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CytochromeP450 (CYP) enzymes of theCYP101 andCYP111
families from the oligotrophic bacterium Novosphingobium
aromaticivorans DSM12444 are heme monooxygenases that
receive electrons from NADH via Arx, a [2Fe-2S] ferredoxin,
and ArR, a ferredoxin reductase. These systems show fast
NADH turnovers (kcat � 39–91 s�1) that are efficiently coupled
to product formation. The three-dimensional structures of ArR,
Arx, and CYP101D1, which form a physiological class I P450
electron transfer chain, have been resolved by x-ray crystallo-
graphy. The general structural features of these proteins are
similar to their counterparts in other class I systems such as
putidaredoxin reductase (PdR), putidaredoxin (Pdx), and
CYP101A1 of the camphor hydroxylase system fromPseudomo-
nas putida, and adrenodoxin (Adx) of themitochondrial steroi-
dogenic CYP11 and CYP24A1 systems. However, significant
differences in the proposed protein-protein interaction surfaces
of the ferredoxin reductase, ferredoxin, and P450 enzyme are
found. There are regions of positive charge on the likely inter-
action face of ArR and CYP101D1 and a corresponding nega-
tively charged area on the surface of Arx. The [2Fe-2S] cluster
binding loop inArx also has a neutral, hydrophobic patch on the
surface. These surface characteristics aremore in commonwith
those ofAdx thanPdx. The observed structural features are con-
sistent with the ionic strength dependence of the activity.

Cytochrome P450 (CYP)4 enzymes constitute a superfamily
of heme-containingmonooxygenases (1, 2) that participate in a

variety of biological processes such as carbon source assimila-
tion, biosynthesis and biodegradation, xenobiotic detoxifica-
tion, and metabolism of medicines (1, 2). The most common
activity of P450 enzymes is the insertion of an oxygen atom
from dioxygen into chemically inert carbon-hydrogen bonds,
but other reaction types including dealkylation, desaturation,
heteroatom oxidation, epoxidation, phenol coupling, and
reductive dehalogenation are also known (3–6). The various
activities of P450 enzymes are of great interest due to their
potential applications in, for example, synthesis of fine chemi-
cals and drug metabolites under mild conditions with high
specificity.
P450 enzymatic activity requires two electrons that are usu-

ally derived fromNAD(P)H and delivered to the P450s by elec-
tron transfer proteins which are broadly divided into two
classes (7, 8). Class I systems are diverse, usually consisting of an
oxygenase-coupled NAD(P)H-dependent ferredoxin reductase
(ONFR) and an iron-sulfur ferredoxin. Such systems are the
predominant forms in prokaryotes but are also found in eukary-
otic mitochondrial membranes. ONFRs typically contain an
FAD cofactor. Ferredoxin cluster types include [2Fe-2S], [3Fe-
4S], [4Fe-4S], and combinations of these (7, 9). Non-ferredoxin
FMN proteins have also been identified (10). Class II P450
enzymes are most common in eukaryotes and utilize an
NADPH-cytochrome P450 reductase (CPR) containing pros-
thetic groups FAD and FMN (11). Recently other more diverse
electron transfer systems for P450 enzymes have been discov-
ered and these have been defined into several new classes (7, 8).
An important difference between the two main classes is

that, whereas a single CPR supports the activity of all 57 human
P450s and yeast CPRs support the activity of numerous P450s
heterologously expressed in the organism, most class I systems
show redox partner specificity. Putidaredoxin (Pdx) is well
known to have an effector role in CYP101A1 activity (12, 13).
The activity of CYP199A2 from Rhodopseudomonas palustris
CGA009 has been reconstituted with palustrisredoxin (Pux), a
[2Fe-2S] ferredoxin genomically associated with CYP199A2,
and an ONFR, palustrisredoxin reductase (PuR) (14). The high
demethylation activity of this system is severely compromised
in the hybrid PdR/Pdx/CYP199A2 system (14) due to weak
ferredoxin/P450 binding (14, 15). Numerous P450 enzymes
with potentially interesting and desirable activities are
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orphaned in the genome; the electron transfer proteins are not
located nearby in the gene sequence. Known reductase/redoxin
systems have been recruited to reconstitute the activity in vitro
and in vivo, with notable successes (16, 17) but generally such
cross-reactions are slow (18, 19).
We have reported the heterologous expression and purifica-

tion of the majority of the 16 P450 enzymes fromNovosphingo-
bium aromaticivorans DSM12444 (20–23). A ferredoxin
reductase (ArR) and a [2Fe-2S] ferredoxin (Arx) have been
identified that reconstitute monooxygenase activities of five
of these enzymes (CYP101B1, CYP101C1, CYP101D1,
CYP101D2, and CYP111A2) for the fast and efficient oxidation
of terpenoid compounds (20, 21).Whole cell systems capable of
product formation on the grams per liter scale have been con-
structed (20).
Arx, and the five P450 enzymes it supports, offer a unique

platform for studying CYP electron transfer partner recogni-
tion. Here we report the kinetics and properties of these P450
systems and the crystal structures of the complete ArR/Arx/
CYP101D1 class I system. The only class I systems that have
been completely structurally characterized are the PdR/Pdx/
CYP101A1 and the adrenodoxin reductase (AdR)/Adx/
CYP24A1 systems (24–28). The structures of the proteins in a
hybrid PuR/PuxB/CYP199A2 system have also been reported
(14, 15, 29). The protein recognition interactions in the
CYP101D1, CYP101A1, CYP199A2, and the mitochondrial
CYP11 and CYP24 systems are compared. A thorough under-
standing of ferredoxin/P450 recognition and electron transfer
may allow the efficient reconstitution of P450 activity by mod-
ification of either the P450 enzyme or a stable ferredoxin in
instances where the natural ferredoxin is unknown, poorly
expressed, or the activity is low (15, 30, 31).

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of ArR, Arx, and
CYP101D1—General DNAmanipulations andmicrobiological
experiments were carried out by standard methods (32). The
cloning and expression of all the genes in this study and proto-
cols for protein production and purification have been reported
elsewhere (supplemental data) (20, 21). The concentrations
of the P450 enzymes were calculated as follows: CYP101B1
�417 � 113 mM�1 cm�1; CYP101C1 �417 � 121 mM�1 cm�1;
CYP101D1 �418 � 107 mM�1 cm�1; CYP101D2 �418 � 109
mM�1 cm�1; and CYP111A2 �418 � 107 mM�1 cm�1 (20). The
ArR and Arx concentrations were calculated using �458 � 10.0
mM�1 cm�1 and �414 � 9.3 mM�1 cm�1, respectively (20).
Activity Assays—Assays were carried out using a Cary 1E or

Cary 50 spectrophotometer. NADH turnover rate assays were
performed with mixtures (1.2 ml) containing 50 mM Tris, pH
7.4 (200mMKClwhere required), 0.5�MCYP, 5�MArx, 0.5�M

ArR, and 100 �g ml�1 of bovine liver catalase. The mixtures
were oxygenated and then equilibrated at 30 °C for 2 min. Sub-
strates were added as 100 mM stock solutions in ethanol to a
final concentration of 1 mM (0.5 mM for �-ionone). NADHwas
added to about 320�M (finalA340� 2.00) and the absorbance at
340 nmwasmonitored. The rate of NADH turnover was calcu-
lated using �340 � 6.22 mM�1 cm�1 (Table 1). The analysis of
product formation using gas chromatography and the determi-

nation of coupling efficiency were carried out as described pre-
viously (supplemental data) (20).
To determine the apparent Km and kcat parameters for elec-

tron transfer from a ferredoxin to a P450 enzyme, the NADH
turnover assays were carried out as above but with a lower P450
concentration (0.1 �M) and the ferredoxin concentration was
varied from 1 to 60 �M. The cytochrome c reduction assay to
determine the apparent kinetic parameters for the reduction of
ferredoxins by the ferredoxin reductases were performed with
mixtures (1.2ml final assay volume) containing 50mMTris, pH
7.4 (200mMKCl where required), 1 nM of the ferredoxin reduc-
tase, and a range of ferredoxin concentrations from 1 to 40 �M.
Themixtures were equilibrated at 30 °C for 2min. Cytochrome
cwas added froma 20mgml�1 stock solution in 50mMTris, pH
7.4, to a final concentration of 30 �M. NADH was added to
about 320 �M (finalA340 � 2.00) and the absorbance at 550 nm
was monitored. The initial rate of cytochrome c reduction was
calculated using �550 � 22.1 mM�1 cm�1. ApparentKm and kcat
values were obtained by fitting the initial catalytic turnover rate
of cytochrome c reduction or NADH oxidation against the
ferredoxin concentration to a hyperbolic function using the
Origin 8 software (Origin Labs). All the data showed good fits to
hyperbolic behavior with the exception of CYP101C1 with �-i-
onone, which showed positive cooperativity and was analyzed
using the Hill equation.
Substrate Binding Titrations—The P450 enzymes were

diluted to 0.5–2.0 �M using 50 mM Tris, pH 7.4, in 2.5 ml and
0.5–2-�l aliquots of substrate were added using a Hamilton
syringe from a 1, 10, or 100 mM stock solution in ethanol. The
sample was mixed and the peak to trough difference in absorb-
ancewas recorded between 700 and 250 nm. Further aliquots of
substrate were added until the peak to trough difference did not
shift further. The apparent dissociation constants, Kd, were
obtained by fitting the peak to trough difference against sub-
strate concentration to a hyperbolic function,

�A �
�Amax � �S�

Kd � �S�
(Eq. 1)

where�A is the peak to trough absorbance difference,�Amax is
the maximum absorbance difference, [S] is the substrate con-
centration. Several substrates exhibited tight binding, with
Kd � 1 �M. In these instances the data were fitted to the tight
binding quadratic equation (20, 33),

�A

�Amax
�

��E� � �S� � Kd� � �	��E� � �S� � Kd�
2 � 4�E��S�


2�E�

(Eq. 2)

where�A is the peak to trough absorbance difference,�Amax is
the maximum absorbance difference, [S] is the substrate con-
centration, and [E] is the enzyme concentration.
Crystallization and Data Collection—Protein production

and purification for crystallographic studies were carried out
under modified conditions as described below. The genes
encoding full-length ArR and CYP101D1 were subcloned into
the vector pET28a(�) (Novagen Inc.) to incorporate an N-ter-
minal His6 tag, and were expressed in Escherichia coli strain
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BL21(DE3). Cells were grown at 37 °C in 1 liter of Luria-Bertani
broth (LB)medium containing 50�gml�1 of kanamycin for 5 h
to an A600 of 0.6–0.8. Recombinant protein production was
induced with 0.5 mM isopropyl 1-thio-�-D-galactopyranoside
for 18 h at 20 °C. Cells were harvested by centrifugation and
resuspended in phosphate-buffered saline (1� PBS) and then
lysed by sonication at 4 °C. The crude extracts were centrifuged
at 27,000 � g for 30 min to remove the cell debris and the
supernatant was loaded onto a Ni2�-chelating affinity column
(GE Healthcare). The column was washed with 200 ml of wash
buffer (1�PBS, pH7.4, 20mM imidazole) and the target protein
was eluted from the column with elution buffer (1� PBS, pH
7.4, 300 mM imidazole). The pooled fractions were concen-
trated and then buffer-exchanged into bufferA (20mMTris, pH
8.0, 1 mM DTT) and further purified on a Resource Q column
(GEHealthcare) using a linear gradient of 0–1 MNaCl in buffer
A. Gel filtration chromatography on a Superdex-200 (GE
Healthcare) column was used to further purify CYP101D1,
eluting with 20 mM Tris, pH 8.0, 150 mM NaCl, 1 mM DTT.

The gene encoding Arx was subcloned into the vector pET-
26b(�) (Novagen Inc.) for expression. The growth and expres-
sion conditions were the same as for CYP101D1 and ArR. The
brown cell pellet from the centrifugation was resuspended in
buffer B (20 mM Tris, pH 7.4, 1 mM DTT) and lysed by sonica-
tion at 4 °C. The crude extracts were centrifuged at 27,000 � g
for 30 min and the supernatant loaded onto a Q Fastflow-
Sepharose column (GE Healthcare), and the target protein was
eluted using a linear salt gradient of 0–0.5 M NaCl in buffer B.
ResourceQand Superdex-75 chromatography (GEHealthcare)
were used for further purification with the same buffers and
conditions as for CYP101D1 and ArR. The purity of all three
proteins was estimated to be 95% by SDS-PAGE analysis
(supplemental Fig. S1).

For crystallization the proteinswere concentrated to�30mg
ml�1 in 20mMTris, pH 8.0. All crystals were obtained using the
hanging-drop vapor diffusion method at 18 °C using 1 �l of
protein solutionmixedwith 1�l of reservoir solution and equil-
ibrated with 200 �l of reservoir solution. Crystal screening was
carried out with Hampton Research Crystal Screen kits. Good
quality crystals of ArR were obtained in 3 days from 0.1 M

HEPES, pH 7.6, 17% PEG 8000, and 0.1 M potassium phosphate.
Arx and CYP101D1 crystals were obtained in about 1 week
from 0.1 M HEPES, pH 7.5, 1.4 M sodium citrate, and 0.1 M Tris,
pH 8.2, 12% 1,4-dioxane, 1.6 M ammonium sulfate, respectively.
The camphor substrate was soaked into crystals of substrate-
free CYP101D1 by adding solid camphor to the drops contain-
ing the crystals. Camphor saturates the crystal solution after
several days and the soaking time was varied from 1 week to 1
month.
X-ray diffraction data of ArR, Arx, and CYP101D1 in com-

plexwith camphorwere collected in-house on aRigakuR-AXIS
IV�� image plate using CuK� radiation (	 � 1.5418 Å) from a
Rigaku MicroMax-007 rotating anode x-ray generator operat-
ing at 40 kV and 20 mA. Diffraction data from native
CYP101D1 crystals were collected at �173 °C using an ADSC
Quantum315detector on beam lineBL-5 at the PhotonFactory
(Tsukuba, Japan). All crystals were cryoprotected by the addi-
tion of 20% (v/v) glycerol to the crystallization solutions. All

diffraction data were indexed, integrated, and scaled with the
HKL2000 package (34). The space groups of ArR, Arx, and
CYP101D1 were determined as P43212, C2, and P6422, respec-
tively. Complete data collection statistics for the three proteins
are summarized in Table 3.
Structure Determination and Refinement—For the structure

determination of ArR and native and camphor-bound
CYP101D1, the phases were solved using the molecular
replacementmethodwith the programPhaser (35) in the CCP4
suite (36). PdR (PDB code 1Q1R) and CYP101A1 (PDB code
2CPP) with camphor removed were used as initial search mod-
els (native CYP101D1was used as a searchmodel for camphor-
bound CYP101D1). Electron density maps of ArR and
CYP101D1 were obtained after initial model building. These
initial models were then rebuilt using COOT (37) and refined
by ARP/wARP (38) and Refmac5 (39).
Molecular replacement methods produced poor density

maps for Arx. However, Arx contains two intrinsic iron atoms
that could be used for initial determination of experimental
phases. A single-wavelength anomalous diffraction data set was
collected using an in-house Rigaku MM-007 x-ray source. Ten
heavy atom positions were identified from the strong anoma-
lous signal with the program Phenix.hyss (40). Resolve (41) was
then used for further density modification. The initial Arx
model was built using ARP/wARP (38), and COOT (37) was
used to make further manual adjustments and model refine-
ment was performed by Refmac5 (39).
The stereochemical qualities of the four refined structures

were checked with the program PROCHECK (42). A detailed
summary of the refinement statistics are provided in Table 3.
The coordinates for the crystal structures of ArR, Arx, sub-
strate-free CYP101D1, and camphor-bound CYP101D1 have
been deposited in the Protein Data Bank with the accession
codes 3LXD, 3LXF, 3LXH, and 3LXI, respectively.

RESULTS

Electron Transfer Activity of ArR and Arx—Arx supports the
monooxygenase activity of five CYP enzymes (CYP101B1,
CYP101C1, CYP101D1, CYP101D2, and CYP111A2) from N.
aromaticivorans DSM12444 using either PdR as the surrogate
ferredoxin reductase (21) or the cognate reductase ArR (20).
The ArR-supported hydroxylation activities are 3–5-fold
higher than PdR, and the ArR/Arx electron transfer chain is 2
orders ofmagnitudemore active than the PdR/Pdx systemwith
these CYP enzymes (supplemental Table S1).
Potassium binding to CYP101A1 increases the shift of the

heme spin state to high spin and cooperatively strengthens
camphor binding (43–46). The activity studies on the N. aro-
maticivorans CYP101 family enzymes in our initial reports
were carried out in the presence of 200 mM KCl (20, 21). The
effect of KCl concentration has been further studied. Addition
of 200 mM KCl results in marginally increased shifts (�10%) of
the heme to the high-spin form and slightly tightens substrate
binding (less than 2-fold) for the five P450 enzymes tested here
(Table 1). On the other hand, the NADH turnover activities are
3–8-fold higher in the absence of KCl under standard assay
conditions (e.g. 33.7 � 1.3 versus 12.4 � 0.8 nmol (nmol-
CYP)�1 s�1 for CYP101D2, henceforth abbreviated to s�1).
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Analysis of the organic extracts by gas chromatography
showed that substrate oxidation by the Novosphingobium
P450 enzymes in the absence of KCl results in the same prod-
uct distribution as when KCl (up to 500 mM) is present and
with similar high product yields based on NADH consumed.
With CYP101D2 as a test system, the NADH turnover activ-
ity decreases as the salt concentration increases (supple-
mental Fig. S2a), and the optimal pH of the system is found to
be around pH 7.4 (supplemental Fig. S2b).
The apparent kinetic parameters for the electron transfer

activity of ArR and Arx have been determined. Using cyto-
chrome c as the terminal electron acceptor (14, 47, 48), the
reduction of Arx by ArR shows a kcat of 280 � 12 s�1 with a Km
of 2.9� 0.41�M (Table 2). The kcat is increased slightly to 320�
29 s�1 at higher ionic strength (200 mM KCl) but the Km is
5-fold higher (15 � 2.5 �M). For the hybrid systems, the reduc-
tion of Pdx by ArR shows an apparent kcat of 37 � 5.0 s�1 with
a Km of 69 � 14.6 �M. The reduction of Arx with PdR was not
saturated at high concentrations of ferredoxin (40 �M) and the
rate of cytochrome c oxidation was also low (�20 s�1). There-
fore the greatly reduced activities of the hybrid PdR/Arx and
ArR/Pdx electron transfer chains arise directly from the much
slower formation of the reduced ferredoxin due to the lower kcat
and higher Km compared with the cognate reductase. On the
other hand, the reduction of Arx by PuR from R. palustris
CGA009 shows a similar kcat to ArR, whereas the Km value of
17 � 2.2 �M is similar to that for the ArR/Arx reaction in the
presence of 200mMKCl. The reduction of Pux byArR shows an
apparent kcat of 66 � 1.2 s�1 with a Km of 0.41 � 0.06 �M.
For the ArR/Arx/CYP systems, the apparent kcat for the oxi-

dation of reducedArx by theCYP enzymes varies between 39�
0.8 s�1 for CYP101D2 and 91 � 2.7 s�1 for CYP111A2 under
saturating substrate concentrations (Table 2 and Fig. 1). Arx
oxidation byCYP101C1with�-ionone as substrate shows non-
hyperbolic behavior, and a fit to the Hill equation gives n � 1.9.
For CYP101C1, CYP101D1, and CYP101D2 the turnover rates
observed in the steady state assays (ArR:Arx:CYP, 0.5:5:0.5 �M,
Table 1) approach the kcat values (e.g. 34 versus 41 s�1 for
CYP101D1 and 44 versus 48 s�1 for CYP101C1). However, kcat
for CYP111A2 and in particular CYP101B1, exceeds the activ-
ities observed under the conditions of the steady state assay
(68 versus 27 s�1 for CYP101B1 and 91 versus 48 s�1 for
CYP111A2) because these two systems operate further away
from saturation kinetics due to the higher apparent Km values
(Table 2). The highest activities were observed for CYP111A2

and CYP101B1 whose substrates, linalool and �-ionone,
respectively, induce 
95% spin-state shifts with submicromo-
lar binding constants. In the presence of 200 mM KCl the kcat
values vary by 20–30% compared with 5–28-fold increases in
Km (e.g. 1.7 � 0.12 versus 9.0 � 0.38 �M for CYP101D2 and
3.7 � 0.3 versus 130 � 24 �M for CYP111A2). These data show
that the dominant factor in the higher activities of the ArR/
Arx/CYP systems at lower ionic strength is tighter CYP-Arx
binding. A decrease in activity with increasing ionic strength
has been observed with other class I CYP systems such as the
bovine mitochondrial CYP11 system and the bacterial
CYP199A2 and CYP199A4 systems from R. palustris (14, 17,
49).
Crystal Structure of the FerredoxinReductaseArR—The crys-

tal structure of ArR was solved at 2.5-Å resolution and refined
to a working R-factor of 18.9% and a free R-factor of 24.4%
(Table 3), and is composed of an ArR monomer (residues

TABLE 1
Substrate binding, steady state turnover activity with a ArR:Arx:CYP concentration ratio of 1:10:1 (0.5 �M CYP enzyme, 50 mM Tris, pH 7.4),
and coupling for the five N. aromaticivorans CYP enzymes with their respective substrates
Coupling is the percentage efficiency of NADH utilization for the formation of products. Data for the assays with 200 mM KCl present are given in parentheses. Rates are
reported as mean � S.D. (n 
 3) and given in nmol(nmol CYP)�1 s�1. The NADH consumption rate, product formation rate, and coupling of CYP101D2 with camphor in
the presence of 200 mM NH4Cl were 13.5 � 1.0, 12.6 � 0.2, and 93%, respectively.

P450 enzyme/substrate HS heme Kd NADH consumption rate Product formation rate Coupling

% �M

CYP101D2/camphor 30% (40%) 5.2 � 0.7 (3.1 � 0.5) 33.7 � 1.3 (12.4 � 0.8) 33.5 � 1.7 (12.4 � 0.5) 99% (99%)
CYP101D1/camphor 30% (40%) 9.1 � 1.1 (5.9 � 0.5) 30.8 � 0.6 (7.2 � 0.03) 29.3 � 0.6 (6.8 � 0.08) 95% (90%)
CYP101D1/2-adamantanone 50% (60%) 9.5 � 1.0 (4.8 � 0.4) 27.8 � 0.6 (7.1 � 0.3) 24.0 � 1.1 (6.4 � 0.2) 86% (90%)
CYP101B1/�-ionone 
95% (
95%) 0.23 � 0.1 (0.09 � 0.03) 26.7 � 1.6 (3.5 � 0.1) 16.8 � 1.0 (2.4 � 0.03) 63% (69%)
CYP101C1/�-ionone 20% (20%) 26.6 � 4.0 (23.7 � 1.6) 44.2 � 1.3 (7.2 � 0.2) 33.7 � 1.4 (4.7 � 0.4) 76% (66%)
CYP111A2/linalool 
95% (
95%) 0.47 � 0.1 (0.26 � 0.04) 48.3 � 3.3 (11.3 � 0.6) 30.7 � 2.1 (7.7 � 0.5) 63% (68%)

TABLE 2
Apparent kinetic parameters (50 mM Tris, pH 7.4, with and without
the addition of 200 mM KCl) for reduction of Fdx by FdR using
cytochrome c as the terminal electron acceptor, and NADH turnover
by the P450 enzymes with different substrates for which the first
electron transfer from Arx to the P450 is the slow step

kcat Km

s�1 �M

FdR/Fdx/cyt c
ArR/Arx 280 � 12 2.9 � 0.41
ArR/Arx, KCl 320 � 29 15 � 2.5
PdR/Arx –a –a

PuR/Arx 250 � 15 17 � 2.2
ArR/Pdx 37 � 5.0 70 � 14.6
PuR/Pdx 600 � 10 12 � 0.5
PdR/Pdx 410 � 9.0 23 � 1.0
ArR/Pux 66 � 1.2 0.4 � 0.06
PdR/Pux 160 � 10 29 � 3.4
PuR/Pux 260 � 6 4 � 0.3

ArR/Arx/P450
CYP101B1 �-ionone 68 � 1.9 11 � 0.74
CYP101B1 �-ionone. KCl 83 � 8.8 160 � 22
CYP101C1 �-iononeb 48 � 0.8 0.93 � 0.04 n � 1.9 � 0.1
CYP101C1 �-ionone, KClb 46 � 1.8 16 � 1.1 n � 1.6 � 0.1
CYP101D1 camphor 41 � 0.6 2.9 � 0.14
CYP101D1 camphor, KCl 31 � 0.8 30 � 1.5
CYP101D2 camphor 39 � 0.8 1.7 � 0.12
CYP101D2 camphor, KCl 30 � 0.5 9.0 � 0.38
CYP111A2 linalool 91 � 2.7 3.7 � 0.31
CYP111A2 linalool, KCl 63 � 8.8 130 � 24

a WhenPdRwas usedwithArx the rates of reduction of cytochrome cwas very slow.
When 40 �M Arx was used the turnover rate was less than 20 s�1 and the system
did not show saturation suggesting the kcat is low and the Km is high for PdR/Arx,
which agree with data observed previously (supplemental Table S1) (20).

b All data showed good fits to hyperbolic behavior with the exception of CYP101C1
with �-ionone, which was fitted to the Hill equation.
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6–414), 401 water molecules, and one FAD molecule. A disul-
fide bond exists between Cys123 and Cys218 (Fig. 2a). The over-
all structure of ArR is similar to those of the glutathione reduc-
tase-like ONFR proteins BphA4 (50), PdR (25), and PuR (14).
The r.m.s. deviations for C� atoms are 1.61, 1.49, and 1.59 Å,
respectively. As with glutathione reductase-like ONFRs, ArR
consists of three distinct domains: an FAD-binding domain
(residues 6–115 and 251–328), an NAD-binding domain (res-
idues 116–250), and a C-terminal domain (residues 329–414)
(Fig. 2a and supplemental Fig. S3). The FAD-binding domain is
structurally the most conserved domain between these ONFR
proteins. Minor differences are observed in the NAD-binding

domain and the C-terminal domain of ArR (Fig. 2a and
supplemental Fig. S4). The presence of a Cys123–Cys218 disul-
fide bond did not significantly affect the structure.
The orientation of the FAD molecule and its interactions

with the polypeptide are similar to those found in the other
structurally characterized ONFRs (Fig. 2b). The isoalloxazine
ring is buried in the ArR protein and the si side surface is
shielded from the solvent by the side chains of Pro50, Ser302,
Val303, and Trp331. These residues are conserved in other
ONFRs. A large solvent-accessible cavity on the re side surface
is filled with water molecules and forms the binding site in
ONFR proteins for the nicotinamide ring of the NADH cofac-

tor. The O2 atom of the isoallox-
azine ring forms hydrogen bonds
with the main chain amide nitrogen
of Val303 (3.0 Å) and Wat62 (2.9 Å),
whereas the O4 atom is hydrogen-
bonded to the N� atom of Lys54 (2.8
Å) andWat5 (3.2Å). Lys54, a key res-
idue in FAD binding and conserved
across ONFR proteins, is stabilized
by an ionic interaction with Glu165
and a hydrogen bond (2.9 Å) with
the carbonyl oxygen of Pro50, and it
also contacts the N5 atom of the
isoalloxazine ring (3.2 Å). Unique
among ONFR proteins with known
structure, the ArR adenine ribose
moiety interacts with Arg41,
whereas the equivalent position in
PdR, PuR, and BphA4 is an aspartic
acid residue. Arg41 forms a salt
bridge and a hydrogen bond with
Asp117 (equivalent to Arg in PdR
and PuR, and Ala in BphA4) that
closes off the cavity above the FAD

FIGURE 1. Kinetic analysis of Arx oxidation with the CYP/substrate combinations: CYP101B1/�-ionone,
CYP101C1/�-ionone, CYP101D1/camphor with and without 200 mM KCl, and CYP111A2/linalool. The
rate of NADH consumption is given in nmol-nmol P450�1 s�1. Michaelis-Menten kinetics were observed for all
the CYP/substrate combinations with the exception of CYP101C1/�-ionone, which showed sigmoidal behav-
ior and a Hill plot analysis gave n � 1.9. The inset shows data for the Arx/CYP101C1/�-ionone system at low
ferredoxin concentrations (fitted to the Hill equation).

TABLE 3
X-ray data collection and structure refinement statistics for ArR, Arx, and substrate-free and camphor-bound CYP101D1 from
N. aromaticivorans

Data collection statistics
Data set ArR Arx CYP101D1 CYP101D1:cam
Wavelength (Å) 1.5418 1.5418 1.0000 1.5418
Space group P43212 C2 P6422 P6422
Cell dimensions a/b/c (Å)

�/�/� (°)
140.1/140.1/52.2
90.0/90.0/90.0

137.6/78.8/89.2
90.0/125.0/90.0

150.9/150.9/195.3
90.0/90.0/120.0

151.6/151.6/195.4
90.0/90.0/120.0

Resolution (Å) 50-2.5 (2.59-2.50) 50-2.3 (2.38-2.30) 50-2.2 (2.28-2.20) 50-2.2 (2.28-2.20)
Average I/(I)a 21.1 (3.6) 22.8 (2.5) 24.5 (2.0) 35.2 (7.4)
Completeness (%)a 99.8 (99.6) 99.9 (99.7) 98.5 (86.9) 100.0 (100.0)
Redundancya 7.1 (6.6) 4.1 (3.8) 9.9 (5.4) 17.6 (17.6)
Rmerge (%)a,b 9.2 (45.5) 7.0 (45.1) 8.0 (44.4) 8.9 (39.3)

Structure refinement statistics
Resolution (Å) 50-2.5 50-2.3 50-2.2 50-2.2
Average B-factor (Å2) 34.1 37.4 34.3 21.4
Rwork/Rfree (%)c 18.9/24.4 20.0/23.9 20.0/24.0 18.9/23.6
R.m.s. deviation bond lengths (Å) 0.007 0.016 0.016 0.013
R.m.s. deviation bond angles (°) 1.125 1.754 1.758 1.604

Ramachandran plot
Most favored (%) 89.9 90.9 88.7 90.0
Allowed (%) 9.5 9.1 10.6 9.7
Generously allowed (%) 0.6 0 0.7 0.3
Disallowed (%) 0 0 0 0

a Values in parentheses correspond to the highest-resolution shell.
bRmerge � �i�Ii � �I��/��I�, where Ii is an individual intensity measurement and �I� is the average intensity for all the reflections.
c Rwork/Rfree � � �Fo���Fc�/��Fo�, where Fo and Fc are the observed and calculated structure factors, respectively.
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molecule (Fig. 2c) in ArR. The corresponding residues in PdR
(Asp37 and Arg113) and PuR (Asp34 and Arg109) are too distant
to interact, and therefore the regions above the FAD in these
proteins are more open to bulk solvent (supplemental
Fig. S5, a and b).
ArR has a preference for NADH over NADPH (20). There

was no evidence of bound NAD� in the NAD domain of ArR

from the experimental electron
density map. However, the three
loops of ONFR proteins, a Ross-
mann loop between residues 157
and 163 and the two loops from
residues 180 to 188 and 241 to 247,
which contact NAD� (14, 25, 50,
51), are found in similar locations
in ArR (supplemental Fig. S6). The
residues within these loops are
generally well conserved across
glutathione reductase-like ONFRs, in
particular the three acidic residues
Glu165, Glu181, and Glu301 that inter-
act with the NAD cofactor (50). Fur-
ther details of the structural features
of the NAD-binding site in ArR are
provided under supplemental data.
The FAD si side surface ofONFRs

is the binding site for the ferre-
doxin electron acceptor. This is
supported by a computer model
of the PdR-Pdx complex (52),
mutagenesis studies of the PuR/Pux
interaction (14), the crystal struc-
tures of BphA4-BphA3 complexes
(51), and the crystal structures of
cross-linkedPdR-Pdx andAdR-Adx
(28, 53). The si side surfaces of
ONFRs structurally characterized
to date have largely positive electro-
static potential surrounding a cen-
tral patch of neutral residues
located directly above the FAD
isoalloxazine ring (Fig. 3a and
supplemental Fig. S7, a and b). This
patch, consisting of Pro50, Pro51,
Val303, Gln304, Asn307, Trp329, and
Trp331 in ArR, is highly conserved
among ONFRs and is pivotal to
ferredoxin binding and dissociation,
and intra-complex electron transfer
(25, 51–55). Ionic interactions
involving charged residues on the
periphery of this central patch can
also be a determining factor. For
example, in the reduction of Pux by
PuR, substitution of Lys328 in PuR
with Gly increased Km 9-fold,
whereas kcat was lowered by just
34% (14).

The electrostatic potentials of the FAD si side surface of ArR,
PdR, and PuR (Fig. 3a and supplemental Fig. S7, a and b) have a
prominent region of positive charge, around Lys388 and Lys410
in ArR, Lys387 and Lys409 in PdR, and Arg378 and Lys400 in PuR.
Among the mainly positive potentials on all the surfaces there
are three areas of differences that are potentially significant.
First, the potential surrounding Trp331 in ArR is more positive

FIGURE 2. a, the crystal structure of ArR. The FAD-binding domain, NAD-binding domain, and the C-terminal
domain are colored in salmon, green, and blue, respectively. The FAD molecule and the disulfide bond are
shown in yellow stick and gray stick representation, respectively. The electron density (2Fo � Fc contoured at 1)
of the FAD molecule is shown in blue. Regions in which the secondary structure differs from other ONFRs are
colored in red. Two random loops (residues 116 –118 and 248 –250) are found in ArR, whereas the correspond-
ing regions are antiparallel �-sheets in PdR, BphA4, and PuR. The C-terminal helix of ArR is shorter when
compared with PdR, BphA4, and PuR. b, the FAD domain of ArR shown from the re side of the FAD molecule. The
FAD molecule is shown in yellow and the residues in contact with FAD are shown in gray and the water
molecules in red. Residues Leu52, Ser53, Ile162, and Phe330 and some water molecule labels have been omitted
for clarity. c, the ArR surface at the top of the adenine ribose moiety. In ArR, residues Arg41 and Asp117 form a salt
bridge and hydrogen bond that partially block the cavity found in the more open conformations of PdR and
PuR (supplemental Fig. S5).
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than the corresponding Trp330 in PdR and Trp321 in PuR. This
is due to the side chain of Lys338 (Gly337 in PdR, Lys328 in PuR,
and notably the equivalent residue is an Arg in both BphA4 and
AdR) and Asn333 (Asp332 in PdR and Asp323 in PuR). This latter
substitution of an Asp residue for a neutral Asn also leads to a
reduced negative potential around the conserved acidic residue
Asp336 in ArR (Glu335 in PdR, Asp326 in PuR). Second, the
potential around the conserved FAD-binding residue Lys54 in
ArR (Lys50 in PdR and Lys47 in PuR) is significantly more neg-
ative. This switch is due to the acidic residues Glu48 and Glu60,
which correspond to His44 and Lys56 in PdR, and Gln41 and
Gly53 in PuR. The third area of difference is around the side
chain of Gln304 inArR (Pro303 in PdR andGln294 in PuR), which
is flanked by Asn307, Thr311, and Tyr324, leading to a slightly
negative potential, whereas residues Leu306, Arg310, and Arg322
in PdR, and Thr297, Arg301, and Tyr314 in PuR, impart positive
potential to this region in these two proteins.
Crystal Structure of the [2Fe-2S] Ferredoxin Arx—The struc-

ture ofArxwas refined at 2.3-Å resolution to aworkingR-factor

of 20.3% and a freeR-factor of 24.6%
(Table 3). Ten iron atom positions
were identified within each asym-
metric unit, indicating that five
Arx molecules were present (Fig.
4a). All five molecules of Arx in
the asymmetric unit have very
similar folds, with all pairwise
r.m.s. deviations for C� atoms
being less than 0.3 Å. Disulfide
bonds form between each Cys42 in
a pentameric unit and the equiva-
lent residue in an adjacent pen-
tameric unit. Hydrophobic inter-
actions also contribute to this
back-to-back packing pattern in
the crystals (Fig. 4b and sup-
plemental Fig. S8). However, gel
filtration showed that Arx was a
monomer in solution, and the pen-
tameric form of Arx is believed to

be an artifact of crystal packing (supplemental Fig. S9).
Each molecule of Arx was traced from residues 1–104 in

the electron density map. Arx has a similar �/�-fold to other
vertebrate-type ferredoxins, with five major �-sheets, three
�-helices and two 310-helices (Fig. 5a). The r.m.s. deviations
for C� atoms between Arx and the P450-associated ferre-
doxins Adx and Pdx are 1.37 and 0.97 Å, respectively. The
[2Fe-2S] cluster environment, including the conformation of
the cluster binding loop between Cys39 and Cys48, is similar to
that found in other vertebrate-type ferredoxins (Fig. 5b and
supplemental Fig. S10). Cys39, Cys45, Cys48, and Cys85 provide
the thiolate ligands for the two irons (supplemental Fig. S10a).
Arx also has two cysteines (Cys42 and Cys43) located in the
cluster binding loop that do not interact with the [2Fe-2S] clus-
ter (supplemental Fig. S10b). The Cys42 side chain forms disul-
fide bonds between adjacent pentameric Arx units. The side
chain of Cys43 is located on the protein surface and contacts
Gln86 (supplemental Fig. S10b). Cysteine residues are also
found at the equivalent position to Cys43 of Arx in Fe-S cluster

FIGURE 3. The electrostatic surface potentials of (a) the FAD si side surface of ArR, (b) the interaction face of Arx surrounding the [2Fe-2S] cluster
region, and (c) the proximal faces of CYP101D1. All electrostatic surface potentials were calculated using the program PyMOL. Negatively and positively
charged surface areas are colored red and blue, respectively. Compared with their counterparts (supplemental Figs. S7, S11, and S14), residues that contribute
to the different surface potential distributions and that may be involved in protein recognition are clearly highlighted.

FIGURE 4. a, the structure of the Arx pentamer in one asymmetric unit. The different Arx molecules are colored
in green, yellow, salmon, pink, and cyan; the [2Fe-2S] clusters are shown as brown and yellow spheres. b, the view
of the five disulfide bridges (indicated by red circles), which contribute to the back-to-back crystal packing of
the Arx pentamers.
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biogenic ferredoxins, e.g. FDVI from Rhodobacter capsulatus
(56) and Fdx from E. coli (57), and in the P450-associated ferre-
doxin terpredoxin (58). The corresponding residue in both Pdx
and Pux is alanine while it is a leucine in Adx (24, 29, 59).
The most significant secondary structure differences between

Arx and other vertebrate-type ferredoxins are observed at the C
termini and two loop regions comprising residues 6–10 between
�1 and �2, and residues 73–78 between �3 and �4 (Fig. 5, a–c).
The C-terminal arms of P450-associated ferredoxins have been
shown to be important for recognition and electron transfer
with their cognate protein partners. The C terminus of Arx is
truncated by one residue compared with other bacterial ferre-
doxins (except terpredoxin), which all have an additional C-ter-
minal hydrophobic residue. The two acidic residues Glu103 and
Asp104 found at theC terminus of Arx are significantly different
than those in the other ferredoxins; they align with basic Arg or
Lys residues and neutral Asn residues, respectively (Fig. 5b).
The side chains of Glu103 and Asp104 point toward the solvent
and contribute to the negative electrostatic potential of the Arx
surface (Fig. 3b). The C-terminal arm is linked to the cluster
binding loop via a series of watermolecules, and to loop regions
comprising residues 6–10 and 73–78 via hydrogen bonds

(supplemental data and Fig. S10c),
resulting in these loop regions occu-
pying slightly different positions
compared with those in other ferre-
doxins (Fig. 5, a and c).
The surface potential of Arx has

more negative and neutral regions
when compared with Pdx, and is
more similar in some respects to
Adx (Fig. 3b and supplemental
Fig. S11, a and b). The surface ofArx
around the �1 helix and the cluster
binding loop is more neutral,
whereas the �3 helix and the C-ter-
minal region are more negative,
when compared with Pdx (Fig. 3b
and supplemental Fig. S11a). Arg66
in Pdx corresponds to Asp66 in Arx
and Glu73 in Adx (Fig. 5b and
supplemental Fig. S11b).Within the
cluster binding loop the region
around Leu38 is predominantly
hydrophobic, in common with Adx,
which has an Ala residue at the
equivalent position, whereas Asp38
gives rise to a prominent area of
negative potential in Pdx. Acidic
residues dominate the surface
potential in the �3 helix and the
�3/�4 loop in bothArx andAdx.On
the other hand, whereas the Adx
surface shows a neutral region
extending from the cluster binding
loop to the C-terminal region
(supplemental Fig. S11b), the C-ter-
minal Asp104 of Arx gives rise to a

larger area of negative potential extending from the �3 helix.
These differing surface charge distributions will likely play sig-
nificant roles in binding and recognition of these P450-associ-
ated ferredoxins.
Crystal Structures of Native andCamphor-boundCYP101D1—

The crystal structures of native and camphor-bound
CYP101D1 were both solved at 2.2-Å resolution. The final
models contained twomolecules per asymmetric unit and were
refined to working R-factors of 20.1 and 19.2% and free R-fac-
tors of 23.9 and 24.4% for the native and camphor-bound forms,
respectively. All molecules were traced from residues 9–416
(see further details under supplemental data). CYP101D1
shows an apparent molecular mass of 45 kDa in gel filtration
experiments (supplemental Fig. S12), indicating that the
enzyme is a monomer in solution.
CYP101D1 shares 44% sequence identity with CYP101A1

(supplemental Fig. S15), and the structure of the two enzymes
are very similar (Fig. 6a and supplemental Fig. S13, a and b),
with an r.m.s. deviation of 1.2 Å for C� atoms. CYP101D1 has a
more closed conformation and its G helix is longer at theN-ter-
minal, resulting in a different position of the F-G loop
(supplemental Fig. S13, a and b). Other minor differences

FIGURE 5. a, overlay of the secondary structure of an Arx monomer (green) and Pdx (salmon). The sulfur and iron
atoms of the [2Fe-2S] clusters are shown as yellow and brown spheres, respectively. The positional shifts of the
C terminus and the two loop regions between residues 6 –10 and 73–78 are obvious. b, sequence alignment of
Arx with Pdx from P. putida, FdVI from R. capsulatus, Pux and PuxB from R. palustris CGA009, bovine adreno-
doxin Adx (truncated at the N and C termini), and terpredoxin from Pseudomonas sp. The alignment was
performed using ClustalW and ESPript. Black arrows and cylinders indicate the �-sheets and �-helices, respec-
tively. Conserved residues are highlighted. Two non-ligand cysteines (Cys42 and Cys43) are labeled with red and
blue triangles, respectively. c, overlay of the secondary structure of an Arx monomer (green) and Adx (cyan) from
the bovine adrenal P450 system.
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include two short 310-helices in the N-terminal of CYP101D1,
which are absent in CYP101A1 and the �2 and C-terminal
�-sheets of CYP101A1 are random loops in CYP101D1
(supplemental Fig. S13, a and b).
The iron is coordinated on the proximal side of the heme to

the sulfur of Cys364 (Fe-S 2.3 Å). To the distal side is a hydro-
phobic substrate pocket that is defined by the residues Ile87,
Trp88, Tyr97, Met99, Thr102, Thr186, Leu251, Leu254, Gly255,
Thr259, Val302, Asp304, Ile402, and Val403 (Fig. 6b). These resi-
dues are well conserved between CYP101D1 and CYP101A1
(supplemental Table S2). Phe87 in CYP101A1 aligns with Trp88
inCYP101D1; the larger Trp side chain sits high up in the active
site and the 6-membered rings of the two residues overlay well,
whereas the 5-membered ring of Trp88 points away from the
heme and the active site. Phe98 in CYP101A1 aligns withMet99
in CYP101D1. TheMet99 side chain S-methyl points away from
the heme and the active site. Leu254 in CYP101D1 aligns with

Val247 in CYP101A1 and its side
chain extends slightly further into
the active site (Fig. 6b). The active
site of molecule A (of the native
CYP101D1 structure) has addi-
tional electron density that can be
readily modeled as 1,4-dioxane
(present in the crystallization reser-
voir solution) (Fig. 6b). The two
oxygen atoms of 1,4-dioxane form
hydrogen bonds with Wat463 (2.9
and 3.4 Å), the sixth ligand of the
heme iron (Fe-O, 3.0 Å). In mole-
cule B,Wat462 is ligated to the heme
iron (2.4 Å) and another region of
unidentified density, which is pre-
sumed to be 1,4-dioxane, occupies
the active site. Unfortunately, par-
tial occupancy did not allow refine-
ment of 1,4-dioxane bound to this
chain.
The structure of camphor-bound

CYP101D1 is virtually identical to
the native structure (r.m.s. devia-
tion for C� atoms, 0.203 Å). The
binding position and orientation of
D-(�)-camphor are very similar to
the CYP101A1-camphor complex
(Fig. 6c) (26). Tyr97 in CYP101D1
provides the hydrogen bond (2.6
Å) to the camphor carbonyl oxy-
gen atom and other residues form
van der Waals interactions with
the carbon atoms of camphor
(supplemental Table S3). The
camphor C5 carbon is closest to
the heme iron, at 4.3 Å distant,
whereas the next nearest camphor
carbon atoms are further away
(C9, 4.8 Å and C4, 4.8 Å), in agree-
ment with the regioselectivity

observed in camphor oxidation (
98% 5-exo-hydroxycamphor).
CYP101D1 has a closed conformation in both the native and

camphor-bound forms with no obvious path for substrate
access into the active site. There is a cavity on the F helix side of
the F-G loop on the surface of both CYP101D1 and CYP101A1
that may be the opening for substrate access (26). The salt
bridge between Arg186 and Asp251 in CYP101A1 (60) that
blocks substrate access into the active site via this route is con-
served in CYP101D1 (Arg187 and Asp258). However, the Lys178
residue, which forms a salt bridge with Asp251 in CYP101A1, is
replaced with a glycine residue (Gly179) in CYP101D1. The res-
idues in the I helix are well conserved between CYP101D1 and
CYP101A1, especially betweenGly255 andThr259 of CYP101D1
where the oxygen binding groove is located (26, 61). However,
the conformation of the carbonyl oxygen of Asp258 in both
native and camphor-bound CYP101D1 is flipped by �90°
toward Asn262 due to the formation of a hydrogen bond to the

FIGURE 6. a, overall structure of CYP101D1. The more extended N terminus of the G helix and the different
position of the F-G loop in CYP101D1 are shown in red. Other differences observed in the N-terminal helical
region, the �2 strand, and the C-terminal � sheet are highlighted in supplemental Fig. S13. b, the active site of
CYP101D1. The heme (yellow) and the active site residues (green) are shown. The water molecule (red) bound to
the heme iron and a single 1,4-dioxane molecule (green), which hydrogen bonds with this water, are also
shown. The electron density (2Fo � Fc contoured at 1) of the 1,4-dioxane molecule is shown in marine. c, the
active site of camphor-bound CYP101D1. The residues that interact with camphor are shown in green stick
representation and the electron density (2Fo � Fc contoured at 1) of the camphor molecule is shown in
marine. d, overlay of the residues in I helix between CYP101D1 (green) and CYP101A1 (salmon). The conforma-
tion of the carbonyl oxygen of Asp258 is flipped by �90° toward Asn262 due to the formation of a hydrogen
bond to the side chain nitrogen of Asn262. The two water molecules that hydrogen bond to Asp258 are also
shown as red spheres.
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side chain nitrogen of Asn262. Moreover, in both CYP101D1
structures, the �2 side chain oxygen of Asp258 forms hydrogen
bonds with the two ordered water molecules nearest to the
oxygen binding groove (Fig. 6d). A similar rotation of this car-
bonyl backbone is found in the ferrous deoxy form of
CYP101A1 (61).
The characteristic potassium binding site in CYP101A1,

comprising the backbone carbonyl oxygens of Glu84, Gly93,
Glu94, and Tyr96, and two solvent water molecules in an octa-
hedral arrangement (26, 45), is absent from CYP101D1. The
carboxylate side chain of Glu84 in CYP101A1, which forms a
hydrogen bond to one of the water ligands, is replaced with
Arg85 in CYP101D1. Substitution of Glu84 with a Lys in the
E84K mutant of CYP101A1 has been shown to abolish the
effect of potassium ions (45).
The electrostatic potentials of the heme proximal surfaces of

CYP101D1 andCYP101A1 show significant differences (Fig. 3c
and supplemental Fig. S14a) that may contribute to the speci-
ficity for their redox partners. The surface of CYP101D1 is
more positive due to the basic residues Arg77, Arg113, Arg126,
Arg290, Arg350, Arg363, and Arg371; the corresponding residues
in CYP101A1 are Glu76, Arg112, Asp125, Ala283, Gln343, Leu356,
and Arg364. The CYP199A2 proximal surface, with equivalent
residues Gln71, Arg111, Lys124, Arg285, Lys347, Met360, and
Arg368, has an electrostatic potential that is similarly positive
(supplemental Fig. S14b) (29). Recently, the crystal structure of
CYP24A1 from rat mitochondria was determined (27). Four
basic residues (Lys378, Lys382, Arg465, and Arg466), which are
conserved among mitochondrial P450 enzymes, are located on
the proximal surface of CYP24A1 close to the heme
(supplemental Fig. S14c). The mitochondrial CYP11A1, which
also receives electrons from Adx, has not been structurally
characterized but basic residues, including Lys267, Lys339,
Lys343, Lys403, Lys405, andArg426, have been shown to be impor-
tant for the Adx/CYP11A1 interaction (49, 62, 63).

DISCUSSION

The full structural characterization of ArR, Arx, and
CYP101D1, the three proteins in a physiological class I P450
system from N. aromaticivorans, is reported. Arx is genomi-
cally associated with CYP101D2 but not ArR. Nevertheless, the
ArR reduction of Arx shows apparent kcat (280 s�1) andKm (2.9
�M) values that are comparable with those of other Class I FdR/
Fdx systems. The ArR/Arx electron transport chain supports
monooxygenase activity of five different Novosphingobium
CYP enzymes for the fast and efficient oxidation of a range of
terpenoid compounds in vitro and in vivo.
The oxidation of Arx by the CYP enzymes shows high appar-

ent kcat (39–91 s�1) and lowKm (�M range) values. The highest
Km (11 �M) is observed with CYP101B1, but the kcat value of 68
s�1 is also among the highest, leading to a high turnover rate
under the standard assay conditions with an Arx:CYP101B1
ratio of 10:1. The kcat values for the different CYP enzymes
show a reasonable correlation with high-spin heme content.
Further analysis on the basis of the rate constant of the first
electron transfer and the heme reduction potential will be of
interest. CYP101C1 oxidation of Arx unexpectedly shows sig-
matropic behavior. The low value of KH (0.93 �M) and a Hill

coefficient n of �2 indicate positive cooperativity in
CYP101C1/Arx binding, leading to a fast NADH turnover rate
of 44.2 s�1 under the standard assay conditions. The detailed
interactions involved and whether two Arx molecules might
bind cooperatively to CYP101C1 remain to be elucidated.
The overall structures of the ArR, Arx, and CYP101D1 pro-

teins are similar to their counterparts in the structurally char-
acterized CYP101A1 and CYP199A2 systems (14, 15, 24–26,
29). ArR belongs to the glutathione reductase-like family of
ONFRs and the structure is consistent with its specificity for
NADH.Of interest is themore closed conformation of the FAD
domain in ArR compared with the other ONFRs due to the salt
bridge between Arg41 and Asp117, which could result in more
stable FAD binding. Arx adopts the typical structure of verte-
brate-type ferredoxins that encompass P450-associated and
Fe-S cluster biogenesis functions. The structures of native
and camphor-bound CYP101D1 resemble their respective
CYP101A1 counterparts. The similar orientation of the I helix
residues Asp258 and Asn262 in both forms of CYP101D1 to that
of the equivalent residues in the ferrous deoxy form of
CYP101A1 (61) is interesting and indicates that protein confor-
mations found in catalytic intermediates are accessible even in
the resting state of the enzyme. The highly hydrophobic nature
of the CYP101D1 active site is consistent with the entry and
binding of 1,4-dioxane from the buffer to the native form. The
camphor/enzyme interactions are virtually identical to those
found in CYP101A1, with the camphor carbonyl oxygen in
CYP101D1 forming a hydrogen bond to Tyr97, the equivalent
residue toTyr96 inCYP101A1 (26). The octahedral cation bind-
ing site in CYP101A1 is absent in the CYP101D1 structures,
which accounts for the minor effects of KCl addition on the
heme spin state and camphor binding by CYP101D1. The data
for the other four enzymes (Tables 1 and 2) suggest that the
cation binding site is also not properly constituted in these
enzymes.
The Ferredoxin Reductase/Ferredoxin Interaction—The

activities of the ArR/Arx/CYP systems are 50–400% higher
than a hybrid system using PdR and Arx (20). This increase is
greater than that observed when the ferredoxin reductases
(PdR and PuR) are exchanged in theCYP101A1 andCYP199A2
systems (14). Large differences are observed between the kcat
andKm values observed whenArx or ArR is substituted for PdR
or Pdx compared with exchange between the PuR/Pux and
PdR/Pux or the ArR/Arx and PuR/Pux hybrid systems. This
suggests that the features involved in ArR/Arx and PdR/Pdx
protein-protein recognition may be more divergent than those
of PuR/Pux. Ionic strength has a much greater effect on the Km
values of the ArR/Arx and PuR/Pux systems comparedwith the
PdR/Pux system. The Lys328 residue in PuR, which is important
in Pux recognition, is conserved in ArR but not PdR (14). The
FAD si side surfaces of ArR and PuR in the vicinity of this Lys
residue are also more positively charged compared with PdR
(Fig. 3a and supplemental Fig. S7, a and b).

The general features of class I electron transfer protein rec-
ognition have been established with studies on the CYP101A1
(52, 64–67) and CYP11 systems (49, 68). Structural models of
PdR-Pdx and Pdx-CYP101A1 complexes have been proposed
from the structures of the individual components and spectro-

Characterization of a Class I P450 Electron Transfer System

AUGUST 27, 2010 • VOLUME 285 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 27381

http://www.jbc.org/cgi/content/full/M110.118349/DC1
http://www.jbc.org/cgi/content/full/M110.118349/DC1
http://www.jbc.org/cgi/content/full/M110.118349/DC1
http://www.jbc.org/cgi/content/full/M110.118349/DC1


scopic data (52, 65, 69, 70). The structures of cross-linked AdR
and Adx, and a related ONFR-ferredoxin (BphA4-BphA3)
complex from the biphenyl dioxygenase system of Acidocorax
sp.KKS102, have been reported (28, 51). Recently, the structure
of a covalently cross-linked PdR-Pdx complex (via Lys409 and
Glu72) has been solved, and the resultant investigations indi-
cated that there is a high degree of fine tuning in the protein/
protein interactions to allow efficient electron transfer (53, 71).
The crystal structures of PuR and PuxB have also provided
insight into the recognition interactions (14, 15, 29). Although
BphA3 is a Rieske ferredoxinwith a different fold fromArx, and
AdR has a significantly different structure to ArR, PuR, and
PdR, all models and structures indicate extensive non-polar
contacts between residues in the [2Fe-2S] cluster binding loop
and those closest to the FAD isoalloxazine ring on the si side
surface, togetherwith ionic contacts between acidic residues on
the �3 helix of the ferredoxin and basic residues on the ferre-
doxin reductase.
The cluster binding loop of P450-associated ferredoxins is

composed of neutral or polar residues (Fig. 3b, 5b and
supplemental Fig. S11, a and b) that complement the non-polar
region on the FAD si side surfaces of ferredoxin reductases. Of
the potential ionic contacts, a PuR-PuxB complex structure
determined fromdouble electron-electron resonance spectros-
copy suggested that the Lys328 residue of PuR forms an ionic
contact withGlu38 in Pux (72). The cross-linked PdR-Pdx com-
plex is linked through Glu72 and Lys409, and a second salt
bridge, formed by Asp38 and Arg310, is located at the interface.
Besides the salt bridge interaction, both hydrophobic and polar
interactions are important in PdR/Pdx binding (53, 71). Glu72
in Pdx and Lys409 in PdR align with Asp72 in Arx and Lys410
in ArR, but Asp38 in Pdx aligns with Leu38 in Arx, and Arg310 in
PdR aligns with Thr311 in ArR (the corresponding residues in
Pux and PuR are Glu38 and Arg301, respectively). The inability
of the Leu38 side chain of Arx to interact in this way with Lys328
may be the cause for the increasedKm (17 versus 2.9�M) forArx
reduction by PuR compared with ArR. Comparison of the FAD
si side surfaces (Fig. 3a and supplemental Fig. S7, a and b) also
suggests that Asn333 in ArR may have a significant effect. ArR
has two regions of negative potential, in the vicinity of Lys54 and
Gln304. PuR andPdRbothhave positive potentials in these areas
and yet PuR shows much higher Arx reduction activity than
PdR, which points to the region surrounding Trp331 of ArR as
being important. The main difference is the substitution of
Asp323 in PuR (Asp332 in PdR) for Asn333 in ArR, rendering the
region more neutral and accommodating of the Leu38 side
chain of Arx (Fig. 3, a and b, and supplemental Figs. S7,
a and b, and S11, a and b).
The Ferredoxin/CYP Interaction—The ability of Arx to sup-

port electron transfer to five different P450 enzymes indicates
that these enzymes should have certain common features for
protein recognition and electron transfer. However, the differ-
ent values of kcat and Km, and the varied sensitivity of the activ-
ity of the systems to ionic strength (Table 2), point to effects of
specific residues on the recognition surfaces. The decrease in
the steady state activities of the five P450 enzymeswith increas-
ing ionic strength ismainly due to increasedKm values (Table 2)
and is indicative of significant electrostatic interactions in the

P450/Arx recognition (49, 73, 74). The Arx surface potential in
the vicinity of the [2Fe-2S] cluster is mainly negative, with a
neutral area immediately surrounding the cluster binding loop
(Fig. 3b and supplemental Fig. S11,a and b). The potential of the
heme proximal surface of CYP101D1 is mainly positive with
some neutral regions, suggesting complementary interactions
between the two enzymes (Fig. 3c and supplemental Fig.
S14, a–c).
Extensive studies suggested that the interaction between

CYP101A1 and Pdx is dominated by contacts between Trp106
(C-terminal residue) and Asp38 (before the cluster binding
loop) on Pdx with residues on CYP101A1 (65, 69, 70). Other
Pdx residues, on helices�1 (Val28, Tyr33) and�3 (Glu65, Arg66),
and the cluster binding loop (Ser42, Ser44) are also proposed to
be involved (52, 64). Trp106 has been proposed to interact with
Leu356, the residue before the proximal Cys357 in CYP101A1,
and this specific contact is suggested to alter the proximal loop
structure that is related to the effector requirement of
CYP101A1 for Pdx (75). The equivalent residue inCYP101D1 is
Arg363, which would match the C-terminal Asp104 residue of
Arx. Arg363 is conserved in CYP101D2 and CYP101C1 but it
aligns withMet345 in CYP101B1 and Val351 in CYP111A2. Res-
idues Arg112 and Arg364 in CYP101A1, which are predicted to
interact with Pdx, are conserved in CYP101D1 (Arg113 and
Arg371) as well as the other Novosphingobium enzymes sup-
ported by Arx with the exception of CYP111A2 where the
equivalent to Arg364 is Glu359 (Table 4 and supplemental
Fig. S15).
In contrast, the CYP11A1/Adx interaction involves acidic

residues on the�3 helix inAdx (Asp72, Glu73, Asp76, andAsp79)
and basic residues on CYP11A1 (49, 62, 63). Tyr82 on Adx has
also been implicated in CYP11A1 recognition (49). Asp38 of
Pdx aligns with Ala45 in Adx (supplemental Table S4) and
mutagenesis studies have shown that this residue does not play
a significant role in Adx/CYP11A1 binding (49). The structure
of CYP24A1 from rat mitochondria revealed several positively
charge residues on the proximal face including Arg120, Arg159,
Lys164, Lys168, Lys378, Lys382, Lys443, Arg465, and Arg466
(supplemental Fig. S14c) (27). Many of these residues are con-
served across mitochondrial P450 enzymes. It has been sug-
gested that ferredoxin/P450 binding in the CYP101A1 and
CYP11A1 systems utilize different regions on the P450 protein
surfaces (49). Given that the hydrophobic Ala45 of Adx is Leu38

TABLE 4
Comparison of the positively charged proximal surface residues of
CYP101D1 to those in P450cam (CYP101A1), CYP101D2, CYP101B1,
CYP101C1, and CYP111A2
Similar residues across all of the N. aromaticivorans CYP enzymes are highlighted
in bold.

CYP101D1 CYP101A1 CYP101D2 CYP101C1 CYP101B1 CYP111A2

Arg77 Glu76 Ser76 Gly61 Ser80 –a

Arg113 Arg112 Arg112 Arg97 Arg116 Arg100
Arg126 Asp125 Arg125 Val110 Arg129 Gln113
Arg290 Ala283 Arg296 Ala268 Pro288 Ala277
Arg349 Arg342 Arg348 Arg327 Arg347 Arg337
Arg350 Gln343 Arg349 Ala330 b Lys348 Pro338
His368 His361 His367 Gly348 Glu366 Arg356
Arg371 Arg364 Arg370 Arg351 Arg369 Glu359

a The equivalent region to the B helix in which Arg77 is situated is absent.
b In CYP101C1 there is a 2-residue insert (glycine and leucine) before the Ala330
residue.
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in Arx, that the surfaces around the cluster binding loop in
these two ferredoxins are non-polar, and the presence of nega-
tively charged residues in the �3 helix, it appears that the Arx/
CYP101D1 interactions resemble those in the Adx-CYP11A1
complex rather than the Pdx/CYP101A1.
In addition to Arg113 and Arg371, there are other positively

charged residues on the proximal face of CYP101D1 (Arg77,
Arg126, Arg290, and Arg350, Fig. 3c and supplemental Fig. S14)
and these are partly conserved across the five P450 enzymes
supported by Arx (supplemental Fig. S15). The closest is
CYP101D2 (Ser76, Arg112, Arg125, Arg289, Arg349, and Arg370,
Table 4) with which Arx is genomically associated. The Arx/
CYP101D2 interaction is slightly stronger than that with
CYP101D1 (Km 1.7 versus 2.9 �M in 50 mM Tris, pH 7.4) and
shows less of an ionic strength dependence (Km 9.0 versus 30�M

in 50 mM Tris, pH 7.4, 200 mM KCl). This suggests that Arg77
may have a functional role. Among the other three P450
enzymes, the variations commonly involve substituting the
basic Arg residue for a non-polar, but not an acidic residue.
CYP111A2 is more unusual in that sequence alignment sug-
gests that the equivalent region to the B helix in which Arg77 is
situated has been deleted, and Arg371 in CYP101D1 aligns with
Glu359 in CYP111A2. However, the CYP101D1 surface residue
His368 is close to Arg371 (Fig. 3c and supplemental Fig. S15).
His368 aligns with Arg356 in CYP111A2, and the side chain of
this basic residuemay reduce the repulsion betweenGlu359 and
surface acidic residues on Arx. His368 of CYP101D1 aligns with
Glu366 in CYP101B1. A negatively charged residue at this posi-
tion, directly above the heme, and the replacement of Arg363
with Met345 may weaken binding to Arx, which is consistent
with the higher Km observed for CYP101B1 turnover.

The structures of Arx and CYP101D1 have enabled struc-
tural, sequence, and surface potential comparisons with related
enzymes. However, as the analysis of the heme proximal resi-
dues shows, although residues likely to play significant role
have been identified, differences at one or more residues might
be overcome by a compensatory substitution nearby, which
makes the identification of the detailed ferredoxin binding
interactions by sequence alignment alone, difficult. Moreover,
these proteins may also undergo redox-induced conforma-
tional changes that can differentially affect the sequential elec-
tron transfer from NADH to the CYP enzyme (12, 52). The
crystal structures of the other P450 enzymes supported by Arx
will be informative for a fuller analysis. The different strengths
of Arx/P450 binding and the differential effects of ionic
strength on the P450 systems offers numerous opportunities
for targetedmutagenesis studies to clarify the role of P450prox-
imal face regions and residues within them, and to provide a
detailed picture of the ferredoxin-P450 electron transfer
complex.
Conclusion—TheArR/Arx system can support the activity of

at least five of the P450 enzymes from N. aromaticivorans
DSM12444 resulting in fast product formation rates. A com-
plete physiological class I electron transfer system (ArR/Arx/
CYP101D1) has been structurally characterized. The ArR/Arx
interaction is similar to those previously observed with ONFR
proteins and P450-associated ferredoxins but the Arx/
CYP101D1 interactions appear to have more in common with

the bovine Adx/CYP11A1 and rat Adx/CYP24A1 mitochon-
drial systems than the bacterial Pdx/CYP101A1 system. The
ability of a single ferredoxin to support activity of multiple CYP
enzymes offers a platform to study ferredoxin-P450 recognition
and electron transfer in detail.
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