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ABSTRACT. TAMOC is a 12.3 kDa soluble Rieske ferredoxin that is obligately required for electron transfer
between the oxidoreductase and diiron hydroxylase components of toluene 4-monooxygenase from
Pseudomonas mendocinéR1. Our preliminary'H NMR studies of oxidized and reduced T4MOC
[Markley, J. L., Xia, B., Chae, Y. K., Cheng, H., Westler, W. M., Pikus, J. D., and Fox, B. G. (1996) in
Protein Structure Function Relationshig&aidi, Z., and Smith, D., Eds.) pp 13446, Plenum Press,
London] revealed the presence of hyperfine-shiffddesonances whose short relaxation times made it
impractical to use nuclear Overhauser effect (NOE) measurements for assignment purposes. We report
here the use of selective isotopic labeling to analyze the hyperfine-shiftelH, and'>N signals from
T4MOC. Selective deuteration led to identification of signals from the folintdms of cluster ligands

C45 and C64 in the oxidized and reduced forms of TAMOC. In the reduced state, the Curie temperature
dependence of thefprotons corresponded to that predicted from the simple vector spin-coupling model
for nuclei associated with the localized ferric site. The signal at 25.5 ppm itHIspectrum of reduced
TAMOC was assigned on the basis of selectidelabeling to the His 4 atom of one of the cluster
ligands (H47 or H67). This assignment was corroborated by a one #on#&C correlation (at 25.39
ppm*H and 136.11 ppmC) observed in spectra ofJf13C]T4MOC with alH—13C coupling constant of

~192 Hz. The carbon chemical shift and one bond coupling constant are those expeétéd-f&fCe?

in the imidazolium ring of histidine and are inconsistent with values expected for cysttiné3C*. The

His H¢! proton exhibited weak Curie temperature dependence from 283 to 303 K, contrary to the anti-
Curie temperature dependence predicted from the spin coupling model for nuclei associated with the
localized ferrous site. AH peak at—12.3 ppm was observed in spectra of reduced T4MOC; this signal
was found to correspond to a hydrogen (probably in an H-bond to the cluster) that exchanged with solvent
with a half-time of about 2 days in the oxidized state but with a much longer (undetectable) half-time in
the reduced state. These results with T4AMOC call into question céHamssignments recently reported

on the basis of NOE measurements for the comparable Rieske ferredoxin component of an evolutionarily
related alkene monooxygenase frofanthobacteisp. Py2 [Holz, R. C., Small, F. J., and Ensign, S. A,
(1997) Biochemistry36, 14690-14696]. Selectivé®N labeling was used to identify hyperfine-shifted

15N NMR signals from the backbone nitrogens of all four cluster ligands (C45, H47, C64, and H67), from
the N2 atoms of the two histidine ligands (H47 and H67), and from nonligand GIn and Ala residues (Q48
and A66) present in the cluster-binding motif of T4AMOC in the oxidized and reduced states. The results
indicate that the Rt of each of the two ligand histidines of TAMOC are ligated to an iron atom and reveal

a pattern of H-bonding to the Rieske [2Fe-2S] center involving four (H47, Q48, A66, and H67 of TAMOC)
of the five backbone amide H-bonds expected on the basis of comparison with the crystal structures of
other related Rieske proteins; the fifth backbone amide (150 of T4AMOC) failed to exhibit a hyperfine
shift. This anomaly may arise from the lack of an associated disulfide in T4AMOC, a fundamental structural
difference between the three types of Rieske proteins that may be related to functional diversity in this
protein family.

Rieske [2Fe-2S] centers are found in the cytochrome Rieske proteins2). Spectroscopic studies have revealed an
oxidase complexesl], in the oxygenase components of asymmetric iror-sulfur core with the &atom of each of
enzymes such as the benzene, naphthalene, phthalate, arttie two cysteine residues coordinated to one iron site and
toluene dioxygenaseg)( and in smallM, ferredoxins that ~ with the N’ atom of each of the two histidine residues
act as soluble electron carriers for a variety of bacterial coordinated to the other iron sitd-9). Méssbauer and
oxygenases3). Figure 1 shows the metal-binding motif ENDOR studies have shown that the His-coordinated iron
C—X—H—X;5-2,;—C—X,—H that has been identified in all becomes a localized ferrous site upon reductidn-g).
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45 64 81 Along with sequence information (Figure 1), optical, EPR,
| | | and Mssbauer studies have established that T4AMOC con-

T4Moc CPHQEILL SEGSYEGGVITCRAHLWTFNDGTGHGINPDDC . . .
NDOo CRHRGKTLVSVEAGNAKGFVCSYHGWGFGSNGELQSVPFEK tains a Rieske [ZFG-ZS] centarzl( 15 Sequence allgnments

b6f I5P CTHLGCVVPF NAAE NKFICPCHGSQYNNOGRVVRGPAPL also revealed that Cys residues comparable to those forming

bcl ISP CTHLGCV PIANAGDFGGYYCPCHGSHYDASGRIRKGPAPL the disulfide bond in the ISP domains are not present in either
| x> [ % e e | T4MOC or NDO (Figure 1); in TAMOC, the corresponding

139 158 175 residues are 150 and A66. Similarly, the serine and tyrosine

Ficure 1: Comparison of the amino acid sequences providing the residues whose side chains have been shown to participate

CXH and CXXH iron binding motif in TAMOC, naphthalene ;. ; ; T
dioxygenase 13, and the ISP domains of the chioroplastic in H-bonding of the ISP domains are not conserved in either

cytochromebgf complex (2) and bovine heart mitochondriak, T4MOC or NDO. In NDO, W106 occupies the position
complex (L0). Gaps have been inserted into the sequence betweencorresponding to S163 in the ISP domain and covers one
the metal binding motifs to align the metal cluster ligands. The side of the Rieske centet). TAMOC also has tryptophan
numbering of T4AMOC is based on nucleotide sequencing, whereasj this position, W69. The degree to which these structural

the numbering of the ISP fragment is that used for the bovine s : - .
complex @0). The five residues identified in the ISP structure to variations contribute to the functional properties of the

provide peptidyl N-H bonds to the cluster are indicated (*); the Members of the Rieske protein family has not been estab-
serine and tyrosine residues identified in the ISP structure to provide lished, although correlations between H-bonding and redox
H-bonding via their hydroxyl groups are indicate@)( The latter properties have recently been proposed for the ISP Rieske
two residues are not conserved in T4AMOC. protein (L6).

NMR spectroscopy has proven to be a powerful technique
for characterizing various classes of iron sulfur proteins.
Although extensive NMR studies of plant-type and vertebrate
[2Fe-2S] ferredoxins are available, only a limited level of
detail has been accumulated on the Rieske ferredoxins. The
goal of the present study has been to obtain chemical
information about the ironsulfur active site of T4AMOC,
and to compare these data with other Rieske proteins and
[2Fe-2S] ferredoxins. We originally reported paramagneti-
cally shifted'H NMR signals from T4AMOC17), and a more

Crystal structures of the Rieske ISdbmains from the bovine
mitochondrialbg; oxidase (0, 11), the chloroplastic cyto-
chrome bef oxidase {2), and NDO (3) confirmed the
predicted ligation motif and revealed the existence of an
extensive network of H-bonds to the iron center. In the ISP
Rieske domains, the Hof each of the two histidines that
ligate the cluster, the ™M of each of the two cysteines
involved in the disulfide bridge adjacent to the cluster, and
the hydroxyl groups of one serine and one tyrosine donate

H-bonds to sulfur atoms of the cluster (an inorganic sulfide

atom and a sulfur atom of one cysteine ligand, respectively). recent study k_)y Holz and cp—workers stiowedsinat e
Recently, we reported the overexpression, purification, and comparable Rieske ferredoxin component O.f the alkene

spectroscopic characterization of toluene 4—monooxygenaseer’oxIdase fromXanthobactesp. Py2 has a similar pattern

(T4MO) from Pseudomonas mendocik&1 (14). This four of paramagneti(_:ally shiftetH NMR signals (8). HOIZ and
protein complex consists of an NADH oxidoreductase, a co-workers assigned these resonances by residue and atom

catalytic effector protein (T4AMOD), a diiron center-contain- tyfpeZICZ)n gga t]za5|s dOf .compansg.n to p.revul)ul\sl g'EMR studies
ing hydroxylase, and a smai, soluble ferredoxin (T4MOC, ~ © [2Fe-25] ferredoxins, one-dimensional measure-

. . . . L ments, and analysis of the temperature dependence of
12 326 Da) that is obligately required for catalytic activity. chemical shifts 18))/. Here. we repoF;t the use o? selective

isotope labeling to determine the origin of the paramagneti-
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* Envirogen. Construction of Expression Vector pJPQHl materials

1 Abbreviations: bc;, bovine mitochondriabc;, ubiquinone cyto- . .
chrome ¢ oxidoreductasepgf, chloroplastichef complex; HMQC, used to produce vector pJPO1 were of the highest purity

heteronuclear multiple-guantum correlation spectroscopy; ISP-iron  available and were used without further purification. Vent
sulfur protein domain of thebc, or bef complexes; NOE, nuclear  DNA polymerase, DNA ligase, and restriction endonucleases

Overhauser effect; NDO, naphthalene dioxygenase; NMR, nuclear ;
magnetic resonance; T4MOC, 12.3 kDa soluble Rieske-like ferredoxin Ndd andBarHI were from New England Biolabs (Beverley’

from Pseudomonas mendociiR1 produced heterologously ifs- MA). The complete TAMO gene clust§tmoABCDEF)
cherichia coli contained in the expression vector pRS184f was used as the
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template for amplification by a polymerase chain reaction of IPTG to a final concentration of 0.1 mM. After 4 h, the
(14). To facilitate the isotopic labeling of TAMOC for the cells were harvested by tangential flow filtration and pelleted
present studies and to provide for simultaneous isotopic by centrifugation at 150@Pfor 30 min. The resulting cell
enrichment of TAMOD (11.6 kDa) for related NMR studies, pellet was frozen and stored &80 °C until needed.

the genes encoding both of these proteins were targeted for Eypression of [USN]- and [U-13C]-T4MOC. For 15N

coexpression. Primers tmoQgtagcgCaTatgagctttgaa) and  yniform labeling, the expression host was grown on minimal
tmoD3 (tcttggatCcaaagctcatggtgecce) (Integrated DNA Tech- medium 1) containing 0.6% (w/v) glucose as the carbon
nologies, Coralville, 1A) were used to amplify a 751 bp source and 1.0 g/L ofNH,CI as the sole nitrogen source
frggment containing the_se two genes. Primer tmo&t- (Cambridge Isotope Labs, Andover, MA,98% isotopic
tained two base pair mismatches that introducedNad enrichment). Fof*C uniform labeling, the expression host
restriction site at theamoC ATG start codon (mutations 55 grown on minimal mediun2() containing J-13C]-o-
indicated by uppercase in the primer sequence), whereasgmcose (3.0 g/L, minimum 99 atom %C, Isotech,
pri_mer tmoD3 introduced aBanH]I restriction site 8 base Miamisburg, OH) as the carbon source and 1.0 g/L ofGIH
pairs downstream of thenoD stop codon. The polymerase a5 the sole nitrogen source (Cambridge Isotope Labs,
chain reaction was performed using the buffer conditions Andover, MA, =98% isotopic enrichment). Glucose and
recommended by the supplier. The cycle of melt for 1 min NH,c| were added by filter sterilization after the heat-
at 94°C, anneal for 30 s at 5TC, and extend for 50 s at 72 sterilized medium had cooled. A 50 mL shaken flask culture
°C was repeated 25 times. The amplified product was containing ampicillin (40Qug/mL) was inoculated with 25
extracted with phenol:chloroform (1:1, v/v) to remove uL of cell stock and was grown to an QR of ~0.1. This
protein, digested wittNdd and BanH, and then analyzed entire culture was then used to inoculate a 500 mL shaken
by agarose electrophoresis using a 0.8% agarose gel. Theask culture. The 500 mL culture was grown to @B~ 1,
correct band was extracted by electroelution into filter paper, 5nd the entire culture was then used to inoeutatt LBioFlo

and was then ligated into the similarly digested plasmid 3000 penchtop fermenter (New Brunswick Scientific, New
pT7Blue (Novagen, Madison WI). The ligated plasmid was grynswick, NJ). The fermenter culture was grown at pH 7
transformed into calcium-chloride-competer. coli and 37°C to an ORgy of ~0.8, with dissolved @ held
NovaBlue cells (Novagen) and plated onto Luria-Bertani agar constant at 20% of saturation. The culture was then induced
plates containing ampicillin (10@g/mL) that were top-  py the addition of IPTG to a final concentration of 0.1 mM.

spread with isopropy-b-thiogalactopyranoside (IPTG) and  atter 3—4 h, the cells were harvested and stored as described
5-bromo, 4-chloroindoyp-p-galactopyranoside. Plasmid DNA  gphqve.

was prepared from 20 of the resulting white colonies using
the Wizard Mini-Prep kit (Promega, Madison, WI) and
analyzed by restriction digestion mapping to verify the
presence of a 751 bp fragment with the correct restriction
pattern. ThemoCDgene fragment was cut from the agarose
gel, extracted as above, and ligated into the similarly digested
plasmid pET3a (Novagen). The ligated plasmid was trans-
formed into calcium chloride-competeit coli BL21(DE3)
cells (Novagen), and the transformation was selected on
Luria-Bertani agar plates containing ampicillin (10§/'mL).
Plasmid DNA was prepared from 20 colonies that exhibited fi . bstituti firmed 1
antibiotic resistance and analyzed by restriction digestion pNT\;(;Sntage of isotopic substitution was confirmed by
mapping. Eight of the colonies contained the correct insert. :

One of these colonies was picked for propagation, and the For selective labeling of cysteine, plasmid pJPO1 was
plasmid contained in this expression host was designatedtransformed into the cysteine auxotrofth coli JM15
pJPO1. The nucleotide sequences of tm®C and tmoD (cysESQ, tfr-8)(24); for selective labeling of histidine,
genes were determined at the Universi[y of Wisconsin plasmld pJPO1 was transformed into the histidine auxotroph
Biotechnology Center by cycle sequencing using AmpliTaq E- coli AW608ThrT7/pLysS @5).

DNA polymerase, FS (Perkin-Elmer, Culver City, CA) and  The minimal medium used for preparation of T4AMOC
dye-labeled terminators. The determined sequence was foundgelectively labeled in either cysteine or histidine was as
to exactly match that previously publishel®). The expres- described for the expression df{*N]T4MOC except for
sion host was maintained on Luria-Bertani agar plates the substitution of 1 g/L of NECI and supplementation with
containing ampicillin (40Qug/mL), and frozen cell stocks  the followingL-amino acids (g/L, added before heat steriliza-

Selectie Labeling of Cys and HisThe atom-naming
conventions used here are from the recently proposed
standardization of terminology for protein NMR studi@g)(
Selectively labeled amino acids [98%1%|Cys, [95-99%
2HA2M8)Cys, [=98%N]Cys, [>98%*N]His, [>98% 15N%Y]-

His, [298% 5N]Ala, [>98% '°N]lle, and [=98% '°N]GIn
were obtained from Cambridge Isotope Laboratorie€4%
15NYL€2]p,L-His was obtained from the Los Alamos Stable
Isotope Resourcez=[90%2H<Y|His was prepared by heating
[NA]JHis in D,0 buffered at pH 8 fo8 h at 96°C (23); the

were prepared as previously describ&a)( tion): alanine, 0.50; arginine, 0.40; aspartate, 0.40; aspar-
Expression of Natural Abundance T4MQ&Lfrozen cell agine, 0.40; glutamine, 0.65; glutamate, 0.65; glycine, 0.55;

stock (1 mL) was used to inoculate 500 mL of Luria-Bertani isoleucine, 0.23; leucine, 0.23; lysine hydrochloride, 0.42;

medium containing ampicillin (40Qug/mL) in a 2 L methionine, 0.25; phenylalanine, 0.13; proline, 0.10; serine,

Erlenmeyer flask. This shaken flask culture was grown to 2.10; threonine, 0.23; tyrosine, 0.17; and valine, 0.23. The
an optical density at 600 nm (QR) of ~1, and the entire  following L-amino acids were added by sterile filtration after
culture was then used to inoculate a benchtop fermenterthe heat-sterilized medium had been cooled (g/L): tryp-
(Virtis, Vineland, NJ) containing 14 L of Luria-Bertani tophan, 0.05; and, as appropriate, either the natural abundance
medium. The culture was grown at pH 7 and 7 to an or isotopically labeled forms of cysteine, 0.06; and histidine,
ODggo Of ~3—4 and was then induced by the sterile addition 0.10.
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For preparation of TAMOC selectively labeled in cysteine,
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centrated by ultrafiltration to 0:52.0 mM for NMR mea-

the cells were grown and induced as described above forsurements. To prepare reduced samples, 2 mg of solid sodium

preparation of J-1>N]-T4MOC. For two preparations of
TAMOC selectively labeled with2H<His, the growth
medium was supplemented with 17% (v/v)Dto prevent

dithionite was added to TAMOC samples made anaerobic in
NMR tubes by repeated cycles of flushing with-fdee Ar
gas. The NMR tubes were then sealed by flame while under

complete exchange of the isotopic label during growth and an Ar atmosphere.

expressionZ3). For all preparations of T4AMOC selectively

NMR SpectroscopyAll 'H and?H NMR spectra were

labeled in histidine, the cell growths and expressions were collected on Bruker DMX400 wide-bore or DMX500 NMR

performed in shaken flask culture as follows. A 50 mL

spectrometers with eithea 5 mm*H probe or a 10 mm

culture of the amino acid supplemented minimal medium broad-band probe_ One-dimensiofidN NMR spectra were

described above containing ampicillin (40@/mL) was

recorded on a Bruker DMX600 NMR spectrometer with a 5

inoculated with a single colony from an agar plate and grown mm broad-band probe. A simple delay2@xquisition pulse

to an Oy Of 0.1. This culture was used to inoculate eight
2 L flasks that each contained 500 mL of medium. The
cultures were grown to an QR of ~2 and then induced by
the addition of IPTG to a final concentration of 0.1 mM.

sequence was used for all one-dimensidhal’H, and'>N
experiments. Fast pulse repetition rates were used to saturate
the more slowly relaxing diamagnetic resonanéeschemi-

cal shifts were referenced to the methyl signal of 2,2-

After 5 h, the cells were harvested and stored as describeddimethylsilapentane-5-sulfonic acid, and th¢ and 5N

above.
Purification of TAMOC The frozen cell pellet (2640 g)

chemical shifts were indirectly referenced #d chemical
shifts by multiplying the spectrometer frequency correspond-

was thawed in a stainless steel beaker and resuspended ifhg to 0 ppm in théH spectrum by théH/™H (0.153 506 088)

an equal volume of 25 mM MOPS, pH of 7.0, containing or the!>N/*H (0.101 329 118) frequency ratios, respectively
2% (v/v) glycerol (buffer A). DNase (bovine pancreatic (22). Other details of the data collection are provided in the
DNAse I, Sigma Chemical Co., St. Louis, MO), RNase table legends and figure captions.

(bovine pancreatic ribonuclease A; Sigma), and lysozyme  a 1y.13c spectrum of P-13C]TAMOC was collected on a
(hen egg white; Sigma) (0.5 mg of each) were added to the gy ker DMX500 spectrometer using a two-dimensional
suspension. The beaker was placed in an ice bath a”q—|MQC (26) experiment modified as jump-return echo

sonicate(_j for.5 min at maximl_Jm power output (Fisher r_nodel sequence?) for the suppression of water and the diamag-
550 sonic dismembrator, Pittsburgh, PA). The sonicated neic resonances. The anti-phase build-up period for the

suspension was clarified by centrifugation at 4396 45 HMQC was 1.25 ms, and the excitation maximum for the
min. The supernatant was decanted, diluted with an equaljump-return sequence was centered at 25 ppm. The total

volume of buffer A, and immediately loaded onto a DEAE
fast-flow column (45x 250 mm) equilibrated in buffer A.
The column was washed with 2 column volumes of buffer
A containing 0.15 M NaCl, and T4MOC was eluted with a
1.0 L linear gradient of 0.15 to 0.50 M NaCl in buffer A at
15 cm/h. Fractions containing T4AMOC were identified by

recycle delay (relaxation delay and acquisition time) was 82
ms. The sweep width in théd dimension was 100 ppm and
in the3C dimension was 250 ppm. The data were collected
as 256 rows of 4096 data pointSC decoupling was not
applied during the acquisition period and thus the multiplet
structure remains.

optical spectroscopy, pooled, and loaded onto a second

DEAE column (25x 80 mm) equilibrated in 25 mM MOPS,
pH 7.4, containing 2% (v/v) glycerol (buffer B). TAMOC
was eluted from the second DEAE column with a 1.0 L
gradient of 0.20 to 0.55 M NacCl in buffer B at 5 cm/h.

RESULTS

Expression and Characterization of T4AMOThe four
proteins constitute comprise the enzyme complex encoded

Fractions containing TAMOC were pooled and concentrated by thetmoA-Fgene cluster were previously expresseéin

to ~3 mL using ultrafiltration (Amicon YM-3, Beverly, MA).

coli from vectors containing either thac or tac promoters

The protein was then applied to a Sephacryl S-100 column (14). Using these constructs, we produced and purified

(26 x 600 mm) equilibrated in 25 mM MOPS, pH 7.0,
containing 5% (v/v) glycerol and 0.10 M NaCl and eluted
at 6 cm/h. Fractions containing pure T4AMOC were identified
by optical spectroscopygseA2s0 = 0.2) and denaturing gel

T4AMOC and then performed physical characterizations and
preliminary 'H NMR measurements1f). The physical

characterizations revealed that TAMOC had a high solubility
without the addition of detergents, was stable in the pH range

electrophoresis. The purified protein was concentrated by 6.0-10.5, and had long-term thermal stability at 30.

ultrafiltration and stored frozen at80 °C until needed.
Preparation of NMR SampledIMR solvents (RO and

Moreover, the'H NMR studies revealed hyperfine-shifted
resonances with short relaxation times and temperature

deuterium-depleted water) were obtained from Cambridge dependences that were distinct from those previously ob-
Isotope Labs. TAMOC samples were exchanged into the served for other [2Fe-2S] ferredoxins (see below). Therefore,

appropriate buffers using repeated cycles of dilution with
the desired buffer and concentration by ultrafiltration. As
indicated in the figure captions, [NA]TAMOC and T4AMOC
labeled with eithe?H ([?H*]Cys, [PH#?#3]Cys, [PHY]His) or

15N ([U-N], [**N]Cys, ['*N]His, [**N®1His, [**N°1<]His,
[*®N]lle, [**N]Ala, [**N]GIn) were exchanged into 50 mM
phosphate in BD, pH 7.4* (pH measurements were not

selective isotopic labeling was used in the present study to
classify these resonances.

To facilitate these labeling studies, an expression vector
that allowed coexpression of T4AMOC (12.3 kDa) and
T4MOD (11.6 kDa) from a single T7 promoter in a pET-
derived vector was developed (pJP01). This vector provided
~10—25 mg of pure TAMOC per liter of culture medium,

corrected for the deuterium isotope effect on the glass which represented an increase in yield~af0-fold relative
electrode). After buffer exchange, the samples were con-to expression from the completimoA-Fgene cluster in the
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oxidized

B. 303 K

e
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reduced
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FiIGURE 2: 'H NMR signals from [NA]T4MOC in'H,0. Oxidized
T4AMOC: (A) 277 K; (B) 303 K. Reduced T4MOC: (C) 277 K;
(D) 303 K.

previously used pUC-derived vectors. Physical (optical, EPR,
metal content) and catalytic characterizationsl$ units/
mg for p-cresol formation in the presence of optimal
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All of these signals exhibited anti-Curie temperature depen-
dence (shifts to high frequency, away from the diamagnetic
region with increasing temperature; 0.038 to 0.077 ppm/K).
After exchange int8H,0, no change in the intensity of these
signals was observed (data not shown).

In the 'H NMR spectra ofreducedT4MOC, four broad
peaks, each of-1 proton intensity, were observed in the
high-frequency region between 50 and 90 ppm (chemical
shifts of 82.7, 76.7, 61.1, and 52.6 ppm at 293 K; Figure 2,
panels C and D, Table 1). Each of these resonances exhibited
strong Curie temperature dependence (shifts to low fre-
guency, toward the diamagnetic region with increasing
temperature;-0.065 to—0.161 ppm/K). The magnitudes of
the temperature dependences of the chemical shifts observed
for these resonances are comparable to those previously
observed for Cys Hof plant-type [2Fe-2S] ferredoxing®).

A relatively sharp peak accounting ferl proton was also
observed at 25.5 ppm, in a spectral region reminescent of
where the K protons of the Cys ligands of the plant-type
ferredoxins appear. However, the Curie temperature depen-
dence of this peak was substantially smalle0(010 ppm/

K) than that observed for any resonances assigned to Cys
H® bound to the localized ferric site in reducAtiabaena
(—0.10 ppm/K for C49 and-0.05 ppm/K for C79), spinach
(—=0.17 ppm/K), or vertebrate—<0.10 ppm/K) [2Fe-2S]
ferredoxins 25, 29-33).

In the low-frequency region of theH NMR spectra of
reducedT4MOC, two peaks, each ofl proton intensity,
were observed near the diamagnetic shoulder&t ppm
and at—12.3 ppm (Figure 2, panels C and D, Table 1). These
peaks exhibited weak pseudo-Curie temperature dependence
(shifts to high frequency, toward the diamagnetic region with
increasing temperature; 0.019 and 0.038 ppm/K, respec-
tively). As described below, the hydrogen giving rise to the
—12.3 ppm resonance is solvent exchangeable preferentially
when T4AMOC is in the oxidized state, whereas th6.6
ppm resonance is not exchangeable. In the plant-type [2Fe-
28] ferredoxins!H resonances in the low-frequency region
have been associated only with solvent-exchangeable nuclei,
while in contrast, both exchangeable and nonexchangeable
IH resonances with Curie temperature dependence have been
observed from the vertebrate ferredoxin in the low-frequency

concentrations of the other TAMO components) revealed thatregion.

T4AMOC obtained from pJP0O1 was indistinguishable from
previously characterized preparatiorigl)

Nucleotide sequencing of the coding region of pJPO1
confirmed that TAMOC contains five Cys residues (C7, C45,

C64, C84, and C85, with C45 and C64 present in the metal-

binding motif) and five His residues (H36, H47, H67, H77,
and H111, with H47 and H67 present in the metal-binding
motif). The nuclei associated with the Cys and His ligands

The presence ofH resonances shifted to both high and
low frequency of the diamagnetic region in the reduced
Rieske proteins is unique when compared to the plant-type
and vertebrate [2Fe-2S] ferredoxirk3( 33. Although the
five nonexchangeable resonances at highest frequency in
reducedT4MOC have a pattern similar to that observed from
the H* and H* protons of the Cys ligands in the plant-type
ferredoxins 25), the temperature dependence of titelide

are expected to have paramagnetic behavior, while the nucleipeak is anomalous. Furthermore, the two low-frequency

associated with the remaining Cys and His are likely to have
diamagnetic behavior.

'H NMR Studies of T4AMOCFigure 2 shows one-
dimensional'H NMR spectra of TAMOC in the oxidized

resonances imeducedT4MOC are most similar to those
observed in the vertebrate ferredoxad), which clearly does
not contain His ligands to the [2Fe-2S] center or H-bonding
from His nitrogen nucleiZ4, 34. One-dimensionalH-H

and reduced states, respectively, while Table 1 lists the NOE spectra of T4AMOC did not reveal connectivities

chemical shifts and classification of the hyperfine-shifted
resonances observed in these spectra. IFHH¢MR spectra

of oxidizedT4MOC (Figure 2, panels A and B), broad signals
were observed in the high-frequency region from 20 to 30
ppm and a relatively sharp signal was observed at 10.7 ppm

between the hyperfine-shifted peaks in the high-frequency
region between 50 and 90 ppm and the 25.5 ppm peak or
the low-frequency region at6.6 ppm and at-12.3 ppm;

similar negative NOE results have been found for vertebrate

[2Fe-2S] ferredoxins34). The lack of NOEs is presumably
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Table 1. Chemical Shifts, Temperature Dependence, and Classification of Hyperfine-SHifaedi’H Resonances of the Rieske Ferredoxin
Component of Toluene 4-Monooxygenase

oxidized state reduced state
temperature temperature
chemical  dependende chemical dependence
shiftt (ppm)  (Appm/K) classification shift? (ppm) (Appm/K) classification
H 10.7 0.038
20-30 0.077 C45 FPH3IC64 H2A3  82.7/76.7/61.1/52.6 —0.161/-0.148/~0.092/-0.065 C45 HF3C64 H2H3
25.5 —0.010 H47 H' or H67 H?
—6.6 0.019
—-12.3 0.038 peptidy!l or imidazole N-H
°H
20-30 0.077 C45 FPHIC64 H22  ~80/~60 <0 C45 H23C64 HP2H3
~25 nd H47 H' or H67 H?

a2 Chemical shifts at 293 K2 Change in chemical shift as a function of temperature in the range 27 K. Temperature was controlled ¢l
K. ¢ Lost after exchange intéH,0 buffer and incubation for ca. 2 days in the oxidized state. Incubation in the reduced state for as long as 30 days
gave no detectable exchange (see Figure 3Apw frequency resonances shifted toward the diamagnetic region with increasing tempénadiire.
not determined due to weak signal intensity 4al¢]His T4MOC.

due to the rapid relaxation rate for the protons in TAMOC. (Figure 3C) with chemical shift and anti-Curie temperature
Thus, selective isotopic labeling was used to ascertain thedependence equivalent to the correspondih®MR peaks
origin of the'H NMR signals from T4MOC. of [NA]T4AMOC (Figure 3A). Therefore, these high-
NMR Studies of TAMOC Labeled Seleely with?H. One- frequency peaks in théd NMR spectra of oxidized TAMOC
dimensional?2H NMR spectra of oxidized and reduced have been assigned to the fgguprotons of C45 and C64,
T4AMOC selectively labeled by incorporatingH*|Cys, the two cysteines that are found in the TAMOC Rieske center
[2HP283]Cys, and fH<YHis are shown in Figure 3. The Cys metal binding motif (Table 1).
selective labelings were performed inEncoli strain lacking ForreducedT4MOC labeled with {H#243|Cys, two broad
O-acetylserine transferase, encoded by ¢gsE gene. In peaks were observed in tiel NMR spectrum at 283 K
principle, O-acetylserine (thiol) lyasecysK gene product)  (Figure 3G). Both of these peaks exhibited Curie temperature
could catalyze exchange of exogenously add@t]Cys dependence, and at 303 K, the two broad peaks were partially
(35); however, expression of theysk and cysK genes is resolved into two sets of doublets (data not shown). The
strongly repressed in the presence of cysteine or sutBfle (  chemical shifts of the four peaks resolved at 303 K50
Although isotopic exchange at the*Hpositions of some  ppm) were nearly identical to those of the four peaks
amino acid residues has been detected during expression obbserved in the natural abundance sample. The labeling
proteins for NMR studies35), it has not been observed at results establish that these peaks arise from thefpuotons
the Cys H position by usinge. coli IM15 (cysE50, tfr-8) of the two ligand cysteines (C45 and C64, Table 1).
for numerous growth, expression, and purification experi-  To further investigatéH resonances from the His ligands,
ments with other irorsulfur proteins such as rubredoxin a sample of TAMOC selectively labeled wittHf]His was
(37) and ferredoxins44, 32, 33, 38 produced by growing the His-auxotrophic expression host
In the?H NMR spectra of botloxidizedandreduced?H]- E. coli AW608Thr T7/pLysS in a minimal medium contain-
Cys T4MOC, no hyperfine-shifted resonances were observeding >90% enrichedJH!|His (Figure 3, panels D and H).
outside of the region obscured by the water peak (Figure 3, This auxotroph has been reliably used in numerous labeling
panels B and F, respectively). Furthermore, none of the studies and there has been no evidence for scrambling of
observed hyperfine-shifted peaks were missing in ‘tHe atoms on labeled His. The sample of Figure 3, panels D and
NMR spectra of oxidized and reducetH}|Cys T4MOC; H, had a protein concentration~{ mM) similar to the
these spectra (not shown) were identical to those of [NA]- samples used to obtain all of the other spectra shown in
T4MOC. Since Resonance Raman stutidshe samefH]- Figure 3. The?H NMR spectrum ofoxidized [?H<!]His-
Cys TAMOC preparations revealed mass-dependent fre-TAMOC showed no hyperfine-shifted signals resolved from
quency shifts of-0.5 to —1.1 cnT? in the bands assigned the broad water peak (Figure 3D). In theducedstate,’H
to vibrations of the FeS—Cys terminal ligands?H was NMR revealed a broad, weak shoulder&b ppm (indicated
confirmed to be present in théH*|Cys T4MOC used for by the arrow in Figure 3H). This shoulder had a chemical
the NMR studies. Thus, unlike the*Hhuclei of the Cys shift similar to the relatively sharp peak at 25.5 ppm in the
ligands of plant-type [2Fe-2S] ferredoxins, thé kliclei of H NMR spectrum of reduced [NA]-T4MOC (Figure 3E).
the Cys ligands of TAMOC Rieske ferredoxin do not exhibit  Since His M represents the only carbon-bound hydrogen
hyperfine shifts large enough so that their signals can be that readily undergoes abiotic exchange with solvent-derived
resolved from the diamagnetic region. H (39), the low intensity of the hyperfine-shifted His‘H
For oxidizedT4MOC labeled with H#?2#%]Cys, a broad  peak in Figure 3H may have resulted from chemical
peak was observed in the high-frequency region of the one-exchange ofJH<!]His during the cell growth and expression
dimensional’H NMR spectrum between 20 and 30 ppm proceduresZ3). To further test the proposed assignment of
the 25.5 ppm peak to His“H4 another sample ofiH<!]His

2F. Rotsaert, J. D. Pikus, B. G. Fox, J. L. Markley, and J. Sanders- 14MOC was produced by growing the His-auxotrophic
Loehr, unpublished data. expression host in a minimal medium supplemented with
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reduced
A. [PH®']-His TAMOC

oxidized

A. 'H NMR of [NA]-T4MOC
B. [H%]-Cys T4AMOC

C. [HP2B3)-cys Tamoc

D. [H®']-His T4AMOC

T T T
40.0 20.0 0.0 -20.0
2H Chemical Shift (ppm)

B. [NA]-TAMOC, 2H,0 exchange

C. [NA}-TAMOC

e

reduced

T T T T T T
80.0 60.0 40.0 20.0 0.0 -20.0

TH Chemical Shift (ppm)

Ficure 4: H NMR signals observed from reduced T4MOC
selectively labeled with?He]His or at natural abundance. (BH]-

His TAMOC expressed in a minimal medium containing 17% (v/
v) 2H,0 and purified in HO buffers as described in the Materials
and Methods. (B) A sample of oxidized [NAJHis T4MOC
exchanged int@H,0 and then incubated for ca. 2 days at room
temperature before reduction; (C) [NA]T4AMOC.

E. 'H NMR of [NA]-T4AMOC

F. [2H%]-Cys T4MOC /
AN AL AN SN AN
G. [2HP2P3.cys TamocC

esra

132 E
H. [2H®']-His T4AMOC - 2
i [134 =
i 7]
I. [H®']-His T4MOC, 17% %H,0 L E}
136 £
L Q
£
o
I T I I I [ [ + o
100.0 80.0 60.0 40.0 20.0 0.0 -20.0 Vw 138 ]
2H Chemical Shift (ppm)
Ficure 3: 2H NMR signals observed from selectively labeled ———————————————————+ 140
T4MOC. Oxidized TAMOC: (AYH NMR of [NAJT4MOC; (B) 30 28 26 24 22 20
[2H9]Cys; (C) PHA283]Cys; (D) [FH<YHis. Reduced T4MOC: (E) TH Chemical Shift (ppm)

IH NMR of [NA]T4MOC; (F) [2HY|Cys; (G) PH2/3ICys; (H) PH<Y-
His expressed in 0 medium; (I) BHY|His expressed in medium
containing 17%¢H,0. All spectra shown were obtained at 293 K.

FiGURe 5: H-13C heteronuclear multiple quantum correlation
spectrum of reduced [WEC]T4MOC.

>95% enriched3H<Y]His and 17% (v/vFH,0.*H NMR was the 25.5 ppm peak in théH NMR spectrum (data not
then used to measure the intensity of the 25.5 ppm peak inshown).

this sample (Figure 4A). ThiH measurement revealed that Additional evidence that the 25 ppm peak arises from His
the 25.5 ppm peak had roughly 15% of the intensity of the H¢! comes from the detection of a cross-peak in the two-
corresponding peak of [NA]TAMOC (Figure 4C). This dimensionaltH-3C HMQC spectrum of J-13C]T4MOC at
decrease in intensity of thél signal is consistent with the  25.39 ppm?!H and 136.11 ppnt3C (Figure 5). This!3C
deliberate substitution ofH into the H? position of the chemical shift is close to the value expected for a positively
labeled histidine used to grow the auxotroph. Moreover, the charged His**C<! (~137 ppm). Furthermore, th&H-°C

2H NMR spectrum of {H']His TAMOC expressed in 17%  coupling constant for this pair (18995 Hz) is consistent
’H,0 (Figure 3l) showed a substantial increase in the with that for a histidine or aromatic CH (18@20 Hz), but
intensity at 25.5 ppm relative to the sample prepared without not with that for an aliphatic CH such as Cy$-8* (~140
supplementedH,O (Figure 3H). Continued incubation of Hz). Thus, taken together, the isotopic labeling and exchange
the PH]His TAMOC sample iftH,O buffer for ca. 1 month  results of Figures 3 and 4 and the two-dimensidiraf*C

at 4°C allowed exchange 6H and complete restoration of HMQC spectrum of Figure 5 provide compelling evidence
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oxidized [U-1°N]-T4MOC Figure 7 compares the one-dimensiofthl NMR spectra

A 283 K h of oxidized and reduced T4MOC labeled selectively with
5N, The 3N spectrum ofoxidized [**N°1<?]JHis T4MOC
f,9 contained a broad spectral feature corresponding to the
© diamagnetic PN?1<q]His resonances at170 ppm and two
ab hyperfine-shifted resonances with slightly inequivalent chemi-
’ cd cal shifts at 233.8 and 231.5 ppm (Figure 7A, resonaaces
andb). The hyperfine-shifted resonances exhibited weak anti-

-

Curie temperature dependence. In theucedstate, thé>N
resonances assigned to the diamagnetic His residues remained
at ~170 ppm, while the two hyperfine-shifted resonances
appeared-120 ppm to lower frequency at 119.7 and 116.3
ppm (Figure 7A, resonancesandp). These two hyperfine-
shifted resonances exhibited weak pseudo-Curie temperature
‘ I , I ‘ dependence. While tH&N NMR spectra of both the oxidized
2500 2000  150.0  100.0 50.0 and reduced states of T4AMOC selectively labeled WHk]-
15N Chemical Shift (ppm) His did not exhibit hyperfine-shifted resonances (data not
shown), resonance Raman studie$ [°N°1]His T4AMOC
reduced [U-'°N]-T4AMOC revealed mass-dependent frequency shifts in the bands

assigned to the FeN (imidazole) vibrations. These shifts
were comparable to the shifts observed fraufN]T4MOC,
confirming that!>N was present in the'jN°}]His T4AMOC
used for the NMR studies, and supporting the assignment

B.303 K

-

Therefore, thé®N signals marked in Figure 7A (resonances

a and b, o and p) have been classified to arise from te N

position of cluster ligands H47 and H67 in the oxidized and

reduced states, respectively. Apparently, the signals from the
N°1 atom of each His are both too broad to be detected under
KM the experimental conditions used.

{\w that the [5N°1] position of His is bonded to iron in T4MOC.

D.303 K

P =

The N NMR spectra of oxidized and reducetiN]His
T T T T T4MOC are shown in Figure 7B. Five resolvEll signals
420.0 350.0 280.0 210.0 1400 700 0.0 were observed in both the oxidized and the reduced states,
15N Chemical Shift (ppm) corresponding to the five His residues present in T4AMOC.
FiIGURE 6: Temperature dependence and classificatidiNdNMR In the oxidize.dstate, one resonance Was distinct from the
signals of [U3N]T4MOC. Oxidized TAMOC: (A) 283 K; (B)303  Other four (Figure 7B, resonance. djhis resonance was
K. Reduced T4MOC: (C) 283 K; (F) 303 K. The letters assigned shifted to high frequency from the diamagnetic region (158.7
to individual resonances correspond to those used in Table 2. ppm) and had weak anti-Curie temperature dependence. The
that the 25.5 ppm resonance in TAMOC arises from tHe H other four resonances were atl20 ppm. In thereduced
proton of one of the histidines ligated to the Rieske cluster state, the®™N resonances from two of the five His residues
(H47 or H67). underwent a shift to high frequency and were observed at
Figure 4B shows that the12.3 ppm resonance was the 304.2 ppm (resonance j) and 270.3 ppm (resonance k). Both
only resolved hyperfine-shifteltH signal inreducedT4MOC of these peaks exhibited Curie temperature dependence. The
that exchanged completely with solvent-deriviétl How- hyperfine-shifted >N resonances marked in Figure 7B
ever, it is notable that whereas this exchange took ca. 2 dayqresonances ¢ and h, j and k) are thus classified to arise from
at room temperature to reach completion when T4AMOC was the amide nitrogens of cluster ligands H47 and H67 in the
in the oxidized state, no measurable exchange took place apxidized and reduced states, respectively.
this position when T4AMOC was in the reduced state, even The™N NMR spectra of oxidized and reducedN]Cys
after 2 weeks of anaerobic incubation at@ followed by TAMOC are shown in Figure 7C. The unresolved peak at
an additional 2 weeks of anaerobic incubation at room ~110 ppm in both redox states (largely saturated under the
temperature. The exchange results suggest that-t#3 conditions used to detect the hyperfine-shifted signals) is
ppm resonance of T4MOC arises from a group that donatesattributed to diamagnetié®N resonances from the three
a strong H-bond to the Rieske cluster and that the strengthnonligand Cys residues. In tlosidizedstate, two hyperfine-
of this bond is substantially stronger (or its solvent acces- shifted resonances with slightly inequivalent chemical shifts
sibility is considerably lower) in the reduced state than in were observed at 143.5 ppm (resonance f) and 142.1 ppm

the oxidized state. (resonance g), just outside of the diamagnetic region (see
N NMR Spectra of T4MOC Cluster Ligandsgure 6 Figure 6A). These resonances had weak anti-Curie temper-
shows one-dimension&N NMR spectra of J-1SN]T4MOC ature dependence. In threducedstate, these two resonances

in the oxidized and reduced states, while Table 2 lists the underwent a 60 ppm shift toward higher frequency and
chemical shifts, temperature dependences, and classificationsppeared at 201.8 ppm (resonance m) and 200.6 ppm
of the hyperfine-shifted>N resonances identified in these (resonance n). Each of these resonances had Curie temper-
spectra. ature dependence. The hyperfine-shiftétl resonances
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Table 2: Chemical Shifts, Temperature Dependence, and Classification of Hyperfine-Shifteésonances of the Rieske Ferredoxin
Component of Toluene 4-Monooxygenase

oxidized state reduced state
temperature temperature
chemical dependence classification chemical dependence classification

peak shift® (ppm) (ASIAT) or assignment peak shift® (ppm) (ASIAT) or assignment
a, b 233.8/231.5 >0d H47 N2H67 N2 o,p 119.7/116.3 rfd H47 N2/H67 N2
¢, h 158.7/122.6 >0 H47 N/H67 N ik 304.2/270.3 <0 H47 N/H67 N

d 150.6 ~0 A66 N | 228.6 <0 A66 N

e 141.4 >0 Q48N [ 426.1 <0 Q48N

f,g 143.5/142.1 >0 C45 N/C64 N m, n 201.8/200.6 <0 C45 N/C64 N

aPeaks as indicated in Figures 5, 6, and Chemical shifts at 293 KS Change in chemical shift as a function of temperature in the range
283—-303 K. Temperature was controlled 46l K. 9 Temperature dependence of signalandb determined from study of [JN]T4MOC. € nd,
not determined due to weak intensity of signalandp in [**N°1<?|His T4AMOC.

A. ['*N2%']-His TAMOC A. ['°N]-Ala TAMOC
ab
/\ MWM
WPM
|
o,p
Y reduced reduced
I I [ I I I I I I I I I I I [ f
320.0 280.0 240.0 200.0 160.0 120.0 80.0 40.0 250 225 200 175 150 125 100 75
15N Chemical Shift (ppm) 15N Chemical Shift (ppm)
B. ['*N]-His T4MOC h
/\c
oxidized
B. ['°N]-GIn T4MOC e
] k oxidized

MML\A’J%

I I I I I I f I
320.0 280.0 240.0 200.0 160.0 120.0 80.0 40.0

15N Chemical Shift (ppm) |

C. ['5N]-Cys T4MOC f,.9
* r T 1 1T 1T T 17 T 1 T 1T & 1T 1T 1T T
oxidized 450 400 350 300 250 200 150 100 50

. mn 15N Chemical Shift (ppm)

FicURe 8: Comparison of°N chemical shifts in TAMOC selectively
reduced labeled with hydrogen bonding amino acids upon conversion from
the oxidized to the reduced state. (AJNJAla; (B) [**N]GIn. All
T T T T T T T T spectra shown were obtained at 293 K.

320.0 280.0 240.0 200.0 160.0 120.0 80.0 40.
15N Chemical Shift 00 those whose backbone'tatoms donate H-bonds are H47,
emical Shift (ppm) H67, Q48, 150, and A66, with 150 and A66 at the positions
Ficure 7. Comparison of*N chemical shifts TAMOC selectively  of the Cys residues that form a disulfide bond in the ISP
labeled with ligand amino acids upon conversion from the oxidized gty cture. The NMR spectra ofN]lle T4MOC did not

to the reduced state. (AYN1<?His; (B) [**N]His; (C) [*°N]Cys. . . . . .
The peaks indicated((*))sl\iln pz(]:mels( A) gnd]c ar(isé [fror]n ¥1atura| contain paramagnetically shifted resonances in either the

abundancésN“N gas in air. All spectra shown were obtained at OXidized or reduced states, suggesting that the amide group
293 K. of 150 is not strongly H-bonded to the T4AMOC Rieske

cluster. Figure 8A show$®N NMR spectra of P°NJAla

marked in Figure 7C (resonances f and g, m and n) are thusT4AMOC. In the oxidizedstate, a single hyperfine-shifted
assigned to the backbone nitrogens of cluster ligands C45resonance was observed at 150.6 ppm with anti-Curie
and C64 in the oxidized and reduced states, respectively. temperature dependence, while in tfeglucedstate, this

N NMR Spectra of T4AMOC Residues Potentiallyolned resonance shifted to 228.6 ppm and had Curie temperature
in H-Bonding to the Rieske ClusteThe network of dependence.
H-bonding to the Rieske cluster observed in the ISP crystal Figure 8B show3°N NMR spectra of I°N]GIn T4MOC.
structure (Figure 1) was used to identify candidate residuesin the oxidizedstate, a single hyperfine-shifted resonance
for the hyperfine-shifted>N resonances to be verified by was observed at 141.4 ppm with anti-Curie temperature
15N labeling. The residues in T4MOC that correspond to dependence, while in theducedstate, this resonance shifted

reduced
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to 426.1 ppm and had Curie temperature dependence. Thusappear to invalidate the assignment of the sharp signals at
15N NMR reveals that two of the three nonligand peptidyl ~10 and~25 ppm in the'H spectra of theXanthobacter
N—H bonds observed in the ISP domain are also conservedRieske protein to Cys H Instead, it is likely that the peak

in T4AMOC. at~25 ppm in theXanthobacteRieske protein arises from
the H! of one of the His ligands, as has been determined
DISCUSSION for TAMOC on the basis ofH and?H NMR data from

L L selectively labeled protein samples (see Figures 3, 4, and
Methodology Used for lrestigating the Delocalization of

Unpaired Electrons in TAMOQDf the general methods used

IZ))I‘ assigning NMR signals of prptems (through-space .nuclear ppm region of!H NMR spectra of reduceXanthobacter
verhauser effect connectivities, through-bahdoupling Rieske protein to the H H/243, and H2 atoms of the two
connectivities and selective isotope labeling), only stable \ictidine ligands 18) must be {/iewed with circumspection
isotope labeling provides unambiguous results for strongly | nj they can be confirmed by selective isotopic labeling.
paramagnetic systems whose lines are too broad to yieldyf hese signals, only two were clearly seentih NMR

interpretable NOE and-coupling effects. In addition to spectra of reduced T4AMOC (Figure 2, bottom): that at the

assisting with assignments, low magnetogyric nuétéignd |5 frequency £ 12.3 ppm) was the only hyperfine-shifted
15N) introduced by labeling can serve as reporters for specific 1H signal from a hydrogen observed to undergo exchange

interactions between nuclei and u_npaired electr@bs 33. with solvent. As shown here, hydrogen exchange at this
Therefore, we have focused this l\évork on the study of qjtion occurred at an appreciable rate only in the oxidized
TAMOC samples prepared witht or *N labels in defined o160 of TaMOC. Similar redox state-dependéhtizH
positions through the use of well-characterized, reliable exchange has been reported for other ferredoxits 43).
auxotrophic expression hosts. It would be interesting to determine if this is the case with
Comparison of the Presefiti NMR Results for TAMOC  the exchangeable hydrogens of tKanthobacterRieske
with Those Reported Recently for the Related Rieske Proteinprotein that yield hyperfine shiftslg). A signal was not
from XanthobacterT4AMOC and the Rieske protein from  opserved in spectra of T4AMOC analogous to the second
Xanthobacterstudied by Holz and co-workersl®) are hyperfine-shifted!H resonance fronXanthobacterRieske
intermediate electron carriers to evolutionarily related diiron protein reported to be a solvent exchangeable §i8 (
hydroxylase complexegl(). Moreover, they exhibit similar H and 2H NMR Studies of TAMOQn their oxidized
optical and EPR properties, consistent with the presence ofstates, both the plant-type and the vertebrate [2Fe-2S]
the Rieske protein metal-binding motif shown in Figure 1. ferredoxins exhibit broad hyperfine-shiftéti resonances
Thus, while no exact sequence information is available for petween 20 and 40 ppm that have been assigned to the eight
the XanthobacterRieske protein, it and TAMOC may be Hs283 nuyclei of the Cys ligands26, 32, 34. Furthermore,
expected to exhibit a very similar cluster environment and 14 signals at 9 and 15 ppm in spectra of oxidized plant-type
pattern of hyperfine-shifted resonances. Although no dataferredoxins have been assigned to thertdclei of the two
are available on th&N signals of theXanthobacteiRieske Cys ligands 25). The *H NMR spectrum of oxidized
protein, the pattern oH NMR signals in theXanthobacter  T4MOC has a high frequency pattern qualitatively similar
Rieske protein18) are nearly identical to those of TAMOC {0 the plant-type ferredoxins in that a broad resonance with
(17). Despite these similarities, fundamental differences exist anti-Curie temperature dependence has been assigned to Cys
between some of the peak identifications made by Holz and H#243 py isotopic labeling (Figures 1 and 2, Table 1). The

co-workers {8) and those made here for signals from the origin of the other hyperfine-shifted peak at 10.7 ppm has
CyS and His residues that Iigate the TAMOC Rieske cluster. not been identified; however, Cys aHcan C|ear|y be

Therefore, it is important to address these differences beforee|iminated from consideration based on tHe*Cys labeling
proceeding with the discussion of the results. study (Figure 3B).

The two studies are in agreement in attributing the four  In the reduced plant-typ&nabaenderredoxin, the H#/3
peaks in the 5690 ppm region of the reduced Rieske nuclei of cluster ligands C49 and C79 give rise to a
proteins to the Ff#3 protons of the two cysteines ligating characteristic pattern of four high-frequency resonances
the cluster; for theXanthobacter Rieske protein, this  between 98 and 135 ppm, while the* Huclei of these
identification came primarily from comparisons with pub- residues yield signals at 16.7 and 43.5 ppm; no low-frequency
lished spectra of plant-type ferredoxins. The NOE experi- shifted resonances are observed from carbon-bound hydro-
ments Holz and co-workers used for additional assignmentsgens. The'H NMR spectra of reduced T4AMOC (Figure 2)
(18) suffered from apparent flaws; for example, the reported also exhibit four hyperfine-shifted resonances at high fre-
NOE signals were smaller than other (unexplained) peaksquencies{50 ppm to~80 ppm), which are similar to those
in the NOE difference spectra. Where differences occur, the observed from the £/ atoms of the cysteines ligated to
peak identifications reported here [which rely on (1) rigorous the localized ferric site in reduced plant-type ferredox2% (
isotopic labeling (Figure 3); (2) the unique ability of His 44). However, théH NMR spectra of reduced T4MOC differ
H<! to undergo solvent exchange under mild conditid2® (  from those of the reduced plant-type ferredoxins in that no
39) (Figures 3 and 4); and (3) two-dimensiondd-13C hyperfine-shifted Cys Mresonances have been observed.
HMQC measurements (Figure 5)] would appear to take Instead, the H proton of one His ligand (either H47 or H67)
precedence over the previous assignment, which relied onwas identified in a relatively similar region of the high-
the less rigorous methods of cross relaxation and assignmenfrequency spectrum. The potential for hyperfine interactions
by analogy to results with plant-type ferredoxins. Thus, the at His H' is supported by the observation that this nucleus
present'H and 2H NMR results with fH*]Cys T4MOC is three bonds distant from the iron, the same number of

).
The identifications of other signals in the0.1 to—15.5
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bonds as the hyperfine-shifted#® and N? nuclei. By

contrast, the Cys ¥ His H2, and H? atoms are four bonds

from the nearest iron, and the His*ldtoms are six bonds

distant. These latter nuclei are predicted to have smaller

hyperfine shifts. H67-I;iH
For the reduced [2Fe-2S] ferredoxins, the temperature

dependence of the chemical shift has been widely used to

identify the local spin system to which a given nucleus is A66-NH

bound (8, 28, 44. Thus,'H nuclei from Cys bound to the

ferric site have Curie temperature dependence WHileuclei

from Cys bound to the ferrous site have anti-Curie temper-

ature dependence. In the case of the Rieske protein, the

hyperfine-shifted Cys Hnuclei behave as previously ob-

served in the plant-type [2Fe-2S] ferredoxins, with anti-Curie

temperature dependence in the oxidized state and Curie N-C64 -

temperature dependence in the reduced state. A similar N-C45

comparison is not possible for the Cy& bf TAMOC since Ficure 9: Model for the Rieske cluster in TAMOC based on the

signals from these nuclei were not observed. However, the Cfystal structure of thec, ISP domain 10), amino acid sequence
: alignments, and the NMR measurements reported here. All nuclei

H nucleus of one His ligand (ligated to the ferrous site) jgicated in bold face were identified by selective labeling. No
has a weak Curie temperature dependence instead of the anthyperfine shiftedsN resonances were observed from H4%,N560

Curie temperature dependence predicted from the simpleN, or H67 N%. The proposed H-bonds from H67 N and Q48 N to
vector coupling model. This deviation from the predicted the bridging sulfides, H47 N to C45'Sand A66 N to C64 Sare
temperature dependence is also observed for nitrogen atom gg‘?ftzem with the hyperfine-shiftétN NMR signals reported in
in the Rieske protein (Table 2) as well as nitrogen and carbon '
atoms inAnabaenaferredoxin @5). Taken together, these two hyperfine-shifted®N resonances were observed from
results suggest that a more refined theory needs to be['*N%1<?JHis TAMOC and were thus assigned to thé toms
developed to account for the experimental data, and thatof cluster ligands H47 and H67. Sincé™f His is bonded
caution must be exercised when using the temperatureto an iron site in all other structurally characterized Rieske
dependence of hyperfine shifts to assign signals other thanproteins, as revealed by ENDOR)( ESEEM, {, 9), and
Hf and H* of cysteine ligands to the localized ferric and X-ray crystallography10—12), our inability to detect &°N
ferrous sites of [2Fe-2S] ferredoxins. NMR resonance fromfN°1JHis T4AMOC must arise from

15N NMR Studiedn both the oxidized and reduced states, the extremely short relaxation time &N directly bonded
two hyperfine-shifted®>N resonances were observed from to high spin ferrous and/or an unusually large hyperfine shift.
[**N]JCys T4MOC and from PN]His T4AMOC. Thus, the Comparison to Other Rieske Proteirighe similar UV—
peptidyl N* atoms of each of the Cys and His ligands to the vis, EPR, and Mssbauer properties determined for the
Rieske [2Fe-2S] cluster (C45, H47, C64, and H67) have Rieske proteins are consistent with the strong antiferromag-
distinct magnetic environments. This assessment is particu-netic coupling of the big~sulfido core and the asymmetric
larly evident from examination of the His amide nitrogen ligation of the iron atoms. However, other techniques such
signals (Figure 7B). In the oxidized state, one ligand as electrochemistry, ESEEM, and ENDOR have revealed
resonance is shifted by 40 ppm toward higher frequency from subtle differences among the Rieske proteins isolated from
the diamagnetic region (resonance c), while the other liganda wide variety of organisms and catalytic systes9, 45,
resonance (resonance h) has a chemical shift similar to the46). The clarification of how these differences arise from
diamagnetic His backbone amide resonances. Upon reducthe surrounding protein environmend7, 48 and then
tion, both of these resonances (j and k) exhibit shifts to higher contribute to the diversity of function is a critical topic in
frequency that clearly distinguish them from the diamagnetic metalloprotein biochemistry4g).
His backbone amides and that are consistent with these nuclei Figure 1 shows an alignment of the amino acid sequences
being H-bonded to the irensulfur center. containing the metal-binding motifs of T4AMOC, NDO, and

If the basic ISP structure is conserved in reduced TAMOC the ISP domains from chloroplasts and bovine mitochon-
(see Figure 9 and discussion below), one amide nitrogen ofdrion. In this sequence of 40 amino acids, only the four
the histidine ligands to the ferrous site will donate an H-bond ligands to the Rieske center (C45, H47, C64, and H67 in
to the S of one of the cysteine ligands, the other His amide T4MOC) and one Pro residue are conserved. The proline
nitrogen will donate an H-bond to one of thesulfide residue, P81 in TAMOC, corresponds to P175 in ISP. In the
bridges, and the amide nitrogens of the two cysteine ligandsISP domain, the sequenee&sly-Prol175-Ala-Pre- forms one
to the ferric site will not be H-bonded to the cluster. of the thregs-strand loops that define the metal-binding site.
However, despite the likely difference in localized electronic This sequence is exactly conserved in all ISP domains, and
environment given by this H-bonding pattern, all hyperfine- single mutations of any of the four residues within this loop
shifted nitrogen nuclei observed in reduced T4AMOC exhibit have been shown to destabilize the clustier§0-52). In
Curie temperature dependence. A similar result has beenT4MOC (P81) and NDO (P118), proline residues are found
observed in both*C and*N studies of reducednabaena  at the same spacing after the metal-binding motif as P175
ferredoxin @5). in ISP; however, none of the other four adjacent residues is

Although our™>N NMR studies of [PN%!JHis T4AMOC conserved between T4MOC, NDO, and the ISP domain.
revealed no hyperfine-shifted signals in either oxidation state, Furthermore, the ISP residues found to be conserved with
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the Desulfaiibrio wulgaris rubredoxin metal-binding fold  with Q48 providing an H-bond (possibly to @-sulfido
(G143, P159, and G162) are not conserved in either T4AMOC position) that increases dramatically in strength upon reduc-
(E49, R65, and L68, respectively) or NDO. It is also notable tion.

that the cysteine residues forming the disulfide bond in the
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