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XPS of Non-heme Iron. Proteins

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

by means of X-ray phbtoelectron spectroscopy.
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SUMARY
In this paper are prééeﬁtg&‘the>x—fay photoeloctronu(XPS) spectra
of four non-heme "1r'¢n_.'§fdteinsi: " 'fqbi:védoxiﬁ', HIPIP, clostridial .fette_
doxin,.aha spinach fefieooxin; 'XPSmSpeotfé fioﬁ model compléies;'and'ﬂ
.‘eXtendedfgﬂckéiicéloulétioﬁs of hypothetical and syﬁthesized oooplexes
ha?é boon_uSed'to_interpret>theée protein'spectra with respect to the
struoto:e4fgnction reiationship of.the ptoteins' active moietiesﬂ XPS
.‘ospectra of rubfedoxin‘éxhibited relatively high binding,energies'(B.E{s)

for the iron and sulfur atoms and only one sulfur peak whlch is com—

‘patible with a structure consisting of one iron atom surrounded by four :

sulfur atoms. The‘XPS'spectra'of the»other three proteins investigated
vekhibited»relativély”low B.E.s for the‘iron_atoms and ,two sulfur peaks,
which is cOmpatible'ﬁith a structure consisting of a clustered arrange-—

ment of iron .and sulfur atoms.
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The non—heme.ironvproteins;bcollectiyely-referred'to as the ferre-
dorins, haue‘received cohsiderablevattention.in‘recent Yearsrbecause of
their unusual'properties. The biochemical‘interest derives from their
extreme values of redox potenéial'which nature has exploited.by their
incorporationlintoiseVeral electron transpprt chains. .The biochemical
'investigations have been sumnarized in recent reviews (1, 2) Several
types of physical measurements have been nerformed the ObJeCtheS of
which have been to elucidate those features.of_the molecular, atomic
and'electronic structure resnonsible,for'the biochemical properties.
Table Ivlists somevpertinent.phySical properties of these'proteins..
The chemical and physical inVestigat{ons on these‘proteins have been
reviewed by.lsibris andonody'(3). The work reported here, employing
a relatively new class‘ofAnhysical measuremer.t, waséengendered in the '
same spirit of probing further into the structure-function relationship[
of these intriéuing ﬁolecules; | |

VWhen this work was initiated it was known'that the.proteins con-'
tained non—heme iron, acid labile sulfur and cysteine sulfur. The
'absorption spectra of the intact proteins exhibited features which
changed in a characteristic and reversible manner upon reduction (or
oxidation)l Since these features were,totally absent in the apo-proteins,
‘it'was_concluded that the iron and probably'certain of the sulfurs were
at theiactive site._.Subsequently; the,elegant EPR experiments deriuing
from Beinert_and collaborators (4,5) which employed isotopes of iron and
sulfur, and replacement-of the labile‘sulfur with selenium, showed con-
clusively that these elements.were indeed at the EPR:site and.presumably
' at the attive site. There has thus evolved a picture that the active

site(s) contain an. iron-sulfur complex or clusters.'
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| The problem whlch we addressed was to examlne the iron and sulfur
moieties by X—ray photoelectron spectroscopy (XPS) This method permlts
a study of each element specifically and 1ndiV1dually, and is capable of
prov1d1ng some structural and bonding 1nformation rather more dlrectly )
than is aCCessible from any other'contemporary form of spectroscopy. We
have applled thls method to four non-heme iron proteins. ruhredoxin,
"high potential iron protein" (HIPIP), clostridial ferredox1n, and.
spinach ferredoxin.' These four were chosen as representatxve of all
the currently'known iron-sulfur proteins.‘ XBS data from model complexes
which correlate wellZWlthntheory are used to aidvin‘thevinterpretatlon
of the protein spectra. | _ |

| The first.section of.the paperideSCribes the physical method. The
_second’discusses the'eﬁperimentalpprocedures. 'We then{present.the experi-
. mental results, followed:by‘a discussion and'interpretation, and conclude’
with a summary of the fin&ings.

~ METHODS
When a sample'is irradiated with light ofvsufficient energy, electrons
may*be ejected and their kinetic energy is‘given by the well known Einstein
relation;v _ | |
 K.E. = hv - B.E.,

Where K.E, iS'thevkinetic energy of the electtrons, hKis'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. 1ncreased suffl—
clently, by using X-rays, electrons may be eJected from the inner or core

leyels 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-
mimed with prec131on by measurement of the ‘kinetic energies. Tﬁe measure—
ments may be performed with:a variety of_devices,»but most commonly
magnetievand eieetrqstatio defiection aﬁal&iers are employed.. The'overl
wﬂelmiug mejority ofithe‘energy ieVels.of tﬁegelements'aoross the periodic
tebievﬁave’beeh determiuedein this'manner. | |
The.methoa is outliueo_scﬁeméticalliiin Figure i.. In this figure
' ereteketthed the‘dieereteﬁenergy ieveleuofVE'oarticular:etom im a com—
pound as well as those levels which are a coileetive property of the com—
Pound es‘e wholeiand'makeiup its valence band or molecuiar orbitals.
An X-ray photon'is shown 1iftingiam electron‘from the 28 ievel.of this
atom - 1nto the continuum of energies, or, equivalently, remov1ng it to v,
infinity. -At this point the electrom enters the spectrometer wherein
it is brought to a focus and impinges on a’detector when the electron
has the.eorreet energy (more rigorouSIy the correet:momehtum). The
ehergy renge'ié scanned by varying the Strength of the magnetic field
and‘thus'a'speetrum‘is traced out by réedrdimg-the.number of electrons
reeching the detector at each velue of the magnetic field iﬁ complete
_ aneiOgy mith_messvspectrometry. This'method wes develope& and brought
" to its present state of refinement'by the group at the Ihstitute of
Physice at the University of Uppsala, Swedeni(6).
Since all atoms ere'constructed‘im the eame manner,_it is possible
to bhotoeject their electrons; and byia.eUitable.choice of.exciting
X-ray energy and perticular atomic level one can diétinguish_among,the
different_constituent_atoms ofithe sampie.. It is apparent, then, that

. calibration against a sample of known‘elementary.composition will permit
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a qualitative and quantitative analy51s.of the unknown sample.::The
absolute sensitivity of the method is very high, although it is not y:'
especxally suitable for detecting small amounts of one element in the : A
presence of . a large excess of other elements. | |

Moreirecently it has been shown that a glven element in different
‘chemical configurations exhibiuschemical shifts of 1ts binding energies
(7);’ These chemical shifts thus extend significantly the utility of
‘the method so that not only the total quantity of a given element may
be determined5 but also the type or types of chemical bonding 31tuation
in.whiCh’the‘atom is'located.y The origins and theoretical foundations
: for these chemical shifts are rather well understood (7,8). An intui—
‘tive understanding of the chemical shifts may be derived from the '
follow1ng simple argument. ,In 4 neutral atom'the‘electron bindlng.
_energies are-deterninedvby the attractive potential between the‘electrons
and.the positivebnucleus and the;repulsive interactions among the elec-
trons. ln a nornalvcomplex:theivalenceﬁelectrons‘are partially_donated
to or”acceptedhfrom the:ligating atoms. _The_net}effect.in_a.particular
'conplex is‘a‘decrease or'increase of-the net charge on the atom under
'study relative tO'the,charge'onvthis atom in other complexes.,»This
change of net charge is accompanied by an increase or decrease of the
binding energies of the core electrons. Morerformal and detailed
argunents will be found in the 11terature_references and7will be presented @

in the discussion section.

EXPERIMENTAL PROCEDURE

Spinach ferredoxin was prepared by the method of Tagawa and
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Arnon (9). Clostridial ferredoxin and clostridial.apoferredqxip were
obtained from Prof. J. C. Rabihowitz, HIPIP from Dr. 3; G. Bartsch,
and rubredoxin from Dr. W. Loveﬂbérg. |
'All spectra were produced and Analyzed in the:Berkeley”iton—free
pﬁotoelecfrén spectrometer (10); 'In order to obtain spectra from proteins
in gﬂétatelépproximating the solﬁtion ahd t9>05viétebthe interfefing

effedts_of $0, IAACOmpanying (NH4)ZSO4 predipitatio#, the samples were
run in frpzén_Buffetea aquéohs_solution. Aﬁ»accessory transfer chamber,
which'allowed‘confrolled ﬁooiing of the samﬁles,"was used in the spec-
trsmeter source housing <11);v The solutibﬁs wefe frozen to about -90°C
before submitting them.tovthe épectrometér vacuun of about 10-5 to;r.-
Eéch ferredoxin spectrum represents the best data”obtéined frém experi-
ments with from three to five diffefent samplés'of.the/same pfotein.
Spécﬁra composed of seveiai peaks were résolved bY'ddrve-fitﬁing with
lorentzian lines 6f:réstrictéd’haifdwidths by means of a computer program
describéd‘elsewhere.(12).>

| vX-ray'doses of 10° r. are known tﬁ‘decompoéefpystiné and cysteine
in aqueous‘sélutiqn at room temperature (13). Radiation decomposition
.bf amino acids in the‘dry, solid state in air 1s élSO known to occur (13).
Expgrimenté were carried out to determine the radiation dosé to which the
samples in ouf sﬁectrometer were sgbjected. ‘Exﬁosure 6f a radiation
safety film badge to the conditions df a typical experiment indicated a
naximum dosg féte of approximately 103 rads/hr. ‘To determine the effect'
of this 4uantity of:fadiation on the proteins,isémples of spinach ferre-
doxin, frbzeh to dry‘ice tgmperaﬁures, were subjected to a dose of

4 : 6 ' : ,
3 x 10 :ads of Co 0 y-rays. These experiments showed that the biologi-

cal activity of the irradiated'sample, as determined by thé rate of NADP
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reduction t?), decreased approrimately 10 to_lS% from an‘unirradiated
control sémpié.f,xs all of the spectra presented in this‘paper,were”
‘obtained~nithin lé hours;ibulk decomposition does not appear to:be a ", ' ..ﬂ
vserious'factor..‘ | B |

" ‘The purityvof the ferredoxin samples, from which XPS spectra were
obtained; was checked optically, All samples had purity ratios Within
107'ofdthe-optimum 1iterature values.‘ The Optlcal purity ratios of the
samples, before and after XPS spectra were obtained appeared to remain
constant to within lOA. However, XPS spectra result from the top few
hundred angstroms of the sample surface (7),vand degradation in‘onlyau
these layers would ‘be difficult to detect by an. optical method (Sane L
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 and possibly surface reactions
_(although meaSures were taken to av01d the freeze—drying phenomenon)
‘(ll) 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 this XPS method did not explicitly show the effects of

decomposition.

— »f S :' ;EXPERIMENTAL RESULTS | -:'v | X s | ‘;.
Figure 2 shows the SZP photoelectron spectra of the four non—heme
.1ron proteins under investigation and also that of clostridial apoferre—

dox1n. This apoferredoxin was prepared in the laboratory of Dr J C.

-'Rabinow1tz by removing the iron and labile sulfur from clostridial ferre-

doxin,‘leaving only cystine groups in the protein (14)
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The corresponding Fe3P photoelectron spectra are shown in Figure 3.

Theée‘spectfa'have been'édeSted by subtracting out a constant background

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

displays a half—width‘of about 2.8 eV. HoWever, the apparent broadening

in the iron spectra of -these proteins is not nedéssarily due to the

existéﬁéé of cheﬁically'or‘mégﬂeticallytéiffereﬁt iron species, bgt may
result from the Qery podrvétatistical reSolhfioﬁ of the Fe3P photoelectrons
from these pfbﬁéins. |
Table II summ&rizes thetqﬁénfit;tive feéults of these iron and sulfur
spectra. The éétimated error to thé'meésure&-B.E.s is the scatter of

values obtained from sevéral experiments with each prdtein. The area

ratios have also been estimated by considering all experimental spectra

but, nevertheless, are only a fough estimate and are ngf to be taken as

precisely accurate.
These non-heme iron prOteiné were reduced using NaZSZOB (or, in the

case of HIPIP, oxidized with K Fe(CN)é) and inveéﬁigéted.as fro?en solutions.

3
However, no significantvéﬁahge in the photoelectrbpvspectra could be
detecteé Upoﬁ'réducing of.oii&iziﬁg;tﬁe proteins. Hoﬁéﬁer, in many cases
the ;éduced.proteins showed significant_decomposition after exposﬁre to |
the experimgntal conditions and thus unequivoc#l interpretation of the
effects of reduction upon the XPS spectra was not possible.

Possibie mdﬁel ligating systems of the iron—sulfﬁr complex in the
non-heme iron proteins are presented in Tables III and IV. Table ILL -
contains the measured Fe3P and S2P B.E.s andﬁcaléulated charges of synthe-
sized model iron-sulfur c0m§iexgs; Taﬁle v coﬁtaihS'tﬁe calculated iron
and sufur cbargeé of hypothétical_@odel iron—Sulfuf éémplexes. The.data of

A

Tables II, III, and IV are summarized by Figure 4, in which the B.E.s of
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the non4heme‘iron proteins°are repreSented.as short lines within the
semicircles. The uncertalnty in ‘these B. E s is represented by the

\

length of these lines. Model complexes from Table IV ‘are abbrev1ated

by the notation M. C in Figure 4

To provide background 1nformation for use in the 1nterpretation of.

the protein spectra, the iron and sulfur photoelectron spectra ‘of a d1verse

series of compounds of known st01ch10metry and structure were collected
In a previous publicatlon we have presented these results together w1th
ban interpretation based upon the extended HUckel theory (15) These‘

v data- are presented in Table v and Figure S.F We will consider these'

model_data in.the-Discussion section.

DISCUSSION

4
’
.I -

| The\photoelectron spectrum of a chemical system should give 1n51ght
into ‘the electronic structure.of that system, s1ncekchanges 1nvchem1cal '
env1ronment of an atom w1ll correspondingly change the B. E's of its core
electrons (7) ‘ When interpretingvour XPS data we usevthe assumption that
SLmllar atomic binding energies.represent similarfchemical environments.

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

1nterpret1ng XPS spectra. Molecular orb1tal calculations of atomic

blnding energies or parameters related to B. E. s in synthesxzed and hypo—"

thetlcal model complexes can’ also be helpful in substantiating the‘inter—
pretation of the XPS spectra, We have establlshed in a separate publi—

cation (lS), direct correlatlons between electron B. E..and atomic charge,
,calculated.by{means of extended HUckel theory, for_a diversevseries

of iron and sulfur compounds.

3
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Atomic charges and binding energies of the model complexes were
calculated usxng the extended Hﬂckel method ‘formulated by Hoffmann (16,17),
w1th modifications to the Coulomb integrals and Slater exponents such
that 1teration to charge self—consistency could be obtained This
method-does not 1nclude electron repulsion terms explicltly, and uses
empirical parameterS‘for evaluating the elements of the secular determinant.
Table V shows a direct correlation~between.calculated B.E. and calculated_i
charge. From this observation it'seems.reasonable;to'expect similar
results for attempts to correlate measured electron.E.E.s with either
calculated charge ox calculated electron B.E.s. _hoﬁever,»the.correlations
are admittedly»someWhat artificiaIVSince theisimple extended Hickel calcu-
lations are‘insensitive to.some important COntributions to electron energy
which include electron correlation; relativistic andkrelaiation‘effects.
Because of its success.in prediCting rtlative BQE.s in’organicvcomplexes
- (15), the extended Hﬂckel 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 mentioned above:: |

Using these correlations and the XPS data from a number of inorganic
iron—sulfur complexes we have interpreted the XPS spectra from the non-heme
1ron'proteins. Where appllcable, we also compare the results of other
spectroscopic technlques with those of XPS.

The sulfur data are especially interesting.v Rubredoxin; with no labile
_sulfur-atoms and 4‘cysteine3ulfurs,'shows one SZP,photoelectron peak at
162.7 eV,‘which'is‘relatiVely‘close to‘the value for SZP.photoelectrons
from clostridial apoferredoxin. ‘Correlationsibetween B.E. and calculated

charge (as shown in Figure 5) indicate that-a.B.E. of 163 eV corresponds
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to'a;sulfur.chargewoflaboutZZero. This isiconsistent with the apoferre-
dox1n, whlch contains cysteine sulfurs. Howeyer' X*ray'diffraction
results (19) 1nd1cate the four sulfurs of oxidlzed rubredoxin are bound
- to iron in a tetrahedral arrangement, and the XPS of inorganic complexes
show such sulfurs to exhibit typically an SZP photoelectron peak at about
161 5 eV (see Table III and Figure 4) . Consequently, the rubredoxin S2P
B. E. of 162 7 eV must be interpreted as an unusual bonding 51tuation
where the cysteine sulfur is weakly bonded to neutral iron such that little
or ‘no charge is effectively transferred between the two atoms, or, con-
’ s1der1ng 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 1n the rubredoxin spectrum
'ddéxeépond;'ééfﬁhe 2P electronsvfrom the 804: ion,’ whrph is apparently
présent.withithis protein.w | ’

.HI§IP,_with four labile sulfur‘atoms:and-four'cysteine sulfurs,

yields“two sulfur photoelectronvpeaks of approrimately equal'intensity"

at B.E.s of 162.9 eV and 161.5 eV. The value at 162.9 eV corresponds closely

»to,that‘ofrthe S2P photoelectronS‘from rubredOXin_and'islgiven'a-similar
.jinterpfetation. .As illustrated in‘Figure 4,.the‘value of 161.5 ev corres_
pondsvmore nearly to the:typical value of an iron-bonded sulfur found in
the iron-sulfur complexes of Table III. The sulfur associated with this
bhfhg'is assumed to be the "labile" sulfur'and'to be bonded only toithe
.'iron and not‘to the protein.. The third~SZP peak at highest B E is
assumed to orlginate from an oxidized sulfur spec1es not associated with
the active site. H “

Spinach ferredox1n, with two labile sulfur atoms and five cysteine

) sulfurs, exhibits a spectrum whlch can be decomposed into at least two
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$2P photoelectron peaks in the:apprOximate ratio of S‘to 2 (as determined

by a computer analysis); Through a lorentzian curve fit, these peaks

are determined;to occur‘at 163.1 eV and'l6l.1'eV, respectiyely. The
value:at'l63;l_eV is taken to correspond:to that of;rubredoxin“and is
interpreted similarly, while‘the value at 161.1 ev again‘corresponds more
nearly to the sulfur of 1norganic iron—sulfur complexes and is aSSigned
to the "labile" sulfur.

Clostridial ferredoxin, with six to eight labile sulfurs and six to
eight cysteine sulfurs,valso can be decomposed into at least two photo—
electron:peaks in the approximate ratio of 4 tol3. It should be noted,
however, that in at least one experiment with this protein,ran intensity
ratio of l‘to;l was found It is not certain which ratio‘is thevmore
accurate; The B E. value of 163. 2 ev is interpreted 1n ‘a manner similar
to that of rubredoxin, while the value at 161 5 eV corresponds again to
an iron—bonded sulfur found in the 1ron—sulfur complexes.

Curiously, the XPS spectrum of ammonium 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

~difference’in bonding‘between solution and crystallized ferredoxin.

There is also the possibility that the spectral 1ntensity 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 decomposxtion

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 sulfurﬁdata. Rubredoxin, containing only one iron ] o
atom,'yields a single Fe3§hpeahvof normal half-width. . The Fe3P B.E. of
54.6 eV'is unusuaily high compated to those of the:ironfsulfur complexes
' llsted in Table III and Flgure 4 , EPR investigations ofvonidized ruhre—
doxin 1nd1cate ‘that the 1ron is in the ferric state, and since X-ray
difftaction‘data give a_structute which would not be_expected to delocalize
charge to a great degree, the high Fe3PIB.E. is'compatible with the EPR
1nterpretatlon. A complex such as shown in lc:of Table v coulo give an
XPS spectrum correspondlng to that of rubredoxin, since the high pos1t1ve
tcharge_on,the iron should resultvln a relatlvely high Ee3P B.E., while i
the.éero eharge‘on'the suifurVWOuld correspons to an SZ%B.E. of‘approxi—
mately 163 ev. HIPIP, clostridial ferredoxxn ana spinach ferredoxin have
somewhat 51milar Fe3P B.E.s ranging from 53.0 to 53.6 eV. As seen 1n_e
Figure 4,_these values are much more con31stent 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-§ clustersf This tyoe of chemical environmentvwould most
- likely result in electron deiocalization, and consequently it would be
oifficult’to assign a specific oxidation State‘tohthe iron of these proteins.:
Thisvelectton delbcalization would‘be consistent with the low Fe3P B.E.s | 'e
exhibited-hy the proteins. Suchvciose association of:irons_is also
Suggested by EPR‘and magnetic SUsceptibility studies (23—255. Inter-
preting EPR_data from spinach ferredoxin (clostrioial ferredoxin has a

similar EPR spectrum): 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 al. (27), interpreting the s.ne data, assumed that the active

moiety contains; inﬁthe'oxidized'form, two'high—spin'Fe3+.irons which are
anti—ferromagnetically'cocpledfto form a singlet state.‘ It:has<also been
reported that oxidized cloStridial»ferredoxin giveS~a nagnetic suscepti4
bility'persironiwhich shows:a linear increase with temperature over the
irange 6 to‘65°C' indicating strongbanti;ferromagnetic coupling.between'
irons (24) If the s" charge on model complex #2 from Table IV were more
positive (and thus have a higher SZP 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 1nteractions 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 and separation of the split

photoelectron lines. However, the Fe3P peak broadening may 51mply

result from the poor statistical resolution, thus, no definite 1nter-

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 con31stent with the optical

data, i.e., Ehese constituents are associated w1th the chromophoric ‘group
in the native proteln. Unlike optical spectroscopy,experimental diffi-

culties 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
.ifhe XPS‘dataIdf the non-heme iron p:oteiﬁs.ha?éJbgen intgrpreted'with
réspeci touhypotﬁetical Aﬁavsyhthesized ifbnésﬁlfuf'complexes. Where"
épfiicable theéé intérpfétations have been show. to Be compatible ﬁith
fesults f:om éthér spectroscopic ;echniques‘ Eésentially we have found
that the’X?S‘d#té from ruﬁiedbxin, ekhibifiﬁg rel#tivelykhigh'B}E.s for
the’ironvand'Sulfur atoms and only Ohé sulfﬁt peak, are cbmpatible with
: éHStructufé similar to'itém'lc éf‘Iéﬁle v, dn-tﬁe other hand, the XPS
-déﬁa from the other threeaproféins.invéstigatgd; exhibitiﬁg relativély low
B.E.s fdr thé>iﬁon atdhs and1twoC§dIfur ﬁeéké, afe_mo:e compatible with

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

1
\

admittedly;somewhat‘generalizéd, but can be usea as a foundatiqn:forvmore

conclusive &orklin the futuxe. . : .. . , o /
g Thisvfepbrt has deﬁonétrétéd the‘feaSibilityiof‘dging XPS for

'studying'bidlogical syStems. .Ekpériméntal limitations of spectral reso-

_ lution and inteﬁéity—should be overcome in o:der'ﬁo yield_muchvmore‘

information than presently is possiblé; For example, valuabl; inforﬁatipn

concerning 1igaﬁd arrangements ébdut an aton, elecérén distribution and

spin state can be ob;ained'by studying core pdlatization phenomenon of

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

mental effects of-rédiation upbn biologicﬁ;'sysﬁeﬁs, ahdvbettér ﬁethod$ 

: ghould be developed ﬁovmonitor the pqrity of é‘sample's uppermostjlayeré. L

With improvements»in equipment and technique, this spectral methpd should

. prove a valuable tool in probing bipldgical_sys;ems.
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TABLE 1
(1)No. of Fe D
(2)No.of S; (inorg)  REDOX

" M.W. (3)No.of Sglcysteine) POTENTIAL EPR.

X-RAY
DIFFRACTION
(Fe-S moiety)

RUBREDOXIN

SPINACH

FERREDOXIN.

HIPIP

CLOSTRIDIAL
FERREDOXIN

&

(1) | Fe . AOxidizedi
16,000 (2) 0S; 5Ty oD

(3) 450 (none)

(1) 2 Fe . Oxidized:

12,000 (2) 28 -430my  —‘nonel _

R (3) 5§ . Reduced:
° - ; 1.89,1.94,2.01 .

. _ (l) 4 Fe - ) N Oxidized:
10,000 (2) 4 S;  +330mV 9..-2;_23.9;:;-34

educed:

(3) 45, (none)
() 6-8 Fe. . Oxidized: °
6,000 (2) 6-8S; ~410 mV _(none)

(3) 8 So Reduced:

1.89,1.96,2.00

iron proteins under investigation.

K vighe

\Fe/ .

Postulated
e\ AC
’ S\ /s\ /S

S,Fe$ ’/Fe\s\c.

Unknown

Unknown

XBL714-5123

Shmxxiary of ﬁnportant‘- ﬁhyéicalv characte.f-i_stics_ -oif the four non~heme
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" TABLE . II
o o STOICHIOMETRY AREA , - AREA
PROTEIN . OF Fe-S; MOIETY ' Fe3P B.E. 'RATIO S2P B.E. RATIO
OXIDIZED | Fe=0S; o | e
RUBREDOXIN =~ 4 Cysteines 546+.4ev | _‘_62~7i~'3 ev b
REDUGED 4 Fe-4 s SR 1629+.3ev b
HIPIP 4 Cysteines 53.0+.4eV I 161.5+.3 eV b
OXIDIZED X Fe=X S - (approx)
CLOSTRIDIAL 8 Cysteines I 1632+.3ev. 4
~ FERREDOXIN. (x=6to8atoms) 53.4+.4eV : | 1815 .4 eV 3
OXIDIZED - | /" (approx) |
SPINACH 2 Fe-25j 163.1+.4ev 5
* FERREDOXIN. = 5 Cysteines 53.6+.5ev | 16LI+ .4 eV 2
_APO S
CLOSTRIDIAL O Fe=0 Sj '
FERREDOXIN 4 Cystines = == = — — . —  183.2+.2ev |
XBL714-5124

' Summary of the_cjua"nt:i.t’ative results from the XPS spectra of the

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

‘. from Io;entzian functions fitted to t_h‘e.,'XPS'data.'
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. 'MODEL .~
COMPOUNDS

FeS

@:§>F <§:‘

‘:S/F o~ :‘
©

KFeSg’

B S ,,s\~ _Et
N— =N,
E'/ C /Fe\s/ \ Et

Et \S/ ~s~ “Et
S/,\S
et gy
 GH3
» : 02F:>Fs<:§:;Fé/,€g>
L oc \\CO
. Hg ‘
‘ (05H5Fe8)4
@ : '

TABLE M

 Fe3P  GALC.  S2P CALC.
' B.E(eV) CHARGE ~ BE.(ev)  CHARGE
53.0 0.45  161.5  =0.22
— 043 1607  -0.43
832 029 1614 -0.43
529  — - 16L4 —
—  0.35 611 -0.46
540 ~ 0.82 1614 -0.3
.// ‘
53.5 095 161.5 -0.3
549 — 162.3 —
540 = — 162.1 —

XBL7I4-5125

Measured Fe3P and S2P B E.s and ‘calculated charges of synthesized

model iron—sulfur complexes

and the Charges are selffconsistent tq'within .05 charge units.

~The B.E.s are reproducible to w1th1n .3 ev
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TABLE IV | | ~
Lo S BOND ~ BOND
~ MODEL - ~ CALC. Fe CALC.S'  CALC. 8" DIST.#I DIST.#2

COMPLEX . CHARGE  CHARGE  CHARGE .. (R) - (R) K
W wao-s g e@ons o |
: " HzCc—S~ \s—cn;, ' ‘ _ o v '
(a) Tetrahedral, neutral . 0.37 - -0.22 —_ 2.3 182 i
" (b) Tetrahedral, +2 complex 063  -0.06 = — 23 1.82 |
_ (c)Tetrohedral +3 complex o7y - O ‘ —_ 23 .82
. {2)  HzC—S__ /s@FG/s—c»-@ |
H3C—S~" S~ ~S—CHg3 , ‘ A I
Tetrahedral, neutral 0.66  -0.31" " -0.32 224 244

- (3) "H3C—S /é@ @S",_—CH; : o
' H3C—s~ °\s/ SS—CH3 - . L //~ B : }
_ Tetrahedral, neutral 064  +0.5 -0.23 2.24 244
T (4) Hz H3 ’ s , B ,
; RW* @ﬁ/p . - . S : S

H3C / H)<:
H3C; Ha } _
Pseudotetrahedral, neutral 0.3 -0.6 40.1 2.3 2.48
3 ' : XBL714-5126

|
'i
Calculated iron and sulfur charges of hypothetical model iron-sulfur
complexes. The charges are.self-consistent to within .05 charge units. o




charges_for_a.diversé.éeriés of_iron and sulfur’compounds; ' The B.E.s
are reproducible to within .3 éV.and the charges are self-consistent

to within .05 charge units,

Measured and calculated electron binding enérgies'ahd calculated

21—

TABLE V

: o - 'Measured Calc. + Calc. Measured Calé.
No. Molecule .- Fe3P B.E. Fe3P B.E. iron S2P B.E. sulfur
(evV) (ev) - charge © (eV) charge
1 FeF, (KBreF6) 57.7 56.0_. +1.81
2 'EEOA'(KZFeO4)' | 57.7 .56.1 +1779
w3 '
3 Fe(H,0).” (Fe,(50,),- o
3 t2 E
4 Fe(H,0) " (FeSO, (NH,),S0, \
<6H,0) 54,2 +0.86
5 'Fg(CN)é'3 (K,Fe(CN) ()~ 55.0 +1.24
6 Fe(tM ™ (R Fe(aN)) 54.0 4 +1.03
7 TFe(metal) 52.4  52.0(def.) - O(def.)
8 Fe(CiHy), - 53.7 54.5 +1.00
+ - '
9 Fe(CgHy), f(N02)3C6H20: 54.9 36
10 Fe(CO), - 54,0 54.7 +1.02
11 Fe,(CO), 54.6 © 41,30 e
12 Fes, 53.0 53.3 +0.45 161.5 -0.22.
13 Fe(S,CNELEE) 53.5 © +0.95 161.5 -0.3
14 FeBr(S,CNEtEt), 54.0 54.1 +0. 82 161.4 - -0.3
- ) -+ o ) .- ' ‘
15 Fegszc6u3cn3)2,.N(n5c4ug% 53.2 +0.29 161.4 -0.43
16 Ferrichrome A 54.9 - 55.5 - +1.53
17 Hemin CI 54.2 | +1.04
18 Fe'3c1 Phthalocyanine 54,4 +1.46
19 so,” o | '167.8 +1.86
20 50,” 166.4 +1.40
21 CH,SOCH, 165.5 +0.70
22 CH,SSCHy 162.7 -0.13
23 CH,SH 162.7 +0.09
24 TFeS +0.43 160.7 -0.43
25 KFeS2 +0.35 161.1 - =0.46
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FIGURE CAPTIONS
Flg. 1. Schematic outline of X—ray photoelectron method.' A 28 eleCtron

is shown being ejected into the energy continuum by an X-ray photon.'

‘Fié 2.1 SZP photoelectron spectra of the four non—heme iron proteins
under investigation and also that of clostridlal apoferredox1n. ' The
‘spectra have been fitted with lorentzlan curves by means of a least

squares computer analysis.

Fig. 3. Fe3P photoelectronrspectra’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.

VFig; 4. suaagfy of the x?é‘&éia from Tables 11, 111;_g£a IV. The curved
,«1£n§s witnin tne3semi-ciroleshrepresent the errOr range of tne'corres;
.;ponding tinding energies‘of theISamples; The data labeled M.C. are the
model complexes found in Table IV and the B.E.s correspondingtto the

charges from3Fig; 5..

‘Fig. 5. IPlot of measured,Fe3P B.E. end S2P B.E. versus calculated chargeb

1n lron and sulfur compounds chosen to represent a diverSLty of elec— .
Vtronic environments.' The 11ne drawn through the iron data p01nts is

a least SquareS'fit‘to the data from neutral moletules., The numbers
.associatedeith the data points.correS}ond'to the conpounds listed in

| Table V.

Ggi
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AMPLE DETECTOR

EB.E.) (EK.E.')_‘

‘Magnetic Field
Focussing

Ege. = Ex-ray — ExE.
~ (Known) (Measured)

f* FREE ELECTRON

777777 777777777773 COND UCTION BAND
m— =] = —===_-- FERMI LEVEL
' g ] VALENCE BAND
foet . Y '
wl ’ : /o
=z Z o
'l.l.l’ ..
O [—eo-0-—0—0— >3P3,0
W &—o : > 3P/2
- —O- . > 3S
- Lo—0—0— > |
X~Ray & f_§:3/2"2Pl/2
> >

. XBL705-5218

Fig. 1
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BINDING ENERGY (eV)
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oo
o
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o " .
4 A N NS |
675 160 o
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Fig. 2
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MEASURED S2P ELECTRON B.E. (ev)
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LEGAL NOTICE

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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