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lipids.14 In terms of sample preparation, the detergent/lipid
mixed micelle is as convenient to use as detergent micelles. An
important criterion of the mixed micelle application, however,
is whether the detergent is compatible with speciﬁc lipid−
protein interaction that is functionally important to many
membrane proteins.15 Considering this, we sought to
investigate whether dodecylphosphocholine (DPC), a relatively
strong and the most frequently used detergent in NMR, can
preserve the binding of functionally important lipids to protein.
As such, we chose the mitochondrial ADP/ATP carrier (AAC)
as a case study because this transporter requires special lipids to
maintain its native activity16 and, when reconstituted in DPC
micelles, exhibited favorable spectroscopic properties.17
The AAC is an essential solute transporter that catalyzes the
traﬃcking of ATP and ADP between mitochondria and
cytosol;18 it has been the model system for structural and
mechanistic studies of mitochondrial carriers19 because it
remains, to date, the only carrier protein for which highresolution crystal structures are available.20,21 Earlier functional
studies showed that cardiolipin (CL), a rich component of the
mitochondrial membrane and a nonbilayer lipid, is important
for the transport activity of AAC.22,23 Consistent with this
ﬁnding, high-resolution crystal structures of AAC previously
determined in the decyl maltoside (DM) detergent revealed
several bound CLs on the periphery of the transporter.20,21
Obviously, CL binding was preserved when AAC was extracted
from the mitochondrial membrane using the nonionic
maltoside detergent. Recently, we developed an NMR sample
of AAC reconstituted in DPC micelles to investigate the
exchange dynamics of the transporter.17 As DPC as a detergent
is stronger than DM, it is unclear whether its micelle system
supports speciﬁc binding of CL. In this study, we performed
thorough NMR measurements of CL−AAC interaction and
molecular dynamics (MD) simulation to address the question
posed above.
Full-length yeast AAC carrier 3 (yAAC3) was expressed in
Escherichia coli cells and puriﬁed by Ni-NTA aﬃnity, ion
exchange, and size-exclusion chromatography as previously
described17 (Figure S1a). During NMR sample preparation,

ABSTRACT: Many membrane proteins bind speciﬁcally
to lipids as an integral component of their structures. The
ability of detergents to support lipid binding is thus an
important consideration when solubilizing membrane
proteins for structural studies. In particular, the zwitterionic phosphocholine (PC)-based detergents, which have
been widely used in solution NMR studies of channels and
transporters, are controversial because of their strong
solubilization power and thus perceived as more
denaturing than nonionic detergents such as the maltosides. Here, we investigate the ability of the mitochondrial
ADP/ATP carrier (AAC) to speciﬁcally bind cardiolipin, a
mitochondrial lipid important for the carrier function, in
dodecylphosphocholine (DPC) micelles. We found that in
DPC, the AAC speciﬁcally binds cardiolipin in a manner
consistent with the bound cardiolipins found in the crystal
structures of the AAC determined in n-decyl β-Dmaltoside. Our results suggest that PC detergent is
compatible with speciﬁc lipid binding and that PC
detergent mixed with the relevant lipid represents a viable
solubilization system for NMR studies of membrane
proteins.

T

he past two decades have seen an increasing frequency of
application of solution NMR spectroscopy to de novo
structural characterization of transmembrane (TM) and
membrane-associated protein domains as well as intact fulllength integral membrane proteins.1−3 In addition to structure
determination, solution NMR aﬀords a convenient means of
investigating ligand binding and conformational dynamics when
relevant membrane protein sample systems are being
developed.4,5 Unlike solid-state NMR, solution NMR requires
membrane proteins to be solubilized in membrane-mimetic
media, and these media are mostly detergent micelles,5−8 less
commonly bicelles,9−11 and very rarely lipid nanodiscs.12
The use of PC detergents, however, has been controversial,
as these detergents have in some cases performed poorly in
preserving the native activities of membrane proteins, especially
for G-protein-coupled receptors.13 While new media for
solution NMR that more closely resemble the natural lipid
bilayer are still being developed, a system more suitable than
detergent alone consists of detergent micelles mixed with
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Given the long acyl chains of CL, it is not surprising to see
widespread chemical shift changes because the lipid partition in
the DPC micelle could have indirectly induced chemical shift
changes by altering the micelle properties. To test whether the
chemical shift perturbations are speciﬁc, we performed the
same titration using 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), another lipid rich in the mitochondrial inner membrane.24 The results showed that at a 3:1
lipid:yAAC3 ratio, only CL induced obvious chemical shift
perturbations while POPE had essentially no eﬀect (Figure 1c).
The combined titration results indicate that CL binds
speciﬁcally to yAAC3.
We next applied nuclear Overhauser enhancement (NOE)
spectroscopy to directly identify the CL binding sites on
yAAC3 using proteins that are 15N-labeled and perdeuterated
such that the NOE between the protein backbone amide
protons and CL protons could be measured unambiguously.
DPCs were also perdeuterated to avoid resonance overlap with
CL. A 3D 15N-separated NOESY spectrum was recorded with a
NOE mixing time of 200 ms at 900 MHz (1H frequency), for
assigning residue-speciﬁc CL NOE cross-peaks. Consistent with
the NMR titration results, many residues showed distinct CL
NOEs, including those of the headgroup (3.90 ppm), the
methylene groups of the acyl chain (1.29, 1.40, and 1.61 ppm),
and the terminal methyl group (0.84 ppm) (Figure 2a). In
particular, NOEs to the methylene groups of the hydrocarbon
chain are widespread becuse of the large number of these
methylene protons in each CL molecule.

DPC was systematically reduced to reach the minimal
concentration required to generate a good NMR spectrum
(Figure S1b).
We ﬁrst employed the NMR titration approach to examine
CL-induced chemical shift perturbation of AAC. For this
purpose, we used cardiolipin with 18 carbons. High-resolution
three-dimensional (3D) TROSY-HNCO spectra were recorded
at CL:yAAC3 ratios of 0:1, 1:1, 2:1, 3:1, and 4:1. The
application of the 3D experiment during NMR titration greatly
improved the completeness of peak analysis of the otherwise
highly crowded HSQC spectrum (Figure S2a). Addition of CL
caused very substantial chemical shift perturbations; e.g.,
residue I25, L92, and A145 showed shifts of as much as 0.15
ppm (Figure S2b,c). Moreover, the titration curves showed that
the majority of the speciﬁc changes nearly plateaued after the
3:1 CL:yAAC3 ratio (Figure 1a). The estimated apparent

Figure 1. Characterization of cardiolipin (CL) binding by NMR
titration. (a) Example of residue-speciﬁc chemical shift changes upon
CL titration as monitored in the 3D HNCO spectrum. (b) Mapping
onto the crystal structure of AAC. Sphere colors indicate the following:
gray for −0 < Δδ < 0.05, light blue for −0.05 < Δδ < 0.10, and blue for
Δδ > 0.10. (c) Comparison between the chemical shift perturbations
of AAC by CL (left) and POPE (right). Red and blue peaks are from
protein (0.8 mM) in the absence and presence of 2.4 mM lipid,
respectively.
Figure 2. Deﬁnition of cardiolipin (CL) binding sites by NOE
measurements. (a) Sample strips from the 3D 15N-edited NOESYTROSY spectrum (200 ms NOE mixing time) recorded using a
sample containing 0.8 mM 15N- and 2H-labeled yAAC3 and 2.4 mM
CL, showing protein NOEs to three regions of the lipid, including the
headgroup (blue), the bulk acyl chain (orange), and the terminus of
the acyl chain (red). (b) Mapping CL NOEs onto the yAAC3 crystal
structure for backbone amides that could be unambiguously analyzed
(indicated by spheres). Sphere colors indicate the following: gray for
amides that showed no lipid NOEs and other colors for amides that
showed NOEs to lipid regions deﬁned in panel a.

dissociation constants (KD) for A91, A148, and E268 in Figure
1a are approximately 100, 100, and 20 μM, respectively (Figure
S2d). The AAC architecture resembles an open-top barrel
formed by three structurally similar domains (I−III) in a
parallel orientation. Each domain consists of two TM helices
separated by an amphipathic helix. Overall, the chemical shift
perturbation is widespread on the periphery of the carrier
(Figure 1b), and the titration data suggest a 3:1 CL:yAAC3
binding stoichiometry.
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On the basis of the observed lipid NOE cross-peaks, the
protein residues were assigned to be in close contact with each
of the three regions of CL shown in Figure 2a, including (1) the
headgroup region (cross-peak 1 only), (2) the core regions of
the acyl chains (any combination of cross-peak 2, 3, or 4), and
(3) the terminal regions of the acyl chain (cross-peaks 4 and 5).
The residues in contact with the headgroup are located mainly
on the matrix side of the carrier in and near the amphipathic
helices (h12, h34, and h56); they are mostly charged or polar
residues such as R141, Y179, and K275 in regions I, II, and III,
respectively (Figure 2b and Figure S3). Most of the peripheral
residues along the six TM helices show NOE cross-peaks to the
acyl chain protons. As expected, among these TM residues,
those close to the matrix side showed both methylene and
headgroup NOEs (e.g., W76, F182, and A277) and several
residues near the cytosol side showed methylene and terminal
methyl group NOEs (e.g., I14, I100, and S292). Finally, the
middle sections of the TM helices showed mostly methylene
NOEs. The majority of the TM residues in H4 of domain II
were not assigned (Figure S2a), and thus, the NOE data are not
available for this region of the protein.
The NOE data are overall consistent with CL positions
observed in the crystal structures. The yAAC3 crystal structure
determined in DM showed electron densities corresponding to
the headgroups of tetramyristoyl (C14) CL, one for each of the
three domains.21 The locations of these densities near the
amphipathic helices, where several lysines and arginines reside,
are consistent with our NOE data (Figure 2b) and also
consistent with the hypothesis that electrostatic interactions
between the negatively charged CL headgroup and basic
residues on the matrix side of the carrier mediate CL
recognition.25
In the yAAC3 crystal structure, however, most of the
electron density for the CL acyl chains is missing. We thus
performed MD simulation to gain insights into the position and
orientation of the acyl chains. The simulation system consists of
yAAC3 and three CLs embedded in the POPC lipid bilayer
(Methods in the Supporting Information). The CLs were
initially positioned such that their headgroups coincide with
those in the crystal structure. Two MD stages were used for this
system. The ﬁrst stage was restrained MD in which the protein
backbone and the CL headgroup atoms were restricted with a
force constant of 100 kJ mol−1 Å−2 whereas the protein side
chains and CL acyl chains were allowed to move. Upon
reaching equilibrium, the system was subjected to the second
stage, unrestrained simulation (40 ns). The simulation and
NOE data are overall in agreement (Figure 3a); i.e., during the
simulation, the distances between the acyl chain methyl carbons
and protein backbone nitrogens (4.5−7.0 Å) were on average
consistent with the corresponding NOE-derived distances
between the protons (3−5 Å) (Figure S4).
The combined NMR and MD results indicate that CL acyl
chains interact with the hydrophobic residues along the six TM
helices. Because CL has four acyl chains, one CL is suﬃcient for
covering the two TM helices of each domain, and thus three
CLs are suﬃcient for wrapping the entire carrier. It is
interesting to note that hydrophobic interaction and geometry
matching are the key factors governing acyl chain placement. In
particular, for CLs in regions I and II, one of the acyl chains has
its terminal methyl group anchored to a hydrophobic pocket in
the middle of the TM helices, which provided explanation for
the rather unexpected methyl NOEs observed in these regions
of the protein (Figure S5).

Figure 3. Positions of CLs (C18) bound to yAAC3 after MD
simulation for 40 ns in the POPC bilayer. The blue and red spheres
indicate analyzed residues that showed NOEs to the CL headgroup
and terminal methyl group, respectively. Key NOEs to the CL terminal
methyl group are marked by a black dashed arrow. Simulation details
are described in the text and Supporting Information.

In summary, we have shown that in DPC micelles, AAC is
able to interact speciﬁcally with CL. All three structurally
similar domains of AAC interact with a CL molecule, while
domain I (H1 and H2) appeared to show the strongest contact
based on NOE analysis. The CL binding is not a nonspeciﬁc
eﬀect of hydrophobic partitioning in micelles, as the POPE
phospholipid induced far less chemical shift perturbation on
AAC than CL did at the same detergent and lipid
concentrations. Another important observation is that AAC
can bind CL in similar manner in two completely diﬀerent
environments, DPC versus DM and solution versus crystal.
Given the high abundance of CL in the inner mitochondrial
membrane (∼17%),24 our results strongly suggest that AAC
exists in complex with CL in the native environment, though
the precise role, structural or functional, of this lipid in AAC
remains to be investigated. The combined NMR/MD experiments also provided the structural information about
interaction between the CL acyl chain and yAAC3 that was
largely missing in the crystal structure. Finally, our study
provides a solid example in which detergent micelles formed
with a PC detergent are compatible with speciﬁc lipid binding
by a membrane protein, while suggesting the use of a DPC/
lipid mixed micelle as a viable solution to NMR studies of
membrane proteins.
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