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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 producedsgscherichia coliand doubly labeled with3C and'>N. The
diamagnetic®N, 13C', 13Ce, 13CF, 1H« and!HN 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@2Band residues 109124; 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- (lll) and are antiferromagnetically coupled in the ground state
tein with a single [2Fe-2S] cluster, is found in the mito- (S= 0). Thermal population of excited states accounts for
chondria of steroid metabolizing tissues. It was cloned first the paramagnetic effects observed in NMR spectra of
from human placental tissu&)( Human ferredoxin belongs  oxidized HuFd at physiological temperatures. In the reduced
to the vertebrate ferredoxin family, whose members exhibit state § = %,), one iron is Fe(lll) and the other is Fe(ll),

a high degree of sequence homology. (Vertebrate ferre-  and paramagnetic effects are observed at all temperatures.

doxins function to transfer redUCing equivalents from NADPH- No three-dimensional structure has been pub“shed for any
dependent ferredoxin oxidoreductase to cytochrome £450  of the vertebrate ferredoxins. Bovine adrenodoxin has been
enzymes involved in the biogenesis of steroid hormones, thethe subject of X-ray crystallographis,(6) studies for more
formation of vitamin D metabolites, and the production of than two decades. Conventiortel NMR spectroscopy has
bile acids. They have been found to be involved in the initial been utilized to study bovine adrenodoxin, but no Comp|ete
step of progesterone biosynthesis in which the side chain ofsequence-specific assignments for that protein have been
cholesterol is cleaved to yield pregnenoloBe4). published 7, 8). A low-resolution NMR structure has been
Human ferredoxin has 124 amino acid residues with cys- reported for putidaredoxin, a bacterial [2Fe-2S] protein func-
teines at five positions: 46, 52, 55, 92, and 95. Four of the tionally related to vertebrate ferredoxing).( It has been
cysteines provide the ligation of the [2Fe-2S] cluster, and assumed that the structures of vertebrate ferredoxins resemble

the fifth cysteine, Cy8, has a free-SH. In the oxidized  those of putidaredoxin because of sequence and spectral
state, both irons in the irersulfur cluster are high-spin Fe-  gimilarities.

T This research was supported by NIH Grants GM35976 and Histidine 56, WhICh is conserved among all known
RR02301. Spectroscopy was performed at the National Magnetic Vertebrate ferredoxins, was once proposed to be hydrogen-
Resonance Facility at Madison which is subsidized by the Biomedical bonded to the irorrsulfur cluster and play an important role
Research Technology Program, Division of Research Resources, NIHin determining the reduction potentidlQ 11). Subsequent

(RR02301), and the University of Wisconsin. Additional funds for o o
equipment came from the NSF Biological Biomedical Research Investigation demonstrated, however, that none of the his

Technology Program (DMB-8415048), NIH Shared Instrumentation tidines in human ferred(_)xin interacts directly With_the cluster
Program (RR02781), and the U.S. Department of Agriculture. (2). We recently described a method for the efficient over-
*NMR data and derived structural results have been deposited atexpression of human ferredoxinEscherichia coliand used

BioMagResBank under accession number 4073 (for oxidized human ,, . . .
ferredgxin) and 4074 (for reduced human ferredo(xin). this approach to produce analogues with Cys-to-Ser substitu-
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Table 1: Spectral Parameters for the NMR Data Sets Collected on Human Ferfedoxin

di (*H)° d, ds
SF SW SW SW matrix size
experiment (MHz™Y) (Hz™) nucleus (Hz™Y) NZ° nucleus (Hz™) N;° (dh x dy x da)
2D H—-N HSQC 500.13 6009.615 15N 1666.67 256 51% 256
3D HNCO 500.13 6009.615 13C 2000.00 64 15N 1666.67 36 51% 256 x 128
3D HNCA 500.13 6009.615 13C 4545.45 60 15N 1666.67 32 51% 256 x 128
3D HN(CO)CA 500.13 6009.615  13C~ 4545.45 64 15N 1666.67 28 51% 256 x 128
3D HNCACB 500.13 6009.615 13Cwp 7352.94 64 15N 1666.67 32 51% 256 x 128
3D CBCA(CO)NH 500.13 6009.615  13C# 7352.94 42 15N 1666.67 32 51% 256 x 128
3D HCACO 500.13 6009.615 1&C 2000.00 64 13Ca 4545.45 32 51% 256 x 128
3D ’C-NOESY 500.13 4006.41 H 4006.41 80 C 9090.91 64 51 512 x 128
3D N-TOCSW 750.13 8992.806 H 8992.806 128 15N 2500 32 512x 512x 128
3D >N-NOESW 750.13 8992.806  'H 8992.806 128 15N 2500 32 512« 512 x 128
3D ’C-NOESY 750.13 6009.62 H 4166.67 128 13C 9090.91 56 51% 512x 128
3D I5N-TOCSY® 600.13 6944.444 H 6944.444 150 15N 1818.18 40 512 512 x 128
3D >N-NOESY® 600.13 6944.444 H 6944.444 150 15N 1818.18 40 51% 512 x 128

aThe parameters listed here apply to NMR data sets for both oxidized and reduced human ferredoxin, exceptNerGOSY, 3D N—
NOESY, and 30"C—NOESY data® A total of 1024 complex points were collected in #€dimension ¢,) of all experiments. In all experiments
except the HCACO, the right half of the spectrum (upfield @D in d; dimension contained no signals and was discarélbd.and N; are the
numbers of complex points collected firandd; dimensions, respectivelf NMR experimental data collected for oxidized HUEMR experimental

data collected for reduced HuFd.

that changes in secondary structure and local mobility ®NH,Cl were used. Antibiotics kanamycin (100 mg/L) and
accompany the change in oxidation state. The secondarychloramphenicol (34 mg/L) were added to the medium. After

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!®NH,CI, [99% U-3C]-
glucose, and [98% WVH]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 PurificationHuman ferredoxin
was produced ifE. coliby using the T7 bacteriophage RNA
polymerase/promoter expression systetf))( The cDNA
encoding human ferredoxiri,(13) was cloned into expres-
sion vector pET9a to yield a new plasmid HuFd/pET9a. This
new plasmid was transformed ino coli strain BL21/pLysS
for protein production.

The cells were lysed by a freezéhaw cycle followed by
sonication. The protein was purified first by in vitro
reconstitution {3), and the reconstituted ferredoxin was
purified further by ion-exchange chromatography and gel
filtration. Protein fractions with OR/OD,7¢ > 0.78 were

overnight incubation in a shaker at 3Z, 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 Ok, 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 PreparationAbout 10 mg of HuFd was
used for each NMR sample with concentrations around 1.5
mM. Protein concentrations were determined by uging
=11 mM*cm(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-HCI buffer (pH 7.2) containing 50 mM NacCl and
5% [U-?H]glycerol in 90%*H,0O and 10%H,0.

The reduced HuFd sample was in 50 mM phosphate buffer
(pH 7.4) containing 50 mM NacCl in 90%H,0 and 10%
°H,0. To reduce human ferredoxin, each protein sample
was first deaerated by vacuum; then the sample was
transferred ird 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

considered pure and used for further study. A complete dithionite decreased the pH of the reduced HuFd solution to

description of overexpression and protein purification is given
elsewhere 12).

Preparation of Labeled Protein Samplesiniformly 15N-
labeled and®N, *3C doubly labeled HuFd were prepared as
follows. One bacterial colony d&. colistrain 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 (106L) was used to
inoculate 100 mL of M9 medium with labeled compounds.
Each liter of this medium contaides g of NaHPQ,, 3 g of
KH,PQ,, 0.5 g of NaCl, 0.25 g of MgS©7H,0, and 0.050
g of thiamine. For uniforn®N labeling 5 g ofglucose and
1 g of 99.8%*NH,CI| were used in the M9 medium,; for
double labeling2 g 0f[99% U-*C]glucose ad 1 g 0f99.8%

about pH 7.2.

NMR Spectroscopy and Data Processinfable 1 con-
tains a complete list of the experiments performed on HuFd,
including the spectral parameters. NMR data sets were col-
lected at 10C on Bruker DMX-500, DMX-600, and DMX-
750 spectrometers (Bruker Instruments, Inc., Billerica, MA).
Both spectrometers were equipped with Bruker1C, 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 usedl%, 16) with minor changes: magic
angle (instead af-) gradients were employed for coherence
selection and sensitivity enhancement, which resulted in
improved suppression of the water solvent signal; the water
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FicUrE 1: 2D H[*®N] HSQC spectrum of a sample of oxidized and reducedjWU-3Clhuman ferredoxin, at 10C. Assignments for
cross-peaks are indicated by the one-letter amino acid code and residue number.

signal was minimally saturated in all experiments except C*(i) from HNCA, HN(i)-N(i)-C*(i—1) from HN(CO)CA,
HCACO and CBCA(CO)NH. Triple-resonance experiments HN(i)-N(i)-C*(i) and H'(i)-N(i)-C#(i) from HNCACB, and
were optimized by using continuodll decoupling 16). C*(i—1)-N(i)-HN(@i) and CG(i—1)-N(i)-HN(@) from CBCA-

The sample of oxidized [UN]HuFd used for the hydro-  (CO)NH. The'H['*N] HSQC-SE experiment provided the
gen exchange study was first exchanged with 50 mM-Tris reference spectrum to which individual cross-peaks from the
HCI buffer (pH 7.2) containing 50 mM NaCl and 5% Pb#- 3D triple resonance experiments were relatétH—15N
glycerol inH,O. It was then lyophilized and redissolved correlation peaks (except those from side chains) are unigue
in 2H,O. 2D H[**N] HSQC-SE data were collected every for individual amino residues. HNCO data were used to
30 min for 20 h on this sample. resolve overlapped peaks in the HSQC spectra. THQS,

NMR data were processed on Silicon Graphics worksta- and'3C? chemical shifts for a given residue (associated with
tions with FELIX software (version 2.30 or 9% 0Molecular a'H—15N correlation peak) and the previous residue in the
Simulations, Inc., San Diego, CAYH chemical shifts were  sequence were determined from HNCA, HN(CO)CA,
measured relative to internal DSS (taken as 0 ppm). TheHNCACB, and CBCA(CO)NH experiments. Sequential
15N and 3C chemical shifts were referenced indirectly to connections were then extended by matching intra-residue
DSS by multiplying the spectrometer frequency correspond- and inter-residué®C* and*3C? chemical shifts. Signals from
ing to 0 ppm in the'H spectrum by thé>N/H frequency certain amino acid types, such as threonine, alanine, and
ratio or by the'3C/*H frequency ratio reported by Wishart glycine, were recognized easily from their unigid€* and
et al. 7). Corrections were made for the effect of tem- 13C# chemical shifts values. This information provided
perature on the chemical shift referend@)( starting points for sequence-specific assignments. Assign-

Software packages used in NMR data analysis and ments made in this way were confirmed later with sequential
assignments included PEAKPICK for picking all peak8)( IH® chemical shift information from 3BH[*N] TOCSY—
and CONTRAST for semi-automated assignmef; 21). HSQC and HCACO experiments.

The computer program CS2%) was used for determining Backbone Sequential Assignmentigure 1 shows the

the chemical shift index. 2D H[**N] HSQC spectrum of oxidized and reduced HuFd

RESULTS with assignments indicated. For oxidized HuFd, sequence-
specific assignments were determined for about 70% of the

Assignment Strategy.Sequential assignments of the 124 amino acid residues. Most of the unassigned residues
diamagnetic NMR signals 0N and '3C doubly labeled are located in three regions: residues-82, residues 99
human ferredoxin samples tH,0 were based solely on data 94, and residues 135124. In addition, residues 30, 107,
from a series of 3D triple-resonance experiments: HNCO, and 108 were not assigned. The first two regions are near
HNCA, HN(CO)CA, HNCACB, and CBCA(CO)NH. Each the ligand cysteines, which have been shown to be affected
experiment provided particular atom correlationS!(iHN(i)- by the paramagnetism of the [2Fe-2S] cluster (B. Xia and J.



3968 Biochemistry, Vol. 37, No. 11, 1998 Xia et al.

HNCACB & CBCA(CO)NH

‘f’v9 H10 | F11 | 112 [N13 { R14| D15 [ Gi6 | E17 | T18 |L19 | T20 | T21
0 | — =
ST
- | ~
.‘r- | @ o =
) — O &
. r L-Qf‘ Y E
| g
g
I 2
B @)
'l &

I
60.0

N S| e

Ficure 2: Strip plot of HNCACB and CBCA(CO)NH data that show the sequential connections for the resonanc&cfrdsolid lines)
and 13C#; (broken lines) nuclei of residues-21 of oxidized human ferredoxin. In each strip, HNCACB data are on the right side, and
CBCA(CO)NH data are on the left.

L. Markley, unpublished results). The dynamic properties
of the C-terminal region discussed below may be responsible
for the absence of signals from residues-1134 in the data 1+

sets. I
About 80% of the total 124 residues were assigned for N
reduced HuFd. Signals from the last 10 residues, missing D
in spectra of the oxidized protein, were identified in NMR E M_M
spectra of reduced HuFd. The two major unassigned regionsX 1

were similar to those of the oxidized protein: residues 44 1 1 2 4B C
57 and 96-94. In addition, residues 29, 77, 78, 10608, — = T )
and 114 were not assignedH® and **C# chemical shifts A
for a few assigned residues were not identified due to the 1 20 40 60 80 100 120
lack of corresponding peaks in NMR spectra. RESIDUE NUMBER

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 connectionsfa*

1
are indicated by solid lines, and those f8€# are indi- 1
cated by broken lines. Signals from the unique Thr-Thr N
dipeptide in HuFd were identified easily from the charac- D - m

Oxidized HuFd

Reduced HuFd

teristic 13C* and 13C# chemical shifts, and this determined E
the alignment of these sequential assignments with the proteinX
sequence. -1 ) A 4
Secondary Structure from Chemical Shift Indekhe — - ) -
multinuclear chemical shift index (CSI28) was determined MWW%W%WWWWWWWW%
from theH, 13C’, 13C*, and3C? chemical shifts of oxidized
and reduced HuFd. The results for oxidized HuFd (Figure ! 20 40 60 80 100 120
3, top) indicated the presence of four helices (residues 31 RESIDUE NUMBER
35, 61-64, 72-79, and 98-102) and threes-strands FiGURe 3: Consensus chemical shift index frdid®, 13C*, 13C7,
(residues 612, 18-24, and 104-106). and 13C' for human ferredoxin: (top) oxidized state, (bottom)
. — reduced state. Secondary structure features derived from NOE data
The results for reduced HuFd (Figure 3, bottom) indicate . indicated.
the presence of three helices and thfestrands. The first
helix predicted for oxidized HuFd is not indicated by the HuFd are identical to those predicted for the oxidized protein,
consensus CSI plot for the reduced protein. The other threebut the last strand is displaced by six residues (A1TR).
helices are located at the same positions as those in the Secondary Structure from NOE Dat&ata from the 3D
oxidized protein. The first two strands indicated for reduced *H[**N] NOESY—HSQC spectrum of oxidized HuFd are
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Ficure 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 theH[**N] HSQC spectrum taken after 15 h after solvent exchafige to 2H,0).

summarized in Figure 4A. Aw-helix is characterized by E .5 E’ Z

distinctive patterns of short-range NOEs%HHN; 13, H'i— l_?_ _T_ _7_ —?_ _}Iﬂl s Ii;*\g’ \ff’sg\g’

HNit1, HG—HNo, and H5—HN 44, etc. @4). The presence ‘/“\’fﬂ\c/ﬁl\NzC\‘;“/N\| A S

of the four helices was confirmed by short-range sequential | % & & 1 | W H/H i

NOE data (Figure 4A). The NOE data show that helix A~~~ ~ ~ ~ 7 4= N

(31—-37) extends to residue 37, instead of 35 as predicted Sey T N ey YT

by the CSI, and that helix B (6467) extends to 67, instead LI R

of 64. Cross-strand NOEs observed'iN- and **C-edited wo& 6 wm &6

3D NOESY spectra indicate that the three strands identified \13,3\ ,15\1:’,5\,%%,1'\2",&\

by the CSI form a mixeg@-sheet as shown in Figure 5. The e 40 [ A T

first and secong-strands are antiparallel, whereas the third S\ 2/ S\ %/

is parallel with the first. The NOE data supported the L T T T -

addition of one more residue to each strand predicted by N\ ONE N AN ONEA IS AN N LIS AINEA N oSN o

CSI; thus the three strands consist 6f 8, 17-24, and z:{>i'{/»‘{ i ;';/;'{ ’ {)/i/{{\" é/,h s

103-106. NN
Although not suggested by CSI analysis, NOEs identified 1<=% ¢ 7/ g/ L Tt '*,* *,‘/? H

in the 15N-edited NOESY spectrum of oxidized HUFd are  ~crin s NToIN e in o NToIner s o NN o o SNEATS

consistent with the presence of two additional strands of & ~ % & &7 & & & A& & b b

antiparallels-sheet as observed by Ye and Pochapsky in the Ficure 5: Sheet structure of oxidized and reduced human ferre-
structure of oxidized putidaredoxi2%) (Figure 5). These doxin deduced from NOE data. Solid arrows (thick line) indicate

NOEs are the M—HN NOE between THP“(in strand 3) and interstrand NOEs detected for both oxidation states. Solid arrows

60 1L (thin line) indicate interstrand NOEs detected only for oxidized state.
GIu®, linking strands 3 and 4, and thé'HH* NOE between Broken line arrows indicate interstrand NOEs detected only in the

Phé® and Seft® He, linking strands 4 and 5. reduced state. Strands 4 and 5 are shown as described for
The NOE data for reduced Hud (Figure 48) suggest that PSS D) S0t L e e e o e
he“.x A Qbserved in oxidized HUFC.I (3337) is not ”.“SS'”Q lines shows the extra strand indicated by CSI for the reduced HuFd.
entirely in reduced HuFd, as predicted by CSI (Figure 3B), Dpotted lines represent putative hydrogen bonds. Slowly exchanging
but instead is reduced in length t0-337. In addition, the  amide protons for oxidized HuFd are indicated with asterisks.
NOE data suggest that helix C also is shorter in reduced
HuFd than in the oxidized protein. In the spectra of reduced showed similar patterns of shift degeneracy and line broad-
HuFd, no signals were assigned to residues 77 or 78. Theening in both oxidation states. An NOE linking strands 3
first threeB-strands observed in the oxidized protein appear and 4 was observed only in spectra of the oxidized protein,
to be retained in the reduced state (Figure 5), as indicatedbut an NOE was observed in both oxidation states of HuFd
by cross-strand NOE data. Evidence for the presence oflinking residues in strands 4 and 5 of tiesheet structure
strands 4 and 5 is relatively weaker for the reduced protein analogous to that reported for putidaredoxin (Figure 5).
than for the oxidized form. The residues in these stretchesOverlap of the I resonances of TH*(8.74) and GIfP (9.10
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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 i

2D H[**N] HSQC spectra of a sample of oxidized [eN]-
HuFd dissolved ifH,O. 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.

HuFd:

DISCUSSION

Pdx :

HuFd:

VF4d :

Xia et al.

44
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-
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Assignments.Human ferredoxin proved to be a more | 1+ —_ l
challenging protein for NMR study than other [2Fe-2S]

VFd : SCR-AGACSTCAGKLVSGTVDQSDQS
ferredoxins we have studied, owing to its different para- | [ |

G--Y 75

magnetic properties and lower stability. The hyperfine- grq ; scr-seSCSSCYORVVEGEVDOSDOI- - -~ FLODEOMGKG--F 75
shifted resonances of human ferredoxin have much shorter

T, values and broader line widths (B. Xia and J. L. Markley, - D —

unpublished results) than those of teabaena7120 HuFd: RLGCQICLTKSMDNMTVRVPETVADARQSIDVGKTS 124
vegetative 28) and heterocysp) ferredoxins. Assignments I

were made for~70% of the residues of oxidized HuFd and  pax : gmcq:?{mmempn ----- RQW------- 106
~80% of reduced HuFd. With the exception of the C- I

terminal 10 residues in oxidized HuFd, those residues whose vrg : uwcvnpwsn?x’qmmgn ______ L¥mmmem e 98
signals were not observed in 3D data sets are expected to I

be ligated to, H-bonded to, or close in space to the cluster. ggq . ALLCV;;RSNEK’THQEPY ______ LA —— e 98

In the case of thé\nabaenar120 vegetative ferredoxin, for ) . -
Ficure 6: Comparison of protein sequences and oxidized state

which NMR data 26) could be compared with an X-ray secondary structures for human ferredoxin (HuFd), putidaredoxin

structure 80), it was found that't, °C) and {H, **N) cross- (Pdx) 0, 25), Anabaena7120 vegetative ferredoxin (VFd}§, 30),
peaks were not observed in NMR spectra when the hydro- andAnabaenaz120 heterocyst ferredoxin (HFA27, 40). Under-

gens were located closer thas7 A to one of the iron atoms.  lined letters denote residues whose signals were assigned by

. conventional diamagnetic NMR methods. The other residues were

As has befan obser\{ed with other_[ZFe-ZS] ferredol)ﬂﬁl}s.( not assigned. Identgi]cal residued and similar residues (*) are
paramagnetic effects in both oxidation states made it difficult jndicated.
to derive extensive sequence-specific assignments from NOE
data. Studies of other irersulfur proteins have shown the |ocated, for the most part, near the aligned ligand cysteines.
benefit of using through-bond connectivities observed by 2D |n addition, paramagnetic effects appear to affect32.éu
(26) and 3D @7) NMR for determining assignments, and oxidized human ferredoxin and its homologous residues in
those reported here were derived primarily from 3D triple- other three proteins. As with the corresponding proline of
resonance data. Anabaenaeterocyst ferredoxin, no assignments were made

Residue types could be deduced in certain cases fromto Val'®” and Pré%in oxidized HuFd. Rather than being a
characteristid3C* and*3C# chemical shifts, and these served paramagnetic effect, this probably is a consequence of the
as starting points for sequential assignments. This approachassignment strategy employed, which does not trace sequen-
obviated the need for selective labeling, which was used to tial assignments through proline; signals from corresponding
determine starting points for sequential assignments for theresidues of the other [2Fe-2S] ferredoxins were assigned.
Anabaena7120 heterocyst ferredoxir2{). Although ad- It is postulated here that exchange effects, rather than
ditional data sets (3B°N-TOCSY—HSQC, 3D C(CO)NH, paramagnetic effects, prevented the observation of signals
and 3D H(CCO)NH) were collected in attempts to extend from the C-terminal 10 residues in the 3D NMR spectra.
the assignment to side chains, they were of limited useful- The rationale behind this assumption is that a previous NMR
ness, and few side-chain protons beyon#l ¢t carbons study of bovine adrenodoxin indicated that the C-terminal
beyond @ were assigned. part of the protein rotates freely in solutioBl and that a

Figure 6 shows a comparison of the assignment resultsmutagenesis study showed that the C-terminal 14 residues
for oxidized HuFd with those from three other [2Fe-2S] of bovine adrenodoxin, which correspond to the C-terminal
ferredoxins whose oxidized-state, sequence-specific NMR 10 residues of HuFd, are not essential for protein function
assignments have been determindaiabaena’120 vegeta-  (32). The exchange broadening effects in this region could
tive ferredoxin 26), Anabaena7120 heterocyst ferredoxin be a consequence of structural disorder that results in
(27), and putidaredoxing). In this figure, underlined letters ~ exchange effects on an intermediate time scale for the
denote residues whose signals were observed and assigneghemical shift (lifetimes of microseconds to milliseconds)
and those not underlined denote residues whose signals iras can arise from exchange of solvent-exposed backbone
the diamagnetic region were not observed (or only partially amide hydrogens or internal motions.
observed). With the exception of the C-terminal decapeptide No signals were observed for Seor Sef in either
of HuFd, the regions of unassigned residues (black) are oxidation state. As with the C-terminus, the reason for this
conserved among these four [2Fe-2S] ferredoxins and aremay be exchange broadening.
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As with other [2Fe-2S] ferredoxins, signals from residues  The -sheet topology reported for putidaredoxin by Ye
in the two stretches that include the cluster ligands*Gly and Pochapsky26) is consistent with the NOEs observed
Lew?” and Leld%—l1le®, did not appear in the 3D spectra of for HuFd (Figure 5). The evidence from HuFd data for the
oxidized or reduced HuFd. Elsewhere in the molecule, existence and positioning of strands 4 and 5 is relatively
oxidation-state-dependent differences were seen in the patweak, however. In HuFd, a combination of chemical shift
terns of nonobserved residues. In spectra of reduced HuFddegeneracy (e.g., PieH® = 4.56 ppm, Val® H* = 4.62
signals were assigned to L¥8uput not to Led® conversely, ppm) and paramagnetic broadening (residues 57, 58, 89, 106,
for oxidized HuFd, signals were assigned to ¥ebut not and 107) may account for the lack of additional unambiguous
to Lei®. Whereas signals were assigned to Atgn cross-strand NOEs linking-strands 3/4 and 4/5.
oxidized HuFd, no signals were assigned to the stretch The CSI results for reduced HuFd predict that residues
including this residue AR*—Prat®in the reduced protein.  110-112 form a3-strand (Figure 3). However, the lack of
Signals from Met” and Led® were missing only in spectra  unambiguous cross-strand NOES to this stretch prevented our
of the reduced protein. The residues in putidaredoxin determination of where it should be positioned in the overall
homologous to these latter two residues (Mend Led?) protein structure (Figure 5).
were reported to be affected by paramagnetiSin (The Structural Differences between Oxidized and Reduced
presence of signals from Afet in oxidized HuFd, but their ~ Human Ferredoxin. Probably the clearest evidence for a
absence in the reduced protein, suggests that this residue istructural difference between the oxidized and reduced form
affected differentially by the paramagnetism of the [2Fe- of the protein comes from changes in the C-terminus. The
2S] cluster in the two oxidation states. fact that 3D NMR signals from the last 10 residues were

Secondary Structure.Independent information on the ©bserved and assigned in reduced HuFd but not in the
secondary structure of oxidized HuFd was obtained from the OXidized form suggests that this region is more structured
chemical shift index (Figure 3), the pattern of NOE cross- When HuFd is reduced than when it is oxidized.
peaks (Figure 4), and the pattern of hydrogen exchange rates Additional evidence may come from chemical shift dif-
(Figure 4). The results from these three different types of ferences between the two states. However, care must be
data were in partial agreement, as noted above for the length$Xercised in interpreting such changes with a paramagnetic
of helices and strands. Most significantf§strands 4 and ~ Protein such as HuFd, because residues affected by the
5 were not predicted by the CSI in either the oxidized or Paramagnetism will experience oxidation-state-dependent
reduced protein. This suggests that the CSI, which haschemical shift changes in the absence of a confo_rmatlonal
proved to be a reliable indicator for secondary structure in change. Thus such shift changes can be ascribed to a
diamagnetic proteins, must be interpreted with caution when conformational change only if they do not arise from contact
used with paramagnetic proteins, especially for residuesOF Pseudocontact interactions with unpaired electron density.
adjacent to those affected by paramagnetic broadening. !t may be anticipated that signals affected by the paramag-

CSl analysis (Figure 3) failed to predict the first helix for netism of the [2Fe-2S] cluster would be broadened to the
reduced HuFd suggested by NOE data (Figure 4). CSI extent that they would not be observed in multidimensional

analysis predicted that helix A in oxidized HuFd consists of NMR_spectra, but this is an assumption that needs to be
. . ; . .~ examined closely.

residues 3135, but predicted no helix for this stretch in Oxidation-state-dependent structure chanaes have been

the reduced protein, despite the fact that the chemical shifts d h Ip for bovi d q 9 he basi

of residues 3335 are almost identical in the two oxidation ~PrOP9SE€C: nevertheless, for bovine adrenodoxin on the basis

. 148 : ; .
states. By contrast, the NOE data indicated the presence og If Cnhjggv?/:rlskgxsgindn: d E[:cr:ig]vl\(/::rl ?ﬁgﬁ]sg?gcy Ir(])ftrllf?eStrLéi)i/aues
a somewhat longer helix A (3137) in oxidized HuFd and 9 9 0 '

: : and few oxidation-state-dependent shift were reported for
a shorter. helix A (3437)_|n the reduced state_. ) residues 2932 or 109-114. Large chemical shift differ-
The th|rd strand predicted by _CSI for oxidized HUFd gnces were observed in adrenodoxin forsAknd Ty#2(33).
ferredoxin (104-106) was not predicted by the CSl plotfor - However, the'H* resonances of the corresponding residues
reduced HuFd, largely because chemical shifts for residuejn, HuFd (Aléf! and TyF?) each showed oxidation-state-
106 were not determined for the latter. Strands 4 and 5 gependent shift differences of only about 0.2 ppm. In HuFd,
which were not predicted by the CSI in either oxidation state 1o ghift differences of this magnitude and larger were
are similarly affected by proximity to the cluster. On the opserved for residues in stretches-3D and 109-114: e.g.,
other hand, the NOE data suggest that residues-108 of 0.54 ppm for Asp, 0.30 ppm for Le#?, and 0.65 for ValiL

reduced HuFd form a strand; this strand probably also is A similar pattern was seen f&fC chemical shift differences
present in the reduced state because the chemical shifts ofy HuFd (Figure 7): those for Ak and Ty#? are smaller

nuclei in residues 104 and 105 are similar in the two than those for residues 282 and 109-114.

oxidation states. The fact that the largest chemical shift differences observed
CSIl analysis predicted that residues—7® form a helix in the diamagnetic region of tHéC NMR spectrum are seen
in both oxidation states. NOE data confirmed this for in regions well separated from the cluster ligands, and also
oxidized HuFd, but no NOEs were observed for residues 77 adjacent to the C-terminal region for which NMR evidence
and 78 of reduced HuFd. However, the chemical shifts of indicates an oxidation-state-dependent change in structural
the 13C* and13C# of residue 78 in reduced HuFd (obtained stability, lends credence to the idea that they may arise from
from the CBCA(CO)NH experiment) are almost identical bona fide conformational differences. Thus, the pattern of
to those in oxidized HuFd. This is consistent with helix C chemical shift perturbations in HuFd is consistent with the
in reduced HuFd extending to residue 79 as in oxidized largest oxidation-state-dependent structural changes occurring
HuFd. around residues 29832 and 109-114; smaller changes may



3972 Biochemistry, Vol. 37, No. 11, 1998 Xia et al.

8.0
. Neg
g 70 - IR ¢
S ]
3 6.0
(=}
2
2 50
A
&
= 40
w2
3
g 3.0 [
Q
=
O
g 20
=
2
210
0.0

1 20 120

Residue Number

FIGURE 7; 13C', 13C%, and!3C# chemical shift differences between oxidized and reduced human ferredoxin. Arrows indicate residues whose
chemical shifts were not determined in either oxidized or reduced states.

occur in the vicinity of residues 8182, as suggested for (34). These results suggest that the C-terminal residues
adrenodoxin 33). interfere with binding to cytochrome P45%0 Therefore, we

The NMR data indicate possible oxidation-state-dependenthypothesize that ferredoxin reductase binds preferentially to
changes in secondary structure. The observation of largeoxidized HuFd (the state with the flexible C-terminus) and
chemical shift differences for residues-332 is consistent  that reduced HuFd is released as a consequence of the
with the shortening of helix A in reduced HuFd deduced conformational change in the C-terminus that accompanies
from NOE data. Signals from residue 30 of oxidized HuFd its reduction. Previous studies have suggested that ferredoxin
were not observed, whereas signals from residue 29 ofreductase binds the oxidized form of bovine ferredoxin more
reduced HuFd were not observed. This may indicate thattightly than the reduced forn36) and that the two forms
Lew?® is closer to the [2Fe-2S] cluster in the reduced state, compete for the same binding site6].
whereas Le® is closer to the cluster in the oxidized state. A mutant of adrenodoxin lacking residues 1088 was
Thus, reduction of the cluster probably leads to loss of helix found not to form an irofrsulfur cluster in vivo when
at residues 3133 and repositioning of residues 29 and 32. expressed irkE. coli, whereas the truncated version that is

Structural Implications. In the biological process of one residue longedes109-128) does form the clusted4).
cholesterol side-chain cleavage, reduced ferredoxin reductasé subsequent study showed that a [2Fe-2S] cluster can be
binds to oxidized human ferredoxin, reduces it, and then inserted intodes108—128 adrenodoxin by in vitro recon-
releases it. Next, the reduced human ferredoxin binds to stitution. The two truncated adrenodoxins were found to
oxidized cytochrome P45Q and transfers the electron to it. have similar spectroscopic, functional, and redox properties,
Our present results suggest that oxidized HuFd undergoes aut that lacking Pr&® had a lower stability 37). It was
structural transition upon reduction that changes the structuresuggested on this basis that Pfomay play a role in
of the C-terminal residues. A previous study demonstrated stabilizing the cluster. However, the present results show
that deletion of C-terminal residues 11628 of bovine that the chemical shifts and line widths of th€', °C,
adrenodoxin led to no change in its affinity for ferredoxin 3C?, and*H® of Pro'®® of HuFd are quite similar in both
reductase, but caused a 1.5-fold higher affinity for cyto- oxidation states; this appears to rule out a direct interaction
chrome P458.and enhanced activity for the cholesterol side- of this residue with the cluster. On the other hand,'¥al
chain cleavage reactior3?). A recent study also showed in oxidized HuFd and Arf® and Val® in reduced HuFd
that a mutant of bovine adrenodoxin with more residues were not identified in the 3D triple-resonance spectra. These
deleted es109-128) had higher affinity for cytochrome line broadening effects (manifested as missing signals in 3D
P45Q..than one with fewer residues delete$115-128) spectra) suggest that residues 106 and 107 may interact with
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Fd P450
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D76/D79 K377/K381
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FiGURe 8: Speculative model indicating the role of charged residues
in the binding interaction between ferredoxin (Fd) and cytochrome
P45Qcc (P450).

the iron—sulfur cluster. The deletion of P¥§ may desta-
bilize protein by indirect interactions with these adjacent
residues.

Asp’® and Asp® have been shown to be critical for the
binding of human ferredoxin to NADPH-dependent ferre-
doxin reductase and to cytochrome P45(B8). 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 R450The
present results reveal that A8pand Asg® are located in an
o-helix. Because they play an important role in binding the
ferredoxin reductase and cytochrome Pg5these two
residues must be positioned at the outer side of the helix so

connectivities were not observed for Meand Leud® of
reduced HuFd. Thus, these two residues likely are affected

by the iron-sulfur cluster and must be relocated closer to 24.

the iron—sulfur cluster binding pocket when HuFd is reduced.

Site-directed mutagenesis studies have shown that two lysine 25
26.

residues of cytochrome P450Lys*” and Lys®, are crucial
for binding adrenodoxin39). We suggest that Aspand
Asp’® of human ferredoxin may interact with L%/$ and
Lys®8! of cytochrome P45@Q. through chargecharge inter-

actions. Considering the fact that the two aspartate residues 28.

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 5

P45Qc. (Figure 8).
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