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A B S T R A C T

Human T-cell leukemia virus type 1 is an oncovirus that causes aggressive adult T-cell leukemia but is also
responsible for severe neurodegenerative and endocrine disorders. Combatting HTLV-1 infections requires a
detailed understanding of the viral mechanisms in the host. Therefore, in vitro studies of important virus-encoded
proteins would be critical. Our focus herein is on the HTLV-1-encoded regulatory protein p13II, which interacts
with the inner mitochondrial membrane, increasing its permeability to cations (predominantly potassium, K+).
Thereby, this protein affects mitochondrial homeostasis. We report on our progress in developing specific
protocols for heterologous expression of p13II in E. coli, and methods for its purification and characterization. We
succeeded in producing large quantities of highly-pure full-length p13II, deemed to be its fully functional form.
Importantly, our particular approach based on the fusion of ubiquitin to the p13II C-terminus was instrumental in
increasing the persistently low expression of soluble p13II in its native form. We subsequently developed ap-
proaches for protein spin labeling and a conformation study using double electron-electron resonance (DEER)
spectroscopy and a fluorescence-based cation uptake assay for p13II in liposomes. Our DEER results point to
large protein conformation changes occurring upon transition from the soluble to the membrane-bound state.
The functional assay on p13II-assisted transport of thallium (Tl+) through the membrane, wherein Tl+ sub-
stituted for K+, suggests transmembrane potential involvement in p13II function. Our study lays the foundation
for expansion of in vitro functional and structural investigations on p13II and would aid in the development of
structure-based protein inhibitors and markers.

1. Introduction

Human T-cell leukemia virus type 1 (HTLV-1) was the first human
retrovirus discovered [1–5]. In infected individuals, it is usually
asymptomatic and can linger for decades [6,7]. However, in a sub-
stantial number of cases, the HTLV-1 infection progresses to severe
illnesses, such as adult T-cell leukemia/lymphoma (ATLL) or myelo-
pathy/tropical spastic paraparesis (HAM/TSP) [6,8–11]. ATLL is an
aggressive cancer, which in most cases advances rapidly to a fatal
outcome within a year [1,5,6,12]. HAM/TSP is an irreversibly pro-
gressive neurological disease manifested in motor disorders, leading to
a low quality of life [10,11,13]. An estimated 10–20 million people
worldwide [14,15], or at least 5–10 million according to a more recent
report [16], are infected with HTLV-1. Of these individuals, 5–10% will
develop either ATLL or HAM/TSP [17,18]. HTLV-1 is also linked to
infective dermatitis, Sjögren's syndrome—an immune and endocrine-
metabolic condition—and several other serious illnesses [5,19].

Unfortunately, the current knowledge about HTLV-1 mechanisms in the
host and the factors triggering the virus-associated diseases is very in-
sufficient [6,15,20]. Owing to this, no effective treatment exists for
these HTLV-1-associated diseases [5,12,15]. Multiple studies suggest
that proteins encoded by HTLV-1 play critical roles in the adaptation
and proliferation of this virus through beneficial interactions with the
components of infected cells [21–23]. Elucidating the molecular me-
chanisms of proteins key to the lifecycle of this virus would help with
understanding and possibly intervening in HTLV-1 infectivity and pa-
thogenesis.

Of special interest to us is the nonstructural regulatory protein p13II

encoded by the open reading frame II of the HTLV-1 genome [24]. The
protein has 87 amino acids and is positively charged, and its secondary
structure was predicted to contain the following domains (Fig. 1 A): (i)
a hydrophobic N-terminus; (ii) an amphipathic alpha helix with re-
sidues 20–30, including the mitochondrial targeting sequence LRVW-
RLCTRR; (iii) a transmembrane region of residues 31–41; (iv) a highly
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flexible region with residues 42–49; (v) a predicted β-sheet hairpin
region with residues 60–75; and (vi) C-terminal PXXP motifs that could
be binding SH3 domains (Fig. 1 A) [25–27]. Although the protein was
found in the nuclei of infected cells [28,29], its function there was not
understood. But it was established to a high degree of confidence that
p13II associates with the inner mitochondrial membrane (IMM), where
it forms a cation-conducting oligomeric channel, which most likely is
selective to potassium ions (K+) [24,25,30,31]. Through its channel
activity, the protein alters the IMM permeability, leading to dissipation
of the mitochondrial membrane potential [25,30]. As a result of the

IMM depolarization, the levels of reactive oxygen species (ROS) in
mitochondria increase due to the elevation of proton (H+) transport
through the H+ pumps of the electron transport chain, which, de-
pending on the concentration of ROS, leads to either apoptosis in the
transformed cancerous cells or cell activation and division in normal
cells [24,30,32,33]. Through these mechanisms, p13II aids virus pro-
liferation [24–26,32,34,35].

Because of the critical role of p13II in the viral physiology, a detailed
understanding of this protein structure and function is needed. To gain
such knowledge, in vitro investigations on sufficient amounts of het-
erologously produced and purified p13II protein are needed to acquire
the molecular details of its function and structure. To the best of our
knowledge, this work provides the first detailed description on the
production in E. coli of milligram quantities of high-purity full-length
(FL) functional p13II. Having enough of pure protein, we were able to
provide initial characterization of its conformation in a solution and
upon interaction with lipid membrane mimetics carried out with size
exclusion chromatography (SEC), pulse electron paramagnetic re-
sonance (EPR), and circular dichroism (CD). Importantly, the fluores-
cence-based activity assay, conducted herein on liposome-bound p13II,
suggests that membrane potential may play a role in p13II function in
IMM.

2. Materials and methods

2.1. Design, cloning, and mutagenesis of p13II-Ub and p13II-StrII fusion
constructs

We designed two fusion constructs of p13II (GenBank: BAH85792.1)
with either ubiquitin (Ub) plus an octohistidine (His8) tag or strepta-
vidin-binding peptide II (StrII) plus a His8 tag at the C-terminus; a
thrombin cleavage site was introduced between p13II and the Ub or
StrII (Fig. 2A and B). The genes encoding these protein constructs were
commercially synthesized (GenScript [GenScript Biotech Corp.]) and
cloned into the pET15b vector (Novagen) at the Nde I and BamH I
cloning sites, which produced two plasmids, pET15b/p13II-Ub and
pET15b/p13II-StrII, respectively. The plasmids were transformed in E.
coli BL21(DE3) cells for protein expression under the control of a T7
promoter.

Two single cysteine (Cys) mutants of p13II—S47C and H63C—were
created by site-directed mutagenesis in the p13II-Ub construct. In these
mutants, the native C28 residue in wild-type (WT) p13II was replaced
with serine. For mutagenesis, a QuikChange lightning multi-site-

Fig. 1. p13II protein and the current view of its mitochondrial function:
(A) Amino acid sequence and proposed domain architecture of p13II – The
protein contains mitochondrion targeting sequence (MTS), transmembrane
segment, and possible protein-protein interaction (presumably with proteins
containing SH3 domain) region; (B) The current view on how mitochondrion
may be affected by p13II functions. In the IMM the protein forms cation-con-
ducting (predominantly K+) oligomers, leading to dissipation of IMM potential,
ΔΨm, thereby increasing the level of reactive oxygen species (ROS) and, de-
pending on the levels of ROS, leading to either cell activation or opening of the
mitochondrial permeability transition pore (PTP) and apoptosis.

Fig. 2. Schematic representation (upper) and aa sequence (lower) of p13II fusion constructs used in this study: (A) p13II-Ub construct – p13II (green) was
fused to Ub (blue) and His8 tag (black) at the C-terminus; (B) p13II-StrII construct – p13II (green) was fused to StrII (magenta) and His8 tag (black) at the C-terminus.
The thrombin (Thr) cleavage site between the p13II and Ub/StrII aa sequences is shown in red. The additional Gly2 residue introduced in p13II aa sequence due to
cloning strategy is in orange.
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directed mutagenesis kit (Agilent Technologies) was used according to
the manufacturer protocol.

2.2. Expression and purification of p13II-Ub and p13II-StrII constructs

We expressed p13II-Ub (both WT and mutants) and p13II-StrII in E.
coli BL21(DE3) cells. Each of the pET15b/p13II-Ub and pET15b/p13II-
StrII plasmids were transfected separately in BL21(DE3) competent cells
(New England BioLabs), and colonies were grown overnight on LB/agar/
ampicillin-100 plates (Teknova) at 37 °C. In each case, a flask containing
200 mL LB broth (Millipore-Sigma) and 100 μg/mL ampicillin (Amp)
(Gold Biotechnology) was inoculated with a single colony, and a bac-
terial stock solution was grown at 37 °C overnight for 17–18 h in a
shaking incubator. The next day, 4 L flasks containing 2 L LB broth with
100 μg/mL Amp were inoculated with 30 ml of the overnight cell culture
and grown at 37 °C until the absorbance at 600 nm (OD600) reached
0.75–0.8. Thereafter, the temperature was reduced to 28 °C, and protein
expression was induced by the addition of IPTG (Isopropyl β-D-1-thio-
galactopyranoside) (Gold Biotechnology) to a final concertation of 1 mM.
The protein expression proceeded for 7 h. These protein expression
conditions were found to be optimal after testing the expression at 37 °C
for 4 h and at 18 °C overnight. Then the cells were spun down in an
Allegra X-14R centrifuge (Beckman Coulter) at 4,100 RPM (3,912×g),
and the cell pellets were collected and resuspended in a buffer of 20 mM
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (Sigma) pH
7.5, 300 mM NaCl (Sigma), 5% (w/v) glycerol (Fisher Scientific) and
200 μM TCEP (tris(2-carboxyethyl)phosphine) (Aldrich). Then PMSF
(phenylmethylsulfonyl fluoride) (Gold Biotechnology) and a chicken egg
lysozyme (Sigma) were added to the final concentrations of 1 mM and
0.5 mg/mL, respectively. The cells were broken with sonication, and the
cell debris was separated with centrifugation at 9,000 RPM (8,891×g).
Both the p13II-Ub and p13II-StrII were purified from the supernatants
containing the soluble fraction of cell lysates.

We used nickel (Ni)-affinity chromatography and size exclusion
chromatography (SEC) to purify WT and mutant p13II-Ub. The soluble
cell lysate in the resuspension buffer was incubated with Ni-NTA
agarose resin (Qiagen) at 1.5 ml resin per 1 L cell culture for 1 h at 4 °C
under constant agitation. Thereafter, the Ni-NTA agarose resin with the
bound protein was transferred to a gravity column and washed with 10
resin volumes of the resuspension buffer supplemented with 40 mM
imidazole to remove most of the weakly bound impurities. Then the
p13II-Ub was eluted with 300 mM imidazole in the resuspension buffer.
The protein was concentrated in Amicon® ultra centrifugal filters with
10 kDa MWCO and then loaded on a Superdex™ 200 increase 10/
300 GL size-exclusion column (GE Healthcare) connected to a BioRad
Biologic DuoFlow protein purifier for further SEC purification in a
buffer containing 20 mM HEPES pH 7.5, 220 mM NaCl, 20 mM KCl, and
2.5% (w/v) glycerol.

After the p13II-Ub was purified by SEC, the buffer was exchanged
with 50 mM Tris pH 8, 100 mM NaCl, 5 mM KCl, 200 μM TCEP, and
2.5% glycerol, and the protein was concentrated again to several mg/
mL. Thrombin (Sigma) and CaCl2 were added to 16–20 units per mg of
protein and 4 mM, respectively. The thrombin digestion reaction was
allowed to proceed for 16–17 h at room temperature (RT). Thereafter,
the protein was diluted 3–4 times with a buffer of 50 mM Tris/HCl pH
7.5, 200 mM NaCl, 10 mM KCl, and 200 μM TCEP; imidazole was added
to 10 mM in the final concentration. Then the protein solution was
mixed with the Ni-NTA agarose resin at 1 mL resin per 1 mg protein to
separate the tag-free p13II from the non-digested p13II-Ub and Ub-His8

tag with Ni-affinity binding. This mixture was incubated for 1 h at 4 °C
and then transferred to a gravity column, and the flow-through fraction
containing the tag-free p13II was collected. The column was washed
with one bed volume of binding buffer, this fraction was also collected
and combined with the solution containing tag-free p13II, and the
protein was concentrated in centrifuge concentrators with 3 kDa
MWCO. Thereafter, the tag-free p13II was purified by SEC in phosphate-

buffered saline (PBS) pH 7.4 (137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, and 1.8 mM KH2PO4) to remove the leftover thrombin and
concentrated again.

To purify the WT p13II-StrII, we developed a protocol similar to the
one used for p13II-Ub. However, the quantity and purity of the p13II-
StrII after the Ni-affinity purification was insufficient for proceeding
with SEC. Therefore, we subjected it to an additional purification step
based on cation-exchange chromatography. To do so, we exchanged the
protein buffer with 50 mM sodium phosphate (NaPi) pH 6.1 and 1 mM
EDTA and then bound the protein to CM sepharose cation exchange
resin (Sigma) for 1 h at 4 °C. After removing the flow-through fraction,
we washed the resin with 10 bed volumes of NaPi pH 6.1 supplemented
with 40 mM NaCl and eluted the protein with 2 bed volumes of NaPi pH
6.1 supplemented with 500 mM NaCl. The protein was concentrated in
centrifuge concentrators with 3 kDa MWCO and subjected to SEC on a
Superdex™ 200 increase 10/300 GL column with the BioRad protein
purifier.

To access the oligomeric state of the purified p13II versions, we
conducted SEC on the proteins used as SEC standards (GE Healthcare),
ribonuclease A (13.7 kDa) and carbonic anhydrase (29 kDa); 0.5 mg of
ribonuclease A and 0.5 mg of carbonic anhydrase were mixed, solubi-
lized in 0.9 ml of either 20 mM HEPES pH 7.5, 220 mM NaCl, 20 mM
KCl, and 2.5% (w/v) glycerol or PBS and loaded on the SEC column. We
found that the elution of these standard proteins was virtually in-
sensitive to the buffer composition. Then the positions of the p13II-Ub,
tag-free p13II, and p13II-StrII elution peaks were referenced with those
of the standard proteins.

2.3. Sodium dodecyl sulfate polyacrylamide gel electrophoresis and Western
blotting

All the samples of p13II variants for sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and Western blotting (WB)
contained 10 mM DTT (Dithiothreitol) (Sigma). After these samples
were heated for 10 min at 95 °C, they were loaded on 4–20% Criterion™
TGX™ precast midi protein gels (BioRad), which were immersed in Tris/
glycine/SDS buffer (BioRad), and the electrophoresis was conducted at
200 V in a Criterion™ vertical electrophoresis cell (BioRad). The pur-
ified protein quantities used for the gel visualization and WB transfer
were 15–50 μg and 6–12 μg, respectively. For WB, the protein was
transferred from the gel to a 0.2 μm nitrocellulose membrane (BioRad)
at 10 V overnight using a Criterion™ blotter (BioRad). The protein gels
and the WB membrane with transferred p13II proteins were visualized
via Coomassie Blue staining and colorimetric detection using an anti-
His tag antibody, respectively.

2.4. Circular dichroism spectroscopy and data analysis

The following four types of samples were studied using Circular di-
chroism (CD) spectroscopy: (1) 10 μM tag-free WT p13II in a buffer so-
lution, (2) 10 μM tag-free WT p13II in 3.5 mM LPPG (1-palmitoyl-2-hy-
droxy-sn-glycero-3-phospho-(1′-rac-glycerol) (sodium salt), 16:0 Lyso
PG), (3) 10 μM tag-free WT p13II in liposomes made of 2.2 mM total
DOPC(1,2-dioleoyl-sn-glycero-3-phosphocholine) and POPG (1-palmi-
toyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (sodium salt)) lipids,
and (4) 10 μM tag-free WT p13II in liposomes made of 2.2 mM DOPC/
POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (sodium salt)).
In all cases, the buffer used was PBS supplemented with 100 μM TCEP. A
stock solution of 200 mM LPPG in PBS was used to prepare the sample of
10 μM p13II in 3.5 mM LPPG. The liposomes stock solutions with a total
lipid concentration of 20 mM and a molar ratio of non-charged to
charged lipids of 60%-to-40% (60/40) were prepared as follows: Lipids
from chloroform or chloroform-methanol-H2O solutions were mixed; the
organic solvent was removed using evaporation with a flow of argon gas
followed by desiccation in a vacuum chamber for 3–4 h at RT. The dried
lipid mixtures were then rehydrated with PBS/TCEP and stored for
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30–60 min at 4 °C. The liposomes were extruded using an Avanti Polar
Lipids mini-extruder and Whatman polycarbonate membranes with a
100 nm pore size. Thereafter, aliquots of p13II, liposome stock solution,
and PBS/TCEP were mixed to obtain the final concentrations. All proteo-
LPPG and proteoliposome samples were incubated for 30–40 min at RT
before recording their CD spectra. Additionally, protein-free samples of
just PBS/TCEP, 3.5 mM LPPG in PBS/TCEP, 2.2 mM DOPC/POPG lipo-
somes in PBS/TCEP, and 2.2 mM DOPC/POPS liposomes in PBS/TCEP
were also prepared and used as background material. All lipids and LPPG
were purchased from Avanti Polar Lipids, Inc., and used as received.

The CD spectra of the p13II in a solution and in the presence of lipid
membrane mimetics as well as the respective background referencing
samples were recorded at 25 °C in the range between 200 nm and
260 nm using the model No. 202-01 CD spectropolarimeter (Aviv
Biomedical, Lakewood, NJ). For each protein sample, three scans were
recorded, with the background recorded in a single scan. For each
condition, the backgrounds were subtracted from the averaged protein
scans. The parameters set to record the CD spectra were as follows: The
wavelength step was 1 nm, the averaging time was 5 s, and the time
constant was 100 ms.

The CD data deconvolution was performed using the available on-
line BeStSel program [36,37].

2.5. Spin labeling and EPR spectroscopy

For labeling the two single cysteine mutants S47C and H63C of FL
p13II-Ub, we used two types of spin labels (SLs): MTSL (S-(1-oxyl-
2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfo-
nothioate) and ISL (3-(2-Iodoacetamido)-PROXYL). When labeling in a
buffer solution was attempted, the protein precipitated out upon the
addition of MTSL within a broad range of MTSL concentrations and
protein-to-SL molar ratios (1:5 to 1:30). Consequently, in buffer-only
solutions, we utilized the labeling with ISL, which worked well for the
H63C substitution, but not for S47C. For this reason, we exercised
specific spin-labeling protocols for both mutant constructs.

The mutant H63C of p13II-Ub was labeled with ISL in a buffer so-
lution containing 50 mM Tris/HCl pH 8, 300 mM NaCl, 2.5% (w/v)
glycerol, 1 mM EDTA, and 40 μM TCEP for 12–14 h at RT. The protein-
to-ISL molar ratio was 1:30. The unreacted ISL was removed using
several washes in centrifuge concentrators with 10 kDa MWCO. Part of
the spin-labeled protein construct was used for pulse EPR (double
electron-electron resonance, DEER) measurements as labeled. The rest
had the tag cleaved off by thrombin, and the spin-labeled tag-less p13II

was separated from the Ub-His8 tag and thrombin by using the proce-
dure described above. In both cases, the final spin-labeled protein was
in PBS.

The mutant S47C was spin-labeled with MTSL in PBS supplemented
with 4 mM LPPG for 12–14 h at RT. The protein-to-MTSL molar ratio
used in this case was 1:30 as well. The unreacted SL was removed by the
dialysis against PBS supplemented with 2 mM LPPG using a membrane
with10 kDa MWCO.

Several samples for DEER measurements were prepared based on
the spin-labeled S47C and H63C mutants. For the p13II-Ub S47C, these
samples were as follows: (1) 50 μM protein in LPPG from 6 mM to
18 mM and (2) 50 μM protein in liposomes of DOPC/POPG in 60/40 M
ratio, yielding protein to total lipid molar ratio of 1:200. The liposome
samples also contained 1.48 mM of residual LPPG, due to its 2 mM
content in the protein stock. For H63C, these samples were, respec-
tively: (1) 100 μM of either the tag-free p13II or p13II-Ub protein in PBS
or (2) 60–110 μM of either the tag-free p13II or p13II-Ub protein pre-
pared in 4–12 mM LPPG, (3) 97 μM protein in 14 mM LPPC (1-palmi-
toyl-2-hydroxy-sn-glycero-3-phosphocholine, 16:0 Lyso PC), and (4) in
DOPC/POPG lipids in 60/40 M ratio and protein to lipid molar ratio of
1:200. In all cases, the protein was incubated with the membrane mi-
metics for 1 h at RT. Glycerol was added to the final 25% (w/v) to all
solution and LPPG samples before freezing. No glycerol was added to

the proteoliposome samples. The samples were transferred into 1.8 mm
i.d. Pyrex™ capillary sample tubes and plunge-frozen in liquid nitrogen
for the DEER measurements.

DEER spectroscopy was conducted at 17.3 GHz and 60 K using a
home-built Ku-band pulse EPR spectrometer [38]. The standard four-
pulse DEER setup [39] was employed with the detection π/2-π -π pulse
sequence having π/2- and π-pulse widths of 16 and 32 ns respectively,
and applied at the low-field edge of the EPR spectrum. The 16 ns pump
π-pulse was applied at a 70 MHz lower frequency corresponding to the
central maximum of the EPR spectrum. Usually, 1–2.5 μs evolution
time, tm, was used for recording, with the data averaging time taking
from 4 to 24 h depending on phase relaxation time, tm and distance
range. The as-recorded DEER data were subjected to the standard
procedure of background subtraction. The latter points (about half of
the record) in the logarithm of the data were fit to the first- or second-
degree polynomial and the fits were subtracted out. The resulting
linear-scale data V(t) were modified as V′(t) = (V(t) – 1)/V(0) to give
the amplitude at zero equal to DEER signal “modulation depth” and the
asymptotic value of zero [40]. (A frequently-used alternative pre-
sentation is to plot the signal as V(t)/V(0), i.e. unity at t = 0) The
background-free data were then processed into the distance distribu-
tions using either L-curve Tikhonov regularization [41] or denoising/
SVD method [42,43] with the outcomes being close enough, so just the
Tiknonov distributions are shown in Fig. 7.

Continuous wave (cw) EPR experiments were conducted on samples
of p13II-Ub spin-labeled at position H63C. For cw EPR measurements
the solutions were placed into precision 50 μL closed bottom capillaries
(Kimble Glass, Vineland, NJ), filling ~10 mm tube length yielding
~6.7 μl sample volume. All measurements were performed at RT with
the Bruker ELEXIS E500 spectrometer(Bruker Spectrosopin, Billerica,
MA) equipped with ER 4122-SHQE super-high Q resonator. The full
extent of nitroxide cw EPR spectra were recorded under non-saturating
conditions and field modulation amplitude of 1.5 G. Three different
samples were measured: 75 μM protein in buffer; 75 μM protein in
8 mM LPPG; ca. 50 μM protein in 10 mM DOPC/POPG lipids using
1:200 protein-to-lipid molar ratio. In all cases PBS was used for buffer.

Additionally, for a control experiment, 50 μM MTSL in 6 mM LPPG
was incubated for 1.5 h at RT. The 50 μM MTSL concentration used was
certainly much higher than that, which could remain after the dialysis
following protein spin labeling. For this control sample, in addition to
RT cw EPR spectrum, the DEER data were recorded to establish whe-
ther free MTSL could contribute to distances observed in LPPG. This
was needed to test if significant amount of MTSL was trapped in LPPG
micelles during the process of residue S47C spin labeling.

2.6. Fluorescence-based activity assay in liposomes

We conducted a bulk fluorescence assay to evaluate the increase of
liposome permeability to Tl+ upon WT p13II-liposome association. The
assay was based on the quenching of ANTS fluorescence dye en-
capsulated in liposomes by Tl+ added to the solution surrounding the
liposomes. Two types of liposomal formulations were made using the
same 60/40 M ratio of DOPC to POPS or POPG. Firstly, the proper
aliquots of lipids from the stock solutions in chloroform or chloroform-
methanol-H2O were mixed together and dried as described above (cf.
CD spectroscopy). Then the buffer containing either 20 mM HEPES pH
7, 90 mM K2SO4, 2 mM K3PO4, and 25 mM fluorescence dye ANTS (8-
aminonaphthalene-1,3,6-trisulfonic Acid) or 20 mM Tris/HCl pH 8,
90 mM K2SO4, 2 mM K3PO4, and 25 mM ANTS was added to the dried
lipids to obtain a 20 mM total lipid concentration and allowed to hy-
drate for 30–60 min at 4 °C. Then liposomes were extruded 15 times
through Whatman polycarbonate membranes with a pore size of
100 nm using an Avanti Polar Lipids mini-extruder. Thereafter, the li-
posome solutions were passed in succession through NAP5 and NAP10
columns using the same buffer compositions but no ANTS. This pro-
duced liposomes with encapsulated fluorescence dye.
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Next, the WT tag-free p13II in the buffer containing 20 mM HEPES
pH 7, 100 mM K2SO4, and 200 μM TCEP was mixed with the liposomes
to give 1:605 protein-to-lipid molar ratio and incubated for 1 h at RT.
These proteoliposome solutions were mixed in fluorescent cuvettes
using the ratio of 1:5.7, with the bath buffer containing either 20 mM
HEPES pH 7, 70 mM K2SO4, 2 mM K3PO4, and 60 mM TlNO3 or 20 mM
MES pH 5.5, 70 mM K2SO4, 2 mM K3PO4, and 60 mM TlNO3. The
second buffer was used to create a pH gradient across the liposome
wall. In this case, the final outside pH was 6.2 (vs. the liposome's in-
ternal pH of 8) after the proteoliposome solution was mixed with the
bath buffer.

The fluorescence of ANTS was recorded immediately following the
mixing step (0 min) and after an 18-min delay. Similarly prepared re-
ference samples not loaded with the protein were also made and
measured to serve as controls. The quenching of fluorescence intensity
(via fluorescence intensity reduction) from 0 min to 18 min after the
proteoliposomes or reference liposomes were placed in the bath buffer
was used to estimate the liposome permeability to Tl+. The effect of the
p13II on the liposomes permeability was estimated by subtracting the
fluorescence intensity reduction data in protein-free liposomes from
that in the proteoliposomes. Three separate experiments of each type
were performed. For each of these experiments, three or four repetitive
samples with and without protein were prepared and measured. The
final result for each experiment is the average of the results for these
samples.

In all cases, each experiment that includes measurements on sam-
ples with and without protein were conducted using the same experi-
mental conditions and within 2 h after samples preparation. However,
we observed variations in the fluorescence intensity for background
samples (liposomes without p13II) with and without pH gradient when
each of these sample batches were measured on different days. To es-
tablish whether this is due to experimental setup, we conducted control
measurements for all the protein-free liposome samples on the same
day within 2 h interval and using the same instrument setup: 3 samples
of DOPC/POPS liposomes at pH 7 with incapsulated ANTS in bath
buffer at pH 7 and 3 samples of DOPC/POPS liposomes at pH 8 with
incapsulated ANTS in bath buffer at pH 5.5 were measured. The result
established that the data with and without pH gradient are virtually the
same.

All fluorescence measurements were conducted using a Photon
Technology International fluorimeter with the following settings: The
excitation wavelength was 325 nm, the emission was recorded between
455 nm and 575 nm, slit width for both excitation and emission was
4 nm, the step size was 1 nm; and the integration time was 0.3 s.

3. Results

3.1. Design and cloning of p13II-Ub and p13II-StrII fusion constructs

In this work, we aimed to establish a cloning strategy and develop
protocols for the expression in E. coli and purification of the HTLV-1
encoded p13II protein on milligram scale. Designing a p13II construct
containing a polyhistidine tag (His-tag) for Ni-affinity purification was
our first choice because this is a well-established and relatively in-
expensive purification technique [44]. We decided to fuse the His-tag to
the soluble C-terminus rather than the N-terminus of p13II; this choice
was essentially based on the prediction that the N-terminus should be
hydrophobic [24] and on the lack of structural information (Fig. 1 A).
Because of the high hydrophobicity of p13II N-terminus, this region
could be important for p13II association with lipid membranes. Thus,
the addition of His-tag and protease at the N-terminus could disturb this
possible protein-lipid interaction. In our preliminary experiments, we
found that p13II with a hexahistidine (His6) tag at the C-terminus does
not bind to Ni-NTA resin; therefore, it could not be purified using Ni-
affinity chromatography. A possible reason may be an occluded C-
terminal region and consequently inaccessible His6 tag. To overcome

this hurdle, we designed two fusion constructs of full-length p13II,
namely p13II-Ub and p13II-StrepII (Fig. 2A and B). These constructs
include either Ub [45] or StrepII peptide [46,47] plus His8 at the C-
terminus of the p13II construct (Fig. 2). Thus, the His8 tag was located
far enough from the presumably occluded C-terminus of p13II. A
thrombin protease cleavage site located between p13II and Ub or StrII
was also introduced so the tag can be removed after the protein is
purified. Short SGSG and SGS aa sequences flanking the thrombin re-
cognition site serve as flexible linkers (Fig. 2). The gene insertion be-
tween the Nco I and BamH I restriction sites in the pET15b vector al-
lowed a bypass of the vector-encoded His6 tag at the protein N-
terminus. Thus, we engineered two p13II expression vectors, namely
pET15b/p13II-Ub and pET15b/p13II-StrepII. Due to the cloning at the
Nco I site, an additional glycine residue (Gly2) was introduced after the
methionine at the p13II N-terminus (Fig. 2). Therefore, our final p13II

construct had 88 aa residues instead of the 87 in the original protein
sequence. Also, eight extra aa residues remained fused to its C-terminus
after the thrombin digestion (Fig. 2). Nevertheless, we see it as ap-
propriate to refer to the resulting tag-free version of p13II as “wild-type”
(WT) and use it throughout the text of this paper.

3.2. Expression and purification of WT and mutant p13II

We expressed both WT p13II-Ub and WT p13II-StrII in E. coli, and the
proteins were purified from the soluble fractions of cell lysates. In the
case of p13II-Ub, we used two-step purification employing Ni-affinity
chromatography followed by SEC. The presence of eight histidine re-
sidues in the affinity purification tag instead of the standard His6 pro-
vided stronger binding to the Ni-NTA agarose resin, allowing for ex-
tensive washing with 40 mM imidazole to efficiently remove weakly
bound protein impurities. In the size-exclusion column, p13II-Ub was
eluted as a well-defined peak showing a maximum at ca. 17 ml (Fig. 3
A). The Ub-His8 tag sequence was removed from the SEC-purified p13II-
Ub using thrombin digestion and then binding it to the Ni-NTA agarose
column. The tag-free p13II was collected in flow-through fraction that
was not bound to the Ni-NTA agarose resin. We found that the most
efficient digestion could be achieved with 16–20 units of thrombin per
mg p13II-Ub. Finally, extra SEC purification was applied to separate the
tag-free p13II from the thrombin (Fig. 3 B). Thus, we produced two
variants of WT p13II: p13II-Ub and tag-free p13II, with respective mo-
lecular weights of 20,980 Da and 10,873.62 Da. The calculated molar
extinction coefficients (ε) at 280 nm of p13II-Ub and tag-free p13II are
26,470 M−1cm−1 and 24,980 M−1cm−1. These values were used to
estimate protein concentrations from their absorbance at 280 nm.

The final p13II-Ub and tag-free p13II products had very high purity,
as reported by SDS-PAGE with Coomassie Blue staining (Fig. 3C, left).
As expected, the p13II-Ub carrying the His8 tag was WB-positive,
whereas WB showed no protein band for p13II without the Ub-His8 tag
(Fig. 3C, right), as we used an anti-His tag antibody and colorimetric
detection.

The yield of the SEC-purified WT p13II-Ub was ca. 0.9 ± 0.1 mg
protein per liter of bacterial culture, based on more than three con-
secutive protein expressions and purifications using the same protocol.
In comparison, the yield of the tag-free WT p13II was 20 times less than
the p13II-Ub in mg/ml. As a better measure, this corresponds to the
p13II molar concentration of nearly 10 times smaller than that of p13II-
Ub, both produced using equal volumes of bacterial culture. Thus, on
average, ca. 9 mg (4.3 mL of 100 μM) of highly pure p13II-Ub and ca.
0.450 mg (only 0.414 mL of 100 μM) of highly pure tag-free p13II can
be produced from reasonable 10 L of bacterial culture. These quantities
are adequate for conducting detailed functional and structural studies,
e.g. conducting crystallization screening or NMR measurements.

The analysis of SEC chromatogram of purified p13II-Ub shows that
the protein is monomeric in solution, as its elution peak appears be-
tween those of carbonic anhydrase (29 kDa) and ribonuclease A
(13.7 kDa), which are used as standard monomeric protein markers
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(Fig. 3 B). The tag-free p13II is also monomeric as its SEC elution peak
shifts toward a lower molecular weight than that of p13II-Ub (Fig. 3 B)
and is closer to that of ribonuclease A.

Using site-directed mutagenesis on the background of a Cys-free
construct, we generated S47C and H63C single Cys mutants of p13II-Ub
and the corresponding tag-free p13II. WT p13II has a single native Cys
residue at position 28 (position 27 in the native aa sequence lacking the
extra Gly2 at the N-terminus), which was substituted with serine to give
the Cys-free construct. Notably, the fused Ub has no native cysteines
(Fig. 2 A); thereby, no additional mutations were required to produce a
Cys-less construct for engineering single Cys mutants of p13II-Ub. These
mutants were expressed and purified following the protocols developed
for WT proteins (Supplementary Fig. 1) with WT-comparable yields.

We found that the expression level of soluble WT p13II-StrII con-
struct was considerably less than that of p13II-Ub, but the use of Ni-
affinity purification was possible since protein His8-tag is accessible and
binds to the Ni-NTA agarose resin. Therefore, we studied the expression
and purification of the potentially useful p13II-StrII construct. But due
to a relatively low concentration of the targeted protein, Ni-affinity
purification followed by SEC was insufficient for its complete separa-
tion from the impurities. Mitigating this issue, we subjected the Ni-af-
finity-purified p13II-StrII to cation-exchange purification step at pH 6.1,
since at this pH p13II is highly positively charged. The theoretical pI of
p13II-StrII is 11.71 as reported by the ExPASy ProtParam program. This
step was followed by SEC, yielding highly pure p13II-StrII (Fig. 4 A) as
confirmed by SDS-PAGE and WB (Fig. 4 B). The calculated molecular
weight of p13II-StrII is 13,674.50 Da, and its molar extinction coeffi-
cient at 280 nm is 30,480 M−1 cm−1. The final yield of p13II-StrII was
close to 20 μg per liter of culture. Thus, conservatively, about 200 μg of
p13II-StrII can be produced from 10 L of E. coli culture, yielding ca.
0.146 mL of 100 μM protein concentration, which is quite a workable
amount for both functional and structural studies since more sensitive
experimental techniques, such as immunoblotting [27] or EPR

spectroscopy [40,48], are satisfied with smaller (ng to μg) amounts or
concentrations in the low micromolar range.

The procedures for p13II-Ub, tag-free p13II, and p13II-SrtII expres-
sion and purification are illustrated in Fig. 5.

3.3. CD spectroscopy of tag-free p13II in solution, LPPG, and liposomes

We recorded the far-UV CD spectra of the tag-free p13II in a buffer
solution as well as in the presence of membrane mimetics that are
LPPG, DOPC/POPG, and DOPC/POPS liposomes. The visual observa-
tion showed that a substantial part of the protein structure is helical,
according to a well-defined minimum observed at 222 nm (Fig. 6).
Interestingly, the protein association with LPPG led to a mild increase
of protein helical content. We further subjected the experimental data
to CD spectra deconvolution using the BeStSel software [36,37]. The
results indicated that LPPG-bound p13II has the highest ~38% helical
content (both regular and distorted α-helix), whereas in buffer solution
it was ~30%, with the lowest value of 25–26% found for liposomes
made of either DOPC/POPS or DOPC/POPG. A slight increase, from ca.
10% to ca. 16%, in the antiparallel β-sheet structure was observed upon
transition from buffer to lipid environment. The turn content is almost
equal in all p13II states, about 10%–13%. However, the large part of the
protein (between 39% in LPPG to 49% in buffer) corresponds to so-
called ‘other’ structure content, which includes 3,10-helix, π-helix, β-
bridge, bend, loop etc. [36]. Thus, the accuracy in assessing the p13II

secondary structure based just on its CD spectra is expectedly limited.

3.4. Spin labeling of p13II single Cys mutants and pulse EPR spectroscopy in
LPPG- and lipid-bound states as well as in solution

We used Cys-specific spin labeling to introduce covalently bound
paramagnetic reporting groups for two single Cys mutants, S47C and
H63C, of p13II-Ub. The Cys residues of these mutants are located in the

Fig. 3. Purification and detection of p13II-Ub and
tag-free p13II – SEC, SDS-PAGE and WB: (A) Size-
exclusion chromatogram of Ni-affinity purified p13II-
Ub. The arrow indicates the elution peak of p13II-Ub.
(B) Size exclusion chromatograms of fully purified
p13II-Ub (blue), tag-free p13II (red) (the low-in-
tensities peaks on the left are from thrombin), and a
mixture of protein standards (black) – Carbonic an-
hydrase (29 kDa) and Ribonuclease A (13.7 kDa). (C)
SDS-PAGE (left) and WB (right) of fully-purified
p13II-Ub and tag-free p13II – ca. 25 μg and ca. 8.3 μg
from each protein were used for SDS-PAGE and WB,
respectively. As expected, only p13II-Ub was WB-po-
sitive.
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p13II C-terminal half of the protein, with S47C positioned close to the
proposed TM domain and H63C located in the predicted soluble β-sheet
hairpin region (Fig. 7 A). We selected these residues expecting them to
be more amenable to spin labeling than the native C28 residue located
within the hydrophobic part of the protein. Our initial attempts to label
S47C and H63C mutants of p13II-Ub with a MTSL reagent in a buffer
solution led to protein precipitation. This issue prompted us to use a
more hydrophilic ISL spin label, with which we successfully labeled
H63C, but the S47C residue might have been occluded and labeled
poorly. However, we noticed that S47C residue can be spin-labeled with
MTSL in the presence of LPPG. It is possible that the interaction of the
p13II with LPPG stabilizes a protein conformation that is less sensitive
to the presence of MTSL but also makes the labeling site of S47C more
accessible to the reagent.

DEER spectroscopy [49,50] was used to study the samples of the spin-
labeled H63C mutant at three conditions: in solution, in LPPG micelles,
and in lipid bilayers made of DOPC/DOPG. Also, the samples of the spin-
labeled S47C mutant in the LPPG and lipid bilayers of DOPC/POPG were
measured. For the singly spin-labeled mutant H63C in a buffer solution,

we observed no DEER signal, telling that no spin pairs were present. Thus
the protein is monomeric in solution. On the contrary, DEER signals in-
dicative of spin coupling were recorded for both single-spin labeled H63C
and S47C mutants in the LPPG-bound case, pointing to protein oligo-
merization taking place upon interaction with this membrane mimetic
(Fig. 7B and C). These types of DEER signals were observed in a
1:120–1:360 range of protein-to-LPPG molar ratios (P/LPPG) (Suppl. Fig.
S2). These ratios were used to test whether the observed DEER signals
might be contributed by unspecific protein pairing caused by statistical
distribution of p13II in LPPG micelles if this scenario is possible. In such a
case, the p13II aggregation number would likely be determined by the
Poisson distribution of protein in LPPG micelles, thereby increasing the
modulation depth (amplitude) of the DEER signal with the increase of the
protein fraction. The micellar aggregation number of LPPG is ca. 125 [51],
so the unspecific pairing at the highest P/LPPG could not be ruled out.
However, the order of such unspecific protein aggregates would be sub-
stantially reduced with the decrease of P/LPPG and therefore, we would
observe DEER signals with much reduced amplitude. However, the effect
of P/LPPG on DEER signal was negligible, which renders the unspecific
effects insignificant and is supportive of protein-specific oligomerization in
a lipid-like environment. Also, in the case of residue S47C, a possible
contribution to the observed distances due to a spin label trapping in the
LPPG micelles was ruled out, since no DEER signal for the control sample
of MTSL/LPPG without protein was observed (Suppl. Fig. S3).

From the DEER signals recorded for the p13II-LPPG samples, the
inter-spin distances were reconstructed. The distance distributions
showed substantial spread in all cases: For residue H63C, they ranged
from ca. 20 Å to 60 Å (Fig. 7 B, middle panel, FWHM 30 Å), whereas for
S47C, they ranged from ca. 20 Å to 50 Å, exhibiting two maxima at ca.
25 Å and 38 Å (Fig. 7C, right panel). This bimodal character could ori-
ginate from two protein conformations, but could be also a result of spin
label flexibility, although less likely. A contribution from oligomers with
oligomeric orders higher than a dimer is also possible [40,48]. The re-
corded cw EPR spectrum of H63C in LPPG (Suppl. Fig. S4) also supports
a bimodal conformation as two spectral components different in mo-
tional range [52] are clearly visible. However, further effort would be
necessary to characterize the p13II oligomer in LPPG in sufficient detail.

Interestingly, based on the observed DEER signals for residue H63C,
the p13II self-association was significantly reduced in non-charged lyso
phospholipid LPPC (1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocho-
line, 16:0 Lyso PC) compared to that in LPPG (Suppl. Fig. S3) empha-
sizing the role of lipid charge in binding and stabilizing the protein.

It should be noted that for p13II/H63C in LPPG, we obtained similar
DEER data regardless of the presence of the Ub-His8 tag (Fig. 7 B). This
indicates that the soluble fusion tag has no perceivable effect on p13II

conformation in context of lipids.
In a similar measurement of the spin-labeled H63C mutant in

DOPC/POPG lipids the DEER signal showed reduced amplitude and
steeper slope than the DEER signal in LPPG (Fig. 7 B, right panel). The
data indicated a change of p13II conformation to one that is more
confined in the lipid-bound state compared to the LPPG-bound state.
The steeper slope of a DEER signal is typical for membrane proteins due
to increased local concentration of the solute [48]. In addition, the spin-
label phase memory relaxation time was shortened, apparently caused
by methyl group rotations and acyl chain collective fluctuations, as
expected for a lipid environment where spin-label moiety is near or in
contact with the bilayer [49,53–57]. For the residue S47C in DOPC/
POPG lipid membranes, we observed a DEER signal with reduced am-
plitude and a less prominent distance distribution (Fig. 7C, right panel),
which confirms that the protein changes its conformation (or possibly
oligomerization number) depending on the lipid environment.

3.5. Fluorescence-detected permeability of p13II-bound liposomes to Tl+

The current view is that p13II increases lipid membrane perme-
ability to cations, particularly K+, and this effect is related to its

Fig. 4. Purification and detection of p13II-StrII by SEC, SDS-PAGE, and WB:
(A) The size exclusion chromatogram of p13II-SrtII, purified by Ni-affinity and
cation exchange. The fractions corresponding to p13II-StrII main peak (high-
lighted in yellow) were collected. (B) SDS-PAGE (left) and WB (right) of fully-
purified p13II-StrII. In these assays ~19.5 μg and ~6 μg protein was used for
SDS-PAGE and WB, respectively.
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function in IMM [24,26,30,31]. To study this idea, we developed an in
vitro assay for detecting the effect of p13II on liposome permeability to
thallium ions (Tl+) based on fluorescence quenching of ANTS dye en-
capsulated in liposomes (Fig. 8) by the ions. This type of activity assay
has been used previously in studies of potassium channels [58]. We
tested liposomes prepared using two lipid compositions: DOPC/POPS
and DOPC/POPG. However, the DOPC/POPG liposomes produced large
background fluorescence, as they turned out to be significantly
permeable to Tl+ even before the addition of p13II; therefore, they were
not used any further to elucidate p13II activity. Contrariwise, protein-

free DOPC/POPS liposomes afforded much lower Tl+ leakage and were
selected to study p13II activity.

We first studied ANTS fluorescence quenching experiments at pH7
without transmembrane pH gradient (Fig. 8 A, upper panel). In this
case, p13II increased the Tl+ influx just marginally, as the quenching of
ANTS fluorescence was only slightly greater than in protein-free lipo-
somes (Fig. 8B and C, and Suppl. Fig. S4). This necessitated a test of
whether other factors, such as membrane potential, would increase the
Tl+ influx, as suggested by studies of p13II transport of K+ in the IMM
[26,32]. For this purpose, we introduced a transmembrane pH gradient
with a ΔpH of −1.8 (Fig. 8 A, lower panel). This value of the ΔpH
produces a membrane potential of ca. 108 mV, since a ΔpH of 1.0
corresponds to −60 mV [59]. Remarkably, under these conditions, the
influx of Tl+ over the same waiting time of 18 min has increased by a
factor of 4–6.5 for p13II-bound liposomes, as compared to free lipo-
somes (Fig. 8B and C, and Supplemental Fig. S6 and Supplemental Fig.
S7), which suggests that the membrane potential is essential for p13II

function.

4. Discussion

The p13II protein is essential for HTLV-1 survival and proliferation
in the host [20,26,32,60–62], which emphasizes this protein potential
as a therapeutic target. Moreover, the methods of HTLV-1 detection in
infected individuals are very limited, and even though HTLV-1 is an
enveloped virus, it is transmitted predominantly through cell-to-cell
contact rather than by the spread of mature virions [63]. Such an in-
timate integration with the host cell makes it an elusive target, re-
quiring identification of any weak spots that could be attacked. For
instance, the HTLV-1 regulatory proteins, such as p13II, which are ex-
pressed and function in the host cell, could potentially serve as markers
for HTLV-1 detection in infected individuals. Acquiring comprehensive
knowledge about p13II structure and function at the molecular level

Fig. 5. Expression and purification scheme p13II variants: Both p13II-Ub and p13II-StrII were expressed in E. coli. p13II-Ub was purified by using Ni-affinity
chromatography followed by SEC (upper route). The separation of p13II from Ub-His8 tag was achieved by thrombin digestion of p13II-Ub, binding the tag to Ni-NTA
agarose, and SEC separation of the tag-free p13II from thrombin. p13II-StrII was purified using Ni-affinity chromatography, followed by cation-exchange chroma-
tography and SEC (lower route).

Fig. 6. CD spectra of tag-free FL p13II: The data are shown for tag-free p13II in
PBS buffer solution (black), in LPPG (blue), in DOPC/POPS membranes (green),
and in DOPC/POPG membranes (red). Protein concentration was 10 μM in all
cases. The concentration of LPPG was 3.5 mM and of total lipid 2.2 mM.
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would be of great value in this endeavor. However, to date, the stra-
tegies to produce highly pure p13II have been limited and employed the
more expensive protein expression in mammalian cells or in E. coli, but
as an N-terminal GST-tagged construct followed by GST affinity pur-
ification; the yields and purity of obtained protein were not described as
well [35]. The availability of efficient and highly robust protocols for
the expression and purification of large quantities of p13II would sig-
nificantly advance the detailed in vitro molecular studies.

Here, we developed such protocols and produced milligram-scale
quantities of highly-pure soluble p13II proteins in E. coli, (Figs. 2–5). To
do so, we engineered a fusion construct of p13II-Ub containing the aa
sequence of a p13II protein and Ub+His8 tag at the p13II C-terminus.
Careful consideration was given to making the fusion at the C-terminus,
since the N-terminus of p13II is hydrophobic and could possibly be in-
volved in an interaction with the lipid membrane. In previous studies,
Ub has been employed for fusion—although at the N-terminus of the
targeted protein—and the solubility of the fusion construct has in-
creased significantly [45,64]. Utilizing other than Ub tag, such as GST
[35] could potentially also improve protein solubility. However, the
prospective usage of p13II fusion construct for cys labeling makes Ub
more advantageous, as no additional cys residues need to be mutated
out. Moreover, we improved the specificity of the Ni-affinity

purification by introducing a His8 tag instead of the typical His6 tag,
thereby enhancing the protein binding to the Ni-NTA agarose resin.
Increasing the number of His residues in the affinity tag proved to be
successful in other studies as well [65]. Additionally, using the
thrombin digestion site introduced into the p13II-Ub construct yielded
the highly pure tag-free p13II in quantities sufficient for conducting
extensive functional and structural studies.

As a matter of experimenting with fusion constructs, we also pro-
duced highly pure p13II-StrII (Figs. 2, 4 and 5), although with a mod-
erate yield. StrII is a short non-perturbing peptide selected from a
random peptide library that tightly binds streptavidin and, generally,
can be used as a purification tag [66]. In this work, we did not need to
employ StrII for affinity purification; however, this has potential for use
in future studies. Our motivation, however, is in the possibility of uti-
lizing StrII as a functional tag for interacting with streptavidin, which
could be advantageous in studies based on the immobilization of p13II

[67], for example, the immobilization of p13II-liposome systems for
activity assays using high-resolution fluorescence microscopy [68].
Such a possibility is a matter for future investigations.

We cumulatively applied several biochemical and biophysical
techniques to characterize the p13II protein. We found that, under our
experimental conditions, all three constructs, p13II-Ub, p13II-StrII, and

Fig. 7. Spin labeling and DEER spectroscopy on p13II single Cys mutants. (A) The positions of single substitutions to Cys in the putative secondary structure of
p13II for S47C and H63C constructs. S47C was spin-labeled with MTSL in the presence of LPPG, but H63C was labeled with ISL in solution. (B) Background-subtracted
normalized DEER data for H63C mutant in LPPG (left) and corresponding distances (middle) for proteins expressed with and without Ub+His8 tag. The raw DEER
data for H63C in LPPG and lipid are shown on the right. (C) Background-subtracted and normalized DEER signals (left) and reconstructed distances (right) for residue
S47C in LPPG and lipid.
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tag-free p13II, are monomeric in solution, based on SEC (Figs. 3 and 4)
and EPR spectroscopy. CD spectroscopy suggests that the tag-free p13II

is highly folded in solution, showing substantial content of α-helical
and β-sheet structures (Fig. 6). Binding of the protein to lipid mem-
brane mimetics–such as LPPG and liposomes–affected its secondary
structure to some extent (Fig. 6): LPPG increased helical content, but in
liposomes the effect was rather opposite; Both LPPG and liposomes
increased the antiparallel β-sheet structure. It has been shown pre-
viously, that a peptide containing the proposed transmembrane seg-
ment of p13II folds into a helical structure when dissolved in lipid
membranes [26]. Therefore, it could be expected that this protein re-
gion contributes to p13II helical content. However, mapping the sec-
ondary structure changes throughout the entire p13II polypeptide based
just on the available CD spectra is not feasible. Higher resolution
structures for protein in solution and LPPG/lipid are needed. Our CD
data indicate no major qualitative alterations in p13II secondary
structure upon interaction with lipid membranes, since all structural
elements are preserved. This might suggest that the structural transi-
tions from solution to the lipid-bound state affect mostly the protein

tertiary and quaternary structure, as detected by DEER spectroscopy
and sensed indirectly through the spin-labeling procedures.

Since it was proposed that p13II functions in IMM as an oligomer,
we tested this hypothesis with DEER measurements of spin-labeled
proteins utilizing two selected single Cys substitutions, S47C and H63C.
DEER was carried out on proteins reconstituted into micelles of lyso-
lipid with charged headgroups (LPPG) and in lipid bilayers made of
mixture of lipids with and without charged headgroups (Fig. 7). DEER
is a well-established, robust technique for studying protein oligomer-
ization, particularly in lipid membranes [40,48,53,69,70]. The acquired
DEER data evidenced that p13II does associate with the lipid membrane
mimetics and the protein oligomerizes in a lipid environment when
charged lipids are present. However, the results suggest that the p13II

conformation is affected by the type of lipid environment, as the DEER
signals for both labeled sites, S47C and H63C, are distinct between the
cases of LPPG and DOPC/POPG liposomes (Fig. 7). Moreover, in LPPG,
we recorded a more pronounced DEER signal and better resolved inter-
spin distance for the H63C residue, which is located in the soluble C-
terminal domain, indicating increased conformational stability in this

Fig. 8. p13II fluorescence-based Tl+ uptake assay in liposomes. (A) Two types of Tl+ uptake experiments were carried out, namely with or without trans-
membrane pH gradient. After ANTS fluorescent dye encapsulation in liposomes, WT p13II was added to the liposome solution to give protein-to-lipid molar ratio of
1:605. The mixture was incubated for 1 h at RT to form proteoliposomes which were transferred into Tl+-containing bath buffer. Starting from this post-mixing state,
the ANTS fluorescence quenching was measured to estimate the contribution caused by Tl+ influx. The same type of experiments was carried out on liposomes
without protein to serve as a reference. (B) The plot shows the normalized drop in the fluorescence intensity (ΔFI) recorded at 18 min waiting time and right after
(0 min) the transfer of liposomes to the bath buffer for the cases of protein-bound and free liposomes. The data with and without pH gradient are in red and blue,
respectively. The bars corresponding to the presence of protein are rendered in pattern. (C) The difference between normalized ΔFI obtained with and without p13II is
plotted in B for samples with and without pH gradient. Tl+ influx for protein-containing samples becomes prominent in the presence of transmembrane pH gradient.
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region when a protein is bound to this membrane mimetic. This result is
also buttressed by the increased folding of WT p13II as well as slower
p13II and nitroxide label mobility in LPPG, based respectively on CD
(Fig. 6) and cw EPR (Suppl. Fig. S4). The reason for this observation
could be in strong electrostatic interactions between the positively
charged residues in p13II (including those in close proximity to H63C)
with LPPG acidic headgroups, as previously hypothesized for negatively
charged lipids and found important for the proper function of p13II in
K+ transport across IMM [26,30]. This assumption, along with the
DEER results for p13II in LPPC environment (Suppl. Fig. S3), was also
the reason for us to use highly charged membrane mimetics in our
study. The difficulty of recording a well-defined DEER signal for the
spin-labeled H63C mutant in the lipid bilayer could be because the
residue 63 is in the protein C-terminal soluble region; when p13II's
oligomer resides in the membrane bilayer, its C-terminus possibly is
dynamic and conformationally heterogeneous, resulting in a multi-
component smeared DEER signal for the H63C residue. This is also
supported by CD and cw EPR, which suggest that in general p13II is
slightly less folded and the region of residue 63 remains highly dynamic
in lipid environment. However, more investigation would be necessary
to shed light on how p13II associates with the membrane and to elu-
cidate the probable multiple protein conformations.

Furthermore, we conducted an in vitro fluorescence-based assay for
testing the functionality of liposome-bound p13II. We found that p13II

increases the permeability to Tl+ (K+) of membranes made of DOPC/
POPS lipids. However, to amplify this effect, a pH gradient was necessary
to produce the transmembrane potential, which is believed to activate
the channel. This result is in line with previous studies on synthetic FL
p13II constructs in isolated mitochondria [26,32]. Certainly, in IMM,
p13II functions under the condition of a high electrochemical gradient,
which depends on both the transmembrane potential and ΔpH [59,71].
Thus, increasing the concentration of positively charged ions outside of
liposomes mimics, to a certain extent, the native mitochondrial condi-
tions and expectedly facilitates the translocation of Tl+ across the bilayer
due to p13II function. Importantly, our observations suggest that p13II is
capable of increasing the membrane leakage. However, one would rea-
sonably expect that in vivo the complex IMM environment could bring
into play several other factors affecting protein function, such as protein-
protein interactions, unidentified effectors, or association with specific
mitochondrial lipids, such as cardiolipin. Further investigations of
membrane compositions mimicking those of IMM and of membrane
permeability to other cations, such as Ca2+ and Na+, would be necessary
to determine the lipid and cation specificity of p13II.

In conclusion, we successfully expressed in E. coli and isolated
highly-pure soluble FL p13II in milligram quantities. The approaches,
which we developed, present a significant advancement in obtaining a
difficult to produce protein and can be applied to other proteins as well.
The p13II, which we produced, is functional when reconstituted into
lipid membranes, according to DEER spectroscopy measurements of
conformational changes taking place in the transition from a solution to
a membrane-bound state and in a liposome-based assay of Tl+ uptake.
The significant progress made by this work provides a solid base for us
to further advance to more specific in vitro functional and structural
investigations.
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