dotted line) and horse ferric myoglobin azide (dashed 

line). 

Figure 2. Iron K-edge EXAFS Fourier transform of A. vinelandii apobacterioferritin. The trans- 

form was calculated over the k-range l-14.2A-1 and has been phase corrected for Fe-N back- 

scatterers. 

Figure 3. Iron K-edge EXAFS spectrum (solid line) and best fit (broken line) of filtered data 

(filtered with a 0.3A width Gaussian window over 1.3-2.8&, using the parameters in Table 1. 

. .-, -_ - 
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