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Abstract

A limited exposure of (n-BuyN),[Fe4S4(SEt),] solutions in acetonitrile to air was found to produce a new series of [4Fe—4S] cluster complexes,
[FesS4(SEt)s_(SSEt),]*>~ (x=1-4), with the original —SEt ligands substituted by —SSEt di-sulfide ligands, which were formed due to partial
decomposition of the [4Fe—4S] core in parent [Fe,S4(SEt);]>~. The products were first observed in the experiments with an ESI-ion Trap-
TOF mass spectrometer and were further identified using high resolution Fourier transform ion cyclotron resonance (FTICR) mass spectrometer.
Photoelectron spectra of the [Fe4S4(SEt),_,(SSEt),]>~ dianions revealed that the ~SSEt coordination induced little change in the electronic structure
of the [4Fe—4S] cluster, but the electron binding energies of [Fe;S4(SEt)4_(SSEt),]*>~ increased from 0.52 to 0.73 eV with increase in x from 0
to 4, suggesting a greater electron withdrawing ability of —~SSEt than —SEt. In high resolution MS/MS experiments on [Fe;S4(SEt);(SSEt)]*~'—,
clusters with both charge states yielded fragment [Fe,S4(SEt);]~, suggesting that —SSEt could be lost either as a negatively charged ion SSEt™
from the doubly charged precursor, or as a radical *SSEt from the singly charged species. The biological implication of the interaction between

[FesS4(SEt),]>~ and O, is discussed in comparison to the air exposure of [4Fe—4S] proteins to the air.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Iron—sulfur proteins are involved in a wide range of vital
biological processes, such as respiration, photosynthesis and
nitrogen fixation [1-3]. The active sites of these proteins nor-
mally contain iron—sulfur clusters with one to four iron atoms
coordinated by inorganic sulfur and incorporated into the protein
structure through terminal coordination by cysteine side chains
from the proteins. Fe—S proteins are an important class of elec-
tron transfer agents and they also have important functions as
catalysts and gene transcription regulators [4]. The correlation
between the electronic structure of the Fe—S clusters and the
functionalities of the proteins has been extensively studied, and it
can help the rational design of biomimic catalysts or drugs [5-7].
Experimental investigations have covered both protein samples
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and synthetic analogues using spectroscopic techniques, such as
NMR, ESR, Mossbauer, Raman, etc. [8,9]. All these methods
are performed in the condensed phases (solutions or solids).
On the other hand, rapid development of mass spectrometry,
in particular, the soft-ionization technique of electrospray ion-
ization (ESI) [10,11], has made it possible to transport intact
solution species directly into the gas phase. Tandem mass
spectrometry (MS/MS) has been used to analyze metal com-
plex coordination structure in coordination chemistry through
ion—molecule reactions [12—-14]. Gas phase experiments pro-
vide an opportunity to study the intrinsic properties of the
Fe-S core without interference resulting from solvent or lattice
effects. The technique developed in our laboratory that com-
bines ESI and photoelectron spectroscopy (PES) provides an
excellent platform for investigation of the electronic structures
of molecules in the gas phase [15]. Using this technique, we
have been able to transport a variety of synthetic Fe—S analogue
complexes from solution into the gas phase and systematically
investigated their electronic properties [16-20]. The PES data
provided intrinsic oxidation potentials of the complexes reveal-
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ing the electrostatic nature of the interactions between the cubane
core [4Fe—4S] and the terminal ligands [16,17]. Furthermore,
we used collision induced dissociation (CID) to probe the frag-
mentation properties of the [4Fe—4S] cubane core. We observed
symmetric fission of the doubly charged cubane complexes
[21-23], [Fe4S4L4]>~ — 2[Fe;S;L0]~, which provided direct
experimental evidence for the two-layer spin-coupling model
for the [4Fe—4S] cubane core [24-26]. Asymmetric fission
channels were also observed for several mixed ligand clusters
[Fe4S4LXLﬁFx]2_ [27]. Novel [2Fe-2S] clusters were created
using the asymmetric fission method [28]. Cubane clusters with
various oxidation states from [4Fe—4S]~ to [4Fe—4S]3* were
generated in the form of [FesS4L,]™ with variable ligand L [29].
In a recent high resolution Fourier transform ion cyclotron reso-
nance (FTICR) mass spectrometric work, MS/MS experiments
on mixed ligand complexes [Fe4S4(SEt)xC14_x]2’ (x=04)
proved that the coordination environment has a significant influ-
ence on the fragmentation properties of [4Fe—4S] clusters [30].
In the current work, we will demonstrate that limited exposure
of [Fe4S4(SEt)4]2_ solutions to the air results in formation of
[Fe4S4(SEt)4_ x(SSEt)x]z_ species. Photoelectron spectroscopy
was used to probe the electronic structure of these novel com-
plexes with disulfide ligands. Fragmentation behavior and sta-
bilities of [Fe4S4(SEt)3(SSEt)]> /1~ were probed using MS/MS
experiments in a high resolution FTICR mass spectrometer.

2. Experimental methods
2.1. Sample preparation

All sample preparations were carried out in a dry N, glove
box. Stock solutions of anions [Fe4S4(SEt)4]2’ were prepared
by dissolving solid samples of (n-BusN),[Fe4S4(SEt)4] in O;-
free acetonitrile (1 x 10™* mol/L). Air exposure was carried out
in a syringe by letting in an air bubble from the needle and
shaking for different periods of time to give a crude control of
the degree of air exposure. These solutions were used directly
for electrospray in TOF, PES and FTICR experiments.

2.2. TOF-MS and PES spectra

The PES experiments were carried out with a magnetic-bottle
PES apparatus equipped with an ESI source, a quadruple ion trap
(QIT) and a time-of-flight (TOF) mass spectrometer. Details of
the experimental method have been given elsewhere [15-17].
Briefly, solution samples were sprayed from a syringe and the
produced anions were guided into the QIT, where they were
accumulated for 0.1 s before being extracted into the TOF tube
for mass analyses. In the PES spectra, the species of interest
were selected and decelerated before being crossed by a laser
beam (193 nm) for photodetachment.

2.3. FTICR spectra
The FTICR experiments were performed on a specially

designed 6 T instrument at the Pacific Northwest National Labo-
ratory [31]. Ions were generated in a high-transmission external

ESI source equipped with an electrodynamic ion funnel, a
collision quadrupole, a mass resolving quadrupole and an accu-
mulation quadrupole. The collision quadrupole was operated in
the RF only mode for ion focusing.

For surface-induced dissociation (SID) experiments, the
resolving quadrupole was operated in its mass-resolving mode
with a typical dc offset in the range of 5-10V. The isotopic
envelope of the precursor ion was selected in the resolving
quadrupole, and stored in the accumulation quadrupole for
0.5-10s. Ions were extracted into the electrostatic ion guide,
transferred through the ICR cell, and collided with a fluorinated
self-assembled monolayer (FSAM) surface at normal incidence
[31-34]. The collision energy was calculated from the potential
difference between the offset of the accumulation quadrupole
and the surface.

In CID experiments, the resolving quadruple was operated in
an RF only mode. All ions generated in the ESI source were
transferred into the ICR cell and captured using gated trap-
ping. In MS/MS experiments, all unwanted ions were ejected by
applying a stored waveform inverse Fourier transform (SWIFT)
excitation [35,36]. Sustained off-resonance irradiation (SORI)-
CID experiments [37] were performed on the isolated single
isotope peak or an isotopic envelope of the ion of interest. Col-
lision gas (Ar or O;) was introduced into the cell using a pulsed
valve. The isolated precursor ions were radially excited slightly
off resonance for 40 ms with maximum collision energies in
the range of 0.5-1.7 eV by changing the peak-to-peak voltage
applied to the excitation plates. After 10s pumping delay, ions
in the cell were excited for detection by broadband chirp exci-
tation. The maximum kinetic energy (peak—peak) achieved in
SORI-CID was calculated as previously reported [31-35].

2.4. UV—vis absorption spectra

Solutions with different degree of air-exposure prepared in a
syringe, as described above, were diluted directly into a well-
sealed quartz cuvette to about 107> to 10~° mol/L using O,-free
solventin a glove box. The UV—vis absorption spectra were mea-
sured using a commercial UV—-vis spectrophotometer (Varian
Analytical Instruments).

3. Results
3.1. ESI-TOF mass spectra

Fe-S cluster complexes are known to be extremely air-
sensitive. All relevant experiments are usually carried out under
inert gas atmosphere with purged solvent to remove the residual
air. A typical TOF mass spectrum for a clean acetonitrile solution
of (BusN)>[Fe4S4(SEt)4] is shown in Fig. 1a with only one peak
at m/z 298, corresponding to the parent cubane core. However,
when an unpurged acetonitrile solvent was accidentally used to
dissolve (BusN);[FesS4(SEt)4], a series of unexpected peaks
was observed in addition to the precursor ion peak. Shown in
Fig. 1bis a spectrum taken using a sample prepared by controlled
air-exposure. Exposure of (BusN)>[FesS4(SEt)4] to the labora-
tory air yields four new peaks at m/z 314, 330, 346 and 362 with
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Fig. 1. (a) TOF mass spectrum of FesS4(SEt)42~ from a clean (n-BusN),[Fe4
S4(SEt)4] solution in Nj-purged acetonitrile. (b) Typical TOF mass spectrum
from an solution of (n-BusN)>[Fe4S4(SEt)4] in acetonitrile after some degree
of air-exposure.

decreasing intensity. The new peaks are separated by 16 u. Since
these species are all doubly charged anions, the mass difference
for the peaks is 32 u, which could be due to either addition of an
O, molecule or addition of an S atom to the precursor ion.

3.2. PES spectra

Fig. 2 displays 193 nm PES spectra of the newly observed
species (Fig. 1b) in comparison to the PES spectrum of the
precursor dianion, [Fe4S4(SEt)4]2_, which has been reported
previously [16]. The PES spectra of the new species exhibited
similar spectral patterns as the parent cubane complex. But the
electron binding energies, as measured from the vertical detach-
ment energy (VDE) of the first band (X), increased from 0.52
for the parent to 0.58, 0.67, 0.70 and 0.73 eV, for m/z =314, 330,
346 and 362 species (labeled as 1-4 in Fig. 2), respectively. The
obvious spectral cutoffs at the higher binding energy side were
due to the existence of the repulsive coulomb barrier (RCB),
characteristic of PES for multiply charged anions [38—40]. The
similarity between PES spectra of all the species clearly suggests
that the [4Fe—4S] cubane core is intact in all the new species.

3.3. FTICR mass spectra and the identity of the new mass
peaks

To determine if the new species were due to the addition of an
O; molecule or an S atom, we performed high resolution mass
spectrometry using FTICR mass spectrometry. Fig. 3 displays
a FTICR mass spectrum taken directly from spraying an air-
exposed sample of (BugN)> [FesS4(SEt)4]. The peak atm/z298 is
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Fig. 2. PES Spectra of [Fe4S4(SEt)4_(SSEt),]>~ at 193 nm (x=0-4).

the parent complex [Fe4S4(SEt)4]%~, while the peak at m/z 596 is
the singly charged [Fe4S4(SEt)4]™ ion resulting from collisional
electron loss from the parent dianion [30]. A relatively abundant
peak at m/z 314 was also observed. The inset in Fig. 3 shows the
isotopic distribution of the parent [Fe4S4(SEt)3(SSEt)]*~ dian-
ion: the 0.5 difference in m/z between the neighboring peaks
confirms its doubly charged character. The exact isotopic m/z dif-
ference between the m/z 314 peak and the parent was measured as
15.98565, corresponding to a mass difference of 31.97130 amu.
This mass difference agrees well with the mass of an S atom
(31.97207 amu), thus excluding the possibility of O, addition
(mass of O3: 31.98983 amu).

To determine the mode of binding of the S atom in the new
species, we carried out collision-induced dissociation (CID)
experiments. The SWIFT technique was used to isolate a single

[FeS«(SEt)s(SSEt)]>

[FE4S4(SEt)4]2’ /

—

200 300 400 500 600 700
m/z

[FesSa(SEt).]-

312 314 316

Fig. 3. High-resolution mass spectrum from an solution of (n-BuyN),[Fes
S4(SEt)4] in acetonitrile after air-exposure. The inset displays the measured
isotopic distribution of the [Fes4S4(SEt)3(SSE)]?~ dianion.
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Fig. 4. CID results of [FesS4(SEt)3(SSEN]2~. (a) SWIFT isolated [FesS4
(SEt)3(SSEt)]*~ and (b) CID result at collision energy 0.69eV. Identi-
fication: 65.0, HSS™; 93.0, SSEt; 313.8, [FesS4(SEt)3(SSEH)]>~; 351.7,
[Fe4S30,]7; 352.7, [FesS30,H] ~; 367.6, [Fe4S40]7; 383.6, [FeqSs1—; 473.7,
[FesS4(SEt)2]7; 505.6, [FesSa(SEt)(SSEt)]~; 534.7, [FesS4SEt3]™; 566.7,
[Fe4S4(SEt)30,]7; 627.7, [Fe4S4(SEt)3(SSEt)] ™.

isotopic peak or the whole envelope of the m/z 314 species for
CID (see Fig. 4a). Fig. 4b shows SORI-CID spectrum of the iso-
lated isotopomer at collision energy of 0.69 eV. Loss of [SSEt]™
from the precursor dianion resulting in formation of two comple-
mentary ions at m/z 535 ([Fe4S4(SEt)3]™) and m/z 93 ([SSEt] ™)
suggests that additional sulfur in the [Fe4S4(SEt)4 + S~ species
is not attached directly to the [4Fe—4S] core but rather inserted
into a new disulfide ligand —SSEt. It follows that the new
species at m/z 314 is [Fe4S4(SEt)3(SSEt)]?~. Similar results
were obtained for other members of the series shown in Fig. 1b
suggesting that the new series of species have a general formula
of [Fe4S4(SEt)4_(SSEt), 12—, x=1-4.

The identification of the —SSEt coordination was also
verified using SID experiments on the singly charged [Fes
S4(SEt)3(SSEt)]™ (m/z 628) species, at collision energies of 30,
50, 70 and 100 eV. Shown in Fig. 5 are spectra taken at 30 and
50eV. The peak at m/z 535 with a 93 u difference from the parent
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Fig. 5. SID of [Fe4S4(SEt)3(SSEt)]~ at 30eV (top), 50eV (bottom). Identifica-
tion and relative abundance are listed in Table 1.

[Fe4S4(SEt)3(SSEt)]~ (mm/z 628) is significant indicating loss of
a *SSFEt ligand (Fig. 5a). Additional peak assignments are listed
in Table 1.

In CID experiments on the singly charged [FesS4(SEt)3
(SSEt)]™ ion, the whole isotopic envelope of [FesS4(SEt)3
(SSEt)]™ was isolated (Fig. 6a) to obtain its MS/MS spectrum
at different collision energies (Fig. 6b). Again [Fe4S4(SEt)3]™
was observed, indicating loss of *SSEt, consistent with the SID
results.

3.4. UV—vis absorption spectra

It was unexpected that the limited air-exposure produced
the new species with SSEt™ coordination instead of instant
precipitation of iron oxides, or sulfides. To investigate the
influence of air exposure on the solution properties, UV-vis
absorption spectra of the samples with different degrees of
air-exposure were measured (Fig. 7). With no air exposure a
well-defined absorption curve with the typical absorption of
[Fe4S4(SEt)4]2_ at 304 and 417 nm was obtained. With the
increase of air exposure, the absorption intensities of both peaks

Table 1
Relative abundance of the fragments from SID experiments
SID energy (eV) [Fe4S4(SEt)3 (SSEY)]—, [FesS4(SEt)3]~ 534.7 [Fe4HS4SEt(SCH=CH,)] ", [Fe4S4SSEt]™,  [FesS4SEt]™, [FesS4S]—,
627.7 472.7 444.6 412.7 383.6
30 42.7 100 9.6 20.1
50 100 40.3 15.5 50.3 14.5
70 27.5 27.4 329 100 55.9
100 13.3 12.4 335 453 100
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Fig. 6. CID results of [Fe4S4(SEt)3(SSEt)]~: (a) SWIFT isolated isotopic enve-
lope of [Fe4S4(SEt)3(SSEt)]~ and (b) CID of [Fe4S4(SEt)3(SSEt)]~ at 2.0eV.
Identification: 383.6, [Fe4Ss5]™; 412.7, [Fe4S4(SEt)]~; 534.7, [Fe4S4(SEt)3]~;
627.7, [Fe4S4(SEt)3(SSEt)] .

decreased and at the same time a new broad absorption feature
appeared in the range of 500-700 nm initially. Although this
new absorption feature was broad and weak, the occurrence of
an isosbestic point at about 500 nm indicated the formation of
new species. The new absorption band was tentatively assigned
to the —SSEt-coordinated cubanes. With further air exposure,
both the absorption bands due to the parent and the —SSEt-
coordinated cubanes disappeared, suggesting that the cubanes
were completely decomposed. The final result was a red-brown
precipitate, which should be a complex mixture of oxide and
sulfide of Fe(IIT) and Fe(II).

Absorbance

300 400 500 600 700 800
Wave Length (nm)

Fig. 7. UV-vis absorption spectra of (n-BusN)>[FesS4(SEt)4] with differ-
ent degree of air exposure. Arrows | and 1 indicate decreasing and increasing
absorbance intensity, respectively, with increasing air exposure.

4. Discussion
4.1. Electronic structure

The similarity of the PES spectra of [FesS4(SEt)s_,
(SSEt),]?~ from x=0 to 4 (Fig. 2) suggests that the coordina-
tion of the —SSEt ligand does not have a significant effect on the
electronic structure of the [4Fe—4S] cluster core. As reported pre-
viously for the PES spectrum of [Fe4S4(SEt)4]>~ [16], feature X
is assigned to the highest occupied molecular orbital (HOMO)
of the cubane with two degenerate minority 3d electrons and
feature A is assigned to HOMO-1, which is mainly from the
bridging sulfur ligand [16,17]. Features B and C are assigned to
the —SEt and —SSEt ligand orbitals, consistent with the fact that
their binding energies do not change with x. The most significant
change in the PES spectra was the VDE of the first band (X),
which increased from 0.52eV for x=0-0.73 eV for x=4. This
observation suggests that the —SSEt ligand possesses stronger
electron withdrawing ability than the —SEt ligand.

4.2. Fragmentation properties

The [4Fe—4S] cubane core consists of two antiferromag-
netically coupled [2Fe-2S] layers. This structure results in
symmetric fission of the doubly charged precursor anions upon
collisional activation [20-22,26-28]. Our most recent work on
mixed ligand systems [FesS4(SEt)s— XCIX]Z_ showed that CI
substitution has a significant effect on the fragmentation behav-
ior of the cubanes. For example, the propensity of the fission
channel increases with the number of C1~ coordination [30]. In
the current MS/MS (CID and SID) experiments, all the observed
fragments are singly charged species reflecting the great ten-
dency for the two charges of the dianions to separate due to the
strong intramolecular Coulomb repulsion and the relatively low
electron binding energies. This is in general very similar to the
previously reported results for [FesSa(SEt)4_,CL ]~ [28,30].

Similar to [FesS4(SEt)4]>~, collision-induced electron
detachment in [Fe4S4(SEt)3(SSEt)]%~ is the dominating chan-
nel, giving rise to the peak at m/z 628 (Fig. 4):

[Fe4S4(SEt)3(SSED|>~ (m/z
— [Fe4S4(SEt)3(SSEt)]™

314)
(m/z

However, different from [Fe4S4(SEt)4]2_, which exhibited
basically only the electron detachment channel, [Fe4S4(SEt);
(SSE0)*~ gave abundant other fragmentation channels (Fig. 4).
Although in minor abundances, neutral losses of m/z 94 (HSSEt)
and 62 (HSEt) were observed in Fig. 4(b) (labeled with *)
which also shows abundant negatively charged ligand loss
—SSEt resulting in the peaks at m/z 93 (SSEt™) and 535
([Fe4S4(SED3]™),

628) + e 1

[Fe4S4(SEt)3(SSEt)]*~ — [Fe4S4(SEt)3]™ + SSEt™ 2)

Differently, in the case of [Fe4S4(SEt)4]2’, Wwe never saw any
loss of —SEt (61) or formation of [Fe4S4(SEt)3]~ (535), while in
the [Fe4S4(SEt)4_,Cl, ]~ series, it is only when x is greater than
2 that the loss of C1~ showed up significantly [30]. This major
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fragmentation channel represented by Eq. (2) reflects a weaker
covalent interaction of the [4Fe—4S] core with the —SSEt ligand
than with the —SEt ligand.

The neutral loss of m/z 62 (HSEt) shown in Fig. 4b (labeled
with *) and Fig. 5a at the position of m/z 566, m/z 62 different
from the parent [Fe4S4(SEt)3(SSEt)]~. Due to the co-existence
of SSEt and SEt ligand it is interesting that this neutral loss can
be produced in two ways represented by Eqgs. (3) and (4):

[FesS4(SEt)3(SSEt)]>~

— [Fe4HS4(SEt)2(SSCH=CH,)]~ + HSEt 3)
[Fe4S4(SEt)3(SSEN >~

— [Fe4HS4(SEt)(SCH=CH,)(SSEt)]~ + HSEt 4)

Most likely the peak at m/z 566 is a mixture of
[Fe4HS4(SEt)(SCH=CH,)(SSEt)]~ and [FesHS4(SEt),(SSCH
=CH>)]™ because both peaks at m/z 506 ([Fe4S4(SEt)(SSEt)] ™)
and 474 ([Fe4S4(SEt)2]7) corresponding to the neutral loss of
HSSCH=CH; (92), and HSCH=CH; (60) according to reac-
tions (5) and (6), respectively, appear in the SORI-CID spectrum
(Fig. 4b).

[Fe4HS4(SEt)(SCH=CH,)(SSEt)]~
— [Fe4HS4(SEt)(SSEt)]™ + HSCH=CH, 5)

[Fe4HS4(SEt),(SSCH=CH,)]~
— [Fe4HS4(SEt)2]™ + HSSCH=CH; (6)

Channels (3)—(6) are analogous to the neutral loss of HSEt,
and HSCH=CH, in the fragmentation of [Fe4S4(SEt)4]™ [30].

Both CID and SID (Figs. 5 and 6) of the singly charged
[Fe4S4(SEt)3(SSEt)] ™ ion resulted in formation of an abundant
[Fe4S4(SEt)3]™ fragment at m/z 535 suggesting radical loss of
*SSEt from the precursor ion:

[FesS4(SEt)3(SSE)]™ — [FesSa(SEt)3]~ + *SSEt 7

It should be noted that the corresponding channel was
not observed for [FesS4(SEt)24]~ which showed only neu-
tral loss of HSEt (62) to form hydrogen coordinated species
[Fe4HS4(SEt),(SCH=CH)] .

4.3. The implication of[Fe4S4(SEt)4_x(SSEt)X]2_
formation in solution with O, exposure

High-resolution mass spectrometry allowed us to con-
firm the formation of a series of sulfur insertion complexes,
[Fe4S4(SEt)4—(SSE) >, following limited exposure of solu-
tions containing [Fe4S4(SEt)4]2_ to laboratory air. Becuase the
original sample contained only [Fe4S4(SEt)4]2_, formation of
the —SSEt ligand suggests that inorganic sulfur is released into
the solution following its exposure to air. The additional sul-
fur is most likely released as a result of partial destruction of
the [4Fe—4S] cluster complexes. The new ligand is formed fol-

lowing solution-phase decomposition of some precursor cubane
molecules,

S + SEt™ — SSEt™ ®)

Substitution reaction results in formation of four additional
species, with x=0 —4 in Eq. (9),

[Fe4S4(SEt)4]*~ + xSSEt™
— [Fe4S4(SEt)s_,(SSEt),]*~ + xSEt™ )

From the UV-vis absorption measurements, a new band
in the range from 500 to 700nm was observed. Although
[Fe2S2(SEt)4]?~ absorbs in the range from 500 to 700 nm, it
can be excluded since our mass spectra showed neither this dou-
bly charged species at m/z 210 nor its electron detached product
[FexS>(SEt)4]™ at m/z 420. As previously reported on the inter-
action of O, with various Fe(Il) proteins and their analogues,
the charge transfer energy from O, to Fe(III) corresponds to
an absorption band in the range 500-700 nm [3]. In the case of
[Fe4S4(SEt)4_x(SSEt)X]2_, it is most possible that the charge
transfer from —SSEt to Fe(Ill) is strong enough to result in
absorption in this range although the intensity is much lower.

Although the sensitivity of Fe—S clusters to air causes much
problem in the laboratory experiments, nature makes very good
use of it in the function of Fe—S proteins. For example, aconitase,
a [4Fe—4S] enzyme catalyzing the inter-conversion between cit-
ric and iso-citric acid, would react with O, and its [4Fe—4S]
active center would lose one iron corner to form [3Fe—4S] cluster
inactivating the protein [41,42]. Another example is the inter-
action of fumarate and nitrate reduction (FNR) with O, which
would change the protein into its [2Fe—2S] form and make it lose
its DNA binding ability [42-46]. In fact, the UV—vis curves we
observed here are very similar to those reported in the interaction
of O, with FNR where the new band was assigned to the for-
mation of [2Fe-2S] clusters [46—48]. The detailed mechanism
of the interaction between O, and Fe—S proteins is still not well
understood. However, from the current results we know that S—S
bond can actually form with ease through the partial destruction
of Fe—S cluster when the sample was exposed to air. Because of
the similarity between the —SEt group and —Cysteine residue the
synthetic Fe—S cluster [Fe4S4(SEt)4]2_ provides a good model
to study the interaction of O, with Fe—S proteins in which the
[4Fe—4S] cluster has four cysteine residuals as the terminal lig-
ands. We do not know if it has any biological implication, but
this S-S ligand coordination seems to be one of the intermedi-
ates, or side product, in the interaction of O, with Fe-S protein.
The fragmentation experiments showed that the Fe—SSEt bond
is weaker and more ionic than the Fe—SEt bond. In the protein
systems, it is possible that the intermediate Fe—SSCys coordi-
nation, which is easier to dissociate, would decrease the energy
barrier for further reaction to happen. Recent mass spectromet-
ric results showed that SSCys ligand does form in Fe-S protein
systems in the presence of air [49-52]. In earlier experiments,
it was actually always a problem in biological analysis to deter-
mine the right Fe/S ratio and right number of Fe and/or S in the
proteins. Because some degree of air exposure can readily occur
during the protein purification, partial destruction of the Fe-S
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cluster and the resulting formation of S—S bond in the protein
system is definitely one of the results which would change the
Fe/S ratio in an elusive way.

5. Conclusions

Interaction between O and [Fe4S4(SEt)4]%~ in solution was
observed to cause partial decomposition of the [4Fe—4S] cluster,
releasing inorganic sulfur and SEt ligands. The newly formed
SSEt ligand can substitute sequentially the SEt ligand in the par-
ent to form a new series of species, [Fe4S4(SEt)4_x(SSEt)x]2’.
Photoelectron spectroscopy revealed that the SSEt ligand coor-
dination has no significant influence on the electronic structure
of the [4Fe—4S] cluster, but results in increase in the elec-
tron binding energy suggesting greater electron withdrawing
ability of —SSEt as compared to SEt. High resolution MS/MS
measurements revealed that [Fe4S4(SEt)4_X(SSEt)x]2’ did not
undergo symmetric fission, but rather exhibited significant loss
of the —SSEt ligand, indicating that the interaction of Fe—-SSEt s
weaker than that of Fe—SEt. The interaction of [Fe4S4(SEt)4]2_
with O3 in solution is expected to be similar to that of 4Fe—4S
proteins implying that S—S bond formation is most possibly
one of the intermediates in the interaction of O, with Fe-S
proteins.
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