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ABSTRACT: Mitochondrial uncoupling proteins of the nervous system (UCPs 2, 4, and 5) have potential roles
in the function and protection of the central nervous system (CNS). In the absence of structural information,
conformations of the hexahistidine-tagged versions of all five human UCPs in liposomes were investigated for
the first time, using far- and near-UV CD and fluorescence spectroscopy. Highly pure UCPs 1—5 were
reconstituted in detergents and stable small unilamellar vesicles, appropriate for spectroscopic studies. All
UCPs formed dominantly helical conformations in negatively charged phospholipid vesicles
(palmitoyloleoylphosphatidylcholine/palmitoyloleoylphosphatidylglycerol, 7:3 molar ratio). UCPs 2 and
5 exhibited comparable helical conformations with possible association in lipid bilayers, whereas UCP4 had a
different helical profile that can be related to its less associated form. Interaction of reconstituted UCPs with
GDP and GTP, inhibitors of the prototypic UCP1, was detected by near-UV CD and fluorescence
spectroscopy, utilizing the sensitivity of these techniques to microenvironments around Trp residues close
to the nucleotide binding site. Binding of UCP4 to purine nucleotides was also different from other UCPs.
Binding of fatty acids, activators of proton transport in UCPs, to UCPs could not be unambiguously detected,
implying a nonbinding conformation/orientation of the proteoliposomes. Interaction of CoA with UCPs was
comparable to nucleotide binding, suggesting a possible binding of this molecule at the nucleotide binding site.
Despite dissimilar primary sequences, neuronal UCPs share common structural and functional properties
with UCPs 1 and 3, supporting a common physiological role in addition to their specific roles in the CNS.
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A Comparative Study on Conformation and Ligand Binding of the Neuronal Uncoupling

Uncoupling proteins (UCPs), located in the inner mitochon-
drial membrane, uncouple ATP synthesis from the respiratory
chain by transporting protons into the matrix, hence dissipating
the protonmotive force. In BAT, this physiological function is
mediated by the uncoupling protein, UCP1, also known as
thermogenin. In addition to thermogenesis, several other func-
tions have been suggested for the proton leak pathways including
regulation of energy metabolism, control of body mass, and
attenuation of ROS production (/). The UCPs are members of
the anion-carrier protein family located in the inner mitochon-
drial membrane, and a total of five mammalian UCPs are known
to date (2). UCP3 and neuronal UCPs (nUCPs)," which include
UCPs 2, 4, and 5, were discovered in the late 1990s (2—5). UCP3
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has been mostly found in skeletal muscle and heart tissues (/, 2).
UCP2 has been found in several mammalian tissues, and its
expression in the CNS is primarily in the hypothalamus, limbic
system, cerebellum, choroid plexus, brainstem, neurons, and glial
cells (2, 6). UCP4 was initially found to be exclusively expressed
in the brain; recently, however, this protein was also discovered in
adipocytes (4, 7). UCP5 has been found in various tissues
including brain, testis, uterus, kidneys, lung, stomach, liver,
and heart (1, 5, 6). A comparison between the primary sequences
of all five human UCPs (hUCPs) is exhibited in Figure 1. The
number of amino acids in hUCPs 1-5, their relative size, and the
composition of their basic/acidic and aromatic amino acid
residues are shown in Table 1.

Mitochondrial nUCPs have numerous potential roles in sup-
port of the function and survival of CNS, including thermal
synapses, enhanced synaptic neurotransmission, calcium regula-
tion, mitochondrial proliferation and biogenesis, reduction of
ROS production, pain and ethanol tolerance/sensitivity, synapse
regulation, and synaptic plasticity (6, §). Furthermore, the afore-
mentioned UCP-induced mitochondrial effects can be relevant to
numerous neurodegenerative diseases, such as epilepsy, Parkinson’s
disease, ischemia/stroke and traumatic brain injury, Alzheimer’s
disease, amyotrophic lateral sclerosis, and aging (6, 8, 9).

The activation of UCP1, the most studied UCP, is presumed to
be mediated by fatty acids (/, 2). So far, two plausible mechani-
sms have been proposed for UCP1 proton transport: the proton-
buffering model and the fatty acid-cycling model (2). It has been
shown that Asp™ in UCPI (conserved in all UCPs 1—3 and

©2009 American Chemical Society



Article

Biochemistry, Vol. 49, No. 3, 2010 513

095258 :UCP5_human MGIFPGIILIFLRVKFATAAVIVSGHQKSTTVSHEMS 60
095847:UCP4_human ---------------—-—-—- MSVPEEEERLLPLTQRWPRAS 39
P55851:UCP2_human ----------=--=---—--———-——-———-- 33
P55916:UCP3_human ------------=---—--—-——-——-~—-- 33
P25874:UCP1_human ----------------———————~—~—- 33
P02722:ADT1 bovin --------------"-----"—~-~—~"—~—~—~—~—~—~—~—~—- 28
* k. *
095258 :UCP5_human VDLTKTRLQVQGQSIDARF----- KEIKYRGMFHALFRICKEEGVLALYSGIAPAL 115
095847 :UCP4_human IDLTKTRLQMQGEAALARLGDGARESAPYRGMVRTALGIIEEEGFLKL 99
P55851:UCP2_human LDTAKVRLQIQGESQGPVR---ATASAQYRGVMGTILTMVRTEGPRS 90
P55916:UCP3_human LDTAKVRLQIQGENQ-AVQ---TARLVQYRGVLGTILTMVRTEGPCS 89
P25874:UCP1_human LDTAKVRLOVOGECP------- TSSVIRYKGVLGTITAVVKTEGRM 86
P02722:ADT1 _bovin [IERVKLELOVOHASKQIS------ AEKQYKGIIDCVVRIPKEQGFLSFWRG 82
* kk Lk * ok, s L o * " L. *
095258 :UCP5_human 170
095847 :UCP4_human 156
P55851:UCP2_human DSVKQFYT-KGSEHA----SIGS 145
P55916 :UCP3_human DSVKQVYTPKGADNS - ---SLTT 145
P25874 :UCP1_human 142
P02722:ADT1_bovin 142
095258 :UCP5_human AQG------- 223
095847 :UCP4_human MEGKRKLEGKPLRFRGVHHAFAKILAEGGIRGLWAGW 216
P55851:UCP2_human AQARAG---GGRRYQSTVNAYKTIAREEGFRGLWKGTS 202
P55916:UCP3_human ASIHLGPSRSDRKYSGTMDAYRTIAREEGVRGLWKGTL 205
P25874 :UCP1_human QSHLHG- - IKPRYTGTYNAYRITATTEGLTGLWK 200
P02722:ADT1_bovin DVGKG--AAQREFTGLGNCITKIFKSDGLRGLYQ! 200

* * kk Kk . : T

HLILSGMMGDTILTHE]
YLVLNTPLEDNI
ALLKANLMTDDIL
KLLDYHLLTDNEF]

095258 :UCP5_human
095847 :UCP4_human
P55851:UCP2_human
P55916 :UCP3_human
P25874 :UCP1_human
P02722:ADT1_bovin

DVVRTRMMN-QRAIVGHVDLYKGTVDG 282
DVIKSRIMNQPRDKQGRGLLYKSSTDC 276

—————— YSSAGHC 256
—————— YFSPLDC 259
—————— YKSVPNC 254
SGRK-GADIMYTGTVDC 257

ILKMWKHEGFFALY
LIQAVQGEGF
ALTMLQKEGPR.

095258 :UCP5_human
095847 :UCP4_human
P55851:UCP2_human
P55916 :UCP3_human
P25874 :UCP1_human
P02722:ADT1_bovin

323
EQLKRALMAACTSREAPF 309
EQLKRALMKVOMLRESPF 312
SKSRQTMDCAT 307
298

WRKIAKDEGPKAFF

*k kR kK

FiGURE 1: Sequence alignment of human UCPs. Alignment of the amino acid sequence of hUCPs 1—35 and bovine ANT1, based on the EBI
Clustal W2 Multiple Sequence Alignment Tool and Swiss-Prot entries hUCP1 (P25874), hUCP2 (P558519), hUCP3 (P55916), hUCP4 (095847),
hUCPS5 (095258), and ANT1 (P02722) (34). The identical residues are denoted by an asterisk, the conserved substitutions by a colon, and the
semiconserved substitutions by a decimal point. Methionine, the initiator amino acid for protein biosynthesis, is included in all sequences.
Conserved Arg residues (red) involved in nucleotide binding and conserved Trp residues (yellow) are shown in vertical boxes. For UCPs, TM
domains 1—6, based on hydrophobicity scales, are shown in horizontal green boxes; sequences of the six TM (magenta) and three matrix (light
gray) helical domains of ANT1 are based on the crystal structure of this protein in complex with carboxyatractyloside (22); extended TM domains
for UCPI, aligned with the helical TM domains of ANT1, are highlighted in light blue.

Table 1: Comparison of Human UCP Primary Sequences®

no. of MW no. of acidic no. of basic overall no. of Trp no. of Tyr no. of Phe
hUCP AA (kDa) residues residues charge residues residues residues
1 307 33.005 20 30 +10 2 8 13
2 309 33.229 19 34 +15 2 11 15
3 312 34.216 22 33 +11 2 12 15
4 323 36.064 31 37 +6 8 10 11
5 325 36.202 22 34 +12 6 10 19

“The length, molecular mass, and net charge of each hUCP and the number of their basic and acidic residues as well as the aromatic amino acid composition
are shown. Data were obtained through the use of the ExPASy Proteomics Server and the Proteomic tool ProtParam, using accession numbers hUCP1
(P25874), hUCP2 (P55851), hUCP3 (P55916), hUCP4 (095847), and hUCP5 (095258). Methionine, the initiator amino acid in protein biosynthesis, is
included in the number of AA counts. AA = amino acids; MW = molecular mass.

Glu (10). Purine nucleotides bind tightly to UCP1 and are
considered as both inhibitors and regulators of UCPI activity.
It has been proposed that the purine nucleotide binding site in

replaced with Glu in UCPs 4 and 5, Figure 1) plays an important
role in proton transport, and when mutated to Asn, proton
transport is drastically reduced but retained on replacement with
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hUCPI, as determined by site-directed mutagenesis, involves
three basic arginine residues (located in transmembrane domains
TM2, TM4, and TM6) conserved in all five UCPs (Figure 1)
(1, 11). The proton conductance of UCP1 is under tight control: it
is greatly enhanced by free fatty acids and strongly inhibited by
purine nucleoside di- and triphosphates; however, these mechani-
sms are not yet fully understood (7, 2). In addition to protons,
UCP1 has been shown to transport anions (such as CI , Br , and
NO;"). Anion transport is also inhibited by nucleotides; how-
ever, fatty acids are not required for its activation (12).

It is noteworthy to mention that the typical UCPI-like
biochemical and physiological properties of nUCPs 4 and 5 have
not yet been clearly demonstrated; consequently, the question as
to whether UCP4 and UCP5 are genuine mitochondrial UCPs
remains to be proven (/). Furthermore, sequence alignment and
analysis of transmembrane domains suggest that UCPs 1—3 on
one hand and UCPs 4 and 5 on the other hand belong to separate
subfamilies (13). It was speculated that UCP4 might represent the
ancestral UCP from which the other invertebrate, mammalian,
and plant UCPs diverged. Phylogenetically, it seems that UCPs
1—=3 possibly arose later during evolution and hence are likely to
fulfill more specialized functions (/4).

UCPs share ~20% sequence identity with bovine ANT (ATP/
ADP carrier; ANT1) membrane protein. It has been suggested
that the structure of UCPs could be comparable to that of the
ANT protein (/7). All five UCPs and the ANT protein share a
common tripartite structure that consists of three repeat domains
each with two hydrophobic a-helical TM subdomains spanning
the mitochondrial inner membrane (/). The two helices within
each repeat are connected by a long loop that is oriented on the
matrix side of the membrane.

To gain further insight into the potential importance of UCPs
in neurodegenerative diseases, understanding the similarities and
differences in their structure—function relationship is crucial.
This comparative study is focused on the structure and ligand
binding of the nUCPs, especially the less studied UCPs 4 and 5.
All five human UCPs were expressed in Escherichia coli, isolated,
and obtained in high purity. Subsequent reconstitution of the
proteins in mild detergents or liposomes allowed for a detailed
conformational analysis of nUCPs, involving interaction with
known UCP activators and inhibitors, using CD and fluore-
scence spectroscopy.

EXPERIMENTAL PROCEDURES

Chemicals. Phospholipids POPC and POPG were from
Avanti Polar. Detergents N-lauroylsarcosine (sodium salt) and
digitonin were from Calbiochem-EMD Biosciences; DDM was
from Sigma. Platinum Pfx DNA polymerase (Invitrogen) and
Proofstart DNA polymerase (Qiagen) were used for all PCR
amplifications. The TOPO cloning kit and all designed primers
were from Invitrogen. His-Bind Ni-charged resin and the
pET21 cloning vectors were from Novagen. The EZNA gel
extraction kit was from Omega Bio-Tek, and the QIAprep spin
miniprep kit was from Qiagen. T4 DNA ligase and all restriction
enzymes were from New England Biolabs. Amberlite XAD-4
polymeric adsorbent beads were from Supelco. All other chemi-
cals were of high-purity grade and used as received.

UCP Constructs. The hUCP2 ¢cDNA clone (pET-hUCP2)
was a gift from Dr. Martin Brand (MRC Dunn Human Nutri-
tion Unit, Cambridge, U.K.). The hUCPI1, hUCP3, and hUCP5
cDNA clones were purchased from ATCC, and each was
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received in a pCR-BluntII-TOPO vector. The hUCP4 cDNA
was synthesized by Genscript Corp. and received as a pUCS7
vector. The hUCP3 clone was subcloned into pET21a, and the
other four hUCP clones were subcloned into pET21d. All clones
included their endogenous stop codons. Primer adapters were
used to incorporate 5’ Ndel (for hUCP3), 5’ Ncol (for hUCPs 1, 2,
4, and 5) and 3’ Sall (for all five hUCPs) restriction sites into the
ends of the hUCP cDNAs by PCR, which facilitated cloning into
pET21 vectors, as well as the 5 coding sequence for a hexahis-
tidine tag and a TEV (tobacco etch virus) protease recognition
site. The final five constructs, pET21a-TEV-hUCP3y;; and
pET21d-TEV-hUCP1y;5/-hUCP2y;s/-hUCP4y;,/-hUCPSyy6, en-
code recombinant versions of the hUCPs that include an
N-terminal Hisg tag separated from the endogenous start codon
by a TEV protease recognition site (ENLYFQG). Subsequent
cleavage of the His tag by the TEV protease would result in the
full UCP protein with one additional glycine residue at the
N-terminus. His tag removal was not attempted in this study,
as it has been observed that the presence of the His tag does
not affect the overall conformation or binding function of the
proteins (/7). The pET21d-TEV-hUCPIy;, pET21d-TEV-hUC-
P2y, pET21a-TEVhUCP3y;, and pET21d-TEV-hUCPSy;
constructs were introduced into E. coli BL21(DE3), whereas
the pET21d-TEV-hUCP4y;s construct was introduced into
E. coli BL21CodonPlus (DE3)-RIPL to facilitate overexpression
of the recombinant proteins.

Recombinant UCP Expression and Purification. Over-
expression of all five recombinant hUCPs was achieved by
induction with 1 mM IPTG (isopropyl f-p-thiogalactoside) for
3 h at 37 °C with aeration, as described previously (/7). Cell
pellets containing the recombinant protein were resuspended in
EB (extraction buffer) [20 mM Tris-HCI (pH 8.0), 500 mM NacCl,
and 20 mM imidazole], incubated for 20 min with lysozyme (200
ug/mL), and sonicated using a probe-tip sonicator. The IBs
(inclusion bodies) were then collected by centrifugation at 86876g
for 15 min at 4 °C using a TLA-100.3 rotor (Beckman Coulter)
and washed four times using EB with 1% (w/v) Triton X-100 and
once with EB. The final pellet was resuspended in EB containing
8 M urea and 1 mM THP [tris(hydroxypropyl)phosphine] and
incubated for 4 h while sonicating with a probe-tip sonicator
every 1 h. The protein suspension was then centrifuged [86876g
for 15 min at 4 °C using a TLA-100.3 rotor (Beckman Coulter)]
to remove all insoluble aggregates, and the supernatant was
diluted with EB to a final urea concentration of 6 M. Proteins
were then purified using Ni-NTA (Ni**-nitrilotriacetate) chro-
matography under denaturing conditions according to the manu-
facturer’s protocol (Novagen). In brief, urea-solubilized inclusion
bodies were applied to a Ni-resin preformed column. The resin
was washed with EB containing 6 M urea and 40 mM imidazole,
and the protein was eluted using EB containing 6 M urea and
500 mM imidazole.

Protein Determination and SDS—PAGE Analysis. Pro-
tein concentrations were determined using the DC RC Lowry
protein assay kit (Bio-Rad Laboratories) suitable for detergent-
containing samples. Proteins were separated and analyzed using
SDS—PAGE gels containing a 4% stacking gel and a 12%
resolving gel, stained with Coomassie Brilliant Blue R-250.

Preparation of Proteins in Detergent for CD Experi-
ments. Purified hUCPs were precipitated using TCA
(trichloroacetic acid) and washed twice with 0.5% (v/v) TCA
and once with sterile water. The precipitated protein was
resuspended in 250—450 uL (depending on apparent protein
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content) of buffer A [10 mM potassium phosphate (pH 7.5)] with
2% (w/v) sarcosyl, sonicated in a bath sonicator, and incubated
for 1 h at room temperature. The solubilized protein was diluted
4-fold with buffer A and then 5-fold with buffer B [0.2% (w/v)
digitonin or 0.3% (w/v) DDM and 10 mM potassium phosphate
(pH 7.5)] followed by an addition of 2% (w/v) sarcosyl to yield a
final sarcosyl concentration of 0.16%, following the protocol by
Jelokhani-Niaraki et al.(//). Buffer exchange and protein con-
centration were achieved via centrifugal diafiltration. Specifi-
cally, the solution was concentrated 3-fold by centrifugation at
5000g for 7 min at 4 °C (JA 30.50 Ti rotor; Beckman) in a
centrifugal filter device with a 10 kDa molecular mass limit
(Amicon Ultra 10K; Millipore), then diluted 3-fold with buffer B,
and concentrated 3-fold again. This was repeated twice more
using buffer B and then twice using buffer A. To remove any
remaining sarcosyl, 2 mL of the protein solution was incubated
overnight with Dowex mesh 16-50 (500 mg of the C1™ form and
15 mg of the OH™ form for a 1.5 mg/mL protein concentration;
Dow Chemical Co.) on a rotating mixer at 4 °C. The protein-
containing solution was removed from the ion-exchange beads
and was diluted before spectroscopic analysis to appropriate
protein concentrations in a buffer composition of 0.02% (w/v)
digitonin or 0.03% (w/v) DDM and 10 mM potassium phos-
phate (pH 7.5). In some instances, 10 mM Tris buffer (pH 7.5)
was used instead of potassium phosphate buffer throughout the
sample preparation procedure.

Preparation of SUV's and Reconstitution of Proteins for
CD Experiments. The phospholipid vesicle system was com-
posed of POPC/POPG (7:3 molar ratio) phospholipids to mimic
a simple negatively charged membrane representing the inner
membrane of mitochondria. The reconstitution method was
based on a protocol by Echtay et al. (15). Briefly, a chloroform
solution of 25 mg/mL lipid in the required ratio was dried under
a mild nitrogen flow in a round-bottomed flask to form a thin
layer. The film was dried overnight under vacuum and then
rehydrated with buffer A. The resulting multilamellar vesicles
were then sonicated on an ice bath using a probe-tip sonicator
until a clear, transparent solution was obtained. The lipid
dispersion was then centrifuged at 19500g for 15 min at room
temperature (220.87 V05/6 rotor; Hermle) to remove any tita-
nium particles, and the supernatant yielded unilamellar vesicles
with an approximate diameter of 30—50 nm. The liposomes were
allowed to equilibrate for 15 min before 20% (w/v) Triton X-100
was slowly added to obtain a final Triton X-100 concentration of
0.2%, and this solution was allowed to equilibrate for 1 h at room
temperature.

Starting from the protein in 2% sarcosyl, the solution was
diluted to 0.5% sarcosyl using buffer A. The liposome/Triton
X-100 mixture was then added to the protein to obtain a final
lipid/protein ratio of 100 and a Triton X-100/lipid ratio of 3. The
mixture was allowed to equilibrate for 1 h at room temperature.
The detergent was removed by shaking the protein—liposome—
detergent mixture with Amberlite XAD-4 (Supelco) adsorbent
resin (500 mg of beads/14 mg of detergent) overnight at 4 °C on a
rotary shaker. The proteoliposome dispersion was then removed
from the adsorbent beads and used for CD or fluorescence
spectroscopic analysis.

CD Measurements and Analysis. CD spectra were mea-
sured on an Aviv 215 spectropolarimeter (Aviv Biomedical).
Ellipticities are reported as mean residue ellipticity. The measure-
ments were carried out in rectangular quartz cells with 0.1 cm
(far-UV) and 0.5 cm (near-UV) path lengths. The spectra were
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measured at 0.2 or 0.5 nm/s (far-UV) and 0.5 nm/s (near-UV)
scanning speed and reported as an average of four scans. CD
spectra were analyzed further for estimation of secondary
structure content by the deconvolution program CDSSTR,
which uses a single value deconvolution algorithm (16, 17). The
analysis was based on a set of 48 reference proteins and
performed on the Dichroweb Web site (18, 19).

Fluorescence Measurements. All steady-state measure-
ments were done with a Cary Eclipse fluorescence spectrophot-
ometer (Varian). Intrinsic tryptophan and tyrosine fluorescence
emission was measured at excitation wavelengths of 280 and
295 nm, with an excitation slit width of 5 nm and a scan speed of
600 nm/min. Proteoliposome samples in buffer A, with a protein/
lipid molar ratio of ~0.01, were taken directly from CD
measurement experiments. Measurements were performed at
room temperature (~25 °C). Emission spectra were corrected
by subtraction of the corresponding blank spectrum (including
ligands, if applicable) of the liposome dispersion. Absorption of
samples for fluorescence measurements was generally low, and
therefore the correction for the inner filter effect was not applied.

RESULTS AND DISCUSSION

Expression and Purification of hUCPs. UCPs have pre-
viously been overexpressed as either IBs or recombinant His-tagged
proteins in yeast and bacteria (/1). In the current study, the His-
tagged recombinant proteins hUCPs 1—5 were expressed in E. coli
and had calculated molecular masses of 34.9, 35.1, 36.1, 37.9, and
38.1 kDa, respectively. Successful expression of the hUCP proteins
was verified with dominant bands of the Triton X-100 washed IBs.
The urea-solubilized protein was then purified using IMAC, and
the successful purification was confirmed using SDS—PAGE
(Figure 2). The degree of purification and protein yield were
estimated from the eluted fractions to be ~85% or higher.

Conformation of Neuronal hUCPs in Detergents. Pre-
vious conformational studies on UCPs have been limited to
FTIR and CD spectroscopy on UCPI (11, 20, 21). FTIR studies
showed that UCPI from hamster, reconstituted in lipid—deter-
gent micelles, was composed of approximately 50% o-helical,
30% [-sheet (mainly antiparallel), and 15% turn structure (21).
Since a crystal structure of bovine mitochondrial ANT in
complex with carboxyatractyloside was solved, it has been used
as the structural basis for other mitochondrial carriers (22). The
first documented CD study of UCPs concluded that His-tagged
UCPI, in 0.03% DDM, consists of 68% a-helix (20). In a more
recent CD study, in 0.02% digitonin, a 40—50% helical content
was estimated for the mouse UCP1; in addition, in the same study
it was shown that the first and second matrix loop domains of
UCPI1 can also contain elements of helical structure, hence
contributing to the overall helical content of the protein (11).
On the basis of hydrophobic scales, in UCP1, 122 amino acids are
part of the TM domains and can potentially adopt helical
conformations; consequently, a helical content of at least 40%
can be assumed for this protein (Figure 1). In the ANT1 crystal
structure, 67% of residues form helical structures, of which
~55% are from the TM domains and the remaining ~12% are
due to the matrix loop domains (22). The TM segments of ANT1
are highlighted in Figure 1, and an alignment with the sequence of
UCP1 is shown for comparison. Although the alignment of the
TM domains of UCP sequences with that of ANT1 may show a
more realistic picture of the TM sequences (and helical structure)
in UCPs, in the absence of structural details, the overall tertiary



516  Biochemistry, Vol. 49, No. 3, 2010

A hucp2 hucP3
kpa M S B M Ni B Ni

ee
45
36

29
24

(

B e b L

20

14 |

hUCP1 hUCP4 hUCP5

B kba M IB Ni IB Ni IB Ni

66

45

36 pr—
29 -

20

FIGURE 2: Expression and purification of recombinant human
UCPs. Recombinant hUCPs were expressed in E. coli, extracted
and purified by immobilized affinity chromatography (IMAC),
resolved using SDS—PAGE (12% gel), and stained with Coomassie
Brilliant Blue. (A) Soluble E. coli extract (S), Triton X-100 washed
inclusion bodies (IB,10 ug), and IMAC-purified protein (Ni, 5 ug) for
hUCP2, and Triton X-100 washed inclusion bodies (IB, 5 ug) and
IMAC-purified protein (Ni, 2 ug) for hUCP3. (B) Triton X-100
washed inclusion bodies (IB, 10 ug each) and IMAC-purified proteins
(Ni, 5 ug each) for hUCPI1, hUCP4, and hUCPS. Molecular mass
markers (M) are indicated in kDa.

structure and the total content of secondary structure in UCPs
remain speculative.

Members of the mitochondrial carrier family, such as ANT,
and the phosphate carriers have been extensively studied and
compared to UCPs. A proline signature sequence PX(D/E)XX-
(K/R) conserved among all mitochondrial carriers (and all five
UCPs) defines a hinge that may be involved in the translocation
of substrates (22). Other similarities between UCP1 and ANT
include partial structural identity, possibility of the existence of
dimeric functional forms, and ability to bind nucleotides. More-
over, these two proteins are among the very few members of the
mitochondrial anion carriers that do not possess a signal
sequence for targeting to the mitochondria at the N-terminus
of the protein (23).

CD spectra were measured for hUCPs in digitonin (data not
shown; previously shown for UCPI in ref //) and DDM, mild
nonionic detergents used for the reconstitution of membrane pro-
teins. The comparative far-UV CD spectra for hUCPs in DDM,
normalized at 220 nm, are depicted in Figure 3. CD spectra of UCPI
and UCP3 are also included for comparison. The detergent con-
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FIGURE 3: Comparative far-UV CD spectra of human UCPs in
DDM. Far-UV CD spectra of hUCPs in 10 mM potassium phos-
phate buffer (pH 7.5) containing 0.03% DDM and UCP2 in 10 mM
Tris buffer (pH 7.5) containing 0.03% DDM, at 25 °C. The spectra
are normalized at 220 nm for comparison. The protein concentra-
tions were 5 uM (hUCP1), 3.8 uM (hUCP2), 2.5 uM (hUCP3),
2.5 uM (hUCP4), and 4.8 uM (hUCP5).

centration was close to the critical micellar concentration (CMC) at
0.59 mM for DDM (CMC = 0.15mM) (24). As seen in Figure 3, the
CD spectra of hUCPs 1, 3, and 5 were almost identical with one
major negative maximum at ~222 nm and a positive maximum
approaching 190 nm, as well as a shoulder at ~208 nm. The CD
spectrum of hUCP4 in DDM was different and showed two negative
maxima at 208 nm (higher ellipticity) and 222 nm and a positive
maximum at ~192 nm. The CD spectrum of hUCP2 in Tris buffer
was in between these two groups of spectra, with two negative
maxima at 208 nm (lower ellipticity) and 222 nm. This spectrum
shows the influence of buffer and ionic strength on the reconstitution
and conformation of UCPs in DDM. The overall spectra of the
proteins in detergent indicate the presence of both helical and /-
structure components. Overall, on the basis of CD deconvolution
analyses results, the conformations of all five proteins had some
helical content in DDM, with hUCP4 having the highest helical
content. The deconvolution of CD spectra for UCPs 4 and 5 revealed
23% and 23% helix, 29% and 23% f-sheet, 21% and 19% f-turn,
and 27% and 35% unordered structures, respectively. CD spectra of
UCPs 1 and 3 were comparable to those of UCPS. UCP2 spectra
in Tris buffer showed less than 10% helical content and was
dominantly f-sheet (35%) and nonordered (~40%). These
results imply that UCPs may not be fully refolded in DDM.
Overall, in comparison with DDM, reconstituted UCPs in
digitonin had a higher helical content, and their CD spectra
were comparable to those of reconstituted proteins in liposomes,
which will be discussed in the next section.

Previous structural analysis of His-tagged and nontagged
mouse UCP1 (89% sequence identity to human UCPI) in
0.02% digitonin has shown dominantly helical conforma-
tions (/7). In addition to the differences in primary structure
and the degree of purity, stabilization of the protein in detergents
may also affect the overall helical content of the protein. The
differences in the CD spectra may also be attributed to dissimilar
packing of the TM domains in protein monomers and variable
degrees of monomer association. It has also been shown that the
addition of a His tag does not significantly affect the secondary
structure of hUCP1 when reconstituted in detergents (/7). In the
present study, all five UCPs include a His, tag and a seven amino
acid TEV protease site, and it seems plausible that the overall
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conformation of the proteins is not significantly affected by these
additions.

Conformation of Neuronal hUCPs Reconstituted in
Small Unilamellar Vesicles. The reconstitution system of
POPC/POPG (7:3 molar ratio) is a stable bilayer system for
SUV formation and roughly represents the negatively charged
inner mitochondrial membrane. The normalized far-UV CD
spectra of hUCPs, reconstituted in liposomes, can be seen in
Figure 4. These spectra reveal dominantly helical profiles for all
UCPs. UCPs 1 and 3 seemed to have lower helical contents than
expected due to their low positive maximum ellipticities, which
could be an artifact due to flattening effects caused by light
scattering at wavelengths below 200 nm (25). Generally, the CD
spectra of UCPs 2 and 5 (as well as UCPs 1 and 3) have a negative
maximum at ~220 nm, a shoulder at ~210 nm, and a positive
maximum at ~194 nm, with the positive maximum to negative
maximum ratio of about 1.5:1 (~1:1 for UCPs 1 and 3). On the
other hand, hUCP4 has two dominant negative maxima at
208 and 220 nm with a positive maximum at ~193 nm and a
positive maximum to negative maximum ratio of 2:1 (typical for
helical structures). Estimates of the secondary structure composi-
tions, normalized on the basis of the hUCP4 CD spectrum at
220 nm (Table 2), suggest that hUCP4 has the highest helical
content at 37%, followed by hUCP2 at 34%, hUCPs 3 and 5 at
33%, and hUCPI at 31%. Among the hUCPs, hUCP4 con-
formation seems to be unique and different from the conforma-
tion of the other hUCPs (Figures 3 and 4 and Table 2).

The calculated helical content as defined by the six TM
domains of the primary structure of the proteins on the basis
of hydrophobicity scales (and sequence alignment with ANT1) is
40% (55%) for hUCPI, 39% (54%) for hUCPs 2 and 3, 37%
(52%) for hUCP4, and 33% (52%) for hUCPS5 (Table 2). These
calculations and their comparison with experimental results
based on CD analysis of protein conformations may indicate
that UCPs were not fully folded in liposomes. Interestingly, the
CD spectra of UCPs in SDS micelles (in water) and 80%
trifluoroethanol exhibited typical a-helical profiles. It is assumed
that both SDS and trifluoroethanol can unfold the tertiary and
quaternary structure of proteins, while retaining most of their
helical structures. The CD spectrum of UCP2 in SDS can be
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Table 2: Secondary Structure Composition of Human UCPs in Lipid
Vesicles”

protein a-helix  p-strand  turn  random  NRMSD
hUCPI1-PC/PG 31 19 20 31 0.013
hUCP2-PC/PG 34 24 19 23 0.011
hUCP3-PC/PG 33 18 18 31 0.024
hUCP4-PC/PG 37 16 19 27 0.011
hUCPS-PC/PG 33 27 21 20 0.010
hUCP2-SDS 42 15 18 25 0.008
hUCP2-TFE 46 18 14 22 0.007

“Deconvolution of the CD spectra was performed using the CDSSTR
program on the Dichroweb website (see the Experimental Procedures
section). The values represent the percentage of secondary structure
composition. NRMSD, normalized root mean square deviation, denotes
the best fit between the calculated and experimental CD spectra. Spectra
were normalized at 220 nm for comparison. Analysis of the hUCP2 spectra
in 20 mM SDS and 80% TFE in water is also given. Both SDS and TFE
denature the tertiary and quaternary structures but stabilize and promote
the secondary structures in proteins.

compared to other UCPs in Figure 4. The protein is unfolded,
and its overall helical structure is more apparent. The data
indicated that SDS stabilizes a substantial part of the protein’s
helical structure, but the helices are unpacked (less interhelical
interaction). UCP2 in SDS and trifluoroethanol is 42—46%
helical, 15—18% [-sheet, and ~25% unordered (Table 2). The
overall helix content of UCPs in helix-stabilizing environments is
therefore in between the calculated values based on hydropho-
bicity scales and sequence alignment with ANT1. In addition to
spectral artifacts due to the flattening effect, the lower helical
content in UCPs may be due to association of monomers and/or
differential helix packing within monomers (/7). It has been
previously suggested that UCP’s functional form is dimeric,
where a C-terminal solvent-exposed cysteine residue (Cys™,
unique to UCPI) plays a role in disulfide bond formation
between UCP1 monomers (26).

Furthermore, it is important to note that the available
deconvolution methods used for CD spectral analysis can only
give estimates of the structural composition of membrane
proteins, since the reference data sets used for calculating the
secondary structure content are primarily based on known
structures of soluble globular proteins. It has been shown that
reference databases derived from soluble proteins are less reliable
when applied to membrane protein CD spectral analyses (27). In
membrane proteins, o-helices can be classified into two types:
a-helices in soluble domains and TM a-helices. Two main
differences between these two helix types contribute to the differ-
ences in observed CD spectra: (i) the rotational strength of the TM
helix is larger in intensity than that of the soluble helix, which can
be attributed to the different dielectric media that the two helices
are in, and (i) the average chain length of the membrane-
spanning helices is about 24 residues, which is about twice the
average chain length of a-helices of soluble proteins, resulting in
different intensities of CD spectra (28). Since UCPs are mainly
composed of TM helices, they are expected to have different
characteristic spectra from a typical soluble helix. In addition, it
has been shown that in helices embedded in lipid membranes the
stronger T — r* transition, which governs the intensity of the 192
and 208 nm bands, is expected to be more sensitive to the TM
chain length, and the 208 nm band appears to be missing in
shorter helices, as seems to be the case with UCPs 1, 2, 3, and
5 (29). This assumption, however, does not correlate to UCPs
with the relatively long average TM helix lengths. Therefore,
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there must be another explanation as to why the 208 nm band is
hidden as a shoulder in the spectra of UCPs 1, 2, 3, and 5 but not
in the spectra of UCP4 or the UCP2 in SDS micelles. UCPs 1, 2,
3, and 5 are likely to partly self-associate when reconstituted in
lipid bilayers, and this is reflected in the lower ellipticities of the
bands at ~208 nm (compared to the n — * band at ~220 nm).
Moreover, studies using mild detergent systems have shown that
UCPI may be able to form dimers, which could be also the case of
UCPs in lipid membrane bilayers (Figures 3 and 4) (/). On the
other hand, the deviation of the CD spectra of these proteins
from typical o-helical spectra can also be the result of close
packing of helical TM domains (/7). Conformational changes of
UCPs in SDS micelles, which disrupt the interaction between
helices as well as protein monomers, support both the close
interaction of TM helices and association of monomers in
liposomes. UCP4 exhibits a different CD spectrum profile
reminiscent of a typical a-helix conformation (comparable to
the conformation of UCPs in SDS), which can be related to its
less associated (monomeric) form in proteoliposomes or deter-
gents (Figures 3 and 4). Further evidence for the presence of the
associated forms of UCPs 1, 2, and 5 and a mixture of associated
and monomeric forms for hUCP4 has been observed in blue-
native gel electrophoresis profiles of these proteins in detergents
(Tuan Hoang, unpublished results). As previously mentioned, in
addition to association of UCP monomers, another possible
explanation for the difference in spectral profiles can be due to the
differences in the packing and folding of helices and the overall
tertiary structure of these proteins. Possible close helix—helix
interactions of the coiled-coil type may occur if hydrophobic
residues are arrayed along one face of each helix, which is also
dependent on the size of the central residues and the helix axis
angle (30, 31).

Inhibitor and Activator Binding to Neuronal hUCPs
Reconstituted in Small Unilamellar Vesicles. 1t has been
shown that purine di- and triphosphate nucleotides strongly
bind to UCPI and inhibit its ion-transport function (/). In order
to show that the proteins are in their natively folded and
functional form, guanosine di- and triphosphate nucleotides
were used to study the structure—function relationship of the
neuronal hUCPs. Furthermore, lauric acid (LA) was used to
study the activating effect of fatty acids on the reconstituted
UCPs. Spectroscopic studies were also performed on the inter-
action of CoA with UCPs. CoA is in close proximity to the
native environment of UCPs in the mitochondria and is involved
in lipid transport and metabolism, and it is therefore worth-
while to investigate its possible effect on the structure and
function of UCPs.

The nucleotide binding site in UCP1 involves three basic
amino acids, Arg84, Argm, and Argm, which are conserved in
all five members of the mammalian UCP family (Figure 1). In
close proximity (£9 residues) to the Arg residues are two
conserved Trp residues, Trp'™ and Trp*!. Hence, detection of
nucleotide binding can be potentially observed by the changes in
the microenvironment of these aromatic amino acids, as well as
other Tyr and Trp residues in close proximity to the binding site.
Proteins hUCP1, hUCP2, hUCP3, hUCP4, and hUCP5 contain
2,2,2,8, and 6 Trp residues, as well as 8, 11, 12, 10, and 10 Tyr
residues, respectively (Table 1).

Purine nucleotides strongly bind to UCP1 to inhibit its ion
transport, and this known function has been used to test the
correct reconstitution and folding of the native protein into
SUVs. The interaction of reconstituted nUCPs with GDP and
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GTP can be seen in Figure SA. The far-UV spectra of all three
proteins exhibit minor conformational changes upon binding to
the purine nucleotides. Only in UCP4 are the changes in the
spectra more obvious, with the lowest ellipticity for the CD
spectrum of the GDP-bound protein. The near-UV spectra of
UCP4 (inset) also have a very different profile from those of
UCPs 2 and 5 (insets), with a low intensity and three prominent
maxima at approximately at 300, 280, and 260 nm. Upon
nucleotide binding in UCP4, the overall near-UV spectra increase
in intensity, keeping the three maxima at the same relative
positions. Compared with the GTP binding, GDP binding to
UCP4 shows a stronger increase in the 280 nm maximum and a
decrease in the 300 nm maximum, which can imply that binding
of these nucleotides to UCP4 is not occurring in the same
manner. The nucleotide binding to UCPs 2 and 5 was comparable
and showed slightly different spectra for the two nucleotides.
Upon GDP binding, the near-UV CD spectra of UCPs 2 and 5
increased with a slight blue shift of the maximum from ~290 to
~285 nm. In comparison with GDP, binding of GTP to both
proteins showed a more prominent shift in the spectrum to
280 nm, with lower intensity for UCP2 and higher intensity for
UCPS. Overall, nucleotide-bound proteins were significantly
different from free protein in the near-UV region. The far- and
near-UV spectra for the free and bound UCPs 1 and 3 exhibited
features comparable to those of UCPs 2 and 5 (data not
shown) (11).

Conformational studies of the interaction of nUCPs with LA
and CoA are exhibited in Figure 5B. The far-UV CD spectra of
interaction of LA and CoA with UCP2 and UCPS are almost
indistinguishable from those of the free proteins. In UCP4,
compared to the spectrum of the free protein, the spectrum for
CoA interaction has a lower overall ellipticity, whereas the
spectrum of the LA interaction is comparable. Near-UV CD
spectra of the analysis can be seen in the insets of Figure 5B. In
UCP2, the changes in the spectra are comparable, but in UCPS
the spectra of interactions with LA and CoA are different from
each other. As mentioned above, the near-UV spectra of UCP4
are drastically different from those of UCPs 2 and 5, indicative of
an overall different microenvironment for aromatics (mainly Trp
and Tyr) and tertiary structure of this protein. Interaction of
UCP4 with LA shows a 2-fold increase in the intensity at the
280 nm maximum, in comparison with the free protein. The LA
and CoA interaction spectra have minor differences, of which a
broad maximum for CoA and a sharp maximum at 285 nm for
LA were most distinct.

Opverall, these results suggest different modes of interaction for
LA and CoA with nUCPs. The role that fatty acids play in
activating UCPs has been extensively studied and suggested the
involvement of acidic residues close to the surface and core of the
protein required for fatty acid-mediated proton transport (2).
Fatty acids have not been shown to directly bind UCPs at a
specific site, and hence no plausible explanation involving aro-
matic amino acids can be derived at present. On the other hand,
CoA is notably involved in the synthesis and oxidation of fatty
acids, as well as in the import of fatty acids into the mitochon-
dria (32). Structurally, CoA has a purine nucleotide moiety on
one end, a hydrophobic zone in the middle, and a thiol group on
the other end of the molecule. Considering that ADP and ATP
are capable of binding to and inhibiting UCPs, it is plausible to
suggest that CoA may bind to UCPs through its adenine-
containing nucleotide component. This suggestion is supported
by the near-UV CD spectra of interaction of CoA with nUCPs,
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FIGURE 5: CD spectra of neuronal hUCPs in liposomes with purine nucleotide inhibitors, fatty acid activator, and CoA. (A) The far-UV and near-
UV (inset) spectra of nUCPs with GDP and GTP inhibitors. (B) The far-UV and near-UV (inset) spectra of nUCPs with LA activator and CoA.
The proteins were reconstituted in 500 uM SUVs (POPC/POPG 7:3 molar ratio) in a buffer composed of 10 mM potassium phosphate (pH 7.5) at
25 °C. The protein concentrations were 4.3 uM (hUCP2), 5 uM (hUCP4), and 7.8 and 7.4 uM (hUCPS5 in panels A and B, respectively). GTP,

GDP, CoA, and LA concentrations were 100 £M.

resembling those of GTP and GDP (Figure 5), and also by the
fluorescence spectroscopy data to be discussed in the next section.

Ligand Binding of Neuronal hUCPs As Detected by
Fluorescence Spectroscopy. The intrinsic fluorescence studies
of nUCPs were made possible by the presence of Trp and Tyr
residues found in the vicinity of the nucleotide binding site. The
two conserved Trp residues (near TM4 and TMO6) in all UCPs
(Figure 1) are most useful for studying the purine nucleotide
binding, as they form a comparable basis for the four proteins
and their interaction with GDP and GTP. The fluorescence
spectra of UCP1 with and without GDP/GTP (data not shown)
suggest that upon binding of GDP or GTP the microenviron-
ments of the aromatic amino acids are significantly changed, as
observed in the 1.5-fold decrease in fluorescence. This decrease in
intensity could be indicative of quenching of the fluorescence of
aromatic residues. The binding of a ligand to a protein may
directly affect the fluorescence of a Trp/Tyr residue by acting as a

quencher (by a collisional or energy transfer mechanism) or by
physically interacting with the intrinsic fluorophore and thereby
changing its overall microenvironment (33). Of all aromatic
amino acids, Trp is the most sensitive intrinsic fluorophore to
environmental changes and also has the highest molar extinction
coefficient (&y,x). The maximum emission wavelength A,em) at
~350 nm generally indicates that the Trp residues are more
exposed to a polar environment; meanwhile, Apaxem) at wave-
lengths below 350 nm suggests a less polar and more hydrophobic
environment for Trp residues. In order to minimize the effect
of other aromatic amino acids on the emission spectra of Trp
residues in UCPs, the proteins were excited at 295 nm (4¢, 295 nm),
where the absorption of Phe and Tyr residues and, hence, their
emission are minimal.

Fluorescence spectra (4¢, 295 nm) of the interaction of purine
nucleotides LA and CoA with nUCPs are exhibited in Figure 6.
Nonbinding purine monophosphate nucleotides, such as AMP,
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FI1GURE 6: Fluorescence spectra of neuronal hUCPs in liposomes
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Emission spectra of (A) hUCP2, (B) hUCP4, and (C) hUCPS5 with
GDP, GTP, LA, and CoA. The protein was reconstituted in 500 uM
SUVs (POPC/POPG 7:3 molar ratio) in a buffer composed of 10 mM
potassium phosphate (pH 7.5) at 25 °C. The protein concentrations
were 4.3 uM (hUCP2), 5 uM (hUCP4), and 7.4 uM (hUCP5). GTP,
GDP, CoA, and LA concentrations were 100 uM. The excitation
wavelength was at 295 nm.

were employed as a negative control to indicate the lack of ligand
binding to UCPs. Under our experimental conditions, upon
addition of AMP to UCP proteoliposomes, no change in the
fluorescence spectra was observed. As seen in Figure 6A, in
comparison to the hUCP2 (two Trp residues) spectrum, the
emission spectra for the interacting purine nucleotides and CoA
were reduced, but the spectrum for LA addition remained
unchanged. Interaction of UCP2 with GDP had the lowest
emission (Figure 6A). The same trend can be observed for the
emission spectra of hUCP4 (eight Trp residues) and hUCP5
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(six Trp residues), as exhibited in Figure 6B,C, respectively. As
was the case with UCPs 1 and 3 (data not shown), the overall
Amax(em) (~340 nm) for the spectra of nUCPs did not change in
the presence of nucleotides, indicating an overall less polar and
more hydrophobic environment of the Trp residues. In the
presence of LA, the overall spectra in all nUCPs remained
unchanged, suggesting that the aromatic amino acids resided in
the same overall environment and/or that binding to LA was not
occurring. Upon the addition of CoA, however, the spectra lost
their original intensity but were still more intense than the
emission of proteins with added GDP and GTP.

Details of the interaction of CoA with hUCPs is not clear;
however, as suggested previously, it may have a similar binding
site as purine nucleotides due to the presence of the nucleotide
phosphate group (with three phosphates) in the molecule. This
hypothesis can be further supported by the fact that the spectra of
GDP/GTP addition and CoA addition show similar changes
from the free protein spectra.

The fluorescence spectra of proteins in lipid vesicles, shown in
Figure 6, further support the near-UV CD data of the interac-
tions between nUCPs with purine nucleotides LA and CoA. Put
together, the studies suggest that upon binding to nucleotides all
three proteins undergo a minor conformational change that
changes the microenvironment of the aromatic amino acids close
to the nucleotide binding site; the same changes occur when the
Aex 18 at 280 nm, which results in the cumulative emission of both
Trp and Tyr residues (data not shown). Similarly, CoA addition
causes a modification in the environment of specific aromatic
amino acids, suggesting a possible interaction between the
molecule and UCPs, most likely at the nucleotide binding site.
Interestingly, for LA interaction the near-UV CD spectra suggest
a definite microenvironment change of certain aromatic amino
acids in all nUCPs; however, the fluorescence data showed no
significant changes in the fluorescence of the aromatic residues.
This observation still implies that LA may interact with and
nonspecifically bind to the protein surface. Furthermore, at
neutral pH, LA (or any other fatty acid) is negatively charged
and is therefore unable to freely flip across the bilayer membrane
and interact with the UCPs on the inner phospholipid monolayer
leaflet or in the hydrophobic membrane core, but it can still
interact with the protein and phospholipids on the outer mono-
layer leaflet, causing minor conformational changes in the
tertiary structure of UCPs.

CONCLUSION

In this study it has been shown that hUCPs were dominantly
helical in phospholipid SUVs modeling the inner membrane of
mitochondria. As observed in the far- and near-UV CD spectra,
of all neuronal hUCPs, hUCP4 had a conformation distinct from
the rest of the hUCPs and was the most helical. It has been
suggested that while hUCP4 can retain part of its monomeric
features in membrane-like environments, other hUCPs tend to
associate and possibly form dimers. In addition to the detailed
comparative CD conformational analysis of neuronal UCPs,
another feature of this study is the reconstitution of functional or
partially functional folded forms of neuronal hUCPs in SUVs.
Nucleotide binding is known to occur from the intermembrane
side of UCPs, whereas fatty acid binding is hypothesized to be
from the matrix side. The functional topology/orientation of the
reconstituted hUCPs is supported by (i) the observed nucleotide
binding to hUCPs 1—5 as detected by the near-UV CD and
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fluorescence spectra, implying the existence of functional proteins
with both C- and N-termini located at the outer surface of the
liposome, and (ii) the lack of specific binding of LA to the
proteins as observed in the unchanged fluorescence spectra.
Overall, despite dissimilar primary sequences, UCPs share
common structural and functional properties. This finding is
especially important for the less studied UCPs 4 and 5, with
relatively low sequence identity with UCPs 1—3, emphasizing
their primary roles as uncoupling proteins. On the basis of the
results of this study, we have initiated more detailed comparative
biophysical investigations in our laboratory to further clarify the
diversity of the biochemical and physiological roles of the
uncoupling proteins.
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