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Abstract

Mitochondrial solute carriers are a family of membrane proteins that catalyze the transport of
small molecules across the mitochondrial inner membrane!. We describe here a solution nuclear
magnetic resonance (NMR) method for structural characterization of mitochondrial uncoupling
protein 2 (UCP2), a member of the carrier family that translocates protons across the mitochonrial
inner membrane?. The method, which overcomes some of the challenges associated with
membrane-protein structure determination3, combines orientation restraints derived from NMR
residual dipolar couplings (RDCs) and semi-quantitative distance restraints from paramagnetic
relaxation enhancement (PRE) measurements. The local and secondary structures of the protein
were determined by piecing together molecular fragments from the Protein Data Bank (PDB) that
best fit experimental RDCs from samples weakly aligned in a DNA nanotube liquid crystal. The
RDC:s also determine the relative orientation of the secondary structural segments, and the PRE
restraints provide their spatial arrangement in the tertiary fold. We determined the structure of
UCP2 in the presence of GDP. We also mapped the interaction between UCP2 and GDP by
measuring paramagnetic broadening of the protein NMR resonances from nitroxide-labeled GDP.
UCP2 closely resembles the bovine ADP/ATP carrier (the only carrier protein of known
structure4), but the relative orientations of the helical segments are different, resulting in a wider
opening on the matrix side of the inner membrane. Moreover, the nitroxide-labeled GDP binds
inside the channel and appears to be closer to transmembrane helix 1-4. We believe this
biophysical approach, based on solution NMR spectroscopy, can be applied broadly to other
membrane proteins and in particular to other mitochondrial carriers, not only for structure
determination but also for characterizing various conformational states of these proteins linked to
substrate transport.

The elucidation almost 50 years ago of the mechanism of oxidative phosphorylation
provided the first example of the coupling of membrane transport to energy production?.
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The mitochondrial respiratory complex transfers electrons from nutrients to oxygen,
pumping protons from the mitochondrial matrix to the intermembrane space as it builds up
an electrochemical potential (AyH*) of ~200mV (Supplementary Fig. 1). While most of this
potential is converted to work that drives ATP synthesis, a fraction is dissipated as heat, in a
process involving leakage of protons back to the matrix. This leakage, or “uncoupling” of
the proton electrochemical potential, is mediated primarily by a family of proteins in the
mitochondrial inner membrane, collectively termed “uncoupling proteins” (UCPs)2. The
proton translocation activity of UCPs requires fatty acids as cofactors; it is inhibited by
GDP. UCP1 was first identified in the mitochondria of brown adipose tissue (BAT) as a
protein responsible for BAT-mediated thermoregulation®. Unlike UCP1, the primary
function of UCP2 may be related to lowering production of reactive oxygen species.
Expression of UCP2 in pancreatic B-cells is strongly correlated with decreased insulin
secretion, and UCP2 inactivation restores the glucose-sensing pathway’. UCP2 also plays a
role in glucagon secretion from pancreatic a-cells8, and in regulating of hunger through
ghrelin in NPY/AGRP neurons®. More recently, UCP2 has been linked to chemotherapy
resistance and metabolic reprogramming in cancer!0-11,

NMR spectroscopy has yielded the structures of a number of membrane proteins, including
channels!Z14, a redox protein!, a kinase!®, and the sensory rhodopsin!’. For many of these
studies, a major issue has been purifying the protein and reconstituting it in a model
membrane medium that supports protein solubility and stability. In the case of UCP2,
reconstitution in dodecylphosphocholine (DPC) micelles with a small amount of lipids
(cardiolipin and dimyristoyl-phosphatidylcholine: DMPC) yielded workable NMR spectra
(Fig. 1a&b). We prepared homogeneous UCP2 by passing detergent-solubilized protein
through a GDP-analog column, which selects for native protein. Samples used for NMR
measurements were at pH 6.5 and contained 5 mM GDP, 150 mM DPC, 1 mM cardiolipin
and 2 mM DMPC. Under these conditions, a fluorescence resonance energy transfer (FRET)
experiment showed that GDP binds to UCP2 with an apparent Kp of ~5 uM (Fig. 1c). When
the NMR sample was incorporated into liposomes, it showed fatty-acid activated and GDP-
inhibited proton translocation activity (Supplementary Fig. 2). Negative-stain electron
microscopy showed monodisperse, channel-like particles (Supplementary Fig. 3).

Local structure determination by NMR typically involves assigning nuclear Overhauser
effect (NOEs) between backbone amide protons and aliphatic protons. In the UCP2 case, it
was difficult to collect a sufficient number of unambiguous NOEs because of severe overlap
of backbone ('H,!5N) resonances. The peaks in the 3D HNCO spectrum are mostly
separated, however. The HNCO experiment, which correlates the chemical shifts of
backbone 'HN, 15N, and !13C’ nuclides, has been widely used for measuring one-bond
residual dipolar couplings (RDCs). For structure determination, we therefore relied on
orientation restraints derived from RDCs. In a macromolecule marginally oriented in a
magnetic field, RDC between a pair of spin-1/2 nuclides encodes orientations of the
internuclear vector connecting the two nuclides. The most effective medium for weakly
orienting protein in solution is a liquid crystal formed by large, elongated particles!8; for
membrane proteins, these particles must also resist a high concentration of detergent. We
used DNA nanotubes, constructed by "DNA origami", which can form a stable nematic
phase unaffected by detergent!® (Supplementary Fig. 4). The nanotube alignment medium
allowed us to measure RDCs for internuclear vectors 'HN-1N (1Dyg), 13C-13C* (!Deo ),
and PN-13C” (!Dy¢) (Fig. 1d; Supplementary Fig. 5). On average, there are 2.2 RDCs per
residue for regions with confirmed resonance assignment.

With less than 3 RDCs per residue, calculating the local structures using the restrained
Molecular Dynamics protocol presents a severe local minimum problem, because of the
intrinsic orientation degeneracy of the dipolar coupling function. We used an approach that
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exhaustively searches the protein database for fragments of structure that agree with the
experimental data. This method, commonly known as Molecular Fragment Replacement
(MFR), was first applied in crystallography for building molecular fragments into
crystallographically determined electron density20. A later NMR study demonstrated that
with about 4 RDCs per residue, it was possible to determine the backbone structure of
ubiquitin using molecular fragments fit to RDCs2!. More recently, a fragment search method
that combines experimental chemical shift and RDCs has been implemented in the CS-
Rosetta structure modeling software and shown to be effective in determining water-soluble
protein structures22-23,

We constructed a database containing 320,000 7-residue fragments extracted from structures
of 1279 water-soluble and 235 membrane-associated proteins. For each 7-residue stretch
along the UCP2 sequence, we fit the corresponding RDCs to all fragments in the database,
using singular value decomposition (SVD)2*. We evaluated the quality of fit with the
parameter Qf., Which is a normalized r.m.s. difference between experimental RDCs and
RDCs predicted independently by the structural model?. After this exhaustive search, we
collected fragments with Qf. < 25%, and the magnitude (D,) and rhombicity (Ry) of the
alignment tensor within 10% of their true values (Fig. 1d). These fragments were designated
as candidate fragments and used to determine local backbone structure according to the
following protocol. (1) Fragment assignment. Sort the candidate fragments, and assign the
fragments in the list having the smallest Qf, to their corresponding protein segments, until
no more fragments can be placed without overlap with already assigned segments (Fig. 2a).
(2) Gap filling. For any of the gap regions (< 4 residues) not assigned in step (1), search for
the candidate fragment that overlaps in ¢ and y angles with the two flanking segment and
that provides the best Oy for the merged segment consisting of the newly filled gap
structure and the two original flanking fragments (Fig. 2b). (3) End extension. Extend the N-
or C-terminal end of an assigned segment by searching for a fragment that overlaps best
with the original segment in ¢and y angles, and that provides the best O, for the final
extended segment (Fig. 2b). Operations (2) and (3) were repeated until no more structure
could be assigned with confidence. Using the procedure just described, we identified 15
structured segments (Fig. 2c).

In addition to RDCs, we obtained semi-quantitative distance restraints from PRE
measurements. The paramagnetic moiety introduced for PRE measurement is a nitroxide
spin-label in MTSL (see METHODS), which we covalently attached at cysteines. PRE
restraints have been demonstrated in low-resolution structure determination of both water-
soluble and membrane proteins!®-26, Four UCP2 samples were produced, each with a spin
label attached at a unique position (68, 105, 202, 255); they all showed similar NMR spectra
(Supplementary Fig. 6). These samples together provided 452 PRE distance restraints (an
important subset are shown in Fig. 3a).

Finally, to determine the tertiary structure, we strongly enforced the backbone ¢and y of the
15 MFR-derived structural segments while applying the PRE and RDC restraints. During the
structure calculation, the MFR segments made up most of the local structure of the protein,
while the PRE and RDC measurements provided spatial and orientational restraints,
respectively, for these structured segments. The calculation generated an ensemble of 15
structures with backbone r.m.s. deviation of 1.3 A (Fig. 3b). There are no experimental data
on the sidechains. The structure was determined in the presence of GDP, a well-known
inhibitor of UCP2 activity. Although sidechain resonance assignments, which are required
for obtaining an atomic resolution view of GDP binding, were not available, we investigated
GDP binding qualitatively with the PRE method. We used a paramagnetic nitroxide
derivative of GDP (NO-GDP) (Fig. 3c) and measured broadening of protein resonances by
the spin label. Mapping the magnitude of the PRE to the structure indicates that NO-GDP
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binds within the UCP2 channel, but the PRE appears to span a large area, covering residues
of transmembrane helices (TMH) 1-4 (Fig. 3d). The distribution of PRE-sensitive residues
indicates that the nitroxide radical is in the half of the channel facing the intermembrane
space. Based on the PRE-derived position of the nitroxide moiety, we placed the GDP
portion of the NO-GDP by maximizing electrostatic interactions between GDP and charged
residues in the channel (Supplementary Fig. 7). The model shows that the PRE data are
consistent with GDP binding deep within the UCP2 channel, similar to the proposed ADP
binding site in ANT127-28

The overall conformation of UCP2 closely resembles that of the bovine ADP/ATP carrier
(ANT1)*, despite their low (~20%) sequence identity. They are both channel-like structures,
in which 3 pseudo-repeats (Fig. 3a) adopt similar folds (Fig. 4a). Each repeat consists of a
TMH (odd-numbered), a loop, an amphipathic helix (APH), and another TMH (even-
numbered). Moreover, as in ANT1, the TMHs have kinks at prolines that are conserved in
the carrier-protein sequences (Fig. 3a). The structural similarity with ANT1 further supports
the notion that the members of the large carrier family have a conserved structure and that
small variations within the conserved fold govern specificity of substrate binding and
translocation. The most striking differences between the UCP2 and ANT]1 structures are in
the third repeat. In each of the three repeats of ANT1, the APH packs against the segment of
the odd-numbered TMH that follows the conserved proline, and the proline kink in the TMH
closes the channel (Fig. 4b). Repeat 3 of the GDP-bound UCP2 breaks away from this
pattern. The TMHS5 appears to have shifted between TMH4 and TMHG6 towards the
intermembrane side of the carrier (Supplementary Fig. 8). The APH of the same repeat
rotates away from the channel by ~45°, and its flanking regions are also substantially
different from their counterparts in the other two repeats (Fig. 4b). Consequently, the matrix
side of the channel is substantially more open in UCP2 than in ANT1. Although their
functional relevance remains to be investigated, the differences we see could have
implications for channel opening in proteins of the carrier family.

In summary, we have established a solution-NMR protocol for studying mitochondrial
carriers. We have combined RDC-based fragment searching and PRE measurements to
obtain a structure for UCP2 in its GDP-bound state. There are over 40 different carriers
identified to date, which transport a variety of metabolites, nucleotides, ions and vitamins
across the inner mitochondrial membrane. Although their overall folds are expected to be
similar, obtaining structures of different carriers and different functional states of the same
carrier will be important for understanding the mechanism and selectivity of substrate
transport2?. Use of RDCs is well suited for this purpose -- e.g. for describing concerted
rearrangements of helices, coupled to opening or closing of the carrier on either side of the
membrane -- as RDCs are sensitive to the relative orientation of structural segments. We
emphasize that new methods for measuring sidechain constraints must be developed for
providing higher resolution NMR structures of these carriers and of membrane proteins of
comparable size.

METHOD SUMMARY

Mouse UCP2 (residues 14-309, with a C-terminal Hisg tag) was expressed using a pET-21
vector in E. Coli Rossetta DE3 cells. After cell lysis, the lipid composition of the membrane
fraction was adjusted by adding DMPC, cardiolipin, and phytanoyl lipids. The protein was
extracted using 0.2% DPC in the presence of GDP. The solubilized UCP2 was then
subjected to a series of purification steps including Ni-NTA affinity, MonoQ ion exchange,
nucleotide-analog affinity, and size exclusion chromatography. The final NMR sample
contained 0.8 mM UCP2, 5 mM GDP, 150 mM DPC, 2 mM DMPC, 1 mM cardiolipin, 5
mM B-mercatpoethanol, 30 mM potassium phosphate (pH 6.5), and 80 mM NaCl.
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NMR experiments were conducted at 33 °C on spectrometers equipped with cryogenic
probes. Sequence specific assignment of backbone chemical shifts was accomplished using
three pairs of triple-resonance experiments and a double "N-edited NOESY, recorded on
(15N-, 13C, 2H) labeled protein. RDCs were obtained using an aligned sample containing 0.5
mM UCP2 and 20 mg/ml DNA nanotube!® (other components same as above). ! Dy was
measured using the J-scaled TROSY-HNCO experiment. ! Dc:c, and 'Dyc: were measured
using TROSY-HNCO with quantitative-Jcq and -Jnc modulations, respectively. For
obtaining PREs, we generated a Cys-less UCP2 mutant and introduced single cysteines at
desired positions for labeling with MTSL (METHODS). Residue-specific broadening of
protein resonances was measured with two TROSY-HNCO spectra, one recorded after
nitroxide labeling and another after reducing the nitroxide free electron with ascorbic acid.

Structure determination had two stages: 1) determining local structural segments by RDC-
based MFR protocol and 2) determining the spatial arrangement of the MFR-derived
segments using PRE distance restraints. Structures were calculated using XPLOR-NIH30
with backbone ¢and v of the assigned structured segments, RDCs, and PRE-derived
distances. A total of 30 structures were calculated using a simulated annealing protocol, and
15 low-energy structures were selected as the structural ensemble (statistics in
Supplementary Table 1).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NMR spectra, GDP binding, and outline of RDC-based molecular fragment assignment
a, The "HN-ISN TROSY HSQC spectrum of 1’N-,13C- 2H-labelled UCP2 reconstituted in
DPC micelles (with 5 mM GDP) recorded at pH 6.5, 33 °C, and 'H frequency of 600 MHz.
b, The (15N,!3C’) projection of the 3D TROSY HNCO spectrum of the sample in a,
recorded under the same conditions. Comparison of a and b, illustrates that most resonances
can be resolved in the 3D HNCO spectrum. ¢, Specific binding of GDP to UCP2 under
conditions of the NMR sample. The FRET Response (= %[FUpmanT-GDP / GDP - FU%GDPI:
see METHODS) follows displacement of fluorescent MANT-GDP by GDP as the
concentration of the latter increases. d, Histogram of 470 unambiguously

assigned 'Dnp, 'Deocg or 'Dne (all normalized to !Dyyy). The magnitude (D,) and
rhombicity (R},) of the alignment tensors are 10 Hz and 0.61, respectively.
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Figure 2. Conceptual illustration of the operations involved in RDC-based structural segment
building

a, Initial fragment assignment. b, gap filling (left) and end extension (right). ¢, The 15
continuous structured segments of UCP2 determined by RDC-based MFR (shaded and
labelled). Details of these operations are described in text and in METHODS.
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Figure 3. Solution structure of UCP2 and region of GDP binding

a, UCP2 sequence and membrane topology, with basic and acidic residues shown in blue
and red, respectively. The conserved prolines at the proline kinks of TMH 1, 3, and 5 are
shown in yellow. The spin-labeled positions are highlighted in green. The red dashed lines
represent long-range or inter-helical PRE distances (< 19 A) between the spin-label and
backbone amide protons. b, An ensemble of 15 low-energy structures derived from NMR
restraints. The backbone and heavy atom r.m.s. deviations for the structured segments in
Fig. 2e are 1.2 Aand 1.8 A, respectively. ¢, Chemical structure of the spin-labeled GDP,
with the paramagnetic nitroxide moiety circled in red. d, Mapping the effect of spin-labeled
GDP onto the ribbon drawing of UCP2. The color gradient is from yellow (resonance
intensity ratio of broadened to non-broadened, € = 1.0) to white (¢ = 0.8) to blue (¢ = 0.3).
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Figure 4. Comparison of UCP2 and ANT1

a, Side views of UCP2 and ANT1 (PDB code: 1OKC). Pseudo-repeats 1, 2, and 3 are in
blue, green and pink, respectively. The three repeats are 1: 14-112, 2: 113-210, and 3: 211-
309 (see Fig. 3a above for reference). b, Views of UCP2 and ANT1 from the matrix side of
the carriers, showing loss of 3-fold pseudo-symmetry in UCP2 as a result of structural
differences in repeat 3. The orientations of the amphipathic helices are emphasized by the
arrows.
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