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ABSTRACT: Human ferredoxin belongs to the vertebrate ferredoxin family which includes bovine
adrenodoxin. It is a small (13.8 kDa) acidic protein with a [2Fe-2S] cluster. It functions as an electron
shuttle in the cholesterol side-chain cleavage reaction which is the first step of steroid hormone biosynthesis.
The protein studied here was produced inEscherichia coliand doubly labeled with13C and15N. The
diamagnetic15N, 13C′, 13CR, 13Câ, 1HR, and1HN resonances from about 70% of the 124 amino acid residues
for oxidized human ferredoxin and 80% of those for the reduced protein have been assigned primarily on
the basis of results from three-dimensional, triple-resonance experiments. Secondary structure features
for human ferredoxin in its oxidized and reduced states have been identified from a combination of chemical
shift index and NOE data. Comparison of NMR results from the protein in its oxidized and reduced
states indicates that structural changes accompany the change in the oxidation state of the [2Fe-2S] cluster.
Major differences are localized at two regions: residues 29-31 and residues 109-124; the latter stretch
forms the C-terminal region of the protein. The possible functional significance of these oxidation-state-
dependent structural changes is discussed.

Human ferredoxin (HuFd), a small (13.8 kDa) acidic pro-
tein with a single [2Fe-2S] cluster, is found in the mito-
chondria of steroid metabolizing tissues. It was cloned first
from human placental tissue (1). Human ferredoxin belongs
to the vertebrate ferredoxin family, whose members exhibit
a high degree of sequence homology (2). Vertebrate ferre-
doxins function to transfer reducing equivalents from NADPH-
dependent ferredoxin oxidoreductase to cytochrome P450scc

enzymes involved in the biogenesis of steroid hormones, the
formation of vitamin D metabolites, and the production of
bile acids. They have been found to be involved in the initial
step of progesterone biosynthesis in which the side chain of
cholesterol is cleaved to yield pregnenolone (3, 4).
Human ferredoxin has 124 amino acid residues with cys-

teines at five positions: 46, 52, 55, 92, and 95. Four of the
cysteines provide the ligation of the [2Fe-2S] cluster, and
the fifth cysteine, Cys95, has a free-SH. In the oxidized
state, both irons in the iron-sulfur cluster are high-spin Fe-

(III) and are antiferromagnetically coupled in the ground state
(S) 0). Thermal population of excited states accounts for
the paramagnetic effects observed in NMR spectra of
oxidized HuFd at physiological temperatures. In the reduced
state (S ) 1/2), one iron is Fe(III) and the other is Fe(II),
and paramagnetic effects are observed at all temperatures.
No three-dimensional structure has been published for any

of the vertebrate ferredoxins. Bovine adrenodoxin has been
the subject of X-ray crystallographic (5, 6) studies for more
than two decades. Conventional1H NMR spectroscopy has
been utilized to study bovine adrenodoxin, but no complete
sequence-specific assignments for that protein have been
published (7, 8). A low-resolution NMR structure has been
reported for putidaredoxin, a bacterial [2Fe-2S] protein func-
tionally related to vertebrate ferredoxins (9). It has been
assumed that the structures of vertebrate ferredoxins resemble
those of putidaredoxin because of sequence and spectral
similarities.
Histidine 56, which is conserved among all known

vertebrate ferredoxins, was once proposed to be hydrogen-
bonded to the iron-sulfur cluster and play an important role
in determining the reduction potential (10, 11). Subsequent
investigation demonstrated, however, that none of the his-
tidines in human ferredoxin interacts directly with the cluster
(2). We recently described a method for the efficient over-
expression of human ferredoxin inEscherichia coliand used
this approach to produce analogues with Cys-to-Ser substitu-
tions at each of the four of the cluster ligands for spectro-
scopic analysis (12). Here, we report the sequence-specific
assignments for N, C′, CR, Câ, HR, and HN resonances for
oxidized and reduced human ferredoxin along with an analy-
sis of the secondary structural elements. The results show
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that changes in secondary structure and local mobility
accompany the change in oxidation state. The secondary
structure of human ferredoxin in both its oxidation states
was found to differ in certain regions from that reported for
oxidized putidaredoxin.

MATERIALS AND METHODS

Chemicals and E. coli Strains.15NH4Cl, [99% U-13C]-
glucose, and [98% U-2H]glycerol were purchased from CIL
(Cambridge Isotope Laboratories, Andover, MA). Sodium
dithionite (assay> 87%) was purchased from Fluka Chemi-
cal Corp. (Ronkonkoma, NY).E. coli strain BL21(DE3)/
pLysS was purchased from Novagen (Madison, WI).
Protein Expression and Purification.Human ferredoxin

was produced inE. coliby using the T7 bacteriophage RNA
polymerase/promoter expression system (12). The cDNA
encoding human ferredoxin (1, 13) was cloned into expres-
sion vector pET9a to yield a new plasmid HuFd/pET9a. This
new plasmid was transformed intoE. colistrain BL21/pLysS
for protein production.
The cells were lysed by a freeze-thaw cycle followed by

sonication. The protein was purified first by in vitro
reconstitution (13), and the reconstituted ferredoxin was
purified further by ion-exchange chromatography and gel
filtration. Protein fractions with OD414/OD276 > 0.78 were
considered pure and used for further study. A complete
description of overexpression and protein purification is given
elsewhere (12).
Preparation of Labeled Protein Samples.Uniformly 15N-

labeled and15N, 13C doubly labeled HuFd were prepared as
follows. One bacterial colony ofE. coli strain BL21/pLysS
with plasmid HuFd/pET9a was grown in 5 mL of LB
medium with 100 mg/L kanamycin and 34 mg/L chloram-
phenicol for 10 h. This cell culture (100µL) was used to
inoculate 100 mL of M9 medium with labeled compounds.
Each liter of this medium contained 6 g of Na2HPO4, 3 g of
KH2PO4, 0.5 g of NaCl, 0.25 g of MgSO4‚7H2O, and 0.050
g of thiamine. For uniform15N labeling, 5 g ofglucose and
1 g of 99.8%15NH4Cl were used in the M9 medium; for
double labeling, 2 g of[99% U-13C]glucose and 1 g of99.8%

15NH4Cl were used. Antibiotics kanamycin (100 mg/L) and
chloramphenicol (34 mg/L) were added to the medium. After
overnight incubation in a shaker at 37°C, this 100 mL culture
was transferred into a 2.8 L flask containing 900 mL of the
same labeled M9 medium. The culture was incubated at 37
°C with shaking until the OD600 reached 0.7. IPTG (100
mg) was added to induce the expression of T7 RNA
polymerase. After 16 h of continuous incubation in a 37
°C shaker, the bacteria were harvested by centrifugation.

NMR Sample Preparation.About 10 mg of HuFd was
used for each NMR sample with concentrations around 1.5
mM. Protein concentrations were determined by usingε414
) 11 mM-1 cm-1 (14). Amicon stirred cells and YM10 and
YM3 membranes were used to concentrate the protein and
to exchange the buffer. Oxidized NMR samples were in 50
mM Tris‚HCl buffer (pH 7.2) containing 50 mM NaCl and
5% [U-2H]glycerol in 90%1H2O and 10%2H2O.

The reduced HuFd sample was in 50 mM phosphate buffer
(pH 7.4) containing 50 mM NaCl in 90%1H2O and 10%
2H2O. To reduce human ferredoxin, each protein sample
was first deaerated by vacuum; then the sample was
transferred into a 5 mm NMRtube containing 1.5 mg sodium
dithionite. After further degassing, the NMR tube was sealed
by flame under vacuum. The pH value was not measured
after reducing the protein. It is estimated that the added
dithionite decreased the pH of the reduced HuFd solution to
about pH 7.2.

NMR Spectroscopy and Data Processing.Table 1 con-
tains a complete list of the experiments performed on HuFd,
including the spectral parameters. NMR data sets were col-
lected at 10°C on Bruker DMX-500, DMX-600, and DMX-
750 spectrometers (Bruker Instruments, Inc., Billerica, MA).
Both spectrometers were equipped with Bruker1H, 13C, 15N
triple-resonance probe heads with three-axis self-shielded
gradient coils. Spectra were acquired with Xwin-NMR
software, v1.1 (Bruker). Previously described data collection
methods were used (15, 16) with minor changes: magic
angle (instead ofZ-) gradients were employed for coherence
selection and sensitivity enhancement, which resulted in
improved suppression of the water solvent signal; the water

Table 1: Spectral Parameters for the NMR Data Sets Collected on Human Ferredoxina

d1 (1H)b d2 d3

experiment
SF

(MHz-1)
SW
(Hz-1) nucleus

SW
(Hz-1) N2

c nucleus
SW
(Hz-1) N3

c
matrix size

(d1× d2× d3)

2D 1H-15N HSQC 500.13 6009.615 15N 1666.67 256 512× 256
3D HNCO 500.13 6009.615 13C′ 2000.00 64 15N 1666.67 36 512× 256× 128
3D HNCA 500.13 6009.615 13CR 4545.45 60 15N 1666.67 32 512× 256× 128
3D HN(CO)CA 500.13 6009.615 13CR 4545.45 64 15N 1666.67 28 512× 256× 128
3D HNCACB 500.13 6009.615 13CR/â 7352.94 64 15N 1666.67 32 512× 256× 128
3D CBCA(CO)NH 500.13 6009.615 13CR/â 7352.94 42 15N 1666.67 32 512× 256× 128
3D HCACO 500.13 6009.615 13C′ 2000.00 64 13CR 4545.45 32 512× 256× 128
3D 13C-NOESYd 500.13 4006.41 1H 4006.41 80 13C 9090.91 64 512× 512× 128
3D 15N-TOCSYd 750.13 8992.806 1H 8992.806 128 15N 2500 32 512× 512× 128
3D 15N-NOESYd 750.13 8992.806 1H 8992.806 128 15N 2500 32 512× 512× 128
3D 13C-NOESYe 750.13 6009.62 1H 4166.67 128 13C 9090.91 56 512× 512× 128
3D 15N-TOCSYe 600.13 6944.444 1H 6944.444 150 15N 1818.18 40 512× 512× 128
3D 15N-NOESYe 600.13 6944.444 1H 6944.444 150 15N 1818.18 40 512× 512× 128
a The parameters listed here apply to NMR data sets for both oxidized and reduced human ferredoxin, except for 3D15N-TOCSY, 3D15N-

NOESY, and 3D13C-NOESY data.b A total of 1024 complex points were collected in the1H dimension (d1) of all experiments. In all experiments
except the HCACO, the right half of the spectrum (upfield of H2O) in d1 dimension contained no signals and was discarded.c N2 andN3 are the
numbers of complex points collected ford2 andd3 dimensions, respectively.dNMR experimental data collected for oxidized HuFd.eNMR experimental
data collected for reduced HuFd.
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signal was minimally saturated in all experiments except
HCACO and CBCA(CO)NH. Triple-resonance experiments
were optimized by using continuous1H decoupling (16).
The sample of oxidized [U-15N]HuFd used for the hydro-

gen exchange study was first exchanged with 50 mM Tris‚
HCl buffer (pH 7.2) containing 50 mM NaCl and 5% [U-2H]-
glycerol in 1H2O. It was then lyophilized and redissolved
in 2H2O. 2D 1H[15N] HSQC-SE data were collected every
30 min for 20 h on this sample.
NMR data were processed on Silicon Graphics worksta-

tions with FELIX software (version 2.30 or 95.0â; Molecular
Simulations, Inc., San Diego, CA).1H chemical shifts were
measured relative to internal DSS (taken as 0 ppm). The
15N and 13C chemical shifts were referenced indirectly to
DSS by multiplying the spectrometer frequency correspond-
ing to 0 ppm in the1H spectrum by the15N/1H frequency
ratio or by the13C/1H frequency ratio reported by Wishart
et al. (17). Corrections were made for the effect of tem-
perature on the chemical shift reference (18).
Software packages used in NMR data analysis and

assignments included PEAKPICK for picking all peaks (19)
and CONTRAST for semi-automated assignments (20, 21).
The computer program CSI (22) was used for determining
the chemical shift index.

RESULTS

Assignment Strategy.Sequential assignments of the
diamagnetic NMR signals of15N and 13C doubly labeled
human ferredoxin samples in1H2O were based solely on data
from a series of 3D triple-resonance experiments: HNCO,
HNCA, HN(CO)CA, HNCACB, and CBCA(CO)NH. Each
experiment provided particular atom correlations: HN(i)-N(i)-

CR(i) from HNCA, HN(i)-N(i)-CR(i-1) from HN(CO)CA,
HN(i)-N(i)-CR(i) and HN(i)-N(i)-Câ(i) from HNCACB, and
CR(i-1)-N(i)-HN(i) and Câ(i-1)-N(i)-HN(i) from CBCA-
(CO)NH. The1H[15N] HSQC-SE experiment provided the
reference spectrum to which individual cross-peaks from the
3D triple resonance experiments were related.1H-15N
correlation peaks (except those from side chains) are unique
for individual amino residues. HNCO data were used to
resolve overlapped peaks in the HSQC spectra. Thus,13CR

and13Câ chemical shifts for a given residue (associated with
a 1H-15N correlation peak) and the previous residue in the
sequence were determined from HNCA, HN(CO)CA,
HNCACB, and CBCA(CO)NH experiments. Sequential
connections were then extended by matching intra-residue
and inter-residue13CR and13Câ chemical shifts. Signals from
certain amino acid types, such as threonine, alanine, and
glycine, were recognized easily from their unique13CR and
13Câ chemical shifts values. This information provided
starting points for sequence-specific assignments. Assign-
ments made in this way were confirmed later with sequential
1HR chemical shift information from 3D1H[15N] TOCSY-
HSQC and HCACO experiments.

Backbone Sequential Assignments.Figure 1 shows the
2D 1H[15N] HSQC spectrum of oxidized and reduced HuFd
with assignments indicated. For oxidized HuFd, sequence-
specific assignments were determined for about 70% of the
124 amino acid residues. Most of the unassigned residues
are located in three regions: residues 42-57, residues 90-
94, and residues 115-124. In addition, residues 30, 107,
and 108 were not assigned. The first two regions are near
the ligand cysteines, which have been shown to be affected
by the paramagnetism of the [2Fe-2S] cluster (B. Xia and J.

FIGURE 1: 2D 1H[15N] HSQC spectrum of a sample of oxidized and reduced [U-15N, 13C]human ferredoxin, at 10°C. Assignments for
cross-peaks are indicated by the one-letter amino acid code and residue number.
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L. Markley, unpublished results). The dynamic properties
of the C-terminal region discussed below may be responsible
for the absence of signals from residues 115-124 in the data
sets.
About 80% of the total 124 residues were assigned for

reduced HuFd. Signals from the last 10 residues, missing
in spectra of the oxidized protein, were identified in NMR
spectra of reduced HuFd. The two major unassigned regions
were similar to those of the oxidized protein: residues 44-
57 and 90-94. In addition, residues 29, 77, 78, 106-108,
and 114 were not assigned.1HR and 13Câ chemical shifts
for a few assigned residues were not identified due to the
lack of corresponding peaks in NMR spectra.
Figure 2 shows representative sequential assignments

determined from HNCACB and CBCA(CO)NH data. In
each strip, HNCACB data are on the right and CBCA(CO)-
NH data are on the left. Sequential connections for13CR

are indicated by solid lines, and those for13Câ are indi-
cated by broken lines. Signals from the unique Thr-Thr
dipeptide in HuFd were identified easily from the charac-
teristic 13CR and 13Câ chemical shifts, and this determined
the alignment of these sequential assignments with the protein
sequence.
Secondary Structure from Chemical Shift Index.The

multinuclear chemical shift index (CSI) (23) was determined
from the1HR, 13C′, 13CR, and13Câ chemical shifts of oxidized
and reduced HuFd. The results for oxidized HuFd (Figure
3, top) indicated the presence of four helices (residues 31-
35, 61-64, 72-79, and 98-102) and threeâ-strands
(residues 6-12, 18-24, and 104-106).
The results for reduced HuFd (Figure 3, bottom) indicate

the presence of three helices and threeâ-strands. The first
helix predicted for oxidized HuFd is not indicated by the
consensus CSI plot for the reduced protein. The other three
helices are located at the same positions as those in the
oxidized protein. The first two strands indicated for reduced

HuFd are identical to those predicted for the oxidized protein,
but the last strand is displaced by six residues (110-112).
Secondary Structure from NOE Data.Data from the 3D

1H[15N] NOESY-HSQC spectrum of oxidized HuFd are

FIGURE 2: Strip plot of HNCACB and CBCA(CO)NH data that show the sequential connections for the resonances from13CR
i (solid lines)

and13Câ
i (broken lines) nuclei of residues 9-21 of oxidized human ferredoxin. In each strip, HNCACB data are on the right side, and

CBCA(CO)NH data are on the left.

FIGURE 3: Consensus chemical shift index from1HR, 13CR, 13Câ,
and 13C′ for human ferredoxin: (top) oxidized state, (bottom)
reduced state. Secondary structure features derived from NOE data
are indicated.
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summarized in Figure 4A. AnR-helix is characterized by
distinctive patterns of short-range NOEs: HR

i-HN
i+3, H′i-

HN
i+1, HR

i-HN
i+2, and HR

i-HN
i+4, etc. (24). The presence

of the four helices was confirmed by short-range sequential
NOE data (Figure 4A). The NOE data show that helix A
(31-37) extends to residue 37, instead of 35 as predicted
by the CSI, and that helix B (61-67) extends to 67, instead
of 64. Cross-strand NOEs observed in15N- and13C-edited
3D NOESY spectra indicate that the three strands identified
by the CSI form a mixedâ-sheet as shown in Figure 5. The
first and secondâ-strands are antiparallel, whereas the third
is parallel with the first. The NOE data supported the
addition of one more residue to each strand predicted by
CSI; thus the three strands consist of 6-13, 17-24, and
103-106.
Although not suggested by CSI analysis, NOEs identified

in the 15N-edited NOESY spectrum of oxidized HuFd are
consistent with the presence of two additional strands of
antiparallelâ-sheet as observed by Ye and Pochapsky in the
structure of oxidized putidaredoxin (25) (Figure 5). These
NOEs are the HN-HN NOE between Thr104 (in strand 3) and
Glu60, linking strands 3 and 4, and the HN-HR NOE between
Phe59 and Ser88 HR, linking strands 4 and 5.

The NOE data for reduced HuFd (Figure 4B) suggest that
helix A observed in oxidized HuFd (31-37) is not missing
entirely in reduced HuFd, as predicted by CSI (Figure 3B),
but instead is reduced in length to 34-37. In addition, the
NOE data suggest that helix C also is shorter in reduced
HuFd than in the oxidized protein. In the spectra of reduced
HuFd, no signals were assigned to residues 77 or 78. The
first threeâ-strands observed in the oxidized protein appear
to be retained in the reduced state (Figure 5), as indicated
by cross-strand NOE data. Evidence for the presence of
strands 4 and 5 is relatively weaker for the reduced protein
than for the oxidized form. The residues in these stretches

showed similar patterns of shift degeneracy and line broad-
ening in both oxidation states. An NOE linking strands 3
and 4 was observed only in spectra of the oxidized protein,
but an NOE was observed in both oxidation states of HuFd
linking residues in strands 4 and 5 of theâ-sheet structure
analogous to that reported for putidaredoxin (Figure 5).
Overlap of the HN resonances of Thr104 (8.74) and Glu60 (9.10

A B

FIGURE 4: Summary of observed sequential NOE connectivities and hydrogen exchange data for (A) oxidized human ferredoxin and (B)
reduced human ferredoxin. Underlined letters denote residues that were assigned; others were not assigned. The black dots above the
residues indicate slowly exchanging backbone amide hydrogens (determined only for oxidized human ferredoxin), as defined by the observation
of cross-peaks in the1H[15N] HSQC spectrum taken after 15 h after solvent exchange (1H2O to 2H2O).

FIGURE 5: Sheet structure of oxidized and reduced human ferre-
doxin deduced from NOE data. Solid arrows (thick line) indicate
interstrand NOEs detected for both oxidation states. Solid arrows
(thin line) indicate interstrand NOEs detected only for oxidized state.
Broken line arrows indicate interstrand NOEs detected only in the
reduced state. Strands 4 and 5 are shown as described for
putidaredoxin (25), consistent with the limited set of unambiguous
interstrand NOEs observed in human ferredoxin. The box of broken
lines shows the extra strand indicated by CSI for the reduced HuFd.
Dotted lines represent putative hydrogen bonds. Slowly exchanging
amide protons for oxidized HuFd are indicated with asterisks.

Secondary Structure of Human Ferredoxin Biochemistry, Vol. 37, No. 11, 19983969



ppm) and the intense signals of the diagonal may account
for the failure to observe any cross-strand NOEs in the
reduced protein.
Qualitative hydrogen exchange rates were determined from

2D 1H[15N] HSQC spectra of a sample of oxidized [U-15N]-
HuFd dissolved in2H2O. Those residues whose backbone
amide protons show slow exchange are indicated by asterisks
in Figure 4A. Residues with slow hydrogen exchange rates
occur in regions of identified secondary structure. Hydrogen
exchange rates were not determined for reduced HuFd.

DISCUSSION

Assignments.Human ferredoxin proved to be a more
challenging protein for NMR study than other [2Fe-2S]
ferredoxins we have studied, owing to its different para-
magnetic properties and lower stability. The hyperfine-
shifted resonances of human ferredoxin have much shorter
T1 values and broader line widths (B. Xia and J. L. Markley,
unpublished results) than those of theAnabaena7120
vegetative (28) and heterocyst (29) ferredoxins. Assignments
were made for∼70% of the residues of oxidized HuFd and
∼80% of reduced HuFd. With the exception of the C-
terminal 10 residues in oxidized HuFd, those residues whose
signals were not observed in 3D data sets are expected to
be ligated to, H-bonded to, or close in space to the cluster.
In the case of theAnabaena7120 vegetative ferredoxin, for
which NMR data (26) could be compared with an X-ray
structure (30), it was found that (1H, 13C) and (1H, 15N) cross-
peaks were not observed in NMR spectra when the hydro-
gens were located closer than∼7 Å to one of the iron atoms.
As has been observed with other [2Fe-2S] ferredoxins (26),

paramagnetic effects in both oxidation states made it difficult
to derive extensive sequence-specific assignments from NOE
data. Studies of other iron-sulfur proteins have shown the
benefit of using through-bond connectivities observed by 2D
(26) and 3D (27) NMR for determining assignments, and
those reported here were derived primarily from 3D triple-
resonance data.
Residue types could be deduced in certain cases from

characteristic13CR and13Câ chemical shifts, and these served
as starting points for sequential assignments. This approach
obviated the need for selective labeling, which was used to
determine starting points for sequential assignments for the
Anabaena7120 heterocyst ferredoxin (27). Although ad-
ditional data sets (3D15N-TOCSY-HSQC, 3D C(CO)NH,
and 3D H(CCO)NH) were collected in attempts to extend
the assignment to side chains, they were of limited useful-
ness, and few side-chain protons beyond HR or carbons
beyond Câ were assigned.
Figure 6 shows a comparison of the assignment results

for oxidized HuFd with those from three other [2Fe-2S]
ferredoxins whose oxidized-state, sequence-specific NMR
assignments have been determined:Anabaena7120 vegeta-
tive ferredoxin (26), Anabaena7120 heterocyst ferredoxin
(27), and putidaredoxin (9). In this figure, underlined letters
denote residues whose signals were observed and assigned,
and those not underlined denote residues whose signals in
the diamagnetic region were not observed (or only partially
observed). With the exception of the C-terminal decapeptide
of HuFd, the regions of unassigned residues (black) are
conserved among these four [2Fe-2S] ferredoxins and are

located, for the most part, near the aligned ligand cysteines.
In addition, paramagnetic effects appear to affect Leu30 in
oxidized human ferredoxin and its homologous residues in
other three proteins. As with the corresponding proline of
Anabaenaheterocyst ferredoxin, no assignments were made
to Val107 and Pro108 in oxidized HuFd. Rather than being a
paramagnetic effect, this probably is a consequence of the
assignment strategy employed, which does not trace sequen-
tial assignments through proline; signals from corresponding
residues of the other [2Fe-2S] ferredoxins were assigned.
It is postulated here that exchange effects, rather than

paramagnetic effects, prevented the observation of signals
from the C-terminal 10 residues in the 3D NMR spectra.
The rationale behind this assumption is that a previous NMR
study of bovine adrenodoxin indicated that the C-terminal
part of the protein rotates freely in solution (31) and that a
mutagenesis study showed that the C-terminal 14 residues
of bovine adrenodoxin, which correspond to the C-terminal
10 residues of HuFd, are not essential for protein function
(32). The exchange broadening effects in this region could
be a consequence of structural disorder that results in
exchange effects on an intermediate time scale for the
chemical shift (lifetimes of microseconds to milliseconds)
as can arise from exchange of solvent-exposed backbone
amide hydrogens or internal motions.
No signals were observed for Ser1 or Ser2 in either

oxidation state. As with the C-terminus, the reason for this
may be exchange broadening.

FIGURE 6: Comparison of protein sequences and oxidized state
secondary structures for human ferredoxin (HuFd), putidaredoxin
(Pdx) (9, 25), Anabaena7120 vegetative ferredoxin (VFd) (26, 30),
andAnabaena7120 heterocyst ferredoxin (HFd) (27, 40). Under-
lined letters denote residues whose signals were assigned by
conventional diamagnetic NMR methods. The other residues were
not assigned. Identical residues (|) and similar residues (*) are
indicated.
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As with other [2Fe-2S] ferredoxins, signals from residues
in the two stretches that include the cluster ligands, Gly44-
Leu57 and Leu90-Ile94, did not appear in the 3D spectra of
oxidized or reduced HuFd. Elsewhere in the molecule,
oxidation-state-dependent differences were seen in the pat-
terns of nonobserved residues. In spectra of reduced HuFd,
signals were assigned to Leu30 but not to Leu29; conversely,
for oxidized HuFd, signals were assigned to Leu29 but not
to Leu30. Whereas signals were assigned to Arg106 in
oxidized HuFd, no signals were assigned to the stretch
including this residue Arg106-Pro108 in the reduced protein.
Signals from Met77 and Leu78 were missing only in spectra
of the reduced protein. The residues in putidaredoxin
homologous to these latter two residues (Met70 and Leu71)
were reported to be affected by paramagnetism (9). The
presence of signals from Ala114 in oxidized HuFd, but their
absence in the reduced protein, suggests that this residue is
affected differentially by the paramagnetism of the [2Fe-
2S] cluster in the two oxidation states.

Secondary Structure.Independent information on the
secondary structure of oxidized HuFd was obtained from the
chemical shift index (Figure 3), the pattern of NOE cross-
peaks (Figure 4), and the pattern of hydrogen exchange rates
(Figure 4). The results from these three different types of
data were in partial agreement, as noted above for the lengths
of helices and strands. Most significantly,â-strands 4 and
5 were not predicted by the CSI in either the oxidized or
reduced protein. This suggests that the CSI, which has
proved to be a reliable indicator for secondary structure in
diamagnetic proteins, must be interpreted with caution when
used with paramagnetic proteins, especially for residues
adjacent to those affected by paramagnetic broadening.

CSI analysis (Figure 3) failed to predict the first helix for
reduced HuFd suggested by NOE data (Figure 4). CSI
analysis predicted that helix A in oxidized HuFd consists of
residues 31-35, but predicted no helix for this stretch in
the reduced protein, despite the fact that the chemical shifts
of residues 33-35 are almost identical in the two oxidation
states. By contrast, the NOE data indicated the presence of
a somewhat longer helix A (31-37) in oxidized HuFd and
a shorter helix A (34-37) in the reduced state.

The third strand predicted by CSI for oxidized HuFd
ferredoxin (104-106) was not predicted by the CSI plot for
reduced HuFd, largely because chemical shifts for residue
106 were not determined for the latter. Strands 4 and 5
which were not predicted by the CSI in either oxidation state
are similarly affected by proximity to the cluster. On the
other hand, the NOE data suggest that residues 103-105 of
reduced HuFd form a strand; this strand probably also is
present in the reduced state because the chemical shifts of
nuclei in residues 104 and 105 are similar in the two
oxidation states.

CSI analysis predicted that residues 72-79 form a helix
in both oxidation states. NOE data confirmed this for
oxidized HuFd, but no NOEs were observed for residues 77
and 78 of reduced HuFd. However, the chemical shifts of
the 13CR and13Câ of residue 78 in reduced HuFd (obtained
from the CBCA(CO)NH experiment) are almost identical
to those in oxidized HuFd. This is consistent with helix C
in reduced HuFd extending to residue 79 as in oxidized
HuFd.

The â-sheet topology reported for putidaredoxin by Ye
and Pochapsky (25) is consistent with the NOEs observed
for HuFd (Figure 5). The evidence from HuFd data for the
existence and positioning of strands 4 and 5 is relatively
weak, however. In HuFd, a combination of chemical shift
degeneracy (e.g., Phe59 HR ) 4.56 ppm, Val105 HR ) 4.62
ppm) and paramagnetic broadening (residues 57, 58, 89, 106,
and 107) may account for the lack of additional unambiguous
cross-strand NOEs linkingâ-strands 3/4 and 4/5.
The CSI results for reduced HuFd predict that residues

110-112 form aâ-strand (Figure 3). However, the lack of
unambiguous cross-strand NOEs to this stretch prevented our
determination of where it should be positioned in the overall
protein structure (Figure 5).
Structural Differences between Oxidized and Reduced

Human Ferredoxin.Probably the clearest evidence for a
structural difference between the oxidized and reduced form
of the protein comes from changes in the C-terminus. The
fact that 3D NMR signals from the last 10 residues were
observed and assigned in reduced HuFd but not in the
oxidized form suggests that this region is more structured
when HuFd is reduced than when it is oxidized.
Additional evidence may come from chemical shift dif-

ferences between the two states. However, care must be
exercised in interpreting such changes with a paramagnetic
protein such as HuFd, because residues affected by the
paramagnetism will experience oxidation-state-dependent
chemical shift changes in the absence of a conformational
change. Thus such shift changes can be ascribed to a
conformational change only if they do not arise from contact
or pseudocontact interactions with unpaired electron density.
It may be anticipated that signals affected by the paramag-
netism of the [2Fe-2S] cluster would be broadened to the
extent that they would not be observed in multidimensional
NMR spectra, but this is an assumption that needs to be
examined closely.
Oxidation-state-dependent structure changes have been

proposed, nevertheless, for bovine adrenodoxin on the basis
of changes in1HR and1Hâ chemical shifts (33). In this study,
signals were assigned to fewer than 20% of the residues,
and few oxidation-state-dependent shift were reported for
residues 29-32 or 109-114. Large chemical shift differ-
ences were observed in adrenodoxin for Ala81 and Tyr82 (33).
However, the1HR resonances of the corresponding residues
in HuFd (Ala81 and Tyr82) each showed oxidation-state-
dependent shift differences of only about 0.2 ppm. In HuFd,
1HR shift differences of this magnitude and larger were
observed for residues in stretches 27-30 and 109-114: e.g.,
0.54 ppm for Asp27, 0.30 ppm for Leu29, and 0.65 for Val111.
A similar pattern was seen for13C chemical shift differences
in HuFd (Figure 7): those for Ala81 and Tyr82 are smaller
than those for residues 29-32 and 109-114.
The fact that the largest chemical shift differences observed

in the diamagnetic region of the13C NMR spectrum are seen
in regions well separated from the cluster ligands, and also
adjacent to the C-terminal region for which NMR evidence
indicates an oxidation-state-dependent change in structural
stability, lends credence to the idea that they may arise from
bona fide conformational differences. Thus, the pattern of
chemical shift perturbations in HuFd is consistent with the
largest oxidation-state-dependent structural changes occurring
around residues 29-32 and 109-114; smaller changes may
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occur in the vicinity of residues 81-82, as suggested for
adrenodoxin (33).
The NMR data indicate possible oxidation-state-dependent

changes in secondary structure. The observation of large
chemical shift differences for residues 31-32 is consistent
with the shortening of helix A in reduced HuFd deduced
from NOE data. Signals from residue 30 of oxidized HuFd
were not observed, whereas signals from residue 29 of
reduced HuFd were not observed. This may indicate that
Leu29 is closer to the [2Fe-2S] cluster in the reduced state,
whereas Leu30 is closer to the cluster in the oxidized state.
Thus, reduction of the cluster probably leads to loss of helix
at residues 31-33 and repositioning of residues 29 and 32.
Structural Implications. In the biological process of

cholesterol side-chain cleavage, reduced ferredoxin reductase
binds to oxidized human ferredoxin, reduces it, and then
releases it. Next, the reduced human ferredoxin binds to
oxidized cytochrome P450sccand transfers the electron to it.
Our present results suggest that oxidized HuFd undergoes a
structural transition upon reduction that changes the structure
of the C-terminal residues. A previous study demonstrated
that deletion of C-terminal residues 116-128 of bovine
adrenodoxin led to no change in its affinity for ferredoxin
reductase, but caused a 1.5-fold higher affinity for cyto-
chrome P450sccand enhanced activity for the cholesterol side-
chain cleavage reaction (32). A recent study also showed
that a mutant of bovine adrenodoxin with more residues
deleted (des109-128) had higher affinity for cytochrome
P450scc than one with fewer residues deleted (des115-128)

(34). These results suggest that the C-terminal residues
interfere with binding to cytochrome P450scc. Therefore, we
hypothesize that ferredoxin reductase binds preferentially to
oxidized HuFd (the state with the flexible C-terminus) and
that reduced HuFd is released as a consequence of the
conformational change in the C-terminus that accompanies
its reduction. Previous studies have suggested that ferredoxin
reductase binds the oxidized form of bovine ferredoxin more
tightly than the reduced form (35) and that the two forms
compete for the same binding site (36).
A mutant of adrenodoxin lacking residues 108-128 was

found not to form an iron-sulfur cluster in vivo when
expressed inE. coli, whereas the truncated version that is
one residue longer (des109-128) does form the cluster (34).
A subsequent study showed that a [2Fe-2S] cluster can be
inserted intodes108-128 adrenodoxin by in vitro recon-
stitution. The two truncated adrenodoxins were found to
have similar spectroscopic, functional, and redox properties,
but that lacking Pro108 had a lower stability (37). It was
suggested on this basis that Pro108 may play a role in
stabilizing the cluster. However, the present results show
that the chemical shifts and line widths of the13C′, 13CR,
13Câ, and 1HR of Pro108 of HuFd are quite similar in both
oxidation states; this appears to rule out a direct interaction
of this residue with the cluster. On the other hand, Val107

in oxidized HuFd and Arg106 and Val107 in reduced HuFd
were not identified in the 3D triple-resonance spectra. These
line broadening effects (manifested as missing signals in 3D
spectra) suggest that residues 106 and 107 may interact with

FIGURE 7: 13C′, 13CR, and13Câ chemical shift differences between oxidized and reduced human ferredoxin. Arrows indicate residues whose
chemical shifts were not determined in either oxidized or reduced states.
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the iron-sulfur cluster. The deletion of Pro108 may desta-
bilize protein by indirect interactions with these adjacent
residues.
Asp76 and Asp79 have been shown to be critical for the

binding of human ferredoxin to NADPH-dependent ferre-
doxin reductase and to cytochrome P450scc (38). Substitu-
tions of other amino acids at these two positions cause
striking decreases in activity and in the affinity of HuFd for
both ferredoxin reductase and cytochrome P450scc. The
present results reveal that Asp76 and Asp79 are located in an
R-helix. Because they play an important role in binding the
ferredoxin reductase and cytochrome P450scc, these two
residues must be positioned at the outer side of the helix so
that their side chains are accessible to the solvent. Sequential
connectivities were not observed for Met77 and Leu78 of
reduced HuFd. Thus, these two residues likely are affected
by the iron-sulfur cluster and must be relocated closer to
the iron-sulfur cluster binding pocket when HuFd is reduced.
Site-directed mutagenesis studies have shown that two lysine
residues of cytochrome P450scc, Lys377and Lys381, are crucial
for binding adrenodoxin (39). We suggest that Asp76 and
Asp79 of human ferredoxin may interact with Lys377 and
Lys381 of cytochrome P450scc through charge-charge inter-
actions. Considering the fact that the two aspartate residues
are located within a helix and separated by about one turn
of the helix, the two lysine residues, which share a similar
spacing, also may be located within a helix of cytochrome
P450scc (Figure 8).
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FIGURE8: Speculative model indicating the role of charged residues
in the binding interaction between ferredoxin (Fd) and cytochrome
P450scc (P450).
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