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The structure of the C73G mutant of putidaredoxin (Pdx), the

Fe2S2 ferredoxin that supplies electrons to cytochrome

CYP101 (P450cam) for camphor oxidation, is reported at

1.9 AÊ resolution in a C2 crystal form. The structure was solved

by single-wavelength iron anomalous diffraction, which

yielded electron density above the 2� level for over 97% of

the non-H atoms in the protein. The ®nal structure with

R = 0.19 and Rfree = 0.21 has been deposited in the Protein

Data Bank with accession code 1r7s. The C2 crystal contains

three Pdx molecules in the asymmetric unit, giving three

independent models of the protein that are very similar

(r.m.s.d. < 0.3 AÊ for the 106 C� atoms). The unusually high

solvent fraction of 80% results in comparatively few crystal-

packing artifacts. The structure is brie¯y compared with the

recently reported crystal structures of the C73S and C73S/

C85S mutants. In general, the eight independent molecules in

the three crystal structures (three in C73G, three in C73S and

two in C73S/C85S) are much more similar to each other than

to the previously reported NMR structure of wild-type Pdx in

solution. The present ®ndings show a unanimous structure in

some regions crucial for electron-transfer interactions,

including the cluster-binding loop 39±48 and the cyto-

chrome-interaction region of Asp38 and Trp106. In addition,

the Cys45 amide group donates a hydrogen bond to cluster

sulfur S1, with Ala46 adopting an L� conformation, in all

three molecules in the crystal.
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1. Introduction

Fe2S2 ferredoxin proteins utilize bound iron±sulfur clusters to

carry electrons in a wide variety of functions and organisms.

The structures of about 20 such proteins with chain lengths of

94±128 amino acids have been determined by crystallographic

or NMR methods and have been deposited in the PDB

(Berman et al., 2002). The majority have a common fold

similar to that of ubiquitin (Vijay-Kumar et al., 1987), but

containing four conserved cysteines that coordinate the irons

of the redox-active cluster. (The exception is the thioredoxin-

like fold represented by the Fe2S2 ferredoxin from Aquifex;

PDB code 1m2a; Yeh et al., 2000.) In the predominant fold,

three of the four iron-binding cysteines are contributed by a

surface loop near the middle of the sequence, positioning the

cluster near the surface for ef®cient electron transfer.

Putidaredoxin is a 106-residue (11.6 kDa) ferredoxin that is

produced in Pseudomonas putida. It carries electrons from the

¯avoprotein putidaredoxin reductase (PdR) to the acceptor

cytochrome CYP101, also known as P450cam because it

catalyzes camphor hydroxylation. This NADH-supplied

electron-transfer chain is one of the best studied of the P450

systems, which have been reviewed by Mueller et al. (1995).

The structure of Pdx was determined by NMR methods



(Pochapsky et al., 1994) and subsequently re®ned (Pochapsky

et al., 1994; PDB code 1pdx). Owing to the magnetic proper-

ties of iron, NMR resonances for atoms within �8 AÊ of the

cluster are distorted and thus NMR methods are of limited

effectiveness in the protein region of greatest interest. The

electronic properties and redox interactions of Pdx have been

extensively studied (Davies & Sligar, 1992; Lyons et al., 1996;

Unno et al., 1996; Holden et al., 1997; Roitberg et al., 1998; Sari

et al., 1999). These studies and others cited therein have

utilized various methods including Raman, NMR, modeling,

mutagenesis and activity measurements. Pdx carries one

electron at a time, such that the two irons switch between

[Fe3+, Fe3+] (oxidized) and [Fe2+, Fe3+] (reduced) states.

Mutational and other evidence indicates that helix G (residues

64±72) is important for interaction with the reductase and that

Asp38 and the C-terminal Trp106 are important for binding

the cytochrome. Outstanding questions center on the differ-

ential structural features of the two redox states of Pdx and on

the modes of binding and mechanisms of electron transfer

with PdR and CYP101.

The need for better structural information on Pdx has

motivated extensive crystallization efforts. Crystal structures

of the C73S and double C73S/C85S mutants of Pdx have

recently been reported (PDB codes 1oqq and 1oqr; Sevriou-

kova et al., 2003), providing ®ve independent images of the

molecule (owing to non-crystallographic symmetry in the

tetragonal and orthorhombic forms) that are generally

consistent and are signi®cantly different from the NMR

model. Here, we report the crystal structure of the C73G

mutant. This surface mutation facilitates crystallization

without affecting cluster ligation and with only minor effects

on activity: its activities were previously reported as 60% of

the wild type for reduction and 95% for oxidation (Holden et

al., 1997). The native iron enabled highly effective phasing, so

that the resulting maps are easily interpreted to resolve

without assumptions many detailed questions regarding the

structure of this protein.

2. Materials and methods

Pdx was expressed and puri®ed as described by Grayson et al.

(1996) and concentrated to 40 mg mlÿ1 (3.4 mM) in 20 mM

K2HPO4 pH 7.4, with 20 mM KCl, 5 mM dithiothreitol and

0.01% NaN3 for crystallization. The protein absorbs light in

the visible range and its solutions are a dark red color. The

following mutants were prepared similarly and also screened

for crystallization: H8Y, E72Q, C73G, C73R, E77Q, D95H and

W106� (deletion of the C-terminal tryptophan residue).

Initial screening was by vapor diffusion with Crystal Screens 1

and 2 from Hampton Research using hanging drops at room

temperature (�297 K) and sitting drops at 277 K. It was

observed that conditions with pH values of 6 or below

invariably produced precipitate and bleaching (loss of color),

indicating that the Fe2S2 cluster had been released from the

protein. Slow-growing needle-like crystals of the C73G mutant

were produced using condition 16 of Screen 1 (1.5 M Li2SO4,

0.1 M HEPES pH 7.5) at 277 K. Although these crystals were

small and thin (dimensions of 10 � 10 � 100 mm), they were

clearly reddish in color. The crystals were eventually repro-

duced and the salt concentration was optimized to 1.8 M. The

habit remained needle-like until Detergent Screen 1 was

applied; more isometric crystals were obtained when 2 mM

n-octanoyl sucrose was added. The crystals were now better

shaped, but usually highly compound, appearing as ¯orid

clusters, and required months for growth. In rare cases a

cluster would develop to the point where a single crystallite of

size �100 � 100 � 100 mm could be broken off and mounted

for diffraction.

A Pdx crystal was utilized for diffraction and single-

wavelength anomalous dispersion (SAD) phasing at Brook-

haven National Laboratory beamline X26c. The wavelength

1.6 AÊ was chosen to ensure a strong Fe anomalous signal (the

K edge is at 1.74 AÊ ). Diffraction data to 1.9 AÊ resolution were

collected (see Table 1) at 100 K, reduced using SCALEPACK

(Otwinowski & Minor, 1997) and phased using the program

SOLVE (Terwilliger & Berendsen, 1999). The program's

automatic Patterson interpretation located the six iron sites

and calculated the phases for the map shown in Figs. 1, 2 and 5.

The map is of suf®cient quality that over 97% of the main-

chain carbonyl groups are observed at the 3� contour level.

SOLVE's automatic chain-tracing feature (RESOLVE)

correctly traced 94% of the 318 residues in the asymmetric

unit. Manual model building using the program X®t (McRee,
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Table 1
Crystal, diffraction and re®nement statistics.

Values in parentheses are for the outer resolution shell.

Crystal statistics
Dimensions (mm) 100 � 50 � 40
Space group C2
Unit-cell parameters (AÊ , �) a = 145.08, b = 78.22,

c = 55.74, � = 90.0,
� = 111.33, 
 = 90.0

Molecules per AU 3
VM (AÊ 3 Daÿ1) 4.2
Solvent content (%) 80

Diffraction statistics
Wavelength (AÊ ) 1.6
Temperature (K) 100
Resolution shell (AÊ ) 30±1.91 (1.98±1.91)
Observations 313135 (20755)
Unique re¯ections 45116 (4482)
Completeness (%) 100.0 (99.9)
Redundancy 6.9 (4.6)
Mean I/�(I) 15.6 (6.1)
Re¯ections with I > 3� (%) 89.4 (66.4)
Rmerge² (%) 0.083 (0.266)

Re®nement
Resolution range (AÊ ) 10±1.91
No. re¯ections in working set 40889
No. re¯ections in test set 2131
No. protein atoms 2388
No. solvent molecules 303
No. ligand atoms 12
R overall³ (%) 18.9
Rfree³ (%) 21.4
R.m.s. deviation, bond lengths (AÊ ) 0.020
R.m.s. deviation, bond angles (�) 2.02
Estimated coordinate error �A (AÊ ) 0.11

² Rmerge =
P jIi ÿ hIij=

P
Ii , where Ii is the intensity of the ith observation and hIi is the

mean of the observed intensities for each re¯ection. ³ R =
P jFo ÿ Fcj=

P
Fo.
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1999), still ®tting to the measurement-phased map, enabled

completion of the model, except for the distal side-chain

atoms of 14 residues, mostly Lys and Glu. This model, before

any re®nement, had an R value of 0.29 over the resolution

range 10±4 AÊ .

The structure was found to contain only three molecules in

the asymmetric unit, giving it the unusually high solvent

fraction of 80% (VM = 4.2 AÊ 3 Daÿ1). In the re®nement using

the program CNS (BruÈ nger et al., 1998), restraints were

removed for Cys-to-Fe coordination geometry (lengths, angles

and dihedrals) and for Fe2S2 cluster

planarity. Simulated annealing reduced R to

0.26 for the resolution range 10±2.2 AÊ . Rfree,

calculated over a random subset containing

one-twentieth of the re¯ections, was 0.27 for

the same resolution range. Re®nement

continued with alternating passes of energy

minimization, map inspection and manual

adjustments, resulting in R = 0.19 and

Rfree = 0.21 for data to 1.91 AÊ . Statistics for

the re®ned model are included in Table

1. The ®nal model including 303 water

molecules was deposited in the Protein

Data Bank with accession code 1r7s.

3. Results

The experimentally phased SAD (single-

wavelength anomalous dispersion)

electron-density map, with no model or

interpretation bias, reveals a complete

unambiguous chain trace at the 2� contour

level and includes 95% of the backbone

carbonyls at the 3� level. Fig. 1(a) shows the

map (and the re®ned structure) in the

region of the Fe2S2 cluster of Pdx molecule

A. Fig. 1(b) likewise shows the map in the

region of the C-terminus of molecule B.

100% of the residues (all three molecules)

are within either the `core' or the `addi-

tional allowed' regions of Ramachandran

space (Laskowski et al., 1993). The mean B

values for the three protein molecules are

20.4, 20.2 and 22.4 AÊ 2, in reasonable

agreement with the Wilson B value of

20.1 AÊ 2. The B values for all the Fe2S2

atoms are in the range 16±24 AÊ 2. There are

160 atoms (7% of the protein) with B values

over 30 AÊ 2; these atoms are generally the

distal atoms of surface side chains, which

are normally somewhat mobile. Electron

density is weak (below 1.5�) for most of

these atoms and it may be a useful practical

guideline to consider atoms with B > 30 AÊ 2

to be poorly ordered.

The three independent models of Pdx in

the asymmetric unit are very similar, with

pairwise r.m.s.d. values of between 0.20 and 0.26 AÊ for C�

atoms and of between 0.65 and 1.09 AÊ for all non-H atoms.

Fig. 2 shows a superposition of the three independent models

of Pdx. In general, the structures align closely and all the main-

chain atoms superimpose within 0.6 AÊ (so that the Rama-

chandran plots are virtually identical). There are about ten

side chains that do not align, adopting different rotamers in

one or more of the three structures; most of these side chains

are on the surface and are clearly perturbed by contact with a

neighboring Pdx molecule in the crystal.

Figure 1
Stereo diagrams of the unbiased SAD (single-wavelength anomalous dispersion) map. (a) The
region of the Fe2S2 cluster of the A chain contoured at the 3� level. The re®ned model is
superimposed. Although a few side-chain atoms are not included in the electron density at this
level, all the main-chain atoms and carbonyls are and the map interpretation is unambiguous
with regard to main-chain conformation and side-chain rotamers. (b) The region of Asp38 and
the C-terminal Trp106 of the B chain contoured at the 2� level, showing that these two side
chains are in van der Waals contact (separation 3.5 AÊ ). Also evident is the hydrogen-bond
interaction between the C-terminal carboxylate and the side chain of Arg104. Molecules A and
C are similarly structured in this region. The ®gure was produced using XtalView (McRee,
1999).



The three independent observations of

the Pdx structure agree closely in the region

surrounding the Fe2S2 cluster. De®ning this

region by the residue zones 24, 35±49 and

84±87 gives an approximate 8 AÊ radius

around the cluster. Within this region, the

three molecules have no discrepant rota-

mers and all atoms superimpose to within

0.5 AÊ . Interestingly, all ®ve cysteines

(including the four that coordinate iron)

have �1 values near +70�, which is the least

favorable, most sterically restrictive rotamer

and is rare for Cys. Also in this region two

non-glycine residues, Ala43 and Ala46, are

observed to have a left-handed � (L�)

conformation in all three models. Fig. 3

shows the unbiased electron-density map at

the 45±46 peptide bond in each of the three

independent molecules (see x3).

In the initial map, the peaks for the four

atoms in each cluster appeared to be

coplanar. Nevertheless, the cluster coordi-

nation geometry was re®ned without

restraints in order to obtain a model

unbiased by geometric restraints. Speci®-

cally, all restraints on CysÐFe bonds were

removed (lengths, angles and torsions) as

well as the planarity of the cluster itself.

Based both on the locations of the four

peaks for each cluster in the experimental

map and on the unrestrained ®nal model,

the cluster appears to be planar within the

coordinate error of about 0.11 AÊ .

The protein grips the Fe2S2 cluster chie¯y

by the surface loop formed by residues 37±

48 (Figs. 1, 2, 4 and 5). This loop provides

three of the four cysteines that ligate the Fe

atoms (cysteines 39, 45 and 48); Cys86 is the

fourth Fe binder. The residues surrounding

the cluster show a distinct pattern, with their

carbonyl groups directed outward and their

amide groups inward. As a result, three

main-chain amides donate hydrogen bonds

to the cluster sulfurs and six main-chain

amides donate hydrogen bonds to the four

cysteine sulfurs that coordinate the Fe
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Figure 2
Stereo superposition (C� trace) of the three independent Pdx molecules in the asymmetric unit,
showing the sequence numbering and the close similarity (pairwise r.m.s. deviations 0.20±0.26)
of the three structures. The side chains of the four iron-binding cysteines are added; the Fe2S2

cluster is the rhombus near the top of the ®gure.

Figure 3
Stereo diagrams of the unbiased SAD map (3�
contour level) showing the L� (left-handed �)
conformation of Ala46 in each of the three Pdx
molecules. The ®nal model is superimposed. As a
result of this conformation, the peptide carbonyl
points outward, away from the cluster, and the
amide donates a hydrogen bond to the cluster S1
atom (see Fig. 4) in all three independent molecules
in the crystal. The ®gure was produced using
XtalView (McRee, 1999).
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atoms. In addition to these main-chain donors, three side

chains (Ser42, Thr47 and Gln87) have donors within

hydrogen-bonding distance of an iron-binding cysteine sulfur.

In total, there are seven hydrogen bonds donated to the Cys

ligands to Fe1 and two donated to the Cys ligands to Fe2

(Table 2).

4. Discussion

Structurally characterized members of the Pdx-fold family

now include representatives from all three major branches of

the tree of life. Plants and cyanobacteria so far provide the

most examples; in these cases, the proteins carry photo-

synthesis-derived electrons to various acceptors. The greatest

structural difference between Pdx and most of these homologs

is in the region of helix G (residues 64±72). This region is

shorter in the archaeal, plant and cyanobacterial homologs

and the C-terminus extends to ®ll the gap. Two proteins from

Escherichia coli (ferredoxin, PDB code 1i7h and terpredoxin,

PDB code 1br9) and the bovine mitochondrial homolog

adrenodoxin (PDB code 1ayf) have the same arrangement of

these elements as Pdx, in which the C-terminus approaches

the Fe2S2 cluster (Kostic et al., 2002). In addition to this

similarity, the adrenodoxin structure (Muller et al., 2001) is in

complex with its cognate reductase, thus providing a valuable

homologous model for the Pdx±PdR interaction.

The structures of the three molecules of C73G Pdx are

generally similar to the ®ve independent mutant structures

reported by Sevrioukova et al. (2003): the pairwise r.m.s.

deviations in the C� positions range from 0.27 to 0.51 AÊ . The

backbone conformations superimpose closely except for the

45±46 peptide (see below). There are some dozen well ordered

side chains with different rotamers including Val3, Asp9,

Val60 and Met90, but none of these are within 10 AÊ of the

cluster. The present ®ndings agree with Sevrioukova et al.

(2003) regarding the conformation of the protein in the 33±38

region, including the observation of Tyr33 on the protein

surface. Moreover, the observed adjacent conformations of

Asp38 and Trp106 (Fig. 1b) are in agreement with the

predominant conformations reported for the C73S and C73S/

C85S mutants, as is the internal packing around His49, which

serves to link the active-site and interaction regions. The

general differences between crystal and NMR structures, as

reported by Sevrioukova et al. (2003), are maintained in the

present structure, where the pairwise r.m.s.

deviations (from model 1 of 1pdx) in the C�

positions range from 1.9 to 2.0 AÊ (Fig. 5).

Owing to the high solvent content of the

C73G crystals, the protein surfaces are less

perturbed by crystal contacts and the C73G

structures are more internally consistent

both in global terms (r.m.s.d., rotamer

distributions) and in terms of particular

functional regions. Unbiased electron

density shows that the three C73G struc-

tures are in close agreement in several areas

where the C73S and C73S/C85S structures

contain packing-induced disparities. One

such area is the C-terminus, where the

hydrogen bond to the guanidine group of

Arg104 is observed in all three C73G

structures. Another region where the

paucity of crystal contacts seems to give the

present structures greater uniformity is the

cluster-binding loop, where in the three

molecules the rotamers of the hydrogen-

bond-linked Ser42 and Ser44 are identical,

and the side chain of Arg66 forms similar

interactions with these serines, partly

shielding the cluster from solvent (Fig. 5).

Figure 4
Diagram of the crystal structure (molecule A) in the Fe region. C atoms are colored white;
other atoms have their usual colors. Bonds are colored green for backbone and white for side
chains. Dotted lines show the four CysÐFe bonds and two of the three hydrogen bonds from
main-chain amides to the cluster sulfurs (41N±S2, distance 3.41 AÊ ; 46N±S1, distance 3.41 AÊ );
omitted for clarity is the 3.55 AÊ interaction 45N±S1. Dashed lines show the nine hydrogen
bonds to the four cysteine sulfurs (Table 2). Omitted for clarity are the two Met residues at
either end of the cluster: Met70 close to S1 and Met24 adjacent to S2. Note the general
tendency for carbonyls to point away from the cluster. Figure produced using MOLSCRIPT
(Kraulis, 1991).

Table 2
Hydrogen bonds to cluster sulfurs and to cluster-ligating sulfurs, using a
3.6 AÊ distance cutoff and, for NÐS interactions, a 40� angle cutoff
(measured as the deviation of the NS vector from the peptide plane).

Distance in molecule

Acceptor Donor A B C Acceptor Fe ligand

S1 45N 3.55 3.58 3.43
46N 3.41 3.48 3.33

S2² 41N² 3.41 3.34 3.37
39S 41N 3.50 3.60 3.52 Fe1

42N 3.43 3.32 3.32
42O
 3.69³ 3.55 3.49
44N 3.36 3.37 3.37

45S 39N 3.37 3.33 3.37 Fe1
47N 3.32 3.42 3.46
47O
 3.08 2.90 3.13

48S 86N 3.54 3.48 3.48 Fe2
86S 87N" 3.30 3.33 3.32 Fe2

² This interaction is weak because the angle is >30�. ³ This distance, although >3.6 AÊ ,
is included because in molecules B and C it is <3.6 AÊ .



In the region of the Fe2S2 cluster, there are two residues,

Ala43 and Ala46, that clearly adopt a left-handed � confor-

mation in all three molecules in the asymmetric unit. These are

the only two L� residues in the protein. While Ala43 is

consistently L� in all reported structures, Ala46 is in the more

common right-handed � conformation in the NMR structure.

Fig. 3 shows the unbiased electron-density map in the three

instances of the 45±46 peptide bond. Interestingly, this bond

has been conjectured to switch between the two conforma-

tions during the redox cycle in the Anabaena homolog, where

a partially reduced crystal structure was reported (Morales et

al., 1999). In that study, it was suggested that in the oxidized

structure the peptide ¯ips to point its carbonyl inward, toward

the more positively charged cluster, while in the reduced

structure the carbonyl points outward. In the C73S (PDB code

1oqr) crystal structure, the conformation is L�, while in the

C73S/C85S (PDB code 1oqq) structure it is R�. Although non-

glycine residues adopt the L� conformation with a frequency

of only �0.005 (Richardson & Richardson, 1989), in context

L� appears more energetically favorable for Ala46 as the R�
conformation places the carbonyl O atom within 3 AÊ of both

the cluster S1 and the Met70 side chain and results in residue

Cys45 having unfavorable Ramachandran angles. In the

present case with C73G Pdx, where the molecules are

presumably in the oxidized state (although 5 mM DTT was

present with the puri®ed protein, no reducing agent was used

in the crystal conditions and crystals required months to

grow), the conformation is clearly L� in all three cases, with

the carbonyl pointing outward. Because the 45±46 peptide

contacts sulfur S1 and because Cys45 is an Fe1 ligand, the

conformation of this peptide is likely to affect the redox

potential of the cluster (Figs. 4 and 5).

The solvent fraction of 80% is an unusual feature of these

Pdx crystals. As a result of this low packing density, most of the

protein surfaces are exposed to solvent and only a few surface

residues are involved in contacts in all three of the indepen-

dent molecules. Surprisingly, the surface-exposed C73G

mutation site is not involved in crystal contacts in any of the

three molecules, leaving it unclear how the mutation facili-

tated crystallization (we were unsuccessful at growing crystals

of wild-type protein, even by seeding; besides C73G, the only

other mutant that produced crystals in our study was C73R). It

appears that the presence of the exposed Cys73 may interfere

with crystal growth without simply disrupting a necessary

contact interaction. It is probable that the cysteine, which is

the only exposed Cys in wild-type Pdx, prevents crystallization

by unfavorable (dimer-promoting) self-interactions, as

suggested by Sevrioukova et al. (2003).

Pdx surface regions involved in its binding (and electron-

transfer) interactions with cytochrome CYP101 and PdR have

been analyzed in several previous

studies. Helix G (residues 64±72)

has been implicated in binding PdR

(Holden et al., 1997; Muller et al.,

2001) and the region of the C-

terminus, which also includes Asp38,

has been shown to be involved in the

binding of CYP101 (Davies &

Sligar, 1992; Roitberg et al., 1998). In

the Roitberg study, detailed

modeling of the CYP101 complex

was based on the locations of Asp34,

Asp38 and Trp106 in the NMR

structure of Pdx. In general, the

crystal structures of Pdx are signi®-

cantly different from the NMR

structures. To some extent this is

likely to re¯ect the different

methods: the molecule in solution is

more mobile and many surface

residues, e.g. Trp106, are probably

somewhat conformationally hetero-

geneous. However, since several key

residues have been found in new

locations, it may be worthwhile

revisiting the modeling of these

complexes and the associated elec-

tron-transfer mechanisms.
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Figure 5
Comparison of four key Pdx structures in the Fe region. Superimposed are 1r7s molecule A (green; this
work), 1pdx model 1 (brown, NMR; Pochapsky et al., 1994), 1oqq molecule A (blue, Sevrioukova et al.,
2003) and 1oqr molecule B (violet; Sevrioukova et al., 2003). For simplicity, only one of the Fe2S2 clusters
is shown (orange bonds in center). Dashed lines show the two Cys±Fe1 coordination bonds (from Cys39
and Cys45) and the two 2.9 AÊ hydrogen bonds from Arg66 to the cluster loop in 1r7s molecule A
(Arg66 NE±Ser42 O and Arg66 NH2±Ser44 OG). The 1oqr (violet) structure aligns most closely with
the green structure, but differs in the rotamer of Ser44, thus lacking this hydrogen bond to Arg66. The
1r7s and 1oqr structures have Ala46 in an L� conformation, while the others do not. For Trp106, all but
one of the X-ray structures have the same location: the 1oqq molecule A structure (blue) has Trp106 in a
unique location, while the NMR structures vary. The ®gure was produced using MOLSCRIPT (Kraulis,
1991).
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