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xrs of Non-heme Iron Proteins 

Investigation of the iron-sulfur moiety in non-heme iron proteins 

by means of x-ray photoelectron spectroscopy. 
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SUMMARY 

In this paper are presented the X-ray photoelectron (XPS) spectra 

of four non-:hemeironproteins: rubredoxin, HIPIP, clostridial ferre

doxin, and spinach ferredoxin~ XPSspectra from model complexes,and 

extended'HUckei'calculation:s of hypothetical and synthesized complexes 

have been ,used to interpret these protein spectra with respect to the 

structure-function relationship of the proteins' active moieties. XPS 

spectra of rubredoxin exhibited relatively high binding energies (B.E.s) 

for the iron and sulfur atoms and only one sulfur peak, which is com

patible with a structure consisting of one iron atom .surroun4ed by four 

sulfur atoms. Tj:leXPSspectra of the other three proteins investigated 

exhibited relatively low B.E.s for the iron atoms and/two sulfur peaks, 
/ . 

which is compatible with a structure consisting ofa clustered arrange-

ment of iron and sulfur atoms. 

• 
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The non-heme iron proteins, collectively referred to as the ferre-

doxins, have received considerable attention in recent years because of 

their unusual properties. The biochemical interest derives from their 
c 

extrem~ values of redox potential which nature has exploited by their 

incorporation into several electron transpprt chains. The biochemical 

investigations have been summarized in recent reviews (1,2). Several 

types of physical measurements have been performed, the objectives of 

which ha~e been to elucidate those features of the molecular, atomic 

and electronic structure responsible for the biochemi~al properties. 

Table I lists some pertinent physical properties of these proteins. 

The chemical and physical inv'estigat lons on these proteins have been 

reviewed by Tsibris and Woody (3). The work reported here, employing 

a relatively new class of· physical measuremeT.t, was~ngendered in the 
./ 

same spirit of probing further into the structure-function relationship 

of these intriguing molecules. 

When this work was initiated it was known that the proteins con-

tained non-heme iron, acid labile sulfur and cy~teine sulfur. The 

absorption spectra of theiritact proteins exhibited features which 

changed in a characteristic and reversible manner upon reduction (or 

oxidation). Since these features were totally absent in the apo-proteins, 

it was concluded that the iron and probably certain of the sulfurs were 

at the active site. Subsequently, the elegant EPR experiments deriving 

from Beinert and collaborators (4,5) which employed isotopes of iron and 

sulfur, and replacement of the labile sulfur with selenium, showed cori-

clusively that these elements were indeed at the EPR site and presumably 

at the active site. There has thus evolved a picture that the active 

site(s) contain aniron~sulfurcomplex or c1uste}:'s. 
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The problem which we adc:iressed was to examine the' iron and sulfur 

moieties by X-ray photoelectron spectroscopy (XPS). This method permits 

a study of each element specifically and individually, and is capable of 

providing some structural and bonding information rather more directly 

than is accessible from any other contemporary form of spectroscopy. We 
. . 

have applied this method to four non-heme iron proteins: rubredoxin, 

"high potential iron protein" (HIPIP), clostridial ferredoxin, and 

spinach ferredoxin. These four were chosen as representative.of all 

the currently known iron-sulfur proteins. )CPS data from model complexes 

which correlate well with theory are used to aid in the int'erpretation 

of the protein ~pectra. 

The first section of the paper describes the physical method. The 

second discusses the experimental procedures. We then/present the experi
/. 

/ 

mental results, followed by a discussion and interpretation, and conclude 

with a summary of the findings. 

When a sample is irradiated with light of sufficient energy, electrons 

may be ejected and their kinetic ener~y is given by the well known Einstein 

relation, 

K.E.= hv ... B.E., 

where K.~. is the kinetic energy of the electrons, h is Planck's constant, 

v is the frequency of the light quantum, and B.E. is the binding energy 

of the electrons in the sample. If the photon energy is increased suffi-

ciently, by using X-rays, electrons may be ejected from the inner or core 

levels of the constituent atoms of the sample. Since photon or X-ray 
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energies are known' to high accuracy, the binding energies may be deter-

minedwith.precision by measurement of the kinetic energies. The measure-

ments may be performed with a variety of devices, but most commonly 

magnetic and electrostatic deflection analyzers are employed. The over-

whelming majority of the energ'y levels of the elements across the periodic 

table have been determined in this manner. 

The method is outli~ed schematically in Figure 1. In this figure 

are sketched the discrete energy levels of a particular atom in a com-

pound as well as those levels which are a collective property of the com-

pound as a whole and make up its valence band or molecular orbitals. 

An X-ray photon is shown lifting an electron from the 28 level of this 

atom into the continuum of energies, or, equivalently, removing it to 

infinity. At this point the electron enters the spec,trometer, wherein 

it is brought to a focus and impinges on a detector when the electron 

has the correct energy (more rigorously the correct momentum). The 

energy range is scanned by varying the strength of the magnetic field 

and thus a spectrum is traced out by recording the number of electrons 

reaching the detector at each value of the magnetic field in complete 

analogy with mass spectrometry. This method was developed and brought 

to its present state of refinement by the group at the Institute of 

Physics at the University of Uppsala, 8weden(6) . 

Since all atoms are constructed in the same manner, it is possible 

to photoeject their electrons, and by a suitable choice of exciting 

X-ray energy and particular atomic level one can diStinguish among the 

different constituent atoms of the sample. It is apparent, then, that 

calibration against a sample of known elementary composition will permit 
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a qualitative and quantitative analysis of the unknown sample. The 

absolute sensitivity of the method is very hi.gl1 ,although it is not 

~spec:i.aily suit~ble for detecting small amounts of one element in the 

presence of a large excess of other elements. 

More recently it has been shown that a given element in different 

chemical ,configurations exhibits chemical shifts of its bindirig energies 
<--- " " ,'. ' 

.:. .'. 

(7) • These chemical shifts thus extend significa.ntly the utility on 

the me thod so that not only the total qulmd. ty of a given element may 
, ' 

be determined, but also the type or types of chemical bonding situation 

in which 'the atom is located. The origins anrl theoretical foundations 

for these: chemical shifts are rather well understood., (7,8). An intui-

d.ve urideisdmding of the chemical shifts may be derived from the 

followi.ng simple argument. In a neutral atom the electron binding 
, .I, 

energies are'determined by the attractive potential between the electrons 

and the positive nucleus and the repulsive interactions among the elec

trons. In a. nomal complex the valence electrons are partially donated 

to or accepted from the ligating atoms. The net'effect in a particular 

cpmplex is a decrease or increase of the net charge on the atom under 

study relative to the charge on this atom in other complexes. This 

change of net charge is accompanied by an increase or decrease of the 

binding ene,rgies of the core electrons. Morefornial and detailed 

arguments will be founc;l in the literature t~ferences alldwill be presented 

in the discussion section. 

EXPERIMENTAL PROCEDURE . . 1 

Spin~ch ferr,edoxin was prepared by ,the method of Tagawa and 

'W 

(f' 
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Arnon (9). Clostridial ferredoxin and clostridial apoferredoxin were 

obtained from Prof. J. C. Rabinowitz, HIPIPfrom Dr. R. G. Bartsch, 

and rubredoxin from Dr. W. Lovenberg. 

All spectra were produced and analyzed in the Berkeley iron-free 

photoelectron spectrometer (10) •. In order to obtain spectra from proteins 

in a state approximating the solution and to obviate the interfering 

effects of S04= accompanying (NH4)2S04 precipitation, the samples were 

run in frozen buffered aqueous solution. An accessory transfer chamber, 

which allowed controlled cooling of the samples, was used in the spec-

trometer source housing (11). The solutions were frozen to about -90°C 

before submitting them to the spectrometer vacuum of about 10-5 torr. 

Each ferredoxin spectrum represents the best data obtained from experi-

ments with from three to five different samples of the "same protein. 
" . 

Spectra composed of several peaks were resolved by curve-fitting with 

lorentzian lines of restricted half-widths by means of a computer program 

described elsewhere (12). 

5 X-ray doses of 10 r. are known to decompose~ystine and cysteine 

in aqueous solution at room temperature (13). Radiation decomposition 

of amino acids in the dry, solid state in air is also known to occur (13). 

Experiments were carried out to determine the radiation dose to which the 

samples in our spectrometer were subjected. Exposure of a radiation 

safety film badge to the conditions of a typical experiment indicated a 

maximum dose rate of approximately 103 rads/hr. To determine the effect 

of this quantity of radiation on the proteins, samples of spinach ferre-

doxin, frozen to dry ice temperatures, were subjected to a dose of 

4 60 
3 x 10 rads of Co y-rays. These experiments .showed that the biologi-

cal activity of the irradiated sample, as determined by the rate of NADP 
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reduction (9), decreased approximately 10 to 15% from an unirradiated 

control sample. As all of the spectra presented in this paper. were 

obtained within 12 hours, bulk decomposition does not appear to be a 

serious factor. 

The purity of the ferredoxin samples, from which XPS spectra were 

Obtained, was checked optically. All samples had purity ratios within 

10% of the optimum literature values. The 9pticalpurity r~tios of the 

" samples, before and a'fter XPS spec;tra were obtained, appeared to remain 

constant to within 10%. However, XPS spectra result from the top few 

hundred ~ngstroms of the sample. surface (7), and degradation in only 

th~se layers would be difficult to detect by an.optical method (since 

only a fraction of the sample would be affected). These top layers are 

submitted .not only to an X-ray flux of about 1000' rads/hr, but' are' also 
/ 

/ 

susceptible to freeze-drying effects andpossibiy surface reactions 

(although~easures were taken to avoid the freeze~drying phenomenon) 

(11) • The spectra presented here were consistently reproducible using 

about three different samples for each protein, and the corresponding 

spectra did not deteriorate significantly with time. Thus, the proteins 

investigated by t.his XPS method did not explicitly show the effects of 

decomposition. 

EXPERIMENTAL RESULTS 

Figure 2 shows the $2P photoelectron spectra of the four non-heme 

iron proteins under investigation and also that of clostridial apoferr.e

doxin. This apoferre~oxinwas prepared in the laboratory ofD:r.J. C. 

Rabinewitz by removing the iron and labile sulfur from clostridial ferre

doxin, l:eaving only _cystine groups in the protein (14) • 
l' 
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The corresponding Fe3P photoelectron spectra are shown in Figure 3. 

These spectra have been adjusted by subtracting out a constant background 

from the raw data. It should be noted that the typical Fe3P spectrum 

displays a half-width of about 2.8 eVe However, the apparent broadening 

in the iron spectra of these proteins is not ne~essarily due to the 

existence of chemically or magnetically different iron species, but may 

result from the very poor statistical resolution of the Fe3P photoelectrons 

from these proteins. 

Table II summarizes the quantitative results of these iron and sulfur 

spectr.a. The estimated error to the measured B.E.s is the scatter of 

values obtained from several experiments with each protein. The area 

ratios have also been estimated by considering all experimental spectra 
, 

but, nevertheless, are only a rough estimate and are n9t to be taken as 

precisely accurate. 

These non-heme iron proteins were reduced using Na2S203 (or, in the 

case of HIPIP, oxidized with K3Fe(CN)6) and investigated as frozen solutions. 

However, no significant change in .the photoelectron spectra could be 

detected upon reducing or oxidizing the proteins. However, in many cases 

the reduced proteins showed significant decomposition after exposure to 

the experimental conditions and thus unequivocal interpretation of the 

effects of reduction upon the XPS spectra was not possible. 

Possible model ligating systems of the iron-sulfur complex in the 

non-heme iron proteins are presented in Tables III and IV. Table III 

contains the measured Fe3P and S2P B.E.s and ,calculated charges of synthe-

sized model iron-sulfur complexes. Table IV contains the calculated iron 

and sulfur charges of hypothetical model iron-sulfur complexes. The data of 

Tables II, III, and IV are summarized by Figure 4, in which the B. E~ s of 
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the non-heme iron proteins are represented as short lines within the 

semicircles. The uncertainty in these .B.E.s is represented by the 

length of these lines. Model compleXes from Table IV are abbreviated 

by the notation, M.C. in Figu,re 4. 

To provide background information for use in the interpretation of . 

the protein spectra, the iron and sulfurphotoelectro~ spe.ctraof a diverse 

series of ~ompounds of known 'stoichiometryand ~tructure were collected. 

In a previous publication we have presented these results together 'with 

an 'interpretation based upon the extended RUckel theory (15). These 

data are presented in Table V and Figure 5. We will consider these 

model data in the Discussion section. 

DISCUSSION 

" / 
The photoelectron spectrum of a chemical system should give insight 

into the electronic structure of that system, since changes in chemical 

environme'nt of an atom will correspondingly change the B.E.s of its core 

electrons (7). When interpreting our XPS data we use the assumption that 

similar atomic binding energies represent similar chemical environments. 

Although this assumption is necessary, it is not sufficient alone for 

interpreting XPS spectra. Molecular orbital calculations of atomic 

binding energies or parameters related to B.E.s in synthesized and hypo-

the tical model complexescan'also be helpful in substantiating the inter.,.. 

pretation of the XPS'spectra.We have established, in a separate publi-

cation (15), direct correlations between elect,ron B.E. and atomic charge, 

calculated by means of extended RUckel theory', fora diverse series 

of iron and sulfur compounds. 

., 
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Atomic charges and binding energies of the model complexes were 

calculated us ing the ~xt~nded HUckel me thod formulated by Hof fmann (16,17), 

wi th modifications to the Coulomb in,tegrals and Slater exponents such 

that iteration to charge self-consistency could be obtained. This 

method does not include electron repulsion terms explicitly, and uses 

empirical parameters for evaluating the elements of the secular determinant. 

Table V shows a direct correlation between calculated B.E. and calculated 

charge. From this observation itseemsreasonabie to expect similar 

results for attempts to correlate measured electron B.E.s with either 

calculated charge or calculated electron B.E.s. However, the correlations 

are admittedly-somewhat artific,ial since the simple extended HUckel calcu-

lations are insensitive to s,ome important contributions to electron energy 

which include electron correlation, relativistic and r~).axation effects. 

Because of its success in predicting rl lative B.E.s in organic complexes 

(15), the extended HUckel formalism offers the best method available to 

calculate charge and binding energy for such la-ge molecular systems as 

we deal with here, despite its limitations mention~d above. ' 

USingithese correlations and the XPS data from a number of inorganic 

iron-sulfur compiexes we have interpreted the XPS spectra from the non-heme 

iron proteins. Where applicable, we also compare the results of other 

spectroscopic techniques with those of XPS • 

The sulfur data are especially inte+esting. Rubredoxin, ~ith no labile 

sulfur atoms and 4, cysteine sulfurs, 'shows one S2P photoelectron peak at 

162.7 eV, which is relatively close to the value for S2P photoelectrons 

from clostridial apoferredoxin. Correlations between B.E. and calculated 

charge (as shown in Figure 5) indicate that a B.E. of 163 eV corresponds 
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toa sulfur charge of about zero. This is consistent with the apoferre

doxin, wh:i,chcontains cysteine sulfurs. However, X.;...ray diffraction 

results (19) indicate the four sulfurs of oxidized rubredoxin are bound 

to iron in a tetrahedral arrangement; and the XPS of :inorganic complexes 

show such sulfurs to exhibit typically an S2P photoelectron peak at about 

161.5 eV (see Table III and Figure 4) • Consequently, the rubredoxin S2P 

H.E. of 162.7 eVmust be interpreted as an unusual bonding situation 

whe~ethe,cysteine sulfur is weakly bonded to neutral iron such that little 

or no charge is effectively transferred between the two atoms, or, con-

sidering item lc of Table IV, as cysteine sulfur bonded to iron in a 

positively charged complex wherein any negative charge on the sulfur 

would be neutralized. The peak at about 168 eV in the rubredoxin spectrum 
- , 

corresponds tathe S2P electrons from the S04 

present with this protein. 

... 
ion, which is apparently 

/ 
/ 

HIPIP, with four labile sulfur atoms and four·cysteine sulfurs, 

yields two sulfur photoelectron peaks of approximately equal intepsity 

at B~E.sof 162.9 eV and 161.5 eV. The value at l62~9 eV corresponds closely 

to that of the S2P photoelectrons-from rubredoxin and is·given~ similar 

interpretation. As illustrated in Figure 4, the value of 161.5 eV corres-

ponds more nearly to the typical value of an iron-bonded sulfur found in 

the iron-sulfur complexes of Table III. The sulfur associated with this 

B.E. is assumed to be the "labile" sulfur and to be bonded only to the 

iron anq not to the protein. The third 'S2P peak at highest B.E. is 

assumed to originate from an oxidized sulfur species not associated with 

the active site. 

Spinach ferredoxin, with two labile sulfur atoms arid five cysteine 

sulfurs, 'exhibits a spectrum which can be decomposed'into at least two 

• 
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S2Pphotoelectron peaks in the approximate ratio of 5 to 2 (as determined 

by a compu~er analysis). Through a lorentzian curve fit, these peaks 

are determined to occur at 163.1 eV and 161.1 eV, respectively. The 

value at 163.1 eV is taken to correspond to that of rub redox in and is 

interpreted similarly, while the value at 161.1 eV again corresponds more 

nearly to the sulfur of inorganic iron-sulfur complexes and is assigned 

to the "labile" sulfur. 

Clostridial ferredoxin, with six to eight labile sulfurs and six to 

eight cysteine sulfurs, also can be decomposed into at least two photo

electron peaks in the approximate ratio of 4 to 3. It should be noted, 

however, that in at least one experiment with this protein, an intensity 

ratio of 1 to 1 was found. It is not certain which ratio is the more 

accurate •. The B.E. value of 163.2 eV is interpreted in/a manner similar 

to that of rubredoxin, while the value at 161.5 eV corresponds again to 

an iron-bonded sulfur found in the iron-sulfur complexes. 

Curiously, the XPS spectrum of aIllJIIonium sulfate precipitated 

clostridial ferredoxin displayed only one S2P peak_ at 161. 3 eV aside 

from a sulfate S2P peak at 168 eV. This could possibly be due to a 

differenc~ in bonding between solution and crystallized ferredoxin. 

There is also the possibility that the spectral intensity at approxi

mately 163 eV is due at least in part to cysteine groups in denatured 

protein since no samples attained 100% purity and surface decomposition 

would not be detected directly. Finally, it should again be noted that 

the intensity ratios given for the above protein spectra are only rough 

estimates based on the assumption that only. two peaks are present; thus 

quantitative interpretation of sulfur content cannot be made with cer

tainty. 

\ 
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Due to the ambiguities of peak position and the unspecified origin 

of spectral broadening, interpretation of the iron data is somewhat less 

certain than is the sulfur, data. Rubredoxin, containing only one iron 

atom, yields a single Fe3P peak of normal half-width. The Fe3P B.E. of 

54.6 eV'is unusually high compared to those of the, iron-sulfur complexes 

listed in Table III and' Figure 4. EPR investigations 'of oxidized rubre-

doxin indicate that the iron is in the ferric state, and since X-ray 

diffraction data give a structure which would not be expected to delocalize 

charge to a great degree, the high Fe3P B.E. is compatible with the EPR 

interpreta'tion. A complex such as shown in lc of Table IV could give- an 

XPS spectrum corresponding to that of rubredoxin, since the high positive 

charge on the iron should result in a relatively high Fe3P B.E., while 

the zero charge on the sulfur would correspond to an S2P
I
B.E. of approxi

/ 

mately 163 eV. HIPIP.~ clostridial ferredoxin and spinach ferredoxin have 

somewhat similar Fe3P B.E.s ranging from 53.0 to 53.6 eV. As seen in 

Figure 4, these values are much more consistent with those of the iron-

sulfur complexes presented in Tables III and IV. X-ray diffraction data 

(21,22) indicate that these latter three proteins contain iron associated 

with S in Fe-S clusters. This type of chemical environment would most 

likely result in electron delocalization, and consequently it would be 

difficult to assign a specific oxidation state'to the iron of these proteins. 

This electron delocalization would be consistent with the low Fe3P B.E.s 

exhibited by the proteins. Such close association of irons is also 

suggested by EPR and magnetic susceptibility studies (23-25). Inter

preting EPR data from spinach ferredoxin (clostridial ferredoxin has a 

similar EPR spec'trum).: Brintzinger et al. (26) devised a model of an . ---, 

• 

• 

.-
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iron-sulfur center as two iron-centered tetrahedra joined at an edge. 

Gibsen et a1. (27), interpreting the Se. 'le data, assumed that the active --- . 
. 3+ 

moiety contains, in the oxidized form, two high-spin Fe irons which are 

anti-ferromagnetically coupled to form a singlec state. It has al!?o been 

reported that oxidized clostridial ferredoxin gives a magnetic suscepti-

bility per iron which shows a linear increase with temperature over the 

range 6 to 65°C, indicating strong anti-ferromagnetic coupling between 
'. . 

irons (24). If the g" charge on model complex #2 from Table IV were more 

positive (and thus have a higher S2P B.E.) through perhaps a charged com-

plex, then this type of model would be compatible with the XPS spectra 

of spinach and clostridial ferredoxin and HIPIP. The Fe3P photoelectron 

peak broadening can possibly be due to slightly different chemical environ-

ments of the iron atoms or to core polarization effects,(12). Core 
/ 

polarization phenomena are due to electron exchange interactions between 

unpaired valence electrons and the electrons of the inner atomic shells. 

The net result is a splitting of core electron binding energies of 

several electron volts. Information concerning spin state and ligand 

arrangement is derived from the intensities arid separation of the split 

photoelectron lines. However, the Fe3P peak broadening may simply 

result from the poor statistical resolution; thus; no definite inter-

pretation can presently be attributed to this broadening. 

The observation that both the iron and "inorganic" sulfur peaks are 

absent in the XPS spectra of apoferredoxin is .consistent with the optical 

data, i.e., t'hese constituents are associated with the chromophoricgroup 

in the native protein. Unlike optical spectroscop~ experimental diffi

cuI ties mentioned above have thus far precluded assessment of the effects 

of reducing agents on the XPS spectra of the non-heme iron proteins. 
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CONCLUSION 

The XPS data of the non-heme iron oroteinshave been interpreted with 

re:;pect to hypothetical and synthesized iron-sulfur complexes. Where 

applicable these interpretations have been sho~-_l to be compatible with 

results from other spectroscopic techniques. Essentially we have found 

that the' X~S data from rubredoxin, exhibiting relatively highB.E.s for 

the iron and sulfur atoms and only one sulfur peak, are compatible with 

a struCture similar to item lc of Table IV. On the other hand, the XPS 

data from the other three proteins investigated, exhibiting relatively low 

B.E.s for the iron atoms and two sulfur peaks, are more compatible with 

a structure similar to item 2 of Table IV. These interpretations are 

admittedly somewhat generalized, but can be used as a foundation for· more 

co~clusive work in the future. 
,/1 

This report has demonstrated the feasibility of using XPS for 

. studying biological systems • Experimental limitations of spectral reso-

lution and intensity.should be overcome in order to yield much more 

information than presently is possible. For example, valuable information 

concerning ligand arrangements about an atom, electron distribution and 

spin state can be obtained by studying core polarization phenomenon of 

suitable complexes (12). One must always be concerned about the detri-

mental effects of radiation upon biologica~ systems, and better methods 

should bedev~loped to monitor the purity of a sample's uppermost layers. 

With improvements in equipment and technique, this spectral method should 

prove a valuable tool in probing bi..ological systems. 

• 
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TABLE I 

(I) No. of Fe X~RAY 
(2)No.of Si (inorg.) REDOX DIFFRACTION 

PROTEIN - M.W. (3) No.of So (cysteine) POTENTIAL EPR (Fe-S mOiety) 

( I ) I Fe Oxidized: 
C_S S_C 

RUBREDOXIN 6,000 (2) o Si -57mV _ ~}!-.9 __ -F-S- e-S -
(3) 4 So 

Reduced: C- -C (none) 

SPINACH ( I ) 2 Fe Oxidized: Postu loted 

FERREDOXIN 12,000 (2) 2 Si -430mV 
(none) ~S ~ S/,C ------ ...... /' /' 

(:3) 5 So 
Reduced: _ S .... Fe'S/Fe,~ 

\.89,1.94,2.01 - C ..... _ C 

(n 4 Fe Oxidized: 

H I PI P 10,000 (2) 4 S i +330mV gll·~·~2.! ~J.': ~.p, Unknown 
(3) 4 So Reduced:./ 

(none) 

CLOSTRIDIAL (I) 6-8 Fe Oxidized: --
FERREDOXIN 6,000 (2)·6-8 Si -410mV J !l0.!'!.) __ Unknown 

(3) 8 So Reduced: 
1.89,1.96,2.00 

XBL 714-5123 

( Summary of important physical characte.ri,sticso£ the four non.,.heme 

iron proteins under investigation. 
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TABLE II v 

STOICHIOMETRY AREA AREA 
PROTEIN OF Fe-Sj MOIETY Fe3P B.E. RATIO S2P B.E. RATIO 

OXIDIZED I Fe-OSi 

RUBREDOXIN 4 Cysteines 54.6±.4 eV 162.7±.3eV 

REDUCED 4 Fe-4Si 162.9 ±.3 eV I 
HIPIP 4 Cysteines 53.0 ±.4eV 161.5 ±.3 eV 

OXIDIZED XFe-XSj (approx) 
CLOSTRID.IAL .8 Cysteines 163.2 ±.3 eV. 4 
FERREDOXIN (x • 6 to.8 atoms) 53.4±.4 eV 161.5 ±.4 eV 3 

OXIDIZED 
I 

(approx) I 

SPINACH 2Fe-2Sj 16~.1 +.4 eV 5 
FERR,EDOX IN 5 Cysteines 53.6'± .5eV 161.1 ±.4 eV 2 

APO 
CLOSTRIDIAL OFe-OSj 
FERREDOXIN 4 Cystlnes ~--~. 163.2±.2eV 

XBL 714-5124 

Summary of the quantitative results ·from the XPS spectra of the 

non-heme iron proteins. The area ratios are only approx. values derived 

from lorentzian functions fitted to theXPS data. 
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Measured Fe3P and S2P B. E. sand calculat.edcharges of synthesized 

model iron-sulfur complexes. The B.B.sare reproducible to within .3 eV 
. . 

and the charges are self-consistent to within .05 charge units. 
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TABLE TIt " ....... ) 

BOND BOND 
MODEL· CALC. Fe CALC. S' CALC. S· DIST.:tF1 0IST.#2 

COMPLEX CHARGE CHARGE CHARGE UU (A) 

(I) H~C-s....... ~S~CH3 
.. ~Fe"s 

H3C- - CH3 

(a) Tetrahedral, neutral 0.37 -0.22 2.3 L82 

(b) Tetrahedral, +2 complex 0.63 -0.06 2.3 1.82 
(c) Tetrahedral, +3 complex 0.71 0 2.3 1.82 

(2) H3 c-s s~ ~!!..CH3 
,/e/ "S:e· 

H3C-S 's""" 'S-CH3 

Tetrahedral, neutral 0.66 -0.31· -0,32 2.24 2.44 

(3) 
CH3 

H3c-S, /~ ~S'!.-CH3 
Fe Fe...s· / H3C-S"""'S"""· - CH 3 

./ 

Tetrahedral, neutral 0.64 +0.15 -0.23 2.24 2.44 

(4) H3,~ .VH3 

It'" ,,...s~~s-CH3 
H3C.>i"-s ...... FX H3c! H3 

Pseudotetrahedra I, neutra I 0.3 -0;6 +0.1 2.3 2.48 

XBL 714-5126 

.,---

Calculated iron and sulfur charges of hrvothetical model iron-sulfur 

complexes. The charges are self-consistent to within .05 ch~rge units. 
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TABLE V 

Measured and calculated electron binding energies and calculated 

charges for a diverse series of it on and sulfur compounds. The B.E.s 

are reproducible to within .3 eV and the charges are self-consistent 

to withj.n .05 charge units. 

'Measured Calc. 
No. Molecule Fe3P B.E. Fe3P B.E. 

(eV) (eV) 

1 FeF 6 (K3FeF 6) 

Z FeO~ (KZFe04) 

+3 
3 Fe (HZO)6 (FeZ(S04)3' 

(NH4) ZSO 4' Z4HZO) 
" ,+Z,' 

4 Fe(HZO)6 (FeS04 (NH4)ZS04 

.6HZO) 

-3 5 Fe(CN)6 (K3Fe(CN)6) 

6 Fe(CN)6-4 
(K4Fe(CN)6) 

7 Fe (metal) 

8 Fe(C5H5)Z 

+ -9 Fe(C5H5)Z .(NOZ)3C6HZO 

10 FeCCO) 5 

11 FeZ(CO)9 

12 FeS 2 
13 Fe(S2CNEtEt)3, 

14 FeBr(S2CNEtEt)Z 

57.7 

57.7 

56.6 

54.Z 

55.0 

54.0 

5Z.4 

53.7 

54.9 

54.0 

54.6 

53.0 

53.5 

54.0 

-' + 15 Fe(S2C6H3CH3) Z .N(n-C4H9)4 53.2 
16 Ferrichrome.A 54.9 

17 Hemin C1 54. Z 

18 Fe+3C1 Phtha10cyanine 54.4 

19 so = 
.4 

ZO S03 = 

Zl CH3SOCH
3 

22 CH3SSCH
3 

23 CH3SH 

24 FcS 

25 KFeS2 

56.0 

56.1 

5Z.0(def.) 

54.5 

54.7 

53.3 

54.1 

55.5 

, Calc. 
iron 

charge 

+1.81 

+1.79 

+1.51 

+0.86 

+1.24 
I 

+1. OJ' 
O(de£.) 

+1.00 

+1.36 

+1.02 

+1.30 

+0.45 

+0.95 

+0.8Z 

+0.29 

+1.53 

+1.04 

+1.46 

+0.43 

+0.35 

Measured 
SZP B.E. 

(eV) 

161.5 

161.5 

161.4 

161.4 

167.8 

166.4 

165.5 

162.7 

162.7 

160.7 

161.1 

Calc. 
sulfur 
charge 

-D.Z2 

-0.3 

-D.3 

-0.43 

+1.86 

+1.40 

+0.70 

-0.13 

+0.09 

-0.43 

-0.46 
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FIGURE CAPTIONS 

Fig. 1. Schematic outline of X...,ray photoelectron method. A 2S electron 

is shown beingejecteci· into the energy continuum by an X-ray photon. 

Fig. 2. S2P photoelectron spectra of the four non-heme iron proteins 

under' invesd .. gation and aisoth'at of clostridial apoferredoxin •. The 

spectra have b~en fitted withlorentzian curves by means of a least 

squares computer analysis. 
-,0' 

Fig. 3. Fe3P photoelectron spectra of the four non-heme iron proteins 

under investigation. The spectra have been fitted with lorentzian curves 

by means of a least squares computer analysis. . . 

I 

Fig.t.. 
/ 

Summary of the XPS data from Tables II, III, and IV. The curved 

lines within the semi-circiesrepresent the error range of the corres-

ponding binding eriergiesof the samples. The data labeled M.e. are the 

model complexes found in Table IV and the B.E.s corresponding to the 

charges from Fig. 5. 

Fig. 5. Plot of measured. Fe3P B.E. and S2P B.E. versus calculated charge 

in iron and sulfur compounds chosen to represent a diversity of elec-

tronic environmen.ts. The line drawn through the iron data poiritsis 

a least squares fit to the data from neutral molecules. The numbers 

associat~d with the data pOints corresk~nd to the compounds listed in 

Table V. 
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X-RAY SAMPLE DETECTOR 
TU B E (ES.E.) (E K.EJ 

(EX-RAY) e-

>
(!) 

a:: 
w 
z 
w 

z 
o 
a:: 
t
o 
W 
...J 
W 

Magnetic Field 
Focussing 

ES.E. = EX-RAY 
(Known) 

EK.E. 
(Mea.sured) 

• FREE ELECTRON 

CONDUCTION BAND 
FERMI LEVEL 
VALENCE BAND 

I 
/ 

3D3/2 
3D5/2 

3P3/2 
3P\/2 

3S 

2P3/ 
2P\/2 

2S 

----~~~.-----------~IS 

XSL 705-5218 

Fig. 1 



-24-

, , 
56 

C\J 54 CLOSTRIDIAL 
0 lA) APOFERREDOXIN 

S2P 
~ 

(.) 
l.1.J 52 
(/) 

ro 
\..,) 

0 , 50 
(/) 

I t:-
o . 

Z 
::> 48 
0 
(.) 

46 170 160 
:; 14 

O'S. 
ox. - CLOSTRIDIAL 

RUBREDOXIN 
rt") le) FERREDOXIN - 0 

rO ·S2P - sip 
0 (.) 

l.1.J 

(.) 
(/) 

~2 ~I:; 
ro .... 
0 (/) 

t:-.... Z 
(/) 

t:- I ::> I 0 z . (.) . 
::> 
01 12 ~ 
(;.) 

2 6 ox. 
" lD) RED. lE) SPI NACH 

HIPIP FERREDOXIN 

S2P S2P 
.;>. ", -5 C\J . -rO 

0 
0 ...;... 

(.) 

~I 
l.1.J 4 (/) 

,(/) .'") 

0 '"l 

<.J:) .... .... (/) 
(/) 

t:-
.t:- ":; I z I z 

::> 
::> 

0 
0" 

(.) 
(.) \J 

0 2 
170 160 170 '# 

BiNDING ENERGY . leV) 
. . 

XBL714-5127 

Fig. 2 



-25-

'. 52 12 OX. 
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0 0 

Fe3P - Fe3P - -9 .. 
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'. Fig. 3 
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M.e. 4 ..,..--..,..---~ 

Fe3P S.E.s 
'APO FOX.. -

j
ox.SPIN. FOX. 

S' 2P,' 'S' E' 's ! OX. CLO,S;I:R. FOX. 
, " 1EO- HIPIP -

, ' ,OX. RBX. I 

M.c.4-----+160 REO . HIPIP , / 

OX.SPINSlFOX,':' /) .... J ' -M.e. 3 lS') 
"t. RSSR 

feS-- 61 " " 
, '---.j 

M.e.4 (5") 

Br 
Et..... "Sj ~S..... ;Et N-C e"" C-N' 
Et/ .... S ....... !';/ 'Et 

';.). " 

- i Fig. 4 
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Fig. 5 
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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