Inorg. Chem. 2002, 41, 6358—6371

Inorganic:Chemistry

* Article

Mdssbauer Study of Reduced Rubredoxin As Purified and in Whole
Cells. Structural Correlation Analysis of Spin Hamiltonian Parameters

Vladislav V. Vrajmasu,” Emile L. Bominaar," Jacques Meyer,* and Eckard Munck*'

Department of Chemistry, Carnegie Mellon Weisity, 4400 Fifth Aenue,
Pittsburgh, Pennsyhnia 15213, and Dgartement de Biologie Moteilaire et Structurale,
CEA-Grenoble, 38054 Grenoble, France

Received August 9, 2002

The [Fe"(Cys)s)>~ site of rubredoxin from Clostridium pasteurianum (Rdg) has been studied by Mossbauer
spectroscopy in both purified protein and whole cells of Escherichia coli overproducing it. Excellent fits were obtained
to an S = 2 spin Hamiltonian for D = 5.7(3) cm™%, E/D = 0.25(2), 6 = 0.70(3) mm/s, AEq = —3.25(2) mm/s,
1 = 0.75(5), Ax = —20.1(7) MHz, Ay = -11.3(2) MHz, and A, = —33.4(14) MHz. These parameters were analyzed
with crystal-field theory for the °D manifold of iron(ll), revealing a d(z?) orbital ground state that is admixed by
~0.21 d(x* = y?). The spin-Hamiltonian parameters are consistent within the 5D theory, apart from the zero-field
splitting parameter, D. This problem was solved by extending the crystal-field treatment with spin—orbit coupling to
spin-triplet d—d excited states of the iron. Theoretical estimates are given for the spin-triplet (D) and spin-quintet
contributions (Dg) to D based on excitation energies derived from time-dependent density functional theory, TD-
DFT. The computational results were interpreted in terms of crystal-field theory, yielding the Racah parameters B
= 682 cm™! and C = 2583 cm~. The theoretical analysis gives the relative magnitudes Dq:Dr:Dss = 51%:
42%:7% (Dss Originates from spin—spin interaction). The DFT analysis corroborates the pivotal role of the torsion
angles (wj) of the C=S; bonds in shaping the electronic structure of the iron(ll) site. Rdeg in Overexpressing whole
cells accounts for 60% of the Mdssbauer absorption. The Rdq Spectra from whole cells are virtually identical to
those of the purified protein. By using the theoretical @ dependence of the spin Hamiltonian parameters, the
torsions for Rdrq in whole cells and purified protein samples are estimated to be the same within 2°. These
findings establish Mésshauer spectroscopy as a structural tool for investigating iron sites in whole cells.

1. Introduction Functions in iron metabolism and oxygen detoxification in

Rubredoxins are smalk( kDa, 55 amino acids) soluble sulfate-reducing bactefiand in the assembly of photosystem
14 have recently been proposed.

proteins found in bacteria and archaea. The active site of . . .
All aspects of Rd structure have been investigated in

rubredoxin (Rd) contains one iron atom, tetrahedrally ) e ) ) .
coordinated to four cysteinyl residues, and can access thecon&derable detail in studies of the proteins and synthetic

ferric (Rdb,) and ferrous (Rds) oxidation state Although ana_logues of their_metal sites. Qne of the mo_st s_crutinized
the rubredoxins have been structurally analyzed in consider—f{d IS ﬂ;aLOfCIOSt”d'um paStEu”am?l"(';p)'dWh"?h IIS (;he
able detail, only little information is available regarding their ECUS of the present paper. The available data include a 1.1
function! These proteins are presently known to be involved “-resolution crystal structure of B¢P as well as recently

as electron carriers in alkane hydroxylatiorPiseudomonas rep_orted 15 A-reso.lutior.] struqtures of *?OthPR"'”d Réka
which were crystallized in their final oxidation stét&he
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cmu.edu.
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Mutssbauer Study of Reduced Rubredoxin

by 0.10 A upon reduction, which agrees well with the
observations reported by Lane et’dbr the Rd analogue
bis(o-xylyl- o,a’-dithiolato)ferrate. Crystal structures of other
synthetic analogues of Rcand Rekq have been reported??

Cp Rd has been thoroughly investigated with electronic
absorption spectroscop¥l*most recently by Yoo et al. who
reported magnetic circular dichroism (MCD) studies of the
wild type and two Cys— Ser mutants. Since Yoo et al.
observed E— T, d—d transitions at 5900 and 6300 cina

2.00. Coucouvanis et al. observed adlband in the near

IR at 5880 cm?® and a shoulder at 7700 crhin the
electronic absorption spectrum of [RPfFe(SPh)] and
assigned these features & — ST, transitions in Ty
symmetry? Thus, there is now a complete set of spin
Hamiltonian parameters and optical data available for as-
sessing the electronic structure of this ferrous complex.
Solomon and co-worketshave reported a comprehensive
single-crystal MCD study of another model complex with

third transition between these manifolds would have to be tetrathiolate coordination, namely the [Fe(gR) anion

below 3300 cm?. These transition energies depend on the
tetrahedral splitting (10 Dq) as well as on axial and rhombic
distortions of the E and ;Tmanifolds. Cp Rdeq has been

studied with M@sbauer spectroscopy by Schultz, Debrunner,

and Winklet>'® who recorded data obtained in applied
magnetic fields up to 2.4 T. At these comparatively weak

(R = 2-(Ph)GH,). The structure of this model complex has
strict S, symmetry, instead of the approximde; symmetry
of Rd.q, and stabilizes the? — y? orbital ground state rather
than a ground state of (approximat#) symmetry, as
observed for Rds The study of [Fe(S-2-(Ph}El)4]?>
revealed weak electronic absorption bands<( 10 M*

fields, however, the expectation values of the electronic spin ™) arising from spin-quintet to -triplet-dd transitions at

components,—[$,[] are substantially less than two and,
consequently, the zero-field splitting paramdfeand thex
and z components of thé’Fe magnetic hyperfine tensor

energies ranging frony1.5 to 3 eV. These energies extended
well below those of the spectral features in the Heliilmers
complex [Fe($o-xyl),]> that were assigned by Bair and

cannot be accurately determined. To extract structural Goddard to these spin-forbidden transitions. Concomitantly,

information from the spin Hamiltonian parameters, for
instance by applying crystal-field theoty,!° the quantities
D, A, andA; have to be determined with higher precision
than acquired in earlier reports.

the zero-field splitting parameter for the ground state, arising
from spin—orbit coupling with the spin-triplet states, was
shown to be on the order of 1 cth

In the course of our recent investigation of two mutated

Coucouvanis and co-workers have synthesized the modelforms of C. pasteurianuntubredoxin, C9S and C42S, with

compound [PPf,[Fe(SPh)] that has been shown by crystal-

Mossbauer and MCD spectroscofdywe have studied the

lography, electronic absorption spectroscopy, magnetic sus-Wild-type protein in applied magnetic fields upto 8.0 T. The

ceptibility, and Mssbauer spectroscopy to mimic the Fe site
of Rd.q exceedingly welf The axial D = 5.98 cnm!) and
rhombic € = 1.42 cm?) zero-field splitting (ZFS) param-
eters of theS = 2 ground multiplet of this complex have
been determined by Champion and Sietfarith far-infrared
magnetic resonance. More recently, Knapp et!dlave
measured thg-values of this complex with high-frequency
(94—371 GHz) EPR and obtainegl = g, = 2.08 andg, =

(6) Min, T.; Ergenekan, C. E.; Eidsness, M. K.; Ichiye, T.; Kang, C.
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data, as reported here, have allowed us to deterijn,
andA, with increased precision. The analysis carried out and
reported here results in much better fits of the experimental
data and thus provides a considerably improved description
of the electronic and magnetic structure of the.Rohetal
site.

We have then addressed the fundamental question of the
relationship between the spin Hamiltonian parameters and
the geometry of the metal site. When this question is solved,
structural data can be deduced froniddbauer data when
only the latter are available, as in whole-cell measurements
(see below). To explore this possibility we have applied
density functional theory (DFT) to a variety of isomers of a
structural mimic for the metal center in Rgto obtain (the
electronic distributions in) the ground states. These states
were subsequently used for evaluating electronic properties,
such as the electric field gradient at the iron nucleus, and as
reference configurations for post-SCF calculations performed
for the purpose of assessing the excited electronic states. The
results from the latter were adopted as a starting point for
calculations of the zero-field splittings in Rgand allowed
us to give nonempirical estimates of the relative contributions
to these quantities arising from spinrbit coupling of the
spin-quintet ground state with-¢ d spin-quintet and -triplet
excited states.

Finally, we have proceeded to further validate in vivo
Md&ssbauer spectroscopy that has proven to be a powerful
method for the detection and analysis of iron sites in whole

(22) Bair, R. A.; Goddard, W. A,, lIlJ. Am. Chem. S0d978 100, 5669.
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cells® In our previous Masbauer study of the FNR
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evaluated with WachtersHf) all-electron basis set for iroff,while

transcription factor, as purified and as overproduced in whole retaining the 6-311G basis set for the other atoms, and with the

Escherichia colicells, we observed background spectra
arising from various iron-containing proteins and iron
chelators. The background spectra exhibited relaxation effect
at 4.2 K, which we ascribe to intermolecular spspin

interactions. This observation suggested that the spectra o

any paramagnetic protein might be distorted by s@pin

all-atom 6-31#G* basis set to improve the accuracy of electronic
density on the metal ioff. Mulliken population analysis was used
to monitor the electron distribution. The SCF calculations were

S

terminated upon reaching tight convergence criteria{tthsd in

he density matrix and 18 Hartree maximum deviation in energy).
he calculations were performed onthe truncated model [Fe{RIZH

of Rdes Geometries used were as follows: the X-ray structure of

interactions Wi_th the paramagnetic neighbors in the cell. The the iron—sulfur—carbon skeleton, an idealiz&, structure based
well-characterized and well-resolved spectra of the para- on averaged X-ray parameters, and a computationally optimized

magnetic Rgq appeared to be ideally suited for an assess-

ment of these phenomena. The spectra gffReported here,
however, do not show any signs of intermolecular spin
spin interactions. Furthermore, the whole-cell spectra fzRd
are virtually identical to those of the purified protein and

Dyq structure, which was subsequently distorte@€t®symmetry to
mimic the torsion SFe—S—C angles in Rdq

The energies of the KohkrSham orbitals failed to reproduce the
observed excitation energies and are not presented. The energies
of quintet— quintet d-d transitions were calculated by (i) time-

indicate that the structures of Rd, as probed at the iron site,déPendent DFT (TD-DFT) and (ii) converging the SCF procedure

in whole cells and in the purified protein are essentially
identical.

2. Materials and Methods

2.1. Protein Isolation and Whole-Cell Preparation The
preparation of’Fe-enrichedCp Rd has been described in defil.
In brief, E. colicells, containing th€p Rd-encoding plasmid, were
grown in mineral medium (N&PQ,, 6 g/L; KH,PO,, 3 g/L; NH,-
Cl, 1 g/L) supplemented with glucose (0.2%), MgS@ mM),
vitamin B, (0.5 mg/L), ampicillin (100 mg/L), kanamycin (50 mg/
L), and®Fe (1 mg/L). Cells were harvested by centrifugation (30
min, 450@), andCp Rd was purified by several chromatographic
steps as indicatetf. The pure protein was reduced in an oxygen-
free atmosphere by adding dithionite (0.2 M solution) to a final
concentration 23-fold higher than the Rd concentration, transferred
into a Mssbauer cell, and immediately frozen in liquid nitrogen.
For the preparation of whole-cell Mebauer samples, the culture
conditions were slightly modified as follows. Only 20% of the final
(1 mg/L) 5"Fe concentration was included in the culture medium,
and the remainder was added upon induéfiaf the Rd gene
expression. Cells were harvested by centrifugation (30 min, @500

in Kohn—Sham states of which the orbital populations were altered.
The two methods result in excitation energies that are equal within
the accuracy of the TD-DFT method implemented in Gaussigh 98
(~0.18 eV) and are in excellent agreement with experimental values
(see Discussion). A number of orbital-nondegenerate, spin-
uncontaminated triplet excited states were computed by altering
the orbital occupations of the quintet ground state and converged
to self-consistency. These states served as references for subsequent
TD-DFT calculations from which additional triplet excitation
energies were obtained. By analyzing the TD-DFT results, we were
able to identify a part of the spin-triplet excitation scheme. As TD-
DFT provides only linear combinations of singly substituted
determinant wave functions, the remainder of the energies (neces-
sary to compute the triplet contributions to the zero-field splitting)
were derived by a crystal-field interpretation of the TD-DFT
results?®

3. Results

Figures -3 and 4A show Mesbauer spectra of Rgfrom
Cp. The spectra given in Figures 1 and 2 were recorded in
magnetic fields applied parallel to theradiation. We have

resuspended in mineral medium (1/50 of the culture volume), and @nalyzed the spectra with tt&= 2 spin Hamiltonian

recentrifuged (30 min, 30 0@). The tight cell pellet thus obtained
was packed into Mesbauer cells and immediately frozen-e80
°C. Mossbauer cells were filled with 708 50 mg of cell pellet,
which corresponded to ca. 0.35 L of culture. A control whole-cell

sample was prepared by running a culture in the same conditions

as described above with. coli cells differing only by the absence
of the Cp Rd-encoding plasmid.
2.2. Missbauer SpectroscopyMoésshauer spectra were collected

= D’ég ~ 2S5+ 1)] +EE-8) +5gB+SAT -
0,841°B + 74 (1a)

o=

e?;/zzmi —1(0+ 1)+ ;-1 (1b)

on constant acceleration spectrometers, which allowed us to recordyhereD andE are the axial and rhombic ZFS parameters,
spectra between 1.5 and 200 K in applied magnetic fields of up to respectivelyg is the electronig-tensor,A is the magnetic

8.0 T. Isomer shifts are quoted relative to Fe metal at room

temperature. The spectra were analyzed using the WMOSS software(25) Frisch, M. J.. Trucks, G. W.: Schlegel, H. B.; Scuseria, G. E.: Robb,

(WEB Research Co., Edina, MN).

2.3. DFT Calculations. Density functional calculations were
performed using Becke’s three-parameter hybrid functional (B3LYP)
provided by the Gaussian 98W (release A.9) software package.
The basis set 6-311G of Pople and co-workers was28sadess
otherwise stated. The electric field gradients (EFG) were also

(23) Popescu, C. V.; Bates, D. M.; Beinert, H.;"Mik, E.; Kiley, P. J.
Proc. Natl. Acad. Sci. U.S.A998 95, 13431.

(24) Meyer, J.; Gagnon, J.; Gaillard, J.; Lutz, M.; Achim, C.;ihdl, E.;
Petillot, Y.; Colangelo, C. M.; Scott, R. ABiochemistry1997, 36,
13374.
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A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;

Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;

Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,

A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. AGaussian 98Gaussian, Inc.: Pittsburgh, PA, 1998.

Raghavachari, K.; Pople, J. A.; Replogle, E. S.; Head-Gordord, M.

Phys. Chem199Q 94, 5579.
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Figure 1. Mossbauer spectra of dithionite-reduced Rd frémrecorded ) - )

at 4.2 K in magnetic fields applied parallel to therays. The solid lines Figure 4. 4.2 K Mossbauer spectra of Rdas purified (A) and in whole

are spectral simulations, using the parameters listed in Table 1. The bracketE- coli cells (B~E) recorded in fields parallel to theradiation. The solid
inthe 1.0 T spectrum marks the splitting of the high-energy feature discussedlines in B, C, and E are the spectra for the purified protein obtained under
in the text. Arrows mark the positions of the low-energy lines of the spectra the same physical conditions. The dashed line D is a theoretical curve
associated with the first excited spin state; in zero applied field this state is 9enerated with the parameters of Table 1 in the limit of fast electronic spin

2.5 cnt! above the ground state. relaxation.
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Figure 5. Mdssbauer spectra of whole cells lacking Rd recorded at 4.2 K
in zero field and at 1.5 K in a parallel field of 8.0 T.

Figure 2. Spectrum of Ry sample of Figure 1, recorded at 4.2 K in a
parallel field of 8.0 T. The solid line in A is a theoretical curve generated
with the parameters of Table 1. The dashed line in B is a theoretical spectrum
generated with the previously published paraméeters. andV,, and the nuclear quadrupole mom@tn — (Vx>< _
V)V, is the asymmetry parameter; it is conventional to
define the EFG tensor in a coordinate frame in whih

= |Vyy| = |Viol. We have investigated whether the EFG tensor
is rotated relative to the principal axes of the ZFS and
A-tensors. Our analysis did not provide any evidence for
such rotations, and thus, we kept all tensors in the same
principal axes frame for the final analysis. (The X-ray
structuré suggests<C, symmetry where the 2-folgt axis is

one of the secondary axes of the idealiZ2g symmetry
(called C;' in Figure 6), implying that all tensors share a
‘2VELOC|T§’{ (mmis) common principal z_;lxis glong the symmetry axis. Thu_s, pnly
Figure 3. Mossbauer spectrum of Rerecorded at 190 K in an applied rotations around this axis would pe allowed.) The solid lines
field of 8.0 T. The simulation (solid curve) has been performed in fast drawn through the spectra of Figures 1 and 2 are spectral
relaxation and describes the high-energy feature quite well but misses somesimulations based on eq 1a,b, using the parameters listed in

of the low-energy features. The wings on the low-energy features indicate Table 1. A few comments reaardina the simulations are in
that the fast relaxation assumption is not quite fulfilled. d ’ g 9
oraer.

o
|

ABSORPTION (%)

w
|

2 4

hyperfine tensor, and?g describes the interaction between

the EFG, with tenso¥ and principal componentfzxx, Vyy, (28) Wiberg, K. B.; Stratmann, R. E.; Frisch, M.Ghem. Phys. Letl998

297, 60.
(29) Griffith, J. S. The Theory of Transition-Metal longCambridge
University Press: London, 1961.

(27) Wachters, A. J. HJ. Chem. Phys197Q 52, 1033.
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Table 1. 4.2 K Spin Hamiltonian Parameters of Rdand [Fe(SPh)2~
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D o AEqg Ax Ay A
molecule cm?! E/D mm/s mm/s n MHz MHz MHz
[Fe(SPh)? 2 +5.97 0.24 0.73(3¥ —3.24(3) 0.67 —20.5(4) -11.2(3) —34.2(3)
CpRded +5.7(3f 0.25(2) 0.70(2) —3.25(2) 0.75(5) —20.1(7) —11.3(2) —33.4(14)

calcd! +3.92 0.25 —3.25 0.75 —20.6 —-11.4 —32.8

2 For [Fe(SPh)>~ g-values are available from high-frequency EP@:= gy = 2.08,g, = 2.00.? Zero-field splitting parameters from far-infrared study
of Champion and Sievef. ¢ Numbers in parentheses give estimated uncertainties in last significant @ligigimg expressions given by Bertrand and

Gaydal’~1° Accurate calculation ob requires consideration of triplet states

AZ

NV

2,25
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|22>0r c|x2-y2>+s|xy>
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mkﬂ’,

c|7_2>+s|x2—y2>

2

D; S,

Figure 6. Structural parameters relevant for the idealized distortions in
the coordination shell of iron in Rd and synthetic analogues (top left).

(see text).

relaxation is slow at 4.2 K, this state produces its own
Mossbauer spectrum. The left-most feature of the spectrum
associated with this excited state is a measuré.oénd
appears as a shoulder (arrow) in the 2.4 and 4.0 T spectra.
Ay is most precisely determined in strong applied fields. For
B > 4.0 T the expectation valu&[has sufficient magnitude

to produce a sizable internal fielBi, x = —[S[AJ/gnOn along

X. Bintx determines the splitting pattern of the four low-energy
lines in Figures 1C,D and 2A. Finally, the distinct triplet
pattern of the high-energy feature of the 190 K spectrum of
Figure 3 determines thatfEq < 0 andn ~ 0.7. Previous
studies by Winkler et al® revealed that the electronic spin
of Rd.qis not yet in the fast relaxation regime even at 150
K, a circumstance that hampers the determination of the spin
Hamiltonian parameters. This is also true at 190 K, although
the problem is less severe in strong applied fields. The high-
field feature of the 190 K spectrum can be simulated very
well by assuming the fast fluctuation limit. It can be seen,
however, that the low-energy features exhibit some broad
wings, indicating intermediate relaxation for some molecular
orientations.

After having obtained good simulations for the individual
spectra, on the basis of considerations outlined above, we
have fitted simultaneously groups of four spectra. Overall,
the fits of the 4.2 K spectra are of very good quality and
allowed an accurate determination of all parameters in Table
1. For comparison we show in Figure 2B a spectral
simulation of the 8.0 T spectrum (dashed), using the

Schematic representations of structures and their idealized symmetries ofpreviously published parametérshat were obtained in

the [Fe(SC)] units in Rd and synthetic analogues that are used in theoretical
analyses. Allowed mixings of d orbitald, x2 — y2, andxy are indicated

for each symmetry, with orbitals defined in Cartesian frame at top, left.
Vertical arrows are th&, axis of the double-bird structure at top, right; the
C;' axis is alongy, bisects the angleiSFe—Sg, and is perpendicular to
theS; (2) axis. The [Fe(SG) units and axes have been rotated by dfound

the & axis relative the top left diagram for presentational purposes.

The high-energy features of the low-field spectra depend
primarily on A, and [§,[J the expectation value of thg
component of the electronic spin for the lowest statefor
> 0 this state is théMls = O state in the limit of axial
symmetry. The splitting of this high-energy feature, indicated
by the bracket in the 1.0 T spectrum, depends primarily on
A, D, andE/D. By following the splitting of this feature as
a function of the applied field we were able to constrain the
range of these parametersAp= —11.34+ 0.2 MHz,D =
5.7+ 0.3 cn!, andE/D = 0.25 4 0.02. Computation of
the [{0for the first excited spin level (thMs = —1 state)
shows that($[1has the largest magnitude. This state is
partially populated at 4.2 K, and since the electronic

6362 Inorganic Chemistry, Vol. 41, No. 24, 2002

applied fields smaller than 2.5 T. While these parameters fit
the low-field spectra quite well (see Figure 3C of Schultz
and Debrunnép), determination ofD and A requires the
application of strong magnetic fields.

To assess the energy of the lowest excited orbital state of
Rdeq We have analyzed the temperature dependence of the
Mossbauer spectra recorded in zero magnetic field and
obtained forAEq in mm/s &0.02 mm/s) the series 3.25 (40
K), 3.23 (90 K), 3.23 (120 K), 3.21 (180 K), 3.20 (210 K),
and 3.20 (225 K). In principle, the temperature dependence
of AEg can be utilized to determine the energy of low-lying
orbital states® However, the effect in Rghis so weak that
the population of vibrational levels, rather than the population
of orbital states, could be the determining factor. Therefore,
we have not attempted to derive a value for the lowest orbital
excitation energy from these variable-temperature data but
instead estimated a lower limit for this energy, 600 ¢ém

(30) Johnson, D. P.; Ingalls, R. Phys. Re. B 1970 1(3), 1013.
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Figure 4B,C,E shows 4.2 K Misbauer spectra obtained hyperfine parameters are given'by
from wholeE. coli cells that overproduc€p Rd (Materials
and Methods). The most prominent feature of the zero-field A = — P[x — %(2 sir?(e + %) - 1) — Z_CSiHZ(g + %)] (3a)
spectrum of Figure 4B is a quadrupole doublet (representing €yz
ca. 60% of totaP’Fe) with parameters identical to those of 1
the purified Reky (See Figure 4A). This doublet is readily A = — P[K —
distinguished from those of octahedral ferrous sites with O/N

(2 sinZ(G - %) - 1) - f—isinz(e - %)] (3b)

coordination by its characteristic isomer shift€ 0.70 mm/s 1. . 26 .

as compared td ~ 1.2—1.3 mm/s for F&Xs_s, X = N or A=- P[" - 7(2 Sirf 6 — 1) — e_Csmze] (30)
0O). The small shoulder on the high-energy line of the Rd o

doublet originates most likely from a small amourt5% and the electric hyperfine parameters read as

of total iron) of high-spin Féwith 6 = 1.2—-1.3 mm/s. The

feature seenin the C(_antral portion of the spectrum re.presents AE,= leQVZZ /1 + 1772 (4a)
iron-containing species other than Rd. These species seem 2 3

(see below) to be present also in the control of Figure 5A V. —V

obtained with cells not containing the Rd gene. We do not n= %yz —J3tan B (4b)

know which proteins or iron complexes contribute to the 2z
absorption of the control or to the absorption in the central
part of Figure 4B, but the high-field spectra indicate that
most of this absorption belongs to high-spin ferric species.
Figure 4C,E shows spectra of the Rd-overproducing cells
recorded in parallel fields of 1.0 and 4.0 T, respectively. The
solid lines drawn through the data are the theoretical curves
of Figure 1A,C, plotted to represent 60% of the Fe. It can
be seen that the spectra of the purified protein almost exactly
match those observed in the whote coli cells. Most
interestingly, the Rdy spectrum of the whole cells is
observed in the limit where the electronic spin relaxes slowly
on the M@sbauer time scale (i.e., slowly as compared to 10
MHz), which answers the question posed in the Introduction.
To illustrate this point, we show in Figure 4D (same data as

Equation 3 includes the Fermi contact termxf, the spin
dipolar coupling ¢%/7), which is traceless, and the orbital
term (~¢/e, whereg is the one-electron spirorbit coupling
constant of iron)P = 2g,5,03s a scaling factor. Equation

4a presents the quadrupole splitting, and eq 4b gives the
asymmetry parameter. Although the act@alsymmetry in
Rd.qis lower thanD; and allows interaction between tke
orbital and the ground state, the ensuing admixture and
changes in the hyperfine parameters are small because of
the large energy gap, separating this orbital state from the
ground state. These expressions are complemented by those
for theg-values and zero-field splitting parameters given by
Abragam and Bleanéy

in Figure 4C) a theoretical spectrum (dashed) calculated 2. b3

assuming fast electronic spin fluctuation. %™ G ™ eyZSIr'Z(a + 3) (52)

4. Discussion 9~ Go= f—gsinz(e _ %) (5b)
In section 4.1 we interpret the spin Hamiltonian parameters “

obtained for Rdq in the framework of crystal-field theory. 9 —g.= Z—Csinz 9 (50)

In section 4.2 the structure dependencies of the zero-field N 4

Xy
splittings and the spatially anisotropic hyperfine interactions

are analyzed by means of DFT calculations. Special attentionWherege is theg value for the free electron, and
is paid to the spin-triplet contributions to zero-field splitting 2
parameters. Finally, the relationships established between the D= 3(p + 1%6) cos ¥ (6a)
electronic and geometrical structures are used in section 4.3
as an analytical tool for comparing the active-site structures E__
of Rdeq in whole cells and purified protein samples. D~ ﬁtan . (6b)
4.1. Crystal-Field Analysis of Spin Hamiltonian Pa-
rameters of Rdeqy. Expressions for the spin-quintet contribu- where p is the spir-spin coupling constant for the 3d
tions to the hyperfine parameters for a high-spid*Fste electrons of iron. In eq 6a,b the 3d orbitals gparentage
in a D, distorted tetrahedral crystal field have been given in Tq are assumed to be degenerates exy = €y; = €x. AS
by Bertrand and Gaydd:° In this symmetry thex? — y?0J we shall show in section 4.2, this assumption does not hold
and |Z20states of the e-manifold iy are allowed to mix in Rd.s However, because it has been realized for quite some

1

and yield the ground state time'® that the orbital ground state of Rghas predominantly
_ 2 symmetry @ ~ 0), eq 6a may still be applied, provided
lpOr cosO|ZTH sin 03¢ — y?0] (2) is identified with the energies of the quintet staxgsndyz

wheref is a mixing parameter that is related to the torsion that interact with the ground state. (N.B. There is no spin

angles S.—Fe—S—Cﬂ (See be'QW)- The hyperflne paramgters (31) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of
are functions of) and the orbital energies;,, The magnetic Transition lons Oxford University Press: New York, 1970.
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orbit coupling betweerz> and xy because of the selection literature values fo& ande, Knapp et aP! estimated a value
rule AM_. =0, +1.) similar to ours €3 cnm!) for D in the Rdeq model

The expressions in eqs-% depend on eight theoretical [FE(SPh)]*" (Dexp = 5.7 cm?) and ascribed the missing
parameters:, Vs P, k, &, €xs €yn and ey, Ten related  zero-field splitting (2.7 cnm?) to spin-spin coupling.
observables have been determined forRdAEo, 7, A, Alternatively, Gebhard et &k reported a spin-triplet con-
A, andA, by Mossbauer spectroscopy; andey, by MCD; tribution to the negative zero-field splitting in the synthetic
and Ag,, Ag,, and Ag, by EPR of [Fe(SPh)>. The  complex [Fe(S-2-(Ph)1s)s*” (Dexp = —8.7 cn1?) of about
experimental value foy gives® = —11.8 (eq 4b); AEq —1.2 cm?, suggesting triplet contributions @ as a possible
yields V,; for a given value ofy (eq 4b), ande,, = 5900 source for the discrepancy between the experimental and the
cm ! ande,, = 6300 cn? have been measured directly by €d 6a-based values for this parameter ineRdhe two
MCD.2* Ag, ~ 0 becaus® is small (eq 5c), and therefore, ~contributions toD in Rdeq are discussed in section 4.2.
€xy cannot be assessed by this analysis. There remain three 4.2. DFT Calculations of the Fine Structure and
unknowns P, «, ¢) for fitting five observablesAy, Ay, A, Electric Hyperfine Interactions. The 3d levels of iron(ll)
Agy, Agy). (N.B. The values forAg, and Agy in Rdeq have split in a crystal field of tetrahedral symmetry,f into the
not been determined, and we have adopted the results fordegenerate sets=e {Z, x2 — y? (lowest) and{= {xy, yz
[Fe(SPh))>.) If eqs 3-5 are realistic, it must be possible xZ, where the orbitals are defined in the Cartesian coordi-
to find acceptable values for the three unknowns that nates of Figure 6. Distortions froify may further lower the
reproduce the five observables; if not, discrepancies betweendegeneracy and stabilize a nondegenerate ground state. The
the results of eqs-35 and the observed values are expected electric field gradient indicates the energy order in which
for any values ofP, «, and. By minimizing the discrep-  the e components appear\Eq is positive or negative
ancies in a stepwise manner we obtained the vaRies depending on whether the ground statexdis— y? or 2,
63.0 MHz,« = 0.40, and¢ = 350 + 20 cn1?, which are respectively. A positive sign has been predicted for [Fe(S-
consistent with the results of earlier studiéSubstitution 2-(Ph)GH4)4]?> based on the? — y? ground state deduced
of the values obtained for the eight theoretical quantities in from MCD analysis (however, a Msbauer proof of this
eqs 3-5 generates the spin Hamiltonian parameters listed property is lacking), and negative signs have been inferred
in the third row of Table 1. All parameters are reproduced from the Mtssbauer spectra of Rd [Fe(SPh)]?~, and [Fe-
very well and support the validity of eqs-5. The calculated ~ (S-0-xyl)-]?". The distortions in the coordination shell of
g-values,g« = 2.07,gy = 2.11,g9, = 2.00, andgay = 2.067, iron are easily visualized by inscribing the structure in a cube
match within the uncertainties thgvalues reported by  (Figure 6). InTy the edgesa andb, are equal, and the bond
Knapp et aP! for [Fe(SPh)]?-, namely,gx = g, = 2.08 + angles at irongy; = S—Fe—S; are 109.8. The edges of the
0.04 andg, = 2.02 + 0.04. By taking the trace of the cube differ inD,y, a = b, and the angles assume two values,
experimentalA-tensor we obtairAs, = —21.6 MHz. This o= a2 = agganda’ = a3 = Oug = Oz = Oa. The Dy
quantity contains contributions from the Fermi contact term, structure is called elongated whan< b ando. < o (two
Acontaci @nd the (orbital) pseudo-contact interacti®gseudo smaller angles and four larger ones). In the extreme @ase (
= P(Tr(g — 2))/3. By using the calculategivalues we obtain = 0,b =2 Fe-S,a = 0, ando’ = 18C) the ligands are in
for Rdeq the valueAgseudo= +4.2 MHz andAcontact= Aiso — axial positions and, obviously, raise tifeorbital in energy
Apseudo= —25.8 MHz. By removingAis, and the anisotropic  (elongation— x*> — y? ground state). The structure is called
part of the orbital termP(g. — day), from the A-tensor compressed whea > b anda > o' (four smaller angles
components we obtain the spin-dipolar contribution to the and two larger ones). In the extreme case=(2'? Fe-S, b

A-tensor, Ay = +0.8 MHz, A = 7.5 MHz, andA)" = =0, a = 180, anda’ = 90°) the ligands occupy equatorial
—8.3 MHz. The parameters evaluated here are important for positions in which they raise theé — y? orbital in energy
the analysis of spin-coupling schemes for ircaulfur (compression— 2 ground state). Unfortunately, the two

clusters; for details the reader is referred to Mouesca andgeometries have been confused by several aufftérehich
co-workers®2 The components of the valence part of the EFG has led to erroneous conclusions about the origin of the
tensor are proportional to those Af? (eq 19.32 of ref 31).  crystal-field splittings in Rd. Given that the coordination
The anisotropyyss = (A" — AX)/AS" = 0.81 matches quite  Spheres in Rdyand [Fe(SPh]*" are elongated (see Table
well the experimental asymmetry parameter of the EFG, 2), one predicts (on the basis of crystal-field theory) that
1= (Vi — Vi)V, = 0.75(5), confirming that the EFG tensor AEq > 0 (however, observed SEq < 0 in both systems).
of Rdq is dominated by the valence contribution. Analogously, the compressed coordination sphere in [Fe(S-
The values forZ (350 cnT?) ande ~ 6q ~ ¢ (~6100  2-(Ph)GHa)a]*” would imply AE, < O (the ground state
cm1) given above can be used for estimatiigSubstitution ~ inferred from MCD suggestakq > 0). Thus, the crystal-
of these parameter values in eq 6a gides 3.3+ 0.5 cnt?, field splittings of_the e manlfold p_redlcted by crystal-field
which is significantly lower than the experimental value of theory are at variance with those inferred from the spectro-
5.7 cnt. Two alternative explanations for the discrepancy SCOPiC data of a number of systems. The failure to explain

have emerged from the literature. On the basis of eq 6a andhe €-splittings on the basis of distortions in the first
coordination shell suggests the application of theories that

(32) Mouesca, J. M.. Noodleman, L; Case, D. A.; LamottdBrg. Chem. can describe the influence of the second nearest neighbors
1995 34, 4347. on the 3d-orbital energies. As pointed out by Bair and
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3,Cys 42

Figure 7. Overlay of [Fe(SCj units in Rdeq and [PPh][Fe(SPh)]
showing the similarity in the torsion anglesin these species.

GoddardP? the orientation of the £-S bond, defined by the
torsion anglesy; in Figure 6 (vi = C—S—Fe—S), directs

Table 2. Structure Parameters for Rgland [Fe(SPh)%~

CpRded [Fe(SPh)2~ ®
geometric param. val@Ge average value average
Fe-S1 2.369 2.335
Fe-S2 2.394 2.355
Fe-S3 2.306 2363 2.359 2352
Fe—-S4 2.384 2.360
Fe-S1-C1 105.0 110.4
Fe-S2-C2 97.1 109.2
Fe-S3-C3 112.0 103.1 114.1 110.9
Fe-S4-C4 98.3 109.8
S1-Fe-S2 103.9 101.3
S1-Fe-S3 110.1 119.0
S1-Fe-S4 112.3 (1_1343-2 5 115 (1_%9-??_ 4
S2-Fe-S3 1125 1119 112.7 1146
S2-Fe-S4 112.8 ' 115.3 '
S3-Fe-S4 105.5 97.9
S1-Fe-S2-C2 5.6 —-3.9 6.6 7.6
S2-Fe-S1-C1 209 (+2-2,3-4-4) 115 (+2-2,3-4-4)
S3-Fe-S4-C4 2.1 20.5 8.5 11.8
S4-Fe-S3-C3 201  (21-1,4-3-3) 251  (21-1,4-3-3)

aRef 6.P Ref 8.¢ Distances in A; angles in degrees.

parison given in Figure 7 suggests that the virtual identity
of the fine-structure and hyperfine parameters in the two

the lone pairs at sulfur and thereby affects the energies ofdepicted species (Table 1) originate from an accidental
the 3d orbitals. To corroborate this point, the latter authors coincidence of the key parameters, We have analyzed
performed a large scale ab initio calculation on the structure the influence of these structural features on the orbital ground

of the Holm-Ibers complex, [Fe($So-xyl),]?~, and obtained
a ground state of approximatey symmetry, in agreement
with the Méssbauer data. We note that thg(A;) andx? —

y? (By) orbitals in the Holm-lbers complex do not mix

state and its properties by applying DFT. The calculations
were performed on the model [Fe(Sg@H? in various
conformations. The calculation on they structure (Figure

6), constructed by averaging the bond distances and angles

because they belong to different irreducible representationsin the crystal structure of Rgfrom Cp (Table 2) and taking

of the idealized,q symmetry in the [Fe(SG) core of this
system; the allowed linear combinations 28f x> — y? (e)
and xy (t2) in the ground state have been summarized in
Figure 6 for several symmetries. Ueyama et al. anaf§zed
the w; dependence of the 3d energies in,Rdith IEHT
and obtained? as the lowest 3d orbital at torsion angles of
the observed magnitude. However, Gesymmetry adopted
by these authors differs from th&,'-like symmetry of the
iron site in Rd (see below). The unit [Fe(Sgk? attains
its highest,D,q, Symmetry in the double-bird arrangement
(wi = 0 fori = 1—4) shown in Figure 6, in which the birds
are interchangeable by &yoperation (th&s, axis is depicted
by a vertical arrow). (N.B. There is a secobg; conforma-
tion (w; = 180 for i = 1—4), which is approximately found
in the [Fe(SC)]>~ core of the Holm-Ibers complex.)
Although the X-ray structure for the [Fe($)a] unit in Rd.eq

w; = 0, resulted in a tiground state in which th#* orbital

is doubly occupied (i.e., th8-HOMO is 22, in agreement
with earlier X, results®* In contrast to their mixing properties

in Do (see above), the orbitalg (A) andx? — y? (A) do

mix in C;' symmetry. The DFT calculations in this symmetry
were performed on structures in which the initiBhy
geometry was distorted by rotating one thiolate group in each
bird, ® = w; = w3z = 0 (Figure 6), where a positive
(counterclockwise) torsion angle, as observed inedRd
corresponds to a shortening of the—<C; distance. The
orbital function ofs-HOMO obtained in the DFT calculations
can be approximated by the expression in eq 2, in which
6 = 0 for Dyy. The orbital calculated for Rgis depicted in
Figure 8 and has lobes that are aligned alongxihe andz
axes, defined in Figure 6. These axes coincide with the
principal axes of the EFG, and the orbital amplitudes along

resembles the double-bird conformation, a closer examinationthese directions are a measure for the corresponding com-

shows a symmetry lower thaD,y. A view of the central
units in Rdeq and the synthetic model [Fe(SER) along
the § axis of the idealized,y symmetry reveals torsion
anglesw: ~ wsz > 0 andw; ~ w4 =~ 0 (Figure 7) that are
compatible with an approximatg,’ symmetry. (See Figure
6; the prime has been introduced to distinguish @Ghexis
perpendicular toS, from the parallelC, axis. The C)
operation on the active site in Rgrelates Cys9 to Cys42
and Cys6 to Cys39, and 2-fold rotation ab&jtransforms
Cys6 to Cys42 and Cys9 to Cys39The structural com-

ponents of the EFG tensor. The DFT results for the
B-HOMO, acquired by scanning the geometry of B¢
isomer, show a linear increase in the coefficienkdf- y?

as a function ofw, provided the rotations are small. Thus,
the DFT mixing angle@, is calculated to be proportional to
the torsionf ~ —0.65w, in the small angle approximation
sin@ ~ 6. The DFT value for the quadrupole splittingEo,

is about—3.5 mm/s inDyq (See below) and remains virtually
constant along th€,' coordinatew. In contrast, the DFT
values of the rhombicity parametey, represent a nearly

(33) Ueyama, N.; Sugawara, T.; Tatsumi, K.; Nakamuranarg. Chem.
1987 26, 1978.

(34) Noodleman, L.; Norman, J. G., Jr.; Osborne, J. H.; Aizman, A.; Case,
D. A. J. Am. Chem. S0d.985 107, 3418.
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Y Table 3. DFT-CalculatedAEq Values forCp Rdeq and [Fe(SPh)?~
CpRed [Fe(SPh)]*
method 11k e exp R I e exp
AEQ? —3.95 —3.48 —352 —3.25 —3.88 —3.44 —3.46 —3.24
mm/s
n 079 081 078 075 096 098 090 0.67

a]: B3LYP/6-311G.PlI: B3LYP/Wachters ¢-), 6-311G.¢lll: B3LYP/
6-311+G*. 9 Using conversion factor1.72 mm s¥au based on nuclear
quadrupole momen® = 0.17 b.

The small variations imf\Eq along this series are probably
caused by differences in the electron-withdrawing capabilities

Figure 8. Contour plot of3-HOMO calculated by DFT in an idealized, i i i ili
C;'-distorted [Fe(SCh)4]2~ model that mimics the central unit in Rg @ of the ligands in these complexes. The applicability of the

~ 20°; other bond angles and distances were taken as iDifpaveraged valence-only expressions suggests that the ligand contribu-
X-ray structure of Relg tions to the EFG are small. This proposal was computation-

ally tested by substituting Fein the [Fe(SCH)4?~ model

with Zn?" (d), by which the valence contribution was
eliminated while retaining the ligand contribution and
084 confirmed by the smallness of the following resultEq ~

0.2 mm/s at the Zn nucleus. (We used, for the sake of
comparison, the conversion factor based on the nuclear

1.0

0.6 moment of iron to convert the EFG at the Zn nucleus into
] mm/s.) The DFT values fohEq (Table 3), obtained for the
= model system [Fe(SCGH#]?~ with angles and distances taken
0.4+ from the X-ray structures (see Table 2), are slightly basis-

set dependent and approach the experimental numbers for
the Cp Rdqand [Fe(SPh)?" upon increasing the basis with

02 polarization and diffuse functions. The results pertaining to
the largest basis set employed are about 0.25 mm/s lower in
00 -— value Fhan those ob;erved. The DFT vaIges;yfdnave aIsp
0 5 10 15 20 25 30 been listed and are in good agreement with the experiment,
o, deg especially those calculated for the [Fe(S{H~ models in
Figure 9. Asymmetry parametey vs C;' distortion anglev calulated by which the m.ethyls represent E}Ikyls' .
DFT. Bond angles and distances were taken as iDgeaveraged X-ray In decreasing order of magnitude, the zero-field parameter
structure of Relg D includes contributions arising from (i) the spiorbit

coupling between the crystal-field-split spin-quintet states
(Do) of °D parentage, (ii) spirorbit coupling of the quintet
ground state with excited triplet statd3+f, and (iii) spin—
spin coupling between the unpaired 3d electrahg (These
guantities are additive in the second-order perturbation
treatment adopted here:

linear function ofw (see Figure 9). (N.B. The corner in the
7 vs w curve of Figure 9 is due to the conventipy] < 1

and reflects a change in the order |8§|, |Vy], and|V].)
The computedy values are accurately described by the
valence-only expression (eq 4b) for this quantity in the state
of eq 2, from which one derives a linear function of the

torsion D =Dg+ Dy + Dg 9

n(w) ~ /3tan(1.%) ~ 2.3w (7) The relative magnitudes of the terms in eq 9 have been listed

in the small angle approximation. The expression\grin in Table 4 for three complexes. The expression oy
the state of eq 4a i¥°, cos @ and yields, in combination depends on the orbital function of the quintet ground &tate
y¥4 !

with #(0) given in eq 4b, #- andw-independent expression

2
for the quadrupole splitting DQ(zz) = % (10a)
Xz,yz
AE, = Loy J1+ Lie=loov (8) 214 1
b A D¢~ y) = — 2+ - (10b)
Q 16\€xy  €xay

in accordance with the aforementioned DFT results and the

striking constancy observed for this quantity in'84bauer  where the doubly occupied orbital is indicated in parentheses.
studies of complexes with different symmetrieAEq (at The first expression contains one term less than the second
4.2 K) is—3.34 mm/s in [Fe(80-xyl)4]>~ (D2g), —3.24 mm/s one because th& ground state does not interact with the

in Cp Rdeq (C'), —3.25 mm/s in [Fe(SPh)~ (C,'), and excited state by spinorbit coupling. In the special case that
—3.24 mm/s in [Fe(SCKCHs)4)?~ (structure not reported).  the 3d orbitals of £ parentage are degeneratg, ~ €y, ~
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Table 4. Compositions of Zero-Field Splittings

system Dcm™t Dq % Dt % Dss %2 B-HOMO ClCred ref
Rdeqg 5.7 5r 4 7 C|Z23Hs|x2 — y2[ 0.89 this paper
[Fe(SPh)2- 5.7 53 0 47 |23 |32 — Y2 0.80 21
[Fe(SPhGH4)4]2 -8.® 81e 149 5h X2 — y2[] 0.91 11
—-8.7 70.5 25 4.5 [x2—y20 0.85¢

2Dgs= 3p = 0.54 cn1l, p is spin—spin coupling for free F& given by Watson and Blum&. ° ¢ used for scalindd(ired) t0 Dexp ObServedsiee = 400
cmL ¢ Calculated on the basis of-dl excitation energies deduced from TD-DFTFrom far-infrared studies by Champion and Siev&r§.Calculated on
the basis of &d excitation energies inferred from spectroscopic daBased on the spiaspin coupling constant estimated by Pryee, = 0.95 cnrl,

9 From MCD." Not considered by Gebhard etal.' Percentage based on the value B given in Gebhard et dft i Calculated with same excitation
energies as used f@¥r in Rdeqin the case of ar? — y2 ground statek Use of a larger value fdDr requires a smaller reduction factor to matbserved.

Table 5. d-d Excitation Energies for Quintet States and Orbital

il i 2\ A — 2
e €q 10a,b implies the relatioDo(x ) ~ —Dq(2). Energies Inferred from Triplet Energies

However, the DFT calculations, discussed below, indicate
TDDFT® TDDFT®  TDDFTP

thate,y < €y, & ey Substitution of the typical valuesy = 6-311G 6-311-G* 6-311GCy  triplet®  exp
2400 cnt andey, ~ €,, = 6000 cnt in eq 10a,b yields the transitiof  X-ray*  X-ray® w0 =20°¢ 6-311GDy S=2

modified relatiorDo(X* — y°) &~ —3Dqo(Z’), which rationalizes '~z —y2) 3459 3940 2741 2368 1000
both the negative sign and the increased size of the ZFS ing —xy 3563 4424 2988 3441 2000

i ; i »—yz 7737 8069 6343 7015 5900
the third c.omplex of_TapIe 4. However, the increase is Igss e 9069 9261 2410 Zole 2300
than predicted and indicates the presence of contributionsg 682 620
other thanDq that are less affected by the change of the C 2583 2808
orbital ground state. Using the free ion valfge = 400 ag is f-HOMO.b Functional: B3LYP. Structure: [Fe(SGH]Z.
cml, one obtains the valu®q(z?) = 5 cm'l, which is ¢ Angles and distances from structure of,R8 9 Angles and distances in

slightly below the experimental value for Rg The Iarge [Fe(SCH)4]2~ from optimizedDyg structure £ Crystal-field energies and
at . Racah parameters deduced from fitting TD-DFT triplet energieBn
value ofDssreported by Knapp et &t.(Table 4) is based 0N 1hese values were used for the calculationDaf and Er.  Excitation

the spin-spin coupling constant estimated by P = energies and Racah parameters are expressed in wavenufielse

0.95 Cm—l) from deviations from the Laridaule. observed fulfils condition >600 cnm* obtained from the temperature dependence of
i Eo. " Dgis not sensitive to these energies ind&dd Value fulfils condition

in the SpECtrOSCOpiC level spacings of the fr.eé*ﬁen. This <3300 cn1? obtained from MCDI From MCD measurement$. ¥ Inferred
estimate was challenged by Treé€syho realized that such  from single-crystal MCD measurements by Gebhard ét @he free ion
deviations may also arise from off-diagonal sporbit  Vvalues aréree = 950 cn* and Cree = 3652 cmi*.%

coupling between the2+ 1 manifolds of the ion. After

. X _ o sions, like those given in eq 10a,b. Table 5 presents excitation
subtracting the latter effect, this author obtained sigipin

. 1 . energies for the spin-quintet states and comprises the results
coupling constants(~ 0.10 cnt?) considerably smaller than of both computational (columns—2) and spectroscopic

Pryce’s estimates for this quantity, although it turned out to studies (column 6). The DFT calculations were performed
be difficult to determine precise values for The order of on the model [Fe(SCH]2~ and were followed by TD-DFT

magnitude ofp suggested by Trees was confirmed by the ¢, tations of the excited states and their energies. Bond
atomic Hartree-Fock calculations conducted by Watson and lengths and angles used for calculating columns 2 and 3 in

Blume, and we have adopted their theoretical estimate for ropje 5 \yere taken to be equal to the corresponding values
this quantity” ¥3Dss= p = 0.18 cm'*. This value, theiee in the X-ray structure of Rg those adopted in column 4
based valu®r = 1.5 cnr* given by Gebhard et ak.(the o6 acquired by a geometry optimization of the model in
sign of Dr is discussed below), aridg =15 cnr(see above)  p . summetry, and the resuits in column 5 were obtained
yield together the estimate = 7 cm* for the zero-field \iuh parameters in thB.-averaged X-ray structure of R

splittir)g in Rdeq The latterD value is gre_ater than the (Table 2). The torsion angles ofi@nd G in the structure
experimental result for Réiand suggests thatis covalently ¢ .ojymn 4 had to be artificially introduced after optimiza-

reduced 10 0.8re. such that th@ree—bas;ad value fob scaklas tion because of the lack of any distorting protein strains in
down to the experimental valueZ/Lied*D(Cred) ~ 5.7 CNT : our structural model. The optimized structures are in good
(We assume thldss scales a®o andDr do.) However, it 5qreement with the X-ray structure and will be the subject
we adopt the reduction factor of.Knapp et = 0.8ed) of a future report. However, the differences between the
the scaled value fob (4.5 c) is smaller than observed, oy hased and optimized structures had a significant impact
which would suggest thddr > 1.5 cnt™. These examples ,, i eycitation energies, especially on those foxtrend
illustrate that there is some ambiguity in the estimates for yz orbitals (Table 5), which were in fair agreement with

the triplet conFrlbutlon to the zero-field spl_|tt|ng. We hav.e experiment only after geometry optimization (compare to last
addressed this problem from a theoretical stand point, column)

namely, by applying TD-DFT. The evaluation Dig and The calculation of the triplet excitation energies is a

Dr requires the knowledge of the excitation energies, .ompiex matter, and we refer the reader to the Supporting
appearing in the denominators of the perturbation expres-|¢ormation for details of the treatment briefly described here.
The S = 2 multiplet with two electrons in the orbital of eq
gg} e R E'F',,'{)',Z%Sé. Rosiss aas " 2 interacts by spirorbit coupling with 26 strong-field spin-
(37) Watson, R. E.; Blume, MPhys. Re. 1965 139, 1209. triplet states, which are listed in Table S1. These interactions
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Table 6. Calculated Quintet and Triplet Contributions to Zero-Field
Parameters
4 —
DFT-CFT? CFT-MCDP
60=0° 0=-11.8 0=0° 60=-11.8
D(%A) 4.36 3.63 4.92 3.92
3 E/D(°A) 0 0.19 0 0.25
D(3r) 3.30 3.04 3.19 2.91
E/DEI) 0 0.27 0 0.30
> ss 0.54
5 EsdDss 0 0.25 0 0.25
w D 8.20 7.21 8.65 7.37
N E/D 0 0.23 0 0.27
¢ reduction 89% 88%
14 ¢ e cE aEnergies taken from Table 5, columns 4 and,5= e, = 6877 cn1?!
E oot T T in D2a. ® Energies taken from Table 5, columneg; = e,, = 6100 cnTtin
Dog.
5 . .
0o A coomeemereeeeeees bt calculations result from the small value f@, and it is
therefore not surprising that our values for the Racah
_ _ — parameters are in excellent agreement with those inferred
Figure 10. (Left) Theoretical energy level scheme of spin-quintet and

from the MCD data (see Table 5). Large reductionsBin
and C are expected for covalent ligands like sulfur. If the
3d components of the metal-based orbitals are diminished
by orbital overlap with the ligand$dd— c|d(c < 1), the
expectation values of the two-electron operatof&d||dd),

are reduced by factors that are the square of those for the

(Dr andEy). The excitation energies of the triplet states have One-electron operatorsc®(dj|d). Thus, the quantities
been expressed in terms of Racah paramet@rand C (C/Cire)? = 0.84, B/Bree)” = 0.85, andi/Ciree = 0.89 are
(describing the electrorelectron repulsions between the €Xpected to be comparable in magnitdt#. The ¢ value
metal 3d electrons), and 3d-orbital energiggdescribing (356 cm™) obtained by scalingd down to Dey, is in

the crystal-field splitiings of the metal 3d levels). These agdreement with the resuft~ 350 cnt* deduced from the
expressions are listed in Table S2. The energies of 12 of theSPiN Hamiltonian parameters.

26 interacting triplets and those of three additional, nonin-  Substitution of the triplet energies (column 6 of Table S1)
teracting triplets were identified with the energies of TD- into the general expression f@r (eq S3.13,14) results in
DFT solutions that were selected on the basis of their the Gresbased values for this parameter listed in Table 6
resemblance with the specified states. This procedure affords€f). The right-hand side of Table 6 presents the results for
a total of nine excitation energies (Table S1). (The number Dt obtained by adopting the experimental estimates of the
of energies is lower than the number of states because ofduintet orbital excitation energies (column 6 of Table 5) as
degeneracies, arising in tisg symmetry adopted in these the orpltal energies in the expressions for the triplet energies
calculations.) These energies were fitted with the theoretical 9IVen in Table S2, while retaining the Racah parameters
expressions given in Table S2, using the Racah parameterdiVen |n'column 5 of Table 5. The replacement results in
and orbital energies as adjustable parameters (see Figure S.1jather minor changes I of less than 0.5 crit. Furthermore,
The optimized values are listed in Table 5 (column 5) and 'able 6 listsDo values, which were calculated in second-
are in good agreement with the orbital energies obtained from©'der perturbation theory (eq 19.18 in ref 31) with the
the quintet calculations (column 4). The optimized parameters €xcitation energies in column 4 of Table 5 (Table 6, left)
were substituted into the energy expressions for the crystal-2nd with those in column 6 of Table 5 (Table 6, right). In
field states (Table S2) of which we were not able to the hypotheu;al case _thaF all tr!plet energles are equal,
determine the energy by TD-DFT. The resulting triplet €T = €T thetnplet contribution t® in the Z2 quintet ground
excitation energies together with those evaluated with the St&te is given by

crystal-field expressions for the TD-DFT-identifiable states 5

are listed in column 6 of Table S1 and were adopted in the
calculation of zero-field splitting parameteBs; andEr. The
theoretical level scheme of the states that interact by-spin
orbit coupling with the largest orbital component (i.2),

of the quintet ground state in Rgis shown in Figure 10.
The lowest spin triplet is located1.5 eV above the ground
state, in agreement with the MCD studies by Solomon an
co-workers'! but is considerably lower in energy than the

-triplet d—d excited states that contribute to the ZFS in the ground state in
D2y symmetry. Triplet levels contributing tBr terms linear in anglen

after distortion toC,’ symmetry are indicated by bold levels. (Right)
Effective triplet energies defined in section 4.2.

contribute to the ZFS of the spin ground quintet of.&d

(11)

and has the same sign as the quintet contributiob o
this state (eq 10a). Equation 11 allows us to define an
effective triplet energygr, by solvinger from eq 11; the
d valueDr = 3.30 cn1?, given in Table 6, yieldsr ~ 1.876
eV (Figure 10, right). In passing we note that b@th and

triplets computed by Bair and Godd&tdEey: > 2.8 eV).
The rather low triplet excitation energies obtained in our
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D+ obtained for the — y? quintet ground state have negative where we have used eq 13 aBg/Dss ~ #/3. Substitution
values and thabr(x? — y?) ~ —D+(2) for the same set of  of the asymmetry parameter for Rgdn eq 14 yieldsE/D ~
orbital energies. The theoretical value @¢(x*> — y?) can 0.25, in excellent agreement with both the experiment and

be accommodated in tHe of [Fe(S-2-(Ph)GH4)4]?, pro- the values derived by a full calculation (Table 6). The latter

vided ¢ is reduced to 0.85.. (see Table 4). result confirms the validity of the approximations made in
Distortions from Dyq symmetry 0 = 6 = 0) to C; the derivation of eq 14. It should be borne in mind, however,

(0 < |w|, 2|6] < 180C) give rise to (i) smaller values fddq that the excited states that contribute to the ZFS parameters

and D+ in the 22 quintet ground state and (ii) nonvanishing in eq 13 were assumed to be degenerate. In the expression
rhombicity parametersEqg and Er = 0. The rhombicity for the quintet contribution (see eq 13), the assumed
parameters listed in Table 6 were evaluated at mixing angledegeneracy is based on an idealifgg symmetry for the

0 = —11.8 in Rd.qWith the electronic parameters used for iron site in Rd (in whichey, =~ €,); however, an analogous
calculating the correspondirig values, and are, in analogy symmetry argument is lacking in the case of the triplet levels.
with eq 9, additive quantities The triplet states contributing @r andEr belong to different
sets (indicated by the bold levels in Figure 10), and therefore,
the (E/D)+ ratio in eq 13 is only an approximation. To derive

a more accurate expression, it is convenient to define an
effective energye-, for the triplet states that contribute to
Er linear terms in@ in the small angle approximation. A

62 andD1(6) — D+(0) ~ 62 so thatD i altered insignificantly procedure, analogous to the one for evaluatingields the

. E . .
at small mixing angle®. The percentages quoted in Table eff_EiCt'Ve energyeETj 1.731 eV (Figure 10, right). AST -

4 for Rdeg are based on the, results in Table 6 (left). In €7~ andEr ~ (e7)™, part of eq 13 has to be modified as
contrast toD(6), the functionsEq(d) and Er(6) are ap-  [OIOWS:

proximately linear ind. There are two factors contributing E ery

to the rhombicity parameter: (i) orbital mixing in the ground (B)T N Eg” 0.367 (15)
state (eq 2) and (ii) perturbations of the excited states, notably €T

splittings of degenerate state energies byGkelistortions.
For example, if the components of t#ie states irD,4 (Table
S1) are separated by an energy gafd2in C,', there arise
contributions tcEr of the formZ? (et + A€) — %(er — A€)
~ Dt(Acler) leading to changes ikr/Dt that are on the
order of Aelet. Given thatAe is typically an orbital splitting

E=Eq+E; +Eg (12)

The C;' results forDg(6) andD+(6) in Table 6 indicate that
these functions have the maxirbg(0) (eq 10a) and(0),
respectively (eq 11). As a consequenbe(f) — Dq(0) ~

where the value 1.083 has been used for the ratio of the
effective energies. This refinement leads to a slight modifica-
tion of eq 14,E/D ~ #5/2.9.

In summary, the rhombicities in fine structure and hyper-
fine interactions are related as

energy caused by a small distortiofie(~ 500 cn1?) and Aid_ A;d E E E E
thater ~ 2 eV (see above), the changesE//Dr are as gx —g ~ (5) ~ (5) ~ (5) ~5 (16)
little as ~2%. On the basis of this estimate, we have 3A, ss Q T

neglected any contributions B andEr that originate from
excited-state modifications caused by torsion anrglédhe
largest contribution to the rhombicity parameter in.d2d
arises from the admixture of — y? into thez? ground state.
To analyze this ground-state effect on the r&ib, we have
made first the simplifying assumptions th&t= €, and that
the triplet energies are degeneratg, = er. Under these
conditions we obtain the expressions

The asymmetry and rhombicity parameters for.R@ able

1 and section 4.1) satisfy eq 16 within the error margins.
The first two identities are generally true for orbitally
nondegenerate high-spin#eand follow from the fact that

the nuclear quadrupole interaction, the spin-dipolar coupling,
and the ZFS because of spiapin coupling are proportional

to the same tensor (eq 19.15 in ref 31), whereas the last three
identities are a peculiarity of the orbital ground state iRRd

Eo N E; 7 (Figure 8). The factor of/; in the first term of eq 16 is
D_Q ~D, 3 13) conventional and expresses that the maximum rhombicities
(i.e.,7 = 1 andE/D = Y3) are attained (almost) simulta-
that depend exclusively on the asymmetry parameté) neously in each of the six terms in eq 16.

(eq 4b) of the ground state. Equation 13 is independent of 4.3. Whole CellsThe Mssbauer spectra of Rglin whole
the excitation energies (which cancel by taking the ratios cells of E. colihave provided interesting information on Rd
becausér, Dt ~ (er) "t andDq, Eq ~ (exzy) ) and is also itself but also broader insights into the potential of whole-
independent of the detailed form of the excited states becauseell Mossbauer spectroscopy. We first wish to point out that
the closure relation in the second-order perturbation operator,0ne can obtain well-resolved spectra ofKth whole cells
Sr(er) Y TON| = (er)"1y | TOT, is invariant under unitary ~ (Figure 4B-E). The spectral components of Rdin the
transformation (i.e., orthogonality-conserving state mixing). cellular spectra are virtually the same as those observed for
The ratio ofE (eq 12) andD (eq 9) can be written as the purified enzyme. This result suggests that the structure
of the [Fe(SRj]?> unit in the cellular environment is the
E_ D_QE E E %E N (14) same as in frozen buffered solution. Even minute changes
D D (D)Q D (D)T DS(D)SSN 3 in some of the electronic parameters would have resulted in

Inorganic Chemistry, Vol. 41, No. 24, 2002 6369



ABSORPTION (%)

VELOCITY (mmls)

Figure 11. Effect of a small increment in the torsion anglay = 3°, on
the M&ssbauer spectra of Rd Experimental spectra A and B were obtained

Vrajmasu et al.

Rd.qis certainly a favorable case for whole-cell Mbauer
studies. Thus, the reduced protein has an isomer ghift (
0.70 mm/s) that is distinctly different from those observed
for 5- and 6-coordinated complexes with N and/or O ligands
(0 ~ 1.1-1.3 mm/s). Furthermore, the high-field spectra are
well-resolved and reasonably sensitive to variations of the
spin Hamiltonian parameters. Among the many proteins
studied in our laboratory over the past 25 years, we can
readily identify some, such as 3,4-protocatechuate dioxyge-
nase and proteins containing reduced [3Fe24bisters that
provide similar resolution. On the other hand, diferrous states
of diiron proteins offer only a limited resolution in strong
applied fields and, thus, structural information will not readily
be obtainable. However, we have only just begun the
systematic study of Mesbauer spectra from proteins in whole
cells and foresee that it will be possible to reduce the spectral

at 4.0 T for the as-isolated protein while spectra C and D were obtained background absorption by making an appropriate choice of

for whole cells. A and D show theoretical spectra obtained from the best

set (B and C) by changing by 3°. Parameters used are listed in section
3.

the growth conditions and timing 6fFe addition. Indeed,
as shown here and in previous investigatidhthe back-
ground>’Fe absorption from cell components other than the

. . L rotein of interest is a crucial point in several respects.
observable changes in the spectra. For instance, vanatlonzg P P

in AEo (1%), A, (2%), 6 (2%), D (10%), andE/D (15%)

can be readily recognized. Of course, a structural distortion

at the metal site will alter all spin Hamiltonian parameters
simultaneously. The mixing parametg@rof eq 2 is related
to the torsion angle®; of the S—C; bonds (see above). To

In our previous whole-cell study of the FNR transcription
factor, as well as in other unpublished investigations, we have
noticed that a considerable fraction of the”dgbauer
absorption (at 4.2 K and in weak fields) of the various iron
components in the cells consisted of a superposition of

test the structure dependence of the spectra, the two torsiorPreadened quadrupole doublets, similar to that shown in

angles in Figure 6’ symmetry) have been rotated together,
either clockwise or counterclockwise by an additiof&".

As shown above, a distortion @&w ~ £3° translates into
AO ~ £2° in the ground state of eq 2 and alters the spin
Hamiltonian parameters in eqs-8. For example, foAw
—3° the relevant spin Hamiltonian parameters (and
changes) are as followsdd = 5.7 (6.0) cm%, E/D = 0.25
(0.19),7 = 0.75 (0.62),Ax = —20.6 (—19.8) MHz, A, =
—11.4 —12.1) MHz, andA, = —32.8 (—33.4) MHz. Figure

Figure 5A. Lowering the temperature to ca. 1.5 K revealed
that this absorption predominantly originated from paramag-
netic species, mostly associated with high-spin ferric ions.
(Low-spin ferric ions generally have larger quadrupole

splittings than those observed in the spectrum of Figure 5A.)
The observation of doublets at 4.2 K and spectra exhibiting
paramagnetic hyperfine structure at 1.5 K indicates that the
relaxation rates of the electronic spins are fast on the
Mossbauer time scale at 4.2 K but are slow at 1.5 K. In our

11 shows again the 4.0 T spectra obtained for the purified Previous study of FNR transcription factéwe had specu-
protein (spectra A and B) and for whole cells (spectra C lated that some of the magnetic features were associated with

and D) together with the simulations for the optimized

the iron clusters of ferritin components. However, subsequent

parameter set (spectra B and C) and the changed set (Spectrgudies ofE. coli mutants, lacking ferritin genes, showed

A and D): The simulations indicate that the charge =
3° would be quite apparent. Thus, the similarity of the.Rkd
components in the Mesbauer spectra of whole cells and

that the absorption attributed to ferritin originated from other
complexe<? The broad absorption features in the spectrum
of Figure 5B most likely reflect a distribution of ferric species

purified protein samples indicates that the key features in With different zero-field splittings. Since the magnetic
the structure of the iron site are virtually the same in both hyperfine splittings of high-spin ferric ions depend sensitively

environments? The example of Rgyillustrates that Mes-

on the parametdt/D, complexes with differenE/D values

bauer spectroscopy can provide precise and reliable structuraWVill have splittings that differ by as much as a factor of 2.5;

information on the active site of iron-containing proteins
within whole cells. It is noteworthy that a 1-mL sample cup
packed withE. colicells contains a fairly high concentration
of iron (the sample of Figure 4B has ca. 120 of 5Fe),
and consequently, a Msbauer spectrum with good signal/
noise ratio can be collected within a few hours.

see eq 15 and Figure 4 of ref 40. Given that the magnetic
hyperfine splittings are also a function &g and A, the
broad spectral pattern observed is readily rationalized but
nearly impossible to deconvolute. (N.B. The two lines in
the center of the spectrum of Figure 5B do not represent a
guadrupole doublet but originate from a superposition of the
two central lines of a distribution of magnetically split 6-line

(39) We have stated above that we would readily observe a 2% change inpatterns.)

Ay, and the reader may wonder why we present an example wjere
increases by 6%. However, the change causes a chaiyandE/D
that yields a 2% smaller expectation vallgL] Consequently, the
critical quantity, the internal magnetic field, changes by only 4%.
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The paramagnetism of the backgroutife absorption  the case of Rdy Investigations on other well-characterized
might be affected by interactions between closely spaced ironproteins are in progress to determine whether this is a general
centers in whole cells. We have therefore attempted to assessccurrence. It would then be possible to infer that whole-
this factor even though the intracellular volumes in the cell cell spectra reflect genuine structural features of the protein
pellets, used to record the spectra of Figures 4 and 5, areof interest, regardless of the magnetic properties of the
not accurately known. A crude estimation suffices for the cellular medium.
purpose of the present discussion: the intracellular volume The present investigation has disclosed another fact that
is quite certainly within 26-80% of the total volume. Thus, is at the same time a weakness and a strength of the
if we adopt the value of 40%, the error will be at most 2-fold. technique. The spectra of Figure 4B show that Rd in
With this choice of the volume ratio, the sample containing whole cells is only present in its reduced state,.Rd his
Rd-overproducing cells (Figure 4) and the control sample is readily understood by taking into account that the
(Figure 5) would have intracellular iron concentrations of intracellular chemical potential{260 to —280 mV)! is
ca. 4 and 8 mM, respectively. From the spectra of Figure much lower than the redox potential of R0 to —90
4B—D, the intracellular Rdsconcentration can be estimated mV). Hence, in some cases it may only be possible to probe
as 2.3 mM. If all molecules that contain paramagnetic iron one redox level of a given active site by whole-cell
centers (assuming mononuclear centers) were uniformly Méssbauer spectroscopy. However, this consideration also
distributed in the cell, the average iroiton distance would  suggests that the method could be used for monitoring
be about 60 A at the highest estimated concentration (8 mM).the chemical potential of cells. Preliminary studies using
The upper error limit given above for the volumes (2-fold) [2Fe—2S] ferredoxins look promising, although the question
would translate into 1.25-fold (cubic root) distances. Thus, of the intracellular redox pools with which the ferredoxins
a conservative estimate of the average distance between thequilibrate must be answered. Moreover, it has to be tested
iron centers would be 4675 A. The spir-spin relaxation whether the cell potential shifts during concentration of cells
at these distances is expected to be slow, as it is indeedby centrifugation and subsequent freezing. Investigations
observed for the Rgh component in the spectra. This raises along these lines are in progress by using a series of-iron
the question of why, in contrast to Rg the iron-containing  sulfur proteins that span an appropriate range of redox
species in the control of Figure 5 exhibit fast relaxation at potentials.

4.2 K. A possible explanation may be that the paramagnetic  acknowledgment. This work was supported by National

sites in these species are not uniformly distributed in the |nstitutes of Health Grant GM 22701 (E.M.).

cell and are separated by subaverage intermolecular distances. . . . . , _

Moreover, as these species are predominantly high-spin ferric S.Upport'.n g .Informatlon Ava”aple' Tr.'p.let excitations a.md.
! . . . - “their contributions to the zero-field splitting. This material is

they may effectively relax with non-iron paramagnetic available free of charge via the Internet at http://pubs.acs.org.

centers, such as Mn(ll) or other metals.

Finally, the effect of paramagnetic cell constituents on the '©020508Y
spectra of the protein of interest appears to be negligible in (41) Ritz, D.; Beckwith, JAnnu. Re. Microbiol. 2001, 55, 21.
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