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ABSTRACT: Lanthanide tags offer the opportunity to retrieve long-range distance information from NMR
experiments that can be used to guide protein docking. To determine whether sufficient restraints can be
retrieved for proteins with low solubility and availability, Ln tags were applied in the study of the 65 kDa
membrane-associated protein complex formed by the electron carrier adrenodoxin and its electron donor,
adrenodoxin reductase. The reductase is only monomeric at low concentration, and the paramagnetic
iron-sulfur cluster of adrenodoxin broadens many of the resonances of nuclei in the interface. Guided by the
paramagnetic restraints obtained using two Ln-tag attachment sites, protein docking yields a cluster of
solutions with an rmsd of 3.2 Å. The mean structure is close to the crystal structure of the cross-linked
complex, with an rmsd of 4.0 Å. It is concluded that with the application of Ln tags paramagnetic NMR
restraints for structure determination can be retrieved even for difficult, low-concentration protein complexes.

A basic understanding of how macromolecules such as pro-
teins bind other macromolecules is a cornerstone in structural
and systems biology. NMR spectroscopy has been used to deter-
mine the structure of small complexes, and only recently, much
larger complexes have been studied. Nevertheless, improvement
of the methods remains necessary, especially for the cases of
challenging proteins, such as membrane-associated proteins (1-4).
Other proteins that can be troublesome in NMR experiments are
those containing metal cofactors. The nuclei surrounding the
endogenous paramagnetic metal are usually invisible in NMR
spectroscopy due to enhanced nuclear relaxation. Substitution of
themetal for a diamagnetic analogue can resolve this problem (5),
but this procedure is often accompaniedwith large loss of protein
(6). In electron transfer proteins generally themetal binding site is
close to the interfacewith the partner proteins to facilitate the elec-
tron transfer. Therefore, the interaction sites in electron transfer
proteins are often difficult to study by conventional NMR. Inter-
estingly, paramagnetism offers at the same time excellent oppor-
tunities to obtain long-range distance information (5, 7). With an
artificial paramagnetic Ln probe it is possible to retrieve distance
restraints from far beyond the interaction site, avoiding the
problem of the broadened resonances in the interface. Another
important advantage of the application of a Ln tag is that the
most useful paramagnetic effects, the pseudocontact shift, and the
paramagnetic relaxation enhancement can be readily obtained

from sensitive heteronuclear correlation experiments requiring
only a low protein concentration. A prerequisite for reliable
restraints is to have a rigid paramagnetic tag.

In this study, the complex of adrenodoxin reductase (AdR)1

and adrenodoxin (Adx) is investigated. These proteins are compo-
nents of the steroid hormone biosynthesis redox chain in the
adrenal mitochondria of vertebrates, containing also the CYP11
family of cytochrome P450 enzymes. CYP11A1 (P450scc) con-
verts cholesterol to pregnenolone, which is the initial and rate-
limiting step of steroid hormones biosynthesis (8). Enzymes of the
CYP11B subfamily are responsible for the formation of cortisol
(CYP11B1) as well as aldosterone (CYP11B2) (9, 10). These
cytochromes require two electrons to catalyze oxygen cleavage
and substrate hydroxylation, which are obtained from NADPH
and delivered via AdR and Adx. AdR is localized at the matrix
side of the inner mitochondrial membrane andmembrane-bound
by ionic interactions (9, 11, 12). It is a 51 kDa, NADPH-depen-
dent, electron donor carrying FAD as a prosthetic group (13).
The ferredoxin Adx is a 14 kDa soluble protein, consisting of 128
amino acids. Via its Fe2S2 cluster, Adx carries electrons from
AdR to several cytochrome P450 enzymes (10). The crystal struc-
ture has been determined of the 4-108 truncated Adx as well as
the full-length protein, which demonstrated the presence of a
flexible C-terminus (14, 15). The crystal structure of NADPH-
bound AdR was also solved, followed by the structure of a 1:1
cross-linked complex of AdR and full-length Adx (16, 17).

Here, we use the AdR-Adx complex as a test case to deter-
minewhether Ln tags can provide sufficient restraints to establish
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the orientation of proteins in a complex in the case of membrane-
associated proteins with poor availability and including a Fe2S2
cluster in the interface. We demonstrate that with two Ln-tag
positions sufficient information is obtained to yield a reliable
model of the complex. This is the first structural model of the
AdR-Adx complex in solution.

MATERIALS AND METHODS

Chemicals. Caged lanthanide NMR probe 5 (CLaNP-5) was
synthesized and chelated to various Ln ions (Ln-CLaNP-5,
Figure 1) as described (18). Superdex 75, Superdex 200, and Source
30Q columns were fromGEHealthcare (Munich, Germany). All
other chemicals were reagent grade commercial products and
were used without further purification.
Mutagenesis and Expression of AdR Mutants. AdR

mutants A, C364S/S425C/K429C, B, C364S/C145S/Q232C/
K236C,C, C364S/M352C/V357C, andD,C364S/K395C/H398C
were produced in cloning vector pMOSBlue, using the Quik-
Change site-directed mutagenesis kit (Stratagene, La Jolla, CA)
and subcloned into pBar1607, using the NdeI/Hind III sites (19).
Amplification ofAdR cDNA in pMOSBluewas performed using
forward and reverse primers designed according to the manufac-
turers’ guidelines. All mutations were verified byDNA sequencing.
Protein Production. The genes for the AdR variants were

heterologously coexpressed in Escherichia coli C43DE3 harboring
pBAR1607, using the chaperone-containing plasmid pGro12
(19-21). Purification was performed as described, and protein
concentration was determined using ε450 = 11.3 mM-1 cm-1

(19, 22). UV/vis spectra were recorded at room temperature on a
Shimadzu double-beam spectrophotometer UV2101PC using a 50
mM potassium phosphate buffer, pH 7.4, containing 0.1 mM
dithioerythritol, 0.1 mMEDTA, and 0.7MKCl. Protein fractions
with anA270/A450 ratio between 7.6 and 8.0 were collected, yielding
4mg/L culture ofwild type and 1.5-2mg/L culture of themutants.
CD spectra of the AdR forms were obtained on a Jasco 715
spectropolarimeter at room temperature. Reaction mixtures con-
tained 20 μM AdR in HEPES buffer, pH 7.4, containing 0.05%
Tween 20. 2H15N-enriched wild type and (4-108) truncated Adx
were produced using E. coli BL21 and the pKKHC plasmid (23).
The cells were grown inM9minimal medium containing 15NH4Cl
and either glycerol-d3 for Adx wild type or acetate-d3 for Adx
(4-108). The D2O content was gradually increased up to 99%.
Purification was performed as described using Source-30Q anion-
exchange and Superdex G75 gel filtration (24). Non-isotope-
enriched Adx was produced as described (25). Adx was quantified
using ε415 = 9.8 mM-1 cm-1, and protein with an A414/A276 ratio
>0.9was isolated (26). Yieldswere 1.4mg/L forwild type and 2-3
mg/L for Adx (4-108). CYP11A1 was produced as described; the
protein concentration was determined by carbon monoxide dif-
ference spectroscopy using ε450-490 = 91 mM-1 cm-1 (27, 28).

Ln-CLaNP-5 Attachment to AdR. A solution of 0.2 mM
AdR in 20 mM degassed sodium phosphate buffer, pH 7.4,
containing 0.1 M NaCl, was first treated with 5 mM freshly
prepared dithiothreitol for 1 h on ice. Superdex 200 gel filtration
was used to remove the surplus of dithiothreitol. The resulting
AdR solution was mixed with 3 mol equiv of Ln-CLaNP-5 and
incubated for 1 h on ice. Surplus of Ln-CLaNP-5 and protein
dimer was separated using Superdex 200 gel filtration. Protein
concentration was determined byUV/vis spectroscopy. The yield
after the entire labeling procedure, including purification, was
about 20-25%. AdR has been labeled with Eu-CLaNP-5, Gd-
CLaNP-5, Tm-CLaNP-5, and Lu-CLaNP-5 for fluorescence,
paramagnetic relaxation enhancement, pseudocontact shift, and
diamagnetic control measurements, respectively.
Adx Reduction. Reduction of full-length Adx was deter-

mined by UV/vis spectroscopy. Samples contained 50 μM full-
length Adx, 5 μM AdR, and 50 μM NADPH. Quantitative Adx
reduction was determined indirectly by measuring subsequent
reduction of cytochrome c byAdx. The reduction ofAdx byAdR
is rate limiting in this experiment (23, 29). Reaction mixtures
contained 1 μMfull-lengthAdx or Adx (4-108), 200 μMcytoch-
rome c, and 0.05 - 1.0 μM AdR. The reaction was initiated by
adding 200 μM NADPH. Cytochrome c reduction was moni-
tored at 550 nm, using ε550 = 20 mM-1 cm-1 (30). All samples
contained 50 mM potassium phosphate buffer, pH 7.4. The
assays were performed on a Shimadzu double-beam spectro-
photometer UV2101PC at room temperature.
Substrate Conversion. The conversion of 7-DHC to 7-DHP

was performed using a reconstituted assay system (31), contain-
ing 1 μMAdR, 1 μMAdx, 1 μMCYP11A1, and 200 μM7-DHC
in 50 mM HEPES-Tween 20 buffer. An NADPH-regenerating
system (5 μM glucose 6-phosphate, 1 U glucose-6-phosphate
dehydrogenase, and 1 μM MgCl2) was added, and the reaction
was initiated by adding 100 μM NADPH. After 10 min incuba-
tion at 37 �C the reaction was stopped by adding one sample
volume of chloroform. The steroids were extracted twice with
chloroform, dried, and resuspended in acetonitrile. Aliquotswere
analyzed by HPLC, using a Nucleodur 100-3 C18 RP column
(Macherey-Nagel) with an isocratic mixture of acetonotrile-
2-propanol (30:1) and cholecalciferol as internal standard. Peak
areas of product and standard at 280 nm were determined using
the JASCO Borwin software.
ProteinNMR.Typically,NMR samples comprised 250-300

μL in a Shigemi tube, containing 20-50 μM 15N2H Adx with 1.2
equiv of Ln-CLaNP-5-attached AdR in 20 mM sodium phos-
phate, pH 7.4, 6% D2O (v/v), and 100 mM NaCl. [15N,1H]-
TROSY spectra (32) were recorded at 285K on a Bruker Avance
DMX 600 spectrometer equipped with a TCI-Z-GRAD cryop-
robe. Data were processed in Azara (www.bio.cam.ac.uk/azara)
and analyzed in Ansig for Windows (33). The assignments of the
resonances were based on previous work (34). Chemical shift
perturbations (Δδavg) were defined as described by Grzesiek
et al. (35). The agreement between observed and back-calculated
NMRparameters is expressed in a quality factorQ (eq 1), defined
as the ratio of the rmsd between observed and calculated data and
the rms of the sum of the observed and the calculated data (36).

Q ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i
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P
i

fΔδobsPC ðiÞþΔδsimPC ðiÞg2
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FIGURE 1: Structure of the Ln tag: caged lanthanide NMR probe 5
(CLaNP-5). The tag has been chelated to the Ln ions Eu3þ, Gd3þ,
Lu3þ, and Tm3þ.
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Paramagnetic NMR. Pseudocontact shifts and paramag-
netic relaxation enhancements were determined as described
before (18). For the paramagnetic relaxation enhancements,
the paramagnetic over diamagnetic intensity ratios were normal-
ized using the resonances for residue T21, a residue with no
significant broadening, surrounded by other residues with no
significant broadening and located at the other side of the protein
relative to the residues for which the strongest effects were
observed. From theR2

para, the Gd ion-to-amide proton distances
were calculated using the simplified Solomon and Bloembergen
equation (37). For 24 amides the resonances were assigned and
sufficiently resolved to yield reliable paramagnetic relaxation
enhancements. The obtained paramagnetic relaxation enhance-
ments were divided in two classes of restraints. The first class
(13 restraints) was formed by the amide resonances with an
intensity ratio up to 0.83. For these residues the distances as
determined from the paramagnetic relaxation enhancement
were used ((4 Å). The second class (11 restraints) consisted of
the amide resonances with an intensity ratio of more than 0.83.
These residues where considered to be too far from Gd for
accurate distance determination and to these were assigned a
lower distance limit of 44 (-4,þ100) Å. As AdR is a membrane-
associated protein, it could only be concentrated to limited
extent. At concentrations higher than 50 μM, significant aggre-
gation occurred, even in presence of Adx. For this reason, for the
paramagnetic relaxation enhancement analysis, the method
according to Battiste and Wagner was used instead of the one
of Iwahara et al. (38, 39). The latter method has been reported to
be less prone to artifacts, but it is less sensitive. Moreover, in our
hands the one-point method yields reliable distances and has
successfully been employed to determine structures of protein
complexes before (18, 40).
Protein Docking. To determine the solution model of the

complex formed by Adx and AdR, the proteins were docked
using the software XPLOR-NIH (41). The structure of AdR was
taken from the crystal structure of the cross-linked complex
(PDB entry 1E6E) and that of Adx from the crystal structure of
the free protein (PDB entry 1AYF). For inclusion of the
pseudocontact shift restraints, the PARArestraints module was
employed, and the Prodrug server was used to create FAD
parameter and topology files (42, 43). Chemical shift perturba-
tions were treated as NOE-type distance restraints. Only the Adx
residues having an accessible surface area (ASA) of more than
40% were taken into account, as determined with the software
NACCESS 2.1.1 (44). A total of 16 amides with aΔδavg of>0.03
ppm were given a distance of 11 (-8/þ15) Å to any amide
nitrogen atom of AdR, applying the sixth power distance
averaging option. The Ln-CLaNP-5 molecules and their accom-
panying χ-tensors were represented by a Ln ion and an axis
system,made out of three pseudoatoms, representing the χ-tensor
direction. The Ln ions were placed at 8 Å from the introduced
CysCR atoms in the direction of the side chains, with the z-axis of
the χ-tensor initially pointing away from the backbone, as
described before (18). The magnitude of the χ-tensor of Tm-
CLaNP-5 was obtained previously and amounts 55.3 and 6.9 �
10-32m3 for the axial and rhombic components, respectively (18).
The script of the docking procedure is supplied in the Supporting
Information. In short, the protein complex formed by AdR and
Adx was energy minimized guided by the energy terms for the
chemical shift perturbations, paramagnetic relaxation enhance-
ments, and pseudocontact shifts. Adx started at a random posi-
tion 60 ( 10 Å away from AdR, with a random rotation of 15�.

The energy minimization started with a rotation of the χ-tensors,
using only the pseudocontact shift energy term and keeping
proteins and Ln ions fixed. Subsequently, the proteins were
allowed to translate and rotate, guided by all the restraints, with
the Ln ions and their χ-tensors fixed relative to AdR. The
proteins were kept rigid, and only the backbone and Cβ and
Cγ atoms were considered in the repel function used to avoid
steric clashes. A total of 400 0.04 ps steps of restricted MD was
performed at 300 K, and subsequently the χ-tensor orientations
were optimized once more based on the pseudocontact shift
restraints, with proteins and Ln ions fixed. This iterative mini-
mization cycle was repeated 50000 times in a typical run. When
during the minimization the total energy did not decrease for six
cycles, Adx was placed at a random position 60 ( 10 Å away
fromAdR, with a random rotation of 15�, andminimization was
continued. Structures of complexes were saved and pseudocon-
tact shifts and paramagnetic relaxation enhancements back-
calculated, when the total energy was below an energy cutoff.
Only the lowest energy structure was saved per approach from a
given starting position. The force constants used to scale the
chemical shift perturbations was set to 50, the force for pseudo-
contact shifts was set to 250, and for paramagnetic relaxation
enhancements it was set to 100. These were varied to yield similar
energy contributions, and it was verified that both the para-
magnetic relaxation enhancement and pseudocontact shift energy
terms played a role in ranking the top lowest energy structures.
Protein structures are visualized using Pymol (DeLanoScientific,
Palo Alto, CA).

RESULTS AND DISCUSSION

Mapping the AdRBinding Site of Adx.AdRwild type was
titrated into a solution of truncated 2H15N-enrichedAdx (4-108)
from0.3 to 1.2mol equiv. After each addition, the TROSYNMR
spectrum was recorded (Figure S1 of the Supporting Informa-
tion). The disappearance and reappearance of shifted cross-peaks
are indicative of binding in the slow exchange regime, in line with
the results found before in surface plasmon resonance measure-
ments, in which a dissociation rate constant of 0.0038 s-1 was
determined (25). Due to the presence of the Fe2S2 cluster in Adx
many resonances are broadened beyond detection. Nevertheless,
several shifted cross-peaks could be assigned by comparison (6),
and chemical shift perturbations (Δδavg) were determined (Figure 2).
Large shifts (Δδavg > 0.15) were observed for residues 31, 40, 42,
43, 59, 60, 72, 76, 79, 85, and 96. From the bindingmap, it is clear
that Adx binds with its cofactor binding site toward AdR, as
inferred from the surrounding ring of large chemical shift pertur-
bations. This binding orientation is similar to the one observed in
the crystal structure of the complex and in line with the role of
Adx as an electron transfer protein (14). The stoichiometry of
binding cannot be revealed from a single set of chemical shift
perturbations from a protein complex in slow exchange, but the
binding map is consistent with a well-defined binding site in a 1:1
complex.

TROSY spectra were also acquired of the full-length 2H15N-
enriched Adx in the absence and presence of AdR. The spectral
changes observed resembled those for the truncated Adx, indi-
cating a similar interaction (Figure S2 of the Supporting Informa-
tion). Large shifts (Δδavg > 0.12) were observed for residues 14,
42, 43, 59, 75, and 96. The additional cross-peaks of the flexible
C-terminus remained unassigned. The 4-108 truncated form of
Adx was selected to study protein complex formation in more
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detail, because Adx (4-108) is more stable than the full-length
protein (45).
Paramagnetic AdR. To acquire intermolecular distance

restraints to steer the docking of AdR and Adx, AdR was
equipped with paramagnetic Ln tags. The dipolar interaction
between the unpaired electrons of the paramagnetic Ln ions and
the observed nuclei of Adx causes broadening and shifts of the
NMR resonances in a distance-dependent manner (46). CLaNP-
5 is a Ln tag that is attached via two Cys residues on the protein
surface (Figure 1). It shows minimal mobility relative to the

attached protein, and therefore, the paramagnetic effects are
large and the Ln ion position is easily modeled (18). By attaching
Ln-CLaNP-5 at two positions on the AdR surface, one at a time,
and adding this tagged AdR to 15N2H isotope-enriched Adx,
interprotein distance information is obtained from the paramag-
netic changes in the NMR spectra of the protein complex. To
retrieve pseudocontact shifts, AdR was tagged with CLaNP-5
chelated to Tm3þ, for paramagnetic relaxation enhancementGd-
CLaNP-5was used, and the diamagnetic Lu-CLaNP-5was taken
as a control. In the selection of the AdR variants (see below), Eu-
CLaNP-5 was used for its luminescent properties (18).

The addition of Ln-CLaNP-5 to wild type AdR led to exten-
sive loss of the FAD cofactor and large amounts of aggregated
protein. The cause of this was thought to be binding of the tag to
endogenous Cys residues, causing unfolding of the protein.
According to the AdR crystal structure, only the thiol of C145
is somewhat surface accessible. Nevertheless, to prevent the
aggregation, all five endogenous Cys residues were mutated to
Ser, but this AdR variant did not yield correctly folded protein.
Then, single Cys to Ser mutants were made and tested for
diminished binding of Eu-CLaNP-5, as compared to wild type.
The protein stability was monitored by gel filtration chromatog-
raphy. AdR variant C364S showed highly increased stability
toward tag treatment, and only a limited amount of labeling was
observed by correlating the Ln-tag fluorescencewith flavin-based
protein absorbance (data not shown). C364 is in the NADPH
binding site. Probably the Ln tag can enter this site and
subsequently attach to C364, which leads to loss of the FAD
cofactor and aggregation of the protein. Therefore, the C364S
mutant was used as the starting point tomake double Cys surface
mutants, required for CLaNP-5 attachment.

Positions for the Ln tag on AdR were selected 25-35 Å away
from the expected binding site of Adx, in rigid parts of the
protein. Cysmutations were designed preferably replacing one or
two Lys or Arg residues, to reduce the charge change upon
attachment of the CLaNP-5, which has a 3þ overall charge. It
was decided to make four double Cys mutants indicated with A,
B, C, and D (see Materials and Methods section), more than
required for obtaining docking restraints. Without optimization,
mutantsA andBdisplayed excellent labeling efficiencies, whereas
for C and D this was not the case. Although optimization of the
labeling procedure would have been possible, it was deemed not
practical or necessary, because the study could be completed
using only mutants A and B.
AdRMutantCharacterization.AdRmutantsA andBwere

produced and compared to the wild type enzyme. The three
proteins displayed the same characteristic UV/vis spectra indi-
cative of a correctly incorporated FAD (19) (Figure S3 of the
Supporting Information). Furthermore, both AdR mutants also
showed the same CD spectra as the wild type, confirming that
there are no severe structure differences introduced in the FAD
region. The AdR mutants were capable of reducing Adx, as
indicated by the changes in the Adx spectra (Figure S3 of the
Supporting Information). To quantify Adx reduction by the
mutants, the nonphysiological acceptor cytochrome c was
used (23, 29). Both mutants displayed somewhat higher Km

values and slightly lower Vmax values than the wild-type enzyme
for the reduction of both full-length and truncated Adx, but no
severe loss of activity was observed (Table 1).

The AdR mutants were also used to convert 7-dehydrocho-
lesterol (7-DHC) to 7-dehydropregnenolone (7-DHP) in a re-
constituted CYP11A1 system. During substrate conversion both

FIGURE 2: Chemical shift perturbation (Δδavg) analysis of 2H15N
Adx (4-108) after binding of AdR. (A) The obtained Δδavg of Adx
plotted per residue. (B) Chemical shift perturbations mapped on the
surface of the protein (structure fromPDB entry 1E6E). Residues are
color coded according to their Δδavg: larger than 0.15 ppm are
colored red, from 0.10 to 0.15 ppm orange, from 0.05 to 0.10 ppm
yellow, and less than 0.05 ppm blue. These levels are indicated by
dashed lines in (A). The residues for which information was lacking
are colored light gray and those broadened beyond detection due to
the Fe2S2 cluster are colored dark gray.
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AdR mutants showed only slight differences compared to
wild type AdR for both Adx forms (Table 2). Similar to what
was described before, product formation was found to be 60%
higher with the truncated Adx as compared to the full-length
protein (47).
IntermolecularDistanceRestraints.AdRmutantsA andB

were labeled with Lu-CLaNP-5 and Tm-CLaNP-5, to C425/
C429 andC232/C236, respectively, and added to 2H15N-enriched
Adx (4-108). [1H,15N]-TROSY spectra were acquired for all
complexes (Figure S4 of the Supporting Information), and
pseudocontact shifts were determined from the chemical shift
difference between the paramagnetic and the diamagnetic sam-
ples. The two AdR variants labeled with the diamagnetic tag
caused the same changes in the TROSY spectrum of Adx
(4-108) as did wild type AdR, indicating that labeling with
Ln-CLaNP-5 did not affect complex formation between AdR
and Adx. The paramagnetic tags caused pseudocontact shifts
ranging from 0.1 to less than -1 ppm (Figure 3). No residual
diamagnetic peaks were observed in the paramagnetic samples,
indicative of complete labeling. Tm-CLaNP-5 is a strong align-
ment agent, giving rise to HN residual dipolar couplings of up to
30 Hz at 14.1 T (18). Consequently, an error is introduced of half
the HN residual dipolar coupling in pseudocontact shifts ob-
tained from the TROSY cross-peaks, which may be up to 0.025
ppm for the proton. This value is small relative to the observed
pseudocontact shift and was neglected.

To obtain paramagnetic relaxation enhancement based re-
straints, AdR mutant B was labeled with Gd-CLaNP-5. Para-
magnetic relaxation enhancements were determined from the
intensity decreases in the TROSY cross-peaks of Adx (Figure S5
of the Supporting Information). The intensity ratios of the
paramagnetic and diamagnetic signals are mapped on the crystal
structure of Adx in Figure 4. Adx is facing the Ln tag with the
small helix consisting of residues 61-64 and the loop containing
residue 86.
The Structure of the AdR-Adx Complex. The solution

structure of the complex was modeled by docking Adx on AdR,
guided by the experimentally obtained chemical shift perturba-
tions, pseudocontact shifts, and paramagnetic relaxation en-
hancements as intermolecular restraints. The starting structures

of AdR and Adx were taken from the crystallized complex and
the free protein, respectively (PDB entries 1E6E and 1AYF),
and treated as rigid bodies. AdR was equipped with Ln ions and
accompanying initial χ-tensors according to a protocol described
before (18). During the docking, the orientation of the χ-tensors
was optimized in an iterative fashion. The details of the protocol
are given in the Materials and Methods section. The lowest
energy complex structure is shown in Figure 5A, overlaid with
1E6E, with the AdR molecules superimposed. The location and
orientation of Adx on AdR are very similar for the solution
model and crystal complex. In both structures the Adxmolecules
are equally far from the Ln ions. For instance, the distance from
the Ln ion in AdRmutant A, attached via C425 and C429, to the
CR of Adx N37 is 30.8 and 31.8 Å in the crystal and the best
docking solution, respectively. Similarly, the distance from the
other Ln ion, attached via C232 and C236, in AdR mutant B, is
23.3 and 23.6 Å to the CR of D86 of the crystal structure and the
best docking solution, respectively.

Table 1: Activity of AdR Wild Type and Mutants

full-length Adx Adx (4-108)

AdR Km (μM)a Vmax (nmol of Cyt c red/min)a Km (μM)a Vmax (nmol of Cyt c red/min)a

wild type 0.4( 0.2 (4.6 ( 0.6) � 102 0.6( 0.2 (4.8 ( 0.7) � 102

mutant A 1.3( 0.5 (3.1 ( 0.9) � 102 1.7( 0.5 (3.8 ( 0.6) � 102

mutant B 0.8 ( 0.1 (3.7 ( 0.3) � 102 0.8( 0.1 (4.3 ( 0.3) � 102

aThe assay conditions are reported in the Materials and Methods section.

Table 2: CYP11A1-Dependent Conversion of 7-Dehydrocholesterol to

7-Dehydropregnenolone

kcat (s
-1 � 10-3)a

AdR full-length Adx Adx (4-108)

wild type 13.4( 0.3 22.8( 0.1

mutant A 12.4( 0.1 20.5( 0.7

mutant B 13.3( 0.1 22.0( 0.3

aThe assay conditions are reported in the Materials and Methods
section.

FIGURE 3: Pseudocontact shifts (PCSs) of 2H15N Adx (4-108) in
complex with Tm-CLaNP-5 AdR mutants A and B (A and B,
respectively) plotted per residue. The pseudocontact shifts were
obtained as described in the Materials and Methods section.
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Relative to the crystal structure, in the lowest energy solution
Adx is slightly rotated around the core β-sheets consisting of
residues 56-58 and 88-90. The CR atoms of H56 are only 0.7 Å
apart and theCR atoms ofL90 1.8 Å. The loop ofAdx containing
the Fe2S2 cluster is tilted to a small extent in the lowest energy
solution. This tilt causes the distance between the closest iron
atom of the Fe2S2 cluster and the FAD isoalloxazine ring N3
atom to increase from 10.9 to 15.0 Å. This is still within the
critical electron transfer distance of 16 Å (48).

The total energy of the best docking solution is 19% lower than
that of the crystal structure after χ-tensor optimization, 13.3 kcal/

mol compared to 15.8 kcal/mol. This is reflected in the Q-value,
that measures the agreement between back-predicted and experi-
mental pseudocontact shifts and paramagnetic relaxation en-
hancement based distances (Figure 5B-D).Q, averaged over the
pseudocontact shifts and paramagnetic relaxation enhancement
classes of restraints, equals 0.110 and 0.102 for the crystal
structure and solution model, respectively. The lower Q-value
of the solutionmodel can be attributed to a large extent to the Ln
tag attached to residues 425 and 429 (AdR mutant B). The
Q-values for the pseudocontact shifts originating from this tag
are 0.23 and 0.21 for the crystal structure and solution model,
respectively.

The rmsd between the lowest energy solution from the docking
and the crystal structure is 6.4 Å, with a distance root mean
square (drms) of 2.5 Å. The difference between the rmsd and the
drms is a consequence of the fact that the structures are rotated
rather than translated (49).
Single Minimum. For the ensemble of low-energy structures

obtained during the docking calculations the restraint energy is
plotted against the rmsd relative to the lowest energy structure in
Figure 6A. As shown in the figure, the docking appears to
converge to a single minimum. All low-energy structures were
similar, with Adx bound in the groove between the FAD domain
and the NADPH domain of AdR and the Adx Fe2S2 cluster
facing the FAD isoalloxazine ring. The centers of mass of Adx of
the top ten of low-energy solutions are displayed in Figure 6B.
These structures can all be found on a straight line equidistant
from the Ln ions, in the groove between the two AdR domains.
The farther the structure is from the minimum, the higher the
total energy. The crystal structure is found within the cloud. The
top ten low-energy structures form a cloud with an rmsd from the
mean of 3.2 Å.

As can be seen in Figure 6C,D, during the optimization the
χ-tensors rotate mostly in the xy-plane whereas the z-axis is
similar in all low-energy solutions; only inversion is observed.
The fact that the x- and y-axes display some freedomofmovement
can be explained by the relatively low rhombicity of the χ-tensor,
making the pseudocontact shifts less sensitive to changes in the
x- and y-axes. The largest deviations of the average χ-tensors are
found for the structures with the highest total energies.

The outcome of the docking procedure is of course sensitive to
the relative weights given to the different restraints. The weights
for the paramagnetic relaxation enhancements and pseudocon-
tact shifts were chosen such that the energy terms for bothwere of
similar magnitude and that both energy terms contribute to the
ranking of the lowest energy structures. This was based on the
assumption that both classes of restraints are equally important.
A possible source of error for the calculation of atomic distances
from paramagnetic relaxation enhancements is τc. Based upon
the crystallized complex, τc was estimated byHYDRONMR (50)
to be 52.0 ns. The influence of τc was verified by varying it from
43.0 to 57.0 ns and comparing the paramagnetic relaxation
enhancement based amide to Ln distances with the distances
from the best docking structure. The lowestQ-factor (considering
only paramagnetic relaxation enhancement derived distances)
was obtained for a value of 47.0 ns (Figure S6 of the Supporting
Information). However, the influence of τc remains within the
error in the Q-factor at least in the range from 43 to 53 ns, and
simulations performed with τc set to 47 or 49 ns gave similar
results.
Dependence of the Docking on the Adx Starting Con-

formation. This study aims to provide a methodology for

FIGURE 4: Analysis of paramagnetic relaxation enhancement of the
2H15N Adx (4-108) resonances by bound AdR mutant B with Gd-
CLaNP-5 attached. (A) The observed R2

para plotted per residue.
(B) The observed R2

para mapped on the surface of the protein, with
R2

para>80 s-1 in red, 40<R2
para<80 s-1 in orange, 10<R2

para<
40 s-1 in yellow, and R2

para < 10 s-1 in blue. These levels are
indicated by dashed lines in (A). The residues for which information
was lacking are colored light gray, and those broadened beyond
detection due to the Fe2S2 cluster are colored dark gray.
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finding a structure of a protein complex based on any given
structures of the free components, so the effect of different
starting structures should be small. The docking calculations
were repeated with different Adx structures, taken from crystal
structures of Adx in complex withAdR (PDB entry 1E6E) and as
a free oxidized protein (PDB entry 1CJE). For any of the three
Adx structures, a single minimum was found in the docking
calculations. The lowest energy solutions are very similar to the
one obtained using 1AYF-based Adx (Figure S7 of the Support-
ing Information). The backbone rmsd of Adx in the three
complexes, aligned by AdR, is only 0.9 Å, so it can be concluded
that the same minimum energy structure of the complex is found
independent of the starting structure, in accordwith the similarity
between the three Adx structures (backbone rmsd to the mean
is 0.3 Å).

The top ten lowest energy solutions, using the Adx structure
from1CJE and 1E6E, forman ensemblewith a backbone rmsdof
2.5 and 2.1 Å, respectively. Apparently, the accuracy of the
calculations is determined by the experimental restraints, whereas
the precision is dependent on the starting structures. The best
solution of the calculation starting withAdx from the crystallized
complex (1E6E) also has a somewhat lower energy compared to
the other two, 12.0 versus 13.3 and 13.7 kcal/mol for 1AYF and

1CJE, respectively, and consequently, also theQ-value for the fits
of back-calculated to the experimental restraints is a little lower,
0.098 versus 0.102 and 0.102. These findings show that side-chain
orientations have little influence on the orientation determined
for Adx in the complex but result in a slightly better fit if already
optimized for binding. This limited influence is a consequence of
the “soft docking” used in the protocol, with only the backbone
atoms andCβ and Cγ taken into account for the repel term in the
docking energy.
Methods for Protein Complex Structure Determination.

The combination of chemical shift perturbation, pseudocontact
shift, and paramagnetic relaxation enhancement restraints was
successfully used to obtain a model of the complex formed by
AdR and Adx in solution. We have also investigated whether all
restraints were required to obtain a reliable solution.

Several software packages suchasBigger andHaddock (51, 52)
are available for the prediction of structures of protein complexes
based on a minimal set of experimental restraints, often giving
excellent results. Haddock was employed (53), to dock Adx on
AdR, using the experimental chemical shift perturbations as re-
straints. In the best docking solution, Adx was placed in between
the FAD and NADPH domains of AdR, but on the opposite
side of the isoalloxazine ring (Figure S8 of the Supporting

FIGURE 5: Structural comparison of the docking solution and the crystal structure. (A) The lowest energy docking solution of the AdR-Adx
complex superimposed on the crystal structure of the complex (PDB entry 1E6E). The structures are aligned by AdR, which is shown in surface
representation. The Ln ion positions are indicated by pink spheres, with the axis frame representing the χ-tensor of Tm in yellow for the x- and
y-axes and in blue for the z-axes. The positions of Adx as determined by NMR and in the crystal structure are shown as green and red cartoons,
respectively. The Fe2S2 clusters are shown as spheres in CPK colors. (B, C) Plots of the pseudocontact shifts (PCSs) back-calculated from the
lowest energy docking solution (b) and the crystal structure (3) against the experimental data are shown in (B) and (C) forAdRmutantsA andB,
respectively. (D) The Gd-to-HN distances back-calculated from the lowest energy docking solution (b) and the crystal structure (3) are plotted
against the experimental paramagnetic relaxation enhancement (PRE) based distances. The solid lines represent the ideal correlation, and dashed
lines in (D) represent the 3 Å error margins used in the analysis.Q-values are for (B) 0.210 (b) and 0.233 (3), for (C) 0.065 (b) and 0.067 (3), and
for (D) 0.031 (b) and 0.030 (3).
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Information). In the second best solution Adx was placed at the
same place as in the crystallized complex, but rotated. Similar
results were obtained when the docking was performed in
XPLOR, using only the chemical shift perturbation restraints
(Figure S9 of the Supporting Information).Many of the solutions
were found withAdx in the groove between the NADPHdomain
and the FAD domain. Like with Haddock, in the lowest energy
structure the Fe2S2 cluster ofAdxwas facing the back of the FAD
in AdR. Therefore, to determine the solution structure of the
AdR-Adx complex, additional information about the binding
site on AdR is required.

Including the chemical shift perturbation and pseudocontact
shift but not the paramagnetic relaxation enhancement restraints

yielded a clear minimum as well with Adx facing the FAD
isoalloxazine ring with its Fe2S2 cluster. There are only small
differences with the model obtained when the paramagnetic
relaxation enhancements are included. In the best structure
obtained without the paramagnetic relaxation enhancement
restraints, the Fe2S2 cluster is rotated only 0.5 Å further away
from the FAD. The ten lowest energy structures form a cloud
of similar structures with an rmsd of 2.4 Å from the mean
(Figure S10 of the Supporting Information). The crystal structure
has a backbone rmsd of 3.1 Å with the mean of this ensemble. So
with only chemical shift perturbation and pseudocontact shift
restraints originating from two Ln positions it is possible to
retrieve a model of the complex with reasonable resolution.
Apparently, the addition of the paramagnetic relaxation en-
hancement restraints to the docking does not significantly change
the outcome of the docking. The lowest energy models obtained
using increasing sets of restraints are shown in Figure 7.

In principle, residual dipolar couplings could also aid in
structure determination. Ln-CLaNP-5 is a strong alignment
agent (54, 55), potentially yielding the residual dipolar couplings
that can be used to refine protein structure (56). Unfortunately,
to deconvolute the residual dipolar coupling and pseudocontact
shift contributions to the paramagnetic shift in the TROSY
spectra, the antiTROSY spectrum is required as well. For the
low-concentration samples of the AdR-Adx complex, the sensi-
tivity required for the anti-TROSYspectra could not be achieved.
Solution versus Crystal Structure. The fact that the best

docking solution is highly similar to the crystallized complex
answers the longstanding question about the physiological
relevance of the cross-linked crystal structure. In this study, we
show that the crystallized complex structure fulfills the experi-
mental restraints found in solution byNMRvery well (Figure 5).
In the crystal structure, Adx D39 and AdR K27 are chemically

FIGURE 6: Population analysis of the low-energy solutions from the
docking of Adx on AdR. (A) The energies of the docking solutions
are plotted against their rmsd relative to the lowest energy structure.
(B) The top ten lowest energy docking solutions of the Adx-AdR
complex are shown. AdR is displayed in surface representation.
Centers of mass of Adx are displayed as spheres, with the lowest
energy solution in green, the crystal structure in red, and the others in
brown. The Ln ion positions are indicated by pink spheres, with the
axis frame representing the χ-tensor of Tm in yellow for the x- and
y-axes and in blue for the z-axes. (C, D) Detailed views of the
χ-tensors of the Tm ions attached to mutants A and B, respectively.

FIGURE 7: The structures of the lowest energy solutions of the
Adx-AdR complex using increasinglymore experimental restraints.
Adx structures are shown as cartoons, in blue using chemical shift
perturbations only, in yellow using chemical shift perturbations and
pseudocontact shifts, and in green using chemical shift perturbations,
pseudocontact shifts, and paramagnetic relaxation enhancements,
andAdx fromthe crystal complex is in red.AdR is displayed as a gray
surface-filled structure and the Ln ion positions are indicated by pink
spheres, with an axis frame representing the χ-tensor of Tm in yellow
for the x- and y-axes and in blue for the z-axes.
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cross-linked. Although this artificial covalent binding may have
had an effect on the crystallized complex, the distances between
Adx and AdR in the solution model are not very different from
those in the crystallized complex. For instance, the distance
between D39 and K27 decreases from 8.9 to 7.6 Å (CR to CR);
therefore, a cross-link between these residues as in the crystal
does not seem to be physically impossible.

CONCLUSIONS

We have established a model for the 65 kDa protein complex
formed in solution byAdR andAdx and found that this structure
is very similar to the crystallized complex of chemically cross-
linked AdR and Adx. The solution model was obtained using
TROSY NMR experiments in combination with perdeuteration
of the observed protein on the basis of paramagnetic restraints,
delivered by two Ln tags. Because of the strength and rigidity of
the Ln tag, significant long-range distance restraints up to 56 Å
could be obtained, even though the amount of AdR was limited.
Furthermore, the presence of the iron-sulfur cluster in Adx
makes the interface residues invisible in NMR experiments, so
only nuclei of Adx far from the interface could be studied.
Therefore, the paramagnetic NMR approach, using rigid Ln
tags, seems well suited as a general tool to determine structures of
difficult, large and poorly available targets.
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