Biochemistry2002,41, 9833-9841 9833

Resonance Raman Characterization of the Mononuclear Iron Active-Site Vibrations
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ABSTRACT:. The resonance Raman spectrum of oxidized wild-tiPppéuriosusSOR at pH 7.5 and 10.5

has been investigated using excitation wavelengths between 406 and 676 nm, and vibrational modes have
been assigned on the basis of isotope shifts resulting from global replacemé?@snith 34S, 14N with

15N, S6Fe with 54Fe, and exchange into a,¥30 buffer. The results are interpreted in terms of the
crystallographically defined active-site structure involving a six-coordinate mononuclear Fe center with
four equatorial histidine ligands and axial cysteine and monodentate glutamate ligands (Yeh, A. P., Hu,
Y., Jenney, F. E., Adams, M. W. W., and Rees, D. C. (2@i@chemistry 392499-2508). Excitation

into the intense (Cys)Sgpto-Fe(d;) CT transition centered at 660 nm results in strong enhancement of
modes at 298 crt and 323 cm! that are assigned to extensively mixed cysteir€Cg—C, bending and
Fe—S(Cys) stretching modes, respectively. All other higher-energy vibrational modes are readily assigned
to overtone or combination bands or to fundamentals corresponding to internal modes of the ligated cysteine.
Weak enhancement of Fé&(His) stretching modes is observed in the 2@®0 cnT! region. The
enhancement of internal cysteine modes andNgis) stretching modes are a consequence of a near-
planar Fe-S—Cs—C,—N unit for the coordinated cysteine and significant (His)NtpFe(d,)—(Cys)S-

(p-) orbital overlap, respectively, and have close parallels to type 1 copper proteins. By analogy with
type 1 copper proteins, putative superexchange electron-transfer pathways to the mononuclear Fe active
site are identified involving either the tyrosine and cysteine residues or the solvent-exposéstidine

residue in a Y-C—X—X—H arrangement. Studies of wild-type at pH 10.5 and the E14A variant indicate
that the resonance Raman spectrum is remarkably insensitive to changes in the ligand trans to cysteine
and hence are inconclusive concerning the origin of the alkaline transition and the nature of sixth Fe
ligand in the E14A variant.

Evidence has recently accumulated for a novel oxidative respectively. Both contain a common mononuclear non-heme
stress pathway in anaerobes involving superoxide reductionFe site, but the 2FeSORs contain an additional desulfore-

rather than dismutationl{ 2). The key enzyme in this
pathway, superoxide reductase (SOGRatalyzes the reduc-

doxin domain containing a rubredoxin-type Fe(SGgenter.
Crystallographic and spectroscopic studies of the 25@R

tion of superoxide to hydrogen peroxide and appears to usefrom Desulfaibrio desulfuricans(6, 7) and the 1Fe SOR

rubredoxin as the immediate electron donbr3). Distinct

from Pyrococcus furiosug8, 9) have revealed an SOR

forms of SOR containing 1Fe and 2Fe atoms per monomer active-site comprising a mononuclear Fe with four equatorial
have been characterized and are commonly referred to bynhistidyl ligands (on@N and three:N) and one axial cysteinyl

the trivial names neelaredoxid)(and desulfoferrodoxirgj,
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ligand. A monodentate glutamate (E14) completes octahedral
coordination in oxidizedP. furiosusSOR but is removed on
reduction, creating a binding site trans to the cysteinate for
substrate binding and activatio8, Q).

The ground- and excited-state electronic properties of the
ferric and ferrous sites iR. furiosusSOR have recently been
extensively characterized using the combination of EPR,
absorption, CD, and variable-field, variable-temperature
magnetic circular dichroism (VHVT MCD) spectroscopies
(9). This has led to detailed assignments of ligand-field and
ligand-to-metal charge transfer (CT) transitions and assess-
ment of the important role of (Cys)S{p-Fe(d,) interactions
for optimizing the active site for reductive binding of
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superoxide and dissociation of the peroxide prodgci(). 3

In addition, the results indicate the potential of resonance

Raman, using excitation into S-to-Fe CT transitions, for J

monitoring Fe-S(Cys) vibrational modes and the changes

in the active site during catalytic turnover. Although reso-

nance Raman of the 2F&SOR from D. desulfuricans

provided the original evidence for cysteinate coordination

of the oxidized SOR active site6), detailed vibrational

assignments were not attempted due to the complications

associated with the presence of an additional cysteinyl-ligated 1

Fe site. In this work, we report assignment of the resonance

Raman spectrum of oxidized wild-tyge furiosusSOR at -

pH 7.5 and 10.5, based on isotope shifts resulting from global

replacements of?S with 34S, 14N with 15N, 56Fe with Fe, o e

exchange into a $180 buffer, and parallel resonance Raman s e ot 1

studies of the oxidized E14A variant. The results reveal

extensive coupling between theF8 stretching mode and - )

the internal vibrational modes of cysteine. On the basis of F'6URE 1- Visible absorption spectrum and resonance Raman
- . . . excitation profile for the 323 crt vibrational mode of wild-type

the evidence for substantial S$fp-Fe(d,) interactions 9, 10) P. furiosusSOR. The sample and Raman measurement conditions

and the close analogy with type 1 (blue) copper proteins, are the same as those described in Figure 2, except for the addition
the resonance Raman results suggest superexchange pathf 500 mM sodium sulfate, which served as an internal standard

Ways for med|at|ng electron transfer from rubredoxin to the fOI’. the excitation prOfiIe. The eX(.:itatiOn pl’OfIlQI isin arbitrary
mononuclear Ee active site units and corresponds to the ratio of the intensity of the 323'cm

band of SOR to the 990 cthsymmetric stretch of the sulfate anion
MATERIALS AND METHODS at different excitation wavelengths.

Sample PreparationThe gene encoding wild-typ®. digitally us_ing photor_l counting el_ectronics, _and improve_z-
furiosus SOR was expressed fscherichia coli and the ~ MeNts in signal-to-noise were achieved by signal averaging
recombinant protein was purified to homogeneity according multlple_scgns. Absolute band positions were calibrated using
to the published procedur®)( The E14A variant ofP. the excitation frequency and CCand are accurate teérl
furiosusSOR was generated using a standard mutagenesi<™ - Lines from a Coherent Sabre 100 10-W Argon lon
kit (QuikChange Site-Directed Mutagenesis Kit, Stratagene, -@ser or Coherent Innova 200-K2 Krypton lon Laser were
La Jolla, CA), and the DNA sequence was confirmed. The useql for excitation, and plasma lines were rem_oved using a
recombinant E14A SOR was purified in the same manner Pellin Broca prism premonochromator. Scattering was col-
as that for the wild-type protein. Samples of wild-type quted from the surf_ace ofa frozelj 1Q-droplet of sample
furiosusSOR globally labeled with5N and3S SOR were using a cust_om-de5|gned 'anaerob|c sample te)) attached
obtained in the same way, except tEatcoli was grown in to the coldfinger of an Alr Products_, Displex Model CSA-
2.8 L flasks (6x 1 L), shaking at 250 rpm. For th&N- 202E closed cycle refrigerator. Th_ls arrangement enables
labeled samplé3NH,CI (98% enriched; Cambridge Isotopes) Samples to be cooled to 17 K, which facilitates improved
was substituted for NI and FeGJ substituted for Fe- spect.ral resolutlo_n apd preyents Iaser—mdgced sample deg-
(NH.)2(SQy), in the M9 salts. For thé*S-labeled sample, radation. For excitation profiles, 0.5 .M sod|.um sulfate was
MgCl, was substituted for MgSQand the sole source of added to the sgmp!e in order to provide an internal st'andard
sulfur was 2mM3SQ2- prepared in a 100 mM potassium for_ the SOR vibrational modes. For assessment of isotope
phosphate buffe?SQ2- was prepared by heating elemental shifts, both the natural abundance and isotopically enriched
343 (99.8% enriched; Trace isotopes) t0°&5in aqua regia. ~ S@mples were placed on the sample probe, and frequency
For theFe-labeled samplé“Fe ferric citrate (95% enrich- calibration was checked before and gf.ter measurements to
ment) was substituted for Fegh the M9 salts. Thé“Fe ensure relative accuracy of band positions to at leastl
ferric citrate solution was prepared froffFe metal by ~ CM . Isotope shifts 4v) were assessed to an accuracy of
dissolving in aqua regia, adding stoichiometric sodium citrate, =1 ¢n7* for weak bands based on spectral overlays and to
and neutralizing with 10% ammonium hydroxide. Prior to a0 accuracy of=0.2 cm* for more intense bands based on
use for spectroscopic studies, samples were oxidized withthe natural a.bundance minus !sotop|cally labeled d|ff(_arence
excess hexachloroiridate, and the excess oxidant was reSPectrum using the relationshipr = IpI72.6, wherelp is
moved by Amicon ultrafiltration. Samples at pH 7.5 were the peak-to-trough intensity of the difference spectrurs,
in 50 mM HEPES buffer. Samples at pH 10.5 were prepared thg maximum peak intensity, ardis the full width at half-
by Amicon buffer exchange into a 50 mM CAPS, pH 10.5 height {2).
buffer, and samples in O (95-98% enrichment) were RESULTS
prepared by Amicon buffer exchange using the equivalent
H,*0 buffer. In each case buffer exchange involved three Fe—S(Cys) Vibrational ModesThe visible absorption
10-fold dilution and concentration cycles. spectrum of oxidized wild-typP. furiosusSOR is dominated

Spectroscopic Methodfesonance Raman spectra were by an intense (Cys)Sgpto-Fe(d) CT transition centered
recorded using an Instruments SA Ramanor U1000 spec-at 660 nm 9) (see Figure 1). In accord with this assignment,
trometer fitted with a cooled RCA-31034 photomultiplier strong enhancement of vibrational modes associated with the
tube with 90 scattering geometry. Spectra were recorded Fe—S(Cys) unit are observed in the resonance Raman

g (MM-'cm")
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FiGURE 2: Resonance Raman spectra of natural abundance (NA) Figure 4: Resonance Raman spectra of natural abundance (NA)
and %S globally labeled wild-typeP. furiosus SOR. Upper  and 54Fe globally labeled wild-typeP. furiosus SOR. Upper
spectrum: natural abundance. Middle spectrum: globally enriched spectrum: natural abundance. Middle spectrum: globally enriched
with 34S. Lower spectrum: Natural abundance mifts globally with 54Fe. Lower spectrum®Fe minus natural abundance differ-
enriched difference spectrum. Spectra recorded using 647 nmence spectrum. The sample and measurement conditions are the

excitation with samples as frozen droplets maintained at 17 K. same as those described in Figure 2, and the asterisk indicates a
Samples were-5 mM in SOR and were in 50 mM HEPES pH 7.5  |attice mode of ice.

buffer. Spectra were recorded using 6 émesolution by photon

counting fo 1 s every 1 cm* and are the sum of 3660 scans.  S(Cys) stretching (see below), reveals maximal enhancement
The asterisks indicate lattice modes of ice. to the low-energy side of the 660 nm absorption band (see
Figure 1). Analogous excitation profiles, albeit with lower
cross-sections, were observed for all of the Raman bands in
250-800 cn1? region (data not shown), indicating that all
are enhanced via kinematic coupling with thetS{Cys)
stretching mode or an excited-stafeterm mechanism
involving the extended Fecysteinate chromophore. The
vibrational assignments in this region, based on globally
labeled®'S, °N, and>*Fe isotope shift data (Figures 2, 3,
and 4 respectively), are presented in Table 1 and discussed
below.

* The low-frequency region is dominated by three bands
"N centered at 298, 323, and 748 Tiywhich are identified as
fundamental vibrations involving movement of cysteinyl S

via *S downshifts in excess of 2 cth The 298 and 748
AN 15 cm™! bands are assigned to-8;—C, bending and SC;s
N-*N stretching modes, respectively, on the basis of the extensive

vibrational studies and normal modes calculations that are
available for Fe-S proteins {3—16) and type 1 copper
proteins (5—19). The most intense band at 323 thhas
the larges#‘S downshift and is, therefore, assigned primarily
| : 1 : | : to Fe-S(Cys) stretching. However, the observed 3.3 tm
200 400 600 800 343 downshift and 1.1 cnt Fe-upshift (see Table 1) are
Raman Shift (cm”) just over half of the 6 cm! %S downshift and 2 crmt >Fe
FiGure 3: Resonance Raman spectra of natural abundance (NA)upshift that are predicted based on a simple-Saliatomic

and >N globally labeled wild-typeP. furiosus SOR. Upper  oscillator approximation, suggesting significant mixing with

spectrum: natural abundance. Middle spectrum: globally enriched ; ; ; ; ;

with 5N. Lower spectrum: Natural abundance min globally mte_(rjnal vibrational modes of the coordinated cysteine
enriched difference spectrum. The sample and measurement condi!€S! _ue. L .
tions are the same as those described in Figure 2, and asterisks Evidence for mixing of the FeS(Cys) stretching mode

indicate the lattice modes of ice. with cysteine deformations comes from the enhancement of
at least six modes, at 361, 400, 438, 471, 487, and 510,cm
spectrum using 647 nm excitation (see Figures42and in the region associated with deformation modes of the

Table 1). The excitation profile for the most intense band at coordinated cysteine and the peptide backbone of adjacent
323 cn1?, which contains a major contribution from +e residues in type 1 copper proteink7{-21). In support of
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Table 1: Assignment of the Resonance Raman Spectrum of Oxidized WildH.ypgiosusSOR

frequency, 343 shift2 5N shift,2 54Fe shift2

cmt cm?t cmt cm?t assignmertt
210 0 -2 0 (Fe-N(His))
234 0 -1 nd v(Fe=N(His))°
242 0 -2 +1 v(Fe—N(His))
298 -2.2 —-2.2 +1.1 0(S—Cs—C,) + v(Fe-S)
323 -33 -15 +1.1 v(Fe—S)+ 6(S—Cs-Cy)
361 -1.0 —-4.0 0 0(Cs—C,—C(0))
400 -1 -3 0 + 0(Cs—Cy—N)
438 0 -2 0 + 0(C(O)—C,—N)
471 -1 -5 0 + 0(Ce—N—C(0))
487 0 -3 0 + 0(S—Cs—Cy)
510 0 -5 0 +v(Fe-S)
533 -3 -4 +1 combination (216+ 323)
620 =5 —4 +2 combination (298 323)
640 -5 -3 +2 overtone (2x 323)
660 0 -7 0 v(Ca—N)
682 -3 -5 +1 combination (323t 361)
712 -1 -6 0 overtone (2« 361)
748 -2.7 -1.1 0 "(S—Cp)

1003 0 nd nd phenylalanine

1110 0 nd nd (Cs—Cy)

1227 0 nd nd GH twisting

1302 0 nd nd amide 11

1431 0 nd nd GH> scissoring

1553 0 nd nd amide Il

1662 0 nd nd amide |

a|sotope shifts given to two significant figures have an estimated uncertainhp & cn1?, and those given to one significant figure have an
estimated uncertainty of1 cm%; nd, not-determined’ Unless otherwise indicated, all assignments correspond to vibrational modes of Cys111
and indicate the major contributing modé©bscured by lattice mode of ice in 190 buffer.

this assignment, the bands at 361, 400, and 471 ¢mP. modes in the!>N globally labeled spectrum, as a result of
furiosusSOR each exhibit'S downshifts of approximately  the large!®>N downshift in the 361 cm' band (4 cm?),

1 cm! (see Figure 2 and Table 1), indicating significant coupled with a concomitant decrease in the mixing between
kinematic coupling. Moreover, each of the bands in this the 323 and 298 cm modes.

region exhibits a!®N downshift in the range 25 cm?, Weak bands in the 520750 cn? region are readily
indicating contributions from the &2 C,—N, C(O)-C,—N assigned to overtones and combination bands on the basis
and G—N—C(O) deformations of the coordinating cysteine of additivity of natural abundance frequencies &f&} 15N,

and the peptide backbone of adjacent residiféé.down- and>®¥Fe isotope shifts (see Figures-2 and Table 1). The

shifts of similar magnitude have been observed for the only exception is the band at 660 ch which has a
equivalent bands in type 1 copper protei8, (19, 21, 22), negligible®*s downshift and a larg€N downshift (7 cn?).
and in the case of type 1 copper proteins, selectie The absence of &S downshift rules out assignment to a
labeling of the imidazoles of the coordinating histidines has 298+ 361 cmr! combination band. Hence, it is assigned to
shown these modes are primarily associated with deformationa fundamental with significant cysteine,€N stretching
modes of the coordinated cysteine and the peptide backboneharacter, on the basis of normal mode calculations for
of adjacent residues, rather than of coordinating histidine L-cysteine 23). In accord with this assignment, numerous
residues 18). additional modes associated with internal modes of the
Since kinematic coupling is critically dependent on the ligated cysteine are observed in the high-frequency region
energy separation of the uncoupled modes, the most extensivésee Figure 5). With the exception of the weak band at 1003
mixing is expected to occur between the+{Cys) stretch- cm™%, which is assigned to the most intense mode of
ing and cysteine SCs—C, bending modes, which are nonresonantly enhanced phenylalanine (there are four Phe
assigned to the intense bands at 323 and 298'cm residues irP. furiosusSOR), the bands at 1100, 1227, 1302,
respectively. This is confirmed by tiéFe isotope shifts, 1431, 1553, and 1662 crhare all enhanced in resonance
1.1 cnr* upshifts for both the 323 and 298 cirbands (see  with the 660 nm absorption band. On the basis of the isotope
Figure 4 and Table 1), indicating that these vibrational modes shifts observed in cysteireCgDo-labeled type 1 copper
are extensively mixed. In addition, evidence for mixing of proteins (9), normal mode calculations farcysteine 23),
the 361 and 298 cnt modes with the 323 cnt mode in and the frequency ranges observed for polypeptide amide |,
SOR comes from the change in the relative intensity of the Il, and Ill modes in Raman spectr24), these modes are
323 and 298 cm' modes in the'>N globally labeled readily assigned to the /£C, stretching, GH. twisting,
spectrum (see Figure 3). This change in relative intensity is amide 1ll, GH; scissoring, amide Il ,and amide | vibrations,
reproducible with different samples and is responsible for respectively, primarily involving the ligated cysteine. All of
the unsymmetrical derivatives associated with the 298 andthese modes exhibit negligibféS isotope shifts indicating
323 cm! bands in thé"AN—1°N difference spectrum (Figure  enhancement via an excited-st@#e¢erm mechanism, i.e.,
3). The change in relative intensity is readily rationalized in distortion of internal cysteine bonds in the electronic excited-
terms of enhanced mixing between the 323 and 361'cm state associated with the (Cys)9o-Fe(d;) CT transition.
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Ficure 5: Resonance Raman spectrum of wild-typefuriosus
SOR in the high-frequency region, 862000 cntt. The sample
and measurement conditions are the same as those described i
Figure 2.
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Ficure 6: Resonance Raman spectra of natural abundance (NA)
and 15N globally labeled wild-typeP. furiosusSOR in the Fe-
N(His) stretching region, 196260 cnt!. The two upper spectra
were recorded in H%0 50 mM HEPES pH 7.5 buffer, and the
two lower spectra were recorded after exchange inf8®50 mM
HEPES pH 7.5 buffer. All other sample and measurement conditions

are the same as those described in Figure 2, except that eacr?
spectrum is the sum of at least 100 scans. Bands arising from lattice

modes of frozen %0 or H,'80 are indicated by asterisks.

Fe—N(His) Stretching ModesWeakly enhanced modes
that are candidates for F&(His) stretching modes are
observed in the 190250 cm! region (see Figure 6).
Exchanging the buffer from #f0 to H'%0, to shift the
lattice modes of ice from 231 to 222 ci facilitates
observation of a band centered at 210 ¢rand another at
234 cnrt with a pronounced shoulder at 242 chthat each
exhibit 1-2 cm! isotope shift in'5N globally labeled
samples and negligible isotope shifts’#8 globally labeled
samples (see Figure 6 and Table 1). T#¢ isotope shifts
are in the range expected for FN(His) stretching modes,
which is predicted to be-1.5 cn! on the basis of a diatomic
Fe—imidazole oscillator. These modes are therefore good
candidates for the symmetric and asymmetric stretching
modes, respectively, of one or both pairs of trans histidine

Biochemistry, Vol. 41, No. 31, 2003837

residues which have FeN distances in the range 2:2.2

A (8, 9). Fe—N(His) stretching modes are not expected to
be enhanced by kinematic coupling with-F8(Cys) stretch-

ing, since the FeS bond is perpendicular to the Feplane,

and this is in accord with the lack of measuraltg isotope
shifts. However, FeN(His) stretching modes could be
weakly enhanced via afA-term mechanism, i.e., distortion

of the Fe-N(His) bonds in the electronic excited-state
associated with the (Cys)Sf{gto-Fe(d,) CT transition. UV
resonance Raman studies are planned, using excitation into
the intense CT band centered at 330 nm, to assess the validity
of these assignments. The 330 nm absorption band has been
shown to have contributions from His-toFeCT transitions
based on VHVT MCD studies9j.

Wild-Type pH 10.5 and E14A VarianDptical pH titra-
fions of oxidizedP. furiosus SOR revealed an alkaline
transition with a K, = 9.6 ©). The alkaline transition is
marked by a shift in the (Cys)S{pto-Fe(d,) CT transition
from 660 nm to 590 nm9). Moreover, the resultant UV
visible absorption spectrum for wild-type SOR at pH 10.5
is almost indistinguishable from that of the E14A variant at
pH 7.5 (see Supporting Information, Figure S1), suggesting
that the change in Fe ligation induced by mutating the
glutamate ligand is the same as that induced in wild-type at
alkaline pH. In an attempt to investigate the change in
ligation, resonance Raman spectra of wild-type SOR at pH
10.5 and the E14A variant at pH 7.5 were recorded in the
region 206-800 cn1?! using 647 nm excitation, and com-
pared with equivalent spectra obtained for wild-type at pH
7.5 (see Figure 7). Remarkably the spectra of all three
samples are essentially the same within experimental error,
both in terms of the relative intensities and the frequencies
of individual modes. Moreover, the same result was observed
using 568 nm excitation which is close to the maxima of
the (Cys)S(p)-to-Fe(d;) CT absorption in the wild-type pH
10.5 and E14A samples (see Supporting Information, Figure
S2). The only minor difference is that the intensities of the
internal cysteine modes were significantly increased relative
to those of the FeS(Cys) stretching modes in the E14A
variant compared to the wild-type samples using 568 nm
excitation. The resonance Raman results clearly demonstrate
that the marked changes in the energy of the (Cys)S
Fe(d;) CT transition that are associated with the alkaline
transition and the E14A mutation do not result from changes
n the cysteinyl or histidyl Fe ligation.

Unfortunately, the resonance Raman spectra of wild-type
samples at pH 7.5 and 10.5 and of the E14A variant provide
no direct evidence in the form of an +8gand stretching
mode for the existence of a ligand trans to the cysteinyl S.
Such a mode might be expected to be weakly enhanced via
excitation into (Cys)S(p-to-Fe(d;) CT transition via kine-
matic coupling with the FeS(Cys) stretching mode. Since
no bands are lost or undergo a significant decrease in
intensity in the wild-type pH 10.5 or E14A spectra, we
conclude that an FeO(Glu) stretching mode is either not
present or not enhanced. The possibility that the sixth ligand
in the three derivatives investigated is derived from an
exchangeable water molecule (i.e.,(Hor OH) was
investigated by recording resonance Raman spectra of the
wild-type pH 7.5, wild-type pH 10.5, and E14A variant
samples after exchange into equivalent® buffer (see
Supporting Information Figures S3, S4, and S5, respectively).
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enhancement of FeN(His) stretching modes. While the
most intense band is attributed primarily to -F&(Cys)
stretching, numerous fundamentals of the ligated cysteine,
includingd(S—Csz—C,), 6(Cs—Cy—C(0)),5(Cs—Cy—N), o-
(C(O)~Ca—N), 8(Co—N—C(O)), (Ca—N), ¥(S—C), ¥(Cs—

Cy), CsHy twisting, GH scissoring, and amide I, Il, and 111
modes, are also enhanced. Isotope shift data using samples
globally labeled with?*S and®#Fe indicate that the enhance-
ments arise from both kinematic coupling with the—Fe
S(Cys) stretching mode and an excited-statierm mech-
anism involving the extended Fe-cysteinate chromophore and
one or more of the FeN(His) ligands.

By analogy with type 1 copper proteins, kinematic
coupling between FeS stretching and internal cysteine
modes in SOR is likely to be mediated by the H@zH
torsional mode Z0) and is expected to be maximal for an
Fe—S—Cs—C, dihedral angle close to 18@nd a planar Fe
S—Cs—C,—N unit (15, 18, 25). This prediction is borne out
by the crystal structure d?. furiosusSOR, which indicates
Fe—-S—Cs—C, and S-Cs—C,—N dihedral angles close to
155 and 170 and hence a near-planar+8—Cg—C,—N
unit (8). Only the modes that are close in energy to the Fe
S(Cys) stretching modeH150 cnt?) appear to be enhanced
via kinematic coupling, as evidence by significdf$ and/
or **Fe shifts.

Cysteine internal modes and+HB(His) stretching modes
that exhibit negligible3!S isotope shifts appear to be

Ficure 7: Comparison of the resonance Raman spectra of wild- anhanced by an excited-stadeterm mechanism, whereby
typeP. furiosusSOR at pH 7.5 and 10.5 with the E14A variant at . . e . S b .
pH 7.5. Upper spectrum: wild-type at pH 7.5. Middle spectrum: the vibrations mimic the distortion in the electronic excited

wild-type at pH 10.5. Lower spectrum: E14A variant at pH 7.5. state of the (Cys)Sp-to-Fe(d) CT transition. Previous

The sample and measurement conditions are the same as thosstudies of the ground- and excited-state electronic structure
described in Figure 2, except that pH 10.5 sample was in 50 mM of P. furiosusSOR have emphasized the importance of the
CAPS buffer. The asterisk indicates a lattice mode of ice. S(p)—Fe(dy) interaction in facilitating substrate reduction
and promoting product release in SOR 10). Hence, the
modes enhanced in the resonance Raman spectrum via an
A-term mechanism may be directly relevant to the electron-

| | ! j“‘
WTpH105 | |||

200 400 600 800
Raman Shift (cm-")

Other than the expected isotope shift in the lattice mode of
ice from 231 to 222 cmt, none of the bands in any of these

derivative_s was perturbed by exchan_ge intg°6 t_)uffer. transfer pathway 10, 26, 27), since the charge-transfer
Once again, this result should not be interpreted in terms of excited state with a hole on the cysteinyl S can correspond

It'he adbgfnce ofa thir derived Irllgand, g:erel);]that such ay, 4 virtual state in a superexchange model of the electron-
igand, if present, is either not exchangeable or has arFe rancfer proces<26).

stretching mode that is not significantly resonantly enhanced. The parallels between type 1 copper proteins and SORs

Since a weak mode at 580 cfnwas observed with 647 nm : :
oo X . with respect to electron transport pathways are particularly
excitation in the wild-type pH 10.5 and E14A variant spectra, striking. For example, in plastocyanin, an archetypical type

but not in the WiI.djt_ype pH ?'5 spectra (Figure 7), we 1 copper protein, the tyrosine residue and cysteine ligands
explored the pos_S|b|I|ty that this mode_,- may 0”9'”6‘“? from that mediate electron transport from cytochrobgeto Cu

an Fe-N Stretchl_ng mode of a _coordl_na_ted Iysme_llgan_d. (29, 30) and thedN-histidine ligand that mediates electron
Several observations argue against this interpretation. First, .o - <ot from Cu to photosystem 31, 32), are in Y—C—

a weak mode at 580 cthis observed in wild-type SOR at —_p_, arrangementl(9). The tyrosine side chain is solvent

pH 7.5 with 568 nm excitation (see Supporting Information exposed, and the superexchange pathway for electron entry

Figure S2). Second, the 580 Ch‘?and in th? wild-type pH is maximized by extending the coplanar arrangement of the
10.5 sample undergeea 4 cm?! downshift in samples Cu—S—C4—Co—N unit to the adjacent tyrosine residue,

globally labeled witht>N (see Supporting Information Figure therebv facilitating lona-ranae electronic coupli An
S6). Hence, the observed isotope shift is more in line with analog%us \I'LIC;?_XEH ar?angementlof thg%;/llttixi.ne and
an intemal cysteine mode than an-Ré(Lys) modg which soledN-histidine ligands to the Fe center is conserved in all
would 'be expgcted'to haye als WSN do.wnshn‘t base 2Fe-SORs and the majority of the 1FS&ORs 83). The
on a simple diatomic oscillator approximation. only exceptions are the 1IFSORs fromTreponema palli-
dum and Desulfaiibrio gigas (F in place of Y) and from
DI ION ) X
SCUSSIO Methanococcus jannaschfR in place of Y) 83). The crystal
Resonance Raman studies Bf furiosus SOR using structures of the 2FeSOR fromD. desulfuricang7) and
excitation into the intense (Cys)Sjgto-Fe(d) CT transition the 1Fe-SOR fromP. furiosus(8) show that the coplanar
have revealed extensive enhancement of vibrational modesarrangement of the F&5—Cz—C,—N unit extends to the
associated with the ligated cysteine residue and weakadjacent tyrosine residue, but with the tyrosine side chain



Resonance Raman &% furiosusSOR

(@)

'\ His 114 (&N}

Tyr 110

Cys 111

O His 41 (eN)

Glu 14 His 114 (8N)
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Cys 111

Tyr 110
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Pr
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Ficure 8: (a) Top and side view of thE. furiosusSOR active
site showing the near-planar arrangement of the$eCs—C,—N

unit and the orientation of the histidine imidazoles with respect to
the FeNS plane defined by His11dl) and His41¢N). The
coordinates were taken from the Protein Data Base entry for
oxidizedP. furiosusSOR (subunit A) 8), and the axes correspond
to the zero-field splitting axis system as determined by EPR and
VHVT MCD studies 9). The imidazole rings of the two other
equatorial histidines, His18) and His47¢N), have been omitted
for clarity. (b) Schematic depiction of optimal orbital overlap
between the Fe(g and CysS(p) and HisN(p) orbitals, i.e., with

the plane of the imidazole ring 9@ the FeNS plane. IrP. furiosus
SOR, the imidazole rings of His4dN) and His114¢N) are ~50°

to the FeNS plane.
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the interior of the protein §). The possibility that the
tetrameric quaternary structure is an artifact of crystallization
has been considered, but it seems unlikely in light of the
extensive subunit interface8)(@nd light scattering evidence
for tetramers, but not monomers or dimers, in solution.

By analogy with type 1 copper proteins, the alternative
electron-transfer pathway in both 1Fe and 2B8®Rs is via
the solvent-exposedN—histidine Fe ligand in the ¥C—
X—X—H sequence (His114 iR. furiosusSOR and His118
in D. desulfurican®2Fe-SOR). In type 1 copper proteins,
the vibrational modes of the equivalent histidine are selec-
tively enhanced in the resonance Raman spectrum using
excitation into the intense (Cys)Sjgo-Cu(d;) CT transition
because the N¢p orbital is aligned (imidazole ring makes
an angle of 72 to the CuNS plane) for overlap with the
Cu(de-y?) d, orbital (19). In SORs, the imidazole rings of
the trans histidines, His114 and His41mn furiosusSOR
and His 118 and His 68 iD. desulfurican®2Fe-SOR, have
a propeller twist with each at an angle®60° (P. furiosus
SOR) and~60° (D. desulfurican®Fe-SOR) to the Febs
plane. Optimal overlap would require the imidazole rings to
be orthogonal (99 (see Figure 8b), but both are positioned
for partial overlap of the N(§ orbital with the Fe(d) orbital,
which is the acceptor orbital for the (Cys)Sfjpo-Fe(d,) CT
transition (see Figure 8b). This overlap is presumably
responsible for the weak enhancement of the symmetric and
asymmetric Fe-N(His) stretching modes iR. furiosusSOR
andD. desulfuricans2Fe-SOR §) in the 190-250 cn?
region, via anA-term mechanism. Hence electron transfer
via the solvent-exposed histidine residues in 1Fe and-2Fe
SORs will result in increased electron density in kg(d,
orbital, thereby facilitating substrate reduction via electron
transfer to the superoxide* orbital and promoting release
of the resultant peroxidé.(). Further experiments, including
mutational studies, will clearly be required to address if one
or both of the two potential electron pathways are operational
in 2Fe-SORs.

While the above discussion serves to emphasize the close
parallels between the electron transfer pathways and reso-
nance Raman enhancement mechanisms in SOR and type 1
copper proteins, the correlation in the resonance Raman
spectra is not immediately apparent. The resonance Raman
spectra of SOR and type 1 copper proteins using excitation

perpendicular rather than coplanar as in type 1 copperinto the equivalent (Cys)Sgpto-Fe(d;) and (Cys)S(p)-to-

proteins (see Figure 8).

Cu(d;) CT bands are very different in the low-frequency

An electron-transfer pathway via the tyrosine and cysteine region. However, the differences are readily interpretable in

residues is an attractive possibility in 2F8ORs, since the
tyrosine side chain lies on the direct path between the
rubredoxin-type Fe(SCysyenter and the mononuclear Fe
active site. Previously, the viability of electron transfer from
the Fe(SCys)center in 2Fe-SORs has been questioned since
the Fe-Fe distance;-22 A (34), is significantly longer than
the range commonly associated with electron tunneling
between metal centers in metalloproteins1¢ A) (35).

terms of the metatS(Cys) bond lengths. The short €8
bond length in type 1 copper proteinsZ.1 A, 36) results

in a Cu—S(Cys) stretching frequency near 400 ¢émrThis
leads to strong kinematic coupling and resonance enhance-
ment of cysteinyl deformation modes in the 35460 cn1?
region in type 1 copper proteing{—21). The longer Fe-S

bond length in oxidized SOR (2.36 A based on EXAFS
measurements) results in an FeS(Cys) stretching fre-

Characterization of a superexchange pathway contributes aquency near 320 cm and optimal kinematic coupling and

high electronic coupling matrix element that may facilitate
tunneling over such distances. However, it is unlikely that
an electron-transfer pathway involving the equivalent tyrosine

resonance enhancements for cysteinyl deformation modes
in the 276-370 cn1? region. In accord with this interpreta-
tion, the resonance Raman spectrunPofuriosusSOR is

and cysteine residues is operative for mediating electron very similar to that observed for the type 2 Cu center in the

transfer from exogenous reduced rubredoxin in-16ORs.
In the crystal structure d?. furiosusSOR, tyrosine (Tyr110)
is at a subunit interface of the homotetramer and buried in

2Yeh, A. P., Hu, Y., Jenney, F. E., Adams, M. W. W., and Rees, D.
C., unpublished observations.



9840 Biochemistry, Vol. 41, No. 31, 2002 Clay et al.

exogenous histidine-bound form of the His119Gly variant are hydroxide or lysine 15. The latter suggestion is based
of azurin (L7, 18). The type 2 adduct has a CT band at 400 on the crystallographic data, which show that the glutamate
nm, as opposed to 625 nm for the type 1 imidazole-bound 14 moves to a position 10.6 A from the Fe on reduction and
adduct of the His119Gly variant. The dramatic change in that the closest residue to Fe in the reduced active-site
the energy of the CT band and the resonance Ramanstructure is lysine 15, which is located 6.6 A from the Fe.
spectrum has been attributed to bidentate binding of the Precedent for an alkaline transition with a similakK,p
exogenous histidines to yield a four-coordinate square planarinvolving deprotonation and coordination of a lysine residue
site with concomitant lengthening of the €8(Cys) bond adjacent to the ligand coordinating at neutral pH is provided
to ~2.29 A (17, 18). by cytochromec (43). Unfortunately, our attempts to
The crystallographic data for the oxidized active sites in discriminate between these two possibilities by detailed
P. furiosusSOR @) and theD. desulfurican2Fe-SOR (7) resonance Raman studies of samples exchanged 0 H
were ambiguous with respect to the identity or existence of buffer and globally labeled witfPN have been unsuccessful
the ligand trans to the cysteine. In two of the four subunits due to lack of resonance enhancement of the stretching mode
of P. furiosusSOR, the conserved glutamate provided the of the Fe-ligand bond that is trans to the F&(Cys). While
sixth ligand, whereas in the other two subunit®ofuriosus the identity of the ligand remains to be determined, the
SOR and irD. desulfurican®2Fe-SOR, the sixth coordina-  resonance Raman data demonstrate that the change in ligation
tion site is either vacant or occupied by a water molecule. induced by the alkaline transition or the E14A mutation has
On the basis of X-ray absorption studiesoffuriosusSOR, little effect on the strength of the F&(Cys) bond.
it now seems likely that photoreduction in the X-ray beam  Finally, it is appropriate to reevaluate the published
is responsible for this discrepanc®)( Furthermore, the  resonance Raman results f@rdesulfurican2Fe-SOR 6),
detailed electronic properties of the oxidized Fe sitdPin in light of the more detailed and higher quality data presented
furiosus SOR as deduced by EPR and VHVT MCD herein forP. furiosusSOR. The resonance Raman results
spectroscopy9), the number of ligands in the first coordina- for D. desulfurican®2Fe-SOR provided the first evidence
tion sphere of the oxidized Fe site i furiosusSOR as for cysteinyl ligation of the novel mononuclear Fe center
deduced by Fe EXAFS analysi8)(and the marked changes that is now known to constitute the SOR active site (center
in the oxidized absorption spectra that accompany mutation|l). However, prior to the crystallographic dat@), it was

of the conserved glutamate in both HF8ORs 87 and this
work) and 2Fe-SORs 88, 39), are all consistent with a six-

not possible to discriminate between one or two cysteinyl
ligands on the basis of the resonance Raman déjta (

coordinate site with glutamate as the ligand trans to cysteine.Moreover, detailed assignments for the SOR center were

While the breadth and asymmetry of the predominantly Fe
S(Cys) stretching mode at 323 chsuggests some hetero-

complicated by resonance enhancement of the rubredoxin-
type Fe(SCys)center (center 1), even with 647 nm excitation.

geneity in the high-spin ferric active sites within the Nevertheless, itis now clear that the majority of the observed
homotetramer, the frequency is also best interpreted in termsbands can be assigned by direct analogy with data presented

of a six-coordinate Fe site.

Hemoproteins provide the best frame of reference for
comparing the frequencies of axial F8(Cys) stretching
modes in five- and six-coordinate sites. The—+£Cys)

herein forP. furiosusSOR. The only ambiguity comes in
the assignment of the bands that predominantly correspond
to Fe-S(Cys) stretching and-SC3—C,, bending modes of
the SOR site in 2FeSOR. Attempts to remove contributions

stretching mode has thus far only been positively identified from center | involved subtraction of the spectrum of the
at 312 cm? in one six-coordinate heme: the cysteine/ partially reduced sample (center Il reduced and center |
histidine axially ligated low-spin ferric heme in cystathionine oxidized), under the assumption that the dominant band in

pB-synthase 40). As expected, the FeS(Cys) stretching
frequency increases significantly +e850 cni for the five-
coordinate high-spin ferric hemes in cytochrome R45@11)

the partially reduced spectrum at 314 @émoriginated
exclusively from center I. This assumption no longer appears
to be valid, and it now seems likely that center Il also has a

and chloroperoxidasel®). Resonance Raman studies of the band at 314 cmt. However, the relative intensities of the
cyanide-bound, low-spin adduct of oxidizBdfuriosusSOR 300 and 314 cm' bands for the SOR center are inverted
have shown that the Fe&5(Cys) stretching frequency is also compared to the 298 and 323 fh furiosusSOR. As inP.
relatively insensitive to spin-state changes associated withfuriosus SOR, the Fe S(Cys) stretching and -SCs—C,

cyanide binding trans to the cysteinate ligdndence, the
Fe—S(Cys) stretching frequency in both low-spin and high-
spin derivatives oP. furiosusSOR is consistent with a six-
coordinate site.

bending modes are likely to be extensively mixedDn
desulfuricans2Fe-SOR, and investigation of'S- and®*
Fe-enriched samples will be required to address the contribu-
tions of these modes to the 300 and 314 trbands.

The absence of any significant changes in the resonanceHowever, it is clear that the FES(Cys) stretching mode of
Raman spectra of wild-typB. furiosusSOR on increasing  the SOR active site iD. desulfurican2Fe-SOR occurs at
the pH from 7.5 to 10.5 and on mutating the ligating a significantly lower frequency than thathh furiosusSOR,
glutamate residue to alanine, coupled with the parallel indicating a longer FeS(Cys) bond. Since the F&(His)
changes in the UM visible absorption spectra, suggests that stretching modes have stronger enhancemebt idesulfu-
the glutamate ligand is replaced by a common ligand as aricans 2Fe-SOR than that inP. furiosusSOR @), this
result of both the alkaline transition and the E14A mutation. presumably reflects decreased J(pFe(d;) interaction at
The best candidates for the ligand that replaces the glutamatdéhe expense of the increased histidine N{ge(d;) interac-
tion. In accord with this interpretation, the histidine imidazole

3Clay, M. D., Cosper, C. A., Jenney, F. E., Adams, M. W. W., and rings that are available for Ngp—Fe(d,) interaction are
Johnson, M. K., manuscript in preparation. closer to orthogonality with the FeN plane inD. desulfu-
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ricans2Fe-SOR (60°) than that inP. furiosusSOR (50°)

and hence are expected to have better overlap with the Fe-

(dyy)d, orbital.

SUPPORTING INFORMATION AVAILABLE
Visible absorption spectra of wild-type. furiosusSOR

at pH 7.5 and 10.5 and of the E14A variant at pH 7.5;

resonance Raman spectra of wild-tyPefuriosusSOR at

pH 7.5 and 10.5 and of the E14A variant at pH 7.5 using
568 nm excitation; resonance Raman spectra of wild-type

P. furiosusSOR at pH 7.5 in K% and H!0 buffer
solutions; resonance Raman spectra of wild-tippéuriosus
SOR at pH 10.5 in K% and H¥O buffer solutions;
resonance Raman spectra of E1RAfuriosusSOR at pH

7.5

in H%0 and HO buffer solutions; resonance Raman

spectra of natural abundance (NA) af globally labeled
wild-type P. furiosusSOR at pH 10.5. This material is

available free of charge via the Internet at http://pubs.acs.org.
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