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ABSTRACT. We have used EPR spectroscopy, redox potentiometry, and protein crystallography to
characterize the [4Fe-4S] cluster (FSO) of taecherichia colinitrate reductase A (NarGHI) catalytic
subunit (NarG). FSO is clearly visible in the crystal structure of NarGHI [Bertero, M. G., et al. (2003)
Nat. Struct. Biol. 10681-687] but has novel coordination comprising one His residue and three Cys
residues. At low temperatures {5 K), reduced NarGHI exhibits a previously unobserved EPR signal
comprising peaks aj = 5.023 andg = 5.556. We have assigned these features to a [4Fe-l8§ter

with an S = 3/, ground state, with thg = 5.023 andy = 5.556 peaks corresponding to subpopulations
exhibiting AS = Y, and AS = ¥, transitions, respectively. Both peaks exhibit midpoint potentials of
approximately—55 mV at pH 8.0 and are eliminated in the EPR spectrum of apomolybdo-NarGHI. The
structure of apomolybdo-NarGHI reveals that FSO is still present but that there is significant conformational
disorder in a segment of residues that includes one of the Cys ligands. On the basis of these observations,
we have assigned the high-spin EPR features of reduced NarGHI to FSO.

Escherichia coli when grown anaerobically with nitrate  kDa) (2, 4—7). The catalytic and electron transfer subunits
as respiratory oxidant, develops a respiratory chain termi- comprise a cytoplasmically localized membrane-extrinsic
nated by a membrane-bound quinol:nitrate oxidoreductasecatalytic dimer (NarGH) anchored to the membrane by Narl.
(NarGHIY (1, 2). This enzyme can be overexpressed to high The structure of the enzyme has recently been solved to 1.9
levels in the cytoplasmic membran®)(and has been A resolution Q).
subjected to intense biochemical, biophysical, and structural  gactron transfer through NarGHI occurs between a quinol

scrutiny. It comprises a molybdenum cofactor-containing i ing site (Q-site) located toward the periplasmic side of
[molybdo-bis(molybdopterin guanine dinucleotide), Mo- Narl (3, 8—10) and the Mo-bisMGD cofactor in NarG{

bisMGD] catalytic subunit (NarG; 139 kDa), an [Fe-S] Electrons derived from the oxidation of quinol (menaquinol
cluster-containing gl_ectron transfer subunit (NarHE 58 kDa), Z)r. ubiquinol) are transferred through tv(\q/o her(nes inq Narl
and a heme-containing membrane-anchor subunit (Narl; 26(hemesz andby), four [Fe-S] clusters in NarH (one [3Fe-

4S] cluster, FS4, and three [4Fe-4S] clusters,HS31), and
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Type 1

napa_ parpn *?TWSKAPCRF.CGTGCGVMVGVKEG....... RVVATHGDLLAEVNRGLNCVKGYFLSKIM
napa_rhosh *?RWSKAPCRF.CGTGCGVMVGTRDG....... QVVATHGDTQAEVNRGLNCVKGYFLSKIM
napa ecoli “°KWDKAPCRF.CGTGCGVLVGTQQG....... RVVACQGDPDAPVNRGLNCIKGYFLPKIM
napa desde 3°KWVKGVCRY.CGTGCGVLVGVKDG....... KAVATQGDP .NNHNAGLLCLKGSLLIPVL

fdng ecoli **KEIRNTCTY.CSVGCGLLMYSLGDGAKNAREAIYHIEGDPDHPVSRGALCPKGAGLLDYV
fdog ecoli “4RETRNTCTY.CSVGCGLLMYSLGDGAKNAKASIFHIEGDPDHPVNRGALCPKGAGLVDFI

fdha wolsu SSKKVKTICTY.CSVGCGIIAEVVDG....... VWVRQEVAQDHPISQGGHCCKGADMIDKA
fdhf ecoli 2KKVVTVCPY.CASGCKINLVVDNG....... KIVRAEAAQ .GKTNQGTLCLKGYYGWDFI
Consensus  ------ C--.C--GC-------"-""" - - —— G--C-KG-------
Type 2

narg ecoli “KIVRSTHGVNCTGSCSWKIYVKNGLVIWETQQTDYPRTRPDLPNHEPRGCPRGASYSWYL
narz_ecoli #3KIVRSTHGVNCTGSCSWKIYVKNGLVTWEIQQTDYPRTRPDLPNHEPRGCPRGASYSWYL
narg bacsu **KVVRSTHGVNCTGSCSWNIYVKNGIVIWEGQNLNYPSTGPDMPDFEPRGCPRGASFSWYI
dmsa ecoli S’KVIWSACTVNCGSRCPLRMHVVDGEIKY. .VETDNTGDDNYDGLHQVRACLRGRSMRRRV
dmsa haein *RIVWSACTVNCGSRCPLRMHVKDNRITY. .VETDNTGTETYNLDHQVRACLRGRSMRRRV
Consensus ----S-C-VNC---C----- s R-C-RG-------

Ficure 1: Sequence alignment of the N-terminal Cys group from a range of molybdoenzyme catalytic subunits. Underlined sequence titles
have known structure. napa_parpn: periplasmic nitrate reductasePfrpantotrophugT. pantotrophy napa_rhosh: periplasmic nitrate
reductase froniR. sphaeroidesiapa_ecoli: periplasmic nitrate reductase fiéntoli. napadesdn {7): periplasmic nitrate reductase from

D. desulfuricans fdng ecoli: formate dehydrogenase froE coli (11). fdog_ecoli: alternate formate dehydrogenase friémcoli.
fdha_wolsu: formate dehydrogenase friviolinella succinogene&hf_ecoli: formate hydrogen lyase froB coli (18). narg ecoli: nitrate
reductase A fronk. coli. narz_ecoli: nitrate reductase Z frde coli (2). narg_bacsu: nitrate reductase fr@acillus subtilis dmsa_ecoli:

DMSO reductase fronk. coli. dmsa_haein: DMSO reductase frataemophilus infuenza&equence alignments were carried out using

the ClustalW algorithm§3).

conventional EPR spectra with features aroumd= 2, group sequences to two families (Figure 2P Type 1,
whereas the hemes have spectra typical of highly anisotropicwhich have two residues between the first two Cys residues,
low-spin (HALS) b-type cytochromes witly, >3.3. and Type 2, which have three residues between the first two

No experimental evidence existed for FSO prior to its Cys residues (a His and a Cys in the case of NarG). FSO
observation in the crystal structure of NarGH| 6, 7, 14, clusters for which EPR evidence currently exists are coor-
15). However, [4Fe-4S] and [3Fe-4S] clusters have been dinated by Type 1 sequences. [4Fe-4S] clusters coordinated
observed in the catalytic subunits of other members of the by sequences with three residues between the first two
Mo-bisMGD-containing bacterial molybdoenzyme family, cluster-coordinating residues (Type IlI) are comparatively
initially by EPR spectroscopy in the periplasmic nitrate rare. Examples include [4Fe-4S] clusters found in the
reductase fronfParacoccus pantotrophu3hiosphaera pan-  bacterial hydrogenases, such as the [Ni-Fe] hydrogenase from
totrophg (NapA) (16) and subsequently by X-ray crystal- Desulfaibrio gigas(24) and the Fe-only hydrogenase from
lography in NapA fromDesulfaibrio desulfuricang17) and Clostridium pasteurianun25).
in the Mo-bisMGD-containing subunit (FdhF) &. coli In this paper, we have characterized the FSO [4Fe-4S]
formate-hydrogen lyase18). The EPR spectrum of FSO cluster of NarG by using a combination of EPR spectroscopy,
from P. pantotrophusNapA is similar to that of a typical  redox potentiometry, and protein crystallography. We dem-
[AFe-4ST cluster withg values around 2.00g{ = 2.03, gy, onstrate that reduced FSO exhibits a novel EPR spectrum
= 1.94,9« = 1.89) and a midpoint potential 6f160 mV arising from a species with &= 3/, ground state and that
(16). The [4Fe-4Sft cluster of FdhF also appears to exhibit the observation of this species is dependent on the presence
a conventional EPR spectrum wigh= 2.04,g, = 1.96, and of Mo-bisMGD in NarG. Potentiometric studies indicate that
o« = 1.84 @9). In the case of wild-typeE. coli Me;SO the En, of FSO renders it competent to undergo redox cycling
reductase (DmsABC), no EPR evidence exists for the during enzyme turnover.
presence of FSO in its catalytic subunit (Dms&pP,(21).
However, a [3Fe-4S] cluster is assembled into mutants of MATERIALS AND METHODS
one of the four conserved Cys residues (DmsA-C67) located Bacterial Strains and Plasmids. E. c&lCB79 [araD139
toward its N-terminus42). In the case of NarGHI, it has  A(laclPOZYA-argF) rpsL, thi ¢79(har-lac)] (26) was used
been observed that one of the potentiometrically identified as the host for all of the experiments described herein.
[4Fe-4ST clusters exists in two subpopulations with subtly NarGHI was expressed from plasmid pVA70).(E. coli
different EPR propertieslg). It has been speculated that TP1000 [F AlacU169 araD139 rpsL150 relAl ptsF rbsR
one of these arises from the FSO clust&s)( floB A(mobAB Stref¥] (27) is amobABdeletion mutant that

All of the [4Fe-4S] clusters observed in the molybdo- does not assemble the Mo-bisMGD cofactor into NarG
enzyme catalytic subunits are coordinated by a conservedduring NarGHI maturation).
sequence which includes four Cys residues or one His residue Growth of Cells. E. coliLCB79/pVA700 was grown
and three Cys residues (a Cys group) located toward theirovernight n 5 L batches with a 1% inoculum in a B. Braun
N-termini. Sequence alignments allow assignment of Cys Biostat B fermenter at 38C in the presence of 100y mL™*
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- o .
amp!CIIIIn and_ 100ug mL™* streptomycin. The growth Table 1: Data Collection and Refinement Statistics for
medium contained 12 g tryptone, 24 g L' yeast extract,  Apomolybdo-NarGHI

5 g Lt NaCl, 4 mL L glycerol, and 0.1 mM ammonium

data collection

molybdate. NarGHI overexpression was induced with 1 mM space group c222,

IPTG at O = 2.0, after which the cultures were grown unit cell (A),a, b, ¢ 154.0, 241.3, 140.4

for 10—-11 h. For overexpression of apomolybdo-NarGHlI, wavelength (A) 1.0781

cultures were supplemented with 15 mM sodium tungstate. Lisoglt‘gobggﬁggt%gé) 2%'1271

TP1000/pVA700 was growmi2 L batch cultures in 6 L unique observations 128989

conical flasks with a 10% inoculum. In this case, the growth completeness (%) 97.9 (85.2)

medium was Terrific Broth38), and NarGHI overexpression Reyn™® 0.084 (0.351)

was induced by addition of 0.2 mM IPTG at inoculation. refﬂ/gﬁem 14.3(2.8)

Cells were harvested by centrifugation, washed in a buffer Reys® 0.203

containing 100 mM MOPS and 5 mM EDTA, frozen in Rerec 0.244

liquid nitrogen, and stored at70 °C prior to use. averageB-factor () 34.9
Isolation of Membrane Fractions and Purified Prepara- rmsd bond lengths (A) 0.006

. . . rmsd bond angles (deg) 1.3

tions Crude membrane vesicles were prepared fEornoli PDB entry 1SIW

(?e”S by Frer.]Ch pressure_ cell lysis a.nd dlff.erem'al centrifuga- aValues in parentheses represent the highest resolution sheli{2.28
tion as previously describe@9). Enriched inner membrane 5 5q A)." Rym = 3./li — OOVS|;, wherei is theith measurement and

vesicles were prepared from these crude membranes byidis the weighted mean df ¢ Ruyst = 3 ||Fol — |Fell/3|Fol, where
sucrose step centrifugation as previously descril3gdA(l Riree is the validationR factor using the test set of 8% of the total data
membrane preparation steps were carried out in a bufferomitted from refinement! The B-factor (temperature factor) represents
containing 100 mM MOPS and 5 mM EDTA (pH 7.0). 2!awoms.

Excess sucrose was removed by resuspension and re-

centrifugation in this buffer. For EPR experiments on  Protein AssaysProtein concentrations were assayed by
enriched membranes, these were resuspended and recentrihe Lowry method 30), modified by the inclusion of 1%
fuged in a buffer containing 100 mM Tricine and 5 mM  (w/v) sodium dodecyl sulfate in the incubation mixture to
EDTA (pH 8.0). For EPR experiments on purified NarGHI solubilize membrane protein81).

(native and apomolybdo), enzyme was prepared by anion- Crystallization, Data Collection, and Structure Determi-
exchange chromatography on a DEAE-FF column (Pharma-nation of Apomolybdo-NarGHHighly ordered crystals of
cia) as described by Bertero et &),(except that the buffers  apomolybdo-NarGHI were obtained as described for the
used contained 50 mM Tricine, 5 mM EDTA, 10% (v/v) native enzyme3). A single data set was collected at 100 K
glycerol, and 0.05% Thesit (Fluka). Membrane and purified at the Advanced Light Source (beamline 8.2.1). The crystals
samples were flash frozen in liquid nitrogen and subsequentlywere isomorphous with the nativ€222;, a = 154.00 A,b
stored at—70 °C prior to use. =241.28 A,c = 140.39 A). Data were integrated and scaled
Redox Potentiometry and EPR Spectroscdpgdox ti- with the HKL suite of programs3@Q). The structure was
trations were carried out under argon at’€5as previously  determined using difference Fourier techniques and was
described &, 8) in 100 mM Tricine and 5 mM EDTA (pH  refined following rigid body refinement of the native 1.9 A
8.0). The protein concentration used was approximately 30 resolution model Z) with the CNS program33). Further
mg mL*. The following redox mediators were used at a cycles of manual rebuilding with Xfit34) and refinement
concentration of 5Q«M: quinhydrone, 2,6-dichloroindo-  with CNS resulted in a final model of apomolybdo-NarGHI
phenol, 1,2-naphthoquinone, toluylene blue, phenazine methowith R,stand Reee Values of 0.203 and 0.244, respectively.
sulfate, thionine, duroquinone, methylene blue, resorufin, A summary of data collection and refinement statistics is
indigotrisulfonate, indigodisulfonate, anthraquinone-2- shown in Table 1.
sulfonic acid, phenosafranine, benzyl viologen, and methyl  ~yordinates and structure factors of the apomolybdo-

viologen. Non-potentiometrically poised reduced samples \5:GHI structure have been deposited in the Protein Data
were prepared by anaerobic incubation of purified NarGHI Bank with the accession code 1SIW.

with 5 mM dithionite for 10 min at 23C. All samples were

prepared in 3 mm internal diameter quartz EPR tubes, rapidly ResyLTs

frozen in liquid nitrogen-chilled ethanol, and stored under

liquid nitrogen until use. EPR spectra were recorded using Previously Unobsered Low-Field Features of the NarGHI

a Bruker Elexys spectrometer equipped with an Bruker EPR SpectrumThe EPR properties of the three [4Fe-4S]
SHQE cavity and an Oxford Instruments ESR-900 flowing clusters (FS:FS3) and one [3Fe-4S] cluster (FS4) of NarH
helium cryostat. Spectra were recorded under a range ofhave been thoroughly characterize®) 7, 15). Although
conditions of temperature and microwave power as describedcomplicated by spirspin interactions, these clusters all have
in the individual figure legends. Estimates &f, were EPR spectral features that are between approximatety
obtained fromn = 1 fits of potentiometric spectral datato 1.8 andg = 2.2. We therefore decided to scrutinize
the Nernst equation. For studies of the Mo(V) signal of alternative regions of the EPR spectrum in our search for
NarGHI, a Bruker ESP300E spectrometer equipped with athe EPR spectrum of the NarG FSO [4Fe-4S] cluster. On
TEj02 microwave cavity and a Bruker liquid nitrogen the basis of its novel coordination (one His residue and three
evaporating cryostat was used (a Bruker ER4111 VT variable Cys residues), we speculated that it may have a high §pin (
temperature unit). In this case, spectra were recorded at= %/, ground state) 35, 36). We therefore scrutinized the
150 K. low-field region of the EPR spectrum of reduced NarGHI.
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Ficure 2: (A) EPR spectra of dithionite-reduced purified NarGHI
(i) and apomolybdo-NarGHI (ii) around = 5.0. Spectra were
recorded under the following EPR conditions: temperature, 9 K;
microwave power, 100 mW at 9.381 GHz; modulation amplitude,
10 Gypat 100 kHz. Spectra are corrected for the variation in protein -529
concentration between the two samples. (B) Temperature depend- Lottt bttt i 4444

ence of theg = 5.023 (squares) argl= 5.556 (circles) features of

the NarGHI EPR spectrum. EPR spectra were recorded as described 6.50 6.00 550 5.00 4.50

for (A), except that the microwave power used was 20 mW. Signal

intensities were normalized to a-200% scale. g-value

3o
o

e

o0

o
N m

. . Ficure 3: EPR spectra of samples from redox-poised membranes
Figure 2A (i) shows an EPR spectrum recorded at 9.0 K gnriched in NarGHI (A) and apomolybdo-NarGHI (E3amples
of dithionite-reduced purified NarGHI around = 5.0. were prepared as described in the Materials and Methods in 100
Noticeable in this spectrum are peakgat 5.023 andy = mM Tricine and 5 mM EDTA (pH 8.0). The redox potentials at

] “Th ral f r re alm moletely elimi-which the samples were poised are indicated to the right of each
5556 ese spectral features are ajmost completely e spectrum. Membranes enriched in NarGHI were obtained from

na}ted in th_? spectrum of purified apomolybdo-NarGHl LCB79/pVA700 cells, whereas those enriched in apomolybdo-
[Figure 2A (ii)]. A small peak-trough attributable to adventi- NarGHI were obtained from TP1000/pVA700. EPR conditions were
tiously bound high-spin Fé is observed in both spectra at as described for Figure 2A. Spectra were normalized to a nominal

aroundg = 4.3. Figure 2B shows that the= 5.023 andy protein concentration of approximately 30 mg mL

= 5.556 features exhibit distinct temperature dependences,

with the former feature having a temperature optimum at  Potentiometric Analysis of the Low-Field NarGHI Spec-
approximately 6 K, whereas that of the latter is less than trum. To determine the midpoint potential of tge= 5.023

4 K. The low-field features of the EPR spectrum are andg = 5.556 features of the EPR spectrum of reduced
similar to those of a range of proteins containing a [4Fe- NarGHI, we performed redox titrations on enriched mem-
4ST" cluster with anS = ¥/, ground state 35, 37, 38) and brane fractions containing the native and apomolybdo forms
are consistent with NarGHI containing such a cluster (see of the enzyme. Figure 3 shows EPR spectra of redox-poised
Discussion). samples enriched in NarGHI (Figure 3A) and apomolybdo-
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Ficure 4: Determination of the midpoint potential of the low-
field EPR features in wild-type (squares) and NarH-C16A mutant 28mV x 1.2
(triangles) NarGHIPeak heightsg = 5.023) were determined by ’
a three-point drop line method from spectra such as those presented

in Figure 3A. Data were fitted to a single= 1.0 species withe, (©
values of—55 mV (wild type) and—35 mV (NarH-C16A mutant)

at pH 8.0.

Signal height (%)
3

-178mV x 1.0

T -176mV x 1.0

NarGHI (Figure 3B). Inspection of the spectra of Figure 3A
indicates that thg = 5.023 andg = 5.556 features of the
NarGHI spectrum are completely absent in oxidized samples 15mV x 2.7
and appear between approximatel§6 and—117 mV. As

is the case for the purified apomolybdo-NarGHI [Figure 2A (d)

(ii)], spectra of membranes enriched in this form of the -163mV x 1.0
enzyme do not exhibit significant features in thhe= 5.0—

5.6 region. For membranes enriched in either enzyme,

\

features attributable to high-spin heme are visible aragind 9: 9y 9

= 6.0 at high potentials. These presumably arise from high- P AP SR P "
potential ligand binding cytochromes in the membrane 22 21 20 19 18 17
samples such as cytochrorné (39) andbo; (40). Theg = g-value

5.023 peak titrates with df, of —55 mV at pH 8.0 (Figure

4 Ficure 5: EPR spectra aroung = 2 of redox-poised NarGHI,
)- . apomolybdo-NarGHI, and NarH-C16A mutant NarGHI in enriched
The effect of the absence of the Mo-bisMGD cofactor on membrane preparations. (a) Because of its magnetic isolation,

the low-field NarGHI EPR spectrum is consistent with the Guigliarelli et al. (5) were able to simulate the spectrum of FS1
g=5.023 andy = 5.556 peaks arising from a reduced cluster as the sum of two components, a major rhombic component with

. -~ . ;= 2.05,9, = 1.95,9, = 1.88 and a minor axial component with
whose presence is cofactor-dependent or whose environmen - —2.01g, = 1.88 (b) EPR spectra of redox-poised wild-type

is significantly altered in the apomolybdoenzyme. Itis known NarGHI. Potentials were chosen to illustrate spectra of samples in
that the absence of cofactor in the apomolybdoenzyme causeshich FS1 is reduced and in magnetic isolation in the protei (

a significant shift in theE, of FS1, eliciting aAEy, of mV) and in which both FS1 and FS3 are reduced 18 mV). (c)
approximately—50 mV (7). Using a similar strategy, we Similar spectra of redox-poised samples containing apomolybdo-

. : : NarGHI atE, = —28 mV andE, = —176 mV. For (b) and (c), the
therefore investigated the effect on the line shape and redoxobvious contribution of FS3 to the low-potential spectrum is

potentiometry of the low-field signals of a mutant of NarH jngicated by a vertical arrow. (d) Spectra of redox-poised NarH-
(NarH-C16A) in which FS1 is not detectable by EPE) C16A mutant NarGHI which lacks EPR-detectable FS1. FS3
The EPR spectrum in the low-field region of the dithionite- exhibits a rhombic EPR spectrum with= 2.04,g, = 1.96,9, =
reduced NarH-C16A mutant is identical to that of the wild 1-88. Eplgospev?/trfa ere (r)eﬁordEegst 12 dK and 20 mw fgr (b).gng
type (data not shown). However, a modas, of +20 mV gg)r I%?gure l.m or (d). Other conditions were as describe
is elicited by the mutation (Figure 4), suggesting that absence
of EPR-detectable FS1 may have a subtle effect on the redoxby the absence of Mo-bisMGLY). To address these issues,
chemistry of FSO. we reexamined the EPR properties in the= 2 region of
EPR Analysis of the NarH [4Fe-4S] ClustefBrevious wild-type, apomolybdo, and NarH-C16A mutant NarGHI.
potentiometric analyses of the NarGHI [Fe-S] clusters Figure 5aillustrates thgvalues of the tw@&= 1/, species
indicated that they havé,, values 0f+130 mV (FS1)—-420 attributed to FS1 by Guigliarelli et al1). Figure 5b shows
mV (FS2),—55 mV (FS3), andt+180 mV (FS4) at pH 8.0  EPR spectra of redox-poised wild-type NarGHI at a potential
(7). The species giving rise to tlge= 5.023 andy = 5.556 where the spectrum of FS1 predominates € —6 mV)
features of the NarGHI spectrum coincidentally hasEan and at one where FS3 also contributEBs € —178 mV). It
value of —55 mV. It is therefore important to eliminate the is clear from inspection of the higher potential spectrum that
possibility that the new spectral features arise from a FS1 in membrane samples exhibits spectral features es-
subpopulation of FS3E, = —55 mV). It has also been sentially identical to those reported by Guigliarelli et 4B)
speculated that a subpopulation of the spectral features(cf. Figure 5a and 5b). The absence of cofactor in apo-
assigned to FS1 may, in fact, arise from FSO (see below) molybdo-NarGHI has only subtle effects on the EPR line
(23). This would be consistent with theE, elicited on FS1 shape of reduced FS1 (&, = —28 mV) and the super-
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position of reduced FSflus FS3 in more reduced samples 160
(En = —176 mV) (Figure 5c). 150
Major differences are elicited by the NarH-C16A mutation 140
on the EPR properties of partially reduced NarGHI. This 130
mutation results in the absence of EPR-detectable FS1 in = ﬁg
NarGHI (13), rendering FS3 the highest potential [4Fe-4S] £ 100
cluster with EPR features aroungl = 2.0. Figure 5d 2 9%
illustrates spectra of FS3 at tvi, values in the absence of g 80
FS1. Itis clear that the two components illustrated in Figure £ 70
5a are completely absent in a NarH-C16A mutant, consistent = 60
with both subpopulations of the highest potential [4Fe-4S] 5 50
cluster of NarGHI arising from FS116), rather than with »n 40
one of them arising from FS@8J). 30
The features of the spectrum of FS3 are consistent with fg
them arising from a rhombic species wigh= 2.04,g, = 0
1.96, andg, = 1.88 (Figure 5d). However, the spectrum 0 By
exhibits broad “wings” which comprise a broad peak at 200  -100 0 100 200 300

approximatelyg = 2.09 and a broad trough gt= 1.83. E, (mV)
These observations suggest that FS3 is not magnetically n

|Solated at the poten“als used to generate the Spectra OFIGUREGZ Potentiometric titrations of the h|ghest pOtentIal NarGHI

: - _ _ . - [4Fe-4S] clusters with spectral features arogne 2.0. Squares:
Figure 5d E . 15 and—163 m_V)‘ Similar br_oao! WINGS — itration of the g./0x peak-trough § = 1.88) of the spectrum of
are observed in reduced seven-iron ferredoxins in which anarGHI. Data were fitted to twa = 1.0 species Wity values

spin—spin interaction occurs between tBe= 1/, [4Fe-4S] of +130 mV (63%; FS1) and-55 mV (35%; FS3). Diamonds:
cluster under scrutiny and &= 2 [3Fe-4S] cluster with titration of thegy/g«x peak-trough § = 1.88) of the spectrum of
which it is spin-coupled41, 42). It is noteworthy that FS3 apomolybdo-NarGHI. Data were fitted to twno= 1.0 species with

- : . En values of +80 mV (55%; FS1) and-35 mV (44%; FS3).
forms half of a 7Fe ferredoxin-like pair (with FS4, the [3Fe- Triangles: titration of theg, peak minus the gy trough of the

48] cluster) in the structure of NarGH2)( . ~ spectrum of NarH-C16A NarGHI. Data were fitted to a singe
To compare the potentiometric behavior of the high-spin 1.0 with species with ai,, of =50 mV (FS3). EPR spectra were

signals with those of the reduc&k= Y/, [4Fe-4S] clusters, recorded as described for Figure 5, using 20 mW microwave power
we performed potentiometric analyses of the NarGHI EPR for the NarGHI and apomolybdo-NarGHI and 10 mW for NarH-

. C16A mutant NarGHI.
spectrum around) = 2.0 at 12 K. Figure 6 shows poten-
tiometric titrations of the highest potential [4Fe-4S] clusters
(FS1 and FS3) in NarGHI, apomolybdo-NarGHI, and the

Table 2: Summary of [Fe-S] and Mo Potentiometric Data

NarH-C16A mutant. As has previously been reported by us center/couplén (mV), pH 8.0

(7), loss of Mo-bisMGD results in a 50 mV decrease in the  enzyme  Mo(V/V) Mo(IV/V) FSO FS1 FS2 FS3 FS4
potential of FS1 fromt+130 to+80 mV. FS3 is the highest  NarGHI 205 100 —55 +130 —420 —55 +180
potential [4Fe-4S] cluster in the NarH-C16A mutant, and it apomolybdo-  nd’ nd nd +80 —430 —35 +185
titrates with arEr of —50 mV, in reasonable agreement with  MarHl 110 35 nd —420 —50 4185
its reported potential in the wild-type enzym&).( This NarGHI

potential is sufficiently resolved from that of the low-field , , - ,

features in this mutant for us to conclude that the low-field » We estimate the experimental error in our estimate§spvalues
. . . to be+10 mV. Data are representative of at least two data 8étet

species arises from a different cluster. In all forms of NarGHI getected.

studied herein, the reduction of FS2 (tBg = —420 mV

[4Fe-4S] cluster) is manifested by a significant broadening spectrum]. Finally, for each enzyme studied, Bgof the

of the overall EPR spectrum as a result of strong sgjpin [3Fe-4S] cluster was determined by analysis of the poten-

interactions between the multiple paramagnetic clusterstiometric behavior of itsg = 2.02 peak at 12 K. In each

present. Its potential can therefore be estimated from thecase, it€E,, was estimated to be approximatehi 80 to+185

attenuation of features assigned to FS1 and/or FS3 as FS2nV. All of the potentiometric results generated herein are

becomes reduced. In NarGHI, apomolybdo-NarGHI, and the summarized in Table 2.

NarH-C16A mutant, we estimate thg, of FS2 to be Structural Characterization of Apomolybdo-NarGHIo
approximately—420 to —430 mV (data not shown; Table further rationalize the EPR results described herein, we
2). determined the crystal structure of apomolybdo-NarGHI at

To complete the potentiometric picture of the FS3 to Mo- 2.2 A resolution. Its overall structure is highly similar to the
bisMGD segment of the NarGHI electron transfer pathway, native structure with a root mean square deviation (rmsd)
we also determined th&p, values of the Mo(IV/V) and of 0.29 A for the superposition of 1240 NarG cCatoms
Mo(V/VI) couples at 150 K in the forms of the enzyme used between the two forms [as determined with Swiss PDB-
herein. The apomolybdoenzyme does not exhibit any EPR-Viewer (43)]. The major structural changes are localized to
detectable Mo(V), and the NarH-C16A mutant has little or the active site. As expected from spectroscopic and bio-
no effect on the molybdenum potentials [the estimaEgd chemical analyseg), apomolybdo-NarGHI does not contain
for the Mo(IV/V) and Mo(V/VI) are approximately 100 and  Mo-bisMGD. However, the electron density does reveal the
200 mV, respectively, based on the potentiometric behavior presence of a guanosine diphosphate (GDP) in the same
of theg = 1.98 peak of the “high-pH” form of the Mo(V)  position as the guanine nucleotide moiety of the MGD-Q
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- = NarG-C92, which superpose very well with the correspond-
A MGD-P ing three residues in the native NarG. However, in apo-

=~y molybdo-NarGHI, a major structural difference is the greater
- conformational freedom of a sequence of NarG residues (51
L/ y 55) which contains the FSO ligand NarG-C53 (Figure 7B).

This loop is well ordered in the native structure and lies in
close proximity to the Mo-bisMGD cofactor (Figure 7A).
In addition, the FSO cluster refines with a lower occupancy
(0.5, with an overall temperature factor of 27.8 Andicating
that the cluster is less tightly coordinated to the apomolybdo
enzyme than to native NarGHI (refined to an occupancy of
1.0 with an overall temperature factor of 21.3)A

DISCUSSION

NarGHI exhibits a range of EPR spectra observable at
liquid helium temperatures (420 K), ranging from fairly
typical [Fe-S] cluster spectra located in the= 2.0 region
(6, 7, 14, 15) to HALS ferric heme spectra in thgeg= 3.0—

4.0 range. At higher temperatures50 K), the molybdenum

of the Mo-bisMGD is also readily observable in its Mo(V)
state 4, 44). Although the NarG subunit of NarGHI contains

a Cys group located toward its N-terminus, there has been a
conspicuous absence of obvious EPR evidence for the
presence of a [4Fe-4S] cluster in this subunit.

Low-field EPR features in spectra of [4Fe-4S] clusters
have been reported for a range of proteins/enzymes, including
Pyrococcus furiosugerredoxin (fer_pyrfu) 85, 45, 46), the
iron protein of theAzotobacterinelandii nitrogenase iron
protein (nihl_azovi) 8), in the eight-iron form ofDe-
sulfovibrio africanusferredoxin Il (fer3_desaf)47), and a
FrdB-C151S mutant of the electron transfer subunit

Cc92 (frdb_ecoli) ofE. coli fumarate reductase (FrdABCD37).
SFO o~ Spectra of all of these proteins in their reduced states
-

typically exhibit two peaks witly values similar to those of
the two peaks in the low-field EPR spectra of NarGHI
reported herein, and these features are typically assigned to

A ’- \
Y I
/
) N )
H49

3 a [4Fe-4S] cluster with aB = 3/, ground state. Theoretical
. d considerations of the origin of the two peaks are based on
179 the work of Hageng6), which resulted in the generation of
: rhombograms depicting possibigvalues for each of the
_ )Y ) threeg tensors forAS = 4/, andAS = 4%/, transitions as

FIGURE 7: Detailed view of the cluster FSO in the native NarGHI & func'Flon of the. rhomblqltyEJD, .WlhereE andD are the

(A) and in the apomolybdo-NarGHI (B). Ribbon diagrams of the rhombic and axial zero-field splitting parameters, respec-
NarG structure surrounding FSO. Mo-bisMGD, FS0, and GDP are tively) of the system under scrutiny. Analysis of the
shown in stick rendering. Coloring reflects the temperature factor rhombograms presented by Hagé&)(suggests that the
with a color ramp from blue to red indicating 4@0 A2 change. = 5.023 peak arises from AS = 4/, transition, whereas

Electron density was not observed for residues-58 in the _ . 3 -,
apomolybdo-NarGHI structure, and this sequence is representedtheg = 5.556 peak anse_s from&S= +7, transmon._For
as a dashed line in (B). The figure was prepared with Molscript &n E/D value of approximately 0.220.24, the predicted

(54) and rendered in Raster3B5). values for the low-fieldy tensors of theAS = +1/, andAS

= 13, closely approximate those observed for the NarGHI
pterin in the native complex (cf. Figure 7A and 7B). Many 9 = 5.023 andg = 5.556 peaks. This assignment is also
of the residues that interact with the Mo-bisMGD in the consistent with the temperature dependences of the two
native enzyme (NarG-D222, NarG-R260, NarG-S719, NarG- spectral features: thg = 5.556 peak has an optimum
H1092, NarG-H1098, NarG-R1218) have side chains with temperature for detection below that attainable by the cryostat
large thermal parameters in the apomolybdo-NarGHI struc- of the EPR instrumentation used herein.
ture, suggesting high levels of motion in the absence of the The E, value of the high-spin [4Fe-4S] cluster spectrum
cofactor (Figure 7B). Despite the absence of the high-spin is approximately-55 mV, which is coincidentally the same
EPR signal in the apomolybdo-NarGHlI, the electron density as that of the FS3 cluster located in NarH. However, the
map clearly reveals the presence and relative structuralfact that the new spectral features are essentially eliminated
integrity of the FSO cluster. Three of the FSO-coordinating in apomolybdo-NarGHI strongly argues in favor of them
residues are clearly visible, NarG-H49, NarG-C57, and arising from a cluster that is located in close juxtaposition
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to the Mo-bisMGD cofactor. However, previous work has

Biochemistry, Vol. 43, No. 18, 20046331

We have previously demonstrated that the absence of Mo-

suggested that FS1 is also affected by the absence of thébisMGD in apomolybdo-NarGHI perturbs the redox chem-

cofactor {7). In the first thorough potentiometric character-
ization of NarGHI by EPR, it was found that the spectral
features assigned to FS1 appear to arise from two independ
ent subpopulations with identicgl, values {5). On the basis

of studies of dimethyl sulfide dehydrogenase fr&hodo-
vulum sulfidophiluman enzyme with a very similar catalytic
subunit to that of NarGHlI, it has been suggested that one of
the FS1 subpopulations may arise from F3XB)( We
addressed this question by (i) confirming the presence of
the new high-spin signals in a NarH-C16A mutant, (ii)
confirming the absence in the NarH-C16A mutant of all the
spectral features assigned to FS1 by Guigliarelli etldd), (
and (iii) demonstrating a separation of the low-field and FS3
Em values in a NarH-C16A mutant. On the basis of these
observations, we assign the= 5.023 andy = 5.556 peaks

to the FSO [4Fe-4S] cluster of NarG.

To corroborate our assignment of the high-spin features
of the NarGHI EPR spectrum to FSO, we determined the
crystal structure of the apomolybdoenzyme at 2.2 A resolu-
tion (Figure 7). FSO is still present in this structure (Figure
7B), albeit in a form less tightly coordinated by the
surrounding protein environment. Two obvious explanations
exist for our inability to observe the EPR spectrum of FSO
in this form of the enzyme. (i) Solvent exposure of FSO via
the Mo-bisMGD binding pocket may lower thg, of FSO
to the extent that it is not reducible at readily accessihle
values, which are limited to approximateh630 mV at pH
8. (ii) The increased thermal disorder in the structure implied
by the absence of electron density for residues of
NarG could lead to significant structural heterogeneity in
the environment of FSO, resulting in its spectrum being
broadened to the extent that it is rendered EPR invisible.
This is also likely to result in heterogeneous redox chemistry,
making the E;,, of FSO in apomolybdo-NarGHI poorly
defined.

The factors that result in a [4Fe-4S] cluster having a high-
spin ground state are currently poorly understood. Such
clusters are almost always associated with non-cysteinyl
coordination. Typical high-spin clusters have coordination
provided by three Cys residues and one alternative amino
acid such as Asp or SeBj, 37). A good example of such
coordination is provided bf. furiosusferredoxin @5, 45).

The reduced wild-type form of this protein contains a single
[4Fe-4SF cluster which has two populations of ground states,
one withS = 1/, and the other witls = 3/, (45). The EPR
spectrum of the high-spin form of this cluster is essentially
identical to that observed for FSO: it has peaks at ap-
proximatelyg = 5.0 and 5.6. In a D14C mutant (of the

istry of FS1 {7), causing a 50 mV decrease in . We
extended these studies herein by examining the effect of the
fack of EPR-detectable FS1 (in a NarH-C16A mutant) on
the redox chemistry of both FSO and the Mo(IV/V/VI)
couples of the Mo-bisMGD cofactor. A minor effect was
elicited on theE, of FSO, but no effect was observed on the
Mo-bisMGD cofactor. These results can be explained by the
rather large structural differences expected between NarGHI
and apomolybdo-NarGHI in the region of the Mo-bisMGD
binding site. The edge-to-edge distance between FS1 and
the MGD-P pterin is approximately 12.2 A, whereas that
between FS1 and FSO is 11.2 A. Thus, it is possible that the
effect of the absence of cofactor could be propagated to both
clusters. In the former case a mild perturbation results in
the observed drop in itE,, whereas in the latter, a large
perturbation results in the nonobservance of its EPR spec-
trum.

As revealed by the presence of a GDP moiety in the
MGD-Q binding site, it is clear that at least the guanine
nucleotide can be assembled into NarG in the absence of
mature Mo-bisMGD. This phenomenon has also been
detected biochemically iRhodobacter sphaeroid&se,SO
reductase49), in which two nucleotides are detected in the
apomolybdoenzyme. It is also notable that the overall
structure of NarG in apomolybdo-NarGHI is essentially
identical to that found in the native enzyme. This observation
has implications for the role of the fourth open reading frame
within the nar operon fiarJ). NarJ is a system-specific
chaperone that is synthesized in substoichiometric amounts
compared to the subunits of the mature enzyb® §1). It
is hypothesized to hold NarG in a cofactor binding competent
conformation during enzyme maturation. It is clear from the
structural data presented herein that NarJ does not remain
associated with membrane-bound apomolybdo-NarGHI and
that enzyme that bypasses the Mo-bisMGD insertion step
of the maturation process adopts a structure that is essentially
identical to that of the native enzyme.

Overall, we have observed the EPR spectrum of FSO in
NarGHI and have demonstrated that this spectrum arises from
a [4Fe-4S] cluster with ar§ = 3, ground state. The
observation and potentiometric characterization of this cluster
complete the initial characterization of the entire electron
transfer chain through NarGHI from the quinol binding sites
of Narl (3, 10, 52) to the Mo-bisMGD cofactor of NarG.
These studies represent an important step in understanding
the electron transfer pathway connecting the [Fe-S] clusters
of NarH and the Mo-bisMGD cofactor of NarG.

second cluster coordinating residue), the cluster becomesACKNOWLEDGMENT

homogeneously low spird6). In E. colifumarate reductase
(FrdABCD), a [4Fe-4S] cluster is coordinated by four Cys
residues in the electron transfer subunit (Frdg) (Mutation

The authors thank Delilah Mroczko for operating the B.
Braun Biostat B fermentation system. M.B. and N.S. thank
the Department of Energy and the Howard Hughes Medical

of the second of these to a Ser results in a change in Spinyngyiyte for access to beamline 8.2.1 at the Advanced Light

state from low to high spin3({). The His residue coordinating
FSO in NarG has also been subjected to site-directed
mutagenesis to Cys and Sédj.(Although the [Fe-S] clusters

of NarGHI were investigated by EPR in a NarG-H49C
mutant, no obvious evidence for new spectral features arising
from anS= 1/, form of FSO was found, suggesting that the
change in coordination does not change its spin state.
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