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ABSTRACT

Spectral studies of spinach ferredoxin and Chromatium

HiPIP in the near infrared region give indications of inequivalence
of the iron. The low energy spectrum of ferredoxin is interpreted
in terms of one [Fe(IIl)S,] site, which is the reducible site, and one
site, which is not tetrahedral and is nonreducible. A band at

720 nm in the oxidized protein is attributed to the first spin for-
bidden d-d ba;nd of a tetrahedral site, while bands at 820 and 920 nm
are assigned to the distorted, nonreducible site. A band at 652 nm

in the reduced protein is interpreted as an intervalence transition or

a spin forbidden band of the iron(Il) site.

The near infrared spectrum of reduced HiPIP has a broad
band at 1040 nm. This band is absent in the model compound,
(Et,N), [ Fe,S,(SCH,Ph),] and may be indicative of a slight site
inequivalence. However, magnetic studies show an antiferromag-
netic coupling very similar to the model, with Mg Per iron for
protein and model agreeing closely.

A number of redox reactions of these iron-sulfur proteins with

inorganic reagents were studied. The second order rate constant

for the reaction of spinach ferredoxin with FeEDTA ~ is 3.4 X 10°

1
M sec | while the rate constants for the HiPIP reactions are

-1 -1
slower by a factor of 100. The rate constant is 1.7 x10° M sec
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for the reaction of HiPIP and FeEDTA  and 2.4 X10° M sec

for the HiPIP-Fe(CN)GB- reaction. These reactions typically have
very small activation enthalpies and very negative activation
entropies. Electron tunneling is suggested as a possible mechanism

for these reactions.
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CHAPTER I

SPECTRAL STUDIES OF

FERRE DOXIN



INTRODUCTION

The iron-sulfur proteins have presented interesting
structural problems and so have consequently been studied
by a great variety of physical techniques. ko Our understanding
of structure in this class of metalloproteins is perhaps most

extensive for rubredoxin, a one iron protein from C. pasteurianum

1t 1s known trom X-ray Structural studies that rubredoxin

has a distorted tetrahedral [ Fesq] coordination, with the sulfur
atoms donated by the cysteine residues of the protein. = Magnetic
susceptibility studies have established high-spin Fe2+ and Fe3+

for the reduced and oxidized protein, respectively. %
Spectral measurements of the reduced protein show charge

transfer bands at 310 and 330 nm with no other bands in the visible
region.5 Eaton and co-workers measured the near-infrared spectrum
of Fe**-rubredoxin and located absorption bands at 4 and 6 k em™

attributed to the components of the ligand field transition "E — °T, of



a distorted tetrahedral [ Fe(II)S,] core structure. 87 This low energy
transition is characteristic of Fe(Il) in tetrahedral coordination.
Other model systems, Fe[SZ(PPhg)ZN]28 and Fe(II) in ZnS, 9 show a
bands at 3700-2800 and 330 cm—l, respectively.

The spectrum of oxidized rubredoxin exhibits intense charge-

transfer bands throughout the visible region, and a less intense band

(€ = 360) at 750 nm.

Extension of the electronic spectroscopic work to the

two~iron, two-labile-sulfur ferredoxins has shown that one of the sites in

) is probably very similar to the

the reduced spinach protein (Fd,.q4

ound in reduced rubudoxin;7 he
°E~°T, transition is found at 1,600 nm . No conclusion was reached
concerning the assignment of electronic spectrum of the oxidized
ferredoxin (Fdox)’ however. Several magnetic susceptibility studies
have been reported for oxidized and reduced two-iron ferredoxins.

The most recent work, which covered the range 77-300°K, established
antiferromagnetic coupling between two 6A1 Fe’t centers in Fdox' .
The interpretation of the magnetic data for Fd,oq was not as definitive,
but the evidence favored an antiferhromagnetically coupled Fe2+(5E)-

Fe3+(6A1) model. 10 Mossbauer experiments are also consistent with



a spin-coupled Fe2+(5E)-Fe3+(GAl) site in Fdred' L, a2 The spectrum

of Fdred consists of two quadrupole split doublets, one centered at

the position found in the spectrum of FdOX and the other at a position

typical of Fe**. Esr studies on 338 analogs indicate that the labile sulfur is

also involved at the iron site. 13 The core structure is thus generally

represented as two (cys-S),Fe units connected by two sulfide bridges. :
Several important features concerning the coordination struc-

ture of Fdox and Fd,.,q remain to be elucidated. The Mossbauer

spectrum of Fd,yx exhibits a single quadrupole doublet, but the possi-

bility of nonequivalent Fe®" sites has not been eliminated. 11,12

Indeed, the relatively broad Mdssbauer line widths observed have been

interpreted in terms of a slight nonequivalence, 12 although other factors

could be responsible. 11 In addition, the proton contact shifts observed

by nmr indicate that protons other than those of cysteine residues are

present; 14 the signals, however, have not been identified. Also, Kimura15

has reported anomalous fluorescence behavior in adrenodoxin. Only

one aromatic amino acid, tyrosine 82, is present in the protein, but

its' fluorescence maximum occurs at 30 nm longer wavelength than

for free tyrosine. Normal tyrosine fluorescence is observed in the

apoprotein, suggesting that the tyrosine may interact with the metal

15
center. Thus, additional experimental information relating to the

structures of the Fe’" sites in both Fdyx and Fd,..4 is needed.



We have found previously that the spin-forbidden sextet-quartet
d-d bands of spin-coupled 6Al Fe" binuclear complexes are often
much more intense than in monomeric reference systems. 16 Intensity
enhancements as great as 10° would not be unreasonable for the
sextet = quartet (Fe3+) and quintet —triplet (Fe2+) bands associated with
the strongly spin-coupled binuclear sites of the proteins. Identifica-
tion of the lowest bands could add significantly to the site character -
ization, as the d-d transition positions are often diagnostic of geomet-
rical structure. For this reason, we have carefully examined the
electronic absorption spectra of FdOX and Fd,.,4 at low temperature

1n the 1200-600 nm region. Qur analysis ot the results 1s presented.



EXPERIMENTAL

The protein was prepared by variations on published
procedures. 17,18

Approximately 20 kg of fresh spinach leaves with 10 ml of
1 M Tris base and 500 "ml" of ice were ground for 5 min in a Waring
blender. All subsequent operations were carried out at 4°C. The
extract was squeezed through cheesecloth. The ionic strength of the
solution was raised to .15 with NaCl. Approximately 500 ml of DEAE-
cellulose, Type 52 from Whatman, was then added to the 15 £ of
filtrate; thié was stirred for 2 hr, and then the filtrate was allowed
to stand for 1 1/2 hr. Most of the filtrate was siphoned off. The
DEAE cellulose was then collected by filtration. This was washed
with 2 £ of .15 M NaCl, .01 Tris pH 7.5, and finally, the DEAE
cellulose was eluted with .15 M Tris, pH 7.5, .8 M NaCl. Ammonium
sulfate was then added to 90% saturation; the solution was centrifuged
to remove a greenish precipitate. The solution was then dialyzed for
12 hr against 10 £ of 0.1 Tris pH 7.5. This was then diluted twofold
and absorbed onto a small (2 X 10 cm) column of DEAE, which was
eluted with .15 M NaCl, .15 M Tris 7.5. The eluant was diluted

threefold, absorbed onto a DEAE column (1 X 2) and again eluted with



.15 M Tris, .8 M NaCl. The concentrated solution was then applied

to a Bio Gel P 60 column, equilibrated with .15 M Tris, pH 7.5.

The column was washed with .15 M Tris 7.5, and 5 ml fractions were
collected. The fractions were analyzed on a Cary 14 spectrophotometer.
The ratio of the absorbance at 422 nm to 275 nm was used as the

criterion of purity. Fractions witha ratio higher than 0.47 were used.

Samples of ferredoxin were lyophilized and then dissolved in
D,O. An equal volume of ethylene glycol was then added. Addition
of ethylene glycol did not affect significantly either the band position
or molar extinction coefficients in the visible spectrum of the protein.
Opectral measSurewents were then made on a Cary 14Kl spectropho-
tometer using a liquid nitrogen dewar.

The sample of the reduced protein was obtained by gently
bubbling nitrogen through the solution, and then adding a tenfold molar
excess of Na,S,0, by syringe.

Thin films of the oxidized protein were obtained by slow

evaporation of a concentrated protein solution onto quartz plates.

Adrenodoxin was the gift of T. Kimura and was used without

further purification.



The compounds KFeS, 19and KFeSe, 20 were synthesized by

literature procedures. Tris(tetraphenylthioxoimidodiphosphinato)-
iron(III) was prepared by mixing Na(OPPh,NPPh,S) e and FeCl, in a
3:1 molar ratio in water. The dark red precipitate was filtered,
dried under vacuum, and recrystallized from acetone-petroleum
ether solutions. Anal. Caled. for C,,H,,N,O,FeP S,: C, 63.91;

H, 4.47; N, .3. 11; O, 3.55; Fe, 4.13; P, 13.73; S, 7.11. Found:

C, 6421; H, 4.59; N, 3.19; O, 3.29; Fe, 4.09; P, 13.74; S, 17.42.



RESULTS AND DISCUSSION

The absorption spectra of Fd,, and Fd,.,q4 in 1:1 ethylene
glycol/DZO are shown in Figures 1and 2. Lowering the temperature
to 7T7°K results in some sharpenin; of bands in the visible region, with
some weakly resolved bands becoming more apparent at 345 nm and
520 nm. Also, lowering the temperature greatly aids in resolving the
region from 600 to 1200 nm. Relatively weak bands are then resolved
for Fd,, at 720, 820, and 920 nm. These three features have been
cbserved previcucly in gpectra of Fd _ taken in sucrose solution at
-196°C. 2 In addition, band positions in the thin-film spectrum of
Fd,y are in close agreement with those obtained in the low tempera-
ture glass. The intensities of these bands are somewhat temperature
dependent, with the intensity decreasing as the temvperature is lowered.

Band positions, molar extinction coefficients, and assignments are

set out in Table I.

The only major change in the 1200 - 600 nm region
which occurs upon reduction of the protein is the disappearance
of the 720 nm band and the development of a new band

at 652 nm (See Figure 2). Interestingly, the very weak
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Figure 1. Electronic absorption spectra of oxidized (a) and
reduced (b) spinach ferredoxins in 1:1 D,O/ethylene glycol
at 77 °K. Protein concentration is 1.mg/ml (1 cm pathlength).
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Figure 2. Electronic absorption spectra of oxidized (a) and
reduced (b) spinach ferredoxin in 1:1 D,O/ethylene glycol
at 77 °K. Protein concentration is 10 mg/ml (1 cm pathlength).
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features at 820 and 920 nm are still present in Fd,., 4, clearly indi-
cating that the responsible chromophore has not been chemically
altered in the electron-transfer process.

The spectral properties outlined above establish that non-
equivalent Fe(III) sites are present in Fdy4. The data are nicely
accommodated if the site undergoing reduction is formulated as having
a tetrahedral Fe(III)S, core structure, as proposed by Eaton et al. E
The 13.9 kem ™ peak in Fd,y, which disappears upon reduction,
strongly suggests tetrahedral Fe(III)S,, as oxidized clostridial
rubredoxin exhibits a similar band at 13.4 kem™ (e 360). : The
assignment of the 13.9 kem ™~ band to a tetrahedral Fe(III)S, center is

supported by spectral results obtained for KFeS,. The latter compound,

- 23
which features S*”-bridged Fe(III)S, tetrahedra,  displays a broad

absorption system in the 13-16 kem ™ region in a TIC1 disk at 7T7°K (Fig.

with no absorption attributable to electronic transitions at lower
energies. Thus a band at about 14 kem ™ appears to be characteristic
of Fe*" coordinated tetrahedrally by S°~ (or —CH,S") donor atoms.
Energetic considerations favor assignment of the 14 kem™
band in tetrahedral Fe(II)S, to the spin-forbidden °A, ~ *T, d-d
transition. Reasonable values for Fe(IIl)S, ligand field parameters
(-10 Dg = 6-8, B=0.6kem ™, C/B = 4.5), for example, place the

°A,~ *T, transition in the 13.5-15 kem ™' range. Additional support
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for a d-d transition is provided by a spectral comparison of KFeS, and
KFeSe,. The lowest absorption system of KFeSe, is observed in the
11-13 kem ™ region (Fig. 4), which represents a smaller red shift from
KFeS, than would be expected for a transition of the S(Se)—~ Fe(III)
charge transfer type. The moderate red shift, however, is consistent
with an excitation of substantial d-d character.

It is interesting that €/Fe value for the 13.4 kem™ bands in
clostridial rubredoxin is not very much smaller than that for Fd,.
This observation makes it clear that there is Vvery little intensity
enhancement of the °A, - *T, transition attributable to spin-spin
coupling in the binuclear unit of Fd . Itis probable, therefore, that
relaxation of the 6A1 - 4Tl spin-forbiddenness results primarily from
mixing of the excited 4Tl state with nearby °T,
transfer states through spin-orbit coupling.

A band at 652 nm (15.3 kem ™) in Fd 4 is entirely consistent
with the presence of a tetrahedral Fe(II)S, center. In addition to a
spin-allowed E—~ 5T2 system, tetrahedral Fe(II)S, should exhibit a
large number of quintet — triplet transitions. Taking a reasonable
B range of 0.7-0.9 kem™ (C/B = 4.6), the lowest spin-forbidden
transition, "E - °T,, is calculated to fall between 13 and 18 kem™ in
Fd..gq, due to an intensity-enhanced *E~ T, transition of the Fe(II)S,

unit of the binuclear site. The proposed assignmenf derives some
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support from spectral measurements on a tetrahedral Fe(II)S, model
compound. 8 The B~ T, band has been located at 15.4 kem ™ (e 10)
in the absorption spectrum of a single crystal of Fe[S,(PPh,),N].. 24
Another very reasonable candidate assignment for the 15. 2 kem ™
band in Fd,.qq is an Fe(II) ~ Fe(III) intervalénce transition. It is not
possible from the limited information available to make a definite
choice between the two proposals.

The absorption peaks at 10.9 and 12. 2 nm attributable to the
nonreducible Fe(III) site in the protein fall between the 6Al . 4T1

25

position (about 7 kem ™) observed for 6Al'Fe(III)SG complexes “* and

-1 ot =

| P, R S T . | ki iN P ue Lad s W | i B gy /fvrrv\r~ aahl
Clil langcec proullicu LUl curdlicurlal I‘U\lll)b4. 1 1e

the 13.5-15
relatively large band splitting indicates that the structure is signifi-
cantly distorted from cubic symmetry. Distorted octahedral coordi-
nation of the type Fe(III)S,X, (X = O or N) appears to be ruled out from
the band positions. Even with three sulfur-donor atoms, as in the
high-spin (“eff 5.91, 300°K) Fe(III)S,0, complex Fe(OPPh,NPPh,S),,
the °A, ~ *T, band peaks at 8.9 kem™ (77°K, TICI disk). Considering
the evidence available, then, the most reasonable possibility for the
Fe(II) site in Fd,.oq is either a hiéhly distorted (squashed toward D,d)

tetrahedral structure or perhaps an Fe(III)S, unit involved in additional

weak coordination to an available nitrogen or oxygen donor atom.
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The spectrum of oxidized adrenodoxin is very similar to the
spinach ferredoxin spectrum. Thus, the bands found in Spinach
ferredoxin at 720, 820, and 920 nm have their counterparts in the
adrenodoxin spectrum at 692, 820, and 915 nm. The 692 nm
band in adrenodoxin has an extinction coefficient of about 600.

It is clear, therefore, that adrenodoxin possesses the same core

L]

structure as Fd .
ox
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CHAPTER 1I

MAGNETIC AND SPECTRAL

STUDIES OF HIPIP
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INTRODUCTION

Recent work by Holm and coworkers has p'rovidedl"4

excellent synthetic analogs of the [Fe484(S-Cys)4] cluster found
in the iron—sulfui‘ proteins "high potential iron protein" (HiPIP)5
and bacterial ferredoxins. 6 Holm's model iron cluster,
(Et,N),[ Fe,S,(SCH,Ph),] forms a roughly cubic arrangement
of alternating iron and sulfur. 2 The coordination about each
iron is roughly tetrahedral, the ligands being three acid-labile
sulfur (S*) atoms and one cysteine-like sulfur. Fe-S* distances
average 2.286 A, very similar to other iron-sulfur clusters.
The Fe-Fe distances are fairly short, averaging 2. 746 ﬁ, thus
indicating that some metal-metal interactions may occur. The
four iron atoms are structurally indistinguishable. %

The model compound has an absorption band at 417 nm
(e =19,400) and magnetic behavior suggesting a singlet ground
state.1 The magnetic moment increases with temperature
(b=0.3at 100 °K and u=1.04 at 296 °K), suggesting extensive
antiferromagnetic coupling.

By considering the bridging sulfur as Sz-, one would expect
2 Fe(ll) and 2 Fe(Ill) in the cluster. However, the structure
indicates that all the iron atoms are equivalent. Mgssbauer

s;)ectroscopy1 is also not consistent with isolated ferric and

ferrous ions. Only one quadrupole split doublet is observed,
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suggesting extensive delocalization of electrons. Other
measurements, such as low temperature optical spectroscopy,
also indicate a delocalized electronic structure. i

The X-ray studies of the four-iron protein HiPIP reveal
a Fe,S, core closely resembling that in Holm's model compound.
Two interlocking tetrahedra of iron and sulfur form a roughly
cubic array, with each iron also coordinated to a cysteine of
the protein (See Figure 1). The iron-iron distances are 2.72 A
for oxidized HiPIP and 2. 81 A for reduced HiPIP; the oxidized
cluster is thus slightly smaller than the reduced cluster. All of

the iron atoms appear to be equivalent. :

Anxrin fvAsa Y\IT nnnnnn 1Q
“u =

aerogenes reveals two four-iron clusters, 12 A apart. = Each of
these clusters has a geometry very similar to that described
for Holm's model or HiPIP.

Reduced HiPIP shows no esr, and reported magnetic moments
are low, indicating a spin = 0 ground state. 8 The oxidized protein
has an esr (g‘L = 2.04, B = 2.12) and a reported moment consistent
with a spin 1/2 state. 8 .The visible spectra are relatively featureless;
the reduced protein has one intense band (e = 16, 100) at 388 nm, while

the oxidized protein exhibits a three poorly defined maxima at 450,

375, and 325 nm.
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Figure 1. Structure of the Iron Cluster of Chromatium HiPIP
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The oxidation-reduction behavior of HiPIP is character-
ized by a high potential; E’ = +.35vfor the reduction. 10 However,
by adding 80% DMSO, it is possible to further reduce the protein; 11
the typical reduced ferredoxin-type esr signal appears, with g = 2. 04,
1.93. The potential of this "super-reduction' is estimated as less
than -.4 v. Thus, the protein has been observed in three oxidation
states. The middle state is considered to be isoelectronic with
Holm's cluster compound and the oxidized state of the eight-iron

bacterial ferredoxin (Bac Fdox), according to the following

scheme:

Odd electron state Even electron state Odd electron state

— [ Fe,S,(SCH,Ph),]*" —
"2 Fe(Il), 2 Fe(III)"

+.35v -.5
HiPIP,, ~———>  HiPIP,,; ————> Super reduced
, DMSO HiPIP
- -.42v
Unknown ——+7+-—7> Bac FdOX —_— Bac Fdred

Thus, these Fe,S,-cluster proteins can be found in several
oxidation states. The states found in the biological system differ

for HiPiP and Fd Starting in both cases from even electron

bac®
states, the redox behavior observed for HiPIP involves removing an
electron, whereas that for bacterial ferredoxin corresponds to the

addition of an electron.



26

Several questions about the electronic structures of these
Fe,S,-cluster proteins remain unanswered. For example, is
Holm's model compound really isoelectronic with the even
electron state found for the proteins? Further, are all
iron atoms in the protein equivalent, as is the case for
Holm's model compound? If the iron atoms are not equivalent,
as some nmr evidence on HiPIP suggests, 12 then what is
the nature of this inequivalence? Concerning the latter question,
there is also some indication of inequivalence in the M@ssbauer

13 It is

spectrum of HiPIP, as the lines are unusually broad.
possible that incorporating the cluster into the protein perturbs
the structure, thereby introducing some inequivalence in the

Fe, substructure. To help shed light on the above issues, the
magnetic susceptibility of reduced HiPIP was measured over a

wide temperature range. The electronic absorption spectra of

both oxidation states of HiPIP were also recorded at a low temperature.
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EXPERIMENTAL

HiPIP was extracted from cells of Chromatium. Stock cultures

of Chromatium, strain D, were obtained from the American Type Cell

Collection, no. 17899. These cells were then grown as described by

Bose. 14

Cells were harvested by continuous centrifugation after four
days of growth.

The protein was extracted by variations on published
methods. ’ . The cells were disrupted by freeze-thaw lysing,
with 1% Triton-X added. This material was then centrifuged for 1 hr
at 10000 rpm. The cells fragments and mitochondrial particles,
which were at the top, were removed. To the resulting yellowish

s WS P e ST |
SULULIVLL, dlllilluliiulll SUlle

te was added to 50% of saturation. This
precipitates most of the material. The precipitate is dissolved in
.02 Tris, pH 8 at 4°C, and dialyzed extensively against the same
buffer. This was then absorbed onto a column (2 X 10) of DEAE

cellulose, type 52, from Whatman. This column was washed with

.02 Tris, pH 8 and 40 mM NaCl; a greenish band was cellected, with

most of the colored material remaining on the column. The greenish
fraction was diluted fourfold, and absorbed onto a column of DEAE
Sephadex, A-25 equilibrated with .02 M Tris buffer, pH 8. The
column was eluted with .02 M Tris buffer, pH 8, plus .05 M NacCl,
and fractions were collected. Fractions withthe absorbance ratio of

272 nm to 388 nm of 2.52 were collected for this work.
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The HiPIP was prepared for spectral work by first obtaining
a powder by precipitation with ammonium sulfate. This powder was
dissolved in a small amount of D, O and then dialyzed against D,O to
remove excess salt. Spectra were then taken of this solution. Low
temperature solution work was performed by adding an equal volume
of ethylene glycol. Thin films were also prepared by evaporation.
Spectra were taken on a Cary 17.

The oxidized protein was obtained in two ways. In one, the
protein was passed through a small column of Dowex-1X Cl charged
with Fe(CN):—. In the other, a twofold excess of Fe(CN):— was added
to the solution, followed by dialysis. Ethylene glycol was added, and
then spectra were taken. Thin films were also examined. Both

methods gave similar results.

The HiPIP used for the magnetic work was first reduced with
mercaptoethanol, followed by dialysis. The concentrated solution
was filtered through a millipore filter. The protein was then
precipitated with amn:onium sulfate. Care was taken to keep the
sample out of the air and away from any metallic objects. The
magnetism was then measured with a superconducting magnetometer;
a description of this instrument has been presented elsewhere.

The relative change of susceptibility was measured on a sample of

70 mg of protein in a magnetic field of 150 G from 3 to 150 °K.
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RESULTS AND DISCUSSION

The magnetic studies indicate a coupling that closely resembles
the four-iron model. 1 A plot of the measured temperature dependent
susceptibility against inverse temperature is presented in Figure 2.

A paramagnetic component dominates the magnetism at low tempera-
tures; this cdmponent is attributed to high spin impurities [1.4%
Fe3+(S= 5/2) accounts for the observed component]. This paramagnetic
component shows a Curie Law behavior (X = 4.1 x10™° emu/g/T), so it
was possible to correct for this component and obtain the temperature
dependence of the magnetic moment per iron atom; this is shown in
Figure 3. Antiferromagnetic behavior is apparent above 100°K.

Our magnetic susqeptibility data on HiPIPgd are in good
agreement with the results reported for (Et,N),[ Fe,S,(SCH,Ph),]. 1
Perhaps most impressive is the fact that the temperature dependences
of p1 in the tetramer and the protein are within experimental error in
the range 100-150°K. It appears, therefore, that the gross electronic
structural features of the [Fe,S,(S-Cys),] cluster in HiPIP .4,

including the extent of spin-spin coupling, are reproduced very closely

by the dianionic tetramer.
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The absorption spectra of HiPIP . and HiPIPred are shown in
Figures 4 and 5, and, for comparison, the spectrum of
(Et,N),[ FeS,(SCH,Ph),] L is shown in Figure 6. Band positions and
molar extinction coefficients are listed in Téble 1.

The near infrared spectrum of Holm's compound is relatively
featureless. E In particular, no evidence is found for the low energy
°E ~°T, transition typical of Fe(II) in a tetrahedral coordination.
This spectrum confirms the Mossbauer evidence that all iron atoms are
equivalent; 1 the molecule is best thougﬁt of in terms of g delocalized

orniind atata with the alaectranag eanally charad hu all fAlrw Srana Ton
o.— e ——-— '——w--’ T - -~ ol N N e NS mar \I\i“wd.‘-" ~ AL A MJ HLid AU a Fe s \IL.A‘J. FYVE

addition to the intense band at 417 nm, two weaker bands are found at
600 and 780 nm.

Thin film, D,0, and (two temperature) D,)/ethylene glycol
spectra of reduced HiPIP yield essentially the same results. One
prominent band is found at 388 nm, with small variations in band
position as the solvent is changed. Three less intense bands are found
at 590, 700, and 1040 nm. Attempts to locate a band attributable to
tetrahedral Fe(II)S, yielded inconclusive results, as the spectrum of
HiPIP,.oq in the 1500-2500 nm region is dominated by vibrational
overtones. A difference spectrum (HiPIP,,4q - HiPIP ) in this region

failed to reveal any absorptions with € > 200, but a d-d band of
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Figure 4. Electronic absorption spectrum of a thin film of
HiPIP ., at 77°K.
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Table 1

Spectral Data for Clusters

Amax (nm). max (cm ™)

HiPIP,. 4 400 25, 000
590 17, 000

700 14, 300

1040 9, 600

HiPIP 325 30, 800
375 26, 700

450 22, 200

[ Fe,S,(SCH,Ph),]*" 429 23, 400
488 20, 500

600 16, 700

780 12, 800
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moderate intensity could have been masked.

A qualitative comparison between the model and the protein
indicates that there must be some differences in the details of the
electronic structure of the Fe,S, core in the protein environment.

The relatively weak band at 700 nm in HiPIP.,.4 i8 slightly blue-
shifted from a similar feature at 780 nm in (Et,N),[ Fe,S,(SCH,Ph),]. =
More importantly, the broad, low-energy band at 1040 nm appears to
have no counterpart in the tetramer. One possibility is that binding the
cluster to the protein removes the equivalence of the Fe sites in

[ Fe,S,(S-Cys,)]. The 1040 nm band could then represent either an
mtracluster transition between inequivalent ke sites or possibly one

or more d-d excitations at a severely distorted metal center. There

is no evidence for a band with A, > 800 nm in the thin-film spectrum

of HiPIP, at 77°K. It is possible that on oxidation, with a change of

some bond lengths, the core structure is no longer perturbed.
Thus, the magnetic and spectroscopic results confirm a
close structural and electronic relationship between Fe4S4(SR)42—
complexes and the [ Fe,S,(S-Cys),] unit in HiPIP _,. We conclude that
the model and reduced Hi PIP are isoelectronic. However, there is
evidence that incorporating the cluster into the protein introduces

some inequivalence in the iron atoms. X-ray photoelectron
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spectroscopy could provide additional information about the
structure of the iron center in the protein environment. Circular
dichroism experiments could aléo provide information about

the cluster by identifying low-energy iron (II)<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>