
1521-009X/47/9/974–982$35.00 https://doi.org/10.1124/dmd.119.087759
DRUG METABOLISM AND DISPOSITION Drug Metab Dispos 47:974–982, September 2019
Copyright ª 2019 by The American Society for Pharmacology and Experimental Therapeutics

Specificity of the Redox Complex between Cytochrome P450 24A1
and Adrenodoxin Relies on Carbon-25 Hydroxylation of

Vitamin-D Substrate s

Amit Kumar and D. Fernando Estrada

Department of Biochemistry, Jacobs School of Medicine and Biomedical Science, University at Buffalo, Buffalo New York

Received April 26, 2019; accepted July 1, 2019

ABSTRACT

Metabolic deactivation of 1,25(OH)2D3 is initiated by modification of
the vitamin-D side chain, as carried out by the mitochondrial
cytochrome P450 24A1 (CYP24A1). In addition to its role in vitamin-
D metabolism, CYP24A1 is involved in catabolism of vitamin-D
analogs, thereby reducing their efficacy. CYP24A1 function relies
on electron transfer from the soluble ferredoxin protein adrenodoxin
(Adx). Recent structural evidence suggests that regioselectivity of
the CYP24A1 reaction may correlate with distinct modes of Adx
recognition. Here we used nuclear magnetic resonance (NMR)
spectroscopy to monitor the structure of 15N-labeled full-length
Adx from rat while forming the complex with rat CYP24A1 in the
ligand-free state or bound to either 1,25(OH)2D3 or the vitamin-D
supplement 1a(OH)D3. Although both vitamin-D ligands were found
to induce a reduction in overall NMR peak broadening, thereby
suggesting ligand-induced disruption of the complex, a crosslinking
analysis suggested that ligand does not have a significant effect on
the relative association affinities of the redox complexes. However,
a key finding is that, whereas the presence of primary CYP24A1
substratewas found to induceNMRpeakbroadening focused on the

putative recognition site a-helix 3 of rat adrenodoxin, the interaction
in the presence of 1a(OH)D3, which is lacking the carbon-25
hydroxyl, results in disruption of the NMR peak broadening pattern,
thus indicating a ligand-induced nonspecific protein interaction.
These findings provide a structural basis for the poor substrate
turnover of side-chain–modified vitamin-D analogs, while also
confirming that specificity of the CYP24A1-ligand interaction influ-
ences specificity of CYP24A1-Adx recognition.

SIGNIFICANCE STATEMENT

Mitochondrial cytochrome P450 enzymes, such as CYP24A1 re-
sponsible for catabolizing vitamin-D and its analogs, rely on
a protein-protein interaction with a ferredoxin in order to receive
delivery of the electrons required for catalysis. In this study, we
demonstrate that this protein interaction is influenced by the
enzyme-ligand interaction that precedes it. Specifically, vitamin-
D missing carbon-25 hydroxylation binds the enzyme active site
with high affinity but results in a loss of P450-ferredoxin binding
specificity.

Introduction

The bioactive form of vitamin-D, 1,25(OH)2D3, is responsible for the
maintenance of calcium and phosphate homeostasis, with insufficiency
of the hormone causing vitamin-D–dependent rickets and osteomalacia,
among other diseases (Holick, 2007; Ryan et al., 2013). The metabolic
stability of 1,25(OH)2D3 relies on the activity of the multifunctional
mitochondrial enzyme CYP24A1, which initiates deactivation of the
hormone by mediating modification of the 1,25(OH)2D3 side chain to
produce either carbon-23 (C23) or carbon-24 (C24) hydroxylation
products (Siu-Caldera et al., 1995; Beckman et al., 1996). Although the
human isoform is both a C23 and C24 hydroxylase, in other species

regioselectivity is divided between either the C23 or C24 pathway
(Hamamoto et al., 2006; Prosser et al., 2007). Subsequent activity by
CYP24A1 includes catalysis of all ensuing steps for each pathway to
produce either calcitroic acid (C24) or the vitamin-D receptor antagonist
1,25(OH)2D3-26,23-lactone (C23). Owing to its central role in vitamin-
D metabolism, the function of CYP24A1 is a primary concern in the
development of vitamin-D analogs designed to therapeutically treat
vitamin-D deficiency. The ideal analog must maintain signaling activ-
ity via its interaction with the vitamin-D receptor yet must also be
catalytically resistant (therefore metabolically stable) with regard to
modification by CYP24A1.
Like most cytochrome P450 enzymes (P450s), CYP24A1 catalysis

requires sequential transfer of two external electrons to reduce the heme
iron and produce the reactive Fe(IV)oxo intermediate. In mitochondria,
these reduction steps necessitate an interaction with the water-soluble
iron-sulfur [2Fe-2S] protein adrenodoxin (Adx) (Ewen et al., 2011). We
recently reported an analysis by nuclear magnetic resonance (NMR)
spectroscopy of the interaction between CYP24A1 and Adx, in which
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clotrimazole-bound CYP24A1 isoforms from species with different
regioselectivity for 1,25(OH)2D3 were found to rely on distinct
secondary contacts for the protein-protein complex (Estrada, 2018). This
finding suggested a correlation between site-specific regioselective
hydroxylation of the substrate with recognition of the redox partner;
we hypothesized that this feature would require structural communication
between the active site and the opposite (proximal) surface of the enzyme.
In the present study, we sought to confirm the existence of substrate-

induced two-way communication between the active site and the Adx
recognition surface of CYP24A1. We monitored the protein interac-
tion using two-dimensional NMR and by incorporating ligand-free
CYP24A1 or CYP24A1 bound to either 1,25(OH)2D3 or the vitamin-D
supplement 1a(OH)D3. 1a(OH)D3 is of particular interest as a func-
tional probe because it retains high affinity for CYP24A1 yet is an
extremely poor substrate compared with 1,25(OH)2D3 (Kaufmann et al.,
2011). Comparative mapping of the peak-broadening pattern from the
15N-Adx signal demonstrated that 1,25(OH)2D3 enhances the specificity
of the interaction, as reflected by focused mapping of the interaction on
a-helix 3 of rat adrenodoxin, but that the absence of a carbon-25 hydroxyl
from 1a(OH)D3 makes the interaction structurally and functionally
nonspecific. These findings represent direct biophysical evidence of
substrate-driven allostery in a critical vitamin-D-metabolizing P450.

Materials and Methods

Protein Expression and Purification. The gene encoding full-length rat Adx
(GenBank accession number NP_05882.1) was modified to contain a C-terminal
polyhistidine tag and was custom-synthesized (Genscript) and cloned into a pET-
15b expression vector (Novagen). Overexpression and purification of 15N -Adx
was carried out as described previously (Estrada, 2018). Backbone assignment of
Adx required 15N and 13C labeling, which was carried out by supplementing
minimal growth media with 4 g/l of 13C glucose and 1 g/l of 15N ammonium
chloride (Cambridge Isotope). Purity was determined by a A415/A280 ratio greater
than 0.8. Sample concentration was calculated using an extinction coefficient for
the iron cofactor of 11mM21 cm21. Single-residuemutations of rat Adxwere also
generated by Genscript and were purified identically to wild-type protein.

Generation of recombinant rat CYP24A1 (GenBank accession number
NP_963966.1) was carried out as in our previous protocol (Estrada, 2018) with
the following modifications. Once CYP24A1 was bound to a saturated Adx-affinity
NiNTA column, the columnwaswashed using five column volumes of equilibration
buffer (10 mM potassium phosphate, 20% glycerol, 0.1% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS), 2 mM b-mercaptoethanol,
pH 7.4) followed by five column volumes at 30% elution buffer (500 mM
potassium phosphate, 300 mM NaCl, 20% glycerol, 0.1% CHAPS, 2 mM
b-mercaptoethanol, pH 7.4). The protein was then recovered using 100% elution
buffer, in which the high salt concentration effectively disrupted the CYP24A1-
Adx interaction of the Adx-affinity column. Subsequent purification by gel
filtration was carried out in the same affinity elution buffer and produced a protein
purity ratio (A417/A280) greater than 1.0 (Supplemental Fig. 7A).

NMR Assignment and Homology Modeling of Adx. Data acquisitions of
two- and three-dimensional experiments were carried out at 25�C on a Varian
Inova 600-MHz spectrometer equipped with a cryogenic probe. A sample of 15N
and 13C labeled Adx was exchanged into NMR buffer consisting of 50 mM
potassium phosphate (pH 6.8) and 50 mM NaCl, 10% D2O, and was brought
to a 2.6 mM protein concentration. Data sets used to assign the protein
backbone consisted of heteronuclear single quantum coherence (HSQC), HNCA,
HNCACB, and HNCOCA experiments (Bax and Ikura, 1991; Grzesiek et al.,
1992, 1993; Constantine et al., 1993). The data were processed using nmrPipe
(Delaglio et al., 1995) and the processed spectra were analyzed on NMRViewJ
(Johnson, 2004). The 15N and 13C chemical shift values determined during
assignment of the protein have been submitted to the Biologic Magnetic
Resonance Data Bank (BMRB) (ID number 27673). Secondary chemical shift
values (Ca) were used to predict secondary structural elements (Wishart and
Sykes, 1994). Owing to the high degree of similarity between chemical shift
predictions of the backbone secondary structure with that of the reported crystal
structure of bovine Adx (Pikuleva et al., 2000), the bovine structure (PDB ID
ICJE) was used as a template for homology modeling of rat Adx using the
I-TASSER and SWISS-MODEL servers (Yang et al., 2015; Waterhouse et al.,
2018). The modeled Adx structure was then validated using PROCHECK
(Laskowski et al., 1996).

Spectral Ligand Binding Assays. Binding of calcitriol or alfacalcidol (both
from ApexBio) to CYP24A1 was carried out as described previously with minor
modifications (Estrada, 2018). Briefly, ligand binding was measured by
monitoring perturbation of the Soret peak at incremental concentrations of ligand.

Fig. 1. Assigned 15N-HSQC spectrum of oxidized full-length rat Adx.
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Binding assays were carried out in triplicate with CYP24A1 in gel filtration
buffer, concentrated to 10 mg/ml, then diluted to 1 mM in 100 mM
potassium phosphate, pH 7.4. Ligand titrations (between 0 and 8 mM) were
added from a dimethyl sulfoxide (DMSO) stock with total DMSO
contributing to 1.6% of total sample volume. At each concentration,
the enzyme and ligand were incubated for 12 minutes at 25�C prior to
recording of absorption spectra on a Shimadzu UV-2700 spectrophotom-
eter. Baseline-subtracted difference spectra showing a maximum and
a minimum at 385 and 418 nm were used to generate total spectral response,
which was then plotted against ligand concentration to generate total binding
data. Binding constants were then calculated upon fitting data using Prism 7.02
(GraphPad software) to the saturation binding equation with ligand depletion
shown below, in which a521.0, b5Kd1 X1 Bmax, and c521•X•Bmax, and
X 5 total ligand added.

Total  binding5 -b1√ðb2-4•a•cÞ=ð2•aÞ ð1Þ

NMR Titration of 15N-Adx with CYP24A1. All 15N-HSQC spectra were
acquired using a final concentration of 100 mM of 15N-Adx. As described
earlier (Estrada, 2018), a specific sequence of steps for buffer exchange was
carefully followed to ensure that extraneous unbound detergent was
removed from CYP24A1 samples prior to combining with 50 nmol of
15N-Adx. Briefly, CYP24A1 was first exchanged into a high-salt,
detergent-free buffer by a 10-fold volume exchange through a 50-kDa
filter (Amicon), then combined with 15N-Adx (100 mM) and exchanged into
a low-salt NMR sample buffer by a 10-fold volume exchange through
a 10 kDa filter. NMR spectra of mutant 15N-Adx were acquired using the
same protocol. As observed previously, the stoichiometric excess of
15N-Adx to CYP24A1 (1:0.2 or 1:0.4) conferred stability on the P450.
Following each data acquisition, each sample was recovered and the P450
quantified spectrophotometrically, with no significant loss of CYP24A1
detected. Samples containing either 1,25(OH)2D3 or 1a(OH)D3 were
prepared using the same procedure but with an excess concentration of
ligand (50 mM ligand combined with 20 or 40 mM CYP24A1) introduced
during exchange into NMR buffer. The absorption spectra of ligand-bound
CYP24A1 samples were monitored upon completion of data collection
(Supplemental Fig. 1) to ensure that ligand remained bound during NMR
data acquisition.

Each spectrum was acquired using 96 scans and 128 increments, with
a total acquisition time of 4.5 hours per experiment. The peak intensities
corresponding to each assigned amide were quantified from the processed

spectra and the values expressed as a ratio of remaining intensity using the
following formula:

Iremaining 5 ICYP  added=Ifree ð2Þ

From these values, differential peak broadeningwas identified using either 0.75 or
1 full S.D. from the mean of the remaining intensities. For representations of net
peak broadening across the entire Adx structure, individual residue peak ratios
were treated as separate data points and graphed in box plots. Box plots were
generated using Interactive Dotplot (http://statistika.mfub.bg.ac.rs/interactive-
dotplot/) (Weissgerber et al., 2017).

Chemical Crosslinking. Purified rat CYP24A1 was incubated with rat Adx
under low-salt conditions (10 mM potassium phosphate buffer, pH 7.4) and in the
presence of the zero-length crosslinker 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide (EDC) (Thermo Scientific). To compare crosslinking data with complex
formation by NMR, the protein ratios were kept consistent with those used for
NMR binding data. Specifically, each reaction was run in triplicate using 8 and
16 mM ligand-bound and unliganded P450 corresponding to 1:0.2 and 1:0.4
ratios, respectively, combined with 40 mMAdx in a 20-ml reaction volume. After
a 2-hour incubation period at 25�C, the reaction was terminated by addition of an
equal volume of Laemmli loading dye. The samples were then resolved by gel
electrophoresis and stained with Coomassie Blue. The protein bands were
quantified by Image Laboratory 6.0 (Bio-Rad). Crosslinking efficiency was
calculated as a ratio of band volume of the crosslinked product divided by total
band volume of the complex, CYP24A1, and Adx combined. Saturation curves
were obtained by titrating CYP24A1 between 0 and 20 mM against a fixed
concentration of 40 mM Adx and quantified as a ratio of the volume of the
complex band to that of a loading control of CYP24A1 alone. The curves were
fitted using a one-site specific binding equation in Prism 5.0 (GraphPad).

CYP24A1 Functional Assays. Reconstituted CYP24A1 assays were carried
out in 100-ml volumes and contained either equal concentrations (each 1.5mM) of
rat CYP24A1, rat Adx, and bovine adrenodoxin reductase, or reduced CYP24A1
to match the protein ratios captured by NMR. 1,25(OH)2D3 and 1a(OH)D3 were
kept constant at 5mM.The reactionmixtureswere first preincubated for 5minutes
at 37�C, then initiated by addition of NADPH to a final concentration of 1 mM.
After a further 5-minute incubation at 37�C, the reactions were terminated by
addition of two volumes of methanol. Internal standards were then added to a final
concentration of 2 mM. 25(OH)D3 was used as an internal standard for reactions
containing 1,25(OH)2D3 as substrate, and 1,25(OH)2D3 was used as an internal
standard for reactions containing 1a(OH)D3 as substrate. Samples were subjected

Fig. 2. Mapping of differential peak broaden-
ing of 15N-Adx. (A) The structure of Adx was
modeled on the basis of the secondary chemical
shift index. Regions that undergo differential
peak broadening as a result of titration with
0.2 M equivalents of ligand-free CYP24A1 are
indicated by red (1 S.D.) and orange (0.75
S.D.). (B) Corresponding peak broadening for
all assigned residues, with the mean ratio
indicated by the dashed line.
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to centrifugation at 34,000g for 30 minutes and 150 ml of the supernatant was
removed and diluted with additional methanol to a final volume of 200 ml. High-
performance liquid chromatography samples were resolved on an Agilent 1260
Infinity II liquid chromatography system with a Poroshell 120 EC-C18 column
(4.6 � 250 mm) and using an isocratic mobile phase of 70% acetonitrile,
30%water. Elution peaks were detected bymonitoring absorbance at 264 nm. All
samples were run in quadruplicate and the remaining substrate for each was
calculated as a percentage of substrate measured from a control sample in which
CYP24A1 was withheld. Accumulation of H2O2 was measured in quadruplicate
using a colorimetric assay (Quantitative Peroxide Assay Kit, no. 23280; Pierce),
with a serial dilution of a 30% H2O2 solution used as a standard curve.

Results

NMR Assignment and Homology Modeling of Rat Adx.
Recombinant human and bovine Adx have previously been character-
ized by NMR (Weiss et al., 2000; Kostic et al., 2002). However, to pair
redox partners from the same species, we generated and characterized
full-length (residues 1–128) 15N-labeled Adx from rat, which shares
approximately 85% sequence identity with bovine or human Adx. The
15N-HSQC spectrum of Adx is well dispersed with resolvable amide
peaks and presents a two-dimensional pattern similar to that of other
species (Fig. 1). However, owing to ambiguities in transferring
backbone chemical shift assignments from the BMRB database entries
for related proteins, particularly in the crowded regions of the
spectrum, the Adx NMR spectrum was assigned ab initio by analysis
of three-dimensional correlation experiments (HNCA, HNCACB, and
HNCOCA). Overall, approximately 70% of the backbone amides of
Adx were assigned, including residues for all three short helices of the
core domain, with notable exceptions for residues located near the
paramagnetic [2Fe-2S] coordination loop.
Secondary chemical-shift values derived from NMR assignment

of the a and b carbons of residue side chains (defined as Dd 5
dobserved 2 drandom coil) were used to predict the secondary structural
elements of Adx (Wishart and Sykes, 1994). As expected, the
secondary structure of rat Adx was found to align closely with that of
bovine Adx (Supplemental Fig. 2), suggesting a similar overall
protein fold. Therefore, bovine Adx [PDB 1CJE, (Pikuleva et al.,
2000)] was used as a template for structure prediction of rat Adx via
I-TASSER (Yang et al., 2015). The modeled structure (Fig. 2A)
conforms to the conserved Adx fold, with a core domain consisting
of three short a-helices framing a solvent-exposed [2Fe-2S] cluster.

Interaction of 15N-Adx with Ligand Free CYP24A1. To establish
the baseline redox partner interaction in the absence of ligand, we
acquired two-dimensional HSQC spectra of 15N-Adx in the presence of
increasing concentrations of ligand-free CYP24A1. Like our previous
binding data acquired with the clotrimazole-bound CYP24A1, unli-
ganded CYP24A1 also induced considerable broadening of the NMR
signal, with approximately 32% of the original signal intensity
remaining upon addition of 0.2 equivalents of CYP24A1 (Fig. 2B;
Supplemental Fig. 3). However, unlike the interaction with the inhibitor-
bound enzyme, unliganded CYP24A1 produced a modest amount of
differential line broadening in which specific amide signals are
differentially broadened. This broadening of signal was probably the
result of a combination of factors, including a protein interaction that
undergoes intermediate chemical exchange, observed for protein
complexes with dissociation constants between 1 and 10 mM, as well
as an increase in the relative size of the observable 15N-Adx when
incorporated into the complex. However, differential broadening of
NMR signal as a reporter of localized changes in the chemical
environment has previously been demonstrated to correlate with
functionally relevant P450 protein-protein binding interfaces (Estrada
et al., 2013; Bart and Scott, 2017). Next, we mapped sites that were
broadened more than 1 S.D. from the mean in response to addition of
unliganded CYP24A1 (Fig. 2, highlighted in red). The pattern presents
as a contiguous surface on the solvent-exposed side of a-helix 3
composed of Glu-73, Glu-74, Asp-76, and Asp-79. The interaction with
ligand-free CYP24A1 was also observed to produce a secondary
broadening effect on a-helix 1 (Fig. 2A, highlighted in orange).

Effects of Charge-Neutralizing Mutations of 15N-Adx on
Recognition of Ligand-Free CYP24A1. We designed a series of
charge-neutralizing mutations in Adx as a way to assess contributions
from particular anionic surface residues toward the redox interaction.
Particular sites were selected for mutation on the basis of their proximity

Fig. 3. Effect of charge-neutralizing mutations on peak broadening of 15N-Adx. (A)
Point substitutions designed to neutralize surface charges on Adx perturb the
CYP24A1-induced peak-broadening pattern to varying extents compared with wild-
type protein. Differentially broadened residues are selected with 1 as a basis and
0.75 S.D. from the mean for a 1:0.2 ratio of 15N-Adx/ligand-free CYP24A1. (B) Net
per residue peak broadening for the interaction with ligand-free CYP24A1 is
reflected in box plots in which remaining intensities for individual residues are
represented by each data point, suggesting that mutations D31N, E65Q, and D72N
all reduce the extent of the redox complex formation.
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to the iron center, and therefore their anticipated involvement in
recognition of CYP24A1. Further consideration was given to the
distribution of the mutations, with substitutions located on each of the
adjacent helices. As such, substitutions were carried out at each of
a-helices 1, 2, and 3 (D31N, E65Q, and D72N, respectively) as well as
E47Q on the [2Fe-2S] coordinating loop. The structural integrity of each
mutant was verified by overlaying the 15N-HSQC spectra with that of
wild-type 15N-Adx (Supplemental Fig. 4). Although some mutations
expectedly induced minor or modest chemical shift perturbations in
the spectrum of 15N-Adx, none of the mutations disrupted the overall
protein fold.
We next compared NMR spectra of free 15N-Adx mutants with

spectra of the mutants in the presence of 0.2 equivalents of CYP24A1
(Fig. 3A; Supplemental Table 1). We observed that substituting
individual anionic side chains with uncharged polar side chains does
not abolish the complex. Rather, we observe subtle redistribution of peak
broadening for the 15N-Adx mutants. For example, the redox complex
with mutation D72N on a-helix 3 results in a local redistribution of peak
broadening toward the C-terminal end of the helix, probably owing to
minor changes in complementary charge pairing to compensate for the
charge removal (a-helix 3 contains multiple conserved anionic surfa-
ces). In contrast, the mutant E47Q, designed to remove the sole charge
on the [2Fe-2S] coordinating loop, displays a peak-broadening pattern
very similar to that of wild-type.
Interestingly, mutations on a-helices 1 and 2 result in more pro-

nounced changes in the broadening pattern. The mutant E65Q on
a-helix 2 induces enhanced peak broadening at Val-32 of a-helix 1. In
contrast, the mutant D31N on a-helix 1 induces a reduction of peak
broadening on Asp-76 of a-helix 3. A further analysis of net line
broadening for each mutant 15N-Adx spectra with CYP24A1 indicated
that certain mutations of the Adx surface reduce overall complex
formation (Fig. 3B). These include the mutant at the expected recognition
site, D72N, but also secondary sites like D31N and E65Q.
Mutational Effects on the 15N HSQC Spectrum of 15N-Adx.

Although none of the surface mutations of 15N-Adx were found to
compromise the protein fold, certain substitutions were found to perturb
the 15N-HSQC spectra in different ways. For example, D72N, in the
absence of any P450, was found to induce only local changes in
the amide signal for neighboring residues. Such “neighboring” effects,
also observed for the E65Q mutation, are expected for substitution of
a single side chain. In contrast, the mutant D31N, also in the absence of
any P450, was found to induce both local as well as longer range

perturbations onmore remote sites, specifically on residues Val-7 to His-
10 on the first N-terminal b-strand and on residue Lys-98 of an adjacent
loop (Supplemental Fig. 5).
Recognition of 15N-Adx by CYP24A1 in Complex with

1,25(OH)2D3. To examine the influence of 1,25(OH)2D3 on forma-
tion of the Adx-CYP24A1 complex, we acquired HSQC spectra of
15N-Adx samples containing incremental concentrations of substrate-
bound CYP24A1. To ensure that substrate would not directly affect the
structure of Adx, we first overlaid spectra of 15N-Adx with and without
substrate and in the absence of P450. For this control experiment, we
identified a small number of up-field chemical shift perturbations
corresponding to the N-terminal b-strands and the C-terminal domain
of Adx. However, the effects were generally distributed away from the
three a-helices near the iron and did not affect the peak intensity of the
spectra. A subsequent comparison of 15N-Adxwith and without 1a(OH)
D3 produced what we interpret to be similar nonspecific effects.
Interestingly, compared with the ligand-free titration, addition of

0.2 equivalents of substrate-bound CYP24A1 did not produce the
same degree of overall peak broadening. Final peak intensities were
approximately twice as high as those observed in the ligand-free
state for the corresponding protein ratios. Upon further addition
(0.4 equivalents), the substrate-bound enzyme induced further
broadening of the Adx spectrum but still not to the same degree as
observed with 0.2 equivalents of ligand-free enzyme (Fig. 4A;
Supplemental Fig. 6; Supplemental Table 2). Despite this reduction
in the net peak broadening, addition of 0.4 equivalents of substrate-
bound CYP24A1 induced a distribution of peak broadening on Adx
that is more focused near a-helix 3 compared with the pattern
observed in the absence of substrate (Fig. 5, left and center panels).
More focused peak broadening near a-helix 3 also affects Leu-80,
which has previously been reported as contributing a hydrophobic contact
upon binding to CYP11B1 and CYP11B2 (Peng and Auchus, 2017).
1a(OH)D3 Disrupts Specificity of the CYP24A1-Adx Redox

Complex. To determine whether specificity of ligand binding influences
recognition of Adx, we acquired a parallel set of 15N-Adx spectra in
the presence of incremental concentrations of CYP24A1 bound to the
analog 1a(OH)D3. Despite the absence of the carbon-25 hydroxyl
(Fig. 6), titration of CYP24A1 with the analog produces a standard type-
I shift of the Soret band toward 392 nm. In general, spectral binding
of 1a(OH)D3 appears comparable to that of 1,25(OH)2D3, with each
displaying sub-micromolar affinity. Here we observe that addition
of CYP24A1 bound to 1a(OH)D3 results in reduced net peak

Fig. 4. Ligand-induced modulation of CYP24A1-Adx complex. NMR data acquired from the complex in the presence of 1,25(OH)2D3 reflects a relative reduction in peak
broadening, as indicated by the one-dimensional spectrum of Glu-73 in (A). The effect of 1,25(OH)2D3 or 1a(OH)D3 on the net loss of peak broadening is summarized in
(B), in which remaining intensities for individual residues are represented by each data point in the box plots.
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broadening (Fig. 4B). However, samples containing additional CYP24A1
(0.4 equivalents) fail to promote further complex formation, probably
indicating a fundamental change in molecular recognition of Adx.
Moreover, a comparison of the resulting peak broadening on Adx in
response to the presence of both vitamin-D ligands demonstrates
a significant disruption of the pattern when CYP24A1 is bound to
1a(OH)D3 (Fig. 5, right panel; Supplemental Fig. 6). Notably, the
differential effect on a-helix 3 is reduced, replaced by peak broadening
distributed noncontiguously throughout the structure and affecting,
among other sites, Leu-29 of a-helix 1, His-10 and Met-103 of the
anterior b-strands, and His-62 of a-helix 2.
Crosslinking of the CYP24A1-Adx Complex in the Presence of

1,25(OH)2D3 and 1a(OH)D3. Independently of the pattern of NMR
peak broadening for individual residues, the presence of either ligand
reduced overall net broadening, consistent with a disruption of the
redox complex (Fig. 4). To evaluate this effect using a complementary
approach, we carried out a series of chemical crosslinking experi-
ments using the amine-reactive linker EDC. EDC has previously been
used to capture redox complexes between the mitochondrial CYP11B
enzymes and Adx (Peng and Auchus, 2017). EDC treatment of
CYP24A1 with Adx followed by electrophoresis produces a resolv-
able protein complex band at approximately 65 kDa (Fig. 7A;
Supplemental Fig. 7). To draw a close comparison with the NMR
data, the EDC reactions were carried out using protein ratios identical
to those represented in the NMR data (1:0.2 and 1:0.4 for Adx:
CYP24A1) and in the absence and presence of either ligand. Here we
observe that there appear to be no significant differences between the
crosslinking efficiency of the redox complex using CYP24A1 with or
without ligand or bound to either 1,25(OH)2D3 or 1a(OH)D3
(Fig. 7B). As a way to quantify a relative affinity between each redox
complex, we also carried out EDC crosslinking at incrementally
increasing concentrations of CYP24A1. The saturation curves, shown
in separate panels in Fig. 7C, indicate that the complex using
unliganded CYP24A1 reaches a maximum at approximately 10 mM
CYP24A1 for samples containing 40 mM Adx. We should note that
accumulation of the covalently crosslinked product probably affects
dissociation dynamics in a way that prevents measurement of full
binding equilibria. However, the saturation curve suggests an
apparent association constant (Kon) of approximately 1.5 mM. This
would be consistent with a binding constant for a protein interaction
that displays the intermediate chemical exchange that we observe by
NMR. Notably, addition of 1,25(OH)2D3 and 1a(OH)D3 produce

similar saturation points, thus indicating that, as captured by chemical
crosslinking, vitamin-D ligand does not induce a large change in
binding affinity.
CYP24A1 Activity in the Presence of 1,25(OH)2D3 and 1a(OH)

D3 Results in Similar Production of H2O2. Production of H2O2 by
way of a peroxide shunt is a well documented byproduct of P450
catalysis. In some cases, close coupling between reducing equivalents
and productive catalysis is accompanied by a reduction in relative
production of H2O2 (Peng et al., 2016), as more equivalents are routed to
product formation. Here we anticipated that the low CYP24A1 activity
resulting primarily from an unproductive orientation of substrate, and in
which molecular recognition of the electron donor remains unaffected,
would result in a proportional increase in the amount of reactive oxygen
species produced as a result of unaltered electron delivery. As expected,
in comparison with the biologic substrate, there was minimal depletion
of 1a(OH)D3 either at a 1:1 Adx-to-CYP24A1 ratio (Fig. 8A) or at the
ratios represented in the NMR titrations (Supplemental Fig. 8).
However, the amount of H2O2 measured for reactions with either
substrate is very similar (Fig. 8B), thus pointing toward a general
disruption in electron delivery and consistent with a disruption in the
specificity of the CYP24A1-Adx complex.

Discussion

Electron transfer bymeans of a protein interactionwithAdx is essential
for all reactions catalyzed by mitochondrial P450s. We previously
reported the investigation of clotrimazole-bound CYP24A1-Adx com-
plexes using P450 isoforms from human, rat, and opossum, which show
different regioselectivity for the hydroxylation of the vitamin-D side
chain. The different complexes were also shown to rely on distinct
secondary binding sites on Adx. Although the previous study presented
a correlation between regioselectivity and redox partner recognition, the
use of inhibitor in lieu of vitamin-D ligand meant that subtle vitamin-D-
driven modulations of the redox complex were not accessible. In this
study, we combine two-dimensional protein NMR, EDC crosslinking,
mutagenesis, and functional assays to compare the CYP24A1-Adx
complex in the absence of ligand and in the presence of biologic
substrate 1,25(OH)2D3, as well as the supplement 1a(OH)D3. To
remove potential ambiguities from nonconserved species variation of the
protein surfaces, we focused entirely on CYP24A1 and Adx from rat,
a carbon-24 hydroxylase system.
In the ligand-free state, rat CYP24A1 was found to induce modest

differential peak broadening on the HSQC spectra of 15N-Adx (Fig. 2),

Fig. 5. Mapping of the ligand-induced modulation of the CYP24A1-Adx complex. Mapping the most affected regions on the structure of rat Adx reflects a focusing on
a-helix 3 in the presence of 1,25(OH)2D3 (center panel), relative to the ligand-free interaction (left panel). In contrast, the complex in the presence of 1a(OH)D3 becomes
nonspecific, as indicated by increased distribution of peak broadening (right panel).

Vitamin-D Modulates the CYP24A1-Adx Protein Interaction 979

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.119.087759/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.119.087759/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.119.087759/-/DC1
http://dmd.aspetjournals.org/


with a pattern that points toward the a-helix 3 as the principle
recognition site. This finding is consistent with prior identification of
a-helix 3 as a key P450 binding site (Bureik et al., 2005; Heinz et al.,
2005; Strushkevich et al., 2011; Peng et al., 2016). Furthermore, as we
reported for the mixed-species complexes, disruption of the in-
teraction by point mutations outside of a-helix 3 suggests a role for
auxiliary contributions from secondary sites, potentially via modula-
tion of the Adx dimer interface. The oxidized form of Adx is known to
self-associate into dimers (Pikuleva et al., 2000; Behlke et al., 2007).
Among the mutants we generated in rat Adx, D31N is a candidate for
involvement in the dimer interface owing to the intermediate and
long-range chemical shift perturbations of the mutant 15N-HSQC
spectrum (Supplemental Figs. 4 and 5).
Substrate-driven modulations of the protein interactions between

P450s and accessory proteins have previously been reported as a form
of regulatory control in the nonmitochondrial P450 enzymes (Estrada
et al., 2013, 2014; Bart and Scott, 2017). A salient example is the

steroid-metabolizing and multifunctional enzyme CYP17A1, which
receives electrons from either a P450 oxidoreductase (CPR) or the
modulator protein cytochrome b5 (b5). Since CPR and b5 bind on
overlapping surfaces on the proximal side of CYP17A1, the in-
teraction is competitive, with particular CYP17A1 substrates mod-
ulating the respective affinities between the redox complexes in a way
that correlates with modulation of each reaction (Peng et al., 2016;
Duggal et al., 2018). Another example with a more closely related
electron delivery scheme to that of mitochondrial P450s is bacterial
P450cam (CYP101A1), which binds its cognate redox partner, putidar-
edoxin, with a higher affinity when bound to substrate (Hollingsworth
et al., 2016).
To determine the relevance of similar substrate- or ligand-driven

effects as a component of modulating CYP24A1 function, we in-
corporated both 1,25(OH)2D3 as well as the supplement 1a(OH)D3 into
the NMR protein-binding assays. 1a(OH)D3 bypasses metabolism by
the 1a-hydroxylase CYP27B1 and is instead rapidly converted into

Fig. 6. Spectral binding assays for CYP24A1 vitamin-D
ligands. Titrations of 1,25(OH)2D3 and 1a(OH)D3 (A) induce
similar high-spin shifts of the Soret band of rat CYP24A1 (B)
and bind with similar sub-micromolar affinity. Error bars reflect
binding data acquired in triplicate and the Kd calculated error
reflects the quality of fit to a hyperbolic binding curve. Error bars
for the titration of 1a(OH)D3 are smaller than the data icons.
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1,25(OH)2D3 in liver (Gallacher et al., 1994). Despite having a high
affinity for CYP24A1, reconstituted CYP24A1 assays show 1a(OH)D3
to be a poor substrate, with turnover rates of less than 5% of those
observed with 1,25(OH)2D3 (Kaufmann et al., 2011). More broadly,
modification of the aliphatic side chain in vitamin-D analogs is generally
known to reduce catabolism by CYP24A1. For instance, the analogs EB
1089 and 20-epi-1,25(OH)2D3 behave as superagonists in part owing to
their sustained metabolic stability (Kissmeyer et al., 1997; Zella et al.,
2009; Leyssens et al., 2014).
Here we found that addition of 1,25(OH)2D3 promoted a more

focused pattern of peak broadening on a-helix 3 of Adx (Fig. 5),
consistent with an increase in the specificity of the protein complex
greater than was observed without ligand. In contrast, addition of
1a(OH)D3 results in disruption of peak broadening, with differential
effects distributed on noncontiguous surfaces. We interpret this effect to
represent a loss in the specificity of the interaction, with the redox
partners probably sampling multiple orientations when bound to the

analog. Loss of specificity is also supported by the observation that the
addition of increasing concentrations of CYP24A1 bound to 1a(OH)D3
does not appear to induce further complex formation (Fig. 4B). These
findings, along with a probable disruption of the functional redox
complex (Fig. 8), suggest that proper substrate binding and orientation
are necessary for optimal recognition of the electron donor. Furthermore,
it underscores the importance of the carbon-25 hydroxyl in substrate
orientation in the CYP24A1 active site.
An unexpected finding in this study was the apparent decrease in the

relative amount of complex formed between Adx and CYP24A1 bound to
1,25(OH)2D3. This finding is reflected in a one-dimensional spectrum of
residue Glu-73 (located on the interaction site of Adx) in Fig. 4A and in the
net summary of line broadening shown in Fig. 4B. The implication is that
substrate binding appears to reduce the affinity for the electron donor. This
outcome stands in contrast to similar NMR studies involving other
(nonmitochondrial) P450-redox partner interactions, in which substrate
leads to enhanced overall peak broadening (Estrada et al., 2013; Zhang
et al., 2015; Bart and Scott, 2017). To verify these effects using
a complementary technique, we also carried out a series of EDC chemical
crosslinking analyses in which we found no significant difference in
crosslinking efficiency between the vitamin-D–bound and ligand-free
CYP24A1-Adx complexes. This was in clear contrast to the NMR data,
which indicated a ligand-induced loss in the complex. It should be noted,
however, that covalent crosslinking and accumulation of the complex may
impact binding equilibria in a way that masks small differences in affinity.
It should also be noted that a theoretical change in P450-Adx affinity, in
particular where multiple recognition sites are involved, might occur
independently of changes in functional specificity of the complex. Put
another way, changes in ligand-induced specificity, as suggested by the
mapping of NMR effects in this study, may or may not be accompanied
by changes in protein-protein affinity. Nevertheless, with recognition
that substrate-induced changes in P450 protein-protein interactions
are known to occur in microsomal P450s, further investigation of
substrate-induced changes in mitochondrial P450s is warranted.

Fig. 7. EDC chemical crosslinking of the
CYP24A1-Adx complex. (A) Incubation with
EDC results in a CYP24A1-Adx crosslinked
product of approximately 65 kDa, consistent
with a 1:1 complex. To examine crosslinking of
the complex with ligand-induced disruption of
the complex as observed by NMR, crosslinking
was carried out using identical protein ratios as
the NMR samples (B), in which the presence of
ligand does not appear to disrupt the efficiency
of crosslinking. Last, CYP24A1 titrations of the
complex as quantified by gel electrophoresis
histograms are shown in (C), in which the
apparent association constant of the complex is
not affected by the presence of vitamin-D ligand.

Fig. 8. CYP24A1 depletion of 1,25(OH)2D3 and 1a(OH)D3. Vitamin-D compound
depletion was carried out by reconstituted CYP24A1 assays. As expected, 1a(OH)
D3 is minimally depleted in comparison with 1,25(OH)2D3 (A) for a corresponding
5-minute reaction time. However, the amount of H2O2 produced over the same time
period (B) is similar to that measured with the biologic substrate.
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In summary, these findings provide structural evidence of substrate-
induced modulation of the CYP24A1 redox-binding surface, as
represented by differential NMR peak broadening of the Adx surface.
This feature of P450 function has not previously been demonstrated for
a mitochondrial member of the P450 family. With respect to vitamin-D
metabolism, these findings also provide evidence that the specificity of
vitamin-D recognition, particularly as determined by the carbon-25
hydroxyl of 1,25(OH)2D3, also confers specificity on the CYP24A1-
Adx interaction. More broadly, this work also provides a structural basis
for low substrate turnover of side-chain–modified vitamin-D analogs.
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