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Reconstitution of the Cytb;—CytP450 Complex in Nanodiscs for
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Abstract: Cytochrome P450s (P450s) are a superfamily of
enzymes responsible for the catalysis of a wide range of
substrates. Dynamic interactions between full-length mem-
brane-bound P450 and its redox partner cytochrome bs (cytbs)
have been found to be important for the enzymatic activity of
P450. However, the stability of the circa 70 kDa membrane-
bound complex in model membranes renders high-resolution
structural NMR studies particularly difficult. To overcome
these challenges, reconstitution of the P450-cytbs complex in
peptide-based nanodiscs, containing no detergents, has been
demonstrated, which are characterized by size exclusion
chromatography and NMR spectroscopy. In addition, NMR
experiments are used to identify the binding interface of the
P450—cytbs complex in the nanodisc. This is the first successful
demonstration of a protein—protein complex in a nanodisc
using NMR structural studies and should be useful to obtain
valuable structural information on membrane-bound protein
complexes.

Cytochrome P450s (P450s) are a ubiquitous superfamily of
monooxygenases found in all living kingdoms, including
plants, animals, bacteria, and fungi.l'! P450s are responsible
for the metabolism of a wide variety of endogenous and
exogenous substrates, including over 70% of the pharma-
ceuticals in the current market.'"! For P450s to carry out their
function, two electrons are required to be sequentially
delivered to the heme of P450s from their redox partners,
namely cytochrome b5 (cytbs) and cytochrome P450 reduc-
tase (CPR).’) Mammalian P450s and redox partners (CPR
and cytbs), consisting of a soluble domain and a single a-
helical transmembrane (TM) domain, are primarily found on
the cytoplasmic side of the endoplasmic reticulum (ER)
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membrane of hepatic cells."! Cytbs has been reported to
stimulate, inhibit, or have no effect on the activities of P450s
depending on various factors, including the relative amount of
cytbs versus CPR, the particular substrate under investiga-
tion, and other experimental conditions.’! Even though it is
known that only the full-length membrane-bound P450 and
cytbs form a productive complex, the vast majority of
crystallographic studies have focused only on the structures
of the soluble domains of P450s. Although it is necessary to
characterize the dynamic interactions between cytbs and P450
at high resolution in a membrane environment, the size and
stability of the systems pose tremendous challenges.

Our previous study suggested that bicelles composed of
lipids and detergents better facilitate interactions between
P450 and cytbs, as compared to detergent micelles or a non-
membrane environment.! Additionally, detergents were
found to partially unfold the a-helices of P4502B4
(CYP2B4), as well as convert P450 into an inactive form
(P420).1 Therefore, the elimination of detergents from the
membrane mimetic used for structural and functional studies
of P450, and its interactions with cytbs becomes necessary to
provide a more physiological environment for P450.

Nanodiscs, composed of a planar lipid bilayer and
membrane scaffold proteins (MSPs) forming the rim, have
been widely recognized as a promising membrane mimetic for
studying membrane proteins including P450s.5° This disc-
shaped nanoscale membrane model is well-defined in size and
demonstrates a high stability for reconstituted membrane
proteins whose activities are deteriorated by the detergents
present in other membrane mimetics, such as micelles.!
However, the use of nanodiscs to investigate protein—protein
interactions is limited by the sample preparation process and
difficulties in the reconstitution of protein—protein complexes
with both proteins properly oriented with respect to each
other. Only a few examples of studies on membrane protein
complexes in nanodiscs have been reported to date.*'

In this study, we demonstrate the first successful incorpo-
ration of the CYP2B4-cyths complex into a peptide-based
nanodisc consisting of 1,2-dimyristoyl-sn-glycero-3-phospho-
choline (DMPC) lipids. In this system, a 22 residue peptide is
used in place of large MSPs to form the rim of the nanodiscs.
The procedure to prepare peptide-based nanodiscs is simple
and it was easy to control the size of resultant nanodiscs.['*!”)
Using size exclusion chromatography (SEC) and NMR
experiments, we have characterized the effect of the lipid
bilayer on the aggregation of full-length cytbs and the
reconstitution of productive CYP2B4-cytbs complexes into
nanodiscs. We believe that this study paves the way to a better
understanding of the structure and function of membrane
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protein complexes in a more physiologically relevant lipid
membrane environment.

Lipid-bilayer-containing nanodiscs were prepared using
an amphipathic 22-residue peptide (PVLDLFRELLNEL-
LEALKQKLK)."*¥ This peptide was designed based on the
helical structure and the consensus amino acid sequence of
the amphipathic a-helical segments in the apolipoprotein A-I
(Apo A-I);"7 previous studies have used Apo A-I mutants as
membrane scaffold proteins for nanodisc reconstitution.”
Application of this 22-residue peptide (referred to as 22A
hereafter) allows a greatly simplified preparation protocol for
nanodiscs and easy control of the size of the nanodiscs simply
through the variation of 22A:lipid molar ratio.'®'*>! Incor-
poration of a lipid bilayer in the 22A-nanodisc resulted in
a single peak on the SEC elution profile (Figure 1, dotted
line), suggesting high homogeneity in the size distribution of
the nanodiscs. Dissociation of cyths aggregates, as revealed by
SEC (see Figure S1 in the Supporting Information) and NMR
spectroscopy (Figure S2), was achieved through successful
reconstitution of cytbs into 22A-nanodiscs (Figure 1, dashed
line).
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Figure 1. Size exclusion chromatography. Elution profiles of empty

22A-nanodiscs (dotted line), nanodiscs containing cytbs after purifica-

tion (dashed line), and nanodiscs containing CYP2B4—cytbs after

purification (solid line).

In an effort to incorporate the CYP2B4—cytbs complex
into the 22A-nanodisc, a variety of sample preparation
methods were screened, among which two procedures
(method 1 and method 2, reported in the Supporting Infor-
mation) led to the successful incorporation of both proteins
into nanodiscs, as suggested by their SEC elution profiles
(Figures 1 (solid line); Figure S3). The nanodiscs containing
both proteins were stable for more than a week at room
temperature, as revealed by no precipitation and a reprodu-
cible SEC profile after 10 days (Figure S3B). In contrast,
CYP2B4-cytbs complexes incorporated into isotropic
bicelles, which consist of lipids and detergents at a 1:4 molar
ratio, are only stable for around 3 days (Figure S3C), after
which the sample starts to precipitate. The higher stability of
the protein complex achieved by the use of nanodiscs
compared to isotropic bicelles is likely the result of the
complete elimination of detergents throughout the sample
preparation process. The presence of detergents not only
disturbs the overall folding of CYP2B4 but also hampers the
activity of the protein.! Although both sample preparation
methods resulted in identical SEC elution profiles suggesting
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successful reconstitution of both proteins into the nanodiscs, it
is important to distinguish between the following two
potential protein arrangements: 1) both CYP2B4 and cytbs
are anchored on the same side of the nanodisc, and
a productive complex is formed between the two proteins;
2) CYP2B4 and cytbs are reconstituted to opposite sides of
the nanodiscs, which hampers the formation of the CYP2B4-
cytbs complex.

To verify the nature of the CYP2B4-cytb; complex
formed in a nanodisc, 2D “N/'H TROSY HSQC spectra
were recorded for the samples prepared by both methods but
using '*N-labelled cytbs (**N-cytbs). Significant differential
line broadening and modest chemical shift perturbation
(CSP; <0.01 ppm) were detected only for the sample
prepared using method 1, implying productive CYP2B4-
cyths complex formation in the nanodiscs (Figure 2 A,B).
This result agrees with our previous studies on the interaction
between CYP2B4 and cytbs in bicelles.”! In contrast, in
detergent micelles, the interaction between the two proteins is
very weak and almost negligible compared to that obtained in
nanodiscs (Figure S4 A).1
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Figure 2. 2D "N/'H TROSY HSQC spectrum of cytbs. A) Overlay of
the 2D "*N/'H TROSY HSQC spectra of cytbs alone in 22A-nanodiscs
(magenta) and cytbs in complex with CYP2B4 reconstituted in 22A-
nanodiscs (green). B) A histogram of the resonance intensities of cytb
in complex with CYP2B4 incorporated in 22A-nanodiscs normalized to
free cytbs in 22A-nanodiscs, which exhibits a differential line-broad-
ening pattern. The line broadening is categorized as significant (red),
medium (blue), not significant (yellow), and negligible (gray), as
shown by the vertical color strip, and is also mapped onto the
structure of cytbs in (C).
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The small magnitude of the CSP could be attributable to
the formation of an ensemble of encounter complexes and/or
protein—protein interactions on a fast-to-intermediate time-
scale.” Mapping of differential line broadening on the cyths
(Figure 2C) reveals a potential binding interface for the
CYP2B4-cytbs complex in nanodiscs, including residues H68,
S69, T70, R73, and L75, which are located on the lower cleft
of the front face of cytbs around the heme edge. These
residues, with the exception of L75, have been found on the
binding interface of the CYP2B4—cytbs complex structure in
bicelles.”! In addition, previous studies have shown that T70 is
involved in stereospecific complex formation between
CYP2B4 and cyth,.”!l

For the first time, L75 is reported to be likely involved in
CYP2B4-cytbs interactions. This could be attributed to
potential changes in membrane topology of the two proteins
in terms of their orientations in lipid bilayers as well as the
depth of insertion into the membrane; as nanodiscs, unlike
bicelles, completely devoid of detergents, the membrane
interaction of CYP2B4 could be enhanced and its folding may
be slightly different.”>*! Above all, identification of this
binding interface, which matches previous findings, implies
successful formation of productive complexes between
CYP2B4 and cytbs. On the other hand, the sample prepared
using method 2, although resulting in identical SEC profiles
to those obtained using method 1, failed to produce a differ-
ential broadening pattern of cytbs; resonance signals. Instead,
uniform broadening was detected as expected for the overall
increase in the total correlation time of the entire particle
when CYP2B4 was anchored to the opposite side of the disc
(data not shown). The addition of substrates resulted in
enhanced protein—protein interactions for samples prepared
using method 1 (Figure S5) but not method 2, which further
supports productive complex formation with method 1.

It is worth pointing out that our results cannot fully rule
out the possible existence of a fraction of nanodiscs with
CYP2B4 and cytbs located on opposite sides in method 1.
However, given the fact that the method 1 sample predom-
inantly displays characteristics typical of CYP2B4-cytbs
productive complexes as revealed by the NMR experiments,
it is highly likely that the situation where both proteins are on
the same side of the nanodiscs dominates in method 1.

In summary, we have successfully demonstrated recon-
stitution of CYP2B4-cytbs complexes into peptide-based
nanodiscs. NMR experiments have provided the evidence for
productive complex formation in nanodiscs, implying that
both proteins are reconstituted to the same side of the
nanodiscs. The use of the 22A peptide as the belt protein
enables a simplified preparation procedure for the nanodiscs.
Additionally, the complete elimination of detergents from the
samples renders membrane proteins such as CYP2B4, whose
structure and function are sensitive to the presence of
detergents, highly stable. In addition, the high spectral
resolution and sample stability demonstrated by the use of
this approach should enable high-resolution structure and
dynamics studies using NMR techniques.

Angew. Chem. 2016, 128, 4573 —4575

Zuschriften

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Acknowledgements

This study was supported by the NIH (GMO084018 and
GMO095640 to A.R.) and a VA Merit grant (to L.W.).

Keywords: cytochromes - membrane proteins - nanodiscs -
NMR spectroscopy - protein—protein interactions

How to cite: Angew. Chem. Int. Ed. 2016, 55, 4497-4499
Angew. Chem. 2016, 128, 45734575

[1] U. H. N. Diirr, L. Waskell, A. Ramamoorthy, Biochim. Biophys.
Acta Biomembr. 2007, 1768, 3235-3259.

[2] H. Zhang, D. Hamdane, S.-C. Im, L. Waskell, J. Biol. Chem.
2008, 283, 5217 -5225.

[3] S. Ahuja, N. Jahr, S.-C. Im, S. Vivekanandan, N. Popovych, S. V.
Le Clair, R. Huang, R. Soong, J. Xu, K. Yamamoto et al., J. Biol.
Chem. 2013, 288, 22080 -22095.

[4] M. Zhang, R. Huang, S.-C. Im, L. Waskell, A. Ramamoorthy, J.
Biol. Chem. 2015, 290, 12705—12718.

[5] I. G. Denisov, S.G. Sligar, Biochim. Biophys. Acta Proteins
Proteomics 2011, 1814, 223 -229.

[6] T. Raschle, S. Hiller, T.-Y. Y. T. Y. Yu, A.J. A. A.J. Rice, T.
Walz, G. Wagner, J. Am. Chem. Soc. 2009, 131, 17777-17779.

[7] F. Hagn, M. Etzkorn, T. Raschle, G. Wagner, J. Am. Chem. Soc.
2013, 735, 1919-1925.

[8] M. Alami, K. Dalal, B. Lelj-Garolla, S. G. Sligar, F. Duong,
EMBO J. 2007, 26, 1995-2004.

[9] H. Katayama, J. Wang, F. Tama, L. Chollet, E. P. Gogol, R. J.
Collier, M. T. Fisher, Proc. Natl. Acad. Sci. USA 2010, 107,3453 -
3457.

[10] J. Frauenfeld, J. Gumbart, E. O. Van Der Sluis, S. Funes, M.
Gartmann, B. Beatrix, T. Mielke, O. Berninghausen, T. Becker,
K. Schulten et al., Nat. Struct. Mol. Biol. 2011, 18, 614-621.

[11] V.M. Herndndez-Rocamora, C. Garcia-Montanés, G. Rivas, O.
Llorca, J. Struct. Biol. 2012, 180, 531-538.

[12] A.M.D’Antona, G. Xie, S. G. Sligar, D. D. Oprian, Biochemistry
2014, 53, 127-134.

[13] A.Kedrov, M. Sustarsic, J. De Keyzer, J. J. Caumanns, Z. C. Wu,
A.J. M. Driessen, J. Mol. Biol. 2013, 425, 4112-4124.

[14] 1. G. Denisov, B.J. Baas, Y. V. Grinkova, S. G. Sligar, J. Biol.
Chem. 2007, 282, 7066-7076.

[15] I. G. Denisov, D.J. Frank, S. G. Sligar, Pharmacol. Ther. 2009,
124, 151-167.

[16] “Peptide/lipid Complex Formation by Co-Lyophilization™: J.-L.
Dasseux, US6287590 B1, 2007.

[17] “Apolipoprotein a-I Agonists and Their Use to Treat Dyslipi-
demic Disorders”: D. J. Louis, R. Sekul, K. Buttner, I. Cornut, G.
Metz, WO1999016408 A2, 1999.

[18] D. Li, S. Gordon, A. Schwendeman, A. T. Remaley, Apolipo-
protein Mimetics in the Management of Human Disease, Springer
International Publishing, New York, 2015.

[19] R. Homan, N. Esmaeil, L. Mendelsohn, G.J. Kato, Anal.
Biochem. 2013, 441, 80— 86.

[20] B.L. Vaisman, A.T. Remaley, Methods Mol. Biol. 2013, 1027,
343 -352.

[21] M. Zhang, S.V. Le Clair, R. Huang, S. Ahuja, S.-C. Im, L.
Waskell, A. Ramamoorthy, Sci. Rep. 2015, 5, 8392.

[22] S.Kawato, J. Gut, R. J. Cherry, K. H. Winterhalter, C. Richter, J.
Biol. Chem. 1982, 257, 7023 —-7029.

[23] T. H. Bayburt, S. G. Sligar, Proc. Natl. Acad. Sci. USA 2002, 99,
6725-6730.

Received: January 4, 2016
Revised: January 22, 2016
Published online: February 29, 2016

www.angewandte.de

An dte

Chemie

4575


http://dx.doi.org/10.1016/j.bbamem.2007.08.007
http://dx.doi.org/10.1016/j.bbamem.2007.08.007
http://dx.doi.org/10.1074/jbc.M112.448225
http://dx.doi.org/10.1074/jbc.M112.448225
http://dx.doi.org/10.1074/jbc.M114.597096
http://dx.doi.org/10.1074/jbc.M114.597096
http://dx.doi.org/10.1016/j.bbapap.2010.05.017
http://dx.doi.org/10.1016/j.bbapap.2010.05.017
http://dx.doi.org/10.1021/ja907918r
http://dx.doi.org/10.1021/ja310901f
http://dx.doi.org/10.1021/ja310901f
http://dx.doi.org/10.1038/sj.emboj.7601661
http://dx.doi.org/10.1073/pnas.1000100107
http://dx.doi.org/10.1073/pnas.1000100107
http://dx.doi.org/10.1038/nsmb.2026
http://dx.doi.org/10.1016/j.jsb.2012.08.013
http://dx.doi.org/10.1016/j.jmb.2013.07.042
http://dx.doi.org/10.1016/j.pharmthera.2009.05.011
http://dx.doi.org/10.1016/j.pharmthera.2009.05.011
http://dx.doi.org/10.1016/j.ab.2013.06.018
http://dx.doi.org/10.1016/j.ab.2013.06.018
http://dx.doi.org/10.1007/978-1-60327-369-5_16
http://dx.doi.org/10.1007/978-1-60327-369-5_16
http://dx.doi.org/10.1038/srep08392
http://dx.doi.org/10.1073/pnas.062565599
http://dx.doi.org/10.1073/pnas.062565599
http://www.angewandte.de

