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ABSTRACT: Terpredoxin (Tdx) is a 105-residue bacterial ferredoxin consisting of a single polypeptide
chain and a single Fe2S2 prosthetic group. Tdx was first identified in a strain ofPseudomonas sp. capable
of usingR-terpineol as sole carbon source. The Tdx gene, previously cloned from the plasmid-encoded
terpoperon, that carries genes encoding for proteins involved in terpineol catabolism, has been subcloned
and expressed as the holoprotein inE. coli. Physical characterization of the expressed Tdx has been
performed, and a model for the solution structure of oxidized Tdx (Tdxo) has been determined. High-
resolution homo- and heteronuclear NMR data have been used for structure determination in diamagnetic
regions of the protein. The structure of the metal binding site (which cannot be determined directly by
NMR methods due to paramagnetic broadening of resonances) was modeled using restraints obtained
from a crystal structure of the homologous ferredoxin adrenodoxin (Adx) and loose restraints determined
from paramagnetic broadening patterns in NMR spectra. Essentially complete1H and15N NMR resonance
assignments have been made for the diamagnetic region of Tdxo (ca. 80% of the protein). A large five-
strandedâ-sheet and a smaller two-strandedâ-sheet were identified, along with threeR-helices. A high
degree of structural homology was observed between Tdx and two other ferredoxins with sequence and
functional homology to Tdx for which structures have been determined, Adx and putidaredoxin (Pdx), a
homologousPseudomonasprotein.1H/2H exchange rates for Tdx backbone NH groups were measured
for both oxidation states and are rationalized in the context of the Tdx structure. In particular, an argu-
ment is made for the importance of the residue following the third ligand of the metal cluster (Arg49
in Tdx, His49 in Pdx, His56 in Adx) in modulating protein dynamics as a function of oxidation state.
Some differences between Tdx and Pdx are detected by UV-visible spectroscopy, and structural differences
at the C-terminal region were also observed. Tdx exhibits only 2% of the activity of Pdx in turnover
assays performed using the reconstituted camphor hydroxylase system of which Pdx is the natural
component.

The cytochromes P450 are widely distributed in nature,
with examples having been isolated from bacteria, plants,
and animals. These enzymes typically catalyze the insertion
of one oxygen atom from O2 into an inactivated C-H bond
while reducing the second oxygen atom to water. Two elec-
trons, usually obtained by oxidation of a reducing nucleotide
such as NADH or NADPH, are required for each turnover.
Detoxification of xenobiotics and steroid biosynthesis are
some of the many biochemical pathways that involve cyto-
chromes P450. There are two recognized classes of cyto-
chromes P450. Type I cytochromes P450 are reduced directly
by the flavoprotein that binds the nucleotide, the electrons
being transferred directly from the nucleotide-bound flavo-
protein to the cytochrome. In type II catalytic cycles, a ferre-
doxin acts as an electron shuttle between the flavoprotein
and the cytochrome.

The archetype of type II cytochrome P450s, cytochrome
P450cam(CYP101), catalyzes the stereospecific hydroxylation
of camphor inPseudomonas putidain the course of camphor
catabolism by a strain of the bacterium capable of using
camphor as sole carbon and energy source (1). The camphor
hydroxylase enzyme system consists of three proteins,
putidaredoxin reductase (PdR), putidaredoxin (Pdx),1 and
CYP101. Recently, a similar hydroxylase has been identified
in another strain ofPseudomonascapable of usingR-terpi-
neol as sole carbon source (2, 3). Like the camphor hydroxy-
lase, the terpineol hydroxylase system consists of three
proteins: terpredoxin reductase (TdR), the Fe2S2 ferredoxin
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terpredoxin (Tdx), and cytochrome P-450terp (CYP108).
CYP108 catalyzes the 7-hydroxylation ofR-terpineol, the
first step ofR-terpineol’s uptake byPseudomonas.

Despite a high degree of functional and sequence similari-
ties between corresponding proteins in the two bacterial
hydroxylase pathways, the ferredoxins (Tdx and Pdx) show
low cross-reactivity when substituting for each other in their
respective pathways. Pdx can replace Tdx in terpineol
hydroxylation but only with 10% efficiency (4), and the
maximum efficiency of Tdx in the reconstituted camphor
hydroxylase system is around 2% (H. Gong, unpublished
results). It is likely that there is a structural basis for this
specificity involving one or both of the redox partners in
both systems. This requires that the structures of all of the
redox partners be determined in order to identify the
structural features involved in binding and electron transfer.
The structures of both CYP101 and CYP108 have been
solved crystallographically (5, 6), and we have described a
model for the solution structure of oxidized Pdx based on
NMR-derived restraints and modeling of the paramagnetic
Fe2S2 binding region (7, 8). Recently, the structure of a
C-terminal truncation mutant of adrenodoxin (Adx), a
mammalian ferredoxin that serves as reductant for mam-
malian cytochromes P450 involved in steroid biosynthesis,
was determined crystallographically (9). The Pdx and Adx
structures show considerable similarity, with a 1.64 Å RMS
difference between homologous backbone atoms in Adx and
the average solution structure of Pdx. We now describe a
NMR-derived model for the solution structure of oxidized
terpredoxin (Tdxo). In our analysis, we compare the Tdx
structure with those of Pdx and Adx and interpret these
comparisons in terms of structure-function relationships in
the three enzyme systems.

MATERIALS AND METHODS

Protein Expression, Purification, and NMR Sample Prepa-
ration. Preliminary two-dimensional1H NMR experiments
on Tdxo were performed using samples of Tdx purified from
Pseudomonasgrown usingR-terpineol as sole carbon source
(2). However, to obtain sufficient Tdx for extensive NMR
and biophysical studies, overexpression inE. coli was
necessary. The Tdx gene was originally cloned into the
cloning vector PCRII (J. A. Peterson, private communica-
tion), with the Tdx gene flanked by twoEcoRIsites. Using
polymerase chain reaction (PCR), anNdeI site was intro-
duced at the N-terminal end of the Tdx gene, which allowed
the gene to be inserted into an expression vector, pET-23a
(10), between theNdeI and EcoRI sites in the correct
orientation and position for induced expression. The T7 tag
for the pET-23a vector was deleted in this construct (pHM1)
in order to avoid possible disruption of folding of the
expressed ferredoxin. pET-23a contains a T7 terminator
downstream of the polylinker region, which prevents
readthrough by T7 polymerase.

Expression of the Tdx gene encoded in pHM1 was
accomplished inE. coli strain BL21(DE3)PlysS(Novogen).
Cells were grown initially in Luria-Bertani medium and then
transferred to M9 minimal medium (11) supplemented with
30 µM FeCl3. Isopropyl â-thiogalactoside (IPTG, final
concentration 0.4 mM) was used to induce expression after
a cell density OD600 nm ) 1 was reached; 200µg/mL

ampicillin (Sigma) and 34µg/mL chloramphenicol (ICN
Biomedical Inc.) were added to ensure that antibiotic pressure
was maintained during growth. For preparation of uniformly
15N-labeled Tdx,15NH4Cl (CIL) was used as sole nitrogen
source in the growth medium. Cell pellets were harvested
overnight after induction and stored in a-70 °C freezer. It
was found that induction with IPTG after the OD reaches
1.0 or higher gives the highest yield of protein.

Ten grams of cell pellets, either freshly obtained or from
frozen stock, was lysed overnight by treatment with 0.1 g
of hen egg lysozyme (Sigma) in the presence of 3 mg of
RNase I, 3 mg of DNase I (Sigma), and 8 mg of toluene-
sulfonyl chloride (Sigma) as protease inhibitor in 40 mL of
cold-degassed and N2-saturated 50 mM Tris-HCl buffer (pH
8.0) containing 2 mM DTT. The lysis mixture was then
sonicated and the supernatant liquid (which contains Tdx)
clarified by centrifugation. If desired, the cell pellets
recovered from the centrifugation could be treated in order
to recover unfolded or misfolded apo-Tdx, which could then
be reconstituted to holo-Tdx (12-14).

The supernatant liquid containing the Tdx was loaded onto
a DEAE anion exchange column (20 mL, Whatman DE52)
preequilibrated with degassed 50 mM Tris-HCl (2 mM DTT,
pH 8.0) buffer. A linear gradient of 0-0.6 M KCl, also in
degassed 50 mM Tris-HCl (2 mM DTT, pH 8.0) buffer, was
applied to the loaded DEAE column. Tdx was eluted at high-
salt buffer (ca. 0.3 M KCl) from the column. The red-colored
fractions containing Tdx were then pooled and concentrated
to less than 1 mL in total volume. The concentrated protein
was loaded in a narrow band onto a P-30 (BioRad) gel
exclusion column (100 mL) preequilibrated with 50 mM
Tris-HCl/2 mM DTT, pH 7.4. The same buffer was used to
elute the Tdx from the column, with the flow rate determined
by a 70 cm hydrostatic pressure difference across the column.
Fractions with absorbance ratioA460/A280 greater than 0.54
were considered sufficiently pure for NMR spectroscopy and
other purposes. Recombinant and/or reconstituted Tdx was
shown to be equivalent to that isolated fromPseudomonas
by comparison of 1D and 2D NMR spectra, UV-visible
spectroscopy, and mobility on SDS-PAGE protein gels.

Buffer exchange for most NMR experiments was ac-
complished using a P-2 (BioRad) spin column preequilibrated
with buffer containing 9:1 H2O/D2O and 50 mM perdeuter-
ated Tris-HCl (CIL), pH 7.4, or in the same buffer (pH 7.4,
uncorrected for isotope effect) made up using 99.9% D2O.
Both buffers contained 2 mM DTT as a preservative. A
typical Tdx concentration for an NMR sample was ca. 3 mM.

NMR Spectroscopy.NMR experiments were performed
either on a Bruker AMX500 11.74 T (500 MHz1H) NMR
(Brandeis University) or on a home-built 17.6 T (750 MHz
1H) NMR at the Francis Bitter Magnet Laboratory (Mas-
sachusetts Institute of Technology). The AMX500 is equipped
with three RF channels, a three-channel pulsed field gradient
amplifier, and a three-axis gradient triple resonance inverse
detection probe. The FBML 750 MHz NMR is equipped with
a single-axis gradient and inverse detection probe. All NMR
experiments were performed at 290 K with recovery delays
ranging from 0.7 to 1.2 s.1H chemical shifts were externally
referenced to DSS.15N chemical shifts were indirectly
referenced to1H using a proportionality of gyromagnetic
ratios (15N/1H) of 0.101329118 (15). Quadrature detection
in indirect dimensions for all 2D and 3D experiments (except
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for the J dimension of 3DJHNHA-resolved1H,15N HSQC)
was achieved either by TPPI (16) or by States-TPPI (17).

Standard homonuclear1H 2D NMR experiments were
performed, including DQF-COSY (18, 19), NOESY (20)
using either water flip-back (21) and WATERGATE (22,
23) or presaturation for water suppression, TOCSY (24), and
double quantum experiments (25). NOESY experiments were
performed using a 70 ms NOE mixing time. TOCSY
experiments were performed using a 70 ms DIPSI-2 spin-
lock sequence (7.5 kHzB1 field) (26). A total mixing time
of 22.5 ms was used in the homonuclear double quantum
experiment. In the direct detect dimension (ω2) of 1H
homonuclear 2D experiments, 2048 complex points were
acquired for a spectral width of 7042 Hz at 11.74 T or 10 500
Hz at 17.6 T. In the indirect dimension (ω1), either 256 or
400 complex points or the TPPI equivalent were collected
using the same spectral widths as in the directly detected
dimension.

1H,15N HSQC experiments (27) were performed using
either presaturation or WATERGATE antiselective pulses
for water suppression.15N-edited 3D NOESY-HSQC (28)
and TOCSY-HSQC experiments were performed at 11.74
and 17.6 T. Spectral width in both proton dimensions was
6029 Hz (11.74 T) or 10 500 Hz (17.6 T) while the15N
dimension was 2027 Hz (11.74 T) or 3000 Hz (17.6 T). All
15N-edited NOESY-HSQC experiments used a NOESY
mixing time of 70 ms. A 70 ms spin lock was also used for
15N-edited 3D TOCSY-HSQC experiments in order to
facilitate spin system assignments. A short (22 ms) mixing
time was used in one15N-edited TOCSY-HSQC in order
to make stereospecific assignment ofâ-CH2 protons and to
determine restraints onø1 dihedral angles (29). In all
experiments involving15N, the directly detected1H dimen-
sion used 512 complex points while the indirectly detected
1H dimension consisted of 50-128 points. All 3D experi-
ments consisted of either 16 or 32 complex points in the
15N dimension.

3D JHNHA-resolved1H,15N HSQC, HNHA (29, 30), and
HNHB (29, 31) experiments were all performed at 11.74 T.
All experiments were acquired with 512 complex points in
the direct detect dimension (ω2) using a 7042 Hz spectral
width for the 3DJ-resolved HSQC experiment and 6024 Hz
for both the HNHA and HNHB experiments. TheJ-resolved
HSQC data set was collected with spectral widths of 2027
Hz (32 complex points) in the15N dimension and 40 Hz (16
increments) for theJ dimension. The indirectly detected1H
dimensions of both the HNHA and HNHB experiments are
the same spectral widths as the directly detected dimensions.
The 15N dimensions for HNHA and HNHB were set to
spectral widths of 2027 Hz (20 complex points for HNHA
and 50 complex points for HNHB).

Amide H/D exchange in D2O was measured by1H,15N
HSQC using uniformly 15N-labeled Tdxo as described
previously for Pdxo (32). Exchange was initiated by passage
of Tdxo dissolved in protonated buffer into deuterated buffer
of the same ionic strength and pH (uncorrected for isotope
effects).

2D NMR homonuclear datasets were processed and
analyzed as described previously for Pdxo (32, 33) using
Felix97 software (Molecular Simulations, Inc.). 3D datasets
were processed using nmrPipe (Molecular Simulations, Inc.)
and exported to Felix97 for analysis. All dimensions were

zero-filled to increase the number of data points by at least
a factor of 2. In the directly detected dimension (t3), an 80°-
shifted sine bell was applied prior to Fourier transformation.
In indirectly detected dimensions (t1 and t2), an 80°-shifted
sine bell was applied, and time-domain data were zero-filled
to 128 or 256 complex points (1H) and 64 complex points
(15N).

Volume integrals for hydrogen-deuterium (H/D) exchange
experiments were measured for corresponding peaks on each
time-point 1H,15N HSQC spectrum using the integration
subroutine of Felix 97, and the volumes fitted toI ) I0 exp-
(-kt) + c, whereI is the integral intensity of a peak at time
t, I0 is the intensity of the same peak in the first experiment
(t ) 0), andc is a constant introduced to correct for base
line offset in the integration and residual signal.

Structure Calculations.Structure calculations were per-
formed using X-PLOR 3.851 (A. Brunger, Yale University)
operating on a Silicon Graphics O2 workstation. A combined
distance geometry-simulated annealing protocol (34) was
used with modifications as recently described for Pdxo (8).
Only bond, angle, NOE, and dihedral and van der Waals
energies were used to determine structure energies. No
electrostatic terms were used in any of the calculations.
Acceptable structures were selected for low overall energies,
no NOE violations larger than 0.5 Å, no dihedral violations
greater than 5°, ordered secondary structure, and few outliers
on the Ramanchandran diagram. Typically, ca. 15 acceptable
structures were generated per 100 distance-geometry sub-
structures. Tables 1 and 2 list parameters pertinent to the
structural calculations.

RESULTS

Spectrometric and Electrophoretic Characterization of
Recombinant Tdxo. As noted above, the recombinant Tdxo

used for most of the NMR experiments described here is
spectroscopically and electrophoretically identical to Tdxo

isolated from the natural source (Pseudomonas sp.). MALDI-
TOF mass spectra of recombinant Tdx confirm that the
product of recombinant expression is of the mass expected
(11 097 daltons; M. Heinsen, unpublished results) for the
peptide sequence shown in Figure 1. Four absorption maxima
are observed spectrophotometrically for Tdxo, with λmax val-
ues at 280, 340, 415, 460, and 540 nm (weak). The extinction
coefficient at 280 nm was determined to be∼11 cm-1 mM-1.
Extinction coefficients of other bands were calculated as 8.4
(340 nm), 7.0 (415 nm), 6.3 (460 nm), and 4.0 cm-1 mM-1

(540 nm). Since Tdx contains only four aromatic residues
(as opposed to six found in Pdx), the 415 and 460 nm bands
are more pronounced relative to the 280 nm band than in
the Pdxo spectrum. Both the 415 and 460 nm bands can be
used to judge protein expression, purity, and metal incor-
poration. Interestingly, Tdxo isolated from either source
exhibits a slightly redder color to the eye than Pdxo, which
is a chocolate brown. The only feature from the UV-visible
spectrum of Tdxo to account for this difference, which is
otherwise typical for a Cys4Fe2S2 ferredoxin, appears to be
a slight broadening of the 340 nm band relative to the same
band in Pdx. Reduction of Tdx by Na2S2O4 results in the
disappearance of the 415 and 460 nm bands, while the 340
nm band is greatly enhanced (Figure 2).

Tdx has a large net negative charge, with a total of 18
acidic residues (8 Asp and 10 Glu) and only 4 positively
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charged residues (all Arg). Tdx contains no Lys or His. This
charge imbalance may be why there are problems with gel
electrophoretic characterization of Tdx with SDS-PAGE.
Our attempts to use SDS-PAGE gel electrophoresis to
monitor and optimize Tdx expression were unsuccessful.
Presumably, the large number of negative charges hinders
the binding of SDS to the protein, leading to a diffuse band
on the gel. Similar behavior has been reported for other acidic
ferredoxins (34, 35).

1H and 15N Resonance Assignments.The high degree of
sequence homology between Tdx and Pdx (Figure 1)
suggests that they share similar secondary and tertiary
structures. In fact, many amino acid residues in Tdx exist in
very similar environments (as reflected by chemical shift)
to corresponding residues in Pdx. For example, Arg83’s NεH

has a chemical shift of 10.29 ppm, identical to its counterpart
in Pdx (Arg83). Furthermore, patterns of ring current shifts
from aromatic rings of Phe5 (Tyr5 in Pdx) and Trp56 (Phe56
in Pdx) to nearby residues are very similar between the two
proteins. For this reason, sequential1H and15N diamagnetic
resonance assignments could be made fairly easily in Tdxo

using homonuclear two-dimensional and1H,15N TOCSY-
HSQC and NOESY-HSQC data sets. Stereospecific1H
assignments for diastereotopic methylene groups were made
primarily using1H,15N NOESY-HSQC, a short mixing time
TOCSY, HNHB, and DQ data (29). Figure 3 is a1H,15N
HSQC experiment showing the assignments of unique H-N
couplings in Tdxo.

The lack ofJ-couplings from the CεH3 methyl resonance
of methionine prevents assignments of such signals based
on scalar connectivity.1H assignments were made for Met78
and Met94 CεH3 signals based on the narrow line shapes,
NOEs to resonances from nearby protons and from a natural-
abundance1H,13C HSQC spectrum of Tdxo, as the CεH3

correlations are seen in a distinctive region of that 2D
spectrum (H. Mo, unpublished results).

The current assignments provide information relevant to
the expressed amino acid sequence of Tdx. The nucleotide
sequence of the Tdx gene indicates that residue 17 of Tdx
is an alanine, while chemical sequencing identifies residue
17 as aspartate (2). The NMR assignment process confirms
that residue 17 is alanine. There is no evidence for the

Table 1: Modeling Restraints on the Iron-Sulfur Binding Site Residues in Tdxo

(A) Ligand Restraints for the Fe2S2 Clustera

distance (Å) angle (deg)

CR (Cys39)-CR (Cys45) 6.0( 0.7 Fe-S-Câ 109.5
CR (Cys39)-CR (Cys48) 8.9( 0.7 S-Fe-S 105.0
CR (Cys39)-CR (Cys86) 9.6( 0.7 Fe-S-Fe 75
CR (Cys45)-CR (Cys48) 7.7( 0.7 N-CR-Câ-Sγ (Cys39) 92( 20
CR (Cys45)-CR (Cys86) 10.1( 0.7 N-CR-Câ-Sγ (Cys45) 76( 20
CR (Cys48)-CR (Cys86) 6.3( 0.7 N-CR-Câ-Sγ (Cys48) 64( 20

N-CR-Câ-Sγ (Cys86) 67( 20
CR-Câ-Sγ-Fe1 (Cys39) -85 ( 20
CR-Câ-Sγ-Fe1 (Cys45) -48 ( 20
CR-Câ-Sγ-Fe2 (Cys48) -134( 20
CR-Câ-Sγ-Fe2 (Cys86) -116( 20

(B) Dihedral Angles (deg) for Relevant Residues Close to the Metal Clusterb

Glu38 Cys39 Gly40 Gly41 Ser42 Cys43 Val44 Cys45 Ala46

φ -55 -81 63 77 -99 61 -125 -151 -136
ψ -55 4 37 24 12 40 13 -173 28

Thr47 Cys48 Arg49 Leu84 Ser85 Cys86 Gln87

φ -73 -96 -52 -83 -52 -74 -99
ψ -14 12 114 -31 -10 -1

a Bond lengths for Fe-S and Fe-Fe are 2.20 and 2.7 Å, respectively.b The maximum allowed deviation is+40°.

Table 2: Restraints Used for Tdxo Structure Calculations As
Described under Materials and Methods

NOEs and paramagnetic
restraints dihedral restraints

interresidue NOEs φ 65
long range (|i - j| > 3) 390 ø1 47
short range (3g |i - j|) 524 ø2 1

total 914 Gly (see text) 7
nontrivial intraresidue NOEs 117
total NOEs 1031 total dihedral restraints 120
paramagnetic restraints 5

FIGURE 1: Sequence alignment of Pdx (SwissProt PUTX_PSEPU),
Tdx (SwissProt TERP_PSESP), and bovine Adx (SwissProt
ADX2_BOVIN) using the Needlman and Wunsch algorithm (58).
An asterisk respresents a gap in the alignment. Pdx shows a 36%
identity and 57% similarity with Tdx, and Adx shows a 26% identity
and 43% similarity with Tdx.

FIGURE 2: UV-visible spectra of oxidized and reduced Tdx.
Absorption maxima and extinction coefficients are described in the
text.
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presence of an N-terminal methionine in the folded protein,
which is listed as Met1 in the published sequence (2). The
next residue in the sequence, Pro, is the first residue in the
sequence observed by NMR (Swiss-Prot ID: TERP_PSESP).
For this reason, the numbering system used in the present
work starts at the same point as the Pdx sequence (see Figure
1), and homologous residues in Pdx and Tdx have the same
sequence number.

Experimental Restraints for Structure Calculations.Ex-
perimental and modeling restraints used in the calculations
of the solution structures of Tdxo are summarized in Table
1. NOE intensities were defined as very strong, strong,
medium, and weak, corresponding to a distance range of
1.8-2.5 Å, 1.8-3.3 Å, 1.8-4.3 Å, and 1.8-5.3 Å. NOE-
restrained distances involving multiple atoms at one end of
the restraint, such as aromatic protons on Phe, methyl
protons, or methylene groups with stereospecific assignments,
were averaged for NOE calculations as the inverse sixth
power of the relevant distances. The proximities of the side
chains of residues Met24, Glu25, Asp67, Leu70, and Leu71
to the metal cluster, as indicated by paramagnetic broadening,
were used as weak structural restraints. Based on calculations
performed forAnabaenaferredoxin (36), it was assumed for
Tdx that1H resonances that are broadened to invisibility are
at a maximum distance of ca. 8 Å to theiron atoms of the
cluster. Because of the ambiguity as to which iron gives rises
to broadening, broadened1H resonances (NH and CεH3 of
Met24, NH of Glu25, CRH of Glu67, two methyl groups of

Leu70, and two methyl groups of Leu71) were restrained to
8 Å distance to both irons with an allowed(3 Å deviation
without energetic penalty.

The use of backbone dihedral angle restraints significantly
improves the convergence and quality of NMR-derived
structures. While the measurement ofψ backbone dihedral
angles (N-CR-CO-N) by NMR methods is not straight-
forward, φ angles (CO-N-CR-CO) can be correlated to
the scalar coupling between HN and CRH using the Karplus
relation. Data from three-dimensionalJHNHA-resolved1H,15N
HSQC and HNHA experiments were combined to extract
dihedral restraints onφ. Though the results of the two
experiments give similar information, each experiment has
advantages and disadvantages. For most diamagnetic residues
in Tdxo, theJHNHA-resolved1H,15N HSQC experiment (31)
was satisfactory for estimatingJHNHA. However, for some
resonances close to the edge of the paramagnetic region, no
resolved splitting was apparent in theJHNHA dimension, even
when it was clear from NOE and other structural consider-
ations that a large coupling might be expected. In these cases,
the HNHA experiment often provided the necessary informa-
tion. Moreover,JHNHA-resolved1H,15N HSQC does not give
useful coupling information for glycines because the cou-
plings of the two CRH2 protons of Gly are not resolved. The
HNHA experiment can yield stereospecific assignments for
the CRH2 protons of Gly in combination with data from the
HNHB experiment and NOE information (31). JHNHA cou-
plings were separated by magnitude as large (J > 8 Hz),
medium (8 Hz> J > 6 Hz), and small (J < 6 Hz): a large
coupling constant corresponds to a backboneφ angle of 130
( 40°; a medium one to 130( 60° for â-sheet residues or
70 ( 40° otherwise; a small coupling constant corresponds
to 70 ( 20°. Experimental restraints onø1 angles used in
structural calculations were determined using data from
NOESY, TOCSY, DQ, and HNHB experiments. For Met94,
ø2 was also determined. For allø angles,(40° was allowed
with no energy penalty.

Restraining Gly residues for solution structure calculations
can be problematic. The presence of two CRH2 protons makes
stereospecific assignments and extraction ofφ angles difficult
to do unambiguously. Without angular restraints on Gly
residues, however, structural calculations converge only
slowly for Tdx. Two Gly residues were restrained, noting
their positions in well-defined secondary structural features.
Examination of NOE patterns reveals that both Gly20 and
Gly80 are the third residues of type II tight turns. As such,
theφ andψ angles for these Gly residues were restrained to
values typical of these turns. Gly11 was identified as the
fourth residue of a type I turn and occupies a position
homologous to residues in Adx and Pdx with positiveφ

angles, and so was thus restrained. Gly61, which breaks helix
F, was restrained to a positiveφ angle based on observed
NOEs. Gly96 was also required to adopt a positiveφ angle
based on secondary structural considerations. Gly34 was
restrained in the positiveφ angle region. However, dihedral
angles for Gly31 and Gly75 were not restrained, as either
positive or negativeφ angles for these residues can lead to
convergent structures.

Modeling of the Fe2S2 Binding Site.Paramagnetism arising
from the Fe2S2 cluster broadens nuclear spin resonances near
the metal binding site of Tdxo. This prevents the sequential
assignment of1H resonances or the use of extensive

FIGURE 3: 500 MHz (1H) 1H,15N HSQC spectrum of Tdxo, 290 K
(3 mM protein, 50 mM Tris-HCl-d6, pH 7.4, 2 mM DTT, H2O/
D2O ) 9/1) annotated with the residue number to which the NH
correlation is assigned. Cross-peaks with “ ? ” are tentative (if a
residue number is shown) or are unassigned. Peaks marked with
an asterisk are folded in the15N dimension.
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experimental restraints for structure calculations in this region
of the protein. To calculate a complete structure for Tdxo, it
was necessary to provide a rational model for those regions
of the protein for which NOEs and dihedral angle restraints
cannot be directly determined. As for the Pdxo structure
calculations (7, 8), the Fe2S2 cluster was modeled using bond
distances, bond angles, and dihedral angles for the cluster
and cysteine ligands obtained from a ferredoxin crystal
structure, in this case the recently published structure for
bovine Adx (9) with Cys39 and Cys48 ligating to Fe1 and
Cys46 and Cys86 ligating to Fe2. Backbone dihedral angles
were constrained ((20°) for residues in the metal binding
loop and near the fourth cysteine ligand (residues Glu38-
Arg49, and Leu84-Gln87) using the observed dihedral
angles for the corresponding residues in Adx. Ile35, Val36,
and Ala37 were left unrestrained in this fashion, as the
counterpart of Ala37 in Adx is a Gly residue that exhibits a
positiveφ angle.

The validity of this approach to the modeling of ferredoxin
metal binding sites was demonstrated by the after-the-fact
observation that the metal clusters of Pdx and Adx almost
precisely superimpose in best-fit backbone alignments of the
NMR-derived solution structure of Pdxo and the crystal
structure of Adx (9). A complete list of modeling constraints
on the metal cluster and environs is given in Table 2.

Features of the Solution Structures.A family of 15
superimposed structures of Tdxo are shown in Figure 4. The
chosen structures were selected from over 100 candidate
structures based on the absence of NOE violations>0.5 Å
and dihedral angle violations>5°. Furthermore, chosen
structures exhibit few Ramachandran outliers as calculated
by PRO_CHECK_NMR (37). For all 15 structures, 63.9%
of nonglycinyl and nonprolyl backbone dihedral angles lie
in the most favored regions, and 34.0% lie in the additional
allowed regions. Only 1.8% are found in the generously
allowed regions, and 0.2% in the disallowed regions. The
family of structures shown exhibits an RMSD for backbone
atoms of 1.3 Å and for all heavy atoms of 1.8 Å. If the metal
binding site and loop (residues Val36 to Arg49 and Leu84
to Gln87) and the C-terminus (residues 102-105) are
removed from the calculation, the backbone/heavy atom
RMSD improves to 0.9 and 1.6 Å, respectively. As was noted
previously for the Pdxo structure (7), the low positional
precision of helix G relative to the rest of the structure is
likely to be an artifact of the relative paucity of NOE

restraints between the helix and residues near the metal center
than true motional freedom.

Two â-sheets are identified in Tdx, a large five-stranded
sheet and a smaller two-stranded sheet (Figure 5). The larger
sheet is composed of antiparallel strands A (Pro1, Arg2,
Val3, Val4, Phe5, Asp6, Ile7) and B (Asp12, Tyr13, Ala14,
Val15, Asp16, and Ala17). Strand L (Leu97, Ile98, Val99,
Arg100, Val101) parallels strand A but is antiparallel to
strand E (Ile50, Glu51, Ile52). A short fifth strand I (Thr82
and Arg83) is antiparallel to strand E. The smaller sheet
consists of the two short antiparallel strands C (Gln21, Ser22)
and K (Val88, Phe89, and Ile90). As is often observed, many
of the NH protons in both sheets show significant protection

FIGURE 4: Stereoview of the backbone superposition of the family of 15 superimposed backbone Tdxo structures described here. The view
is approximately the same as that in Figure 5. The family of structures exhibits an RMSD of 1.3 Å for backbone atoms and 1.8 Å for all
heavy atoms. If the metal binding site and loop (residues Val36-Arg49 and Leu84-Gln87) and the C-terminus (residues 102-105) are
removed from the calculation, the backbone/heavy atom RMSD improves to 0.9 and 1.6 Å, respectively.

FIGURE 5: Ribbon plot of Tdx structure. Residues corresponding
to each domain are strand A (Pro1-Asp7), strand B (Glu12-
Ala17), strand C (Gln21-Ser22), helix D (Leu23-Asn30), strand
E (Ile50-Glu53), helix F (Ala55-Val60), helix G (Pro65-Ser73),
turn H (Thr79-Thr82), strand I (Thr82-Arg83), strand J (Val88-
Ile90), turn K (Asp91-Met94), and strand L (Leu97-Val101). The
iron atoms in the metal cluster are shown as dark spheres, the
inorganic sulfide atoms as lighter spheres with thin borders, and
the cysteinyl sulfurs as lighter spheres with thick borders. The
carbon-carbon and carbon-sulfur bonds of the four cysteinyl
ligands (Cys39, Cys45, Cys48, and Cys86) are also shown and
numbered. The C- and N-termini are also numbered. Residues in
the metal binding loop region (shown darker) have no NMR
assignments and so were modeled using the Adx crystal structure
(9). The figure was generated using MOLSCRIPT (57).
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from solvent exchange. All of the NH protons in strand A,
embedded as it is in theâ-sheet network, are protected from
fast H/D exchange. Strand B is at one edge of the sheet, and
so only every other residue’s backbone amide proton is
protected from fast exchange.

Three helices have been identified in Tdx (Figure 5) via
characteristic sequential and near-residue NOEs. The first,
helix D, includes residues Leu23-Gln29. Met24 and Glu25,
both in helix D, are in proximity to the metal cluster, based
on structure homology and the observed broadening of their
1H resonances. Theδ-sulfur atom of Met24 may act in some
fashion to modulate the redox behavior of the iron-sulfur
cluster, since theδ-sulfur of the corresponding Met24 in Pdx
is in close proximity to the metal center in the diamagnetic
gallium derivative of Pdx, GaPdx. However, the function of
this residue has not yet been examined by mutagenesis. The
second helix, F, is formed by residues Asp54-Val60, while
the third helix, G, consists of residues Pro65-Ser73. Helix
G also contains some paramagnetically broadened residues,
including Glu67, Leu70, and Leu71, indicating the proximity
of the helix to the metal cluster.

Three tight turns were identified by characteristic NOE
patterns in the Tdx structure, all of which contain glycine.
Residues Gln18-Gln21 and residues Thr79-Thr82 form
type II tight turns, with glycines (Gly20 and Gly81) as third
residues. Residues Glu8-Gly11 form a type I turn between
strands A and B of the largeâ-sheet.

As is the case for both Pdx (7, 8) and Adx (9), the structure
of Tdxo consists of two primary domains (Figure 5). The
first of these two domains consists of the major hydrophobic
core of the protein. The side chains of residues Val3, Phe5,
Tyr13, Val15, Ala17, Ile50, Ile52, Leu97, Val99, and Val101
from the largeâ-sheet all contribute to forming the hydro-
phobic core of Tdxo. Also involved in the core are the side
chains of residues Gln21 and Ile90 from the smallerâ-sheet,
the side chains of Leu23, Val26, Ala27, and Thr28 from helix
D, and the indole of Trp56 from helix F. This domain
resembles similar core domains in Pdx, Adx, and plant
ferredoxins for which structures have been determined.

Two aromatic residues provide nucleation for the hydro-
phobic core of Tdx. The indole of Trp56, located on helix
F, provides tertiary contacts with residues in the tight turn
K and strand L. Leu97 and Ile98 on strand L are in close
proximity to Trp56’s indole ring, as indicated by strong
NOEs to indole resonances and the large upfield shifts of
Leu97 CRH (0.98 ppm) and the NH of Ile98 (4.79 ppm). A
very similar shift pattern is seen for Ile97 and Val98 in Pdx
(33). Assignment of the CRH of Leu97 is supported by the
natural-abundance1H,13C HSQC spectrum, which shows a
correlation between the CRH of Leu97 (0.98 ppm) and an
unperturbed13CR with a chemical shift at 55.2 ppm (H. Mo,
unpublished results). The1H,15N HSQC correlation between
the CRH (4.56 ppm) and NH of Ile98 (4.79 ppm) is readily
observed in D2O, since the Ile98 NH is protected from
exchange by virtue of its position within theâ-sheet. Phe5
also provides important contacts for residues in the hydro-
phobic core of Tdx. The side chains of Ala27 and Val32
both exhibit NOEs and ring current shifts from the Phe5
aromatic ring, fixing the position of helix D and the preceding
polypeptide relative to the largeâ-sheet.

The second domain of the Tdx structure is formed by a
series of polar and hydrophobic interactions involving the

side chains of residues Arg49, Glu51, Glu67, Leu70, Leu71,
Glu74, Pro77, Met78, Thr82, Arg83, and Leu84. Arg49 and
Glu51 project from the “back” face of the largeâ-sheet
(strand E), as do residues Thr82 and Leu84 (strand L).
Residues Asp67, Leu70, and Leu71 are found on the interior
side of helix G, and residues Pro77 and Met78 are on a strand
that links helix G to type II turn H. This domain has an
analogue in the Pdx structure in the form of the C-terminal
cluster, which we described in detail previously (37). A
similar domain has also described in the Adx crystal
structure, and was termed the interaction domain by those
researchers, in light of the considerable importance of surface
residues in this region to the binding of cognate cytochrome
P450s (9).

The Fe2S2 cluster binding site lies between the two
domains of Tdx. The side chains of Glu67, Leu70, Leu71,
and Leu84 are broadened by proximity to the metal cluster,
as are the side chains of Met24 and Glu25. If the GaPdx
solution structure (38) and Adx crystal structure are reason-
able guides, the side chains of residues Met24, Leu70, and
Leu84 also interact directly with the metal center, and may
provide structural stability for the cluster. They may also be
involved functionally in transmitting any redox-dependent
changes in protein structure and dynamics at the metal center
to the rest of the protein.

Limitations on the Model.The structures shown in Figure
4 were determined solely from distance and dihedral
restraints, along with bond lengths, bond angles, and hard-
sphere van der Waals interactions. No explicit hydrogen
bonding or electrostatic terms were used in the calculations.
As such, the structures are biased toward conformations
favored by the given NOE and dihedral angle restraints. The
lower precision observed in the Tdx structures for coordinates
in regions for which NOE data are limited due to paramag-
netic relaxation, (e.g., helix G and the following loop) is
probably an artifact of the lack of NOEs restraining the helix
relative to the metal cluster binding site. Furthermore, in
regions where paramagnetism precludes the use of any but
the most general experimental restraints, there is no good
estimate for the accuracy of the artificial restraints used to
model the structure. As such, details of the Tdx structure in
the vicinity of the metal binding site should not be overin-
terpreted.

H/D Exchange as a Function of Structure and Oxidation
State.Amide proton exchange rates were determined for Tdx
by measuring the rate at which peak intensity is lost in1H,15N
HSQC spectra after exchanging the sample of Tdx into
deuterated buffer, using a procedure identical to that de-
scribed for similar experiments on Pdx (32). Those rate
constants that could be measured by this method are available
as Supporting Information. Qualitatively, solvent accessibility
for various residues could be estimated after a relatively short
exchange period (15 min) by examination of the1H,15N
HSQC spectrum. All side chain amide protons of Gln and
Asn were found to be accessible to the solvent and serve as
a standard for fast exchange.

Exchange rates for nominally exchangeable protons pro-
vide evidence for solvent exposure of particular residues.
For example, hydroxyl protons in proteins tend to exchange
with solvent very rapidly and are not usually detectable by
NMR. However, hydrogen bonding involving the OH group
within the protein interior can protect the hydroxyl proton
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from exchange, making it possible to detect the OH
resonance under some circumstances. The OH of Ser22 on
strand C is observable in 2D NMR spectra of Tdxo. Extensive
intraresidue and interresidue NOEs were found to support
this assignment. Based on NOEs, the Ser22 OH is likely
hydrogen-bonded to the Glu25 side chain carbonyl oxygen.

The side chains of Arg2 and Arg100, both in the large
â-sheet, are solvent-exposed, and their guanidinium NH2

protons are not observed. In contrast, the side chains of
Arg49 and Arg83 are both internal, with little or no solvent
exposure for their guanidinium groups. Broadened terminal
guanidinium NH2 proton resonances were observed for both
of these residues. Based on the position of its side chain,
Arg83 guanidinium NH2 groups likely form hydrogen bonds
(or a salt bridge) with the carboxylate of Glu62, and there
are several potential hydrogen bond acceptors near the
guanidinium group of Arg49.

The two separate domains of Tdx described above exhibit
considerably different dynamics as determined by amide
proton exchange. The large hydrophobic core domain is
compact, with many interresidue NOEs observed between
the component side chains. H/D exchange is slow for amides
within this region. On the other hand, the second domain
appears to be more mobile, with a greater degree of solvent
accessibility. Only a few backbone amides experience slow
exchange in this region (Leu70, Leu71).

Amide proton exchange rates have also been measured
for reduced Tdx (Tdxr) to allow comparison with the oxidized
form. Like Pdx and human ferredoxin (which is highly
homologous to bovine Adx), Tdx shows slowing of amide
proton exchange for helical region G upon reduction (H. Mo,
unpublished results). The extent of the exchange rate
differences between oxidized and reduced Tdxo is consider-
ably less than for Pdx or, based on published evidence, than
for Adx (32, 39).

DISCUSSION

The Tdx structure is now the third structure to be solved
for the structurally distinct class of Fe2S2 ferredoxins that
transfer electrons to cytochromes P450. The three structures
(Pdxo, Adx, and Tdxo) all show considerable similarity in
global fold and arrangements of the two domains (Figure
6). The hydrophobic core domains of the three proteins in
particular are very similar, both to each other and to the core
domains of other ferredoxins for which structures have been

determined. However, it is significant that these three
ferredoxins do not substitute efficiently for each other in their
respective hydroxylase systems, suggesting that there are
specific structural features responsible for proper bonding
and/or electron transfer between the ferredoxins and their
cognate cytochromes (4, 40, 41). Progress has been made in
identifying structural features of Pdx critical for activity (42-
45) and Adx (12, 46-48). It is apparent from published data
that CYP101 binds Pdx differently than CYP11A1 binds
Adx. Published models and experimental results implicate
several acidic residues in the metal cluster binding loop in
the interaction between Pdx and CYP101 (42, 43, 49). In
turn, specific arginine residues on CYP101 have been
identified as important for binding Pdx (50, 51). Interestingly,
several lysine residues on CYP11A1 without homology in
the sequence of CYP101 have been found to be critical for
binding Adx (52), while the acidic residues Asp72, Asp76,
and Asp79 on the helix in Adx corresponding to helix G of
Pdx are identified as contributing to the binding of CYP11A1.
The acidic residues of helix G in Pdx do not appear to affect
binding to CYP101 (43).

Nothing is known as yet about specific residues on Tdx
that are involved in binding CYP108. As noted above, Pdx
and Tdx do not substitute particularly well for each other in
their respective enzyme systems. These observations are not
surprising, in that the most prominent structural differences
between Tdx and Pdx are to be found in the C-terminal
domain in Pdx, which has been implicated in CYP101
binding. The C-terminal peptide in Pdx (Asp103-Trp106)
is well-defined, with many NOEs from the C-terminus,
particularly Trp106, to other residues in the C-terminal cluster
domain. Trp106 was identified some time ago as critical for
the biological activity of Pdx (53). Deletion or replacement
of Trp106 in Pdx by a nonaromatic residue results in a severe
reduction in binding between Pdx and CYP101 (54). The
1H chemical shifts for the C-terminal residues in Tdx are
close to random coil shifts, and do not exhibit nonsequential
NOEs. In this respect, Tdx resembles Adx more than it does
Pdx. The C-terminal peptide past Pro108 at the C-terminus
of â-strand L shows no evidence of structure in oxidized
Adx (39), and the des-109 mutant of Adx, in which all
residues past Pro108 have been deleted, is fully functional
(46).

Other differences between Tdx and both Pdx and Adx are
found in the second domain, as well. One of the most striking

FIGURE 6: Stereoview of the backbone superposition of one of the family of Tdxo structures described here (heavy lines) onto the backbone
coordinates of the crystallographic structure of adrenodoxin, shown in light lines (Adx) (9). The view is approximately the same as that in
Figure 5. The structures exhibit an RMSD of 2.54 Å.
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is the absence of a His residue in Tdx at position 49. Both
Pdx and Adx have His residues at this position (His49 in
Pdx, His56 in Adx) while Tdx has an arginine. The His
residue is unprotonated in both Pdx and Adx at physiological
pH, and does not titrate over any accessible pH range in
either protein (55, 32). A hydrogen bonding network involv-
ing His49 (His56 in Adx) and other nearby residues in the
second domain is suggested by1H chemical shifts and
exchange behavior in Pdx (37) and is demonstrated in the
crystal structure of Adx where His56 hydrogen bonds to
Tyr82 and Ser88 (9).

We have suggested that the redox-dependent amide
exchange rates exhibited in the C-terminal region of Pdx (32)
are due in large part to modulation of polar interactions (i.e.,
hydrogen bond strength) by changes in charge at the metal
cluster (56). Evidence exists for considerable redox depen-
dence of amide exchange rates for residues near the metal
center in Adx as well (38, 39), although no residue-specific
measurements have been published as yet for that protein.
We have measured relative H/D exchange in Tdxo and Tdxr,
and although some changes of H/D exchange rates are
observed upon reduction of Tdx, the overall effect of
reduction upon amide exchange rates is much less than for
Pdx (or, presumably, for Adx). In the C-terminal domain,
Asp69 moves from the fast exchange regime in Tdxo to slow
exchange in Tdxr. Exchange of the NH of Gly61 also slows
down upon reduction, and exchange rates for the NH protons
of Leu70 and Leu71 are significantly slower (10×) in Tdxr

than in Tdxo. However, in no case do these values approach
some of the larger changes in exchange rate that have been
observed for Pdx in the C-terminal cluster (some NH
exchange rates being greater than 80 times faster in Pdxo

than in Pdxr) or those that might be expected in Adx based
on published observations.

It is possible that the substitution of Arg for His at position
49 is responsible at least in part for the lessened dependence
of local dynamics on oxidation state in Tdx relative to Pdx
and (presumably) Adx. As proposed elsewhere (9), the
position of this residue immediately adjacent to the cysteine
ligand Cys48 puts it in an ideal position to mechanically
transmit any structural or dynamic changes that occur at the
metal cluster to nearby residues in the second domain to
which the side chain of residue 49 is hydrogen bonded. Like
His49 in Pdx and His56 in Adx, Arg49 likely takes part in
a hydrogen bonding network in the second domain. The
guanidinium protons of Arg49 are in slow exchange with
solvent, an observation that supports this notion. However,
the increased flexibility of the arginine side chain relative
to that of histidine may weaken the mechanical coupling
between the metal binding site and the second domain, thus
dampening out the mechanical transmission of any perturba-
tions of the metal cluster binding site due to a change in
oxidation state.
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